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ter and intramolecular interaction
governs substantial blue shift of Csp2–H stretching
frequency in complexes between
chalcogenoaldehydes and water†

Nguyen Thi Thanh Cuc, a Nguyen Truong An, a Vu Thi Ngan, a

Asit. K. Chandra b and Nguyen Tien Trung *a

Geometrical structure, stability and cooperativity, and contribution of hydrogen bonds to the stability of

complexes between chalcogenoaldehydes and water were thoroughly investigated using quantum

chemical methods. The stability of the complexes increases significantly when one or more H2O

molecules are added to the binary system, whereas it decreases sharply going from O to S, Se, or Te

substitution. The O–H/O H-bond is twice as stable as Csp2–H/O and O–H/S/Se/Te H-bonds. It is

found that a considerable blue-shift of Csp2–H stretching frequency in the Csp2–H/O H-bond is mainly

determined by an addition of water into the complexes along with the low polarity of the Csp2–H

covalent bond in formaldehyde and acetaldehyde. The Csp2–H stretching frequency shift as a function of

net second hyperconjugative energy for the s*(Csp2–H) antibonding orbital is observed. Remarkably,

a considerable Csp2–H blue shift of 109 cm�1 has been reported for the first time. Upon the addition of

H2O into the binary systems, halogenated complexes witness a decreasing magnitude of the Csp2–H

stretching frequency blue-shift in the Csp2–H/O H-bond, whereas CH3-substituted complexes

experience the opposite trend.
1 Introduction

Understanding non-covalent interactions is essential for eluci-
dating the mysteries of cellular functions in health issues in
order to explore new treatments, and to develop new drugs and
materials.1 Among non-covalent interactions, the hydrogen
bond (H-bond) is an interaction of signicant importance in
numerous elds of science, such as molecular recognition,
protein folding, structural organization of nucleic acids, crystal
and polymer packing, self-assembly, supramolecular chemistry,
solvation, and even organic synthesis.2,3 The A–H/B H-bond is
a weak non-covalent interaction, where A and B are usually
highly electronegative elements, and B carries a region of high
electron density, such as a lone pair, negative charge or p-
systems. The red-shiing hydrogen bond (RSHB) is followed by
and Modelling (LCCM), Department of

uy Nhon University, Vietnam. E-mail:
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8

an elongation of the A–H bond and a decrease in its stretching
vibrational frequency. The origin of the RSHB, which is mainly
an electrostatic attraction between H and B atoms, has been
well-comprehended. Since the 1980s, however, the blue-shiing
hydrogen bond (BSHB) has been found with the opposite
characteristics, including an A–H contraction and a stretching
frequency increase in the A–H/B H-bond as compared to those
in the isolated monomer.4 Although several hypotheses have
been proposed to justify this phenomenon;5–10 the origin of
BSHB is still a matter of debate. For instance, Wu et al. sug-
gested that the A–H stretching frequency shi was determined
by the long-range electrostatic interaction of the A–H bond and
B atom, and the short-range hyperconjugative interaction of
n(B) / s*(A–H).11 The competition of these two factors
including the A–H covalent and ionic states causes different
changes in direction of the A–H stretching frequency, in which
the former one tends to shi it to blue, whereas the latter one
leads to a red-shiing.12 In another context, Gordon et al. sug-
gested that Pauli repulsion induces an enhancement of its A–H
stretching frequency, whereas a lowering of A–H stretching
frequency originated from a combination of electrostatic and
dispersion forces.9 The long-range electrostatic and Pauli
exchange interactions overcoming the total effect of polariza-
tion and charge transfer interaction determines the increase of
A–H stretching frequency.13 Besides, Hermansson emphasized
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra07444j&domain=pdf&date_stamp=2022-01-11
http://orcid.org/0000-0003-2377-2305
http://orcid.org/0000-0001-6497-9033
http://orcid.org/0000-0002-2639-1527
http://orcid.org/0000-0001-6079-0989
http://orcid.org/0000-0001-5710-5776
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07444j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012004


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
/2

2/
20

26
 2

:2
6:

55
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
that the stretching frequency blue shi of C–H bond as a proton
donor is related to the presence of a negative dipole moment
derivative dm0/drCH of the H-bond donor molecule.14 Krimm
et al. also showed that when the eld and dipole derivative are
antiparallel, as in the case of C–H/O hydrogen bond, the C–H
bond length shortens and causes its blue shi of stretching
frequency.15 This model was utilized to understand phenom-
enon on the blue-shiing and red-shiing H-bonds.16,17

The C–H/B H-bond (C is carbon) is of considerable
importance owing to its ubiquity and large diversity in nature.
Currently, the organic synthesis approach based on the activa-
tion and functionalization of C–H bond has become a key
strategy due to its high abundance and rich variety in organic
chemistry.10,18,19 In this approach, the presence of H-bonds
containing C–H bonds is observed in the intermediates,
which facilitates the formation of the desired products.3,20 The
rst experimental proof for BSHB was discovered by Trudeau
et al., who investigated complexes of uoroparaffins containing
–CHF2 groups and several proton acceptors and realized the
shortening of the C–H bonds and their stretching frequency
shiing to a higher energy level, i.e. a blue-shi.4 Further
evidence of increase in stretching frequency of the C–H bonds
involving H-bonds was reported upon the complexation
between triformylmethane and chloroform, or between chlo-
roform, deuterochloroform, bromoform, and some proton
acceptors containing carboxyl, nitro, and sulfo groups.21,22 The
C–H stretching frequency blue-shi was measured using
infrared (IR) spectroscopy by Boldeskul et al. in 1997 in
complexes between haloforms and nitromethane or nitroben-
zene.23 Direct evidence of the C–H stretching frequency blue-
shi of 14 cm�1 in gas phase was observed in 1999 for the
complex between chloroform and uorobenzene, using double-
resonance IR ion-depletion spectroscopy.24 So far, a large variety
of BSHB with the involvement of C–H bond as proton donor in
C–H/O/N/halogen/p H-bonds, of which the C–H/O/N H-
bonds are most abundantly reported, have been recorded
experimentally using IR and Raman spectroscopy.25–33 More
recently, in 2019, a very slight C–H blue-shi of 8.7 cm�1 was
even observed by Fourier transform IR spectroscopy for the
C–H/N H-bond in the binary Cl3CH/NCCH3 complex.34

