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The molecular mobility of amorphous ibuprofen has been investigated by broadband dielectric relaxation
spectroscopy (DRS) covering a temperature range of more than 200 K. Four different relaxation processes,
labeled as R, �, γ, and D, were detected and characterized, and a complete relaxation map was given for the
first time. The γ-process has activation energy Ea ) 31 kJ ·mol-1, typical for local mobility. The weak
�-relaxation, observed in the glassy state as well as in the supercooled state was identified as the genuine
Johari-Goldstein process. The temperature dependence of the relaxation time of the R-process (dynamic
glass transition) does not obey a single VFTH law. Instead two VFTH regimes are observed separated by a
crossover temperature, TB ) 265 K. From the low temperature VFTH regime, a Tg

diel
(τ )100 s) ) 226 K was

estimated, and a fragility or steepness index m ) 93, was calculated showing that ibuprofen is a fragile glass
former. The D-process has a Debye-like relaxation function but the temperature dependence of relaxation
time also follows the VFTH behavior, with a Vogel temperature and a pre-exponential factor which seem to
indicate that its dynamics is governed by the R-process. It has similar features as the Debye-type process
observed in a variety of associating liquids, related to hydrogen bonding dynamics. The strong tendency of
ibuprofen to form hydrogen bonded aggregates such as dimers and trimers either cyclic or linear which seems
to control in particular the molecular mobility of ibuprofen was confirmed by IR spectroscopy, electrospray
ionization mass spectrometry, and MD simulations.

1. Introduction

Ibuprofen is a nonsteroidal worldwide used pharmaceutical
compound which belongs to the category of 2-arylpropanoic
acid (see Scheme 1 in the Experimental and Computer Simula-
tion Details section), showing analgesic, antipyretic and anti-
inflammatory properties.1 Recently, it was found by Johari et
al.2 that the crystallization of ibuprofen can be easily circum-
vented on cooling from the melt. Then it exhibits similar
properties as conventional glass forming materials,3-5 both in
the glassy state and the supercooled liquid.

The knowledge of the time scales and temperature depend-
ences of molecular motions are particularly relevant not only
from a fundamental point of view regarding the current interest
on glass formers and the glass transition5-7 but also to profit
from the advantageous properties of the amorphous state.
Amorphous pharmaceutical compounds can play a crucial role
concerning the therapeutic activity. In fact, a growing interest
is devoted to the development of amorphous solid pharmaceu-
ticals since the amorphous form of a drug often shows an
improved solubility, accelerated dissolution and bioavailability

promoting therapeutic activity when compared to the ordered
crystalline material as underscored in recent publications.7-9

However, the amorphous solid state is out of equilibrium, and
therefore unstable. If the molecular motions causing this
instability are not arrested over a time scale meaningful for
pharmaceutical applications, important changes in some of the
physicochemical properties9-11 of the drug can occur. Indeed,
significant molecular mobility can persist in the glassy state
(below the glass transition temperature, Tg) enabling, for
instance, the occurrence of phase transitions such as crystalliza-
tion.12,13 In this context, the knowledge of the parameters that
characterize the molecular dynamics is important for a stable
storage and the shelf life of amorphous pharmaceuticals.14

For conventional glass formers the temperature dependence
of the relaxation time for the structural relaxation (dynamic glass
transition, R-relaxation) in the supercooled state usually shows
a deviation from the Arrhenius behavior following the well-
known Vogel-Fulcher-Tammann-Hesse law (equation 6 in
the Discussion) close to Tg. Recently it was proven that the same
phenomenology apply to the dynamical behavior of pharma-
ceutical compounds.15-22 The deviation from an Arrhenius
behavior provides a useful classification of glass formers.23-25

Materials are called “fragile” if their temperature dependence
of relaxation times markedly deviates from the Arrhenius
behavior and “strong” if it is close to the latter. In other words,
“fragility” indicates how strongly the relaxation time changes
as Tg is approached from temperatures above the glass transition.
It is one central parameter describing glassy dynamics and
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reflecting the stability of a liquid structure to temperature
changes in the supercooled state.4

Broadband dielectric relaxation spectroscopy (DRS) is a
powerful tool to probe the molecular dynamics in the super-
cooled and glassy state26 and was recently employed in
pharmaceutical research.15-22,27 Since studies about the molec-
ular dynamics of ibuprofen are scarce in the literature,2 dielectric
spectroscopy is applied to get relevant information regarding
its different molecular fluctuations from the molten down to
the glassy state. A better understanding of the mechanisms of
molecular mobility which can cause changes during processing
or even storage and handling of pharmaceutical substances is
given. Both a wide temperature (143 to 363 K) and frequency
range (10-1 to 109 Hz) is employed, allowing to provide a
complete relaxation map which includes besides the R-process
already discussed by Johari et al.,2 two secondary relaxations
(� and γ), and a Debye-type process known for alcohols.28 The
study enables the characterization of ibuprofen without a partial
crystallization as it is reported in ref 2. The DRS investigations
were complemented with differential scanning calorimetry
(DSC), high-performance liquid chromatography (HPLC), elec-
trospray ionization mass spectrometry, infrared spectroscopy
(IR) experiments, and molecular dynamics (MD) simulation in
order to gain deeper insights into the molecular dynamics,
molecular structure, and the hydrogen bonding (HB) statistics
of ibuprofen.

2. Experimental and Computer Simulation Details

Materials. Ibuprofen ((2R,S)-2[4-(2-methylpropyl)phenyl]
propanoic acid, C13H18O2 (see Scheme 1)) was purchased from
Sigma (catalogue number I4883 (CAS 15687-27-1), lot
number 026H1368, 99.8% GC assay) with a molar mass of
206.28 g.mol-1 (being a racemic mixture of S-(+)-ibuprofen
and R-(-)-ibuprofen). It was used without further purification.
For the sake of simplicity, the studied (()-ibuprofen mixture
will be referred to here as ibuprofen.

Differential Scanning Calorimetry. A 2920 MTDSC TA
Instruments calorimeter interfaced with a liquid nitrogen cooling
accessory was used for the differential scanning calorimetry
(DSC) experiments. Dry high-purity He gas with a flow rate of
30 cm3/min was purged through the sample. The baseline was
calibrated scanning the temperature range of the experiments
with an empty pan. The temperature calibration was performed
taking the onset of the endothermic melting peak of several
calibration standards.29 A sample of 4.03 mg was introduced in
an aluminum pan and hermetically sealed using an encapsulating
press. A temperature range from 173 to 353 K was covered
using a heating/cooling rate of 5 K/min.

Dielectric Relaxation Spectroscopy. Low Frequency Range.

The complex dielectric function ε*(f) ) ε′(f) - iε(f) (f )

frequency, ǫ′ ) real part, ǫ′′ ) imaginary part) was measured
by an Alpha-N analyzer from Novocontrol GmbH, covering a
frequency range from 10-1 Hz to 1 MHz. Approximately 75
mg of the as-received ibuprofen powder with silica spacers of
50 µm thickness was placed between two gold plated electrodes
(diameter 20 mm) of a liquid parallel plate capacitor. This cell
is sealed and so the evaporation of ibuprofen during successive
runs30,31 is avoided. For the analysis of the thermal transitions
the measurements were performed with ibuprofen as a disk
prepared by compressing approximately 40 mg under a pressing
force of ∼50 kN, placed between two gold plated electrodes
(diameter 10 mm).

