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ABSTRACT Fluorescent tetracationic porphyrin (TMPyP) molecules have been incorporated into optically transparent TiO2 thin films

acting as a host material. The films, with a columnar structure and open pores, were prepared by electron evaporation at glancing

angles (GAPVD). The open porosity of the films has been estimated by measuring a water adsorption isotherm with a quartz crystal

monitor. TMPyP molecules were infiltrated in the host thin films by their immersion into water solutions at controlled values of pH.

The state of the adsorbed molecules, the infiltration efficiency, and the adsorption kinetics were assessed by analyzing the optical

response of the films by UV-vis absorption and fluorescence techniques. The infiltration efficiency was directly correlated with the

acidity of the medium, increasing at basic pHs as expected from simple considerations based on the concepts of the point of zero

charge (PZC) developed for colloidal oxides. By a quantitative evaluation based on the analysis of the UV spectra, the infiltration

process has been described by a Langmuir type adsorption isotherm and an Elovich-like kinetics. The accessibility of the infiltrated

molecules in the TMPyP/TiO2 composite films is assessed by following the changes of their optical properties when exposed to the

acid vapors and their subsequent recovery with time.
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INTRODUCTION

P
orphyrin (phy) compounds have been extensively

used as active components for molecular devices

such as molecular photodiodes, solar cells, and opti-

cal sensors (1-5). Devices based on these compounds are

gaining interest because of their outstanding optical and

electrical properties and because of their low cost as com-

pared with inorganic semiconductors. In particular, the

direct use of this family of molecules for gas detection

purposes has been recently highlighted by Rakow et al. (6)

who have shown that they can be used for detecting a large

variety of organic products with high selectivity and sensitivity.

Porphyrins with four positively charged pyridinium groups

are interesting dyes because of their relatively low reduction

potential (7), and high affinity for negatively charged solid

surfaces (8). Although in the solid state the porphyrin redox

potentials maybe somewhat different from those in solution

(9, 10), these two properties make these compounds suitable

for the synthesis of a large variety of composite materials

incorporating these molecules (e.g., as sensitizers for wide

gap semiconductors, sensor devices, etc.). Fluorescent por-

phyrins have also been grown as monolayers films for

sensing applications (11), although the design of solid-sate

sensor platforms using fluorescence detection is still a

challenge. In the present investigation, we have selected the

fourth charged porphyrin because its incorporation into the

open microstructure of TiO2 thin films may be favored by

controlling the surface charge on this oxide host by simply

adjusting the pH of the medium. This approach has been

previously used by us to incorporate Rhodamine molecules

into this type of thin films (12, 13).

A considerable number of papers have dealt in the

literature with the optical properties of the porphyrins and

their incorporation into the pores of a large variety of

materials, mainly in powder form (14-18). An innovative

aspect of the present work is the fact that the dye molecules

are incorporated into thin films of a transparent oxide, an

approach that to our knowledge has not been addressed

previously in the literature. In particular, we study the

incorporation of porphyrin molecules within a new type of

nondispersive thin films of TiO2 formed by a columnar

microstructure with wide open voids. With respect to other

dispersive solids in powder form infiltrated with dyes, the

dye molecules in solution, or as monolayer films (11), we

have shown that the preparation of optically transparent

composite thin films provides a way for the integration of

the functional optically based properties of the porphyrin

molecules into photonic structures for its direct monitoring

in final fluorescence sensor devices.

The TiO2 films used as hosts have been prepared by

glancing angle physical vapor deposition (GAPVD), a tech-

nique known to yield very open and porous microstructures
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formed by columns and, if controlled, other geometrical

forms (19-23). This method is a modification of the electron

evaporator procedure used by the ophthalmic industry to

cover lenses with dense optical coatings. Here the pore

structure of the prepared films has been characterized by

measuring water adsorption isotherms with a quartz crystal

monitor, one of the few procedures available to directly

measure the porosity in thin films (24).

