Published on 02 July 2025. Downloaded on 6/29/2026 2:02:52 AM.

¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Tetrel, nonconventional hydrogen bonds, and
noticeable role of dispersion in complexes of
fluoroform and carbon dichalcogenidesy

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27, 14966

Thanh-Nam Huynh,? Nguyen Thi Minh Nguyet,® Bui Duc Ai® and
Nguyen Tien Trung ) *°¢

Weak noncovalent interactions in complexes between fluoroform and carbon dichalcogenides are
explored using highly accurate quantum chemical calculations. Tetrel and hydrogen bonds stabilize
these binary systems, with tetrel bonds dominating oxygen-containing complexes and hydrogen bonds
prevailing in oxygen-free ones. Distinct characteristics are also found between the two groups in terms
of electrostatic contributions. In the former, electrostatics play a secondary role, while in the latter, they
are the least attractive term. In all complexes, dispersion interactions predominantly stabilize the most
stable structures, with a more pronounced effect in complexes containing heavier chalcogens. The
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hydrogen bonds in all complexes are purely noncovalent in nature and exhibit blue shifts in the C-H
stretching frequency to varying degrees. Detailed analysis of the linear hydrogen bonds in oxygen-
containing complexes suggests that the blue shift is a short-range phenomenon, which results from a
balance between blue-shift-driving exchange forces and red-shift-driving electrostatic interactions.
Meanwhile, dispersion forces are found to exert red-shifting effects.
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blue-shifting hydrogen bonds.'>">' Unlike conventional hydro-

gen bonds, which typically involve a lengthened C-H bond and
a red shift in the corresponding vibrational frequency, blue-
shifting hydrogen bonds are characterized by a shortened C-H
bond and an increase in vibrational frequency. Some authors
suggested that there is no fundamental distinction between
these two types of hydrogen bonds.'>'*'7*> Consequently,

1 Introduction

Weak noncovalent interactions involving polarized C-H groups
are particularly important for a wide range of chemical
and biochemical activities, e.g., protein folding,"” enzyme
catalysis,””® and crystal packing,'®'"! to name a few. Despite their

typical weak interaction strengths, the interplay of various

interaction types and their cumulative effects could drive sig-
nificant molecular transformations. Understanding the nature
of noncovalent interactions is, therefore, of utmost necessity to
elucidate the mechanisms of chemical and biochemical reac-
tions and design materials with desired properties.

For decades, C-H---O hydrogen bond interactions have
attracted significant attention, not only due to their critical
role and prevalence in (bio)molecular systems®*® but also
because they constitute an interesting subgroup of nonconventional
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extensive efforts have been devoted to studying C-H---O sys-
tems to elucidate the nature of these interactions. Such inter-
actions have been attributed to various factors, including
electrostatic interactions,'*'>?%*! Pauli repulsion,'® polariza-
tion of the C-H bond coupled with an increase in s-character,'®
redistribution of electron density,"® or C-H bond’s polarization
and the proton acceptor’s gas-phase basicity.>*® Despite dis-
crepancies among these explanations, a general consensus has
emerged that the blue shift results from a delicate balance of
opposing effects.

To explore this further, in addition to the conventional
approach of analyzing equilibrium structures alone, the exam-
ination of hydrogen bond interactions along the potential
energy surface, often paired with energy decomposition ana-
lyses, has been increasingly adopted to gain deeper insight into
how this balance is achieved and how blue-shift behavior
emerges. For instance, Mo et al., using the block-localized wave
function method, observed long-range blue-shift behavior in
complexes of fluoroform with various bases, proposing that
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electrostatic interactions drive the blue shift.”® This long-range
phenomenon was also observed by Alabugin and colleagues.®
In contrast, Mao and Head-Gordon revisited complexes of
CHF; and argued that the blue shift is a short-range pheno-
menon.”” These conflicting conclusions underscore the need
for more comprehensive studies to better understand the blue-
shift phenomenon. In this context, investigating weak interac-
tions proves particularly valuable, as their subtle nature allows
competing forces to stand out, providing clearer insights into
the mechanisms governing hydrogen bond behavior.

