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1. Introduction

Dissecting intermolecular interactions in the
condensed phase of ibuprofen and related
compounds: the specific role and quantification
of hydrogen bonding and dispersion forcesf

V. N. Emel'yanenko, 22 P. Stange, (22 J. Feder-Kubis, ©2° S. P. Verevkin (2 **¢ and

R. Ludwig () %<9

lbuprofen is a well-established non-steroidal anti-inflammatory drug, inhibiting the prostaglandin-endoperoxide
synthase. One of the key features defining the ibuprofen structure is the doubly intermolecular
O—-H-:--O=C hydrogen bond in cyclic dimers as know from carboxylic acids and confirmed by X-ray
analysis. Until now, there was neither information about the vaporization enthalpy of ibuprofen nor
about how this thermal property is determined by the subtle balance between different types of
intermolecular interaction. In this study we derive the vaporization enthalpy of ibuprofen from
thermochemical experiments to be AlgH;(298.15 K) =89.4+ 0.8 kJ mol~!. We dissected the hydrogen
bond energy, Eyg = 45.0 kJ mol™, exclusively from measured vaporization enthalpies of related aliphatic
carboxylic acids, their homomorph methyl esters and alkyl acetates, respectively. This contribution from
hydrogen bonding could be confirmed almost quantitatively from quantum chemical calculations of
ibuprofen clusters, which also suggest dispersion interaction of similar order (Egis, = 47 kJ mol™Y).
Following the full analysis of the gas—vapor transition enthalpy, we studied the changing structural com-
ponents from the solid to the liquid phase of ibuprofen by means of Attenuated Total Reflection Infrared
(ATR-IR) spectroscopy. The cyclic dimers as observed in the X-ray patterns are essentially preserved in
the liquid state just above the melting point. However, with increasing temperature the doubly
hydrogen-bonded cyclic dimers are replaced by singly hydrogen-bonded linear dimers in the liquid
ibuprofen. The transfer enthalpy from the temperature-dependent equilibria of both dimers as obtained
from the IR intensity ratios of the vibrational bands quantifies for the first time the energy of the
released, single hydrogen bond to be Eng = 21.0 kJ mol™t. Overall, we show that a combination of
thermodynamics, infrared spectroscopy and quantum chemistry provides quantification and detailed
understanding of structure and molecular interaction in ibuprofen and related compounds.

drugs, among which ketoprofen, flurbiprofen and ibuprofen
mainly used to treat pain, fever, and inflammation all over the

Ibuprofen (IBP), (RS)-2-[4-(2-methylpropyl)phenyl]propanoic
acid, is a well-established non-steroidal anti-inflammatory drug
(NSAID). Ibuprofen is one of the representatives of profen
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world."” As previously reported by various scientific groups, the
therapeutic effects of profens are nearly entirely attributed to
their S-enantiomers.>™ Nevertheless, those drugs are usually
sold as racemic mixtures because the production of a single
isomer and enantiomeric purification processes are difficult
and rather expensive." Therefore, it seems highly justified to
study both the intermolecular interactions and physicochemical
properties of profens and to conduct detailed studies of their
biological activity. Regarding IBP, it is generally recognized that
the (+)-IBP enantiomer inhibits prostaglandin synthetase, which
is related to IBP’s analgesic, antipyretic, and anti-inflammatory
activities." However, although the (+)-IBP enantiomer is pre-
sumed to be the only pharmacologically active molecule, it has
been shown that the relative pharmacological potencies of the

This journal is © the Owner Societies 2020
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Scheme 1 The general structure of the racemic ibuprofen.

(+)-IBP and (—)-IBP enantiomers, as well as that of the (+)-IBP
are quite similar."