In order to investigate the molecular mobility in the melt,
the supercooled liquid and the glassy state, the sample was kept

∼1 h at 353 K, slightly above Tm, to ensure a complete melting.
Dielectric spectra were collected isothermally from T ) 353 K
to T ) 143 K decreasing the temperature in different steps: in
the range 353 K g T g 283 K in steps of 5 K; from 283 to 223
K in steps of 1 K and in the remaining temperature range (223
K g T g 143 K) in steps of 2 K. In addition, to reveal cold
crystallization ε* was measured with increasing temperature
from 143 K up to 353 K. A detailed study will be reported
elsewhere.

High Frequency Range. From 106 Hz to 109 Hz a coaxial
line reflectometer was employed based on the impedance
analyzer HP 4191A. Samples were prepared in parallel plate
geometry between two gold-plated electrodes of 6 mm diameter
separated by silica spacers of 50 µm thickness. Isothermal
frequency scans were carried out from 363 K down to 243 K,
in steps of 2 K.

For both frequency regimes, the temperature of the sample
was controlled by a Quatro Novocontrol cryo-system with high
temperature stability.

Data Analysis. The dielectric spectra were analyzed by fitting
a sum of Havriliak-Negami model functions32 to the isothermal
data

ε*(ω)) ε∞ +∑
k

∆εk

[1+ (iωτHNk)
RHNk]�HNk

(1)

where k sums over the different relaxation processes, ω is the
angular frequency ω ) 2πf, τHN is a characteristic relaxation
time that is related to the frequency of maximal loss fmax, ∆ε is
the dielectric relaxation strength of the process under investiga-
tion and ε∞ the high frequency limit of the real part ε′(ω); RHN

and �HN are fractional shape parameters (0 < RHN e 1 and 0 <

RHN.�HN e 1) describing the symmetric and asymmetric
broadening of the dielectric spectrum. Conductivity effects were
taken into account for temperatures higher than 258 K by adding
a contribution (σDC/ε0ω) to the imaginary part of the fit function;
σDC is the dc conductivity of the sample and ε0 is the dielectric
permittivity of vacuum.

From the estimated values of τHN, RHN, and �HN, a model-
independent relaxation time τ (τ ) τmax ) 1/(2πfmax)) was
calculated according to33

τ) τHN × [sin( RHNπ

2+ 2�HN
)]-1/RHN[sin(RHN�HNπ

2+ 2�HN
)]1/aHN

(2)

The analysis of dielectric data was extended by the isochronal
representation of the dielectric loss, i.e., ε′′ versus temperature
at constant frequencies (ε′′ (T, f ) const)). A superposition of k

Gaussians34 was fitted to the isochronal representation of ε′′ to
obtain the maximum temperature of peaks, Tmax,k, for each
measured frequency.

High-Performance Liquid Chromatography. The chemical
stability of ibuprofen recrystallized from melt after being kept
1 h at 353 K was determined by high-performance liquid
chromatography (HPLC) in comparison with the chromatogram
obtained for ibuprofen as received.

SCHEME 1: Chemical structure of Ibuprofen Molecule,
Where C* Is a Chiral Carbon Atom
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HPLC analysis were carried out with a HPLC system (Waters)
coupled with a pump and a controller (Waters 600), an in-line
degasser (Waters), an autosampler (Waters 717 plus) and a
photodiode array detector (DAD, Waters 996). The HPLC
analysis was performed in a reverse phase column (Purosphere
RP-18e, 250 × 4 mm, 5 µm, Merck) with DAD detection from
200 to 600 nm with a flow rate of 1.0 mL/min, using a 20 min
linear gradient from 15 to 100% acetonitrile in formic acid
(0.1%), both HPLC grade, followed by a 10 min isocratic elution
with acetonitrile. The two analyzed samples (ibuprofen as
received and the one obtained after thermal treatment) were
dissolved in methanol (HPLC grade).

Only one sharp peak with retention time of 19.93 ( 0.02
min is detected for both samples of ibuprofen as received and
annealed at 353 K during 1 h (Figure 1). This proves that the
thermal treatment does not affect chemically the ibuprofen
structure.

Electrospray Ionization Mass Spectrometry. Electrospray
Ionization Mass Spectrometry (ESI-MS) experiments were
performed in a quadropole VG Platform (Micromass, U.K., Ltd.,
MassLynx software version 4.0) spectrometer equipped with
an electrospray ionization source operating in the negative
ionization mode. Ibuprofen dissolved in methanol (HPLC grade)
was infused by a syringe pump (pump 22, Harvard Instruments,
USA) with a flow rate of 10 µL/min. Capillary temperature was
kept constant between 373 and 393 K. A capillary voltage of
3.5 kV was used. The data were acquired at a constant cone
voltage ranging from -20 V to -100 V (in steps of 10 V).

Nitrogen at room temperature was used as drying and
nebulizing gas at 300 and 10 mL/min, respectively. The used
spectra m/z range was 200-650.

Infrared Spectroscopy. Infrared spectra of both (i) KBr pellet
containing an aliquot of ibuprofen recrystallized after being kept
1 h at 353 K and (ii) a drop of neat ibuprofen cooled from the
melt inserted between NaCl windows, were recorded, at room
temperature, using an ATI Mattson Genesis Series Fourier
transform infrared spectrometer. Spectra were taken with a
resolution of 4 cm-1; 64 scans were averaged.

Computer Simulation. Molecular Dynamics simulations of
a racemic mixture of ibuprofen molecules have been performed
using the DL POLY program.35 The all-atom general amber
force field (GAFF)36 has been used. The starting structure of
the R and S enantiomers was obtained from neutron diffraction

of crystalline racemic ibuprofen.37 The initial configuration of
the system was constructed from a 50:50 mixture of each
ibuprofen enantiomer randomly located and oriented in a cubic
simulation box. The total number of molecules is N ) 54. The
lengths of all covalent bonds were kept fixed using the SHAKE
algorithm,38 with a relative tolerance of 10-8. One fs was used
as integration time-step for the equations of motion using the
Verlet leapfrog algorithm.39 A cutoff radius of 12 Å was used
to calculate the van der Waals interactions by a Lennard-Jones
potential. Lorentz-Berthelot mixing-rules were employed for
the cross-interaction terms. Atomic charges were derived from
ab initio density functional calculation with the B3LYP/6-31G*
basic set using the Gaussian package.40 Electrostatic interactions
were handled by the reaction field method using a value of the
dielectric permittivity εRF ) 8. The validity of the reaction field
method was checked by performing one MD simulation using
Ewald summation. No significant structural or dynamical
difference has been found between both techniques. A calcula-
tion of the average dipole moment yields to a value of =1.64
D in agreement with the one reported in the literature for an
isolated ibuprofen molecule.41

Temperature and pressure have been controlled using the
Berendsen thermostat and barostat42 with a relaxation time of
0.2 and 2.0 ps respectively. The average volume of the
simulation box was calculated from constant pressure simulation.
The estimated volume has been fixed in the subsequent
production simulations, from which all the properties were
determined. An experimental value of the density of liquid
ibuprofen is not available in the literature. The crystalline
structure, the melting enthalpy, the position of the first sharp
diffraction peak of ibuprofen in the liquid state and its
characteristic relaxation time were well reproduced by this
model assuming a density of 0.96 g/cm3 in the simulations. A
detailed discussion will be reported elsewhere. All data reported
in the following have been obtained for liquid ibuprofen at 360
K.

