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ABSTRACT OF THE DISSERTATION 

A New Determination of Molecular Mobility in Amorphous Materials. 

By 

RASHMI SATYANARAYAN TIWARI 

Dissertation Director: Dr. Richard D. Ludescher 

 

This research investigated how the steady-state and time-resolved emission and intensity 

of phosphorescence from vanillin (4-hydroxy-3-methoxy benzaldehyde), a commonly 

used flavor compound, can be used to probe molecular mobility when dispersed within 

amorphous pure sucrose films. The luminescence properties and photophysical events of 

vanillin as a triplet state probe in amorphous sucrose films as a function of temperature 

was successfully characterized. The peak energy, bandwidth and lifetime data suggest 

that it is sensitive to molecular mobility and can be used monitor molecular mobility in 

amorphous sucrose films. Time-resolved phosphorescence intensity decays from vanillin 

were multiexponential both below and above the glass transition temperature, indicating 

that the pure (single component) amorphous matrix was dynamically heterogeneous on 

the molecular level. 

Vanillin analogs (hydroxy, dihydroxy and ethyl vanillin)) phosphorescence lifetime were 

found to be extremely sensitive to the local environment in the amorphous sucrose in the 

glassy state and at the glass-to-rubber transition into the melt, and provided useful insight 

about the mechanism of vanillin sensitivity to molecular mobility. Based on this the 

capability of movement of methoxyl group about the C-O bond is thought to be the 

contributor to sensitivity of vanillin to matrix molecular mobility. The other possibility is 

 ii



that the effect is not that of larger group but rather that of group (like methoxy and ethoxy) 

not able to hydrogen bond to matrix, which can have an coupling the probe vibrations to 

the matrix. 

 

Vanillin phosphorescence demonstrated that the average rate of matrix molecular 

mobility rates increases with an increase in the molecular size and Tg of the sugar in the 

glucose homologous series. A comparative study of mobility in three excipients sucrose, 

trehalose and PVP, using vanillin phosphorescence provided useful insight about their 

stabilizing effect.  

 

The phosphorescence from probes erythrosin B, vanillin and tryptophan was successfully 

utilized to measure molecular mobility on three different time scales corresponding to 

each probe in amorphous sucrose and protein film. Molecular mobility was successfully 

studied in amorphous sucrose films by monitoring phosphorescence from the dual probe 

combination of erythrosin B: vanillin, erythrosin B: tryptophan and vanillin:tryptophan. 
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Chapter I:  

 

Introduction 

Amorphous Solids Amorphous solids have disordered molecular arrangement compared 

to their crystalline form (Hancock and Zografi, 1997; Walstra, 2003). The amorphous 

state is considered to be a non–equilibrium state (Fennema, 1996). The most common 

way of forming amorphous solid is by rapid cooling of liquid melt, but there are many 

other routes to an amorphous state such as spray drying, freeze drying, extrusion, 

grinding, milling, etc, (Liu et al., 2006). Amorphous state exists in many foods (e.g., hard 

boiled candy), pharmaceuticals (e.g., lyophilized drugs) and biological materials (e.g., 

seeds) (Slade and Levine, 1991; Tolstoguzov, 2000; Walters, 2004). 

 

Amorphous solids are glassy (rigid solid) at low temperatures and rubbery (in case of 

polymers) or super cooled melt (in case of low molecular weight materials) at high 

temperature. The transition from glass to liquid is termed as glass transition and occurs at 

a defined temperature called Tg. Molecules are considered to be rigid and less mobile at 

low temperature in glass and gain motion as temperature increases through the glass 

transition into the rubber/melt state. 

 

Stability (physical, chemical and biological) is shown to be highly governed by moisture 

content (Labuza, 1970) and on the other hand glass transition temperature Tg has been 

shown to be critically affected by water content and based on this stability has been 

linked to Tg. Amorphous solids are considered be stable at T < Tg and unstable at T > Tg. 
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As one compiles the literature to date, physical, chemical and biological changes (Ross, 

2003) have been observed in amorphous solids both in glass and melt state. These 

changes are observed not only above Tg but also below Tg with differing rate (Bell and 

Hageman, 1994; Bell and Hageman, 1996; Buera et al., 1995; Buera and Karel, 1995) 

 

So Tg cannot be considered as an index temperature for stability. For example, the, 

kinetics of aspartame degradation in PVP (polyvinyl pyrrolidine) have been shown to 

differ with water activity rather than Tg (Bell and Hageman, 1994) and, rate of the 

degradation has been shown to change four fold on either side of Tg with no distinct 

break. This reaction is known to require rearrangement of aspartame for degradation to 

occur, which demands mobility, and hence the conclusion was made, due to no major 

changes in rates below and above Tg, that the free volume in the glass state of PVP is 

large enough for aspartame to rearrange. 

 

Physical changes such as crystallization, collapse, caking and agglomeration can be 

predicted using Tg as a reference temperature (Le Meste et al., 2002) as these changes are 

dependent on flow rate. Viscosity influences diffusion, and viscosity by itself is 

influenced by temperature, so there is a link between temperature and diffusion and hence 

Tg, and thus Tg can be used to predict rates of diffusion controlled reactions (Champion 

et al., 2000). 

 

Some reactions, for example, acid-catalyzed sucrose hydrolysis in amorphous PVP, were 

shown to be influenced by aw, rather than Tg (Buera and Karel, 1995). On the other hand 
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thiamin stability in amorphous PVP was more influenced by the glass transition (Bell and 

White, 2000). 

 

Thus, glass transition can explain kinetics of reactions requiring diffusion and collisions 

but not rearrangements. Low mobility in glassy state due to high viscosity is thought to 

restrict the reactions, but as shown in following examples that is not the case. There are 

several chemical/biochemical reactions shown to occur below, at and above Tg with 

different rates. Non-enzymatic browning in model food systems has been shown to occur 

at slower rates at low temperatures below Tg and at higher rates above Tg (Buera and 

Karel, 1995; Craig et al., 2001; Karmas et al., 1992). Similar is the case observed for 

oxidation reactions, where rates of oxidation were shown to increase with T-Tg (Shimada 

et al). Sucrose hydrolysis has been shown to occur in glassy state (Chen et al., 1999). 

Thus one can conclude that these reactions did occur in the glassy sate.  

 

Retrogradation rates at storage temperatures above Tg were higher than at storage below 

Tg in normal rice (Hsu and Heldman, 2005). Retrogradation is diffusion limited. 

Molecular mobility above Tg is higher and causes higher rates of water diffusion and 

accelerated reaction rates. Molecular mobility dictated by Tg was shown to influence 

tyrosinase storage stability (Chen et al., 1999), loss of activity was faster in rubbery 

system of PVP than the glassy system suggesting mobility might be affecting tyrosinase 

stability and combination of porosity and matrix mobility associated with rubbery state 

maximize the rate constants of tyrosinase inactivation. 
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Though molecular mobility is expected to be restricted below Tg in the viscous glass, the 

above reactions do not support suggesting molecular mobility does occur above and 

below Tg and the rates differ. The overall conclusion one can make is that physical, 

chemical and biological changes cannot be predicted just by Tg, and they occur both 

below Tg in glass and above Tg in rubber/melt (depending on which reactions we are 

talking about). An important point to also note is that the rates of these changes observed 

differed. Thus to predict stability (chemical, physical or biological) related to molecular 

mobility, one must consider matrix mobility above, below and at Tg. 

 

Molecular Mobility: The physical change in terms of molecular mobility occurring in 

glass and rubber/melt are very important in defining the shelf-life and quality of food, 

pharmaceuticals and biological materials that are amorphous solids (Roos, 1995; 

Hancock and Zografi, 1997; Sun et al., 1998; Buitink et al., 1998). Kinetics of physical, 

chemical and biochemical processes are affected by degree of molecular mobility in the 

amorphous solids. Molecular mobility could represent different types of motions (Figure 

1), vibrations of atoms or bonds, reorientations of small groups of atoms, or translational 

motion of molecules or segments of polymers ( Le Meste et al., 2002) that are activated at 

specified conditions ( Ludescher et al., 2001). Vibration, reorientation of small groups of 

atoms, are considered local and do not involve the surrounding atoms or molecules, but 

these motions are sensitive to packing of surrounding matrix. In glasses, based on its 

density of packing, vibrations could be greater contributors to molecular mobility. On the 

other hand, translational motions are long range and are strongly affected by the ability to 

deform or displace the surrounding atoms or molecules.  
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An asymmetric molecule with N atoms has three modes of translational mobility (along 

the three Cartesian axes), three modes of rotational mobility (about the three Cartesian 

axes), and 3N-6 modes of internal vibrational mobility (Castellan, 1983). Sucrose (N=45) 

thus has 129 vibrational modes while even small proteins or carbohydrates (N>1500) 

have over 4500 vibrational modes (Ludescher et al., 2001). But not all the possible modes 

of motion will be able to quench the probe lifetime 

Figure I-1 

Molecular mobility 

 Motion of entire molecule (Translation & Rotation) 

 Motion within the molecule (Vibration) 

Whole molecule (global) 

motions Local (internal) motions 

TαTβTemperature

“No” motion  

Tg

(Modified from Roudaut et al., 2000).  

 

Amorphous glasses have extremely high viscosity and so are expected to have loss of 

molecular mobility. But molecular motions have being shown to occur in glass even 

below 50°C below Tg (Hancock et al., 1995), its just that they are slow. Molecular 

mobility has being shown to be present in partially dried seeds (amorphous aqueous 

matrix) even at cryogenic temperatures (Walters, 2004). In glass, motions are mainly 

local (vibrations of atoms, reorientation of small groups of atoms) and in rubber/melt 

these motions could be long range translational and rotational (Le Meste et al., 2002; Liu 
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et al., 2006; Schmidt, 2004). Due to high viscosity and dense packing of glass, 

translational and rotational motions are thought to be restricted but vibrational motions 

are present (Craig et al., 1999; Schmidt, 2004), so storage below Tg is useful due to 

slower molecular mobility but is not an assurance, of stability. 

 

Molecular mobility is strongly affected by temperature and water besides other factors 

and extent of mobility is dependent also on state of material glass or rubber/melt. Figure 

2 shows a schematic model for the role that environmental variables, molecules and 

microscopic structure, and molecular mobility play in modulating food quality 

(Ludescher et al., 2001). 

Figure I-2 

A schematic model of variables playing role in modulating food quality 

 

 

 

 

 

 

(Ludescher et al., 2001). 

 

Food Quality Attributes

(Physical properties, Chemical reactivity, Organoleptic appeal, etc)

Molecular & Microscopic Structure

(Vibrational, Rotational,                   (Functional groups, Molecular weight, 

Translational)                                                  Colloidal Structure, etc)

Environmental Variables

(T, P, aw, [Salt] , etc)     

Molecular Mobility

Food Quality Attributes

(Physical properties, Chemical reactivity, Organoleptic appeal, etc)

Molecular Mobility Molecular & Microscopic Structure

(Vibrational, Rotational,                   (Functional groups, Molecular weight, 

Translational)                                                  Colloidal Structure, etc)

Environmental Variables

(T, P, aw, [Salt] , etc)     

Protein motions: Stability of solid proteins (Lai  and Topp, 1999) is strongly affected by 

temperature, water, pH, presence of any protectants, etc., as these factors are known to 

affect dynamics of proteins (molecular mobility). Residual water has significant effect on 
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solid state stability of proteins (Towns, 1995). As compiled by Hill et al., proteins show 

many degrees of molecular motions like molecular vibrations, rotation of amino acid side 

chains, to more global larger scale motions of entire protein segments depending on 

internal and external environmental conditions (Hill et al., 2005; Brooks et al., 1998). 

Thus proteins have several degrees of motions; these motions are desirable to keep 

protein flexible enough to perform lots of functions but in cases where motions lead to 

unfolding causing loss of its functionality it is highly undesirable. 

 

For example, proteins are thought to lose stability (Vanderheeren and Hansoms, 1994) 

due to preferential orientation of amino acids when exposed to air-water or liquid-water 

interfaces (Hill et al., 2005). Thus proteins stability is affected by both internal and 

external environmental factors. Proteins show broad distribution of motions ranging from 

10-15 to 104s in solution. Proteins are shown to exhibit dynamic transition Td (similar to 

Tg) at low temperature; above Td the dynamic behavior is thought to be highly 

temperature dependent and shows an-harmonic vibrations and below Td harmonic 

vibrations (e.g., localized amino acid fluctuations) (Hill et al., 2005).  

 

Although there are other methods to study protein dynamics, fluorescence and 

phosphorescence spectroscopy with the help of intrinsic (e.g., tryptophan) probes or 

extrinsic covalently attached organic dye (e.g., erythrosin) has being widely used to study 

their dynamics in solution and in solid state (McGown and Nithipatikom, 2000). 
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Carbohydrate motions: Amorphous carbohydrates are very widely used in foods and 

pharmaceuticals and are important components of biological materials. Water is a strong 

plasticizer of amorphous carbohydrates and has a strong influence on the glass transition 

temperature (Roos, 1995; Slade and Levine, 1988). As water content and temperature 

increases, mobility of water is shown to increase by 1H NMR, and at Tg mobility of water 

shows a break indicating more the water content stronger is its plasticizing effect (Van 

den Dries et al., 1998). The Tg of dry amorphous sucrose at 57°C decreased to -46°C due 

to plasticizing effect of water (Roos and Karel, 1991). Small sugars may also have 

plasticizing effect and are thought to do so by reducing the molecular entanglement 

(Kilburn et al., 2005). At low temperature and low plasticizer concentration only 

vibrational motions are present in carbohydrates. This could include localized bond 

vibrations in small molecules and more bond vibrations and side group rotations for 

larger molecules. At high temperature translational mobility becomes activated and glass 

transition occurs (Champion et al., 2000; Zallen, 1998). If only vibrational motions are 

considered monosaccharide glucose could have 66 normal modes, disaccharide sucrose 

129, oligosaccharide raffinose 192 and polysaccharide amylase more than 3 x 105 

(Ludescher et al., 2001). 

 

Glass and Sub-Glass Relaxations: A glass is considered to be not in equilibrium but to 

exist in a metastable state (Fennema, 1996; Slade and Levine, 1988). Glass transition 

temperature is defined at the temperature range corresponding to glass-liquid transitions. 

When a molecule is perturbed the time it takes to come to equilibrium is defined as the 

relaxation time and process is referred as a relaxation process. In glasses due to slow 
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motions of molecules the relaxation times are longer compared to rubber/melt where 

molecules are moving faster, relaxation times vary from >108s in glass to 10-9s in melt, 

such increase is associated with reduction of translational and rotational motions of 

molecules (Hill et al., 2005). Molecular relaxations have been observed both below and 

above Tg with different amplitude and co-operativity thus indicating presence of 

molecular motions (Bidault et al., 2005; Chung and Lim, 2004; Kim et al., 2003; Noel et 

al., 2000). 

 

These relaxation processes are classified α, β, γ etc., and these are sensitive to 

temperature and dependent on motions that are concerned. Some sugars and their 

relaxation temperatures are compiled in Table 1. In glass to liquid transition, molecular 

mobility is presented as α relaxation in the Tg zone; as temperature is lowered below Tg 

molecular mobility is presented as β and γ (in some cases δ) relaxations also called 

secondary relaxations (Ediger et al.,1996; Hancock and Zografi, 1997; Vyazovkin and 

Dranca, 2006). The α relaxation corresponds to translational and rotational motion of 

molecules that support flow. Sub-Tg relaxations have being reported in biopolymers and 

low molecular weight sugars (β,γ,δ) (Le Meste et al., 2002; Wagner and Richert,  

1998,1999). As described these relaxations correspond to rotations of lateral groups (γ 

relaxation at very low temperature) or to local conformations changes of the main chain 

in polysaccharides (Le Meste et al., 2002; Montes et al., 1998). Some associate β 

relaxation with localized movement of whole molecule. 
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Loss of crispy texture is attributed to sub-Tg relaxations associated with motions 

preceding the onset of α-relaxations (Champion et al., 2000). As compiled in Hill et al., 

(2005) the thermal stability of proteins is governed by connectivity and co-operativity 

between β-like motions that control α-like motions. 

 

Thus, molecular motions persist below and above Tg. In glass to liquid transitions 

relaxation time of material is considered to be similar to experimental time scale and 

changes are observed, but in sub-Tg these relaxation times are very long and demand 

special consideration (Le Meste et al., 2002). As these motions affect stability of 

amorphous solids they are of concern.  

 

Table I-1 

Various transitions in carbohydrates (Tg, Tα , Tβ) & proteins (Td). 

 

Tg / K Tα / K Tβ / K Td / K

Carbohydrates

D-Glucose 312 333 211

Maltose 370 376 223

D-Mannose 311 333 210

Sucrose 338

Protein

Wet Lysozyme 200

50% w/w glycerol: lysozyme 270

Dry Lysozyme No Apparent Value  

(Noel et al., 2000 and Hill et al., 2005) 

 

Heterogeneity of amorphous solids: Another issue with amorphous solids is they show 

(Figure 3) dynamic heterogeneity (Ediger et al., 1996; Sillescu, 1999). Schematic 
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representation of spatial heterogeneity near glass transition temperature is shown in 

Figure 4. Amorphous solids due to heterogeneous nature may have distinct regions (high 

density or low density) and show different relaxation times (Liu et al., 2006; Shamblin et 

al., 1999). In a study dual glass transitions observed in normal rice starch were attributed 

to heterogeneous regions in the amorphous state of the normal rice starch (Chung and 

Lim, 2004). Sillescu, (1999) has extensively reviewed existence of heterogeneity in glass 

forming liquids and polymers, by compiling different experimental techniques like NMR, 

dielectric and optical experiments which indicate the presence of dynamical 

heterogeneity (Sillescu, 1999; Richert, 1997, 2001). 

 

Dynamic site heterogeneity has being studied by Ludescher and colleagues using 

phosphorescence spectroscopy in various amorphous solids. Phosphorescence emission 

from erythrosin B has being shown to be distributed among dynamically distinct sites in 

different amorphous matrices like gelatin (Simon-Lukasik and Ludescher, 2006), maltose 

and maltitol (Shirke and Ludescher, 2005), lactose and lactitol (Shirke and Ludescher, 

2006), sucrose (Pravinata et al., 2005), and bovine serum albumin (Nack and Ludescher, 

2006). It has been shown that in these amorphous solids different sites vary in overall 

molecular mobility indicating the presence of dynamic heterogeneity. 

 

Numerous experimental techniques are used to characterize molecular mobility of 

amorphous solids like NMR, dielectric spectroscopy, differential scanning calorimetry, 

and luminescence spectroscopy. My research focuses on using phosphorescence 

spectroscopy to characterize molecular mobility in amorphous solids. 
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Figure I-3 

Molecular mobility and Heterogeneity 

 

 

 

 

 

 

Figure I-4 

Spatially Heterogeneity Dynamics 

 

Figure I-4: Schematic representation of spatial heterogeneity near glass transition 
temperature at time t1 and t2 (Ediger, 2000). 
 

Luminescence Spectroscopy: Luminescence is the emission of light from any substance 

and occurs from an electronically excited state and is categorized as fluorescence or 

phosphorescence depending on the nature of the excited state (Lakowicz, 1999). 

Phosphorescence is the emission of light from an excited triplet state and fluorescence 
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occurs from an excited singlet state. Phosphorescence can be distinguished from 

fluorescence based on the kinetics of the excited state once absorption has occurred. The 

emission rates of fluorescence are 108s-1 and that of phosphorescence are 103-100s-1 

(Lakowicz, 1999). The lifetime of the excited electronic state dictates the timescale of the 

molecular events that engage themselves in the excited state properties. Due to the 

timescale of excited singlet state, fluorescence spectroscopy responds to molecular events 

in the range of 10-6-10-11 s and those of excited triplet state in case of phosphorescence 

spectroscopy respond to molecular event in the ms to s time scale (Lakowicz, 1999; 

Parker, 1968). 

 

Due to the longer lifetimes of the triplet state, phosphorescence is more sensitive than 

fluorescence to deactivation by collisions with solvent molecules, quenchers and energy 

transfer processes and hence is strongly observed in rigid media (e.g., glass) where 

diffusional quenching is absent (Parker, 1968). Phosphorescence or fluorescence 

spectroscopy do not directly provide information about molecular motions, the dynamic 

information is obtained from the kinetics of the excited state. Phosphorescence 

spectroscopy has being shown to be sensitive to molecular mobility (Ludescher, 1990; 

Shah and Ludescher, 1993). This research will be focusing on using phosphorescence 

spectroscopy to study molecular mobility. Phosphorescence spectroscopy uses optical 

spectroscopic probes that report on properties of the molecular environment around the 

probe (Slavik, 1994). 
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Molecular Probes: Phosphorescence can be obtained from probes that can be divided into 

two categories: intrinsic or extrinsic probes. Extrinsic probes could be either covalently 

attached (e.g., erythrosin isothiocyanate attached to a protein surface; (Simon-Lukasik 

and Ludescher, 2004) or dispersed (e.g., erythrosin B dispersed in sucrose matrix; 

Pravinata et al., 2005). The intrinsic probe could be naturally occurring amino acid 

residue in proteins (e.g., tryptophan: Mazhul et al., 2002) and thus could provide site 

specific dynamic information (Hurtubise, 1990, 1997). The different time scales of 

motions demand different probes; for example slower motions like the ones that occur in 

viscous glass demand using long-lifetime chromophores as compared to say if the 

medium was water (Lakowicz, 1999).  

 

A probe observes molecular mobility during its excited state lifetime, and for slower 

motions (Craig et al., 1999) longer lifetime probes are more suitable and the opposite is 

true for faster motions. A probe should have high quantum yield of phosphorescence 

emission and the lifetime of emission should be within the timescale for monitoring 

motions (Lettinga et al., 2000). Organic dyes having easily populated stable triplet states 

offer good choice as probes and are referred to as “triplet probes” (Parker, 1968). The 

lifetime of some common triplet state probes is shown in Table 2 (Adapted from Thomas, 

1986).  
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Table I-2 

Spectroscopic properties of some triplet state probes 

 

Triplet Probes Lifetime / ms Absorbance nm 

Eosin    1-2 530 

Erythrosin B 0.3-0.4 530 

Di-iodofluorescein 0.5 502 

Di-bromofluorescein 0.9 514 

Tryptophan 1000 280 

 

(Thomas, 1986). 

 

A commonly used organic dye, eosin, has 70% of excited molecules converted to triplet 

state and has lifetimes of several ms in which the heavy bromine atoms facilitate 

intersystem crossing increasing the quantum yield and offering long lived triplet state 

(Thomas, 1986). Erythrosin B has 98% of excited molecules converting to triplet state 

and has higher quantum yield than eosin (Garland and Moore., 1979) and is considered as 

an ideal probe for phosphorescence studies. The phosphorescence of erythrosin B is due 

to the xanthene ring with four iodine atoms. Erythrosin B has phosphorescence emission 

time scale of 10-5 to 10-3s corresponding to motion in glassy environment and is sensitive 

to oxygen (Lam et al., 2001). Numerous studies in our lab have used erythrosin B and 

shown it to be sensitive in monitoring molecular mobility in many simple model 

amorphous systems and thus it definitely offers a good choice as a probe. However the 
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maximum excited state lifetime of erythrosin B is approximately ~1ms thus restricting its 

application to longer time range (Thomas, 1986). 

 

Tryptophan has been shown to exhibit strong room temperature phosphorescence 

emission after excluding oxygen in many proteins (Vanderkooi et al., 1987). Tryptophan 

is the most commonly used intrinsic probe in study of protein dynamics (Lakowicz, 

1999). Its phosphorescence lifetime at 77K is 5-6s (Strambini and Gonnelli, 1995). 

Tryptophan phosphorescence can be as long as 1-2 s in proteins and thus could measure 

slower motions that are un-measurable with most other triplet probes (Thomas, 1986).  

 

Phosphorescence emission from intrinsic tryptophan has been used to monitor the effect 

of hydration on the internal molecular mobility of the protein lysozyme (Shah and 

Ludescher, 1992, 1993; Subramaniam et al., 2006). Tryptophan has also been used as a 

dispersed probe in studying molecular mobility in amorphous sucrose (McCaul and 

Ludescher, 1999; Shah and Ludescher, 1995). However tryptophan as a probe for protein 

dynamic study has several disadvantages: a) Most proteins have several tryptophans 

making it difficult to study site selectively; b) Tryptophan may not be present in a protein; 

c) Tryptophan has to be buried in a rigid environment for phosphorescence in solution; d) 

The tryptophan signal could be quenched by several quenchers (e.g., disulfide), and 

energy transfer among chromophores can complicate the interpretations, etc. (Vanderkooi 

et al., 1990). 
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Vanillin has been one of the most exciting flavor compounds for ages. In this research it 

is being looked at in a fresh perspective. Its phosphorescence properties have been 

characterized, but vanillin has not yet being explored as triplet probe to date. Vanillin has 

being shown to exhibit room temperature phosphorescence (Nishigaki et al., 1996).  

However there is no data currently available in the literature where vanillin has been used 

for monitoring molecular mobility in amorphous systems. And as vanillin is an important 

component found widely in food it offers a great inspiration to study its use as a triplet 

probe.   

 

Basic photophysics: Figure 5 gives the Jablonski energy level diagram with appropriate 

rate constants for the various photophysical events occurring during luminescence. 

Following light absorption the ground state molecule makes an essentially instantaneous 

transition to one of the many vibrational levels of the first excited state (S1); excess 

vibrational energy is rapidly dissipated to the solvent matrix to relax to lowest vibrational 

level of S1. Along with fluorescence (rate kRF), the excited state may engage in several 

de-excitation processes including non-radiative decay to S0 through exchange of 

vibrational energy to the matrix (rate constant kSIC), intersystem crossing from S1 to T1 

(rate kST) and collisional quenching (rate kQ [Q]). Along with phosphorescence (rate kRP) 

other de-excitation processes that occur include non-radiative decay from T1 to S0 (rate 

kTS0), collisional quenching (rate kQ [Q]). The above photphysical events are common to 

erythrosin B, tryptophan and vanillin; but in case of erythrosin B in addition to all the 

above events reverse intersystem crossing from T1 to S1 (rate kTS1) is also observed 
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giving rise to delayed fluorescence. The rate constants kRF and kRP are fixed by the probe 

structure and are unaffected by the environment (Birks, 1970; Turro, 1991). 

Figure I-5 

Jablonski Energy Level Diagram 

 

Abbreviations Used: 

• kRF : Rate constant for fluorescence decay S1 to S0 

• kSIC : Rate constant for non-radiative decay rate S1 to S0 

• kST : Rate constant for intersystem crossing S1 to T1 

• kq [Q] : Rate constant for quenching of excited singlet state 

• kRP : Rate constant for phosphorescence decay 

• kTS0 : Rate constant for non-radiative decay from T1 to S0 

• kQ[Q] : Rate constant for quenching of excited triplet state 

• kTS1 : Rate constant for reverse intersystem crossing T1 to S1 

• kNR : Rate constant for total nonradiative decay kTS0+ kQ[Q] : phosphorescence  
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For a phosphor once luminescence quantum yield and luminescence lifetimes are 

acquired it is possible to employ fundamental photophysical equations to calculate rate 

constants for the excited state processes (Duchowicz et al.,1998; Hurtubise, 1997; Parker, 

1968). 

 

Emission Intensity: Quantum yield (Φ) is define as the ratio of photons emitted to photon 

absorbed. Emission intensity is directly proportional to quantum yield. The quantum 

yield for fluorescence is given by the following ratio of rate constants (Lakowicz, 1999).  

 

ΦF = kRF/ (kRF+ kSIC+ kST+ kQ [Q])              (1) 

 

In the absence of a specific quencher Equation 1 simplifies to. 

 

ΦF = kRF/ (kRF+ kSIC+ kST)               (2) 

 

In case of phosphorescence the quantum yield for phosphorescence (ΦP) is the product of 

the quantum yield for T1 formation (ΦT) times the probability of emission from T1 (qP) 

(Hurtubise, 1990, 1997). 

 

In the case of erythrosin B, due to reverse intersystem crossing the ΦP is given as follows. 

 

ΦP = ΦTqP = {kST/ (kRF+ kSIC+ kST + kq [Q])} { kRP/ (kRP+ kTS0+ kTS1+ kQ [Q])}        (3)  
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In case of tryptophan and vanillin due to absence of reverse intersystem crossing the ΦP 

is given as follows. 

 

ΦP = ΦTqP = {kST/ (kRF+ kSIC+ kST + kq [Q])} { kRP/ (kRP+ kTS0+ kQ [Q])}         (4) 

 

The quantum yield for delayed fluorescence in the absence of oxygen is the product of 

the quantum yield of fluorescence and the probabilities of intersystem crossing from S1 to 

T1 and also from T1 to S1 (Duchowicz et al., 1998). In absence of quencher molecule. 

 

ΦDF = ΦF {kST/ kRF+ kSIC+ kST } { kTS1/ kRP+ kTS0+ k TS1}           (5) 

 

Phosphorescence intensity can be monitored by measuring the intensity decay as function 

of time. The phosphorescence lifetime can be expressed in terms of the de-excitation rate 

constants. In case of erythrosin B it is given as shown in Equation 6 and for tryptophan 

and vanillin is given as shown in Equation 7 in absence of any external quenchers. 

 

kP(T) =  kRP+ kTS0(T)+kTS1(T)               (6) 

 

kP(T) =  kRP+ kTS0(T)                (7) 

 

In a complex amorphous matrix, there may be several different environments and hence 

several different lifetimes of the triplet probe. The phosphorescence intensity decay could 

be fitted with either stretched exponential function or multi-exponential functions (Chen, 
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2003; Shamblin et al., 2000). For example, if two different species (in different 

environments) of the emitting chromophore remain independent of each other, the decay 

will be biexponential. In a multi-exponential model the intensity is assumed to be 

decaying as the sum of individual single-exponential decays. The multi-exponential 

model is as show in Equation 8; τi are decay times, αi represent the amplitudes of the 

components at t = 0 and n is the number of decay times. 

          n 

I (t) = Σαi exp (-t/τi)                              (8) 

         i = 1 

 

In many cases one does not expect a limited number of discrete decays times, but rather a 

distribution of decay times (Lakowicz, 1999). In such cases the intensity decays are 

typically analyzed in terms of a lifetime distribution. Phosphorescence intensity decays 

are often non-exponential and a stretched exponential decay function has being shown to 

describe the wide distribution of relaxation times (Champion et al., 2000, Lee et al., 

2001). The stretched exponential equation is given as shown in Equation 9, where I (t) is 

the intensity as a function of time following pulsed excitation, I(0) is the initial intensity 

at time zero, τ is the lifetime, and β is the stretching exponent which characterizes the 

distribution of the decay times, KWW. 

 

I (t) = I (0) exp [−(t/τ)β]                (9) 
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Emission Energy: Both absorption and emission are distributed over a large range of 

energies, and the energetic interactions between the polar chromophore and the 

immediate environment are sensitive to dipolar interactions (Ludescher et al., 2001). 

When the molecule is excited it can be stabilized by dipolar relaxation, molecular motion 

in the local matrix which has a dramatic effect on the emission energy.  The dipolar 

relaxation can influence emission energy only if it is on the same time scale as the excited 

lifetime, making the slower process of phosphorescence (10-6 to 1s) more desirable for 

studies of amorphous solids. In amorphous rubbery and glassy matrices the solvent 

relaxation is slow (>>10-6 s) due to limited molecular mobility, and the emission does not 

occur from the excited state while fully surround by a relaxed solvent shell, but rather 

from a non-equilibrium state undergoing relaxation (Ludescher et al., 2001). Thus 

phosphorescence spectroscopy offers an effective tool to study dipolar relaxation 

(Ludescher et al., 2001). 

 

Oxygen Quenching: The process of quenching causes reduction in the quantum yield. 

Oxygen is the most effective quencher of the triplet state and hence it is necessary to 

remove during phosphorescence measurements (Vanderkooi et al., 1987). Measurements 

of +/- oxygen thus can be used to monitor the extent of oxygen diffusion through the 

matrix. 

 

Hypothesis: Vanillin can be used as a triplet state probe to measure molecular mobility 

in amorphous materials below glass transition temperature. 
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The physical properties of amorphous solids are modulated by specific modes of 

molecular mobility above and below the glass transition temperature which are 

responsible for physical and chemical changes. Luminescence spectroscopy uses optical 

probes that can report on the properties of the molecular environment around the probe. 

Depending upon the specific luminescent probe, the triplet lifetime ranges from 

microseconds to seconds, thus providing a sensitive signal on timescale suitable for study 

of matrices in either glass or the rubber/melt state.  

 

We hypothesize that molecular mobility measurements should not be restricted to a single 

probe as different molecular probes could provide different information with respect to 

mobility on different time scales. This project will provide insight into the way different 

probes report molecular mobility in the same matrix. The use of the novel probe vanillin 

would open a great potential towards molecular mobility measurements. The possibility 

of using multiple probes will offer a new dimension into molecular mobility 

measurements. A more thorough understanding generated from molecular mobility maps 

using different probes about the amorphous system characteristics will ultimately lead to 

successful predictions of physical stability of amorphous solids.  
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Research Objective: The objectives of this research are as follows. 

 
Objective 1: Characterize the luminescence properties and photophysical events of 
vanillin as a triplet state probe in amorphous sucrose films as a function of temperature. 
 
Objective 2: Understand the mechanism of environmental sensitivity of vanillin to 
molecular motions using different analogs of vanillin in amorphous sucrose films. 
 
Objective 3: Study the effect of molecular weight and glass transition temperature on 
sensitivity of vanillin using glucose homologous series. 
 
Objective 4: Characterize the molecular mobility of different amorphous matrices 
(excipients) used for various controlled release application as a function of temperature 
using phosphorescence of vanillin. 
 
Objective 5: Understand molecular mobility in amorphous sucrose films using 
phosphorescence of Erythrosin B, Tryptophan and Vanillin (having varied intrinsic 
lifetimes) as a triplet state probe. 
  
Objective 6: Investigate molecular mobility in amorphous protein films using 
phosphorescence of extrinsic probes (Erythrosin B and Vanillin) and intrinsic probe 
(Tryptophan) (having varied intrinsic lifetimes) as a function of temperature. 
 
Objective 7: Investigate the potential of using multiple probe combinations (Erythrosin B 
and Vanillin, Vanillin and Tryptophan or Erythrosin B and Tryptophan) in amorphous 
sucrose films to report molecular mobility. 
 

 



 25

References 

 

• Bell, L.N. and Hageman, M.J. Differentiating between the effect of water activity and 
glass transition dependent mobility on solid state chemical reaction: aspartame 
degradation. Journal of Agricultural and Food Chemistry. 42 (1994). 2398-2401. 

• Bell, L.N. and Hageman, M.J. Glass transition explanation for effect of polyhydroxy 
compounds on protein denaturation in dehydrated solids. Journal of Food Science. 61 
(1996). 372-375. 

• Bell, L.N. and White, K.L. Thiamin stability in solids as affected by the glass 
transition. Journal of Food Science. 65 (2000). 498-501. 
 

• Bidault, O., Assifaoui, A., Champion D. and Le Meste, M. Dielectric spectroscopy 
measurements of the sub-Tg relaxations in amorphous ethyl cellulose: a relaxation 
magnitude study. Journal of Non-crystalline Solids. 351 (2005). 1167-1178.  
 

• Birks, J.B. Photophysics of Aromatic Molecules. John Wiley and Sons, New York 
(1970). 

• Brooks, C.L. III, Gruebele, M., Onuchic, J.N. and Wolynes, P.G. Chemical physics of 
protein folding. Proceedings of  National Academy of Sciences of USA. 95 (1998). 
11037-11038. 

• Buera, M.P. and Karel, M. Effect of physical changes on the rates of non enzymatic 
browning and related reactions. Food Chemistry 52 (1995). 167-173. 

• Buera, M.P., Chirife, J. and Karel, M. A study of acid catalyzed sucrose hydrolysis in 
an amorphous polymer matrix at reduced moisture content. Food Research 
International. 28 (1995). 359-365. 

• Buitink, L. and Leprince, O. Glass formation in plant anhydrobiotes: survival in the 
dry state. Cryobiology. 48 (2004). 215-228.  
 

• Castellan, G.W. Physical Chemistry. The Benjamin/Cummings Publishing, Menlo 
Park (1983). 

• Champion, D., Le Meste, M. and Simatos, D. Towards an improved understanding of 
glass transition and relaxations in foods: molecular mobility in the glass transition 
range. Trends in Food Science and Technology. 11 (2000). 41-55.  

 
• Champion, D., Le Meste, M. and Simatos, D. Towards an improved understanding of 

glass transition and relaxations in foods: molecular mobility in the glass transition 
range. Trends in Food Science and Technology. 11 (2000). 41-55.  

 
• Chen, R. Apparent stretched exponential luminescence decay in crystalline solids. 

Journal of Luminescence. 102 (2003). 510-518.  

 



 26

 
• Chen. Y, Aull, J.L. and Bell, L.N. Invertase storage stability and sucrose hydrolysis in 

solids as affected by water activity and glass transition. Journal of Agricultural and 
Food Chemistry. 47 (1999). 504-509. 

• Chen, Y., Aull, J.L. and Bell, L.N. Solid-state tyrosinase stability as affected by water 
activity and glass transition. Food Research International. 32 (1999). 467-472. 

• Chung, H. and Lim, S. Physical aging of glassy normal and waxy rice starches: 
thermal and mechanical characterization. Carbohydrate Polymers. 57 (2004). 15-21. 
 

• Craig, D.Q., Royall, P.G., Kett, V.L. and Hopton, M.L. The relevance of the 
amorphous state of pharmaceutical dosage forms: glassy drugs and freeze dried 
systems. International Journal of Pharmaceutics. 179 (1999). 179-207. 

• Craig I.D, Parker R, Rigby N.M, Cairns P, and Ring S.G. Maillard reaction kinetics in 
model preservation systems in the vicinity of the glass transition: Experiment and 
theory. Journal of Agricultural and Food Chemistry. 49 (2001). 4706-4712. 
 

• Duchowicz, R., Ferrer, M.L. and Acuna, A.U. Kinetic spectroscopy of erythrosin 
phosphorescence and delayed fluorescence in aqueous solution at room temperature. 
Photochemistry and Photobiology. 68 (1998). 494-501. 

 
• Ediger, M.D., Angell, C.A. and Nagel, S.R. Supercooled Liquids and Glasses. Journal 

of Physical Chemistry. 100 (1996). 13200-13212 

• Fennema, O. Water and Ice. Marcel Dekker Inc, New York (1996). 

• Garland, P.B. and Moore, C.H. Phosphorescence of protein-bound eosin and 
erythrosin: A possible probe for measurements of slow rotational mobility. 
Biochemistry Journal. 183 (1979). 561-572.  
 

• Hancock, B.C, and Zografi, G. Characteristics and significance of amorphous state in 
pharmaceutical systems. Journal of Pharmaceutical Sciences. 86 (1997). 1-12. 

• Hancock, B.C., Shamblin S.L. and Zografi, G. Molecular mobility of amorphous 
pharmaceutical solids below their glass transition temperatures. Pharmaceutical 
Research. 12 (1995). 799-806. 

• Hill J.J, Shalaev E.Y. and Zografi, G. Thermodynamic and dynamic factors involved 
in the stability of native proteins structure in amorphous solids in relation to levels of 
hydration. Journal of Pharmaceutical Sciences. 94 (2005). 1636-1667. 

• Hsu, C. and Heldman, D.R. Influence of glass transition temperature on rate of rice 
starch retrogradation during low temperature storage. Journal of Food Process 
Engineering. 28 (2005). 506-525.  

 



 27

• Hurtubise, R.J. Phosphorimetry: Theory Instrumentation, and Applications. VCH 
Publishers, Inc, New York (1990). 

• Hurtubise, R.J. Solid matrix luminescence analysis: photophysics, physicochemical 
interactions and applications. Analytica Chimica Acta. 351 (1997). 1-22. 
 

• Karmas, R., Buera, M.P. and Karel, M. Effect of glass transition on rates of non 
enzymatic browning in foods. Journal of Agricultural and Food Chemistry. 40 (1992). 
873-679. 

• Kilburn, D., Claude, J., Schweizer, T., Alam, A. and Ubbink, J. Carbohydrate 
polymers in amorphous states: An integrated thermodynamic and nanostructural 
investigation. Biomacromolecules. 6 (2005). 864-879.  
 

• Kim, Y.J., Hagiwara, T., Kawai, K., Suzuki, T. and Takai, R. Kinetic process of 
enthalpy relaxation of glassy starch and effect of physical aging upon its water vapor 
permeability property. Carbohydrate Polymers. 53 (2003). 289-296. 

• Labuza, T.P. Properties of water as related to the keeping quality of foods. 
Proceedings of the third International Congress of Food Science and Technology 
(1970). 618-35. 

• Lai, M.C. and Topp, E.M. Solid state chemical stability of protein and peptides. 
Journal of Pharmaceutical Sciences. 88 (1999). 489-500. 
 

• Lakowicz, J.R. Principles of Fluorescence Spectroscopy, Second Edition. Kluwer 
Academic/Plenum Press, New York (1999). 

• Lam, S.K., Chan, M.A. and Lo, D. Characterization of phosphorescence oxygen 
sensor based on erythrosin B in sol-gel silica in wide pressure and temperature ranges. 
Sensors and Actuators. B 73 (2001). 135-141.  
 

• Le Meste, M., Champion, D., Roudau,t G., Blond, G. and Simatos, D. Glass transition 
and food technology: A critical appraisal. Journal of Food Science. 67 (2002). 2444-
2458.  

 
 

• Lee, K.C.B., Siegel, J., Webb, S.E.D., Leveque-Fort, S., Cole, M.J., Jones, R., 
Dowling, K., Leve, M.J. and French, P.M.W. Applications of the stretched 
exponential function to fluorescence lifetime imaging. Biophysical Journal. 81 (2001). 
1265-1274.  
 

• Lettinga, M.P., Zuilhof, H. and van Zandvoort, M.A. Phosphorescence and 
fluorescence characterization of fluorescein derivatives immobilized in various 
polymers matrices. Physical Chemistry Chemical Physics. 2 (2000). 3697-3707. 

 



 28

• Liu, Y., Bhandari, B. and Zhou, W. Glass transition and enthalpy relaxation of 
amorphous food saccharides: A review. Journal of Agricultural and Food Chemistry. 
54 (2006). 5701-5717.  
 

• Ludescher, R.D., Shah, N.K., McCaul, C.P. and Simon, K.V. Beyond Tg: optical 
luminescence measurements of molecular mobility in amorphous solid foods. Food 
Hydrocolloids. 15 (2001). 331-339. 
 

• Ludescher, R.D. Molecular dynamics of food proteins: Experimental techniques and 
observations. Trends in Food Science and Technology. 1 (1990). 145-149.  

 
• Mazhul, V.M., Zaitseva, E.M. and Shcherbin, D.G. Phosphorescence of tryptophan 

residues of proteins at room temperature. Journal of Applied Spectroscopy. 69 (2002). 
213-219.  
 

• McCaul, C.P. and Ludescher, R.D. Room temperature phosphorescence from 
tryptophan and halogenated tryptophan analogs in amorphous sucrose. 
Photochemistry and Photobiology. 70 (1999). 166-171.  

 
• McGown, L.B. and Nithipatikom, K. Molecular fluorescence and phosphorescence. 

Applied Spectroscopy Reviews. 35 (2000). 353-393.  
 

• Montes, H., Mazeau, K. and Cavaille, J.Y. The mechanical beta relaxation in 
amorphous cellulose. Journal of Non-crystalline Solids. 235-237 (1998). 416-421. 

• Nack, T.J. and Ludescher, R.D. Molecular mobility and oxygen permeability in 
amorphous bovine serum albumin films. Food Biophysics. 1 (2006). 151-162.  
  

• Nishigaki, A., Ngashima, U., Uchida, A., Oonishi, I. and Oshima, S. Hysteresis in the 
temperature dependence of phosphorescence of 4-Hydroxy-3-Methoxybenzaldehyde 
(vanillin) in Ethanol. Journal of Physical Chemistry. 102 (1998). 1106-1111.  

• Noel, T.R., Parker, R. and Ring, S.G. Effect of molecular structure and water content 
on the dielectric relaxation behavior of amorphous low molecular weight 
carbohydrates above and below their glass transition. Carbohydrate Research. 329 
(2000). 839-845. 
  

• Parker, C.A. Photoluminescence of Solutions. Elsevier Pub Co., Amsterdam (1968). 

• Pravinata, L.V., You, Y. and Ludescher, R.D. Erythrosin B phosphorescence 
monitors molecular mobility and dynamic heterogeneity in amorphous sucrose. 
Biophysical Journal. 88 (2005). 3551-3561. 
 

• Richert, R. Spectral selectivity in the slow beta relaxation of a molecular glass. 
Europhysics Letters. 54 (2001). 767-773. 

 



 29

• Roos, Y. and Karel, M. Phase transitions of amorphous sucrose and frozen sucrose 
solutions. Journal of Food Science. 56 (1991). 266-267. 

• Roos, Y. Phase Transitions in Foods. Academic Press, San Diego, California (1995). 

• Roos, Y.H. Thermal analysis, state transition and food quality. Journal of Thermal 
Analysis and Calorimetry. 71 (2003). 197-203. 

• Schmidt, S.J. Water and solids mobility in foods. Advances in Food and Nutrition 
Research. 48 (2004). 1-101.  
 

• Shah, N.K. and Ludescher, R.D. Hydration and the internal dynamics of hen egg 
white lysozyme. Proceedings of SPIE 1640 (1992). 174-179.  
 

• Shah, N.K. and Ludescher, R.D. Influence of hydration on the internal dynamics of 
hen egg white lysozyme in the dry state. Photochemistry and Photobiology. 58 (1993). 
169-174. 
 

• Shah, N.K. and Ludescher, R.D. Phosphorescence of probes of the glassy state in 
amorphous sucrose. Biotechnology Progress. 11 (1995). 540-544. 

 
• Shamblin, S., Hancock, B.C., Dupuis, Y. and Pikal, M.J. Interpretation of relaxation 

time constants for amorphous pharmaceutical systems. Journal of Pharmaceutical 
Sciences. 89 (2000). 417-427.  
 

• Shamblin, S.L., Tang, X.L., Chang, L.Q., Hancock, B.C. and Pikal, M.J. 
Characterization of the time scales of molecular motion in pharmaceutically 
important glasses. Journal of Physical Chemistry. 103 (1999). 4113-4121. 

• Shirke, S. and Ludescher, R.D. Dynamic site heterogeneity in amorphous maltose and 
maltitol from spectral heterogeneity in erythrosin B phosphorescence. Carbohydrate 
Research. 340 (2005). 2661-2669. 

• Shirke, S. and Ludescher, R.D. Dynamic site heterogeneity in amorphous lactose and 
lactitol from spectral heterogeneity in erythrosin B phosphorescence. Biophysical 
Chemistry. 123 (2006). 122-133. 

• Sillescu, H.J. Heterogeneity at the glass transition: a review. Journal of Non-
Crystalline Solids. 243 (1999). 81-108. 

• Simon-Lukasik, K.V. and Ludescher, R.D. Effect of plasticizer on dynamic site 
heterogeneity in cold-cast gelatin films. Food Hydrocolloids. 20 (2006). 88-95. 
 

• Simon-Lukasik, K.V. and Ludescher R.D. Erythrosin B phosphorescence as a probe 
of oxygen diffusion in amorphous gelatin films. Food Hydrocolloids. 18 (2004). 621-
630.  

 



 30

 
• Slade, L. and Levine, H. A Food Polymer Science approach to structure interactions. 

Advances in experimental medicine and biology. 302 (1991). 29-101. 

• Slade, L. and Levine, H. Non-equilibrium behavior of small carbohydrate water 
systems. Pure and Applied Chemistry. 60 (1988). 1841-1864. 
 

• Slavik, J. Fluorescent Probes in Cellular and Molecular Biology. CRC Press, Boca 
Raton, FL (1994). 

• Strambini, G.B. and Gonnelli, M. Tryptophan phosphorescence in fluid solution. 
Journal of American Chemical Society. 117 (1995). 7646-7651.  
 

• Subramaniam, V., Gafni, A. and Steel, D.G. Time-resolved tryptophan 
phosphorescence spectroscopy: A sensitive probe of protein folding and structure. 
IEEE Journal of Selected Topics in Quantum Electronics. 2 (2006). 1107-1114.  

 
• Sun, W.Q. and Davidson, P. Protein inactivation in amorphous sucrose and trehalose 

matrices: effects of phase separation and crystallization. Biochimica Biophysica Acta. 
1425 (1998) 235-244. 

 
• Thomas, D. Rotational Diffusion of Membranes. Ragan, C.I. and Cherry, R.J. 

Techinques for Analysis of membrane proteins. Chapman and Hall, London. (1986). 
377-394. 

• Tolstoguzov, V.B. The importance of glassy biopolymer components in food. 
Nahrung. 44 (2000). 76-84. 

• Towns, J.K. Moisture content in proteins: its effect and measurements. Journal of 
Chromatography. 705 (1995).115-127. 

• Turro, N. Modern Molecular Photochemistry. University Science Books, Sausalito, 
CA (1991). 
 

• van den Dries, I.J., van Dusschoten, D. and Hemminga, M.A. Mobility in maltose-
water glasses studied with 1H NMR. Journal of Physical Chemistry. 102 (1998). 
10483-10489. 

• Vanderheeren, G. and Hanssens, I. Thermal unfolding of bovine alpha lactalbumin. 
The Journal of Biological Chemistry. 269 (1994). 7090-7094. 

• Vanderkooi, J.M., Englander, S.W., Papp, S., Wright, W.W. and Owen, C.S. Long 
range electron exchange measured in proteins by quenching of tryptophan 
phosphorescence. Proceedings of National Academy of Sciences of USA. 87 (1990). 
5099-5103. 

 



 31

• Vanderkooi, J. M., Maniara, G., Green, T. J. and Wilson, D. F. An optical method for 
measurement of dioxygen concentration based upon quenching of phosphorescence. 
Journal of  Biological Chemistry. 262 (1987). 5476-5482. 
 

• Vyazovkin, S. and Dranca, I. Probing beta relaxations in pharmaceutically relevant 
glasses by using DSC. Pharmaceutical Research. 23 (2006). 422-428. 

• Wagner, H. and Richert, R. Equilibrium and non-equilibrium type beta relaxations: 
D-Sorbitol versus o-Terphenyl. Journal of Physical Chemistry. 103 (1999). 4071-
4077. 

• Walstra, P. Physical Chemistry of Foods. Marcel Dekker Inc, New York (2003). 

• Walters, C. Temperature dependency of molecular mobility in preserved seeds. 
Biophysical Journal. 86 (2004). 1253-1258. 
 

• Zallen, R. The Physics of Amorphous Solids. John Wiley and Sons, New York (1998). 

 



 32

Chapter II: Vanillin phosphorescence as a triplet state probe to monitor molecular 

mobility in amorphous sucrose.  
 

Introduction 

In amorphous solid foods and pharmaceuticals, shelf-life is influenced by modes of 

molecular mobility which influence the kinetics of physical and chemical processes. 

Molecular mobility is strongly affected by temperature and water (Roos and Karel, 1990, 

1991a, 1991b). Changes in molecular mobility are thus important in defining the shelf-

life and quality of amorphous solid foods, pharmaceuticals, and other biomaterials. 

Molecular motions have being shown to occur in glass even 50°C below Tg (Hancock et 

al., 1995) and in partially dried seeds at cryogenic temperatures (Walters, 2004). 

Predictions of stability must consider matrix mobility above and below Tg (the glass 

transition temperature); measurement of molecular mobility in amorphous solids over 

time scales ranging from < 10-9 ns to > 108 s at temperatures above and below Tg requires 

specialized methods. In glass, motions are mainly local (vibrations of atoms, reorientation 

of small groups of atoms) (Craig et al., 1999: Schmidt, 2004) and in rubber/melt these 

motions could be long range translational and rotational (Schmidt, 2004; Le Meste et al., 

2002; Liu et al., 2006). These motions are strong concern to us as they affect rates of 

molecular diffusion, and thus chemical reaction rate in amorphous solid foods, as well as 

the rates of other physical processes. In glass to liquid transitions relaxation time of 

material is considered to be similar to experimental time scale and changes are observed, 

but in sub-Tg these relaxation times are very long and demand special consideration (Le 

Meste et al., 2002). 
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Phosphorescence spectroscopy is a sensitive, site-specific method that can be used to 

detect molecular mobility in the environment of a probe embedded within an amorphous 

matrix. Phosphorescence is more sensitive than fluorescence to deactivation by collisions 

with solvent molecules, quenchers and energy transfer processes and hence is strongly 

observed in rigid media (e.g. glass) where diffusional quenching is absent (Parker, 1968). 

Phosphorescence spectroscopy has being shown to be sensitive to molecular mobility 

(Ludescher, 1990; Shah and Ludescher, 1993). Due to the timescale of excited triplet 

state, phosphorescence spectroscopy responds to molecular event in the ms to s time scale 

(Parker, 1968; Lakowicz, 1999). Molecular mobility can be detected within the local 

environment of a probe using phosphorescence spectroscopy as it is a sensitive site 

specific method (Simon-Lukasik and Ludescher, 2004; Simon-Lukasik and Ludescher, 

2006a, 2006b, Ludescher et al., 2001; Shirke and Ludescher, 2006a, 2006b).  

 

Solid-surface room-temperature phosphorescence has been observed from a wide variety 

of conjugated organic compounds (e.g., vanillin) (Schulman and Parker, 1977). 

Molecules exhibit the phenomena when adsorbed on a suitable solid surface. Strong 

phosphorescence of organic compounds has been observed in gas phase, rigid media or at 

cryogenic temperature (Schulman and Walling, 1972, 1973). The rigid matrix prevents 

the non-radiative decay of the triplet state by collisional energy transfer (internal 

conversion processes) and by inhibiting quenching by ground state triplet oxygen when 

sample is dried (Schulman and Walling 1972). Surfaces such as paper, sucrose and starch 

have provided excellent supports for observing room temperature phosphorescence of 

organic compounds (Schulman and Parker, 1977).  
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Vanillin has being shown to exhibit phosphorescence at cryogenic and room temperature 

when adsorbed on a substrate such as filter paper (Schulman and Walling, 1973; 

Nishigaki et al., 1998). Vanillin is one of the most exciting flavor compounds for ages, 

and has found numerous applications in food and pharmaceuticals, and is very commonly 

added as a flavoring in these applications. In this research it is being looked at in a fresh 

perspective. This research focuses on exploring the potential of using vanillin as a triplet 

state probe to monitor molecular mobility in amorphous solids.    

 

This research investigated how the steady-state and time-resolved emission and intensity 

of phosphorescence from vanillin (4-hydroxy-3-methoxy benzaldehyde), a commonly 

used flavor compound, can be used to probe molecular mobility when dispersed within 

amorphous pure sucrose films. There are not studies where vanillin phosphorescence has 

being used to monitor molecular mobility in amorphous solids. And as vanillin is an 

important component found widely it offers potential for use as a triplet probe in 

amorphous biomaterials. This would be the first study which will characterize the 

luminescence properties of phosphorescence of vanillin in amorphous sucrose films and 

investigate the potential of using vanillin phosphorescence to monitor molecular mobility 

in simple amorphous matrices.  
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Materials and Methods 

Materials: Water was deionized and then glass distilled. Glycerol (Spectral Grade) was 

Sigma-Aldrich Chemical Company (St. Louis, MO), isopentane (Baker grade) was from J. 

T. Baker Chem. Co., Phillipsburg, NJ, Ethyl ether (anhydrous) was from Fisher Scientific, 

Fair Lawn NJ, and ethanol (anhydrous) was from Parmco Products, Inc, Brookfield, CT). 

Sucrose was from (99.5% pure) Sigma Chemical, St. Louis, MO. The probe vanillin (3-

methoxy-4-hydroxy benzaldehyde: Figure 1a) was from Sigma-Aldrich, Milwaukee, WI. 

 

Sucrose Solution: Sucrose solution was made as described in Pravinata et al., 2005. 

Approximately 20 g of sucrose (99.5% pure; Sigma Chemical, St. Louis, MO) were 

dissolved in 100 mL of deionized water containing 0.5 g of activated charcoal to remove 

luminescent impurities. After stirring overnight, the charcoal was removed by vacuum 

filtration using ashless filter paper (Whatman No. 40, Whatman International, Maidstone, 

UK), additional charcoal was added, and the process repeated. Sucrose solution was 

made to a final concentration of 65–67 wt % sucrose; concentration was confirmed using 

a refractometer (NSG Precision Cells, Farmingdale, NY). This sucrose solution was 

filtered through a 0.2 μm membrane to remove particulates.  

 

Vanillin: A 66mM stock solution of vanillin (Sigma-Aldrich, Milwaukee, WI) was 

prepared in distilled deionized water. This concentration was selected to simplify the 

addition of the probe to the sucrose solution. For absorbance, fluorescence and 

phosphorescence measurements the 66mM stock was diluted to 50μM in distilled 

deionized water. For measuring absorbance and phosphorescence in amorphous solid, 
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vanillin was added to the sucrose solution at a molar ratio of 1:103 (dye: sucrose). Other 

ratios 3:104, 5:104 and 2:103 were also tested to study the effect of probe concentration. 

The ratio 1:103 (dye: sucrose) was chosen as at this concentration it was determined that 

the probe does not aggregate, existing only as individual molecules monitoring the 

molecular mobility of the sucrose. 

 

Sucrose films: To produce glassy sucrose films containing vanillin, 20 μL of a sucrose 

solution containing vanillin were spread on a quartz slide (30 × 13.5 × 0.6 mm; custom 

made by NSG Precision Cells, Farmingdale, NY). After spreading the solutions on the 

slides were then dried under a heat gun (Vidal Sassoon) for 5 min to a maximum 

temperature of ∼88°C (measured using a thermocouple probe) and the final thickness 

was ~0.05 mm. The slides were stored at room temperature against P2O5 and DrieRite, 

protected from the light to prevent any photo bleaching, for at least 7 days before any 

phosphorescence measurements were made. The desiccant was refreshed as needed to 

maintain a relative humidity close to 0%. 

 

Sample preparation for measurement at 77K: Solutions of vanillin were prepared at 20 

mM concentration in a glycerol/water (60/40, v/v) or in EPA (ethyl 

ether/isopentane/ethanol 5/5/2, v/v). For measurements in amorphous sucrose films 

vanillin was added to the sucrose solution at a molar ratio of 1:103 (dye: sucrose) and 

films were prepared as described above. The liquid solution/slide was placed in a quartz 

cylindrical cell with 4 mm inner diameter (National Scientific Company, Quakertown PA) 

for measurement at room temperature and at 77 K. At 77 K the tube was immersed in 
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liquid N2 using a finger type Dewar obtained from Jobin-Yvon Spex. Ninety-degree 

geometry was used for these measurements. Sugar glasses doped with vanillin derivatives 

were prepared by plating sucrose solution on quartz plates followed by evaporation.  The 

quartz plates were placed in the sample compartment and front-face geometry was used 

for measurement.   

 

Instrumentation: For measurements at 77K emission intensity and spectra were measured 

with a Fluorolog-3-21 Jobin-Yvon Spex Instrument SA (Edison, NJ) equipped with a 450 

W Xenon lamp for excitation and a cooled R2658P Hamamatsu photomultiplier tube for 

detection. At room temperature absorption measurements were recorded in a Cary 

Eclipse spectrophotometer and fluorescence and phosphorescence measurements were 

made on a Cary Eclipse fluorescence spectrophotometer (Varian Instruments, Walnut 

Creek, CA). For measurements at -20°C to 100°C phosphorescence measurements were 

made on a Cary Eclipse fluorescence spectrophotometer (Varian Instruments, Walnut 

Creek, CA). The solution or quartz slides were placed in a standard 1cm x 1cm x 1cm 

quartz fluorescence cuvette, which was capped with a lid having inlet and outlet ports for 

gas lines. The cuvette was flushed with a gentle stream of nitrogen for 15 minutes to 

eliminate oxygen. An oxygen free nitrogen stream was generated by passage of high 

purity nitrogen through a Supelco (Bellefonte, PA) gas purifier. The temperature was 

controlled by using a TLC 50 thermoelectric heating/cooling system (Quantum 

Northwest, Spokane, WA). The TLC-50 sample compartment was fitted with a jacketed 

cover and the temperature of the cuvette was monitored directly using a thermocouple in 

the cuvette. The film was equilibrated for 15 minutes at each temperature before 
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collecting the data. The Cary Eclipse uses a pulsed lamp and collects emission intensity 

in analog mode; data were not collected within the first 0.1-0.2 ms to suppress 

fluorescence coincident with the lamp pulse.  

  

Spectroscopic Measurements: For measurements at 77K in glycerol: water, EPA and 

amorphous sucrose films vanillin was excited at 340 nm.  Emission spectra were scanned 

in the 330 nm – 560 nm range.  Slit width was set to provide a band-pass 2 nm for 

excitation and 1 nm for emission. For time-dependent intensity measurements for lifetime 

determination the band-pass for excitation was 5 nm and for emission band-path 5 nm at 

475 nm wavelength.  The excitation shutter was closed and the emission photons were 

counted at 0.1 sec intervals.  The data were digitized and transferred to Excel (Microsoft) 

for analysis of exponential decay.   

 

Absorbance spectra of vanillin (50μM) were collected in aqueous solution from 250 nm 

to 400 nm at 20°C. Luminescence emission spectra (fluorescence and phosphorescence) 

of vanillin in aqueous solution were collected at 20°C at 320 nm. 

 

Phosphorescence of vanillin in amorphous sucrose were collected from 400 to 800 nm 

(10 nm bandwidth) using excitation at 320 nm (20 nm bandwidth) over the temperature 

range from –20°C to 100°C. Each data point was collected from a single flash with 0.2 

ms delay, 100 ms gate time, and 0.12 s total decay time. Lifetime measurements were 

made as a function of temperature. The samples were excited at 320 nm (20 nm 

bandwidth) and emission transients collected at 490 nm (20 nm bandwidth) at 
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temperature ranging from –20°C to 100°C. Each decay was the average of 50 cycles, and 

for each cycle data was collected from a single flash with a delay of 0.2 ms, windows for 

gate time and total decay time were varied at each temperature. All measurements were 

made in quadruplicate. 

 

Data Analysis 

Emission Energy as a function of temperature: Emission spectra were fit using the 

program Igor (Wavemetrics, Inc., Lake Oswego, OR) to a log-normal function Equation 

1 over the temperature range -20°C to 100°C. 
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In this equation I0 is the maximum intensity of the emission spectra, νP is the frequency 

(in cm-1) of the emission maximum, Δ is a line width parameter, and b is an asymmetry 

parameter. The bandwidth of the emission, the full width at half maximum (Γ), is related 

to b and Δ Equation 2. 
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Photophysical Scheme: The phosphorescence intensity decays were collected as 

described above and were fitted using a multi-exponential functions (Chen, 2003; 

Shamblin et al., 200). The multi-exponential model is as show in Equation 3. τi are decay 

times, αi represent the amplitudes of the components at t = 0 and n is the number of 

decay times. Phosphorescence lifetimes were determined with the statistical program Igor 

(Wavemetrics, Inc., Lake Oswego, OR). Fits were judged satisfactory if the R2 values 
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were in the range of 0.995-1.0 and the modified residuals ((data – fit)/data1/2) varied 

randomly about zero. The average lifetime was calculated using Equation 4.  

          n 

I (t) = Σαi exp (-t/τi)                              (3) 

         i = 1 

       

            n 

τAvg = Σαiτi/ ΣαI                 (4) 

          i = 1 

 

The phosphorescence lifetimes were used to calculate the rate constants associated with 

the various processes that depopulate the excited triplet state. The lifetime τ is related to 

the rate constants for de-excitation of the triplet excited state of the probe according to 

the following Equation 5 (Papp and Vanderkooi, 1989). 

1/τ = kRP + kNR (T) + kQ [O2] = kP              (5) 

Here kP (=1/τ) is the total decay rate, kRP is the rate of radiative decay of the ground state 

(2.69 s-1, measured in this study), kNR is the rate of non-radiative decay to the singlet state 

followed by vibrational relaxation to S0 due to collisional quenching. The magnitude of 

kNR reflects factors associated with the mechanism by which the excited T1 state of 

methyl vanillin is coupled to highly excited vibrations of the S0 ground state as well as 

external factors associated with the mechanism by which the ground state vibrational 

energy can dissipate from the excited state into the surrounding matrix (Fischer et al., 

2002; Vanderkooi and Berger, 1989). As the efficiency of external vibrational dissipation 
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is related to overall mobility of the matrix, the magnitude of kNR provides a measure of 

matrix mobility. One common method for restricting the collisional deactivation is to 

super cool analyte solutions with liquid nitrogen to a rigid glass. The term kQ [O2] refers 

to the collisional quenching due to interaction between the excited chromophore and 

triplet state oxygen. 
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Results 

Luminescence Emission Spectra: Figure 1b shows the absorption spectra of vanillin at 

room temperature in aqueous solution and in amorphous sucrose film. The excitation 

spectrum for vanillin phosphorescence at 490 nm in amorphous sucrose film is shown in 

Figure 1c. Vanillin shows room temperature phosphorescence (RTP) when embedded in 

amorphous sucrose matrix. The delayed emission spectra from vanillin in amorphous 

sucrose show a phosphorescence band at longer wavelength corresponding to S0 ← T1 

transitions.  

 

Vanillin phosphorescence emission spectra appear with maximum at ∼490 nm. Vanillin 

phosphorescence was found to be temperature dependent (Figure 2) over the temperature 

range from -20°C to 100°C in amorphous sucrose films. The decrease in 

phosphorescence intensity with increasing temperature results from a thermally 

stimulated process (Parker, 1968). The normalized phosphorescence intensity plot is 

shown in Figure 3. The Arrhenius plot of inverse phosphorescence intensity (1/IP) is 

shown in Figure 4. IP was determined by fitting the phosphorescence emission spectra to 

a log-normal function. This plot exhibited a triphasic decrease in phosphorescence 

intensity as the temperature increased. The plot was nonlinear displaying upward 

curvature. Break point temperatures determined from intersection of trendline to points at 

low, intermediate and high temperature were estimated to be about ~40°C and ~80°C 

(Figure 4). The activation energies for phosphorescence quenching calculated from the 

slopes at low, intermediate and high temperatures were 7.8 kJ mol-1, 54.0 kJ mol-1 and 

93.7 kJ mol-1 respectively. The slope at low temperature is ~12 times smaller than the 
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slope at higher temperature for amorphous sucrose, indicating high sensitivity of the 

matrix to temperature. The break point is around ~20°C below the glass transition 

temperature for sucrose. The decrease in phosphorescence intensity (with temperature) is 

due to an increase in kNR. This decrease in the glass and in the melt indicates the presence 

of mobility both below and above Tg.       

 

The emission energy (νP) and bandwidth (Γ) were determined by fitting the 

phosphorescence emission spectra to a log-normal function (equation 1, Materials and 

Methods). The values of the emission energy and bandwidth as a function of temperature 

are shown in Figure 5a.There was a gradual, linear decrease in the emission energy at low 

temperature (-20°C to 40°C) followed by steeper decrease at higher temperatures. The 

decrease in emission energy indicates an increase in the average extent of matrix dipolar 

relaxation around the excited triplet state. A break point temperature determined from 

intersection of trendline to points at low and high temperature was estimated to be about 

~40°C (Figure 5b). The phosphorescence bandwidth (equation 2, Materials and Methods) 

increased gradually at low temperature in the glass and then increased at higher 

temperature in the melt, reflecting a large increase in the range of energetically distinct 

matrix environments in amorphous sucrose below and above Tg (Figure 5a). The 

bandwidth increased linearly and gradually with temperature up to ~50°C (Figure 5c) and 

quiet dramatically at higher temperatures about Tg (65°C).   

 

Phosphorescence Intensity Decays: Vanillin phosphorescence decay kinetics were 

studied as a function of temperature in the absence of oxygen. Decay of the 
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phosphorescence intensity of vanillin at 77K in degassed glycerol water and EPA are 

shown in Figure 6a and for amorphous sucrose films is shown in Figure 6b. These decays 

were fitted to single exponential functions and the lifetimes obtained are compiled in the 

Table 1. The lifetime at 77K in glycerol water (τ = 372 ms) was used to calculate kRP., 

because glycerol water represents the amorphous sucrose structure. 

 

Time-resolved phosphorescence intensity decays of vanillin in amorphous sucrose films 

were measured over the temperature range from -20°C to 100°C. The decay intensity was 

fitted using both stretched and multi-exponential functions, but the best fit was obtained 

with a four-exponential function. Fits were judged satisfactory if the modified residuals 

((data – fit)/data1/2) varied randomly about zero. The phosphorescence intensity decay of 

vanillin in amorphous sucrose film at 20°C in the presence of nitrogen is plotted in Figure 

7 along with the modified residuals for a fit using a four component multi-exponential 

function (equation 3, Materials and Methods).  

 

All intensity decays over the temperature interval from -20°C to 80°C were well fit using 

a four-exponential function and those at 90°C and 100°C were well fit using a two-

exponential function. This analysis indicated that the probe had multiple lifetimes in the 

amorphous sucrose matrix at all temperatures. The phosphorescence lifetime decreased 

with increasing temperature indicating an increase in the triplet state quenching rates with 

temperature; the results of these analyses are plotted in Figure 7a. The four lifetimes were 

184.4 ms, 76.7 ms, 18.2 ms and 2.6 ms at 20°C, thus demonstrating the presence of local 

environments with ~70 fold differences in mobility. The decrease in lifetime as a function 
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of temperature was dramatic both below and above Tg, indicating the presence of a range 

of molecular motions both below and above Tg. The plot of the amplitudes of each life 

time component as a function of temperature is as shown in Figure 8. The amplitudes of 

longer lifetime components (τ1, τ2,) a1 and a2 decreased and that of shorter lifetime 

components (τ3, τ4) a3 and a4 increased as a function of temperature.  

