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Stable binary complexes of RCZOH---CHzCHZ (R = CHs, H, F; Z = O, S) are due to contributions from the
O-H---0O/S and Cgpz—H:--O/S hydrogen bonds. The strength of Cs,2/O-H---O is 1.5 to 2 times greater than
that of the C,2/O—H---S bond. The substitution of H(C2) of HCZOH by CH3 causes a decrease in complex
stability, while the opposite trend occurs for the F atom. A very large red shift of the O—H stretching

frequency in O-H---O/S bonds was observed. A surprising Cs,e—H blue shift up to 104.5 cm™

I was

observed for the first time. It is found that the presence of O—H---O/S hydrogen bonds and a decisive

role of intramolecular hyperconjugation interactions in the complex cause a significant blue shift of the

Csp2—H covalent bonds. A striking role of O compared to the S atom in determining the blue shift of
Csp2—H stretching vibration and stability of binary complexes is proposed. The obtained results show that
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the ratio of deprotonation enthalpy and proton affinity could be considered as an index for the

classification of the non-conventional hydrogen bond. SAPT2+ results show that the strength of

DOI: 10.1039/d2ra05391h
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1. Introduction

Despite exhibiting much lower energy and directionality in
comparison to covalent bonds, non-covalent interactions still
demonstrate a dominant role owing to their ubiquity in nature
and the contribution to the cohesion of chemical systems. The
most significant type in non-covalent interactions is the
hydrogen bond, which is of great importance in chemistry,
biochemistry, and especially in biological systems: DNA, RNA,
and proteins." The A-H---B conventional hydrogen bond is
a weak non-covalent interaction, in which A and B are highly
electronegative elements, and B usually contains a region of
high electron density (a lone pair, a negative charge, or a -
system). Conventional hydrogen bonds (so-called red-shifting
hydrogen bonds) characterized by A-H bond elongation along
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RCSOH---CH3CHS complexes is dominated by electrostatic and induction energies, while a larger
contribution to the stability of remaining complexes is detected for the electrostatic component.

with a decrease in its stretching vibration are well-known, and
this frequency shift is due to electrostatic attraction between the
H atom and B atom.® The red shift of the A-H stretching
vibrational frequency of the A-H bond is proposed from the
n(B) — o*(A-H) intermolecular electron density transfer over-
coming the increase in s-character and the A-H bond polari-
zation.® Nonconventional hydrogen bonds with an A-H
contraction associated with an increase in its stretching vibra-
tion were discovered in complexes of fluoroparaffins with pyri-
dine, acetone, and dioxane by Trudeau et al. in 1980.® Such
a nonconventional hydrogen bond is named a blue-shifting
hydrogen bond.

Several hypotheses from both theoretical and experimental
research works have been proposed to unravel the phenomenon
of blue-shifting hydrogen bonds,>”** however, it has not been
deeply understood yet. For instance, Wu et al. indicated that the
reason for the shift of A-H stretching vibration arises from the
short-range hyperconjugative interaction of n(B) — o*(A-H)
electron density transfer in competition with the long-range
electrostatic interaction of the A-H bond and B atom.™ In
another report, based on different physical components of
interaction energy, Mao et al. suggested that an enhancement of
A-H stretching vibration is encouraged by Pauli repulsion,
whereas a combination of electrostatic and dispersion forces
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causes diminishing of A-H stretching vibration.” The electro-
static and Pauli repulsion energies dominating the sum of
polarization and charge transfer interaction define an A-H
bond contraction and an increase in its stretching frequency.™
An interesting approach that notices the inherent characteris-
tics of proton donor and acceptor monomers to unfold the
origin of blue-shifting hydrogen bonds has been proposed.***

The blue-shifting hydrogen bond is mainly discovered in
complexes involving C-H bond acting as a proton donor, such
as in C-H---O/N/halogen/m hydrogen bonds, which are signifi-
cant due to their abundance and diversity in nature.’>’ Studies
were then further expanded in characterizing the blue-shifting
hydrogen bond based on the different hybridization types of
the C atom in the C-H bond.**"** It is noteworthy that for the
demand for elucidating the characteristics and nature of the
blue-shifting hydrogen bond, the non-conventional hydrogen
bond involving the Cy,»-H bond as a proton donor has been
experimentally and theoretically examined much more than the
Csp>—H and C,,—H one. A few publications suggested that for the
same proton acceptor, the lower the polarity of the proton
donor, the larger the blue-shift of stretching frequency, and vice
versa.***** Consequently, most reports have focused on the Cgp:—
H bond with its lowest polarity as compared to both the Cy,-H
and Cg,,-H ones. Indeed, in 1999, Hobza et al. used double-
resonance infrared ion-depletion (IR-R2PI) spectroscopy to
give a predicted blue shift of the Cy»-H stretching frequency of
14 cm™* for the chloroform---fluorobenzene complex.*® A slight
Cp—H stretching frequency blue-shift of 8.7 cm " in Cyp—H- "N
nonconventional hydrogen bond was recently observed in the
complex between chloroform with acetonitrile in the gas phase
using Fourier transform IR (FTIR) spectroscopy by Behera
et al.”” Remarkably, a similar change of the Cgy—H stretching
frequency from blue shift in the gas phase to red shift in the
argon matrix was also observed in complexes of deuterated
chloroform with acetone and cyclohexanone.?”