3. Results and Discussion

3.1. Association of Ibuprofen Molecules by Hydrogen

Bonding. Electrospray Ionization Mass Spectrometry. Elec-
trospray ionization mass spectrometry was used as a comple-
mentary analytical tool in order to investigate the tendency of
ibuprofen to form molecular aggregates. Figure 2 shows the
mass spectra due to the ionization of ibuprofen (Ibu) obtained
for two cone voltages: (a) -20 and (b) -40 V. The intensities
of the peaks depend on the ionization conditions. The most
probable ions, under these conditions, are: the deprotonated
monomer, [Ibu - H]-, which is the one that presents the highest
intensity, a homogeneous dimer species, [2Ibu - H]-; and two
sodium bridged adducts, [2Ibu - 2H + Na]- and [3Ibu - 2H
+ Na]-, respectively, involving two and three ibuprofen
molecules.

In electrospray ionization, the analytes in solution are
transferred to the gas-phase in a soft manner. Only a low
fragmentation of the molecules occurs under controlled operating
conditions (in particular, the cone voltage). This is also true
for molecular aggregates that already exist in the solution which
can be preserved during the ESI process.43,44 Thus noncovalent
aggregated species in solution are kept intact in the gas-phase
being detected in the mass spectrum. Therefore, the observed
dimer species where two ibuprofen molecules are associated
via hydrogen bonding ([2Ibu - H]-) is most likely a result of
intermolecular interactions in the solution phase, as was
established for other ibuprofen derivatives too.43 Moreover, this

Figure 1. HPLC chromatogram (total ion current (TIC) versus retention
time) of ibuprofen dissolved in methanol with a concentration of around
4-5 × 10-4 mol/L. Key: ibuprofen as received, bottom chromatogram;
ibuprofen recrystallized from the melt after being annealed at 353 K
for 1 h, top chromatogram.
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peak detected under the milder conditions of Figure 2a
diminishes for an increased cone voltage (Figure 2b). This result
supports the hypothesis that dimer ion pairs are already present
in the solution phase, rather than been formed by a possible
association taking place in the gas-phase. Additionally, two
sodium adducts were also found. The formation of pseudo
molecular ions between analytes and background metal ions in
solution phase is a well-known feature of ESI mass spectra.45,46

For ibuprofen, besides the sodium bridged dimer ion ([2Ibu -

2H + Na]-) already reported,43 a trimer sodium adduct was
also detected upon increasing cone voltage, which can be
regarded as an indication that collisions in gas-phase are
responsible for adduct formation due to an increased number
of gas-phase collisions. However, the trimer species detected
maintains a hydrogen bond between two monomers that could
exist previous to sampling. A more detailed discussion is beyond
the scope of this work; nevertheless these results confirm the
strong tendency of ibuprofen molecules to form noncovalent
bonded aggregates. This will be further elucidated by both FTIR
measurements and simulation studies.

Infrared Spectroscopy. In order to probe intermolecular
interactions as hydrogen bonded (HB) associations between
ibuprofen molecules, infrared spectroscopy was used to analyze
both crystalline and supercooled (amorphous) ibuprofen at room
temperature. The wavenumber regions of particular interest are
located around 3000 and 1700 cm-1, due to the absorption bands
of O-H and CdO stretching modes, respectively. Free O-H
and CdO have characteristic frequencies at approximately 3520
and 1760 cm-1 appearing as sharp lines.47 In the presence of
hydrogen bonds these stretching vibrations are perturbed: the
CdO band shifts down to lower wavenumbers (1700-1725
cm-1) and the O-H vibration gives rise to a broadband between
3300-2500 cm-1 (ref 47). The contribution attributed to the
free OH and CO groups is rather small in the spectra presented
in Figure 3 (nevertheless the corresponding frequencies are
indicated by arrows). The characteristic bands are assigned to
hydrogen bonded groups in both crystalline and supercooled
ibuprofen. Similar features are reported for FTIR studies
involving hydrogen-bond interaction in materials that also
contain carboxylic groups.48,49 Thus it can be concluded that
the ibuprofen molecules exist almost in the form of hydrogen

bonded aggregates in both phases. The major difference between
them is the lower intensity and the broader bands in the spectrum
of the supercooled liquid due to its less organized structure.

It is also reported from X-ray diffraction that in racemic
crystalline ibuprofen, one R and one S molecule form a cyclic
dimer through a strong double-hydrogen bond involving the
COOH acid groups, organized in the monoclinic P21/c space
group.37,50 These IR results corroborate the affinity of ibuprofen
molecules to form hydrogen bonded aggregates, such as dimers
or trimers, as concluded from the ESI-MS results. It should be
strongly underlined that the combination of experiments reported
here verifies the existence of hydrogen bonded aggregates also
in the supercooled state. That will strongly affect the dielectric
behavior of ibuprofen, as discussed later.

Molecular Dynamics Simulations. Hydrogen bonding sta-
tistics can be obtained from molecular dynamics (MD) simula-
tion and compared to the experimental results. Especially the
population of different HB associated structures can be esti-
mated, which is a useful tool to probe the structure of liquid
ibuprofen. In the present study, two oxygen atoms are considered
to be H-bonded if (i) they do not belong to the same molecule,
(ii) the oxygen-oxygen distance is less than 3.4 Å, and (iii)
the O-HsO angle is larger than 120°.51 This criterion allows
to include more deformed and weaker HBs in the statistics. Each
ibuprofen molecule has two oxygen atoms localized in the
carboxylic acid group COOH which can form hydrogen bonds.
The carbonyl oxygen site acts as proton acceptor and can only
form HB with hydroxyl oxygen sites of other ibuprofen
molecules. The hydroxyl oxygen site may act both as acceptor
and donor. MD calculations reveal that the fraction of hydroxyl
oxygen’s forming HBs with other hydroxyl oxygen’s is only
0.24 while it is 0.76 with the carbonyl oxygen’s. Therefore,
cyclic HB associated structures displayed in Figure 4 should
be strongly favored.