 

The average lifetime (calculated using eq. 4, Material and Methods) is shown in Figure 

9a as a function of temperature. The average lifetime varied from 156.4 ms at -20°C to 

0.5 ms at 100°C, indicating an ~300-fold difference in mobility. For vanillin the decrease 

in lifetime as a function of temperature corresponds to an increase with temperature in the 

non-radiative decay process kNR (eq. 5, Materials and Methods). The average lifetime as a 

function of T-Tg showed that the lifetime decreased dramatically in the glass and melt 

state (Figure 9b). The non-radiative decay rate kNR reflects the sum of all collisional 

interactions between the matrixes and the probe and is sensitive to the molecular 

environment. An Arrhenius plot of kP calculated from the average lifetime is shown in 

Figure 10. The plot was nonlinear displaying upward curvature. Break point temperatures 

determined from intersection of trendline to points at low and high temperature were 

estimated to be about ~40°C. The activation energies calculated from the slopes at low 

and high temperatures were 9.64 kJ mol-1 and 74.1 kJ mol-1 respectively. Arrhenius plots 

of kP for individual lifetime components are shown in Figure 11. The break point 

temperatures (Figure 12a-12d) determined from intersection of trendline to points at low 

and high temperature and the activation energies for individual lifetime component are 

compiled in Table 2. The longest lifetime component (τ1) showed transition temperatures 
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of 60°C with activation energies at low and high temperatures of 4.1 kJ mol-1 and 110.0 

kJ mol-1, respectively (Figure 12a). The second longest lifetime component showed 

transition temperatures of 55°C with activation energies at low and high temperature of 

9.6 kJ mol-1 and 112 kJ mol-1 , respectively (Figure 12b). The shortest lifetime component 

showed single transition temperature at 42°C with activation energies at low and high 

temperature as 13.6 kJ mol-1 and 49.03 kJ mol-1 respectively (Figure 12c). The second 

shortest lifetime component showed single transition temperature of 50°C with activation 

energies at low and high temperature as 11.3 kJ mol-1 and 68.2 kJ mol-1 respectively 

(Figure 12d). The two longer lifetime components exhibited triphasic behavior as a 

function of temperature whereas the two shorter lifetime components showed biphasic 

behavior. 

 

Data for sample with probe: sucrose ratio of 3:104, 5:104, 1:103 and 2:103 were compared. 

There was no effect observed with change in probe concentration.  

 

Photphysical rate constants: Analysis of lifetimes in terms of the underlying 

photophysical rate constant for de-excitation of the triplet state provides additional 

insights into the effect of temperature on matrix mobility in amorphous sucrose films. 

The kNR term is a rate constant for non-radiative decay; it is the actual measure of the 

effect of the motions that quenches probes excited triplet state and was obtained from eq. 

5. The magnitude of kNR reflects the internal and external factors associated with the 

mechanism by which the excited T1 state of vanillin is coupled to highly excited 

vibrational states of the S0 ground state as well as external factors associated with the 
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mechanisms by which the ground state vibrational energy can dissipate from the excited 

probe into the surrounding matrix (Fischer et al., 2002; Vanderkooi  and Berger, 1989). 

The efficiency of this vibrational dissipation is related to the overall mobility of the 

matrix, and hence the magnitude of kNR provides a measure of molecular mobility. 

 

The kNR values were calculated by subtracting the radiative decay rate (1/τ = 2.69 s-1 at 

77K from vanillin lifetime in glycerol: water) from the inverse of the lifetime. A plot of 

kNR as a function of temperature is represented in Figure 13a. An Arrhenius plot of kNR is 

as shown in Figure 13b. Break point temperatures determined from intersection of 

trendline to points at low and high temperature were estimated to be about ~40°C (Figure 

13b). The activation energies calculated from the slopes at low, intermediate and high 

temperatures were 13.8 kJ mol-1 and 72.3 kJ mol-1, respectively. These are the activation 

energies of the motions which quench vanillin’s excited triplet state. The non-radiative 

quenching rate varied almost ~500-fold from -20°C (kNR = 3.7 ± 0.5) to 100°C (kNR = 

1893.3 ± 100). This analysis thus suggests that sucrose glass is mobile below Tg and this 

mobility is enhanced as a function of temperature. The non-radiative decay rate kNR for 

individual lifetime component is shown in Figure 14a. An Arrhenius plot of kNR 

calculated from the individual lifetime component is shown in Figure 14b. 
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Discussion 

Vanillin phosphorescence provides a long-lived optical signal whose lifetime and 

quantum yield are sensitive to the local environment. Vanillin phosphorescence provides 

insight into the solid-state luminescence of amorphous sucrose. Phosphorescence 

emission spectra and time-resolved intensity decays, measured in sucrose as a function of 

temperature in the absence of oxygen, were strongly modulated by matrix molecular 

mobility. The two important measurements, emission spectra and emission intensity 

decay with time, are modulated by matrix molecular mobility. Temperature had a large 

effect on vanillin phosphorescence intensity and lifetime both in the glass and in the melt.  

  

Matrix Mobility: Emission energy (inverse of wavelength) reveals the solvent dipolar 

relaxation around the excited triplet state. Dipolar relaxation modulates the excited state 

energy because matrix molecules reorient around the excited probe molecules and lower 

the energy by stabilizing the excited state. The rate of relaxation is facilitated by 

temperature. Dipolar relaxation causes the vanillin phosphorescence spectra to red shift, 

i.e., lower energy. The emission energy decreased with increase in temperature. The peak 

frequency of the phosphorescence emission decreased ~947 cm-1 over a temperature 

range from -20°C to 100°C. At low temperatures the rate of dipolar relaxation, due to 

slower molecular motions in the non equilibrium solvent shells, is low, and so emission 

energy is higher. But as the temperature increases the rates of dipolar relaxation increases 

causing a decrease in emission energy.  
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Temperature had a large effect on the emission energy of vanillin in the glass and at Tg in 

the melt. The glass transition temperature of sucrose is reported to ~65°C (Roos, 1993). 

The emission energy decreased gradually below and drastically above Tg with 

temperature, due to activation of translational motion corresponding to α-relaxation. 

Such behavior has also being reported in amorphous sucrose using erythrosin B as a 

triplet state probe (Pravinata et al., 2005). However in case of vanillin the decrease in 

emission energy showed a transition temperature of ~40°C, which is ~20°C below Tg 

(65°C) of sucrose, which could be attributed to high sensitivity of vanillin. As vanillin 

has longer lifetime (τ77K = 372 ms) whereas erythrosin B has much shorter lifetime (τ77K 

= 24.3 ms (Duchowicz et al, 1998) it gives a longer time window for vanillin to see 

longer relaxation processes. Thus vanillin as a triplet state probe indicates that the 

amorphous sucrose matrix gain mobility much below Tg of sucrose. 

  

The FWHM is a measure of width of the peak at half of the peak height and tells us about 

site heterogeneity within the matrix. The increase in FWHM indicated increase in 

inhomogeneous broadening indicating that there is a corresponding increase in the range 

of energetically distinct matrix environments in amorphous sucrose. This increase was 

gradual at low temperatures and increased with increasing temperature indicating that the 

increase in dipolar relaxation rate was accompanied by an increase in the width of the 

distribution of energetically distinct environments. Similar trends have being observed in 

amorphous sucrose (Pravinata et al., 2005), maltose and maltitol (Shirke and Ludescher, 

2006) and lactose and lactitol (Shirke and Ludescher, 2006) around their glass transition 

temperature. Amorphous solids show dynamic heterogeneity and exhibit a range of 
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structural features due to local differences in packing density (Ediger et al., 1996; 

Sillescu, 1999). Sillescu, (1999) has extensively reviewed existence of heterogeneity in 

glass forming liquids and polymers, by compiling different experimental techniques like 

NMR, dielectric and optical experiments which indicate the presence of dynamical 

heterogeneity (Sillescu 1999; Richert, 1997, 2001) both through space and time: the 

molecular mobility in the amorphous matrix could differ significantly at any given time, 

while the molecular mobility can fluctuate significantly through time at any give site. 

Amorphous solids due to heterogeneous nature may have distinct regions (high density or 

low density) and show different relaxation times (Liu et al., 2006; Shamblin et al., 1999). 

It has been shown using phosphorescence spectroscopy that in these amorphous solids 

different sites vary in overall molecular mobility indicating the presence of dynamic 

heterogeneity (Simon-Lukasik K and Ludescher, 2006a, 2006b:  Shirke and Ludescher, 

2005; Shirke and Ludescher 2006a, 2006b; Pravinata et al., 2005;  Nack and Ludescher, 

2006). The increase in bandwidth showed a transition temperature of ~55°C, 10°C below 

Tg (65°C) of sucrose. 

 

Time-resolved phosphorescence intensity decays from vanillin were multiexponential 

both below and above the glass transition temperature, indicating that the pure (single 

component) amorphous matrix was dynamically heterogeneous on the molecular level. 

These data show that vanillin is a promising probe to measure molecular mobility and 

dynamic heterogeneity in amorphous solid foods, indicating how an intrinsic component 

like a flavor compound can be used to report on the molecular mobility in foods. Vanillin 

lifetime data show local environment in amorphous sucrose to be extremely variable. 
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Vanillin was found to be sensitive to molecular changes below and above Tg of sucrose 

as seen from the lifetime data.  

 

In a complex amorphous matrix, there may be several different environments and hence 

several different lifetimes of the triplet probe.  The four lifetime components of vanillin 

in amorphous sucrose films were τ1 = 186.4 ms, τ2 =  76.7 ms, τ3 =  18.8 ms, and τ4 =  

2.6 ms at 20°C, thus demonstrating the presence of local environments with ~70 fold 

differences in mobility. The different lifetimes observed are due to different locations of 

the probes in different environments in the amorphous sucrose matrix that differ in 

molecular mobility. The two longer lifetime component τ1 and τ2 indicate that about 68% 

of the probes are located in the less mobile environment at 20°C, and the two shorter 

lifetime components τ3 and τ4 indicate that about 32%, of the probes are located in the 

more mobile environments  

 

This is in agreement with the previous studies reported in the literature. Previous studies 

have being conducted where phosphorescence from the luminescent chromophores 

tryptophan (McCaul and Ludescher, 1999), N-acetyltryptophanamide (NATA) (Shah and 

Ludescher 1995) and erythrosin B (Ery B) (Shah and Ludescher, 1995; Pravinata 2003), 

was used to probe the molecular dynamics of the glassy state and the glass-to-rubber 

transition in amorphous sucrose. Tryptophan and four halogenated tryptophan analogs 

dispersed in freeze-dried sucrose showed three phosphorescence lifetimes ranging from 

about 10ms to over 1s in glassy sucrose at 20°C. Time-resolved phosphorescence 

intensity decays from NATA and Erythrosin B were multiexponential both above and 
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below the glass transition temperature, indicating that the sucrose matrix is heterogeneous 

on the molecular level. Another xanthene dye, Eosin Y, incorporated in sucrose film also 

provided similar information about molecular mobility and site heterogeneity (Pravinata 

et al., 2005).  

 

Vanillin exhibited multiple phosphorescence lifetimes in the sucrose glass. The lifetime 

data of vanillin in amorphous sucrose indicate that the glassy state is a dynamically 

heterogeneous state and so is the melt state. Temperature had a large effect on the 

phosphorescence lifetime of vanillin both below Tg in the glass and above Tg in the melt. 

The phosphorescence lifetime decreased drastically below and above Tg with 

temperature, due to an increase in the ability of the excited vanillin to dissipate 

vibrational energy into the matrix. This dissipation is facilitated by β-relaxation 

(corresponding to more localized motions) below Tg and α-relaxation above Tg 

(corresponding to translation or rotational motion).   

 

Dipolar relaxation originates from dipolar groups like hydroxyl groups in sucrose (Stratt 

and Maroncelli, 1996), and reflects mobility of sugars hydroxyl groups. In glass, solvent 

relaxation is slow because molecular mobility is slow whereas in melt the solvent 

relaxation is fast due to increase in molecular mobility. In glasses due to slow motions of 

molecules the relaxation times are longer compared to rubber/melt where molecules are 

moving faster, relaxation time vary from >108s in glass to 10-9s in melt, such increase is 

associated with reduction of translational and rotational motions of molecules (Hill et al, 

2005).  
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In sugars two relaxation processes have been reported (Moran et al., 2000; Gangasharan 

and Murthy., 1993; Chan et al., 1986; Tombari et al., 2001; Noel et al., 1996; 

Gangasharan and Murthy., 1995; Champion et al., 2003; Kaminski et al 2008). These 

relaxation processes are classified α, β, γ etc., in amorphous sucrose (Kaminski K et al., 

2008). The glass transition marks the onset of the structural α-relaxation (slower). Below 

the normal Tg amorphous or partially crystalline polymers also exhibit secondary 

relaxations (faster). These are given by β, γ etc in decreasing order of occurrence. These 

sub Tg relaxations have amplitudes smaller than the α relaxations associated with major 

backbone chain movement (i.e. the primary glass transition). The existence of secondary 

relaxations is indicative of mobility at temperatures below Tg. The α relaxation is the 

slowest relaxation process related to loss of translational motion (Ediger et al., 1996, 

Noel et al., 1996). This structural relaxation is arrested at the Tg (Moran et al., 2000). The 

α-relaxation above Tg involves motions due to local rotation of –OH group or even 

rotation of the entire molecules.  

 

Secondary relaxation process  β occurs at sub-Tg temperatures. There have been many 

different interpretations for origins of secondary relaxation suggesting they occur due to 

segmental rotation of the linear chain of the monosugars (Gangasharan and Murthy., 

1995) intra and intermolecular interactions (Champion et al., 2003), rotation of the 

hydroxymehtyl groups attached to the sugar ring (Noel et al., 1996).  The slow β process 

(also called Johari-Goldstein process) is also thought to occur from motion of the entire 

molecules (Kaminski et al., 2006). Studies suggest that this process may be dependent on 
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structural factors such as the size of the molecule. The fast β process is thought to occur 

because of anharmonic cage rattling i.e. complex vibrational motions. The physical 

reason or origin of a particular secondary relaxation however remains unclear. The faster  

γ processes is considered to be local motion involving intramolecular degrees of freedom, 

originating form the hydrogen bonding. 

 

At high temperature translational mobility becomes activated and glass transition occurs 

(Champion et al., 2000; Zallen, 1998). In amorphous sucrose, glass to liquid transition, 

molecular mobility is presented as α relaxation in the Tg zone. The α relaxation 

corresponds to translational and rotational motion of molecules that support flow in the 

melt. As temperature is lowered below Tg molecular mobility is presented as β and γ 

relaxations also called secondary relaxations (Ediger et l., 1996; Hancock and Zografi, 

1997; Vyazovkin and Dranca, 2006) (19: 2008 paper). In the glass the local vibrational 

and rotational motions help hydroxyl groups reorient around the probe molecules.   The 

sub-Tg relaxations (β,γ) have being reported in amorphous sucrose due to localized 

motions (Le Meste et al., 2002; Wagner and Richert, 1998, 1999). A recent study by 

Kaminski et al in addition to commonly observed primary and secondary relaxation, have 

reported presence of slower secondary relaxation lying in between the two (Kaminski et 

al., 2008). The β relaxation in sucrose is considered to be the universal Johari-Goldstein. 

β relaxation observed in other sugars too (Ngai and Paluch, 2004; Johari and Goldstein, 

1970; Ngai, 1998; 2003; Ngai et al., 2006; Capaccioli et al., 2006; Bohmer et al., 2006, 

Kaminski et al., 2006), which involves rotation of both monosaccharide (glucose and 

fructose) rings and is coupled with possible translational motion of the entire molecule 
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(Poppe and Van Halbeek, 1992). The rotation of the two rings round each other is also 

considered to be one of possibility of β relaxation in sucrose. The γ relaxation is being 

found to be result of internal motion (backbone rotation) within the monosaccharide 

(glucose and fructose) presence in the sucrose.  

 

The Arrhenius plot of lnkP for average lifetime showed transition temperature of ~40°C, 

~20°C below Tg (65°C) of sucrose. The kNR increases gradually in the glass and much 

more dramatically in the melt, indicating that the non-radiative quenching rate can sense 

the molecular mobility activated below and at the glass transition. Compared to α 

relaxation with higher activation energy (Ea = 72.4 kJ mol-1) which is usually associated 

with the cooperative global translational motion of the matrix molecules, β relaxation is a 

secondary relaxation which requires less activation energy (Ea = 13.8 kJ mol-1) 

(Champion et al., 2003). 

 

As vanillin has longer lifetime (τ77K = 372 ms) it gives a longer time window to vanillin 

to see longer relaxation processes. All the spectroscopic measures of molecular mobility 

in amorphous sucrose films using vanillin as a triplet state probe, emission intensity, 

emission energy, and emission lifetime, indicate presence of transition points in sucrose 

films at ~40°C. The bandwidth indicated presence of break point at ~55°C. In sucrose 

(using dielectric spectroscopy) three relaxation processes have being reported at 

temperatures 126°C to 74°C (α-relaxation), 72°C to 12°C (β-relaxation) and 6°C to -

145°C (γ-relaxation) (Kaminski et al., 2008). 
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Thus vanillin as a triplet state probe indicates that the amorphous sucrose matrix gain 

mobility much below Tg of sucrose which is much enhanced at Tg. Vanillin thus 

provides a way to monitor the molecular dynamics of the sugar matrix in the glassy and 

the melt state. Vanillin does prove a very novel insight into the molecular dynamics of 

amorphous sucrose, indicating that the local environments are extremely variable not 

only in the melt state but also the glassy state. Vanillin is extremely sensitive molecular 

motions due to longer lifetime window. 

 

In vanillin various conformations results from rotations of methoxyl group about the C-O 

bond here (Nishigaki et al., 1998). Conformation of vanillin is conserved during the 

photophysical processes due to the matrix stiffness, but as the matrix mobility changes, 

vanillin conformation changes which results in spectral changes due to rotation of 

methoxyl group. So we hypothesize that movement of methoxyl group could be sensitive 

to matrix mobility. The rotation of methoxyl group in glassy state could be well 

supported based on free volume theory (FVT). Free volume in an amorphous system is 

geometrically interpreted as a continuous network of lakes and channels which permits 

the diffusive motion of its molecules (Miller et al., 1997). 

  

WLF (Williams-Landel-Ferry) and VTF (Vogel-Fulcher-Tamman-Hesse) commonly 

used equation to predict temperature dependence of viscosity for super cooled liquids. 

The free volume based WLF theory has been shown to be more applicable in predicting 

temperature dependent mechanical properties of amorphous materials (Oversteegen and 
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Roth, 2005; Kilburn et al 2006; Kasapis, 2008). FVT assumes that temperature 

dependence of viscosity is related to free volume (Dolittle, 1951). The FVT is based on 

change in volume expansion coefficient at glass transitions and assumes that molecular 

motions depend on the presence of holes or voids (Roos, 1995) and thus allowing the 

molecular movement to take place. These holes between molecules provide the free 

volume that is needed for molecular rearrangements. Our studies using different analogs 

of vanillin (Chapter III) supports this interpretation. Thus vanillin could also indicate 

increase in free volume in amorphous sucrose matrix as a function of temperature.  
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Conclusions 

Characterization of vanillin luminescence (as triplet state probe) demonstrates that it can 

emit RTP in amorphous solids, which changes as a function of temperature. The peak 

energy, bandwidth and lifetime data suggest that it is sensitive to molecular mobility and 

can be used monitor molecular mobility in amorphous sucrose films. The decay of 

phosphorescence of vanillin in amorphous sucrose is strictly multi-exponential indicating 

presence of site dynamics. These properties warrant the application of vanillin 

phosphorescence intensity to probe µs-ms dynamics of amorphous solids in glass and in 

the melt. Also vanillin makes an excellent probe to study molecular mobility below Tg in 

the glassy state due to high sensitivity. Vanillin is able to detect mobility in the glass 

where β and γ relaxations have been reported. The variation in the four lifetime 

components of vanillin provide detailed information of site dynamics. 

 

It’s usage as a molecular probe opens a great potential where a component like a flavor 

compound can be used to report about molecular mobility in actual amorphous systems. 

Thus vanillin is a promising probe to measure molecular mobility and is highly sensitive 

due to longer lifetime.   
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Figure II-1a 

 

 

 

 

 

 

 

 

 

Figure II-1a: Structure of 4-hydroxy-3-methoxy-benzaldehyde (vanillin or methyl 
vanillin). 
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Figure II-1b 
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Figure II-1b: Absorption spectra of vanillin in aqueous solution (50µM) and amorphous 
sucrose (1:103: dye: sucrose) at 20°C.  
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Figure II-1c 
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Figure II-1c: Excitation spectra for vanillin phosphorescence at 490 nm in amorphous 
sucrose (1:103: dye: sucrose) films (-O2) at 20°C.  
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Figure II-2 
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Figure II-2: Delayed emission spectra of vanillin in amorphous sucrose films as a 
function of temperature (excitation at 320 nm). The spectra were collected at 10°C 
intervals from -20°C to 100°C (the curves follow this order from high to low intensity at 
~490 nm). 
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Figure II-3 
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Figure II-3: The effect of temperature on the phosphorescence emission intensity of 
vanillin in amorphous sucrose films as a function of temperature equilibrated against 
nitrogen. Intensity (IP) was determined from analysis of the phosphorescence emission 
band (Figure 2) using a log-normal function (eq. (1), Materials and Methods).  
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Figure II-4 
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Figure II-4: Arrhenius plot of the effect of temperature on the phosphorescence emission 
intensity IP of vanillin in amorphous sucrose films. Lines drawn over the data points 
indicate slopes at low and high temperatures. 
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Figure II-5a 
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Figure II-5a: Peak energy νp ( , left hand scale) and bandwidth (■, right hand scale) for 
phosphorescence emission from vanillin in amorphous sucrose films as a function of 
temperature. The delayed emission spectra collected as a function of temperature (Figure 
II-2) were analyzed using log-normal function. 
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Figure II-5b 
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Figure II-5b: Peak frequency of phosphorescence emission spectra of vanillin in 
amorphous sucrose films plotted against temperature. Lines drawn over the data points 
indicate slopes at low and high temperatures. 
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Figure II-5c 
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Figure II-5c: FWHM of phosphorescence emission spectra of vanillin in amorphous 
sucrose films plotted against temperature. Lines drawn over the data points indicate 
slopes at low and high temperatures. 
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Figure II-6a 
 

 
 

 

Figure II-6a: Decay of the phosphorescence intensity of vanillin in degassed glycerol 
water (6/4 v/v) and EPA at 77K, λexcitation = 350nm, λemission = 490nm.  
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Figure II-6b 

 
 

 

Figure II-6b: Decay of the phosphorescence intensity of vanillin in degassed amorphous 
sucrose (1:1000 vanillin: sucrose) film at 77K, λexcitation = 350nm, λemission = 490nm.  
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Figure II-7 
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Figure II-7: Normalized phosphorescence intensity decay [I(t)/I(0)] of vanillin dispersed 
in amorphous sucrose film at 20°C in the presence of nitrogen ( ).  The solid line through 
the data is a fit using a multi-exponential function. (b) A plot of modified residuals 
[(Data-Fit)/Data1/2] for this fit. 
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Figure II-7a 
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Figure II-7a: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲), τ4 (•) obtained from a multi-
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from vanillin dispersed in amorphous sucrose films equilibrated against 
nitrogen as a function of temperature. The data was measured every 10°C from -20°C to 
100°C. 
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Figure II-8 
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Figure II-8: Intensity decay fit amplitudes for vanillin in amorphous sucrose films in 
nitrogen as a function of temperature. The data were calculated every 10°C from -20°C to 
100°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life time components 
(τ1, τ2,) and a3 (▲) and a4 (•) correspond to the shorter lifetime components (τ3, τ4). The 
amplitudes were obtained from a multi exponential model fit (Eq. (3), Materials and 
Methods) to phosphorescence intensity decay data from vanillin dispersed in amorphous 
sucrose films equilibrated against nitrogen as a function of temperature 
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Figure II-9a 
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Figure II-9a: Average lifetime from a multi-exponential model fit (Eq. (4), Materials and 
Methods) to phosphorescence intensity decay data from vanillin dispersed in amorphous 
sucrose films equilibrated against nitrogen as a function of temperature. The data were 
calculated every 5°C from -20°C to 100°C. 
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Figure II-9b 
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Figure II-9b: Average lifetime of vanillin dispersed in amorphous sucrose films 
equilibrated against nitrogen as a function of T-Tg. The data were calculated every 5°C 
from -20°C to 100°C. The Tg value used was 65°C. 
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Figure II-10 
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Figure II-10: An Arrhenius plot of kP calculated from the average lifetime of vanillin in 
amorphous sucrose. 
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Figure II-11 
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Figure II-11: An Arrhenius plot of kP calculated form the individual lifetime components 
τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•). 
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Figure II-12a 
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Figure II-12b 
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Figure II-12c 
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Figure II-12d 
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Figure II-12a to 12d: Arrhenius plots of kP for individual lifetime components τ1 (12a), 

τ2 (12b), τ3 (12c) and τ4 (12d) of vanillin in amorphous sucrose as a function of inverse of 
temperature. Lines drawn through the data points indicate slopes at low and high 
temperatures for each lifetime component. 
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Figure II-13a 
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Figure II-13a: Temperature dependence of the total non-radiative decay rate of the 
triplet state kNR (kp = kRP + kNR) to S0 of methyl vanillin in amorphous sucrose film over 
the temperature range from -20°C to 100°C; values were calculated from the average 
lifetime data. 
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Figure II-13b 
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Figure II-13b: An Arrhenius plot of the total non-radiative decay rate of the triplet state 
kNR (kp = kRP + kNR) to S0 of vanillin in amorphous sucrose film. 
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Figure II-14a 
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Figure II-14a: Temperature dependence of the total non-radiative decay rate of the 
triplet state kNR (kp = kRP + kNR) to S0 for individual lifetime components of vanillin in 
amorphous sucrose film over the temperature range from -20°C to 100°C; values were 
calculated from the individual lifetime data. 
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Figure II-14b 
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Figure II-14b: An Arrhenius plot of the total non-radiative decay rate of the triplet state 
kNR (kp = kRP + kNR) to S0 for individual lifetime components of vanillin in amorphous 
sucrose film. 
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Table II-1 
 

 

Table II-1: Excitation and emission wavelength and phosphorescence lifetime of vanillin 
in glycerol water, EPA and amorphous sucrose film at 77K after degassing. 

 

 

 

Medium λExcitation / nm λFluorescence / nm λPhosphorescence / nm τ0
Phosphorescence/ ms 

Glycerol water (6/4v/v) 350 400 480 372 

EPA 350 400 480 190 

Sucrose Film 320 400 480 272 
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Table II-2 
 

 

Table II-2: Calculated activation energy Ea for each individual lifetime components τ1, 

τ2, τ3 and τ4 and average lifetime at low (LT) and high temperature (HT). 
 
 

Lifetime Ea kJ / mol Transition Temperatures °C

τ1 LT 4.14 60

HT 110.00

τ2 LT 9.60 55

HT 112.00

τ3 LT 13.63 42

HT 49.03

τ4 LT 11.33 50

HT 68.21

τAvg LT 9.64 40

HT 76.34

kNR LT 13.84 40

HT 72.32

Methyl Vanillin
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Chapter III: Investigating the mechanism of environmental sensitivity of vanillin to 

molecular motions using vanillin analogs in amorphous sucrose films. 

 

Introduction 

Strong phosphorescence is observed at room temperature from organic compounds 

adsorbed on rigid surfaces (Schulman and Walling, 1973; Zander. 1968; Hurtubise 1981). 

We have shown in chapter II that vanillin (3-methoxy-4-hydroxy benzaldehyde) can be 

used as a triplet state probe to monitor molecular mobility in amorphous solids. Vanillin 

phosphorescence lifetime and quantum yield were found to be extremely sensitive to the 

local environment in the amorphous solids in the glassy state and the glass-to-rubber 

transition into the melt. Vanillin is a promising probe to measure molecular mobility and 

is highly sensitive and has a long lifetime (τ0 = 372 ms). The mechanism of vanillin 

sensitivity to molecular mobility is unclear. This study intends to clarify the mechanism 

of vanillin sensitivity by using different analogs of vanillin. 

 

In vanillin, various conformations results from rotations of methoxyl group about the C-

O bond (Nishigaki et al., 1998). The stiffness of matrix structure immobilizes vanillin but 

as the matrix become more mobile vanillin can rearrange. Conformation of vanillin is 

conserved during the photophysical processes due to the matrix stiffness, but as the 

matrix becomes more mobile it gives room for rotation of methoxyl group which results 

in conformation changes in vanillin.  

 

The rotational motion of molecules in viscous environment generally occurs on a 

millisecond to second time scale (Turro, 1978). The capability of being able to rotate or 
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not rotate about the C-O bond could be governed by two factors. The first factor is the 

presence of a smaller group (H) instead of a bulkier group (CH3 or C2H5) could make the 

rotation of the group easier and affect the phosphorescence; the other factor being 

changes in the matrix mobility creating free volume. The FVT (free volume theory) is 

based on change in volume expansion coefficient at glass transitions and assumes that 

molecular motions depend on the presence of holes or voids (Roos, 1995)) and thus 

allowing the molecular movement to take place. These holes between molecules provide 

the free volume that is needed for molecular rearrangements. 

 

So we hypothesized that probably movement of methoxyl group about the C-O bond 

could be sensitive to matrix mobility. To test this hypothesis we selected different 

analogs of vanillin (3-methoxy-4-hydroxy benzaldehyde, referred as methyl vanillin) 

Figure III-1 where the methoxy group was (a) absent (4-hydroxy benzaldehyde, referred 

as hydroxy vanillin), (b) replaced with a hydroxy group (3, 4-dihydroxyl benzaldehyde 

referred as dihydroxy vanillin) or (c) replaced with ethoxy group (3-ethoxy-4-hydroxy 

benzaldehyde, referred as ethyl vanillin). Some of these probes have been shown to have 

room temperature phosphorescence when adsorbed on a solid substrate such as filter 

paper, etc. (Schulman, 1972). Some of these probes with RTP have mainly used in the 

field of environmental research, forensic science, pharmaceutical analysis, biochemistry, 

etc. (Hurtubise, 1981; vo-Dinh, 1984; Gunshefski and Santana, 1992). Rigidity is 

required for RTP which is provided by hydrogen bonding but there is also a packing 

effect that can affect the movement of the molecules entrapped in cages made by 

cellulose chains of filter paper (McAleese and Dunlap, 1984; Wright, 1987).  
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However none of these probes have being utilized to study molecule mobility in 

amorphous solids. This study will use vanillin and its analogs to monitor dynamics in 

amorphous sucrose in the glassy or rubbery state giving site specific dynamic information.  

 

Amorphous sucrose glasses provide a rigid environment for phosphorescence 

measurement and hence were used in the current study (Shah and Ludescher, 1995; Fister 

and Harris, 1996; Wang and Hurtubise, 1997). Amorphous sucrose provides rigid 

condition, and hence phosphorescence signals of vanillin and its analogs are intense and 

are characterized by longer lifetime. In the present study we measured the 

phosphorescence emission and lifetime of vanillin and its analogs dispersed in 

amorphous sucrose film as a function of temperature. For a comparison, the same 

measurements were also made for each analog in glycerol: water, EPA and sucrose films 

at 77K.  
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Materials and Methods 

Materials: Water was deionized and then glass distilled. Glycerol (Spectral Grade) was 

from Sigma-Aldrich Chemical Company (St. Louis, MO), isopentane (Baker grade) was 

from J. T. Baker Chem. Co. (Phillipsburg, NJ), ethyl ether (anhydrous) was from Fisher 

Scientific (Fair Lawn NJ), and ethanol (anhydrous) was from Parmco Products, Inc 

(Brookfield, CT). Sucrose (99.5% pure) was from  Sigma Chemical. The probes 4-

hydroxy benzaldehyde (hydroxyl vanillin), 3, 4-dihydroxyl benzaldehyde (dihydroxy 

vanillin), 3-methoxy-4-hydroxy benzaldehyde (methyl vanillin) and 3-ethoxy-4-hydroxy 

benzaldehyde (ethyl vanillin), were from Sigma-Aldrich (Milwaukee, WI). The structures 

of vanillin and its analogs are shown in Figure 1. 

 

Sucrose Solution: Sucrose solution was made as described in Pravinata et al., 2005. 

Approximately 20 g of sucrose were dissolved in 100 mL of deionized water containing 

0.5 g of activated charcoal to remove luminescent impurities. After stirring overnight, the 

charcoal was removed by vacuum filtration using ashless filter paper (Whatman No. 40, 

Whatman International, Maidstone, UK), additional charcoal was added, and the process 

repeated. Sucrose solution was made to a final concentration of 65–67 wt % sucrose; 

concentration was confirmed using a refractometer (NSG Precision Cells, Farmingdale, 

NY). This sucrose solution was filtered through a 0.2 μm membrane to remove 

particulates.  

 

Vanillin: A 66mM stock solution of either ethyl, methyl, dihydroxy or hydroxy vanillin 

was prepared in distilled deionized water. This concentration was selected to simplify the 
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addition of the probe to the sucrose solution. For absorbance, fluorescence and 

phosphorescence measurements in solution the 66mM stock was diluted to 50μM in 

distilled deionized water. For measuring absorbance and phosphorescence in amorphous 

solid, probes were added to the sucrose solution at a molar ratio of 1:103 (dye: sucrose). 

The ratio 1:103 was chosen as at this concentration it was determined that the probe does 

not aggregate, existing only as individual molecules monitoring the molecular mobility of 

the sucrose. 

 

Sucrose films: To produce glassy sucrose films containing probes, 20 μL of a sucrose 

solution containing probe were spread on a quartz slide (30 × 13.5 × 0.6 mm; custom 

made by NSG Precision Cells, Farmingdale, NY). After spreading the solutions, the 

slides were then dried under a heat gun (Vidal Sassoon) for 5 min to a maximum 

temperature of ∼88°C (measured using a thermocouple probe) and the final thickness 

was ~0.05 mm. The slides were stored at room temperature against P2O5 and DrieRite, 

protected from the light to prevent any photobleaching, for at least 7 days before any 

phosphorescence measurements were made. The desiccant was refreshed as needed to 

maintain a relative humidity close to 0%. 

 

Sample preparation for measurement at 77K: Solutions of methyl vanillin and analogs 

were prepared at 20 mM concentration in a glycerol/water (60/40, v/v) or in EPA (ethyl 

ether/isopentane/ethanol 5/5/2, v/v).   The liquid solutions were placed in a quartz 

cylindrical cell with 4 mm inner diameter (National Scientific Company, Quakertown PA) 

for measurement at room temperature and at 77 K. At 77 K the tube was immersed in 
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liquid N2 using a finger type Dewar obtained from Jobin-Yvon Spex. Ninety-degree 

geometry was used for these measurements. Sugar glasses doped with vanillin derivatives 

were prepared by plating sucrose solution on quartz plates followed by evaporation.  The 

quartz plates were placed in the sample compartment and front-face geometry was used 

for measurement. All the measurement at 77K was done in Dr Jane Vanderkooi’s lab at 

University of Pennsylvania with the help of Dr Bogumil Zelent. 

 

Instrumentation: For measurements at 77K emission intensity and spectra were measured 

with a Fluorolog-3-21 Jobin-Yvon Spex Instrument SA (Edison, NJ) equipped with a 450 

W Xenon lamp for excitation and a cooled R2658P Hamamatsu photomultiplier tube for 

detection. At room temperature absorption measurements were recorded in a Cary 

Eclipse spectrophotometer and fluorescence and phosphorescence measurements were 

made on a Cary Eclipse fluorescence spectrophotometer (Varian Instruments, Walnut 

Creek, CA). For measurements at -20°C to 100°C phosphorescence measurements were 

made on a Cary Eclipse fluorescence spectrophotometer (Varian Instruments, Walnut 

Creek, CA). The quartz slides were placed in a standard 1cm x 1cm x 1cm quartz 

fluorescence cuvette, which was capped with a lid having inlet and outlet ports for gas 

lines. The cuvette was flushed with a gentle stream of nitrogen for 15 minutes to 

eliminate oxygen. An oxygen free nitrogen stream was generated by passage of high 

purity nitrogen through a Supelco (Bellefonte, PA) gas purifier. The temperature was 

controlled by using a TLC 50 thermoelectric heating/cooling system (Quantum 

Northwest, Spokane, WA). The TLC-50 sample compartment was fitted with a jacketed 

cover and the temperature of the cuvette was monitored directly using a thermocouple in 
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the cuvette. The film was equilibrated for 15 minutes at each temperature before 

collecting the data. The Cary Eclipse uses a pulsed lamp and collects emission intensity 

in analog mode; data were not collected within the first 0.1-0.2 ms to suppress 

fluorescence coincident with the lamp pulse.  

 

Luminescence Measurements: For measurements at 77K in glycerol: water, EPA and 

amorphous sucrose films excitation wavelength was at 340 nm for methyl and ethyl 

vanillin.  Other samples hydroxy and dihydroxy vanillin were excited at 320 nm.  

Emission spectra were scanned in the 330 nm – 560 nm range.  Slit width was set to 

provide a band-pass 2 nm for excitation and 1 nm for emission. For time-dependent 

intensity measurements for lifetime determination the band-pass for excitation was 5 nm 

and for emission band-path 5 nm at 475 nm wavelength.  The excitation shutter was 

closed and the emission photons were counted at 0.1 sec intervals.  The data were 

digitized and transferred to Excel (Microsoft) for analysis of exponential decay.   

 

For measurements at -20°C to 100°C delayed luminescence emission spectra 

(phosphorescence) of methyl vanillin and analogs in amorphous sucrose films were 

collected from 400 to 800 nm (10 nm bandwidth) using excitation at 320 nm (20 nm 

bandwidth) for ethyl, methyl and dihydroxy vanillin and 300 nm for hydroxy vanillin 

over the temperature range from –20°C to 100°C. Each data point was collected from a 

single flash with 0.2 ms delay, 100 ms gate time, and 0.12 s total decay time.  
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Lifetime measurements were made in presence of nitrogen as a function of temperature 

ranging from –20°C to 100°C. The samples were excited at 320 nm (20 nm bandwidth) 

for ethyl, methyl and dihydroxy vanillin and 300 nm for hydroxy vanillin and emission 

transients collected at 490 nm (20 nm bandwidth) and 450 nm (20 nm bandwidth) 

respectively. Each decay was average of 50 cycles, and for each cycle data was collected 

from a single flash with a delay of 0.2 ms, windows for gate time and  total decay time 

was varied at each temperature. All measurements were made in quadruplicate. 

 

Data Analysis 

Emission Energy as a function of temperature: Emission spectra’s were fitted using the 

program Igor (Wavemetrics, Inc., Lake Oswego, OR). The emission spectra were 

analyzed by fitting phosphorescence of ethyl, methyl, dihydroxy and hydroxy vanillin to 

a log-normal function  Equation 1 over the temperature range of -20°C to 100°C. 
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In this equation I0, is the maximum intensity value of the emission spectra, νP is the 

frequency in cm-1 of the emission maximum, Δ is the line width parameter, and b is the 
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Photophysical Scheme: The phosphorescence intensity decay was collected as described 

above and was fitted using a multi-exponential function (Shamblin et al., 2000). The 

multi-exponential model is as show in Equation 3; τi are decay times, αi represent the 

amplitudes of the components at t = 0 and n is the number of decay times. 

Phosphorescence lifetimes were determined with the statistical program Igor 

(Wavemetrics, Inc., Lake Oswego, OR). Fits were judged satisfactory if the R2 values 

were in the range of 0.995-1.0 and the modified residuals ((data – fit)/data1/2) varied 

randomly about zero. The average lifetime was calculated using Equation 4.  

 

          n 

I (t) = Σαi exp (-t/τi)                              (3) 

         i = 1 

 

            n 

τAvg = Σαiτi/ ΣαI                 (4) 

          i = 1 

 

The phosphorescence lifetimes were used to calculate the rate constants associated with 

the various processes that depopulate the excited triplet state. The lifetime τ is related to 

the rate constants for de-excitation of the triplet excited state of the probe according to 

the following equation 5 (Papp and Vanderkooi, 1989). 

1/τ = kRP + kNR (T) + kQ [O2] = kP              (5) 
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Here kP (=1/τ) is the total decay rate, kRP is the rate of radiative decay of the ground state 

(measured in this study for each probe), kNR is the rate of non-radiative decay to the 

singlet state followed by vibrational relaxation to S0 due to collisional quenching. The 

magnitude of kNR reflects factors associated with the mechanism by which the excited T1 

state is coupled to highly excited vibrations of the S0 ground state as well as external 

factors associated with the mechanism by which the ground state vibrational energy can 

dissipate from the excited state into the surrounding matrix (Fischer et al., 2004; 

Vanderkooi and Berger, 1989). As the efficiency of external vibrational dissipation is 

related to overall mobility of the matrix, the magnitude of kNR provides a measure of 

matrix mobility. One common method for restricting the collisional deactivation is to 

supercool analyte solutions with liquid nitrogen to a rigid glass. The term kQ [O2] refers 

to the collisional quenching due to interaction between the excited chromophore and 

triplet state oxygen. 
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Results 

Luminescence emission spectra: Figure 2 shows the phosphorescence excitation spectra 

of ethyl, methyl, dihydroxy and hydroxy vanillin at room temperature in the amorphous 

sucrose film. The phosphorescence emission spectra of methyl vanillin and the three 

analogs hydroxy, dihydroxy and ethyl vanillin at 77K in glycerol: water, EPA and 

amorphous sucrose film are shown in Figure 3a, 3b and 3c respectively. Figure 4a, 4b, 4c 

and 4d show the phosphorescence emission spectra as a function of temperature of 

hydroxy (-20°C to 80°C), dihydroxy (-20°C to 80°C), methyl (-20°C to 100°C) and ethyl 

vanillin (-20°C to 100°C) dispersed in amorphous sucrose film. The emission maximum 

in sucrose film appears at ~450 nm for hydroxy vanillin and ~490 nm for dihydroxy, 

methyl and ethyl vanillin. The emission intensity was completely quenched by 80°C for 

hydroxy vanillin and 90°C for dihydroxy vanillin. However, in case of methyl and ethyl 

vanillin the emissions lasted up to 100°C. The various thermally stimulated processes 

cause decrease in phosphorescence intensity (IP) with increase in temperature (Parker, 

1968).  

 

A comparison plot of normalized phosphorescence intensity is shown in Figure 5. Plots 

(Figure 6) of ln (1/IP) vs. K/T (using the maximum intensity determined from fitting the 

spectra to a log-normal function, Eq. 1 Materials and Methods), were used to calculate 

the transition temperature and activation energy (Ea). The transition temperature was 

calculated from the Arrhenius plot by fitting each temperature region with a straight line. 

Break point temperatures were determined from intersection of trendline to points at low, 

intermediate and high temperature. The plot was biphasic in hydroxy (Figure 6a) and 
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dihydroxy (Figure 6b) vanillin and triphasic in methyl (Figure 6c) and ethyl (Figure 6d) 

vanillin. The temperature at the intersection point of trend lines for the high, intermediate 

and low temperature regions, representing the transition temperatures, are compiled in 

Table 1. Hydroxy vanillin showed a transition at 25°C, dihydroxy vanillin at 22°C, 

methyl vanillin at 36°C and 80°C and ethyl vanillin at 40°C and 75°C. 

 

The activation energies obtained from the slopes of fit line are as compiled in Table 1. 

The activation energy is the energy for the motions which quench the excited triplet state. 

There was not much of a difference in activation energy at low temperature (EaL) and 

high temperature (EaH) regions for hydroxy (EaL = 21.82 ± 1 kJ / mol-1 and EaH = 77  ± 

2.1 kJ / mol-1) and dihydroxy vanillin (EaL = 24.16 ± 1 kJ / mol-1 and EaH = 79.68  ± 2.1 

kJ / mol-1). The activation energies at low and intermediate temperatures (EaI) were not 

very different for methyl vanillin (EaL = 7.76 ± 1 kJ / mol-1 and EaI = 53.96  ± 2.1 kJ / 

mol-1) and ethyl vanillin (EaL = 8.48 ± 1 kJ / mol-1 and EaI = 42.6  ± 2.1 kJ / mol-1), but at 

high temperature ethyl vanillin (EaH = 139.85 ± 1 kJ / mol-1) had much higher activation 

energy compared to methyl vanillin (EaH = 93.7 ± 1 kJ / mol-1). 

 

Peak frequencies were obtained by fitting the phosphorescence intensity data to a log-

normal function (Materials and Methods, Eq. 1). Peak frequencies of the 

phosphorescence of hydroxy vanillin in amorphous sucrose film as a function of 

temperature are shown in Figure 7. Peak frequencies of the phosphorescence of 

dihydroxy, methyl and ethyl vanillin in amorphous sucrose film as function of 

temperature are shown in Figure 8a. The phosphorescence emission peak frequency of 
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vanillin and its analogs varied systematically with temperature below and above the glass 

transition temperature of sucrose (Tg = 65°C). 

 

In the case of hydroxy vanillin the peak frequency varied between 22,675 to 22,584.5 cm-

1 (Δν = 90.5 cm-1) throughout the temperature range from -20°C to 60°C (decrease in 

intensity above 60°C prevented any further measurements to be taken). In case of 

dihydroxy, methyl and ethyl vanillin, peak frequency varied between 20,341 to 19,674.5 

cm-1 (Δν = 666.5 cm-1), 20,561 to 19,675 cm-1 (Δν = 886 cm-1) and 20,462.75 to 19,275 

cm-1 (Δν = 1188 cm-1) respectively throughout the temperature range from -20°C to 

100°C. The emission energy for hydroxy vanillin decreases noticeably below the glass 

transition temperature. However in the case of dihydroxy, methyl and ethyl vanillin the 

emission energy decrease gradually at low temperature in the glass but decreased 

dramatically at higher temperatures in the melt. The decrease in peak frequency as a 

function of temperature indicated an increase in dipolar relaxation (Lackowicz, 1999; 

Richert, 2000). The emission energy was highest for ethyl vanillin followed by methyl 

and dihydroxy vanillin. Considering that the only difference in structure among 

dihydroxy, methyl and ethyl vanillin is the side group R attached to the O-R where R = 

C2H5, CH3 or H the difference seen could be attributed to this structural difference. 

Hydroxy vanillin is ~10 times smaller in Δν than the others. The significant difference in 

emission properties at 77K and in sucrose at room temperature indicates that hydroxy 

vanillin does not respond to environment in the same way as others. 
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Full width at half maxima (FWHM) is the width of the spectra at half maximum and is 

calculated using Eq. 2 (Materials and Methods). The emission bandwidth is a measure of 

the extent of inhomogeneous broadening due to the presence of probes in multiple sites 

with different emission energies. The plot of FWHM of hydroxy vanillin in amorphous 

sucrose films as a function of temperature is shown in Figure 7. Comparison plots of 

FWHM for dihydroxy, methyl and ethyl vanillin are shown in Figure 8b. Dihydroxy 

vanillin had much higher FWHM values than methyl and ethyl vanillin. The increase was 

gradual at low temperature and dramatic at higher temperature for all the four probes 

indicating that the increase in dipolar relaxation rate was accompanied by an increase in 

the width of the distribution of energetically distinct environments. The bandwidth 

increased dramatically at temperatures approaching the sucrose glass transition indicating 

that the distribution of site energies was significantly broadened due to the onset of α-

relaxation process.  

 

The ability to monitor molecular mobility is attributed to the sensitivity of hydroxy, 

dihydroxy, methyl and ethyl vanillin’s emission to dipolar relaxation of solvent 

molecules around its polar singlet excited state. The decrease in emission energy and the 

broadening of emission spectra with an increase in temperature can be explained with a 

solvent relaxation mechanism.  
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Phosphorescence Intensity Decay: The phosphorescence decays of hydroxy, dihydroxy, 

methyl and ethyl vanillin in glycerol: water, EPA and amorphous sucrose films at 77K 

fitted to a simple single-exponential function. The decays in glycerol: water and EPA for 

hydroxy vanillin are shown in Figure 9a, dihydroxy vanillin in Figure 9b, methyl vanillin 

in Figure 9c and ethyl vanillin in Figure 9d. The decays in amorphous sucrose film at 

77K are shown for hydroxy vanillin in Figure 10a, dihydroxy vanillin in Figure 10b, 

methyl vanillin in Figure 10c and ethyl vanillin in Figure 10d. In glycerol: water the 

lifetimes was longest for hydroxy vanillin (τ° = 545 ms), followed by methyl (τ° = 372 

ms), ethyl (τ° = 358 ms) and dihydroxy (τ° = 352ms) vanillin. These values at 77K in 

glycerol: water was used to calculate kRP (Eq. 5). In amorphous sucrose films at 77K 

hydroxy vanillin had the longest lifetime (τ = 403 ms) whereas dihydroxy (τ = 330 ms), 

methyl (τ = 272 ms) and ethyl (τ = 286 ms) vanillin had very similar lifetimes. 

 

Time-resolved phosphorescence intensity decays of vanillin and analogs in amorphous 

sucrose films were also measured over the temperature range from -20°C to 100°C. The 

hydroxy vanillin was excited at 300 nm and emission collected at 450 nm, whereas 

dihydroxy, methyl and ethyl vanillin molecules were excited at 320 nm and emission was 

collected at 490 nm. The decays were fitted using a multi-exponential function (Eq. 3, 

Materials and Methods) where hydroxy vanillin was fitted to a five-exponential function 

whereas dihydroxy, methyl and ethyl fitted to a four-exponential function. Fits were 

judged satisfactory if the modified residuals ((data-fit)/data1/2) varied randomly about 

zero. The phosphorescence intensity decays of hydroxy, dihydroxy, methyl and ethyl 

vanillin in amorphous sucrose film at 20°C in the presence of nitrogen are plotted in 
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Figure 11a, 11b, 11c and 11d, respectively, along with the modified residuals for a fit 

using a multi-exponential function. 

 

The lifetimes as a function of temperature for hydroxy, dihydroxy, methyl and ethyl 

vanillin are shown in Figure 12a1, 12b1, 12c1 and 12d1, respectively. The log plots for 

hydroxy, dihydroxy, methyl and ethyl lifetime is shown in Figure 12a2, 12b2, 12c2 and 

12d2, respectively. The lifetime is the average time a molecule spends in the excited state 

and is an indicator of the rigidity of the matrix. In case of hydroxy vanillin the five 

lifetime components at 20C° were τ1 = 171.6 ms, τ2 = 54.1 ms, τ3 = 15.9 msτ4 = 4.2 ms 

and τ5 = 0.87 ms indicating the presence of local environments with ~200 fold 

differences in mobility.  In case of dihydroxy vanillin the four lifetime components at 

20°C were τ1 = 84.62 ms, τ2 = 20.71 ms, τ3 = 4.3 ms and τ4  = 0.73 ms indicating the 

presence of local environments with ~100 fold difference in mobility. In case of methyl 

vanillin the four lifetime components at 20°C were τ1 = 184.4 ms, τ2 = 76.7 ms, τ3 = 18.2 

ms and τ4 = 2.7 ms indicating the presence of local environments with ~70 fold difference 

in mobility. In case of ethyl vanillin the four lifetime components at 20°C were τ1 = 189.4 

ms, τ2 = 89.0 ms, τ3 = 23.4 ms and τ4 = 3.2 ms indicating the presence of local 

environment with ~60 fold difference in mobility.  

 

All the lifetime components decreased drastically with increase in temperature from -

20°C to 100°C. The decrease in lifetime occurs because of an increase in the rate of 

collisional quenching from interaction of the probe with the sugar matrix and/or increase 

of vibrational relaxation. The different lifetimes observed are due to different locations of 
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the probes in different environments in the amorphous sucrose matrix that differ in 

molecular mobility. In environments with more mobility, the probe has a shorter lifetime 

(Strambini and Gonnelli, 1985) as a result of quenching. In the environments with higher 

lifetimes, probes sense lower mobility and are less easily quenched.  

 

The plot of amplitudes of each lifetime component for hydroxy, dihydroxy, methyl and 

ethyl vanillin as a function of temperature are shown in Figures 13a, 13b, 13c and 13d, 

respectively. The amplitudes of longer lifetime components decreased and that of shorter 

lifetime components increased as a function of temperature. The fractional amplitudes in 

case of hydroxy vanillin at 20°C for longer lifetime components were a1 = 0.0351 and a2 

= 0.1021 and for shorter lifetime components were a3 = 0.1813, a4 = 0.2818 and a5 = 

0.4421. The fractional amplitudes in case of dihydroxy vanillin at 20°C for longer 

lifetime components were a1 = 0.0752 and a2 = 0.1665 and for shorter lifetime 

components were a3 = 0.2737 and a4 = 0.4845. The fractional amplitudes in case of 

methyl vanillin at 20°C for longer lifetime components were a1 = 0.3418 and a2 = 0.3477 

and for shorter lifetime components were a3 = 0.1791 and a4 = 0.1314. The fractional 

amplitudes in case of ethyl vanillin at 20°C for longer lifetime components were a1 = 

0.3411 and a2 = 0.3687 and for shorter lifetime components were a3 = 0.1713 and a4 = 

0.1189.   

 

Thus, at 20°C in case of hydroxy vanillin only ~ 13.5% of the probes were in less mobile 

environment and the rest (86.5%) of the probes were in mobile environments. In case of 

dihydroxy vanillin ~ 24% of probes were in less mobile environment and the rest (76%) 
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of the probes were in mobile environments. For methyl vanillin (68.95%) of probes were 

in less mobile environment and the rest (31.05%) of the probes were in mobile 

environments. And lastly in case of ethyl vanillin (70.98%) of probes were in less mobile 

environment and the rest (29.02%) of the probes were in mobile environments. 

Comparing the amplitudes among all the probes in the same amorphous sucrose matrix at 

the same temperature (20°C), indicate that the majority (~80%) of the hydroxy and 

dihydroxy vanillin probes were located in mobile environment whereas in the case of 

methyl and ethyl vanillin the majority (~70%) were located in the less mobile 

environment. This difference could be attributed to the structural variations among 

vanillin and each of the analogs. This difference could also be attributed to the ability of 

the probe to form hydrogen bond with the matrix. 

 

The average lifetime was calculated using Eq. 4. A comparison plot of average lifetime as 

a function of temperature is shown in Figure 14a. The average lifetime of hydroxy 

vanillin varied from 67.5 ms at -20°C to 0.12 ms at 90°C, indicating ~562-fold difference 

in average mobility. The average lifetime of dihydroxy vanillin varied from 56.8 ms at -

20°C to 0.54 ms at 90°C, indicating ~105-fold difference in average mobility. The 

average lifetime of methyl vanillin varied from 156.4 ms at -20°C to 0.5 ms at 100°C, 

indicating ~300-fold difference in average mobility. The average lifetime of ethyl vanillin 

varied from 162.1 ms at -20°C to 0.24 ms at 100°C, indicating ~675-fold difference in 

average mobility. The decrease in lifetime as a function of temperature corresponds to an 

increase with temperature in the non-radiative decay process kNR (eq. 5, Materials and 

Methods). The differences in the mobility detected by each of the probe could be 
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attributed to the structural variations among the probes. In the glass the average lifetime 

followed the order of ethyl > methyl > hydroxy > dihydroxy vanillin. In the melt at  

temperatures above 60°C ethyl and methyl vanillin had longer lifetimes compared to 

hydroxy and dihydroxy vanillin. However, lifetimes overlapped between the ethyl and 

methyl pair and also between the hydroxy and dihydroxy pair above 60°C.   

 

The Arrhenius plot of ln (kP) for average lifetime for hydroxy, dihydroxy, methyl and 

ethyl vanillin is shown in Figure 14b. Arrhenius plots of ln(kPi) for individual lifetime 

components were also plotted for hydroxy (Figure 15a), dihydroxy (Figure 15b), methyl 

(Figure 15c) and ethyl (Figure 15d) vanillin. Break point temperatures and activation 

energies determined from intersection of trendline to points at low, intermediate and high 

temperature for individual lifetime components and average lifetimes are as compiled in 

Table 2, 3, 4 and 5 for hydroxy, dihydroxy, methyl and ethyl vanillin, respectively. 

 

The hydroxy vanillin average lifetime showed transition temperatures of 35°C with 

activation energies at lowvand high temperature of 30.9 kJ mol-1 and 87.1 kJ mol-1, 

respectively (Table 2). The dihydroxy vanillin average lifetime showed a transition 

temperature of 30°C with activation energies at low and high temperature of 26.8 kJ mol-

1 and 51.0 kJ mol-1, respectively (Table 3). The methyl vanillin average lifetime showed 

transition temperatures of ~40°C with activation energies at low, intermediate and high 

temperature of 9.64 kJ mol-1 and 76.34 kJ mol-1, respectively (Table 4). The ethyl vanillin 

average lifetime showed transition temperatures of 40°C and 76°C with activation 

energies at low and high temperature of 9.03 kJ mol-1 and 143.02 kJ mol-1, respectively 
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(Table 5). The activation energies at high temperature in the melt were significantly 

different among vanillin and the analogs following the order of ethyl > methyl > hydroxy 

> dihydroxy. 

 

Rate Constants: Analysis of lifetimes in terms of underlying photophysical rate constants 

for de-excitation of the triplet state provides additional insights into the effect of 

temperature on matrix mobility in amorphous sucrose films. The kNR term is a rate 

constant for non-radiative decay; it is the actual measure of the effect of the motion that 

quenches probes excited triplet state and is obtained from eq. 5. The kNR values were 

calculated by subtracting the phosphorescence emission rate constant (1/τ at 77K in 

glycerol: water) from the inverse of the lifetime. Plots of kNR as a function of temperature 

are represented in Figure 16a and 16b for hydroxy, dihydroxy, methyl and ethyl vanillin. 

The rate for dihydroxy vanillin was the highest followed by hydroxy, methyl and ethyl 

vanillin up to 40°C in the glass, but above 40°C in the melt the order was hydroxy > 

dihydroxy > methyl > ethyl vanillin. 

 

The respective Arrhenius plots of kNR for hydroxy, dihydroxy, methyl and ethyl vanillin 

are shown in Figures 17a, 17b, 17c and 17d. The activation energy obtained from the 

slope trendline in this plot is the activation energy of the motions which quench probes 

excited triplet state. The Ea values and transition temperatures for each probe are 

tabulated in Table 6. At high temperature the activation energy followed the order ethyl > 

methyl > hydroxy > dihydroxy vanillin. 
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Discussion 

The two general modes of matrix molecular mobility; dipolar relaxation and collisional 

quenching modulate the emission energy and lifetime of the excited triplet state 

(Pravinata et al., 2005; Shirke et al 2005, 2006). The phosphorescence of vanillin and its 

analogs was found to be extremely sensitive to the local environment in the amorphous 

sucrose in the glassy state and at the glass-to-rubber transition into the melt. The emission 

energy decreased gradually in the glass and more dramatically in the melt for all four 

probes, reflecting the effect of temperature on the rate of dipolar relaxation around the 

excited triplet state. The change in emission energy as a function of temperature was ~10 

times smaller in hydroxy vanillin compared to the other probes, this probably is related to 

the size of the dipole that exists in the molecule in the excited triplet state. The emission 

energy was lower for dihydroxy vanillin as compare to methyl and ethyl vanillin, whereas 

FWHM was much higher in dihydroxy vanillin as compared to methyl and ethyl vanillin. 

The increase in dipolar relaxation rate was accompanied by an increase in the width of 

the distribution of energetically distinct environments. The ability to monitor molecular 

mobility is attributed to the sensitivity of the emission of hydroxy, dihydroxy, methyl and 

ethyl vanillin to dipolar relaxation of solvent molecules around its polar triplet excited 

state. The decrease in emission energy and the broadening of emission spectra with an 

increase in temperature can be explained with a solvent relaxation mechanism (Ludescher 

et al., 2001).  

  

The phosphorescence decays at 77K fitted to a single exponential function. There was no 

significant difference in the lifetime among dihydroxy (τ = 352 ms), methyl (τ = 372 ms) 
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and ethyl (τ = 358 ms) vanillin in glycerol: water at 77K; however the lifetime of 

hydroxy (τ = 545 ms) vanillin was significantly larger. All four probes at 77K in EPA 

had lower lifetimes compared to glycerol: water, dihydroxy (τ = 215 ms), methyl (τ = 

190 ms), ethyl (τ = 189 ms) and hydroxy (τ = 255 ms) vanillin, thus indicating the effect 

of solvent on lifetime. Vanillin has been reported to have lifetime (τ = 172 ms) at 77K in 

ethanol. In amorphous sucrose films at 77K the lifetimes were intermediate between 

those observed in glycerol: water and EPA, dihydroxy (τ = 330 ms), methyl (τ = 272 ms), 

ethyl (τ = 286 ms) and hydroxy (τ = 403 ms) vanillin. At τ77K in glycerol: water the 

lifetime differs from that of the sucrose for two reasons one been the different nature of 

the two solvent and thus different hydrogen bond networks. The other reason was 

presence of more mobility in sucrose at 77K than in glycerol: water. Thus, comparing the 

above data indicated that hydroxy vanillin has lifetime values significantly different than 

dihydroxy, methyl and ethyl vanillin. This difference could be attributed to structural 

variation between hydroxy vanillin and the other three probes where the –OR group is 

absent in hydroxy vanillin. Thus hydroxy vanillin differs from other probes where at τ77K 

it has longer lifetime, phosphorescence emission is blue shifted at 293K in sucrose, 

phosphorescence excitation is blue shifted at 293K (and only one band), phosphorescence 

emission is not affected by the solvent at 77K (compared to other probes), and has small 

Δν (T). All this suggest that hydroxy vanillin is in by itself. 

 

For dihydroxy, methyl and ethyl vanillin (where the only structural variation is in the R 

group attached to the oxygen) there was no significant difference in the lifetimes 

indicating that the structural variation had no effect on the intrinsic phosphorescence 
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lifetime.   Although there was no significant difference in the lifetime’s values among 

dihydroxy, methyl and ethyl vanillin at 77K, the average lifetimes at 20°C were distinctly 

different for the three probes where lifetimes were dihydroxy (τ = 12.2 ms), methyl (τ = 

92.0 ms), ethyl (τ = 108.2 ms). In case of hydroxy vanillin at 20°C, τ = 16.2 ms. This 

decrease in lifetime from 77K to room temperature among all the probes is due to 

increase in matrix molecular  mobility. The phosphorescence lifetimes of hydroxy, 

dihydroxy, methyl and ethyl embedded in amorphous sucrose films were thus strongly 

modulated by matrix mobility. All analogs exhibited complex decay pattern and were 

fitted to a multi-exponential function.  

 

At 77K in amorphous sucrose films the decays were fitted to a single exponential 

function but at 293K the decays were multi-exponential (n = 4, 5). This indicates narrow 

distribution of environments at 77K and broad distribution at 293K. Comparing the 

lifetimes τ77K in sucrose to τ293K in sucrose indicates presence of broad distribution of 

environment at 293K.  

 

The variation in the lifetime components of each probe indicated that the local 

environment in amorphous sucrose films has either ~200 (hydroxy vanillin), ~100 

(dihydroxy vanillin), ~ 70 (methyl vanillin) or ~60 (ethyl vanillin) fold difference in 

mobility.  It is worth noting that some of the environments in sucrose at 253K are nearly 

as immobile (have similar lifetimes) as at 77K; ~240 ms vs. 272 ms in case of methyl 

vanillin and ~240 ms vs. 286 ms in case of ethyl vanillin. The transition temperature 

calculated from the Arrhenius plot of kP (average lifetime) showed variation with the R 
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group where hydroxyl vanillin (35°C), dihydroxy vanillin (30°C), methyl vanillin (40°C) 

and ethyl vanillin (60°C). Even individual lifetime components showed variation in 

transition temperature for each probe.  

 

The amplitudes indicate that a majority (~80%) of the hydroxy and dihydroxy vanillin 

probes are located in a mobile environment whereas in case of methyl and ethyl vanillin 

(~70%) a majority is located in a less mobile environment. The amplitudes also varied as 

function of temperature in hydroxy, dihydroxy, methyl and ethyl vanillin. As a function 

of temperature from -20°C to 100°C the order of average lifetime was ethyl vanillin > 

methyl vanillin > hydroxyl vanillin > dihydroxy vanillin. The activation energy 

phosphorescence quenching (from lnkP for average lifetime) at high temperature also 

followed the same order ethyl vanillin (EaH = 137.3 kJ mol-1) > hydroxyl vanillin (EaH = 

74.37 kJ mol-1) > methyl vanillin (EaH = 72.32 kJ mol-1) > dihydroxy vanillin (EaH = 

51.64 kJ mol-1). The activation energies (for collisional quenching) also differed among 

the four probes in the same temperature region in amorphous sucrose films. 

 

These differences could be attributed to the structural differences in the vanillin and its 

analogs. Vanillin and its analogs have exactly the same structure except the R group 

attached to the C-R bond that varied in molecular size, where R = -OC2H5 (ethyl vanillin) 

> R = -OCH3 (methyl vanillin) > R = -OH (dihydroxy vanillin) > R = -H (CO-R is absent) 

in case of hydroxy vanillin. The longer lifetimes and higher activation energies in ethyl 

vanillin is due to the effect of larger molecular size group (-C2H5) as compared to the 

others. The nonradiative decay rate for dihydroxy vanillin was the highest followed by 
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hydroxy, methyl and ethyl vanillin up to 40°C in the glass, but above 40°C in the melt the 

order was hydroxy > dihydroxy > methyl > ethyl vanillin. The activation energy for 

collisional quenching followed the order where at low temperature dihydroxy > hydroxy 

> methyl > ethyl and at high temperature ethyl > methyl > hydroxy > dihydroxy. 

 

A study (Nishigaki et al., 1998) looked at molecules with different size (vanillin, 4-

hydroxy benzaldehyde, tobias acid, 2-napthoic acid and 9-anthracenemethanol adsorbed 

on filter paper (Nishigaki et al., 1996). They found that 9-anthracenmethanol had 

relatively high activation energy though it has only one adsorption site and this behavior 

was thought to be effect of molecular size. Filter paper have cages, when small molecules 

are adsorbed on it , they still have large space for movement, but larger molecules are 

held tight in the cage and escape from the collisional radiationless deactivation. Our study 

shows similar observation where bigger molecule ethyl vanillin is held rigid in the 

amorphous sucrose film and escape from the collisional radiationless deactivation 

(showing longer lifetime) as compared to methyl, dihydroxy and hydroxyl vanillin. 

 

At low temperatures the amorphous sucrose films is rigid and hence restricts any 

movements of the molecules. But at higher temperate amorphous sucrose films have free 

volume, where small molecules like hydroxy and dihydroxy vanillin are adsorbed in it 

they still have large space for movement, but larger molecules like methyl and ethyl 

vanillin are held tight in the cage and escape from the collisional radiationless 

deactivation, thus showing longer lifetimes.  
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WLF (Williams-Landel-Ferry) and VTF (Vogel-Fulcher-Tamman-Hesse) commonly 

used equation to predict temperature dependence of viscosity for super cooled liquids. 

The free volume based WLF theory has been shown to be more applicable in predicting 

temperature dependent mechanical properties of amorphous materials. FVT assumes that 

temperature dependence of viscosity is related to free volume (Dolittle, 1951). The FVT 

is based on change in volume expansion coefficient at glass transitions and assumes that 

molecular motions depend on the presence of holes or voids (Roos, 1995) and thus 

allowing the molecular movement to take place. These holes between molecules provide 

the free volume that is needed for molecular rearrangements. Our studies using different 

analogs of vanillin (Chapter III) supports this interpretation. Thus vanillin could also 

indicate increase in free volume in amorphous sucrose matrix as a function of 

temperature. Thus based on this we conclude that movement of methoxyl group about the 

C-O bond could be sensitive to matrix mobility.  

 

There is one more possibility that the effect is not that of larger group but rather that of 

group not able to hydrogen bond to matrix. As dihydroxy vanillin is capable of hydrogen 

bonding with the matrix which is not the case with methyl and ethyl vanillin.Thus there is 

a possibility that there is the effect of the substituent on coupling the probe vibrations to 

the matrix. This study provides useful insight about the mechanism of vanillin sensitivity 

to molecular mobility in amorphous sucrose films by using analogs of vanillin. 
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Conclusion 

 

Hydroxy, dihydroxy, methyl and ethyl vanillin phosphorescence lifetime were found to 

be extremely sensitive to the local environment in the amorphous sucrose in the glassy 

state and at the glass-to-rubber transition into the melt. Phosphorescence emission spectra 

and time-resolved intensity decays, measured in sucrose as a function of temperature in 

the absence of oxygen, were strongly modulated by matrix molecular mobility for 

vanillin and its analogs. At low temperatures the amorphous sucrose films are rigid and 

hence restrict any movements of the molecules. But at higher temperate amorphous 

sucrose films have free volume, when small molecules like hydroxy and dihydroxy 

vanillin are adsorbed in it, they still have large space for movement, but larger molecules 

like methyl and ethyl vanillin are held tight in the cage and escape from the collisional 

radiationless deactivation, thus showing longer lifetimes. The only structural variation 

among the four probes is the presence of different molecular size R groups attached to the 

O-R bond (in case of dihydroxy, methyl and ethyl vanillin) or absence of O-R group (in 

case of hydroxy vanillin). Thus based on this we conclude that capability of movement of 

methoxyl group about the C-O bond could be a contributor to sensitivity of vanillin to 

matrix molecular mobility. The other possibility could be that there is the effect of the 

substituent on coupling the probe vibrations to the matrix based on ability to form 

hydrogen bond with the matrix. This study provides useful insight about the mechanism 

of vanillin sensitivity to molecular mobility in amorphous sucrose films by using analogs 

of vanillin. 
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Figure III-1 
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Figure III-1: Structure of hydroxy vanillin (4-hydroxy-benzaldehyde), dihydroxy 
vanillin (3, 4-dihydroxy-benzaldehyde), methyl vanillin (4-hydroxy-3-methoxy-
benzaldehyde) and ethyl vanillin (4-hydroxy-3-ethoxy-benzaldehyde). 
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Figure III-2 
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Figure III-2: Phosphorescence excitation spectra for hydroxy, dihydroxy, methyl and 
ethyl vanillin phosphorescence in amorphous sucrose films (1:103: dye: sucrose) (-O2) at 
20°C. Emissions were collected for hydroxy (450 nm), dihydroxy (490 nm), methyl (490 
nm) and ethyl vanillin (490 nm). 
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Figure III-3a 

  

Figure III-3a: The phosphorescence emission spectra of methyl vanillin (1) and the 
three analogs hydroxy (3), dihydroxy (4) and ethyl (2) vanillin at 77K in glycerol: 
water. Excitations were hydroxy (320 nm), dihydroxy (320 nm), methyl (350 nm) and 
ethyl vanillin (350 nm). 

