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1. Introduction

Modulations in the binding selectivity of phenol
and thiophenol with ethyl cinnamate: an IR
spectroscopic and quantum

chemical investigation

Puja Samanta and Pujarini Banerjee (2 *

Complexes of (E)-ethylcinnamate (EC), a widely prevalent plant secondary metabolite, with two hydrogen
bond donors phenol (Ph) and thiophenol (TPh), have been studied under ambient conditions in solution.
The former, characterized by multiple electron-rich centers, offers multiple accessible sites to which the
phenolic O—H donor or the thiophenolic S—H donor can bind. Experimental shifts in donor stretching fre-
quencies as well as in signature vibrations of the acceptor EC molecule are interpreted in combination
with quantum chemical calculations to assign the binding preferences of both Ph and TPh. It is observed
that the phenolic O—-H binds almost exclusively to the highly electronegative carbonyl oxygen on EC
through an O—-H-:--O H-bond. However, there is a loss of selectivity in the case of the thiophenolic S—H
donor, which shows equal propensity to bind both to the oxygen centres through the S—H---O H-bond
and to the more diffuse benzene n-cloud on EC, through the S—H---n H-bond. The observations suggest
that the S—H---n H-bond is strong enough to compete with the S—H-.-O H-bond, unlike the O-H-- .1
H-bond, which is always a weaker variant of the conventional O-H---O type. Noticeable changes are
observed in predicted geometries at the H-bond interfaces for the thiophenolic complexes, as compared
to the phenolic complexes. While dispersion plays a major role in the stabilization of both EC-Ph and EC-
TPh complexes, the observed modulations in intermolecular binding are largely an outcome of the deli-
cate interplay of electrostatic and dispersion interactions. Specific binding preferences appear to be the
effect of inherent attributes of donor—acceptor groups. TPh, being an acid of “softer” nature, has a greater
tendency to bind to the “softer” m-electron acceptor site on EC, compared to the “harder” phenolic donor
Ph, which prefers the “"harder” and more electronegative carbonyl oxygen site. The results lend additional
insights into the subtle effects of heavier atom substitution on biomolecular recognition.

in matrix isolation, where the shift of the S-H stretching frequency
was attributed to H-bond formation.” In later years, extensive gas

Sulphur-centered hydrogen bonds (H-bonds) have been con-
sidered to be of widespread importance in the past few decades.
Although, in the initial understanding of H-bonds, sulphur was
considered to be a poor participant owing to its lower electro-
negativity as compared to oxygen, nitrogen or halogens, there has
been growing spectroscopic evidence of its role both as a H-bond
donor and as a H-bond acceptor. The presence of sulphur in the
side chains of two amino acids methionine and cysteine under-
lines its ubiquitous presence in proteins. Consequently, there has
been growing interest in understanding various attributes of
sulphur-centred non-covalent interactions, which are likely to
contribute to protein secondary structures and molecular
assemblies.'™ Some early reports involved the study of H,S dimers
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phase laser spectroscopic studies were carried out by Wategaonkar
and co-workers to establish the potency of sulphur-centered
H-bonds.” Red-shifts in the S-H stretching frequency were attrib-
uted to S-H- - -S H-bonding in the dimers of H,S$°® and to S-H- - -O
H-bonding in clusters of H,S with methanol and various ethers.”
The role of H,S as a H-bond donor in S-H-- -t H-bonded com-
plexes was detailed by Arunan et al. in their rotational spectro-
scopic studies of H,S-benzene, where the H,S donor was
suggested to rotate freely above the plane of the benzene m-ring
in a near-spherical potential.® Later the same complex was also
characterized by gas phase electronic and infrared spectroscopy.’
Evidence of S-H- - -n H-bonding was also obtained in LIF studies of
H,S-indole and H,S-methylindole clusters."® An established
aspect of H-bonds involving sulphur is the dominant contribution
of dispersion interactions to overall binding stability, as compared
to their counterparts involving oxygen or nitrogen.' >
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The participation of thiols in H-bonding has been shown in
various studies over the past few decades. Early studies in the
liquid phase indicated the presence of S-H---S H-bonding in
thiophenols taken at concentrations of 1 M or higher in CCl,."*
The vibrational Stark effect on the S-H vibration in the S-H. - -7 H-
bonded complexes between thiophenol and a series of substituted
benzenes was explored by Boxer and co-workers, and it was
suggested that the electrostatic component is less important in
the stabilization of such complexes, compared to their N-H- - &t
and O-H:--n counterparts.”> Complexes of methanethiol with
ammonia were studied using matrix isolation IR spectroscopy
by Grzechnik et al.™® Lobo et al. showed from their high resolution
gas phase studies that the thiol group in 2-phenylethanethiol can
act both as a H-bond donor and as a H-bond acceptor.'* In a more
recent microwave spectroscopic study, the competition between
different sulphur centred H-bonds was studied for conformation-
ally diverse pure and mixed dimers of 2-phenylethanethiol and
2-phenylethanol.’® Also jet-cooled rotational spectroscopic studies
of the thiophenol dimer showed that m-stacking interactions
alongside S-H- - -S interactions were important in stabilizing the
thiophenol dimer, as compared to the phenol dimer where
stacking plays no major role."®

