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TOM TAT

Céc cdu triic bén ciia cée phirc tuong tac gitta RCZOH va NH,CHZ, v6i R =H, F, CH, vaZ=0, S, Se
va Te da duoc tim thdy trong nghién ciru ndy. Do bén cua cac lién két hydrogen O/CSPZ-H-“Z ¢6 xu hudng giam
dan khi Z 1an lugt 1a O, S, Se, va Te. Su chuyén doi do tan so dao dong hoéa tri cua lién két O-H trong cac lién ket
hydrogen O-H:+O 16n hon so véi cac lién két hydrogen O-H:+S/Se/Te, trong d6 sy chuyén doi d6 O-H rat 16n dat
dén 958,0 cm! duogc phat hién ¢ cac lién két hydrogen O-H:--O. Mtrc d6 chuyén doi d6 O-H cang tang khi nhom
thé Z trong RCZOH di tir O dén Te va R chuyén tir nhém day electron CH, sang nhom thé hit electron F. Déng chti
¥, su chuyén doi xanh dang ké ctia CyH 1én dén 104,9 cm' trong lién két hydrogen khong c6 dién Cy-H O da
duogc quan sat thay. Tan so dao dong hoda tri cua C,,,-H trong cac lién két hydrogen CSPZ-H'"S/ Se/Te ¢6 xu hudng di
tr chuyén doi xanh sang chuyén doi d6 khi nhom thé Z trong NH,CHZ déan dugc thay the tir O dén Te. Déc bigt, ai
lyc proton tai phan tir nhan proton Z va dd phan cuc ciia phan tir cho proton O/ C,,-H cang tang thi muc do chuyén
doi do cua O/CSPZ-H cang ro rét va ngugc lai.

Tir khéa: Lién két hydrogen cé dién, lién két hydrogen khong cé dién, chuyén doi do, chuyén doi xanh, NBO.
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ABSTRACT

Forty-eigth stable structures of complexes were identified for interaction of RCZOH and NH,CHZ, with
R=H, F, CH, and Z= O, S, Se, Te. Strength of O/Cspz—HmZ hydrogen bonds decreases in the order of the Z
acceptors: O > S > Se > Te. The O-H stretching frequency’s red shifts of the O-H---O hydrogen bonds are larger
than those of the O-H-+S/Se/Te ones, in which the significant O-H red shift of 958.0 cm™ is detected in the O-H---O
ones. There is an increase in the O-H red shift as Z in the RCZOH goes from O to Te, and R changes from the
electron-donating CH, group to the electron-withdrawing F substituent. Remarkably, a substantial blue shift of the
Cy-Hupto 104.9 cm™ in the nonconventional CyH+O hydrogen bond is found, and an obvious trend from blue
shift to red shift of C,,-H stretching frequencies in the CSPZ-H"'S/ Se/Te hydrogen bonds is also detected as Z in the
NH,CHZ varying from the O to Te substituent. It is noteworthy that the proton affinity at the Z proton acceptors
and the polarity of the O/Cspz—H proton donors increase along with the enhancement of the O/Cspz—H red shift, and

vice versa.

Keywords: Conventional hydrogen bonds, nonconventional hydrogen bonds, red shift, blue shift, NBO.

1. INTRODUCTION conventional, and nonconventional hydrogen
bonds. Therein, the A and B atoms in the

Hydrogen bond is one of the noncovalent _ .
conventional hydrogen bonds often possess high

interactions, playing essential roles in chemistry,
physics, and biological systems such as DNA,
RNA, or protein.'? The importance of hydrogen
bonds especially appears in biochemical

electronegativity or electron-rich regions. This
type of hydrogen bonds is usually characterised
by a stretching frequency red shift of the proton
reactions, supermolecule synthesis, and crystal donor, which is displayed by an in'crease in j[he
design.>* Therefore, a thorough understanding A-H bond length and a decrease of its stretching
of hydrogen bonds can expand their application

in various fields of life.

frequency.*® By contrast, either or both A and
B in the nonconventional hydrogen bonds

have low electronegativity or lower electron
Up to now, the A-H-B hydrogen

bonds have had two main types, including

density regions.>® Notably, the nonconventional
hydrogen bonds not only show the attributes of
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the red shift but also present the blue shift of
stretching frequency, named the blue-shifting
hydrogen bonds. The blue-shifting hydrogen
bond is associated with a contraction of the
proton donor bond length and an enhancement
of its stretching frequency. ™#

The nature of hydrogen bonds, especially
the blue-shifting ones, has been investigated both
by experimental and theoretical methods. %710
Therein, some studies showed that attaching
either electron-donating or electron-withdrawing
groups to the C-H proton donors may change the
electron density of the C-H bond, "1 affecting
the strength and characteristics of hydrogen
bonds. Noted that the blue shifts of the C,.-H
bonds are very large and even surpass those
of the Csp3—H bonds.!"!* Indeed, the increase in
the C,.-H bond’s stretching frequency of the
nonconventional CSPZ—H---O/ S hydrogen bonds in
the range of 81 — 96 cm™ was reported for the
complexes of HCOOH with XCHZ (X=H, F, Cl,
Br, CH,, NH,; Z= O, S)." Besides, a huge blue
shift of the C,.-H bond up to 104.5 cm™ was
obtained in the FCOOH-CH,CHO complex."
The characteristics of nonconventional Coor
H--Se/Te, and O-H--Se/Te hydrogen bonds
were also investigated in some recent studies.
For instance, the nonconventional Cspz—H---Se/
Te and O-H--Se/Te hydrogen bonds were
found by Cuc ef al in XCHZ--nH,O (X= H,
F, Cl, Br, CH,; Z= O, S, Se, Te; n = 1-3) and
XCHOnH,Z (X=H, F, CI, Br, CH; Z= O, S,
Se, Te; n = 1-2) complexes.'®!” It is interesting
that these nonconventional hydrogen bonds
are characterized by the red shifts. Likewise,
Quyen et al had observed the red shifts of the
Cspz—H---Se/Te hydrogen bonds in the dimer of
chalcogenoaldehyde derivatives and complexes
of XCHZ--RCZOH (X= H, F; R=H, F, Cl,
Br, CH,, NH; Z= O, S, Se, Te) recently.'s"
These reports pave the way for more studies
on the stability and nature of nonconventional
hydrogen bonds with heavy chalcogen atoms

playing as proton acceptors. Specially, Mishra
et al discovered the existence and red shifts of
nonconventional N-H---Seand O-H---Sehydrogen
bonds both experimentally and computationally
in the interactions of indole--dimethyl selenide,
and phenol--dimethyl selenide.?* Therefore,
it is necessary to investigate the hydrogen
bonds containing chalcogen atoms in various
complexes to provide fundamental knowledge
to exploit their applications in other fields.