Explicit structures of both (+)-IBP and (+)-IBP crystals are
known from diffraction methods such as X-ray’”” and pulsed
neutron diffraction.®*° The general structure of the racemic
ibuprofen is given in Scheme 1. The (+)-IBP enantiomer as well
as the (+)-IBP racemate are characterized by the formation of
cyclic dimers through hydrogen bonding of their carboxylic
groups. This structural motif including two equivalent O-H- - -O
hydrogen bonds between each molecule’s functional COOH
groups is well-known for the gas phase and partially for the
crystalline structures of carboxylic acids (see Scheme 2).''7%°

Additionally, experimental thermochemical data on the
melting and the sublimation process of the (+)-IBP enantiomer
and the (4)-IBP racemate are available.”*”*° The sublimation
enthalpies of (+)-IBP and (+)-IBP were determined to be AHg,p, =
107.4 k] mol " and AHg,, = 115.8 k] mol ', respectively.®> Using
different force fields for comparative analysis of the crystal
lattice energies resulted in 29.7% and 32.3% hydrogen bonding
relative to the overall interaction energies.” However, the measured
data and the analysis of non-covalent forces for ibuprofen were
heavily error-prone. Moreover, no detailed interpretation for the
structural motifs and the subtle balance of intermolecular forces
such as hydrogen bonding and dispersion interaction is given for
the condensed phase. So far, no enthalpy of vaporization has been
measured which provides important information about the liquid
phase of ibuprofen above the relatively low melting point of 349 K
for the (£)-IBP racemate.

It is the purpose of this work to derive the vaporization
enthalpy of ibuprofen (here the (+)IBP racemate) from vapor
pressure measurements applying the transpiration method.*'**
The vaporization enthalpies known from the literature of carboxylic
acids, their homomorph methyl esters and related alkyl acetates
should allow dissecting the hydrogen bonding contributions from
the overall interaction energies purely by experimental methods.
We support this thermochemical analysis by quantum chemical
calculations on molecular clusters. Here, the goal is reproducing
the measured vaporization enthalpy and analyzing the overall
interaction energies in terms hydrogen bonding and dispersion
interaction as both present in ibuprofen. With this approach we
address to which extend these two types of non-covalent

Scheme 2 Structure of the cyclic dimer of ibuprofen with two equivalent
O-H---O hydrogen bonds between each molecule’s functional COOH

group.
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interactions contribute to the stability and the physical properties
of ibuprofen. We also apply Attenuated Total Refection Infrared
(ATR-IR) spectroscopy for gaining information about structural
changes in ibuprofen upon melting. Moreover, the temperature-
dependent infrared spectra of liquid ibuprofen should indicate
whether the cyclic dimers of the solid state survive or whether other
hydrogen-bonded or non-hydrogen-bonded species replace them.
We hope to obtain transition enthalpies between the different
species related to the hydrogen bond strength present in ibuprofen.
Overall, our combined approach of thermodynamic measurements,
quantum chemical calculations and ATR-IR spectroscopy should
provide detailed information about structure and interaction in
ibuprofen, particularly in its liquid state.

2. Materials and methods
2.1. Materials

Commercially available samples of the (+)-IBP and the (+)-IBP
racemate, o-methyl-4-(2-methylpropyl)-benzeneacetic acid methyl
ester, and 2-phenylpropanoic acid with the purity of 0.98-0.99 mass
fraction (according to the specification) were used for the vapor
pressure measurements. Samples were additionally purified by the
fractional sublimation in a vacuum. No impurities (greater than
0.0002 mass fraction) could be detected in samples used for the
thermochemical measurements. The degree of purity was deter-
mined using a GC equipped with a FID. A capillary column HP-5 was
used with a column length of 30 m, an inside diameter of 0.32 mm,
and a film thickness of 0.25 pm. For the infrared spectroscopy,
the sample (RS)-2-[4-(2-methylpropyl)phenyl]propanoic acid
(Ibuprofen, 99%) was purchased from Alfa Aesar and used
without further purification. Provenance, purity, methods of
purification and analysis of chemicals used in this work are
given in Table S1 (ESIT).

2.2. Transpiration method: vapor pressure measurements

Vapor pressures of the (+)-IBP enantiomer and the (+)-IBP racemate
were measured using the transpiration method.**™** Surface of the
small glass beads was covered with the sufficient amount of the
sample by evaporation of solvent from the saturated solution.
About 30 g of beads were placed in the saturator. A well-defined
nitrogen stream was passed through the saturator at a constant
temperature (£0.1 K). The range of flow-rates was localized in
preliminary experiments in order to achieve saturation of the gas
stream. The transported material was collected in a cold trap for a
certain time. The amount of condensed sample was determined by
GC analysis using the n-alkanes as an external standard. The
absolute vapor pressure pg,. at each temperature of experiment 7;
was calculated from the amount of the product, collected within a
definite period. Assuming validity of Dalton’s law, applied to the
nitrogen stream saturated with the substance, values of pg,. were

calculated with eqn (1):
Psat = MR T/VM; V=Vn, + V5 (Vn, » V) (1)

where m; is the mass of the transported compound, R is the
universal gas constant; M; is the molar mass of the compound,
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and V; is its volume contribution to the gaseous phase. The
volume of the carrier gas Vy, was determined from the flow rate
and the time measurements. 7, is the temperature of the soap
bubble meter used for the flow rate measurements.