 
 
 

 

R 

R  = H (hydroxy: HVS) 
    = OH (dihydroxy: H2VS) 
 = OCH3 (methyl: O-Me) 
 = 0C2H5 (ethyl: O-Eth) 
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Figure III-3b 

Figure III-3b: The phosphorescence emission spectra of methyl vanillin (1) and the 
three analogs hydroxy (3), dihydroxy (4) and ethyl (2) vanillin at 77K in EPA solvent. 
Excitations were hydroxy (320 nm), dihydroxy (320 nm), methyl (350 nm) and ethyl 
vanillin (350 nm). 
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Figure III-3c 
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Figure III-3c: The phosphorescence emission spectra of methyl vanillin (1) and the 
three analogs hydroxy (3), dihydroxy (4) and ethyl (2) vanillin at 77K in amorphous 
sucrose films. Excitations were hydroxy (320 nm), dihydroxy (320 nm), methyl (350 
nm) and ethyl vanillin (350 nm). 
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Figure III-4a 
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Figure III-4a: Delayed emission spectra of hydroxy vanillin in amorphous sucrose films 
as a function of temperature (excitation at 300 nm). The spectra were collected at 10°C 
intervals from -20°C to 80°C (the curves follow this order from high to low intensity at 
~450 nm). 
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Figure III-4b 

Dihydroxy Vanillin

0

20

40

60

80

100

120

140

160

180

380 430 480 530 580

Wavelength / nm

In
te

n
si

ty
 /
 a

.u
.

  -20c

  -10c

0c

10c

20c

30c

40c

50c

60c

70c

80c

 

 

Figure III-4b: Delayed emission spectra of dihydroxy vanillin in amorphous sucrose 
films as a function of temperature (excitation at 320 nm). The spectra were collected at 
10°C intervals from -20°C to 80°C (the curves follow this order from high to low 
intensity at ~490 nm). 
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Figure III-4c 
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Figure III-4c: Delayed emission spectra of methyl vanillin in amorphous sucrose films 
as a function of temperature (excitation at 320 nm). The spectra were collected at 10°C 
intervals from -20°C to 100°C (the curves follow this order from high to low intensity at 
~490 nm). 
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Figure III-4d 
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Figure III-4d: Delayed emission spectra of ethyl vanillin in amorphous sucrose films as 
a function of temperature (excitation at 320 nm). The spectra were collected at 10°C 
intervals from -20°C to 100°C (the curves follow this order from high to low intensity at 
~490 nm). 
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Figure III-5 
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Figure III-5: The effect of temperature on the phosphorescence emission intensity of 
hydroxy, dihydroxy, methyl and ethyl vanillin in amorphous sucrose films as a function 
of temperature equilibrated against nitrogen. The curves were normalized to -20°C. 
Intensity (IP) was determined from analysis of the phosphorescence emission band 
(Figure III-4a, 4b, 4c, 4d) using a log-normal function (Eq. (1), Materials and Methods). 
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Figure III-6 
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Figure III-6: Arrhenius plot (1/ IP) of the effect of temperature on the phosphorescence 
emission intensity IP of hydroxy, dihydroxy, methyl and ethyl vanillin in amorphous 
sucrose films. 
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Figure III-6a 
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Figure III-6b 
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Figure III-6c 
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Figure III-6d 
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Figure III-6a-6d: Arrhenius plot of the effect of temperature on the phosphorescence 
emission intensity 1/IP of hydroxy, dihydroxy, methyl and ethyl vanillin in amorphous 
sucrose films. Lines drawn over the data points indicate slopes at low, intermediate and 
high temperatures hydroxy (6a), dihydroxy (6b), methyl (6c) and ethyl (6d) vanillin. 
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Figure III-7 
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Figure III-7: Peak energy νp (■, left hand scale) and bandwidth ( , FWHM right hand 
scale) for phosphorescence emission from hydroxy vanillin in amorphous sucrose films 
as a function of temperature. The delayed emission spectra collected as a function of 
temperature (Figure III-4a) were analyzed using log-normal function as described in 
Materials and Methods using eq. (1) and (2). 
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Figure III-8a 
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Figure III-8b 
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Figure III-8a and 8b: Peak energy νp  for phosphorescence emission from dihydroxy (■), 
methyl (•) and ethyl (▲) vanillin in amorphous sucrose films as a function of temperature 
(a). Bandwidth for phosphorescence emission from dihydroxy (■), methyl (•) and ethyl 
(▲) vanillin in amorphous sucrose films as a function of temperature (b). The delayed 
emission spectra collected as a function of temperature (Figure III) were analyzed using 
log-normal function as described in Materials and Methods using eq. (1) and (2). 
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Figure III-9a 

 
 

 
Figure III-9a: Lifetime obtained from a single-exponential model fit to phosphorescence 
intensity decay data from hydroxy vanillin dissolved in glycerol: water or EPA at 77K.  
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Figure III-9b 

 
 

 
Figure III-9b: Lifetime obtained from a single-exponential model fit to phosphorescence 
intensity decay data from dihydroxy vanillin dissolved in glycerol: water or EPA at 77K.  
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Figure III-9c 

 

 
 
 

Figure III-9c: Lifetime obtained from a single-exponential model fit to phosphorescence 
intensity decay data from methyl vanillin dissolved in glycerol: water or EPA at 77K.  
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Figure III-9d 

 
 

 
Figure III-9d: Lifetime obtained from a single-exponential model fit to phosphorescence 
intensity decay data from ethyl vanillin dissolved in glycerol: water or EPA at 77K.  
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Figure III-10a 

 

 
 
 

Figure III-10a: Lifetime obtained from a single-exponential model fit to 
phosphorescence intensity decay data from hydroxy vanillin dispersed in amorphous 
sucrose film at 77K.  
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Figure III-10b 

 
 
 

Figure III-10b: Lifetime obtained from a single-exponential model fit to 
phosphorescence intensity decay data from dihydroxy vanillin dispersed in amorphous 
sucrose film at 77K.  
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Figure III-10c 

 

 
 

 

Figure III-10c: Lifetime obtained from a single-exponential model fit to 
phosphorescence intensity decay data from methyl vanillin dispersed in amorphous 
sucrose film at 77K.  
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Figure III-10d 

 
 
 

Figure III-10d: Lifetime obtained from a single-exponential model fit to 
phosphorescence intensity decay data from ethyl vanillin dispersed in amorphous sucrose 
film at 77K.  
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Figure III-11a 
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Figure III-11b 
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 Figure III-11c 

0.0000

0.0001

0.0100

1.0000

0 200 400 600 800 1000 1200 1400

Time / ms

L
o

g
 (

It
/I

0
)

 

-0.8000

-0.3000

0.2000

0.7000

0 200 400 600 800 1000 1200 1400

Time / ms

M
o

d
if

ie
d

 

R
e
s
id

u
a
ls

 
 

 

Figure III-11d 
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Figure III-11a, 11b, 11c and 11d: Normalized phosphorescence intensity decays 
[I(t)/I(0)] of hydroxy (4a), dihydroxy (4b), methyl (4c) and ethyl (4d) vanillin dispersed 
in amorphous sucrose films at 20°C in the presence of nitrogen.  The solid lines through 
the data are fits using a multi-exponential function (Eq. (3), Materials and Methods). A 
plot of modified residuals [(Data-Fit)/Data1/2] for these are shown in the bottom graph. 

 



 143

Figure III-12a1 
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Figure III-12a2 
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Figure III-12a1 and 12a2: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲), τ4 (•) and  τ5 (x)  
obtained from a multi-exponential model fit (Eq. (3), Materials and Methods) to 
phosphorescence intensity decay data from hydroxy vanillin dispersed in amorphous 
sucrose films equilibrated against nitrogen as a function of temperature. The data were 
measured every 10°C from -20°C to 80°C. The lifetime vs. temperature (12a1) and log 
(lifetime) vs. temperature (12a2) 
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Figure III-12b1 
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Figure III-12b2 
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Figure III-12b1 and 12b2: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•) 
obtained from a multi-exponential model fit (Eq. (3), Materials and Methods) to 
phosphorescence intensity decay data from dihydroxy vanillin dispersed in amorphous 
sucrose films equilibrated against nitrogen as a function of temperature. The data were 
measured every 10°C from -20°C to 90°C. The lifetime vs. temperature (12b1) and log 
(lifetime) vs. temperature (12b2) 
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Figure III-12c1 
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Figure III-12c2 
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Figure III-12c1 and 12c2: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•) obtained 
from a multi-exponential model fit (Eq. (3), Materials and Methods) to phosphorescence 
intensity decay data from methyl vanillin dispersed in amorphous sucrose films 
equilibrated against nitrogen as a function of temperature. The data were measured every 
10°C from -20°C to 100°C. The lifetime vs. temperature (12c1) and log (lifetime) vs. 
temperature (12c2) 
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Figure III-12d1 
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Figure III-12d2 
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Figure III-12d1 and 12d2: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•) 
obtained from a multi-exponential model fit (Eq. (3), Materials and Methods) to 
phosphorescence intensity decay data from ethyl vanillin dispersed in amorphous sucrose 
films equilibrated against nitrogen as a function of temperature. The data were measured 
every 10°C from -20°C to 100°C. The lifetime vs. temperature (12d1) and log (lifetime) 
vs. temperature (12d2) 
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Figure III-13a 
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Figure III-13a: Intensity decay fit amplitudes for hydroxy vanillin in amorphous sucrose 
films in nitrogen as a function of temperature. The data were measured every 10°C from -
20°C to 80°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life time 
components (τ1, τ2,) and a3 (▲), a4 (•) and a5 (x) correspond to the shorter lifetime 
components (τ3, τ4, τ5). The amplitudes were obtained from a multi exponential model fit 
(Eq. (3), Materials and Methods) to phosphorescence intensity decay data from hydroxy 
vanillin dispersed in amorphous sucrose films equilibrated against nitrogen as a function 
of temperature. 
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Figure III-13b 
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Figure III-13b: Intensity decay fit amplitudes for dihydroxy vanillin in amorphous 
sucrose films in nitrogen as a function of temperature. The data were measured every 
10°C from -20°C to 80°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life 
time components (τ1, τ2,) and a3 (▲) and a4 (•) correspond to the shorter lifetime 
components (τ3, τ4). The amplitudes were obtained from a multi exponential model fit 
(Eq. (3), Materials and Methods) to phosphorescence intensity decay data from 
dihydroxy vanillin dispersed in amorphous sucrose films equilibrated against nitrogen as 
a function of temperature. 
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Figure III-13c 
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Figure III-13c: Intensity decay fit amplitudes for methyl vanillin in amorphous sucrose 
films in nitrogen as a function of temperature. The data were measured every 10°C from -
20°C to 80°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life time 
components (τ1, τ2,) and a3 (▲) and a4 (•) correspond to the shorter lifetime components 
(τ3, τ4). The amplitudes were obtained from a multi exponential model fit (Eq. (3), 
Materials and Methods) to phosphorescence intensity decay data from methyl vanillin 
dispersed in amorphous sucrose films equilibrated against nitrogen as a function of 
temperature. 
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Figure III-13d 
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Figure III-13d: Intensity decay fit amplitudes for ethyl vanillin in amorphous sucrose 
films in nitrogen as a function of temperature. The data were measured every 10°C from -
20°C to 80°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life time 
components (τ1, τ2,) and a3 (▲) and a4 (•) correspond to the shorter lifetime components 
(τ3, τ4). The amplitudes were obtained from a multi exponential model fit (Eq. (3), 
Materials and Methods) to phosphorescence intensity decay data from ethyl vanillin 
dispersed in amorphous sucrose films equilibrated against nitrogen as a function of 
temperature. 
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Figure III-14a 
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Figure III-14a: Average lifetime from a multi-exponential model fit (Eq. (4), Materials 
and Methods) to phosphorescence intensity decay data from hydroxy (♦), dihydroxy (■), 
methyl (•) and ethyl (▲) vanillin dispersed in amorphous sucrose films equilibrated 
against nitrogen as a function of temperature. The data were measured every 10°C from -
20°C to 100°C. 
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Figure III-14b 
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Figure III-14b: Arrhenius plots of the average lifetime of hydroxy, dihydroxy, methyl 
and ethyl vanillin in amorphous sucrose as a function of inverse of temperature. 
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Figure III-15a 
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Figure III-15a: The Arrhenius plot of the individual lifetime component τ1 (♦), τ2 (■), τ3 

(▲), τ4 (•) and τ5 (x) of hydroxy vanillin in amorphous sucrose as a function of inverse of 
temperature. 
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Figure III-15b 
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Figure III-15b: The Arrhenius plot of the individual lifetime component τ1 (♦), τ2 (■), τ3 

(▲) and τ4 (•) dihydroxy vanillin in amorphous sucrose as a function of inverse of 
temperature. 
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Figure III-15c 
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Figure III-15c: The Arrhenius plot of the individual lifetime component τ1 (♦), τ2 (■), τ3 

(▲) and τ4 (•) methyl vanillin in amorphous sucrose as a function of inverse of 
temperature. 
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Figure III-15d 
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Figure III-15d: The Arrhenius plot of the individual lifetime component τ1 (♦), τ2 (■), τ3 

(▲) and τ4 (•) ethyl vanillin in amorphous sucrose as a function of inverse of temperature. 
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Figure III-16a 
 
 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

-40 -20 0 20 40 60 80 100 120

Temperature / °C

K
N

R
 /

 s
-1

Hydroxy

Dihydroxy

Methoxy

Ethoxy

 
 
 
 
Figure III-16a: Temperature dependence of the total non-radiative decay rate of the 
triplet state kNR (kp = kRP + kNR) to S0 of hydroxy, dihydroxy, methyl and ethyl vanillin in 
amorphous sucrose film over the temperature range from -20°C to 100°C.  
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Figure III-16b 
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Figure III-16b: Temperature dependence of the total non-radiative decay rate of the 
triplet state kNR (kp = kRP + kNR) to S0 of hydroxy, dihydroxy, methyl and ethyl vanillin in 
amorphous sucrose film over the temperature range from -20°C to 100°C.  
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Figure III-17a 
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Figure III-17a: Arrhenius plot of the total non-radiative decay rate of the triplet state kNR 
(kp = kRP + kNR) to S0 of hydroxy vanillin in amorphous sucrose film as function of 
inverse of temperature. 
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Figure III-17b 
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Figure III-17b: Arrhenius plot of the total non-radiative decay rate of the triplet state kNR 
(kp = kRP + kNR) to S0 of dihydroxy vanillin in amorphous sucrose film as function of 
inverse of temperature. 
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Figure III-17c 
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Figure III-17c: Arrhenius plot of the total non-radiative decay rate of the triplet state kNR 
(kp = kRP + kNR) to S0 of methyl vanillin in amorphous sucrose film as function of inverse 
of temperature. 
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Figure III-17d 
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Figure III-17d: Arrhenius plot of the total non-radiative decay rate of the triplet state kNR 
(kp = kRP + kNR) to S0 of ethyl vanillin in amorphous sucrose film as function of inverse 
of temperature. 
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Table III-1 

 
 

Table III-1: Calculated activation energy Ea and transition temperatures for hydroxy, 
dihydroxy, methyl and ethyl vanillin in amorphous sucrose films at low (LT) and high 
temperature (HT). These values were obtained from ln(1/IP) vs. K/T. 
 
 

Vanillin Equation R
2

Ea KJ / mol Transition temperature / °C

Hydroxy LT y = -2624.3x + 7.2358 0.99 21.82 25

HT y = -9366.9x + 29.856 0.97 77.88

Diydroxy LT y = -2906.2x + 8.4625 0.97 24.16 22

HT y = -9584.2x + 27.246 0.99 79.68

Methyl LT y = -932.89x + 0.2056 0.95 7.76 36

IT y = -6490.5x + 18.065 0.98 53.96 80

HT y = -11270x + 32.011 0.96 93.70

Ethyl LT y = -1019.8x + 0.6236 0.97 8.48 45

IT y = -5123.7x + 13.539 1.00 42.60 75

HT y = -16821x + 47.515 0.99 139.85  
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Table III-2 

 
 
Table III-2: Calculated activation energy Ea for each individual lifetime components τ1, 

τ2, τ3, τ4 and τ5 and average lifetime at low (LT) and high temperature (HT) for hydroxy 
vanillin in amorphous sucrose films. 
 
 

Lifetime Temperature Ea KJ / mol Transition Temperatures °C

τ1 LT 9.16 37

HT 89.60

τ2 LT 14.02 30

HT 62.33

τ3 LT 14.58 30

HT 67.80

τ4 LT 18.09 30

HT 70.36

τ5 LT 14.29 30

HT 78.38

τAvg LT 30.93 35

HT 87.06

Hydroxy Vanillin
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Table III-3 

 

 
Table III-3: Calculated activation energy Ea for each individual lifetime components τ1, 

τ2, τ3 and τ4 and average lifetime at low and high temperature for dihydroxy vanillin in 
amorphous sucrose films. 
 

 

Lifetime Temperature Ea KJ / mol Transition Temperatures °C

τ1 LT 12.10 30

HT 37.02

τ2 LT 18.10 50

HT 46.33

τ3 LT 18.26 35

HT 19.42

τ4 LT 17.94 30

HT 28.81

τAvg LT 26.84 30

HT 51.05

Dihydroxy Vanillin
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Table III-4 

 
 

Table III-4: Calculated activation energy Ea for each individual lifetime components τ1, 

τ2, τ3 and τ4 and average lifetime at low and high temperature for methyl vanillin in 
amorphous sucrose films. 
 
 
 

Lifetime Ea kJ / mol Transition Temperatures °C

τ1 LT 4.14 60

HT 110.00

τ2 LT 9.60 55

HT 112.00

τ3 LT 13.63 42

HT 49.03

τ4 LT 11.33 50

HT 68.21

τAvg LT 9.64 40

HT 76.34

Methyl Vanillin
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Table III-5 

 
 
Table III-5: Calculated activation energy Ea for each individual lifetime components τ1, 

τ2, τ3 and τ4 and average lifetime at low and high temperature for ethyl vanillin in 
amorphous sucrose films. 
 
 

Lifetime Temperature Ea KJ / mol Transition Temperatures °C

τ1 LT 4.25 63

HT 173.47

τ2 LT 8.61 60

HT 179.93

τ3 LT 12.00 55

HT 72.67

τ4 LT 11.35 55

HT 44.13

τAvg LT 9.03 60

HT 143.02

Ethyl Vanillin

 



 168

Table III-6 

 

 
Table III-6: Calculated activation energy Ea for non-radiative decay rate at low and high 
temperature for hydroxy, dihydroxy, methyl and ethyl vanillin in amorphous sucrose 
films. 

 
 

Lifetime Temperature Equation R
2

Ea KJ / mol Transition Temperatures °C
Hydroxy LT y = -3345.7x + 15.5 0.96 27.82 35

IT y = -8945.5x + 33 0.98 74.37

Dihydroxy LT y = -3260.1x + 15.57 1.00 27.10 30

HT y = -6211.3x + 25.32 0.99 51.64

Methyl LT y = -1164.2x + 7.8 0.99 13.84 40

HT y = -8698.2x + 30 0.98 72.32

Ethyl LT y = -1367.7x + 6.11 0.98 11.37 60

HT y = -16511x + 52.036 0.98 137.27  
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Chapter IV: Vanillin sensitivity to molecular mobility as a function of molecular 

weight and glass transition temperature in glucose homologous series. 

 

Introduction 

Vitrification of sugars and other carbohydrates from melt or from concentrated aqueous 

solution plays a major role in the confectionary industry, in stabilizing dried and frozen 

foods and also provides desiccant tolerance to spores, seeds and even whole organisms 

(Roos, 1995; Fennema 1996; Le Meste et al., 2002; Crowe and Carpenter, 1998; Buitink 

and Leprince, 2004). The physical, chemical and biological changes in amorphous sugars 

and carbohydrates occur both below Tg in glass and above Tg in rubber/melt (Roos, 

2003). The physical change (in terms of molecular mobility) occurring in glass and 

rubber/melt are very important in defining the shelf-life and quality of food, 

pharmaceuticals and biological materials that are amorphous in nature (Bell and 

Hageman, 1994, 1996; Buera and Karel, 1995; Buera et al., 1995; Roos, 1995, 2003). 

These motions are strong concern to us as they affect rates of molecular diffusion, and 

thus chemical reaction rate as well as the rates of other physical processes in amorphous 

foods and pharmaceuticals (Ludescher et al., 2001). 

 

The glass transition temperature of sugars has being shown to be more dependent on 

molecular weight than on the structure (Orford et al., 1990). The glass transition 

temperature has being shown to increase with molecular weight: in the homologous series, 

the Tg of glucose (311K) < maltose (366K) < maltotriose (407K) < maltotetraose (406K) 

< maltopentaose (411K) < maltohexaose (420K) < maltoheptaose (427K) (Slade and 

Levine, 1991).  
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A number of techniques are used to measure molecular mobility of amorphous materials 

such as NMR (Karger and Ludermann, 1991, Hills and Pardoe, 1995; van den Dries et al., 

2000; Hill et al., 2000; Margulies et al., 2000; Richert, 2001; Suhiko et al., 2000), FTIR 

(Wolkers et al., 1997; Ottenhof et al., 2003), electron spin resonance (ESR) (Contreras-

Lopez et al., 2000) etc.  They are used to determine Tg, molecular relaxation times, and 

the percent of amorphous content, and different modes of motions. DSC is used to 

measure Tg and other thermodynamic properties (e.g. enthalpy changes and heat capacity) 

(Shamblin et al., 1999; Baek et al., 2004). Thermo mechanical analysis uses to study 

relaxation processes. Dielectric relaxation and dynamic mechanical spectroscopy are 

widely used to study Tg and secondary thermal transitions because of their sensitivity to 

low order molecular mobility (Noel et al., 1996, 2000; Champion et al 2003). Recently 

TSDC has been used to resolve a broad global relaxation into its different individual 

components fractions or segments (Correia et al., 2000, 2001). The phosphorescence 

intensity decays of erythrosin B embedded in amorphous sugars has being shown to be 

sensitive to molecular mobility in the glassy state (Pravinata et al., 2005; Shirke, and 

Ludescher, 2005; Shirke and Ludescher, 2006). 

 

The phosphorescence intensity decay of vanillin embedded in amorphous sucrose has 

recently been shown to be sensitive to the molecular mobility in the glassy state and 

changes in mobility at the glass transition temperature (Chapter II). We report here 

mobility measurements in amorphous thin films of the glucose homologous series 

glucose, maltose, maltotriose, maltotetraose, maltopentaose, maltohexaose and 
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maltoheptaose as a function of temperature using vanillin phosphorescence as triplet state 

probe. 
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Materials and Methods 

Sample Preparation: Glucose, maltose, maltotriose, maltotetraose, maltopentaose, 

maltohexaose and maltoheptaose were purchased from Sigma-Aldrich (St. Louis, MO) 

with minimum purity of 98% and were used without further purification. These 

components were dissolved to near saturation in deionized water at room temperature. 

The vanillin was dissolved in distilled deionized water to make a 66mM solution, an 

aliquot from this solution was added to each of the sugars solutions to obtain a solution 

with dye: sugar molar ratio of ~1:103. An aliquot (20µl) of the dye- containing sugar 

solution was spread on a quartz slide 3 cm x 1.35 cm (NSG Precision Cells, Hicksville, 

NY). After spreading (~0.05 mm) the solutions on the slides were then dried under a heat 

gun (Vidal Sassoon) for 5 min to a maximum temperature of 88°C (measured using a 

thermocouple probe). The slides were stored at room temperature against P2O5 and 

DrieRite protecting from the light to prevent any photo bleaching for at least 7 days 

before any phosphorescence measurements were made. The desiccant was refreshed as 

needed to maintain a relative humidity close to 0%. The glass transition temperatures 

were determined from the literature and are as glucose (311K), maltose (366K), 

maltotriose (407K), maltotetraose (406K), maltopentaose (411K), maltohexaose (420K), 

maltoheptaose (427K) (Slade and Levine, 1991). 

 

Instrumentation: All phosphorescence measurements were made on a Cary Eclipse 

fluorescence spectrophotometer (Varian Instruments, Walnut Creek, CA). The quartz 

slides were placed in a standard 1cm x 1cm x 1cm quartz fluorescence cuvette, which 

was capped with a lid having inlet and outlet ports for gas lines. The cuvette was flushed 
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with a gentle stream of nitrogen for 15 minutes to eliminate oxygen. An oxygen free 

nitrogen stream was generated by passage of high purity nitrogen through a Supelco 

(Bellefonte, PA) gas purifier. The temperature was controlled by using a TLC 50 

thermoelectric heating/cooling system (Quantum Northwest, Spokane, WA). The TLC-50 

sample compartment was fitted with a jacketed cover and the temperature of the cuvette 

was monitored directly using a thermocouple in the cuvette. The film was equilibrated for 

15 minutes at each temperature before collecting the data. The Cary Eclipse uses a pulsed 

lamp and collects emission intensity in analog mode; data were not collected within the 

first 0.1-0.2 ms to suppress fluorescence coincident with the lamp pulse.  

 

Luminescence measurement: Delayed luminescence emission (10 nm bandwidth) spectra 

of vanillin in amorphous sugars were collected from 400 nm to 800 nm  using excitation 

at 320 nm (20 nm bandwidth) over the temperature range from –10°C to 150°C. Each 

data point was collected from a single flash with 0.2ms delay, 100ms gate time, and 0.12s 

total decay time.  

 

Lifetime measurements were made in presence of nitrogen as a function of temperature. 

The samples were excited at 320 nm (20 nm bandwidth) and emission transients collected 

at 490nm (20 nm bandwidth) at temperature ranging from –10°C to 150°C. Each decay 

was average of 50 cycles, and for each cycle data was collected from a single flash with a 

delay of 0.2 ms, windows for gate time and  total decay time was varied at each 

temperature. All measurements were made in quadruplicate. 
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Data Analysis 

Emission Energy as a function of temperature: Emission spectra’s were fitted using the 

program Igor (Wavemetrics, Inc., Lake Oswego, OR). The emission spectra were 

analyzed by fitting phosphorescence of vanillin to a log-normal function Equation 1 over 

the temperature range. 
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In this equation I0, is the maximum intensity value of the emission spectra, νP is the 

frequency in cm-1 of the emission maximum, Δ is the line width parameter, and b is the 

asymmetry parameter. The bandwidth of the emission, the full width at half maximum 

(Γ), is related to b and Δ Equation 2. 
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Photophysical Scheme: The phosphorescence intensity decay were collected as described 

above and were fitted using a multi-exponential functions (Shamblin et al., 2000). The 

multi-exponential model is as show in Equation 3. τi are decay times, αi represent the 

amplitudes of the components at t = 0 and n is the number of decay times. 

Phosphorescence lifetimes were determined with the statistical program Igor 

(Wavemetrics, Inc., Lake Oswego, OR). Fits were judged satisfactory if the R2 values 

were in the range of 0.995-1.0 and the modified residuals ((data – fit)/data1/2) varied 

randomly about zero. The average lifetime was calculated using Equation 4.  
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          n 

I (t) = Σαi exp (-t/τi)                              (3) 

         i = 1 

 

            n 

τAvg = Σαiτi/ ΣαI                 (4) 

          i = 1 

 

The phosphorescence lifetimes were used to calculate the rate constants associated with 

the various processes that depopulate the excited triplet state. The lifetime τ is related to 

the rate constants for de-excitation of the triplet excited state of the probe according to 

the following Equation 5 (Papp and Vanderkooi, 1989). 

1/τ = kRP + kNR (T) + kQ [O2] = kP              (5) 

Here kP (=1/τ) is the total decay rate, kRP is the rate of radiative decay of the ground state 

(2.69 s-1, measured in this study), kNR is the rate of non-radiative decay to the singlet state 

followed by vibrational relaxation to S0 due to collisional quenching. The magnitude of 

kNR reflects factors associated with the mechanism by which the excited T1 state of 

vanillin is coupled to highly excited vibrations of the S0 ground state as well as external 

factors associated with the mechanism by which the ground state vibrational energy can 

dissipate from the excited state into the surrounding matrix (Fischer et al., 2002; 

Vanderkooi and Berger 1989). As the efficiency of external vibrational dissipation is 

related to overall mobility of the matrix, the magnitude of kNR provides a measure of 

matrix mobility (Strambini and Gonnelli, 1985). One common method for restricting the 
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collisional deactivation is to super cool analyte solutions with liquid nitrogen to a rigid 

glass. The term kQ [O2] refers to the collisional quenching due to interaction between the 

excited chromophore and triplet state oxygen. 
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Results 

 

Scan: Delayed phosphorescence emission spectra of vanillin dispersed in glucose (Figure 

1a), maltose (Figure 1b), maltotriose (Figure 1c), maltotetraose (Figure 1d), 

maltopentaose (Figure 1e), maltoheaxaose (Figure 1f) and maltoheptaose (Figure 1g) 

were measured as a function of temperature. Emission was collected between -10°C to 

150°C based on the sugar until the emission was quenched. The emission peak in all the 

sugars was at ~ 490 nm. Phosphorescence intensity of vanillin was obtained from the 

delayed phosphorescence spectra fitted to the log-normal function (Eq. 1 of Materials and 

Methods). The emission intensity decreased with increase in temperature. A comparison 

plot of normalized phosphorescence intensity for all sugars is shown in Figure 2.   

 

Peak frequency of the phosphorescence spectra of vanillin for glucose (Figure 3a), 

maltose (Figure 3b), maltotriose (Figure 3c), maltotetraose (Figure 3d), maltopentaose 

(Figure 3e), maltoheaxaose (Figure 3f) and maltoheptaose (Figure 3g) are plotted as a 

function of temperature. A comparison plot of peak frequency in all sugars is shown in 

Figure 4a. The peak frequency decreases with increase in temperature corresponding to a 

change in molecular environment due to matrix relaxation. At low temperature in the 

glass the peak frequency decreased gradually in case of glucose, and much more sharply 

at high temperature in the melt. However for maltose, maltotriose, maltotetraose, 

maltopentaose, maltohexaose and maltoheptaose there was a gradual decrease in peak 

frequency in the glass all the way into the melt. Figure 5a is a plot of peak frequency 

against T-Tg for the glucose homologous series. In glucose glass peak frequencies were 
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almost constant, whereas in case of maltose, maltotriose, maltotetraose, maltopentaose, 

maltohexaose and maltoheptaose there was a gradual decrease in peak frequency.  

 

FWHM of the phosphorescence spectra of vanillin for glucose (Figure 3a), maltose 

(Figure 3b), maltotriose (Figure 3c), maltotetraose (Figure 3d), maltopentaose (Figure 3e), 

maltoheaxaose (Figure 3f) and maltoheptaose (Figure 3g) are plotted as a function of 

temperature. A comparison plot of FWHM is shown in Figure 4b. The FWHM increases 

with increase in temperature reflecting an increase in inhomogeneous broadening of the 

spectra due to interaction of vanillin molecules with the matrix of surrounding molecules. 

The FWHM increased gradually at low temperature in the glass and much more 

dramatically at higher temperature in the melt for the entire glucose series. Figure 5b is a 

plot of peak frequency against T-Tg for the glucose homologous series.  

 

Lifetime: Lifetimes were measured by exciting vanillin at 320 nm and collecting the 

transient emission decay at 490 nm as a function of temperature from -10°C to 150°C. 

The decays were fitted using a multi-exponential function where glucose, maltose and 

maltotriose fitted to a four-exponential function whereas maltotetraose, maltopentaose, 

maltohexaose and maltoheptaose were fitted to a three-exponential function (Eq. 3, 

Materials and Methods). Fits were judged satisfactory if the modified residuals ((data-

fit)/data1/2) varied randomly about zero. The phosphorescence intensity decays of vanillin 

in amorphous films of glucose, maltose, maltotriose, maltotetraose, maltopentaose, 

maltohexaose and maltoheptaose at 20°C in the presence of nitrogen are plotted in Figure 
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6a, 6b, 6c, 6d, 6e, 6f and 6g, respectively, along with the modified residuals for a fit using 

a multi-exponential function. 

 

The lifetimes of vanillin dispersed in amorphous films of glucose, maltose, maltotriose, 

maltotetraose, maltopentaose, maltohexaose and maltoheptaose as a function of 

temperature are shown in Figure 7a, 7b, 7c, 7d, 7e, 7f and 7g, respectively. The lifetime 

is the average time a molecule spends in the excited state and is an indicator of the 

rigidity of the matrix. All the lifetime components decreased with increase in temperature 

from -10°C to 150°C. The decrease in lifetime occurs because of an increase in the rate of 

collisional quenching (kNR) from interaction of the probe with the sugar matrix and 

increase of vibrational relaxation. In environments with more mobility, the probe has a 

shorter lifetime (Strambini and Gonnelli, 1985) as result of quenching. In the 

environments with higher lifetimes, the probe senses lower mobility and is less easily 

quenched. Lifetimes are higher at low temperature indicating lower quenching in the 

glass. At high temperature lifetimes are much shorter comparatively indicating higher 

quenching in the melt. Comparing the individual lifetimes of vanillin in the glassy state 

(defined as below Tg) of each sugar indicated that each lifetime component decreased in 

sugars with increasing molecular weight and Tg following sequence, where lifetimes 

were glucose > maltose > maltotriose > maltotetraose > maltopentaose > maltoheaxaose 

> maltoheptaose. This trend suggested that the rate of molecular collisional quenching is 

greater in sugars with higher Tg and molecule weight.   
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The plots of the amplitudes of each lifetime component for vanillin dispersed in 

amorphous films of glucose, maltose, maltotriose, maltotetraose, maltopentaose, 

maltohexaose and maltoheptaose as a function of temperature are shown in Figure 8a, 8b, 

8c, 8d, 8e, 8f and 8g, respectively. The amplitudes of the longer lifetime component(s) 

decreased and that of the shorter lifetime component(s) increased as a function of 

temperature in all sugar matrices. The different lifetimes observed are due to different 

locations of the probes in different environments in the amorphous sucrose matrix that 

differ in molecular mobility. In each sugar at 20°C, 80% of the probes were present in 

less mobile environment and the rest 20 % of the probes were in mobile environments. 

 

The average lifetime was calculated using Eq. 4. A comparison plot of average lifetimes 

as a function of temperature is shown in Figure 9a. The plot of lifetime versus T-Tg 

(Figure 9b), shows that the lifetime of vanillin is highest in glucose > maltose > 

maltotriose > maltotetraose > maltopentaose > maltohexaose > maltoheptaose over the 

entire range of ΔT. This indicates that quenching due to molecular collision in glucose is 

lower than the other sugars. Thus glucose matrix is less mobile as compared to the rest of 

the homologous series. Similarly maltose has higher lifetime as compared to the rest of 

the homologous series indicating it to be less mobile as compared to the rest. Thus the 

sequence of matrix mobility with temperature is as follows glucose < maltose < 

maltotriose < maltotetraose < maltopentaose < maltohexaose < maltoheptaose. This is 

also an increasing sequence for Tg.  
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The average lifetime in case of glucose varied from 165.5 ms at -10°C to 1.1 ms at 70°C, 

indicating ~147-fold difference in mobility. The average lifetime in case of maltose 

varied from 134.2 ms at -10°C to 0.81 ms at 120°C, indicating ~165-fold difference in 

mobility. The average lifetime in case of maltotriose varied from 132.4 ms at -10°C to 

0.38 ms at 150°C, indicating ~348-fold difference in mobility. The average lifetime in 

case of maltotetraose varied from 117.68 ms at -10°C to 0.68 ms at 150°C, indicating 

~172-fold difference in mobility. The average lifetime in case of maltopentaose varied 

from 118.7 ms at -10°C to 0.7 ms at 150°C, indicating ~168-fold difference in mobility. 

The average lifetime in case of maltohexaose varied from 124.6 ms at -10°C to 0.55 ms at 

150°C, indicating ~228-fold difference in mobility. The average lifetime in case of 

maltoheptaose varied from 122.8 ms at -10°C to 0.56 ms at 150°C, indicating ~217-fold 

difference in mobility. 

 

An Arrhenius plots of ln(kP) for the individual lifetime components as a function of 

inverse temperature are shown for glucose (Figure 10a), maltose (Figure 10b), 

maltotriose (Figure 10c), maltotetraose (Figure 10d), maltopentaose (Figure 10e), 

maltohexaose (Figure 10f) and maltoheptaose (Figure 10g). Break point temperatures and 

activation energies determined from intersection of trendline to points at low, 

intermediate and high temperature for individual lifetime components are compiled in 

Tables 1, 2, 3, 4, 5, 6 and 7 for glucose, maltose, maltotriose, maltotetraose, 

maltopentaose, maltohexaose and maltoheptaose, respectively. An Arrhenius plot of lnkP 

for the average lifetime for each sugar is shown in Figure 11a. The plot of ln(kP) as a 

function of Tg/T is shown in Figure 11b. Break point temperatures and activation 
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energies determined from intersection of trendline to points at low, intermediate and high 

temperature for the average lifetime for each sugar are compiled in Table 8.  

 

The values of kNR were calculated as shown in equation 5 in Materials and Methods. The 

values of kNR represent the matrix mobility; the higher the kNR the higher the matrix 

mobility. Figure 12 is a plot of kNR   as function of temperature for each individual sugar 

matrix. Figure 13a is a plot of kNR as a function of T-Tg. There was a significant increase 

in kNR both below and above Tg in all the sugars. In the glass (below Tg) the increase in 

kNR followed the order glucose < maltose < maltotriose < maltotetraose < maltopentaose 

< maltohexaose < maltoheptaose (Figure 13b). This indicates that matrix mobility 

increased with an increase in molecular weight and Tg of sugars. The same trend existed 

above Tg with the exception that maltose < glucose < maltotriose < maltotetraose < 

maltopentaose < maltohexaose < maltoheptaose (Figure 13c). Thus, it could be concluded 

that in the entire glucose homologous series the matrix mobility increases with increase 

in molecular weight and Tg of the sugar molecule. The glucose matrix (lowest molecular 

weight sugar) is least mobile and maltoheptaose matrix (highest molecular weight sugar) 

is most mobile. 

 

An Arrhenius plot for lnkNR for each sugar is shown in Figure 14. Break point 

temperature and activation energies determined from intersection of trendline to points at 

low, intermediate and high temperature for average lifetime for each sugar are compiled 

in Table 9. At low temperature the activation energy is (Ea1) were among the sugars, 

glucose (10.2 kJ mol-1), maltose (16 kJ mol-1), maltotriose (20 kJ mol-1), maltotetraose 
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(17 kJ mol-1), maltopentaose (19 kJ mol-1), maltohexaose (21 kJ mol-1) and maltoheptaose 

(22 kJ mol-1). Comparing the high temperature zone activation energy (Ea2) the value 

were glucose (120 kJ mol-1), maltose (66.3 kJ mol-1), maltotriose (68.2 kJ mol-1), 

maltotetraose (60.7 kJ mol-1), maltopentaose (54.9 kJ mol-1), maltohexaose (56.9 kJ mol-1) 

and maltoheptaose (57.4 kJ mol-1).  

 



 187

Discussion 

We have used phosphorescence of vanillin to evaluate how changes in molecular weight 

modulate molecular mobility in amorphous solids of the glucose homologous series 

glucose, maltose, maltotriose, maltotetraose, maltopentaose, maltohexaose and 

maltoheptaose. The phosphorescence emission in each sugar matrix were fitted to a log 

normal function which provided two important parameters, peak frequency and FWHM. 

The peak frequencies (plotted against T-Tg) in the glass followed the sequence glucose > 

maltose > maltotriose > maltotetraose ≥ maltopentaose ≥ maltoheaxaose ≥ maltoheptaose. 

Thus there was a decrease in peak frequency in the glass with an increase in molecular 

weight and Tg of the sugar. For example, glucose showed higher peak frequencies in the 

glass regions as compared to rest of the series indicating a larger extent of solvent 

relaxation in maltose, maltotriose, maltotetraose, maltopentaose,  maltoheaxaose and 

maltoheptaose (sugars with higher molecular weight and Tg) making them more mobile 

than glucose in glass. 

 

The FWHM (plotted against T-Tg) in the glass followed the same order glucose < 

maltose < maltotriose < maltotetraose ≤ maltopentaose ≤ maltohexaose ≤ maltoheptaose. 

Thus, there was an increase in FWHM in the glass with increase in molecular weight and 

Tg of sugars. For example, glucose showed lower FWHM (having narrowed distribution 

of different environments) in the glassy regions as compared to rest of the series 

indicating presence of larger number of different environments in maltose, maltotriose, 

maltotetraose, maltopentaose,  maltoheaxaose and maltoheptaose (sugars with higher 

molecular weight and Tg) making them more mobile than glucose. The dipolar relaxation 
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rate was accompanied by an increase in the width of the distribution of energetically 

distinct environments in all the entire homologous series.  

 

The phosphorescence intensity decay of vanillin has been shown to fit to multi-

exponential functions (Chapter II). In a complex amorphous matrix, there may be several 

different environments and hence several different lifetimes of the triplet probe. In a 

multi-exponential model the intensity is assumed to be decaying as the sum of individual 

single-exponential decays. Phosphorescence intensity decays for the temperature range -

10°C to 150°C were fitted using a multi-exponential function to obtain lifetimes and 

amplitudes. The lifetime provided the rate constant for de-excitation of the excited triplet 

state. The lifetime data showed that the rate constant for collisional quenching kNR is 

sensitive to the physical state of amorphous matrix. The magnitude of kNR is sensitive to 

internal factors related to vibrational coupling between the excited state and the ground 

state as well as external factors related to dissipation of the vibrational energy of the 

excited probe into the surrounding matrix. Since the efficiency of this vibrational 

coupling is related to the overall mobility of the matrix, the magnitude of kNR provides a 

direct measure of matrix mobility. 

 

Matrix mobility increased with molecular size in both the glass and melt in the entire 

glucose homologous series. The sequence of matrix mobility with temperature was 

glucose > maltose > maltotriose > maltotetraose > maltopentaose > maltohexaose > 

maltoheptaose; this is also an increasing sequence for molecular weight and Tg. A study  

by Shirke et al., 2006 using erythrosin B phosphorescence has also shown that matrix 
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molecular mobility varies in the order of glucose < maltose < maltotriose indicating that 

molecular mobility is higher in sugars with higher molecular weights and thus higher 

glass transition temperatures. And other study has drawn a similar conclusion using 

tryptophan phosphorescence to show that sucrose < maltose < trehalose, where increased 

mobility was observed with increase in Tg and molecular weight (Zunic, 2004).  

 

This correlation of matrix mobility with molecular size (and thus Tg) is well supported 

with the FTIR studies by Wolkers and co-workers. They used FTIR to characterize 

hydrogen bonding network of amorphous carbohydrates of different chain length. They 

indicated that with increase in molecular weight in sugars there is increase in the slope of 

the plot of vibrational frequency of the OH stretch versus temperature (Wolkers 1998, 

2004). The positive correlation between the stretching band of νOH and Tg, indicated 

increase in hydrogen bond length with Tg, and on the other hand increase in 

wavenumber-temperature coefficient of νOH with Tg indicated decrease in strength of 

hydrogen bond with increase in Tg.  The increase in molecular mobility with increase in 

molecular weight could be attributed to increase in hydrogen bond length (in the glucose 

homologous series from glucose to maltoheptaose) which decreases the hydrogen bond 

strength and hence exhibiting higher rates of molecular mobility (Jeffrey, 1997). Faster 

rotational mobility of spin probes has been observed in sugars with higher molecular 

weight (Dzuba et al., 1993). 
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Conclusion 

Phosphorescence emission and intensity decay of the triplet probe vanillin dispersed in 

amorphous glucose homologous series (glucose, maltose, maltotriose, maltotetraose, 

maltopentaose, maltohexaose and maltoheptaose) were measured to monitor molecular 

mobility of the sugar matrix in the glass and melt around the glass transitions temperature 

(Tg). The emission spectra were fitted to a log-normal function and all sugars exhibited 

complex decay pattern and were fitted to a multi-exponential function. The decays for 

glucose, maltose and maltotriose were fitted to a four exponential function and those for 

maltotetraose, maltopentaose, maltohexaose and maltopentaose were fitted to a three 

exponential function in which lifetime and amplitudes are the physically meaningful 

parameters. When normalized to glass-transition temperature, vanillin lifetime decreased 

in the order of glucose > maltose > maltotriose > maltotetraose > maltopentaose > 

maltohexaose > maltoheptaose. The collisional quenching rate constant kNR as a function 

of T-Tg followed the order maltoheptaose > maltohexaose > maltopentaose > 

maltotetraose > maltotriose > maltose > glucose, indicating higher mobility in higher 

molecular weight sugar.  
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Figure IV-1a 
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Figure IV-1a: Delayed emission spectra of vanillin dispersed in amorphous films of 
glucose as a function of temperature (excitation at 320 nm). The spectra were collected at 
10°C intervals from -10°C to 80°C (the curves follow this order from high to low 
intensity at ~490 nm). 
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Figure IV-1b 
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Figure IV-1b: Delayed emission spectra of vanillin dispersed in amorphous films of 
maltose as a function of temperature (excitation at 320 nm). The spectra were collected at 
10°C intervals from -10°C to 120°C (the curves follow this order from high to low 
intensity at ~490 nm). 
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Figure IV-1c 
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Figure IV-1c: Delayed emission spectra of vanillin dispersed in amorphous films of 
maltotriose as a function of temperature (excitation at 320 nm). The spectra were 
collected at 10°C intervals from -10°C to 110°C (the curves follow this order from high 
to low intensity at ~490 nm). 
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Figure IV-1d 
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Figure IV-1d: Delayed emission spectra of vanillin dispersed in amorphous films of 
maltotetraose as a function of temperature (excitation at 320 nm). The spectra were 
collected at 10°C intervals from -10°C to 130°C (the curves follow this order from high 
to low intensity at ~490 nm). 
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Figure IV-1e 
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Figure IV-1e: Delayed emission spectra of vanillin dispersed in amorphous films of 
maltopentaose as a function of temperature (excitation at 320 nm). The spectra were 
collected at 10°C intervals from -10°C to 100°C (the curves follow this order from high 
to low intensity at ~490 nm). 
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Figure IV-1f 
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Figure IV-1f: Delayed emission spectra of vanillin dispersed in amorphous films of 
maltohexaose as a function of temperature (excitation at 320 nm). The spectra were 
collected at 10°C intervals from -10°C to 120°C (the curves follow this order from high 
to low intensity at ~490 nm). 

 



 197

Figure IV-1g 
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Figure IV-1g: Delayed emission spectra of vanillin dispersed in amorphous films of 
maltoheptaose as a function of temperature (excitation at 320 nm). The spectra were 
collected at 10°C intervals from -10°C to 130°C (the curves follow this order from high 
to low intensity at ~490 nm). 
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Figure IV-2 
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Figure IV-2: Intensity (IP) was determined from analysis of the phosphorescence 
emission band (Figures IV-1 a, b, c, d, e, f, g) using a log-normal function (eq. (1), 
Materials and Methods). The effect of temperature on the phosphorescence emission 
intensity of vanillin in amorphous films of glucose (♦), maltose (■), maltotriose (▲), 
maltotetraose (×), maltopentaose (∗), maltohexaose (•) and maltoheptaose (+) as a 
function of temperature equilibrated against nitrogen. Intensity normalized to value at -
10°C for each sample. 
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Figure IV-3a 
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Figure IV-3b 

Maltose
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Figure IV-3c 
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Figure IV-3d 

Maltotetraose
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Figure IV-3e 
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Figure IV-3f 

Mlatohexaose
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Figure IV-3g 

Maltoheptaose
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Figure IV-3a to 3g: Peak energy νp and bandwidth for phosphorescence emission from 
vanillin in amorphous films of glucose (3a), maltose (3b), maltotriose (3c), maltotetraose 
(3d), maltopentaose (3e), maltohexaose (3f) and maltoheptaose (3g) as a function of 
temperature. The delayed emission spectra collected as a function of temperature (Figure 
IV-1a to 1g) were analyzed using log-normal function as described in Materials and 
Methods using eq. (1) and (2). 
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Figure IV-4a 
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Figure IV-4a: Comparison of peak energy νp for phosphorescence emission from 
vanillin in amorphous films of glucose (♦), maltose (■), maltotriose (▲), maltotetraose 
(×), maltopentaose (∗), maltohexaose (•) and maltoheptaose (+) as a function of 
temperature. 
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Figure IV-4b 
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Figure IV-4b: Comparison of bandwidth for phosphorescence emission from vanillin in 
amorphous films of glucose (♦), maltose (■), maltotriose (▲), maltotetraose (×), 
maltopentaose (∗), maltohexaose (•) and maltoheptaose (+) as a function of temperature. 
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Figure IV-5a 
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Figure IV-5a: Comparison of peak energy νp for phosphorescence emission from 
vanillin in amorphous films of glucose (♦), maltose (■), maltotriose (▲), maltotetraose 
(×), maltopentaose (∗), maltohexaose (•) and maltoheptaose (+) as a function of T-Tg. 
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Figure IV-5b 
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Figure IV-5b: Comparison of FWHM for phosphorescence emission from vanillin in 
amorphous films of glucose (♦), maltose (■), maltotriose (▲), maltotetraose (×), 
maltopentaose (∗), maltohexaose (•) and maltoheptaose (+) as a function of T-Tg. 
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Figure IV-6a: Glucose 
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Figure IV-6b: Maltose 
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Figure IV-6c: Maltotriose 
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Figure IV-6d: Maltotetraose 

0.0000

0.0001

0.0010

0.0100

0.1000

1.0000

0 200 400 600 800 1000 1200 1400

Time / ms

L
o

g
 (

I(
t)

/I
(0

))

 

-1.0000

-0.5000

0.0000

0.5000

1.0000

0 200 400 600 800 1000 1200 1400

Time / ms

M
o

d
if

ie
d

 R
e
si

d
u

a
ls

 

 



 209

Figure IV-6e: Maltopentaose 
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Figure IV-6f: Mlatohexaose 
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Figure IV-6g: Maltoheptaose 
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Figure IV-6a-6g: Normalized phosphorescence intensity decays [I(t)/I(0)] of methyl 
vanillin dispersed in amorphous films of glucose (6a), maltose (6b), maltotriose (6c), 
maltotetraose (6d), maltopentaose (6e), maltohexaose (6f) and maltoheptaose (6g) at 
20°C in the presence of nitrogen.  The solid lines through the data are fits using a multi-
exponential function (Eq. (3), Materials and Methods). A plot of modified residuals 
[(Data-Fit)/Data1/2] for these fits are shown in the bottom graphs. 
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Figure IV-7a 
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Figure IV-7a: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•) obtained from a 
multi-exponential model fit (Eq. (3), Materials and Methods) to phosphorescence 
intensity decay data from vanillin dispersed in amorphous films of glucose equilibrated 
against nitrogen as a function of temperature. The data were calculated every 10°C from -
10°C to 70°C. 
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Figure IV-7b 
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Figure IV-7b: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•) obtained from a 
multi-exponential model fit (Eq. (3), Materials and Methods) to phosphorescence 
intensity decay data from vanillin dispersed in amorphous films of maltose equilibrated 
against nitrogen as a function of temperature. The data were calculated every 10°C from -
10°C to 120°C. 
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Figure IV-7c 
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igure IV-7c: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•) obtained from a 
ulti-exponential model fit (Eq. (3), Materials and Methods) to phosphorescence 

 

 
F

m
intensity decay data from methyl vanillin dispersed in amorphous films of maltotriose  
equilibrated against nitrogen as a function of temperature. The data were calculated every 
10°C from -10°C to 150°C. 
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Figure IV-7d 
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Figure IV-7d: Lifetime components  τ1 (♦), τ2 (■) and τ3 (▲) obtained from a multi-
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from vanillin dispersed in amorphous films of maltotetraose equilibrated 
against nitrogen as a function of temperature. The data were calculated every 10°C from -
10°C to 150°C. 
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Figure IV-7e 
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Figure IV-7e: Lifetime components  τ1 (♦), τ2 (■) and τ3 (▲) obtained from a multi-
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from vanillin dispersed in amorphous films of maltopentaose equilibrated 
against nitrogen as a function of temperature. The data were calculated every 10°C from -
10°C to 150°C. 
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Figure IV-7f 

 

 

Maltohexaose

0

50

100

150

200

250

300

-20 0 20 40 60 80 100 120 140 160

Temperature / °C

L
if

et
im

e 
/ 

m
s

τ1
τ2
τ3

 
 
 
Figure IV-7f: Lifetime components  τ1 (♦), τ2 (■) and τ3 (▲) obtained from a multi-
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from vanillin dispersed in amorphous films of maltohexaose equilibrated 
against nitrogen as a function of temperature. The data were calculated every 10°C from -
10°C to 150°C. 
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Figure IV-7g 
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Figure IV-7g: Lifetime components  τ1 (♦), τ2 (■) and τ3 (▲) obtained from a multi-
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from vanillin dispersed in amorphous films of maltoheptaose equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
10°C to 150°C. 
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Figure IV-8a 
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Figure IV-8b 
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Figure IV-8c 
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Figure IV-8d 
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Figure IV-8e 
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Figure IV-8f 
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Figure IV-8g 
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Figure IV-8a-8g: Intensity decay fit amplitudes for vanillin in amorphous films of 
glucose (8a), maltose (8b), maltotriose (8 , maltotetraose (8d), maltopentaose (8e), 
maltohexaose (8f) and maltoheptaos  as a function of temperature. The 
data were calculated every 10°C from -10°C to 150°C. The amplitudes a1 (♦) and a2 (■) 
correspond to the longer life time components (τ1, τ2,) and a3 (▲) and a4 (•) correspond 
to the shorter lifetime components (τ3, τ4,). The amplitudes were obtained from a multi 
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from vanillin dispersed in amorphous films equilibrated against nitrogen as a 
function of temperature 

c)
e (8g) in nitrogen
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Figure IV-9a 
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Figure IV-9a: Average lifetime from a multi-exponential model fit (Eq. (4), Materials 
and Methods) to phosphorescence intensity decay data from vanillin dispersed in 
amorphous films of glucose (♦), maltose (■), maltotriose (▲), maltotetraose (×), 
maltopentaose (∗), maltohexaose (•) and maltoheptaose (+) equilibrated against nitrogen 
as a function of temperature. The data were calculated every 10°C from -10°C to 150°C. 
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Figure IV-9b 
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Figure IV-9b: Average lifetime from a multi-exponential model fit (Eq. (4), Materials 
and Methods) to phosphorescence intensity decay data from vanillin dispersed in 
amorphous films of glucose (♦), maltose (■), maltotriose (▲), maltotetraose (×), 
maltopentaose (∗), maltohexaose (•) and maltoheptaose (+) equilibrated against nitrogen 
as a function of T-Tg. The data were calculated every 10°C from -10°C to 150°C. 
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Figure IV-10a 
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Figure IV-10b 
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Figure IV-10c 
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Figure IV-10d 
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Figure IV-10e 
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Figure IV-10f 
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Figure IV-10g 
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Figure IV-10a to 10g: Arrhenius plots of the inverse of individual lifetime component τ1, 

τ2, τ3 and τ4 of vanillin in amorphous films of glucose (10a), maltose (10b), maltotriose 
(10c), maltotetraose (10d), maltope ohexaose (10f) and maltoheptaose 
(10g) as a function of inverse of tem

ntaose (10e), malt
perature.  
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Figure IV-11a 
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Figure IV-11a: Arrhenius plot of the average lifetime of vanillin in amorphous films of 
glucose (♦), maltose (■), maltotriose (▲), maltotetraose (×), maltopentaose (∗), 
maltohexaose (•) and maltoheptaose (+) as a function of inverse of temperature. 
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Figure IV-11b 
 

0

1

2

3

4

5

6

7

8

9

-20 -15 -10 -5 0 5 10 15 20

Tg / T

ln
 (

k
P
) 

/ 
s-1

Glucose

Maltose

Triose

Tetraose

Pentaose

Hexaose

Heptaose

 
 
 
 

Figure IV-11b: Arrhenius plot of the average lifetime of vanillin in amorphous films of 
glucose (♦), maltose (■), maltotriose (▲), maltotetraose (×), maltopentaose (∗), 
maltohexaose (•) and maltoheptaose (+) as a function of Tg/T. 
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Figure IV-12 
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ose, maltose, maltotriose, 
maltotetraose, maltopentaose, maltohexaose and maltoheptaose film over the temperature 
range from -10°C to 150°C, values were calculated from the lifetime data in Figures IV-
7a to 7g and amplitude data in Figures IV-8a to 8g. 

 
Figure IV-12: Temperature dependence of the total non-radiative decay rate of the triplet 
state kNR (kp = kRP + kNR) to S0 of vanillin in amorphous gluc
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Figure IV-13a 
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igure IV-13a: Temperature dependence of the total non-radiative decay rate of the 
 
F

triplet state kNR (kp = kRP + kNR) to S0 of vanillin in amorphous glucose, maltose, 
maltotriose, maltotetraose, maltopentaose, maltohexaose and maltoheptaose film plotted 
as a function of T-Tg; values were calculated from the lifetime data in Figure IV-7a to 7g. 
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Figure IV-13b 
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Figure IV-13b: Temperature dependence of the total non-radiative decay rate of the 
triplet state kNR (kp = kRP + kNR) to S0 of vanillin in amorphous glucose, maltose, 
maltotriose , maltotetraose, maltopentaose, maltohexaose and maltoheptaose film plotted 
as a function of T-Tg (expanded for below Tg). 
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Figure IV-13c 
 
 

0

500

1000

1500

2000

2500

3000

0 10 20 30 40 50 60 70

T - Tg / °C

k
N

R
 /

 s
-1

Glucose

Maltose

Triose

Tetrose

Pentose

Hexose

Heptose

 
 
 
Figure IV-13c: Temperature dependence of the total non-radiative decay rate of the 
triplet state kNR (kp = kRP + kNR) to S0 of vanillin in amorphous glucose, maltose, 
maltotriose, maltotetraose, maltopentaose, maltohexaose and maltoheptaose film plotted 
as a function of T-Tg (expanded for above Tg). 
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Figure IV-14a 
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Figure IV-14a: The Arrhenius plot of the total non-radiative decay rate of the triplet state 
kNR (kp = kRP + kNR) to So of vanillin in amorphous glucose, maltose, maltotriose , 
maltotetraose, maltopentaose, maltohexaose and maltoheptaose film as function of 
inverse of temperature. 
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Figure IV-14b 
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Figure IV-14b: The Arrhenius plot of the total non-radiative decay rate of the triplet 
state kNR (kp = kRP + kNR) to So of vanillin in amorphous glucose, maltose, maltotriose, 
maltotetraose, maltopent
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Table IV-1 
 
 

Table IV-1: Calculated activation energy Ea for individual kP at low and high 
temperature for vanillin in amorphous films of glucose. 

 
 

Lifetime component Ea KJ/ mol Transition temperature / °C

τ1 LT 3.70 35

HT 134.32

τ2 LT 7.94 35

HT 133.60

τ3 LT 16.4 35

HT 115.27

τ4 LT 16.9 35

HT 159.21

Gluc eos

4

2
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Table IV-2 
 

Table IV-2: Calculated activation energy Ea for individual kP at low, intermediate and 
high temperature for vanillin in amorphous films of maltose.  
 

 

Lifetime component Ea Transition temperature / °C

τ1 LT 5.44 52

IT 34.69 98

HT 101.83

τ2 LT 10.67 52

IT 39.05 100

HT 152.82

τ3 LT 12.56 50

HT 41.48

τ4 LT 9.21 55

HT 46.5

Malt seo

 KJ/ mol

0
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Table IV-3 
 

Table IV-3: Calculated activation energy Ea for individual kP at low and high 
temperature for vanillin in amorphous films of maltotriose.  

 

 

Lifetime component Ea KJ/ mol Transition temperature / °C

τ1 LT 5.90 70

HT 50.35

τ2 LT 9.79 62

HT 49.90

τ3 LT 9.10 60

IT 55.42

HT 29.57

τ4 LT 7.35 60

HT 25.29

M ealtotrios
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Table IV-4 
 

Table IV-4: Calculated activation energy Ea for individual kP at low and high 
temperature for vanillin in amorphous films of maltotetraose.  

 
 

Lifetime component Ea KJ/ mol Transition temperature / °C

τ1 LT 5.90 75

HT 59.84

τ2 LT 9.33 72

HT 67.62

τ3 LT 5.22 60

HT 36.52

Maltotetraose
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Table IV-5 
 

Table IV-5: Calculated activation energy Ea for individual kP at low and high 
temperature for vanillin in amorphous films of maltopentaose.  

 

 

Lifetime component Ea KJ/ mol Transition temperature / °C

τ1 LT 9.41 78

HT 59.36

τ2 LT 14.18 80

HT 52.73

τ3 LT 7.96 60

HT 32.20

Maltopentaose

 



 241

Table IV-6 
 
 

Table IV-6: Calculated activation energy Ea for individual kP at low and high 
temperature for vanillin in amorphous films of maltohexaose. 

 

 

Lifetime component Ea KJ/ mol Transition temperature / °C

τ1 LT 8.50 75

HT 44.75

τ2 LT 13.61 70

HT 38.18

τ3 LT 8.29 80

HT 45.07

Maltohexaose
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Table IV-7 
 

Table IV-7: Calculated activation energy Ea for individual kP at low and high 
temperature for vanillin in amorphous films of and maltoheptaose. 

 
 

Lifetime component ansition temperature / °C

τ1 LT 7.70 60

HT 44.28

τ2 LT 11.83 68

HT 27.13

τ3 LT 14.23 60

HT 45.78

Maltoheptaose

Ea KJ/ mol Tr

 



 243

Table IV-8 
 

maltose, maltotriose, 
maltotetraose, maltopentaose, maltohexaose and maltoheptaose. 
 
 

Table IV-8: Calculated activation energy Ea for average kP at low, intermediate and high 
temperature for methyl vanillin in amorphous films of glucose, 

Lifetime Temperature R
2

Ea KJ / mol Transition Temperatures °C
Glucose LT 0.98 6.21 32

HT 0.97 103.26

Maltose LT 0.93 12.21 70

HT 0.96 81.86

Maltotriose LT 0.95 16.30 72

HT 0.98 67.56

Maltotetraose LT 0.96 13.64 65

HT 0.99 55.65

Maltopentaose LT 0.97 15.70 70

HT 0.99 53.49

Maltohexaose LT 0.95 16.19 70

HT 0.99 56.60

Maltoheptaose LT 0.97 18.88 75

HT 0.99 58.37  
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Table IV-9 
 
Table IV-9: Calculated activation energy Ea for kNR at low and high temperature for 
methyl vanillin in amorphous films of glucose, maltose, maltotriose, maltotetraose, 
maltopentaose, maltohexaose and maltoheptaose. 
 
 

Sugar Temperature Ea KJ / mol Transition Temperatures°C Tg°C

Glucose LT 10.15 32 38

HT 120.21

Maltose LT 15.96 60 93

HT 66.27

Maltoriose LT 19.95 70 134

HT 68.18

Maltotetraose LT 16.66 65 133

HT 60.66

Maltopentaose LT 19.03 70 138

HT 54.88

Maltohexaose LT 21.57 70 147

HT 56.92

Maltoheptaose LT 22.42 72 154

HT 57.44  
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Chapter V: Characterizing molecular mobility of different amorphous excipients 

used for various controlled release applications. 
 

Introduction 

allen, 1998; Hancock and Zografi, 1997). In pharmaceutical formulations an active 

ografi 1998, Constantino et al., 1998, Khiugaz and Clas, 2000; Gupta et al., 2004). 

the pharmacologically active 

solubility and stability (Crowley, 1999). Incorporating sugars or polymers into the 

formulation provided physical and/or chemical stabilization both during and after the 

drying process. Most of these excipients are used because of their ability to maintain the 

amorphous state. For example, maltodextrins are used as potential protectants during 

lyophilization for labile protein components due to their higher Tg and their ability to 

maintain the amorphous state (Lim and Reid, 1991; Corveleyn and Remon, 1996). 

Excipients are considered to be inert in therapeutic or biological actions; and they should 

hinder unwanted phase transitions (due to their amorphous nature) and ensure the 

Pharmaceutical formulations are generally produced by lyophilization or spray-drying 

(Z

pharmaceutical ingredient is combined with varying number of excipients (Taylor and 

Z

Pharmaceutical excipients are substances other than 

component (e.g., protein or peptides) which are included in the manufacturing process or 

are contained in a finished pharmaceutical product dosage form. Some of the commonly 

used excipients are amorphous sugars (sucrose, trehalose, etc.), maltodextrins, and 

polymers e.g. poly vinyl pyrrolidone (PVP). The function of the excipient is to define a 

formulation that is physically and chemically stable, manufacturable and bioavailable 

(Joshi, 2004). An excipient provides protection to drug candidates that exhibit poor 
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required stability of the drug in the formulation during the manufacturing process and 

storage.  

(Green and Angell, 1989; Slade et al., 1989).  

 

Stabilizing excipients such as amorphous sugars can prevent physical and chemical 

degradation of protein formulations by the establishment of hydrogen bonds between 

protein and excipients and by forming an amorphous glassy matrix around the protein 

(Carpenter and Crowe, 1989; Arakawa et al., 1993; Angel, 1995; Allison et al., 1999). 

The addition of amorphous sugars to protein has being shown to be very beneficial as 

they can serve as plasticizers, stabilizers and/or protectants (Kaushik and Bhat, 2003). 

Proteins embedded in amorphous sugars are protected (Immamura et al., 2003; Eritksson 

et al., 2002; Hinrichs et al., 2001; Suzuki et al., 1998). Sucrose (Tg = 65°C) is known to 

protect protein against the deleterious effects of harsh environmental conditions (Yancey 

et al., 1982; Borowitzka, 1985) and is commonly used in protein formulations to protect 

labile proteins (Chang et al., 2005), and hence was selected in this study. Similarly, 

trehalose, due to its high Tg, is thought to have superior stabilizing ability compared to 

other carbohydrates (Green and Angel, 1989; Kaushik and Bhat, 2003). Trehalose (Tg = 

110°C) glasses have shown greater ability to resist phase separation and crystallization 

due to restricted molecular motions (Sun and Davidson, 1998) and hence was selected. 

Poly vinyl pyrrolidone (PVP) is another commonly used as excipient (Fisher et al., 1992). 

PVP has being shown to inhibit crystallization in amorphous solid dispersions (Frank, 

1987; Sochava et al., 1985). PVP, which has a high Tg (Tg = 177°C), will raise the Tg of 

the mixture and decrease the mobility of the phase reducing its tendency to crystallize 
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The stability of the active components in an amorphous solid matrix is strongly 

influenced by many factors such as residual water content, temperature, viscoelastic state 

f the amorphous solid, the excipients present, pH, etc. But the major factor contributing 

 solids (Chapter II).  In this research the 

o

to stability of protein/carbohydrate glasses is molecular mobility (Yoshioka et al., 1997), 

as it influences conformational flexibility of proteins even well below Tg (Hancock et al., 

1995; Oksansen and Zografi, 1993; Lai et al., 1999). Crystallization from the amorphous 

state is related to molecular mobility (Hancock et al., 1995; Oksansen and Zografi, 1993). 

Both the water substitution theory and the glassy state theory consider the glass transition 

phenomena and the Tg of excipients as essentials in determining the effectiveness of 

those excipients in protein stabilization (Green and Angell, 1989; Mazzobre et al., 1997; 

Crystall et al., 1997; Carpenter and Crowe, 1989). Physical changes in the formulation 

can lead to altered dissolution or other delivery properties of the final dosage form.  

 

The glass transition and molecular mobility are thus two phenomena very important to 

excipients functionality. For example, collapse phenomena are important for protection 

(Johnson et al., 2002) and have been directly related to the molecular mobility of 

amorphous sugars (van den Dries et al., 2000). Thus it is very important to characterize 

molecular mobility of these excipients in the glassy state. The objective of this research is 

to study molecular mobility of the excipients sucrose, trehalose and PVP using a novel 

sensitive technique of luminescence spectroscopy as a function of temperature. The 

mobility data is compared among the three excipients and correlated to their stability data 

available in the literature. We have recently shown vanillin phosphorescence to be 

sensitive to molecular mobility in amorphous
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molecular mobility of amorphous films of sucrose, trehalose and PVP is studied using 

vanillin as a triplet state probe. Understanding the molecular mobility of these amorphous 

excipients will provide knowledge toward developing matrices, for example, for 

controlled release applications. They will provide an in depth understanding about 

molecular mobility below and above Tg of the selected excipients. 
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Materials and Methods 

Sample Preparation: Sucrose, trehalose and PVP (K-30) were purchased from Sigma-

Aldrich (St. Louis, MO) with minimum purity of 98%. The trehalose and PVP were used 

without further purification, whereas sucrose was purified as described in Pravinata et al 

2005. These components were dissolved to near saturation in deionized water at room 

temperature. The vanillin was dissolved in distilled deionized water to make a 66mM 

solution, an aliquot from this solution was added to each of the sugars solutions to obtain 

a solution with dye: sugar molar ratio of 1:103 in case of sucrose and trehalose, whereas 

in case of PVP dye:PVP molar ratio was 1:4. An aliquot (20 µl) of the dye- containing 

solution was spread on a quartz slide 3 cm x 1.35 cm (NSG Precision Cells, Hicksville, 

NY). After spreading (~0.05 mm) the solutions on the slides were then dried under a heat 

gun (Vidal Sassoon) for 5 min to a maximum temperature of 88°C (measured using a 

thermocouple probe). The slides were stored at room temperature against P2O5 and 

DrieRite protecting from the light to prevent any photo bleaching for at least 7 days 

before any phosphorescence measurements were made. The desiccant was refreshed as 

needed to maintain a relative humidity close to 0%. The glass transition temperatures 

were determined from the literature and were sucrose (Tg = 65°C), trehalose (Tg = 110°C) 

and PVP (Tg = 177°C) (Roos, 1993; Green and Angel, 1989; Roe and Labuza, 2005; 

Slade et al., 1989). 

 

Instrumentation: All phosphorescence measurements were made on a Cary Eclipse 

fluorescence spectrophotometer (Varian Instruments, Walnut Creek, CA). The quartz 

slides were placed in a standard 1cm x 1cm x 1cm quartz fluorescence cuvette, which 
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was capped with a lid having inlet and outlet ports for gas lines. The cuvette was flushed 

was average of 50 cycles, and for each cycle data was collected from 

 single flash with a delay of 0.2 ms, windows for gate time and  total decay time was 

with a gentle stream of nitrogen for 15 minutes to eliminate oxygen. An oxygen free 

nitrogen stream was generated by passage of high purity nitrogen through a Supelco 

(Bellefonte, PA) gas purifier. The temperature was controlled by using a TLC 50 

thermoelectric heating/cooling system (Quantum Northwest, Spokane, WA). The TLC-50 

sample compartment was fitted with a jacketed cover and the temperature of the cuvette 

was monitored directly using a thermocouple in the cuvette. The film was equilibrated for 

15 minutes at each temperature before collecting the data. The Cary Eclipse uses a pulsed 

lamp and collects emission intensity in analog mode; data were not collected within the 

first 0.1-0.2 ms to suppress fluorescence coincident with the lamp pulse.  

