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Hydrogen-bonded complexes between ibuprofen and water generated in a supersonic expansion were
characterized using chirped-pulse Fourier transform microwave spectroscopy in the 2-8 GHz frequency
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1 Introduction

(RS)-2-(4-(2-Methylpropyl)phenyl)propanoic acid, best known as
ibuprofen (Scheme 1), is one of the most used non-steroidal
anti-inflammatory medicines.* Ibuprofen has a polar end, the
carboxylic acid group, which can act both as a hydrogen donor
and a hydrogen acceptor establishing moderate to strong
interactions with other polar molecules. The other part of
ibuprofen is non-polar. Ibuprofen has a high solubility in
organic solvents, such as acetone or propanol, but exhibits a
low solubility in water.® It should be noted that ibuprofen has a
chiral center (marked atom in Scheme 1), the a-carbon atom,
connecting the carboxylic acid and the phenyl ring. It is
reported that the S-enantiomer of ibuprofen has a higher
pharmacological activity than the R-enantiomer.* In mammals,
an enzyme of the alpha-methylacyl-CoA racemase family trans-
forms in vivo the less-active R to the active S form. This
conversion is of importance because it allows ibuprofen to be
distributed as a racemate.*?

The anti-inflammatory properties of ibuprofen arise from
inhibiting the formation of prostaglandins, the molecules
responsible for several pathological processes such as cellular
inflammation or pain sensitization, by blocking the catalytic
active site of cyclooxygenase (COX) enzymes® that convert
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Scheme 1 Ibuprofen (IUPAC: (RS)-2-(4-(2-methylpropyl)phenyl)propanoic
acid). The asterisk denotes the stereogenic center.

arachidonic acid into prostaglandin PGH,,” the precursor of
various other prostaglandins. This blocking occurs through the
interaction of the carboxyl group of ibuprofen with the amino
acid residues inside the enzymatic channel.

It is well known that water molecules form a part of the
structures of biological macromolecules,® playing a decisive
role in many biological processes such as protein folding,’
conformational’® or tautomeric'* equilibria among others. Water
molecules are also present inside the cyclooxygenase channels
and seem to play an important structural role through water-
mediated interactions between different amino acid residues.’”
However, the extent to which water molecules contribute to the
inhibition on COX enzymes has not been shown. Furthermore,
addition of water might influence the structures of the respective
solute molecules.'” This makes it interesting to study the inter-
actions between ibuprofen and water.

A better knowledge of the solute-solvent interactions can be
achieved by studying the microsolvated solute complex in the
isolated environment of a supersonic jet, where other interactions
occurring in condensed phases are not present. Those complexes
can be considered as the first steps of the solvation process.
Microsolvated complexes with different degrees of hydration
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formed in a supersonic expansion can be characterized using high-
resolution rotational spectroscopy.

Complexes of different kinds of biologically important
molecules with water have been already studied, contributing
relevant information about solute-solvent interactions in those
systems."® For example, it has been recently shown that micro-
solvation may affect not only the structure of the solute,'” but
also its conformational preferences as observed for the 12C4
crown ether.'*?

The ibuprofen monomer has already been studied in the gas
phase using high-resolution chirped-pulse Fourier transform
microwave (CP-FTMW) spectroscopy™* to elucidate its structure.'®
Four conformers were found which differ in the arrangement of
the flexible isobutyl group. Their structures are closely related and
share the same kind of stabilization forces, which explains why the
spectra of the four conformers showed similar intensities, pointing
to comparable populations in the molecular beam.

In the present work, we studied the microwave spectrum of
ibuprofen in order to characterize the microsolvated complexes
generated in the supersonic expansion and analyze the stabilization
forces involved in their formation. Different possibilities for the
interaction between ibuprofen and water have been explored, which
may serve as a model for the hydrogen bond interactions taking
place inside the COX enzymes. An important aspect in this
case is the possible influence of water on the conformational
landscape of ibuprofen.

