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Abstract

The high pressure response and structural stability of crystalline racemic (RS) ibuprofen
up to 7 GPa are explored by Raman spectroscopy, employing diamond anvil cells for the
pressure application and glycerol as the pressure transmitting medium. Two indepen-
dent high pressure experiments were performed with practically identical results. Both
intermolecular vibrations (associated with weak van der Waals interactions and hydrogen
bonding between ibuprofen molecules) and intramolecular vibrations (associated with
strong covalent bonding within the ibuprofen molecule) are monitored as a function of
pressure, with the former being far more susceptible to volume contraction. The pres-
sure dependence of the Raman peak frequencies undergoes two distinct changes at ~2
and ~6 GPa, indicating the occurrence of pressure-induced structural modifications of
ibuprofen. Based on the high pressure Raman data for the intermolecular vibrations of
the RS ibuprofen below 2 GPa, a zero pressure value for the bulk modulus of ~7.5 GPa is
also extracted.

Keywords: ibuprofen; high pressure; Raman spectroscopy; hydrogen bonds; bulk modulus

1. Introduction

Ibuprofen, 2-(4-isobutylphenyl)propionic acid, is a widely used non-steroidal anti-
inflammatory drug (NSAID), owing to its analgesic, anti-inflammatory, and antipyretic
properties. Initially approved in the UK in 1969 as a prescription alternative to aspirin, it
later became available over the counter in many countries [1,2]. Since then, it has emerged
as one of the most extensively used pharmaceutical agents globally, reflecting its analgesic
versatility and well-established safety profile compared with other NSAIDs [3-6]. Ibupro-
fen exerts its pharmacological activity through non-selective inhibition of cyclooxygenase
(COX) enzymes, which are essential for prostaglandin synthesis—a key mediator of inflam-
mation, pain, and fever [7,8]. The ibuprofen molecule (C;3H;130;) consists of an aromatic
benzene ring with an isobutyl (2-methylpropyl) group attached at the para (4-) position
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and a propionic acid side chain. The x-carbon of the propionic acid moiety in ibuprofen is
a stereogenic center, being bonded to four different substituents, and thus gives rise to two
enantiomers: R(—) ibuprofen and S(+) ibuprofen [9]. These enantiomers exhibit distinct
pharmacological activities, with the S (dextrorotatory) isomer being the biologically active
form, as it is primarily responsible for COX inhibition, while the R (levorotatory) isomer has
little intrinsic COX activity [10,11]. The vast majority of ibuprofen is commercially available
in racemic (RS) form, consisting of an equimolar mixture of the (R—) and (S+) enantiomers,
owing to manufacturing simplicity and cost efficiency. However, the R isomer undergoes
unidirectional metabolic inversion in vivo, resulting in partial conversion (50-60%) to the
pharmacologically active S form, and thus preserving the drug’s therapeutic action [12-16].

In its solid state, ibuprofen exhibits polymorphism, with the RS and S-enantiopure
forms crystallizing in different monoclinic space groups and displaying distinct molecular
packing and melting behavior [17,18]. In all the crystalline forms of ibuprofen, two neigh-
bor molecules are connected through relatively strong O-H:--O hydrogen bonds between
carboxylic acid groups, forming cyclic hydrogen-bonded dimers that constitute the funda-
mental structural motif of the lattice. In the RS ibuprofen crystal, the dimerization of an R
with an S molecule introduces a center of inversion symmetry, resulting to the monoclinic
P24 /¢ space group with four molecules in the crystal unit cell (Z = 4) [19,20]. On the other
hand, the absence of inversion symmetry in S-ibuprofen, where each molecule adopts the S
configuration, leads to its crystallization in the monoclinic P2; space group (Z = 4) with
somewhat different molecular packing and a melting temperature of 320-328 K [18,21-24].
The RS ibuprofen exists in two crystalline polymorphs belonging to the P21 /c space group:
phase I and phase II [19,20,25]. Phase I, the most common phase, is thermodynamically sta-
ble up to its melting temperature of 348-358 K [18,21,22,26], whereas a metastable phase II,
resulting from the recrystallization of amorphous ibuprofen (glass-transition temperature
of ibuprofen: Tg~228 K) at 258-260 K or from the supercooled liquid up to 273 K, melts at
280-290 K [25-28]. In phase I, the hydrogen bond is oriented nearly perpendicular to the
ibuprofen dimer chains, linking molecules from adjacent chains and thereby enhancing
lattice cohesion. By contrast, in phase II, the hydrogen bond connects molecules within
the same chain, resulting in reduced structural stability [24,25]. At ambient conditions, the
lattice parameters of the stable phase I of the RS ibuprofen are a = 14.674 A, b = 7.895 A,
c=10.735 A, and B = 99.54° [29].