Remarkably, Trung et a/ suggested that the
strength and characteristics of nonconventional
C-H-Z hydrogen bonds involve the inherent
properties of the C-H proton donor, and the Z
proton acceptor. In particular, the C-H stretching
frequency’s shift of these nonconventional
hydrogen bonds can be predicted thanks to
polarity of the proton donors, and proton affinity
of the proton acceptors.?2* This model has
provided a quick sign to detect characteristics of
the hydrogen bonds. These observations lead to an
idea of studying the interaction and characteristics
of conventional and nonconventional hydrogen
bonds in complexes between NH,CHZ and
RCZOH with R=H, F, CH,; Z= O, S, Se, Te by
using quantum computational approach in order
to have a more obvious understanding of origin
of nonconventional hydrogen bonds. In addition,
the system is chosen for investigation because
as mentioned above some chalcogenoaldehydes
substituted by
and carboxylic acids replaced by -electron-

electron-donating  group

withdrawing one cause a blue shift of C-H bond
involving in the hydrogen bond. Furthermore,
studying different R and Z substituents can help
to clarify their impact on the inherent properties
of proton donors and proton acceptors which
could be considered as one of the reasons for
the various characteristics of nonconventional
hydrogen bonds. The strength and nature of
nonconventional O-H---Se/Te, and CSPZ—H---Z
(Z= 0O, S, Se, Te) hydrogen bonds are also
highlighted in the present work.
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2. COMPUTATIONAL METHODS

The geometrical structures of the monomers
and investigated complexes were optimized
using the second-order perturbation theoretical
method (MP2)* with the pseudopotential basis
set aug-cc-pVDZ-PP for Te,* and full-electron
Pople basis set 6-311++G(3df,2pd) for the
other atoms through the Gaussian 16 program.?’
The infrared spectra for both complexes and
monomers were then calculated at the same level
of theory. Interaction energies of the complexes
were computed as the following expression:

AE'=(E+ZPE)  —~Y(E+ZPE)  +BSSE

complex monomer

In which the single-point energy of the
complex and monomer (E), and the basis set
superposition error (BSSE) correction were
calculated using couple cluster CCSD(T) method.
The zero-point vibrational energies (ZPE) were
obtained at the optimized geometries of the
molecule. The deprotonation enthalpy (DPE)
and the proton affinity (PA) were respectively
computed for the proton donors Cspz/O—H and
the proton acceptors Z in the monomers using
CCSD(T) method in combination with the
6-311++G(3df,2pd) basis set, except the aug-
cc-pVDZ-PP applied for the Te atom. These
parameters will be used to evaluate polarity of
the proton donors CSPZ/O-H and proton affinity of
the proton acceptors Z in the isolated monomers.

Moreover, the formation and strength of
hydrogen bonds in complexes were determined
by the AIMall program?*?° using MP2 method
with the aug-cc-pVDZ-PP basis set for Te atom,
and the 6-311++G(3df,2pd) for the remaining
atoms. This analysis showed the bond critical

(a)

points (BCPs) which could explicitly prove
the existence of hydrogen bonds. Some typical
parameters at BCPs such as electron density p(r),
Laplacian electron density V2p(r), and potential
energy density V(r) were collected to evaluate
for the strength of hydrogen bonds on the basis of
the emprical formula: E, , = 0.5V(r),” with E
being the energy of individual hydrogen bonds.
Natural bond orbital (NBO) analysis ' was also
applied utilizing the same level of theory as for
the AIM analysis. The NBO analysis provides
data on intermolecular electron density transfer
between two monomers, changes in electron
density of a specific orbital and atomic charges.

3. RESULTS AND DISCUSSION
3.1. Geometrical structures and AIM analysis

Interaction of RCZOH with NH,CHZ (with R=
H, F, CH;; Z= O, S, Se, Te) induces 48 stable
complexes with the similar structures shown in
Figure la. These structures are symbolized as
RZ2-77, with R being H, F, and CH,; Z2 and
Z7 being O, S, Se, and Te atoms in the RCZOH
and NH,CHZ monomers, respectively. All the
complexes are stabilized by two intermolecular
interactions O-H-+Z7 and CSPZ—H---ZZ. The
topological features obtained from the AIM
analysis point out the presence of bond critical
points (BCPs) between H and Z atoms, and ring
critical point (RCP) in complexes as displayed
in Figure 1b. The intermolecular distances of
H--O, H---S, H--Se, and H--Te contacts are
smaller than their sum of Van der Waals radii,
affirming the existence of the O-H-Z7 and C_,-
H-Z2 interactions and ring-shaped structures
following the complexation.

Figure 1. (a) The stable geometrical structures and (b) their topological analysis of RCZOH--"NH,CHZ complexes,

with R=H, F, CH,; Z= O, S, Se, Te.
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The data from AIM analysis in Tables
Sla, and S1b of Supporting Information (SI)
showed the values of electron density (p(r))
and Laplacian of electron density (V2p(r)) at
the BCPs of the O-H--Z7 interactions being
0.022—0.068 auand 0.026 —0.109 au, respectively.
The p(r) and V?p(r) values for the C-HZ2
interactions are 0.009-0.017 au , and 0.021 —
0.063 au, respectively, which are smaller than
those of the O-H---Z7 contacts. In general, these
parameters belong to the range of the hydrogen
bond formation.’> Accordingly, the O-H-Z7,
and Cspz-H---ZZ intermolecular interactions
in the investigated complexes are tentatively
assumed as hydrogen bonds, and the formers
are much more stable than the latters. This is
evidenced by the much more negative E_,
values of the O-H---Z7 hydrogen bonds (-16.0
to -101.3 kJ.mol"') compared to the C,,-H~Z2
ones (-5.3 to -16.4 kJ.mol!") (¢f. Tables Sla, and
1b). The negative values of the local electron
energy density (H(r)) at BCPs of the O-H--Z7
reflect their partially covalent character
(c¢f. Table S1b). The larger strength of O-H:-Z
relative to C,HZ was also suggested in the
RCZOH--CH,CHZ (R= H, F, CH,; Z= O, S) ¥
and RCZOH-FCHZ (R=H, F, CI, Br, CH,, NH,;;
7=0,8S, Se, Te) complexes.'® The energies of the
individual CSPZ—H---O/ S and O-H--O/S hydrogen
bonds calculated at MP2/6-311++G(3df,2pd)
in the RCZOH--CH,CHZ complexes were
indeed in the ranges of -6.4 + -13.5 kJ.mol",
and -23.9 + -71.8 kJ.mol", respectively.!* This
indicates that replacement of the CH, group in
the CH,CHZ with a group that exerts a stronger
electron-donating conjugation effect, such as
NH,, induces an increase in the strength of the
O/CSPZ—H---Z hydrogen bonds.

For the nonconventional CSPZ-H---Z2
hydrogen bonds, their strength decrease in the
order of Z2 substituents O >> S > Se > Te upon
fixing R and Z7 groups. This order agrees well
with the less negative of E,, when Z2 goes
from O to S to Se and then to Te (cf. Table
Sla). Indeed, the E , values of Cspz-H~--S2/ Se2/
Te2 range from -5.3 to -9.7 kJ.mol!, which are
less negative than those of Cspz-H-uOZ (from
-11.2 to -16.4 kJ.mol"). A similar observation
was also obtained in the studies of Quyen et
al,'® and An et al."” This result emphasizes the
importance of the oxygen compared to sulfur,
selenium, and tellurium as Z2 in the stability
of the nonconventional Csz‘H”'Z2 hydrogen
bonds. In contrast, for the same R and Z2, the
strength of CoHZ2 tends to increase along
with the shortening in intermolecular distance
H-Z2 when Z7 turns from O via S via Se and
then Te (cf. Figure S1a). The similar observation
was found in the complexes of CYHNH, with
XH (Y= 0, S, Se, Te; X=F, HO, NH,))."” It is
noteworthy that the DPE values of the C,-H
bonds in the monomers decrease in the order
NH,CHO > NH,CHS > NH,CHSe > NH,CHTe
(cf. Table 1), implying the polarity of C,H
bonds in the NH,CHZ increase in the sequence
of Z7 substituents O < S < Se < Te. Figure
Sla also reflects the weakening of CyH 22
hydrogen bonds in the order CH,Z2-Z7 >
HZ2-777 > ¥Z72-777 with Z2 and Z7 being O, S
and Se, whereas the strength of Cy-HTe2
in the HTe2-O7, FTe2-0O7, and CH,Te2-O7
are almost similar. This comparison suggests
that for the same Z2 and Z7, the stronger
CSpZ-H"-ZZ hydrogen bonds are obtained for
R being the electron-donating CH, substituent

than the electron-withdrawing F one.
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Table 1. Deprotonation enthalpy (DPE) of O/C,,,” H bond, and proton affinity at proton acceptors Z in NH,CHZ
and RCZOH monomers with R=H, F, CH;; Z= O, S, Se, Te.