2 Experimental and
theoretical methods
Broadband Fourier transform microwave spectroscopy

The study of the microsolvated complexes of ibuprofen was
carried out using the Hamburg broadband chirped-pulse Fourier
transform microwave (CP-FTMW) spectrometer COMPACT."®
Ibuprofen was purchased (Sigma-Aldrich 98% chemical purity,
melting point 76 °C) and used without further purification.
Ibuprofen was held in a reservoir and heated to 115 °C. Its vapour
was mixed with the carrier gas (Ne, 3 bar stagnation pressure) before
the supersonic expansion into the vacuum chamber. No water was
added to the experiment, which lets us assume that the ibuprofen—
water complexes were formed from water molecules remaining in
the carrier gas and the gas tubes. Another source might be the
crystallization water present in the commercial sample.

The complexes were excited using a 4 ps long linear frequency
chirp covering the range from 2 to 8 GHz (300 000 acquisitions).
The chirp was amplified by a TWT amplifier (300 W power) and
broadcast into the vacuum chamber using a horn antenna. The
free induction decay (FID) emission signal was recorded for
40 ps and Fourier transformed to the frequency domain, resulting
in a frequency resolution of 25 kHz. The fast-frame option
was applied."’

Quantum-chemical calculations

Prior to the analysis of the microwave spectrum, the potential
energy surface (PES) for the microsolvation of ibuprofen was
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explored using quantum-chemical calculations™® at the B3LYP-D3/
aug-cc-pVDZ level of theory.’>?° Grimme’s empirical dispersion
correction (GD3)*" has been used to obtain more accurate
predictions. Based on the resulting structures, further optimizations
were performed at the MP2/6-311++G(d,p) level of theory.”*** From
the PES study, optimized geometries for several ibuprofen-water
complexes were obtained and used to predict their spectra on
the basis of the calculated rotational constants and electric
dipole moment components.

3 Results and discussion
Ibuprofen-water complexes potential energy surface

As mentioned previously, the carboxyl group is the only polar
group present in ibuprofen. It can present stabilizing hydrogen
bond interactions with the water molecule. For each of the
observed conformers of ibuprofen (C1, C2, C3 and C4)" different
possibilities for the interactions with one water molecule have
been explored (Fig. 1 and Fig. S2-54, ESIt). Table 1 summarizes
the rotational parameters obtained at the B3LYP-D3/aug-cc-pVDZ
level of theory. Additional calculated rotational parameters are
presented in Table S2 (ESIt). The results of the MP2/6-311++G(d,p)
calculations are given in Table S3 (ESIt). Both levels of theory led
to comparable results with respect to the relative stability of the
complexes and their structures. The results from the B3LYP-D3/
aug-cc-pVDZ level of theory are given here since this level requires
less computational resources and seems to match slightly better
with the experimental rotational parameters than the MP2/
6-311++G(d,p).

In the complexes labeled as 1a, the water molecule closes a
sequential cycle with the carboxyl group acting both simultaneously
as hydrogen donors and acceptors and thus forming two O-H:--O
hydrogen bonds. This is the most stable arrangement for the
interaction between an acid group and one water molecule, as
reported before in detail.>* The calculated relative energies for
the four complexes are predicted to be in a narrow range (within
32 em™! & 0.4 kJ mol '), similar to the monomer conformers."?
However, the calculated stability ordering of the complexes is not
the same as that calculated for the corresponding monomer forms.
Altogether, this makes it impossible to discriminate whether one
of the complexes is more stable than the others (see discussion on
conformer population below).

Cl-1a

v 4, %
5"

Fig.1 Lower energy complexes predicted at the B3LYP-D3/aug-cc-pVDZ
level of theory for 1:1 ibuprofen—water complexes in the C1 conformation of
the ibuprofen molecule showing the hydrogen bonds (black dashed lines) and
the secondary weak interactions (orange dashed lines). The hydrogen atoms
from the water molecule and those involved in long-range interactions are
displayed as balls. The other hydrogen atoms are displayed as sticks. The
corresponding parameters are given in Table 1 and Table S2 in the ESI.{

This journal is © the Owner Societies 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cp01088a

Open Access Article. Published on 03 May 2018. Downloaded on 4/27/2026 3:17:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper

Table 1 Quantum-chemical rotational parameters calculated at the B3LYP-D3/aug-cc-pVDZ level of theory for the 1:1 ibuprofen—water complexes