Molecular crystals such as ibuprofen exhibit a marked contrast between strong cova-
lent intramolecular—within the molecule—bonds, which maintain the internal molecular
structure, and much weaker intermolecular—between the molecules—interactions (e.g.,
van der Waals interactions and hydrogen bonding), which govern key physical properties,
including structural stability and solid-state transformations [30-32]. Raman spectroscopy
provides a rapid, non-destructive, and in situ probe of both the intra- and intermolecular
vibrations associated with these different binding forces—the latter being located in the
low frequency spectral region (w < 140 cm~!) [27,31]—and is therefore widely applied
in pharmaceutical research for ibuprofen identification and characterization [27,33—41].
Intermolecular interactions, owing to their relative weakness with respect to intramolecular
bonding, are considerably more sensitive to external stimuli, like pressure or temperature,
and this difference is directly reflected in the corresponding vibrational modes [42—45].
Lazarevi¢ et al. studied the temperature evolution of the low frequency Raman spectrum
(w <200 cm 1) of the solid RS ibuprofen in the temperature range 100-300 K, combined
with first principles calculations for a single ibuprofen molecule, attempting the discrimi-
nation between inter- and intramolecular vibrations within this spectral region [31]. They
naturally argued that a more complete determination of vibrational mode types would
require combined pressure- and temperature-dependent Raman measurements. Never-
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theless, to our knowledge, there has been no systematic high pressure Raman study of
ibuprofen reported in the literature to date. Instead, Ostrowska et al. examined the pressure
response of the RS ibuprofen up to 4 GPa by means of single-crystal X-ray diffraction (XRD)
measurements [29]. They reported that pressure primarily reduces the void volume and
increases the intermolecular interactions, resulting in a more skewed configuration of the
O-H---O-bonded carboxyl groups without destabilizing the crystal structure. In addition,
although the monoclinic angle 3 monotonically increases with pressure in the regime
0-2 GPa, reaching ~100.4° at ~1.9 GPa, it remains nearly constant as the pressure further
increases from 2 to 4 GPa [29].

In the present work, high pressure Raman measurements of the commercial RS ibupro-
fen crystals were conducted up to 7 GPa, employing diamond anvil cells for pressure
application and glycerol as the pressure transmitting medium, in order to assess the re-
sponse of the inter- and the intramolecular vibrational modes to volume contraction and to
evaluate the structural stability of the system. Consistent with the substantial differences
between the corresponding binding forces, the frequencies and relative intensities of Ra-
man peaks attributed to intermolecular vibrations are markedly more sensitive to applied
pressure than those associated with intramolecular vibrations. Moreover, distinct changes
in the pressure dependence of the Raman peak frequencies—much more prominent for the
Raman peaks attributed to intermolecular vibrations—are observed at ~2 and ~6 GPa, sig-
naling the occurrence of structural changes in the ibuprofen. The former is reversible, while
taking into account the aforementioned high pressure XRD data [29], it can be attributed
to a structural modification of crystalline ibuprofen due to the selective enhancement of
intermolecular interactions and small changes in the molecular packing upon compression.
As for the latter structural change, which exhibits a small hysteretic behavior, it may also
be assisted by the progressive development of non-hydrostatic conditions in the sample
following solidification of the pressure transmitting medium.

2. Materials and Methods

The polycrystalline RS ibuprofen sample (phase I form—melting temperature: ~350 K)
was purchased from Fagron Hellas (Trikala, Greece) and used as-received. Unpolarized
Raman spectra were acquired in the backscattering geometry, employing a microscope-
equipped Raman spectrometer (LabRAM HR, HORIBA, Kyoto, Japan) with a spectral
width—depending on the spectral window—of 2.4-3.5 cm ™! (high-to-low frequency range),
as determined by the selected experimental parameters (600 grooves/mm grating, 50 um
entrance pinhole, 514 nm excitation wavelength). The spectra were excited by the linearly
polarized laser emission of a 514 nm diode-pumped solid-state laser (Cobolt Fandango™,
HUBNER Photonics, Kassel, Germany) at a power of ~1 mW, delivered in the high pressure
chamber by a 50x (N.A. 0.45) long working distance objective (focusing spot diameter:
~2 pum) to eliminate laser-heating effects. An appropriate edge filter was used to eliminate
the elastically scattered light from the sample; while, prior to each spectrum accumulation,
the spectrometer was calibrated by means of a Ne reference lamp. In order to assess the
sample homogeneity, several randomly oriented ibuprofen crystals with sizes of a few
tens of micrometers were examined by Raman spectroscopy at ambient pressure. Apart
from differentiations in their relative intensities, the majority of the Raman peaks have
practically the same frequencies for the various crystals.

For the high pressure experiments, either a Mao-Bell or a gas membrane-type diamond
anvil cell (DAC, Almax easyLab, Diksmuide, Belgium), equipped with ~100 um-thick
drilled (~120 um hole diameter) stainless steel gaskets, served as the sample chambers for
pressure application. The pressure was monitored by inserting ruby chips inside the sample
chamber and using the well-known ruby fluorescence technique [46,47], while Raman
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spectra at various pressures—upon pressure increase and decrease—were consistently
collected from the same sample spot of an ibuprofen crystal. For consistency with the
earlier XRD study [29], highly viscous glycerol (glycerine), which does not interact with
ibuprofen crystals, was employed as the pressure transmitting medium (PTM). At room
temperature, pure glycerol solidifies at ~5.5 GPa, providing good hydrostatic conditions,
with the pressure standard deviation remaining below 0.015 GPa up to its solidification
point. Above the solidification pressure, glycerol undergoes a glass transition and the
standard deviation increases quasilinearly, reaching ~0.09 GPa at a mean pressure of
~7 GPa (the highest pressure attained in our experiments) [48,49]. Two independent high
pressure experiments (Run 1 up to ~7 GPa and Run 2 up to ~5.5 GPa) on different ibuprofen
crystals were performed, providing very similar results.