 

Luminescence measurement: Delayed luminescence emission (10 nm bandwidth) spectra 

of vanillin in amorphous sugars were collected from 400 nm to 800 nm using excitation 

at 320 nm (20 nm bandwidth) over the temperature range from –10°C to 120°C. Each 

data point was collected from a single flash with 0.2ms delay, 100ms gate time, and 0.12s 

total decay time. Lifetime measurements were made in presence of nitrogen as a function 

of temperature. The samples were excited at 320 nm (20 nm bandwidth) and emission 

transients collected at 490nm (20 nm bandwidth) at temperature ranging from –10°C to 

120°C. Each decay 

a

varied at each temperature. All measurements were made in quadruplicate. 
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Data Analysis 

Emission Energy as a function of temperature: Emission spectra’s were fitted using the 

program Igor (Wavemetrics, Inc., Lake Oswego, OR). The emission spectra were 

analyzed by fitting phosphorescence of vanillin to a log-normal function Equation 1 over 

the temperature range. 
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In this equation I0, is the maximum intensity value of the emission spectra, νP is the 

frequency in cm-1 of the emission maximum, Δ is the line width parame

⎬⎨ ⎟⎜−= )2ln(exp)( II
pν                   (1) 

ter, and b is the 

symmetry parameter. The bandwidth of the emission, the full width at half maximum a

(Γ), is related to b and Δ Equation 2. 
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Photophysical Scheme: The phosphorescence intensity decay were collected as described 

above and were fitted using a multi-exponential functions (Shamblin et al., 2000). The 

multi-exponential model is as show in Equation 3. τi are decay times, αi represent the 

amplitudes of the components at t = 0 and n is the number of decay times. 

Phosphorescence lifetimes were determined with the statistical program Igor 

(Wavemetrics, Inc., Lake Oswego, OR). Fits were judged satisfactory if 

⎜Δ=Γ                                       (2) 

the R2 values 

ere in the range of 0.995-1.0 and the modified residuals ((data – fit)/data1/2) varied 

randomly about zero. The average lifetime was calculated using Equation 4.  

 

w
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          n 

I (t) = Σαi exp (-t/τi)                              (3) 

         i = 1 

 

            n 

τAvg = Σαiτi/ ΣαI                 (4) 

          i = 1 

anderkooi, 1989). 

1/τ = kRP + kNR (T) + k  [O2] = kP  

Here kP (=1/τ) is the total decay rate, kRP is the rate of radiative decay of the ground state 

(2.69 s-1, measured in this study), kNR is the rate of non-radiative decay to the singlet state 

followed by vibrational relaxation to S0 due to collisional quenching. The magnitude of 

kNR reflects factors associated with the mechanism by which the excited T1 state of 

vanillin is coupled to highly excited vibrations of the S0 ground state as well as external 

dissipate from the excited state into the surrounding matrix (Fischer et al., 1992; 

NR easure of 

matrix mobility. One common method for restricting the collisional deactivation is to 

 

The phosphorescence lifetimes were used to calculate the rate constants associated with 

the various processes that depopulate the excited triplet state. The lifetime τ is related to 

the rate constants for de-excitation of the triplet excited state of the probe according to 

the following Equation 5 (Papp and V

Q             (5) 

factors associated with the mechanism by which the ground state vibrational energy can 

Vanderkooi and Berger, 1989). As the efficiency of external vibrational dissipation is 

related to overall mobility of the matrix, the magnitude of k provides a m
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super cool analyte solutions with liquid nitrogen to a rigid glass. The term kQ [O2] refers 

e to nteraction between the excited chromoph

oxygen. 

to the collisional quenching du  i ore and 

triplet state 
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Results 

Delayed emission spectra: Delayed phosphorescence emission of vanillin dispersed in 

sucrose (Figure 1a), trehalose (Figure 1b) and PVP (Figure 1c) was measured as a 

function of temperature. The emission was collected between -10°C to 100°C in case of 

sucrose and PVP and from -10°C to 120°C in case of trehalose, until the emission lasted. 

The emission peak in sucrose and trehalose was at ~ 490 nm. The emission peak in PVP 

was shifted by ~10nm and appeared at ~480 nm. Phosphorescence intensity of vanillin 

was obtained from the delayed phosphorescence spectra fitted to the log-normal function 

(Eq. 1 of Materials and Methods). The emission intensity decreased with increase in 

temperature. A comparison plot of normalized phosphorescence intensity for sucrose, 

trehalose and PVP is shown in Figure 2. An Arrhenius plot of the effect of temperature 

on the phosphorescence emission intensity of vanillin in amorphous films of sucrose, 

trehalose and PVP is shown in Figure 3. Break point temperatures determined from 

intersection of trendline to points at low, intermediate and high temperature for sucrose, 

trehalose and PVP are shown in Figures 4a, 4b and 4c, respectively. 

 

The emission energy (νP) and bandwidth (Γ), determined by fitting the phosphorescence 

emission spectra to a log-normal function (equation 1, Materials and Methods), are 

shown in Figure 5a, 5b and 5c for sucrose, trehalose and PVP, respectively. The peak 

frequency decreased with increase in temperature in sucrose, trehalose and PVP 

corresponding to a change in molecular environment due to matrix relaxation. Trehalose 

showed approximately linear decrease with temperature in emission energy both in the 

glass and melt. However, sucrose and PVP showed a gradual decrease in emission energy 
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in glass but much dramatic decrease at high temperature. The decrease in emission 

hosphorescence Lifetime: Lifetimes were measured by exciting vanillin at 320 nm and 

energy indicates an increase in the average extent of matrix dipolar relaxation around the 

excited triplet state. A comparison plot for peak frequency as a function of temperature is 

shown in Figure 6a. A comparison of peak frequency among the three excipients showed 

that values were highest in PVP followed by sucrose and trehalose (at least at low 

temperature).  

 

The phosphorescence bandwidth increased gradually at low temperature in the glass and 

then increased sharply at higher temperature in the melt, reflecting a large increase in the 

range of energetically distinct matrix environments in amorphous sucrose, trehalose and 

PVP. A comparison plot for bandwidth as a function of temperature is shown in Figure 

6b. At low temperature in the glass trehalose had the highest values for FWHM followed 

by sucrose and PVP; however at high temperature PVP showed higher values followed 

by sucrose and trehalose.  

 

P

collecting the emission at 490 nm in case of sucrose and trehalose and 480 nm for PVP as 

a function of temperature from -10°C to 120°C. The decays were fitted using a four-

exponential function (Eq. 3, Materials and Methods). Fits were judged satisfactory if the 

modified residual ((data-fit)/data1/2) varied randomly about zero. The phosphorescence 

intensity decay of vanillin in amorphous films of sucrose, trehalose and PVP at 20°C in 

the presence of nitrogen are plotted in Figure 7a, 7b and 7c, respectively, along with the 

modified residuals for a fit using a multi-exponential function. 
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The phosphorescence lifetime decreased with increasing temperature indicating an 

increase in the triplet state quenching rate with temperature; the results of these analyses 

are plotted in Figure 8a, 8b and 8c for sucrose, trehalose and PVP, respectively. The four 

lifetimes in sucrose were τ1 = 184.4 ms, τ2 =  76.7 ms, τ3 =  18.2 ms and τ4 =  2.6 ms at 

20°C, thus demonstrating the presence of local environments with ~70 fold differences in 

ehalose mobility. The four lifetimes in trehalose were τ1 = 183.0 ms, τ2 =  80.6 ms, τ3 =  

1 2

3 4

environments with ~88 fold differences in mobility. The lifetime is the average time a 

molecule spends in the excited state and is an indicator of the rigidity of the matrix.  

 

A plot of the amplitudes of each lifetime component as a function of temperature is 

shown in Figure 9a, 9b and 9c for sucrose, trehalose and PVP, respectively. In general the 

amplitudes of the longer lifetime (τ1, τ2,) components a1 and a2 decreased and that of the 

shorter lifetime (τ3, τ4) components a3 and a4 increased as a function of temperature. At 

20°C In sucrose and trehalose almost ~65 % of the probes were in immobile 

environments (with longer lifetime) and the remaining ~35% were in mobile environment 

(shorter lifetimes).  But in the case of PVP ~45% of probes were in immobile 

environments and the remaining ~55% were in mobile environments. A comparison of 

the amplitude for sum of longer and shorter lifetimes is shown in Figure 10a and 10b. 

Throughout the temperature range from -10°C to 120°C, trehalose showed higher 

tr

19.3 ms and τ4 =  2.3 ms at 20°C, thus demonstrating the presence of local environments 

with ~81 fold differences in mobility. The four lifetimes in PVP were τ  = 81.1 ms, τ  =  

24.3 ms, τ  =  5.5 ms and τ  =  0.92 ms at 20°C, thus demonstrating the presence of local 
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percentage of probes to be present in rigid environments as compared to PVP and also 

sucrose.  

 

P for individual lifetime components are shown in Figure 11a, 

11b and 11c for sucrose, trehalose and PVP, respectively. The break point temperatures 

determined from intersection of trendline to points at low and high temperature and the 

activation energies for individual lifetime component for each amorphous matrix are as 

compiled in Table 1a, 1b and 1c. 

 

The average lifetime was calculated using Eq. 4. A comparison plot of average lifetime as 

a function of temperature is shown in Figure 12a. The average lifetime as a function of T-

Tg is shown in Figure 12b. The average lifetime in case of sucrose varied from 142.1 ms 

at -10°C to 0.50 ms at 100°C, indicating ~282-fold difference in mobility. The average 

lifetime in case of trehalose varied from 134.4 ms at -10°C to 2.46 ms at 120°C, 

lower number of probes to be present in mobile environments as compared to PVP.  

Below Tg sucrose also showed higher percentage of probes to be present in rigid 

environments as compared to PVP and also lower percentage of probes to be present in 

mobile environments as compared to PVP. But above Tg sucrose showed more number 

of probes to be present in the mobile environment as compared to PVP. A comparison 

between sucrose and trehalose below Tg of sucrose revealed no difference in percentage 

of probes present in rigid and mobile environments as shown in Figure 10a and 10b. But 

above Tg of sucrose, trehalose showed much higher number of probes in rigid 

environments and much lower percentage in the mobile environments as compared to 

An Arrhenius plots of lnk
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indicating ~55-fold difference in mobility. The average lifetime in case of PVP varied 

from 44.9 ms at -10°C to 0.19 ms at 120°C, indicating ~242-fold difference in mobility.  

Below Tg of sucrose the average lifetimes were much lower in PVP as compared to 

sucrose, indicating PVP to be more mobile than sucrose. However, above the Tg of 

sucrose there was no significant difference in lifetimes of PVP and sucrose. There was no 

significant difference in lifetimes of sucrose and trehalose below Tg of sucrose. But the 

lifetime varied significantly above Tg of sucrose, with trehalose showing higher lifetime 

as compared to sucrose.  

 

An Arrhenius plot of lnkP for the average lifetime component is shown in Figure 12c for 

sucrose, trehalose and PVP. An Arrhenius plot of lnkP for the average lifetime component 

s function of Tg/T is shown in Figure 12d for sucrose, trehalose and PVP. The break 

PVP Ea = 21.7 kJ mol-1 and Ea = 57 kJ mol-1. PVP 

ows higher activation energy as compared to trehalose in all the temperature zones. 

a

point temperature determined from intersection of trendline to points at low and high 

temperature and the activation energies for average lifetime for each amorphous matrix 

are as compiled in Table 2. The activation energy for sucrose Ea = 9.64 kJ mol-1, and f Ea 

= 74.1 kJ mol-1. The activation energy for trehalose Ea = 12.7 kJ mol-1 and Ea = 47.1 kJ 

mol-1. The activation energy for 

sh

Trehalose has higher activation energy as compared to sucrose at low temperature, and 

lower activation energy at high temperature. Sucrose has lower activation energy than 

PVP at low temperature, but higher activation energy at  high temperature. 
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The plot of lifetime versus T-Tg (Figure 12b), shows that the lifetimes of vanillin are 

highest in sucrose > trehalose > PVP over the entire temperature range of ΔT. This 

indicates that quenching due to molecular collision in sucrose glass is lower than the 

other two excipients. Thus sucrose glass is less mobile as compared to trehalose and PVP. 

And PVP is the most mobile matrix in comparison to sucrose and trehalose. 

 

The values of kNR were calculated as shown in equation 5 in Materials and Methods. The 

values of kNR represent the matrix mobility; the higher the kNR the higher the matrix 

obility. Figure 13a is a plot of kNR   as function of temperature for sucrose, trehalose and 

n Arrhenius plot for Ln kNR for each matrix is shown in Figure 14. Break point 

temperatures and activation energies determined from intersection of trendline to points 

m

PVP. The values of kNR are significantly higher in PVP as compared to sucrose (Figure 

13b), but as the Tg of sucrose approaches the rate constant for non-radiative decay 

increases significantly in sucrose as compared to PVP (Figure 13c). The values of kNR are 

not significantly different in trehalose as compared to sucrose (Figure 13b), but as the Tg 

of sucrose approaches the rate constant for non-radiative decay increases significantly in 

sucrose as compared to trehalose (Figure 13c).  A comparison of kNR between PVP and 

trehalose indicates that rates were significantly higher in trehalose as compared to PVP 

throughout the temperature range from -10°C to 120°C (Figure 13a and 13b). 

Temperature dependence of the total non-radiative decay rate of the triplet state kNR (kp = 

kRP + kNR) to S0 of vanillin in amorphous sucrose, trehalose and PVP film are plotted as a 

function of T-Tg (Figure 13d). 

 

A
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at low, intermediate and high temperature for each excipient are compiled in Table 3. The 

activation energy obtained is the energy for the motion which quenches vanillin’s excited 

triplet state. At low temperature the activation energies followed the order PVP (Ea = 23 

kJ mol-1) > trehalose (Ea = 16 kJ mol-1) > sucrose (Ea = 13 kJ mol-1). At high temperature 

sucrose (Ea = 72.3 kJ mol-1) > PVP (Ea = 57.27 kJ mol-1) > trehalose (Ea = 48.7 kJ mol-1).  

 

The lnkNR term is lowest for trehalose and highest for PVP with sucrose overlapping with 

trehalose at low temperature and with PVP at high temperature. Thus the order at low 

temperature is trehalose = sucrose < PVP and at high temperature trehalose < sucrose = 

PVP. As the temperature increases the lnkNR terms increases faster for sucrose compared 

to trehalose. Throughout the temperature zone lnkNR term for trehalose < PVP. 
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Discussion 

 

We have used vanillin phosphorescence to study molecular mobility in three commonly 

used stabilizing excipients sucrose, trehalose and PVP. These excipients have varied Tg 

values ranging from sucrose (Tg = 65°C), trehalose (Tg = 110°C) and PVP (Tg = 177°C). 

The molecular weight of PVP (m.w. = 30 kDa) is much higher than sucrose and trehalose, 

Trehalose 

ows larger extent of solvent relaxation as compared to sucrose below 50°C, but above 

60°C the emission energy of sucrose is much significantly reduced as compared to 

trehalose. Trehalose showed broader distribution of energetically distinct environments as 

compared to sucrose and PVP. 

 

The individual lifetime components in trehalose and sucrose were significantly higher 

than in PVP indicating that sucrose and trehalose are more rigid matrices as compared to 

PVP. Below ~50°C, the lifetimes of sucrose and trehalose were similar but above ~60°C 

trehalose showed significantly higher lifetimes values compared to sucrose. Thus below 

~50°C both sucrose and trehalose have the same rigidity as measure by vanillin 

phosphorescence, but above ~50°C trehalose is more rigid than sucrose. A comparison of 

average lifetimes revealed the same details among the three excipients. Thus, though PVP 

whereas sucrose (m.w. = 342.2 g) and trehalose (m.w. = 342.2 g) have the same 

molecular size.  

 

The higher peak frequencies in PVP in the glass region as compared to sucrose and 

trehalose indicate a larger extent of solvent relaxation in sucrose and trehalose. 

sh
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has the highest Tg (~177°C), shows more mobility in this data compared to sucrose with 

g ~65°C and trehalose with Tg ~110°C. In the temperature range from -10°C to 50°C 

ehalose. As the temperature increases above 50°C (towards the Tg of 

crose) the tightness of packing of sucrose drops more significantly than that of 

he phosphorescence lifetime at each T-Tg point is higher for sucrose followed by 

T

there is no significant difference in mobility between sucrose and trehalose. But above 

60°C trehalose show lower mobility as compared to sucrose.  The data indicate that at 

temperature from -10°C to 40°C sucrose and trehalose are the least mobile sugars 

compared to PVP. This means that on an average sucrose and trehalose molecules are 

more tightly packed around the vanillin and the rate of vibrational relaxation is the least 

in sucrose and tr

su

trehalose and PVP, which is accompanied by the greater rate of vibrational relaxation for 

sucrose than PVP followed by trehalose. On the other hand, the data indicate that at 

temperature from -10°C to 120°C trehalose is the least mobile sugar compared to PVP. 

This means that on average trehalose molecules are more tightly packed around the 

vanillin and the rate of vibrational relaxation is the least in trehalose.  

 

T

trehalose and then PVP indicating that sucrose has the least mobile matrix among the 

three excipients with respect to Tg. A study by Zunic (2004) using tryptophan 

phosphorescence revealed that mobility was higher in trehalose as compared to sucrose 

with respect to Tg. The protein stability in sucrose and trehalose glasses was compared 

and found that the mobility in trehalose below Tg is greater than that in sucrose glass 

although trehalose has higher Tg than sucrose (Duddu and Dal Monte, 1997; Duddu et al., 

1997). Tg of trehalose is higher than sucrose and hence has much decreased relaxation 

 



 267

rates (Sun and Davidson, 1998). Sucrose shows mobility in glass at Tg-50K from 

enthalpy relaxation (Hancock et al., 1995). Its zero mobility temperature (T0), estimated 

as 3.5°C from width of glass transition, is much lower than Tg 64°C. Similarly trehalose 

has T0 estimated as 44°C a value lower than Tg 101°C (Hatley et al., 1997).   

 

The values of kNR represent the matrix mobility; higher the kNR the higher the matrix 

mobility. In summary a comparison between sucrose and PVP indicates that amorphous 

sucrose has lower molecular mobility below ~50°C (close to Tg of sucrose) and could be 

a better stabilizer than PVP (Figure 13a). But above ~50°C close to the Tg of sucrose, 

sucrose shows higher rates of collisional quenching compared to PVP, and hence PVP is 

a better stabilizer above ~50°C. Whereas a comparison between trehalose and PVP 

indicates that trehalose has lower molecular mobility than PVP and is a better stabilizer in 

the temperature range between -10°C to 120°C. Comparing sucrose and trehalose shows 

no significant difference in matrix mobility below ~50°C (close to Tg of sucrose) but 

nce glass transition approaches in sucrose, sucrose shows higher molecular mobility as o

compared to trehalose. Thus below 50°C the mobility sequence is PVP > sucrose = 

trehalose above 50°C PVP > sucrose > trehalose.  

 

Thus trehalose is a less mobile matrix than PVP and could be a better protein stabilizer. 

This is well supported with data available in the literature where trehalose is thought to 

have superior stabilizing ability compared to other carbohydrates (Green and Angell, 

1989; Kaushik and Bhat, 2003; Miller et al., 1999). Trehalose could also be a better 

stabilizer as it has highest potential for hydrogen bonding to biomaterials (Sun and 
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Davidson, 1998). It is also thought that trehalose could form hydrated crystal above Tg 

and hence reducing the initial moisture content of the remaining amorphous phase 

(Aldous et al., 1995; Crowe et al., 1996). Trehalose has been shown to have a very 

specific interaction with proteins (Branca et al., 1999; Crowe et al., 1994, 1998; Green 

nd Angell, 1989). Trehalose has high H-bonding affinity, thus may replace the water 

nes and protein  (Crowe et al., 1994; 

uld be well explained by the observation made in this 

a

molecules close to protein surface.  

 

Sucrose does not differ in mobility with respect to trehalose below 50°C and could offer 

similar stability, but above 50°C it is the most mobile matrix as compared to trehalose 

and PVP. PVP is the most mobile matrix as compared to sucrose (below 50°C) and 

trehalose (-10°C to 120°C). Glassy Trehalose is thought to be an effective stabilizer 

compared to sucrose, maltose and glucose (Kawai et al., 2005). Trehalose with much 

lower Tg than maltodextrin or PVP is shown to be more effective in preserving proteins 

due to its glass forming ability, restricted mobility (Sun and Davidson, 1998). Sucrose 

and Trehalose are found to be more protecting compared to dextrans (Gabellieri and 

Strambini, 2001). A study on maltodextrin and PVP with much higher Tg have being 

shown to have less stabilizing effect on membra

Mazzobre et al., 1997). This co

study where PVP which has the highest Tg showed higher mobility compared to sucrose 

and trehalose with respect to Tg. Thus indicating PVP to be an unstable excipient (in 

terms of higher molecular mobility) among the three excipients with respect to Tg.  
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This study also supports the fact that higher mobility is seen in matrices with higher Tg 

and molecular weight. A study by Sonali et al showed increase in molecular mobility 

with increase in molecular weight and Tg (Shirke and Ludescher, 2006). A similar 

observation was made by us in the glucose homologous series where mobility was found 

to increase with increase in molecular weight and Tg of the sugar molecule (Chapter IV).  

 

Wolker et al., used FTIR to characterize hydrogen bonding network of amorphous glasses 

of different chain length and reported increase in molecular mobility with increase in 

molecular weight, attributed the increase to increase in hydrogen bond length (in the 

sugar glasses) which decreases the hydrogen bond strength and hence exhibiting higher 

rates of molecular mobility (Wolker et al., 1998, 2004). 
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Conclusion 

A comparison of molecular mobility as a function of temperature was made between the 

three commonly used excipients sucrose, trehalose and PVP using vanillin 

phosphorescence. These excipients are known for their stabilizing effect and show varied 

glass transition temperatures; sucrose (Tg = 65°C), trehalose (Tg = 110°C) and PVP (Tg 

= 177°C). The study indicates that below 50°C PVP is the most mobile matrix as 

 

These excipients also follow the order for molecular mobility which increases with 

increasing in molecular weight and Tg. Thus PVP with highest molecular weigh and Tg 

is seen to be most mobile as compared to sucrose (below 50°C) and trehalose (below and 

above 50°C). Sucrose (Tg = 65°C) and trehalose (Tg = 110°C) have same molecular 

weight but different Tg, show no difference in mobility below 50°C but above trehalose 

shows lower mobility as compared to sucrose. The phosphorescence lifetime at each T-

Tg point is higher for sucrose followed by trehalose and then PVP indicating that sucrose 

has the least mobile matrix among the three excipients with respect to Tg. These results 

are well supported by stabilizing effects known for these excipients in the literature.  

compared to trehalose and sucrose (which have similar mobility below 50°C). Above 

50°C, once the Tg of sucrose is approached, sucrose it the most mobile matrix followed 

by PVP and trehalose.  Sucrose showed least mobility among the three excipients with 

respect to Tg, whereas PVP showed the maximum mobility. Overall trehalose showed the 

least mobility compared to the three excipients. 
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Figure V-1a 
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Figure V-1a: Delayed emission spectra of va
sucrose as a function of tem
1
intensity at ~490 nm). 
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Figure V-1b 
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Figure V-1b: Delayed emission spectra of vanillin dispersed in amorphous films of 
trehalose as a function of temperature (excitation at 320 nm). The spectra were collected 
at 10°C intervals from -10°C to 120°C (the curves follow this order from high to low 
intensity at ~490 nm). 
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Figure V-1c 
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Figure V-1c: Delayed emission spectra of vanillin dispersed in amorphous films of PVP 
as a function of temperature (excitation at 320 nm). The spectra were collected at 10°C 
intervals from -10°C to 100°C (the curves follow this order from high to low intensity at 
~480 nm). 
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Figure V-2 

 

0

0.2

0.4

0.6

0.8

1

1.2

-20 0 20 40 60 80 100 120 140

Temperature / °C

N
o

rm
a

li
ze

d
 I

n
te

n
si

ty
 /

 a
.u

.

Sucrose

Trehalose

PVP

 
 
 
Figure V-2: Intensity (IP) was determined from analysis of the phosphorescence 
emission band (Figure V-1a, 1b, 1c) using a log-normal function (eq. (1), Materials and 
Methods). The effect of temperature on the phosphorescence emission intensity of 
vanillin in amorphous films of sucrose, trehalose and PVP as a function of temperature 
equilibrated against nitrogen.  
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Figure V-3 
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Figure V-3: Arrhenius plot of the effect of temperature on the phosphorescence emission 
intensity (1/IP) of vanillin in amorphous films of sucrose, trehalose and PVP.  
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Figure V-4a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-4b 
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Figure V-4c 
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Figure V-4a-4c: Arrhenius plot of mperature on the phosphorescence 
emission intensity IP of vanillin in amorphous film crose, trehalose and PVP. Lines 
drawn over the data points indicate slopes at low and high temperatures sucrose, trehalose 
and PVP. 
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Figure V-5a 
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Figure V-5a: Peak energy νp and bandwidth for phosphorescence emission from vanillin 
in amorphous films of sucrose as a function of temperature. The delayed emission spectra 
collected as a function of temperature (Figure V-1a) were analyzed using log-normal 
function as described in Materials and Methods using eq. (1) and (2). 
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Figure V-5b 
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igure V-5b: Peak energy νp and bandwidth for phosphorescence emission from vanillin 

in amorphous films of trehalose as a func on of temperature. The delayed emission 
F

ti
spectra collected as a function of temperature (Figure V-1b) were analyzed using log-
normal function as described in Materials and Methods using eq. (1) and (2). 
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Figure V-5c 
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collected as a function of temperature (Figure V-1c) were analyzed using log-normal 
function as described in Materials and Methods using eq. (1) and (2). 

 
 
Figure V-5c: Peak energy νp and bandwidth for phosphorescence emission from vanillin 
in amorphous films of PVP as a function of temperature. The delayed emis
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Figure V-6a 
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Figure V-6b 
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Figure V-6a and 6b: Peak energy νp  (6a) and bandwidth (6b) for phosphorescence 
emission from vanillin in amorphous films of sucrose (♦), trehalose (■) and PVP (▲) as 
a function of temperature.  
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Figure V-7a  
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Figure V-7b 
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Figure V-7c 
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Figure V-7a, 7b and 7c: Normalized phosphorescence intensity decay [I(t)/I(0)] of 
vanillin dispersed in amorphous film a), trehalose (7b) and PVP (7c) at 
20°C in the presence of nitrogen.  The solid e fits using a multi-
exponential function (Eq. (3), Materials and Methods). A plot of modified residuals 
[(Data-Fit)/Data1/2] for these fits is shown in the bottom graph. 

s of sucrose (7
 lines through the data ar
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Figure V-8a 
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Figure V-8a: Lifetime components  τ1 (♦ τ2 (■), τ3 (▲) and τ4 (•) obtained from a
multi-exponential model fit (Eq. (3), Materials and Methods) to phosphorescence 

tensity decay data from vanillin dispersed in amorphous films of sucrose equilibrated 

),  

in
against nitrogen as a function of temperature. The data were calculated every 10°C from -
10°C to 100°C. 
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Figure V-8b 
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as a function of temperature. The data were calculated every 10°C from -
10°C to 120°C. 

 

 

Figure V-8b: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•) obtained from a 
multi-exponential model fit (Eq. (3), Materials and Methods) to phosphorescence 
intensity decay data from vanillin dispersed in amorphous films of trehalose equilibrated 
against nitrogen 
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Figure V-8c 
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igure V-8c: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•) obtained from a 
ulti-exponential model fit (Eq. (3), Materials and Methods) to phosphorescence 
tensity decay data from vanillin dispersed in amorphous films of PVP equilibrated 

F

m
in
against nitrogen as a function of temperature. The data were calculated every 10°C from -
10°C to 120°C. 
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Figure V-9a 
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Figure V-9a: Intensity decay fit amplitudes for vanillin in amorphous films of sucrose in 
nitrogen as a function of temperature. The data were calculated every 10°C from -10°C to 
100°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life time components 
(τ1, τ2,) and a3 (▲) and a4 (•) correspond to the shorter lifetime components (τ3, τ4,). The 
amplitudes were obtained from a multi exponential model fit (Eq. (3), Materials and 
Methods) to phosphorescence intensity decay data from vanillin dispersed in amorphous 
sucrose films equilibrated against nitrogen as a function of temperature 
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Figure V-9b 
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Figure V-9b: Intensity decay fit amplitudes for vanillin in amorphous films of trehalose 
in nitrogen as a function of temperature. The data were calculated every 10°C from -10°C 
to 120°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life time components 
(τ1, τ2,) and a3 (▲) and a4 (•) correspond to the shorter lifetime components (τ3, τ4,). The 
amplitudes were obtained from a multi exponential model fit (Eq. (3), Materials and 
Methods) to phosphorescence intensity decay data from vanillin dispersed in amorphous 
trehalose films equilibrated against nitrogen as a function of temperature 
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Figure V-9c 
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Figure V-9c: Intensity decay fit amplitudes for vanillin in amorphous films of PVP in 
nitrogen as a function of temperature. The data were calculated every 10°C from -10°C to 
100°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life time components 
(τ1, τ2,) and a3 (▲) and a4 (•) correspond to the shorter lifetime components (τ3, τ4,). The 
amplitudes were obtained from a multi exponential model fit (Eq. (3), Mate
Methods) to phosphorescence intensity decay data from vanillin disperse

rials and 
d in amorphous 

PVP films equilibrated against nitrogen as a function of temperature. 
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Figure V-10a 
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Figure V-10b 
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Figure V-10a and 10b: Comparison of intensity decay fit amplitudes (for longer (a1 + 
a2) and shorter (a3 + a4) lifetime components) for vanillin in amorphous films of sucrose, 
trehalose and PVP in nitrogen as a function of temperature.  
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Figure V-11a 
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Figure V-11a: The Arrhenius plot of the individual lifetime component τ1 (♦), τ2 (■), τ3 

▲) and τ4 (•) of vanillin in amor crose as a function of inverse of 
temperature. 
( phous films of su
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Figure V-11b 
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Figure V-11b: The Arrhenius plot of the individual lifetime component τ1 (♦), τ2 (■), τ3 

(▲) and τ4 (•) of vanillin in amorphous films of trehalose as a function of inverse of 
temperature. 

 



 293

Figure V-11c 
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Figure V-11c: The Arrhenius plot of the individual lifetime component τ1 (♦), τ2 (■), τ3 

(▲) and τ4 (•) of vanillin in amorphous films of PVP as a function of inverse of 
temperature. 
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Figure V-12a 
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Figure V-12a: Average lifetime from a multi-exponential model fit (Eq. (4), Materials 
and Methods) to phosphorescence intensity decay data from vanillin dispersed in 
amorphous films of sucrose (♦), trehalose (■) and PVP (▲) equilibrated against nitrogen 
as a function of temperature. 
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Figure V-12b 
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Figure V-12b: Average lifetime from a multi-exponential model fit (Eq. (4), Materials 
and Methods) to phosphorescence intensity decay data from vanillin dispersed in 
amorphous films of sucrose (♦), trehalose (■) and PVP (▲) equilibrated against nitrogen 
as a function of T-Tg. 
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Figure V-12c 
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Figure V-12c: Arrhenius plot of the average lifetime of vanillin in amorphous films of 
 

sucrose (♦), trehalose (■) and PVP (▲) as a function of inverse temperature. 
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Figure V-12d 
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Figure V-12d: Arrhenius plot of the average lifetime of vanillin in amorphous films of 
sucrose (♦), trehalose (■) and PVP (▲) as a function of Tg/T. 
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Figure V-13a 
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Figure V-13a: Temperature dependence of the total non-radiative decay rate of the triplet 
state kNR (kp = kRP + kNR) to So of vanillin in amorphous sucrose, trehalose and PVP
films.  
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Figure V-13b 
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Figure V-13c 
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Figure V-13b and 13c: Temperature dependence of the total non-radiative decay rate of 
the triplet state kNR (kp = kRP + kNR) to So of vanillin in amorphous sucrose, trehalose and 
PVP films. The graph is showing details below 60°C (13b) and above  60°C (13c).  
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Figure V-13d 
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PVP film are plotted as a function of T-Tg. 
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Figure V-14 
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Figure V-14: The Arrhenius plot of the total non-radiative decay rate of the triplet state 
kNR (kp = kRP + kNR) to So of vanillin in amorphous sucrose, trehalose and PVP films.  
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Table V-1a 

 
able V-1a: Calculated activation energy Ea for ln (kP) for individual lifetime at low, 
termediate and high temperature for vanillin in amorphous sucrose films. 

 

 

T

in

Lifetime Ea kJ / mol Transition Temperatures °C

τ1 LT 4.14 60

HT 110.00

τ2 LT 9.60 55

HT 112.00

τ3 LT 13.63 42

HT 49.03

τ4 LT 11.33 50

HT 68.21

τAvg LT 9.64 40

Sucrose

HT 76.34  
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Table V-1b 

 
Table V-1b: Calculated activation energy Ea for ln (kP) for individual lifetime at low, 
intermediate and high temperature for vanillin in amorphous trehalose films. 
 
 

Lifetime Temperature Ea KJ / mol Transition Temperatures °C

τ1 LT 9.40 55

HT 42.37

τ2 LT 4.93 60

HT 35.11

τ3 LT 11.17 50

HT 34.68

τ4 LT 14.31 60

HT 35.91

τAvg LT 12.67 60

HT 47.14

Trehalose
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Table V-1c 

 
Table V-1c: Calculated activation energy Ea for ln (kP) for individual lifetime at low, 
intermediate and high temperature for vanillin in amorphous PVP films.  
 
 

Lifetime Temperature Ea KJ / mol Transition Temperatures °C

τ1 LT 9.13 50

HT 54.58

τ2 LT 16.76 60

HT 55.41

τ3 LT 15.78 62

HT 58.93

τ4 LT 9.61 30

HT 25.28

τAvg LT 21.75 55

HT 57.04

PVP
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Table V-2 

 
Table V-2: Calculated activation energy Ea for ln (kP) for average lifetime at low, 
intermediate and high temperature for vanillin in amorphous films of sucrose, trehalose 
nd PVP. 

 

a
 

 ln (kP)  τAvg Temperature R
2

Ea KJ / mol Transition Temperatures °C

Sucrose LT 0.96 9.64 40

HT 1.00 76.34

Trehalose LT 0.97 12.67 60

HT 0.97 47.14

PVP LT 0.97 21.75 55

HT 0.96 57.04  
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Table V-3 

 
Table V-3: Calculated activation energy Ea for Ln (kNR) for average lifetime at low, 
intermediate and high temperature for vanillin in amorphous films of sucrose, trehalose 
and PVP. 
 
 
 
 

Temperature Ea KJ / mol Transition Temperatures °C Tg°C

Sucrose LT 13.84 40 65

HT 72.32

110

Trehalose LT 16.48 60

HT 48.69

177

PVP LT 23.07 55

HT 57.27
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Chapter VI: Molecular mobility in amorphous sucrose films detected using 

phosphorescence of erythrosin B, tryptophan and vanillin. 

 

 

Introduction 

Am rphous sucrose is very widely used in foods and pharmaceuticals (Noel et al., 2000). 

1998). Sucrose has been shown to be responsible for many degradation phenomena in 

state which has shown presence of molecular mobility (Pravinata, 2003; Pravinata et al., 

2005). Molecular mobility in amorphous sucrose contributes greatly in modulating 

physical and chemical properties that correlate with their stability and shelf life.  

 

Molecular motions persist below and above Tg. The glassy state and glass transition 

greatly defines the physical state of amorphous sucrose. In glasses due to slow motions of 

molecules the relaxation times are longer compared to rubber/melt where molecules 

move faster, relaxation times vary from >108s in glass to 10-9s in melt; such increase is 

associated with activation of translational and rotational motions of molecules (Hill et al.,  

2005). In glass to liquid transition, molecular mobility is presented as α relaxation in the 

Tg zone; as temperature is lowered below Tg molecular mobility is presented as β and γ 

(in some cases δ) relaxations also called secondary relaxations (Ediger et al.,1996; 

Hancock and Zografi, 1997; Vyazovkin and Dranca, 2006). As these motions affect 

stability of amorphous sucrose they are of concern. In glass to liquid transitions 

o

It is also one of the very commonly used protectants for biological materials (Crowe et al., 

foods such as crystallization, caking/lumping, structural collapse and stickiness (Roos, 

1995; Fennema, 1996; Goff and Sahagian, 1996; Labuza et al., 2004). The reason is that 

in most of its applications sucrose exists in an amorphous state, which is a metastable 
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relaxation time of material is considered to be similar to experimental time scale and 

changes are observed, but in sub-Tg these relaxation times are very long and demand 

eration (Le Meste et al., 2002). On the other hand the different length scale 

. These 

olecular probes report on the structure, physical and chemical properties, and dynamics 

special consid

of these motions present in the amorphous sucrose glass also demands special 

measurements. 

 

Luminescence spectroscopy can provide site-specific information about molecular 

mobility in amorphous materials (Lakowicz, 1999) and is a noninvasive and sensitive 

tool that can be used to generate mobility maps. Phosphorescence spectroscopy uses 

optical spectroscopic probes that report on properties of the molecular environment 

around the probe (Slavik, 1994) and due to the timescale of excited triplet state responds 

to molecular events in the range of ms to s (Lakowicz, 1999; Parker, 1968)

m

of their local environment (Slavik, 1994). Phosphorescence spectroscopy has being 

shown to be sensitive to molecular mobility in amorphous protein and sugars (Ludescher 

et al., 2001; Shah and Ludescher, 1993; Shirke and Ludescher 2005, 2006).   

 

As a probe’s excited triplet state could respond to molecular events in the range of ms to 

s time scale, different probes could cover this range at different time scales depending 

upon their excited state lifetime and the various quenching mechanisms that de-excite the 

triplet state. A probe observes molecular mobility during its excited state lifetime, and for 

slower motions (Craig et al., 1997) longer lifetime probes are more suitable and the 

opposite is true for faster motions. The lifetime of the excited electronic state dictates the 
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timescale of the molecular events that engage themselves in the excited state properties. 

The different time scales of motions demand different probes; for example, slower 

motions like the ones that occur in viscous glass demand using long-lifetime 

chromophores as compared to say if the medium was water  (Lakowicz, 1999). 

Considering the two commonly used probes erythrosin B and tryptophan where 

nquenched lifetimes are 25 ms and 6.5 s and when embedded in a glassy matrix could u

provide different information based on the time window. Also the mechanism of 

quenching of the triplet state of each probe could affect what motions are detection. 

 

The dynamic complexity of amorphous sucrose arises from many modes of molecular 

mobility occurring on different time scales. This research focuses on using three different 

probes erythrosin B (τ77K = 25 ms), tryptophan (τ77K = 6 s) and vanillin (τ77K = 372 ms) 

with varied excited state lifetime to study molecular mobility within glassy and melt state 

in amorphous sucrose films using phosphorescence spectroscopy. Thus phosphorescence 

from each probe is utilized to measure molecular mobility on three different time scales 

corresponding to each probe. 
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Chapter VI a: Molecular mobility in amorphous sucrose films detected using 

phosphorescence of erythrosin B. 

 

Introduction 

Erythrosin B has 98% of excited molecules converting to triplet state and has high 

quantum yield (Garland and Moore, 1979) and is considered as an ideal probe for 

ponding to motion in glassy environment and is sensitive to oxygen (Lam 

el amorphous systems and thus it 

Erythrosin B (acid form) has been used to monitor molecular mobility in many simple 

descher, 1995), 

gelatin (Simon-Lukasik and Ludescher, 2006a, 2006b), bovine serum albumin (Nack and 

Ludescher, 2006), and glucose, maltose and maltotriose (Shirke and Ludescher, 2006a, 

2006b). Measurements of phosphorescence emission and lifetime from erythrosin 

isothiocyanate-labeled gelatin in amorphous solid films have indicated its utility to 

monitor oxygen diffusion (Simon-Lukasik and Ludescher, 2006a, 2006b).  Erythrosin B 

has also being used to study plasticizer effect on molecular mobility (Simon-Lukasik and 

Ludescher, 2006a) and dynamic site heterogeneity (Simon-Lukasik and Ludescher, 

2006b) in amorphous gelatin films. Erythrosin B has also been used to detect dipolar 

phosphorescence studies. The phosphorescence of erythrosin B is due to the xanthene 

ring with four iodine atoms. Erythrosin B has phosphorescence emission time scale of 10-

5 to 10-3s corres

S.K et al 2001). Phosphorescence from Erythrosin B has been shown to be sensitive in 

monitoring molecular mobility in many simple mod

definitely offers a good choice as a probe (Pravinata et al., 2005; Shirke and Ludescher, 

2005, 2006a, 2006b; Simon-Lukasik and Ludescher, 2006a, 2006b, 2004). 

 

amorphous systems such as sucrose (Pravinata et al., 2005; Shah and Lu
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relaxation and dynamic site heterogeneity in sugars and sugar alcohols (Shirke and 

Ludescher, 2005).  

 

The numerous studies in our lab have used erythrosin B free acid form which is soluble in 

DMF and sodium salt of erythrosin B which is soluble in water (Yumin You: 

Unpublished data); this research explores the potential of using sodium form of 

erythrosin B which is water soluble.  This research is focused on generating mobility 

maps in amorphous sucrose films using phosphorescence of sodium form of erythrosin B 

and comparing it to similar measurements made using tryptophan and vanillin as 

molecular probes. 
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Materials and Methods 

Sucrose Solution: Sucrose solution was made as described in Pravinata et al 2005. 

pproximately 20 g of sucrose (99.5% pure; Sigma Chemical, St. Louis, MO) were 

.2 μm membrane to remove particulates.  

 

Erythrosin B: A 50mM stock solution of erythrosin B (Molecular Probes, Inc., Eugene, 

OR) was prepared in distilled deionized water. This concentration was selected to 

simplify the addition of the probe to the sucrose solution. For measuring 

phosphorescence in amorphous sucrose films, erythrosin B was added to the sucrose 

solution at a molar ratio of 1:104 (dye: sucrose). The ratio 1:104 (dye: sucrose) was 

chosen as at this concentration it was determined that the probe does not aggregate, 

existing only as individual molecules monitoring the molecular mobility of the sucrose. 

 

Sucrose films: To produce glassy sucrose films containing vanillin, 20 μL of a sucrose 

solution containing erythrosin B were spread on a quartz slide (30 × 13.5 × 0.6 mm; 

custom made by NSG Precision Cells, Farmingdale, NY). After spreading the solutions 

on the slides were then dried under a heat gun (Vidal Sassoon) for 5 min to a maximum 

A

dissolved in 100 mL of deionized water containing 0.5 g of activated charcoal to remove 

luminescent impurities. After stirring overnight, the charcoal was removed by vacuum 

filtration using ashless filter paper (Whatman No. 40, Whatman International, Maidstone, 

UK), additional charcoal was added, and the process repeated. Sucrose solution was 

made to a final concentration of 65–67 wt % sucrose; concentration was confirmed using 

a refractometer (NSG Precision Cells, Farmingdale, NY). This sucrose solution was 

filtered through a 0
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temperature of ∼88°C (measured using a thermocouple probe) and the final thickness 

lse.  The temperature was 

ontrolled by using a TLC 50 thermoelectric heating/cooling system (Quantum 

uminescence Measurements: The Cary Eclipse uses a pulsed lamp and collects emission 

was ~0.05 mm. The slides were stored at room temperature against P2O5 and DrieRite, 

protected from the light to prevent any photo bleaching, for at least 7 days before any 

phosphorescence measurements were made. The desiccant was refreshed as needed to 

maintain a relative humidity close to 0%. 

 

Instrumentation: Measurements were made on a Cary Eclipse fluorescence 

spectrophotometer (Varian Instruments, Walnut Creek, CA). This instrument, which 

collects in analog mode, uses a high intensity pulsed lamp and a time delay was 

employed to avoid any fluorescence during the lamp pu

c

Northwest, Spokane, WA). The TLC-50 sample compartment was fitted with a jacketed 

cover. The measurements were made in absence of oxygen (Nitrogen was purged for 15 

minutes). Nitrogen stream was generated by passage of high purity nitrogen through a 

Supelco (Bellefonte, PA) carrier gas purifier. Quartz slides were placed in the standard 

1cm x 1cm x 1cm quartz fluorescence cuvette, which was capped with a lid having inlet 

and outlet ports of gas lines.  

 

L

intensity in analog mode; data were not collected within the first 0.1-0.2 ms to suppress 

fluorescence coincident with the lamp pulse.  Delayed luminescence emission spectra 

were collected from 535 to 800 nm (10 nm bandwidth) using excitation at 500 nm (20nm 

bandwidth) over the temperature range from –20°C to 100°C.  Each data point was 
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collected from a single flash with 0.2 ms delay, 5 ms gate time, and 0.2 s total decay time. 

The phosphorescence spectra collected as a function of temperature in the presence of 

nitrogen, were converted to intensity versus frequency (cm-1) and analyzed to obtain the 

peak frequency and spectral bandwidth using eq. (1) and (2) (Maroncelli and Fleming, 

1987). 

 

Lifetime measurements were made in the presence of nitrogen (-O2) as a function of 

temperature. The samples were excited at 540 nm (20 nm bandwidth) and emission 

transients collected at 690 nm (20 nm bandwidth) at temperatures ranging from –20°C to 

100°C.  Each decay transient was the sum of 50 cycles, and for each cycle data was 

collected from a single lamp flash with a delay of 0.1 ms, 0.06 ms gate time and 6.0 ms 

total decay time.  All measurements were made in quadruplicate.    
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Data Analysis 

 

Emission Energy as a function of temperature: Delayed luminescence spectra collected 

were fitted to a sum of two log normal functions using the program Igor (Wavemetrics, 

Inc., Lake Oswego, OR). The emission peak energy (νp) and bandwidth (full-width-at-

alf-maximum, FWHM) of the emission bands were determined by fitting both delayed 

uation 2. 

Γ = Δ sinh (b)/b                (2) 

 

Phosphorescence Intensity: Intensity decay transits were analyzed using a non-linear 

least squares iterative fitting procedure using the program Igor (Wavemetrics, Inc., Lake 

Oswego, OR). Fits were judged satisfactory if the r2 values were in the range of 0.995-1.0, 

and the modified residual [(data-fit)/data1/2] varied randomly about zero. Intensity decays 

were clearly non-exponential and were analyzed using a stretched exponential function or 

Kohlrausch-Williams-Watts (KWW) model. This model has being shown to be 

appropriate to describe the wide distribution of relaxation times (Champion et al., 2000) 

for the molecular processes that depopulate excited states in amorphous solids (Pravinata 

et al., 2005; Nack and Ludescher 2006; Sundaresan and Ludescher, 2007) Equation 3. 

h

fluorescence and phosphorescence emission as a function of frequency (in cm-1) to a log 

normal function Equation 1 (Maroncelli and Fleming, 1987). 

I (ν) = Io exp {-ln (2) [ln (1+2b (ν-νp)/Δ)/b] 2}            (1) 

In this equation Io is the maximum emission intensity, νp is the peak energy (in cm-1) of 

the emission maximum, Δ is a line width parameter, and b is an asymmetry parameter.  

The FWHM is related to b and Δ (Maroncelli and Fleming, 1987) Eq
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I(t) = I(0) exp{-(t/τ)β} + C              (3) 

here I(0) is the initial amplitude at time zero, τ is the Kohlrausch-Williams-Watt 

Photo- inte reted of the 

  (4) 

, kRP s the te of r diative decay f the triplet state (phosphorescence) 

nder anoxic condition; its value for erythrosin is 41s-1 (Lettinga et al., 2000; Duchowicz 

W

lifetime (Lindsey and Patterson, 1980), and β is the stretching exponent, which varies 

from 0 to 1 and quantifies the non-exponential nature of the decay, and C is a constant; β 

provides a measure of the width of the distribution of lifetimes required to fit the intensity 

decay; the smaller the value of β, the wider the distribution of lifetimes (Lindsey and 

Patterson, 1980).   

 

physical Scheme: The phosphorescence lifetimes were rp in terms 

rate constants associated with the various processes that contribute to the de-excitation of 

the excited triplet state of the probe (Duchowicz et al., 1998) Equation 4.  

τ-1 = kP = kRP + kTS1 + kTS0 + kQ [O2]            

In this expression  i ra a   o

u

et al., 1998). The term kTS1 (Equation 5) is the rate for thermally activated reverse 

intersystem crossing from the triplet to the singlet excited state; it has an exponential 

dependence on the energy gap (ΔETS) between singlet and the triplet state: 

kTS1(T)  = ko
TS1 exp(−ΔETS/RT)              (5) 

The value of ΔETS  (Equation 6) was calculated from the slope of the natural logarithm of 

the ratio of the emission intensity due to delayed fluorescence (IDF) and phosphorescence 

(IP) plotted versus 1/T; IDF and IP were determined from log normal analysis of the 

emission spectra. 

d [ln (IDF/IP)]/d(1/T) = ΔETS/R              (6) 
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(Where  was calculated from equation 5 using  R = 8.314 J K-1 mol-1). The value of kTS1

ko
TS1 = 3.0 x 107s-1  and ΔETS = 31.9 kJ mol-1. Intersystem crossing to the ground state S0, 

which reflects relaxation of the probe from the excited triplet state to the ground state 

without the emission of a photon, has rate kTS0. The value of kTS0 was calculated from the 

lifetime in the presence of nitrogen (-O2) (where kQ [O2] is negligible) using Eq. 4. The 

rate of collisional quenching of the excited triplet state of the probe by oxygen is kQ [O2].  
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Results 

Delayed fluorescence and phosphorescence emission spectra: The delayed emission 

spectra of erythrosin B in amorphous films of sucrose at 1:104 Ery B: sucrose mole ra

exhibited maxima at ~550 nm and 670 nm (Figure 1). Both the delayed fluorescence and 

phosphorescence bands shifted to longer wavelength (lower energy) at highe

temperature. The delayed emission spectra were collected over the temperature range -

tio 

r 

20°C to 100°C. Delayed emission spectra showed a decrease in phosphorescence 

intensity as a function of temperature; the delayed fluorescence intensity increased 

continuously from –20°C to 100°C as expected from thermally stimulated processes 

(Parker, 1968). The effect of temperature on the phosphorescence emission intensity of 

erythrosin B in amorphous films of sucrose as a function of temperature is shown in 

Figure 2.  The emission energy (Figure 4) decreased linearly in the glass at low 

temperature and the slope became more negative above the Tg of sucrose. This decrease 

is due to an increase in the average extent of matrix dipolar relaxation around the excited 

triplet state. The bandwidth increased gradually with temperature in the glass and much 

more dramatically in the melt, reflecting a large increase in the range of energetically 

distinct environments above Tg (Figure 4). 

 

The intensity ratio when plotted as a Van’t Hoff plot of ln (IDF/IP) vs. 1/T (using the 

maximum emission intensity determined from fitting spectra to a log-normal function) 

was linear over the entire range of measured temperature (with R2 > 0.995 for all curves) 

with no systematic deviation (Figure 3), the slope provides an estimate of the energy gap, 

ΔETS, between the lowest triplet (T1) and singlet state (S1). The value of ΔETS = 33.3 ± 0.4 
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kJ mol-1 in presence of nitrogen in amorphous sucrose was significantly smaller than that 

ng a stretched exponential 

portant parameter lifetime τ and stretching exponent β 

were obtained.

 

The stretched exponential lifetimes and exponent β are plotted as a function of 

temperature (Figure 6). The lifetime of erythrosin B decreased from 0.66 ms at -20°C to 

0.011 ms at 100°C. These values are comparable (τ = 0.6 up to 0°C and τ = 0.2 at 100°C) 

measured in water (36.9 ± 0.6 kJ mol-1) and 66wt % sucrose solution (36.9 ± 1 kJ mol-1) 

(Pravinata et al., 2005). The value of 35.3 ± 0.4 kJ mole-1 in presence of nitrogen for 

ΔETS in amorphous sucrose films was significantly higher than for Ery B in ethanol 

(Duchowicz et al., 1998), 28.5 kJ mole-1, suggesting solvent properties modulate the 

singlet-triplet energy gap. The value of ΔETS = 35.3 ± 0.4 kJ mol-1 of sodium form of Ery 

B (used in this work) in amorphous sucrose films was comparable to but slightly higher 

than the values for acid form of Ery B (Pravinata et al., 2005 ) in amorphous films of 

sucrose (ΔETS = 31.6 ± 0.4 kJ mol-1). 

 

Phosphorescence intensity decay: Phosphorescence intensity decays in the presence of 

nitrogen for erythrosin B in amorphous films of sucrose were measured over the 

temperature range from -20°C to 100°C.  The intensity decays are plotted in Figure 5 

along with fits using a stretched exponential function. The modified residuals for these 

fits varied randomly around zero, indicating that the stretched exponential function 

provided a statistically satisfactory fit to these data. All intensity decay data over the 

temperature interval from −20°C to 100°C were well fitted usi

function and two physically im
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to the values for the acid form of erythrosin B in amorphous sucrose films (Pravinata et 

al., 2005). The lifetime decreased biphasically with increasing temperature, reflecting an 

increase in the rate of non-radiative decay of the excited triplet state T1 due to an increase 

in both the rate of reverse intersystem crossing to S1 (kTS1) and the rate of non-radiative 

decay to the ground state S0 (kTS0). Lifetimes are higher at lower temperature indicating 

lower collisional quenching in the glass. At ower temperature the slope of lifetime versus 

temperature is small and at high temperature the slope increases, indicating small 

activation energy for quenching in the glass and large in the melt. 

 

 l

he stretching exponent β showed a similar trend as lifetime remaining constant at ~0.92 

rmation about the activation (Ea) energy for 

nd melt. In the glass Ea = 1.9 kJ mole-1 and in 

the melt Ea = 12.8 kJ mole-1. 

 

T

up to ~60°C and decreased at higher temperature to ~0.86 at 100°C (Figure 6). These 

values are comparable (β = 0.92 up to ~50°C and β = 0.8 at 100°C) to the values for the 

free acid form of erythrosin B in amorphous sucrose films (Pravinata et al., 2005). The 

decrease in β reflects a large increase in the width of the distribution of phosphorescence 

decay times and corresponding distribution of dynamically distinct probe environments. 

 

Rate Constants:  An Arrhenius plot of ln(kP) as a function of inverse temperature (Figure 

7) showed a distinct break at ~60°C in sucrose which is in close to Tg (~65°C) of 

sucrose. The slopes of the curve provide info

collisional quenching processes in glass a
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The values of kTS0 were calculated based on kRP and kTS1 measure by Duchowick et al 

(1998) (Eq. 4 Materials and Methods). The kTS0 is a term that represents matrix mobility; 

the higher the kTS0 the higher the matrix mobility. The non radiative quenching rate was 

approximately constant at 1500 s-1 in the glass but increased dramatically in the melt, 

indicating that the non-radiative quenching rate can sense the large scale molecular 

mobility activated at the glass transition temperature. The magnitude of kTS0, kRP and kP 

for Ery B in sucrose increased as shown in Figure 8. The Arrhenius plot of lnkP shows a 

break at ~60°C suggesting a gain in mobility (Figure 7) The magnitude of kTS0 increased 

oderately at low and more dramatically at high temperature. The Arrhenius plot of m

lnkTS0 shows a break at ~60°C suggesting a gain in mobility (Figure 7). The slope of the 

Arrhenius plot provided information about the activation energy; the two activation 

energies EA calculated were 1.2 kJ mol-1 at low and 10.2 kJ mol-1 at high temperature.  
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Discussion 

The two general modes of matrix molecular mobility, dipolar relaxation and collisional 

quenching, modulate the emission energy and lifetime of the excited triplet state of 

erythrosin B (Pravinata et al., 2005; Simon-Lukasik and Ludescher, 2005; Shirke et al., 

2005). The thermal response of the peak emission energy and bandwidth reflected the 

affect of temperature on the rate of dipolar relaxation around the excited triplet state of 

Ery B in amorphous sucrose films (Figure 4). In amorphous sucrose films the decrease in 

emission energy reflects an increase in the average extent of matrix dipolar relaxation 

around the excited triplet state. Temperature has a small effect on the emission energy in 

the glass as compared to the melt. The α-relaxation rate thus increases above Tg due to 

activation of translational motions. The large increase in FWHM at higher temperatures 

indicated inhomogeneous broadening corresponding to increase in the width of the 

istribution of energetically distinct matrix environments in the amorphous sucrose films.  

 

The emission intensity and emission lifetime in absence of oxygen are directly modulated 

by the rates of radiative emission kRP, of the reverse intersystem crossing to excited 

singlet state kTS1, and of intersystem crossing to the ground state kTS0. The value of kRP is 

41s-1 for Ery B, while kTS1 follows Arrhenius kinetics. The evaluation of various 

photophysical events in Ery B indicates decrease in lifetime with increase in temperature. 

This decrease is due to the increase in rate of molecular collision  which results in 

increased quenching from interactions between the probe and the matrix (kTS0) and by an 

increase in the rate of reverse intersystem crossing (kTS1). The rate of intersystem 

crossing kTS0 which is modulated by the physical state of the amorphous matrix reflects 

d
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not only the way the excited triplet state is vibrationally coupled to the singlet ground 

e excited erythrosin B to dissipate vibrational energy into the matrix. This decrease is 

state but also the way ground state vibrational energy is dissipated form the excited probe 

into the surrounding matrix.  

 

The stretching exponent β is a measure of the dynamic heterogeneity of the matrix 

primarily due to variability in kTS0. β  remained constant at low temperatures suggesting 

that the distribution of dynamic environments in sucrose is fairly constant but at higher 

temperature the distribution broadened significantly as shown in Figure 6. The increase in 

lifetime distribution indicates the presence of dynamically distinct environments in 

amorphous sucrose upon heating above Tg.  

 

The effect of temperature on the lifetime indicates that the non-radiative quenching rate 

increases dramatically in the melt above Tg which is due to an increase in the ability of 

th

due to α-relaxations activated above Tg. The non radiative quenching rate varied from 

1455.2 s-1 at -20°C to 3570.3 s-1 at 100°C. These values were comparable to those found 

for the acid form of erythrosin B dispersed in amorphous sucrose film (Pravinata et al., 

2005). The non radiative quenching rate was approximately constant at 1500 s-1 in the 

glass which was much lower than for erythrosin B (acid form) in amorphous sucrose film 

(1600 s-1) and much smaller than in water (3200 s-1) (Duchowick et al., 1998). The 

constant value of the  non radiative quenching rate in the glass indicates that erythrosin B 

indicates that amorphous sucrose films is less mobile in the glass, but the larger increase 

in the melt indicates that erythrosin B senses motions activated mainly at glass transition. 
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Conclusion 

This study used steady-state and time-resolved phosphorescence of the sodium form of 

erythrosin B (water soluble) to monitor molecular mobility in thin films of amorphous 

ucrose as a function of temperature. The phosphorescence energy and intensity were all 

he results from this research were used to make comparison with molecular mobility 

s

sensitive to localized molecular mobility on the microsecond timescales in the glass and 

to more global modes of mobility activated at the glass transition. The data was 

comparable with previous studies using acid form of erythrosin B (DMF soluble) 

dispersed in amorphous sucrose film. Erythrosin B as a triplet state probe indicates that 

the amorphous sucrose matrix gain mobility above Tg of sucrose. 

 

T

data from the probes tryptophan and vanillin dispersed in amorphous sucrose films. There 

data was also used to compare with the data on dual probes (Chapter VIII on erythrosin B 

and vanillin and Chapter IX erythrosin B and tryptophan) dispersed in amorphous sucrose 

films.  
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Figure VIa-1 
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Figure VIa-1: Delayed emission spectra of erythrosin B dispersed in amorphous films of 

10°C intervals from -20°C to 100°C (the curves follow this order from high to low 

 

 

sucrose as a function of temperature (excitation at 500 nm). The spectra were collected at 

intensity at ~690 nm). 
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Figure VIa-2 
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Figure VIa-2: Intensity (IP) was determined from analysis of the phosphorescence 
emission band (Figure 1) using a log-norma function (eq. (1), Materials and Methods). 
The effect of temperature on the phosphorescence emission intensity of erythrosin B in 
amorphous films of sucrose as a function of temperature equilibrated against nitrogen.  

l 
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Figure VIa-3 
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Figure VIa-3: Plot of natural log of the intensity ratio between delayed fluorescence and 
phosphorescence in sucrose glass as a function of inverse temperature. Δ Ea = 33.29 KJ 
mol -1. 
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Figure VIa-4 
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Figure VIa-4: Peak energy νp (♦) and bandwidth (■) for phosphorescence emission from 
erythrosin B in amorphous films of sucrose as a function of temperature. The delayed 
emission spectra collected as a function of temperature (Figure 1) were analyzed using 
log-normal function as described in Materials and Methods using eq. (1) and (2). 
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Figure VIa-5 
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Figure VIa-5: Normalized phosphorescence intensity decay [I(t)/I(0)] of erythrosin B in 
dispersed in amorphous films of sucrose at 20°C in the presence of nitrogen.  The solid 
line through the data is a fit using a stretch-exponential function (Eq. (3), Materials and 
Methods). A plot of modified residuals [(Data-Fit)/Data1/2] for this fit is shown in the 
bottom graph. 
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Figure VIa-6 
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Figure VIa-6: Temperature dependent of lifetime τ (♦, left scale) and stretching 
exponent β (■, right scale) from fits to a stretched exponential model of the intensity 
decay of erythrosin B in amorphous sucrose films. 
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Figure VIa-7 
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Figure VIa-7: An Arrhenius plot of the lifetime τ of erythrosin B in amorphous films of 
sucrose as a function of inverse temperature. Lines drawn over the data points indicate 
slopes at low and high temperatures. 
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Figure VIa-8 
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TS1,♦), the rate of reverse intersystem crossing to S1 
(kTS1, ■) and the rate of non-radiative decay to S0 (kTS0, ▲) of erythrosin B in amorphous 
sucrose over the temperature range from -20°C to 100°C: values were calculated from the 
lifetime data in Figure 6. 

 
Figure VIa-8: Temperature dependence of the total rate constant for non-radiative decay 
of the triplet state (k = kRP + kTS0 + k
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Chapter VI b: Molecular mobility in amorphous sucrose films detected using 

phosphorescence of tryptophan. 

 

 

Introduction 

Tryptophan is a naturally occurring amino acid which has been shown to exhibit strong 

1987). Tryptophan phosphorescence has being found to be sensitive to the physical 

The long lifetime of this probe help detect molecular motions presence in the rigid, glassy 

e phan 

Tryptophan phosphorescence, for example, has been used to study the internal mobility 

nd 

 used to monitor molecular mobility of lysozyme (Shah and 

Ludescher 1992, 1993). Previous studies have being conducted where phosphorescence 

from the luminescent chromophores tryptophan (McCaul and Ludescher, 1999) and N-

acetyltryptophanamide (NATA) (Shah and Ludescher, 1995) was used to probe the 

molecular dynamics of the glassy state and the glass-to-rubber transition in amorphous 

sucrose. Tryptophan has also being used to study molecular mobility in amorphous films 

room temperature phosphorescence emission after excluding oxygen (Vanderkooi et al., 

properties of the local environment (Ludescher, 2001; Strambini and Gonnelli, 1985). 

regions within even fully hydrated proteins (Shah and Ludescher, 1992, 1993)  Also the 

triplet state of indole has being shown to have a strong dependence on the radiation-less 

d a tivation rate which depends on medium viscosity. The lifetime of tryptoc

decreases from 6.5s in a glassy matrix at 77K to 1.2 ms in aqueous solutions at ambient 

temperature (Strambini and Gonnelli, 1995).  

 

of proteins in solution (Papp and Vanderkooi, 1989) and in the solid state (Shah a

Ludescher, 1995) on the milliseconds to second timescale. Phosphorescence of 

tryptophan has being

 



 343

of sucrose, maltose and trehalose where sucrose was found to be the most mobile matrix 

among the three (Zunic, 2004). 

 

This research focuses on the molecular mobility of amorphous sucrose using tryptophan 

as a molecular phosphorescence probe and compares it to similar measurements made in 

amorphous sucrose films using Erythrosin B and vanillin as molecular probes. 
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Materials and Methods 

Sucrose Solution: Sucrose solution was made as described in Pravinata et al 2005. 

pproximately 20 g of sucrose (99.5% pure; Sigma Chemical, St. Louis, MO) were 

aidstone, 

UK), additional charcoal was added, and the process repeated. Sucrose solution was 

made to a final concentration of 65–67 wt % sucrose; concentration was confirmed using 

a refractometer (NSG Precision Cells, Farmingdale, NY). This sucrose solution was 

filtered through a 0.2 μm membrane to remove particulates.  

 

Tryptophan: A 50mM stock solution of tryptophan (Sigma Chemical, St. Louis, MO) was 

prepared in distilled deionized water. This concentration was selected to simplify the 

addition of the probe to the sucrose solution. For measuring phosphorescence in 

amorphous sucrose films, tryptophan was added to the sucrose solution at a molar ratio of 

1:500 (dye: sucrose). The ratio 1:500 (dye: sucrose) was chosen as at this concentration it 

was determined that the probe does not aggregate, existing only as individual molecules 

monitoring the molecular mobility of the sucrose. 

 

Sucrose films: To produce glassy sucrose films containing vanillin, 20 μL of a sucrose 

solution containing tryptophan were spread on a quartz slide (30 × 13.5 × 0.6 mm; 

custom made by NSG Precision Cells, Farmingdale, NY). After spreading the solutions 

on the slides were then dried under a heat gun (Vidal Sassoon) for 5 min to a maximum 

A

dissolved in 100 mL of deionized water containing 0.5 g of activated charcoal to remove 

luminescent impurities. After stirring overnight, the charcoal was removed by vacuum 

filtration using ashless filter paper (Whatman No. 40, Whatman International, M
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temperature of ∼88°C (measured using a thermocouple probe) and the final thickness 

lse.  The temperature was 

ontrolled by using a TLC 50 thermoelectric heating/cooling system (Quantum 

uminescence Measurements: The Cary Eclipse uses a pulsed lamp and collects emission 

was ~0.05 mm. The slides were stored at room temperature  jagainst P2O5 and DrieRite, 

protected from the light to prevent any photo bleaching, for at least 7 days before any 

phosphorescence measurements were made. The desiccant was refreshed as needed to 

maintain a relative humidity close to 0%. 

 

Instrumentation: Measurements were made on a Cary Eclipse fluorescence 

spectrophotometer (Varian Instruments, Walnut Creek, CA). This instrument, which 

collects in analog mode, uses a high intensity pulsed lamp and a time delay was 

employed to avoid any fluorescence during the lamp pu

c

Northwest, Spokane, WA). The TLC-50 sample compartment was fitted with a jacketed 

cover. The measurements were made in absence of oxygen (Nitrogen was purged for 15 

minutes). Nitrogen stream was generated by passage of high purity nitrogen through a 

Supelco (Bellefonte, PA) carrier gas purifier. Quartz slides were placed in the standard 

1cm x 1cm x 1cm quartz fluorescence cuvette, which was capped with a lid having inlet 

and outlet ports of gas lines.  

 

L

intensity in analog mode; data were not collected within the first 0.1-0.2 ms to suppress 

fluorescence coincident with the lamp pulse.  Delayed luminescence emission spectra 

were collected from 350 to 600 nm (10 nm bandwidth) using excitation at 280 nm (20nm 

bandwidth) over the temperature range from –20°C to 100°C.  Each data point was 

 



 346

collected from fifty flashes with 0.2 ms delay, 10 ms gate time, and 1.0 s total decay time. 

The phosphorescence spectra collected as a function of temperature in the presence of 

nitrogen, were converted to intensity versus frequency (cm-1) and analyzed to obtain the 

peak frequency and spectral bandwidth using Eq. (1) and (2) (Maroncelli and Fleming 

1987). 

 

Lifetime measurements were made in the presence of nitrogen (-O2) as a function of 

temperature. The samples were excited at 280 nm (20 nm bandwidth) and emission 

transients collected at 455 nm (20 nm bandwidth) at temperatures ranging from –20°C to 

100°C.  Each decay transient was the sum of 50 cycles and for each cycle data was 

collected from a single lamp flash with a delay of 0.2 ms. Windows for gate time and 

total decay time were varied at each temperature. All measurements were made in 

quadruplicate.    
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Data Analysis 

Emission Energy as a function of temperature: Emission spectra were fit using the 

program Igor (Wavemetrics, Inc., Lake Oswego, OR) to a three log-normal function over 

the temperature range -10°C to 50°C and one log-normal function over the temperature 

range -60°C to 100°C Equation 1. 

⎪⎭
⎬

⎪⎩
⎨ ⎟⎟

⎠
⎜⎜
⎝

−= 0 )2ln(exp)(
b

II ν                   (1) 

In this equation I  is the maximum intensity of the emission spectra, ν  is the frequency 

(in cm-1) of the emission maximum, Δ is a line width parameter, and b is an asymmetry 

parameter. The bandwidth of the emission, the full width at half maximum (Γ), is related 

to b and Δ Equation 2. 

⎪⎫⎪⎧ ⎞⎛ Δ−+ 2
]/)(21ln[ b pνν

0 P

⎟
⎠
⎞

⎝
⎛

b

b)sinh(
⎜Δ=Γ                                       (2) 

Phosphorescence Intensity: Phosphorescence lifetimes were determined with the 

statistical program Igor (Wavemetrics, Inc., Lake Oswego, OR). The phosphorescence 

intensity decay were collected as described above and were fitted using a stretched 

exponential function and multi-exponential functions (Chen, 2003; Shamblin et al., 2000). 

Fits were judged satisfactory if the r2 values were in the range of 0.995-1.0 and the 

modified residuals ((data – fit)/data1/2) varied randomly about zero.  

 

Multi-exponential function: The phosphorescence intensity decay were collected as 

described above and were also fitted using a multi-exponential functions. The multi-
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exponential model is as show in Equation 3. τi are decay times, αi represent the 

I (t) = Σαi exp (-t/τi)                              (3) 

         i = 1 

 

Stretched exponential function: Intensity decays were analyzed using a stretched 

xponential function or Kohlrausch-Williams-Watts (KWW) model equation 5. This 

I(t) = I(0) exp{-(t/τi)
β

i} + C       (5) 

amplitudes of the components at t = 0 and n is the number of decay times. The average 

lifetime was calculated using Equation 4.  