Similar to covalent Csp3–H bonds (Csp3 refers to the tetrahe-
dral carbon), the stretching frequency blue-shis were recently
observed in Csp2–H bonds upon the formation of hydrogen-
bonded complexes to a larger extent.35,36 Indeed, the data at
the B3LYP/6-311++G(d,p) level of theory reported a large
increase in the stretching frequency of Csp2–H covalent bond
involving in Csp2–H/O H-bond of ca. 93 cm�1 upon complex-
ation between CH3CHO and two H2Omolecules.35 Nevertheless,
the role of H2O that affects the Csp2–H contraction, the coop-
erativity of H-bond and the strength of the formed complexes
has not yet emerged in literature. A considerable Csp2–H blue-
shi, up to 81–96 cm�1 in the Csp2–H/O H-bonds formed by
the interactions of formaldehydes and thioformaldehydes with
formic acid has recently been reported.36 In the complexes
between HCHO and one or two H2O molecules, the blue-shis
of Csp2–H stretching frequency were found to be 45 and
66 cm�1, respectively,37 which are also signicantly greater than
© 2022 The Author(s). Published by the Royal Society of Chemistry
those of Csp3–H bond in Cl3CH/NCCH3 (DnCH ¼ 8.7 cm�1)34

and F3CH/OH2 (DnCH ¼ 20.3 cm�1).38

Furthermore, the strength and characteristics of O–H/S, S–
H/O/S H-bonds in the systems such as (H2O)2, (H2S)n (n¼ 2–4),
and H2O/H2S were realized both computationally and experi-
mentally.39–44 It is noteworthy that a large number of uncon-
ventional H-bonds have been found, which demonstrates the
pivotal role of H-bonds in biomolecular structure, catalysis, etc.
Surprisingly, the O–H/Se/Te H-bonds have also been observed
experimentally and conrmed by computations.45–53 Neverthe-
less, a systematic investigation into strength and properties of
the O–H/Z, with Z being chalcogens such as O, S, Se, and Te,
has not been available in the literature.

To date, the intensive investigations of the BSHB have
mainly concentrated on the Csp3–H proton donor, while the
ability of blue- or red-shi of the Csp2–H vibrational stretching
frequency upon complexation has rarely been studied coher-
ently and consistently. Accordingly, in order to clarify the origin
of BSHB, it is imperative to explore characteristics of the Csp2–

H/O H-bond with various polarity of Csp2–H covalent bond,
because of the fact that medium Csp2–H bond polarity makes its
stretching frequency shi more sensitive to the proton affinity
of various proton acceptors. To the best of our knowledge, the
hydrogen-bonded complexes of chalcogenoaldehydes RCHZ (R
¼ H, F, Cl, Br, CH3; Z ¼ O, S, Se, Te) with a few water molecules
have not yet been reported, especially the ternary and quater-
nary systems.

In the present work, a theoretical investigation into charac-
teristics of nonconventional and conventional H-bonds and
strength of the complexes of chalcogenoaldehydes and waters
in gas phase is carried out. One to three water molecules are
added in complexes investigated with purpose of clarifying role
of water molecule on blue shi of Csp2–H stretching frequency
in the Csp2–H/O H-bond, cooperativity of H-bonds, and
strength of complexes. More importantly, the impact of the O–
H/O/S/Se/Te H-bonds on the stability of Csp2–H/O H-bonds
and characteristics of Csp2–H blue shi of stretching
frequency in the complexes are investigated thoroughly. In
addition, importance of intramolecular and intermolecular
electron transfer in the complexes to Csp2–H stretching
frequency blue-shi involving H-bonds is also evaluated.

2 Computational methods

All calculations of geometric optimization, harmonic vibra-
tional frequency and thermodynamic parameter for monomers
and complexes are performed by means of the Gaussian 09
package.54 The geometrical structure and vibrational spectra are
computed using the second-order Moller–Plesset perturbation
theory (MP2). The basis set 6-311++G(3df,2pd) is used for all
atoms while the aug-cc-pVTZ basis set is utilized for Te atom.
Deprotonation enthalpies (DPE) of Csp2–H bonds, proton affin-
ities (PA) at the Z site of XCHZ monomers were evaluated at the
same level of theory. In order to enhance the accuracy of ener-
getic parameters, further calculations were carried out at the
sophisticated CCSD(T)/6-311++G(3df,2pd) level with the MP2
optimized geometries. The interaction energies (DE*) with both
RSC Adv., 2022, 12, 1998–2008 | 1999
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zero-point energy (ZPE) and basis set superposition error (BSSE)
corrections using the Boys and Bernardi scheme were calcu-
lated as follows:55

DE* ¼ Ecomplex �
Xn

1

Ei

In which Ecomplex is the total energy of the complex, Ei is the
single point energy of the monomers, and n is the number of
monomers.

The cooperativity of a ternary complex containing A, B, C
molecules (DEcoop) was computed as:

DEcoop ¼ E(ABC) � E2(AB) � E2(BC) � E2(AC)

In which, the E(ABC) and E2 values correspond to the total
interaction energy and the pairwise interaction energy at the
optimized geometry of the ternary system calculated at the
CCSD(T)/6-311++G(3df,2pd).

The electron density (r(r)) and Laplacian of electron density
(V2r(r)) at bond critical points (BCPs) were evaluated at the
MP2/6-311+G(3df,2pd) level using the quantum theory of atoms
in molecule (AIM)56 as implemented in the AIMALL program.57

The individual energy of each H-bond (EH-bond) was calculated
according to the formula of Espinosa–Molins–Lecomte based
on the electron density distribution at the BCPs of H-bonds: EH-

bond ¼ 0.5V(r),58 in which V(r) was the electronic potential energy
density. The natural bond orbital (NBO) analysis was invoked to
deeply explore the characteristics of the bonding formation,
stability, and the effect of various factors on H-bonds. The
orbital occupancies, intramolecular and intermolecular hyper-
conjugation energies in NBO analysis were performed at the
uB97X-D/6-311++G(3df,2pd) level using NBO 5.G program.59

The range-separated hybrid functional uB97X-D has been
proved to be appropriate for treating non-covalent interac-
tions.60 In addition, NCIplot description was also utilized to
visualize the weak interaction.61
3 Results and discussion
3.1 Structure, energetics and AIM analysis

As presented in Fig. 1, the interaction of XCHZ/nH2O (X ¼ H,
F, Cl, Br, CH3; Z ¼ O, S, Se, Te; n ¼ 1–3) induces 60 stable
Fig. 1 Stable structures of the complexes XCHZ/nH2O (with X ¼ H, F,

2000 | RSC Adv., 2022, 12, 1998–2008
complexes in three shapes on the potential energy surfaces. The
sp2-hybridized carbon atom in XCHZ is hereaer denoted as
Csp2. Structures of the binary, ternary and quaternary systems
are labelled as XZ-1, XZ-2 and XZ-3, respectively. The XZ-1 is
stabilized by intermolecular contacts including O–H/Z and
Csp2–H/O. The addition of H2O molecules into binary
complexes to form ternary XZ-2, then quaternary XZ-3 leads to
the emergence of an interaction (O–H/O) between the two
water molecules. The intermolecular distances R1, R2, R3, R4 (cf.
Table S1 of ESI†) correspond to O2–H1/Z, Csp2–H/O2/O5/O8,
O5–H4/O2 and O8–H7/O5 contact as illustrated in Fig. 1.