Because of the quite open and porous microstructure of

the GAPVD thin films, they seem ideal for the development

of photonic devices by incorporating optically active mol-

ecules or compounds. On the basis of these features, we

propose here a new simple procedure for the incorporation

of a tetracationic porphyrin (TMPyP) into this type of thin

films and study their optical behavior as a function of the

variables of the process. Within this context, we first present

a phenomenological study of the adsorption equilibrium and

kinetic control of the infiltration process. Second, we inves-

tigate the optical and spectroscopic properties of the TMPyP/

TiO2 composite thin films with the purpose of ascertaining

the state of the molecule and the fluorescence efficiency of

the films. Finally, the accessibility of the TMPyP/TiO2 films

to gaseous compounds from the environment and the

possibility of following the optical changes of the films are

checked by their exposure to acid vapors from a HCl

solution. The fact that both the UV-vis and fluorescence

spectra of the TMPyP/TiO2 films are reversibly modified

sustains the idea that the high porosity of the composites

ensures the accessibility of the infiltrated molecules to

gaseous compounds from the environment and the revers-

ibility of this process, two conditions that are necessary

(although not sufficient) for the preparation of optical sensors.

MATERIALS AND METHODS
Preparation of TiO2 Thin Films. TMPyP/TiO2 composites

were prepared by using porous TiO2 thin films as host materials.
For this purpose, transparent and amorphous films were pre-
pared by GAPVD at room temperature on quartz and silicon
substrates. The glancing geometry produces films with a tilted
columnar microstructure (19, 23). A characteristic of these films
is that they are very porous and, therefore, are characterized
by relatively low refractive index values. For the present work
the substrates were placed at an angle of 70° with respect to
the evaporator source. The films had a thickness of approxi-
mately 350 nm.

TiO2 Thin Film Characterization. The microstructure of the
TiO2 thin films deposited on a silicon wafer was examined by
field emission scanning electron microscopy (FESEM) in a
Hitachi S5200 microscope. Cross-sectional views were obtained
by cleaving the silicon substrates.

Refractive indices (n) were determined by UV-vis Absorption
Spectroscopy. A detailed description of these experiments can
be found in previous works (25) and additional data are
gathered in the Supporting Information, Figure S1.

Because of the extraordinary small amount of material avail-
able in the prepared TiO2 thin films, determination of porosity
of this kind of materials is not straightforward by the classical
BET methods based on the adsorption of gases (N2, Kr, etc.) at
their condensation temperature (26). The commercial apparatus
intended for this purpose uses glass containers which are not
easily adaptable to thin films deposited on a rigid substrate,
facing in addition the problem of the small amount of porous

material available for the measurement. To overcome this
problem, we have developed a new method based on the use
of a quartz crystal monitor (QCM) and the measurement of
water adsorption isotherms at room temperature (24). A full
account of the experimental method and the procedure used
to extract pore size distributions can be found in this previous
paper.

Infiltration of Dye Molecules into TiO2 Porous Films.
5,10,15,20-Tetrakis(1-methyl-4-pyridyl)-21H,23H-porphyrin(TMP-
yP, Aldrich) was used without further purification. Unless
otherwise stated, a 1 × 10-5 M solution of the dye in water at
controlled values of pH was used for these experiments. All
other reagents were Merck a.g. and used as supplied. Ultrapure
water from a Millipore Milli-Q-Plus system was used throughout.
A scheme of the structure of the TMPyP molecule is presented
in Figure 1.

The pH of the solution was controlled between 1.9 and 10.9
by adding defined amounts of HCl or NaOH. The TiO2 films were
immersed in one of these solutions and maintained there for
1 h, except for the kinetics study. Afterward, the samples were
taken out from the solution and washed with water at the same
pH. With this washing, any dye molecule that is not incorpo-
rated into the thin films is removed from their surface. The films
were then dried in a two step process: first by blowing nitrogen
onto their surfaces for 5 mins and then by a heating at 110 °C
during 1 h. After these treatments, the composite thin films
presented the characteristic yellowish color of porphyrin thin
films. The intensity of the color changed with the pH of the
solution, a feature that pointed out that the dye adsorption
degree is dependent on this parameter.

Determination of Optical Properties of the TMPyP/TiO2

Composite Thin Films. UV-visible spectra of the composites
(TMPyP-TiO2)filmswererecordedonaCary100ConcUV-visible
spectrophotometer. Spectra are presented in absorbance after
subtracting a spectrum of the TiO2 substrate. This is an impor-
tant step of the data treatment protocol to remove the interfer-
ence oscillations characteristic of a thin film with a higher
refraction index than the substrate (see the Supporting Informa-
tion, Figure S1). In our case, this procedure is necessary to
evidence some small features of the spectra of the TMPyP
molecules (i.e., the so-called Q bands, see the next section).
Spectra of the films were also measured with polarized light (s
and p) at 0, 30, 45, 60, and 90° of incidence angle. All the
experiments were carried out at least four times.