In the present work, a comparative study has been carried
out in the liquid phase under thermal solvation in carbon
tetrachloride between the H-bonded complexes of two different
donors phenol (Ph) and thiophenol (TPh) with the same
acceptor molecule (E)-ethyl cinnamate (EC). The phenolic
O-H group is an important substituent in the side chain of
the amino acid tyrosine, while the S-H group constitutes the
side chain in cysteine. EC, on the other hand, is known for its
acaricidal activity,"” and is also an important plant secondary
metabolite found in cinnamon and several other plant
species.'® The study of EC-Ph and EC-TPh complexes in
solution may therefore have implications on the understanding
of protein-mediated transfer of such metabolites across the cell
membrane under ambient conditions."® In previous studies of
sulphur-centred H-bonds, it has been shown that shifts in
donor stretching frequencies as well as binding energies corre-
late with the proton affinity of the acceptor, for both S-H donor
groups with oxygen containing acceptors and O-H donor
groups with sulphur containing acceptors.”>*! In such studies,
the acceptor groups were constituted by localized lone pair
orbitals on sulphur or oxygen. In the molecule EC of our
present study, however, multiple electron-rich centers are avail-
able to act as acceptor sites for binding, like the lone pair
electrons on the oxygen-containing groups, as well as the more
diffuse n-electron density on the benzene ring, or on the C—=C
double bond in conjugation with it. The planarity of the EC
molecule makes all such centers accessible to the approaching
donor group. This gives rise to the possibility of an interplay
between interactions of the type O-H---O and O-H- - -« for the
phenolic donor, and analogous interactions of the S-H- - -O and
S-H- - -z type for the thiophenolic donor. The objective of our
work would be to determine whether binding preferences
arising out of such interplay are modulated in the presence of
the more polarizable and less electronegative sulphur-
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containing donor group on TPh, as compared to the oxygen
donor group of Ph. The relationship of such binding prefer-
ences with the inherent attributes of the different acceptor sites
is also to be explored. It has been stressed before that since the
S-H stretching vibration is a spectral region that is free of other
vibrations of common protein functional groups, it could be
used as a probe to study sulphur-centred interactions in
biological systems, despite its weaker oscillator strength."”
Therefore, complexation-induced infrared shifts in the donor
stretching fundamentals, vo_i; and vs_y, and those in signature
vibrations of the acceptor EC molecule, namely, vc—o, 0c-0 and
vc—c have been analyzed. The spectral observations are corre-
lated with theoretical predictions of shifts and binding energies
to determine binding preferences.

2. Materials and methods

Ethyl cinnamate was obtained from Merck, while phenol,
thiophenol and the solvent CCl, were procured from Spectro-
chem India Pvt. Ltd. Phenol and thiophenol were distilled
before use and checked for impurities. A homemade brass cell
consisting of a pair of NaCl windows and Teflon spacers of
thickness 0.1 mm was used for liquid phase sampling. The cell
was placed in the chamber of a Bruker Alpha II FTIR spectro-
photometer, which was equipped with a deuterated triglycine
sulfate (DTGS) detector and a ZnSe beam-splitter. FTIR spectra
were recorded at an instrumental resolution of 2 em ™" over an
average of 32 scans each, keeping in mind intrinsic band
widths in the solution phase, while maximizing signal-to-
noise ratios. In all cases, atmospheric compensation was duly
carried out to account for the presence of water vapour.
Geometry optimizations were performed using the Gaussian
09 program package at the M06-2X/6-311++G(d,p) and ®B97XD/
6-311++G(d,p) levels of theory,*>° in conjunction with the
CPCM solvent model,?® with CCl, as the chosen solvent dielectric.
Zhao and Truhler's M06-2X functionals are known to predict
reliable interaction energies for non-covalent interactions like
H-bonding,”*** while ®B97XD is known to include empirical
atom-atom dispersion corrections that are vital to non-bonded
interactions.”® Theoretical predictions using the former DFT
functional are given in the main manuscript, while those using
the latter are given in the SI. The vibrational frequencies for
different conformations of EC and its complexes with Ph and TPh
were computed at a harmonic approximation and checked to
confirm minima on the potential energy surfaces. The scale
factors for Ph and TPh were taken as 0.928 and 0.938, respectively,
while that for EC was taken to be 0.951. Potential energy distribu-
tions of various normal modes of EC were ascertained using the
VEDA 4.0 program.”’ Partitioning of the total binding energy of
complexes into its various components was carried out using
the GAMESS (US) program package, employing the localized
molecular orbital (LMO) based energy decomposition analysis.>®
Bader’s atoms in molecules (AIM) theory as implemented in the
AIM2000 program package was also employed for analysis of the
electron density topologies of the complexes.”® Spectral peak
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fittings were performed with Gaussian band profiles using the
peak analyzer module of Origin Pro 8.5 software.

3. Results and discussion

3.1. Conformational distribution and IR spectrum of (E)-ethyl
cinnamate

As predicted by CPCM solvent model calculations at the MO06-
2X/6-311++G(d,p) level of theory, EC exists as a number of
conformers in CCl, solution, of which the lower energy ones
are depicted in Fig. 1. The relative spatial orientations of the
olefinic C2=—C3 bond and the carbonyl C=0 bond about the
C1-C2 single bond gives rise to s-cis (EC-sc) and s-trans (EC-st)
forms. Variations in the spatial orientation of the ethyl group
give rise to additional conformers within both the s-cis and
s-trans types. Considering all such predicted forms, the energy
of the lowest energy conformer EC-scl is taken as 0.0 kcal
mol ", and the energies of all other conformers are reported
relative to it. It is observed that four such conformers lie within
a narrow range of energies, and thus are likely to be appreciably
populated under the thermal conditions of our experiment. The
mid-infrared spectrum of 0.05 M EC is depicted in SI Fig. S1.
Evidently the most intense band in EC at 1716 em™", corre-
sponds to the carbonyl stretch vc—o, whereas the band to its
red side at 1640 cm ' corresponds to vca—cs, the olefinic
C2—=C3 stretching vibration. The bands centred at ~1175,
1202 and ~1310 cm ™' involve contributions from the C1-O
stretching vibration. The PED analysis of relevant functional
group vibrations and skeletal vibrations of EC corresponding to
its most stable E-sc1 conformer is reported in Table T1, SI.

3.2. H-bonded complex of EC with phenol

3.2.1. Predictions of theory. The mapping of the electro-
static potential (ESP) surface of EC is shown in Fig. 2. It is
evident that there are four distinct regions of negative
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electrostatic potential, to which a proton donor could bind,
namely, the carbonyl oxygen (site 1), the ester oxygen (site 2),
the benzene n-cloud (site 3), and the C2—C3 double bond in
conjugation with it (site 4). As expected, the highest concen-
tration of negative charge is observed at site 1 along the exten-
sion of the C=0 bond (Via = —0.054 a.u.) compared to lower
values for sites 2 (Viax = —0.021 a.u.), 3 (Viax = —0.020 a.u.) and 4
(Vinax = —0.016 a.u.). Therefore all initial input geometries for
binary EC-Ph complexes were constructed considering the bind-
ing of the phenolic O-H donor to these four distinct regions of
negative electrostatic potential.