Compared to C-H- - -O interactions, C-H-based interactions
involving heavier chalcogens—such as sulfur, selenium, and
tellurium—are significantly underrepresented, despite occa-
sional claims that these atoms can serve as proton acceptors
as effectively as oxygen.”® The presence of C-H- - -S interactions
has been increasingly documented through experimental and
computational studies.>*° In these systems, the C-H bond
exhibits weak red or blue shifts, depending on the nature of the
hydrogen bond donors and acceptors. In contrast, research on
C-H.--8e*>*7%%* and C-H- - -Te**? interactions is more lim-
ited, despite the former being experimentally identified as early
as 1994.° Further studies of noncovalent interactions involving
these heavier chalcogens could greatly enhance our under-
standing of their behavior and significance.

In this work, we aim to investigate the intermolecular inter-
actions between fluoroform (CHF3) and carbon dichalcogenides
(XCY, where X, Y = O, S, Se, or Te), with a particular focus on
C-H- - X interactions. Specifically, we determine the geometries
of the most stable complexes and analyze their stabilizing inter-
actions, highlighting the role of nonconventional hydrogen bond
C-H-- X, particularly in the underrepresented Cgps—H---Se/Te.
Moreover, we elucidate the role of energy components contribut-
ing to the blue and red shifts of the C-H stretching frequency.
The CO, molecule has been a key subject for studying noncova-
lent interactions due to its promising potential as a green
solvent***>% as well as for CO, sequestration applications.*”*®
Replacing one or both oxygen atoms in CO, with heavier chalco-
gens from the same group significantly alters the molecules’s
electronic structure due to reduced electronegativity and
increased atomic size of the new atom. These more complex
electronic structures create greater opportunities for various
types of noncovalent interactions—such as hydrogen, halogen,
chalcogen,*® and tetrel bonds—to occur in their complexes with
fluoroform,*>*°>* causing difficulties in finding the lowest
energy dimers. We address this issue by employing a multi-
level optimization workflow, which initiates with an automatized
noncovalent interaction conformational sampling, followed by
refined optimizations at the MP2 level and single point energy
calculations at the highly accurate CCSD(T) method. The char-
acteristics of noncovalent interactions in the most stable com-
plexes are revealed by atoms-in-molecules (AIM), natural bond
orbitals (NBO), and high-order symmetry-adapted perturbation
theory (SAPT) analyses. Further insight into the blue-shifting
behavior and its nature is obtained by scanning potential energy
surface for linear hydrogen bonding complexes of OCY molecules
(Y=0,S5, Se).
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2 Computational details

All quantum mechanical calculations were performed using the
Gaussian packages (version G16.A.03).>> The conformational
search for noncovalent complexes of fluoroform and carbon
dichalcogenides were carried out using CREST workflow>®
(NCI mode) at GFN2-XTB level.”” The refined geometry optimi-
zations were done using the MP2 method in combination
with the triple-{ 6-311++G(3df,2pd) basis set, except for the
Te-containing systems, where a basis set of aug-cc-pVIZ-PP was
adopted for Te atoms. The chosen basis sets has been demon-
strated to yield reliable results for systems containing similar
elements.>®*%3° vibrational analyses were carried out in the
same level of theory to confirm the optimized structures’
minimum nature on the potential energy surface and to correct
the zero-point vibrational energy (ZPE) via:

W-5/6 |
Ezpg = Z EhVn (1)
=1

in which, v is the i-th vibrational frequency, N is the number of
atoms in a given system. The non-covalent interactions inves-
tigated in this study are weak interactions, which fall in the
range of 2-10 k] mol ™', thus requiring the best electronic
structure descriptions. Hence, we performed single point
energy and counterpoise® calculations at the CCSD(T)/
6-311++G(3df,2pd) (aug-cc-pVTZ-PP for Te atoms where appro-
priate) to achieve interaction energies at coupled cluster accu-
racy and free from basis set superposition errors (BSSE). The
ZPE-corrected interaction energy, AEj,, and the ZPE- and BSSE-

corrected interaction energy, AE} , present in the main text are

defined as:

AEint = AESIL + AE%/{?I;E{ (2)
and

AE;

int

= AESC + AESS? + EGGr, (3)

where AES =FEf8 . — S EZ somer is the difference in
A energy (i.e., E: electronic eriergy and Ezpg: zero-point vibra-
tional energy) between the dimer and sum of its constituting
monomers calculated at theory level B, and Eggsg is the BSSE at
coupled cluster level.