Fluorescence spectra of the composite TMPyP/TiO2 films
were recorded in a Jobin-Yvon Fluorolog3 spectrofluorometer
using grids of 2 nm for the excitation and 4 nm for emission.
Depending on the samples, the fluorescence spectra were
excited with radiation of 430 nm and recorded in the front-face
configuration.

The amount of dye molecules incorporated into the films was
assessed after desorption from the film by its prolonged stirring
in a 3 M KCl aqueous solution until total film discoloration. This

FIGURE 1. Schematic representation of the structure of the TMPyP
molecular ion.
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procedure leads to the replacement of the porphyrin molecules
incorporated into the TiO2 host thin film by K+ ions. The dye
solutions resulting from this stirring were measured by optical
absorption spectroscopy and the absorption intensity compared
with the data of a calibration curve obtained from different
reference solutions of the dye.

The amount of TMPyP incorporated into the films was
expressed as an equivalent surface concentration of porphyrin
(Γ). This Γ was calculated as

Where Abs is the absorbance of the solution measured after
desorption (in the maxima of Soret band at 423 nm (27), ε the
extinction coefficient of the dye, l the optical pass length, VSol

the volume of the 3 M KCl aqueous solution used to the
desorption and Areafilm the area of the film employed.

A more straightforward way to ascertain the amount of
infiltrated TMPyP molecules is the use of the Lambert-Beer
law for two-dimensional systems (28). Using this method, the
surface concentration Γ can be calculated by

Where Absfilm is the absorbance directly measured in the
composite film. In eq 2, we compare the area under the Soret
band in the spectra for the composite films with that in solution.
This is due to the spectral alterations (peak shifting and broad-
ening) observed in our films that are usually induced by mo-
lecular association and/or conformation changes in the infil-
trated TMPyP molecules (28-30). Details on the validity of this
method can be found in the Supporting Information, S2. It
should be noted that the use of this method allow a more direct
estimation of Γ avoiding the desorption procedure. The surface
concentration data reported in this paper have been estimated
according to eq 2 and using the desorption method as a
reference.

RESULTS AND DISCUSSION
TiO2 Thin Film Microstructure. Figure 2 shows

FESEM normal and cross-section images corresponding to

TiO2 thin films prepared by GAPVD at an angle of 70° with

respect to the evaporation source. The angle formed by the

columns and the substrate for the 70° as evaporation angle

was approximately of 60°, as shown in the image. Films of

this kind have been used as host material for the different

adsorption/desorption experiments discussed in the next

sections. The TiO2 thin films are highly porous as deduced

from the FESEM micrographs in Figure 2 and from the value

of their refraction index, estimated as 1.79 (see the Sup-

porting Information, Figure S1). This value is much smaller

than that corresponding to the bulk material (i.e., 2.49 for

TiO2 in the form of anatase) and is a clear proof of the high

porosity of the film, as previously shown for other similar

nanostructures (31). A closer inspection of Figure 2 reveals

that the observed void apertures are in the form of meso-

pores (i.e., pores larger than 2 nm) extending from the

surface up to the bottom of the film. In principle, this should

facilitate the accessibility of large molecules like porphyrins

during the composite preparation and improves subsequent

applications that would require a fast diffusion of target

molecules through the film structure.

For a proper characterization of the films, it is important

to have a direct assessment of the porosity of the films.

Figure 3 (top) shows the water adsorption/desorption iso-

therms measured with a QCM according to the procedure

described in ref 24. It is worth noting in this plot that some

water incorporated in the pores of the films during the first

adsorption cycle remained irreversibly adsorbed after de-

sorption. This water is mainly filling micropores and its

removal requires to heat the film at moderate temperatures

(i.e., t > 110 °C). This result suggests that the pores of the

TMPyP/TiO2 composite films must be partially filled with

condensed water from the atmosphere and/or residual water

from the solutions where the immersion experiments were

carried out. Drying either by flowing nitrogen onto the

surface of the films or by heating the films at 110 °C must

contribute to removal of this water.