Recently, the blue shift of the stretching frequency was
found in the Cy-H bond and the extent of stretching frequency
was even much higher than that of the Cy»-H bond as a proton
donor, in spite of the larger polarity of the former with respect
to the latter one. Indeed, a C,,>~H significant blue shift by 81 ~+
96 cm ' in the Cy»—H:--O hydrogen bond formed in the
complexes of formic acid with formaldehyde and thio-
formaldehyde has been recently discovered.*® An investigation
at the B3LYP/6-311++G(d,p) level in the interaction between
CH;CHO with two molecules of water predicted a significant
blue shift of the C,:~H vibration amounting to 93 cm ™" in the
Csp>—H:--O hydrogen bond.*® Our group's further reports of the
considerable blue shift of Cyp-H stretching vibration in the
Csp~H---O/S nonconventional hydrogen bonds in XCHO---2H,Z
(X =H, F, Cl, Br; Z = O, S, Se, Te) complexes were given in ref.
39. Following complexation, a decrease in the stretching
frequency of the O-H bond in the dimers of carboxylic acids*>**
and an increase in Cy,>-H stretching vibrational frequency in
the complexes of acetaldehyde**** were reported. Kaur et al.
suggested that the blue shift of Cg,~H stretching vibrational
frequency results from the presence of the O-H:--O bond in the
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complexes formed between carbonyl compounds and hydrogen
bond donors HOR (R = H, Cl, CH3, NH,, C(O)H, C¢Hs).*
Although some publications related to the considerable blue
shifts of Cyp»-H stretching vibrational frequencies in the
complexes containing carbonyl (Cs,»=0) group have been
reported,**3>1¢8 3 gystematic investigation of binary complexes
stabilized by hydrogen bonds with the C,,:~H bond acting as the
proton donor for having an insight into the nature of blue-
shifting hydrogen bonds is desirable. As a consequence,
a study of the complexes formed by interactions of acetaldehyde
(CH3CHO) and thioacetaldehyde (CH;CHS) with the substituted
carboxylic and thiocarboxylic acids (RCZOH, with R =F, H, CH3,
and Z = O, S) is performed in this work to acquire a better
understanding of the characteristics of conventional and non-
conventional hydrogen bonds along with their mutual impact.
The impact of the presence of the O-H:--O/S hydrogen bond on
the stability of C,,:~H---O/S nonconventional hydrogen bonds
and the blue shift of Cg,>-H stretching vibration is estimated. In
addition, the effect of the R substituents of RCZOH (F and CHj)
acting as electron-withdrawing and electron-donating groups
on the strength of binary complexes as well as the characteris-
tics and stability of O-H-:-O/S and C,p>-H---O/S hydrogen bonds
are evaluated. Furthermore, the role of O compared to S in
CH;CHZ in affecting the characteristics of non-conventional
and conventional hydrogen bonds is investigated thoroughly.

2. Computational methods

The optimized geometries of the monomer, the complexes, and
their stretching vibrations are determined on the potential
energy surface using the Gaussian 09 package® using MP2
(second-order Moller-Plesset perturbation theory)*® combined
with 6-311++G(3df,2pd).**** Proton affinity (PA) at the O and S
sites and deprotonation enthalpy (DPE) of C-H and O-H bonds
in the isolated monomers were calculated at the CCSD(T)/6-
311++G(3df,2pd) level. Interaction energy (AE*) corrected by
both zero-point vibrational energy (ZPE) and basis set super-
position error (BSSE)*® was carried out at the CCSD(T)/6-
311++G(3df,2pd) based on the optimizing geometries at the
MP2/6-311++G(3df,2pd) level by the supramolecular method, in
which, AE* is defined as the difference in total electronic energy
between the stable complexes (Ecompiex) and the sum of two
optimized monomers (Emonomer-1y Emonomer-2) given by

AE* = Ecomplex - (Emonomer-l + Emonomer-Z)

AIM (Atom In Molecule) analysis at MP2/6-311++G(3df,2pd)
was performed to determine the bond critical points (BCP),
electron density (p(rc)), the Laplacian of electron density
(V?p(rc)) using AIMAIl package.®® The local electron energy
density (H(r¢)) at BCP was computed by H(rc) = G(rc) + V(r¢), in
which V(rc) and G(rc) are the electron potential energy density
and the electron kinetic energy density, respectively. The indi-
vidual energy of each hydrogen bond (Eyg)**® was calculated
based on the empirical expression revealed by topological
analyses of the electron density: Eyg = 0.5 V(rc).*® A natural

© 2022 The Author(s). Published by the Royal Society of Chemistry
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bond orbital (NBO) analysis at MP2/6-311++G(3df,2pd) using
the GenNBO5.G program® for a comprehensive understanding
of the nature of hydrogen bond was carried out by calculating
the hyperconjugation energies for intramolecular and inter-
molecular electron density transfer and orbital occupancies.
NCI plot description is further utilized to visualize the weak
hydrogen bonds.**** Moreover, the Molecular Electrostatic
Potential (MEP) analysis®>*®* of the monomers is investigated at
the MP2/6-311++G(3df,2pd) level. In particular, electrostatic
potential, ¥(r) has been considered to be an important property
for analyzing the nature and predicting the strength of several
non-covalent interactions. Herein, we used the maximum and
minimum surface electrostatic potentials denoted by Vs max and
Vs,min, respectively, in order to characterize hydrogen-bonded
complexes. Generally, V(r) is created by the nuclei and elec-
trons of a molecule at any point r in the surrounding space,
given by,

_ Z p(r/) b
V(r) —ZAle A J|r’—r\d}

A—V|_

In which, Z, is the charge on nucleus A, located at R, and
p(r) is the molecule's total electronic density with 7 as a dummy
integration variable.

To evaluate the physically meaningful components contrib-
uting to the stability of investigated complexes, the SAPT
(Symmetry-Adapted Perturbation Theory) analysis®® using Psi4
program® at the MP2/6-311++G(3df,2pd) level was employed.
The total interaction energy (AE*P™") can be divided into the
four basic components: exchange-repulsion (Ec,.n), electrostatic
(Eeist), induction (Ejnq), dispersion (Eg;sp) terms, and is defined
by the following:

HF
AEsapT2+ = Eetst T Eexen + Eina + Edisp + 6Einl,r

where 0EfY, is a term containing the third-order and higher-
order induction and exchange-induction contributions.