Parameter” Ci1-1a C2-1a C3-1a C4-1a C1-1b C2-1b C3-1b C4-1b
A/MHz 851.9 865.2 1148.3 1135.2 860.9 880.0 966.4 954.5
B/MHz 223.4 225.0 195.1 196.6 232.3 229.5 224.4 223.2
C/MHz 200.0 198.6 188.1 186.8 219.2 219.0 204.4 205.7
K —0.93 —0.92 —0.98 —0.98 —0.96 —0.97 —0.95 —0.95
1a/D —1.88 —1.92 —1.88 —1.84 0.51 0.59 0.09 0.07
/D —0.25 —0.19 0.51 0.57 1.67 1.62 —1.94 —1.63
Lte/D 0.16 —0.03 0.09 0.05 1.06 1.40 —0.52 —0.87
AE/CIIf1 0 27 32 9 1165 1175 1146 1167
De/cm71 —4016 —4020 —4018 —4017 —2722 —2708 —2706 —2721
D./K] mol ! —48 —48 —48 —48 —33 —32 —32 —-33

% A, B and C are the rotational constants. k is the asymmetry parameter derived from the rotational constants; k = (2B — A — C)/(A — C). u, (2 =a, b or
¢) are the electric dipole moment components, 1 D ~ 3.33 x 107°° C m. AE is the energy relative to the most stable complex. D, is the dissociation
energy calculated using BSSE corrections.””

In the complexes labeled as 1b, the water molecule estab-
lishes an O-H---O hydrogen bond to the carbonyl oxygen,
which acts as a hydrogen bond acceptor, an O- - -H-C secondary
weak interaction with the hydrogen atom in the methyl group
in the B-position, and an O---H-C secondary weak interaction
with the closest hydrogen atom in the phenyl ring (Fig. 1). The
calculated energy difference between the four 1b complexes is
within 30 em™" or 0.35 kJ mol . The energy difference between
1a and 1b conformers is approximately 1150 cm ™" or 14 k] mol *
(Table 1).

Microwave spectrum

The recorded broadband microwave spectrum is very dense and
dominated by the rotational transitions of the four monomer
conformers,"> which show the characteristic patterns of R-branch
Us-type transitions (Fig. 2a). Once we excluded the monomer
lines, new sets of R-branch y,-type transitions could be identified

(Fig. 2b). Detailed analysis allowed the assighment® of four
different species (labeled I, II, III and IV). No - or p-type lines
associated with these species were observed. The spectra were fit
using a semirigid rotor Hamiltonian in the asymmetric reduction
and in the I' representation.”® The obtained rotational parameters
are given in Table 2. The complete list of measured frequencies for
these complexes is collected in Tables S6-S9 in the ESLf{ In
accordance with the previous work,"” the lines do not present
splittings attributable to the internal rotation of the methyl
groups of ibuprofen, or to tunneling associated to water motions.

A plausible identification of the complexes giving rise to each
observed rotational spectrum can be achieved by analyzing the
experimental rotational parameters and comparing them with
those predicted for the different conformers based on quantum-
chemical calculations. The observation of only u,-type spectra
allowed excluding the 1b complexes since they are predicted to
have high puy, values (Table 1) and thus should have sizable b-type

a) b)
> >
i— Obs. 3— Obs.
3 &H{ /J\’Mf ; YT YV e 3
= | I I [ Sim. B Sim.
c : c
] ]
= +—
£ | g
4340 4360 4380 4400 3410 3445 3480 3515
v /MHz v /MHz

Fig. 2 Excerpt of the ibuprofen microwave spectrum. (a) Observed (upwards) and simulated (downwards) spectra showing the rotational transitions
919 « 818 909 < 8og; 928 « 827 927 « 826 and 915 « 8,7 for the ibuprofen monomer conformers C3 (green) and C4 (red). (b) Observed (upwards) and
calculated (downwards) spectra showing the rotational transitions 919 « 81g; 909 <« 80s; 928 « 827, 927 « 826 and 915 « 847 for ibuprofen—water
complexes C3-1a (green) and C4-1a (red). The relative intensity between the monomer and the complex spectra is more than 20:1.
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Table 2 Experimental rotational parameters for the 1:1 ibuprofen—water complexes observed
Fitted parameters” I(C1-1a) II (C2-1a) III (C3-1a) IV (C4-1a)