The fraction of ibuprofen HB hydroxyl oxygen sites forming
simultaneously ns HBs with other neighboring ibuprofen HBs
sites either carbonyl or hydroxyl sites is 0.28, 0.63 and 0.09
for ns ) 0, 1 and 2 respectively. The number of sites
participating in more than ns ) 2 HBs is negligible. Results for
the HB carbonyl oxygen sites are 0.41, 0.57, and 0.02. This
result indicates that the structure of ibuprofen is not dominated
by long chains of open double hydrogen bonded molecules
corresponding to ns ) 2 (see Figure 4c) as usually seen for
alcohols.52 Instead, liquid ibuprofen mainly consists of single

Figure 2. ESI mass spectra, relative intensity (% of spectral intensity
with respect to the most intense peak - the deprotonated molecular ion,
[Ibu - H]-) vs m/z of ibuprofen in methanol solution, obtained in the
negative ionization mode with cone voltages of (a) -20 V and (b)
-40 V. The peaks of interest are as follows: [Ibu - H]-, m/z ) 205;
[2Ibu - H]-, m/z ) 411; [2Ibu - 2H + Na]-, m/z ) 433 and [3Ibu -

2H + Na]-, m/z ) 639.

Figure 3. Infrared spectra of crystalline (solid line) and supercooled
liquid (dashed line) Ibuprofen at room temperature. The wavenumbers
of the free O-H and CdO stretching vibrations are indicated by arrows,
the respective absorption intensities are low in both spectra showing
that the ibuprofen molecules form almost hydrogen bonding aggregates.
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HB molecules (ns ) 1) (Figure 4, parts a, b, and d). Therefore,
fundamental differences are likely to exist between ibuprofen
and alcohols in their dielectric properties as discussed below.
Moreover, the ns ) 0 fraction can be compared with the intensity
of the bands characteristic for free OH and free CdO observed
in the IR spectra. At T ) 360 K in the simulation, the fraction
of non-hydrogen bonded sites is large compared to the IR results
shown in Figure 3 for a slightly different temperature of T )

300 K. This spectra point to a low amount of free OH and free
CO. However, additional MD simulations performed at higher
temperatures indicate a clear decrease of the value of the ns )

0 fractions with decreasing temperature. Linear extrapolations
to T ) 300 K leads to 0.18 for the fraction of free OH and 0.30
for the fraction of free CO which seems still too high. Most
likely, the simulation procedure overestimates the number of
nonaggregated ibuprofen molecules. However, it should be
underlined that it gives clear-cut evidence for hydrogen bonded
aggregates and there structures. For further discussion the
dependence of ns ) 0 as function of temperature below T )

360 K might be interesting but additional time-consuming
calculations are required, which will be discussed elsewhere.

The fraction of multimers composed of n ibuprofen molecules
detected on average during the MD simulation is displayed in
Figure 5. A large variety of aggregates are theoretical possible
as also suggested by the electrospray ionization mass spectros-
copy and the broad adsorption peaks in the FTIR spectra.

The fraction of isolated molecules (n ) 1) is found to be
lower than those of dimers (n ) 2), trimers (n ) 3), and
tetramers (n ) 4) which are expected to be the most probable
structures from the simulations. Additional larger associated
structures are also observed but their fraction is small at this
temperature. Most important is the contribution of linear and
cyclic geometries to the total number of dimers and trimers
structures which is summarized in Table 1. Cyclic tetramers
are not considered in the following since their fraction is
negligible (below 1%) in the MD simulations. Oppositely, Table
1 reveals a significant contribution of cyclic structures to the
total number of dimers and trimers (see also Figure 5): 43%
and 31% for the dimers and the trimers respectively. This result
is consistent with the reported structures of racemic and
nonracemic crystalline ibuprofen in which the molecules form
hydrogen-bonded cyclic dimers.37,53,54 Moreover, these cyclic

Figure 4. Snapshots of possible hydrogen bonded aggregates of ibuprofen molecules obtained from MD simulations: (a) linear dimer, (b) cyclic
dimer, (c) linear trimer, and (d) cyclic trimer.
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structures are found to be extremely stable compared to the
linear ones. Indeed, the survival probability of the intermolecular
HBs structures formed between the different ibuprofen mol-
ecules has been estimated from the time decay of the intermittent
correlation function Cn(t) ) 〈hn(t) ·hn(0)〉 where hn(t) is unity if
a given multimer composed of n molecules formed at time 0
remains intact at time tseven if it has broken in betweensand
is zero otherwise. 52,55 The lifetime of one multimer of size n is
defined as the time Cn(t) decays from 1 to 1/e. Lifetimes of
dimers and trimers either cyclic or linear are reported in Table
1. This shows that the estimated lifetimes of cyclic geometries
are about one decade longer than that of the linear ones.

3.2. Thermal Transitions Studied by DSC and DRS. To
achieve the conditions to obtain ibuprofen in the supercooled
and glassy states, differential scanning calorimetry is carried
out in three successive scans (Figure 6).

In the first scan, ibuprofen was heated to 353 K. An
endothermic peak, with an onset at 347 K, identifies the melting
of the sample at the melting temperature Tm which is typical
for the racemic mixture.30,31 The enthalpy of fusion is 25.5
kJ ·mol-1 in agreement with the value reported by Xu et al..56

In the subsequent cooling scan (run 2) crystallization is avoided,
there is no exothermic peak close to Tm. Continuous cooling
leads to the glass transition around 228 K. The subsequent
heating scan, run 3, from the glassy state, shows the charac-
teristic signature for the glass transition in the heat flow with
an onset at Tg ) 228 K, along with an enthalpy overshoot. The
heat capacity step at the glass transition is ∆Cp ) 0.37
J ·K-1 ·g-1 ) 76 J ·K-1 ·mol-1. The sample does not recrystal-
lize during heating to 353 K. These results are in good
agreement with those reported by Dudognon et al.57

The melting of ibuprofen was also monitored by DRS by
measuring ε*(ω) from room temperature up to 353 K with a
heating rate of 1 K/min, using a compressed disk sample;

measurements using a powder sample (without compressing)
give highly scattering data approaching the melting temperature.
The real part of the complex permittivity, ε′, at a frequency of
105 Hz, is plotted in Figure 7, versus temperature (run 1). ε′
shows a steep increase with a midpoint at 345 K (gray filled
circles) in good agreement with calorimetric measurements.
Absolute values for ε′ are omitted due to the fact that both
thickness and volume of the sample changes during melting.

During subsequent cooling with a rate of 10 K/min (run 2),
after the sample being kept at 353 K, no discontinuity occurs
around Tm, indicating that crystallization does not take place
and a supercooled liquid is obtained (SCL in Figure 7). ε′ (open
circles) remains constant down to 273 K followed by a step
indicating the dynamic glass transition (R-relaxation) ac-
companied by the corresponding dielectric loss peak in ε′′
(triangles).

It must be emphasized that ε′ is a useful property to probe
melting and crystallization transitions, with the advantage of
being frequency independent and not being affected neither by
conductivity nor implying any data modeling. Thus, ε′ has a
practical importance to monitor phase transitions in pharma-
ceutical compounds.

