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Abstract. Mid infrared spectra of two O–H· · · π hydrogen-bonded binary complexes of acetic acid (AA)
and triﬂuoroacetic acid (F3 AA) with benzene (Bz) have been measured by isolating the complexes in an argon
matrix at ∼8 K. In a matrix isolation condition, the O–H stretching fundamentals (νO−H ) of the carboxylic
acid groups of the two molecules are observed to have almost the same value. However, the spectral red-shifts
of νO−H bands of the two acids on complexation with Bz are largely different, 90 and 150 cm−1 for AA and
F3 AA, respectively. Thus, the O–H bond weakening of the two acids upon binding with Bz in a non-interacting
environment follows the sequence of their ionic dissociation tendencies (pKa ) in aqueous media. Furthermore,
νO−H of the latter complex is the largest among the known π -hydrogen bonded binary complexes of prototypical O–H donors reported so far with respect to Bz as acceptor. It is also observed that the spectral shifts
(νO−H ) of phenol-Bz and carboxylic acid-Bz complexes show similar dependence on the acidity factor (pKa ).
Electronic structure theory has been used to suggest suitable geometries of the complexes that are consistent with the measured IR spectral changes. Calculation at MP2/6-311++G (d, p) level predicts a T-shaped
geometry for both AA-Bz and F3 AA-Bz complexes, and the corresponding binding energies are 3.0 and 4.5
kcal/mol, respectively. Natural Bond Orbital (NBO) analysis has been performed to correlate the observed
spectral behavior of the complexes with the electronic structure parameters.
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1. Introduction
OH· · · π interaction is an important variant of nonconventional hydrogen bonds, where the ﬁlled πmolecular orbitals of alkene, alkyne or arene moieties
are the common hydrogen bond acceptors.1 20 Energetically, the hydrogen bonds of this class are much weaker
in comparison to their classical counterparts, and in
most of the cases reported so far, the binding energies
of isolated binary complexes involving small organic
molecules are less than 5 kcal/mol, the accepted lower
limit of hydrogen bond energy in conventional cases.1
Nevertheless, OH· · · π hydrogen bonds have been suggested to be signiﬁcant for stabilities of numerous
organic molecular crystals, and structures of biological
macromolecules and industrially important polymeric
materials.1,9,17,20,21 The present article is concerned
with mid-infrared spectra and structure of a model
binary complex between acetic acid (AA) and benzene
(Bz) stabilized by OH· · · π hydrogen bonding. We have
∗ For