3. Results and discussion

3.1. Structural pattern and stability of complexes

Stable structures of binary complexes of CH;CHZ and RCZOH
(with Z = O, S; R = CHj3, H, F) at the MP2/6-311++G(3df,2pd)
level are shown in Fig. 1a. Twelve stable complexes located on
potential energy surfaces are presented in detail in Fig. S1 in the

View Article Online
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ESIL.T Some typical parameters in the observed complexes are
tabulated in Table S1.f Briefly, investigated complexes are
named RZ-Z, in which, R is CH3, H, and F substitution groups.
The O atom or S atom is represented by Z in RCZOH and
CH;CHZ, denoted as Z2 and Z7 in the complexes. The sp-
hybridized carbon atom in CH3;CHZ is labelled hereafter as Cg2.
It can be seen that all structures contain a ring formed by two
intermolecular interactions: one Cy,-H---Z2 with an obtuse
angle (<180°) and one O-H---Z7 with an angle of ~180° (Table
S1t). The chalcogen atoms (Z) act as proton-accepting centers
and Cgp>—H or O-H bonds in the isolated monomers are proton-
donating sites.*®**® Remarkably, a rotational spectrum study of
formic acid - isopropylformate by Spada et al suggested
a similar geometry with hydrogen bonds including O-H---O and
Cgp>—H---0.” Besides, as shown in Table S1,f the distances of
H---O7,H---S7,H---02, and H---S2 contacts are close to the sum
of the van der Waals radii of relevant atoms (this sum is 3.00 A
and 2.72 A for the corresponding pair of S and H, O, and H
atoms). The lengths of H---O distances in Cyp-H-:-0**** and O-
H---O**%%® interactions are comparable to those in the
complexes of this work. Additionally, the H---S distances of O-
H---S7 hydrogen bond in HO-S are close to those obtained at
the MP2/aug-cc-pVDZ level.*® These results roughly suggest the
presence of O-H::-Z7 conventional and Cg,~-H---Z2 noncon-
ventional hydrogen bonds in the binary complexes.

Concerning the Cgy-H:---Z2 bonds, the H---Z2 distance is
increased when R is an electron-withdrawing group (F) while
the opposite is true for an electron-donating group (CHjs).
Meanwhile, a converse trend is obtained with O-H---Z7 bonds.
To explain this observation, the effect of the proton-donating or
-accepting ability of the isolated monomers on the strength of
hydrogen bonds is evaluated through deprotonation enthalpy
(DPE) of O/C,,2-H bonds and proton affinity (PA) at the Z sites of
CH;3CHZ and RCZOH (Table 1). By changing the R substitution
in RCZOH, the O-H---Z7 intermolecular distance in complexes
increases in the order of F < H < CHj;. This change accompanies
a decrease in the polarity of the O-H bond in RCZOH as one
goes from F to H to CH; substitution (Table 1). Besides, the
Csp>—H---Z2 intermolecular distance decreases in the substitu-
tion order: CH; > H > F, which relates directly to the increasing
proton affinity of the Z2 site in RCZOH.

To evaluate the role of conventional and nonconventional
hydrogen bonds in stabilizing the complexes, the second-order
perturbative energies Ej, . from NBO calculations at the MP2/6-
311++G(3df,2pd) level are given in Table 2. The large positive

(b)

Fig.1 Geometries (a) and topological features (b) of RCZOH---CH3CHZ complexes (with R = CHs, H, F; Z = O, S) at MP2/6-311++G(3df,2pd).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table1 Values of proton affinity (PA) and deprotonation enthalpy (DPE) at CCSD(T)/6-311++G(3df,2pd)//MP2/6-311++G(3df,2pd) and the ratios

of DPE/PA for C4,?~H--Z2 bonds in the complexes*

Monomer CH;CHO CH,CHS CH;COOH CH,CSOH HCOOH HCSOH FCOOH FCSOH

PA (Z), k] mol ! 767.2 (768.5) 807.1 768.2 (783.7) 809.3 722.3 (742.0) 770.3 6985  744.0

DPE (Cqp?/O- 1641.0 (1645.1 +  1610.0 (1461.0 + 1454.8 (1457.0 +  1392.7  1440.1 (1449.0 + 1381.9 1366.5 1312.4

H), k] mol* 4.0) 17.0) 5.9) 5.0)

(1) DPE of Cyy-H in CH;CHZ DPE/pA® CH,0-0 CH,S-O HO-O HS-0 FO-0O FS-O
2.14 2.03 2.27 2.13 2.35 2.21

(2) PA of Z = O/S in RCZOH DPEW/PA® CH,0-S CH,S-S HO-S HS-S FO-S FS-S
2.10 1.99 2.23 2.09 2.30 2.16

“ Experimental values in parentheses are taken from the NIST webpage (https://webbook.nist.gov/chemistry/).

values of electron density transfer (EDT) of ca. 0.039-0.079 e
show that the electron density is considerably transferred from
CH;CHZ to RCZOH following complexation. These EDT values
are taken from a stronger electron density transfer from n(Z7) to
o*(O-H) orbital versus n(Z2) to 6*(Cgp-H) one in each binary
complex. The values of Ej[n(Z7) — o*O-H)] (ca. 22.6-
37.4 k] mol ") are indeed 10 + 17 times larger than Ejy..[n(Z2)
— 0*(Cep~H)] (ca. 1.4-3.1 k] mol ). It could be thus drawn
that the charge-transfer interaction of n(Z7) — ¢*(O-H) in the
conventional hydrogen bond plays a dominant role in stabi-
lizing each complex, as compared to those of the n(zZ2) —
6*(Csp—H) electron transfer in the non-conventional ones.
Interaction energies (AE*) including ZPE and BSSE correc-
tions of the studied complexes are listed in Table 3. Generally,
the values of the interaction energy range from —27.1 to
—46.5 k] mol*, implying that the considered complexes are
stable. The stability of CH3;CHZ---RCZOH complexes lies
between that of (CH3;CHZ), and (RCZOH), dimers, with R =
CH;, H, F, and Z = O, S. Particularly, the values of the interac-
tion energy of (HCOOH), and (CH;COOH), are calculated to be

in turn —61.9 and —66.6 k] mol ' at the MP2/aug-cc-pVIZ
level® or —56.9 and —60.7 k] mol™' at the MP2/6-
311++G(d,p),*" respectively. The less negative interaction energy
found for (CH;CHO), dimer was —14.8 k] mol " at the M062X/6-
311++G(3df,3pd) level* or —11.6 k] mol ' at the MP2/6-
311++G(d,p) level.** The investigated complexes are more stable
than CH;CHS---HOBr (AE* is —22.8 k] mol " at the MP2/aug-cc-
pVTZ level)*® and CH3CHO:--H,0 and CH3;CHS---H,0 (AE* are
—15.3 and -11.7 kJ mol ', respectively, at CCSD(T)/6-
311++G(3df,2pd)//MP2/6-311++G(3df,2pd)).”