The temperature dependence of vapor pressure pg,, measured
in this work by transpiration was approximated with the following
equation:'

Rlnpgy =a+ ; +AFC, ,In <T10)’ )
where A} C;m is the difference of the molar heat capacities of the
gas and the liquid phases respectively, a and b are adjustable
parameters and T, appearing in eqn (2) is an arbitrarily chosen
reference temperature (which has been chosen to be T, = 298.15 K)
and R is the molar gas constant.

The standard molar enthalpies of vaporization AfH,,(T) at
different temperatures, T, were derived from the vapor tem-
perature dependences using the following equation:

AH(T) = b+ A C, ,, T (4)

Entropies of vaporization at temperatures T were also derived
from the temperature dependence of vapor pressures using

eqn (5):
AFS(T) = APH,, /T + RIn(pa /1°) (3)

Experimental absolute vapor pressures measured by the tran-
spiration method, coefficients a and b of eqn (2), as well as
values of AfH, (T) and A}S, (T) are collected in Table S2
(ESIt). Procedure for calculation of the combined uncertainties
of the vaporization enthalpies includes uncertainties in vapor
pressure, uncertainties from the transpiration experimental
conditions, and uncertainties in the temperature adjustment
to T = 298.15 K as described elsewhere.*'™ The values of

AlgCI;m used for the data treatment of vapor pressures in

eqn (2) were derived according to procedure developed by
Chickos and Acree”®*” and they are given in Table S3 (ESIY).

2.3. Attenuated total reflection infrared (ATR-IR) spectroscopy

Infrared spectra of Ibuprofen were recorded from 20 to 180 °C
in steps of 10 °C on a BRUKER VECTOR 22 FT-IR spectrometer
with a Globar® IR source, KBr beamsplitter and a DTGS
detector. The FT-IR spectrometer was equipped with a MKII
Golden Gate™ single reflection ATR system and a Golden Gate™
heated diamond crystal 45° ATR top plate with a 3000 Series™
High Stability Temperate Controller and a Golden Gate™ Reac-
tive Sample Anvil from SPECAC.

The spectra were recorded with the OPUS 6.5 spectroscopy
software from BRUKER in the spectral range between 5000 to
500 cm ™~ with a resolution of 2 cm™" and 128 scans. The
aperture setting was 3 mm and the scanner velocity was 10 kHz.
The Mertz phase correction and Blackman-Harris (3-Term)
apodisation function were employed. Atmospheric compensa-
tion and baseline correction were performed with the OPUS 6.5
spectroscopy software.

4898 | Phys. Chem. Chem. Phys., 2020, 22, 4896-4904
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The IR spectra were deconvoluted separately into a number
of Voigt-profiles (convolution of Lorentzian and Gaussian
functions) following the Levenberg-Marquardt procedure. The
Voigt profiles have four parameters: maximum intensity,
frequency, half-width of the Lorentzian, and half-width of the
Gaussian. The software used for spectral deconvolution was
developed by Dr Henning Schroder from the Institute of
Mathematics at the University of Rostock and is intended for
the use with the MATLAB"™ software package by MathWorks®.

2.4. Density functional theory (DFT) calculations including
dispersion correction

We calculated ibuprofen clusters including up to twelve mole-
cules (n = 12) at the B3LYP/6-31G* level of theory.*® The widely
popular hybrid density functional B3LYP is known to lack a
proper description of dispersion.**~>* Thus, we re-optimized all
clusters at the B3LYP-D3/6-31G* level of theory considering
additional dispersion interaction as provided by Grimme’s D3
method.>®"® For calculating all clusters (including frequencies)
at the same level of theory, we had to use the small 6-31G* basis
set. It includes polarization functions and has been shown to
be suitable for calculating hydrogen-bonded clusters.’®®