correspondence
Celebrating 100 years of Lewis Chemical Bond

also explored how the OH· · · π binding interaction and
structure of the complex are altered if a tri-ﬂuoro substituted variant of AA, triﬂuoroacetic acid (F3 AA), is used
to bind with a Bz molecule. In an aqueous medium,
F3 AA is a much stronger acid (pKa ∼0.0) compared to
AA (pKa = 4.73).22
Since the early work of Engdahl and Nelander, a
binary complex between Bz and water has been used a
popular prototype to investigate the fundamental attributes of OH· · · π interactions.2 7,18 Using different spectroscopic methods this binary complex has been studied
extensively in a cold supersonic jet expansion,3 6 and
also in inert gas matrixes.2 Electronic structure calculation
predicts that the complex prefers a T-shaped structure, where one of the O–H bonds of water preferentially points toward the benzene π-cloud.4 The binding
results in a shallow intermolecular potential of binding energy ∼3.2 kcal/mol according to calculation by
CCSD(T) method,18 and this energy value is somewhat smaller compared to the binding energy of water
dimer (5.02 kcal/mol) for calculations performed at the
same level.23 As a consequence of such shallow intermolecular potential, the facile exchange of the complex
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among equivalent structures results in splitting of the
O–H stretching fundamentals of water as revealed in an
ion-dip infrared spectrum.4
Recently, our group measured the infrared spectra of
a series of OH· · · π hydrogen bonded phenol-Bz complexes by isolating them in an argon matrix. The goal
of the measurements was to see how acidity of the phenols, which increases on ﬂuorine substitutions at different aromatic sites, affects the spectral shifts of the
O-H stretching fundamentals (νO−H ) of the phenolic
donors on complexation with Bz. For the complex with
unsubstituted phenol, the measured value of νO−H is
−78 cm−1 , and it is much larger compared to that for the
water-Bz complex (−18 to −26 cm−1 for the ν1 mode
and −18 to −29 cm−1 for the ν3 mode).2,8,19 Furthermore, a linear correlation was observed on plotting
νO−H values of different ﬂuorophenols against their
macroscopic acidity parameter, pKa .19
Amongst the organic O–H donor family, the acidity of carboxylic acids being largest,22 their interactions
with benzene π-molecular orbitals are also expected
to be comparable to that of phenol-benzene system.
These interactions of carboxylic acids with aromatic
residues are the determining factors in physicochemical properties of many pigments and polymeric materials like resins.17 However, reports on spectroscopic
as well as electronic structure studies of model carboxylic acid-aromatic complexes are rather scarce in
literature. Recently, Zhao et al., have reported an electronic structure theory study of a binary complex of
formic acid with Bz.17 A T-shaped π-hydrogen bonded
structure was found to be the most favored conformer
with a binding energy of 4.79 kcal/mol for calculation
at CCSD(T) level. This energy is comparable with the
binding energy of the water dimer, (5.02 kcal/mol)23
but somewhat larger than that of the water-Bz complex (3.16 kcal/mol).18 Infrared spectrum of the complex has been measured by our group for the ﬁrst time.24
Apart from a much larger value of the observed spectral
shift (νO−H = −120 cm−1 ), the complex displayed
some apparently unusual behavior when theoretical
methods were employed for predictions of the spectral shift. In electronic structure calculations, spectral
shift values (νO−H ) were found to be seriously underestimated when basis sets with diffused functions were
used. In this paper, presenting the ﬁndings of AA-Bz
and F3 AA-Bz complexes, we show that the experimental manifestations of OH· · · π interactions of these complexes in terms of νO−H shifts are consistent with those
of phenol-Bz complexes. However, the predicted electronic structure parameters are somewhat dependent on
the theoretical methods used.