The optimized geometries of the EC-Ph1, EC-Ph2 and EC-
Ph3 complexes corresponding to binding at sites 1, 2 and 3,
respectively, are depicted in Fig. 3. No complexes could be
optimized corresponding to binding at site 4. All binding
energies (AEy,) of complexes are obtained relative to the sum of
the energies of the EC-sc1 and phenol monomers and include
consideration for zero-point energies. Predictions at the M06-2X/
6-311++G(d,p) level of theory suggest that there is a clear
preference for complexes of types EC-Ph1l and EC-Ph2, as
compared to EC-Ph3, as summarized in Table 1. The former
two are bound by the conventional O-H---O H-bond while the
latter involves the O-H: - -n H-bond. The presence of the H-bonds
is confirmed by AIM analysis, where the electron densities at the
corresponding bond critical points (BCP) are found to be of the
range expected for such non-covalent interactions, as given in
Table 2.>°°° EC-Ph1 exists as two different conformers. In the
former (EC-Ph1a), which is more stable (AE, = 9.5 kcal mol ),
the phenolic O-H approaches from the side of the benzene ring
of EC, while in the latter (EC-Ph1b) the approach is from the side
of the ethyl group of EC (AE, = 7.4 kecal mol ). The former
appears to drive its higher stability from the fact that the
approach from the benzene ring-side of EC causes the two
aromatic groups of either moiety to be partially stacked one
above the other, leading to higher dispersion stabilization. The
same is verified by energy decomposition analysis (EDA), where a

EC-scl
AE= 0.0 kcal/mol

<

¥’
\

EC-stl
AE= 0.4kcal/mol

EC-sc2
AE=+0.3 kcal/mol

EC-st2
AE= 1.1 kcal/mol

EC-sc3
AE=7.1 kcal/mol

f.ff*f e

EC-st3
AE= 8.2 kcal/mol

Fig. 1 Various conformers of EC predicted at the M06-2X/6-311++G(d,p) level of theory.
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Fig. 2 ESP mapping of EC for the 0.0004 e Bohr~2 iso-density surface computed at the M06-2X/6-311++G(d,p) level of theory. Blue indicates positive

potential while red indicates negative potential values.

EC-Phla
AE=9.5 kcal/mol

EC-Ph3a
AEy= 5.2 kcal/mol

EC-Phlb
AEy=7.4 kcal/mol

EC-Ph2
AE=17.8 kcal/mol

EC-Ph3b
AEy= 3.6 kcal/mol

Fig. 3 Optimized geometries of EC-Ph complexes and their binding energies predicted at the M06-2X/6-311++g(d,p) level of theory.

higher contribution of the dispersion component is predicted
for the former (—17.5 kcal mol™"), compared to the latter
(—10.8 kecal mol ), although the two complexes have similar
electrostatic stabilization (Table 1). The binding energy for
the ester-oxygen bound complex EC-Ph2 is predicted to be
7.8 keal mol™", and also involves large dispersive stabilization
(—18.9 keal mol™"). The involvement of the m-electrons as the
acceptor site on EC also gives rise to two different conforma-
tions. In the more stable one EC-Ph3a (AEp= 5.2 kcal mol ™),
phenol approaches from the direction of the C2=—C3 double
bond, such that the phenolic n-ring is nearly stacked parallel to
the benzene n-ring on EC as well as to the C2=—C3 double bond.

This journal is © the Owner Societies 2025

The other conformer EC-Ph3b (AE;, = 3.6 kcal mol ") involves
the approach of the phenolic ring from the benzene side of EC,
resulting in a slanted T-shaped geometry at the H-bonded inter-
face, with the phenolic O-H perched above one of the C=C
double bonds in the benzene n-ring plane of EC (Fig. 3). This
predicted geometry for EC-Ph3b is similar to many previous
reports on m-H-bonded complexes involving O-H donors.*"*
As observed from EDA, the higher stabilization for EC-Ph3a
compared to EC-Ph3b is again due to the higher dispersive
stabilization in the former (—15.7 kcal mol™'), resulting from
the n-stacked orientation, while the latter T-shaped conformer is
less stabilized by dispersion (—9.2 kcal mol™ "), and also has a

Phys. Chem. Chem. Phys., 2025, 27,19170-19180 | 19173
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Table 1 Energy decomposition analysis (EDA) depicting the partitioning of the total binding energy into its various components for various EC—-Ph and

EC-TPh complexes predicted at the M06-2X/6-311++G(d,p) level of theory

Binding energy Electrostatic energy

Dispersion energy

Polarization energy Exchange energy Repulsion energy

Conformer  (kcal mol ™) (kal mol™) (kal mol ™) (keal mol ™) (keal mol ™) (keal mol ™)
EC-Phenol

EC-Phla -9.5 —-15.6 —-17.5 —6.3 —-12.4 39.3
EC-Ph1b —7.4 —-14.1 —10.8 —5.6 —-9.6 30.0
EC-Ph2 —-7.8 —-11.9 —18.9 -3.9 —10.4 35.1
EC-Ph3a —5.2 —-5.8 —-15.7 —-1.5 —6.6 23.3
EC-Ph3b —-3.6 —3.4 —9.2 —-1.5 —-3.7 13.6
EC-Thiophenol

EC-TPhila -7.1 -9.7 —-17.3 —-3.5 —-9.5 31.1
EC-TPh1b -1.1 —7.4 —13.6 -7.1 —2.3 23.9
EC-TPh2 —6.4 —8.0 —18.8 —2.3 —-8.7 30.1
EC-TPh3a —6.0 —6.4 —19.2 —-1.5 —8.2 28.1
EC-TPh3b —4.5 —4.9 —14.8 —-1.3 —6.5 22.1

Table 2 Predictions of electron density topologies as well as spectral shifts of relevant vibrational modes for various EC—Ph and EC-TPh complexes

Avoy (em™)

Avg—o (em™) Avg o (em™)

Conformer ppcp O-H---O/n (a.u.) Expt. Theory Expt. Theory Expt. Theory
EC-Phla 0.0288 —-192 —232.0 —-18 —40.2 -19 +11.5
EC-Phi1b 0.0298 —221.5 —32.9 +10.3
EC-Ph2 0.0234 —134.0 +16.0 —25.3
EC-Ph3a 0.0064 —47.6 +0.8 —0.1
EC-Ph3b 0.0088 —47.6 +3.2 +1.8
Avg g (em™) Avg—o (em™) Avgr—cz (em™)

pecp S-H---O/n (a.u.) Expt. Theory Expt. Theory Expt. Theory
EC-TPhla 0.0155 —22 —59.3 —1.5 and —11 —-24.1 —4 —13.8
EC-TPh1b 0.0132 —61.4 —3.2 +0.7
EC-TPh2 0.0134 —27.9 +5.1 —6.9
EC-TPh3a 0.0068 —-33.1 —-0.7 —6.8
EC-TPh3b 0.0071 —37.6 +0.6 —5.8

~ 2.4 keal mol ! lower contribution from electrostatics (Table 1).
Similar geometries and binding energies are predicted using the
®B97XD method at the same level of calculation, as summarized
in Table T2, SI.