3. Results and Discussion

A typical Raman spectrum of the RS ibuprofen crystals examined is illustrated in Sup-
plementary Figure S1 (Supplementary Materials), together with a schematic representation
of the hydrogen-bonded ibuprofen molecular dimer and the corresponding crystal unit
cell using VESTA software [29,50,51]. The complexity of the ibuprofen molecule and the
relatively low symmetry of its crystalline structure in its solid state, with four molecules
in the crystal unit cell, cause the appearance of a large number of densely spaced and
partially overlapping Raman peaks in the experimental spectrum, extending across the
entire spectral range up to ~3100 cm ™. Several studies in the literature have attempted to
assign experimentally observed Raman peaks to specific intramolecular vibrations using
theoretical calculations focused on the individual ibuprofen molecule [31,34,52-55] and / or
the hydrogen-bonded ibuprofen dimer, in which intermolecular hydrogen bonding and
the associated vibrational modes also come into play [34,51,56,57]. Taking into account the
existence of four ibuprofen molecules (two hydrogen-bonded dimers) in the centrosymmet-
ric unit cell of the RS ibuprofen and correlating the translational and rotational modes of
an individual molecule to the site and the crystal symmetry, 21 intermolecular (external)
optical phonon modes at the I' point of the Brillouin zone are expected with symmetry
species, as follows [31,58]:

Text = 6Ag + 6Bg + 5A, + 4B, (1)

All vibrational modes with even (gerade, g) parity under inversion are Raman active,
whereas modes with odd (ungerade, u) parity are infrared (IR) active. Hence, a maximum
of 12 intermolecular vibrational modes—attributed to translational and rotational motions
of ibuprofen molecules as rigid bodies—is expected in the low frequency Raman spectrum
of the RS ibuprofen crystals because of the weak intermolecular interactions and the heavy
masses involved (molecules). Moreover, since each of the four ibuprofen molecules in the
centrosymmetric unit cell consist of 33 atoms, 372 intramolecular (internal) vibrational
modes are also expected with symmetries, as follows [31]:

Tint = 93Ag + 93Bg + 93Ay + 93By )

Of these, the 93 with Ag and the 93 with By symmetry are also Raman active. Because
of the weakness of the intermolecular interactions in the crystal, these vibrational modes
typically appear in the Raman spectrum as Ag—Bg doublets with small or even negligible
splitting around the corresponding frequencies of the isolated molecule vibrations [31,57].
Given the strong covalent bonding and low atomic masses involved (atoms), the intramolec-
ular Raman-active vibrations extend over the entire spectral region up to ~3100 cm~? [57].
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Their exact frequencies depend on the force constants associated with each vibrational
mode, which are determined by the specific bond stretching and bond bending character.

We first examined the pressure evolution of the Raman spectrum of the crystalline
RS ibuprofen in the low frequency region, where the intermolecular and low frequency
deformation and torsional intramolecular modes of vibration are expected [52]. In this
context, the low frequency Raman spectra at representative pressures acquired from the
first ibuprofen crystal (Run 1) during pressure increase are illustrated in Figure 1a, while
those acquired from the second ibuprofen crystal (Run 2) are presented in Supplemen-
tary Figure S2a. It should be noted that the lowest reliably measurable frequency in these
spectra (~60 cm~!) is defined by the edge filter cut-off of the spectrometer employed to
reject elastically scattered light from the studied sample. A comparison of the spectra
recorded at relatively low pressures for the two crystals, which have different crystallo-
graphic orientations relative to the linearly polarized laser beam used for excitation, reveals
Raman peaks at essentially the same frequencies but with different relative intensities.
Upon pressure increase, all Raman peaks in the spectral range under consideration shift
to higher frequencies with different rates, reflecting the bond stiffening (increase of the
force constants) upon compression, while a redistribution of their relative intensities is
also observed. The pressure-induced frequency upshifts lead to the gradual appearance
of additional Raman peaks within the measured spectral window from its low frequency
side. Moreover, Raman peaks that are accidentally degenerate at ambient or low pressure
become resolved at higher pressures due to their different pressure-induced frequency
shift rates.