Figure 5. Fraction of ibuprofen intermolecular hydrogen bonded
structures (n-mers) as function of the number of molecules n involved
in the different multimers as obtained from MD simulation for T )

360 K. See Figure 4 for snapshots of some examples of hydrogen
bonded aggregates.

TABLE 1: Fraction, Lifetimes, Average Dipole Moments (µ)
and Kirkwood Correlation Factors (gK) of Cyclic and Linear
Geometries of the Dimers and Trimers Structures As
Obtained from the MD Simulations

dimers trimers

T ) 360 K cyclic linear cyclic linear

fraction % 43 57 31 69
lifetime (ps) 346 33 226 13.6
µ (D) 1.29 2.15 1.68 2.50
gK 0.32 0.89 0.38 0.83

Figure 6. DSC thermograms of ibuprofen obtained during heating/
cooling with 5 K/min. Run 1: Heating of the as received crystal; Tm )

347 K is the extrapolated onset melting temperature. Run 2: Subsequent
cooling of the melt from 353 K down to 193 K. Run 3: Following
heating of the vitrified ibuprofen to a temperature higher than Tm. The
inset enlarges the glass transition region obtained on heating. Tg ) 228
K is the onset glass transition temperature; at higher temperatures there
is no evidence of recrystallization.

Figure 7. Temperature dependence of the real, ε′ (circles) and
imaginary, ε′′ (triangles) part of the complex dielectric function for a
frequency f ) 105 Hz. Run 1: DRS result obtained on heating at 1
K/min of a compressed disk of the as received crystalline ibuprofen.
The observed step increase of ε′ (gray filled circles) is the melting
transition, however can not be taken quantitatively since thickness
changes occurred. Run 2: DRS result recorded on cooling with 10
K/min, after annealing at 353 K for 1 h, evidencing the bypass of
crystallization and further occurrence of glass transition. The ε′ scale
is only valid for run 2 (see text for details).
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3.3. Dielectric Characterization of the Molecular Mobility

of Ibuprofen. The ε′ trace at 105 Hz obtained under isothermal
conditions is similar to that of Figure 7. The experimental
procedure is equivalent to effective cooling rates less than 1
K/min (∼ 0.6 K/min in the temperature range from 353 to 273
K and ∼0.2 K/min from 273 to 143 K). Under this condition,

ibuprofen easily supercools with no need of high cooling rates.
However, crystallization can occur during the cooling when the
time spent previously in the molten state is too short to eliminate
all crystallization nuclei. Therefore the sample is kept for 1 h
in the molten state at T ) 353 K prior to the measurement.
Moreover, it was also observed that if the supercooled liquid is
stored at room temperature for several hours, or even days,
without any external perturbation, crystallization does not occur.

Parts a-c of Figure 8 show illustrative dielectric loss spectra
acquired in the available frequency range covering a wide
temperature interval from the glass to the supercooled state.
Multiple relaxation processes take place in ibuprofen. In the
glassy state at the lowest temperatures, a well defined broad
secondary process with a weak intensity is observed, here
designated as γ (Figure 8a). At temperatures between 191 and
229 K, another secondary relaxation process, with even lower
intensity moves inside the frequency window with increasing
temperature, labeled as � (Figure 8b). In the supercooled state
this process becomes submerged under the main relaxation
process (R-relaxation) associated with the dynamic glass transi-
tion (Figure 8c). In the mega to gigahertz frequency region it is
possible to observe the high frequency part of the R-process
and the secondary γ-relaxation that shifts out from the low
frequency window. At higher temperatures, the intensity of the
secondary γ-process becomes comparable to the magnitude of
the main R-process and both merge to a single process (for T

> 311 K), here named a (Figure 8c). Moreover, at temperatures
higher or frequencies lower than for the R-process (Figure 8c),
a less intense process named D is observed which persists active
in the whole studied temperature range, even for temperatures
higher than the overlapping of the R- and γ- processes.

Equation 1 was fitted to the isothermal dielectric data where
additive behavior is assumed. Figure 9 gives three representative
examples for this procedure where both the real and the
imaginary parts were used in the fits.

This fitting procedure allows us to extract the spectral shape,
the dielectric strength, and the relaxation time for each process
which are discussed in the following in detail.

(i) Spectral Shape. Both secondary relaxation processes show
a non Debye behavior. The peak of the γ-relaxation (for T <

Tg) is broad (RHN ∼ 0.5) and asymmetric (RHN*�HN ) 0.2);
above Tg, for temperatures higher than 233 K, the shape
parameters of the γ-relaxation change significantly (�HN ) 1
and RHN ∼ 0.6-0.8).

The �-process, in the subglass temperature region, can be
well described by a symmetrical Cole-Cole function (i.e., �HN

) 1) with RHN ∼ 0.45; these parameters were kept constant in
the narrow temperature range above Tg where it was still possible
to follow the �-trace.

The shape of the R-relaxation has a weak temperature
dependence (RHN,R ≈ 0.81; �HN,R ≈ 0.52), allowing to construct
a master curve. Figure 10 presents the reduced plots of ε′′ /ε′′ max,
where ε′′ max is the maximum loss of the R-peak, against log(f/
fmax), obtained between 232 and 262 K. The D-process that
shows up in the low frequency flank is characterized by a
Debye-like behavior (RHN ) 1; �HN ) 1). To describe the data

Figure 8. (a) Dielectric loss versus frequency in the glassy state, in
steps of 4 K from T ) 143 K to T ) 175 K. (b) Dielectric loss versus
frequency from 191 K to T ) 229 K in steps of 2 K. Filled black
circles correspond to the detected �-process in the glassy state, whose
relaxation rate follows an Arrhenius temperature dependence (Table
2). Filled diamonds represent the isothermal data taken at 226 K which
corresponds to Tg

diel(τ ) 100 s). (c) Dielectric loss spectra above the
glass transition temperature between 233 and 323 K, in steps of 10 K.
For clarity reasons, at temperatures higher than 243 K, when the
conductivity contribution becomes important, data and fitting curves
have been suppressed from the lower frequency part of the spectra. In
parts a-c, the solid lines are the overall HN fitting curves to data.

TABLE 2: Estimated Parameters of the Arrhenius Fit, τ(T) ) τ∞ exp(Ea/RT), to the Secondary γ- and �- Relaxation Times,
and of the VFTH Fit, τ(T) ) τ∞exp(B/(T - T0)), to the r, a and D-Relaxation Times

γ-process (T < Tg) �-process (T < Tg) R, a processes D-process

Ea/kJ ·mol-1 τ∞/s Ea/kJ ·mol-1 τ∞/s B/K τ∞/s T0/K B/K τ∞/s T0/K

30.5 ( 0.7 (6 ( 4) × 10-16 52 ( 2 (3 ( 4) × 10-16 VFTH1 1426 ( 50 (1.2 ( 0.6) × 10-14 187 ( 1 1379 ( 49 (0.9 ( 0.3) × 10-12 191 ( 1
VFTH2 792 ( 13 (1.7 ( 0.1) × 10-12 205.6 ( 0.6
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for T > 262 K, where the experimental frequency range was
extended up to 109 Hz, the shape parameters of the main
relaxation were constrained to vary within the range of values
found for lower temperatures (RHN,R ) 0.81 ( 0.02; �HN,R )

0.54 ( 0.02). For the D-process the Debye character is still
assumed in accordance with the experimental data.