To ensure that the optimized structures correspond to true
minima on the potential energy hypersurface, we performed
frequency calculations, which yield no imaginary frequencies. The
clusters with even numbers of molecules (n = 2, 4, 6, 8, 10, 12)
consist exclusively of cyclic dimers showing the typical double
hydrogen bonds as well-known in carboxylic acids. The clusters
with odd numbers of molecules includes one molecule, which is
not involved in such a stable configuration. This is why the binding
energies per monomer for clusters n = 3, 5, 7, 9, 11 are slightly lower
compared to those for the other clusters. Overall, the clusters were
constructed from multiples of cyclic dimers.**®®

3. Results and discussion

a. Vaporization enthalpies of ibuprofen and related
compounds

We measured the temperature-dependent vapor pressures of
ibuprofen and its homomorph ao-methyl-4-(2-methylpropyl)-
benzeneacetic acid methyl ester (see Table 1) by using the
transpiration method. Additionally, we measured the vapor
pressures of 2-phenylpropanoic acid for completing the list of
aromatic monocarboxylic acids and their homomorph methyl
esters (see ESIt) required for thermochemical analysis. The derived
enthalpies of vaporization AfH, (298.15K) of the aromatic
monocarboxylic acids and their homomorph methyl esters at
T = 298.15 K (in k] mol™") are given in Table 1 along with
the literature data for the related acids and esters.®*”* The
experimental vaporization enthalpy is 89.4 + 0.8 k] mol™" for
ibuprofen and 69.5 £+ 0.3 k] mol™"' for its homomorph
a-methyl-4-(2-methylpropyl)benzenacetic acid methyl ester. The
difference A(A}H,,)(298.15K) = —19.9 +0.9 kJ mol~! between
ibuprofen and homomorph is obviously related to the formation
of hydrogen bonding in ibuprofen, which is prevented in the

This journal is © the Owner Societies 2020
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Table 1 Experimental enthalpies of vaporization A?H:n(298.15 K) of the aromatic monocarboxylic acids and their homomorph methyl esters at

T = 298.15 K (in kJ mol %973

Acid APH, Ester AYH, 4
benzoic acid methyl benzoate
[o} [o}
CH.
[:j)Lw 75.9 + 1.5 [:j)kﬁ'a 55.6 4+ 0.17° —20.3 £ 1.5
65-85-0 93-58-3
phenyl-ethanoic acid methyl phenylethanoate
o O\CH
3
[::(AI/ 79.1 £ 0.37° I 57.4 £ 1.07 -21.7 £ 1.1
103-82-2 101-41-7
2-phenylpropanoic acid methyl 2-phenylpropanoate
OH O\
82.5 £ 1.0 CHy 62.0 + 0.77° —20.5 £ 1.2
) 0
492-37-5 31508-44-8
ibuprofen a-methyl-4-(2-methylpropyl)-
benzeneacetic acid methyl ester
OH 89.4 + 0.8 69.5 + 0.3 -19.9 + 0.9

!

15687-27-1

ester by substituting the hydroxy group by a methyl group. This
A(AFH,,)(298.15K) values are similar to those for the three
other pairs of acids and esters as given in Table 1. For demon-
strating that these differences in enthalpies of vaporization are
reasonable, we show the experimental values AfH, (298.15 K)
for a large set of aliphatic monocarboxylic acids and their
homomorph methyl alkanoates in Table 2. Also here, the
A(A}H,,)(298.15 K) values range between 18 and 23 kJ mol *,
slightly increasing with the growing alkyl chain length. The
differences of enthalpies of vaporization for the aliphatic acids
(—18.0 £ 0.5 kJ mol™") and ibuprofene (—20.3 + 1.5 k] mol ™)
relative to their esters are illustrated in Fig. 1. They will be used
for developing the intermolecular HB-strength in aliphatic acids
and ibuprofen in terms of the A(AfH,,)(298.15 K).

o
“SCH;
o

61566-34-5

OH 0.
\ﬂ/ 18.0:05 \H/ SCH,
—_—
o 0

0.
OH -20.3+1.5 \CH3
A—
Is) o

Fig. 1 Development of the intermolecular hydrogen bonding energy in
aliphatic carboxylic acids and ibuprofen according to the homomorph
model.