At each measured pressure, the corresponding Raman spectrum was fitted with an
appropriate number of Voigt functions to account for the individual Raman peak compo-
nents; the pressure dependencies of all the peak frequencies are presented in Figure 1b and
Supplementary Figure S2b for Run 1 and Run 2, respectively. The frequency vs. pressure
data for each Raman peak was fitted in the pressure range 0-2 GPa (solid lines through the
corresponding data points in the figures) using the linear or parabolic functions, as follows:

wi = Wwj + blp or wi = Wwjp + blp + bzpz. (3)

The corresponding linear pressure coefficients (b;) of the frequencies of all the well-
resolved Raman peaks are likewise given in Figure 1b and Supplementary Figure S2b,
presented with one decimal place in the case of the linear fit and with no decimal places for
the parabolic fit. These values are similar for the two individual high pressure experiments,
revealing the reproducibility of our results. All the parabolic dependencies are sublinear
(negative by values), being indicative—in line with the previous XRD study [29]—of the
initial (in the low pressure regime) rapid enhancement of the intermolecular interactions in
crystalline ibuprofen. Following the Raman spectroscopic study by Lazarevi¢ et al. [31],
we assign all the observed Raman peaks with zero pressure frequencies wjy < 130 cm™! to
intermolecular phonon modes, while those with higher wjy values to intramolecular vibra-
tions. In particular, the peaks at wip~139 and ~145 cm ™! are assigned to an intramolecular
Ag—Bg doublet, split by the crystal field in its solid state [31]. As expected, in the vari-
ous wj(P) dependencies, both the b; values and the negative b, coefficients are generally
larger for intermolecular vibrations than for their intramolecular counterparts, reflecting
the weakness of the molecule-molecule interactions associated with the former and their
strengthening upon volume contraction.
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Figure 1. (a) Raman spectra of ibuprofen in the low frequency region (w < 250 cm™1), acquired at
various pressures during Run 1; (b) Pressure dependence of the Raman peak frequencies in this
spectral region. Open (solid) symbols represent the data obtained upon compression (decompression).
Solid lines represent the linear or parabolic least squares fit to the experimental data, while numbers
refer to the linear pressure coefficients of the well-resolved Raman peak frequencies (highlighted
by thicker symbols and lines). Vertical dashed lines denote the pressures at which changes in the
pressure evolution of the Raman peak frequencies take place.

As can be inferred from Figure 1 and Supplementary Figure S2 for the two indepen-
dent high pressure experiments, alterations in the pressure evolution of the Raman peak
frequencies take place above approximately 2 GPa. Specifically, the frequency vs. pressure
data for the majority of the Raman peaks cannot be adequately described by a single linear
or parabolic function over the entire pressure range from ambient conditions to well above
2 GPa. Therefore, the w;—P data for each Raman peak were independently fitted in the
2-6 GPa range using the linear or parabolic functions given in Equation (3), generally
yielding smaller by values. The observed changes are fully reversible upon decompression
(solid symbols in the figures) and indicate a progressive stiffening of the ibuprofen crystal
lattice under further compression. Taking into account the aforementioned high pressure
XRD study by Ostrowska et al. [29], the observed changes in the pressure dependence of the
Raman peak frequencies in the low frequency spectral range can be attributed to a pressure-
induced structural modification of crystalline ibuprofen. This modification involves the
selective strengthening of intermolecular interactions upon compression, accompanied
by subtle adjustments in molecular packing and relative molecular orientations within
the lattice. In particular, according to Ostrowska et al. [29], compression predominantly
reduces the intermolecular van der Waals contacts, thereby enhancing the intermolecular
interactions and leading to a more skewed configuration of the O-H---O-bonded carboxyl
groups, while the hydrogen atoms remain ordered within the compressed hydrogen bonds.
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These structural changes modify the local interaction environment and, consequently, the
effective force constants governing the vibrational modes, particularly those associated
with intermolecular vibrations.

In the case of Run 1, the measurements extended up to ~7 GPa, i.e., beyond the so-
lidification pressure of glycerol (~5.5 GPa) employed as the PTM (Figure 1). Additional
alterations in the pressure coefficients of the Raman peak frequencies, primarily toward
somewhat larger values, occur above ~6 GPa. These alterations are accompanied by a re-
duction in the intensity of the low frequency Raman spectrum of crystalline ibuprofen with
respect to the higher frequency spectral regions, as well as by the appearance of new weak
intramolecular peaks in the 200-250 cm ™! range. The emergence of additional weak Raman
peaks, attributed to intramolecular vibrational modes, some possibly evolving from modes
already present at lower pressures, is even more pronounced in the intermediate- and high
frequency spectral ranges (vide infra). The observed changes suggest the occurrence of
another pressure-induced structural modification of ibuprofen.

We next examined the pressure dependence of the intramolecular Raman peaks of the
RS ibuprofen in the intermediate frequency region. Raman spectra in the 230~1725 cm !
region, recorded during Run 1 upon compression, are shown at selected pressures in
Figure 2a. The vast majority of the Raman peaks in this spectral range also undergo
frequency upshifts under compression, although with smaller pressure rates than those
of the intermolecular modes, consistent with the internal character of the corresponding
vibrations. The pressure dependence of the frequencies of the more intense and well-
resolved peaks in this region is presented in Figure 2b. The corresponding dependencies for
all the Raman peaks, along with representative spectra at various pressures, are provided in
Figure 3 and Supplementary Figures S3-56 for Run 1, and in Supplementary Figures S7-510
for Run 2.