The O/H, S/H, Se/H, Te/H intermolecular distances in
the complexes are in the range of 1.77–2.66 Å; 2.29–2.63 Å; 2.43–
2.73 Å; 2.64–2.93 Å, respectively, which are smaller than the sum
of van der Waals radii of the corresponding contact atoms of
2.72, 3.00, 3.10, 3.26 Å (cf. Table S1†). These initial results
roughly suggest the presence of O–H/O/S/Se/Te and Csp2–H/O
H-bonds in the complexes. Intermolecular contacts are also
affirmed by the existence of BCPs with the values of electron
density and Laplacian being within the criteria for formation of
H-bond (cf. Table S2a–c†),62 except for the contact Csp2–H/O in
H/CH3O-1 due to low polarity of Csp2–H in HCHO, CH3CHO
compared to that in the remaining monomers. Indeed, all
values of electron density (r(r)) and Laplacian (V2r(r)) at the
BCPs in Csp2–H/O and O–H/Z intermolecular contacts are in
the range of 0.0083–0.0366 au and 0.025–0.103 au, respectively.
The EH-bond values suggest that the strength of O–H/S/Se/Te H-
bonds is quite similar to that of Csp2–H/O one, and is about
a half of the O–H/O strength. Indeed, they range from�14.9 to
�45.9 kJ mol�1, �7.0 to �22.6 kJ mol�1, �6.7 to �23.3 kJ mol�1

for O–H/O, O–H/S/Se/Te, Csp2–H/O H-bonds, respectively.
As a result, it is suggested that the O–H/O H-bond plays
a substantial role in stabilizing the XO-1 complexes with an
additional role of the Csp2–H/O H-bonds. For the XS/Se/Te-1
systems, the complexes are contributed by both O–H/S/Se/Te
and Csp2–H/O H-bonds.

In order to examine the effect of proton donor or acceptor
ability of the isolated monomers on the strength of intermo-
lecular interactions, deprotonation enthalpies of Csp2–H and
proton affinities at the Z sites of XCHZ are calculated and given
in Table 1. For the X substitution in XCHZ, the distances R1 in
the complexes lessen in the order of F � Cl � Br > H > CH3

substituted derivatives, implying that the strength of O2–H1/Z
Cl, Br, CH3; Z ¼ O, S, Se, Te; n ¼ 1–3) at MP2/6-311++G(3df,2pd).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Deprotonation enthalpies of Csp2–H (DPE, kJmol�1) in XCHZmonomers and proton affinities (PA, kJmol�1) at Z sites of XCHZ at MP2/6-
311++G(3df,2pd)

HCHO FCHO ClCHO BrCHO CH3CHO HCHS FCHS ClCHS BrCHS CH3CHS

DPE(Csp2–H) 1684.9 1583.8 1540.9 1505.0 1659.9 1636.5 1581.3 1557.7 1542.0 1629.1
DPE(Csp2–H)a 1650.7 (ref. 63) 1645.1 (ref. 64)
PA(O/S) 696.6 642.2 678.2 682.5 755.6 753.1 706.8 739.3 746.1 793.4
PA(O)a 712.9 (ref. 65) 768.5 (ref. 66)

HCHSe FCHSe ClCHSe BrCHSe CH3CHSe HCHTe FCHTe ClCHTe BrCHTe CH3CHTe

DPE(Csp2–H) 1625.9 1571.2 1554.6 1542.2 1623.5 1611.4 1560.1 1549.7 1540.8 1614.4
PA(Se/Te) 754.2 716.9 744.8 751.3 791.4 770.2 740.0 761.7 766.9 801.2

a Experimental data.

Table 2 Interaction energies corrected by both ZPE and BSSE
(DE*, kJ mol�1) of XZ-n and cooperative energies of XZ-2 (Ecoop,-
kJ mol�1) at CCSD(T)/6-311++G(3df,2dp)//MP2/6-311++G(3df,2dp)

Complex DE* Complex DE* Ecoop Complex DE*

HO-1 �12.5 HO-2 �35.4 �14.1 HO-3 �59.6
FO-1 �12.5 FO-2 �38.0 �13.7 FO-3 �63.4
ClO-1 �12.2 ClO-2 �36.9 �13.4 ClO-3 �61.8
BrO-1 �12.1 BrO-2 �36.3 �13.0 BrO-3 �61.4
CH3O-1 �15.3 CH3O-2 �39.1 �14.7 CH3O-3 �64.0
HS-1 �9.8 HS-2 �30.4 �13.6 HS-3 �52.8
FS-1 �10.6 FS-2 �32.0 �13.2 FS-3 �55.0
ClS-1 �10.5 ClS-2 �32.2 �13.3 ClS-3 �55.2
BrS-1 �10.6 BrS-2 �32.0 �13.2 BrS-3 �55.1
CH3S-1 �11.7 CH3S-2 �33.8 �13.9 CH3S-3 �58.6
HSe-1 �9.8 HSe-2 �30.4 �13.4 HSe-3 �52.5
FSe-1 �11.0 FSe-2 �32.5 �13.2 FSe-3 �55.5
ClSe-1 �11.0 ClSe-2 �32.6 �13.4 ClSe-3 �55.6
BrSe-1 �10.9 BrSe-2 �32.5 �13.3 BrSe-3 �55.4
CH3Se-1 �11.9 CH3Se-2 �33.7 �13.6 CH3Se-3 �58.2
HTe-1 �9.2 HTe-2 �29.2 �12.8 HTe-3 �50.8
FTe-1 �10.8 FTe-2 �31.7 �12.9 FTe-3 �54.2
ClTe-1 �10.8 ClTe-2 �31.9 �13.0 ClTe-3 �54.3
BrTe-1 �10.7 BrTe-2 �31.7 �12.9 BrTe-3 �54.3
CH3Te-1 �11.1 CH3Te-2 �32.3 �13.0 CH3Te-3 �55.8
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H-bonds rises in this sequence. The electron density and the
absolute value of H-bond energies at the BCPs of O2–H1/Z H-
bonds explain such a trend well (cf. Table S2a–c of ESI†). This
arises from a decrease of the Z proton affinity in XCHZ as going
from CH3 to H to Br to Cl and F substitution (cf. Table 1).
Besides, Csp2–H/O2/O5/O8 H-bonds are much more stable for
halogenated complexes than for the others. The strength of
Csp2–H/O H-bonds in the complexes is also directed due to the
polarity of Csp2–H bond in XCHZ. Accordingly, the strength of
the H-bond following complexation depends on proton affinity
of Z and polarity of Csp2–H bond in the isolated XCHZ.