From the analysis of these isotherms, it is also possible

to extract the corresponding pore size distribution curves

(24). Figure 3 (bottom) shows the corresponding curves in

the range 2r > 2 nm where the Kelvin equation for capillary

condensation is applicable. From them, it is possible to

conclude that in these GAPVD thin films there is a continuous

variation in the pore sizes in the whole range from mi-

cropores (pores diameter < 2 nm) to mesopores (pore

diameter > 2 nm). An evaluation based on the t-plot meth-

odology (32) yields as a result that 30% of pores consist of

micropores. The pore size distribution curves also indicate

the existence of mesopores with pore diameters comprised

between 2 and 6 nm. Pores as large as 14 nm are also

Γ )

(Abs/εl)Vsol

Areafilm

(1)

Γ )

∫band
Absfilmdλ

10
3 ∫band

εdλ
(2) FIGURE 2. Cross-section and planar views of the TiO2 thin films used

as host of TMPyP molecules.
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present in the film. After evaluation of the total water

adsorption, a total pore volume of 49% can be estimated

for these films.

UV-Vis Absorption Spectra of TMPyP-TiO2

Composite Thin Films. Effective infiltration of the dye

into the columnar microstructure of the films is achieved by

controlling the pH of the solution. This can be directly

deduced from Figure 4 showing the spectrum of TMPyP in

water solution and of this molecule incorporated into the

columnar film by infiltration at pH 6.9 and subsequent

drying, first by blowing nitrogen and then by heating at 110

°C. Similar results were obtained for other pHs. All the

spectra exhibit the typical strong Soret band of this molecule

located in the region 400-450 nm along with the four weak

Q bands in the range 500-650 nm (27). However, the

maximum absorption of the TMPyP infiltrated into the

transparent TiO2 thin films is 14 nm red-shifted and broad-

ened with respect to the water solution spectrum whose

maximum appears at 423 nm. This last value for the

wavelength of the Soret band in water solution coincides

with that found by other authors (27, 33, 34). According to

Figure 4, the overall shift in the position of the Soret band

in the TMPyP/TiO2 composites occurs in two stages, follow-

ing the two successive drying steps of the preparation

protocol. First, after blowing nitrogen onto the sample, there

is a shift of around 7 nm with respect to the position of the

band for the TMPyP in water solution. A second shift by 7

nm then takes place after the samples are heated at 110 °C.

The shifting and broadening of the Soret band is a usual

phenomenon when porphyrins are incorporated into solids

or, under specific conditions, in solution. In particular, a red

shift has been observed for TMPyP when adsorbed in a

number of host materials. This shift has been related with

different physical and/or chemical changes in the porphyrin

molecular structure. Thus, Chernia et al. (29) proposed a

flattening of the porphyrin molecule (through its charged

peripheral methylpyridyl groups) to explain red shifts of 30

and 60 nm for the dye the adsorption and intercalation,

respectively, in the clay mineral Laponite. Also, protonation

of the porphyrin ring (imino nitrogens) has been suggested

for soda-lime glass coated with TMPyP-doped silica sol-

gels (35). In this case the Soret band shifted from 423 to 435

nm, although the main changes affected the Q-band region

where the original four bands turned into two bands due to

the higher molecular symmetry (D4h) and the degeneration

of the excited state of the protonated porphyrin. In our case,

no changes in the number of Q bands are observed, sug-

gesting the absence of significant structural modifications

in the infiltrated porphyrins that should maintain their

original D2h molecular symmetry.

Another possible explanation for spectral red shift of

TMPyP is the formation of J-aggregates (e.g., dimers) through

an appropriate compensation of the peripheral positive

charges to avoid repulsion. This intermolecular interaction

between the porphyrin rings has been proposed for TMPyP

in aqueous solution through ion-pair interactions with four

BH4
- anions (34). Further structural details have been given

for Langmuir-Blodgett (LB) films of TMPyP attached to a

carboxylic calixarene matrix where a compensation of

charges between the two components has been demon-

strated (28). We think that the initial shift of 7 nm with

respect to the water solution can be attributed to a change

in the environment of monomeric porphyrin molecules due

to their anchoring onto the surface of TiO2. The additional

FIGURE 3. (Top) Water adsorption and desorption isotherms of the
films measured with a QCM. (Bottom) Pore size distribution curves
derived from the adsorption isotherms.

FIGURE 4. UV-visible absorption spectra recorded for the TMPyP
in aqueous solution and in the composite TMPyP-TiO2 thin films
at the different steps of the preparation protocol.
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shift to 437 nm, found after heating at 110 °C, coincides

with the elimination of the hydration water condensed in

the pores (see the adsorption isotherm in Figure 3), and

points to additional changes in the molecular/electronic

structure related with the hydration state of the molecules.

Further discussion on this point will be presented below in

section 6 dealing with the fluorescence behavior of the films.