From the aforementioned figures, redistribution of intensity among the various Raman
peaks upon compression is evident, together with peak broadening at pressures exceed-
ing the solidification pressure of the PTM used, possibly caused by the gradual loss of
hydrostaticity within the sample chamber. The w;—P data for all the observed Raman
peaks in the intermediate frequency region were fitted by linear functions in the pressure
ranges 0-2 GPa, 2-6 GPa (Run 1 and Run 2) and 6-8 GPa (Run 1)—the corresponding
data set for each peak cannot be fitted by a single linear or parabolic function in the entire
pressure range—and their pressure coefficients by for the well-resolved peaks are also given
in the corresponding figures. The only exception from the linear w;—P dependence is the
lowest frequency peak at 266 cm~!—attributed to a torsional and C-C-C deformation
intramolecular mode [52]—that exhibits a sublinear behavior (rapid hardening at lower
pressures) in the pressure range 0-2 GPa.

Apparent similarities are observed in both the pressure-induced relative intensity
changes up to ~5.5 GPa and the pressure coefficients derived from the two high pressure
experiments (Run 1 and Run 2) performed on different RS ibuprofen crystals. Variations
in the by coefficients toward either lower or higher values are likewise observed for the
intramolecular peaks at ~2 and ~6 GPa, in agreement with the structural modifications
inferred from the low frequency, high pressure Raman data. Careful inspection of the
Raman spectra shown in Supplementary Figure S6 and, in greater detail, in Figure 3 reveal
that two relatively weak intramolecular peaks (marked by arrows in Figure 3a) exhibit an
intriguing response to compression. In contrast to the conventional behavior observed for
all other inter- and intramolecular vibrations—whose Raman frequencies progressively
upshift upon volume contraction due to bond stiffening and the associated increase in
force constants—these two peaks, located at ~1419 and ~1430 cm~! at ambient pressure,
display frequency downshifts as the pressure increases from 0 to 2 GPa. The corresponding
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pressure coefficients are —0.4 and —1.4 cm ™~ GPa ™!, respectively. For P > 2 GPa, the higher
frequency peak exhibits a conventional positive frequency shift (+2.8 cm~'GPa~! for
2 <P <6GPaand +4.2 cm~! GPa~! for P > 6 GPa), whereas the lower frequency peak
displays an even stronger negative shift than in the low pressure regime (—2.9 cm~'GPa™1),
up to the pressure beyond which it can no longer be clearly resolved (~4.5 GPa). Although,
in the case of lattice vibrational modes (intermolecular modes in molecular crystals), the
existence of a negative pressure slope in their frequency shifts (mode softening) generally
signals a structural instability and is often a precursor to a phase transition [59,60], the
appearance of soft intramolecular modes in a molecular crystal could reflect changes in the
molecular geometry, such as bond weakening and reorientation, or coupling effects between
inter- and intramolecular modes (particularly when hydrogen bonding is involved) [61-63].
In the ibuprofen molecule, the Raman peaks at ~1418 and ~1430 cm ! are associated with
the C-C-H deformation in the propionate moiety, which is very sensitive to the formation
of different molecular conformers, and the hydrogen-bonded CO-H bending vibration,
respectively [52]. Hence, their peculiar behavior upon pressurization of solid ibuprofen
likely reflects pressure-induced shortening and concomitant geometrical modifications of
the adjacent hydrogen bonds [29]. Moreover, the stronger softening of the lower frequency
peak for P > 2 GPa may reflect a gradual conformational change of the ibuprofen molecule
upon further compression.

(a) Raman shift (cm ™)
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Figure 2. (a) Raman spectra of ibuprofen in the intermediate frequency region (230-1725 cm™1),

Pressure (GPa)

acquired at various pressures during Run 1. Asterisks mark the first order Raman peak of the
diamond anvil; (b) Pressure dependence of the well-resolved Raman peak frequencies in this spectral
region. Open (solid) symbols represent the data obtained upon compression (decompression). Solid
lines represent the linear or parabolic least squares fit to the experimental data, while the numbers
indicate the corresponding linear pressure coefficients. Vertical dashed lines denote the pressures at
which changes in the pressure evolution of the Raman peak frequencies take place.
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Figure 3. (a) Raman spectra of ibuprofen in the 1360-1500 cm ™! region, acquired at various pressures
during Run 1. The vertical dashed lines are guides to the eye, facilitating the tracking of the pressure-
induced frequency shifts of the two peaks marked by the arrows. The spectra in the spectral
region around these two peaks (light grey area) were multiplied by the factors indicated in the
figure to enhance visibility; (b) Pressure dependence of the Raman peak frequencies in this spectral
region. Open (solid) symbols represent the data obtained upon compression (decompression). Solid
lines represent the linear least squares fit to the experimental data, while the numbers indicate the
corresponding pressure coefficients. Thick symbols and lines represent data for the well-resolved
peaks. Vertical dashed lines denote the pressures at which changes in the pressure evolution of the
Raman peak frequencies take place.