b. Hydrogen bonding derived from vaporization enthalpies

However, before doing so, we have to correct the HB-strength
for the presence of the methyl group in the esters taken for

Table 2 Experimental enthalpies of vaporization AlgH:n(298.15 K) of the aliphatic monocarboxylic acids and their homomol

Acid ARH M Ester APH 4

Metanoic acid 46.3 £ 0.5 Methyl methanoate 27.9 £ 0.2 —18.4 + 0.5
Ethanoic acid 50.3 + 0.5 Methyl ethanoate 32.3 £ 0.2 —18.0 £ 0.5
Propanoic acid 54.4 + 0.5 Methyl propanoate 35.8 £ 0.3 —18.6 £ 0.6
Butanoic acid 58.2 £ 0.3 Methyl butanoate 39.3 £ 0.3 —18.9 + 0.4
Pentanoic acid 63.0 £ 0.5 Methyl pentanoate 43.1 £ 0.3 —19.9 £+ 0.6
Hexanoic acid 69.2 + 0.9 Methyl hexanoate 48.0 £ 0.5 —21.2 £ 1.0
Heptanoic acid 72.9 £ 0.8 Methyl heptanoate 51.6 £ 0.5 —21.3 £ 0.9
Octanoic acid 81.0 + 0.6 Methyl octanoate 57.3 £ 0.5 —23.7 £ 0.8
Nonanoic acid 82.4 + 04 Methyl nonanoate 62.0 £ 0.5 —20.4 £+ 0.6
Decanoic acid 89.4 + 2.4 Methyl decanoate 66.3 £ 0.5 —23.1+2.5
Tridecanoic acid 103.3 + 2.7 Methyl tridecanoate 81.3 £ 0.8 —22.0 + 8.8
Pentadecanoic acid 112.8 + 4.6 Methyl pentadecanoate 91.6 + 0.9 —21.2 + 4.7

This journal is © the Owner Societies 2020
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Fig. 2 Measured vaporization enthalpies, A%H;, of alkyl acetates plotted
versus the total number of carbon atoms (N¢) in the side chains. The
intercept of about 27 kJ mol™ at N¢ = 0 gives the contribution of the CH3
group and allows the correction of the intermolecular HB energy in
aliphatic carboxylic acids. The experimental data are taken from Table 2.

comparison. Indeed, the CHj-group is contributing to the
vaporization enthalpy of esters and this contribution should
be evaluated and excluded by assessment of the HB-strength.
For evaluation of the CHj-group contribution, we plotted
experimental enthalpies of vaporization AfH, (298.15K) of
alkyl acetates versus the number of carbon atoms, N, present
in the sidechains of these compounds. In Fig. 2 we observe a
nice slope decreasing about 4.3 k] mol~" with each removed
methylene group. This behavior is well-known for n-alkanes,
n-alcohols or even for ionic liquids with cations bearing alkyl
chain groups.®*®® However, the desired value here is given by
the intercept. At N = 0 only the contribution for the CH; group
present in the alkyl acetates remains. This value of about
27 kJ mol" can be now used for correcting the intermolecular
HB-strength in aliphatic acids due to the redundant methyl
contribution. This procedure finally allows us to determine the
HB energies present in the aliphatic carboxylic acids and
ibuprofen, respectively. The approach to evaluate the CH,-
group correction is illustrated in Fig. 3. The total HB energy
results from the difference of the enthalpies of vaporization of
aliphatic carboxylic acids and their esters (—18 kJ mol )
corrected for the redundant CH; contribution (—27 kJ mol ™).
The HB energy in the doubly hydrogen-bonded aliphatic carboxylic
acids sums up to a total of 45 k] mol*, which is twice as high as
the HB energies in water and alcohols.>**

O
OH 150 Ol -27.0 ~
CHs
— — <
(0] o) o CHs

Fig. 3 Correction of the intermolecular hydrogen bonding energy in
aliphatic carboxylic acids due to redundant CHs contribution. The
corrected HB energy was calculated as the sum [(—18.0 kJ mol™) +
(—27.0 kI mol™)] = 45.0 kJ mol™™.