Because of the tilted microstructure of the columnar TiO2

thin films, it might happen that the adsorbed dye molecules

exhibit a preferred orientation along the titling angle of the

columns. To clarify this point, we have analyzed the samples

by using UV-vis with s and p polarized light for different

angles of incidence. The result of this analysis shows almost

coincident spectra in all cases, indicating that the porphyrin

molecules are randomly oriented in the film (see the Sup-

porting Information, Figure S3).

pH Dependence and TMPyP Infiltration Capa-
city. The amount of TMPyP molecules that can be infiltrated

into the columnar TiO2 thin film was dependent on the pH,

the immersion time, and the porphyrin concentration in the

solution employed to carry out the infiltration experiments.

In this section, we will discuss the effect of pH in the

infiltration efficiency. Figure 5 (top) shows a series of UV-vis

absorption spectra recorded for thin films with a similar

thickness immersed for one hour in a 1 × 10-5 M water

solution of TMPyP at increasing pHs. Figure 5 (middle) shows

an image taken for the composite thin films prepared at the

indicated pHs and a 4 × 10-5 M water solution of this dye

molecule. It is important to note that the cuvette used to

keep the dye solution had a thickness of 1 mm and that the

total number of molecules in the optical path was within the

same order of magnitude that the number of molecules

incorporated into the composite film prepared at pH 9.6.

From the evolution of the intensities of these spectra, it is

apparent that the adsorption efficiency is directly correlated

with the acidity of the medium, increasing with the pH.

Another feature that can be observed in Figure 5 (left) is the

very similar shape of all spectra, indicating that there is no

significant change in the adsorption and/or aggregation state

of the TMPyP molecules when their amount into the film

increases as an effect of the pH.

A quantitative assessment of the pH dependence of the

amount of TMPyP molecules incorporated into the TiO2 films

is depicted in the Figure 5 (bottom), where the absorption

intensity in the maxima of the Soret band and the surface

concentration of dye molecules are plotted against the pH

of the solution. The curves show that almost no infiltration

occurs at pHs lower that 3.5. Some infiltration takes place

in the range 3.5-5.5, whereas a sharp infiltration onset

starts at pH 4.9 to reach a maximum at a pH of 10. From

this value on, a slight decrease in the infiltration capacity is

observed.

A similar tendency has been previously reported by us

for Rhodamine-6G dye molecules incorporated into colum-

nar TiO2 thin films (12). This behavior was explained with

simple considerations based on the concepts of the point of

zero charge (PZC) in colloidal oxides (36, 37). According to

the point of zero charge (PZC) theory of colloids, immersion

of an oxide at a pH higher than its PZC leads to the

development of a negative charge on its surface by dissocia-

tion of the -OH surface groups. This charge is compensated

by cations in the double layer of charge.

The fact that a significant infiltration of TMPyP molecules

into the TiO2 thin films only occurs for pHs equal or higher

than 5.5 (i.e., close to its point of zero charge, PZC) (36, 37)

indicates that incorporation the of dye molecules into the

pores of the thin films is favored when there is an excess of

negative charge distributed onto its internal surface. Such

electrostatic interaction has been also claimed for other

related composite systems (38). As the pH increases, the

amount of negative charges on the TiO2 surface increases,

and subsequently the amount of required positive charges

(dye molecules) to compensate this negative charge invari-

ably grows. Incorporation stops at a pH of about 11, where

the amount of adsorbed TMPyP molecules slightly de-

FIGURE 5. (Top) Absorption spectra for a series of composite
TMPyP-TiO2 thin films prepared by infiltration from aqueous solu-
tions at different pHs as indicated. The figure shows the Soret Band.
(Bottom) Evolution of the absorption intensity of the spectra and
the amount of molecules infiltrated into the film as a function of
the pH during the infiltration procedure. (Middle) Images taken for
actual films prepared at the indicated pHs and a 4 × 10-5 M water
solution.
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creases. The observed pH dependence confirms the elec-

trostatic nature of the TMPyP-TiO2 interaction in the com-

posite films.

Adsorption Equilibrium. Besides pH, another im-

portant factor affecting the infiltration capacity of the co-

lumnar films is the concentration of the dye in the original

solution. Different samples have been prepared by changing

this parameter during the preparation. Figure 6 depicts, for

pH 6.0 and a 1 h of infiltration time, the surface concentra-

tion (Γ) of the dye in the different films for increasing

concentrations in the water solutions used for the infiltration.

It is clear that the amount of incorporated porphyrin mol-

ecules increases when increasing the solution concentration.