Regarding the higher pressure anomaly of the RS ibuprofen at ~6 GPa, reached only in
Run 1, Supplementary Figures S3-56 clearly show that, in addition to the aforementioned
alterations in the pressure dependence of the Raman peak frequencies, new weak peaks
emerge in the spectra. The emergence of the additional intramolecular peaks may indicate
pressure-induced deformations of the molecular structure of ibuprofen. Notably, the
anomalies observed at ~6 GPa—alterations in the pressure coefficients and the appearance
of additional Raman peaks—exhibit, for some intramolecular modes, a small hysteretic
behavior upon pressure release (solid symbols in Supplementary Figures S3-56), as the
initial lower pressure state is recovered only below 5.5 GPa. This pressure value coincides
with the solidification pressure at room temperature of pure glycerol used as the PTM.
Glycerol ensures good hydrostaticity for P < 5.5 GPa; however, hydrostatic conditions
progressively deteriorate as the pressure increases beyond its solidification point [49].
Therefore, it can be reasonably assumed that the pressure-induced structural and molecular
conformation changes of the RS ibuprofen at ~6 GPa may be assisted or even triggered by
the solidification of glycerol and the consequent development of non-hydrostatic stresses
on the sample.
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Finally, we examined the pressure evolution of the high frequency region of the Ra-
man spectrum of the RS ibuprofen, which encompasses the intramolecular C-H stretching
vibrations as well as overtone and combination Raman modes. The corresponding data
(representative Raman spectra at selected pressures and pressure dependencies of the
Raman peak frequencies) are presented in Figure 4 for Run 1 and Supplementary Figure S11
for Run 2. In this spectral region, the Raman spectrum is particularly rich compared with
those of many other organic materials, reflecting the non-planar nature of the ibuprofen
molecule as well as the diversity of C-H bond strengths and local atomic environments. At

ambient conditions, the relatively weak Raman peaks, with frequencies wj < 2800 cm™!

—1 are attributed to overtones and combination modes; whereas, the

and wjg > 3100 cm
stronger Raman peaks in the intermediate frequency range are assigned to C-H symmetric
and antisymmetric stretching vibrations [52]. As the pressure increases, apart from a few
combination Raman modes exhibiting very small or nearly zero pressure dependence,
the high frequency Raman peaks upshift with relatively large pressure coefficients. The
aforementioned alterations in the pressure coefficients of the first order Raman peak fre-
quencies at ~2 GPa—primarily toward lower values—and at ~6 GPa—toward both lower
and higher values—are also clearly observed and are overall more pronounced than those
of the intramolecular modes in the intermediate frequency range. This behavior is consis-
tent with the peripheral positioning of the hydrogen atoms within the ibuprofen molecular
framework, which renders the C—H bonds more sensitive to pressure-induced changes in
the intermolecular interactions and/or the molecular geometry.

The frequency normalized pressure slopes (logarithmic pressure coefficients) of the
frequencies of the vibrational modes,

T; = d(Inw;) /0P = (1/ wig)-(dw; /dP), (4)

are directly proportional to the mode Griineisen parameters, 'y; = ByI';, where B, represents
the bulk modulus and wjy is the ambient pressure frequency of the ith mode of vibration.
These quantities are useful for describing vibrational anharmonicity and for assessing
the hierarchy of intermolecular and intramolecular force constants (bond strengths) in
molecular crystals [42,43,45]. In molecular crystals, the Griineisen approximation—nearly
equal y; values for the various modes in a network crystal (y; ~ v) and thus a uniform
spectral scaling with pressure (w~V~Y) [64]—is generally valid only for the intermolecular
modes. However, it breaks down for intramolecular vibrations, for which an approximate
‘yi~w162 dependence is typically observed [42,43,45]. The logarithmic pressure coefficients
I'; for P < 2 GPa of the Raman peak frequencies of the RS ibuprofen with respect to
their frequency wjp at ambient pressure, as obtained from the Run 1 and Run 2 data, are
presented in Figure 5 and Supplementary Figure 512, respectively. As can be seen from
these figures, the I'; parameter values span almost three orders of magnitude, consistent
with the coexistence of weak van der Waals intermolecular interactions and hydrogen
bonding with strong covalent intramolecular bonds.

The T'; parameters have an average value of 0.261 GPa~! for the RS ibuprofen crystal
examined during Run 1 (0.269 GPa~! for Run 2) for the intermolecular modes (solid blue
lines in Figure 5 and Supplementary Figure 512), while for the intramolecular modes
with wig < 900 cm ™!, they indeed approximately follow a yi~wi62 dependence (solid olive
lines in Figure 5 and Supplementary Figure 512). For the higher frequency intramolecular
modes, the T; parameter values are again nearly constant (~0.003 GPa~!, dashed blue
lines in Figure 5 and Supplementary Figure 512), suggesting comparable force constants
for these vibrations. Since compression is mainly accommodated by the reduction of
intermolecular voids [29], the ambient pressure bulk modulus can be estimated from
the average intermolecular I'; value (I') by means of the y = ByI' expression. Assuming
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a reasonable value of y~2 [42,43,45], an average value of By~7.5 GPa (By~7.7 GPa for
Run 1 and By~7.4 GPa for Run 2) is extracted. This result shows excellent agreement
with theoretical calculations, which predicted a bulk modulus of 7.74 GPa for crystalline
ibuprofen [65].