3.2.2. IR spectra of the EC-Ph mixture

3.2.2.1. vo_y region. The traces a(black) and b(red) of Fig. 4
depict the spectra of pure 0.02 M Ph and 0.15 M EC in CCly,
respectively, while the upper traces c to g depict the spectra of
mixtures of EC and Ph for which the concentration of Ph is kept
constant at 0.02 M, and the Ph to EC molar ratios are varied
from 1:2.5 to 1:7.5. The concentration of Ph is so taken so as
to minimize self-dimerization by H-bonding, and this is con-
firmed by the absence of any distinct bands to the red-side of
the monomeric vo_y band at ~3611 cm™ " for pure Ph [trace-a
(black), Part A, Fig. 4]. However, in the presence of EC, a
prominent broad feature centered at 3419 cm™* appears. This
red-shifted band in the phenolic vy region is attributed to
formation of the binary complex between EC and Ph. Table 2
summarizes the experimental and predicted shifts for the
complexes of the present study. The observed red shift of
~192 cm ' is comparable with the predicted red-shifts of
232.0 and 221.5 cm™ ' for the EC-Phla and EC-Philb

19174 | Phys. Chem. Chem. Phys., 2025, 27,19170-19180

complexes, respectively. A closer observation of the vO-H band
profile also reveals an asymmetry on the blue side of the band
centre at 3419 cm™ ', suggesting other overlapped band compo-
nents. The broad hump at ~3475 cm™ " may be indicative of the
complex EC-Ph2, since its shift of —136 cm ' from the mono-
mer is close to the vo_y; shift of —134.0 cm™* predicted for this
complex. The predicted vo_y; shift for the complexes EC-Ph3a
and EC-Ph3b is —47.6 cm ™", but no bands in this range are
discernible. In previous studies of n-hydrogen bonded phenol
complexes in solution by Zheng et al., a high relative concen-
tration of the m-acceptor molecule was necessary to decipher
signatures of n-H-bonding in the vo_y; region.®® We therefore
acquired additional data for this spectral region for higher
concentrations of the acceptor EC molecule in CCl,, while
maintaining the same Ph concentration of 0.02 M. Further,
thin films of Ph-EC mixtures were also prepared, with Ph/EC/
CCl, in molar ratios of 1:10:50, similar to the concentrations
used by Zheng et al. for phenol-benzene complexes.** However,
no additional bands were observed corresponding to O-H- - -1t
interaction, suggesting that the lower binding energy of EC-
Ph3 compared to that of EC-Ph1 leads to the latter’s absence
even under thermal solvation conditions.
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Fig. 4 IR spectra in the vo_p region of phenol (Ph, Part A) and the vc—o and vc_o regions of EC (Part B) depicting new spectral features upon EC-Ph
complex formation (shown in light green vertical dashed lines) relative to corresponding monomer bands (black vertical dashed lines). The traces a (black)
and b (red) depict pure 0.02 M Ph and 0. 15 M EC in CCly, respectively, while the upper traces c—g depict the spectra of mixtures of 0.02 M Ph with varying
EC concentrations. Traces c—g represent 1:2.5,1:3.5,1:5,1: 6.5, and 1:7.5 Ph to EC molar ratios in CCly, respectively.

3.2.2.2. ve—o and v¢_o regions. Another noticeable effect of
complex formation is observed corresponding to the vc—q transi-
tion of EC. While the monomer band appears at ~1716 cm™*, a
distinct shoulder arises at ~1698 cm™, ie., at a red shift of
18 cm™ ! (traces c-g, Part B, Fig. 4). The intensity of this band is
found to increase with increasing concentration of EC and is
therefore attributed to the EC-Ph binary complex. Our theoretical
calculations for the EC-Phla, EC-Ph1b, EC-Ph2, EC-Ph3a and
EC-Ph3b complexes predict vc—o shifts of —40.2, —32.9, +16.0,
+0.8 and +3.2 cm ™', respectively, suggesting that the spectral
observations are most consistent with the formation of the EC-
Ph1 type of complex. Since no blue shifted bands are formed in

this region, the presence of the EC-Ph2 complex, despite its
comparable binding energy with EC-Ph1, appears to be ambig-
uous, and one reason could be the involvement of the lone pair
electrons on the ester oxygen in a conjugative interaction with the
carbonyl group. This suggestion is further substantiated from
observations in the region of the v o vibration. A new band,
whose intensity is again found to increase with increasing
concentration of EC in the EC-Ph mixture (Fig. 4B), is observed
at ~1221 cm ™. This band develops as a shoulder of the band at
~1202 cm™*, which is assigned to the C1-O stretching vibration.
In agreement with this experimental shift of +19 ¢cm™", blue
shift of this vibration is predicted by theory for the EC-Phla

9
J\“E“/y Q\ 2.16A
29 2

EC-TPhla
AE,=7.1 kcal/mol

EC-TPh3a
AE=6.0 kcal/mol

EC-TPhlb
AE=1.1 kcal/mol

3 ‘;\\*‘iw

9 2274} 9

EC-TPh2
AE,=6.4 kcal/mol

i,

< :'é .78{&
Hod
%
EC-TPh3b

AE,=4.5 kcal/mol

Fig. 5 Optimized geometries of EC-TPh complexes and their binding energies predicted at the M06-2X/6-311++g(d,p) level of theory.
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(+11.5 cm™ ") and EC-Ph1b (+10.2 cm™") complexes, respectively.
On the other hand, a red shift of the same vibration (—25.3 cm ™)
is predicted for the EC-Ph2 complex, while the shifts predicted for
complexes EC-Ph3a and EC-Ph3b are —0.1 and +1.8 cm *,
respectively. Overall, the observed shifts for the vy g band of the
H-bond donor Ph and those for the vc—¢ and vg;_o bands of the
H-bond acceptor EC lead us to infer that under thermal condi-
tions the EC-Ph1 complex is almost exclusively formed, although
the possible presence of EC-Ph2 may not be ruled out altogether
considering the observations in the vO-H region, and its compar-
able binding energy with the former. This is confirmed further
from calculations at the ®B97XD/6-311++G(d,p) level of theory,
which predict similarly, as shown in Table T2, SL