2. Experimental and Computational
methodologies
The samples, Bz (99.9%) and AA (98%) were procured from Spectrochem India Pvt. Ltd. and used after
vacuum distillation. F3 AA was purchased from SigmaAldrich and used as supplied. The apparatus used to
record the matrix isolation FTIR spectra of hydrogen
bonded complexes has been described elsewhere.19,25
Brieﬂy, argon of purity 99.99%, used here as matrix
gas, was premixed with Bz and carboxylic acid vapors
in different proportions in a stainless steel chamber. The
gaseous mixture was deposited through an effusive nozzle of diameter ∼500 micron onto a cold and polished
KBr window maintained at a temperature of ∼8 K by
a closed cycle helium refrigerator (Advanced Research
Systems, Inc., Model No. DE202). The partial pressures
of carboxylic acids and Bz vapors in the gas-mixing
cell were monitored using a high-pressure capacitive
diaphragm gauge (Model: CMR 361, Pfeiffer Vacuum).
Extreme care was taken to avoid dimerization of the
carboxylic acids in the initially deposited matrix, and
this was done by maintaining very low partial pressures
of the acids in the matrix gas mixture. Typical mixing
ratio of carboxylic acid and argon was kept at ∼1:2000.
Furthermore, for preparation of uniform matrix, deposition rate was kept very slow (at <10−5 mbar). The effusive nozzle used for deposition was heated to promote
thermal dissociation of dimeric species if present in the
pre-deposited gas mixture at room temperature. A temperature controller (Lake Shore Model 331) was used
to monitor and control the temperature of the cold ﬁnger of the cryostat. To prepare the acid-Bz complexes,
the initially deposited matrix was annealed by gradually
increasing its temperature to ∼28 K. This condition was
maintained for about 15 minutes, and the matrix was
then re-cooled to 8 K for recording the infrared spectra.
The Fourier transformed infrared (FTIR) spectrometer
used in the measurement [Bruker Optics (Model: Tensor 27)] was equipped with a DTGS detector and a ZnSe
beam splitter. The spectra reported here were recorded
with an instrumental resolution of 1 cm−1 . The sample
chamber was purged continuously with dry nitrogen to
minimize interferences from atmospheric water vapor
and carbon dioxide.
Geometry optimizations of AA, F3 AA and Bz
monomers and the 1:1 acid-Bz complexes were performed using Gaussian 09 program package by MP2
and DFT/wB97XD methods in conjunction with different basis sets.26,27 Basis set superposition errors (BSSE)
in calculated binding energies of the complexes were
corrected using the counterpoise method of Boys and
Bernardi.28 The vibrational frequencies were computed
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by the same methods at a harmonic approximation to
determine minima on the potential energy surfaces of
the monomers and complexes. Natural bond orbital
(NBO) analysis was performed in order to obtain populations in different bonding and anti-bonding orbitals,
and hyperconjugation interaction energies of different D-A pairs.29 These analyses have been performed
on optimized structures predicted by all the methods
mentioned above. Furthermore, the binding energies
of the complexes were partitioned into their components following the Localized Molecular OrbitalEnergy Decomposition Analysis (LMO-EDA) method
as implemented in the Gamess US program.30,31
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3. Results and Discussion
3.1 Matrix isolation FTIR spectra of the two
complexes
Three vibrational bands of the carboxylic acids, O–H
str near 3500 cm−1 , C–O str near 1100 cm−1 and C=O
str near 1700 cm−1 were tried as probes to observe the
complex formation effects with Bz. However, the most
discernable changes were observed only in the O–H
stretching region. Therefore, only this spectral region
of the two acids is depicted in Figure 1. The top two
traces are the spectral segments of the matrix isolated
AA and F3 AA acids. In order to record these two spectra, the ratio of AA/F3 AA to argon in the deposited
matrix was maintained at ∼1:2000. The third panel
(trace-c) depicts the segment of the FTIR spectrum of
Bz recorded under the same matrix isolation condition,
and for this the ratio of Bz to argon in the vapor mixture was kept at ∼1:400. The spectral traces for panels
–d and –e depict the annealed matrices of co-deposited
vapor mixtures containing AA/F3 AA, Bz and argon in
a 1:5:2000 ratio. New bands appear in the spectra as
indication of complex formation, and are indicated by
arrows in Figure 1.
The νOH band of AA monomer in the argon matrix
(trace-a) appears at 3564 cm−1 ,32 while that of F3 AA
(trace-b) is positioned at 3553 cm−1 .33 Thus, substitutions of three methyl H atoms by F has only a little
effect on the frequency of this mode under isolated
condition, although the same chemical substitution has
a very pronounced effect on acidity in the aqueous
medium, and the respective pKa values of AA and
F3 AA are 4.7 and 0.0.22 A similar observation had
earlier been observed in case of phenol, whose O–H
stretching vibrational frequency was found to remain
nearly same despite varying degrees of ﬂuorine substitutions at different aromatic ring sites,19 and the ﬁndings
are also supported by electronic structure calculations.

(e) F3 AA:Bz:Ar=1:5:2000

3000

3100
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3400
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cm-1
Figure 1. Matrix isolation IR spectra showing bands in
the νOH region of carboxylic acids. The bands corresponding to formation of the O-H· · · π hydrogen bonded complexes of AA [trace (d)] and F3 AA [trace (e)] with Bz are
shown by vertical arrows. Traces (a)-(c) correspond to spectra of matrix isolated AA, F3 AA and Bz, respectively, in the
same region. The computed νOH frequencies [at wB97XD/6311++G(d,p) level, scaling factor: 0.927] of the monomers
and complexes of AA and F3 AA are depicted below traces
(d) and (e), respectively.