4900 | Phys. Chem. Chem. Phys., 2020, 22, 4896-4904
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c. Dissecting hydrogen bonding and dispersion forces from
vaporization enthalpies by means of electronic structure
calculations

For dissecting the vaporization enthalpy of ibuprofen into
contributions from hydrogen bonding and dispersion inter-
action, we calculated clusters n including up to twelve mole-
cules (n = 12) at the B3LYP/6-31G* level of theory.*® The clusters
with even numbers of molecules consist exclusively of cyclic
dimers showing the typical double hydrogen bonds in carboxylic
acids. The clusters with odd numbers of molecules include one
molecule which is not involved in stable cyclic dimers. Thus the
binding energies for n =3, 5, 7, 9, 11 are slightly lower compared
to those for the other clusters comprised of cyclic dimers only. In
Fig. 4 we show that with increasing cluster size the binding
energies AE converge to 45 k] mol ™. Both values are only half of
the experimental vaporization enthalpies of ibuprofen of about
89.4 £ 0.8 k] mol ', but almost perfectly agree with the dissected
HB energy at the level of 45 k] mol ", It seems that the larger
clusters describe the amount of hydrogen bonding present in
liquid ibuprofen. We could show earlier that such a cluster size is
sufficient to mimic liquid phase properties.’*** The agreement
between experimental and calculated HB energies also suggests
that liquid ibuprofen mainly consists of cyclic dimers as observed
solely in the solid material. It is well-known, that DFT methods
fail to describe dispersion interaction properly. Thus, we
re-optimized the ibuprofen clusters by using Grimme’s D3 dis-
persion correction.’®® A comparison of the DFT and DFT-D3
energies provides a lower bound estimate of the stabilization due
to dispersion AAEg;g, = AE(B3LYP-D3) — AE(B3LYP). The AAEg;q,
correction is not exactly equal to the dispersion stabilization as
the correction depends on the repulsiveness of the functional
employed, but it provides an excellent estimate of the magnitude
of this interaction.

In Fig. 4 we show that the “odd/even effect” disappears for
larger clusters, suggesting that the differences in hydrogen
bonding are compensated by taking dispersion interaction into
account. However, the main result is that the binding energies
for the larger clusters (n > 8) now perfectly describe the

100
- I
80|~ I
= F : 47 kJmol”
E 60
= L |
9 sl W I
_ - I
20— QOO with dispersion I 45 kJmoI’W
| [CHJ without dispersion I
o—L L v L 10 10 | I ]

2 4 6 8 10 12
cluster n

Fig. 4 B3LYP/6-31G* (squares) and B3LYP-D3/6-31G* (circles) calculated
binding energies AE per molecule of ibuprofen clusters n = 3-12.

This journal is © the Owner Societies 2020
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experimental enthalpies of vaporization. The calculated AE
values of about 92 kJ mol ™" lie slightly above the experimental
values of 89.4 4 0.8 k] mol . Obviously, the measured enthalpies of
vaporization are reasonably described by the calculated interaction
energies present in larger clusters. Moreover, we can dissect the
binding energies into hydrogen bonding and dispersion interaction,
both being of equal magnitude with 45 k] mol " and 47 k] mol
respectively. In particular, the HB energies are in almost perfect
agreement with the experimentally derived value of about
45 kJ mol ™', suggesting that the experimental approach for
dissecting the HB energy seems to be appropriate, too. The HB
contribution in the order of 50% of the overall interaction
energy as calculated here, is substantially higher than the HB
contribution calculated for the crystal lattice from force fields
estimated to be about 30%.”

It seems to be surprising that for the strongly hydrogen-
bonded carboxylic acids (more than twice strong as the HB
bonds in water or alcohols due to the cyclic dimers), dispersion
interaction plays such an important role and definitely has to
be considered for describing thermodynamic properties.

At this point we understand the liquid/gas phase transition
for ibuprofen on the basis of hydrogen bonding and dispersion
forces. However, we still do not know exactly the cluster
distribution in the liquid phase of ibuprofen. Does the liquid
ibuprofen solely consist of doubly hydrogen-bonded pairs or
does it include also singly hydrogen bonded species particularly
at higher temperature towards the boiling point? What about
the HB strength of the singly bonded molecules? Is it compar-
able to those known for molecular liquids, such as water or
alcohols? These questions will be properly addressed in the

— 303K — 383K

I /a.u.