With the same atoms Z2 and Z7, the interaction energies of
complexes tend to decrease from CH3Z-Z to HZ-Z and finally to
FZ-Z. As a result, the substitution of H by F attached to the
carboxyl group in HCZOH gives rise to an enhancement of the
stabilization energy, while the attachment of the CH; group
diminishes this value. The Ej,[n(Z7) — o*(O-H)] values thus
increase in the order of CH; < H < F substitutions, which are in
line with the tendency of enhancement in the polarity of O-H
covalent bonds in RCZOH (¢f. Table 1). Following this substi-
tution, as observed in Table 2, the Ejye[n(Z2) — o*(Cgpe-H)]

Table 2 Selected NBO results for Cgpe—H---Z2 and O—H---Z7 hydrogen bonds at MP2/6-311++G(3df,2pd)*

A% s (%) Ac* (e) Einter (KJ mol™?) ABinera (K] mol ™)
n(z7) —
Complex EDT (e) O(H) Csp2(H) O-H Cp-H c*(O-H) n(Z2) — o*(Cep>-H) n(z7) - o*(Cep-H)
CH;0-0 0.039 3.71 1.37 0.041 —0.012 23.1 1.7 —7.6
CH,3S-O0 0.040 3.99 1.16 0.043 —0.007 26.2 2.5 7.2
HO-O 0.042 3.81 1.31 0.043 —0.012 25.6 1.7 —7.8
HS-O 0.041 4.14 1.12 0.044 —0.007 27.8 2.4 7.4
FO-O 0.055 3.82 1.26 0.055 —0.015 35.6 1.4 —8.7
FS-O 0.056 3.99 1.15 0.060 —0.011 37.4 2.2 —8.6
CH;0-S 0.050 3.52 1.62 0.054 —0.004 22.6 2.6 -3.9
CH,S-S 0.054 3.82 1.41 0.061 0.002 26.0 3.1 —-3.2
HO-S 0.056 3.73 1.55 0.059 —0.004 25.1 2.6 —-3.8
HS-S 0.057 4.03 1.39 0.064 0.002 28.4 3.1 —-3.4
FO-S 0.076 3.99 1.50 0.074 —0.006 33.0 2.1 —4.1
FS-S 0.079 4.18 1.39 0.083 —0.001 37.0 2.7 —-3.7

% EDT: electron density transfer; A% s: change in s-character percentage; Ac*: change in electron density of anti-bonding orbital; Eiper
intermolecular hyperconjugation interaction energy; AEj,..: difference of intramolecular hyperconjugation interaction energy in isolated

monomer and complex.
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Table 3
analysis at MP2/6-311++G(3df,2pd), all in kJ mol™¢
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Interaction energy (AE*), basis set superposition error (BSSE) at CCSD(T)/6-311++G(3df,2pd)//MP2/6-311++G(3df,2pd) and SAPT2+

Complex Eealst Eind Egisp SEMF Eexch ESAPT2ZY AE* BSSE
CH,;0-0 —70.6(46) —44.0(29) —25.4(17) —12.5(8) 98.9 —53.6 —35.7 5.13
CH,3S-O —72.5(43) —52.8(31) —27.8(17) —15.1(9) 117.8 —50.3 —35.0 5.86
HO-O —73.3(46) —46.6(29) —25.3(16) —13.5(9) 102.9 —55.9 —36.5 5.14
HS-0 —74.5(43) —54.6(32) —27.7(16) —16.0(9) 120.3 —52.5 —35.3 5.85
FO-O —81.4(46) —53.4(30) —26.0(15) —~16.0(9) 112.3 —64.5 —46.5 5.90
FS-O —83.3(43) —60.6(32) —28.7(15) —18.8(10) 129.1 —62.3 —46.4 6.50
CH;0-S —53.0(40) —43.8(33) —25.0(19) —11.0(8) 95.8 —37.0 —28.7 5.42
CH,S-S —52.8(36) —52.7(36) —27.5(19) —12.8(9) 114.6 —31.2 —27.1 6.00
HO-S —54.3(40) —46.5(34) —24.8(18) —11.9(9) 99.4 —38.1 —28.8 5.34
HS-S —54.1(36) —54.7(36) —27.4(18) —13.6(9) 117.3 —32.6 —27.5 6.00
FO-S —58.5(38) —54.7(36) —25.2(17) —13.9(9) 106.5 —45.8 —36.2 6.01
FS-S —58.1(36) —60.7(37) —27.9(17) —15.7(10) 124.7 —37.7 —34.7 6.04

“ The values in parentheses for the contribution percentage (%) of energy component on the stability of complexes.

values decrease slightly, which is due to a lower proton affinity
at the Z2 site in the isolated isomers. This indicates a dominant
role of the O-H:--O/S compared to Csy:-H:--O/S hydrogen bonds
in stabilizing the complexes. More negative values of the
interaction energy were obtained for CH;CHO---HCOOH
(—=39.8 kJ] mol™") in comparison with CH;CHO---CH;COOH
(—38.0 k] mol ") at the B3LYP-D3/aug-cc-pVTZ level,*® which
shows that the H substitution of the Cg»~H group in HCOOH by
the CH; group causes a decrease in the stability of hydrogen-
bonded complexes. This observation is also similar to the ob-
tained result in this work and the complexes of alcohol deriv-
atives and amine.”