A comparison of the two monomer spectra (traces
–a and –b) with those of the spectra of mixed vapors
(traces –d and –e) reveals that the new bands due to
complexation of the acids AA and F3 AA with Bz appear
at red shifts of 90 and 150 cm−1 , respectively, (indicated
by vertical arrows) from the corresponding monomer
bands. The intensities of these bands were found to
increase with increasing concentration of Bz in the predeposited gas mixture and also with the duration of
annealing. We have thus attributed the bands to 1:1
complexes of the two acids with benzene. It is notable
that the spectral red shift of the νO−H band of F3 AA
is ∼66% larger compared to that of AA. This implies
that the O–H bond (donor) of the carboxylic acid group
of F3 AA experiences much more weakening effect on
binding with Bz compared to that of AA, although the
O–H oscillators of the two molecules have nearly same
frequency when they are isolated. Thus, the bearing of
the larger acidity of F3 AA is manifested only on binding
of the acid group with a polarizable entity.
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Figure 2. The plot (a) shows a linear variation of the measured infrared spectral shifts
(νOH , taken from Ref 19 ) of a series of different ﬂuorophenol-benzene complexes with
respective pKa values of the ﬂuorophenols. Here Ph=phenol, 4-FPh=4-ﬂuorophenol, 3FPh=3-ﬂuorophenol, 3,4-DFPh=3,4-diﬂuorophenol, 3,5-DFPh=3,5-diﬂuorophenol, 3,4,5TFPh=3,4,5-triﬂuorophenol and Bz=benzene. Part (b) depicts graphically the change in
spectral shift of the νO−H mode from acetic to triﬂuoroacetic acid upon complexation with
benzene observed in the present study. It is noteworthy that the slope is the same for both
types of O-H· · · π complexes.

It has been mentioned before that a similar behavior with respect to spectral shifts was observed also
for 1:1 Bz complexes of a number of ﬂuorophenol
derivatives.19 The spectra of the ﬂuorophenol-Bz complexes have been depicted in Ref19 , Figure 2. It has
been shown below that the νO−H spectral shifts of those
complexes display a linear correlation with the acidity
parameter (pKa ) of the ﬂuorophenols (Figure 2(a)). The
slope of the linear plot (νO−H )/(pKa ) provides
the measure of the increase in spectral shift (νO−H )
for unit lowering of pKa value of the phenols, and
its value for ﬂuorophenol-Bz complexes was estimated
as −12.2 cm−1 . The question that we address now is
whether the same linear correlation is also applicable
in the case of carboxylic acid-Bz complexes. An afﬁrmative answer to this question would mean that the
interaction primarily responsible for spectral shifts of
νO−H transition in OH· · ·π bonding must be the same
in both carboxylic acid-Bz and phenol-Bz complexes.
For the present systems, although we have only two
data points, the value of (νO−H )/(pKa ) obtained is
−12.8 cm−1 (Figure 2(b)), which is nearly the same as
that for the ﬂuorophenol-Bz complexes. The observation implies that the underlying factors responsible for
spectral shifts in O-H· · · π interactions are similar both
for aromatic alcohols and aliphatic acids.
3.2 Predictions of electronic structure calculations
3.2.1 Structure: The structures of the 1:1 complexes
of the two acids, predicted by calculation at MP2/6311++G(d, p) level are shown in Figure 3. The complexes assume a T-shaped geometry, with the O–H
donor of the carboxylic acid group resting vertically