For small concentrations, the infiltration capacity is already

high and sharply increases to reach a high value at a solution

concentration of around 1 × 10-5 M. For more concentrated

solutions, the film starts to become saturated. A similar

behavior was found for other pHs in the range comprised

between 5 and 10, with the saturation value following a

tendency similar to that in Figure 5 corresponding to a dye

concentration of 1 × 10-5 M.

A better picture for the concentration dependence of the

infiltration process can be obtained by applying an isotherm

model to the data points in Figure 6 (39). The Langmuir

adsorption isotherm (40) has been successfully used to

account for the adsorption of different types of molecules

either from gas or liquid media onto different solid materials

(41-43). The Langmuir adsorption isotherm can be ex-

pressed by

Where nads is the number of the adsorbed molecules, NS is

the number of adsorption sites available on the TiO2 surface,

λ is a constant relating to the adsorption capacity of TMPyP,

and c is the concentration of the dye in solution.

Rearrangement of eq 3 leads to the linear form of the

Langmuir adsorption isotherm, where a plot of c/nads versus

c should yield a straight line if the data points actually follow

the Langmuir model. This plot has been added in Figure 6

and shows the actual number of adsorbed porphyrin mol-

ecules (nads) as a function of the dye concentration in

solution. The straight line obtained indicates that a Langmuir

adsorption provides a good description of the TMPyP-TiO2

interaction during the infiltration process. According to the

basic assumptions of the Langmuir model, one can conclude

the following features as characteristics of the adsorption

and infiltration process: (i) the adsorption energy of all

TMPyP molecules incorporated into the film is quite similar;

(ii) there is a limited number of adsorption sites at a given

pH; (iii) one of these sites, once occupied by a molecule,

cannot contribute to an additional incorporation of TMPyP.

Adsorption Kinetics. The infiltration of the TMPyP

molecules into the columnar TiO2 films is a time dependent

process. Figure 7 shows the time evolution of the porphyrin

surface concentration Γ as it becomes incorporated into a

350 nm thick TiO2 film at a pH of the solution of 6.9 and a

solution concentration of 1 × 10-5 M. The curve defined by

the different data points can be divided in two parts, a first

one characterized by a fast growth of the amount of infil-

trated molecules followed by a much slower process where

the film is approaching saturation.

To further characterize the infiltration process, we have

tried to adjust the experimental points in Figure 7 with

different kinetic models of adsorption. It was found that an

Elovich kinetic model (44) fitted well the experimental points

(45). According to the integrated form of the Elovich equa-

tion, typically used in chemisorption studies, the evolution

of the surface coverage Θ as a function of time, t, is given

by

where � and K are constants. Equation 4 indicates that there

is an exponential decrease of the rate of the surface adsorp-

tion as the coverage of the surface increases. Using Γ as an

equivalent magnitude to Θ, we have found a good fitting to

the model as reported in the inset of Figure 7, where the

points define an almost linear relationship over the entire

range of times studied. This indicates that the probability of

FIGURE 6. Langmuir adsorption plots for a TMPyP infiltration into
TiO2 thin films.

nads

NS

)
λc

1 + λc
(3)

FIGURE 7. Kinetic adsorption experiments obtained by desorption.
All the experiments were carried out at least four times.

Θ ) (1�)ln(t) + K (4)
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adsorption of a TMPyP molecule decreases exponentially

with the number of occupied adsorption sites (or adsorbed

TMPyP molecules) on the surface of the columnar TiO2

structure. Moreover, the good fitting with the Elovich equa-

tion reveals that the TiO2 columnar microstructure not only

exhibits a very good infiltration capacity but also an excellent

accessibility of the incoming porphyrin molecules to the

active adsorption sites.

Fluorescence Behavior of TMPyP/TiO2 Com-
posite Films. Figure 8 shows a representation of the

normalized fluorescence spectra recorded for the films

whose absorption spectra as a function of the pH are

reported in Figure 5. Spectra of ethanol and aqueous TMPyP

1 × 10-5 M solutions have been included for comparison.

The ethanol solution presents two well-differentiated bands

corresponding to the degeneracy of the lowest singlet con-

figuration of the TMPyP (46). These two bands, Q(0,0) and

Q(0,1), are centered approximately at 654 and 716 nm. In

the water solution, the bands appear at 666 and 704 nm and

are less resolved than in ethanol. This difference has been

attributed to a change in the resonance interaction between

the pyridinium group and the π system of the porphyrin

macrocycle because of the polarity of the media (47). For

aqueous solutions, this resonance interaction increases and

results in an overlapping between the two bands (27, 47).