For the same X, on the basis of the EH-bond values it is found
that the strength of O–H/Z H-bonds decreases in the sequence
of O–H/O [ O–H/S > O–H/Se > O–H/Te. As shown in
Table 1, the proton affinities of Te in XCHTe are stronger than
those of its lighter congeners. Therefore, electronegativity of the
Z atoms could be the reason for the trend of H-bond strength.67

Indeed, the electronegativity of the Z atom decreases as Z goes
from O (3.44) to S (2.58), to Se (2.55) and then Te (2.10). This
affirms a dominant role of the O atom compared to the S, Se,
and Te ones in XCHZ in stabilizing O–H/Z H-bonds. In
general, the Csp2–H/O H-bond is less stable for XO-n than for
XS/Se/Te-n, indicating that the strength of Csp2–H/O H-bonds
is governed by the polarity of Csp2–H covalent bonds in XCHZ
(cf. Table 1), except for CH3S/Se/Te-3 with an additional pres-
ence of Csp3–H/O H-bond.

The EH-bond value becomes more negative when adding H2O
molecules into a binary system (cf. Tables S2a–c†). The Csp2–H/
O and O–H/Z H-bonds become more stable as more water
molecules are added. A rising strength of the XZ-n systems is
induced in going from the binary to ternary and then to
quaternary ones. Indeed, at the CCSD(T)/6-311++G(3df,2pd)//
MP2/6-311++G(3df,2pd) level, the interaction energies of XZ-3
are about two and four times as negative as those of XZ-2 and
XZ-1 (cf. Table 2). This data indicates a key role of O–H/O H-
bonds in stabilizing the complex.

For a particular functional group Z, a lessening of strength is
found in the order of CH3Z-n > F/Cl/BrZ-n > HZ-n. The stability
of H/CH3Z-n is mainly determined by the O–H/Z H-bonds
while the O–H/Z and Csp2–H/O H-bonds contribute to the
strength of F/Cl/BrZ-n, as halogenation enhances the acidity of
© 2022 The Author(s). Published by the Royal Society of Chemistry
the C–H bond. It is noted that the interaction energies for
HCHO/H2O, FCHO/H2O, CH3CHO/H2O in the present
work are quite close to those at MP2/aug-cc-pVTZ level in ref. 68
For the same substituent X, the stability of complexes tends to
decrease sharply in the sequence of XO-n [ XS-n � XSe-n �
XTe-n (cf. Table 2 and Fig. 2). The signicantly larger strength of
XO-n compared to XS/Se/Te-n certies the much higher strength
of O2–H1/O H-bond over the O2–H1/S/Se/Te ones as realized
above. This observation is in accordance with the decrease of
the complex strength in the order of H2O/nHX [ H2S/Se/
nHX (X ¼ F, Cl, Br; n¼ 1, 2).67 Consequently, the stabilization of
complexes is dominated by a larger role of O atom compared to
the S, Se, Te ones in XCHZ.

In order to compare the structure and strength of XZ-n and
(H2O)n complexes, geometrical optimization and interaction
energies of (H2O)n (with n ¼ 2–4) complexes are performed at
CCSD(T)/6-311++G(3df,2dp)//MP2/6-311++G(3df,2dp). The
RSC Adv., 2022, 12, 1998–2008 | 2001
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Fig. 2 Correlation between interaction energy and the substituent group in different complex series.
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obtained results show that the most stable structures of (H2O)n
are similar to those of XZ-n,69,70 As given in Table S3 of ESI,† it is
found that the (H2O)n complexes are more stable than XZ-n ones
for the same value of n, indicating that addition of H2O into
binary and ternary and quaternary induces larger strength of
relevant complexes.

Large negative values of Ecoop from �12.9 to �14.7 kJ mol�1

are estimated in all XZ-2 ternary complexes (cf. Table 2), indi-
cating strong positive cooperativity of intermolecular interac-
tions in the complexes. For the same functional group Z, the
negative Ecoop values rise in the sequence of FZ-n� ClZ-n� BrZ-
n < HZ-n < CH3Z-n, exhibiting a cooperative decrease in the
halogenated complexes and a cooperative increase in CH3-
substituted complexes.

For the same X, a declining pattern of positive cooperativity
is observed in the order of XO-2[ XS-2 � XSe-2 > XTe-2, which
is similar to the trend of interaction energy in the complexes.
This shows that the presence of O2–H1/O H-bond versus O2–
H1/S/Se/Te ones in the ternary complexes makes positive
cooperativity stronger, leading to the considerably greater
strength of XO-n as opposed to the rest of complexes.
3.2 NBO analysis and NCI plot

The selected results of NBO analysis at the uB97X-D/6-
311++G(3df,2pd) level are collected in Table 3. The positive EDT
values of XCHZ (1.1–40.7 me) indicate an electron transfer from
XCHZ to H2O upon complexation. The intermolecular hyper-
conjugative interaction energy of electron density transfer from
n(O2/O5/O8) to s*(Csp2–H) orbital is in the range of 0.6–
39.2 kJ mol�1, while larger values of 7.2–74.2 kJ mol�1 are
observed for the transfer from n(Z) to s*(O2–H1) orbital. Such
data reveal the presence of Csp2–H/O and O–H/Z H-bonds in
the investigated complexes.

For the same Z, the Einter[n(O2/O5/O8) / s*(Csp2–H)] values
become larger in going fromH/CH3Z-n to F/Cl/BrZ-n. This trend
agrees well with the polarity enhancement of Csp2–H covalent
bond as changing X of XCHZ in that ordering of substituted
derivatives. The proton affinity at the Z site of XCHZ becomes
lower (cf. Table 1), while the decreasing order of Einter[n(Z) /
s*(O2–H1)] values is obtained in the sequence of CH3 > H > Br/
Cl/F substitution (cf. Table 3). Thus, the strength of O–H/Z H-
2002 | RSC Adv., 2022, 12, 1998–2008
bonds in the complexes also decreases according to the above
trend.