The values of the maximum surface electrostatic potential
(Vs,max) at the H atom of ~OH groups in substituted carboxylic
and thiocarboxylic acids (RCZOH) are displayed in Fig. S2.t As
expected, Vs max of the RCZOH molecule at the H atom decreases
with the substitution of the CH; group, whereas, it increases in
the presence of the F atom, corresponding to the changing
trend of the interaction energy in the complexes. Indeed, the F
substituted RCZOH having the highest V 1, is accompanied by
the largest negative interaction energy, whereas the CHj;
substitution having the lowest Vs m,x is associated with the least
negative interaction energy. The linear correlations (R> = 0.9)
between the interaction energy of the complexes and the
magnitude of V 1.« value are observed in this study, as given in
Fig. S3 of ESI.{ It shows that the stability of the investigated
complexes increases when there is an enhancement of the
positive electrostatic potential of the H atom in RCZOH
monomers and vice versa.

With the same substituent groups R and Z7, the interaction
energy of RO-Z is slightly more negative than that of RS-Z,
around 0.1-1.6 kJ mol ', while Ejy,[n(S2) — o*(Cyp-H)] is
larger than Ejne,{n(02) — o*(Cspe-H)]. This indicates that the
larger strength of Cgp-H---O2 versus Csp»—H---S2 is caused by
the electrostatic attraction between H and Z2 overcoming the
charge transfer from n(z2) to 6*(Csp-H) orbital. Indeed, the
NBO charges given in Table S1 of ESIT show a larger positive
charge of the H atom in the Cy,»-H:--O2 bond in RO-Z, as
compared to that in Cg:-H---S2 in RS-Z. Besides the charge of

© 2022 The Author(s). Published by the Royal Society of Chemistry

the O2 atom is also more negative than that of the S2 atom in
the complexes. This signifies a stronger electrostatic attraction
between O2 and H in the C,,:~H---02 bond than between S2 and
H in the Cgp2-H:--S2 bond.

With the same R and 72, the RZ-O is ca. 7.0-11.7 k] mol ' in
energy, which is more stable than RZ-S, although electron
transfer energy from n(S7) to o*(O-H) orbital is stronger than
that from n(O7) to o*(O-H) (¢f. Tables 2 and 3). Consequently,
the stability of the complexes is governed by the electrostatic
interaction of Z7 and H atoms as opposed to the energy for the
charge transfer from n(Z7) to o*(O-H) orbital. In short, it is
apparent that the larger stability of RO-Z versus RS-Z or RZ-O
versus RZ-S comes from the contribution of electrostatic
attraction between O and H atoms, overwhelming that between
S and H atoms. Indeed, as seen from Table S1, the NBO
charges on O7 atoms have large negative values, whereas posi-
tive charges are found on S7 atoms. In addition, more positive
charges of H of the -OH group in RZ-O, as compared to those in
RZ-S are also observed (c¢f Table S1t). Accordingly, the elec-
trostatic attraction between O7 and H in O-H---O7 bond is
stronger than that between S7 and H in O-H---S7 bond. Simi-
larly, the larger stability of HCOOH:---CH;CHO, as compared to
that of HCOOH:--CH,;CHS at the MP2/aug-cc-pVTZ level studied
by Trung et al.*® indicates a more important role of the O atom
in comparison with the S atom in stabilizing hydrogen-bonded
complexes.

The energy components’ were evaluated by employing the
SAPT2+ procedures at the MP2/6-311++G(3df,2pd) basis set
(Table 3). The calculated results indicate that the interactions in
the investigated complexes are mainly contributed by Es (36—
46%) and Ejnq (29-37%) components, while Eg;s, and 6E™" only
contribute less, half of those, by 15-19% and 8-10%, respec-
tively. As a consequence, the electrostatic and induction
components play an important role in stabilizing the
complexes, especially, a considerable role of electrostatic energy
in complex stabilization. An approximation of the contributions
in the percentage of physical energy terms to the stability of the
complexes for both electron-donating (CH3;) and electron-
withdrawing (F) substituent groups was observed (cf. Fig S4T).
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A great contribution of the electrostatic term to the complex
stability occurs in RZ-O in comparison to RZ-S, making the
former to be about 1.3-1.4 times more stable than the latter
(Table 3). The high values of E.., seem to be the additional
reason for the less stable RS-Z versus RO-Z. Besides, there are
approximate contributions of E.js: and Ej,g components, about
36-37% in RS-S.

3.2. AIM and NCI analyses

In order to clarify the existence and stability of conventional and
nonconventional hydrogen bonds in the binary complexes, an
AIM analysis was performed and its results showed the bond
critical points (BCP) in red between the lines connecting H
atoms with Z7 and H atoms with Z2 for all complexes (c¢f. Fig. 1b
and S1 in ESI}). These BCPs again indicate that the O-H---Z7
and Cgp»-H---Z2 contacts in the binary complexes of RCZOH
and CH3;CHZ are hydrogen bonds. Besides, their existence was
confirmed by the values of electron density p(r¢) and Laplacian
at BCPs V>p(r¢), which fall within the criteria for the formation
of hydrogen bonds.” All values of p(rc) and Vp(rc) at these
BCPs (¢f Table S2, ESIf) are indeed in the range of 0.0096—
0.0521 au and 0.027-0.105 a.u., respectively. The characteristics
of conventional and nonconventional hydrogen bonds in the
complexes are emphasized by values of local electron energy
densities (H(rc)) at BCPs.”*”® The positive values of V*p(r¢) and
negative values of H(rc) at BCPs of O-H---Z7 contacts in the
complexes suggest a partly covalent character of the conven-
tional hydrogen bonds.*® Meanwhile, the positive V*p(rc) and
H(rc) values indicate that the Cgp-H---Z2 nonconventional
hydrogen bonds are considered to be weak hydrogen bonds.