PA(Z DPE(O/C-H PA(Z DPE(O/C-H
Monomer (kJ.n(loi") (kJ(.mol'l) ’ Monomer (kJ.nfm:-I) (kJ(.mol") )
CH,COOH 823.7 1495.1 FCOOH 736.9 1406.9
CH,CSOH 840.6 1433.0 FCSOH 780.8 1351.6
CH,CSeOH 840.0 1406.0 FCSeOH 785.5 1327.1
CH,CTeOH 864.9 1382.0 FCTeOH 825.6 1302.4
HCOOH 780.1 1480.4 NH,CHO 873.2 1668.4
HCSOH 805.8 1421.4 NH,CHS 888.3 1625.3
HCSeOH 806.2 1396.5 NH,CHSe 882.8 1605.4
HCTeOH 839.0 1374.2 NH,CHTe 909.6 1587.8

Regarding the O-H:--Z7 hydrogen bonds,
for the same R and Z2, their strength decreases
in the order of the Z7 groups: O > S > Se > Te.
This result agrees with the observations
of Biswal et al, and Das et al in previous
reports.**** The atomic charges at the Z7 atoms
in the investigated complexes become less
negative when Z7 goes from O to Te (cf. Table
S2), leading to a descending in the electrostatic
attraction of H4---Z7 in the sequence H4---O7 >
H4---S7 > H4---Se7 > H4---Te7. This tendency is
one of the reasons for the superior strength of
O-H--O7 relative to O-H---S7/Se7/Te7. For the
same R and Z7, the O-H:Z7 hydrogen bonds
experience an enhancement in their strength
when Z2 varies from O to S, to Se, and then
to Te. This observation is consistent with the
increase of O-H polarity in the order RCOOH
< RCSOH < RCSeOH < RCTeOH (cf- Table 1).
Thus, the polarity of O-H bonds and the strength
of O-H---Z7 hydrogen bonds are affected by the
77 atom in the RCZOH monomers, in which,
Te7 is more influential than O7, S7 or Se7.
Notably, the strength of O-H--Z7 goes down
when R changes from F to H and then CH,, being
opposite to the tendency observed for C,,-H~Z2
hydrogen bonds (cf. Figures Sla, and S1b). This
is reasonable because F surpasses CH, group in
raising the polarity of O-H bonds (cf. Table 1)
and the electrostatic attraction between H4 and
Z7. Consequently, the -electron-withdrawing
substituent (F) induces stronger O-H--Z7
hydrogen bonds than the electron-donating

https://doi.org/10.52111/qn;js.2025.19304

one (CH,). This effect was also reflected in the
complexes of XCHZ--RCZOH (with X= H, F;
R=H, F, Cl, Br, CH,, NH,; Z= O, Se, Se, Te)."*

3.2. Interaction energy

The interaction energies corrected by both
ZPE and BSSE (denoted by AE") of RZ2-Z7
complexes are calculated at the CCSD(T)/6-
311++G(3df,2pd)//MP26-311++G(3df,2pd)
level of theory (except the aug-cc-pVDZ-
PP basis set used for Te atom) to evaluate the
stability of investigated complexes. The data in
Table 2 shows the negative interaction energies
of complexes ranging from -30.9 to -73.8
kJ.mol", indicating their certain stability on their
potential energy surfaces.

For the same R and Z2, the individual
interaction energies of RZ2-07, RZ2-S7, RZ2-
Se7, and RZ2-Te7 are in the ranges -44.5 +
-73.8 kJ.mol!, -34.8 + -55.5 kJ.mol!, -32.9 +
-55.8 kJ.mol!, and -31.3 = -47.0 kJ.mol",
respectively. These values indicates that the
stability of RZ2-Z7 complexes decreases in
the order of Z7 substituents: O > S > Se > Te,
which is consistent with the lowering strength of
O-H:--Z7 in the sequence: O-H:-O7 >> O-H--S7
> O-H--Se7 > O-H-:--Te7 as resulted from the
AIM analysis. This observation emphasizes a
predominant influence of the oxygen compared
to sulfur, selenium, or tellurium as Z7 on the
stability of RZ2-Z7. Besides, the superior role
of the O-H-Z7 hydrogen bonds relative to
C,-HZ2 in stabilizing complexes is noticed.
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Table 2. Interaction energies corrected by both ZPE and BSSE (AE*, kJ.mol") of complexes between NH,CHZ
and RCZOH (R =H, F, CH,; Z= 0, S, Se, Te) at CCSD(T)/6-311++G(3df,2pd)//MP2/6-311++G(3df,2pd) ) level

of theory (except the aug-cc-pVDZ-PP basis set used for Te atom).

Complex AE* Complex AE* Complex AE* Complex AE*

CH,02-07 -44.5  CH,02-S7 -36.7  CH,02-Se7 -35.3  CH,02-Te7 -43.5
CH,S2-07 -44.7  CH,S2-S7 -34.8  CH,S2-Se7 -329  CH,S2-Te7 -40.1
CH,Se2-07 -46.3  CH,Se2-S7 -35.7  CH,Se2-Se7 -34.2  CH,Se2-Te7 -42.2
CH,Te2-07 -553  CH,Te2-S7 -442  CH,Te2-Se7 -45.0  CH,Te2-Te7 -31.3
HO2-07 -46.3  HO2-S7 -374  HO2-Se7 -35.8  HO2-Te7 -40.2
HS2-07 -47.6  HS2-S7 -35.1 HS2-Se7 -33.1 HS2-Te7 -36.6
HSe2-07 -47.2  HSe2-S7 -36.2  HSe2-Se7 -34.5  HSe2-Te7 -38.9
HTe2-07 -55.2  HTe2-S7 -44.1 HTe2-Se7 -44.8  HTe2-Te7 -30.9
FO2-07 -58.9  FO2-S7 -46.1 FO2-Se7 -44.6  FO2-Te7 -47.0
FS2-07 -60.0  FS2-S7 -442  FS2-Se7 423 FS2-Te7 -43.6
FSe2-07 -63.2  FSe2-S7 -46.0  FSe2-Se7 -44.3  FSe2-Te7 -46.3
FTe2-O7 -73.8  FTe2-S7 -55.5  FTe2-Se7 -55.8  FTe2-Te7 -40.7

For the same R and Z7, the more negative
interaction energies of RZ2-07, RZ2-S7, and
RZ2-Se7 are observed for the Z2 being the Te
atom rather than the O, S, and Se (cf. Table 2),
in line with the decreasing strength of O-H---Z7
hydrogen bonds when Z2 goes from Te to O.
However, an opposite trend is obtained for RZ2-
Te7 complexes, in which, RO2-Te7 is more
stable than RSe2-Te7, RS2-Te7, and RTe2-Te7
(cf- Table 2).