A/MHz 851.363(28)” 872.598(39) 1156.72(18) 1129.39(11)
B/MHz 225.08507(24) 225.15642(29) 195.75673(18) 197.90286(19)
C/MHz 200.49914(23) 198.35992(35) 188.10105(17) 187.77533(22)
4y/kHz 0.01832(73) 0.02003(98) 0.00732(48) 0.00661(57)
Apx/kHz —0.115(18) —0.096(14) —0.0650(66) —0.0696(67)
N 47 39 50 55

o/kHz 6.5 6.7 4.4 5.2

“ A, Band C are the rotational constants. Ay and 4 are quartic centrifugal distortion constants. N is the number of rotational transitions fitted. ¢ is
the rms deviation of the fit. ” Standard errors are given in parentheses in units of the last digits.

transitions. This is also plausible because of their high energy
difference of 14 kJ mol ™.

A first look at the rotational parameters in Table 2 allows
classifying the complexes into two families corresponding
to the different values of the A rotational constant for the
complexes. The first family comprises species I and II with A
values around 850-870 MHz and very similar values of B and C
rotational constants. This family can be correlated with the
predicted conformers C1-1a and C2-1a in which the isobutyl
group of ibuprofen is on the same side of the phenyl ring as the
carboxyl group (see Fig. 3), i.e., in a cis arrangement. The values
of the A rotational constant for rotamers I and II are sufficiently
distinct to assign species I to C1-1a and species II to C2-1a,
respectively.

The second family comprises species III and IV with A values
between 1120 and 1160 MHz and again with very similar values
of B and C rotational constants. They can be related to the
forms C3-1a and C4-1a, having the isobutyl and the carboxyl
groups on opposite sides of the phenyl ring (see Fig. 3), i.e., in a
trans arrangement. Again, the difference in the A rotational
constant seems to correlate rotamers III and IV to forms C3-1a
and C4-1a, respectively. The differences in orientation of the
isobutyl group from conformer C1-1a to C2-1a and from C3-1a

() C1-1a

(I) C2-1a

(I c3-1a (IV) C4-1a

Fig. 3 Observed 1:1 ibuprofen—water complexes showing the different
orientations of the isobutyl group that arise from the four different monomer
conformers.
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to C4-1a cause small shifts in the values of the rotational
constants, which can be used to further identify the rotamers.

Another corroboration of the assignment can be obtained by
attending to the planar moments of inertia, derived from the
inertial moments [P, = (Igp + I,y — I,o)/2 (o, B, ¥ = a, b or ¢)].
These provide information about the mass extension out of a
given inertial plane. For example, P, reflects the mass extension
out of the ab inertial plane. Table 3 compares the experimental
and calculated values of the planar moments of inertia. This
comparison corroborates the identification done based on the
rotational constants. The trends in the variation of the experi-
mental planar moment values for species I and II or for species
III and IV are well reproduced by the theoretical values.

No isotopic information on the ibuprofen-water complexes
has been obtained, since the signal to noise (S/N) level for the
complexes was approximately 4 : 1. Thus, it was not possible to
acquire further information on their structures. However, given
the agreement between the observed and the theoretical rotational
constants, the predicted structures can be taken as a reasonable
description of the geometries of the observed species.

The main difference between the detected forms of ibuprofen—
water complexes is the orientation of the isobutyl group of the
ibuprofen molecule with respect to the phenyl ring, similar to
the corresponding monomers, and not in the arrangement of
the water molecule. As mentioned before, the interaction occurs
through the two hydrogen bonds between the carboxyl group of
ibuprofen and the water molecule (Fig. 2). The calculated
distances and angles for the hydrogen bonds are very similar
for the four complexes and are of the same order as those
reported for other complexes between an acid group and one

Table 3 Planar moments of inertia for the experimentally observed 1:1
ibuprofen—water complexes (I-1V) compared with the predicted values
calculated at the B3LYP-D3/aug-cc-pVDZ level of theory