Several complementary calculations and analyses were car-
ried out to aid the understanding on the nature of the hydrogen
bond under study. Molecular electrostatic potentials (MEPs)
were derived from the MP2 densities and the mapped density
plots were constructed at an isosurface of 0.001 a.u. using
GaussView package. Additionally, the Multiwfn software®" was
used to locate the extrema on the MEP and compute their
potential values. The topological properties of electron densi-
ties at critical points connecting the two monomers in a given
interacting dimer were analyzed using the Bader’s theory of
atoms in molecule (AIM).®> Such properties were obtained also
from MP2 densities using AIMAIl program.®® Moreover, the
natural bond orbital (NBO) analyses® were conducted at
the ®B97X-D/aug-cc-pVTZ level using NBO 6.0 to investigate
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the non-covalent interactions from a Lewis-like approach. Finally,
contributions from physical forces, namely, -electrostatic,
exchange, dispersion, and induction, to the intermolecular inter-
actions were obtained using an energy decomposition scheme
within the symmetry-adapted perturbation theory (SAPT). High
order SAPT analyses were done via the PSI4 package.®® Additional
supplementary figures and tables that further clarify the analyses
and discussion presented hereafter are provided in the ESL

3 Results and discussion
3.1 Monomer properties

Much can be learned about the geometrical arrangement and
stability of the noncovalently interacting complexes from the
electrostatic potential surfaces of their constituent mono-
mers.®® For this purpose, we plot the MEP surfaces for the
monomers of interest in Fig. 1 and present the values of
selected extrema, Vsmin and Vsmax, on these surface in
Table 1. A color gradient from red to blue illustrates the
transition from negative to positive potential values.

In the CHF; molecule, the electron-deficient region (positive
potential) around the hydrogen atom is depicted as a blue area,
which tends to interact with the electron-rich red regions
(negative potential) of carbon dichalcogenides. Meanwhile,
three negative regions are observed around the fluorine atoms,
indicating electron-rich areas.

It is well established that oxygen exhibits distinct behavior
compared to other chalcogens within the group. This difference
is particularly evident in the MEP surfaces of oxygen-containing
molecules (OCY, where Y = O, S, or Se), where the strong
electron-withdrawing nature of oxygen renders the regions
around the O atoms more negative, facilitating interactions
with electrophilic hydrogen bond donors. Specifically, the MEP
surfaces of OCY molecules feature a primary minimum along
the extension of the C—=0O bond(s) and a band of maxima
around the carbon atom. The V;min decreases in the order
OCSe < OCO < OCS, while V.« increases in the order
0OCSe < OCS < OCO. For OCS and OCSe, a band of minima
is observed around the Y atom, perpendicular to the molecular
axis, alongside a maximum along the extension of the
C-Y bond.

For oxygen-free molecules, minima appear as strips around
the chalcogen atoms, perpendicular to the molecular axis,
while maxima are located around the carbon atom and at the
extensions of C-X and C-Y bonds. The V. at these bond

CHF, co, ocs ocse
cs, SCSe SCTe CSe, CTe,
Fig. 1 Molecular electrostatic potential surfaces of the monomers at
isosurface of 0.001 a.u.
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Table 1 Potential values in kJ mol™ at selected extrema on the electro-
static energy surface of isolated monomers

Minimum Maximum

Molecule Type Vs,min Type Vs,max
CHF; F —=50 H 165
c-hole 140
0Co o) —59 n-hole (C) 150
ocCs (o) —64 o-hole (S) 93
n-hole (C) 83
OCSe (0) —54 c-hole (Se) 113
n-hole (C) 81
SCS S -9 c-hole (S) 75
n-hole (C) 23
SCSe Se -17 c-hole (Se) 87
S -2 c-hole (S) 81
n-hole (C) 18
SCTe Te —21 c-hole (Te) 116
c-hole (S 82
C 13
SeCSe Se —11 c-hole (Se) 92
C 11
TeCTe Te —13 c-hole (Te) 114

extensions are comparable to those of OCY molecules and
depend on the electronegativity of the chalcogen atom, while
Vs,min Values are less negative than those of their OCY
counterparts.