For the same X, the larger attractive electrostatic interaction
between O and H1 as compared to S/Se/Te and H1 overcoming
charge transfer interaction from n(Z) to s*(O2–H1) causes the
larger strength of O2–H1/O, as compared to O2–H1/S/Se/Te
in the complexes. The results in Table 2 show that the XO-n is
much more stable than XS-n, XSe-n, and XTe-n. NBO charges at
Z atoms in XCHZ at MP2/6-311++G(3df,2pd) given in Table S5 of
ESI† support this observation. Indeed, charges of O in XCHO are
negative in the range from �0.445 to �0.514 electron, while
those of S, Se and Te in XCHS, XCHSe, and XCHTe are positive
from 0.075 to 0.337 electron.

From the binary to ternary and then to a quaternary system,
the electron density transfers are signicantly augmented in
going from n(O2/O5/O8) to s*(Csp2–H) orbital, from n(Z) to
s*(O2–H1), n(O2) to s*(O5–H4) and from n(O5) to s*(O8–H7)
orbital. This observation implies a much higher magnitude of
the Csp2–H/O, O–H/Z and O–H/O interaction in the ternary
and quaternary complexes when adding H2Omolecules into the
binary systems. For the same Z and n, the trend of H-bond
strength is in the order of O5–H4/O2 > O8–H7/O5 > O2–
H1/Z in H/CH3Z-n while the halogenated complexes are
stabilized by H-bonds in the sequence of O8–H7/O5 > O5–
H4/O2 > O2–H1/Z contacts (cf. Table 3). This result might
arise from the larger strength of Csp2–H/O H-bonds in F/Cl/
BrZ-n as compared to H/CH3Z-n.

NCI (non-covalent interaction) calculations have recently
been found to be very useful for visualizing weak non-covalent
interactions present in molecules.61,71 NCI calculations show
the correlation between reduced density gradient (RDG or s(r))
and electron density (r(r)) for identication and characteriza-
tion of interactions with different strengths from the charac-
teristics of the s(r) versus sign(l2)r(r) plots. The s(r) diagrams
and the 2D plots using the sign(l2)r(r) are displayed in Fig. S1a–
c of ESI.† Two spikes in the binary complexes are found in the
negative region, yet again affirming the presence of the O–H/Z
and Csp2–H/O H-bonds. The O–H/Z connectivity is assigned
by the spike lying at the more negative region. Two overlapping
pikes of the halogenated derivatives suggest the comparable
strength of O–H/S/Se/Te and Csp2–H/O. For the case of H/CH3

substituted derivatives, green-colored isosurfaces of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Electron density transfer (EDT, me), intermolecular hyperconjugative interaction energies (Einter, kJ mol�1), and changes of intra-
molecular hyperconjugative interaction energies (DEintra, kJ mol�1) and difference of electron density in antibonding orbital (Ds*, me) at uB97X-
D/6-311++G(3df,2pd) in XZ-n (n ¼ 1–3)

HO-1 FO-1 ClO-1 BrO-1 CH3O-1 HS-1 FS-1 ClS-1 BrS-1 CH3S-1

EDTa 15.0 4.1 4.1 2.8 18.5 17.7 6.7 8.0 7.5 20.3
Einter[n(O2) / s*(Csp2–H)] 0.6 2.7 2.1 2.0 0.7 1.7 4.2 3.8 3.3 2.1
Einter[n(Z) / s*(O2–H1)] 29.1 9.7 9.3 7.2 36.3 23.5 9.9 11.5 10.9 27.8
DEintra[n(O) / s*(Csp2–H)] �11.2 �9.6 �9.9 �9.4 �14.8 �6.0 �5.6 �6.2 �6.1 �6.8
DEintra[n(X) / s*(Csp2–H)] — 0.1 0.4 0.3 — — �1.3 �0.5 �0.1 —
Ds*(Csp2–H) �7.4 �4.9 �5.3 �5.2 �8.3 �3.9 �4.1 �4.4 �4.3 �4.4
Ds*(O2–H1) 14.7 5.1 5.5 4.6 18.1 16.3 7.6 9.0 8.7 19.2

HSe-1 FSe-1 ClSe-1 BrSe-1 CH3Se-1 HTe-1 FTe-1 ClTe-1 BrTe-1 CH3Te-1

EDTa 15.1 6.3 7.5 7.4 17.1 13.4 6.7 7.5 7.5 15.0
Einter[n(O2) / s*(Csp2–H)] 1.8 4.2 3.8 3.3 1.8 1.4 3.7 3.6 3.1 1.5
Einter[n(Z) / s*(O2–H1)] 20.1 10.0 11.2 10.9 23.2 17.1 10.2 11.0 10.9 19.9
DEintra[n(O) / s*(Csp2–H)] �4.7 �4.1 �4.5 �4.4 �5.2 �3.2 �2.7 �2.8 �2.7 �3.3
DEintra[n(X) / s*(Csp2–H)] — �1.5 �0.9 �0.4 — — �1.7 �1.2 �0.9 —
Ds*(Csp2–H) �2.8 �3.2 �3.4 �3.4 �3.2 �1.8 �2.4 �2.4 �2.4 �2.1
Ds*(O–H1) 14.4 7.8 8.9 8.8 16.6 12.9 8.3 9.0 9.1 15.0

HO-2 FO-2 ClO-2 BrO-2 CH3O-2 HS-2 FS-2 ClS-2 BrS-2 CH3S-2

EDTa 18.0 4.5 4.2 2.2 22.5 27.6 13.9 15.2 14.0 30.7
Einter[n(O5) / s*(Csp2–H)] 13.1 21.8 21.3 21.4 12.6 16.8 24.3 24.8 24.5 14.8
Einter[n(Z) / s*(O2–H1)] 51.4 32.4 30.3 27.0 60.6 50.0 36.7 38.5 36.8 54.8
Einter[n(O2) / s*(O5–H4)] 52.2 49.0 48.4 47.9 54.5 52.0 50.2 50.7 50.2 53.9
DEintra[n(O) / s*(Csp2–H)] �23.2 �20.4 �21.6 �20.9 �28.1 �12.7 �11.9 �12.9 �12.6 �13.6
DEintra[n(X) / s*(Csp2–H)] — �1.8 0.7 �1.2 — — �4.1 �3.1 �2.3 —
Ds*(Csp2–H) �9.5 �4.7 �5.8 �5.5 �11.3 �2.4 �2.2 �2.7 �2.4 �4.2
Ds*(O2–H1) 23.4 13.8 14.1 12.9 27.5 31.8 23.2 25.1 24.5 34.9
Ds*(O5–H4) 21.9 20.6 20.3 20.0 22.8 21.5 20.8 21.0 20.7 22.3