Fixing Z2 and Z7, the interaction energies
of FZ2-7Z7 are more negative than those of
HZ2-777 and CH,Z2-Z7. Indeed, the AE" values
range from -40.7 to -73.8 kJ.mol"! for FZ2-Z7,
from -30.9 to -55.2 kJ.mol"!' for HZ2-Z7, and
from -31.3 to -55.3 kl.mol' for CH,Z2-Z7
(c¢f. Table 2). This implies that replacing R in
the RCZOH with F can strengthen the stability
of RZ2-Z7 more than CH, which is also
consistent with the larger strength of O-H--Z7
hydrogen bonds in FZ2-Z7 compared to that of
CH,Z2-777. Therefore, this observation affirms
the crucial role of O-H:-Z7 hydorgen bonds in
the stability of the investigated complexes.

3.3. NBO analysis

To evaluate the electron density transfer between
monomers upon the complexation, the NBO
analysis is performed and the selected data are
gathered in Tables 3a, and 3b. The total electron
density transfer (EDT) of NH,CHZ monomers
ranging from 0.036 to 0.091 indicates electron

density transferring mainly from NH,CHZ to
RCZOH. This is proven by the intermolecular
hyperconjugative energy (E, ) of electron
transter from nonbonding orbital n(Z7) to
6'(O-H) antibonding orbital (ca. 85.3-252.0
kJ.mol™) surpasses that from n(Z2) to c*(Cspz-H)
(ca. 6.8-21.2 kJ.mol"), confirming the larger
strength of O-H:Z7 compared to that of Cspz-

H---Z2 hydrogen bonds.

For the same R and Z7, the E,  values
of the electron density transfer from n(Z2)
to 0*(CSPZ—H) increase in the order of the Z2
substituents: O < S < Se < Te (¢f. Tables 3a, and
3b), which is in a consistent with the enhancement
of proton affinity at Z2 in the order RCOOH <
RCSOH < RCSeOH < RCTeOH (cf. Table 1).
This order is opposite to the strength tendency
of CoH 22 hydrogen bonds. Therefore, the
higher strength of C_-H-+O2 compared to C_,-
H--S2/Se2/Te2 hydrogen bonds is primarily
determined by the electrostatic attraction rather
than the intermolecular electron density transfer.
The outstanding contribution of electrostatic
attraction compared to the
electron density transfer on the strength of Cor
H--Z hydrogen bonds was also pointed out in the
XCHZ:--RCZOH complexes (with X=H, F; R=
H, F,Cl, Br,CH,,NH,; Z=0, S, Se, Te) by Quyen
et al."® When fixing R and Z2, the E_
the nonconventional CyH 22 hydrogen bonds
go up as Z7 varies from O to Te, which is in line
with the strength of C_ -H-~Z2 hydrogen bonds.

intermolecular

values of
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Table 3a. Data from NBO analysis of RZ2-Z7 complexes with R=H, F, CH,; Z= O, S.

EDT® E AE__®  Ag'(C./O-H)

Complex Hydrogen bond (Electron)  (k J.ri:lte(;l“) (kJ.lrnntr:)l") (Elescptzron) A%s(C,,,)
cworor (S 006 S Y Ugws s
cusror (TS 007y 0 Goms s
CH,Se2-07 gz:gj'_f_f;z 0.039 11537‘_50 '3‘;4 _(?_ 'Oofj 19 ;i
creor (RO ee SN0 o sk
oo (M oow WS 00 some 4
HS2-07 821;3227 0.039 11526%0 3 13.56 -88)2363 ;431
A L VR P v e
T Y G v e S
FO2-07 oo 002 s o540 50
FS2-07 gzijz% 0.055 2111f ,56 3 19.63 -(()).5)6()(?2() ;z
A P 1 o AR o
FT07  Glheor % 550 a5 oo se
CHOXST  lheesr M he  ua oose  4g
cusesT TS 00 B0 Goed s
CH,Se2-87 gigiiff 0.053 11493.33 _;.663 8:824112 ;;
CH,Te2-S7 8_2)1:1252 0.057 12418.25 _1;3.6 8:8(6)2(7) ;Z
HO2-87 8_21:12(3)72 0.055 11245.52 _;.942 _(%)SO ;39 411:;
HS2-87 giﬁiﬁ 0.055 11483;.25 _11()6.3 8:82411? ;:j
HsasT TS eew 0% TS Goes se
HTe2-S7 giﬁig 0.059 12516,12 :3515 8:822? ;;
porsT RS s AE ol
FRST e 0Bk e oo s
e SRy SR v S
e L I S ¢

(a) The total electron density transfer from NH,CHZ to RCZOH
(b) The total intramolecular electron density transfer to the c*(Csz/O-H) orbitals
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Table 3b. Data from NBO analysis of RZ2-R7 complexes, with R=H, F, CH,; Z= Se, Te.

Complex Hydrogen bond (E]ile)crtrrz)n) (kJE.xi:;zl-l) (ﬁflﬁo;b:) A(Z;:(E‘c"iﬁ)m A%s(Cy)
CHOMST  olwsa 0% o 4y oo s
cuseser  UHCE e FD R0 B 4
CHSIST  olwesa % o) a1 oomr s
CHTseT  (Tilee 000 S s e sg
HO2-Se7 8_21:13237 0.051 111461) _15.631 _(()).3)5():61 élt;
HSIST oesa % by dis  osee sy
HSe2-Se7 8_2,__1:13:-.23 0.057 11389"30 '11i 78 g:ggig ;Z
e ey v -
FOST ovwesa O ues o3 oo s
e e e S vty SR
e e Ly S S v
Fasa S oo 00 T8 e e
cmormr (TR o0 8 E Tl
ST oUimg ™ s es oo )
e A vives
CHISTT  Uing 0% 5w o sy
wormer (TR e T e d
e U e RY e s
Mt (S oo B0 0 e se
e 00 L e coms 56
FO2-Te7 8?,1:13%37 0.071 11302.71 15147 -35)700346 ;?
T oS B TR SR vic: S
Pty (MERS om0 ee own 6o
Frets e 00 8% e oo e

(a) The total electron density transfer from NH,CHZ to RCZOH
(b) The total intramolecular electron density transfer to the c*(Csz/O-H) orbitals
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Remarkably, Tables 3a, and 3b also figure
out that the change in the electron density of
the 0*(Csp2-H) antibonding orbital (AG*(Csz-H))
become less negative as Z7 goes from O to S to Se
and then Te. Therein, the decrease in the electron
density at the G*(CSPZ—H) hits bottom when Z7 is
O atom, which is explained by the intramolecular
hyperconjugative energy (E,_ ) from n(O7)
to 0*(Csp2-H) overcoming the intermolecular
hyperconjugative energy of electron density
transfer from n(02) to 0*(Csp2-H), resulting in
a rearrangement of electron density throughout
RO2-07. Therefore, an increase in occupation
of cs*(Csz—H) orbital causes a lengthening of
the C,,-H bond length and a decrease their
stretching frequencies upon complexation. In
other words, the stretching frequency of C_-H in
the nonconventional C_,-H--Z2 hydrogen bonds
tends to turn from blue shift to red shift as Z7
changes from O to Te. For the same Z2 and Z7,
the intermolecular transfer of electron density
from n(Z2) to cs*(Cspz—H) orbital witnesses an
increase according to the substitution of R as the
following order: F < H < CH,. This is consistent
with the increase in the proton affinity at Z2
in RCZOH in the order of R: F < H < CH, (¢f.
Table 1). This implies that the intermolecular
electron density transfer from n(Z2) to c*(Cspz—H)
orbital can be promoted when R varies from an
electron-withdrawing group (F) to an electron-
donating one (CH,). When Z2 and Z7 are
fixed, the lessening in occupation at 0*(Csp2—H)
becomes more pronounced as R changes from
H to CH, and then F (¢f. Tables 3a, and 3b).
This trend suggests that the characteristic of the
nonconventional C_,-H-Z2 hydrogen bonds
shifts gradually from red shift to blue shift when
R transitions from an electron-donating group to
an electron-withdrawing one.