The non-Debye nature of the relaxation response in super-
cooled liquids can also be described in the time domain, by the
well-known Kohlrausch-Williams-Watts (KWW) function:58,59

�(t)) exp[-( t

τKWW
)�KWW] (3)

where τKWW is a characteristic relaxation time and �KWW is the
so-called “stretching parameter” (0 < �KWW e 1; �KWW ) 1
for a Debye response). Fitting the normalized HN function that

describes the R-loss peak (solid line in Figure 10) by the one-
side Fourier transformation of the stretched exponential function,
a �KWW value of 0.52 is obtained (dashed line in Figure 10).
This value matches the value estimated from the empirical
correlation proposed by Alegria et al.60 and is similar to the
value reported by Johari et al. (�KWW ) 0.54).2 The estimated
KWW parameters will be later used for a quantitative discussion.

(ii) Dielectric Strength. The temperature dependence of the
dielectric strength, ∆ε, for the different processes is shown in
Figure 11.

Considering the polar carboxylic moiety (see structure in
Scheme 1) and the dipole moment of 1.64 Debye as found by
MD simulations for an isolated molecule, the estimated dielectric
strength is rather low, even for the R-process. The starting point
for the analysis of ∆ε is the extension of the Debye theory by
Onsager, Fröhlich, and Kirkwood (see ref 61 and references
therein).

∆ε)
1

3ε0
gKF

µ0
2

kBT

N

V
(4)

ε0 is the vacuum permittivity, µ0 the dipole moment of the
moving unit in vacuum, F ≈ 1 is the Onsager factor calculated
in the frame of the reaction field, T the temperature, kB the
Boltzmann constant, N/V the number density of dipoles. gK is
the Kirkwood correlation factor to take into account short-range
intermolecular interactions that leadtospecificstaticdipole-dipole
orientations. For predominantly parallel or antiparallel correla-
tions between neighboring dipoles, gK > 1 or 0 < gK < 1,
respectively, while for a random orientation of dipoles gK ) 1
holds. The small values of ∆ε agree with that of Johari et al.,2

which conclude that hydrogen-bonding in ibuprofen favors an
antiparallel correlation of the dipole vectors. In order to get an
insight in the origin of the low dielectric strength from the
molecular point of view, average dipole moments and Kirkwood
correlation factors for cyclic and linear geometries of the dimers
and trimers structures were calculated from the MD simulations.
The corresponding values are summarized in Table 1. The
calculated Kirkwood factors gK < 1 verify the antiparallel
correlation of the dipoles. This is specifically true for cyclic
dimers and trimers which are present in larger fractions (see
Table 1). Moreover the dipole moments are found to be smaller
for the cyclic aggregates than for the linear ones. Both results

Figure 9. Three examples of the fitting procedure where an additive
contribution of three HN-functions is assumed: both the real (open
circles) and the imaginary (filled circles) part of complex permittivity
were included at (a) 213 K, (b) 243 K, and (c) 273 K. The solid lines
represent the overall fit and the dashed lines the individual HN-functions
(Cole-Cole for the �-process, HN for γ- and R- relaxations and, Debye
function for the D-process; for details see section “Spectral Shape” in
the main text).

Figure 10. Dielectric loss curves in the frequency domain 10-1-106

Hz, normalized for the R-relaxation for temperatures between 232 K
(gray filled circles) and 262 K (black filled circles) illustrating its
invariant shape. The high frequency side is affected by the secondary
processes. The solid line represents the individual HN function used
to fit the R-process with RHN ) 0.81 and �HN ) 0.56. The dashed line
is the corresponding fit of the one-sided Fourier transform of the KWW
function with �KWW ) 0.52.
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are consistent with the low measured dielectric strength.
Furthermore, it should be mentioned that the average dipole
moment of the cyclic dimers is even smaller than that of the
isolated molecule (1.64 D). This result is consistent with the
estimation of a weak dipole moment from the ab initio

calculations40 of the isolated racemic (0.00 D) and nonracemic
(0.54 D) cyclic dimers as found in crystalline ibuprofen.37,53,54

However, the values of the dipole moment of the cyclic dimers
obtained in the disordered phase (50:50 mixture of racemic/
nonracemic) are significantly higher than that for crystalline one
since the structures might have distorted geometries.

Concerning the temperature dependence of the dielectric
strength, the intensity of both �- and γ- relaxations are almost
temperature independent in the glassy state. However, the
intensity of the γ-process increases strongly in the temperature
range close to the merging with the R-relaxation (see Figure
11). The same behavior was observed in other systems.62-65

For an epoxy resin it was argued that local motions couple with
diffusive motions dominating at temperatures above Tg.66 This
could be the case for ibuprofen, where the local motions that
originate the γ-relaxation are probably molecular fluctuations
of carboxylic groups.

For the R-process, the ∆ε decreases with increasing temper-
ature as it is well know for conventional glass formers and
polymers. It should be noted that the corresponding temperature
dependencies are much stronger than predicted by eq 4, which
will be explored with more detail later in the text.

In regard to the Debye process, at the lowest temperatures
its dielectric strength is almost temperature independent, while
at temperatures above ∼313 K, ∆εD increases with increasing
temperature (see inset of Figure 11). This behavior will be also
discussed later.

(iii) Relaxation Map. Figure 12 shows the temperature
dependence of the relaxation time τ for all relaxation processes.
Additionally the corresponding values of τ obtained from the
isochronal plots (τ ) 1/(2πf), 1/Tmax) are given. The two data
sets coincide well. The agreement between the two methods
validates the use of isochronal data especially when the
respective loss peaks maxima are poorly defined in the frequency
domain or out of the accessible frequency range. This method
has also been proved to be advantageous in distinguishing
multiple processes.34,67,68

Due to the multiple relaxation processes found in ibuprofen,
for the sake of clarity the relaxation map will be analyzed in
order of increasing temperature.

γ- and �-Process. In the glassy state the relaxation time for
the two secondary processes (γ and �) follow a linear temper-

ature dependence of log(τ) versus 1/T as expected for relaxation
processes related to localized molecular mobility. From the
Arrhenius equation τ(T) ) τ∞ exp(Ea/RT) (R ) ideal gas
constant), values of the activation energy Ea of 31 and 52
kJ ·mol-1 were estimated for the γ- and the �-relaxation
respectively (see Table 2) for temperatures below Tg. For the
γ-process the two sets of data, isothermal and isochronal, were
included in the analysis. Above Tg, the temperature depend-
ence of the relaxation time of the γ-process bents toward that
of the R-process; the corresponding apparent activation energy
is lower than that found in the glassy state. A similar behavior
is reported for dialkyl phthalates69 and glass forming epoxy
resins where, in the later the authors emphasize that it is not a
fitting artifact since the two processes are, at least, two decades
apart allowing a properly spectral deconvolution.70 Also for
ibuprofen, the R- and the γ-process are well separated in this
temperature range by several decades (see Figure 8c). As
suggested by a reviewer, the observed slowing down of the
γ-relaxation, which is a general behavior, is due to its hybridiza-
tion with the �-relaxation when the two relaxations times get
close to each other.