3.3. H-bonded complexes of EC with thiophenol

3.3.1. Predictions of theory. Our search for stable complexes
of thiophenol with the same proton acceptor EC (EC-TPh) led us to
choose the same starting geometries as those obtained for the
optimized EC-Ph complexes, with only the S-H donor replacing the
phenolic O-H donor. The various geometries optimized for the
three different kinds of complexes, EC-TPh1, EC-TPh2 and EC-
TPh3, are shown in Fig. 5 below, corresponding to the binding of
TPh to electron rich sites 1, 2 and 3 of EC, respectively. Similar to
the EC-Ph complexes, no geometries corresponding to binding at
site 4 could be optimized. Despite the apparent similarity of
binding in EC-Ph and EC-TPh complexes, a few remarkable
differences are observed for the latter. EC-TPh1 optimizes in two
conformations, EC-TPh1a and EC-TPh1b, involving a S-H:--O H-
bond. In the former, the TPh moiety approaches the carbonyl
group of EC from the side of the latter’s benzene ring, such that the
n-ring plane of TPh is in a displaced m-stacked orientation with
respect to that of EC. On the other hand, the latter geometry
involves the approach of the thiophenolic S-H group from the
direction of the ethyl group of EC, whose benzene n-ring remains
perpendicular to the n-ring of TPh, and away from it. Unlike the
EC-Ph1 complexes, the donor S-H bond does not remain in the
same plane as the thiophenolic n-plane, as is evident from Fig. 5.
While the S-H bond in EC-TPh1a is only slightly displaced with
respect to the m-plane (H-S-C-C dihedral = 12.824°), that in EC-
TPh1b is largely displaced from the n-plane (H-S-C-C dihedral =
50.925°). EC-TPh1a is predicted to have a AEy, of 7.1 keal mol %,
which is much higher than that of EC-TPhib (AE, =
1.1 kcal mol™"). This suggests that the m-stacking interaction
plays a more vital role in the stabilization of the S-H:--O
hydrogen bond, as compared to the O-H---O H-bond in analo-
gous complexes of EC and Ph, where the difference in AE;, values
between EC-Ph1a (AE;, = 9.5 keal mol ') and ECPh1b (AE;, =7.4
kecal mol™!) is much lower (Section 3.2.1). In the jet-cooled
microwave studies of the thiophenol dimer by Saragi et al,'®
the influence of such dispersion-controlled n-stacking, alongside
S-H- - -S H-bonding, on the geometry of the dimer was analyzed
in comparison with that of the O-H---O H-bonded phenol
dimer, where dispersion has a lower effect. In our case, the
benzene n-ring of EC evidently modulates the binding interface
of the EC-TPh1 complexes to a large extent, leading to a
preference for the n-stacked complex EC-TPh1a.
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The optimized complexes of TPh with binding sites 2 and 3 are
also depicted in Fig. 5. The structure of EC-TPh2 is analogous to
that of EC-Ph2, while the n-bound complex, similar to the case of
phenol, optimizes in two conformations, the more stable one (EC—
TPh3a) involving the approach of the thiophenolic group from the
side of the C2=—C3 bond, leading to n-stacked orientation, and the
latter (EC-TPh3b) involving the approach of thiophenol from the
side of the benzene ring of EC. The binding energies of TPh2 and
TPh3a are predicted to be 6.4 and 6.0 kcal mol *, respectively,
which are quite comparable to that of TPh1a (AE;, =7.1 keal mol ™)
and much higher than that of TPhib. Unlike for EC-Ph, where
there is a clear preference for the O-H- - -O H-bonded conformers,
the comparable energies of binding of TPh to all the three sites
means that upon substitution of the O-H donor in phenol by its
heavier analogue S-H, there is a loss of selectivity in binding.
Under the conditions of thermal solvation, the S-H donor has a
comparable propensity to dock on any of the multiple electro-
negative sites on the acceptor EC molecule. A closer look at the
optimized geometries reveals a most striking difference in the
H-bonded interface of both conformers of EC-TPh3 compared
with the analogous n-H-bonded conformers of EC-Ph3. At the
given level of theory, the S-H bond in EC-TPh3a is predicted to be
twisted completely out of planarity with the thiophenolic n-ring,
giving a value of 66.541° for the H-S-C-C dihedral, while for the
analogous phenolic complex EC-Ph3a, the O-H bond remains
much more co-planar with the phenolic -ring (0y-o-c-¢ = 17.0°).
The difference between the complexes EC-TPh3b and EC-Ph3b is
also rather pronounced, since for the former, the approach of
thiophenol from the benzene side of EC causes the thiophenolic
ring to orient in a distorted n-stacked orientation with the benzene
ring, while the S-H bond twists completely out of planarity
(Om-s-c-c = 99. 275°) to point towards the m-cloud. The phenolic
O-H bond in EC-Ph3b, on the other hand, remains in the plane of
the aromatic ring. A slight distortion of the S-H bond from
planarity (by 15.772°) is also predicted for EC-TPh2, unlike the
analogous complex EC-Ph2, where the O-H bond remains co-
planar with the Ph n-ring, as in the monomer.

3.3.2. IR spectra of the EC-TPh mixture. As mentioned in
previous liquid phase studies of TPh, the tendency of the S-H
donor to engage in H-bonding is observable at comparatively
higher molar concentrations than the O-H donor.'"" The
weaker polarity of the S-H bond compared to the O-H bond,
as well as the former’s larger inter-nuclear separation, may be
the reason for such manifestation. In our experiments,
concentrations of both TPh and EC have been optimized to
understand IR spectral effects of complex formation in different
regions. Part A of Fig. 6 depicts changes in the vs_y region of the
TPh donor upon complex formation, while part B depicts
changes in the vc—o and ve,—c3 regions of the acceptor EC.