HSe-2 FSe-2 ClSe-2 BrSe-2 CH3Se-2 HTe-2 FTe-2 ClTe-2 BrTe-2 CH3Te-2

EDTa 24.3 13.6 15.2 14.3 27.1 24.1 15.8 16.9 16.4 26.2
Einter[n(O5) / s*(Csp2–H)] 16.2 23.8 24.0 23.4 14.4 14.6 21.1 21.5 21.0 13.1
Einter[n(Z) / s*(O2–H1)] 44.4 35.3 36.7 35.4 48.2 40.3 34.7 35.6 34.7 43.6
Einter[n(O2) / s*(O5–H4)] 51.9 51.2 51.5 51.2 53.6 50.6 51.3 51.2 51.0 52.5
DEintra[n(O) / s*(Csp2–H)] �10.0 �9.2 �9.5 �9.3 �10.7 �7.0 �6.3 �6.2 �6.0 �7.1
DEintra[n(X) / s*(Csp2–H)] — �4.6 �3.8 �2.8 — — �4.7 �4.3 �3.5 —
Ds*(Csp2–H) �0.5 �0.7 �1.1 �0.9 �2.2 0.8 0.3 0.2 0.3 �0.6
Ds*(O2–H1) 29.3 23.2 24.9 24.5 31.9 28.5 24.5 25.6 25.3 30.7
Ds*(O5–H4) 21.4 21.2 21.3 21.1 22.1 20.8 21.2 21.1 21.0 21.7

HO-3 FO-3 ClO-3 BrO-3 CH3O-3 HS-3 FS-3 ClS-3 BrS-3 CH3S-3

EDTa 18.7 1.7 1.1 �1.7 25.9 31.3 15.1 16.9 15.8 40.7
Einter[n(O8) / s*(Csp2–H)] 21.1 37.6 37.6 39.2 17.3 21.5 32.8 32.6 32.7 2.8
Einter[n(Z) / s*(O2–H1)] 61.9 42.8 40.3 36.7 74.2 50.0 46.0 48.0 46.3 64.8
Einter[n(O2) / s*(O5–H4)] 73.2 69.1 68.2 66.9 75.4 69.5 67.1 67.5 67.0 67.0
Einter[n(O5) / s*(O8–H7)] 67.1 71.3 70.9 71.0 65.7 65.6 68.7 68.8 68.6 61.1
DEintra[n(O) / s*(Csp2–H)] �27.3 �24.6 �25.9 �25.3 �31.3 �14.2 �13.8 �14.4 �14.0 �9.8
DEintra[n(X) / s*(Csp2–H)] — �3.3 �0.6 �2.3 — — �5.5 �4.3 �3.3 —
Ds*(Csp2–H) �9.2 �2.1 �3.3 �2.6 �11.3 �1.8 �1.1 �1.7 �1.2 �4.8
Ds*(O2–H1) 27.3 17.3 17.5 16.4 33.0 37.1 27.9 30.2 29.7 42.0
Ds*(O5–H4) 29.6 28.0 27.6 27.1 30.6 28.1 27.0 27.2 27.0 27.2
Ds*(O8–H7) 27.6 29.4 29.2 29.2 26.9 26.9 28.3 28.4 28.3 24.9

HSe-3 FSe-3 ClSe-3 BrSe-3 CH3Se-3 HTe-3 FTe-3 ClTe-3 BrTe-3 CH3Te-3

EDTa 27.7 15.3 17.3 16.4 36.5 28.5 18.5 20.2 19.8 34.6
Einter[n(O8) / s*(Csp2–H)] 20.4 30.9 30.3 30.0 2.3 18.4 27.0 26.8 26.3 1.7
Einter[n(Z) / s*(O2–H1)] 52.9 43.8 45.1 43.8 56.3 48.7 43.1 44.1 43.2 49.6

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 1998–2008 | 2003
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Table 3 (Contd. )

HSe-3 FSe-3 ClSe-3 BrSe-3 CH3Se-3 HTe-3 FTe-3 ClTe-3 BrTe-3 CH3Te-3

Einter[n(O2) / s*(O5–H4)] 68.7 67.3 67.7 67.2 66.4 67.4 67.0 67.0 66.7 65.0
Einter[n(O5) / s*(O8–H7)] 65.0 68.5 68.4 68.1 60.5 63.6 67.2 67.1 67.5 59.3
DEintra[n(O) / s*(Csp2–H)] �11.3 �10.7 �10.7 �10.2 �7.2 �8.0 �7.4 �6.9 �6.6 �4.1
DEintra[n(X) / s*(Csp2–H)] — �6.0 �5.0 �3.9 — — �6.1 �5.6 �4.6 —
Ds*(Csp2–H) 0.0 0.3 �0.3 0.1 �3.1 1.5 1.1 0.8 1.1 �1.8
Ds*(O2–H1) 34.4 27.9 29.6 29.3 38.3 34.2 29.5 30.9 30.7 36.3
Ds*(O5–H4) 27.7 27.1 27.3 27.1 26.9 27.3 27.0 27.1 26.9 26.4
Ds*(O8–H7) 26.7 28.2 28.2 28.0 24.6 26.0 27.6 27.6 27.6 24.1

a For XCHO.
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O–H/Z H-bond are darker than those of the Csp2–H/O one,
and even turn to blue ones. This evidences the larger strength of
O–H/Z versus Csp2–H/O in H/CH3Z-n, in accordance with the
trend reported by Lei et al. in triuoroacetophenone$H2O
complex.72

From n ¼ 1 to 3, the spikes shi to the more negative region,
showing the sharply increasing strength of the H-bonds when
the H2O molecule is added. For the same Z, the O–H/Z peaks
tend to deviate to the le in CH3Z-n compared to F/Cl/BrZ-n, in
contrast to the case of the Csp2–H/O ones. With the same X,
NCIplot results display growth in the strength of Csp2–H/O H-
bonds in the sequence of XO-n < XS/Se/Te-n and a fall in the
O–H/Z strength in the order of O–H/O [ O–H/S > O–H/
Se > O–H/Te. The spikes nearest to the zero point on the
positive region in the complexes correspond to weakly attractive
dispersion interaction arising from H-bond mediated rings.