The shape of the spectra in Figure 8 of the TMPyP/TiO2

films as a function of the infiltration pH differs from that of

the aqueous solution and is similar to that of the ethanol

solution. This supports a significant change in the conforma-

tion of the molecule with respect to the aqueous solution,

very likely because of its interaction with the TiO2 surface.

A closer look to these spectra reveals that the Q(0,0) band

gradually shifts from 655 nm at a pH 4.3 to 660 nm at a pH

10.9, whereas the Q(0,1) band appears fixed at 719 nm for

all the pHs. It is also visible that the intensity ratio of these

two bands changes progressively with the infiltration pH

from a value of 0.48 (pH 4.3) to 0.61 (pH 10.9). Spectral

changes depicting similar tendencies can be evidenced when

comparing the spectra of TMPyP in aqueous solutions or in

solid media (47, 48). These spectral changes, usually more

pronounced in liquid solutions than in solids, have been

related with changes in the conformation of the molecule

and found to be very much dependent on the dielectric

constant of the surrounding medium (47). The fact that in

our films the magnitude of the changes with the pH is

relatively small suggests that the conformational changes

with the pH are not very pronounced and that the TMPyP

molecules, although anchored onto the surface of TiO2, are

not totally surrounded by this high dielectric constant

material.

For illustration, Figure 8 (bottom) shows a photograph of

the same samples than in the picture included in Figure 5,

but illuminated with a low energy fluorescent lamp of 365

nm. It is apparent that the fluorescence of the different

samples increases toward the sample prepared at pH 9.6

and that the fluorescence of this composite thin film is

comparable with that of the water solution.

Figure 9 shows the normalized excitation spectra of the

composite films as a function of the infiltration pH and those

of aqueous and ethanol solutions included for comparison.

It must be mentioned that the spectra of the films, even for

low loaded samples, correspond directly to the excitation

bands of the molecule discarding any possible contribution

due to the interference oscillations of the TiO2 substrate (see

experimental section and the Supporting Information, Figure

S1). These excitation spectra, very similar in shape to the

UV-vis spectra reported in Figure 5, are characterized by

an intense Soret band at around 425 nm and the set of Q

bands in the spectral range between 500 and 625 nm. Both

the Soret and Q bands of the composite thin films are red-

shifted with respect to these bands in the two liquid solutions

used for comparison. According to the literature, the red shift

FIGURE 8. (Top) Normalized fluorescence spectra recorded for the
samples whose absorption spectra is represented in Figure 4.
(Bottom) Images taken for actual films prepared at the indicated pHs
and a 4 × 10-5 M water solution that are being illuminated with a
low energy fluorescent lamp, 4 W, 365 nm.

FIGURE 9. Normalized excitation spectra recorded for the samples
whose absorption spectra are represented in Figure 5. The excitation
spectra of a 1 × 10-5 M ethanol and water solution have been added
for comparison.
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in the wavelengths of the bands can be attributed to a

flattening of the molecule (i.e., a twist in the angle of the

pyridinium methyl group (29, 49),) and/or to some J-ag-

gregation (28).

Another interesting observation in the previous spectra

is the appearance of a weak band at longer wavelengths (λ

> 625 nm) not reported in the figure, (Qx(0,0)). It is also

worth noting that a comparison between the excitation and

absorption spectra for the difference pHs (see such a com-

parison for pH 6.0 and 9.6 in the Supporting Information,

Figure S4) reveals a quite good correspondence in spectral

shapes. This similarity supports the absence of H dimers that

might absorb light without subsequent fluorescence emis-

sion and that the excitation bands can be used for a more

accurate determination of the wavelengths of the maxima.

Thus, it can be established that the Soret band slightly

changes from 437 to 435 nm when the pH increases from

4.3 to 9.6. Additionally, a continuous broadening of the band

is apparent as the pH increases. Meanwhile, no significant

change is observed in the wavelengths of the Q bands. This

contrasts with the fact that their intensities increase with the

infiltration pH, reaching a maximum at pH 9.6 and then

decreasing for a pH of 10.9. Q bands are very sensitive to

changes in the conformational structure of the molecules.

In our case the increase in the Q-band intensity with the pH

confirms a progressive change in the adsorption state of the

molecules with this parameter (48).