3.3.2.1. vg_g region. The spectra of pure TPh and pure EC in
CCl, are shown in traces a and b, respectively, while the
difference spectra corresponding to formation of the complex
between 0.2 M TPh and varying concentrations of EC are
depicted in traces c-g, after necessary subtraction of contribu-
tions from the same concentrations of the pure components.
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Fig. 6 IR spectra in the vs_p region of thiophenol (TPh, Part A) and the vc—o and vco—c3 regions of EC (Part B) depicting new spectral features upon EC—
TPh complex formation (shown in light green vertical dashed lines) relative to corresponding monomer bands (black vertical dashed lines). The traces a
(black) and b (red) in Part A depict pure 0.2 M TPh and 0.2 M EC in CCly, respectively, while the upper traces c—g depict the difference spectra of mixtures
of 0.2 M TPh with varying EC concentrations. Traces c—g represent 1:0.25,1:0.35,1:0.5,1:0.75and 1: 1 TPh to EC molar ratios in CCly, respectively. Part
B depicts spectral changes when 0.1 M EC is complexed in molar ratios of 1: 10 (trace c), 1: 15 (trace d), 1: 20 (trace e), 1: 25 (trace f) and 1: 30 (trace g) with
TPh, respectively. Traces a and b in Part B depict pure TPh (1.5 M) and EC (0.1 M) in CCly. The inset depicts a curve fitting in the vc—o region for the 1:15 EC
to TPh molar ratio, showing two new bands (pink colour) at ~1714.5 and ~1705 cm™* due to complex formation, i.e., at shifts of —1.5 and —11 cm™* from

the primary monomer band (blue) at ~1716 cm™™.

The original spectra without any subtractions are given in SI
Fig. S2. It is observed from Fig. 6A that a new band, centred at
~2566 cm ™', i.e., at a red shift of ~22 em™' from the mono-
meric S-H stretching vibration, is formed as a result of complex
formation. (As shown in SI Fig. S3, in the concentration variation
spectra of TPh itself, the monomer band appears at ~2588 cm™ ",
while the self-dimer band appears at ~2572 cm ™. At the concen-
tration of 0.2 M TPh taken for this set, both monomer and dimer
contributions are subtracted to give the difference spectra c-g
attributed only to complex formation.) The predicted vg g shifts for
formation of the S-H---O H-bonded complexes EC-TPhla and
EC-TPh2 are —59.3 and —27.9 cm™ ', respectively, while that of the
S-H---n H-bonded complexes of EC-TPh3a and EC-TPh3b are
—33.1 and —37.6 cm ', respectively. Judging by this spectral
region, there is possibility for formation of all of the above
complexes EC-TPh1, EC-TPh2 and EC-TPh3, including the =n-
bound complex, since the magnitude of the observed vg y shift is
of the same range as that reported previously for S-H.--n H-
bonded complexes in solution.’” Another noticeable feature of
complex formation in the vg ¢ spectral region is the large enhance-
ment in intensity of the vsy vibration as compared to the
uncomplexed form. The same was reported previously in the liquid
phase as well as matrix isolation studies of complexes involving
thiol donors'>'® and attributed to the large polarizability of the
S-H bond, as well the behaviour of its dipole moment function.

3.3.2.2. vg—o and vc—¢ regions. As in the case of the EC-Ph
complex, the vc—o band of EC undergoes changes upon
complex formation with TPh, as shown in Fig. 6B. Spectra have
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been obtained for 0.1 M EC in CCl, for varying molar ratios with
TPh, ranging from 1:10 to 1:30. It is observed that the effects
of H-bond formation in solution for the thiophenolic donor are
more subtle than those for the phenolic donor. In the concen-
tration range taken, the vc—o band centre shifts between 1 and
~4 cm~"' to the red-side, the higher shift for higher TPh
concentration in the mixture. The curve-fitted spectrum for
the mixture of EC and ThPh taken in the ratio of 1:15 is shown
in the inset of Part B, Fig. 6. The fitting reveals two underlying
components at ~1714.5 and ~1705 cm™ ' in addition to the
monomer band at ~1716 cm™*, suggesting formation of more
than one kind of complex. Considering the absence of a clear
isosbestic point, and the possible self-association of TPh for the
concentrations taken, it cannot be said with certainty that the
complexes are in a 1:1 stoichiometric ratio, although steric
considerations lead us to assume that the solution is domi-
nated by binary, rather than higher complexes. The possible
spectral effect of ternary (or higher association) has been
considered in electronic structure calculations, as discussed
later in the same section.

Regarding the predictions for the EC-TPh binary complexes,
the vc—o shifts are predicted to be —24.1, +5.1 and —0.7 cm™"
for EC-TPh1a, EC-TPh2 and EC-TPh3a, respectively. The shift
of this vibration may be attributed to its direct involvement as a
H-bonding site (as for the former), and/or to energy redistribu-
tion of the normal mode upon complex formation. As discussed
in the previous section, energetic considerations predict a
comparable propensity for binding of TPh to all three sites.
However, the absence of any blue-shifted band in this spectral
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region leads us to infer that the binding through site 2 is
improbable, although it cannot be ruled out altogether consider-
ing the vs_g region. The band positions of the fitted components
within the vc—o band profile at ~1714.5 cm™* and 1705 cm ™!
ie., at shifts of ~1.5 and ~11 cm™ ' respectively, from the
monomer, are a reasonable match with the predicted vc—o band
positions for EC-TPh3a (Avc—o = —0.7 cm™ '), and EC-TPhla
(Avc—o = —24.1 cm ™), respectively. Additional effects of EC-TPh
complex formation involve the olefinic vcy,—c3 vibration of the
acceptor EC. It is observed that the monomer band centre at
1640 cm ™' shifts to the red side by 0.5 to 1 cm™ ", as the
concentration of TPh is increased (Fig. 6B and Fig. S4, SI).
A curve fitting of the band profile reveals a component at
~1636 cm ™' in addition to the monomer component, which
is attributed to the EC-TPh complex (Fig. S4). The predicted
shifts for this vibration are —13.8, —6.9, —6.8 and —5.8 cm™* for
EC-TPhla, EC-TPh2, EC-TPh3a, and EC-TPh3b, respectively,
which are comparable to the observed red shift of ~4 cm™".
Overall, the observed spectral changes indicate the co-existence
of both S-H- - -n and S-H- - -O (carbonyl oxygen bound and ester
oxygen bound) interactions in the EC-TPh complex under
thermal solvation.