3.2 Stable binary structures and types of interaction

The carbon dichalcogenides of interest in this study exhibit
highly anisotropic electronic density populations (cf Section
3.1). This gives rise to a number of possible noncovalently
interacting structures of complexes formed by those dichalco-
genides and fluoroform (CHF;), making the manual prepara-
tion of guessed input structures based on chemical intuition a
laborious and prone-to-error process. Therefore, in this study, a
noncovalent interaction conformational sampling using the
CREST workflow®® in combination with the semi-empirical
GFN2-xTB method®” was applied. The practice has been shown
effective in predicting exhaustive sets of possible geometries
(see Section S1 of ESIt). The geometries of noncovalent com-
plexes between CHF; and XCY (X, Y = O, S, Se, Te) were, then,
refined using MP2/6-311++G(3df,2pd) method (MP2/aug-cc-
PVTZ-PP for Te-containing structures). The interaction energies
are corrected to the highly accurate CCSD(T) level of theory
using the similar basis sets.

Fig. 2 presents the geometries of the most stable (nonlinear)
hydrogen bond-involving complexes (nL-1, 2, 3) and those with
only linear hydrogen bonding interactions (L), demonstrating
the structural diversity, where several binding motifs are found.
Their corresponding interaction energies at CCSD(T) level and
interacting angles are tabulated in Table 2. All F;CH:--XCY
structures in this study can be reasonably considered as ‘“‘very
weak” (hydrogen bonding) interaction complexes,®” with inter-
action energy ranging between —6 and —3 kJ mol '. The
interation energy of fluoroform with the carbon dichalcogen-
ides is considerable less negative than that with more nucleo-
philic acceptors, such as, H,O and NHj,®'81921:8 highlighting

This journal is © the Owner Societies 2025
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nL-1

nlL-2

(SCTe) (CSe,, CTe,)

Fig. 2 The four geometrical motifs of the optimized noncovalently inter-
acting FsCH- - -XCY complexes, where X, Y are chalcogen atoms (O, S, Se,
Te). The proton acceptors of complexes with stable structures exhibiting
each motif are specified in the corresponding parentheses.

Table 2 Angular and energetic characteristics of hydrogen bonding
complexes at the CCSD(T)/6-311++G(3df,2pd)//MP2/6-311++G(3df,2pd)
level. AEin and AE}, are ZPE-corrected and ZPE- and BSSE-corrected
interaction energies, respectively, obtained via egn (2) and (3). The suffices
in parentheses denote the structures’ binding motif (see Fig. 2)

LC-H - X/C Ay AE;,
Complex (deg) (k] mol ™) (kJ mol™%)
F,CH. - -OCO(L) 180 —6.1 —41
F,CH. - -OCS(L) 180 —6.7 —4.4
F3CH- - -OCSe(L) 180 —6.1 —4.0
F,;CH.: --OCO(nL-1) 101 -8.7 —5.2
F3;CH- - -OCS(nL-1) 104 -9.0 —-5.1
F,CH. - -OCSe(nL-1) 104 ~8.4 —46
F,CH. - -SCS(nL-1) 116 -7.6 -3.3
F;CH. - -SCSe(nL-1) 123 —8.1 —4.2
F,CH. - -SCTe(nL-2) 124 —9.7 —4.4
F,CH. - -SeCSe(nL-3) 137 -8.1 —46
F,CH - TeCTe(nL-3) 144 ~11.8 —5.8

the importance of employing the highly accurate CCSD(T)
method. The MP_2 method performs well for oxygen-
containing complexes but generally underestimates this quan-
tity for their non-oxygen counterparts (Table S2, ESIT).

Based on the element acting as the proton acceptor (and
NBO charge transfer, Table S3 and S4, ESIt as discussed later),
we put the complexes of interest into two groups: F;CH- - -OCY
complexes (Y = O, S, Se), whose the tetrel bond C-F---C is the
main interaction, supplemented by a C-H- - -O hydrogen bond,
and F;CH---XCY complexes (X, Y = S, Se, Te), where the
C-H- - X interaction dominates. All the most stable complexes
of the first group adopt the nL-1 motif where the C1-H2---O7
forms an angle of 101-104°. The H---O separation decreases
from 2.688 to 2.646 to 2.645 A as Y varies from O to S to Se,
respectively. In addition to the hydrogen bond, two symmetri-
cal C-F---C interactions are observed to stabilize the com-
plexes. We also found less stable hydrogen bonding
complexes that feature a linear binding motif (L) and high
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symmetry of Cj,, whose interaction energies are 0.6-1.1 k] mol "
more positive than their nL-1 counterparts. It is, therefore, of
great interest to elucidate the factors that drive the differences
in stability and spectroscopic characteristics of the two
F;CH---OCY subgroups (hereafter referred to as nonlinear
and linear F;CH- - -OCY, respectively).