above benzene and pointing nearly to the center of
one of the C=C bonds of the latter. Here, the O–
H· · · π hydrogen bond lengths of the complexes can
be expressed in terms of the distance of H5 from
the nearest C=C bond of Bz, which for AA-Bz and
F3 AA-Bz complexes are 2.44 and 2.41 Å, respectively
(Figure 3). Similar shapes for the two complexes are
predicted also by other theoretical methods employed,
and the corresponding geometric parameters are presented in Table 1. In general, according to theoretical predictions, the O–H· · · π hydrogen bond length
parameters of the complex of F3 AA are a little shorter
compared to those of AA. The DFT-D method used
predicts relatively stronger binding resulting in smaller
values of the hydrogen bond distance parameters for
the two complexes. Furthermore, inclusion of diffused
functions in the basis set of calculations results in
relatively larger hydrogen bond distance parameters.
For example, at the wB97XD/6-31G(d, p) level, the
H5· · · C6 and H5· · · C11 distances for AA-Bz are 2.36
and 2.37Å, respectively, while the same for calculations at the 6-311++G(d, p) level are predicted to be
2.41 and 2.43Å, respectively. The same is true for the
MP2 calculations.
3.2.2 Binding energies: The BSSE-corrected binding
energies of the two complexes AA-Bz and F3 AA-Bz,
corresponding to the geometries shown in Figure 3, are
3.0 and 4.5 kcal/mol, respectively, for calculations performed at MP2/6-311++G(d, p) level, and the energy
values predicted by other methods of calculations used
are shown in Table 2. In general, the binding energies of
F3 AA-Bz complex are larger compared to AA-Bz, and
for the structure shown in Figure 3 the increase is 50%.
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Figure 3. Two different views of optimized geometries of AA-Bz(a) and
F3 AA-Bz(b) complexes for calculations at MP2/6-311++G(d, p) level
of theory.
Table 1. Hydrogen bond distances of AA-Bz and F3 AA-Bz complexes optimized at
different levels of theory.

Carboxylic
acid

wB97XD/
6-31G(d,p)

AA
F3 AA

2.36, 2.37
2.28, 2.29

O4-H5· · · C6, O4-H5· · · C11 (Å)
wB97XD/
MP2/
6-311++G(d,p)
6-31G(d,p)
2.41, 2.43
2.37, 2.45

The predictions of other levels of calculations are also
similar, and thus the energy difference is partly consistent with the 66% larger shift (νO−H ) observed for the
F3 AA-Bz complex.
The binding energy of a binary complex is the net
result of different categories of underlying interactions,
which have different physical origins that contribute

2.45, 2.51
2.40, 2.57

MP2/6-311
++G(d,p)
2.54, 2.54
2.46, 2.55

collectively to it in various extents. Therefore, in order
to interpret the observed 66% increase of the spectral
shift from AA-Bz to F3 AA-Bz in terms of energetic
factors, the total binding energies are partitioned into
components using the LMO-EDA method. At MP2/6311++G (d, p) level, the predicted contributions of
different energy components are depicted in Table 3.

Table 2. Binding energies (BSSE corrected) of the AA-Bz and F3 AA-Bz complexes
for calculations at different levels of theory, as well as corresponding percentage
variations from AA to F3 AA.
Binding energy (kcal/mol)
Carboxylic wB97XD/
wB97XD/
MP2/6-31 MP2/6-311 νO−H (obs)
acid
6-6-31G(d,p) 6-311++G(d,p)
G(d,p)
++G(d,p)
(cm−1 )
AA
F3 AA
% change

4.5
5.8
28.9

4.7
6.3
34.0

2.48
4.04
62.9

3.0
4.5
50

−90
−150
66.6
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Table 3. Components of the total binding energies of AABz and F3 AA-Bz complexes obtained from energy partitioning by LMO-EDA method at MP2/6-311++G(d, p) level of
theory. The last column gives the percentage variations of the
energy components from AA-Bz to F3 AA-Bz.
Energy component
(kcal/mol)

AA-benz F3 AA-Bz

Electrostatic energy
Exchange-repulsion energy
Polarization energy
MP2 dispersion energy

−4.39
+6.2
−1.88
−3.24

−5.84
+7.25
−2.84
−3.36

% energy
change
33.0
16.9
51.1
3.7

For weak π-hydrogen bonded binary complexes, dispersion contributions to overall energy are expected to
be considerable, and the same has been predicted here.
The contributions of the electrostatic and dispersion
terms appear comparable. However, it is seen that the
increase in dispersion contribution to total binding energies from AA-Bz to F3 AA-Bz is only ∼4%, and obviously this term is correlated poorly with the observed
spectral variation. The change in electrostatic contribution is higher, ∼33%, but it is still inconsistent with the
observed increase of νO−H from a quantitative viewpoint. It is worth mentioning that the signiﬁcance of
the electrostatic parameter to observed νO−H shifting
has been stressed recently by some authors in the case
of weak hydrogen-bonded complexes.34 However, the
contribution of the electrostatic term, shown in Table 3
for the present two complexes, corresponds to interactions involving all atoms on the two molecular moieties.
On the other hand, the occurrence of spectral shifting
of νO−H mode is likely to be due to local interactions at
the binding site, since the same has been revealed in the
measured spectra where no signiﬁcant changes of the
vibrational modes that involve remote atoms are seen
to occur. Therefore, in the following section we discuss
the spectral shifting effect in terms of an interaction that
operates primarily at the H-bonding site.
3.2.3 Spectral Shifts and Charge-transfer interactions: A vital interaction that is commonly used to
explain the H-bonding effects is the hyperconjugative