 

          n 

 

            n 

τAvg = Σαiτi/ ΣαI                 (4) 

          i = 1 

e

model has being shown to be appropriate to describe the wide distribution of relaxation 

times (Champion et al., 2000) for the molecular processes that depopulate excited states 

in amorphous solids (Pravinata et al., 2005; Nack and Ludescher, 2006; Sundaresan and 

Ludescher, 2007; Shirke and Ludescher,  2006a, 2006b). The average lifetime was 

calculated using Equation 6.  

          n 

         i = 1 
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  τAvg =  τ .  Γ (1/β)/β         (6) 

                      

Where I (0) is the initial amplitude at time zero, τ is the Kohlrausch-Williams-Watt 

fetime (Lindsey and Patterson, 1980), and β is the stretching exponent, which varies 

 1 and quantifies the non-exponential nature of the decay, and C is a constant; β 

 of th  distri tion o lifetim s required to t the i  

maller the value of  β, the wider the distribution of lifetimes.   

ical Scheme: The lifetime is the average amount of time a molecule spends in 

ith rate constant kRP), non-radiative relaxation (KTS0) and collisional 

uenching (kQ [Q]. The phosphorescence lifetimes were used to calculate the rate 

P  The rate of radiative decay kRP of the ground state is 

fixed and not influenced by the matrix. kNR is the rate of non-radiative decay to the 

singlet 0 

magnit eflects factors associated with the mechanism by which the excited T1 

 to highly excited vibrations of the S0 ground state as well as external 

li

from 0 to

provides a measure of the width e bu f e  fi ntensity

decay; the s

 

Photophys

the excited state. There are several different deactivation processes via phosphorescence 

emission (w

q

constants associated with the various processes that depopulate the excited triplet state. 

The lifetime τ is related to the rate constants for de-excitation of the triplet excited state 

of the probe according to the following Equation 7 (Papp and Vanderkooi, 1989). 

 

1/τ = kRP + kNR + kQ [Q] = kP                         (7) 

 

Here k  (=1/τ) is the total decay rate.

 state followed by vibrational relaxation to S due to collisional quenching. The 

ude of kNR r

state is coupled
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factors associated with the mechanism by which the ground state vibrational energy can 

dissipate from the excited state into the surrounding matrix (Fischer, 2002; Vanderkooi 

-1

and Berger, 1989). As the efficiency of external vibrational dissipation is related to 

overall mobility of the matrix, the magnitude of kNR provides a measure of matrix 

mobility. One common method for restricting the collisional deactivation is to super cool 

analyte solutions with liquid nitrogen to a rigid glass. The term kQ [Q] refers to the 

collisional quenching due to interaction between the excited chromophore and quencher. 

Oxygen is an efficient quencher of tryptophan phosphorescence i.e. it reduces the 

intensity and lifetime. Therefore the measurements were conducted under N2 atmosphere. 

The collisional quenching rate constant can thus be excluded in the absence of a quencher 

molecule, and equation 7 simplified to. 

1/τ = kRP + kNR = kP                                       (8) 

The phosphorescence emission rate constant kRP for tryptophan is known (1/6 s ) (Bishai 

et al., 1967). It is obtained from the lifetime of tryptophan at temperature where non-

radiative rates are negligible (77K).  
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Results 

Phosphorescence emission spectra: Figure 1 is a plot of phosphorescence emission 

spectra of tryptophan in sucrose as a function of temperature ranging from -10°C to 80°C. 

The emission spectra were fitted using a three log-normal function (Equation 1, Materials 

and Methods).  

 

The normalized plots of phosphorescence intensity versus temperature are shown in 

Figure 2. The plot shows that as the temperature increases the peak intensity of the 

emission spectra decreases. The decrease in intensity with increase in temperature is due 

to increase in mobility within the glassy matrix and in the melt above Tg of sucrose.  The 

peak frequencies PF1, PF2 and PF3 (Figure 3) decreased very gradually in the glass at 

e 50°C the emission spectra broadened an

the excited triplet state. The bandwidths FWHM1, 

FWHM2 and FWHM3 increased gradually with temperature in the glass and much more 

dramatically in the melt, reflecting a large increase in the range of energetically distinct 

environments above Tg (Figure 3). Thus the decrease in emission energy and the 

broadening of emission spectra with an increase in temperature can be explained with a 

solvent relaxation mechanism. With increase in temperature the reorientation of dipoles 

of sucrose molecules around tryptophan’s excited state became faster. 

 

low temperature. Abov d was fitted to a log-

normal one function (PF2). The PF2 shows dramatic decrease and the slope becomes 

more negative above Tg of sucrose. This decrease is due to increase in the average extent 

of matrix dipolar relaxation around 
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Phosphorescence lifetime as a function of temperature: The phosphorescence intensity 

ngth were used. The intensity decays are plotted in Figure 4a and 4b 

long with fits using a multi-exponential or stretched exponential function, respectively. 

on of temperature. 

he long lifetime components contributed 50-6% and the short components contributed 

50-84% to the emission as a function of temperature. Above Tg (~65°C) a majority of the 

decays collected as a function of temperature were fitted using both multi-exponential 

and a sum of two stretched exponential functions (eq. 3 and 5 Materials and Methods). 

These lifetimes reflect the ensemble average because the peak excitation and peak 

emission wavele

a

The modified residuals for these fits varied randomly around zero, indicating that these 

functions each provided a statistically satisfactory fit to these data (Figure 4a and 4b). 

The lifetime is the average time a molecule spends in the excited state and is the indicator 

of the rigidity of the matrix. 

 

Multi-exponential fit: All intensity decay data over the temperature interval from −10°C 

to 100°C were well fitted using multi-exponential function and two physically important 

parameters lifetime τ and amplitude α were obtained. The lifetimes of tryptophan as a 

function of temperature are shown in Figure 5a. The log plots of lifetimes of tryptophan 

as a function of temperature are shown in Figure 5b. In case of multi-exponential 

function the four lifetime components at 20°C were τ1 = 2587 ms, τ2 = 625.3 ms, τ3 = 

118.84 ms and τ4 = 16.3 ms indicating the presence of local environments with ~160 fold 

difference in mobility. A plot of the amplitudes of each lifetime component as a function 

of temperature is as shown in Figure 6a. The amplitudes of longer lifetime components 

decreased and that of shorter lifetime components increased as a functi

T
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contribution almost ~80% was from shorter lifetime whereas the rest ~20% was from 

longer lifetime component. 

 

The average lifetime calculated using Eq. 4 is plotted in Figure 8a. An Arrhenius plot of 

the average lifetime, Figure 10a shows transition points at 30°C. An Arrhenius plot of the 

inverse of individual lifetime components τ1, τ2, τ3 and τ4 of tryptophan for multi-

exponential function is shown in Figure 7a. The transition temperatures and activation 

energies from Arrhenius plot of individual lifetime components are compiled in Table 1a. 

Temperature dependence of the total rate constant for decay of the triplet state (kP = kRP + 

kTS0 + kTS1) calculated from multi exponential function of tryptophan in amorphous 

ucrose over the temperature range from -10°C to 100°C is shown in Figure 9a. s

 

The kNR term is a rate constant for non-radiative decay; it is the actual measure of the 

effect of the motion that quenches the probe’s excited triplet state and was obtained from 

Eq. 8. The kNR values were calculated by subtracting the phosphorescence emission rate 

constant (1/τ at 77K) from the inverse of the lifetime. Plots of kNR as a function of 

temperature are represented in Figure 9b. The Arrhenius plot of kNR is shown in Figure 

10b. The activation energy, obtained from the slope of fit line in this plot, is the 

activation energy of the motions which quench the probe’s excited triplet state (Table 1a). 

 

Stretched-exponential fit: All intensity decay data over the temperature interval from 

−10°C to 100°C were well fitted using a stretched exponential function and the physically 

important parameters lifetime τ and stretching exponent β were obtained. The stretched 
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exponential lifetimes (Figure 5c) and exponent β (Figure 6c) are plotted as a function of 

temperature. The log plots of lifetimes of tryptophan as a function of temperature are 

hown in Figure 5d. In case of stretched-exponential function the two lifetime 

. 

e lifetime. Plots of kNR as a function of temperature are represented in Figure 9b. The 

NR

s

components at 20C° were τ1 = 1079 ms and τ2 = 7.7 ms indicating the presence of local 

environments with ~140 fold difference in mobility. The stretching exponents β1 and β2 

showed a dramatic decrease with increase in temperature. In case of stretched-

exponential function the two stretching exponent at -10°C were β1 = 0.77 and β2 = 0.3 

and decreased at 100°C to β1 = 0.24 and β2 = 0.23. The decrease in β reflects a large 

increase in the width of the distribution of phosphorescence decay times and 

corresponding distribution of dynamically distinct environments. A plot of the amplitudes 

of each lifetime component as a function of temperature is as shown in Figure 6b

 

The average lifetime calculated using Eq. 6 is plotted in Figure 8b. The Arrhenius plot of 

average lifetime is a shown in Figure 10a showing transition points at ~30°C. An 

Arrhenius plot of the inverse of individual lifetime components τ1 and τ2 for two stretched 

exponential function is shown in Figure 7b. The kNR term is a rate constant for non-

radiative decay; it is the actual measure of the effect of the motion that quenches probes 

excited triplet state and was obtained from eq. .8. The kNR values were calculated by 

subtracting the phosphorescence emission rate constant (1/τ at 77K) from the inverse of 

th

Arrhenius plot of k  is shown in Figure 10b. The activation energy obtained from the 

slope of fit line in this plot is the activation energy of the motions which quench the 
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probe’s excited triplet state. The Ea values and transition temperatures for each probe are 

tabulated in Table 1b. 
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 Discussion 

The phosphorescence emission spectra exhibited three peaks (from three different 

vibronic transitions 0-0, 0-1 and 0-2) up to 50°C and was fitted to a three log-normal 

function. At 20°C the three peak frequencies obtained were PF1 = 21066 cm-1, PF2 = 

22765 cm-1 and PF3 = 24305 cm-1. Above 50°C, the spectra reduced to a single peak due 

to broadening and were fitted to a one log-normal function. In amorphous sucrose films a 

decrease in emission energy reflects an increase in the average extent of matrix dipolar 

relaxation around the excited triplet state. Temperature had a small effect on the emission 

energy in the glass as compared to in the melt. The large increase in FWHM at higher 

temperatures indicated inhomogeneous broadening corresponding to increase in the width 

of the distribution of energetically distinct matrix environments in the amorphous sucrose 

films. 

 

All the lifetime components decreased drastically with increase in temperature from -

10°C to 100°C. The decrease in lifetime occurs because of an increase in the rate of 

collisional quenching from interaction of the probe with the sugar matrix which promotes 

an increase of vibrational relaxation to the matrix. In environments with more mobility, 

the probe has a shorter lifetime (Strambini and Gonnelli, 1985) as result of quenching. In 

the environments with higher lifetimes, probe senses lower mobility and is less easily 

quenched. The average lifetime varied from 1199 ms at -10°C to 0.33 ms at 100°C, 

indicating ~3600-fold difference in mobility. The Arrhenius plot of lnkP (average lifetime) 

showed transition temperatures of ~30°C with activation energies at low and high 

temperature of 21 kJ mol-1 and 100 kJ mol-1 respectively (Table 1a). The total quenching 
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rate showed a constant increase from 0.6 s-1 (-10°C) to 16 s-1 (-50°C) in the glass and 

onding distribution of dynamically distinct environments. The average lifetime 

aried from 1151 ms at -10°C to 0.38 ms at 80°C, indicating ~3800-fold difference in 

P

motions below Tg and those activated at the glass transition temperature above Tg. The 

Arrhenius plot of lnkNR  showed transition temperatures of ~30 C with activation 

energies at low and high temperature as 33.9 kJ mol   and 132.9 kJ mol  respectively. 

increased dramatically in the melt ranging between 72 s-1 (600°C) to 3090 s-1 (100°C), 

indicating tryptophan can sense the molecular mobility below Tg and those activated at 

the glass transition temperature above Tg. The Arrhenius plot of lnkNR  showed transition 

temperatures of ~30°C with activation energies at low and high temperature as 23.9 kJ 

mol-1 and 107.4 kJ mol-1 respectively. 

 

In case of stretched-exponential function analysis the two lifetime components at 20C° 

were τ1 = 1079 ms and τ2 = 7.7 ms indicating the presence of local environments with 

~140 fold difference in mobility. The stretching exponents β1 and β2 reflected a large 

increase in the width of the distribution of phosphorescence decay times and 

corresp

v

mobility. The Arrhenius plot of lnk  (average lifetime) showed transition temperatures of 

~30°C with activation energies at low and high temperature as 30.9 kJ mol-1 and 142.9 kJ 

mol-1, respectively (Table 1b). The total quenching rate showed a constant increase from 

0.7 s-1 (-10°C) to 55 s-1 (50°C) in the glass and increased dramatically in the melt ranging 

between 179.4 s-1 (60°C) to 5246 s-1 (80°C), indicating tryptophan can sense molecular 

°

-1 -1
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Tryptophan and four halogenated tryptophan analogs dispersed in freeze-dried sucrose 

showed three phosphorescence lifetimes ranging from about 10ms to over 1s in glass 

sucrose at 20°C (McCaul and Ludescher, 1999). Time-resolved phosphorescence 

intensity decays from NATA were multiexponential both above and below the glass 

transition temperature, indicating that the sucrose matrix is heterogeneous on the 

molecular level (Shah and Ludescher, 1995). Tryptophan has also being used to study 

olecular mobility in amorphous films of sucrose, maltose and trehalose where sucrose m

was found to be the most mobile matrix among the three (Zunic, 2004). 

 

There was no significant difference in the fits between multi and stretched exponential 

function. The results were comparable, where both fits showed transition temperature 

around 30°C. The activation energies obtained were higher in the stretched fit as 

compared to the multi-exponential fit. In the melt there was no difference in the valued of 

kNR but in the melt stretch function gave much higher values, but the trend still remained 

the same. 
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Conclusion 

This study used steady-state and time-resolved phosphorescence of tryptophan (water 

soluble) to monitor molecular mobility in thin films of amorphous sucrose as a function 

of temperature. The phosphorescence energy and intensity were all very sensitive to 

localized molecular mobility on the microsecond timescales in the glass and to more 

global modes of mobility activated at the glass transition. The constant increase in non 

radiative quenching rate in the glass for tryptophan indicates that amorphous sucrose 

films is very mobile in the glass and in the melt. Thus tryptophan as a triplet state probe 

dicates that the amorphous sucrose matrix gain mobility much below Tg of sucrose. 

 probes erythrosin B and vanillin dispersed in amorphous sucrose films. This 

data was also used to compare the data on dual probes (Chapter 9 on erythrosin B and 

tryptophan and Chapter 10 vanillin and tryptophan) dispersed in amorphous sucrose 

films.  

in

 

There was no significant difference in the data interpretation between stretched fit and 

multi exponential fit. 

 

The results from this research were used to make comparison of molecular mobility data 

from other
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Figure VI b: 1 
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Figure VIb-1: Delayed emission spectra of tryptophan dispersed in amorphous films of 
crose as a function of temperature (excitation at 280 nm). The spectra were collected at 

 

 

su
10°C intervals from -10°C to 80°C (the curves follow this order from high to low 
intensity at ~455 nm). 
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Figure VI b: 2 
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 to a log-normal three function.  

 

 

 
Figure VIb-2: Intensity (IP) was determined from analysis of the phosphorescence 
emission band (Figure 1) using a log-normal three function (eq. (1), Materials and 
Methods). The effect of temperature on the phosphorescence emission intensity of 
tryptophan in amorphous films of sucrose as a function of temperature equilibrated 
against nitrogen. The spectra was fitted
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Figure VI b: 3 
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Figure VIb-3: Peak energy νp (■) and bandwidth (▲) for phosphorescence emission 
from tryptophan in amorphous films of sucrose as a function of temperature. The delayed 
emission spectra collected as a function of temperature (Figure 1) were analyzed using 
log-normal three function as described in Ma rials and Methods using ete q. (1) and (2). 
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Figure VI b: 4a 
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Figure VI b: 4b 
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Figure VIb-4a and 4b: Normalized phosphorescence intensity decay [I (t)/I (0)] of 
tryptophan dispersed in amorphous films of sucrose at 20°C in the presence of nitrogen.  
The solid lines through the data are fits. A plot of modified residuals [(Data-Fit)/Data1/2] 
for these fits is shown in the bottom graph. The decay was fitted using a multi-
exponential function (3) and two stretch-exponential functions (5). The emissions were 
collected at 455nm. 
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Figure VI b: 5a 
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Figure VIb-5a: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•)   obtained from a 
multi-exponential model fit to phosphorescence intensity decay data from tryptophan 
dispersed in amorphous films of sucrose equilibrated against nitrogen as a function of 
temperature. The data was calculated every 10°C from -10°C to 100°C. 
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Figure VI b: 5b 
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Figure VIb-5b: The log plots of lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•)   
obtained from a multi-exponential model f  to phosphorescence intensity decay data 
from tryptophan dispersed in amorphous film of sucrose equilibrated against nitrogen as 
a function of temperature. The data was calculated every 10°C from -10°C to 100°C. 

it
s 
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 Figure VI b: 5c 
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Figure VIb-5c: Lifetime components  τ1 ( ) and  τ2 (■) obtained from a two stretch 
xponential function to phosphorescence intensity decay data from tryptophan dispersed 

 
♦

e
in amorphous films of sucrose equilibrated against nitrogen as a function of temperature. 
The data was calculated every 10°C from -10°C to 100°C. 
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Figure VI b: 5d 
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Figure VIb-5d: The log plot of lifetime components  τ1 (♦) and  τ2 (■) obtained from a 
two stretch exponential function to phosphorescence intensity decay data from tryptophan 
dispersed in amorphous films of sucrose equilibrated against nitrogen as a function of 

° °temperature. The data was calculated every 10 C from -10 C to 100°C. 
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Figure VI b: 6a 
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Figure VIb-6a: Intensity decay fit parameters amplitude for tryptophan in amorphous 
films of sucrose in nitrogen as a function of temperature. The data was calculated every 
10°C from -10°C to 100°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer 
life time components (τ1, τ2,) and a3 (▲) and a4 (•) correspond to the shorter lifetime 
components (τ , τ ). 3 4
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Figure VI b: 6b 
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Figure VIb-6b: Intensity decay fit amplitudes for stretched exponential fit to tryptophan 
in amorphous films of sucrose in nitrogen as a function of temperature. The data was 
calculated every 10°C from -10°C to 80°C. The amplitudes a1 (♦) correspond to the 
longer life time components (τ1) and a2 (■) correspond to the shorter lifetime components 
(τ2). 
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Figure VI b: 6c 
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Figure VIb-6c: Temperature dependent of stretching exponent β1 (♦) and β2 (■) from
fits to a stretched exponential model of the intensity decay of tryptophan in amorphous 
sucrose films corresponding to τ1 (long lifetime) and τ2 (short lifetime). 
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Figure VI b: 7a 
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component τ1, τ2, 

τ3 and τ4 of tryptophan in amorphous films of sucrose as a function of inverse temperature.  
The Arrhenius plot is for multi-exponential function. 

 

 
Figure VIb-7a: The Arrhenius plot of the inverse of individual lifetime 
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Figure VI b: 7b 

 

Stretched 2

-2

0

2

4

6

8

10

12

14

16

0.0022 0.0024 0.0026 0.0028 0.003 0.0032 0.0034 0.0036 0.0038 0.004

K / T

L
n

 (
k P

) 
/ 

S
-1

τ1
τ2

 
 

 
Figure VIb-7b: The Arrhenius plot of the inverse of individual lifetime component τ1 and 

2 of tryptophan in amorphous films of sucrose as a function of inverse of temperature.  τ
The Arrhenius plot is for two stretched-exponential function. 

 



 373

Figure VI b: 8a 
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odel fit to phosphorescence 
intensity decay data from tryptophan dispersed in amorphous films of sucrose 
equilibrated against nitrogen as a function of temperature. The data were calculated every 
10°C from -10°C to 100°C. 

 

 

 
Figure VIb-8a: Average Lifetime from a multi-exponential m
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Figure VI b: 8b 
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10°C to 100°C. 

Figure VIb-8b: Average Lifetime from a two stretched-exponential model fit to 
phosphorescence intensity decay data from tryptophan dispersed in amorphous films of 
sucrose equilibrated against nitrogen as a function of temperature. The data was 
calculated every 10°C from -
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Figure VI b: 8c 
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feFigure VIb-8c: Comparison of average li time between multi and a two stretched-

exponential model fit to phosphorescence intensity decay data from tryptophan dispersed 
in amorphous films of sucrose equilibrated against nitrogen as a function of temperature. 
The data was calculated every 10°C from -10°C to 100°C. 
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Figure VI b: 9a 
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Figure VIb-9a: Temperature dependence of the total rate constant for decay of the triplet 
state (kP = kRP + kTS0 + kTS1) calculated from multi (♦) and two stretched exponential 
function (■) of tryptophan in amorphous sucrose over the temperature range from -10°C 
to 100°C; values were calculated from the lifetime data in Figure 8b. 
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Figure VI b: 9b 
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Figure VIb-9b: Temperature dependence of the rate of non-radiative decay to S0 (kNR) 
calculated from multi (♦) and two stretched exponential function (■) of tryptophan in 
amorphous sucrose over the temperature range from -10°C to 100°C.  
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Figure VI b: 10a 
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Figure VIb-10a: The Arrhenius plot of the rate of (kP) calculated from multi (♦) and two 
stretched exponential function (■) of tryptophan in amorphous sucrose over the 
temperature range from -10°C to 100°C.  
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Figure VI b: 10b 
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igure VIb-10b: The Arrhenius plot of the rate of non-radiative decay to S0 (kNR) F

calculated from multi (♦) and two stretched exponential function (■) of tryptophan in 
amorphous sucrose over the temperature range from -10°C to 100°C.  
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Table VI-1a 
 
 
Table VIb-1a: Calculated activation energy Ea for kP and kNR at low, intermediate and 
high temperature for tryptophan in amorphous films of sucrose using multi-exponential 
function.  
 
 
Component Equation R

2
Ea kJ mol

-1
Transition Temperature °

Ln (kP1) y = -1205.3x + 3.1985 0.97 10.02 42

y = -11129x + 34.936 0.99 92.53

Ln (kP2) y = -1463.1x + 5.4466 0.99 12.16 32

y = -9414.7x + 31.697 0.99 78.27

Ln (kP3) y = -1647.3x + 7.7619 1.00 13.70 32

y = -9306.8x + 33.044 0.99 77.38

Ln (kP4) y = -1641.9x + 9.7363 0.99 13.65 32

y = -8894.3x + 33.796 0.99 73.95

Ln (kPAvg) y = -2534.1x + 9.3315 0.95 21.07 30

y = -12102x + 40.622 0.98 100.62

Ln (kNR) y = -2872.8x + 10.391 0.97 23.88 30

y = -12922x + 42.955 0.99 107.43  
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Table VI-1b 
 
 
Table VIb-1b: Calculated activation energy Ea for kP and kNR at low, intermediate and 
high temperature for tryptophan in amorphous films of sucrose using two stretched-
exponential function.  

 

 
Component Equation R

2
Ea kJ mol

-1
Transition Temperature °

Ln (kP1) y = -2253.5x + 7.6735 0.97 18.74 35

y = -14690x + 48.026 1.00 122.13 70

y = -38268x + 116.84 1.00 318.16

Ln (kP2) y = -2171.7x + 11.728 0.99 18.06 20

y = -14768x + 54.453 0.99 122.78 60

y = -24985x + 85.265 0.94 207.73

Ln (kPAvg) y = -3717.2x + 13.948 0.99 30.90 30

y = -17188x + 57.244 0.99 142.90

Ln (kNR) y = -4073.7x + 15.11 0.99 33.87 30

y = -15984x + 53.811 0.98 132.89  
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Chapter VI c: Comparing molecular mobility in amorphous sucrose films detected 

using phosphorescence of erythrosin B, vanillin and tryptophan. 

 

Discussion 

Vanillin (Chapter II), tryptophan (Chapter VI b) and erythrosin B (Chapter VI a) have 

being used in amorphous sucrose to study molecular mobility as a function of 

molecular mobility measurements. 

s) (Bishai et al., 1967) is considerable longer than that of erythrosin B (τ77K = 25 

seconds) may help to access other modes of motion that affect the physical changes in the 

and dynamic heterogeneity that has been observed on the sub-millisecond time scale may 

an 

nillin and tryptophan show 

decrease. This difference may be attributed to longer lifetimes of vanillin and tryptophan 

as compared to erythrosin B which allows them to see slower molecular motions. 

Comparison of the lifetime plot as a function of temperature is shown between 

tryptophan and erythrosin B (Figure 1b), vanillin and erythrosin B (Figure 1c) and 

vanillin and tryptophan (Figure 1d). The log plot of average lifetime for the three probes 

is shown in Figure 1e.  

temperature. This chapter aims at making a comparison among the three probes for 

 

The phosphorescence lifetime of vanillin (τ77K = 372 ms) (Chapter II) and tryptophan 

(τ77K = 6 

ms) (Duchowicz et al., 1998). Longer lived triplet probes (lifetimes of milliseconds to 

sucrose films. These probes could help detect slower molecular motions. The structural 

be considerably different over milliseconds to seconds. The vanillin and tryptoph

lifetime behavior is quite distinct and more dramatic than that seen with erythrosin B 

(Figure 1).  As seen from the Figure 1a in the glassy region, va

dramatic decrease in lifetime as compared to erythrosin B whose lifetime shows a gradual 
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Since tryptophan decays were also fitted with a two stretched exponential function a 

comparison was made with the beta values obtained by fitting erythrosin B decay to a 

single stretch exponential function (Figure 2). The beta values for tryptophan decays 

varied over a considerably wider range from -10°C (β  = 0.77) and (β  = 0.30) to 80°C 

(β  = 0.24) and (β  = 0.22). Whereas the β in case of erythrosin B didn’t vary so much as  

mperature from -10°C (β1 = 0.92) to 80°C (β2 = 0.90). Thus beta in case 

heterogeneity in environments in the same glassy and melt region of sucrose as a function 

of temperature. These higher heterogeneities seen by tryptophan could be due to longer 

lifetime which allows it to see many other molecular motions as compared to the triplet 

state of erythrosin B (which is comparatively short lived). 

 

The amplitudes of longer lifetime components decreased and that of shorter lifetime 

components increased as a function of temperature in case of both vanillin and 

tryptophan.  Tryptophan showed three longer lifetime components (τ , τ  and τ ) that 

 the percentage of the longer (Figure 4a) and shorter (Figure 4b) 

1 2

1 2

a function of te

of tryptophan was significantly smaller than those for erythrosin B, suggesting larger 

1 2 3

decreased in amplitudes (T1, T2 and T3) with increasing temperature and one shorter 

lifetime components (τ4) that increased in amplitudes (T4). Vanillin showed two longer 

lifetime components (τ1 and τ2) that decreased in amplitudes (V1 and V2) and two shorter 

lifetime components (τ3 and τ4) that increased in amplitudes (V3 and V4) with increasing 

temperature. Comparing the amplitudes of longer and shorter lifetime components of 

vanillin and tryptophan decays also revealed different details (Figure 3). There was no 

significant difference in
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lifetime component between vanillin and tryptophan. In the glassy region for both 

er intrinsic rate. The Arrhenius 

lot of the total rate constant kP and rate of non-radiative decay kNR for the three probes is 

-1 o -1

at low and high temperatures were E  = 13.8 kJ mol-1 and E  = 72.3 kJ mol-1, the two 

-1 -1

tryptophan and vanillin, 70-80% of probes were distributed in rigid environments and 30-

20% of them were present in mobile environments.  

 

Temperature dependence of the rate constant for total decay of the triplet state for 

erythrosin B, vanillin and tryptophan is shown in Figure 5a. The decay rates were highest 

for erythrosin B followed by vanillin and tryptophan. Temperature dependence of the rate 

of non-radiative decay to S0 (kNR) is plotted in Figure 5b. The non-radiative decay rate 

which is an indicator of matrix mobility was highest is erythrosin B followed by vanillin 

and tryptophan. This indicates that erythrosin B probably senses faster motions compared 

to vanillin and tryptophan which also sense slower motions. The intrinsic rate of internal 

conversion affects kNR : Ery B appears to have a much fast

p

shown in Figure 6a and 6b, respectively.  

 

The Arrhenius plot of ln (kNR) was biphasic in case of erythrosin B and triphasic in case 

of vanillin and tryptophan. The activation energies at low and high temperature for 

erythrosin B were EaL = 1.2 kJ mol and EaH 10.2 kJ m l , and it showed a transition 

temperature at ~58°C (close to Tg of sucrose ~65°C). The activation energies for vanillin 

aL aH

transition points were at ~40°C. The activation energies for tryptophan at low and high 

temperatures were EaL = 23.9 kJ mol  and EaH = 107.43 kJ mol , the transition points 
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was at ~30°C. The activation energies at low and high temperatures varied such that 

erythrosin B > vanillin > tryptophan (Table 1).  

 

In glass to liquid transition, molecular mobility is present as α relaxation in the Tg zone; 

perature ~58°C (close to Tg of 

sucrose). Thus erythrosin was more sensitive a probe to motions above Tg (with α 

relaxations) than below Tg. Whereas vanillin showed transitions much below Tg at 40°C, 

similarly tryptophan showed transition temperatures around  30°C.  

 

In sucrose (using dielectric spectroscopy) three relaxation processes have being reported 

at temperatures 126°C to 74°C (α-relaxation), 72°C to 12°C (β-relaxation) and 6°C to -

145°C (γ-relaxation) (Kaminski et al., 2008). 

 

as temperature is lowered below Tg molecular mobility is present as β and γ (in some 

cases δ) relaxations also called secondary relaxations (Ediger et al., 1996; Hancock and 

Zografi 1997; Vyazovkin and Dranca, 2006). The  α relaxation is thought to reflect 

changes in local segmental motions (Hill and Tant, 1998). The secondary relaxations are 

due to vibrations of atoms or bonds, or reorientation of small group of atoms 

(Debenedetti and Stillinger, 2001).  

 

The sequence of non-radiative decay rate as a function of temperature (which is an 

indicator or matrix mobility) in amorphous sucrose film was erythrosin B > vanillin > 

tryptophan. Erythrosin B indicated a transition tem
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At high temperature translational mobility becomes activated and glass transition occurs 

(Champion et al., 2000; Zallen, 1998). In amorphous sucrose, glass to liquid transition, 

olecular mobility is presented as α relaxation in the Tg zone. The α relaxation 

ert, 1998, 1999). A recent study by Kaminski et al in 

ddition to commonly observed primary and secondary relaxation, have reported 

f the entire molecule 

 the two rings round each other is also 

 

m

corresponds to translational and rotational motion of molecules that support flow in the 

melt. As temperature is lowered below Tg molecular mobility is presented as β and γ 

relaxations also called secondary relaxations (Ediger et al., 1996; Hancock and Zografi, 

1997; Vyazovkin and Dranca, 2006). In the glass the local vibrational and rotational 

motions help hydroxyl groups reorient around the probe molecules.   The sub-Tg 

relaxations (β,γ) have being reported in amorphous sucrose due to localized motions (Le 

Meste et al., 2002; Wagner and Rich

a

presence of slower secondary relaxation lying in between the two (Kaminski et al., 2008). 

The β relaxation in sucrose is considered to be the universal Johari-Goldstein. β 

relaxation observed in other sugars too (Ngai and Paluch, 2004; Johari and Goldstein, 

1970; Ngai, 1998; 2003; Ngai et al., 2006; Capaccioli et al., 2006; Bohmer et al., 2006, 

Kaminski et al., 2006), which involves rotation of both monosaccharide (glucose and 

fructose) rings and is coupled with possible translational motion o

(Poppe and Van Halbeek, 1992). The rotation of

considered to be one of possibility of β relaxation in sucrose. The γ relaxation is being 

found to be result of internal motion (backbone rotation) within the monosaccharide 

(glucose and fructose) presence in the sucrose.  
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At temperature below Tg molecular mobility is presented as β and γ, maybe vanillin and 

tryptophan were more sensitive to β and γ relaxations. Compared to α relaxation which 

have higher activation energy and is usually associated with the cooperative global 

translational motion of the matrix molecules, β relaxation is a secondary relaxation which 

requires less activation energy (Champion et al, 2003). Thus vanillin and tryptophan are 

sensitive to glassy state motions in way that erythrosin B is not. 
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Conclusion 

The phosphorescence from each probe erythrosin B, vanillin and tryptophan was 

successfully utilized to measure molecular mobility on three different time scales 

corresponding to each probe. 
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Figure VIc-1a 
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Figure VIc-1a: Comparison of average lifetime of erythrosin B (single stretch 
exponential fit), vanillin (multi exponential fit) and tryptophan (multi exponential fit) 
dispersed in amorphous films of sucrose equilibrated against nitrogen as a function of 
temperature. The data was calculated every 10°C from -20°C to 100°C. 
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Figure VIc-1b 
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Figure VIc-1b: Comparison of average lifetime of erythrosin B (single stretch 
exponential fit) and tryptophan (multi exponential fit) dispersed in amorphous films of 
sucrose equilibrated against nitrogen as a function of temperature. The data was 
calculated every 10°C from -20°C to 100°C. 
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Figure VIc-1c 
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Figure VIc-1c: Comparison of average lifetime of erythrosin B (single stretch 
exponential fit) and vanillin (multi exponential fit) dispersed in amorphous films of 
sucrose equilibrated against nitrogen as a function of temperature. The data was 
calculated every 10°C from -20°C to 100°C. 
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Figure VIc-1d 
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Figure VIc-1d: Comparison of average lifetime of vanillin (multi exponential fit) and 
tryptophan (multi exponential fit) dispersed in amorphous films of sucrose equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
20°C to 100°C. 
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Figure VIc-1e 
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culated every 10°C from -20°C to 100°C. 
 

 
Figure VIc-1e: Comparison of log of average lifetime of vanillin (multi exponential fit), 
erythrosin B (stretch exponential fit) and tryptophan (multi exponential fit) dispersed in 
amorphous films of sucrose equilibrated against nitrogen as a function of temperature. 
The data was cal
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Figure VIc-2 
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Figure VIc-2: Comparison of temperature dependent of stretching exponent for 
tryptophan decay (β1 (♦) and β2 (■)) and erythrosin B decay (β (▲)) from fits to a 
stretched exponential model of the intensity decay in amorphous sucrose films. 
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Figure VIc-3 
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Figure VIc-3: Comparison of intensity decay fit parameters amplitude for tryptophan 
and vanillin in amorphous films of sucrose in nitrogen as a function of temperature. The 
data was calculated every 10°C from -20°C to 100°C. In case of tryptophan the 
amplitudes T1 (♦), T2 (■) and T3 (▲) correspond to the longer life time compo nents (τ1, 
τ2, τ3) and T4 (*) correspond to the shorter lifetime components (τ4). In case of vanillin 
the amplitudes V1 (*), V2 (•) correspond to the longer life time components (τ1, τ2,), V3 
(+) and V4 (-) correspond to the shorter lifetime components (τ3, τ4).  
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Figure VIc-4b 
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Figure VIc-4a and 4b: Comparison of sum of amplitude for longer lifetime components 
(4a) and shorter lifetime components (4b) for tryptophan and vanillin in amorphous films 
of sucrose in nitrogen as a function of temperature. The data was calculated every 10°C 
from -20°C to 100°C.  
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Figure VIc-5a 
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Figure VIc-5a: Temperature depen ate constant for decay of the triplet 
state (kP = kRP + kTS0 + kTS1) for erythrosin B, vanillin and tryptophan in amorphous 
sucrose over the temperature range from -20 °C; values were calculated from the 
lifetime data. 

dence of the total r

°C to 100
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Figure VIc-5b 
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Figure VIc-5b: Temperature dependence of the rate of non-radiative decay to S0 (kNR) 
calculated for erythrosin B, vanillin and tryptophan in amorphous sucrose over the 
temperature range from -20°C to 100°C.  
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Figure VIc-6a 
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Figure VIc-6a: The Arrhenius plot of the rate of (kP) calculated for erythrosin B, vanillin 
and tryptophan in amorphous sucrose over the temperature range from -20°C to 100°C.  
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Figure VIc-6b 
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Figure VIc-6b: The Arrhenius plot of the rate of non-radiative decay to S0 (kNR) for 
erythrosin B, vanillin and tryptophan in amorphous sucrose over the temperature range 
from -20°C to 100°C.  
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Table VIc-1 

 
Table VIc-1: The activation energies and transition temperatures of erythrosin B, vanillin 
and tryptophan in amorphous sucrose film. 

 

 

Probe EaL kJ / mol
-1

EaH kJ / mol
-1

T / C τ0 / ms

Ery B 1.2 10.2 58 26

Vanillin 13.84 72.32 40 372

Tryptophan 23.9 107.43 30 6000
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Chapter VII : Protein (α-lactalbumin) 

is a small (14.3 kDa) globular calcium metalloprotein 

% of total whey protein). It has an ellipsoid shape 

other lobe is comprised of two β-strands with a loop-like chain. The bovine protein has 

60, W104, and W118) and eight 

anaman et al., 1970). The three dimensional structure of the protein is know from 

s 

po α-lactalbumin. All α-lactalbumin species bind calcium at one strong affinity site, 

which dramatically affects its biophysical properties. α-lactalbumin on removal of 

calcium at low salt concentration and neutral pH is known to exist in a molten globule 

state (Kuwajima, 1996). In molten globule state α-lactalbumin includes native-like 

secondary structure  (Hiroka and Sugai, 1984), a slightly expanded structure (10-20% 

larger radius) (Dolgikh et al., 1985), and an absence of tertiary structure packing 

(Kuwajima et al., 1976).  

 

The apo form conformer has a much lower transition temperature (Td ~ 38°C) and 

renaturation ability than the holo form and has been referred to as more heat labile. We 

made films in absence of calcium to investigate the solid-state mobility of molten globule 

 

 

α-lactalbumin: α-lactalbumin 

(Hendrix et al., 1996; Brew and Grobler, 1992; Wong et al., 1996). It is the second most 

common protein in bovine whey (20

with two distinct lobes divided by a cleft; one lobe is comprised of four helices and the 

123 amino acids and contains four tryptophans (W26, W

cysteine residues involved in four stable disulfide bonds with no free thiol groups 

(V

crystallography (Acharya et al., 1989). The native calcium metalloprotein is referred to a

holo α-lactalbumin and when calcium is removed from the structure it is referred to as 

a
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state of amorphous α-lactalbumin. The current study focuses on using steady-state and 

me-resolved phosphorescence of the intrinsic tryptophan and extrinsic erythrosin B and 

vanillin to monitor molecular mobility as a function of temperature in amorphous solid 

dry films of α-lactalbumin (refers to apo form hence forth unless otherwise mentioned) in 

the molten globule state. The three probes selected differ in the triplet excited state 

lifetime where the lifetimes increase in the order of erythrosin B < vanillin < tryptophan. 

The idea is that longer lifetime probes may help to access other modes of motion that 

affects the proteins functionality in films, and will help determine whether slower 

molecular motions may be occurring in the amorphous α-lactalbumin matrix as a 

function of temperature. The structural and dynamic heterogeneity that has been observed 

on the millisecond time scale may be considerably different over seconds timescale. 

 

ti

Figure VII-1 

Structure of Bovine α-lactalbumin 

www.pdb.org 
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Amorphous Proteins: The physical properties of amorphous solid proteins are important 

for the texture of protein containing foods, the stability of pharmaceuticals, the viability 

of seeds and pores and the permeability of edible films (Slade, 1989; Hill et al., 2005; 

Buitink and Leprince, 2004; Krochta and DeMulder, 1997). Two main factors affecting 

the physical properties of amorphous solid protein include the 3D structure and molecular 

mobility. The physical change (in terms of molecular mobility) occurring in amorphous 

solid proteins are very important in defining their shelf-life and quality (Slade and Levine, 

1991; Tolstoguzov, 2000; Walters, 2004). Molecular mobility in this context  represents 

different types of motions, vibrations of atoms or bonds, reorientations of small groups of 

atoms, translational motion of molecules or segments of polymers (Le Meste et al., 2002), 

that are activated at specified conditions (Ludescher et al., 2001). The most common way 

f forming amorphous solid proteins are by rapid cooling of liquid melt, but there are 

many other routes to an amorphous ay drying, freeze drying, extrusion, 

grinding, milling, etc (Li  are dried they become 

amorphous. Different processes like dehydration restrict translational, rotational and 

vibrational motions in proteins that are important for biological functions (Rupley and 

Careri, 1991).  

 

As compiled by Hill et al., 2005, proteins show many degrees of molecular motion like 

molecular vibrations, rotation of amino acids side chains, to more global larger scale 

motions of entire protein segments, depending on internal and external environmental 

conditions (Brooks et al., 1998). Stability of solid proteins (Lai and Topp, 1999) is 

strongly affected by temperature, water, pH, presence of any protectants, etc., and these 

o

state such as spr

u et al., 2006). When solid proteins
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factors are known to affect dynamics of proteins (molecular mobility). Residual water has 

significant effect on solid state stability of proteins (Towns, 1995). The kinetics of 

various physical and chemical processes is strongly affected by the degrees of molecular 

mobility in amorphous solid proteins and hence is of concern to us. Changes in relaxation 

time can be an indicator of the tendency for physical or chemical instability in the 

amorphous state.  

 

Protein Motions: Proteins show broad distribution of motions ranging from 10-15 to 104s. 

Proteins motion  include bond vibrations, side chain rotations, surface loops wiggling, 

domains flexing at connecting bonds, and the entire structure fluctuating to assemble the 

most stable structure (Ludescher, 1990). Thus, proteins have several degrees of motions; 

these motions are desirable to keep protein flexible enough to perform lots of functions, 

but in cases where motions lead to unfolding causing loss of its functionality it is highly 

undesirable. For example, proteins are thought to lose stability (Vanderheeren and 

Hanssens, 1994) due to preferential orientation of amino acids when exposed to air-water 

or liquid-water interfaces (Hill et al., 2005). Molecular mobility of proteins in solid state 

is not fully characterized.  

 

Fully hydrated proteins are known to show dynamic transition which is identified with 

polymer glass transition when cooled near the temperature called the dynamical 

transitions Td, the so called glass transition in protein which is reminiscent of the α, β 

motions in glasses (Hill et al., 2005). The glass transition involves a change in the protein 

or polymer backbone (translational motions) and the lower temperature motions (β and γ) 
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involves side chain motions. Above Td, dynamic behavior is dominated by highly 

temperature dependent, large-scale, anharmonic, collective motion of bonded and non-

bonded atoms superimposed on small amplitude vibrational motions, whereas below Td, 

nearly small-amplitude, harmonic vibrations exist with a temperature dependence similar 

to the harmonic atomic vibrations in small molecule crystals (Hill et al., 2005).  

 

Amorphous protein solids are glassy when dry and rubbery when moist and exhibit broad 

thermal transitions between these states. Broad thermal softening transitions have been 

seen in calorimetric studies of lysozyme, hemoglobin, and myoglobin (Sartor and Johari, 

1994) (Figure VII-2). 

Figure VII-2 

Dynamic transitions in Proteins 

 

 

 

(Adapted from Hill et al., 2005) 
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Proteins demonstrate many degrees of molecular motions (Table 1). Motions in proteins 

cover time scales from femtoseconds (individual bond vibrations) to picoseconds (small 

group fluctuations) to nano and microseconds and longer (collective motions of groups of 

bonded and non-bonded atoms) and corresponding distance scales from fractions to an 

Angstrom. 

Table VII-1 

Characteristic motions of globular proteins 

 

Local motions (0.01-5 Å, 10-15-10-1 s) 

   Atomic fluctuations 

   Side chain motions 

   Loop motions 

   Terminal arm motions 

Rigid 

   Helix motions 

   Domains (hinge bending) motions 

   Subunit motions 

Larger-scale motions (>5 Å, 10-7-104 s) 

   Helix-coil transitions 

   Dissociation/association and coupled 
structural changes 

   Opening and distortional fluctuations 

   Folding and unfolding transitions  

body motions (1-10 Å, 10-9-1 s) 

 
 

 (Adopted from Brooks et al., 1998) 
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Studies have used dielectric relaxation (Gangasharan and Murthy, 1993; Chan et al., 1986; 

Faivre et al., 1999; Richert, 2001), mechanical spectroscopy (Faivre et al., 1999), FTIR 

(Wolkers et al., 1998), NMR (Moran and Jeffrey, 1999; Van Dusschoten et al., 1999), 

and ESR (Buitink et al., 2000) to study molecular mobility in food matrices. Also there 

are other methods to study protein dynamics; fluorescence and phosphorescence 

spectroscopy with the help of intrinsic (e.g., tryptophan) probe or extrinsic covalently 

attached organic dye dy their dynamics in 

lution and in solid state (McGown and Nithipatikom, 2000). Due to the timescale of 

excited singlet state, fluorescence spectroscopy 

of 10-7-10-11 s and those of excited triplet state in case of phosphorescence spectroscopy 

respond to molecular event in the ms to s (Parker, 1968; Lakowicz, 1999). Molecular 

mobility can be dete obe using phosphorescence 

spectroscopy as it is ecific method (Shirke and Ludescher, 2005, 2006a, 

2006b; Simon-Lukasik and Ludescher, 2006a, 2006b, 2004). It is very important that a 

probe should have h ission and the lifetime of 

emission should be w ns (Lettinga et al., 2000).  

 

Molecular Probes: Phosphorescence can be obtained from probes that can be divided into 

two categories: intrinsic or extrinsic probes. Extrinsic probes could be either covalently

attached (e.g., erythrosin isothiocyanate attached to 

and Ludescher, 2004) or dispersed (e.g., erythrosin isothiocyanate dispersed in sucrose 

matrix: Pravinata et al., 2005). The intrinsic probe could be naturally occurring amino 

acid residue in proteins (e.g., tryptophan: Mazhul et al., 2002) and thus could provide site 

(e.g., erythrosin B) has been widely used to stu

so

responds to molecular events in the range 

cted within the local environment of a pr

 a sensitive site sp

igh quantum yield of phosphorescence em

ithin the timescale for monitoring motio

 

a protein surface; (Simon-Lukasik 
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specific dynamics information (Hurtubise et al., 1997). The different time scales of 

motions demand different probes; for example slower motions like the ones that occur in 

viscous glass demand using long-lifetime chromophores as compared to say if the 

medium was water  (Lakowicz, 1999).  

 

A probe observes molecular mobility during its excited state lifetime, and for slower 

motions (Craig et al., 1999) longer lifetime probes are more suitable and the opposite is 

true for faster motions. A probe should have high quantum yield of phosphorescence 

emission and the lifetime of emission should be within the timescale for monitoring 

motions (Lettinga et al., 2000). Organic dyes having easily populated stable triplet states, 

offer good choice as probes and are referred to as triplet probes (Parker, 1968). 

  

Different probes will have different lifetime based on their molecular structure and 

environment in which they are present; the lifetime could also vary based on the 

sensitivity of the probe. Molecular probes report on the properties of the molecular 

environment around the probe. Different probes provide different information with 

spect to mobility. re

 

As discussed above luminescence signal from spectroscopic probes erythrosin B, 

tryptophan, and vanillin are sensitive to mobility in amorphous solids. These three probes 

differ, where tryptophan is an intrinsic probe and erythrosin B and vanillin are extrinsic 

dispersed probes and have different lifetime and thus will monitor mobility in different 

time scales.  
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Probes emitted photons that can be characterized by their energy, their intensity and their 

polarization. Measurements of these luminescence characteristics can describe mobility 

and interaction within a specific size and time scales, depending on the chosen probe’s 

size, lifetime and its specific location in a matrix. 
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Chapter VII-a: Effect of temperature on molecular mobility, oxygen permeability, 

and dynamic site heterogeneity in amorphous α-lactalbumin films 

Introduction

 

 

 used phosphorescent probe of the molecular mobility of 

and high phosphorescence quantum yield even in aqueous solution. Erythrosin B (Ery B) 

quantum yield (Garland and Moore, 1979) and is thus considered as an ideal probe for 

 studies. The phosphorescence of erythrosin B is due to the xanthene 

ring with four iodine atoms. Erythrosin B is one of the most sensitive and commonly used 

eins in solution and in 

sim le amorphous systems such as sucrose (Pravinata et al., 2005), gelatin (Simon-

2006), β-lactoglobulin (Sundaresan and Ludescher, 2007) and glucose, maltose and 

ful 

molecular events in amorphous α-lactalbumin using erythrosin B.  

 

Oxygen is a contact quencher of the excited triplet state; phosphorescence can thus be 

used as a sensitive indicator of oxygen diffusion in amorphous solid proteins. 

Measurements of phosphorescence emission and lifetimes from Ery B labeled gelatin  

films (Simon-Lukasik and Ludescher, 2004) , amorphous BSA (Nack and Ludescher, 

Erythrosin B is the most widely

water soluble and membrane bound proteins because of its large extinction coefficient 

has 98% of excited molecules converting to triplet state and has high phosphorescence 

phosphorescence

triplet probes in the study of μs dynamics of large prot

biomembranes. Erythrosin B has been used to monitor molecular mobility in many 

p

Lukasik and Ludescher, 2006a, 2006b), bovine serum albumin (Nack and Ludescher, 

maltotriose (Shirke and Ludescher, 2006a, 2006b). This study provides use

information about 
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2006) and amorphous β-lactoglobulin (Sundaresan and Ludescher, 2007) have indicated 

its utility to monitor oxygen diffusion. 

 of 

ynamic heterogeneity.  

measure the local molecular mobility in amorphous α-lactalbumin films as a function of 

 

Amorphous solids due to dynamic heterogeneity (Ediger, 2000; Sillescu, 1999) may have 

distinct dynamic regions (high density or low density) and show different relaxation 

times (Liu et al., 2006; Shamblin et al., 1999. Sillescu, (1999) has extensively reviewed 

the existence of heterogeneity in glass forming liquids and polymers, by compiling 

different experimental techniques like NMR, dielectric and optical experiments which 

indicate the presence of dynamical heterogeneity (Sillescu, 1999; Richert1997, 2001). 

Dynamic site heterogeneity has being studied by Ludescher and colleagues using 

phosphorescence spectroscopy in various amorphous solids. Phosphorescence emission 

from Ery B has been shown to be distributed among dynamically distinct sites in different 

amorphous matrices like gelatin (Simon-Lukasik and Ludescher, 2006a, 2006b), maltose 

and maltitol (Shirke and Ludescher, 2005), lactose and lactitol (Shirke and Ludescher, 

2006a, 2006b), amorphous sucrose (Pravinata et al., 2005) and in amorphous bovine 

serum albumin (Nack and Ludescher, 2006). It has been shown that in these amorphous 

solids different sites vary in overall molecular mobility indicating the presence

d

 

We report here a comparable phosphorescence study of molecular mobility, oxygen 

permeability and dynamic site heterogeneity in amorphous α-lactalbumin films using 

steady state and time-resolved intensity decays from dispersed Ery B. In this study we 
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temperature using phosphorescence spectroscopy based on emissions from Ery B 

dispersed in the matrix. We report here a comparable phosphorescence study of oxygen 

ermeability in amorphous α-lactalbumin films using erythrosin B phosphorescence. p
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Materials and Methods 

Sample preparation: Purified α-lactalbumin (calcium depleted) was obtained from Sigma 

Chemical Company (St Louis, MO) and used as received. In order to define and 

minimize the presence of counter ions, α-lactalbumin was dissolved in distilled deionized 

water at 10 mg/ml, placed in a cellulose dialysis tube having a 1 kDa molecular weight 

cutoff (Spectrum, Houston, TX), dialyzed against 0.1 M potassium chloride for at least 

36 hours with frequent changes of buffer, and then dialyzed extensively against distilled 

deionized water.  All dialysis was carried out at 4°C.  The solution was then filtered 

through a 0.2 μm Acrodisc membrane filter (Pall Gellman Laboratory, Ann Arbor, MI) to 

remove particulate matter. The concentration of the protein after dialysis was determined 

by absorbance at 280 nm using an extinction coefficient of 28,500  M-1cm-1 (Kronman 

and Andreotti, 1964). 

 

A 10 mg/ml stock solution of Ery B free acid (Molecular Probes, Inc., Eugene, OR) was 

prepared in N,N-dimethlyformamide (DMF) (Sigma-Aldrich, Milwaukee, WI); DMF has 

negligible effects on the spectroscopic properties of the probe in amorphous sucrose at a 

variety of concentrations (Pravinata et al., 2005). This concentration was selected to 

simplify the addition of the probe to the α-lactalbumin solution, and the solvent was 

selected for probe stability during long term storage.  The probe was added to the α-

lactalbumin solution at a molar ratio of 1:4 (dye:α-lactalbumin).  At this concentration it 

was determined that the Ery B does not aggregate, existing only as individual molecules 

monitoring the molecular mobility of the protein. 
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Preparation of protein films: The amorphous films were made by pipetting 20 μL of the 

uminescence Measurements: Luminescence measurements were made using a Cary 

fore collecting data. 

solution (Ery B + α-lactalbumin) onto quartz slides (13 mm x 30 mm x 0.6 mm) (NSG 

Precision Cells, Farmingdale, NY) and spreading the solution over an area approximately 

15 mm x 10 mm. Before use, to improve the surface activity for spreading the solutions, 

the slides were soaked in Terg-A-Zyme (Alconox, Inc., NY) soap solution, washed with 

double distilled water, rinsed with ethanol and dried in acetone.  After spreading (~0.05 

mm thick), the slides were dried under constant flow of air for 30 minutes, allowing the 

films to set, and then transferred to a desiccators over phosphorus pentoxide for at least 

one week, where the water activity is not greater than 0.01.  The slides were stored at 

23.0 ± 1ºC, protected from light to prevent any photo bleaching of the Ery B and 

desiccant was refreshed as needed to maintain a relative humidity close to 0%. 

 

L

Eclipse fluorescence spectrophotometer (Varian Instruments, Walnut Creek, CA).  Quartz 

slides were placed in a standard quartz fluorescence cuvette, which was capped with a lid 

having inlet and outlet ports for gas lines.  The cuvette was flushed with a gentle stream 

of nitrogen for 15 minutes prior to data collection to eliminate oxygen. An oxygen-free 

nitrogen stream was generated by passage of high purity nitrogen through a Supelco 

(Bellefonte, PA) carrier gas purifier. The temperature of the cuvette holder was controlled 

by a thermoelectric cooler (Quantum Northwest, Spokane, WA); the temperature of the 

cuvette was monitored directly using a thermocouple in the cuvette. The films were 

equilibrated for 15 minutes at each temperature be
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The Cary Eclipse uses a pulsed lamp and collects emission intensity in analog mode; data 

were not collected within the first 0.1-0.2 ms to suppress fluorescence coincident with the 

lamp pulse.  Delayed luminescence emission spectra were collected from 535 to 800 nm 

(10 nm bandwidth) using excitation at 500 nm (20 nm bandwidth) over the temperature 

range from –20°C to 100°C.  Each data point was collected from a single flash with 0.2 

ms delay, 5.0 ms gate time, and 0.02 s total decay time. 

 

Phosphorescence emission spectra measured as a function of time delay following 

excitation at 500 nm (bandwidth 20 nm) were collected from 620-750 nm (bandwidth 10 

nm) with gate time of 0.5 ms, number of flashes = 1 and varying delay times of 0.1, 0.6, 

1.1, 1.6 and 2.1 ms. The phosphorescence spectra collected as a function of temperature 

 the presence of nitrogen were converted to intensity versus frequency (cm-1) and in

analyzed to obtain the peak frequency and spectral bandwidth using eq. (1) and (2). 

 

Lifetime measurements were made in the presence of nitrogen (-O2) or in presence of air 

(+O2) as a function of temperature. The samples were excited at 540 nm (20 nm 

bandwidth) and emission transients collected at 680 nm (20 nm bandwidth) at 

temperatures ranging from –20°C to 100°C.  Each decay transient was the sum of 50 

cycles, and for each cycle data were collected from a single lamp flash with a delay of 0.1 

ms, 0.02 ms gate time and 4.0 ms total decay time.  All measurements were made in 

quadruplicate.    
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The intensity decays of Ery B were also measured as a function of excitation wavelength 

using emission at 690 nm (bandwidth 20 nm); excitation wavelength was varied from 460 

to 580 nm (bandwidth 10 nm).  Measurements of intensity decays were also measured as 

a function of emission wavelength using excitation at 540 nm (bandwidth 20 nm); 

emission wavelength was varied from 660 to 760 nm (bandwidth 10 nm). The 

measurements were made at varying temperatures from –20°C to 120°C in the presence 

f nitrogen or air. The intensity was collected as a function of time following the lamp o

flash over a total window of 4 ms following a delay time of 0.1 ms and using a gate time 

of 0.02 ms; 50 cycles were summed to get a single decay. The intensity decay was 

analyzed using the stretch-exponential decay function (Eq. 3).  

 

Data Analysis 

Delayed luminescence spectra were fitted to a sum of two log normal functions using the 

rogram NFIT (Island Products, Galveston, TX). The emission peak energy (νp) and 

lated to b and Δ (Maroncelli and Fleming, 1987) Equation 2. 

Γ = Δ sinh (b)/b               (2) 

 

p

bandwidth (full-width-at-half-maximum, FWHM) of the emission bands were determined 

by fitting both delayed fluorescence and phosphorescence emission as a function of 

frequency (in cm-1) to a log normal function Equation 1 (Maroncelli and Fleming, 1987). 

I (ν) = Io exp {-ln (2) [ln (1+2b (ν-νp)/Δ)/b] 2}            (1) 

In this equation Io is the maximum emission intensity, νp is the peak energy (in cm-1) of 

the emission maximum, Δ is a line width parameter, and b is an asymmetry parameter.  

The FWHM is re
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The time-resolved phosphorescence emission spectra collected as a function of delay 

time and temperature were also analyzed using eq. (1) and (2). 

 

Intensity decay transits were analyzed using a non-linear least squares iterative fitting 

procedure using the program NFIT (Island Products, Galveston, TX). Fits were judged 

satisfactory if the r2 values were in the range of 0.995-1.0, and the modified residual 

[(data-fit)/data1/2] varied randomly about zero. Intensity decays were clearly non-

exponential and were analyzed using the stretched exponential or Kohlrausch-Williams-

Watts (KWW) model Equation 3. This model has being shown to be appropriate to 

describe the wide distribution of relaxation times (Champion et al., 2000) for the 

olecular processes that depopulate excited states in amorphous solids. 

) exp{-(t/τ)β} + C              (3) 

 

τ-1 = kP = kRP + kTS1 + kTS0 + kQ[O2]              (4) 

m

I(t) = I(0

Where I(0) is the initial amplitude at time zero, τ is the Kohlrausch-Williams-Watt 

lifetime, and β is the stretching exponent, which varies from 0 to 1 and quantifies the 

non-exponential nature of the decay, and C is a constant; β provides a measure of the 

width of the distribution of lifetimes required to fit the intensity decay; the smaller the 

value of β, the wider the distribution of lifetimes (Lindsey and Patterson, 1980).   

Photophysical Scheme: The phosphorescence lifetimes were interpreted in terms of the 

rate constants associated with the various processes that contribute to the de-excitation of 

the excited triplet state of the probe Equation 4 (Duchowicz et al., 1998).  

 

 



 427

In this expression, kRP is the rate of radiative decay of the triplet state (phosphorescence) 

its value for erythrosin is 41s-1 (Lettinga et al., 2000; Duchowicz et al., 1998) . The term 

TS1 is the rate for thermally activated reverse intersystem crossing from the triplet to the 

d [ln (I

 4. The 

te of collisional quenching of the excited triplet state of the probe by oxygen is kQ[O2]. 

        (7) 

k

singlet excited state; it has an exponential dependence on the energy gap (ΔETS) between 

the singlet and the triplet state Equation 5: 

kTS1(T)  = ko
TS1 exp(−ΔETS/RT)              (5) 

 

The value of ΔETS was calculated from the slope of the natural logarithm of the ratio of 

the emission intensity due to delayed fluorescence (IDF) and phosphorescence (IP) plotted 

versus 1/T Equation 6; IDF and IP were determined from log normal analysis of the 

emission spectra. 

DF/IP)]/d(1/T) = - ΔETS/R              (6) 

(Where R = 8.314 J K-1 mol-1). The value of kTS1 was calculated from equation 5 using 

ko
TS1 = 6.5 x 107s-1  and ΔETS = 31.9 kJ mol-1. Intersystem crossing to the ground state S0, 

which reflects relaxation of the probe from the excited triplet state to the ground state 

without the emission of a photon, has rate kTS0. The value of kTS0 was calculated from the 

lifetime in the presence of nitrogen (-O2) (where kQ[O2] is negligible) using Eq.

ra

The values of kQ[O2] was calculated from the difference in the inverse lifetime in the 

presence of air (+O2) and nitrogen (-O2) using Equation 7. 

kQ[O2] =  1/τ(air) – 1/τ(N2)       
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Results 

Delayed emission spectra: The delayed luminescence spectra of Ery B dispersed in 

amorphous α-lactalbumin films (in the presence of nitrogen) as a function of temperature 

are plotted in Figure 1.  These spectra exhibited maxima at ∼565 nm and ~695 nm 

corresponding to delayed fluorescence and phosphorescence emission bands, respectively. 

Delaye  em sion t  the gr und s te (S0) from a singlet 

ate (S1) that has been repopulated by reverse intersystem crossing from the triplet state 

intensity as a function of temperature; the delayed fluorescence 

 fro  –20°  to 1 0°C, a  expe ed fro mally 

 significantly different than in 

 0.8 kJ mol-1 These alues ere si nifican r than 

that for Ery B in ethanol, 28.5 kJ mole-1 (Duchowicz, 1998), but slightly smaller than the 

values for Ery B in amorphous films of bovine serum albumin (32.9 ± 0.5 kJ mol-1) 

d, or E-type, fluorescence reflects is o o ta

st

(T1) (Parker, 1968). The phosphorescence band reflects emissions from the triplet state 

(T1) to the ground state (S0). The delayed emission spectra were collected over the 

temperature range -20°C to 100°C. Delayed emission showed a decrease in 

phosphorescence 

intensity increased continuously m C 0 s ct m a ther

stimulated processes. 

 

The intensity ratio when plotted as a Van’t Hoff plot of ln (IDF/IP) vs. 1/T (using the 

maximum emission intensity determined from fitting spectra to a log-normal function) 

was linear over the entire range of measured temperature (with R2 > 0.995 for all curves) 

with no systematic deviation (data not shown); the slope provides an estimate of the 

energy gap, ΔETS, between the lowest triplet (T1) and singlet (S1) states. The value of 

ΔETS = 31.9  ± 0.9 kJ mol-1 in presence of nitrogen was not

presence of air (ΔETS = 31.55 ± ).  v  w g tly highe
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(Nack and Ludescher, 2006) and β-lactoglobulin (33.6 ± 0.8 kJ mol-1) (Sundaresan and 

higher temperature. The increase in Γ at elevated temperatures 

flects an increase in the extent of inhomogeneous broadening of the spectra due to 

Ludescher, 2007), suggesting that the specific structure of the matrix influences the 

triplet-singlet energy gap. 

 

The peak energy (νp) and bandwidth (Γ) for both delayed fluorescence and 

phosphorescence were determined by fitting emission spectra to a sum of two log-normal 

functions.  The values of νp and Γ for the phosphorescence band varied systematically as 

a function of temperature (Figure 2).  There was a gradual decrease in the emission 

energy at low temperature, –20°C to 10°C, followed by steeper decrease above 10°C.  

The decrease in νp reflects an increase in the rate of dipolar relaxation around the triplet 

excited state (Lakowicz, 1999). The emission bandwidth (Γ) remained constant from 

−20°C to 10°C, increased gradually over the temperature interval from 20°C to 80°C, and 

increased sharply at 

re

changes in the interaction of Ery B molecules with the surrounding matrix. The increase 

in dipolar relaxation rate was thus accompanied by an increase in the width of the 

distribution of energetically different environments. An Arrhenius plot of the inverse 

phosphorescence intensity (1/IP), where IP was determined by fitting the emission spectra 

to a log-normal function (data not shown) was biphasic; the transition temperature 

(determined from intersection of lines fit to points at low and high temperature) was 

estimated to be ~50°C. 
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Phosphorescence lifetimes: Phosphorescence intensity decays of Ery B in amorphous α-

lactalbumin films at 20°C in the presence of nitrogen (-O2) and air (+O2) are plotted in 

Figure 3 along with the modified residuals for fits to these decays using a stretched 

xponential model function (Eq. 3, Materials and Methods). The modified residuals for 

ystem crossing to a highly excited vibration of the singlet S0 

anifold followed by vibrational relaxation to the ground vibrational state (see Eq. 4 and 

analysis in Materials and Methods). The rate kTS0 reflects the extent to which molecular 

e

these fits varied randomly around zero, indicating that the stretched exponential function 

provided a statistically satisfactory fit to these data. All intensity decay data over the 

temperature interval from −20°C to 100°C were well fitted using a stretched exponential 

function. A stretched exponential function has also being shown to  provide a statistically 

satisfactory fit to intensity decays of Ery B dispersed in amorphous gelatin (Simon-

Lukasik and Ludescher, 2006a, 2006b), bovine serum albumin (Nack and Ludescher, 

2006) and β-lactoglobulin (Sundaresan and Ludescher, 2007) under all conditions 

measured.  

 

The phosphorescence intensity decreased with increasing temperature in absence and 

presence of oxygen, indicating an increase in triplet state quenching rates with increase in 

temperature; the results of these analyses are plotted in Figure 4a. The Ery B lifetime in 

the absence of oxygen was 0.56 ms at −20°C and decreased to 0.1 ms at 100°C; the 

decrease was gradual at low temperature and more dramatic at higher temperature.  The 

decrease in lifetime with temperature in the absence of oxygen is the result of an increase 

in both kTS1, the rate of reverse intersystem crossing to the excited singlet state (S1), and 

kTS0, the rate of inters

m
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motions within the matrix are able to facilitate dissipation of the vibrational energy of the 

highly excited probe into the matrix (Fischer et al., 2002; Vanderkooi and Berger, 1989) 

and is an indicator of matrix mobility. 

 

The lifetime at −20°C in the presence of oxygen was 0.54 ms and identical within error to 

the value in the absence of oxygen, indicating that oxygen quenching was negligible at 

low temperature. The lifetime in the presence of oxygen, however, was significantly 

smaller than the lifetime in the absence of oxygen at all temperatures above 0°C, 

decreasing to as low as 0.06 ms at 100°C, indicating that oxygen quenching was 

thermally activated at about 0°C and above. Based on measurements in the presence and 

absence of oxygen on the same slide, comparison of the phosphorescence intensity IP, 

determined from log-normal fits to the emission spectra, of films in the presence and 

bsence of oxygen also indicated that oxygen effectively quenched the probe emission at a

all temperatures above 0°C (data not shown). 

 

The stretching exponent β is a measure of the width of the distribution of lifetimes 

required to fit the intensity decay (Lindsey and Patterson, 1980; Richer, 2002); it 

provides a measure of the dynamic heterogeneity of the matrix and varies primarily due 

to variability in kTS0 (Pravinata et al., 2005).  The value of β decreased linearly and 

equivalently with temperature in both the presence and absence of oxygen from a 

maximum of ∼0.85 at –20°C to ~0.8 at 60°C.  Above 60°C, however, β was lower in the 

presence of oxygen, decreasing to ~0.75 in the absence of oxygen and ~0.65 in the 

presence of oxygen at 100°C. There was significant difference in β in the presence and 
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absence of oxygen above 80°C, as shown in Figure 4b. The lower value, and thus a 

broader distribution of lifetimes, in the presence of oxygen (Lindsey and Patterson, 1980) 

may reflect additional heterogeneity due to variations in the magnitude of the oxygen 

uenching constant kQ [O2]. 

al to the oxygen permeability. The oxygen 

uenching rate kQ[O2] was calculated from the difference between kP in the presence of 

q

 

Photophysical rate constants: The photophysical rate constants corresponding to various 

de-excitation processes provide insight into the effect of temperature on matrix mobility 

and oxygen permeability. The rates of collisional quenching kTS0 and oxygen quenching 

kQ[O2] were calculated from lifetimes in the presence of nitrogen and air (using eq. 4 and 

7; see Materials and Methods for details). The magnitude of kTS0 increased gradually at 

low temperatures and much more steeply at temperatures above ~50°C (Figure 5a). The 

oxygen quenching constant is the product of a rate constant kQ, which is proportional to 

the diffusion coefficient of oxygen through the protein matrix, and the solubility of 

oxygen in the matrix [O2]; it is thus proportion

q

nitrogen and air using Eq. 7. The magnitude of  kQ[O2] increased gradually at low 

temperatures and much more rapidly at temperatures above ~50°C as shown in Figure 5b. 

 

Arrhenius plots of these rates are depicted in Figure 5b.  The Arrhenius plot of kTS0 was 

essentially biphasic, exhibiting a change in slope at ~50°C indicated a dynamic transition 

in amorphous α-lactalbumin.  The activation energies, determined from the slopes at low 

(−20°C to 50°C) and high (60°C to 100°C) temperature, were 1.89 kJ mol-1 and 8.46 kJ 

mol-1, respectively; these values reflect the activation energy for the matrix motions that 
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effectively dissipate the excess probe vibrational energy into the matrix.  The Arrhenius 

plot of kQ[O2], on the other hand, was essentially linear over the entire temperature range; 

the single activation energy of 28.99 kJ mol-1 reflects the activation energy for oxygen 

permeability through the α-lactalbumin matrix.   

nalyzed using a stretched exponential decay function; the lifetimes and stretching 

 

The rate kQ[O2] varied with kTS0 over nearly three orders of magnitude change in the 

oxygen quenching constant (Figure 6), suggesting that matrix mobility directly 

modulated O2 permeability in this protein matrix. The biphasic nature of the plot revealed 

a break point at 10°C. Similar, though subtly different, correlations between oxygen 

permeability and matrix mobility were also seen in amorphous thin films of BSA (Nack 

and Ludescher, 2006) and β-lactoglobulin (Sundaresan and Ludescher, 2007) using the 

same technique. 

 

Phosphorescence lifetime as a function of excitation and emission wavelength: 

Phosphorescence intensity decays were measured as a function of excitation (480 to 560 

nm) and emission (660 to 760 nm) wavelength every 20 nm at temperatures ranging from 

-20°C to 120°C in the presence of nitrogen (-O2) and air (+O2).  All decays were well 

a

exponents in nitrogen and in air are plotted versus wavelength in Figures 7 and 8, 

respectively. The lifetime varied systematically across both the excitation and emission 

band in nitrogen and in air.  
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In the presence of nitrogen the lifetime exhibited a systematic increase with increasing 

excitation wavelength at most temperatures (Figure 7a). However, the lifetimes decreased 

monotonically with increasing emission wavelength from -20°C to 20°C; for example, 

values of the lifetime at 20°C ranged from as high as 0.50 ms at 660 nm to as low as 0.38 

s at 760 nm. However, in the temperature range from 40°C to 100°C, lifetimes 

escher, 2006a, 2006b) and amorphous gelatin (Simon-Lukasik and 

udescher, 2004). Such behavior provides strong evidence for dynamic site heterogeneity 

dge and increased sharply until they were nearly identical to 

ose in nitrogen at the red edge of the excitation band at all temperatures (Figure 8a). 