Regarding the O-H---Z7 hydrogen bonds,
there is an increase in the intermolecular
electron density transfer from n(Z7) to ¢"(O-H)
orbitals when Z2 is replaced by O, S, Se, and
Te, respectively. In contrast, for the same R and
72, the E,  values of O-H:Z7 hydrogen bonds

https://doi.org/10.52111/qn;js.2025.19304

decrease in the sequence of Z7 substituents: O >
S > Se > Te. These results agree with the strength
tendency of O-H-+Z7 as found in AIM analysis.
Thus, the intermolecular electron density transfer
also affects the strength of O-H---Z7.

It is noted that that the increase in the
electron density at o"(O-H) in complexes
compared to the corresponding monomers
(Ac*(O-H)) (ca. 0.0388-0.0969 ¢) lengthens the
O-H bond length and decreases its stretching
frequency, which can induce the red shift of
O-H:--Z7 hydrogen bonds. For the same Z2 and
77, the changing of R from CH, via H via F
results in an improvement in the electron density
transfer from n(Z7) to the 6"(O-H) orbitals, and
an increase in the Ac"(O-H) values (cf. Tables
3a, and 3b). Therefore, the larger strength and
red shift of O-H---Z7 hydrogen bonds are gained
for R being the electron-withdrawing group (F).

3.4. Changes in bond length and stretching
frequency of the O-H and CSPZ-H

The change in the bond length (Ar) and stretching
frequency (Av) of the O-H and Csz'H bonds
in the RZ2-Z7 complexes compared to the
corresponding monomers are collected in Tables
S3a, and S3b and Figures 2a, and 2b.

The results show the elongation of the O-H
bond length and the decrease of its stretching
frequency in O-H---Z7 hydrogen bonds following
the complexation. Indeed, Ar(O-H) and Av(O-H)
values range from 0.0180 to 0.0482 A, and
from -385.0 to -958.0 cm, respectively. This
validates the red shift of O-H--Z7 hydrogen
bonds as predicted in the NBO analysis above.
For the same R and Z2, Av(O-H) values in the
RZ2-0O7 are more negative than those in the
RZ2-S7, RZ2-Se7, and RZ2-Te7 (cf. Figure 2a),
implying a larger red shift of O-H--O7 hydrogen
bonds compared to O-H:--S/Se/Te ones. This is
in line with the larger intermolecular electron
density transfer from n(O7) to 6°(O-H) than from
n(S7/Se7/Te7) to 6*(O-H) orbitals (¢f. Tables 3a,
and 3b).
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This observation, however, differs from
the result collected in the complexes of RCZOH
with FCHZ. Therein, the O-H red shift of
O-H:--O hydrogen bonds in the FCHO--*RCOOH
was less than that of O-H---S hydrogen bonds in
the FCHS---RCSOH.'® Besides, the O-H red shift
increases significantly as the F atom in FCHZ
monomer is substituted by the NH, group. This
is due to a strong electron-donating group such
as NH, surging the electron density at the Z sites
in NH,CHZ. As a result, the Z sites in NH,CHZ
exhibit a higher proton affinity compared to those
in FCHZ, and the intermolecular electron density
transfers from n(Z) to ¢*(O-H) orbital in the
RCZOH-NH,CHZ are larger than those in the
RCZOH:--FCHZ. Notably, thered shiftof O-H---Z
hydrogen bonds in the RCZOH--NH,CHZ
complexes is even more significant than that
in the RCZOH-CH,CHZ." This substantially
large shift affirms the outstanding influence of
a strong electron-donating substituent (NH,) in
NH,CHZ on the O-H red shift. Figure 2a points
out that for the same R and Z7, the O-H red shift
in investigated complexes increases in the order
of Z2: O < S < Se < Te. This agrees well with

(a)
—m—Rz2-07
-400 - E\X —e—RZ2-S7
~o Z\ —A—RZ2-Se7
N .:l\’* —v—Rz2-Te7
=500 . ‘/ ° —
~. \
\ m.
-600 - " SN o
—n

=700

=800

)
N

-1000

Change in the stretching frequencies of the O-H bonds (Av, cm™)

T T T T T T
C C C C, B I B Dol R A
Ky B K B (2 () 2. 05 T 8,
.}oe .{%' ":%‘_-, %e‘-‘!\ ‘-"\) e‘,\ o‘,\ «-’\)é\) o‘_-,\ ee\
N\ 3 => 2 e) >3 X v‘) e)
S e N

the rise in the occupation at the 6"(O-H) orbitals
(cf- Tables 3a, and 3b) and the polarity of O-H
bond in RCZOH (c¢f. Table 1) when Z2 shifts
from O to S to Se and then Te. In the case of fixing
72 and Z7, the red shift of O-H--Z7 hydrogen
bonds witness a decline in the sequence FZ2-7Z7
> HZ2-77 > CH,Z2-777 (cf. Figure 2a), being
consistent with the decrease in the E,  values
of O-H-Z7 hydrogen bonds when R changes
from F to CH, (cf. Tables 3a, and 3b). This
trend emphasizes the more dominant role of
the electron-withdrawing group (F) relative to
the electron-donating one (CH,) in promoting
the O-H red shift. Such observation was once
determined in the interaction between XCHZ
and YCOOH, where X= H, CH,, NH,, and
Y=H, F, Cl, Br, CH,, NH, calculated at the same
level of theory.* The polarity of the O-H bonds
in FCZOH is also better than that in HCZOH
and CH,CZOH (cf. Table 1). Accordingly, the
red shift of O-H--*Z7 hydrogen bonds is closely
related to the increase in the polarity of the O-H
bond in the RCZOH monomers, and the strong
intermolecular electron density transfer from
n(Z7) to ¢"(O-H) orbitals upon complexation.