The bulk modulus value for the RS ibuprofen crystals is somewhat larger than that
estimated using the same experimental method for crystalline fluorene and fluoranthene
with purely van der Waals intermolecular interactions between quasiplanar molecules
(~7 GPa [44,66], consistent with the corresponding volume contraction data with pressure
and the high pressure XRD data [67,68]). However, it is smaller than those for the van der
Waals crystals of the spiro compound 9,9’-spirobifluorene (~9 GPa [69]) with smaller inter-
molecular voids (larger bulk modulus) as well as the hydrogen-bonded o-trans-cinnamic
acid crystals (~11 GPa [45]). In the latter case, the structural units also consist of hydrogen-
bonded molecular dimers formed between carboxyl groups across centers of symmetry, but
in nearly planar configuration [70,71]. Consequently, the nearly perpendicular orientation
of the hydrogen bonds relative to the dimer chains in the RS ibuprofen, combined with the
pressure-induced increase in the skewness of the carboxylic linkage within the molecular
dimers, may contribute to the lower stiffness of the studied material.
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Figure 4. (a) Raman spectra of ibuprofen in the high frequency region (2700-3300 cm '), acquired
at various pressures during Run 1; (b) Pressure dependence of the Raman peak frequencies in this
spectral region. Open (solid) symbols represent the data obtained upon compression (decompression).
Solid lines represent the linear least squares fit to the experimental data, while numbers refer to the
pressure coefficients of the well-resolved Raman peak frequencies (highlighted by thicker symbols
and lines). Vertical dashed lines denote the pressures at which changes in the pressure evolution of
the Raman peak frequencies take place.
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Figure 5. Logarithmic pressure coefficients I'; of the Raman peak frequencies of ibuprofen, obtained
from Run 1 for P < 2 GPa, plotted as a function of their ambient pressure frequencies wjy. Circles,
squares, and rhombi correspond to the intermolecular, intermediate frequency intramolecular, and
C-H stretching modes of vibration, respectively. The horizontal blue lines correspond to the averaged
values I'; = 0.261 GPa~! for the intermolecular (solid line) and T; = 0.003 GPa~! for the high frequency
(wig > 900 cm™1) intramolecular vibrations (dashed line). The solid green line through the data for
the intermediate frequency intramolecular vibrations corresponds to the Ti~wi62 dependence.