In the second group, the F;CH-:--SCS and F;CH---SCSe
complexes also assume the nL-1 motif as the ground state
structures. The nL-2 motif is the most stable geometry of
F;CH---SCTe complex. A nearly isoenergetic structure of
F3;CH- - -SCSe (nL-1) (energy difference of about 0.1 k] mol ™)
takes on this interacting motif (Fig. S5, ESIt); however, this
structure will not be considered later as their characteristics are
highly similar to their counterpart. Different from nL-1 and
nL-3 motifs (discussed later), where all hydrogen bond-involved
atoms lies on the plane formed by the XCY linear molecule and
CHF;’s carbon atoms, the C-H bond in nL-2 complexes,
instead, forms an angle of ~40° with the plane, pointing
toward the less electronegative X atom (or more correctly
toward the negative electrostatic potential belt, see Fig. 1).
The last motif is the most stable geometry for the F;CH- - -SeCSe
and F;CH- - -TeCTe complexes. This corresponds to an arrange-
ment of the two monomers similar to nL-1, but the C-H---C
and C-F- - X interactions form instead. The C-H- - -C angles are
larger than those with nL-1 motif by roughly 40. We note that a
linear configuration involving only hydrogen bonding inter-
action cannot be located for the complexes of SCS and SeCSe,
while those for SCTe and TeCTe are energetically less stable
than the nL motifs (by 2 to 3 kJ] mol™"), and, thus, are not
further discussed.

3.3 Characteristics of blue-shifting hydrogen bonds in linear
binding motif

We first investigate the hydrogen bonds found in the linear
F;CH- - -OCY complexes, whose characteristics of typical blue-
shifting hydrogen bonds are exhibited. All of the three systems
experience contractions in the C-H bond and the concurrent
blue-shifts in its stretching frequencies with comparable mag-
nitudes (Table 3). In particular, the C-H bonds are shortened by
approximately 1.2 mA, followed by an increase of the associated
frequency by 28 to 30 cm ™, of which, the blue-shifting magni-
tude of OCO and OCS complexes are slightly larger than that of
OCSe. The stability as inferred from the complexation inter-
action energy varies in similar trend, with OCS > OCO >
OCSe. It should be noted that, despite their considerably low
interactions energies, the magnitudes of C-H contraction and
its frequency blue shift are comparable with those in complexes
between F;CH and H,0.'®'°72! This trend differs from the
increase in proton affinity of the proton acceptors (Table S5,
ESIY), while being consistent with the change in Vg, of the
electrostatic potential at the proton acceptor (i.e., the O atom),
thus, suggesting the electrostatic interactions might play a key
role in stabilizing the complexes.

Fig. S9 (ESIt) depicts the topological properties obtained
from the AIM analyses for these hydrogen bonding complexes.
The topological properties suggest the highly noncovalent
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Table 3 Changes in C—H bond lengths in mA (1 x 10~° A) and their
vibrational frequency in cm~ for hydrogen bonding complexes

Arcu Avg
Complex (mA) (em™)
F3CH- - -OCO(L) -1.2 29.8
F;CH- --OCS(L) -1.2 30.1
F;CH- - -OCSe(L) —1.1 28.2
F;CH- - -OCO(nL-1) —-0.9 15.4
F3;CH- - -OCS(nL-1) —0.8 13.4
F3CH- - -OCSe(nL-1) —-0.7 12.4
F;CH. - -SCS(nL-1) -0.1 2.0
F;CH.- - -SCSe(nL-1) 0 1.6
F;CH. - -SCTe(nL-2) 0 3.7
F;CH- - -SeCSe(nL-3) 0.2 2.5
F;CH. - TeCTe(nL-3) 0.4 1.3