The effect of higher association is taken into consideration
theoretically by optimizing ternary complexes consisting of one
molecule of EC and two molecules of TPh, since the latter is
likely to self-associate through S-H- - -S H-bonding at the con-
centrations taken. Calculations have been carried out for such
1:2 complexes using a more moderate basis set 6-31G(d,p). In
the optimized trimers (SI, Fig. S5), the binding of the TPh dimer
(TPh-d) to EC receptor sites 1 and 3 (EC-TPh-d-1 and EC-TPh-d-
3) has been considered. The predicted vc—g shifts for these 1:2
complexes (unscaled) are —47.9 and —3.7 cm™ ', respectively,
which are higher than those predicted at the same level of
theory for the 1:1 complexes of EC-TPhla (—34.1 cm ") and
EC-TPh3 (—1.6 cm %), respectively. This means that the for-
mation of higher complexes induces higher red-shifts of the
Vc—o transition, as also observed in solution for increasing
concentrations of TPh in the mixture. It may also be stated that
the S-H- - -n H-bonded ternary complex EC-TPh-d-3 is predicted
to be 3.3 kcal mol ' more stable than the corresponding
ternary S-H---O H-bonded ternary EC-TPh-d-1 complex. This
implies that at higher concentrations of TPh in the EC-TPh
mixture, the S-H- - -m interaction is more preferred.

3.4 Selectivity in binding: phenol vs. thiophenol

3.4.1. Interplay of electrostatic and dispersive interactions.
The above observation that the complex EC-TPh exists both as
S-H---O and S-H---m H-bonded conformers, while the EC-Ph
complex exists exclusively prefers the O-H: - -O H-bonded inter-
action, suggests a marked difference in binding selectivity
when sulphur, the heavier analogue of oxygen, participates in
H-bonding. Clearly the phenolic O-H donor prefers the more
electronegative acceptor site (Vinax = —0.054 a.u.) consisting of
the localized lone pair electrons on the carbonyl oxygen, while
the thiophenolic donor shows an equal propensity for binding
to this site as well as the less electronegative and more diffuse
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n-acceptor site on the benzene ring of EC (Vi = —0.020 a.u.).
The primary difference in the nature of the two chemically
analogous donors is the electronegativity of the chalcogen atom
involved. The sulphur atom weakens the S-H dipole consider-
ably, but its larger size also makes it more polarizable. The
exclusive preference of the phenolic O-H to bind to the oxygen
acceptor seems to be primarily driven by the electrostatic factor.
As observed from the EDA (Table 1) of the complexes EC-Phla
and EC-Ph3a (the more stable conformers of the carbonyl
bound and n-bound complexes, respectively), the dispersion
contributions are similar (—17.5 and —15.7 kcal mol ™", respec-
tively), while the electrostatic contribution for the former
(—15.6 kecal mol™") is much higher than that of the latter
(—5.8 keal mol ™). As discussed before, the large contribution
of the dispersion component to overall binding energy for both
the above complexes is an outcome of the n-stacking interac-
tions between the phenolic n-cloud and the benzene n-cloud on
EC. Also, the EDA results for EC-Ph3a are consistent with
previous observations that unlike conventional H-bonds,
weaker variants of type O-H---m are stabilized primarily by
dispersion.’*! Between the multiple acceptor sites on EC
however, the strong phenolic O-H dipole clearly favours the
electrostatic interaction with the polar carbonyl group rather
than with the diffuse m-cloud of benzene, ie., dispersion
contributions being similar, electrostatics plays the decisive
role in binding preferences. This leads to a considerably higher
binding energy (AE,= 9.5 kcal mol™ ") for the carbonyl bound
complex, compared to that of the m-bound complex (AE,=
5.2 keal mol ™), leading to the former’s dominance even under
thermal solvation conditions. Also, larger magnitudes of polar-
ization stabilization are predicted for the carbonyl bound,
rather than the m-bound complexes (Table 1). The EC-Ph2
complex (AEy = 7.8 kcal mol™ "), though poorly evidenced in
solution, also has higher magnitudes of electrostatic, disper-
sion and polarization stabilization than the n-bound complex.

The domination of dispersion to overall stability is more
pronounced for complexes involving the S-H donor, whether
carbonyl bound or n-bound. For example, the contribution
of electrostatic interactions for the carbonyl bound complex
EC-TPhla is —9.7 kcal mol™', while that of dispersion is
—17.3 keal mol ™. As stated in the Introduction, many existing
studies have suggested that dispersion interactions indeed
dominate over electrostatic interactions for H-bonds involving
sulphur. Evidently, S-H being the weaker dipole, electrostatic
interactions are subdued compared to the O-H donor in
phenol. So for the analogous carbonyl-bound complexes EC-
Phla and EC-TPhla, the dispersion stabilization has very
similar values (—17.5 and —17.3 kcal mol ", respectively), while
the electrostatic stabilization is ~6 kcal mol " lower in the
thiophenolic complex, leading to a lower value of the resultant
binding energy for the latter (AE}, = 7.1 kcal mol™ ') than the
former (AE, = 9.5 keal mol™*). However, the interplay between
electrostatic and dispersion interactions is more subtle for
complexes with the thiophenolic donor. EDA shows that for
the n-bound EC-TPh3a complex, the electrostatic contribution
is somewhat lower (—6.4 kcal mol™"), but not markedly lower,
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than that of the carbonyl-bound EC-TPh1a (—9.7 keal mol '), while
the dispersion contribution for the former is somewhat higher
(—19.2 keal mol ") than that of the latter (—17.3 keal mol ). The
different contributions to the binding energy of EC-TPh2 are also
similar (Table 1). Other component interactions being comparable,
all complexes have comparable binding energies, leading to a loss
of binding selectivity for the S-H donor. This also means that the
same m-acceptor site on EC has a higher binding affinity for the
thiophenolic S-H donor, compared to the phenolic O-H donor.
Indeed, the binding energy of the n-bound thiophenolic complex
EC-TPh3a (AE,= 6.0 kcal mol ) is predicted to be higher than that
of the analogous phenolic complex EC-Ph3a (AEy= 5.2 keal mol ™),
contrary to the trend observed for the carbonyl-bound complexes
EC-TPh1la and EC-Ph1la. Energy partitioning reveals that although
the contributions of the electrostatic component are similar for EC-
Ph3a and EC-TPh3a (—5.8 and —6.4 kcal mol ™, respectively), that
of dispersion is higher for the latter (—19.2 kcal mol ") than that
for the former (—15.7 kcal mol ). It may also be noted that the
contributions of the polarization components are predicted to be
the same for both (—1.5 kecal mol ). Our findings bear resonance
with previous suggestions from gas-phase studies of H,S-indole
clusters by the group of Wategaonkar that the S-H- - -1 interaction
is indeed stronger than the O-H.: - -n interaction.'® Evidently, it is
the delicate balance of the underlying electrostatic, dispersion and
other interactions not just at the H-bonded interface but between
each pair of atoms in the molecular complex that manifests in such
subtle modulations in binding preferences.