The Eyg values from Table S2t1 suggest that the O-H---O7 is
twice stabler than O-H---S7 and Cy,-H---S2 is about 1.5 times
less stable than Cgp-H:--O2. This implies that the O-H---Z7
hydrogen bonds keep a substantial part in stabilizing further
the complexes, in addition to the stabilization by C,,-H---Z2
hydrogen bonds. This observation is also reported in the
hydrogen-bonded complexes between carbonyl derivatives and
water.***”° It is found that the contribution to the RZ-Z stabi-
lization is larger for C,,-H---02/O-H---O7 hydrogen bonds
than that for Cg-H---S2/0O-H:--S7. With the different substi-
tution of Z2 or Z7 atoms, AIM data shows a larger strength of the
Csp~H---02 hydrogen bond compared to Cgp-H:--52,”%”” and
a larger strength of the O-H---O7 bond in comparison with O-
H---S7 one.”®”® The second-order correlations between the
individual energy of hydrogen bond (Eyg) with the value of
electron density (p(rc)) at the BCP and the distance H---Z(r(H- -
Z)) are plotted in Fig. 2. It shows that the more negative the Eyp
values are, the larger the p(rc) values and the shorter the r(H:--Z)
at BCPs. In other words, the p(r¢) at the BCP of the hydrogen
bond is inversely proportional to 7(H---Z). This result affirms
a dominant role of the O-H---Z7 bond compared to the Cgy>-
H---Z2 bond in contributing to complexation.

For a more obvious understanding of the characteristics of
conventional and nonconventional hydrogen bonds in the
complexes, NCI (Non-Covalent Interaction) calculations were
performed. The reduced density gradient (RDG) isosurfaces and
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their 2D plots for all complexes are displayed in Fig. S5a and
b (in ESIf). In the 2D plots, the low-density and low reduced
gradients in the region are where the second eigenvalue (,) of
the electron-density Hessian matrix is negative, indicating weak
and non-covalent attractive interactions between CH3;CHZ and
RCZOH molecules. It can be seen from Fig. S5a and b that the
volume and site of the tail on the horizontal axis of the blue
spike and the green spike in all complexes are not the same.
However, in all complexes, the O-H:--Z7 bond is recognized by
the blue spike lying at the higher negative region in comparison
with the green spike of the Cgyp-H:--Z2 bond. In RZ-O
complexes, the difference in the distance between the tail of the
blue spike and the tail of the green spike is larger than that in
RZ-S complexes. For instance, with the same site of the tail of
the green spike (about —0.01 a.u.), the blue spike for the O-H:--
07 bond in FS-S lies at about —0.03 a.u., while it lies at —0.05
a.u. for FO-O.

Here, the FO-O complex is chosen as a good example for
analysis (Fig. 3). In particular, two spikes (blue and green) are
detected in the negative region, confirming again the atten-
dance of O-H---Z7 and Cy,—H---Z2 hydrogen bonds in the
complexes. The O-H:--Z7 bond is recognized by the blue spike
lying at the high negative region (~0.05 au). This indicates that
the O-H---Z7 hydrogen bonds are stronger compared to Cgy>~
H---Z2 ones in the complexes, in agreement with the results
reported by Lei et al.*® and Cuc et al**’° Moreover, the spike
found at the positive region with only about 0.01 a.u. in the
electron density implies a repulsive non-covalent interaction at
the RCP interior to the ring.

3.3. Changes in lengths and stretching frequencies of Cgp,-
H and O-H bonds

The results obtained for the changes in the values of lengths
(Ar, mA) and stretching frequencies (Av, cm ") of O-H and Cgp—
H bonds at MP2/6-311++G(3df,2pd) level are tabulated in Table
4 and displayed in Fig. 4. The C,,>-H bond length decreases by
0.5 to 7.6 mA, accompanied by an increase in its stretching
vibration by 11.0 em™* to 104.5 cm ™" in comparison with the
corresponding values in the isolated monomers. This observa-
tion is remarkable, given that, as introduced in Section 1,
a considerable contraction of a Cs,>~H bond length has rarely
been observed owing to its polarity. The changes in the Cyp-H
stretching frequency indicate that all Cgp-H---Z2 hydrogen
bonds in the studied complexes are blue-shifted. For compar-
ison, a concise summary of the theoretical and experimental
publications on the changes in stretching frequencies of the
Csp—H, Csp>—H, Cyp-H bonds upon complex formation is given
in ESI (Table S3).t It is seen that the red shift in the stretching
frequency of the Cy,—H bond was found at high levels of theory,
while both red or blue shifts of C,:~H stretching frequencies
with weak and moderate magnitude were observed.

The extent of changes in Cy,>-H stretching frequencies have
been observed in several binary hydrogen-bonded systems
(Table S3 in ESIt).3*%3%481 Moderate and strong Cgp—H blue
shifts were reported in some complexes between carbonyl/
thiocarbonyl compounds with water.’®***" Indeed, in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The second-order correlations of individual hydrogen bond energies (Eyg) with respect to electron density p(rc) at BCPs (a) and inter-
molecular distances (b) for RCZOH---CH3zCHZ complexes (Z = O, S; R = CHs, H, F).
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complexes between aldehydes and hydrogen chalcogenides
(H,O, H,S), the Cg,-H stretching frequencies undergo
a significant blue shift, amounting to 92 cm™* for CH;CHO" -
2H,0. The strong blue shift of the C,,»-H stretching frequency
(93 em ™) in the CH;CHO:--2H,0 complex was also found by
Chandra et al.*® Remarkably, a strong blue shift of the Cy,--H
stretching vibration up to 96 cm ™" in binary complexes between

Table 4 Change of bond lengths (Ar, mA) and corresponding
stretching frequency (Av, cm™) in the complexes at MP2/6-
311++G(3df,2pd)