3.3 Shi of bond length and stretching frequency for the
Csp2–H and O–H bonds

In order to clarify characteristics of H-bond interactions upon
complexation, the changes of Csp2–H and O–H bond lengths (Dr,
in mÅ) and their corresponding stretching frequencies (Dn,
in cm�1) for XZ-n are estimated at the MP2/6-311++G(3df,2pd)
level of theory as tabulated in Table S4 of ESI.† The blue-shi of
the Csp2–H stretching frequencies in Csp2–H/O are observed in
the XZ-1, XO-2, HO-3 and CH3Z-2,3 complexes. On the contrary,
an elongation of Csp2–H bond length and a red-shi of
stretching frequency are induced in the complexes including
XS-2, XSe-2, XTe-2, and XZ-3 (except for X ¼ CH3 and HO-3).

The Csp2–H contraction of 0–7.4 mÅ in the Csp2–H/O H-
bonds, accompanied by an increase in their stretching
frequencies of ca. 4.6–109.0 cm�1, occurs upon complexation.
Remarkably, the Csp2–H blue-shi of stretching frequency as
large as 109 cm�1 in CH3O-3 has rarely been found in literature.
Indeed, a brief summary of the experimental and theoretical
reports on the stretching frequencies of Csp2–H, Csp–H and Csp3–

Hbonds is collected in Table S6 of ESI† affirms this observation.
These results also show the large blue shis of Csp2–H compared
to Csp3–H bonds in various complexes.

The Csp2–H stretching frequency blue-shis of 81–96 cm�1

and 53 cm�1 in the Csp2–H/O H-bonds were indeed reported
for the interactions of formaldehydes and thioformaldehydes
2004 | RSC Adv., 2022, 12, 1998–2008
with formic acid and nitrosyl hydride.36,73 It is noteworthy that
smaller magnitudes of the Csp3–H stretching frequency blue-
shis were suggested for Cl3CH/NCCH3 (8.7 cm�1),30 F3CH/
OH2 (20.3–32.3 cm�1),38 CHX3/NH2Y (X ¼ F, Cl; Y ¼ H, F, Cl,
Br) (9.4–36.3 cm�1),74 and DMSO/H2O/CO2 (8.4–44.5 cm�1),75

despite the lower polarity of Csp3–H than Csp2–H covalent bond.
These results indicate the important role of adding one or more
H2O molecules into the binary systems, which contributes to
a signicant increase of Csp2–H stretching frequencies in Csp2–

H/OH-bonds. Accordingly, it is suggested that a contraction of
Csp2–H bond lengths, and a substantial increase of its stretching
frequencies depend on role of H2O addition as well as presence
of O–H/O H-bond in complexes beside low polarity of Csp2–H
covalent bond in isolated isomer.

For the O–H/O/S/Se/Te H-bonds, the elongation of the O–H
bond lengths in the range of 3.4–18.0 mÅ and a considerable
decrease of its stretching frequencies of 60.0–354.2 cm�1 are
observed, which characterize them as red-shiing H-bonds. The
large red-shi of the O–H stretching frequencies in O–H/Y (Y
¼ O, S, Se) H-bonds were also observed in the complexes of
rhodanine/YH2 (97–144 cm�1),76 C6H5OH/Y(CH3)2 (119–
326 cm�1),46 and 4-H–C6H4–OH

+/YH2 (740–836 cm�1).50

Correlations of the changes of Csp2–H stretching frequencies
with substituents in different complexes are displayed in
Fig. 3a. For the same Z, a sharp change in Csp2–H stretching
frequency is recorded when the n value of XZ-n goes from n ¼ 1
to n¼ 3. This indicates that the addition of H2Omolecules leads
to a signicant enhancement of Csp2–H stretching frequency
involving Csp2–H/O H-bonds in the complexes. For the Csp2–

H/O, an increase of Csp2–H stretching frequency is witnessed
as X to be CH3, H, while a decrease of its stretching frequency is
induced as X being halogen. A larger decrease in the population
of s*(Csp2–H) in HZ-n and CH3Z-n as compared to that in the
remaining XZ-n causes a larger contraction of Csp2–H bond
length and a considerable increase of its stretching frequency in
HZ-n and CH3Z-n. This is taken from the smaller Einter[n(O) /
s*(Csp2–H)] values and the more negative DEintra[n(Z) /

s*(Csp2–H)] values in CH3Z-n and HZ-n. Therefore, the differ-
ence in redistribution of electron density in the s*(Csp2–H)
orbitals could be the reason for this observation.

A larger decrease of s*(Csp2–H) electron densities in HO-n
and CH3Z-n as compared to that in the remaining XZ-n gives
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Relationship between the changes of Csp2–H stretching frequencies and the substituent groups in the different complex series. (b)
Relationship between the changes of O2–H1 stretching frequencies and the substituent groups in the different complex series.
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rise to a larger blue-shi inHO-n and CH3Z-n. This is evidenced
by the smaller Einter[n(O2/O5/O8) / s*(Csp2–H)] values and the
more negative DEintra[n(Z) / s*(Csp2–H)] values in CH3Z-n and
HO-n (cf. Table 3). A signicant decrease of the s*(Csp2–H)
electron density induces the largest blue-shi of Csp2–H
stretching frequency in the CH3-substituted complexes. On the
other hand, the Csp2–H/O bonds in the halogenated
complexes, such as XS-2, XSe-2, XTe-2, and XZ-3, are classied
as red-shiing H-bonds. This results from the larger positive
values of Ds*(Csp2–H) in such complexes, owing to the larger
values of Einter[n(O) / s*(Csp2–H)] as compared to DEintra[n(Z/
X) / s*(Csp2–H)] absolute values.

For the same substituent X, for XZ-1, XO-2, HO-3 and CH3Z-
2,3, the Csp2–H blue-shi of stretching frequency in the Csp2–

H/O H-bond decreases as replacing O atom in XCHO by S, Se,
and Te. Indeed, the stretching frequency enhancement of Csp2–

H bond involving the Csp2–H/O is 24.4–49.4 cm�1 with Z ¼ O,
9.7–19.9 cm�1 with Z ¼ S, 6.5–15.4 cm�1 with Z ¼ Se, and 4.6–
11.5 cm�1 with Z ¼ Te in XZ-1. This observation is determined
by a decrease of electron density in the s*(Csp2–H) orbital, as
compared to that in the corresponding monomer. The
DEintra[n(Z/X) / s*(Csp2–H)] values in XO-1, XO-2, and CH3O-
2,3 are signicantly more negative than those in XS/Se/Te-1,
CH3S/Se/Te-2,3, which might be for the growing magnitude of
Ds*(Csp2–H) values as going from O to S, Se, and Te. Conse-
quently, the large blue-shi of Csp2–H stretching frequencies in
Csp2–H/O H-bonds is found in XO-1, XO-2, and H/CH3O-3,
especially in H/CH3-substituted complexes up to 80.1–
109.0 cm�1. For XS-2, XSe-2, XTe-2 and XZ-3 (except for HO-3
and X ¼ CH3), the red-shi of Csp2–H stretching frequencies in
© 2022 The Author(s). Published by the Royal Society of Chemistry
Csp2–H/O H-bonds rises when going from Z ¼ O to Z ¼ S, Se,
Te, which arises from the more positive Ds*(Csp2–H) values as O
in XCHO replaced by S, Se, and Te ones.77–79 The obtained
results indicate a dominant role of the decrease of intra-
molecular electron transfer predominating intermolecular one
in contributing to the blue-shi of Csp2–H stretching frequency
in the Csp2–H/O H-bonds upon complexation. The shi of
Csp2–H stretching frequency (Dn(Csp2–H)) can be expressed as
a function of net second hyperconjugative energy of electron
transfer to s*(Csp2–H) orbital in the XZ-n complexes as: Dn(Csp2–