(b)
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Figure 2. (a) Change in the stretching frequency of the O-H bond in the RZ2-Z7 complexes compared to the
RCZOH monomers, with R=H, F, CH,; Z (22, Z7) = O, S, Se, Te. (b) Change in the stretching frequency of the
Cspz-H in the RZ2-Z7 complexes compared to the NH,CHZ monomers, with R=H, F, CH; Z (22, Z7)= 0, S, Se, Te.
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On the other hand, Figure 2b shows that
for the same R and Z7, the stretching frequency
of C,H involving nonconventional CH02
hydrogen bonds increases during the formation
of RO2-Z7 complexes (AV(CSPZ_H) =2.7-104.9
cm™), indicating the C_-H blue shift in C_ -
H--O2 hydrogen bonds. This blue shift can be
attributed to a reduction of the electron density
at the cs*(Cspz-H) orbital following the RO2-Z.7
complexation (cf- Tables 3a, and 3b) that leads to
a contraction in the bond length and an increase
in the stretching frequency of the C,.-H bond
in the C_-H-O2. When Z2 is replaced with
S, Se, and Te, the Cspz-H stretching frequencies
in  C_-H-82/Se2/Te2 hydrogen bonds in
most complexes tend to be red-shifted, except
for RS2-07, RS2-S7, RSe2-07, RSe2-S7,
RTe2-0O7, and RTe2-S7. Therefore, the Cspz-H
stretching frequencies of C_-H-~Z2 hydrogen
bonds turn from blue- to red shift as Z2 varies
from O to S to Se and then Te. This tendency
is proportional to the enhancement of the proton
affinity at Z2 in the order O < S < Se < Te
(cf- Table 1). For the same R and Z2, there
is a growth in the C_-H red shift upon the
substitution of Z7 from O to Te which accords
with therise in the C_ -H polarity of the NH,CHZ
monomers in the order NH,CHO < NH,CHS <
NH,CHSe < NH,CHTe (cf. Table 1). Therefore,
the C,-H red shift in CyH 22 is closely
related to the increase in the proton affinity at
the Z sites and the polarity of the Csz‘H donor
fragment. This observation was also suggested
in some previous reports.!>1%1%2* When fixing 72
and Z7, the magnitude of the Cspz—H blue shift in
CyH 02 significantly increases in the order of
the R substituents: CH, < H <F, corresponding
to the decrease in the proton affinity at Z site
according to the trend above. Hence, the blue
shift of C_-H bond can be observed along with
the decline in the proton affinity at the proton
acceptor Z. In comparison with the complexes of
the RCZOH with the CH,/FCHZ, the blue shift
of Cspz-H“-O is presented more obvious when an
electron-donating atom (F) or a weaker electron-
donating group (CH,) in the chalcogenoaldehyde
derivatives is replaced with a strong electron-

https://doi.org/10.52111/qn;js.2025.19304

donating substituent (NH,).">'* This trend relates
to the decrease in the polarity of the C,,,-H bonds
in the order of chalcogenoaldehyde derivatives:
FCHZ > CH,CHZ > NH,CHZ. Besides, the
C,,,-H stretching-frequencies in C_ -H--S2/Se2/
Te2 hydrogen bonds turn from red shift to blue
shift when R changes from H to CH, and then F.
This observation suggests that the electron-
donating group can urge forward the red shift
of C ,-HZ hydrogen bonds more than the
electron-withdrawing one.

4. CONCLUSIONS

There are 48 stable complexes formed between
RCZOH and NH,CHZ (RZ2-Z7) (with R= H,
F, CH,; Z= O, S, Se, Te) whose structures are
stabilized by O-H-Z7 and C_-H'-Z2 hydrogen
bonds, in which the formers play a predominant
role in the stability of the complexes. The
increase in the stability of RZ2-Z7 is observed
when R changes from the electron-donating CH,
group to the electron-withdrawing F one, and
72 turnes from O to Te. For Z7 being O, S, and
Se, RTe2-Z7 is higher in stability than RS2-Z.7,
RSe2-Z7, and RO2-Z7 while the RO2-Te7 is
more stable than the RSe2-Te7, RS2-Te7, and
RTe2-Te7.

The strength of O-H---Z7 hydrogen bonds
(ca. -16.0 + -101.3 kJ.mol!) is larger than those
of C,,-H+Z2 ones (ca. -5.3 + -16,4 kJ.mol").
The O-H stretching frequencies in the O-H--Z7
are characterised by the red shift. The strength
and the red shift of O-H:-Z7 decrease in the
order of Z7 substituents: O > S > Se > Te. In
contrast, the change of Z2 from O to Te, and R
from CH, to F leads to an increase in the O-H red
shift. Remarkably, the O-H red shift agrees well
with the rise in the O-H polarity, and the proton
affinity at the proton acceptors Z. The very
strong intermolecular transfer of electron density
from n(Z7) to ¢"(O-H) orbitals also contributes
significantly to the strength and the red shift of
O-H:--Z7 hydrogen bonds.

Thenonconventional Cspz-H- --Z2hydrogen
bonds experience a decrease in their stability as
72 in RCZOH goes from O to Te, and R changes
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from CH, to F. The substitution of the O atom
in NH,CHZ with S, Se, and Te results in the
larger strength of C_ -H'+Z2 hydrogen bonds. In
addition, the stretching frequencies of the C,,-H
bond turn from blue shift to red shift as Z2 and
27 vary from O to Te, in which the C_,-H blue
shift of C ,-H~O2 reaching 104.9 cm”. The
magnitude of the C_-H red shift becomes more
obvious when R goes from F to CH, substitution.
The increase in the CSPZ—H stretching frequencies
occurs along with the decrease in both the proton
affinity at Z2 sites and the polarity of C,.-H
bonds, and vice versa. Interestingly, this work
highlights the remarkable impact of NH, relative
to CH,/F substitute in chalcogenoaldehydes on
the increase in the stretching frequency O-H red-
and C,-H blue shift involving hydrogen bond.
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Table 1a. The H6--Z2 interaction distance (r,. ),
individual energies (E, ;) of the nonconventional Cspz—HmZZ hydrogen bonds in NH,CHZ:--RCZOH complexes

(with R=H, F, CH,; Z= O, S, Se, Te).