1 T T
1650 1700 1750 1650 1700
v/iem” v/iem™
Fig. 5 Temperature-dependent ATR-IR spectra of the C=O stretching
region for ibuprofen. (a) In solid-state spectra between 303 K and 348 K
are characterized by almost temperature-independent frequencies of the
cyclic dimers. The first liquid spectrum at 353 K just above the melting
point shows an additional vibrational band of a non-hydrogen-bonded
C=0, indicating linear, singly H-bonded dimers. (b) In the liquid spectra,
contributions from the cyclic dimer decrease with increasing temperature
and contributions from the linear dimer increase with increasing tempera-
ture. The arrows at different spectral positions indicate the changes in

intensity with increasing temperature.
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following section by applying Attenuated Total Reflection Infra-
red spectroscopy (ATR-IR).

d. The liquid structure of ibuprofen by means of infrared (IR)
spectroscopy

We measured the ATR-IR spectra of ibuprofen in the tempera-
ture range between 303 K and 453 K. Hereby, we mainly focus
on the C=O stretching vibrational bands which are usually
observed between 1600 cm™" and 1800 cm™'. The solid state
spectra are shown for temperatures from 303 K to 348 K
(Fig. 5a). The X-ray diffraction pattern of solid ibuprofen clearly
showed only the existence of cyclic dimers which are character-
ized by two strong hydrogen bonds that form between the
hydroxy H-bond donor position and the carbonyl H-bond
acceptor position of the carboxyl functional groups of either
molecule.”” This binding motif is reflected in the solid state
ATR-IR spectra showing symmetric and asymmetric C=0O
stretch vibrational bands separated by about 50 cm ' in the
calculated cyclic dimer. Due to the significantly larger transi-
tion dipole moment, most of the intensity is focused in the
asymmetric C=0O0 stretching band. Above the melting point of
349 K, we recorded the IR spectra of the liquid ibuprofen for
temperatures between 353 K and 453 K (Fig. 5b). We clearly
observe that the most intense band at 1705 cm ™" assigned to

0.6 0.6 4
363 K — 11746 om’” 393 K — 1,1746 cm
4 — r,1679cm’
a y = 1,1680cm i 3 >
i 4 1,1708 cm
| o [\, = S
0.4+ — spectrum 0.4 | {
5 ~, 3 [
© E < J \
~ ,_ s ':.
0.2 1 0.2 \
\ \,\
. y = O\
— T T T 1 — T T T
1650 1700 1750 1650 1700 1750
v/em” viem”
0.6 0.6 ,
423 K — 11747 cm’” 453 K — 1748 cm
o = 1,1679cm’ ] — 1,1678 cm“
1 = [,1710cm
= 1,1709 cm — sum
- sum — spectrum
0‘4 o - spectrum 0.4 -
o b
© e = o
b=~ ~
0.2+ 0.2
0 0
' T ! T 1 T T T T 1
1650 1700 1750 1650 1700 1750
¥/cm” ¥/cm’”

Fig. 6 Deconvoluted ATR-IR spectra of the C—=O stretching region for
ibuprofen in the liquid state at temperatures 363 K, 393 K, 423 K and 453 K,
respectively.
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the asymmetric stretch of the C—=O bond within the cyclic
dimer (here 1,) is decreasing with increasing temperature to the
benefit of a new vibrational band occurring at 1746 cm ™. This
vibrational frequency is referred to an almost freely vibrating
C=O0 bond. Obviously, increasing temperature breaks at least
one of the hydrogen bonds of the cyclic dimers. For better
understanding of the temperature behavior in the liquid phase,
we deconvoluted the IR spectra simultaneously with tempera-
ture. We used five vibrational bands for describing the mea-
sured spectra for all temperatures. The vibrational bands I; and
I, with maxima at 1612 cm ™ * and 1640 cm ™ * were needed for
fitting the overall spectra but not further considered here,
because they are not directly related to the C=O stretches.
The deconvoluted spectra in the C=O stretching region is
shown in Fig. 6 for temperatures 363 K, 393 K, 423 K and 453 K,
respectively. We observed that the bands I; and I, decrease to
the benefit of band I5. Thus, the temperature-dependent beha-
vior describes the transition between the doubly H-bonded
cyclic dimers and the singly H-bonded linear dimers which
exhibits one free C—O bond. We calculated the equilibrium
constants K for both species from the ratios of the IR intensities
I, and Is. In Fig. 7a we show the resulting linear plot of In(k)
versus 1000/T indicating van 't Hoff behavior. From the slope we