The lifetime variation across the emission band in air was essentially identical to that in 

m

increased with increasing wavelength at the blue edge to a maximum at 660-680 nm and 

then decreased at higher wavelengths, while at 120°C the lifetime was approximately 

constant with emission wavelength. Comparable variations in lifetime with emission 

wavelength have been reported previously with this probe in amorphous sucrose 

(Pravinata et al., 2005), amorphous BSA (Nack and Ludescher, 2006), amorphous 

maltose and maltitol (Shirke and Ludescher, 2005), amorphous lactose and lactitol 

(Shirke and Lud

L

within the amorphous solid protein in which individual probes reside in distinct local 

environments with distinct molecular mobility. Systematic variations in the value of β 

across both the excitation and emission band indicate that the local environments also 

varied in the extent of dynamic heterogeneity (Figure 7b).  

 

The lifetime variation across the excitation band in the presence of oxygen, however, was 

quite different from that seen in nitrogen; the lifetimes were significantly lower than 

those in nitrogen at the blue e

th
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nitrogen (Figure 8a), except that the lifetimes were displaced to lower values at 

temperatures above 0°C.  Systematic variations in the value of β across both the 

excitation and emission band in the presence of oxygen indicated that the local 

environments also varied in the extent of dynamic heterogeneity (Figure 8b).  

 

A comparison plot of lifetime and β in presence and absence of oxygen is shown in 

Figure 9a and 9b, respectively. 

 

The oxygen quenching rate kQ[O2] as a function of emission and excitation wavelength 

was calculated from the difference between kP in the presence of nitrogen and air (Figure 

10a). The magnitude of  kQ[O2] varied across the emission and excitation bands indicating 

that the local environments varied in the magnitude of oxygen quenching rates. The 

activation energies (EA) for the motions that led to oxygen quenching were obtained from 

Arrhenius analysis of plots of ln kQ[O2] versus 1/T. The values were essentially linear 

with wavelength at each temperature. EA varied between 25.1 kJ mol-1 to 39.5 kJ mol-1  as 

a function of emission wavelength and between 27.1 kJ mol-1 and 32.6 kJ mol-1 as a 

function of excitation wavelength (Figure 10b).  

 

The variation in lifetimes with emission wavelength could reflect variations in the 

underlying photophysical rate constant kTS0 with wavelength. Arrhenius analysis of the 

temperature dependence of the rate constants kP at each wavelength provides an estimate 

of the apparent activation energy EA for collisional quenching kTS0. The activation 

energies for the motions that quenched the triplet state were obtained from Arrhenius 
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plots of lnkTS0 versus 1/T (Figure 10b). These values at low (-20°C to 20°C) and high 

temperatures (40°C to 120°C) are plotted in Figure 10b. The activation energy was five 

times larger at high temperature than at the low temperature, ranging from 11.1 kJ mol-1 

to 16.4 kJ mol-1 at high temperature and almost constant around 2 kJ mol-1 at low 

mperature across the emission band. EA was large at shorter wavelength at higher 

material. The values varied from 18.1 kJ mol-1 to 13.7 kJ 

ol-1 at high temperature and remained around 2 kJ mol-1 at low temperature as a 

ly.  The emission spectra increased in 

nergy (blue-shifted) with increasing delay time at all temperatures. Such behavior is 

te

temperature. Similar variations in EA with emission wavelength for Ery B have been 

reported in other amorphous bio

m

function of excitation wavelength without any systematic variations. Comparisons of the 

activation energies for kQ[O2] and kTS0  as a function of emission and excitation 

wavelength are plotted in Figure 10b.  

 

Time-resolved phosphorescence emission spectra: Phosphorescence emission spectra 

were collected as a function of delay time from 0.1 to 2.1 ms following excitation at 

temperatures ranging from −20°C to 80°C (data not shown); the peak emission energy 

and bandwidth determined from analysis of these spectra using a log-normal function are 

plotted in Figure 11 and Figure 12 respective

e

inconsistent with a model in which dipolar relaxation around the excited triplet state 

generates red-shifted emission for those probes that have longer lifetimes; it is, however, 

consistent with a site heterogeneity model in which individual probes are distributed 

among pre-existing environments whose physical properties are such that those 

molecules with long lifetimes have blue-shifted emission (Pravinata et al., 2005; Nack 
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and Ludescher, 2006; Shirke and Ludescher, 2005, 2006). These data provide direct 

evidence that probes in environments with shorter lifetime have red-shifted emission 

spectra and probes in environments with longer lifetime have blue-shifted emission 

spectra. A plot of bandwidth as function of delay time at different temperatures is shown 

in Figure 12.  
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Discussion 

Two general modes of matrix molecular mobility, dipolar relaxation and collisional 

quenching, modulate the emission energy and lifetime of the excited triplet state of Ery B 

(Ref 31). Dipolar relaxation in the matrix generates new interactions that can stabilize the 

excited state (Demchenko, 1988) of erythrosin B and lower the emission energy of the 

phosphorescence emission while molecular collision with the excited triplet state 

dissipate excess vibrational energy of the probe into the matrix and lower the emission 

intensity and lifetime. In addition, since oxygen is a contact quencher of the excited 

triplet state of Ery B phosphorescence can be used as a sensitive indicator of oxygen 

diffusion in amorphous solid proteins (Sundaresan and Ludescher, 2007; Nack and 

Ludescher, 2006; Simon-Lukasik and Ludescher, 2004). 

 

Matrix Molecular Mobility: The thermal response of peak emission reflects the affect of 

temperature on increasing the rate of dipolar relaxation around the excited triplet state of 

Ery B. Surface polar groups in α-lactalbumin are the origins of dipolar relaxation.   The 

large increase in FWHM at higher temperatures indicated inhomogeneous broadening 

corresponding to increase in the width of the distribution of energetically distinct matrix 

environments in the amorphous α-lactalbumin films. Peak frequency indicated presence 

of softening transition at ~10°C respectively, and FWHM indicated presence of transition 

at ~10°C and ~90°C. A softening transition has been observed using Ery B in amorphous 

films of bovine serum albumin (BSA) at ~60°C (Nack and Ludescher, 2006), and in 

amorphous films of β-lactoglobulin showed a distinct softening transition at ~80°C 

(Sundaresan and Ludescher, 2007). This difference might be attributed to the way Ery B 
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probes interacts with the different protein matrices BSA, β-lactoglobulin and α-

ence of matrix mobility is BSA 

0 KDa) < β-lactoglobulin (18 KDa) < α-lactalbumin (14 KDa), which is also the 

TS0

 

In amorphous α-lactalbumin the activation energy for collisional quenching, at low 

temperature was 1.89 kJ mol  and at high temperature was 8.46 kJ mol . The 1.89 kJ 

lactalbumin. 

 

The rate of collisional quenching kTS0 which is modulated by the physical state of the 

amorphous matrix (Fischer et al., 2002; Vanderkooi and Berger, 1989) reflects not only 

the way excited triplet state is vibrationally coupled to the singlet ground state but also 

the way ground state vibrational energy is dissipated form the excited probe into the 

surrounding matrix. The magnitude of kTS0, was ~1724 s-1 was slightly larger for Ery B in 

amorphous α-lactalbumin than observed in amorphous BSA (~1600 s-1) (Nack and 

Ludescher, 2006) and amorphous β-lactoglobulin films (1710 s-1) (Sundaresan and 

Ludescher, 2007) at -20°C.  This indicates that the sequ

(6

sequence for decrease in molecular size. The Arrhenius plot of collisional quenching rate 

k  showed a distinct break indicating presence of softening transition at ~50°C in 

amorphous α-lactalbumin films.  

-1 -1

mol-1 is the activation energy for motions within the glassy protein that activate 

vibrational relaxation of the highly excited probe while the activation energy 8.46 kJ mol-

1 is the activation energy for motions within the protein that activate probe vibrational 

relaxation. The small values of EA in the glass suggest that the motions that activate 

vibrational relaxation are small amplitude, local motions. Whereas the higher values in 
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the rubbery state indicate modes of protein motion involve significantly larger segments 

of the protein structure. 

ts with different values of kTS0. Thus at higher 

mperature amorphous α -lactalbumin matrix had faster rate of collisional quenching 

 

The comparison of EA among amorphous BSA, β-lactoglobulin and α -lactalbumin at 

higher temperature indicated that BSA (Nack and Ludescher, 2006) had the lowest EA = 

7.9 kJ mole-1 followed by α -lactalbumin EA = 8.46 kJ mole-1 and β-lactoglobulin 

(Sundaresan and Ludescher, 2007) EA = 21.4 kJ mole-1. The EA at low temperature also 

followed the same pattern where BSA had EA = 1.4 kJ mole-1, α -lactalbumin EA = 1.89 

kJ mole-1 and β-lactoglobulin EA  = 2.35 kJ mole-1. Thus β-lactoglobulin showed higher 

activation energy as compared to BSA and  α -lactalbumin both in the glass and in the 

rubbery state. 

 

The values of β decreased approximately linearly with temperature. As lifetime is 

dependent on kTS0 this decrease in β reflects a broadening in the distribution of 

dynamically distinct environmen

te

and a broader distribution  of environments. The lower values of β in presence of oxygen 

at high temperatures indicates addition heterogeneity associated with oxygen quenching 

constant kQ[O2]. 

 

Oxygen Permeability: Oxygen quenching of phosphorescence has been used to probe the 

presence of oxygen in amorphous materials (Simon-Lukasik and Ludescher, 2004; Nack 

and Ludescher, 2006; Sundaresan and Ludescher, 2007). The measurements of 
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phosphorescence lifetime in the presence and absence of oxygen indicated that oxygen 

quenching was negligible at low temperatures but became more significant at higher 

mperatures. There appears to be an onset temperature, 0°C, and a threshold level of 

ms were affected by both temperature and oxygen. The product of kQ  (rate 

f oxygen diffusion) and oxygen solubility (O2), kQ[O2]  has been shown to be directly 

 similar correlation between mobility and oxygen permeability was also observed using 

te

molecular mobility at which O2 could gain entry into the matrix. The α-lactalbumin film 

is thus more rigid to oxygen in the glassy state at low temperature and less rigid and more 

permeable to oxygen in the rubbery state. A similar onset temperature for oxygen 

permeability was observed in amorphous BSA (0°C) and amorphous β-lactoglobulin 

(10°C) films.  

 

The rate constants kP and kTS0 of the excited triplet state of Ery B in amorphous α-

lactalbumin fil

o

correlated to the rigidity of protein matrix (Simon-Lukasik and Ludescher, 2004; 

Strambini and Cioni, 1999). As seen in (Figure 6) there was an approximately linear 

relationship between the oxygen quenching constant kQ[O2] and the collisionally 

activated non-radiative decay rate kTS0 which suggests that matrix mobility directly 

modulates O2 permeability. The kQ[O2] increases dramatically above ~50°C Figure 5a. 

The Arrhenius plot of oxygen quenching did not show any distinct break point. 

 

A

erythrosin B in BSA and β-lactoglobulin (Nack and Ludescher, 2006; Sundaresan and 

Ludescher, 2007). The activation energy for the molecular motions that control oxygen 

permeability in amorphous α-lactalbumin, 29.9 kJ mol-1, was significantly larger than 

 



 442

that observed for collisional quenching, 1.89 kJ mol-1 and 8.46 kJ mol-1 at low and high 

temperatures, respectively. The single activation energy for oxygen permeability was 

very comparable to those observed for amorphous BSA films (EA = 29.9 kJ mol-1) but 

significantly different than those observed for amorphous β-lactoglobulin films which 

had two activation energies 20.8 kJ mol-1 and 54.8 kJ mol-1 corresponding to low and 

high temperatures. Thus the activation energy was much higher in β-lactoglobulin as 

compared to BSA and α-lactalbumin which have similar values.  

 

Dynamic Transitions in amorphous α-lactalbumin: Proteins are shown to exhibit a 

f IP also 

owed a break point at ~50°C. For the holo form of α-lactalbumin (calcium containing) 

dynamic transition Td at temperatures near 200K. This transition, due to its similarity to 

the high temperature dynamical transition seen in amorphous dry proteins, is often 

referred as a glass transition (Ringe and Petsko, 2003). Above proteins dynamic transition 

Td (similar to Tg), the dynamic behavior is thought to be highly temperature dependent 

and shows an-harmonic vibrations and below Td harmonic vibrations are more prevalent 

(e.g., localized atomic fluctuations).  

 

Analysis of the temperature dependence of the kTS0 and kQ[O2] suggest that the protein 

undergoes a softening transition at around ~40-50°C. The Arrhenius plot o

sh

various denaturation temperatures (Tm) have being reported in the literature ranging from 

(~61°C-70°C) (Hendrix et al., 2000; Boye et al., 1997). However there is a 20°C decrease 

in Tm when calcium is removed (Bernal and Jelen, 1984). The apo α-lactalbumin 

(calcium depleted) form has a much lower transition temperature (Td ~ 38°C) (Hendrix et 
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al., 2000; Relkin et al., 1993) and has been referred to as more heat labile than the holo 

form. The transitions observed around ~50°C in amorphous α-lactalbumin matrix could 

reflect denaturation which occurs near ~38°C. But the lifetime versus temperature curves 

are superimposable during heating and cooling (data not shown) and thus denaturation 

was possibly not the reason for these transitions. The other possibility is that it reflects a 

glass like transition (Hill et al., 2000). The softening transition seen in apo α-lactalbumin 

at ~50°C may thus correspond to a glass transitions within the amorphous α-lactalbumin 

atrix. A study of molecular mobility and oxygen permeability in amorphous films using 

ynamic transition in amorphous α-lactalbumin. It is 

ossible that there is another softening transition in α-lactalbumin at 10°C which is close 

m

erythrosin B phosphorescence in  bovine serum albumin (BSA) showed a softening 

transition at ~60°C, possibly corresponding to the glass transition within the native BSA 

molecules in the films (Nack and Ludescher, 2006). A similar such transition was 

observed in β-lactoglobulin at 80°C (Sundaresan and Ludescher, 2007).  In case of α-

lactalbumin emission energy and bandwidth also showed much steeper changes above 

10°C. And also the plot of kQ[O2] versus kTS0 showed a distinct point at ~10°C which 

may be correlated with the points of d

p

to 0C° the onset temperature for oxygen permeability. 

 

Thus, these spectroscopic measures were clear indicators of molecular mobility in 

amorphous α-lactalbumin indicating that protein undergoes softening transitions at 

~50°C and at ~10°C.  
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Dynamic Site Heterogeneity:  The spectral heterogeneities reported here for Ery B 

phosphorescence in amorphous α-lactalbumin matrix are similar to those reported 

previously for the same probe in amorphous BSA (Nack and Ludescher, 2006), sucrose 

(Pravinata et al., 2005), maltose and maltitol (Shirke and Ludescher, 2005) , lactose and 

lactitol (Shirke and Ludescher, 2006a, 2006b) and gelatin (Simon-Lukasik and Ludescher, 

2006a, 2006b). The various photophysical events in these matrices indicate that Ery B 

molecules are distributed among different environments in the amorphous matrices that 

differ in overall molecular mobility. Ery B emission energy, bandwidth, variations in 

lifetime and stretching exponent across the emission band indicated that probes are 

distributed among dynamically distinct matrix sites, indicating the presence of matrix 

heterogeneity.  

 

The lifetimes in presence of nitrogen were higher than in presence of oxygen as a 

function of emission and excitation wavelength at all the temperatures above 0°C and 

showed similar wavelength variation. The variation in lifetime (and thus kTS0) across the 

emission band provides an indicator of dynamic heterogeneity. The probes with blue-

shifted emission having higher energy triplet state are in matrix sites with slower dipolar 

relaxation rates. Whereas the probes with red-shifted emission having lower energy 

triplet state are in sites with faster dipolar relaxations rates. The probes in sites with blue-

shifted emission have longer lifetime and thus smaller values of kTS0 and those in sites 

with red-shifted emission have shorter lifetime and thus larger values of kTS0. Rigid sites 

on rates and slower collisional quenching rates have lower 

olecular mobility. Mobile sites have faster dipolar relaxation and faster 

with slower dipolar relaxati

overall m
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collisional quenching rates. In the α-lactalbumin matrix, decrease in emission energy 

across the emission band is not consistent with the standard relaxation model (Pravinata 

et al., 2005). However, this decrease is consistent with the dynamic site heterogeneity 

model in which probes are distributed in sites with different mobility both in presence 

and absence of oxygen. Similar spectral heterogeneities of Ery B were observed in other 

amorphous biomaterials like amorphous BSA (Nack and Ludescher, 2006) and gelatin 

(Simon-Lukasik and Ludescher, 2005). These heterogeneities thus support the physical 

model for dynamic heterogeneities generated in super-cooled liquids and amorphous 

polymers (Sillescu, 1999; Ediger, 2000; Richer, 2002), where several techniques have 

indicated that pure super-cooled liquids and solids composed of either small molecules or 

polymers exhibit dynamic heterogeneity through space and time.  

 

The values of the stretching exponent β varied in the range from ~0.8-0.6 in amorphous 

α-lactalbumin matrix as a function of emission and excitation wavelengths both in 

presence and absence of oxygen. The Ery B probes thus appears to be distributed among 

environmentally different sites in the matrix differing in matrix mobility, providing an 

indication of a continuous distribution rather than discrete classes of sites in the 

amorphous solids. Temperature had a greater effect in varying the distribution of these 

local nobilities. The stretching exponent β was high and didn’t change significantly at 

low temperature indicating lower matrix heterogeneity. A broader lifetime distribution at 

higher temperature is due to higher range of mobility. As a function of excitation 

wavelength the β values were significantly different in presence of oxygen as compared 

to in absence except at peak 520 nm. Similarly as a function of emission wavelength the 
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β values were not significantly different in presence and absence of oxygen except at 

peak ~700 nm. 

 

The activation energy obtained from the Arrhenius plot of lnkTS0 was distinctly higher at 

high temperature as compared to low temperature. At low temperature there was no 

significant change in activation energy as a function of emission and excitation 

wavelength but at high temperature the values varied as a function of emission and 

excitation wavelength. The blue shifted probes had higher apparent activation energies 

EA = 16.5 kJ mole-1 for collisional quenching than red shifted probes EA = 11.1 kJ mole-1. 

The EA value of kTS0 at various wavelength provides insight on the variation of matrix 

mobility in the α-lactalbumin matrix. The higher values of EA provide evidence that the 

lower molecular mobility in rigid sites reflects the collective motions of larger regions of s

the protein matrix. A similar observation was also made for Ery B in amorphous BSA, 

amorphous sucrose, amorphous maltose and maltitol and amorphous lactose and lactitol.  

 

The local environments in amorphous α-lactalbumin also varied in the extent of oxygen 

quenching rates with different activation energies. The magnitude of  kQ[O2] varied 

across the emission and excitation bands indicating that the local environments varied in 

the magnitude of oxygen quenching rates. The activation energies for kQ[O2] were 

significantly higher than those for kTS0.  The activation energies for kQ[O2] varied as a 

function of emission and excitation wavelength indicating presence of heterogeneity in 

different sites. 
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Measurements of emission energy as a function of delay time showed that as the delay 

time increased the peak frequency increased. The short delay time reflects the average 

mission energy from all the chromophores distributed and the long delay time is e

indicative of the emission energies due to high energy sites that have long lived 

chromophores. Except at high temperature, the bandwidth did not change with increasing 

delay time, indicating that the dynamic heterogeneity was approximately equal across 

these different matrix environments. 

 

These findings thus suggest the existence of a coupling between the rates of dipolar 

relaxations and molecular collisions within the amorphous α-lactalbumin matrix, which 

gives rise to dynamic site heterogeneity.  
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Conclusion 

Phosphorescence of Ery B in amorphous α-lactalbumin matrix clearly provided insight 

into the molecular mechanisms controlling oxygen transport though the protein matrix. 

The thermal behavior of emission energy, bandwidth, kQ[O2] and kTS0 indicated that the 

α-lactalbumin matrix undergoes a softening transition at ~10°C and ~40-50°C. The linear 

dependence of  kQ[O2] over  kTS0 provides evidence that oxygen transport is controlled by 

local molecular mobility of the matrix. Spectral heterogeneities in Ery B provide direct 

vidence to support the dynamic site heterogeneity model. The heterogeneity is shown to e

increase in presence of quenching molecule oxygen. Temperature shows profound effect 

in modulating the matrix heterogeneity.  
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Figure VIIa-1 
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Figure VIIa-1: Delayed emission spectra of erythrosin B in amorphous α-lactalbumin 
films as a function of temperature (excitation at 500 nm). The spectra were collected at 
10°C intervals from -20 to 120°C (the curves follow this order from high to low intensity 
at ~690nm). 
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Figure VIIa-2 
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Figure VIIa-2: Peak energy νp ( , left hand scale) and bandwidth (■, right hand scale) 
for phosphorescence emission from erythrosin B in α-lactalbumin films as a function of 
temperature. The delayed emission spectra collected as a function of temperature (Figure 
1) were analyzed using a log-normal function as described in Materials and Methods. 
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Figure VIIa-3 
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Figure VIIa-3: (a) Normalized phosphorescence intensity decay [I(t)/I(0)] of erythrosin 
B dispersed in amorphous α-lactalbumin film at 20°C in the presence of nitrogen ( ) and 
air (■).  The solid lines through the data are fits using a stretched exponential function 
with following parameters τ = 0.475 ms and β = 0.806 for data in nitrogen and τ = 0.356 
ms and β = 0.806 for data in air.  (b) The modified residuals [(Data-Fit)/Data1/2] for these 
fits to data in the presence of nitrogen (dotted line) and air (solid line). 
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Figure VIIa-4a 
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Figure VIIa-4a: Lifetime τ (a) from a stretched exponential model fit to 
phosphorescence intensity decay data from erythrosin B in α-lactalbumin films 
equilibrated against nitrogen ( ) and air (■). 
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Figure VIIa-4b 
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Figure VII-4b: Stretched exponential model fit to phosphorescence intensity decay data 
from erythrosin B in α-lactalbumin films equilibrated against nitrogen ( ) and air (■). 
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Figure VIIa-5a 
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Figure VIIa-5a. The effect of temperatur  the triplet state de-excitation rates for 
collisional quenching kTS0 (■) and oxygen quenching kQ [O2] (♦). 
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Figure VIIa-5b 
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Figure VIIa-5b. Arrhenius plot for the rates of collisional quenching kTS0 (■) and oxygen 
quenching kQ [O2] (♦). Rates calculated form the lifetime data in Figure 4a.   
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Figure VIIa-6 
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Figure VIIa-6: Dependence of kQ [O2] on kTS0.   
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Figure VIIa-7a 

 

Erythrosin B

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

440 490 540 590 640 690 740 790

Wavelength nm

L
if

et
im

e 
/ 
m

s

-20

-10

0

10

20

40

60

80

100

120

 
 

 
ntial model fit to phosphorescence 

intensity decay data from erythrosin B in amorphous α-lactalbumin films collected as a 
function of emission wavelength (with excitation at 540 nm) and excitation wavelength 
(with emission at 690 nm). Data collected at 20°C intervals from -20°C to 120°C in 
presence of nitrogen. 

 

 

Figure VIIa-7a: Lifetime from a stretched expone

 



 458

Figure VIIa-7b 
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Figure VIIa-7b: Stretching exponents from a stretched exponential model fit to 
phosphorescence intensity decay data from erythrosin B in amorphous α-lactalbumin 
films collected as a function of emission wavelength (with excitation at 540 nm) and 
excitation wavelength (with emission at 690 nm). Data collected at 20°C intervals from -
20°C to 120°C in presence of nitrogen. 
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Figure VIIa-8a 
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Figure VIIa-8a: Lifetime from a stretched exponential model fit to phosphorescence 
intensity decay data from erythrosin B in amorphous α-lactalbumin films collected as a 
function of emission wavelength (with exci tion at 540 nm) and excitation wavelength 
(with emission at 690 nm). Data collected at 20°C intervals from -20°C to 120°C in 
presence of oxygen. 

ta

 



 460

Figure VIIa-8b 
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Figure VIIa-8b: Stretching exponents from a stretched exponential model fit to 
phosphorescence intensity decay data from erythrosin B in amorphous α-lactalbumin 
films collected as a function of emission wavelength (with excitation at 540 nm) and 
excitation wavelength (with emission at 690 nm). Data collected at 20°C intervals from -
20°C to 120°C in presence of oxygen. 
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Figure VIIa-9a 
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igure VIIa-9a: Comparison of lifetime in presence and absence of oxygen from a F

stretched exponential model fit to phosphorescence intensity decay data from erythrosin 
B in amorphous α-lactalbumin films collected as a function of emission wavelength (with 
excitation at 540 nm) and excitation wavelength (with emission at 690 nm). Data 
collected at 20°C intervals from -20°C to 120°C. 
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Figure VIIa-9b 
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Figure VIIa-9b: Comparison of stretching exponents in presence and absence of oxygen 
from a stretched exponential model fit to phosphorescence intensity decay data from 
erythrosin B in amorphous α-lactalbumin films collected as a function of emission 
wavelength (with excitation at 540 nm) and excitation wavelength (with emission at 690 
nm). Data collected at 20°C intervals from -20°C to 100°C. 
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Figure VIIa-10a 
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Figure VIIa-10a: The temperature dependence for the rate for oxygen quenching kQ[O2] 
α-lactalbumin films collected as a function of emission wavelength (with in amorphous 

excitation at 540 nm) and excitation wavelength (with emission at 690 nm). Data was 
calculated from the lifetime data in Figures 7 and 8, data at -20°C (♦), 0°C ( ), 20°C (*), 
40°C (■), 60°C (|) and 80°C (-). 
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Figure VIIa-10b 
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Figure VIIa-10b: Activation energies for collisional quenching kTS0 at low temperature 
 

(  from -20°C to 20°C) and high temperature (■ from 40°C to 120°C) and the oxygen 
quenching kQ[O2] ( ) calculated from the lifetime data in Figure 7 and 8, as a function of 
emission wavelength (with excitation at 540 nm) and excitation wavelength (with 
emission at 690 nm). The activation energies were obtained from slopes Arrhenius plots 
of kTS0 and kQ[O2]. 
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Figure VIIa-11 
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Figure VIIa-11. Effect of delay time on the peak frequency of the phosphorescence 
emission spectra of erythrosin B dispersed in amorphous α-lactalbumin film at -20°C (♦), 
0°C (■), 20°C ( ), 40°C  (•), 60°C ( ) and 80°C (•) determined from time resolved 
emission spectra; peak frequency was calculated from analysis of emission spectra using 
a log-normal function. 
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Figure VIIa-12 
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 was calculated from analysis of emission spectra using a log-
normal function. 

 
 
Figure VIIa-12. Effect of delay time on the bandwidth of the phosphorescence emission 
spectra of erythrosin B dispersed in amorphous α-lactalbumin film at  -20°C (♦), 0°C (■), 
20°C ( ), 40°C  (•), 60°C ( ) and 80°C (•) determined from time resolved emission 
spectra; peak frequency
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Chapter VIIb: Investigating the molecular mobility of the amorphous α-lactalbumin 

Introduction

matrix using the phosphorescence of intrinsic probe (tryptophan). 

 

 

 

are sensitive to the physical properties of the local environment. Tryptophan has been 

 

 

centered at 280 nm, due to the aromatic indole chromophore. Tryptophan shows strong 

intrinsic probe in study of protein 

easurable with most other triplet probes (Thomas, 1986). The 

be is useful to measure motions on the millisecond time scale in rigid 

f  the 

edium viscosity, the lifetime of tryptophan decreases from 6.5s in a 

Tryptophan is a naturally occurring amino acid whose fluorescence and phosphorescence 

shown to exhibit strong room temperature phosphorescence emission after excluding

oxygen in many proteins (Vanderkooi et al., 1987).  Tryptophan absorbs in the UV region,

phosphorescence at room temperature in viscous media. Its phosphorescence lifetime at 

77K is 5-6s (Strambini and Gonnelli, 1985). Tryptophan is the most commonly used 

dynamics (Lakowicz, 1999). Tryptophan 

phosphorescence can be as long as 1-2 s in proteins and thus could measure slower 

motions that are un-m

phosphorescence lifetime of tryptophan is sensitive to mobility of the local environment 

and the pro

environments (Ludescher et al., 2001; Strambini and Gonnelli, 1985). Typtophan 

phosphorescence, for example, has been used to study the internal mobility of proteins in 

solution (Papp and Vanderkooi, 1989) and in the solid state (Shah and Ludescher, 1995) 

on the milliseconds to seconds timescale; the long lifetime of this probe provides support 

or he presence of rigid, glassy regions within even fully hydrated proteins. Alsot

triplet state of indole has being shown to have a strong dependence of the radiation-less 

deactivation rate on m
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glassy matrix to 1.2 ms in aqueous solutions at ambient temperature (Strambini and 

Gonnelli, 1995).  

a great choice when present intrinsically. The intrinsic nature makes the tryptophan 

 

Trp phosphorescence in protein is many orders of magnitude longer than Trp 

fluorescence (Vanderkooi et al., 1987) and is sensitive to hydration-related dynamics 

(Strambini and Gabellieri, 1984; Shah and Ludescher, 1993). Gabellieri and Strambini 

(2001) have measure Trp phosphorescence in amorphous protein films as a method to 

probe the subtle protein structural changes that occur within protein, which may have 

eventual application in sensor technology (Strambini and Strambini 2000). 

Phosphorescence emission from intrinsic tryptophan has been used to monitor the effect 

of hydration on the internal molecular mobility of the protein lysozyme (Shah and 

Ludescher, 1992, 1993; Subramaniam et al., 2006). Tryptophan has also been used as a 

dispersed probe in studying molecular mobility in amorphous sucrose (McCaul and 

Ludescher, 1999; Shah and Ludescher, 1995). However, tryptophan as a probe for protein 

dynamic study has several disadvantages: a) Most proteins have several tryptophans 

making it difficult to study site selectively. b) Tryptophan may not be present in a protein. 

c) Tryptophan has to be buried in a rigid environment for phosphorescence in solution. d) 

The tryptophan signal could be quenched by several quenchers (e.g., disulfide), and 

energy transfer among chromophores can complicate the interpretations (Vanderkooi et 

al., 1990). 

 

In-spite of all the issues associated with use of tryptophan as a triplet state probe it still is 
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phosphorescence measurable in solid-state proteins (almost exclusively from Trp) as a 

useful tool in probing slower motions and molecular dynamic environments on the very 

cal level. The empirical relationship between phosphorescence lifetime at RT and lo

micro-viscosity established by Strambini and Gonnelli (1985) has allowed estimates of 

the local flexibility associated with Trp in proteins (Strambini et al., 1987; Strambini and 

Gabellieri, 1989).  

 

The bovine α-lactalbumin protein contains four intrinsic tryptophans (W26, W60, W104, 

and W118). The current study focuses on using steady state and time-resolved 

phosphorescence of the tryptophan probe to monitor molecular mobility in thin films of 

amorphous α-lactalbumin (apo: calcium depleted) as a function of temperature. The 

results from this study will also be compared to measurements of mobility made in α-

lactalbumin matrix using erythrosin B and vanillin. 
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Materials and Methods 

Sample preparation: Purified α-lactalbumin (calcium depleted) was obtained from Sigma 

Chemical Company (St Louis, MO) and used as received. In order to define and 

minimize the presence of counter ions, α-lactalbumin was dissolved in distilled deionized 

water at 10 mg/ml, placed in a cellulose dialysis tube having a 1 kDa molecular weight 

cutoff (Spectrum, Houston, TX), dialyzed against 0.1 M potassium chloride for at least 

6 hours with frequent changes of buffer, and then dialyzed extensively against distilled 

Preparation of protein films: The amorphous films were made by pipetting 20 μL of the 

α-lactalbumin solution onto quartz slides (13 mm x 30 mm x 0.6 mm) (NSG Precision 

Cells, Farmingdale, NY) and spreading the solution over an area approximately 15 mm x 

10 mm. Before use, to improve the surface activity for spreading the solutions, the slides 

were soaked in Terg-A-Zyme (Alconox, Inc., NY) soap solution, washed with double 

distilled water, rinsed with ethanol and dried in acetone.  After spreading (~0.05 mm 

thick), the slides were dried under constant flow of air for 30 minutes, allowing the films 

to set, and then transferred to a desiccators over phosphorus pentoxide for at least one 

week, where the water activity is not greater than 0.01.  The slides were stored at 23.0 ± 

3

deionized water.  All dialysis was carried out at 4°C.  The solution was then filtered 

through a 0.2 μm Acrodisc membrane filter (Pall Gellman Laboratory, Ann Arbor, MI) to 

remove particulate matter. The concentration of the protein after dialysis was determined 

by absorbance at 280 nm using an extinction coefficient of 28,500  M-1cm-1 (Kronman 

and Andreotti, 1964). 
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1ºC, protected from light to prevent any photo bleaching of the tryptophan and desiccant 

 directly using a thermocouple in the cuvette. The films were 

quilibrated for 15 minutes at each temperature before collecting data. 

temperature. The samples were excited at 280 nm (20 nm bandwidth) and emission 

was refreshed as needed to maintain a relative humidity close to 0%. 

 

Luminescence Measurements: Luminescence measurements were made using a Cary 

Eclipse fluorescence spectrophotometer (Varian Instruments, Walnut Creek, CA).  Quartz 

slides were placed in a standard quartz fluorescence cuvette, which was capped with a lid 

having inlet and outlet ports for gas lines.  The cuvette was flushed with a gentle stream 

of nitrogen for 15 minutes prior to data collection to eliminate oxygen. An oxygen-free 

nitrogen stream was generated by passage of high purity nitrogen through a Supelco 

(Bellefonte, PA) carrier gas purifier. The temperature of the cuvette holder was controlled 

by a thermoelectric cooler (Quantum Northwest, Spokane, WA); the temperature of the 

cuvette was monitored

e

 

The Cary Eclipse uses a pulsed lamp and collects emission intensity in analog mode; data 

were not collected within the first 0.1-0.2 ms to suppress fluorescence coincident with the 

lamp pulse.  Delayed luminescence emission spectra were collected from 400 to 600 nm 

(10 nm bandwidth) using excitation at 280 nm (20 nm bandwidth) over the temperature 

range from –20°C to 60°C.  Each data point was collected from a single flash with 0.2 ms 

delay, 950 ms gate time, and 1 s total decay time. 

 

Lifetime measurements were made in the presence of nitrogen (-O2) as a function of 
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transients collected at 455 nm (20 nm bandwidth) at temperatures ranging from –20°C to 

100°C.  Each decay transient was the sum of 50 cycles, and for each cycle data were 

ollected from a single lamp flash with a delay of 0.2 ms.  Windows for gate time and c

total decay time were varied at each temperature.  All measurements were made in 

quadruplicate.    

 

Data Analysis 

Emission Energy as a function of temperature: Delayed luminescence spectra were fitted 

to a sum of two log normal functions using the program Igor (Wavemetrics, Inc., Lake 

Oswego, OR). The emission peak energy (νp) and bandwidth (full-width-at-half-

maximum, FWHM) of the emission bands were determined by fitting phosphorescence 

emission as a function of frequency (in cm-1) to a log normal function Equation 1 

(Maroncelli and Fleming, 1987). 

I (ν) = Io exp {-ln (2) [ln (1+2b (ν-νp)/Δ)/b] 2}            (1) 

o p

 

The FWHM is related to b and Δ Equation 2 (Maroncelli and Fleming, 1987). 

Γ = Δ sinh (b)/b               (2) 

 

Phosphorescence Intensity: Phosphorescence lifetimes were determined with the 

statistical program Igor (Wavemetrics, Inc., Lake Oswego, OR). The phosphorescence 

intensity decay were collected as described above and were fitted using a multi-

exponential functions (Shamblin et al., 2000). Fits were judged satisfactory if the r  

In this equation I  is the maximum emission intensity, ν  is the peak energy (in cm-1) of 

the emission maximum, Δ is a line width parameter, and b is an asymmetry parameter. 

2
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values were in the range of 0.995-1.0 and the modified residuals ((data – fit)/data1/2) 

varied randomly about zero. The phosphorescence intensity decay were collected as 

described above and were also fitted using a multi-exponential functions (Shamblin et al., 

2000). The multi-exponential model is as show in Equation 3. τi are decay times, αi 

represent the amplitudes of the components at t = 0 and n is the number of decay times. 

he average lifetime was calculated using Equation 4.  

            (4) 

          i

T

 

          n 

I (t) = Σαi exp (-t/τi)                              (3) 

         i = 1 

  

            n 

τAvg = Σαiτi/ ΣαI     

 = 1 
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Photo-physical Scheme: The lifetime is the average amount of time a molecule spends in 

the excited state. There are several different deactivation processes via phosphorescence 

emission (with rate constant kRP), non-radiative relaxation (KTS0) and collisional 

quenching (kQ [Q]. The phosphorescence lifetimes were used to calculate the rate 

constants associated with the various processes that depopulate the excited triplet state. 

The lifetime τ is related to the rate constants for de-excitation of the triplet excited state 

f the probe according to the following Equation 5 (Papp and Vanderkooi, 1989). 

 + kNR + kQ [Q] = kP                         (5) 

/τ) is the total decay rate. The rate of radiative decay kRP of the ground state is 

nfluenced by the matrix. kNR is the rate of non-radiative decay to the 

 followed by vibrational relaxation to S0 due to collisional quenching. The 

led to highly excited vibrations of the S0 ground state as well as external 

factors associated with the mechanism by which the ground state vibrational energy can 

dissipate from the excited state into the surrounding matrix (Fischer et al., 2002; 

Vanderkooi and Berger, 1989). As the efficiency of external vibrational dissipation is 

related to overall mobility of the matrix, the magnitude of kNR provides a measure of 

matrix mobility. One common method for restricting the collisional deactivation is to 

super cool analyte solutions with liquid nitrogen to a rigid glass. The term kQ [Q] refers to 

the collisional quenching due to interaction between the excited chromophore and 

quencher. Oxygen is an efficient quencher of tryptophan phosphorescence i.e. it reduces 

the intensity and lifetime. Therefore the measurements were conducted under N2 

o

1/τ = kRP

 

Here kP (=1

fixed and not i

singlet state

magnitude of kNR reflects factors associated with the mechanism by which the excited T1 

state is coup
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atmosphere. The collisional quenching rate constant can thus be excluded in the absence 

of a quencher molecule, and Equation 5 simplified to Equation 6. 

1/τ = kRP + kNR = kP                                       (6) 

 

The phosphorescence emission rate constant kRP for tryptophan is known (1/6 s-1) (Bishai 

et al., 1967). It is obtained from the lifetime of tryptophan at temperature where non-

radiative rates are negligible (77K).  
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Results 

Delayed emission spectra: The delayed luminescence spectra of intrinsic tryptophan in 

in films (in the presence of itroge ) as fu

re plotted in Figure 1.  Phosphorescence spectra possess a 0-0 band at ~415 nm and a 

20°C to 60°C. Delayed emission showed a decrease 

in phosphorescence intensity as a function of temperature as expected from thermally 

stimulated processes. The normalized plots of phosphorescence intensity versus 

temperature are shown in Figure 2. The plot shows, as the temperature increases, the peak 

intensity of the emission spectra decreases.  

 

The emission spectra were fitted using a two log-normal function (Equation 1 Materials 

and Methods). Phosphorescence spectra appear in the form of a series of vibronic 

transitions reflecting transitions from the lowest vibration level of the triplet state to 

various vibrational levels of the ground singlet state. The shoulder band at high frequency 

side of the phosphorescence emission arises from an electronic transition in which the 

vibrations in the molecule resides in the υ = 0 level both before and after the transitions 

(0-0 band) and the main band that appears as the peak of the phosphorescence emission 

arises form an electronic transition in which the vibrations in the molecule reside in the υ 

= 0 level before and the 1 level after the transition (0-1 band). The peak frequencies PF1 

and PF2 (Figure 3a and 3b) decrease linearly at low temperature. Above 25°C the 

emission spectra are broadened and only fitted to a one log-normal function (PF). The PF 

amorphous α-lactalbum  n n nction of temperature 

a

second emission maximum around 440 nm. The phosphorescence band reflects emission 

from the triplet state (T1) to the ground state (S0). The delayed emission spectra were 

collected over the temperature range -
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shows dramatic decrease and the slope becomes more negative at high temperatures. This 

ctra with an increase in temperature can be 

xplained with a solvent relaxation mechanism (Pravinata et al., 2005). With increase in 

decrease is due to increase in the average extent of matrix dipolar relaxation around the 

excited triplet state. There was a gradual decrease in the emission energy at low 

temperature, –20°C to 40°C, followed by steeper decrease above 40°C.   

 

The bandwidths FWHM1 and FWHM2 (Figure 3a and 3b) increased gradually with 

temperature and much more dramatically at high temperature, reflecting a large increase 

in the range of energetically distinct environments. The emission bandwidth (Γ) remained 

constant from −20°C to 15°C, increased gradually over the temperature interval from 

20°C to 40°C, and increased sharply at higher temperature.  The decrease in emission 

energy and the broadening of emission spe

e

temperature the reorientation of dipoles of protein molecules around tryptophan’s excited 

state becomes faster. Peak frequency indicated presence of transition at ~40°C and 

FWHM indicated presence of transition at ~30°C. 

 

Phosphorescence lifetimes: The phosphorescence intensity decays collected as a function 

of temperature were fitted using a multi-exponential function. These lifetimes reflect the 

sample of all possible dynamic sites average because the peak excitation and peak 

emission wavelength were used. The intensity decay at 20°C is plotted in Figure 4 along 

with a fit using a multi-exponential function (Eq. 3, Materials and Methods). The 

modified residuals for this fit varied randomly around zero, indicating that this functions 
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provided a statistically satisfactory fit to these data (Figure 4). Lifetime is the average 

time a molecule spends in the excited state and is an indicator of the rigidity of the matrix. 

 

All intensity decay data over the temperature interval from −20°C to 100°C were well 

itted using a multi-exponential function and two physically important parameters 

he average lifetime was calculated using Eq. 4 and is plotted in Figure 7. The Arrhenius 

lifetimes) did not show any transition temperature The Arrhenius plot of lnkP (average 

f

lifetime τ and amplitude α were obtained. The lifetimes of tryptophan as a function of 

temperature are shown in Figure 5a. The log plots for lifetime is shown in Figure 5b. In 

case of multi-exponential function the four lifetime components at 20°C were τ1 = 126.7 

ms, τ2 = 20.0 ms, τ3 = 3.3 ms and τ4 = 0.46 ms indicating the presence of local 

environment with ~300 fold difference in mobility. The plot of amplitudes of each 

lifetime component for as a function of temperature is shown in Figure 6. The amplitudes 

of longer lifetime and shorter lifetime components did not change as a function of 

temperature. The long lifetime component contributed 13% and the short component 

contributed 87% to the emission as a function of temperature.  

 

T

plot of average decay rate (Figure 8b) shows a transition point at ~38°C. The Arrhenius 

plots of the inverse of individual lifetime components τ1, τ2, τ3 and τ4 are shown in Figure 

8a. The transition temperatures and activation energies from Arrhenius plots of individual 

lifetime components are as compiled in Table 1. The Arrhenius plots of lnkP for lifetime 

component τ1 and τ2 (longer lifetimes) showed a transition temperature at 35°C and 38°C 

respectively. The Arrhenius plot of lnkP for lifetime component τ3 and τ4 (shorter 
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lifetime) showed transition temperature of 38°C with activation energies at low and high 

temperature of 14.4 kJ mol-1 and 27.9 kJ mol-1 respectively (Table 1). 

 

Temperature dependence of the total rate constant for non-radiative decay of the triplet 

state (kP = kRP + kTS0 + kTS1) calculated from the average lifetime from a multi 

exponential fit over the temperature range from -20°C to 100°C is shown in Figure 9. The 

kNR term is a rate constant for non-radiative decay; it is the actual measure of the effect of 

the motion that quenches probes excited triplet state and was obtained from eq. 6. The 

kNR values were calculated by subtracting the phosphorescence emission rate constant 

(1/τ = 1/6 s at 77K) from the inverse of the lifetime. A plot of kNR as a function of 

temperature are represented in Figure 9. The Arrhenius plot of kNR is as shown in Figure 

10. The activation energy obtained from the slope of the fit line in this plot is the 

activation energy of the motions which quench probes excited triplet state (Table 1). 
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Discussion 

Matrix Molecular Mobility: α-lactalbumin contains four tryptophan residues at positions 

 (26), W (60), W (104) and W (118). Proteins show a single peak without evidence of 

orth, 

1971) and a second emission maximum around 440 nm.  

 

The thermal response of peak emission reflects the affect of temperature on increasing 

the rate of dipolar relaxation around the excited triplet state of tryptophan (Stratt and 

Maroncelli, 1996; Richert, 2000). Surface polar groups like side-chain hydroxyl, amino, 

and carboxyl groups in α-lactalbumin are the origins of dipolar relaxation.   The large 

increase in FWHM at higher temperatures indicated inhomogeneous broadening 

corresponding to increase in the width of the distribution of energetically distinct matrix 

environments in the amorphous α-lactalbumin films. Peak frequency indicated presence 

of a softening transition at ~40°C and FWHM indicated presence of softening transition 

W

spectrum heterogeneity in presence of more than two tryptophan residues. This could be 

due to small differences in emission wavelength among the tryptophan residues. As these 

tryptophans are present in distinct environments, the emission spectra from amorphous α-

lactalbumin films do not show clearly resolved bands, but occur as single 0-1 bands 

containing a 0-0 shoulder. The emission peak appeared at ~450 nm with a shoulder at 

~415 nm. As the temperature increased, the peak at 415 nm shifted to the red due to 

solvent relaxation and was eventually un-resolvable atleast above 25°C, but the peak at 

450 nm remained all the way up to 60°C. The shoulder disappearance could be due to just 

broadening of the spectra which makes resolution impossible. Phosphorescence spectra 

of protein in solid solution at 77K possess a 0-0 band between 406-415 nm (Longw
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at ~15°C and ~41°C. The increase in matrix mobility seen at  ~30°C thus appears to 

ower mobility and is less easily 

uenched.   

reflect an increase in the ability of these groups to reorients around the tryptophan triplet 

state. 

 

All the lifetime components decreased drastically with increase in temperature from -

20°C to 100°C (Figure 5). The decrease in lifetime occurs because of an increase in the 

rate of collisional quenching from interaction of the probe with the protein matrix and/or 

increase of vibrational relaxation. The average lifetime varied from ~17.5 ms at -20°C to 

1 ms at 100°C, indicating ~17.5-fold decrease in mobility. The measured lifetime reflects 

tryptophan’s sensitivity to the internal dynamics of the protein structure. The 

phosphorescence decay times are sensitive to minor perturbations to the internal 

conformational flexibility of globular proteins. In environments with more mobility, 

tryptophan has a shorter lifetime (Strambini and Gonnelli, 1985) as a result of quenching. 

In the environments with higher lifetimes, probe senses l

q

 

In solid state proteins have shown lifetimes shorter only by a factor of 2 to 5 compared to 

those obtained at 77K (Strambini and Gabellierri, 1984). In absence of solvent at room 

temperature lifetimes of about 1 second were found for several proteins (Saviotti, 1975). 

The observed lifetimes of tryptophan in dry films of amorphous α-lactalbumin at room 

temperature are 126 ms, 20 ms, 3.3 ms and 0.5 ms with an average lifetime of 7.2 ms, 

thus indicating presence of very mobile environments.  
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The triplet state lifetime decreases due to many reasons such as tryptophan is buried or 

exposed to surface, presence of a quencher; these two have been discussed in detail in the 

next section. Phosphorescence decay measurements in the absence of Trp quencher 

teractions provide information pertaining to protein conformational dynamics. The 

ansitions in amorphous α-lactalbumin: Proteins are shown to exhibit a 

ynamic transition at temperatures near 200K. This transition due to its similarity to the 

in

triplet state lifetime is also reduced due to increase in non-radiative decay constants 

(Birks, 1970). The non-radiative decay constant kNR because of its sensitivity to collision 

between matrix groups and probe, provides an estimate of the overall matrix mobility. 

The non radiative quenching rate showed a constant increase from 56.9 s-1 (-20°C) to 

1058.1 s-1 (100°C), with a transition temperature at 40°C. The Arrhenius plot of lnkNR  

showed transition temperature of 40°C with activation energies at low and high 

temperature of 14.4 kJ mol-1 and 27.8 kJ mol-1, respectively. Collisional quenching in α-

lactalbumin at low temperature involved local motions with small activation energy and 

more delocalized, collective motions with higher, activation energy at high temperatures. 

 

Dynamic Tr

d

high temperature dynamical transition seen in amorphous dry proteins is often referred as 

glass transition (Ringe and Petsko, 2003). Above proteins dynamic transition temperature 

Td (similar to Tg), the dynamic behavior is thought to be highly temperature dependent 

and shows an-harmonic vibrations and below Td harmonic vibrations are more prevalent 

(e.g., localized atomic fluctuations).  
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Analysis of the temperature dependence of the peak frequency, bandwidth and lifetime 

suggest that the protein undergoes a softening transition at around ~40°C. There are two 

possible physical origins from this softening: protein denaturation or protein glass 

transition. 

 

For the holo form of α-lactalbumin (calcium containing) various denaturation 

temperatures (Tm) have being reported in the literature ranging from (~61°C to 70°C) 

(Hendrix et al., 2000; Boye et al., 1997). However, there is a 20°C decrease in Tm when 

calcium is removed (Bernal and Jelen,, 1984). The apo α-lactalbumin (calcium depleted) 

form has a much lower transition temperature (Td ~ 38°C) (Hendrix et al., 2000; Relkin 

et al., 1993) and has been referred to as more heat labile than the holo form. The 

transitions observed around ~40°C in amorphous α-lactalbumin matrix could reflect 

denaturation which occurs near ~38°C. A similar study in amorphous α-lactalbumin 

lms using Ery B as a phosphorescence probe showed a softening transition at ~50°C 

oxygen permeability in amorphous films using erythrosin B phosphorescence in  bovine 

serum albumin (BSA) showed a softening transition at ~60°C, possibly corresponding to 

the glass transition within the native BSA molecules in the films (Nack and Ludescher, 

2006). A similar such transition was observed in β-lactoglobulin at 80°C (Sundaresan and 

fi

(Chapter VIIa).  

 

The other possibility is that it reflects a glass -like transition (Hill et al., 2000). The 

softening transition seen in apo α-lactalbumin at ~40°C may thus correspond to a glass 

transition within the amorphous α-lactalbumin matrix. A study of molecular mobility and 
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Ludescher, 2007).  In a study by Shah and Ludescher by applying a continuous flow of 

oxygen free nitrogen of known relative humidity to hydrated hen egg white (HEW) 

lysozyme dry powder, it was observed that both RTP intensity and lifetime decreased in a 

non linear pattern (Shah and Ludescher, 1993). This was interpreted in terms of induction 

f softening transition in HEW on hydration. 

α-lactalbumin and their locations in the 3D structure are shown in 

es were very diverse showing almost 300 fold variation at 20°C (τ1 

 

o

 

Thus these spectroscopic measures were clear indicators of molecular mobility in 

amorphous α-lactalbumin indicating that protein undergoes a softening transition at 

~40°C.  

 

Correlating lifetime components to tryptophans: The phosphorescence lifetimes of 

tryptophan in α-lactalbumin fitted to a four exponential function. As α-lactalbumin has 

four tryptophan residues, each lifetime component can, in principle be, associated with 

one of the four tryptophan residues W26, W60, W104 and W118. The four tryptophan 

residues of concern in 

Figure 11.  The lifetim

= 126.7 ms, τ2 = 20.0 ms, τ3 = 3.3 ms and τ4 = 0.46 ms). Triplet lifetime as long as 1-2 s 

is observed when tryptophan residues are buried within seemingly inflexible domains in 

globular proteins (Saviotti and Galley, 1974; Vanderkooi et al., 1987; Strambini et al., 

1990). On the other hand, tryptophans in more mobile environments possess lifetimes of 

1-2 ms (Strambini and Gonnelli, 1995; Gonnelli and Strambini, 1995). 
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Associating observed lifetimes with a particular tryptophan residue in a protein with 

multiple tryptophans residues is very difficult. However, surface accessibility of 

tryptophan residues could help us in making this assignment, a Trp residues hidden in the 

relatively rigid core of the protein are quenched with much lower probability than 

solvent-exposed Trp residues. The water accessible surface area for each tryptophan 

sidue was calculated as 0 (W26), 6.1 (W60), 12.4 (W104) and 28.1 Å (W118) (with 

 that all tryptophan residues are in a fairly buried environment and are capable of 

mitting phosphorescence. As phosphorescence derives only from those tryptophan 

 

otein core, is thus 

gest lifetime component. W118, which has the highest accessible 

surface area, is thus associated with the shortest lifetime component. 

re

help from Dr Peter Kahn using Pymol). The surface accessible area for the four 

tryptophan residues in α-lactalbumin is shown in Figure 12. The surface accessible area 

indicates

e

residues that are buried within the protein structure, the absence of this type of residue 

does not shows any phosphorescence in proteins (Vanderkooi et al., 1987; Saviotti, 1975; 

Wright et al., 1992).). Comparing the surface accessible area among the four residues 

indicates that W26 is the most buried tryptophan followed by W60 and W104, and W118 

is the most exposed residue. In proteins Trp residues are buried in the interior of the 

molecules as a result of polypeptide folding which provides a viscous or rigid

environment for the buried tryptophan residues. It is tempting to associate the diversity in 

lifetimes with variations in the flexibility of the local regions in which the four 

tryptophan residues are buried, with long lifetime components associated with 

tryptophans buried in rigid protein regions and shorter lifetimes associated with residues 

in peripheral regions. W26, totally inaccessible and buried in the pr

associated with the lon
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The phosphorescence lifetime associated with a particular tryptophan residue provides 

information on a specific protein domain within the structure. Thus these tryptophan 

residues could provide information about particular domains (where they reside) within 

the protein. RTP lifetimes of Trp residues in different protein or different domains within 

the same protein have been shown to vary considerably in the absence of dissolved 

oxygen (Vanderkooi et al., 1987). This diversity in lifetimes is clearly associated with the 

variations in flexibility of the domains in which the Trp residues are buried (Saviotti and 

Galley, 1974).  

 

The local environments of different protein domains have no influence on Trp 

phosphorescence lifetimes at 77K and are essentially constant (5-6 seconds). RTP is more 

sensitive to quenching than phosphorescence at 77K where diffusional motions are absent. 

However presence of internal or external quenching could greatly influence the 

phosphorescence lifetime. Internal factors are those existing within the protein structure, 

while external factors are considered to be those added to the protein solution. 

 

A number of molecules are identified with the ability to quench the phosphorescence of 

buried tryptophan efficiently (Callhoun et al., 1988; Vanderkooi, 1990). Some of the 

most notable ones are solvent dissolved oxygen molecule, species such as NO, CO, H2S, 

and CS2 (Geacintov et al., 1972; Strambini, 1987a; Calhoun et al., 1988), and acrylamide 

(Ghiron et al., 1988). A group of larger and polar quenchers, including ethanethiol, 

methyl vinyl ketone, nicotinamide, cinnamide and quanaldic acid, were also shown to 
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affect the phosphorescence of buried tryptophan through a long range radiationless 

process (Calhoun et al., 1988).  

 

In the absence of external quenching the main contributor to quenching includes internal 

factors such as disulfide linkage (Li et al., 1992; Schutz et al., 1974; Bent and Hayon, 

1975). The disulfide quenching mechanism has been proposed to be a one electron 

transfer from the excited state of tryptophan to disulfide (Li et al., 1992; Schutz et al., 

1974) at the triplet level, and disulfides have been shown to quench triplet tryptophan at 

T (Bent and Hayon, 1975). The disulfide linkage in close proximity to tryptophan 

e to 0.5-2 

econds (Li et al., 1989). In α-lactalbumin the four disulfide bonds include Cys6-Cys120, 

widely varied lifetimes observed in different proteins. The RTP lifetime of Trp in protein 

R

residues has been demonstrated to shorten phosphorescence lifetime of tryptophan at 77K 

(Churchich, 1964; Cowgill, 1967; Longworth, 1971; vandevan, 1987). There is no 

quantitative report on the distances dependence of the rate constants for disulfide 

quenching at RT; however recent data suggests that it is only effective over a few 

angstroms (Gonnelli and Strambini, 1995). Presence of a disulfide bond as close as ~4A° 

at 77K has been shown to cause quenching in a protein decreasing the lifetim

s

Cys61-Cys77, Cys73-Cys91 and Cys28-Cys111. The four tryptophan residues and the 

disulfide linkages and their locations in the 3D structure are shown in Figure 13. Only 

tryptophan W118, which has the highest accessible surface area, is also in close 

proximity (~3.4 Å) to a disulfide bond Cys28-Cys111.  

 

The relative motion of tryptophan with its neighboring groups also contributes to the 
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has recently been observed to be shortened in the presence of several amino acids in the 

solvent, with Cys and ionized Tyr being the most effective and protonated Tyr and 

rotonated His less effective. At this time the mechanism is not known (Gonnelli and p

Strambini, 1995).  

 

Two tryptophan residues at a distance of 6A° to 16 A° (Galley, 1976) could interact at 

singlet and singlet state through electronic energy transfer, whereas triplet-triplet energy 

transfer could occur at much shorter distance (Terenin and Ermolaev, 1956). This energy 

transfer thus could complicate the assignments of phosphorescence spectra and lifetimes.   

 

Thus the above analysis needs a more detailed investigation in terms of the various local 

environments of each tryptophan residues before the exact assignments of lifetimes could 

be made. 
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Conclusion 

Measurement of tryptophan phosphorescence in α-lactalbumin films provides useful 

information in terms of molecular events in the proteins and also provides evidence for 

dynamic transition within amorphous solid α-lactalbumin films. The decrease in emission 

nergy with temperature reflects increase in rate of dipolar relaxation around the excited 

ctivated molecular mobility in amorphous α-lactalbumin suggest that the amorphous 

 the highest accessible surface area and is also in close proximity (~3.4 Å) to a 

disulfide bond, a known quencher of tryptophan phosphorescence, is associated with the 

shortest lifetime component. The phosphorescence lifetime and emission wavelength 

associated with a particular tryptophan residue thus could provide information on the 

mobility of specific domains within the protein structure. 

 

e

triplet state. The increase in FWHM at elevated temperatures reflects an increase in the 

extent of inhomogeneous broadening of the spectra due to interactions of tryptophan with 

the surrounding matrix. The phosphorescence lifetime was fitted using a four exponential 

function over the whole temperature range. These spectroscopic measures of thermally-

a

solid protein undergoes a softening transition at ~40°C, W26, totally solvent inaccessible 

and buried in the protein core, is associated with the longest lifetime component. W118, 

which has
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Figure VIIb-1 

 

 

films as a function of temperature (excitation at 280 nm). The spectra were collected at 

intensity at ~450 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure VIIb-1: Delayed emission spectra of tryptophan in amorphous α-lactalbumin 

10°C intervals from -20°C to 60°C (the curves follow this order from high to low 
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Figure VIIb-2a 
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Figure VIIb-2a: The effect of temperature on the phosphorescence emission intensity of 

alized to -10°C.  

tryptophan in amorphous α-lactalbumin films as a function of temperature equilibrated 
against nitrogen. Intensity (IP) was determined from analysis of the phosphorescence 
emission band (Figure 2) using a log-normal function (eq. (1), Materials and Methods). 
The intensity was norm
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Figure VIIb-2b 
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Figure VIIb-2b: The effect of temperature on the phosphorescence emission intensity of 
tryptophan in amorphous α-lactalbumin films as a function of temperature equilibrated 
against nitrogen. Intensity (IP) was determined from analysis of the phosphorescence 
emission band (Figure 2) using a log-normal function (eq. (1), Materials and Methods).  
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Figure VIIb-3a 
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Figure VIIb-3a: Peak energy νp ( , left hand scale) and bandwidth (■, right hand scale) 
for phosphorescence emission from tryptophan in α-lactalbumin films as a function of 
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Figure VIIb-3b 
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Figure VIIb-3b: Peak energy νp ( , left hand scale) and bandwidth (■, right hand scale) 
for phosphorescence emission from tryptophan in α-lactalbumin films as a function of 
temperature.  
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Figure VIIb-4 
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Figure VIIb-4: (a) Normalized phosphorescence intensity decay [I(t)/I(0)] of tryptoph
in amorphous 

an  
α-lactalbumin film at 20°C in the presence of nitrogen ( ).  The solid lines 

through the data are fits using a multi-exponential function. (b) The modified residuals 
[(Data-Fit)/Data1/2] for these fits to data in the presence of nitrogen (dotted line). 
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Figure VIIb-5a 
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Figure VIIb-5a: Lifetime components  τ1 ♦), τ2 (■), τ3 (▲), τ4 (•) obtained from a 
ulti-exponential model fit (Eq. (3), Materials and Methods) to phosphorescence 

 

 
(

m
intensity decay data from tryptophan in amorphous  α-lactalbumin films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
20°C to 100°C. 
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Figure VIIb-5b 
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Figure VIIb-5b: Log plot of lifetime components  τ1 (♦), τ2 (■), τ3 (▲), τ4 (•) obtained 
from a multi-exponential model fit (Eq. (3), aterials and Methods) to phosphorescence 
intensity decay data from tryptophan in a orphous  α-lactalbumin films equilibrated 

 

 M
m

against nitrogen as a function of temperature. The data was calculated every 10°C from -
20°C to 100°C. 
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Figure VIIb-6 
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Figure VIIb-6: Intensity decay fit parameters amplitude for tryptophan in amorphous α-
lactalbumin films in nitrogen as a function of temperature. The data was calculated every 
10°C from -20°C to 100°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life 
time components (τ1, τ2,) and a3 (▲) and a14 (•) correspond to the shorter lifetime 
components (τ3, τ4). The amplitudes were obtained from a multi exponential model fit 
(Eq. (3), Materials and Methods) to phosphorescence intensity decay data from 
tryptophan in amorphous α-lactalbumin films equilibrated against nitrogen as a function 
of temperature 
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Figure VIIb-7 

 

 

Tryptophan

0

2

4

6

8

10

12

14

16

18

20

-40 -20 0 20 40 60 80 100 120

Temperature / °C

A
v
er

a
g

e 
L

if
et

im
e 

/ 
m

s

 
 

 

 
Figure VIIb-7: Average lifetime from a multi-exponential model fit (Eq. (4), Materials 
and Methods) to phosphorescence intensity decay data from tryptophan in amorphous α-
lactalbumin films equilibrated against nitrogen as a function of temperature. The data was 
calculated every 10°C from -20°C to 100°C. 
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Figure VIIb-8a 
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Figure VIIb-8a: The Arrhenius plot of the dividual lifetime component τ1 (♦), τ2 (■), 

 
 
in

τ3 (▲) and τ4 (•) of tryptophan in amorphous α-lactalbumin as a function of inverse of 
temperature. 
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Figure VIIb-8b 
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Figure VIIb-8b: The Arrhenius plot of the average lifetime of tryptophan in amorphous 
α-lactalbumin as a function of inverse of temperature. 
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Figure VIIb-9 
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Figure VIIb-9: Temperature dependence of the total non-radiative decay rate of the 
triplet state kNR (kp = kRP + kNR) to So of tryptophan in amorphous α-lactalbumin film 
over the temperature range from -20°C to 100°C, values were calculated from the 
lifetime data. 
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Figure VIIb-10 
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Figure VIIb-10: The Arrhenius plot of the total non-radiative decay rate of the triplet 
state k  (k  = k  + k ) to So of tryptophan in amorphous α-lactalbumin film as 

 

NR p RP NR

function of inverse of temperature. 
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Figure VIIb-11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure VIIb-11: The structure of α-lactalbumin showing positions of tryptophan 
residues (Pymol). 
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Figure VIIb-12 

 

 

Figure VIIb-12: The surface accessible area of tryptophan residues (Pymol). 
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Figure VIIb-13 

 

 

 

 
Figure VIIb-13: The distance calculation between tryptophan residues and disulphide 
bond (Pymol). 
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Table VIIb-1 

 
Table VIIb-1: Calculated activation energy Ea for each individual lifetime components 
τ1, τ2, τ3 and τ4 and average lifetime at low, intermediate and high temperature. 

 

 
Lifetime Temperature Equation R

2
Ea KJ / mol Transition Temperatures °C

τ1 LT y = -1841.1x + 8.3284 0.98 15.31 35

HT y = -3484.4x + 13.868 0.98 28.97

τ2 LT y = -1441.7x + 8.8242 0.97 11.99 38

HT y = -2888.7x + 13.615 0.97 24.02

τ3 HT y = -1731.2x + 11.67 0.96 14.39   -

τ4 HT y = -1341.4x + 12.284 0.95 11.15   -

τAvg LT y = -1733.4x + 10.915 0.99 14.40 38

HT y = -3350.3x + 16.249 0.98 27.90

Ln (kNR) LT y = -1736.4x + 10.924 0.99 14.44 40

HT y = -3351.4x + 16.252 0.98 27.86  
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Chapter VIIc: Investigating the molecular mobility of the amorphous α-lactalbumin 

matrix using the phosphorescence of extrinsic probe (vanillin). 

 

 

Introduction 

We have recently shown that vanillin can be used as a triplet state probe to monitor 

and emission energy were found to be extremely sensitive to the local environment in 

glassy state and at the glass-to-rubber 

lar 

Kuwajima et al., 1983).  Room temperature phosphorescence has been used to investigate 

e-resolved 

min (apo: calcium depleted) as a function of temperature. The 

molecular mobility in amorphous solids (Chapter II). Vanillin phosphorescence lifetime 

amorphous solids (sucrose, protein) in the 

transition into the melt. Vanillin was also shown to be promising in reporting molecu

mobility in amorphous sucrose film in the dual probe combination study using erythrosin 

B and tryptophan (Chapter X). There are many different techniques used to study protein 

motions such as H-exchange, NMR and electron microscopy, each providing information 

of protein motions on different time scales (Linderstrom-Lang, 1958; Schellman, 1964; 

protein motions (Vanderkooi et al., 1987; Cioni and Strambini, 1989; Strambini et al., 

1990). The current study focuses on using steady state and tim

phosphorescence of the vanillin probe to monitor molecular mobility in thin films of 

amorphous α-lactalbu

results from this study will also be compared to measurements of mobility made in α-

lactalbumin matrix using erythrosin B and tryptophan. 
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Materials and Methods 

Sample preparation: Purified α-lactalbumin (calcium depleted) was obtained from Sigma 

pany (St Louis, MO) and used as received. In order to define and 

Preparation of protein films: The amorphous films were made by pipetting 20 μL of the 

solution (α-lactalbumin + vanillin) onto quartz slides (13 mm x 30 mm x 0.6 mm) (NSG 

Precision Cells, Farmingdale, NY) and spreading the solution over an area approximately 

Chemical Com

minimize the presence of counter ions, α-lactalbumin was dissolved in distilled deionized 

water at 10 mg/ml, placed in a cellulose dialysis tube having a 1 kDa molecular weight 

cutoff (Spectrum, Houston, TX), dialyzed against 0.1 M potassium chloride for at least 

36 hours with frequent changes of buffer, and then dialyzed extensively against distilled 

deionized water.  All dialysis was carried out at 4°C.  The solution was then filtered 

through a 0.2 μm Acrodisc membrane filter (Pall Gellman Laboratory, Ann Arbor, MI) to 

remove particulate matter. The concentration of the protein after dialysis was determined 

by absorbance at 280 nm using an extinction coefficient of 28,500  M-1cm-1 (Kronman 

and Andreotti, 1964). 

 

Vanillin: A 66mM stock solution of vanillin (Sigma-Aldrich, Milwaukee, WI) was 

prepared in distilled deionized water. This concentration was selected to simplify the 

addition of the probe to the protein solution. For measuring phosphorescence in 

amorphous solid, vanillin was added to the protein solution at a molar ratio of 1:1 (dye: 

protein). Other ratios 1:3, 1:5 and 1:10 were also tested to study the effect of probe 

concentration.  
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15 mm x 10 mm. Before use, to improve the surface activity for spreading the solutions, 

de, uses a high intensity pulsed lamp and a time delay was 

mployed to avoid any fluorescence during the lamp pulse.  The temperature was 

m quartz fluorescence cuvette, which was capped with a lid having inlet 

nd outlet ports of gas lines.  

the slides were soaked in Terg-A-Zyme (Alconox, Inc., NY) soap solution, washed with 

double distilled water, rinsed with ethanol and dried in acetone.  After spreading (~0.05 

mm thick), the slides were dried under constant flow of air for 30 minutes, allowing the 

films to set, and then transferred to a desiccators over phosphorus pentoxide for at least 

one week, where the water activity is not greater than 0.01.  The slides were stored at 

23.0 ± 1ºC, protected from light to prevent any photo bleaching of the vanillin and 

desiccant was refreshed as needed to maintain a relative humidity close to 0%. 

 

Instrumentation: Measurements were made on a Cary Eclipse fluorescence 

spectrophotometer (Varian Instruments, Walnut Creek, CA). This instrument, which 

collects in analog mo

e

controlled by using a TLC 50 thermoelectric heating/cooling system (Quantum 

Northwest, Spokane, WA). The TLC-50 sample compartment was fitted with a jacketed 

cover. The measurements were made in absence of oxygen (Nitrogen was purged for 15 

minutes). Nitrogen stream was generated by passage of high purity nitrogen through a 

Supelco (Bellefonte, PA) carrier gas purifier. Quartz slides were placed in the standard 

1cm x 1cm x 1c

a
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Luminescence Measurements: The Cary Eclipse uses a pulsed lamp and collects emission 

intensity in analog mode; data were not collected within the first 0.1-0.2 ms to suppress 

fluorescence coincident with the lamp pulse.   

 

Delayed luminescence emission spectra of vanillin in amorphous protein were collected 

from 400 to 800 nm (10 nm bandwidth) using excitation at 320 nm (20 nm bandwidth) 

over the temperature range from –20°C to 100°C. Each data point was collected from a 

single flash with 0.2 ms delay, 100 ms gate time, and 0.12 s total decay time. The 

hosphorescence spectra collected as a function of temperature in the presence of p

nitrogen, were converted to intensity versus frequency (cm-1) and analyzed to obtain the 

peak frequency and spectral bandwidth using eq. (1) and (2) (Maroncelli and Fleming 

1987).  