The temperature dependence of the relaxation time of the
�-process shows also a strong change around Tg; i.e., the
Arrhenius-like temperature dependence of τ� below Tg cannot
be extrapolated to temperatures above Tg. This crossover of the
τ� trace below the glass transition to stronger temperature
dependence above Tg has been observed directly in the raw data
for different systems.71-73 This behavior can be discussed in
the framework of the coupling model (CM).74 It postulates a
so-called primitive relaxation process as a precursor of the
R-relaxationwhichistheanalogueofthe“genuine”75Johari-Goldstein
(JG) process.76 The CM predicts a correlation of the relaxation
time of the JG-process, τJG, with that of the R-process which
reads:

Figure 11. Dielectric strength, ∆ε, for the R, �, γ, and D process
versus 1/T. The inset enlarges ∆ε vs 1/T plot for the D-process. Figure 12. Relaxation time, τ, versus 1/T for all processes: open

symbols, isothermal loss data collected during cooling; gray filled
symbols, τ obtained from the isochronal plots for all studied frequencies
f (τ ) 1/(2πf), 1/Tmax). The γ-process runs out from the low-frequency
window at ∼193 K becoming again detectable in the high frequency
range where measurements were only performed for temperatures above
243 K (reason for the gap of data close to Tg). Lines are fits of the
Arrhenius and VFTH formulas to the corresponding data: in the R,a
trace the solid line is the VFTH1 fit and the dashed line is the VFTH2

fit to the data (see text and parameters in Table 2). Light gray stars
indicate the JG relaxation time, τJG, estimated from Coupling Model
(eq. 5). Vertical dashed lines are the dielectric glass transition
temperature Tg

diel. (τ ) 100 s) ) 226 K and the melting temperature
Tm ) 347 K.
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τJG(T)≈τ0(T))tc
n[τ

R
(T)]1-n (5)

τ0 is the primitive relaxation time of the CM, the coupling
parameter n ) 1-�KWW, τR is the relaxation time of the KWW
function (τKWW in eq 3) and tc is a time characterizing the
crossover from independent to cooperative fluctuations found
to be close to 2 × 10-12 s for molecular glass-formers.63 Using
�KWW ) 0.52, eq 5 gives a value of τJG at Tg of 4 × 10-5 s in
good agreement with the experimental τ� value at this temper-
ature (see Figure 12). Also for higher temperatures a good
agreement with τ� is observed. This shows that the changed
temperature dependence of τ� above Tg is consistent with the
CM71 and indicates that the �-process of ibuprofen is a
“genuine” Johari-Goldstein relaxation. Furthermore, below Tg

the activation energy of the �-process estimated from the
Arrhenius equation (see Table 2) gives for the ratio Ea/RTg a
value of 28 in accordance with values found for that ratio
obtained for genuine JG relaxation processes observed for
several glass formers77 (this is slightly higher than the value of
24 as proposed by Kudlik et al.,78 Ea,JG ) 24RTg). Additionally,
the Cole-Cole type of the detected �-process is consistent with
the usually found profile of the Johari-Goldstein �-relaxation.79

All these features points to the direction that the detected
�-relaxation is a Johari-Goldstein process as also found in other
conventional and pharmaceutical glass formers such as sorbi-
tol,80 indomethacin,19 and aspirin.20,81

A different way to rationalize the change in activation energy
of the �-process at Tg is to assume that the actual relaxation
rate is free volume dependent.82 Since the free volume signifi-
cantly increases upon passing the glass transition this will
accelerates the relaxation rate that results in a corresponding
increase in the apparent activation energy.

The r- and a-Relaxation. For the R-relaxation the temper-
ature dependence of the relaxation time is curved when plotted
versus 1/T (see Figure 12). Close to Tg, this dependency is often
described by the empirical Vogel-Fulcher-Tammann-Hesse
(VFTH) equation83-85

τ(T)) τ∞ exp( B

T- T0
) (6)

where τ∞ and B are parameters and T0 is the so-called Vogel
temperature found to be 50 to 70 K below Tg. For conventional
glass formers and polymers it is known that a single VFTH-
law describes the temperature dependence of the relaxation times
only up to a temperature TB ≈ (1.2 - 1.3) Tg. At TB, the
temperature dependence of τR changes from a low temperature
VFTH behavior to a high temperature one.86,87 For a detailed
analysis of the temperature dependency of the R-relaxation of
ibuprofen a derivative method is applied.70,87-89 This method,
is sensitive to the functional form of τ(T) irrespective of the
pre-exponential factor. For a dependency according to the VFTH
equation (eq 6) one gets

[d(log10(1/τ))

dT ]-1⁄2

) ( B

ln 10)-1/2
(T- T0) (7)

Thus, in a plot of [-d( log 10 (τ))/d T]-1/2 versus temperature,
a VFTH behavior shows up as a straight line. In the following
this type of analysis is applied to the dynamic glass transition.
Figure 13a shows that for ibuprofen at least two VFTH equations
(one at high VFTH2 and one at low temperatures VFTH1) have
to be used to describe the data in the whole temperature range.
This is shown for ibuprofen for the first time.

The derivative analysis shows that VFTH1 and VFTH2 have
distinct Vogel temperatures that differ about 20 K, with T0,1 <

T0,2 indicating a different dynamical behavior in the low and
high temperature regime. The intersection of the two VFTH
lines gives a crossover temperature TB ) 265 K. These fits are
shown respectively as solid (VFTH1) and dashed (VFTH2) lines
in the relaxation map (Figure 12) and the characteristics
parameters are presented in Table 2.

The existence of a crossover in the temperature dependence
of the R-relaxation can be revealed also by its dielectric
relaxation strength, which is replotted as a function of temper-
ature in Figure 13b. Besides its strong increase with decreasing
temperature (see also Figure 11), two well separated regions
are observed which can be approximated by two different
dependences of ∆εR versus temperature. The change from the
low temperature behavior to the high temperature dependence
takes place close to TB, in a similar way as occurring for other
glass formers.90 Having in mind that the crossover phenomenon
was estimated from two different properties, the static quantity
dielectric strength and the dynamic relaxation time, a correlation
between both is expected as emphasized in ref 87. The plot of
∆εR versus log10(1/τR), shown in the inset of Figure 13b,
illustrates the predicted correlation where two regions with
different dependencies are observed. Their intersection defines

Figure 13. (a) [-d( log10 (τ))/d T]-1/2 vs temperature for the relaxation
time of the R, a (circles) and the Debye (triangles) processes. The dash-
dotted line is a linear regression to the low-temperature R-relaxation
data where VFTH1 regime holds with a Vogel temperature T0,1, while
the dashed line is the linear fit to the high temperature data characterized
by VFTH2 with T0,2. The intersection of the two lines defines the
crossover temperature TB ) 265 K. The solid line is the linear fit to
the Debye data characterized by a VFTH law with T0,D. (b) Temperature
dependence of the R-relaxation dielectric strength, ∆εR. Lines are guides
for the eyes. The arrow indicates a crossover temperature separating
the high and low temperature region in agreement with the TB value
calculated from the intersection of the VFTH1 and VFTH2 law. The
inset gives ∆εR versus -log10(τR). The intersection of the two
temperatures regimes is indicated by the arrow which gives a relaxation
time corresponding to the crossover temperature of the ∆εR vs
temperature plot.
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a model-free crossover time corresponding to the temperature
TB that in the framework of cooperativity models of the dynamic
glass transition can be regarded as the onset of cooperative
fluctuations.86,87

A similar behavior is discussed for several other glass
formers.89-93

Additionally, the curvature of the log10(τR) vs 1/T plot, i.e.,
the degree of deviation from Arrhenius-type temperature
dependence near Tg, allows one to quantitative measure the
fragility as the steepness index m according the following
equation:

m)
d(log10τ(T))

d(Tg/T) T)Tg
(8)

Fragility values typically range between m ) 16 for strong
systems and m ∼ 200 (ref 94) for fragile systems where a
marked deviation from an Arrhenius dependence occurs induced
by cooperative molecular fluctuations.