4
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3.5
o _
T 3
[}
= _
2.5
= | @)
2 -1
| o O aH(, /1) =-21.2 kJ mol
15 | T | T | T | 1
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1000/T /K™
4_
b)
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< .
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325 ”
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e} O AH(,,, /1) =-212 kJmol
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2.2 2.4 2.6 2.8
1000/T /K"

Fig. 7 Plots of the natural logarithm of the ratios (a) /4/Is and (b) I344/ls5
versus inverse temperature taken from the deconvoluted spectra in Fig. 6
between 363 K and 453 K. The solid lines represent linear fits (R > 0.98)
with slopes indicating the transfer enthalpies.
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Fig. 8 B3LYP-D3 calculated ibuprofen cyclic (left) and linear dimer (right).
In the cyclic dimer, the two hydrogen bonds OH- - -OC are not cooperative,
whereas in the linear dimer, one OH group is hydrogen-bonded as proton
acceptor to the other OH group and as proton donor to a carbonyl oxygen
(OH- - -OH---0C), resulting in somewhat stronger hydrogen bonding. The
calculated energy difference between the cyclic and the linear dimer is
17.8 kJ mol™?, close to the 21.2 kJ mol™ due to the loss of one hydrogen
bond obtained from the van 't Hoff plots in Fig. 7.

derive the transition enthalpy AHans = —21.2 k] mol™*, which
is released by breaking one of the hydrogen bonds in the cyclic
dimers. This value is thus in the order of a typical H-bond
energy. For completeness we also show the temperature beha-
vior of the equilibrium constants K = (I3 + I,)/Is, wherein the
vibrational band I; (also related to the cyclic dimers) with
minor intensity is taken into account as well (Fig. 7b). At a first
glance it seems to be surprising that the release of one hydro-
gen bond from the cyclic dimer (AE = 21 kJ mol ") should result
in a remaining stronger hydrogen bond of the linear dimer
(AE = (45 — 21) k] mol™* = 24 kJ mol "). The reason is
illustrated by the B3LYP-D3 calculated cyclic and linear dimers
shown in Fig. 8. In the cyclic dimer, the two hydrogen bonds
OH- - -OC are not cooperative, whereas in the linear dimer, one
OH group is hydrogen bonded as proton acceptor to the other
OH group and as proton donor to a carbonyl oxygen
(OH---OH---0C), resulting in somewhat stronger hydrogen
bonding. The calculated energy difference between the cyclic
and the linear dimer is 17.8 k] mol %, close to the 21.2 k] mol *
due to the loss of one hydrogen bond as obtained from the
van 't Hoff plot in Fig. 7.

Overall, the temperature-dependent ATR-IR experiments in
the C=O0 stretching region provide valuable information about
the hydrogen-bonded structures present in solid and liquid
ibuprofen. Moreover, the formation of linear dimers at the
expense of cyclic dimers with increasing temperature in the
liquid phase yields the energy of the released hydrogen bond.

4. Conclusion

Herein we determined the enthalpy of vaporization of ibupro-
fen from vapor pressure measurements to be 89 k] mol . The
hydrogen bond energy within the cyclic dimers of about
45 kJ mol " could be derived exclusively from the experimental
data of ibuprofen and related aromatic carboxylic acids, homo-
morph methyl esters and alkyl acetates. It could be confirmed
by DFT calculations on clusters including up to twelve mole-
cules that the enthalpies of vaporization of ibuprofen consists
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of almost equal contributions from hydrogen bonding and
dispersion interaction. ATR-IR spectra of the solid and liquid
ibuprofen suggested that the dominating doubly hydrogen-bonded
cyclic dimers are partially replaced by singly hydrogen-bonded linear
dimers with increasing temperature. Vibrational bands in the C—=0
stretch region could be clearly assigned to either one of the species
and allowed calculating temperature-dependent equilibrium con-
stants. From the van’t Hoff plots we determined the transition
enthalpy and could thus calculated the energy of the released
hydrogen bond to be 21 k] mol '. Our combined approach
including thermodynamic methods, IR spectroscopy and DFT
calculations allowed comprehensive understanding of structure
and molecular interaction in ibuprofen and related compounds.
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