charge-transfer (CT) between the ﬁlled orbitals of HB
acceptor and higher-lying vacant anti-bonding orbitals
of the donor.29 In a recent series of experiments involving phenol-Bz and phenol-water complexes,19,35 we had
shown that such CT effects relate linearly with observed
νO−H shifts, and the CT interaction energies are also
quantitatively consistent with the spectral variations. In
the present study, we have calculated similarly the interaction energies corresponding to π(Bz)→ σ *(O-H) CT
by performing Natural Bond Orbital (NBO) analysis,
and the results are shown in Table 4. It is seen that
at the MP2/6-311++G (d, p) level, CT energies vary
from 1.44 in AA-Bz to 2.36 kcal/mol in F3 AA-Bz, i.e.,
the change is ∼64%, which is quantitatively consistent
with the ∼66% variation of spectral shifting observed.
Predictions of other electronic structure methods also
suggest higher hyperconjugative CT in F3 AA-Bz compared to AA-Bz, although the extent of enhancement
is different. For example, at the wB97XD/6-31G (d, p)
level, the change in the CT term is ∼36% from AA-Bz
(6.0 kcal/mol) to F3 AA-Bz (8.2 kcal/mol). It is wellknown that the efﬁciency of orbital overlap between
the donor-acceptor moieties depends on their relative
orientation i.e., on the geometry of the complex. It is
likely therefore that the small differences in optimized
geometrical parameters predicted by different methods
of calculation are responsible for the aforementioned
differences in CT interaction energies.
4. Conclusions
In this paper, we have reported νO−H segment of the
FTIR spectra of O–H· · · π hydrogen-bonded binary
complexes of AA and F3 AA with Bz for the ﬁrst time.
The spectra have been measured by isolating the two
complexes in an argon matrix at ∼8 K. The νO−H bands
of the two carboxylic acid monomers appear at almost
the same frequency, 3564 and 3553 cm−1 for AA and
F3 AA, respectively. However, the spectral shifts of the
νO−H band of the two acids on complex formation
with Bz turn out to be signiﬁcantly different, 90 and
150 cm−1 for AA and F3 AA, respectively. It is noteworthy

Table 4. Predicted magnitudes of π (Bz)→ σ *(O-H) hyperconjugative
charge transfer energies for different methods of calculation, as well as their
percentage variation from AA-Bz to F3 AA-Bz.
Carboxylic
acid

wB97XD/
6-31G(d,p)

AA
F3 AA
% change

6.01
8.19
36.3

π (Bz)→ σ *(O-H) (kcal/mol)
wB97XD/
MP2/6-31
6-311++G(d,p)
G(d,p)
3.46
3.34
−3.4

3.80
5.27
38.7

MP2/6-311
++G(d,p)
1.44
2.36
63.9

Matrix isolation IR spectroscopy of carboxylic acid-benzene complexes

that the IR spectral shift of the O–H stretching mode of
F3 AA-Bz complex is the largest among all the binary
O–H· · · π H-bonded complexes reported so far.
Electronic structure calculations suggest a T-shaped
geometry for both the complexes, where the O–H bond
of the two carboxylic acids points towards the middle of
one of the C=C double bonds of benzene. NBO analysis and energy partitioning approaches were employed
to understand quantitatively the origin of the spectral
shift differences of the two complexes. At a certain MP2
level of theory, the charge transfer terms at the binding
site of the complexes appear to correspond best with the
observed differences in spectral shifts.
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