 

Lifetime measurements were made as a function of temperature. The samples were 

excited at 320 nm (20 nm bandwidth) and emission transients collected at 490 nm (20 nm 

bandwidth) at temperature ranging from –20°C to 100°C. Each decay was the average of 

50 cycles, and for each cycle data was collected from a single flash with a delay of 0.2 ms, 

windows for gate time and total decay time were varied at each temperature. All 

measurements were made in quadruplicate.  
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Data Analysis 

Emission Energy as a function of temperature: Emission spectra were fit using the 

program Igor (Wavemetrics, Inc., Lake Oswego, OR) to a log-normal function over the 

mperature range Equation 1.  te

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟
⎠

⎞
⎜
⎝

⎛ Δ−+ 2

0

]/)(21ln[

b

b pνν
              

 

In this equation I0 is the maximum intensity of the emission spectra, νP is the frequency 

(in cm-1) of the emission maximum, Δ is a line width parameter, and b is an asymmetry 

parameter. The bandwidth of the emission, the full width at half maximum (Γ), is related 

to b and Δ Equation 2. 

⎟⎜−= )2ln(exp)( II ν     (1) 

⎟
⎠
⎞

⎜
⎝
⎛ sinh(

Δ=Γ
b

b)
                                      (2) 

2 nd the modified residuals ((data – fit)/data1/2) 

varied randomly about zero.  

 

 

Phosphorescence Intensity: Phosphorescence lifetimes were determined with the 

statistical program Igor (Wavemetrics, Inc., Lake Oswego, OR). The phosphorescence 

intensity decays were collected as described above and were fitted using a multi-

exponential function for vanillin (Shamblin et al., 2000). Fits were judged satisfactory if 

the r  values were in the range of 0.995-1.0 a
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Multi-exponential function: The multi-exponential model is as show in Equation 3. τi are 

I (t) = Σαi exp (-t/τi)                              (3) 

         i = 1 

Photophysical Scheme: The phosphorescence lifetimes were inter  

rate constants associated with the various processes that contribute to the de-excitation of 

e probe (Duchowicz., 1998).  The phosphorescence lifetimes 

depopulate the excited triplet state. The term kP (=1/τ) is the total decay rate, kRP is the 

rate of radiative decay of the triplet state. The magnitude of kNR reflects factors associated 

with the mechanism by which the excited T1 state is coupled to highly excited vibrations 

of the S0 ground state as well as external factors associated with the mechanism by which 

the ground state vibrational energy can dissipate from the excited state into the 

surrounding matrix (Fischer et al., 2002; Vanderkooi and Berger, 1989). As the efficiency 

of external vibrational dissipation is related to overall mobility of the matrix, the 

magnitude of kNR provides a measure of matrix mobility. The term kQ [Q] refers to the 

decay times, αi represent the amplitudes of the components at t = 0 and n is the number 

of decay times. The average lifetime was calculated using Equation 4.  

          n 

 

            n 

τAvg = Σαiτi/ ΣαI                 (4) 

          i = 1 

 

preted in terms of the

the excited triplet state of th

were used to calculate the rate constants associated with the various processes that 
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collisional quenching due to interaction between the excited chromophore and a quencher 

molecule for example triplet state oxygen. 

 

The lifetime τ is related to the rate constants for de-excitation of the triplet excited state 

 Equation 5 (Papp and Vanderkooi, 989). 

kNR (T) + kQ [Q] = kP              (5) 

1/τ) is the total decay rate, kRP is the rate of radiative decay of the ground state 

 S0 due to collisional quenching. The term kQ [Q] refers to the collisional 

uenching due to interaction between the excited chromophore and a quencher molecule 

of the probe according to the following  1

1/τ = kRP + 

 

Here kP (=

(1/6 s-1), kNR is the rate of non-radiative decay to the singlet state followed by vibrational 

relaxation to

q

for example triplet state oxygen. 
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Results 

Delayed emission spectra: The delayed luminescence spectra of extrinsic vanillin in 

morphous α-lactalbumin films (in the presence of nitrogen) as a function of temperature 

d state 

00°C. Delayed emission showed a decrease in phosphorescence intensity as a function 

dth (Γ) were determined by fitting emission spectra to a 

log-normal function.  The values of νp and Γ for the phosphorescence band varied 

systematically as a function of temperature (Figure 3).  There was a steeper decrease in 

the emission energy as a function of temperature form –20°C to 30°C than from 40°C to 

80°C , followed by steeper decrease above 90°C.  The decrease in νp reflects an increase 

in the rate of dipolar relaxation around the triplet excited state (Lakowicz, 1999). The 

emission bandwidth (Γ) remained constant from −20°C to 50°C, and increased gradually 

over the temperature interval from 60°C to 100°C. The increase in Γ at elevated 

temperatures reflects an increase in the extent of inhomogeneous broadening of the 

spectra due to changes in the interaction of vanillin molecules with the surrounding 

matrix.  

 

a

are plotted in Figure 1. The emission spectra showed maxima at ~490 nm. The 

phosphorescence band reflects emissions from the triplet state (T1) to the groun

(S0). The delayed emission spectra were collected over the temperature range -20°C to 

1

of temperature as expected from thermally stimulated processes. The normalized plots of 

phosphorescence intensity versus temperature are shown in Figure 2. The plot shows, as 

the temperature increases, the peak intensity of the emission spectra decreases.  

 

The peak energy (νp) and bandwi
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Phosphorescence lifetimes: The phosphorescence intensity decays collected as a function 

ere well 

tted using multi-exponential function and two physically important parameters lifetime 

of temperature were fitted using a multi-exponential function. These lifetimes reflect the 

ensemble average of all dynamic environments because the peak excitation and peak 

emission wavelength were used. The intensity decays are plotted in Figure 4 along with 

fits using a multi-exponential function. The modified residuals for these fits varied 

randomly around zero, indicating that these functions provided a statistically satisfactory 

fit to these data (Figure 4). Lifetime is the average time a molecule spends in the excited 

state and is the indicator of the rigidity of the matrix. 

 

All intensity decay data over the temperature interval from −20°C to 100°C w

fi

τ and amplitude α were obtained. The lifetimes of vanillin as a function of temperature 

are shown in Figure 5a. The log plots for lifetime is shown in Figure 5b. In case of multi-

exponential function the four lifetime components at 20°C were τ1 = 94.6 ms, τ2 = 24.2 

ms, τ3 = 4.8 ms and τ4 = 0.74 ms indicating the presence of local environments with ~130 

fold difference in mobility. The plot of the amplitudes of each life time component for as 

a function of temperature is shown in Figure 6. The amplitudes a1 and a2 of the longer 

lifetimes, decreased and amplitude a4 of shorter lifetime component increased as a 

function of temperature. The amplitude a3 for τ3 did not change as a function of 

temperature.  The long lifetime components (a1 + a2) contributed 10-40% and the short 

component contributed 60-88% to the emission as a function of temperature.  
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The average lifetime was calculated using Eq. 4 and is plotted in Figure 7. Arrhenius 

plots of the inverse of individual lifetime components τ1, τ2, τ3 and τ4 are shown in Figure 

8a. The transition temperatures and activation energies for individual lifetime 

components are compiled in Table 1. The Arrhenius plot of lnkP for lifetime component 

τ1 and τ2 (longer lifetimes) showed transition temperatures at 50°C and 50°C, 

respectively. The Arrhenius plot of lnkP for lifetime component τ3 and τ4 (shorter 

lifetimes) show transition temperature at 60°C and 68°C. The Arrhenius plot of lnkP 

(average lifetime) showed transition temperature of 50°C with activation energies at low 

ol-1 and 46.4 kJ mol-1, respectively (Table 1). and high temperature as 10.0 kJ m

 

Temperature dependence of non-radiative decay of the triplet state is shown in Figure 9. 

The kNR term is a rate constant for non-radiative decay; it is the actual measure of the 

effect of the motion that quenches probes excited triplet state. The kNR values were 

calculated by subtracting the phosphorescence emission rate constant (1/τ at 77K) from 

the inverse of the lifetime. Plot of kNR as a function of temperature is in Figure 9. The 

Arrhenius plot of kNR is shown in Figure 10. The activation energy obtained from the 

slope of fit line in this plot is the activation energy of the motions which quench probes 

excited triplet state are shown in Table 1. 
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Discussion 

We have recently shown that the phosphorescence from vanillin provides information 

about matrix molecular mobility in amorphous solid sugars (Chapter II). Vanillin 

phosphorescence was found to be sensitive to both dipolar relaxation around the excited 

triplet state that lowers the emission energy and molecular collision with the triplet state 

that lowers the emission intensity and lifetime. Similar phosphorescence behavior for 

vanillin dispersed in thin dry films of α-lactalbumin indicates that amorphous protein 

exhibits a similar pattern of molecular mobility. 

 

Matrix Molecular Mobility: The thermal response of peak emission reflects the effect of 

lect an increase in the ability of these groups to 

orient around the tryptophan triplet state. The effect of temperature is diminishing at 

high temperature on emission energy, suggesting that something is going on but that is 

not softening phase. 

 

temperature on increasing the rate of dipolar relaxation around the excited triplet state of 

vanillin. Surface polar groups like side-chain hydroxyl, amino, and carboxyl groups in α-

lactalbumin are the origins of dipolar relaxation.   The large increase in FWHM at higher 

temperatures indicated inhomogeneous broadening corresponding to increase in the width 

of the distribution of energetically distinct matrix environments in the amorphous α-

lactalbumin films. Peak frequency did not indicate presence of any softening transition. 

FWHM indicated presence of softening transition above ~50°C. The increase in matrix 

mobility seen at ~50°C thus appears to ref

re
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The photophysical analysis of vanillin indicates that the triplet state lifetime decreases 

pter II) in the glass (12.3 kJ mol-1 ) 

ggesting that comparable molecular motions caused quenching in both amorphous 

s a softening transition at ~50°C. The softening transition could be 

ue to protein denaturation or protein glass transition. The apo α-lactalbumin (calcium 

depleted) form has a much lower transition temperature (Td ~ 38°C) and has been 

with temperature because of thermal activation of the rates of collisionally activated non- 

radiative decay to the ground state (kNR). The non-radiative decay rate provides an 

estimate of matrix mobility. The magnitude of kNR increased moderately at low and more 

dramatically at high temperature with a transition temperature of ~50°C. The activation 

energy for motions associated with kNR was 10.6 kJ mol-1 at low temperature and 46.9 kJ 

mol-1 at high temperature. The activation energy at low temperature were similar to those 

seen for vanillin in amorphous sucrose (Cha

su

sucrose and amorphous α-lactalbumin. But the activation energies at high temperature 

were significantly different in amorphous α-lactalbumin as compared to amorphous 

sucrose (29 kJ mol-1 and 72 kJ mol-1), suggesting that different  molecular motions 

caused quenching in both amorphous sucrose and amorphous α-lactalbumin. 

 

Collisional quenching in α-lactalbumin involves local motions with small activation 

energy at temperatures below the softening transition temperature (50°C) and more 

delocalized collective motions with larger activation energy at temperatures above the 

softening transition. 

 

Dynamic Transition: Two spectroscopic measures, bandwidth and lifetime, indicate that 

the protein undergoe

d
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referred to as more heat labile than the holo form. Thus, softening transition could be 

attributed to denaturation process seen in α-lactalbumin. However, a study conducted in 

our lab using Ery B in amorphous α-lactalbumin in the same temperature -20°C to 100°C, 

showed the variation in emission lifetime to be reversible upon heating and cooling, such 

behavior is not expected for denaturation in the solid phase. Thus one could rule out the 

possibility of denaturation. 

 

Proteins are shown to exhibit a dynamic transition Td  (Hill et al., 2005) at temperatures 

near 200K. This transition due to its similarity to the high temperature dynamical 

transition seen in amorphous dry proteins is often referred as glass transition (Ringe and 

Petsko, 2003). Above proteins dynamic transition Td (similar to Tg), the dynamic 

behavior is thought to be highly temperature dependent and shows an-harmonic 

vibrations and below Td harmonic vibrations are more prevalent (e.g., localized atomic 

uctuations). The softening transition seen in α-lactalbumin at ~50°C may thus fl

correspond to a glass transition within the α-lactalbumin molecule in the film. 
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Conclusion 

We have used phosphorescence from the vanillin to characterize the molecular mobility 

as a function of temperature in amorphous solid α-lactalbumin films. Emission spectra 

provided information of how temperature modulates the emission energy and bandwidth. 

The emission energy decreased as a function of temperature without any transition point. 

The bandwidth increased gradually at low temperature and more steeply at high 

mperature indicating a softening transition of the protein matrix at ~50°C-60°C. te

Lifetime decreased as a function of temperature. Arrhenius analysis of the rate constant 

for nonradiative collisional quenching indicated an increase in quenching indicative of 

matrix softening at ~50°C-60°C. These results enrich our molecular understanding of the 

intrinsic mobility of proteins within the amorphous solid phase, provide evidence for 

dynamic transition within solid α-lactalbumin.  
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Figure VIIc-1 
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Figure VIIc-1: Delayed emission spectra of vanillin in amorphous α-lactalbumin films 
as a function of temperature (excitation at 320 nm). The spectra were collected at 10°C 
intervals from -20°C to 100°C (the curves follow this order from high to low intensity at 
~490 nm). 
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Figure VIIc-2 
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Figure VIIc-2: The effect of temperature on the phosphorescence emission intensity of 
vanillin in amorphous α-lactalbumin films as a function of temperature equilibrated 
against nitrogen. Intensity (I ) was determined from analysis of the phosphorescence 
emission band (Figure 2) using a log-norm

P

al function (eq. (1), Materials and Methods). 
The data was normalized to -20°C.  
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 Figure VIIc-3 
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Figure VIIc-3: Peak energy νp ( , left hand scale) and bandwidth (■, right hand scale) 
for phosphorescence emission from vanillin in α-lactalbumin films as a function of 
temperature.  
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Figure VIIc-4 
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Figure VIIc-4: (a) Normalized phosphorescence intensity decay [I(t)/I(0)] of vanillin  
dispersed in amorphous α-lactalbumin film at 20°C in the presence of nitrogen ( ).  The 
solid lines through the data are fits using a multi-exponential function. (b) The modified 
residuals [(Data-Fit)/Data1/2] for these fits to data in the presence of nitrogen (dotted line). 
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Figure VIIc-5a 
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Figure VIIc-5a:Lifetime components  τ1 (♦), τ2 (■), τ3 (▲), τ4 (•) obtained from a multi
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from vanillin dispersed in am rphous  α-lactalbumin films equilibrated 
gainst nitrogen as a function of temperature. The data was calculated every 10°C from -
0°C to 100°C. 

-
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Figure VIIc-5b 
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Figure VIIc-5b: The log plot of lifetime components  τ1 (♦), τ2 (■), τ3 (▲), τ4 (•) 
obtained from a multi-exponential model fit (Eq. (3), Materials and Methods) to 
phosphorescence intensity decay data from vanillin dispersed in amorphous  α-
lactalbumin films equilibrated against nitrogen as a function of temperature. The data was 
calculated every 10°C from -20°C to 100°C. 
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Figure VIIc-6 
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Figure VIIc-6: Intensity decay fit parameters amplitude for vanillin in amorphous α-
lactalbumin films in nitrogen as a function of temperature. The data was calculated every 
10°C from -20°C to 100°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life 
time components (τ1, τ2,) and a3 (▲) and a  (•) correspond to the shorter lifetime 
components (τ , τ ). The amplitudes were o

14

3 4 btained from a multi exponential model fit 
(Eq. (3), Materials and Methods) to phosphorescence intensity decay data from vanillin 
dispersed in amorphous α-lactalbumin films equilibrated against nitrogen as a function of 
temperature 
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Figure VIIc-7 
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Figure VIIc-7: Average lifetime from a multi-exponential model fit (Eq. (4), Materials 
and Methods) to phosphorescence intensity decay data from vanillin dispersed in 
amorphous α-lactalbumin films equilibrated against nitrogen as a function of temperature. 
The data was calculated every 10°C from -20°C to 100°C. 
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Figure VIIc-8a 
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Figure VIIc-8a: The Arrhenius plot of the individual lifetime component τ1 (♦), τ2 (■), τ3 

(▲) and τ4 (•) of vanillin in amorphous α-lactalbumin as a function of inverse of 
temperature. 

 



 538

Figure VIIc-8b 
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Figure VIIc-8b: The Arrhenius plot of the average lifetime of vanillin in amorphous α-

 
 

lactalbumin as a function of inverse of temperature. 
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Figure VIIc-9 
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triplet state kNR (kp = kRP + kNR) to So of vanillin in amorphous α-lactalbumin film over 
the temperature range from -20°C to 100°C, values were calculated from the lifetime data. 
 

 
 

Figure VIIc-9: Temperature dependence of the total non-radiative decay rate of the 
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Figure VIIc-10 
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Figure VIIc-10: The Arrhenius plot of the total non-radiative decay rate of the triplet 
state kNR (kp = kRP + kNR) to So of vanillin in amorphous α-lactalbumin film as function 
o
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Table VIIc-1 

 
Table VIIb-1: Calculated activation energy Ea for each individual lifetime components 
τ1, τ2, τ3 and τ4 and average lifetime at low, intermediate and high temperature. 

 

 
Lifetime Temperature Equation R

2
Ea KJ / mol Transition Temperatures °C

τ1 LT y = -655.49x + 4.6098 0.99 5.45348516 50

HT y = -2464.9x + 10.158 0.92 20.4931786

τ2 LT y = -986.76x + 7.0996 0.98 8.20392264 50

HT y = -2642.3x + 12.353 0.92 21.9680822

τ3 LT y = -841.65x + 8.1543 0.9 6.9974781 60

HT y = -10427x + 35.559 1 86.690078

τ4 LT y = -1165.1x + 11.186 0.95 9.6866414 68

HT y = -4857.3x + 22.122 0.94 40.3835922

τAvg LT y = -1203.4x + 8.1522 0.99 10.0050676 50

HT y = -5581.1x + 21.412 0.97 46.4012654

Ln (kNR) LT y = -1276.4x + 8.3513 0.99 10.6119896 50

HT y = -5643.6x + 21.577 0.97 46.9208904  
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Chapter VII d: Comparing the molecular mobility of the amorphous α-lactalbumin 

matrix using the phosphorescence of extrinsic probe (vanillin and erythrosin B) and 

Results and Discussion

intrinsic tryptophan. 

 

 

ular mobility as a function of 

In case of Ery B peak frequency indicated presence of softening transition at ~10°C and 

0°C. In case of vanillin peak frequency did 

 In case of tryptophan peak frequency indicated presence of a 

 

t

h

a

Vanillin (Chapter VII c), tryptophan (Chapter VII b) and erythrosin B (Chapter VII a) 

have been used in amorphous α-lactalbumin to study molec

temperature. This chapter aims at making a comparison among the three probes for 

molecular mobility measurements. 

 

FWHM indicated presence of transition at ~1

not indicate presence of any softening transition, but FWHM indicated presence of 

transition above ~50°C.

softening transition at ~40°C and FWHM indicated presence of transition at ~30°C. 

Among the three, tryptophan is the intrinsic probe and erythrosin B and vanillin are 

ex r sic probes. The phosphorescence lifetimes of vanillin (τ77K = 372 ms) and 

tryptophan (τ77K = 6 s) are considerable longer than that of erythrosin B (τ77K = 25 ms). 

in

Longer lived triplet probes (lifetimes of milliseconds to seconds) may help to access 

ot  modes of motion that affect the physical changes in the protein films. These probes 

could help detect slower molecular motions. The structural and dynamic heterogeneity 

er

th t as been observed on the sub-millisecond time scale may be considerably different 

over whole millisecond to seconds.  

 h
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Vanillin and tryptophan lifetime behavior are quite distinct and more dramatic than that 

seen with erythrosin B (Figure 1).  As seen from Figure 1, in the glassy region, vanillin 

and tryptophan show dramatic decrease in lifetime as compared to erythrosin B whose 

lifetime shows a gradual decrease. This difference may be attributed to longer lifetimes of 

vanillin and tryptophan as compared to erythrosin B which allows them to sense slower 

molecular motions.  

 

Temperature dependence of the total rate constant for radiative decay of the triplet state 

(kP = kRP + kTS0 + kTS1) for erythrosin B, vanillin and tryptophan is shown in Figure 2a. 

NR

nses 

ster motions compared to vanillin and tryptophan which also sense slower motions. The 

anillin at low and high temperatures were EaL = 10.6 

Temperature dependence of the total rate constant for non-radiative decay of the triplet 

state (k ) for erythrosin B, vanillin and tryptophan is shown in Figure 3a. The non-

radiative decay rate which is an indicator of matrix mobility was highest is erythrosin B 

followed by tryptophan and vanillin. Thus indicating that erythrosin B probably se

fa

Arrhenius plot of the total rate constant kP and rate of non-radiative decay kNR for the 

three probes are shown in Figures 2b and 3b, respectively. The activation energy and 

transition temperature obtained from the Arrhenius plots are compiled in Table 1. 

 

The Arrhenius plot of Ln (kNR) was biphasic in case of erythrosin B, vanillin and 

tryptophan. The activation energies at low and high temperature for erythrosin B were 

EaL = 1.89 kJ mol-1 and EaH 8.46 kJ mol-1, and it showed a transition temperature at 

~50°C. The activation energies for v
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kJ mol-1 and EaH = 46.9 kJ mol-1, the transition point was at 50°C. The activation energies 

-radiative decay rate (which is an indicator or matrix mobility) in 

morphous sucrose film was erythrosin B > tryptophan > vanillin. Erythrosin B and 

for tryptophan at low and high temperatures were EaL = 14.4 kJ mol-1 and EaH = 27.9 kJ 

mol-1, the transition point was at 40°C. The activation energies at low temperatures varied 

such that erythrosin B > vanillin > tryptophan and at high temperature such as erythrosin 

B > tryptophan > vanillin. 

 

The sequence of non

a

vanillin indicated a transition temperature ~50°. Whereas tryptophan showed transition 

temperature around 40°C. Lower transition temperature seen in tryptophan could be 

attributed to longer lifetime of tryptophan (6s) as compared to vanillin (372ms) and 

erythrosin B (25ms). 
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Conclusion 

The phosphorescence from each probe erythrosin B, vanillin and tryptophan was 

successfully utilized to measure molecular mobility on three different time scales 

corresponding to each probe. Intrinsic tryptophan indicated presence of softening 

transition at ~40°C (close to Td = 38°C for α-lactalbumin). The two extrinsic probes Ery 

 and vanillin indicated softening transition at around ~50°C. B
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Figure VIId-1a 
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Figure VIId-1a: Comparison of average lifetime of erythrosin B (single stretch 
exponential fit), vanillin (multi exponential fit) and tryptophan (multi exponential fit) 
dispersed in amorphous films of α-lactalbumin equilibrated against nitrogen as a function 
of temperature. The data was calculated every 10°C from -20°C to 100°C. 
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Figure VIId-1b 
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igure VIId-1b: Comparison of log plot of average lifetime of erythrosin B (single 
retch exponential fit), vanillin (multi exponential fit) and tryptophan (multi exponential 

F

st
fit) dispersed in amorphous films of α-lactalbumin equilibrated against nitrogen as a 
function of temperature. The data was calculated every 10°C from -20°C to 100°C. 
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Figure VIId-2a 
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Figure VIId-2a: Comparison of kP of erythrosin B, vanillin and tryptophan in 
amorphous films of α-lactalbumin equilibrated against nitrogen as a function of 
temperature.  
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Figure VIId-2b 

 

 

3

4

5

6

7

8

9

0.0022 0.0027 0.0032 0.0037 0.0042

K / T

L
n

 (
k P

) 
/ 

s-1

Ery B

Tryptophan

Vanillin

 
 
 

 
Figure VIId-2b: Comparison of Ln(kP) of erythrosin B, vanillin and tryptophan in 
amorphous films of α-lactalbumin equilibrated against nitrogen as a function of 
temperature.  
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Figure VIId-3a 

 

0

500

1000

1500

2000

2500

3000

3500

4000

-40 -20 0 20 40 60 80 100 120

Temperature / °C

k
N

R
/ 

s
-1 Ery B

Tryptophan

Vanillin

 
 
 
 

Figure VIId-3a: Comparison of kNR average lifetime of erythrosin B (single stretch 

a

exponential fit), vanillin (multi exponential fit) and tryptophan (multi exponential fit) in 
amorphous films of α-lactalbumin equilibrated against nitrogen as a function of 
temperature. The data w s calculated every 10°C from -20°C to 100°C. 
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Figure VIId-3b 
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Figure VIId-3b: Comparison of Arrhenius plot of lnkNR for erythrosin B, vanillin and 
tryptophan in amorphous films of α-lactalbumin equilibrated against nitrogen as a 
function of temperature.  
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Table VIId-1 
 
 
Table VIId-1: Comparison of activation energy and transition temperature for erythrosin 
B, vanillin and tryptophan in amorphous α-lactalbumin. 
 
 
 
 Probe EaL kJ / mol EaH kJ / mol TN / °C τ0 / ms

Ery B 1.86 8.46 50 26

Vanillin 10.61 46.92 50 372

Tryptophan 14.44 27.86 40 6000
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Chapter VIII: Investigating the p  multiple luminescent probes to 

nderstand the local dynamics in amorphous mixtures 

otential of using

u

 

Introduction 

Amorphous solids are not just simple systems containing pure sugar or protein, but often 

re complex ein de or 

protein/polysaccharide combinations. Maltodextrin has been used in combination with 

other excipients including sugars, proteins and polysaccharides to protect enzymes (Rossi 

et al., 1997; Mazzobre et al., 1997; Corveleyn and Remon, 1996), microorganisms, 

(Oldenholf et al., 2005) and encapsulated lipids (Grattard et al., 2002). Lipids are 

incorporated in protein films either as an emulsion or coating to improve their barrier 

properties (Khwaldia et al., 2004). In food systems, the presence of sugars can influence 

protein functionality and the two are very commonly found in many dehydrated food 

products and amorphous ingredients (Bell et al., 1996). Excipients (such as sucrose or 

trehalose) are often used to protect proteins and peptides from various chemical and 

physical degradation processes (Lai and Topp, 1999). Sugar/protein mixtures are 

commonly used in food and pharmaceutical formulations (Lopez-Diez and Bone, 2000) 

where sugars serve as stabilizers and/or protectants for proteins (Kaushik and Bhat, 2003). 

Trehalose has being shown to stabilize proteins in the amorphous and dry state (Leslie et 

al., 1995) and sucrose glasses are cryoprotectant during anyhydrobiosis (Crowe et al., 

1998).  

 

Amorphous proteins and sugars are dynamically complex system and could have 

compositional heterogeneity (e.g. mixtures of proteins and sugars) or structural 

a systems composed of sugar/prot , protein/lipid, sugar/polysacchari
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heterogeneity (e.g. different states glass/rubber) making it dynamically heterogeneous 

contributing different relaxation processes. Amorphous solids at temperatures below Tg 

glassy and above this temperature are said to be melt or rubbery (Champion 

in local segmental motions (Hill and Tant, 1998). The secondary relaxations are 

ue to vibrations of atoms or bonds, or reorientation of small group of atoms 

are said to be 

et al., 2000). However the exact nature of interactions of protein and sugars is not well 

understood. Some of the theories propose that sugars acts as hydrant and substitute for 

water to protein through hydrogen bonding (Carpenter and Crowe, 1988, 1989; Mazzobre 

et al., 1997). The other theory proposes that sugar provides a glassy environment for 

protein restricting and preventing any conformational flexibility to unfold (Green and 

Angel 1988). The extent of hydrogen bonding along with amorphous glassy matrix could 

play a great role in preservation (Crowe et al., 1998). Hence more research is needed to 

understand which interactions control the stabilizing effect of sugars on proteins. 

Molecular mobility (in amorphous sucrose phase, amorphous protein phase and in the 

amorphous mixture) is known to contribute to physical changes in these amorphous 

mixtures thereby affecting their quality and performance. 

 

In glass to liquid transition, molecular mobility is presented as α relaxation in the Tg 

zone; as temperature is lowered below Tg molecular mobility is presented as β and γ (in 

some cases δ) relaxations also called secondary relaxations (Ediger et al., 1996; Hancock 

and Zografi, 1995; Vyazovkin and Dranca, 2006). The  α relaxation is thought to reflect 

changes 

d

(Debenedetti and Stillinger, 2001).  
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Proteins show thousands of potential modes of motion (Ludescher et al., 2001), and the 

dynamic events range from vibration of and rotation around bonds to local backbone 

motion, chain segmental motion, global structural perturbation of three dimensional 

structure, and to large-scale movement of interior regions during denaturation. Together 

these motions govern the stability of amorphous proteins. As compiled in Hill et al., 

(2005) the thermal stability of proteins is governed by connectivity and co-operativity 

between β-like motions that control α-like motions. Sucrose has been shown to have 

onset of molecular mobility below Tg in the glass using phosphorescence spectroscopy 

(Shah and Ludescher, 1995; Ludescher et al., 2001, Pravinata et al., 2005). In the glass 

there are some motions including vibrational modes of the 3D sugar lattice, and internal 

rotational modes of side chains. 

 

A glass is composes of dense regions with restricted molecular mobility and less dense 

regions with excess free volume permitting the localized motions. The local motions (in 

rotein or sucrose) could cause changes in physical properties of amorphous mixtures 

t’s components. For example, to understand the 

echanism leading to stability by sugars to protein, it’s important to study the molecular 

p

such as toughening, slower diffusion, increased density or decreased oxygen permeability 

(Fabienna et al., 2006) and hence are of concern to us. However we do not have a clear 

understanding of the local dynamics in amorphous mixtures thereby limiting our 

knowledge. It is important hence not only to consider the glass transition related changes 

but also understand the local dynamics of various participating components in these 

amorphous mixtures as stability of amorphous solid mixtures depends on the physical 

state of their individual constituen

m
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interaction of sugar and protein mixtures. And to get a deeper appreciation of these 

interactions one needs to investigate the simultaneous measurement of molecular 

mobility in different components of amorphous mixtures like sugars and proteins.  

 

Phosphorescence spectroscopy has been used to measure molecular mobility in protein 

and sugars and even their mixtures (Simon-Lukasik and Ludescher, 2006a, 2006b, 2004; 

Nack and Ludescher, 2006; Sundaresan and Ludescher, 2007; Pravinata et al., 2005) 

using a wide variety of single probes like Ery B, tryptophan and its analogs, vanillin, etc. 

and can be further extended to study the local dynamics in amorphous mixtures using 

multiple probes. For example erythrosin B in protein and vanillin in sucrose in 

sucrose/protein amorphous mixture could provide useful insight into the molecular 

ynamics and physical changes occurring in sugars and proteins. The two probes could d

be dispersed or covalently attached in amorphous systems.  

 

The potential of using multiple probes for reporting molecular mobility in amorphous 

solids has never been studied so far; this would be the first of its kind. There are several 

questions that arise with this objective as mentioned below which have being addressed 

in this research. a) Can multiple probes be used to report molecular mobility in an 

amorphous matrix? b) Do probes interfere with each other either spectroscopically or 

physically (aggregate)/ and c) Is there any energy transfer between the probes and, if so, 

can it be exploited? 
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In this study molecular mobility was studied in amorphous sucrose films by monitoring 

phosphorescence from the dual probe combination of erythrosin B and vanillin. A 

comparison of the data was made with data obtained from individually dispersed probes 

 amorphous sucrose films. We found that there was no effect on phosphorescence in

measurement of erythrosin B and vanillin in presence of each other. This research thus 

opens a new world where one can investigate simultaneous measurements of mobility 

using multiple probes in amorphous sucrose which could be further extended for 

measurements in amorphous protein and sucrose mixtures. 

 

 

 



 559

Materials and Methods 

Sucrose Solution: Sucrose solution was made as described in Pravinata et al 2005. 

Approximately 20 g of sucrose (99.5% pure; Sigma Chemical, St. Louis, MO) were 

dissolved in 100 mL of deionized water containing 0.5 g of activated charcoal to remove 

luminescent impurities. After stirring overnight, the charcoal was removed by vacuum 

filtration using ashless filter paper (Whatman No. 40, Whatman International, Maidstone, 

UK), additional charcoal was added, and the process repeated. Sucrose solution was 

made to a final concentration of 65–67 wt % sucrose; concentration was confirmed using 

 refractometer (NSG Precision Cells, Farmingdale, NY). This sucrose solution was 

ltered through a 0.2 μm membrane to remove particulates.  

 

Erythrosin B: A 50mM stock solution of erythrosin B sodium salt (Molecular Probes, 

Inc., Eugene, OR) was prepared in distilled deionized water. This concentration was 

selected to simplify the addition of the probe to the sucrose solution. For measuring 

phosphorescence in amorphous sucrose films, erythrosin B was added to the sucrose 

solution at a molar ratio of 1:104 (dye: sucrose). The ratio 1:104 (dye: sucrose) was 

chosen as at this concentration it was determined that the probe does not aggregate, 

existing only as individual molecules monitoring the molecular mobility of the sucrose. 

 

Vanillin: A 66mM stock solution of vanillin (Sigma-Aldrich, Milwaukee, WI) was 

prepared in distilled deionized water. This concentration was selected to simplify the 

addition of the probe to the sucrose solution. For absorbance, fluorescence and 

phosphorescence measurements the 66mM stock was diluted to 50μM in distilled 

a

fi

 



 560

deionized water. For measuring absorbance and phosphorescence in amorphous solid, 

m made by NSG Precision 

ells, Farmingdale, NY). After spreading the solutions on the slides were then dried 

strumentation: Measurements were made on a Cary Eclipse fluorescence 

vanillin was added to the sucrose solution at a molar ratio of 1:103 (dye: sucrose). Other 

ratios 3:104, 5:104 and 2:103 were also tested to study the effect of probe concentration. 

The ratio 1:103 (dye: sucrose) was chosen as at this concentration it was determined that 

the probe does not aggregate, existing only as individual molecules monitoring the 

molecular mobility of the sucrose. 

 

Sucrose films: To produce glassy sucrose films containing both erythrosin B at (1:104) 

and  vanillin at (1:103), 20 μL of a sucrose solution containing erythrosin B and vanillin 

were spread on a quartz slide (30 × 13.5 × 0.6 mm; custo

C

under a heat gun (Vidal Sassoon) for 5 min to a maximum temperature of ∼88°C 

(measured using a thermocouple probe) and the final thickness was ~0.05 mm. The slides 

were stored at room temperature against P2O5 and DrieRite, protected from the light to 

prevent any photobleaching, for at least 7 days before any phosphorescence 

measurements were made. The desiccant was refreshed as needed to maintain a relative 

humidity close to 0%. 

 

In

spectrophotometer (Varian Instruments, Walnut Creek, CA). This instrument, which 

collects in analog mode, uses a high intensity pulsed lamp and a time delay was 

employed to avoid any fluorescence during the lamp pulse.  The temperature was 

controlled by using a TLC 50 thermoelectric heating/cooling system (Quantum 
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Northwest, Spokane, WA). The TLC-50 sample compartment was fitted with a jacketed 

cover. The measurements were made in absence of oxygen (Nitrogen was purged for 15 

minutes). Nitrogen stream was generated by passage of high purity nitrogen through a 

Supelco (Bellefonte, PA) carrier gas purifier. Quartz slides were placed in the standard 

1cm x 1cm x 1cm quartz fluorescence cuvette, which was capped with a lid having inlet 

and outlet ports of gas lines.  

 

Luminescence Measurements 

Erythrosin B Protocol: The Cary Eclipse uses a pulsed lamp and collects emission 

intensity in analog mode; data were not collected within the first 0.1-0.2 ms to suppress 

fluorescence coincident with the lamp pulse.  Delayed luminescence emission spectra 

were collected from 535 to 800 nm (10 nm bandwidth) using excitation at 500 nm (20nm 

bandwidth) over the temperature range from –20°C to 100°C.  Each data point was 

collected from a single flash with 0.2 ms delay, 5.0 ms gate time, and 0.02 s total decay 

time. The phosphorescence spectra collected as a function of temperature in the presence 

of nitrogen, were converted to intensity versus frequency (cm-1) and analyzed to obtain 

the peak frequency and

 

 spectral bandwidth using eq. (5) and (6) (Maroncelli and Fleming 

987). Lifetime measurements (for phosphorescence and delayed fluorescence) were 1

made in the presence of nitrogen (-O2) as a function of temperature. The samples were 

excited at 540 nm (20 nm bandwidth) and emission transients for phosphorescence and 

delayed fluorescence collected at 690 nm and 550 nm respectively (20 nm bandwidth) at 

temperatures ranging from –20°C to 100°C.  Each decay transient was the sum of 50 

cycles, and for each cycle data was collected from a single lamp flash with a delay of 0.1 
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ms, 0.06 ms gate time and 6.0 ms total decay time.  All measurements were made in 

quadruplicate.  

 

A similar measurement was also made for amorphous sucrose film containing just 

erythrosin B for comparison. To check for spectroscopic interference from vanillin, 

erythrosin B was also excited using vanillin protocol. 

minescence emission spectra of vanillin in amorphous 

 

Vanillin Protocol: Delayed lu

sucrose were collected from 400 to 800 nm (10 nm bandwidth) using excitation at 320 

nm (20 nm bandwidth) over the temperature range from –20°C to 100°C. Each data point 

was collected from a single flash with 0.2 ms delay, 100 ms gate time, and 0.12 s total 

decay time. The phosphorescence spectra collected as a function of temperature in the 

presence of nitrogen, were converted to intensity versus frequency (cm-1) and analyzed to 

obtain the peak frequency and spectral bandwidth using eq. (5) and (6) (Maroncelli and 

Fleming, 1987). Lifetime measurements were made as a function of temperature. The 

samples were excited at 320 nm (20 nm bandwidth) and emission transients collected at 

490 nm (20 nm bandwidth) at temperature ranging from –20°C to 100°C. Each decay was 

the average of 50 cycles, and for each cycle data was collected from a single flash with a 

delay of 0.2 ms, windows for gate time and total decay time were varied at each 

temperature. All measurements were made in quadruplicate.  
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A similar measurement was also made for amorphous sucrose film containing just 

vanillin for comparison. To check spectroscopic interference from erythrosin B, vanillin 

as also excited using erythrosin B protocol. 

at contribute to the de-excitation of 

e excited triplet state of the probe (Duchowicz et al., 1998).  The phosphorescence 

Erythrosin B: In case of erythrosin B, kRP the rate of radiative decay of the triplet state 

(phosphorescence) is 41s-1 (Lettinga et al., 2000; Duchowicz et al., 1998). The term kTS1 

w

 

Photophysical Scheme: The phosphorescence lifetimes were interpreted in terms of the 

rate constants associated with the various processes th

th

lifetimes were used to calculate the rate constants associated with the various processes 

that depopulate the excited triplet state. 

 

The term kP (=1/τ) is the total decay rate, kRP is the rate of radiative decay of the triplet 

state. The magnitude of kNR reflects factors associated with the mechanism by which the 

excited T1 state is coupled to highly excited vibrations of the S0 ground state as well as 

external factors associated with the mechanism by which the ground state vibrational 

energy can dissipate from the excited state into the surrounding matrix (Fischer et al., 

2002; Vanderkooi and Berger, 1989). As the efficiency of external vibrational dissipation 

is related to overall mobility of the matrix, the magnitude of kNR provides a measure of 

matrix mobility. The term kQ [Q] refers to the collisional quenching due to interaction 

between the excited chromophore and a quencher molecule for example triplet state 

oxygen. 
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is the rate for thermally activated reverse intersystem crossing from the triplet to the 

singlet excited state; it has an exponential dependence on the energy gap (ΔETS) between 

singlet and the triplet state: 

τ-1 = kP = kRP + kTS1 + kNR + kQ [Q]              (1) 

DF P

DF P TS             (3) 

TS1

TS1 TS 0

NR. NR

2 Q 2

TS1

excited state of the probe according to the following Equation 4 (Papp and Vanderkooi, 

1989). 

1/τ = kRP + kNR (T) + kQ [Q] = kP              (4) 

 

kTS1(T)  = ko
TS1 exp(−ΔETS/RT)              (2) 

The value of ΔETS was calculated from the slope of the natural logarithm of the ratio of 

the emission intensity due to delayed fluorescence (IDF) and phosphorescence (IP) plotted 

versus 1/T; I  and I  were determined from log normal analysis of the emission spectra. 

d [ln (I /I )]/d(1/T) = ΔE /R  

 

(Where R = 8.314 J K-1 mol-1). The value of k  was calculated from equation 5 using 

ko = 3.0 x 107s-1  and ΔE  = 31.9 kJ mol-1. Intersystem crossing to the ground state S , 

which reflects relaxation of the probe from the excited triplet state to the ground state 

without the emission of a photon, has rate k  The value of k  was calculated from the 

lifetime in the presence of nitrogen (-O ) (where k  [O ] is negligible) using Eq. 1.  

 

Vanillin: In case of vanillin the term k  is not relevant as there is no reverse intersystem 

crossing. The lifetime τ is related to the rate constants for de-excitation of the triplet 
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Here kP (=1/τ) is the total decay rate, kRP is the rate of radiative decay of the ground state 

(2.69 s-1), kNR is the rate of non-radiative decay to the singlet state followed by 

vibrational relaxation to S0 due to collisional quenching. The term kQ [Q] refers to the 

collisio w n the xcited chrom phore

molecu . 

nal quenching due to interaction bet ee  e o  and a quencher 

le for example triplet state oxygen

 

Data Analysis 

Emission energy as a function of temperature: Delayed luminescence spectra collected 

5 for erythrosin B and vanillin using the 

rogram Igor (Wavemetrics, Inc., Lake Oswego, OR). In case of erythrosin B emission 

ti of 

dth 

f  

I (ν) = Io exp {-ln (2) [ln (1+2b (ν-νp)/Δ)/b] 2}            (5) 

Γ = Δ sinh (b)/b               (6) 

hosphorescence Intensity: Intensity decay transits were analyzed using a non-linear 

least squares iterative fitting procedure using the program Igor (Wavemetrics, Inc., Lake 

were fitted to a log-normal function equation 

p

spectra was fitted using a log-normal two func on in EVS and ES matrix. But in case 

vanillin emission spectra was fitted to a log-normal three function in EVS matrix and to a 

log-normal one function in VS matrix. The emission peak energy (νp) and bandwi

(full-width-at-half-maximum, FWHM) o the emission bands were determined

(Maroncelli and Fleming, 1987). 

In this equation Io is the maximum emission intensity, νp is the peak energy (in cm-1) of 

the emission maximum, Δ is a line width parameter, and b is an asymmetry parameter.  

The FWHM is related to b and Δ  as shown in equation 6. 

 

P
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Oswego, OR). Fits were judged satisfactory if the r2 values were in the range of 0.995-1.0, 

and the modified residual [(data-fit)/data1/2] varied randomly about zero.  

 

Erythrosin B: Intensity decays in case of erythrosin B were clearly non-exponential and 

were analyzed using a stretched exponential function or Kohlrausch-Williams-Watts 

WW) model equation 7. This model has being shown to be appropriate to describe the 

n of relaxation times (Champion et al., 2000) for the molecular processes 

the wider the distribution of lifetimes.   

 

 of the components at t = 0 and 

n is the  times. The average fetime was calculated using Equation 9.  

       n 

(K

wide distributio

that depopulate excited states in amorphous solids (Pravinata et al., 2006; Nack and 

Ludescher, 2006; Sundaresan and Ludescher, 2007). 

I(t) = I(0) exp{-(t/τ)β} + C              (7) 

Where I (0) is the initial amplitude at time zero, τ is the Kohlrausch-Williams-Watt 

lifetime (Lindsey and Patterson, 1980), and β is the stretching exponent, which varies 

from 0 to 1 and quantifies the non-exponential nature of the decay, and C is a constant; β 

provides a measure of the width of the distribution of lifetimes required to fit the intensity 

decay; the smaller the value of β, 

Vanillin: Intensity decays in case of vanillin were clearly non-exponential and were 

analyzed using a multi-exponential function. The multi-exponential model is as show in 

Equation 8. τi are decay times, αi represent the amplitudes

 number of decay li

  

I (t) = Σαi exp (-t/τi)                              (8) 

         i = 1 
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            n 

τAvg = Σαiτi/ ΣαI                 (9) 

e emission for erythrosin B excited 

at 320 il n. Th ak emissio  (dela ed flu e and 

 EVS-E-320nm-DF 

          i = 1 

 

Spectroscopic interaction: As vanillin emits at ~500 nm which is the excitation 

wavelength for erythrosin B, there is a possibility of energy transfer between the two. In 

the EVS matrix when vanillin was excited at 320 nm we found some emission from 

erythrosin B too and this emission was higher than th

nm in the absence of van li e pe n y orescenc

phosphorescence) for erythrosin B at 320 nm excitation was normalized against emission 

at 500 nm and compared between EVS (erythrosin B: vanillin: sucrose matrix) and ES 

(erythrosin B: sucrose matrix) matrix using Equation 10a (phosphorescence) and 10b 

(delayed fluorescence). 

 

EVS-E-320nm-P 

EVS-E-500nm-P = Ratio A                            (10a) 

 

ES-E-320nm-P 

ES-E-500nm-P 
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 EVS-E-500nm-DF = Ratio B                 (10b) 

-500nm-DF 

 

 

ES-E-320nm-DF 

ES-E

• Ratio = 1: means emission intensities match between ES and EVS 

• Ratio > 1: means emission intensities are higher in EVS as compared to in ES 

• Ratio < 1: means emission intensities are lower in EVS as compared to in ES 

 

Table VIII-1 

Emission Ratios 

 

Peak emission intensity Ery B Phosphorescence in EVS-320nm (EVS-E-320nm-P)
Peak emission intensity Ery B Phosphorescence in EVS-500nm (EVS-E-500nm-P)
Peak emission intensity Ery B Phosphorescence in ES-320nm (ES-E-320nm-P)

Peak emission intensity Ery B Phosphorescence in ES-500nm (ES-E-500nm-P)
Peak emission intensity Ery B Delayed Flourescence in EVS-320nm (EVS-E-320nm-DF)
Peak e  B Delayed Flourescence in EVS-500nm (EVS-E-500nm-DF)

Peak emission intensity Ery B Delayed Flourescence in ES-320nm (ES-E-320nm-DF)
Peak e  B D  in S-500nm (ES -500n

mission intensity Ery

mission intensity Ery elayed Flourescence E -E m-DF)
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Results 

Delayed luminescence emission spectra were collected as a function of temperature in 

presence of nitrogen from erythrosin B and vanillin dispersed together in amorphous 

sucrose  sucrose, referred as EVS) and compared to spectra 

from individual probes dispersed singly in sucrose (erythrosin + sucrose, referred as ES) 

s of molecular 

Erythrosin B:

 films (erythrosin + vanillin +

and (vanillin + sucrose, referred as VS). Three spectroscopic measure

mobility were made: emission energy, emission bandwidth and emission lifetime. 

 

 

There was no shift observed in the em  EVS matrix as compared to the ES 

matrix. 

 

Delayed Luminescence Spectra: The delayed luminescence spectra as a function of 

temperature of Ery B dispersed in amorphous ES or amorphous EVS films are plotted in 

Figure 1a and 1b, respectively. These spectra exhibited maxima at ∼552 nm and ~670 nm 

corresponding to delayed fluorescence and phosphorescence emission bands, respectively. 

Delayed, or E-type, fluorescence reflects emission from a singlet state (S1) that has been 

repopulated by reverse intersystem crossing from the triplet state (T1) (Parker, 1968). 

Phosphorescence band reflects emission directly from the triplet state. The delayed 

emission spectra were collected over the temperature range -20°C to 100°C. Delayed 

emission spectra showed a decrease in phosphorescence intensity as a function of 

temperature; the delayed fluorescence intensity increased continuously from –20°C to 

ission spectra in
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100°C as expected from thermally stimulated processes and the changes were comparable 

 of the 

nergy gap, ΔETS, between the lowest triplet (T1) and singlet state (S1). In ES matrix ΔETS 

 mol-1 and in EVS it was ΔETS = 35.2 ± 1.1 kJ mol-1. 

ak energy (νp) and bandwidth (Γ) for both delayed fluorescence and 

hosphorescence were determined by fitting emission spectra to a sum of two log-normal 

p

p

interactions of Ery B molecules with the surrounding matrix. This increase was gradual at 

in the EVS and ES matrices. 

 

The intensity ratio when plotted as a Van’t Hoff plot of ln (IDF/IP) vs. 1/T (using the 

maximum emission intensity determined from fitting spectra to a log-normal function) 

was linear over the entire range of measured temperature (with R2 > 0.995 for all curves) 

with no systematic deviation (Data not shown), the slope provides an estimate

e

= 35.3 ± 0.4 kJ

 

The pe

p

functions (Eq. 5 and 6 Materials and Methods).  The values of ν  and Γ for the 

phosphorescence band varied systematically as a function of temperature in both ES and 

EVS as shown in Figure 2.  

 

There was a gradual decrease in the peak emission energy at low temperature followed by 

a steeper decrease at higher temperature.  The decrease in ν  reflects an increase in the 

rate and extent of dipolar relaxation around the triplet excited state (Lackowicz, 1999). 

The emission bandwidth (Γ) increased gradually with temperature in the glass and much 

more dramatically in the melt. The increase in Γ at elevated temperatures reflects an 

increase in the extent of inhomogeneous broadening of the spectra due to energetic 

 



 571

low temperature and much more dramatic at higher temperatures indicating increase in 

dipolar relaxation rate was accompanied by an increase in the distribution of energetically 

ifferent environments. 

ched exponential function provided a statistically satisfactory 

ll intensity decay data over the temperature interval from −20°C to 

d

 

The comparison between ES and EVS matrix indicated that erythrosin B peak frequency 

and FWHM were super-imposable within error as shown in Figure 2. This indicated that 

there is no interference from presence of vanillin to erythrosin B measurements. 

Erythrosin B was thus able to report about local dipolar relaxation in amorphous sucrose 

film in the presence of vanillin.  

 

Phosphorescence Intensity Decay: A phosphorescence intensity decay of Ery B in EVS 

films at 20°C in the presence of nitrogen is plotted in Figure 3 along with the modified 

residuals for a fit to this decay using a stretched exponential model function (Eq. 7, 

Materials and Methods). The modified residuals for these fits varied randomly around 

zero, indicating that the stret

fit to these data. A

100°C were well fitted using a stretched exponential function. A stretched exponential 

function has also been shown to  provide a statistically satisfactory fit to intensity decays 

of Ery B dispersed in amorphous sucrose (Pravinata et al., 2005), maltose and maltitol 

(Shirke and Ludescher, 2006a, 2006b), gelatin (Simon-Lukasik and Ludescher, 2006a, 

2006b, 2004), bovine serum albumin (Nack and Ludescher, 2006) and β-lactoglobulin 

(Sundaresan and Ludescher, 2007) under all conditions measured.  
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The phosphorescence lifetime decreased with increasing temperature in both EVS and ES 

films, indicating an increase in triplet state quenching rates with increase in temperature 

(Figure 4a). The Ery B lifetime in the absence of oxygen was 0.66 ms at −20°C and 

ecreased to 0.2 ms at 100°C; the decrease was gradual at low temperature and more 

aterials and Methods). The rate kTS0 reflects the extent 

 which molecular motions within the matrix are able to facilitate dissipation of the 

here is no interference 

from vanillin phosphorescence to erythrosin B measurements. 

d

dramatic at higher temperature.  The decrease in lifetime with temperature in the absence 

of oxygen is the result of an increase in both kTS1, the rate of reverse intersystem crossing 

to the excited singlet state (S1), and kTS0, the rate of intersystem crossing to a highly 

excited vibration of the singlet S0 manifold, followed by vibrational relaxation to the 

ground vibrational state (Eq. 1 M

to

vibrational energy of the highly excited probe into the matrix (Fischer et al., 2002; 

Vanderkooi and Berger, 1989) and is an indicator of matrix mobility. 

 

The stretching exponent β is a measure of the width of the distribution of lifetimes 

required to fit the intensity decay (Lindsey and Patterson, 1980; Richert, 2000); it 

provides a measure of the dynamic heterogeneity of the matrix and varies primarily due 

to variability in kTS0 (Pravinata et al., 2005). The value of β decreased linearly with 

temperature in the absence of oxygen from a maximum of ∼0.92 at –20°C to ~0.86 at 

100°C in both EVS and ES films (Figure 4b).  

 

Comparing ES and EVS matrix, erythrosin B lifetime and beta values were found to be 

super imposable as shown in Figure 4a and 4b. This indicated that t
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Vanillin: 

Delayed Luminescence Spectra: The delayed emission spectra from vanillin (excited at 

320 nm) in amorphous VS matrix (Figure 5a)  showed one band and three bands in EVS 

matrix (Figure 5b). Vanillin phosphorescence emission in EVS and VS amorphous films 

appeared at ∼500nm. The bands at ~550 nm and ~670 nm in EVS belong to erythrosin B 

excited at 320 nm. Vanillin phosphorescence was temperature dependent over the 

temperature range from -20°C to 100°C in both amorphous EVS and VS films, as 

expected. The decrease in phosphorescence intensity with increasing temperature results 

from thermally-stimulated deactivation processes (Parker, 1968).  

 

The emission energy (νP) and bandwidth (Γ) were determined by fitting the 

hosphorescence emission spectra to a log-normal function (Eq. 5 and 6) Materials and 

on around the excited triplet state with a 

ansition temperature above ~50°C. The peak frequency values as a function of 

stinct matrix environments 

p

Methods). The log-normal one function was used to fit the emission spectra for VS and 

log-normal three functions was used to fit the emission spectra for EVS matrix. The 

values of emission energy and bandwidth as a function of temperature are shown in 

Figure 6. There was a gradual decrease in the emission energy at low temperature 

followed by steeper decrease at higher temperatures, indicating an increase in the average 

rate and thus extent of matrix dipolar relaxati

tr

temperature were found to be super-imposable for vanillin in EVS and VS matrix. The 

phosphorescence bandwidth increased gradually in the glass and then very sharply in the 

melt, reflecting a large increase in the range of energetically di
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in amorphous sucrose below and above Tg (Figure 6). The bandwidth increased linearly 

ually with temperature up to ~60°C and quiet dramatically at higher 

mponent fit to a one 

omponent fit. As the emission of erythrosin B in presence of vanillin with excitation at 

and grad

temperatures. 

 

The peak frequency of vanillin phosphorescence was not affected by presence of 

erythrosin B in the EVS matrix and was comparable to the values in VS matrix. However 

the bandwidth values were found to be much higher in the EVS matrix as compared to in 

the VS matrix suggesting a broader distribution of energetically different environments 

arising from vanillin and erythrosin B emissions. The higher bandwidth could also be due 

to problems with data analysis as we are comparing three co

c

320 nm, may be due to energy transfer, the absolute subtraction between the EVS-

vanillin+erythrosin B spectra and ES-vanillin spectra was not possible to obtain just 

EVS-vanillin spectrum. 

 

Phosphorescence Intensity Decays: Vanillin phosphorescence decay kinetics were also 

studied in the amorphous EVS films and compared with intensity decays from VS films. 

Time-resolved phosphorescence intensity decays of vanillin in amorphous films were 

measured over the temperature range from -20°C to 100°C. The intensity decays were fit 

using both stretched and multi-exponential function, but the best fit was generally 

obtained with a four-exponential function. The phosphorescence intensity decay of 

vanillin in amorphous EVS film at 20°C in the presence of nitrogen is plotted in Figure 7 
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along with the modified residuals for a fit using a four-exponential function (Eq. 8, 

Materials and Methods).  

 

All intensity decays over the temperature interval from -20°C to 80°C were well fit using 

 

re was no significant difference in the individual lifetime 

omponent of vanillin in EVS and VS films. 

A comparison plot of average lifetimes of Ery B and vanillin in the EVS amorphous 

a four-exponential function and those for 90°C and 100°C was fit using a two-

exponential function. This analysis indicated that the vanillin probe had multiple lifetimes 

in the amorphous EVS matrix at all temperatures. The phosphorescence intensity 

decreased with increasing temperature indicating an increase in triplet state quenching 

rates with increase in temperature, the results of these lifetime analyses for vanillin in 

EVS are plotted in Figure 8a. The decrease in lifetime as a function of temperature was 

dramatic both below and above Tg, indicating the presence of a range of molecular 

motions both below and above Tg. A comparison of individual lifetime components τ1, τ2,

τ3 and τ4 for vanillin in EVS and VS is shown in Figure 8b (longer lifetimes) and 8c 

(shorter lifetimes). The

c

 

The average lifetime calculated using Eq. 9 (Material and Methods) is plotted for EV and 

VS films in Figure 9 as a function of temperature. The average lifetime varied from ~150 

ms at -20°C to ~0.5 ms at 100°C. The decrease in vanillin lifetime as a function of 

temperature corresponds to an increase in kNR (Eq. 4, Materials and Methods), the rate of 

vibrational relaxation due to collisional quenching which is an indicator of the increase in 

matrix mobility. The decrease in lifetime was multi-phased as a function of temperature. 
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matrix is shown in Figure 9. The amplitudes of each lifetime component are plotted as a 

function of temperature in Figure 10. A comparison plot for amplitudes a1, a2, a3 and a4 

etween EVS and VS is shown in Figure 10a, 10b, 10c and 10d, respectively. The 

average lifetime as function of inverse of 

mperature for vanillin and erythrosin B dispersed in EVS films is shown in Figure 11. 

b

amplitudes of the longer lifetime components decreased and that of the shorter lifetime 

components increased as a function of temperature. The non-radiative decay rate reflects 

the sum of all collisional interaction between the matrixes and the probe and is sensitive 

to molecular environments, and changes in this decay rate with change in physical state 

of the probe environments strongly modulate the phosphorescence lifetime giving rise to 

multiple lifetimes.  

 

The comparison between VS and EVS matrix, vanillin lifetime and amplitudes values 

were found to be super imposable. This indicated that there is no interference from 

erythrosin B phosphorescence to vanillin lifetime measurements.  

 

The Arrhenius plot of natural log of kP for 

te

 

Spectroscopic interactions between Ery B and Vanillin: Erythrosin B was also excited at 

320 nm (the excitation wavelength for vanillin) although vanillin did not show any 

excitation at 500 nm (the excitation wavelength for Ery B). The delayed fluorescence and 

phosphorescence peak intensity  of erythrosin B were compared between EVS (obtained 

by fitting the EVS 320 nm spectra to a log-normal three function) and ES matrix 

(obtained by fitting the EVS 320 nm spectra to a log-normal two function) excited at 
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320nm using (Equation 10a Materials and Methods) for phosphorescence and Equation 

10b for delayed fluorescence.  

 

The delayed fluorescence emission of erythrosin B was found to be higher in the presence 

of vanillin as compared to in the absence (Figure 12a). However, there was no change in 

the emission of phosphorescence of erythrosin B in presence or absence of vanillin 

(Figure 12b). Thus may be a small amount of energy transfer occurred between vanillin 

and erythrosin B, as erythrosin B (acceptor) absorbs at 500 nm which is the emission 

wavelength for vanillin (donor). There probably was some amount of energy transfer 

etween erythrosin B and vanillin that translated into higher emissions for delayed 

EVS and ES films as 

hown in Figure 13.  This observation could just be contribution from the data analysis, 

n 

nalysis, it is probable that the delayed fluorescence intensity (which overlaps with 

b

fluorescence. It is very surprising to believe this, as no higher emissions were observed in 

case of phosphorescence. Also the lifetime measurements of delayed fluorescence in 

presence or absence of vanillin showed no difference between 

s

as the emission spectra of vanillin in EVS matrix was analyzed using log-normal three 

functions. As these measurements of intensity are based on log-normal three functio

a

vanillin phosphorescence) is artificially high due to problem with the analysis. 
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Discussion 

This research investigated simultaneous measurements of mobility by using both 

rythrosin B and vanillin in amorphous matrix and demonstrates that multiple probes can 

d provide 

information by partitioning in different phases. Dispersible extrinsic probes have 

chemical properties that allow them to partition into and report on molecular properties of 

a specific phase of the system (such as protein surface or a lipid phase). 

  

e

be used to report molecular mobility in an amorphous matrix. Vanillin and erythrosin B 

in amorphous sucrose (where they co-existed) reported independently about molecular 

mobility. Emission energy and lifetimes were found to be super-imposable to data 

obtained from individual probes indicating no physical (aggregation) or spectroscopic 

interactions between Ery B and vanillin. Although Ery B showed no difference in the 

FWHM between ES and EVS matrix, vanillin did have higher FWHM values in EVS 

matrix as compared to in VS matrix. This increase in spectral broadening was due to 

emission from Ery B as it showed small amount when excitation was at 320nm (vanillin’s 

excitation wavelength). This research thus opens a new world where one can investigate 

simultaneous measurements of mobility using multiple probes in amorphous solid 

mixtures. 

 

Phase separations in protein/sugar matrix may remove the protecting effect of sugars on 

proteins. Phase separation is important in such sugar/protein mixtures to understand 

changes in the amorphous mixtures. These probes (Ery B and vanillin) coul
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Storage stability in seeds is thought to be related to molecular mobility and packing 

mobility of protein and sugar molecules change in the amorphous mixtures. 

ime of delayed 

rescence decay in presence or absence of vanillin was observed. Energy transfer is a 

process that occurs when emission energy of a donor appears as electronic excitation 

density of the intracellular glass (Buitnik and Leprince, 2004). The glass dynamics 

mechanism (Frank et al., 1991; Slade and Levin, 1991) focuses on rigid, inert matrix 

formed by vitrification (glass formation) of stabilizers such as sugars. Glass formation is 

a purely kinetic mechanism, and the stability is expected to correlate to molecular 

mobility in the rigid matrix. On the other hand it was thought that below Tg, the free 

volume of an amorphous solid is reduced, which limits the diffusion of molecules (Miller 

et al., 1997), thus showing that the stability of protein/carbohydrate glasses depends 

largely on molecular mobility (Yoshioka et al 1997). The current research will be able to 

provide meaningful insight into these issues. Using multiple probes dispersed or 

covalently attached in a amorphous mixtures one will be able to generate a detailed 

understanding of different molecular processes associated with transitions below and 

above Tg. One can generate mobility maps which will provide useful insight as to how 

molecular 

 

The higher emission of delayed fluorescence for Ery B in presence of vanillin was 

thought to be due to energy transfer between the two probes. This energy transfer 

occurred probably between excited triplet state of vanillin and excited singlet state of 

erythrosin B as it contributed to more delayed florescence emissions without affecting the 

phosphorescence. This is hard to believe as energy transfer gives rise to excess delayed 

fluorescence but no excess phosphorescence. No change in lifet

flo
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energy of the acceptor molecule. For this process to take place the absorption spectrum of 

the acceptor must overlap with the emission of the donor (Lakowicz, 1999). Excitation 

energy could be transferred between molecules as far apart as 50°A, i.e., over distances 

considerably greater than collisional diameter (Parker, 1968). Energy exchange is not a 

diffusional process. As vanillin emits at 500 nm and erythrosin B is excited at `500nm, 

higher emission may be due to energy transfer. This did not affect the phosphorescence 

measurements. It had no effect on measurements of emission energy and lifetime for both 

Ery B and vanillin in the EVS matrix. This energy transfer could provide some 

information about the regions in which these probes are dispersed, because for energy 

transfer to occur the acceptor/donor pair should not be over up to a distance of 50A° 

(Parker, 1968). 

 

Consider an amorphous matrix which contains regions that are in the different phases. If 

the donor and the acceptor both partition into the same region, one expects the extent of 

nergy transfer to be increased, relatively to that expected from a random distribution of e

donors and acceptors between the phases. Conversely if donor and acceptor partition into 

different phases, the extent of energy transfer will decrease relative to a random 

distribution. If an acceptor labeled lipid clusters around the protein, then the extent of 

energy transfer will be greater than expected for acceptor randomly dispersed. These all 

are just speculations where the knowledge of using multiple probes could be used but 

these need to be tested out before drawing conclusions.  
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This paper focuses on exploring the potential of using multiple probe combination of 

vanillin and erythrosin B dispersed in the simple system (amorphous sucrose) to report 

about local dynamics and the results are promising. This research can be further 

developed for studying the physical behaviors of each component in more complex 

systems. 
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Conclusions 

This research investigated simultaneous measurements of mobility by using both 

erythrosin B and vanillin in amorphous matrix. This would be first of its kind where 

multiple probes are used in the same amorphous system. It has addressed answers to the 

following two important questions: a) Do chromophores interfere with each other or act 

individ ally and report on molecular mobility based on the environment they are present; 

and b) Is there any spectroscopic or physical interaction between the two probes. 

 

The answers to both questions can be exploited in different ways. If two probes present in 

a matrix do not interfere they could be used to report on molecular mobility by 

partitioning them into two different phases, e.g., erythrosin B in protein and vanillin in 

sugar phase. If there is energy transfer between the two probes one can measure 

interaction between two sites in which these probes are present. For example, say 

erythrosin B is covalently attached to a protein and vanillin is dispersed in the sucrose 

matrix.  

 

In case of erythrosin B and vanillin there was no spectroscopic interference observed and 

they both reported about matrix mobility independently. The only exception to this was 

higher emission of delayed fluorescence seen in erythrosin B in presence of vanillin, but 

this did not affect the phosphorescence measurement. This erythrosin B and vanillin 

combination can be used in the same amorphous matrix to report about molecular 

mobility independently. 

u
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Erythrosin B 

 

Figure VIII-1a 
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Figure V

of sucros
III-1a: Delayed emission spectra of erythrosin B dispersed in amorphous films 
e (referred as ES matrix) as a function of temperature (excitation at 500 nm). 

he spectra were collected at 10°C intervals from -20°C to 100°C (the curves follow this 
 high to low intensity at ~690 nm). 
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Figure VIII-1b 
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Figure VIII-1b: Delayed emission spectra of erythrosin B dispersed in amorphous films 
of sucrose also containing vanillin (referred as EVS matrix) as a function of temperature 
(excitation at 500 nm). The spectra were collected at 10°C intervals from -20°C to 100°C 
(the curves follow this order from high to low intensity at ~690 nm). 

 



 585

Figure VIII-2 
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Figure VIII-2: Peak energy νP (left hand scale) and bandwidth FWHM (right hand scale) 
for phosphorescence emission from erythrosin B in amorphous EVS and ES films as a 
function of temperature. The spectra were collected every 10°C from -20 to 100°C. The 
frequency is given by in (Δ) EVS matrix and by (▲) in ES matrix. The FWHM is given 
by (◊) in EVS matrix and by (♦) in ES matrix.  
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Figure VIII-3 
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Figure VIII-3: Normalized phosphorescence intensity decay [I(t)/I(0)] of erythrosin B 
dispersed in amorphous EVS films at 20°C in the presence of nitrogen.  The solid lines 
through the data are fits using a stretched-exponential function. Below is the plot of 
modified residuals [(Data-Fit)/Data1/2] for these fits to data plotted in the presence of 
nitrogen. 
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Figure VIII-4a 
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Figure VIII-4b 

Erythrosin B

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

B
et

a

0.96

0.98

1

-40 -20 0 20 40 60 80 100 120

Temperature / °C

EVS

ES

 

Figure VIII 4a and 4b: Intensity decay fit parameters for erythrosin B in amorphous 
sucrose film ES (■) and EVS (♦). The values were measured every 10°C from -20°C to 
100°C. The measurements were made in the absence of oxygen. (a) Stretched exponential 
lifetimes in nitrogen as a function of temperature. (b) Stretched exponential fitting 
parameter β as a function of temperature.  
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Vanillin 

Figure VIII-5a 
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Figure VIII-5a: Delayed emission spectra of vanillin in amorphous sucrose films 
(referred as VS) as a function of temperature (excitation at 320 nm). The spectra were 
collected at 10°C intervals from -20°C to 100°C (the curves follow this order from high 
to low intensity at ~490 nm). 
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Figure VIII-5b 
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nm). The spectra were collected at 10°C intervals from -20°C to 100°C (the curves follow 
this order from high to low intensity at ~490 nm). 
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Figure VIII-6 
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Figure VIII-6: Peak energy νP (left hand scale) and bandwidth FWHM (right hand scale) 
for phosphorescence emission from vanillin in amorphous EVS and VS films as a 
function of temperature. The spectra were collected every 10°C from -20 to 100°C. The 
frequency is given by in (Δ) EVS matrix and by (▲) in VS matrix. The FWHM is given 
by (◊) in EVS matrix and by (♦) in VS matrix.  
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Figure VIII-7 
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Figure VIII-7: Normalized phosphorescence intensity decay [I(t)/I(0)] of vanillin 
dispersed in amorphous EVS films at 20°C in the presence of nitrogen.  The solid lines 
through the data are fits using a multi-exponential function. Below is the plot of modified 
residuals [(Data-Fit)/Data1/2] for these fits to data plotted in the presence of nitrogen. 
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Figure VIII-8a 
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Figure VIII-8a: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•) obtained from a 
multi-exponential model fit (Eq. (8), Materials and Methods) to phosphorescence

tensity decay data from vanillin dispersed in amorphous EVS  films equilibrated against 
itrogen as a function of temperature. The data was calculated every 10°C from -20°C to 
00°C. 
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Figure VIII-8b 
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100°C. 

Figure VIII-8b: Comparison of longer lifetime components  τ1 (♦) and τ2 (■) obtained 
from a multi-exponential model fit (Eq. (8), Materials and Methods) to phosphorescence 
intensity decay data from vanillin dispersed in amorphous EVS or VS  films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
20°C to 
 

 



 594

Figure VIII-8c 
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Figure VIII-8c: Comparison of shorter lifetime components  τ1 (♦) and τ2 (■) obtained 
from a multi-exponential model fit (Eq. (8), Materials and Methods) to phosphorescence 
intensity decay data from vanillin dispersed in amorphous EVS or VS  films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
20°C to 100°C. 
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Figure VIII-9 
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Figure VIII-9: The average lifetime of vanillin in EVS (♦) and VS (■) films obtained 
from a multi-exponential model fit equilibrated against nitrogen as a function of 
temperature. The data were collected every 10°C from -20°C to 100°C. 
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Figure VIII-10 
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Figure VIII-10: Intensity decay fit parameters amplitude for vanillin in amorphous EVS 

time components 
(τ3, τ4). The amplitudes were obtained from a multi exponential model fit (Eq. (8), 
Materials and Methods) to phosphorescence intensity decay data from vanillin dispersed 
in amorphous sucrose films equilibrated against nitrogen as a function of temperature. 
 