Complex  CH;0-O CH;$-O HO-O HS-O FO-O  FS-O
Ar(O-H)  19.6 20.3 21.7 21.8 28.1 30.3
Ay(O-H)  —401.1  —416.0 —441.4 —445.6 —569.7 —622.8
AFCyp-H) —7.0 —6.5 -68 64 7.6  —7.5
Ap(Cqp-H)  96.6 83.8 95.3 82.5 104.5  96.7
Complex ~ CH;0-S CH,;S-S HO-S HS-S  FO-S  FS-§
Ar(O-H)  16.3 16.9 18.1 18.4 23.4 24.8
Ay(O-H)  —344.9 —358.3 —382.7 —389.5 —494.0 —528.3
Ar(Csy-H) —1.0 —0.6 -1.0 —0.5 —2.1 -1.8
Ap(Cgp-H) 28.1 11.9 28.3 11.0 42.3 27.7

© 2022 The Author(s). Published by the Royal Society of Chemistry

formic acid and acetaldehyde was reported in ref. 33. At the
MP2/cc-pVTZ level, Damanyjit et al. calculated a significant blue
shift of the Cy»-H bond in NH,CHO---HCOOH to about
93 cm ™ '.* As seen from Table S37 that the blue-shift of the Cep—
H stretching frequency in the dimer of (CH;CHO), (including
two Cgp-H---Z hydrogen bonds) is smaller than that in the
HCOOH:"--CH;CHO binary complex (including one Cg,-H---Z
bond and one O-H:--O bond). This result emphasizes the
important role of O-H---O interaction to the large blue-shift of
Cqp2—H stretching vibration.

Comparing Cg,»-H---Z types, it is found that the magnitude
of the blue shift in the Cgp-H stretching vibrational frequency
in 07 = Cyp-H--+Z2 (RZ-0O) is larger than that in S7 = Cy,--H- -
Z2 (RZ-S). This likely relates to the stronger polarity of the Cgp2—
H bond in CH3CHS with respect to CH;CHO (cf: Table 1). As
seen in Fig. 4, a larger contraction of the C,,»-H bond length
accompanied by a larger increase in its stretching vibrational
frequency was observed for the C,,:~H---02 hydrogen bonds in
comparison to the Cy,2~H:---S2. This difference is owing to the
larger gas phase Lewis basicity at the S site in RCSOH as
compared to that at the O site in RCOOH (¢f. Table 1), which
denotes a more prominent role of O versus S atom in the larger
magnitude of the blue shift of Cy,:-H stretching frequency
involving hydrogen bond. Importantly, a good correlation

RSC Adv, 2022, 12, 35309-35319 | 35315
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between A»(Cyp2-H) and DPE(C,p2-H) along with PA(Z2) is found
with R* = 0.98 (illustrated in Fig. S61). Hence, the results of the
present work demonstrate the fact that the blue shift of
stretching vibrational frequency is dependent on the inherent
property of the monomer, as discussed in some recent
works.'®3373539 Ag seen from Tables 1 and 4, it is found that the
higher the DPE/PA ratio for the C,,>~H---Z2, the larger blue-shift
of the Cgp»—H stretching vibration will be, and vice versa. It is
also found that the DPE/PA ratio for the Cy,-H---Z2 bonds in
the complexes with CH;CHZ is larger for Z = O than for Z = S.
The highest DPE/PA was estimated in FO-O, and the lowest
value was obtained in HS-S. Therefore, it could be proposed
that the DPE/PA ratio can be used for the evaluation of the
category of hydrogen bonds and the extent of the blue shift of
stretching frequency.

The Cyp-H stretching frequency in Cy,-H---Z2 bond expe-
riences a strong enhancement upon F substitution in RCZOH
compared to H and CH; substitutions, which has been rarely
reported before (cf: Table S371). It is suggested that a contraction
in the length of the C,,»-H bond and a remarkable increase of
its stretching vibrational frequencies are affected by the pres-
ence of O-H---Z7 hydrogen bonds in complexes, especially
O-H---O hydrogen bonds.* For instance, the highest extent of
the blue shift in Cs,2-H---Z2 bonds belongs to FO-O (connected
by C4p=-H:--O and O-H:--O bonds) with a C4,:-H contraction of
7.6 mA and a strong increase in its stretching vibration of
104.5 cm™". This result arises from the largest decrease in the
electron density of the 6*(C,p2-H) antibonding orbital (0.015 e),
which strengthens the C,,>-H bond and thereby contributes to
a blue shift of the Cyp2-H stretching vibration.

Table 2 points out that the trend in the change of electron
density in the o*(Cyp-H) orbitals is quite comparable to the
change in Cyp»-H stretching frequency. Meanwhile, the increase
in the percentage of the s-character of C, in the Cgp-H cova-
lent bond is not too much different in the complexes. As

35316 | RSC Adv, 2022, 12, 35309-35319

View Article Online

Paper

a consequence, a decrease of electron density in the 6*(Cgp-H)
orbitals, which overwhelms an increase in s character
percentage in the hybridization of Cyy(H), governs the magni-
tude of the blue shift of Cs,:-H stretching frequency in the
complexes. All complexes including CH;CHO exhibit a large
decrease in electron densities in o*(Csp—H) (0.007-0.015 e),
while a slight increase of 0.002 e or a slight decrease of 0.001 e
in the electron density of the o*(Cyp2-H) is estimated for RS-S
complexes. Besides, the decreases of the electron density in
6*(Csp2-H) for H or CH; substituted complexes are comparable
and are much smaller than that for F substitutions, which
confirms again the strong blue shift of the Cg,—H stretching
frequency with the F substituent.