Using the VFTH expression and eq 8, m can be calculated
according to

m)
BTg

ln 10(Tg - T0)
2

(9)

Taking the B and T0 values of the VFTH1 fit to the
R-relaxation (Table 2), a fragility index of m ) 93 is estimated
for ibuprofen, allowing one to classify it as a fragile glass
former.94

The Debye Type Relaxation. The D-relaxation has similar
features to the process found in many hydrogen-bonding
liquids reported as Debye-like, observed at lower frequencies
than the R-process and lacking a calorimetric signature (see
ref 28 and references therein). The reported studies concern
mainly alcohols, where this process is the most prominent.
In those cases, its dielectric strength exceeds the value
expected on the basis of the molecular dipole moments.28,95

For ibuprofen, the D-process has a rather low dielectric
strength, the most intense dielectric process being the
R-relaxation. An assignment to specific molecular motions
in this class of liquids can not be made unambiguously but
correlated dipole orientations through hydrogen bonding are
discussed to be in its origin.

From the MD simulations, it is concluded that the cyclic
structures are characterized by longer lifetimes and smaller
dipole moments and Kirkwood correlation factors (see Table
1). This might imply that the hydrogen bonded cyclic structures
may be associated with this Debye peak. In fact, the increase
of the dielectric strength with temperature observed for the
D-process (inset of Figure 11), can be explained by an increase
of gK and consequently of the effective dipole moment with
increasing temperature, which is expected since the antiparallel
alignment of the cyclic aggregates will be increasingly less
favorable causing an increase of the effective dipole moment.
Additional MD simulations are needed in order to validate this
conjecture.

Moreover, the hydrogen bonded aggregates can form liquid
crystalline mesophases due to a supramolecular arrangement
induced by hydrogen bonding interactions96 that persists in the
supercooled state. For example, some of p-alkoxybenzoic acids97

exhibit liquid crystalline properties attributed to their ability to
form hydrogen-bonded dimers. The same tendency is observed
in salicylsalicylic acid where it is proposed that dimers act as
mesogenic units, being in the origin of a nematic phase.98 Since
ibuprofen molecules exist as hydrogen bonded aggregates it is

reasonable to assume that specific arrangements of aggregates
can give rise to the formation of mesophases. This point needs
also further investigation.

Figure 12 shows that the temperature dependence of the
relaxation times for the D-process is curved when plotted
versus 1/T. The derivative analysis was also applied to this
set of data (Figure 13a). A straight line is obtained which
proves that the relaxation times of the D-process follow the
VFTH equation. The value of the obtained Vogel temperature
of 191 K by the derivative plot is similar to that of the low
temperature regime of the R-relaxation. Therefore it is
concluded that some correlation seems to exist between both
processes. Besides the agreement in the low temperature limit
revealed by comparable Vogel temperatures, also a conver-
gence is found in the relaxation time at infinite temperature
as seen by the resemblance of τ∞ of VFTHD and VFTH2 (see
Table 2). Assuming that the D-process is associated with
hydrogen bonding, the similarity of its temperature depen-
dence with that of the main relaxation could be an indication
that the dynamics of the former is governed by the dynamics
of the R-relaxation.

4. Conclusions

The crystallization of ibuprofenswhich is used in pharma-
ceutical applicationsscan be easily avoided. Therefore amor-
phous ibuprofen, which may have advantageous pharmaceutical
properties, is studied from the melt down to the glassy state by
a combination of different experimental techniques and molec-
ular simulations.

The existence of intermolecular hydrogen bonded associations
was verified in the supercooled liquid by IR spectroscopy,
Electrospray ionization mass spectrometry and MD simulations.
From the molecular point of view especially ESI and the MD
simulations reveal the strong tendency of ibuprofen to form
noncovalent molecular aggregates such as dimers and trimers
either cyclic or linear. The hydrogen bonded cyclic structures
were found to have the longer lifetime, smaller dipole moment
and smaller Kirkwood correlation factor.

An almost complete dielectric characterization of ibuprofen
in the glassy, supercooled and molten states is provided covering
a broad frequency range. The results show that ibuprofen has a
complex relaxation map including two secondary relaxations,
γ and �, a main R-process associated with the dynamic glass
transition and a Debye-like process (D-relaxation).

In the glassy state, the relaxation times of the two secondary
relaxation processes have an Arrhenius temperature dependence
that changes at Tg. The γ-process located at the highest
frequencies probably originates from fluctuations of the car-
boxylic group. A decrease of its apparent activation energy is
observed at temperatures above Tg where its dielectric strength
gains in intensity, merging with the dynamic glass transition at
even higher temperatures.

The �-relaxation is interpreted as “genuine” Johari-Goldstein
(JG) process which is a fundamental characteristic of glass
formation. Its apparent activation energy changes at Tg to higher
values which can be described by the coupling model.

The temperature dependence of the relaxation time of the
R-process is curved in a plot versus 1/T. A more detailed
analysis of this dependence by a derivative technique shows
that the R-relaxation has a low and a high temperature branch
separated by a crossover temperature TB ) 265 K. In both ranges
the temperature dependence of the relaxation times τR follows
the Vogel-Fulcher-Tammann-Hesse formula. The crossover
pattern is also reflected in the temperature dependence of the
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dielectric strength ∆εR. This is more pronounced in a plot of
∆εR versus log(1/τR) which shows sharp defined crossover
behavior. Thus two dynamical different regions of the R-relax-
ation can be distinguished nonambiguously. A steepness or
fragility index m of 93 was estimated which shows that
ibuprofen is a fragile glass former.

At lower frequencies than the R-process an additional
relaxation process is observed with a weak intensity compared
to the dynamical glass transition. It has similar peculiarities to
the Debye process found in a large class of hydrogen bonded
liquids like alcohols. The temperature dependence of its
relaxation time follows a VFTH law, with a Vogel temperature
close to the value found for the low temperature branch of the
R-relaxation. This indicates a correlation between both processes.

From MD simulations, it is concluded that hydrogen-bonded
cyclic structures might be associated with this D-process. This
hypothesis is supported by the temperature dependence of the
dielectric strength. The similarity of the temperature dependence
of relaxation times of the D-process with that of the main
relaxation is an indication that the dynamics of the hydrogen
bond dynamics is governed by the dynamic glass transition.
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