selected parameters at BCPs of H6:-Z2 interactions, and

Complex L p(r) Vi(p) H(r) Eps
A) (au) (au) (au) (kJ.mol")
CH,02-07 2.29 0.014 0.050 0.0015 -12.4
CH,S2-07 2.78 0.011 0.030 0.0009 73
CH,Se2-07 2.90 0.010 0.026 0.0008 -6.4
CH,Te2-07 3.08 0.009 0.022 0.0006 -5.4
HO02-07 2.31 0.014 0.048 0.0014 -11.9
HS2-07 2.79 0.011 0.029 0.0009 7.1
HSe2-07 291 0.010 0.026 0.0008 -6.2
HTe2-07 3.08 0.009 0.021 0.0006 5.3
FO2-07 2.34 0.013 0.045 0.0014 -11.2
FS2-07 2.80 0.010 0.029 0.0010 -7.0
FSe2-07 2.90 0.011 0.026 0.0009 -6.3
FTe2-07 3.06 0.010 0.022 0.0007 -5.6
CH,02-S7 2.17 0.017 0.061 0.0016 -15.8
CH,S2-S7 2.65 0.013 0.034 0.0008 9.3
CH,Se2-S7 2.77 0.012 0.030 0.0007 -8.1
CH,Te2-S7 2.95 0.012 0.025 0.0005 -6.7
HO2-S7 2.19 0.016 0.059 0.0016 -15.2
HS2-S7 2.66 0.013 0.034 0.0008 9.1
HSe2-S7 2.78 0.012 0.030 0.0007 8.1
HTe2-S7 2.96 0.011 0.024 0.0005 -6.6
FO2-S7 222 0.015 0.056 0.0017 -13.9
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Complex L p(r) Vi(p) H(r) Es
A) (au) (au) (au) (kJ.mol")
FS2-S7 2.68 0.012 0.033 0.0009 -8.6
FSe2-S7 2.79 0.012 0.030 0.0008 -7.6
FTe2-S7 2.95 0.011 0.025 0.0006 -6.6
CH,02-Se7 2.15 0.017 0.063 0.0017 -16.3
CH,S2-Se7 2.65 0.013 0.035 0.0007 -9.5
CH,Se2-Se7 2.76 0.013 0.030 0.0007 -8.2
CH,Te2-Se7 2.94 0.012 0.025 0.0005 -6.9
HO2-Se7 2.17 0.017 0.060 0.0016 -15.6
HS2-Se7 2.65 0.013 0.034 0.0007 9.3
HSe2-Se7 2.77 0.012 0.032 0.0006 -8.3
HTe2—-Se7 2.94 0.012 0.025 0.0005 -6.9
FO2-Se7 2.20 0.015 0.057 0.0018 -14.2
FS2-Se7 2.68 0.012 0.033 0.0009 -8.7
FSe2—-Se7 2.78 0.012 0.030 0.0008 -7.7
FTe2—Se7 2.94 0.012 0.025 0.0006 -6.8
CH,02-Te7 2.15 0.017 0.063 0.0017 -16.4
CH,S2-Te7 2.63 0.013 0.035 0.0007 -9.7
CH,Se2-Te7 2.72 0.013 0.032 0.0007 -8.9
CH,Te2-Te7 2.93 0.012 0.025 0.0005 -7.0
HO2-Te7 2.17 0.017 0.061 0.0016 -15.7
HS2-Te7 2.64 0.013 0.034 0.0007 9.5
HSe2-Te7 2.73 0.013 0.032 0.0007 -8.7
HTe2-Te7 2.94 0.012 0.025 0.0005 -6.9
FO2-Te7 2.20 0.015 0.058 0.0018 -14.1
FS2-Te7 2.67 0.012 0.034 0.0009 -8.8
FSe2-Te7 2.75 0.0123 0.031 0.0008 -8.2
FTe2-Te7 2.94 0.011 0.025 0.0006 -6.7

Table 1b. The H4---Z7 interaction distance (r,,.,,), selected parameters at BCPs of H4-Z7 interactions,
and individual energies (E,,) of the O-H-*Z7 hydrogen bonds in NH,CHZ---RCZOH complexes (with
R=H, F,CH,; Z= O, S, Se, Te).

Complex - p(r) Vi(p) H(r) E;
A) (au) (au) (au) (kJ.mol")
CH,02-07 1.689 0.047 0.102 -0.011 -61.8
CH,S2-07 1.655 0.050 0.106 -0.013 -68.1
CH,Se2-07 1.638 0.052 0.108 -0.014 -71.8
CH,Te2-O7 1.627 0.053 0.109 -0.015 -74.2
HO2-07 1.668 0.049 0.103 -0.012 -66.2
HS2-07 1.640 0.052 0.106 -0.014 -71.7
HSe2-07 1.626 0.054 0.107 -0.015 -75.0
HTe2-07 1.622 0.054 0.109 -0.015 -75.7
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Complex Che22 p(r) Vi(p) H(r) E;
A) (au) (au) (au) (kJ.mol")

FO2-07 1.605 0.057 0.108 -0.018 -81.4
FS2-07 1.571 0.062 0.109 -0.021 -89.9
FSe2-07 1.550 0.065 0.109 -0.023 -95.9
FTe2-O7 1.533 0.068 0.109 -0.025 -101.3
CH,02-S7 2.216 0.029 0.046 -0.005 -27.0
CH,S2-87 2.192 0.031 0.046 -0.005 -28.8
CH,Se2-S7 2.176 0.032 0.046 -0.006 -30.1
CH,Te2-S7 2.169 0.032 0.046 -0.006 -30.8
HO2-S7 2.193 0.031 0.045 -0.005 -28.9
HS2-S7 2.173 0.032 0.045 -0.006 -30.5
HSe2-S7 2.159 0.033 0.045 -0.006 -30.1
HTe2-S7 2.156 0.033 0.045 -0.007 -31.9
FO2-S7 2.129 0.035 0.044 -0.008 -34.5
FS2-S7 2.109 0.037 0.042 -0.009 -36.3
FSe2-S7 2.094 0.038 0.041 -0.009 -37.9
FTe2-S7 2.085 0.039 0.040 -0.010 -38.9
CH,02-Se7 2.358 0.025 0.039 -0.003 -21.6
CH,S2-Se7 2.331 0.027 0.039 -0.004 -23.2
CH,Se2—-Se7 2.315 0.028 0.038 -0.004 -24.3
CH,Te2-Se7 2.278 0.030 0.039 -0.005 -26.8
HO2-Se7 2.334 0.027 0.039 -0.004 -23.2
HS2-Se7 2.312 0.028 0.038 -0.005 -24.6
HSe2-Se7 2.298 0.030 0.038 -0.005 -26.0
HTe2-Se7 2.267 0.031 0.038 -0.006 -27.7
FO2-Se7 2.269 0.031 0.037 -0.006 -27.8
FS2-Se7 2.249 0.032 0.036 -0.007 -29.3
FSe2—-Se7 2.234 0.033 0.035 -0.007 -30.5
FTe2-Se7 2.199 0.036 0.034 -0.008 -33.3
CH,02-Te7 2.562 0.022 0.030 -0.002 -16.0
CH,S2-Te7 2.524 0.024 0.030 -0.003 -17.8
CH,Se2-Te7 2.501 0.025 0.030 -0.003 -18.9
CH,Te2-Te7 2.490 0.026 0.030 -0.004 -19.5
HO2-Te7 2.539 0.023 0.030 -0.003 -17.1
HS2-Te7 2.509 0.025 0.030 -0.003 -18.6
HSe2-Te7 2.486 0.026 0.029 -0.004 -19.8
HTe2-Te7 2.480 0.026 0.029 -0.004 -20.1
FO2-Te7 2.463 0.027 0.029 -0.004 -21.1
FS2-Te7 2.435 0.029 0.028 -0.005 -22.8
FSe2-Te7 2.416 0.030 0.026 -0.006 -24.0
CH,02-Te7 2.406 0.031 0.026 -0.006 -24.6
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Table S2. NBO charge at H4, H6, Z2, and Z7 atoms in RZ2-Z7 complexes with R=H, F, CH,; Z2(Z7) = O, S, Se, Te.