Experimental 1 1I 111 v
Poa/pA®

2086.136(20) 2106.595(26) 2415.751(68) 2398.797(44)

Pop/pA> 434.468(20) 441.192(26) 270.990(68)  292.605(44)
Peo/uA? 159.143(20) 137.973(26) 165.916(68) 154.874(44)
B3LYP-D3  Cil-1a C2-1a C3-1a C4-1a
PaalpuA 2101.17 2103.35 2418.50 2415.43
Pyp/pA’ 428.19 441.34 268.25 290.02
Pe/uA 164.25 142.76 171.85 155.16

This journal is © the Owner Societies 2018
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water molecule (Table S4 in ESIt).>* The interaction between
water and the acid group can thus be interpreted to be nearly
identical for the four conformers.

Theoretical calculations predict that in the case of the four
observed conformers, the formation of the complex does not
drive any significant conformational or structural change. In fact,
the rotational constants of the monomer and those calculated
assigning zero mass to water in the complex are almost identical
(Table S5 in ESI¥).

Conformer line intensities

The intensities of the observed spectra of the ibuprofen-water
complexes are approximately equal. Those intensities are assumed
to be proportional to Nj- ymz, with N; being the number density of
species i in the supersonic jet, and y; , the corresponding electric
dipole moment component, in this case u,. Since this dipole
moment component is predicted to have similar values (u, =
—1.9 D, Table 1) for the four complexes, their population in the
supersonic jet can be deduced to be similar. Complex formation
takes place in the expansion region close to the nozzle orifice
where the rate of three-body collisions is high enough. Once
formed, the complexes are cooled down to their ground vibrational
state as the supersonic expansion progresses. It can be reasonably
assumed that all the ibuprofen molecules existing in the jet have the
same probability to form the corresponding la complexes with
water. As observed previously,® all four monomer conformers are
present in the jet with similar populations. Thus, our observation
that the four 1a complexes have similar relative populations and
thus almost equal intensities is a consistent result. Furthermore,
given that in all the complexes the interaction with water is the
same, it is possible to assume the same relative energy for them as
for the monomer conformers. This result is not in contrast with the
different energy order predicted by theoretical calculations. The
predicted energy differences are smaller than the accuracy limits of
common theoretical methods.

Dissociation energies

Table 1 gives the dissociation energies of the complexes calculated
using the basis set superposition error (BSSE) correction.>” There is
practically no difference between the dissociation energies obtained
for the four 1a complexes, which is another confirmation that the
hydrogen bonds established between water and ibuprofen have the
same energies for the four complexes. The same behavior can be
seen for the four 1b complexes with almost equal dissociation
energies. There is a difference in the dissociation energy between
the 1a and 1b complexes of ca. 15.5 k] mol ", however, implying
that the 1a complexes are more tightly bound. If the dissociation
energy of a complex is related to its survival probability in the first
stages of the supersonic expansion, this difference could explain
why only the 1a complexes have been detected.

4 Conclusions

The microwave spectra of four different complexes between
ibuprofen and water formed in a supersonic jet were observed

This journal is © the Owner Societies 2018
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using CP-FTMW spectroscopy. The good agreement between
quantum-chemically predicted and experimentally determined
rotational parameters led to the identification of the observed
species as the four lower energy forms of the complex between
ibuprofen and water. In the four cases, the water molecule
closes a sequential cycle with the carboxyl group establishing
two hydrogen bonds. The main structural difference between
the observed forms lies in the conformation of ibuprofen that
corresponds to those structures reported before.'> Water does
not drive any conformational change in the ibuprofen molecule
and essentially does not modify energetically the distribution of
conformers from the monomer. In other words, the interaction
of the carboxyl group with water does not alter the conformational
landscape of ibuprofen, which solely arises from the different
orientations of the isobutyl group. This result might be important
with respect to transporting the molecule to the COX enzyme and
its molecular recognition. The conservation of the ibuprofen
flexibility when the carboxyl group of ibuprofen interacts with
other polar groups resulting in a cyclic interaction structure might
be essential in the recognition process.
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