 
 

film in nitrogen as a function of temperature. The data was calculated every 10°C from -
20°C to 90°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life time 
components (τ1, τ2,) and a3 (▲) and a4 (•) correspond to the shorter life
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Figure VIII-10a 
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Figure VIII-10b 
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Figure VIII-10c 
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Figure VIII-10d 
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Figure VIII-10a-10d: Comparison of intensity decay fit amplitudes for vanillin in 
amorphous EVS and VS film in nitrogen as a function of temperature.  
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Figure VIII-11 
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Figure VIII-11: The Arrhenius plo e as function 
of inverse of temperature for vanill ispersed in EVS films. 

t of natural log of kP for average lifetim
in and erythrosin B d
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Energy Transfer between vanillin and erythrosin B: 

 

Figure VIII-12a 
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Figure VIII-12b 
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Figure 12a and 12b: Comparing the Ratio A and Ratio B corresponding to 
phosphorescence and delayed fluorescence of erythrosin B, respectively, as a function of 
temperature in absence of oxygen. 
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Figure VIII-13 
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igure VIII-13: Comparing the delayed fluorescence lifetime of erythrosin B in EVS (♦) 
and ES (■) films. The values we 0°C from -20°C to 100°C. The 

easurements were made in the absence of oxygen. 
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CHAPTER IX: Investigating the potential of using multiple probes erythrosin B 

 

and tryptophan in amorphous sucrose films to report molecular mobility. 

 

Introduction 

This study is an extension of our previous work on using multi- probes combinations of 

report molecular mobility. Current research also recognizes the importance of 

 

room ission after excluding oxygen (Vanderkooi et al., 

glassy regions within even 

fully hydrated proteins (Shah and Ludescher, 1992, 1993).  Also, the triplet state of 

indole has being shown to have a strong dependence of the radiation-less deactivation 

rate on medium viscosity; the lifetime of tryptophan decreases from 6.5s in a glassy 

matrix to 1.2 ms in aqueous solutions at ambient temperature (Strambini  and Gonnelli, 

1995). Typtophan phosphorescence, for example, has been used to study the internal 

mobility of proteins in solution (Papp and Vanderkooi, 1989) and in the solid state (Shah 

and Ludescher, 1995) on the milliseconds to second timescale. Phosphorescence of 

tryptophan has been used to monitor molecular mobility of lysozyme (Shah and 

Ludescher, 1992, 1993). Previous studies have been conducted where phosphorescence 

erythrosin B and vanillin dispersed in amorphous sucrose film (Chapter VIII) used to 

understanding the local dynamics in amorphous mixtures (e.g., containing protein and 

sugars) using tryptophan and erythrosin B combination.  

Tryptophan is a naturally occurring amino acid and has been shown to exhibit strong 

 temperature phosphorescence em

1987). Tryptophan phosphorescence has being found to be sensitive to the physical 

properties of the local environment (Strambini and Gonnelli, 1985). The long lifetime of 

this probe helps detect molecular motions present in the rigid, 
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from the luminescent chromophores tryptophan (McCaul and Ludescher, 1999) and N-

acetyltryptophanamide (NATA) (Shah and Ludescher, 1995) was used to probe the 

amics of the glassy state and the glass-to-rubber transition in amorphous 

obility in many simple 

morphous systems such as sucrose (Pravinata et al., 2005 and Shah and Ludescher, 

molecular dyn

sucrose. Tryptophan has also been used to study molecular mobility in amorphous films 

of sucrose, maltose and trehalose where sucrose was found to be the most mobile matrix 

among the three (Zunic, 2004). 

 

Erythrosin B (acid form) has being used to monitor molecular m

a

1995), gelatin (Simon-Lukasik and Ludescher, 2006a, 2006b), bovine serum albumin 

(Nack and Ludescher, 2006), and glucose, maltose and maltotriose (Shirke and Ludescher, 

2006). Measurements of phosphorescence emission and lifetimes from erythrosin-labeled 

gelatin in amorphous solid films have indicated its utility to monitor oxygen diffusion 

(Simon-Lukasik and Ludescher, 2006a, 2006b).  Erythrosin B has also been used to study 

plasticizer effects on molecular mobility (Simon-Lukasik and Ludescher, 2006a) and 

dynamic site heterogeneity (Simon-Lukasik and Ludescher 2006b) in amorphous gelatin 

films. Erythrosin B has also been used to detect dipolar relaxation and dynamic site 

heterogeneity in sugars and sugar alcohols (Shirke and Ludescher, 2005).  

 

In this study molecular mobility was studied in the amorphous sucrose films by 

monitoring phosphorescence from dual probes combinations of erythrosin B and 

tryptophan. A comparison of the data was made with data obtained from individually 

dispersed probes in amorphous sucrose films. We found that there was no effect on 
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phosphorescence measurement of erythrosin B and tryptophan in presence of each other. 

This research thus opens a new world where one can investigate simultaneous 

measurements of mobility using multiple probes in amorphous sucrose which could be 

further extended for measurements in amorphous mixtures. 
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Materials and Methods 

Sucrose Solution: Sucrose solution was made as described in Pravinata et al 2005. 

Approximately 20 g of sucrose (99.5% pure; Sigma Chemical, St. Louis, MO) were 

dissolved in 100 mL of deionized water containing 0.5 g of activated charcoal to remove 

luminescent impurities. After stirring overnight, the charcoal was removed by vacuum 

filtration using ashless filter paper (Whatman No. 40, Whatman International, Maidstone, 

UK), additional charcoal was added, and the process repeated. Sucrose solution was 

made to a final concentration of 65–67 wt % sucrose; concentration was confirmed using 

a refractometer (NSG Precision Cells, Farmingdale, NY). This sucrose solution was 

filtered through a 0.2 μm membrane to remove particulates.  

 

Erythrosin B: A 50mM stock solution of erythrosin B sodium salt (Molecular Probes, 

Inc., Eugene, OR) was prepared in distilled deionized water. This concentration was 

selected to simplify the addition of the probe to the sucrose solution. For measuring 

phosphorescence in amorphous sucrose films, erythrosin B was added to the sucrose 

solution at a molar ratio of 1:104 (dye: sucrose). The ratio 1:104 (dye: sucrose) was 

chosen as at this concentration it was determined that the probe does not aggregate, 

existing only as individual molecules monitoring the molecular mobility of the sucrose. 

 

Tryptophan: A 50mM stock solution of tryptophan (Sigma Chemical, St. Louis, MO)  

was prepared in distilled deionized water. This concentration was selected to simplify the 

addition of the probe to the sucrose solution. For measuring phosphorescence in 

amorphous sucrose films, tryptophan was added to the sucrose solution at a molar ratio of 
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1:500 (dye: sucrose). The ratio 1:500 (dye: sucrose) was chosen as at this concentration it 

ss was ~0.05 mm. The slides 

ere stored at room temperature against P2O5 and DrieRite, protected from the light to 

s 

mployed to avoid any fluorescence during the lamp pulse.  The temperature was 

was determined that the probe does not aggregate, existing only as individual molecules 

monitoring the molecular mobility of the sucrose. 

 

Sucrose films: To produce glassy sucrose films containing both erythrosin B at (1:104) 

and  vanillin at (1:103), 20 μL of a sucrose solution containing erythrosin B and vanillin 

were spread on a quartz slide (30 × 13.5 × 0.6 mm; custom made by NSG Precision 

Cells, Farmingdale, NY). After spreading the solutions on the slides were then dried 

under a heat gun (Vidal Sassoon) for 5 min to a maximum temperature of ∼88°C 

(measured using a thermocouple probe) and the final thickne

w

prevent any photobleaching, for at least 7 days before any phosphorescence 

measurements were made. The desiccant was refreshed as needed to maintain a relative 

humidity close to 0%. 

 

Instrumentation: Measurements were made on a Cary Eclipse fluorescence 

spectrophotometer (Varian Instruments, Walnut Creek, CA). This instrument, which 

collects in analog mode, uses a high intensity pulsed lamp and a time delay wa

e

controlled by using a TLC 50 thermoelectric heating/cooling system (Quantum 

Northwest, Spokane, WA). The TLC-50 sample compartment was fitted with a jacketed 

cover. The measurements were made in absence of oxygen (Nitrogen was purged for 15 

minutes). Nitrogen stream was generated by passage of high purity nitrogen through a 
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Supelco (Bellefonte, PA) carrier gas purifier. Quartz slides were placed in the standard 

1cm x 1cm x 1cm quartz fluorescence cuvette, which was capped with a lid having inlet 

and outlet ports of gas lines.  

 

Luminescence Measurements 

The Cary Eclipse uses a pulsed lamp and collects emission intensity in analog mode; data 

were not collected within the first 0.1-0.2 ms to suppress fluorescence coincident with the 

lamp pulse.   

 

Erythrosin B Protocol: Delayed luminescence emission spectra were collected from 535 

to 800 nm (10 nm bandwidth) using excitation at 500 nm (20nm bandwidth) over the 

temperature range from –10°C to 100°C.  Each data point was collected from a single 

flash with 0.2 ms delay, 5.0 ms gate time, and 0.02 s total decay time. The 

phosphorescence spectra collected as a function of temperature in the presence of 

itrogen, were converted to intensity versus frequency (cm-1) and analyzed to obtain the n

peak frequency and spectral bandwidth using eq. (1) and (2) (Maroncelli and Fleming, 

1987). Lifetime measurements (for phosphorescence and delayed fluorescence) were 

made in the presence of nitrogen (-O2) as a function of temperature. The samples were 

excited at 540 nm (20 nm bandwidth) and emission transients collected at 680 nm (20 nm 

bandwidth) at temperatures ranging from –10°C to 100°C.  Each decay transient was the 

sum of 50 cycles, and for each cycle data was collected from a single lamp flash with a 

delay of 0.1 ms, 0.06 ms gate time and 6.0 ms total decay time.  All measurements were 

made in quadruplicate. A similar measurement was also made for amorphous sucrose 
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film containing just erythrosin B for comparison. To check for spectroscopic interference 

from tryptophan, erythrosin B was also excited using tryptophan protocol. 

 

Tryptophan Protocol: Delayed luminescence emission spectra were collected from 350 to 

sing excitation at 280 nm (20nm bandwidth) over the 

ce spectra collected as a function of temperature in the presence of 

itrogen, were converted to intensity versus frequency (cm-1) and analyzed to obtain the 

600 nm (10 nm bandwidth) u

temperature range from –10°C to 100°C.  Each data point was collected from a single 

flash with 0.2 ms delay, 10.0 ms gate time, and 1.0 s total decay time. The 

phosphorescen

n

peak frequency and spectral bandwidth using eq. (1) and (2) (Maroncelli and Fleming, 

1987). Lifetime measurements were made in the presence of nitrogen (-O2) as a function 

of temperature. The samples were excited at 280 nm (20 nm bandwidth) and emission 

transients collected at 455 nm (20 nm bandwidth) at temperatures ranging from –10°C to 

100°C.  Each decay transient was the sum of 50 cycles, and for each cycle data was 

collected from a single lamp flash with a delay of 0.2 ms. Windows for gate time and 

total decay time were varied at each temperature. All measurements were made in 

quadruplicate. A similar measurement was also made for amorphous sucrose film 

containing just tryptophan for comparison. To check for spectroscopic interference from 

erythrosin B, tryptophan was also excited using erythrosin B protocol. 
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Data Analysis 

Emission Energy as a function of temperature: Emission spectra were fit using the 

rogram Igor (Wavemetrics, Inc., Lake Oswego, OR) to a log-normal function over the p

temperature range Equation 1.  

⎪⎭

⎪⎫

⎪⎩

⎪⎧
⎟
⎠

⎞
⎜
⎝

⎛ Δ−+ 2

0

]/)(21ln[

b
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In this equation I0 is the maximum intensity of the emission spectra, νP is the frequency 

(in cm-1) of the emission maximum, Δ is a line width parameter, and b is an asymmetry 

parameter. The bandwidth of the emission, the full width at half maximum (Γ), is related 

to b and Δ Equation 2. 

⎬⎨ ⎟⎜−= )2ln(exp)( II ν                   (1) 

⎟
⎠
⎞

⎝
⎛

b

b)sinh(

 

Phosphorescence Intensity: Phosphorescence lifetimes were determined with the 

statistical program Igor (Wavemetrics, Inc., Lake Oswego, OR). The phosphorescence 

intensity decays were collected as described above and were fitted using a stretch 

exponential function for erythrosin B and  multi-exponential function for tryptophan 

(Chen, 2003; Shamblin et al., 2000). Fits were judged satisfactory if the r

⎜Δ=Γ                                       (2) 

2 values were in 

e range of 0.995-1.0 and the modified residuals ((data – fit)/data1/2) varied randomly 

about zero. 

th
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Multi-exponential function: The multi-exponential model is as show in Equation 3. τi are 

          n 

I (t) = Σαi exp (-t/τi)                              (3) 

       i = 1 

 

Stretched exponential function: Intensity decays were analyzed using a stretched 

r Kohlrausch-Williams-Watts (KWW) model equation 5. This 

times (Champion et al., 2000) for the molecular processes that depopulate excited states 

lifetime was calculated using Equation 6.  

I(t) = I(0) exp{-(t/τi)
β

i} + C              (5) 

         i = 1 

 

decay times, αi represent the amplitudes of the components at t = 0 and n is the number 

of decay times. The average lifetime was calculated using Equation 4.  

 

  

  

            n 

τAvg = Σαiτi/ ΣαI                 (4) 

          i = 1 

exponential function o

model has being shown to be appropriate to describe the wide distribution of relaxation 

in amorphous solids (Pravinata et al., 2005; Nack and Ludescher, 2006). The average 

 

          n 
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τAvg =  τ .  Γ (1/β)/β                          (6) 

                      

Where I (0) is the initial amplitude at time zero, τ is the Kohlrausch-Williams-Watt 

fetime (Lindsey and Patterson, 1980), and β is the stretching exponent, which varies 

 1 and quantifies the non-exponential nature of the decay, and C is a constant; β 

 of th  distri tion o lifetim s required to t the i  

maller the value of β, the wider the distribution of lifetimes.   

ical Scheme: The phosphorescence lifetimes were interpreted in terms of the 

triplet state of the probe (Duchowicz et al., 1998).  The phosphorescence 

fetimes were used to calculate the rate constants associated with the various processes 

anism by which the ground state vibrational 

nergy can dissipate from the excited state into the surrounding matrix (Fischer et al., 

2002; Vanderkooi and Berger, 1989). As the efficiency of external vibrational dissipation 

is relat  atrix, the ma  kNR re of 

matrix he term kQ [Q] refers to the collisional quenching due to interaction 

li

from 0 to

provides a measure of the width e bu f e  fi ntensity

decay; the s

 

Photophys

rate constants associated with the various processes that contribute to the de-excitation of 

the excited 

li

that depopulate the excited triplet state. 

 

The term kP (=1/τ) is the total decay rate, kRP is the rate of radiative decay of the triplet 

state. The magnitude of kNR reflects factors associated with the mechanism by which the 

excited T1 state is coupled to highly excited vibrations of the S0 ground state as well as 

external factors associated with the mech

e

ed to overall mobility of the m gnitude of provides a measu

mobility. T
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betwee  state 

between singlet 

nd the triplet state: 

-1

he value of ΔETS was calculated from the slope of the natural logarithm of the ratio of 

triplet state to the ground state without the emission of a photon, has rate kNR. The value 

n the excited chromophore and a quencher molecule for example triplet

oxygen. 

  

Erythrosin B: In case of erythrosin B, kRP the rate of radiative decay of the triplet state 

(phosphorescence) is 41s-1 (Leetinga, 2000; Duchowicz et al., 1998). The term kTS1 is the 

rate for thermally activated reverse intersystem crossing from the triplet to the singlet 

excited state; it has an exponential dependence on the energy gap (ΔETS) 

a

 

τ  = kP = kRP + kTS1 + kNR + kQ [Q]              (7) 

 

kTS1(T)  = ko
TS1 exp(−ΔETS/RT)              (8) 

 

T

the emission intensity due to delayed fluorescence (IDF) and phosphorescence (IP) plotted 

versus 1/T; IDF and IP were determined from log normal analysis of the emission spectra. 

 

d [ln (IDF/IP)]/d(1/T) = ΔETS/R              (9) 

 

(Where R = 8.314 J K-1 mol-1). The value of kTS1 was calculated from equation 8 using 

ko
TS1 = 3.0 x 107s-1 and ΔETS = 31.9 kJ mol-1 (calculated using equation 9). Intersystem 

crossing to the ground state S0, which reflects relaxation of the probe from the excited 
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of kNR was calculated from the lifetime in the presence of nitrogen (-O2) (where kQ [O2] 

is negligible) using Eq. 7.  

/τ = kRP + kNR (T) + kQ [Q] = kP             (10) 

 

Here kP =1/τ) is the total decay rate, kRP is the rate of radiative decay of the ground state 

(1/6 s-1 deca  to the single state f lowed tional 

laxation to S0 due to collisional quenching. The term kQ [Q] refers to the collisional 

 

Tryptophan: In case of tryptophan the term kTS1. is not relevant as there is no reverse 

intersystem crossing. The lifetime τ is related to the rate constants for de-excitation of the 

triplet excited state of the probe according to the following Equation 10 (Papp and 

Vanderkooi, 1989). 

 

1

 (

), kNR is the rate of non-radiative y t ol  by vibra

re

quenching due to interaction between the excited chromophore and a quencher molecule 

for example triplet state oxygen. 
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Results and Discussion 

Delayed luminescence emission spectra were collected as a function of temperature in the 

resence of nitrogen from erythrosin B and tryptophan dispersed together in amorphous 

ty were made: emission energy, emission bandwidth and emission 

fetime. 

rythrosin B:

p

sucrose films (erythrosin B + tryptophan + sucrose referred as TES) and compared to 

spectra from individual probes dispersed singly in sucrose (erythrosin B + sucrose 

referred as ES) and (tryptophan + sucrose referred as TS). Three spectroscopic measures 

of molecular mobili

li

 

E  

ersed in amorphous ES or amorphous TES films are 

plotted in Figure 1a and 1b, respectively. These spectra exhibited maxima at ∼552 nm 

and ~670 nm corresponding to delayed fluorescence and phosphorescence emission 

bands, respectively. Delayed, or E-type, fluorescence reflects emission from a singlet 

state (S1) that has been repopulated by reverse intersystem crossing from the triplet state 

(T1). Phosphorescence band reflects emissions directly from the triplet state. The delayed 

emission spectra were collected over the temperature range from -10°C to 100°C. 

Delayed emission spectra showed a decrease in phosphorescence intensity as a function 

of temperature; the delayed fluorescence intensity increased continuously from –10°C to 

There was no shift observed in the emission spectra in TES matrix as compared to the ES 

matrix. 

 

Delayed Luminescence Spectra: The delayed luminescence spectra as a function of 

temperature of erythrosin B disp
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100°C as expected from a thermally stimulated processes and the changes were 

p, ΔETS, between the lowest triplet (T1) and singlet state (S1). In ES matrix the 

alues of ΔETS = 35.3 ± 0.4 kJ mol-1 and in EVS it was ΔETS = 34.5 ± 1.1 kJ mol-1. 

rescence were determined by fitting emission spectra to a log-normal function 

Methods).  The values of νp and Γ for the phosphorescence 

p

melt. The increase in Γ at elevated temperatures reflects an increase in the extent of 

inhomogeneous broadening of the spectra due to energetic interactions of Ery B 

molecules with the surrounding matrix. This increase was gradual at low temperature and 

comparable in the TES and ES matrices. 

 

The intensity ratio when plotted as a Van’t Hoff plot of ln (IDF/IP) vs. 1/T (using the 

maximum emission intensity determined from fitting spectra to a log-normal function) 

was linear over the entire range of measured temperature (with R2 > 0.995 for all curves) 

with no systematic deviation (Data not shown), the slope provides an estimate of the 

energy ga

v

 

The peak energy (νp) and bandwidth (Γ) for both delayed fluorescence and 

phospho

(Eq. 1 and 2 Materials and 

band varied systematically as a function of temperature as shown in Figure 2.  

 

There was a gradual decrease in the peak emission energy at low temperature followed by 

a steeper decrease at higher temperature.  The decrease in ν  reflects increase in the rate 

and extent of dipolar relaxation around the triplet excited state. The emission bandwidth 

(Γ) increased gradually with temperature in the glass and much more dramatically in the 

much more dramatic at higher temperatures indicating that the increase in dipolar 
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relaxation rate was accompanied by an increase in the distribution of energetically 

different environments. 

 

The comparison between ES and TES matrix indicated that erythrosin B peak frequency 

and FWHM were generally super-imposable within error as shown in Figure 2. This 

indicated that there is no interference from presence of tryptophan to erythrosin B 

measurements. Erythrosin B was thus able to report about local dipolar relaxation in 

amorphous sucrose film in the presence of tryptophan.  

 

Phosphorescence Intensity Decay: A phosphorescence intensity decay of erythrosin B in 

tatistically 

tisfactory fit to these data. All intensity decay data over the temperature interval from 

β

TES films at 20°C in the presence of nitrogen is plotted in Figure 3 along with the 

modified residuals for a fit to this decay using a stretched exponential model function (Eq. 

5 and 6, Materials and Methods). The modified residuals for these fits varied randomly 

around zero, indicating that the stretched exponential function provided a s

sa

−10°C to 100°C were well fitted using a stretched exponential function. A stretched 

exponential function has also being shown to  provide a statistically satisfactory fit to 

intensity decays of erythrosin B dispersed in amorphous sucrose (Pravinata et al., 2005), 

maltose and maltitol (Shirke and Ludescher, 2006, 2005), gelatin (Simon-Lukasik and 

Ludescher, 2006a, 2006b, 2004), bovine serum albumin (Nack and Ludescher, 2006) and 

-lactoglobulin (Sundaresan and Ludescher, 2007) under all conditions measured.  
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The phosphorescence lifetime decreased with increasing temperature in both TES and ES 

films, indicating an increase in triplet state quenching rates with increase in temperature 

igure 4a). The erythrosin B lifetime in the absence of oxygen was 0.65 ms at −10°C 

owed by vibrational relaxation to 

e ground vibrational state (Eq. 7 Materials and Methods). The rate kTS0 reflects the 

 were 

und to be super imposable as shown in Figure 4a and 4b. This indicated that there is no 

interference from tryptophan phosphorescence to erythrosin B measurements.   

(F

and decreased to 0.32 ms at 100°C; the decrease was gradual at low temperature and 

more dramatic at higher temperature.  The decrease in lifetime with temperature in the 

absence of oxygen is the result of an increase in both kTS1, the rate of reverse intersystem 

crossing to the excited singlet state (S1), and kTS0, the rate of intersystem crossing to a 

highly excited vibration of the singlet S0 manifold, foll

th

extent to which molecular motions within the matrix are able to facilitate dissipation of 

the vibrational energy of the highly excited probe into the matrix (Fischer et al., 2002; 

Vanderkooi and Berger, 1989) and is an indicator of matrix mobility. 

 

The stretching exponent β is a measure of the width of the distribution of lifetimes 

required to fit the intensity decay (Lindsey and Patterson, 1980; Richert, 2000); it 

provides a measure of the dynamic heterogeneity of the matrix and varies primarily due 

to variability in kTS0.  The value of β decreased linearly with temperature in the absence 

of oxygen from a maximum of ∼0.92 at –20°C to ~0.90 at 100°C in both TES and ES 

films (Figure 4b).  

 

The comparison between ES and TES matrix, erythrosin B lifetime and beta values

fo
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 Tryptophan: 

 

Delayed Luminescence Spectra: The delayed emission spectra from tryptophan (excited 

at 280 nm) in amorphous TS and TES matrix are shown in Figure 5a and 5b, respectively. 

Tryptophan phosphorescence emission in TS and TES amorphous films appeared at ∼450 

nm. Tryptophan phosphorescence was temperature dependent over the temperature range 

from -10°C to 100°C in both amorphous TS and TES films. The decrease in 

phosphorescence intensity with increasing temperature results from thermally-stimulated 

deactivation processes (Parker, 1968).  

 

The emission energy (νP) and bandwidth (Γ) were determined by fitting the 

phosphorescence emission spectra to a log-normal function (Eq. 1 and 2), Materials and 

ethods). The values of emission energy and bandwidth as a function of temperature are 

 50°C the emission spectrum broadened and was fitted to a log-

ormal one function (PF2). The PF2 shows dramatic decrease and the slope became more 

M

shown in Figure 6a and Figure 6b, respectively. There was a sharp decrease in the 

emission energy at low temperature followed by a steeper decrease at higher temperatures, 

indicating an increase in the average rate and thus extent of matrix dipolar relaxation 

around the excited triplet state with a transition temperature above ~50°C. The peak 

frequencies PF1, PF2 and PF3 (Figure 6a) decreased linearly in the glass at low 

temperature. Above

n

negative above Tg of sucrose. The peak frequency values as a function of temperature 

were found to be super-imposable for tryptophan in TS and TES matrix.  
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The phosphorescence bandwidth increased gradually in the glass and then very sharply in 

e melt, reflecting a large increase in the range of energetically distinct matrix 

tryptophan phosphorescence was not affected by 

resence of erythrosin B in the TES matrix and was comparable to the values in TS 

th

environments in amorphous sucrose below and above Tg (Figure 6b). The bandwidths 

FWHM1, FWHM2 and FWHM3 increased gradually with temperature in the glass and 

FWHM2 much more dramatically in the melt, reflecting a large increase in the range of 

energetically distinct environment above Tg. The bandwidth values as a function of 

temperature were found to be super-imposable for tryptophan in TS and TES matrix.  

 

The peak frequency and bandwidth of 

p

matrix.  

 

Phosphorescence Intensity Decays: Tryptophan phosphorescence decay kinetics were 

also studied in the amorphous TES films and compared with intensity decays from TS 

films. Time-resolved phosphorescence intensity decays of tryptophan in amorphous films 

were measured over the temperature range from -10°C to 100°C. The intensity decays 

were fitted using multi-exponential function, but the best fit was generally obtained with 

a four-exponential function. The phosphorescence intensity decays of tryptophan in 

amorphous TES film at 20°C in the presence of nitrogen is plotted in Figure 7 along with 

the modified residuals for a fit using a four-exponential function (Eq. 3, Materials and 

Methods).  
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All intensity decays over the temperature interval from -10°C to 100°C were well fit 

using a four-exponential function. This analysis indicated that the tryptophan probe had 

multiple lifetimes in the amorphous TES matrix at all temperatures. The phosphorescence 

intensity decreased with increasing temperature indicating an increase in triplet state 

quenching rates with increase in temperature, the results of these lifetime analyses for 

tryptophan in TES are plotted in Figure 8a. The decrease in lifetime as a function of 

temperature was dramatic both below and above Tg, indicating the presence of a range of 

olecular motions both below and above Tg. A comparison of individual lifetime 

omponent of tryptophan in TES and TS films. 

e same trend in TES and TS matrix. The amplitudes of each lifetime 

omponent in TES are plotted as a function of temperature in Figure 10. The amplitudes 

of the longer lifetime components decreased and that of the shorter lifetime components 

m

components τ1, τ2, τ3 and τ4 for tryptophan in TES and TS is shown in Figure 8b (longer 

lifetimes) and 8c (shorter lifetimes). There was no significant difference in the individual 

lifetime c

 

The average lifetime calculated using Eq. 4 (Material and Methods) is plotted in Figure 9 

as a function of temperature. The average lifetime varied from ~1100 ms at -10°C to ~0.1 

ms at 100°C. The decrease in tryptophan lifetime as a function of temperature 

corresponds to an increase in kNR (Eq. 10, Materials and Methods), the rate of vibrational 

relaxation due to collisional quenching which is an indicator of the increase in matrix 

mobility. The decrease in lifetime was multi-phasic as a function of temperature. A 

comparison plot of average lifetimes of tryptophan in the TES and TS amorphous matrix 

is as shown in Figure 9. The average lifetimes of tryptophan were super-imposable and 

followed th

c
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increased as a function of temperature. A comparison of amplitudes a1, a2, a3 and a4 for 

tryptophan in TS and TES matrix is shown in Figure 10a, 10b, 10c and 10d, respectively. 

The non-radiative decay rate reflects the sum of all collisional interaction between the 

matrixes and the probe and is sensitive to molecular environments, and changes in this 

decay rate with change in physical state of the probe environments strongly modulate the 

phosphorescence lifetime giving rise to multiple lifetimes.  

 

The comparison between TS and TES matrix, tryptophan lifetime and amplitudes values 

were found to be super imposable. This indicated that there is no interference from 

erythrosin B phosphorescence to tryptophan lifetime measurements.  

 

The Arrhenius plot of natural log of kP for average lifetime as function of inverse of 

temperature for tryptophan and erythrosin B dispersed in TES films is shown in Figure 11. 
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Conclusion 

This research has investigated simultaneous measurements of mobility by using both 

erythrosin B and tryptophan in amorphous matrix. This would be a unique combination 

of probes, as they reported about molecular mobility independently without interfering 

with each other. Also there was no spectroscopic or physical interaction seen between 

erythrosin B and tryptophan. This research can be further developed for studying the 

hysical behaviors of amorphous mixtures containing protein (tryptophan) and sugar p

(erythrosin B). 

 



 627

Erythrosin B 

Figure IX-1a 
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Figure IX-1a: Delayed emission spectra of erythrosin B dispersed in amorphous films of 
sucrose (referred as ES matrix) as a function of temperature (excitation at 500 nm). The 
spectra were collected at 10°C intervals from -10°C to 100°C (the curves follow this 
order from high to low intensity at ~690 nm). 

 



 628

Figure IX-1b 
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Figure IX-1b: Delayed emission spectra of erythrosin B dispersed in amorphous films of 
sucrose also containing tryptophan (referred as TES matrix) as a function of temperature 
(excitation at 500 nm). The spectra were collected at 10°C intervals from -10°C to 100°C 
(the curves follow this order from high to low intensity at ~690 nm). 
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Figure IX-2 

Erythrosin B

14500

14600

14700

14800

14900

15000

15100

-20 0 20 40 60 80 100 120

Temperature / C

F
r
e
q

u
e
n

c
y

 /
 c

m
-1

1380

1580

1780

1980

2180

2380

2580

2780

2980

F
W

H
M

 /
 c

m
-1

TESE PF

ESE PF

TESE FWHM

ESE FWHM

 

 

Figure IX-2: Peak energy νP (left hand scale) and bandwidth FWHM (right hand scale) 
for phosphorescence emission from erythrosin B in amorphous TES and ES films as a 
function of temperature. The spectra were collected every 10°C from -10°C to 100°C. 
The frequency is given by in (Δ) TES matrix and by (▲) in ES matrix. The FWHM is 
given by (◊) in TES matrix and by (♦) in ES matrix. 
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Figure IX-3 
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Figure IX-3: Normalized phosphorescence intensity decay [I(t)/I(0)] of erythrosin B 
dispersed in amorphous TES films at 20°C in the presence of nitrogen.  The solid lines 
through the data are fits using a stretched-exponential function. Below is the plot of 
modified residuals [(Data-Fit)/Data1/2] for these fits to data plotted in the presence of 
nitrogen. 
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Figure IX-4a 
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Figure VIII-4b 
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Figure IX 4a and 4b: Intensity decay fit parameters for erythrosin B in amorphous 
sucrose film ES and TES. The values were measured every 10°C from -10°C to 100°C. 
The measurements were made in the absence of oxygen. (a) Stretched exponential 
lifetimes in nitrogen as a function of temperature. (b) Stretched exponential fitting 
parameter β as a function of temperature.  
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Tryptophan 

Figure IX-5a 
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Figure IX-5a: Delayed emission spectra of tryptophan dispersed in amorphous films of 
sucrose (referred as TS) as a function of temperature (excitation at 280 nm). The spectra 
were collected at 10°C intervals from -10°C to 80°C (the curves follow this order from 
high to low intensity at ~455 nm). 
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Figure IX-5b 
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Figure IX-5b: Delayed emission spectra of tryptophan dispersed in amorphous films of 
sucrose also containing erythrosin B (referred as TES matrix) as a function of 
temperature (excitation at 280 nm). The spectra were collected at 10°C intervals from -
0°C to 70°C (the curves follow this order from high to low intensity at ~455 nm). 
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Figure IX-6a 
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Figure IX-6b 
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Figure IX-6a and 6b: Peak energy νp (6a) and bandwidth (6b) for phosphorescence 
emission from tryptophan in amorphous films of TS and TES as a function of 
temperature. The delayed emission spectra collected as a function of temperature (Figure 
5a and 5b) were analyzed using log-normal functions as described in Materials and 
Methods using eq. (1) and (2). 
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Figure IX-7 
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Figure IX-7: Normalized phosphorescence intensity decay [I(t)/I(0)] of tryptophan 
dispersed in amorphous TES films at 20°C in the presence of nitrogen.  The solid lines 
through the data are fits using a multi-exponential function. Below is the plot of modified 
residuals [(Data-Fit)/Data1/2] for these fits to data plotted in the presence of nitrogen. 

 



 636

Figure IX-8a 
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Figure IX-8a: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•)   obtained from a 
multi-exponential model fit to phosphorescence intensity decay data from tryptophan 
dispersed in amorphous films of TES equilibrated against nitrogen as a function of 
temperature. The data was calculated every 10°C from -10°C to 100°C. 
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Figure IX-8b 
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Figure IX-8b: Comparison of longer lifetime components  τ1 (♦) and τ2 (■) obtained 
from a multi-exponential model fit (Eq. (3), Materials and Methods) to phosphorescence 
intensity decay data from tryptophan dispersed in amorphous TES or TS  films 
equilibrated against nitrogen as a function of temperature. The data was calculated every 
10°C from -10°C to 100°C. 
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Figure IX-8c 
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 as a function of temperature. The data was calculated every 
0°C from -10°C to 100°C. 

Figure IX-8c: Comparison of shorter lifetime components  τ1 (♦) and τ2 (■) obtained 
from a multi-exponential model fit (Eq. (3), Materials and Methods) to phosphorescence 
intensity decay data from tryptophan dispersed in amorphous TES or TS  films 
equilibrated against nitrogen
1
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Figure IX-9 
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Figure IX-9: The average lifetime of tryptophan in TES and TS films obtained from a 
multi-exponential model fit equilibrated against nitrogen as a function of temperature. 
The data were collected ever
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Figure IX-10: Intensity decay fit parameters amplitude for tryptophan in amorphous TES 
film in nitrogen as a function of temperature. The data was calculated every 10°C from -

ponential model fit (Eq. (3), 
Materials and Methods) to phosphorescence intensity decay data from tryptophan 
dispersed in TES films equilibrated against nitrogen as a function of temperature. 

 
 

10°C to 100°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life time 
components (τ1, τ2,) and a3 (▲) and a4 (•) correspond to the shorter lifetime components 
(τ3, τ4). The amplitudes were obtained from a multi ex
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Figure IX-10a 
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Figure IX-10b 
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Figure IX-10c 
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Figure IX-10d 
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Figure IX-10a-10d: Comparing the intensity decay fit amplitudes for tryptophan in 
amorphous TES and TS film in nitrogen as a function of temperature.  

 



 643

Figure IX-11 
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Figure IX-11: The Arrhenius plot of natural log of k  for average lifetime as function of 
inverse of temperature for tryptopha dispersed in TES films. 
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CHAPTER X: Investigating the potential of using multiple probes vanillin and 

tryptophan in amorphous sucrose films to report molecular mobility. 

 

Introduction

 

 

This study is an extension of our previous work on the probe combinations erythrosin B: 

vanillin and erythrosin B: tryptophan dispersed in amorphous sucrose film (Chapter VIII 

and IX) used to report molecular mobility. Current research also recognizes the 

importance of understanding the local dynamics in amorphous mixtures using the 

tryptophan and vanillin combination.  

 

We have recently shown that vanillin can be used as a triplet state probe to monitor 

molecular mobility in amorphous solids (Chapter II). Vanillin phosphorescence lifetime 

and quantum yield were found to be extremely sensitive to the local environment in 

amorphous solid sucrose or protein in the glassy state and at the glass-to-rubber transition 

into the melt. Vanillin was also shown to be promising in reporting molecular mobility in 

amorphous sucrose films in the dual probe combination with erythrosin B (Chapter VIII). 

 

Tryptophan is a naturally occurring amino acid and has been shown to exhibit strong 

room temperature phosphorescence emission after excluding oxygen in proteins 

(Vanderkooi et al., 1987; Simon-Lukasik and Ludescher, 2006a, 2006b) and sugars 

(McCaul and Ludescher, 1999, Shah and Ludescher, 1995, Zunic, 2004). Tryptophan 

phosphorescence has been found to be sensitive to the physical properties of the local 

environment (Ludescher, 2001, Strambini and Gonnelli, 1985). Also the triplet state of 

indole has being shown to have a strong dependence of the radiation-less deactivation 
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rate on medium viscosity; the lifetime of tryptophan decreases from 6.5s in a glassy 

matrix to 1.2 ms in aqueous solutions at ambient temperature (Strambini  and Gonnelli, 

1995).  

 

In this study molecular mobility was studied in the amorphous sucrose films by 

monitoring phosphorescence from dual probe combinations of vanillin: tryptophan. A 

comparison of the data was made with data obtained from individually dispersed probes 

in amorphous sucrose films.  
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Materials and Methods 

Sucrose Solution: Sucrose solution was made as described in Pravinata et al 2005. 

Approximately 20 g of sucrose (99.5% pure; Sigma Chemical, St. Louis, MO) were 

issolved in 100 mL of deionized water containing 0.5 g of activated charcoal to remove 

of 65–67 wt % sucrose; concentration was confirmed using 

a refractometer (NSG Precision Cells, Farmingdale, NY). This sucrose solution was 

filtered through a 0.2 μm membrane to remove particulates.  

 

Tryptophan: A 50mM stock solution of tryptophan (Sigma Chemical, St. Louis, MO) was 

prepared in distilled deionized water. This concentration was selected to simplify the 

addition of the probe to the sucrose solution. For measuring phosphorescence in 

amorphous sucrose films, tryptophan was added to the sucrose solution at a molar ratio of 

1:500 (dye: sucrose). The ratio 1:500 (dye: sucrose) was chosen as at this concentration it 

was determined that the probe does not aggregate, existing only as individual molecules 

monitoring the molecular mobility of the sucrose. 

 

Vanillin: A 66mM stock solution of vanillin (Sigma-Aldrich, Milwaukee, WI) was 

prepared in distilled deionized water. This concentration was selected to simplify the 

addition of the probe to the sucrose solution. For absorbance, fluorescence and 

phosphorescence measurements the 66mM stock was diluted to 50μM in distilled 

d

luminescent impurities. After stirring overnight, the charcoal was removed by vacuum 

filtration using ashless filter paper (Whatman No. 40, Whatman International, Maidstone, 

UK), additional charcoal was added, and the process repeated. Sucrose solution was 

made to a final concentration 
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deionized water. For measuring absorbance and phosphorescence in amorphous solid, 

m made by NSG Precision 

ells, Farmingdale, NY). After spreading the solutions on the slides were then dried 

strumentation: Measurements were made on a Cary Eclipse fluorescence 

methyl vanillin was added to the sucrose solution at a molar ratio of 1:103 (dye: sucrose). 

Other ratios 3:104, 5:104 and 2:103 were also tested to study the effect of probe 

concentration. The ratio 1:103 (dye: sucrose) was chosen as at this concentration it was 

determined that the probe does not aggregate, existing only as individual molecules 

monitoring the molecular mobility of the sucrose. 

 

Sucrose films: To produce glassy sucrose films containing both erythrosin B at (1:104) 

and  vanillin at (1:103), 20 μL of a sucrose solution containing erythrosin B and vanillin 

were spread on a quartz slide (30 × 13.5 × 0.6 mm; custo

C

under a heat gun (Vidal Sassoon) for 5 min to a maximum temperature of ∼88°C 

(measured using a thermocouple probe) and the final thickness was ~0.05 mm. The slides 

were stored at room temperature against P2O5 and DrieRite, protected from the light to 

prevent any photobleaching, for at least 7 days before any phosphorescence 

measurements were made. The desiccant was refreshed as needed to maintain a relative 

humidity close to 0%. 

 

In

spectrophotometer (Varian Instruments, Walnut Creek, CA). This instrument, which 

collects in analog mode, uses a high intensity pulsed lamp and a time delay was 

employed to avoid any fluorescence during the lamp pulse.  The temperature was 

controlled by using a TLC 50 thermoelectric heating/cooling system (Quantum 
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Northwest, Spokane, WA). The TLC-50 sample compartment was fitted with a jacketed 

cover. The measurements were made in absence of oxygen (Nitrogen was purged for 15 

minutes). Nitrogen stream was generated by passage of high purity nitrogen through a 

Supelco (Bellefonte, PA) carrier gas purifier. Quartz slides were placed in the standard 

1cm x 1cm x 1cm quartz fluorescence cuvette, which was capped with a lid having inlet 

and outlet ports of gas lines.  

 

Luminescence Measurements 

The Cary Eclipse uses a pulsed lamp and collects emission intensity in analog mode; data 

were not collected within the first 0.1-0.2 ms to suppress fluorescence coincident with the 

lamp pulse.   

 

Tryptophan Protocol: Delayed luminescence emission spectra were collected from 350 to 

600 nm (10 nm bandwidth) using excitation at 280 nm (20nm bandwidth) over the 

temperature range from –10°C to 100°C.  Each data point was collected from a single 

flash with 0.2 ms delay, 10 ms gate time, and 1.0 s total decay time. The 

phosphorescence spectra collected as a function of temperature in the presence of 

itrogen, were converted to intensity versus frequency (cm-1) and analyzed to obtain the n

peak frequency and spectral bandwidth using eq. (1) and (2) (Maroncelli and Fleming, 

1987). Lifetime measurements were made in the presence of nitrogen (-O2) as a function 

of temperature. The samples were excited at 280 nm (20 nm bandwidth) and emission 

transients collected in TVS at 405 nm, TS (a) 455 nm and TS (b) 405 nm (20 nm 

bandwidth) at temperatures ranging from –10°C to 100°C.  Each decay transient was the 
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sum of 50 cycles, and for each cycle data was collected from a single lamp flash with a 

delay of 0.2 ms. Windows for gate time and total decay time were varied at each 

temperature.  All measurements were made in quadruplicate. A similar measurement was 

also made for amorphous sucrose film containing just tryptophan for comparison. To 

check for spectroscopic interference from vanillin, tryptophan was also excited using 

vanillin protocol. 

 

Vanillin Protocol: Delayed luminescence emission spectra of vanillin in amorphous 

 from a single flash with 0.2 ms delay, 100 ms gate time, and 0.12 s total 

ecay time. The phosphorescence spectra collected as a function of temperature in the 

sucrose were collected from 400 to 800 nm (10 nm bandwidth) using excitation at 320 

nm (20 nm bandwidth) over the temperature range from –10°C to 100°C. Each data point 

was collected

d

presence of nitrogen, were converted to intensity versus frequency (cm-1) and analyzed to 

obtain the peak frequency and spectral bandwidth using eq. (1) and (2) (Maroncelli and 

Fleming, 1987). Lifetime measurements were made as a function of temperature. The 

samples were excited at 320 nm (20 nm bandwidth) and emission transients collected at 

490 nm (20 nm bandwidth) at temperature ranging from –10°C to 100°C. Each decay was 

the average of 50 cycles, and for each cycle data was collected from a single flash with a 

delay of 0.2 ms, windows for gate time and total decay time were varied at each 

temperature. All measurements were made in quadruplicate. A similar measurement was 

also made for amorphous sucrose film containing just vanillin for comparison. To check 

spectroscopic interference from tryptophan, vanillin was also excited using tryptophan 

protocol. 
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Data Analysis 

Emission Energy as a function of temperature: Emission spectra were fit using the 

program Igor (Wavemetrics, Inc., Lake Oswego, OR) to a log-normal function over the 

temperature range Equation 1.  
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⎪
⎨
⎧ ⎞⎛ Δ−+ 2

0

]/)(21ln[ b pνν
⎬⎟⎟

⎠
⎜⎜
⎝

−= )2ln(exp)(
b

II ν                   (1) 

 

In this equation I0 is the maximum intensity of the emission spectra, νP is the frequency 

(in cm-1) of the emission maximum, Δ is a line width parameter, and b is an asymmetry 

parameter. The bandwidth of the emission, the full width at half maximum (Γ), is related 

to b and Δ Equation 2. 

⎟
⎠
⎞

⎝
⎛

b

b)sinh(

 

Phosphorescence Intensity: Phosphorescence lifetimes were determined with the 

statistical program Igor (Wavemetrics, Inc., Lake Oswego, OR). The phosphorescence 

intensity decays were collected as described above and were fitted using a multi-

exponential function for tryptophan and vanillin (Shamblin et al., 2000). Fits were judged 

satisfactory if the r  values were in the range of 0.995-1.0 and the modified residuals 

((data – fit)/data1/2) varied randomly about zero.  

 

⎜Δ=Γ                                       (2) 

2
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Multi-exponential function: The multi-exponential model is as show in Equation 3. τi are 

I (t) = Σαi exp (-t/τi)                              (3) 

         i = 1 

Photophysical Scheme: The phosphorescence lifetimes were inter  

rate constants associated with the various processes that contribute to the de-excitation of 

let state of the probe (Duchowicz et al., 1998).  The phosphorescence 

that depopulate the excited triplet state. The term kP (=1/τ) is the total decay rate, kRP is 

the rate of radiative decay of the triplet state. The magnitude of kNR reflects factors 

associated with the mechanism by which the excited T1 state is coupled to highly excited 

vibrations of the S0 ground state as well as external factors associated with the 

mechanism by which the ground state vibrational energy can dissipate from the excited 

state into the surrounding matrix (Fischer et al., 20002; Vanderkooi and Berger, 1989). 

As the efficiency of external vibrational dissipation is related to overall mobility of the 

matrix, the magnitude of kNR provides a measure of matrix mobility. The term kQ [Q] 

decay times, αi represent the amplitudes of the components at t = 0 and n is the number 

of decay times. The average lifetime was calculated using Equation 4.  

          n 

 

            n 

τAvg = Σαiτi/ ΣαI                 (4) 

          i = 1 

 

preted in terms of the

the excited trip

lifetimes were used to calculate the rate constants associated with the various processes 
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refers to the collisional quenching due to interaction between the excited chromophore 

and a quencher molecule for example triplet state oxygen. 

 

Tryptophan and Vanillin: The lifetime τ is related to the rate constants for de-excitation 

 pro ing to the fo wing quati  5 (P  

, 1989). 

/τ = kRP + kNR (T) + kQ [Q] = kP              (5) 

rate of non-radiative decay to the singlet state followed by vibrational 

elaxation to S0 due to collisional quenching. The term kQ [Q] refers to the collisional 

of the triplet excited state of the be accord  llo  E on app and

Vanderkooi

1

 

Here kP (=1/τ) is the total decay rate, kRP is the rate of radiative decay of the ground state, 

kNR is the 

r

quenching due to interaction between the excited chromophore and a quencher molecule 

for example triplet state oxygen. 

 



 656

Results and Discussion 

Delayed luminescence emission spectra were collected as a function of temperature in 

resence of nitrogen from vanillin and tryptophan dispersed together in amorphous 

se referred as TS). Three spectroscopic measures of molecular 

p

sucrose films (vanillin + tryptophan + sucrose referred as TVS) and compared to spectra 

from individual probes dispersed singly in sucrose (vanillin + sucrose referred as VS) and 

(tryptophan + sucro

mobility were made: emission energy, emission bandwidth and emission lifetime. 

 

Vanillin: 

Delayed Luminescence Spectra: The delayed emission spectra from vanillin (excited at 

320 nm) in amorphous VS and TVS matrix are shown in Figure 1a and 1b, respectively. 

Vanillin phosphorescence emission in VS and TVS amorphous films appeared at ∼490nm. 

Vanillin phosphorescence was temperature dependent over the range from -10°C to 

100°C in both amorphous VS and TVS films. The decrease in phosphorescence intensity 

with increasing temperature results from thermally-stimulated deactivation processes 

(Parker, 1968).  

 

The emission energy (γP) and bandwidth (Γ) were determined by fitting the 

phosphorescence emission spectra to a log-normal function Eq. 1 and 2 Materials and 

Methods). The values of emission energy and bandwidth as a function of temperature are 

shown in Figure 2. There was a gradual decrease in the emission energy at low 

temperature followed by a steeper decrease at higher temperatures, indicating an increase 

in the average rate and thus extent of matrix dipolar relaxation around the excited triplet 
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state. The peak frequency values as a function of temperature were found to be super-

hosphorescence Intensity Decays: Vanillin phosphorescence decay kinetics were 

 the amorphous TVS films and compared with intensity decays from VS films. 

ll intensity decays over the temperature interval from -10°C to 100°C were well fit 

imposable for vanillin in VS and TVS matrix (Figure 2). The phosphorescence bandwidth 

increased gradually in the glass and then very sharply in the melt, reflecting a large 

increase in the range of energetically distinct matrix environments in TVS matrix below 

and above Tg (Figure 2). A comparison of bandwidth between VS and TVS matrix is 

shown in Figure 2; the values were super-imposable. 

 

P

studied in

Time-resolved phosphorescence intensity decays of vanillin in amorphous films were 

measured over the temperature range from -10°C to 100°C. The intensity decay were 

fitted using a multi-exponential function. The phosphorescence intensity decays of 

vanillin in amorphous TVS film at 20°C in the presence of nitrogen is plotted in Figure 3 

along with the modified residuals for a fit using a four-exponential function (Eq. 3, 

Materials and Methods).  

 

A

using a four-exponential function. This analysis indicated that the vanillin probe had 

multiple lifetimes in the amorphous TVS matrix at all temperatures. The 

phosphorescence intensity decreased with increasing temperature indicating an increase 

in triplet state quenching rates with increase in temperature; the results of these lifetime 

analyses for vanillin in TVS are plotted in Figure 4a. The decrease in lifetime as a 

function of temperature was dramatic both below and above Tg, indicating the presence 
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of a range of molecular motions both below and above Tg. A comparison of individual 

lifetime components τ1, τ2, τ3 and τ4 for vanillin in TVS and VS is shown in Figure 4b 

(longer lifetimes) and 4c (shorter lifetimes). In general there was no significant difference 

in the individual lifetime component of vanillin in TVS and VS films. 

 

The average lifetime calculated using Eq. 4 (Material and Methods) is plotted in Figure 5 

s a function of temperature. The average lifetime varied from ~150 ms at -10°C to ~0.8 

components increased as a function of temperature. The non-

adiative decay rate reflects the sum of all collisional interactions between the matrix and 

a

ms at 100°C. The decrease in vanillin lifetime as a function of temperature corresponds to 

an increase in kNR (Eq. 4, Materials and Methods), the rate of vibrational relaxation due 

to collisional quenching which is an indicator of the increase in matrix mobility. The 

decrease in lifetime was multi-phasic as a function of temperature. A comparison plot of 

average lifetimes of vanillin in the TVS and VS amorphous matrix is shown in Figure 5. 

The amplitudes of each lifetime component in TVS are plotted as a function of 

temperature in Figure 6. The amplitudes of the longer lifetime components decreased and 

that of the shorter lifetime 

r

the probe and is sensitive to molecular environments, and changes in this decay rate with 

change in physical state of the probe environments strongly modulate the 

phosphorescence lifetime giving rise to multiple lifetimes.  

 

In comparison between VS and TVS matrix, vanillin lifetime and amplitudes values were 

found to be super-imposable. This indicated that there is no interference from tryptophan 

phosphorescence to vanillin lifetime measurements.  
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Tryptophan: 

The delayed emission spectra from tryptophan (excited at 280 nm) in amorphous TS and 

TVS matrix is shown in Figure 7a and 7b, respectively. As seen from Figure 7b, the 

yptophan emission spectra in TVS matrix appear different than that seen in Figure 7a. 

)  at 455 nm and 405 nm. The 

tensity decays were fitted using multi-exponential function. The phosphorescence 

tr

This is due to simultaneous emission from vanillin as it also gets excited at 280 nm 

(excitation wavelength for tryptophan). Thus vanillin emission interferes with tryptophan 

emission. The spectra’s of tryptophan in presence of vanillin looked like vanillin spectra 

(in absence of tryptophan), and the intensities of this spectra was much higher even when 

vanillin is excited in the same matrix at 320 nm (Figure 7b vs. Figure 1b), it is likely that 

there is energy transfer from tryptophan to vanillin since tryptophan emission overlaps 

with vanillin absorption. 

 

Tryptophan emits phosphorescence from 380 nm to 530 nm with a peak at 455 nm, and 

vanillin emits phosphorescence from 420 nm to 600 nm with a peak at ~490 nm. It was 

difficult to resolve the emission spectra of tryptophan in presence of vanillin. In the 

region between 380 nm to 420 nm only tryptophan emits and there is no emission 

observed from vanillin, so tryptophan lifetimes were measured by collecting emission at 

405 nm and compared to tryptophan emission (in TS matrix

in

intensity decay of tryptophan in amorphous TVS film at 20°C in the presence of nitrogen 

is plotted in Figure 8 along with the modified residuals for a fit using a four-exponential 

function (Eq. 8, Materials and Methods).  
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Time-resolved phosphorescence intensity decay of tryptophan in amorphous films were 

 (a) (emission at 455 nm) and TS (b) (emission at 405 nm) is 

own in Figure 10a, 10b, 10c, and 10d, respectively. There was no significant difference 

measured over the temperature range from -10°C to 100°C. All intensity decays over the 

temperature interval from -10°C to 100°C were well fit using a four-exponential function. 

This analysis indicated that the tryptophan probe had multiple lifetimes in the amorphous 

TVS matrix at all temperatures. The phosphorescence intensity decreased with increasing 

temperature indicating an increase in triplet state quenching rates with increase in 

temperature, the results of these lifetime analyses for tryptophan in TVS are plotted in 

Figure 9a.  

 

A comparison of individual lifetime components τ1, τ2, τ3 and τ4 for tryptophan in TVS 

(emission at 405 nm), TS

sh

in the individual lifetime components of tryptophan in TVS and TS films. 

 

A comparison of average lifetimes is shown in Figure 11. There was no significant 

difference in the average lifetimes in TS matrix for emissions at 455 nm or 405 nm. 

However the average lifetime was lower in TVS as compared to TS up to 40°C, and 

above 50°C there was no significant difference in the lifetime. This difference was due to 

differences in the amplitudes among the emission from TVS ( at 405 nm), TS (a) (at 455 

nm ) and TS (b) (at 405 nm). 
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The amplitudes of the longer lifetime components in TVS decreased and that of the 

shorter lifetime component increased as a function of temperature (Figure 12). A 

comparison of amplitudes a1, a2, a3 and a4 in TVS and TS (a) (emission at 455 nm) and 

TS (b) (emissions at 405 nm) is shown in Figure 13a, 13b, 13c and 13d. The amplitudes 

differed among TVS, TS (a) and TS (b) decays. The amplitude a1 followed the trend 

where it was not different for emission at 455 nm and 405 nm in TS matrix, but these 

values were significantly higher in TVS at 405 nm. The amplitudes a2 and a3 were higher 

in TS (a) > TS (b) > TVS. There was no significant difference in the amplitude a4 among 

the three. 

 

Thus number of probes emitting at 455 nm were highest as compared to probes emitting 

at 405 nm, however this affected the average lifetime of tryptophan at 405 nm in TVS 

matrix. The Arrhenius plot for ln(kP) of TS (a), TS (b) and TVS is shown in Figure 14a. 

There was no significant difference among the three. 

 

The Arrhenius plot of natural log of kP for average lifetime as function of inverse of 

temperature for tryptophan and vanillin dispersed in TVS films is shown in Figure 14b. 
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Conclusion 

This research investigated simultaneous measurements of mobility by using vanillin and 

tryptophan in amorphous matrix. Their was no spectroscopic or physical interaction seen 

from tryptophan for measurements of vanillin in the TVS matrix. However vanillin 

shows excitation at 280 nm (excitation wavelength for tryptophan) and emission from 

420 nm to 600 nm which interfered with tryptophan measurements. There is a possibility 

that there was energy transfer from tryptophan to vanillin. Tryptophan emits from 380 nm 

to 520 nm, to avoid interference form vanillin emissions, the decays were collected at 405 

nm. Although the individual lifetimes did not differ at 405 nm and 455 nm, but the 

verage lifetimes were seen to be different. This difference was due to higher number of a

emitting probes in case of emissions at 455 nm as compared to at 405 nm.  
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Vanillin 

Figure X-1a 
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Figure X-1a: Delayed emission spectra of vanillin dispersed in amorphous films of 
sucrose (referred as VS matrix) as a function of temperature (excitation at 320 nm). The 
spectra were collected at 10°C intervals from -10°C to 100°C (the curves follow this 
order from high to low intensity at ~490 nm). 
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Figure X-1b 
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igure X-1b: Delayed emission spectra of vanillin dispersed in amorphous films of 
 
F

sucrose containing tryptophan (referred as TVS matrix) as a function of temperature 
(excitation at 320 nm). The spectra were collected at 10°C intervals from 0°C to 100°C 
(the curves follow this order from high to low intensity at ~490 nm). 
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Figure X-2 
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Figure X-2: Peak energy νP (left hand scale) and bandwidth FWHM (right hand scale
ce emission from vanillin in amorphous TVS and VS films as a 

nction of temperature. The spectra were collected every 10°C from -10°C to 100°C. 

) 
for phosphorescen
fu
The frequency is given by in (Δ) TVES matrix and by (▲) in VS matrix. The FWHM is 
given by (◊) in TVS matrix and by (♦) in VS matrix. 
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Figure X-3 
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Figure X-3: Normalized phosphorescence intensity decay [I(t)/I(0)] of vanillin dispersed 
in amorphous TVS films at 20°C in the presence of nitrogen.  The solid lines through the 
data are fits using a stretched-exponential function. Below is the plot of modified 
residuals [(Data-Fit)/Data1/2] for these fits to data plotted in the presence of nitrogen. 
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Figure X-4a 
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Figure X-4a: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•)   obtained from a 
multi-exponential model fit to phosphorescence intensity decay data from vanillin 
dispersed in amorphous films of TVS equilibrated against nitrogen as a function of 
temperature. The data was calculated every 10°C from -10°C to 100°C. 

 



 668

Figure X-4b 
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Figure X-4b: Comparison of longer lifetime components  τ1 (♦) and τ2 (■) obtained from 
a multi-exponential model fit (Eq. (3), Materials and Methods) to phosphorescence 
intensity decay data from vanillin dispersed in amorphous TVS or VS  films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
10°C to 100°C. 
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Figure X-4c 
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Figure X-4c: Comparison of shorter lifetime components  τ1 (♦) and τ2 (■) obtained 
from a multi-exponential model fit (Eq. (3), Materials and Methods) to phosphorescence 
intensity decay data from vanillin dispersed in amorphous TVS or VS  films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
10°C to 100°C. 
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Figure X-5 
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Figure X-5: The average lifetime of vanillin in TVS (■) and VS (♦) films obtained from 
a multi-exponential model fit equilibrated against nitrogen as a function of temperature. 
The data were collected every 10°C from -10°C to 100°C. 
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Figure X-6 
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Figure X-6: Intensity decay fit parameters amplitude for vanillin in amorphous TVS film 
in nitrogen as a function of temperature. The data was calculated every 10°C from -10°C 

ponential model fit (Eq. (3), 
Materials and Methods) to phosphorescence intensity decay data from vanillin dispersed 
in TVS films equilibrated against nitrogen as a function of temperature. 

to 100°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life time 
components (τ1, τ2,) and a3 (▲) and a4 (•) correspond to the shorter lifetime components 
(τ3, τ4). The amplitudes were obtained from a multi ex
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Tryptophan 

Figure X-7a 
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Figure X-7a: Delayed emission spectra of tryptophan dispersed in amorphous films of 
sucrose (referred as TS) as a function of temperature (excitation at 280 nm). The spectra 
were collected at 10°C intervals from -10°C to 80°C (the curves follow this order from 
high to low intensity at ~455 nm). 
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Figure X-7b 
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ntensity at ~455 nm). 

Figure X-7b: Delayed emission spectra of tryptophan dispersed in amorphous films of 
sucrose also containing vanillin (referred as TVS) as a function of temperature (excitation 
at 280 nm). The spectra were collected at 10°C intervals from 0°C to 100°C (the curves 
follow this order from high to low i
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Figure X-8 
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Figure X-8: Normalized phosphorescence intensity decay [I(t)/I(0)] of tryptophan 
dispersed in amorphous TVS films at 20°C in the presence of nitrogen.  The solid lines 
through the data are fits using a multi-exponential function. Below is the plot of modified 
residuals [(Data-Fit)/Data1/2] for these fits to data plotted in the presence of nitrogen. The 
data was collected at 405 nm. 
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Figure X-9a 
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Figure X-9a: Lifetime components  τ1 (♦), τ2 (■), τ3 (▲) and τ4 (•)   obtained from a 
multi-exponential model fit to phosphorescence intensity decay data from tryptophan 
dispersed in amorphous films of TVS equilibrated against nitrogen as a function of 
temperature. The data was calculated every 10°C from -10°C to 100°C. 
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Figure X-10a 
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igure X-10a: Comparison of longer lifetime component τ1 obtained from a multi-
xponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
ecay data from tryptophan dispersed in amorphous TVS (◊) (emissions at ~ 405 nm) or 

 

F

e
d
TS a (◊) (emissions at ~ 455 nm) or TS b (◊) (emissions at ~ 405 nm)  films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
10°C to 100°C. 
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Figure X-10b 
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Figure X-10b: Comparison of longer lifetime component τ2 obtained from a multi-
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from tryptophan dispersed in amorphous TVS () (emissions at ~ 405 nm) or 
TS a () (emissions at ~ 455 nm) or TS b () (emissions at ~ 405 nm)  films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
10°C to 100°C. 
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Figure X-10c 
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Figure X-10c: Comparison of shorter lifetime component τ3 obtained from a multi-
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from tryptophan dispersed in amorphous TVS (Δ) (emissions at ~ 405 nm) or 
TS a (Δ) (emissions at ~ 455 nm) or TS b (Δ) (emissions at ~ 405 nm)  films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
10°C to 100°C. 
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Figure X-10d 
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Figure X-10d: Comparison of shorter lifetime component τ4 obtained from a multi-

 

exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from tryptophan dispersed in amorphous TVS (ο) (emissions at ~ 405 nm) or 
TS a (ο) (emissions at ~ 455 nm) or TS b (ο) (emissions at ~ 405 nm)  films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
10°C to 100°C. 
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Figure X-11 
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Figure X-11: The average lifetime of tryptophan in TVS 405 nm (■), TS 455 nm (♦) and 
TS 405 nm (▲) films obtained from a multi-exponential model fit equilibrated against 
nitrogen as a function of temperature. The data were collected every 10°C from -10°C to 
100°C. 
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Figure X-12 
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Figure X-12: Intensity decay fit parameters amplitude for tryptophan in amorphous TVS 
film in nitrogen as a function of temperature. The data was calculated every 10°C from -
10°C to 80°C. The amplitudes a1 (♦) and a2 (■) correspond to the longer life time 
components (τ1, τ2,) and a3 (▲) and a4 (•) correspond to the shorter lifetime components 
(τ3, τ4). The amplitudes were obtained from a multi exponential model fit (Eq. (3), 
Materials and Methods) to phosphorescence intensity decay data from tryptophan 
dispersed in TVS films equilibrated against nitrogen as a function of temperature. 
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Figure X-13a 
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Figure X-13a: Comparison of longer lifetime amplitude a1 obtained from a multi-
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from tryptophan dispersed in amorphous TVS (◊) (emissions at ~ 405 nm) or 
TS a (◊) (emissions at ~ 455 nm) or TS b (◊) (emissions at ~ 405 nm)  films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
10°C to 80°C. 

 

 



 683

Figure X-13b 
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Figure X-13b: Comparison of longer lifetime amplitude a2 obtained from a multi-
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from tryptophan dispersed in amorphous TVS () (emissions at ~ 405 nm) or 
TS a () (emissions at ~ 455 nm) or TS b () (emissions at ~ 405 nm)  films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
10°C to 80°C. 

 



 684

Figure X-13c 
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ions at ~ 455 nm) or TS b (Δ) (emissions at ~ 405 nm)  films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
10°C to 80°C. 

 

Figure X-13c: Comparison of shorter lifetime amplitude a3 obtained from a multi-
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 
decay data from tryptophan dispersed in amorphous TVS (Δ) (emissions at ~ 405 nm) or 
TS a (Δ) (emiss
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Figure X-13d 

Tryptophan

0

0.2

0.4

0.6

0.8

1

1.2

-20 0 20 40 60 80 100 120

Temperature / C

A
m

p
li

tu
d

es

TS a a4

TVS a4

TS b a4

 

 
 
Figure X-13d: Comparison of shorter lifetime component a4 obtained from a multi-
exponential model fit (Eq. (3), Materials and Methods) to phosphorescence intensity 

 

 

 

decay data from tryptophan dispersed in amorphous TVS (ο) (emissions at ~ 405 nm) or 
TS a (ο) (emissions at ~ 455 nm) or TS b (ο) (emissions at ~ 405 nm)  films equilibrated 
against nitrogen as a function of temperature. The data was calculated every 10°C from -
10°C to 80°C. 
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Figure X-14a 
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Figure X-14a: The Arrhenius plot of natural log of kP for average lifetime as function of 
inverse of temp
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Figure X-14b 
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igure X-14b: The Arrhenius plot of natural log of kP for average lifetime as function of 
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inverse of temperature for tryptophan and vanillin dispersed in TVS films. 
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	Results
	Delayed emission spectra: The delayed luminescence spectra of Ery B dispersed in amorphous (-lactalbumin films (in the presence of nitrogen) as a function of temperature are plotted in Figure 1.  These spectra exhibited maxima at (565 nm and ~695 nm corresponding to delayed fluorescence and phosphorescence emission bands, respectively. Delayed, or E-type, fluorescence reflects emission to the ground state (S0) from a singlet state (S1) that has been repopulated by reverse intersystem crossing from the triplet state (T1) (Parker, 1968). The phosphorescence band reflects emissions from the triplet state (T1) to the ground state (S0). The delayed emission spectra were collected over the temperature range -20(C to 100(C. Delayed emission showed a decrease in phosphorescence intensity as a function of temperature; the delayed fluorescence intensity increased continuously from –20(C to 100(C, as expected from a thermally stimulated processes.
	Time-resolved phosphorescence emission spectra: Phosphorescence emission spectra were collected as a function of delay time from 0.1 to 2.1 ms following excitation at temperatures ranging from (20(C to 80(C (data not shown); the peak emission energy and bandwidth determined from analysis of these spectra using a log-normal function are plotted in Figure 11 and Figure 12 respectively.  The emission spectra increased in energy (blue-shifted) with increasing delay time at all temperatures. Such behavior is inconsistent with a model in which dipolar relaxation around the excited triplet state generates red-shifted emission for those probes that have longer lifetimes; it is, however, consistent with a site heterogeneity model in which individual probes are distributed among pre-existing environments whose physical properties are such that those molecules with long lifetimes have blue-shifted emission (Pravinata et al., 2005; Nack and Ludescher, 2006; Shirke and Ludescher, 2005, 2006). These data provide direct evidence that probes in environments with shorter lifetime have red-shifted emission spectra and probes in environments with longer lifetime have blue-shifted emission spectra. A plot of bandwidth as function of delay time at different temperatures is shown in Figure 12. 
	The lifetimes in presence of nitrogen were higher than in presence of oxygen as a function of emission and excitation wavelength at all the temperatures above 0(C and showed similar wavelength variation. The variation in lifetime (and thus kTS0) across the emission band provides an indicator of dynamic heterogeneity. The probes with blue-shifted emission having higher energy triplet state are in matrix sites with slower dipolar relaxation rates. Whereas the probes with red-shifted emission having lower energy triplet state are in sites with faster dipolar relaxations rates. The probes in sites with blue-shifted emission have longer lifetime and thus smaller values of kTS0 and those in sites with red-shifted emission have shorter lifetime and thus larger values of kTS0. Rigid sites with slower dipolar relaxation rates and slower collisional quenching rates have lower overall molecular mobility. Mobile sites have faster dipolar relaxation and faster collisional quenching rates. In the (-lactalbumin matrix, decrease in emission energy across the emission band is not consistent with the standard relaxation model (Pravinata et al., 2005). However, this decrease is consistent with the dynamic site heterogeneity model in which probes are distributed in sites with different mobility both in presence and absence of oxygen. Similar spectral heterogeneities of Ery B were observed in other amorphous biomaterials like amorphous BSA (Nack and Ludescher, 2006) and gelatin (Simon-Lukasik and Ludescher, 2005). These heterogeneities thus support the physical model for dynamic heterogeneities generated in super-cooled liquids and amorphous polymers (Sillescu, 1999; Ediger, 2000; Richer, 2002), where several techniques have indicated that pure super-cooled liquids and solids composed of either small molecules or polymers exhibit dynamic heterogeneity through space and time. 
	Results
	The emission spectra were fitted using a two log-normal function (Equation 1 Materials and Methods). Phosphorescence spectra appear in the form of a series of vibronic transitions reflecting transitions from the lowest vibration level of the triplet state to various vibrational levels of the ground singlet state. The shoulder band at high frequency side of the phosphorescence emission arises from an electronic transition in which the vibrations in the molecule resides in the ( = 0 level both before and after the transitions (0-0 band) and the main band that appears as the peak of the phosphorescence emission arises form an electronic transition in which the vibrations in the molecule reside in the ( = 0 level before and the 1 level after the transition (0-1 band). The peak frequencies PF1 and PF2 (Figure 3a and 3b) decrease linearly at low temperature. Above 25(C the emission spectra are broadened and only fitted to a one log-normal function (PF). The PF shows dramatic decrease and the slope becomes more negative at high temperatures. This decrease is due to increase in the average extent of matrix dipolar relaxation around the excited triplet state. There was a gradual decrease in the emission energy at low temperature, –20(C to 40(C, followed by steeper decrease above 40(C.  
	The bandwidths FWHM1 and FWHM2 (Figure 3a and 3b) increased gradually with temperature and much more dramatically at high temperature, reflecting a large increase in the range of energetically distinct environments. The emission bandwidth (() remained constant from (20(C to 15(C, increased gradually over the temperature interval from 20(C to 40(C, and increased sharply at higher temperature.  The decrease in emission energy and the broadening of emission spectra with an increase in temperature can be explained with a solvent relaxation mechanism (Pravinata et al., 2005). With increase in temperature the reorientation of dipoles of protein molecules around tryptophan’s excited state becomes faster. Peak frequency indicated presence of transition at ~40(C and FWHM indicated presence of transition at ~30(C.