CH30-O CH3S-O CHsse-O CHsTe-O CH3O-Se CHss-Se CH3Se-Se CH3Te-Se

q(H4) 0540 0547 0551 0.554 q(H4) 0517 0.524 0.528 0.528
qZ7 0770 0770  -0.773  -0.776 qZ7) -0231  -0215 0214  -0.204
qH6)  0.149  0.138  0.140 0.140 q(H6) 0213 0.201 0.201 0.202
qZ2) 0762  -0264 -0238  -0.166 qZ2) -0.759  -0245 0215  -0.139

HO-O HS-O HSe-O HTe-O HO-Se HS-Se HSe-Se  HTe-Se

q(H4) 0541 0545  0.549 0553 q(H4) 0515 0.520 0.523 0.522
qQZ7 0772 0771  -0.774  -0.777 qZ7) -0227  -0211  -0.170  -0.201
qH6)  0.147  0.138  0.139 0.138  q(H6) 0211 0.199 0.173 0.200
q(Z2) 0748 0254  -0225  -0.147 qZ2) -0.744 0233  -0.128  -0.119

FO-O FS-O FSe-O FTe-O FO-Se FS-Se FSe-Se FTe-Se

qH4)  0.552 0.559 0.562 0.566 q(H4) 0.524 0.531 0.534 0.532
qZ7)  -0.775 -0.774 -0.776 -0.780  q(Z7) -0.216 -0.200 -0.199 -0.189
qHe)  0.147 0.140 0.143 0.145 q(He) 0.208 0.198 0.200 0.202
qZ2) -0.751 -0.275 -0.254 -0.195  q(Z2) -0.747 -0.252 -0.226 -0.161

CHSO-S CH3S-S CHsse-S CHSTe-S CH30-Te CHSS-Te CHSSe-Te CHSTe-Te

qH4) 0.516 0.524 0.527 0.529 q(H4) 0.516 0.523 0.526 0.528
qZ7)  -0.259 -0.246 -0.246 -0.246  q(Z7) -0.160 -0.137 -0.135 -0.133
qHe)  0.211 0.199 0.200 0.199 q(He) 0.210 0.197 0.198 0.198
q(Z2) -0.759 -0.246 -0.215 -0.138  q(Z2) -0.760 -0.244 -0.207 -0.135

HO-S HS-S HSe-S HTe-S HO-Te HS-Te HSe-Te  HTe-Te

qH4) 0515 0.519 0.522 0.524 q(H4) 0.514 0.518 0.520 0.522
qZ7)  -0.256 -0.243 -0.243 -0.244  q(Z7) -0.154 -0.132 -0.130 -0.129
qHe6)  0.210 0.197 0.198 0.197 q(He) 0.208 0.195 0.196 0.196
q(Z2) -0.743 -0.234 -0.202 -0.119  q(Z2) -0.744 -0.231 -0.193 -0.115

FO-S FS-S FSe-S FTe-S FO-Te FS-Te FSe-Te FTe-Te

qH4) 0522 0530 0532 0533 q(H4)  0.523 0.530 0.531 0.532
qQ@Z7) -0247  -0234 0234  -0235 qZ7) 0138  -0.115  -0.113  -0.112
qH6) 0207  0.197  0.199 0200 q(H6)  0.204 0.194 0.196 0.197
q(Z2) -0.746  -0253  -0227  -0.161 q(Z2) -0.747  -0251  -0218  -0.157
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Table S3a. The change in the bond length (Ar, A) and stretching frequency (Av, cm™) of C,,-H and O-H bonds in
the RZ2-Z7 complexes compared to their corresponding monomers, with R=H, F, CH3;Z2: 0O,S,Se, Te; Z7=0, S.

CH,02-07 CH,S2-07 CH,Se2-07 CH,Te2-07
Ar(C,,-H) -0.0060 -0.0059 -0.0060 -0.0063
AV(C,,,-H) 84 74.3 723 74.0
Ar(O-H) 0.0256 0.0273 0.0291 0.0300
Av(O-H) -517 -550 -584 -599
HO2-07 HS2-07 HSe2-07 HTe2-07
Ar(C,,-H) -0.0059 -0.0059 -0.0058 -0.0060
AV(C,,,-H) 83.9 71.9 64.1 63.4
Ar(O-H) 0.0283 0.0295 0.0311 0.0311
Av(O-H) -566 -604 -620 -622
F0O2-07 FS2-07 FSe2-07 FTe2-07
Ar(C,,-H) -0.0069 -0.0071 -0.0072 -0.0075
AV(C,,,-H) 104.9 92.9 91.9 91.1
Ar(O-H) 0.0368 0.0411 0.0447 0.0482
AV(O-H) 2742 -827 -895 -958
CH,02-S87 CH,S2-S7 CH,Se2-S7 CH,Te2-S7
Ar(C,,-H) -0.0005 -0.0002 0.0000 -0.0002
AV(C,,,-H) 18.1 33 2.8 -6.0
Ar(O-H) 0.0202 0.0212 0.0225 0.0231
AV(O-H) 421 -441 -467 477
HO2-S7 HS2-S7 HSe2-S7 HTe2-S7
Ar(C,,,-H) -0.0006 -0.0002 0.0001 -0.0001
AV(C,,-H) 19.4 23 4.3 -8.0
Ar(O-H) 0.0224 0.0231 0.0244 0.0247
Av(O-H) -464 477 -500 -504
FO2-S7 FS2-87 FSe2-S7 FTe2-S7
Ar(C,,-H) -0.0019 -0.0016 -0.0013 -0.0013
AV(C,,,-H) 37.5 222 14.9 8.5
Ar(O-H) 0.0288 0.0308 0.0328 0.0346
Av(O-H) -595 -642 -683 717
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Table S3b. The change in the bond length (Ar, A) and stretching frequency (Av, cm™) of C,.-H and O-H bonds in the
RZ2-777 complexes compared to their corresponding monomers, with R=H, F, CHS;Z2= 0O, S, Se, Te; Z7= Se, Te.

CH,02-Se7 CH,S2-Se7 CH,Se2-Se7 CH,Te2-Se7
Ar(C,,-H) 0.0004 0.0007 0.0009 0.0009
Av(C,,-H) 6.3 -9.5 -15.9 -21.8
Ar(O-H) 0.0190 0.0201 0.0214 0.0233
Av(O-H) -398 -419 -445 -481
HO2-Se7 HS2-Se7 HSe2-Se7 HTe2-Se7
Ar(C,,-H) 0.0002 0.0007 0.0010 0.0010
Av(C,,-H) 8.1 -10.1 -16.7 -23.1
Ar(O-H) 0.0212 0.0219 0.0232 0.0247
Av(O-H) -440 -454 -477 -503
FO2-Se7 FS2-Se7 FSe2-Se7 FTe2-Se7
Ar(C,,-H) -0.0011 -0.0006 -0.0003 -0.0001
Av(C,,-H) 26.1 9.3 3.0 273
Ar(O-H) 0.0272 0.0290 0.0310 0.0341
Av(O-H) -563 -608 -649 =706
CH,02-Te7 CH,S2-Te7 CH,Se2-Te7 CH,Te2-Te7
Ar(C,,-H) 0.0009 0.0013 0.0018 0.0017
Av(C,,-H) -0.7 -18.2 -28.1 -32.8
Ar(O-H) 0.0180 0.0196 0.0214 0.0220
Av(O-H) -385 -419 -455 -467
HO2-Te7 HS2-Te7 HSe2-Te7 HTe2-Te7
Ar(C,,-H) 0.0006 0.0013 0.0018 0.0018
Av(C,,-H) 2.7 -18.3 -28.6 -33.6
Ar(O-H) 0.0200 0.0212 0.0232 0.0234
Av(O-H) -426 -450 -488 -491
FO2-Te7 FS2-Te7 FSe2-Te7 FTe2-Te7
Ar(C,,-H) -0.0005 0.0001 0.0006 0.0008
Av(C,,-H) 18.7 -0.1 -8.8 -18.5
Ar(O-H) 0.0264 0.0288 0.0312 0.0327
Av(O-H) -560 -614 -666 -694
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Figure S1a. The relationship between the H6-Z2 interaction distance and individual energy (E,,) of CyH 22
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Figure S1b. The relationship between the H4-Z7 interaction distance and individual energy (E_,) of O-H-Z7
hydrogen bond in RZ2-Z7 complexes (with R=H, F, CH,; Z2(Z7) = O, S, Se, Te).
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