H) ¼ �2.8142(Einter + 1.5DEintra) + 1.9458 (R2 ¼ 0.91), and the
correlation diagram is presented in Fig. S2 of ESI.† A competi-
tion of intramolecular interaction decreases, and intermolec-
ular interaction causes a change of Csp2–H bond length and its
stretching frequency, in which the Csp2–H blue-shi occurs as
the former is predominant. This supports the pivotal role of
H2O addition to signicant blue shis of Csp2–H stretching
frequencies in the complexes.

Correlation of the changes in the O2–H1 stretching
frequencies with different substituents in complexes is pre-
sented in Fig. 3b. The changes in length of O5–H4 and O8–H7
bonds and their corresponding stretching frequencies are
tabled in Table S4 of ESI.† For the same Z and n, the red-shi of
O2–H1 stretching frequencies in the O2–H1/Z for the H/CH3-
substituted complexes is larger than that for the halogenated
ones, which is related to the larger proton affinity at Z in HCHZ
and CH3CHZmolecules than in the remaining monomers.73,80,81

The magnitude of O5–H4 stretching frequency red-shi in the
O5–H4/O2 is found to increase in the sequence of F/Cl/BrZ-2,3
< H/CH3Z-2,3. Besides, the larger red-shi of O8–H7 stretching
RSC Adv., 2022, 12, 1998–2008 | 2005
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frequency in the O8–H7/O5 is achieved with X being a halogen
compared to H/CH3. With the same Z and X, the magnitude of
stretching frequency red-shis of O2–H1 or O5–H4, or O8–H7
bonds involving the O2–H1/Z or O5–H4/O2, or O8–H7/O5 in
XZ-n grows considerably from n ¼ 1 to 2 and then to 3, which is
consistent with an increase of Ds*(O2–H1/O5–H4/O8–H7)
values. In other words, the red-shi of O2–H1/Z, O5–H4/O2
and O8–H7/O5 H-bonds rises sharply as the number of H2O
molecules in the complexes rises. For the same X and n, the red-
shi magnitude of the O2–H1/Z H-bonds tends to be lower for
HZ-n and CH3Z-n while being higher for the halogenated ones as
Z changes from O to S to Se, and then to Te. This shows that
a larger role of electrostatic attraction between Z ¼ O and H as
compared to Z ¼ S, Se, Te is observed in H/CH3Z-n, while
a prominent role of electron density transfer from n(Z) to s*(O2–
H1) is suggested in the halogenated ones. The red-shi magni-
tude of the O5–H4/O2 and O8–H7/O5 H-bonds becomes
weaker in going from Z ¼ O to Z ¼ S, Se, Te. This is associated
with a decrease of Ds*(O5–H4) and Ds*(O8–H7) values.

4 Concluding remarks

Sixty stable structures of XCHZ/nH2O (n¼ 1–3; Z¼O, S, Se, Te,
X ¼ H, F, Cl, Br, CH3) complexes are located on the potential
energy surfaces. The individual energy of Csp2–H/O (from �6.7
to �23.3 kJ mol�1) approximates O–H/S/Se/Te (from �7.0 to
�22.6 kJ mol�1) and is ca. half of O–H/O ones (from �14.9 to
�45.9 kJ mol�1). Following complexation, the O–H/Z bond
strength is determined by proton affinity at the Z atom of XCHZ
while the polarity of Csp2–H covalent bonds in XCHZ plays
a decisive role in stabilizing Csp2–H/O H-bonds.

The strength of complexes is enhanced upon the addition of
extra H2O molecules into binary systems. With the same
substituent X, the strength of Csp2–H/O H-bonds in XO-n is
observed to be weaker than that in XS/Se/Te-n. The signicantly
larger stability of O–H/O H-bonds compared to O–H/S/Se/Te
ones causes a sharp decrease in the strength of complexes from
XO-n to XS/Se/Te-n. The obtained result emphasizes the key role
of the O atom with respect to the S, Se, and Te ones in XCHZ for
the stabilization of complexes. With the same functional group
Z, the stability of complexes rises in the consequence of HZ-n <
F/Cl/BrZ-n < CH3Z-n. The Csp2–H stretching frequency in Csp2–

H/O H-bond experiences an enhancement upon the substitu-
tion of one H in XCHZ by a CH3 group, while an inverse trend is
detected as substituted by a halogen atom. The largest blue-
shi of Csp2–H stretching frequency in the Csp2–H/O up to
109.0 cm�1 is found for CH3O-3, which is one of the highest
values in literature up to date. It is found that a crucial role of
H2O addition into complexes and low polarity of Csp2–H cova-
lent bond in HCHO and CH3CHO monomers induces
a substantial blue-shi of Csp2–H stretching frequency in the
Csp2–H/O H-bond. The decrease of intramolecular electron
transfer predominating intermolecular one to the s*(Csp2–H)
orbital results in the blue-shi of Csp2–H stretching frequency
following complexation.

The results show that all the O–H bonds in the O–H/O/S/Se/
Te H-bonds are the red-shiing H-bonds. For the same
2006 | RSC Adv., 2022, 12, 1998–2008
substituent X and the same complex size n, the O–H stretching
frequency red-shi in the O–H/Z H-bond in H, CH3-
substituted complexes decreases as Z from O to S, Se and Te,
and an inverse trend is observed in the case of halogenated
complexes. The magnitude of O–H elongation in O2–H1/Z and
O5–H4/O2 H-bonds becomes greater in the sequence of F/Cl/
BrZ-n <H/CH3Z-n for the same Z and n, while an inverse trend is
detected in the O8–H7/O5 H-bond. Moreover, the magnitude
of O–H stretching frequency red-shis in these H-bonded
complexes keeps growing as the number of H2O molecules
added to the XCHO molecule increases.
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