4. Conclusions

In summary, we reported a detailed high pressure Raman investigation of racemic
ibuprofen (phase I) crystals up to 7 GPa, employing glycerol as the pressure transmitting
medium. The intermolecular vibrational modes—governed by weak van der Waals inter-
actions and hydrogen bonding—are significantly more sensitive to compression than the
intramolecular modes associated with strong covalent bonding. Two distinct modifications
in the pressure dependence of the Raman peak frequencies are identified at ~2 and ~6 GPa.
The former is attributed to subtle adjustments in molecular packing and relative molecular
orientations, whereas the latter likely involves molecular conformational changes, possibly
influenced by the onset of non-hydrostatic stresses following glycerol solidification at
~5.5 GPa. From the w;—P data below 2 GPa for the low frequency-lying intermolecular
modes, an average bulk modulus of ~7.5 GPa is obtained for solid ibuprofen at ambi-
ent conditions, underscoring the critical role of the hydrogen bond network topology in
determining the mechanical stiffness of molecular crystals.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/physchem6020030/s1. Figure S1: Typical ambient pressure Ra-
man spectrum of racemic ibuprofen crystals, excited at 514 nm. Insets show schematic representations
of the hydrogen-bonded molecular dimer of ibuprofen and the corresponding crystal unit cell using
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VESTA software [29,50,51]. Figure S2: (a) Raman spectra of ibuprofen in the low frequency region
(w < 250 cm™1), acquired at various pressures during Run 2. The spectrum at P = 2.62 GPa was
acquired upon pressure release (downstroke); (b) Pressure dependence of the Raman peak frequen-
cies in this spectral region. Open (solid) symbols represent the data obtained upon compression
(decompression). Solid lines represent the linear or parabolic least squares fit to the experimental data,
while numbers refer to the linear pressure coefficients of the well-resolved Raman peak frequencies
(highlighted by thicker symbols and lines). Vertical dashed line denotes the pressure at which changes
in the pressure evolution of the Raman peak frequencies take place. Figure S3: (a) Raman spectra
of ibuprofen in the 240-560 cm ! region, acquired at various pressures during Run 1; (b) Pressure
dependence of the Raman peak frequencies in this spectral region. Open (solid) symbols represent
the data obtained upon compression (decompression). Solid lines represent the linear or parabolic
least squares fit to the experimental data, while numbers refer to the linear pressure coefficients of the
well-resolved Raman peak frequencies (highlighted by thicker symbols and lines). Vertical dashed
lines denote the pressures at which changes in the pressure evolution of the Raman peak frequencies
take place. Figure S4: (a) Raman spectra of ibuprofen in the 560-940 cm~! region, acquired at various
pressures during Run 1; (b) Pressure dependence of the Raman peak frequencies in this spectral
region. Open (solid) symbols represent the data obtained upon compression (decompression). Solid
lines represent the linear least squares fit to the experimental data, while numbers refer to the pressure
coefficients of the well-resolved Raman peak frequencies (highlighted by thicker symbols and lines).
Vertical dashed lines denote the pressures at which changes in the pressure evolution of the Raman
peak frequencies take place. Figure S5: (a) Raman spectra of ibuprofen in the 900-1320 cm ™! region,
acquired at various pressures during Run 1; (b) Pressure dependence of the Raman peak frequencies
in this spectral region. Open (solid) symbols represent the data obtained upon compression (decom-
pression). Solid lines represent the linear least squares fit to the experimental data, while numbers
refer to the pressure coefficients of the well-resolved Raman peak frequencies (highlighted by thicker
symbols and lines). Vertical dashed lines denote the pressures at which changes in the pressure
evolution of the Raman peak frequencies take place. Figure S6: (a) Raman spectra of ibuprofen
in the 1300-1700 cm~! region, acquired at various pressures during Run 1. Asterisks mark the
first order Raman peak of the diamond anvil; (b) Pressure dependence of the Raman peak frequen-
cies in this spectral region. Open (solid) symbols represent the data obtained upon compression
(decompression). Solid lines represent the linear least squares fit to the experimental data, while
numbers refer to the pressure coefficients of the well-resolved Raman peak frequencies (highlighted
by thicker symbols and lines). Vertical dashed lines denote the pressures at which changes in the
pressure evolution of the Raman peak frequencies take place. Figure S7: (a) Raman spectra of
ibuprofen in the 240-560 cm ™~ region, acquired at various pressures during Run 2. The spectrum
at P = 2.62 GPa was acquired upon pressure release (downstroke); (b) Pressure dependence of the
Raman peak frequencies in this spectral region. Open (solid) symbols represent the data obtained
upon compression (decompression). Solid lines represent the linear or parabolic least squares fit to the
experimental data, while numbers refer to the linear pressure coefficients of the well-resolved Raman
peak frequencies (highlighted by thicker symbols and lines). Vertical dashed line denotes the pressure
at which changes in the pressure evolution of the Raman peak frequencies take place. Figure S8:
(a) Raman spectra of ibuprofen in the 560-940 cm ! region, acquired at various pressures during
Run 2. The spectrum at P = 2.62 GPa was acquired upon pressure release (downstroke); (b) Pressure
dependence of the Raman peak frequencies in this spectral region. Open (solid) symbols represent
the data obtained upon compression (decompression). Solid lines represent the linear least squares fit
to the experimental data, while numbers refer to the pressure coefficients of the well-resolved Raman
peak frequencies (highlighted by thicker symbols and lines). Vertical dashed line denotes the pressure
at which changes in the pressure evolution of the Raman peak frequencies take place. Figure S9:
(a) Raman spectra of ibuprofen in the 900-1320 cm ! region, acquired at various pressures during
Run 2. The spectrum at P = 2.62 GPa was acquired upon pressure release (downstroke); (b) Pressure
dependence of the Raman peak frequencies in this spectral region. Open (solid) symbols represent
the data obtained upon compression (decompression). Solid lines represent the linear least squares fit
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to the experimental data, while numbers refer to the pressure coefficients of the well-resolved Raman
peak frequencies (highlighted by thicker symbols and lines). Vertical dashed line denotes the pressure
at which changes in the pressure evolution of the Raman peak frequencies take place. Figure S10:
(a) Raman spectra of ibuprofen in the 1300-1700 cm ™! region, acquired at various pressures during
Run 2. The spectrum at P = 2.62 GPa was acquired upon pressure release (downstroke). Asterisks
mark the first order Raman peak of the diamond anvil; (b) Pressure dependence of the Raman
peak frequencies in this spectral region. Open (solid) symbols represent the data obtained upon
compression (decompression). Solid lines represent the linear least squares fit to the experimental
data, while numbers refer to the pressure coefficients of the well-resolved Raman peak frequencies
(highlighted by thicker symbols and lines). Vertical dashed line denotes the pressure at which changes
in the pressure evolution of the Raman peak frequencies take place. Figure S11: (a) Raman spectra
of ibuprofen in the high frequency region (2700-3300 cm™'), acquired at various pressures during
Run 2. The spectrum at P = 2.62 GPa was acquired upon pressure release (downstroke); (b) Pressure
dependence of the Raman peak frequencies in this spectral region. Open (solid) symbols represent
the data obtained upon compression (decompression). Solid lines represent the linear least squares fit
to the experimental data, while numbers refer to the linear pressure coefficients of the well-resolved
Raman peak frequencies (highlighted by thicker symbols and lines). Vertical dashed line denotes
the pressure at which changes in the pressure evolution of the Raman peak frequencies take place.
Figure S12: Logarithmic pressure coefficients I'; of the Raman peak frequencies of ibuprofen, obtained
from Run 2 for P < 2 GPa, plotted as a function of their ambient pressure frequencies wjy. Circles,
squares, and rhombi correspond to the intermolecular, intermediate frequency intramolecular and
C-H stretching modes of vibration, respectively. The horizontal blue lines correspond to the averaged
values I'; = 0.269 GPa~! for the intermolecular (solid line) and T; = 0.003 GPa~! for the high frequency
(wjp > 900 cm 1) intramolecular vibrations (dashed line). The solid green line through the data for
the intermediate frequency intramolecular vibrations corresponds to the Fi~wi62 dependence.
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The following abbreviations are used in this manuscript:

NSAID Nonsteroidal anti-inflammatory drug
COX Cyclooxygenase

RS Racemic

PTM Pressure transmitting medium

XRD X-ray diffraction

DAC Diamond anvil cell

IR Infrared
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