Considering the second-order stabilization energy of inter-
action" from Table 2, it shows that a larger decrease in intra-
molecular hyperconjugation energy of the n(Z7) — ¢*(Csp>-H)
electron density transfer versus intermolecular hyper-
conjugation energies of n(Z2) — o*(Csp-H) transfer deter-
mines the decrease in 6*(C,p-H) orbital population. It is also
noted that a decrease in the hyperconjugation energies associ-
ated with intramolecular electron density transfer from n(07) to
6*(Cgp>—H) is twice as large as that from n(S7) to 6*(Cgp>-H). A
good linear correlation of the changes in the electron density at
6*(Cgp>-H) with both Ejn[n(Z2) — o*(Cepe-H)] and AEj[-
n(z7) — o*(Csp-H)] with R* = 0.98 is found in Fig S7. The
results show a crucial role in decreasing the hyperconjugation
interaction of intramolecular electron transfer from the (Z7) to
6*(Cgp>-H) orbital, overcoming the increase in the electron
density transfer from the n(Z2) — o*(Cs,-H) orbital. This
result leads to a large decrease in the o*(Cgp2~H) occupation in
the complexes, which governs a Cy>-H bond contraction and
the associated blue shift. In short, there are two features leading
to a significant blue shift of C-H stretching frequency: (i) the
presence of O-H---Z7 hydrogen bonds in the cyclic structure;
and (ii) the decrease in the electron density of o*(Cgp-H)
orbital.

On the other hand, the changes of Ar(O-H) and Ay(O-H), as
shown in Fig. 4, denote a strong red shift of O-H stretching
frequencies along with its bond elongation in O-H---Z7
hydrogen bonds upon complexation. This observation is
accompanied by a large enhancement of o*(O-H) occupation
(ca. 0.041-0.083 e) overcoming an increase in the percentage of
s-character at O(H) atom (ca. 3.52-4.18%), which does not favor
an O-H bond elongation that accompanies an associated red
shift of the stretching vibration. From Table 2, the strong
hyperconjugation energy for the intermolecular n(Z7) — o*(O-
H) transfer (amounting to 22.6 + 37.4 k] mol™") is the reason
for the increase in the occupation of o*(O-H) orbital in
complexes. The remarkable red shift of O-H stretching vibra-
tion in the O-H:---O7 hydrogen bond was also observed in the
complexes between HCOOH and HCHO derivatives (363 =+
604 cm™')*>%%828 or between acetic acid and acetaldehyde
(436 cm™").*® Similar results were also reported in a recent
investigation on HCOOH:--CH3;CHS and HCOOH:---CH3;CHO
complexes.*

The red shift of O-H stretching frequency of the O-H bond in
O-H---Z7 hydrogen bonds follows the ordering of CH; < H < F

© 2022 The Author(s). Published by the Royal Society of Chemistry
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substitutions, in good agreement with the enhancement of the
polarity of the O-H bond in RCZOH in going from CH; to H and
finally to F (Table 1). The red shift of the O-H stretching
frequency is greater for RS-Z than for RO-Z, which is in accor-
dance with the higher polarity of the O-H bond in RCSOH, as
compared to its value in RCOOH (¢f. Table 1). The obtained
results indicate that the red shift of O-H stretching frequency in
the O-H---Z7 hydrogen bond is determined by an increase in
6*(O-H) electron density. From Fig. 4, it is seen that for the
same Z2, this O-H stretching frequency red shift in RZ-O is
greater than that in RZ-S. Thus, the O-H red-shifting stretching
frequency is mainly due to a larger attractive electrostatic force
between Z7 and H, which overcomes the n(Z7) — o*(O-H)
charge transfer.

4. Concluding remarks

In this study, twelve stable ring structures of CH;CHZ---RCZOH
(R=H, F, CH3; Z = O, S) stabilized by O-H---O/S and Cg,-H"--
O/S hydrogen bonds, with the interaction energies from —27.1
to —46.5 kJ mol " were thoroughly investigated using quantum
chemical methods. The substitution of H by the F atom in
RCZOH induces an increase in the thermodynamic stability of
complexes, while the opposite is true for CHz, which is due to
the overwhelming contribution to complex stability of O-H:--O/
S bonds compared to their C,:-H:--O/S counterparts. Besides,
arising from the electrostatic interaction, a larger role of the O
atom in comparison with the S atom in affecting the charac-
teristics and strength of hydrogen bonds as well as the stability
of complexes is elucidated in these systems. The strength of
Csp?/O-H-:-O is 1.5+2 times larger than Cp:/O-H:--S counter-
parts. SAPT2+ analysis indicates that the attractive electrostatic
term plays a crucial role in stabilizing the complexes containing
Csp?/O-H---O hydrogen bonds. Meanwhile, stabilizing the
complexes by Cg2/O-H---S hydrogen bonds is due to both
electrostatic and induction terms.

The Cg»~H stretching frequency in the Cgp-H:---O/S
nonconventional hydrogen bond increases when substituting
one H of the -CH group in HCZOH with both, a halogen atom
and CHj; group. The largest blue shift of the Cyp>~H bond up to
104.5 cm ™" in the FO-O binary complex was observed for the
first time, which corresponds to the smallest basicity at the O
atom in FCOOH, as compared to that in the other monomers. It
is realized that with the presence of O-H---O/S bonds, a large
decrease in the electron density in o*(C,,2~H) orbital predom-
inating an increase in the percentage of s-character, causes an
abnormal blue-shift of the Cy,-H stretching vibration by ca.
82.5-104.5 cm ™. Besides, the ratio of DPE/PA can be consid-
ered a factor in identifying the type of hydrogen bond and the
magnitude of blue shift observed upon complexation. NBO
results show that the considerable blue shift of C,,:-H stretch-
ing vibration is governed by an intramolecular hyper-
conjugation interaction overcoming the intermolecular one.
Moreover, the shift of C,-H stretching frequency as a function
of net second hyperconjugative energy for the 6*(Cyp2~H) orbital
was observed.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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All the O-H bonds in the O-H---O/S conventional hydrogen
bonds are red-shifted. The significant elongation of O-H bonds
in O-H---O/S hydrogen bonds and the strong decrease of their
stretching vibrational frequency come from considerable
increases in the o*(O-H) electron density overcoming an
increase in the percentage of the s-character of the O/S
hybridized atom. It was found that the red shifting of the
O-H:--O bond is larger than that of the O-H:--S one, and
increases in the ordering of CH3;Z-Z < HZ-Z < FZ-Z binary
complexes.
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