Exposure of the TMPyP/TiO2 Composite Films
to HCl Vapors. The potential use of the TMPyP/TiO2

composite film for gas sensing applications rely on two

necessary (although not sufficient) conditions: (i) the modi-

fication of the optical response of the dye molecules by their

interaction with gases and (ii) the accessibility of these gases

to the sensing molecules even if they are trapped into the

pores of the TiO2 films. The reversibility of the interaction

process is another related condition for this purpose. To

address these points with our films, we have carried out a

very simple experiment consisting of the exposure of the

TMPyP/TiO2 composite thin films to the vapors of a concen-

trated HCl solution at 37%. The ability of the TMPyP

molecule to protonate in acid solutions is a well-known

property of this molecule (the pK of the TMPyP is arround

1,5) (27) that has been proposed as pH sensor when depos-

ited onto a glass plate (35). The results of our experiment

are shown in Figure 10, where the changes in the UV-vis

absorbance (top) and the fluorescence spectra (bottom) are

reported. In Figure 10 (top), it is observed that exposure of

the films for less than one second to acid vapors drastically

changes the shape of the whole absorption spectrum. The

fact that practically no contribution of the original band

remains in the spectrum supports that virtually all the TMPyP

molecules have been affected by the acid exposure. To a first

approximation, the spectral changes can be characterized

by a shift of the Soret band by 25 nm and a drastic decrease

in the intensity of the fluorescence spectrum. A quite similar

shift in the Soret band has been reported by Kalimuthu et

al. (50) in the above-mentioned work where these authors

attributed this effect to the protonation of the molecule.

Protonation is further supported in our case by the drastic

decrease in the intensity of the two first Qy bands at 522 and

560 nm and the enhancement of the intensity of the Qx

bands at 592 and 648 nm because of a loss of the D2h

symmetry of the molecule (27, 30). As shown in Figure 10

(bottom), the protonation of the TMPyP molecule produces

a drastic decrease in the fluorescence intensity. Similar

results has been obtained by Kalimuthu et al. (50).

The possible use of the dye/TiO2 composite thin films as

optical sensors is further sustained by the fact that, according

to Figure 10, the absorption and the fluorescence spectra

almost recover their initial intensity and shape by leaving

the sample in air for 3 h. This recovery of the shape of the

spectra indicates that the process is reversible and therefore

the infiltrated molecules can undergo an exchange process

with the environment. Looking at the possibility of using our

films as real photonic sensors, preliminary experiments with

the sample at t > 50 °C have shown that this recovery

process is drastically accelerated. Further work is being

carried out at present in our group to ascertain this behavior

and develop real sensor materials based on optically active

porphyrin/TiO2 composite films (1).

FIGURE 10. Absorption (top) and fluorescence (bottom) spectra of
the change and recovery under HCl exposure.
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CONCLUSIONS
In this work, we have investigated the infiltration process

of TMPyP molecules within very porous but optically trans-

parent TiO2 thin films prepared by GAPVD. The total porosity

of these films and their pore size distribution has been

assessed by measuring water adsorption isotherms. Because

the prepared composite films did not disperse the light, they

are deemed appropriate for their implementation in optical

and photonic devices. In comparison with polymers and

other similar matrixes, where processes like deformation

and swelling may occur on exposure to certain analytes,

advantages of our films are their robutness and the fact that

their initial state can be recovered by pumping and/or

heating at moderate temperatures.

The incorporation process of the porphyrin dye, consist-

ing of the infiltration of the dye molecules from an aqueous

solution, was highly dependent on the pH and can be

explained by using the PZC concepts used to account for the

evolution of the surface charge on oxide suspensions.

The incorporation process can be described according to the

Langmuir adsorption model, whereas the kinetics of incor-

poration follows an Elovich equation. This description of the

equilibrium and kinetics of the adsorption discards that

diffusion plays a significant role in limiting the accessibility

of the TMPyP molecules to the voids of the thin film, and

that the number of adsorption sites is the controlling factor

of the infiltration process at each pH.

The optical properties of the composite TMPyP/TiO2 thin

films have been investigated by absorption and fluorescence

spectroscopies. Although the actual state of the molecules

within the films has not been unraveled yet, the assessment

of these spectra confirm a tight interaction of the molecule,

very likely in the form of monomer, with the surface of the

TiO2, although the formation of J-dimers cannot be excluded.

The easy accessibility of gases to all dye molecules and the

reversibility of the process in a preliminary experiment

consisting of the exposure of the composite films to acid

vapors suggests that these types of optically active thin films

are potentially good materials to develop into optical gas

sensors.
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