3.4.2. Effect on intermolecular geometry. The above obser-
vation that stabilities of the EC-Ph and EC-TPh complexes are
driven by a delicate balance of electrostatic and dispersion
interactions manifests noticeably in the geometries at their
H-bonded interfaces, and it can be seen that the phenolic/
thiophenolic n-ring as well as the benzene n-ring of EC play
important roles in geometry preferences. As stated above in
Section 3.3.1, in the =m-bound thiophenolic complexes EC-
TPh3a and EC-TPh3b, the S-H bond twists out of the plane
of the thiophenolic n-ring, which orients in a n-stacked orienta-
tion with respect to the benzene n-ring of EC, leading to large
dispersive stabilization (Fig. 5). On the other hand, for the more
stable n-H-bound phenolic complex EC-Ph3a, although the
phenolic ring is n-stacked with the benzene n-ring of EC, the O-
H donor remains co-planar with the former. In the less stable n-
bound conformer EC-Ph3b, such n-stacking is absent, resulting
in a slanted T-shaped structure (Fig. 3).

3.4.3. Relation with hardness/softness of donor-acceptor.
In our study, the H-bond acceptor molecule EC contains
multiple acceptor sites, consisting of both lone pair electrons
and m-electrons, which compete for the O-H/S-H donor. It is
evident that in terms of electronegativity (given by Vi,.x values
on ESP mapping), the former is a more potent H-bond acceptor
group than the latter. Clearly the more polar phenolic O-H
donor is guided by the higher electronegativity of the carbonyl
site, leading to high electrostatic stabilization, while n-H-
bonding remains energetically disfavoured. However, the pro-
pensity of the less polar thiophenolic S-H donor to equally
prefer the m-acceptor group alongside the carbonyl acceptor
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group appears to conform with the “soft” nature of both the S-
H donor and m-acceptor moieties. It is known that the differ-
ence in energies of the HOMO and LUMO orbitals of a molecule
is a measure of its hardness or softness, a higher value
indicating “harder” nature and vice versa. In the molecule
EC, the lone-pair orbital on the carbonyl oxygen is a “harder”
site than the m-acceptor site. As a quantitative measure of
hardness/softness, the HOMO-LUMO energy gap (AExomo-
Lumo) has been calculated separately for two prototype acceptor
fragments of EC, namely formaldehyde, containing the carbo-
nyl acceptor group, and benzene, the m-acceptor group. The
value for the former is 9.18 eV while that for the latter is 8.42 €V,
indicating that the benzene n-acceptor is the softer of the two
centres, and therefore is more likely to prefer the softer S-H
donor (AEyomo-rumo-7-47 eV) than the harder O-H donor
(AEsomo-Lumo = 7.77 €V). It may be inferred therefore that
H-bonding involving the thiophenolic sulphur atom as the
donor is not only dependent on the electronegativity of the
acceptor group, but also on the latter’s hardness/softness. It is
the balance of these two different factors that guides its
binding preferences. In this case, the formation of the S-
H---O H-bonded EC-TPhila complex is driven by the electro-
negativity of the carbonyl oxygen on EC, while the EC-TPh3
complex derives similar stability from the favourable inter-
action between the soft S-H donor group of TPh and the soft
n-acceptor group on EC. These binding preferences are rather
distinct from those of the analogous phenolic O-H donor,
which is harder by nature, and therefore always prefers the
harder carbonyl site with higher electronegativity.

4. Summary and conclusion

The study of H-bonded complexes of ethyl cinnamate with
H-bond donors phenol and thiophenol reveals the possibility
of multiple binding sites, corresponding to multiple regions of
negative electrostatic potential on the former. In both cases,
stable conformers are predicted, corresponding to binding at
the carbonyl oxygen site, the ester oxygen site and the benzene
n-cloud on EC. For the phenol donor, O-H---O H-bonding to
the oxygen sites is predicted to be much more favourable than
O-H- - -n H-bonding to the benzene site. On the other hand,
comparable energies of binding to all three sites are predicted
for the thiophenol donor. IR spectroscopic observations under
ambient conditions reveal an almost exclusive preference of the
phenolic O-H donor for the carbonyl oxygen site on EC, and an
even preference of the thiophenolic S-H donor for both the
carbonyl oxygen and the benzene n-cloud. For both EC-Ph and
EC-TPh complexes, experimental evidence of binding to the
ester oxygen site is ambiguous, possibly because of the engage-
ment of its lone pair electrons in a conjugative interaction with
the carbonyl group. There is therefore a loss of binding
selectivity in the case of the sulphur-centred H-bonded inter-
actions with EC, as compared to oxygen-centred ones. Such
modulations in binding preferences appear to owe their origin
to subtle variations in the interplay of electrostatic and
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dispersion interactions. As a result, distinct differences are
observed in predicted intermolecular geometry for the EC-TPh
complexes, as compared to EC-Ph complexes. The specific affinity
of the phenolic or thiophenolic donor for a particular binding site
on EC appears to be an outcome of the balance between polarity/
electronegativity and the hardness/softness of the donor-acceptor
sites. Phenol being the more polar and “harder” H-bond donor
prefers the more electronegative and “harder” acceptor site on the
carbonyl oxygen, while thiophenol being less polar and “softer”
has equal affinity for both the electronegative carbonyl site and
the “softer” and more diffuse n-cloud on EC.
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