nature of these blue-shifting hydrogen bonds. As expected, the
hydrogen bonds in linear complexes are characterized by a
single bond critical point (BCP) connecting the donor and
acceptor atoms (Fig. S9a, ESIt). The electronic properties
associated with the BCPs are comparable among F;CH- - -OCY
complexes with the OCS complex possessing a slightly higher
p(r) and V?p(r). In particular, those complexes have positive
values of p(r) < 0.03 a.u. and V?p(r), together with ratios of
—G(r)
V(r)
criteria for noncovalent character of the hydrogen bonds as
proposed by Kumar et al.®®
Furthermore, the charge transfer information obtained from
NBO analyses (see Table S3, ESIt) demonstrates that the deloca-
lization behaviors in the complexes are virtually identical. The
complexes are stabilized by the primary n(O) — o*(C-H) dona-
tions. Additional transfers from electronic densities at n(Y),
o(C-0), and o(C-Y) to the antibonding orbital ¢*(C-H) are
also observed. Back donations of about 1 k] mol ™' from

> | (Table S6, ESIt); those values fall perfectly into the
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o6(C-H)— o*(C-0) further stabilizes the complexes. No essen-
tial difference was found in the s- and p-characters of the
o(C-H) orbitals.

We further look into the nature of the investigated hydrogen
bonds via high-order SAPT analyses, from which contributions
of physically meaningful energy terms can be evaluated. Shown
in Fig. 3(a) is the contributions in percentage of the attractive
terms, namely, electrostatics, induction, and dispersion to the
attractive interaction energies. The electrostatics and disper-
sion components primarily stabilize these hydrogen bonding
complexes, of which, the former term slightly outweighs. The
dispersion interaction becomes more important, while electro-
statics contribution declines as the proton acceptor changes
from OCO to OCSe. The induction component plays a minor
role as it remains below 20% for all complexes. This contribu-
tion pattern is in marked distinction with the nonlinear com-
plexes shown in Fig. 3(b), where dispersion plays a dominant
role (as discussed later).

From the SAPT results for these complexes at their optimal
intermolecular distances, one is tempted to conclude that the
electrostatic interaction is the cause of blue-shifts in the C-H
frequencies, as suggested by some authors.”®>' However, it is
often argued that the blue-shifting (and red-shifting) behavior
is a consequence of a subtle balance between opposing
effects."®'®' Therefore, rather than relying on a “single-
point” energy decomposition, it is beneficial to understand
how the shifting behavior changes as a function of intermole-
cular distance and how the contributions of energy terms vary
accordingly. Fig. 4 presents representative plots of Arc y and
the contributions of different terms as functions of r¢.. o for the
F3;CH- - -OCO complex. Interestingly, the C-H bond experiences
elongations at large separations, where electrostatic and dis-
persion interactions dominate, indicating that these two attrac-
tive components exhibit bond-lengthening effects. As the rc.. o
decreases, the lengthening effects diminish; after rc...o = 3.7 A,

B Electrostatics I Induction B Dispersion
60 7 60
a) - b)
sof 1  sof y

Contribution (%)
S 5

Contribution (%)
w I
=3 S

(3]
(=)
T
el
(]
(=]
T

Acceptor

0CO OCS OCSe 0CO OCS

OCSe  SCS SCSe  SCTe
Acceptor

SeCSe TeCTe

Fig. 3 Contribution of physical terms obtained from SAPT2 + (3)8MP2 calculations for (a) linear hydrogen bonding complexes; (b) nonlinear complexes.
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(@) The changes of C—H bond length and sum of exchange and electrostatics. The red and black dashed lines locate the equilibrium

intermolecular C---O distance and the distance at which the C—H bond experiences no-shifting, respectively; (b) the correlation between change in
C-H bond length and the contribution in percentage of dispersion interaction as a function of the C- - -O intermolecular distance; (c) changes in the C-H
bond length as functions of intermolecular distance predicted by different methods. A magnified view of the changes in the 3.9-4.5 A region is given in

the inset.

the C-H bond shortens. This behavior is similar to what Mao
and Head-Gordon observed for the blue-shifting hydrogen
bond systems of F;CH- - -H,0 and F;CH- - -NH;,*’ while contra-
dicting numerous studies reporting long-range blue-shift
phenomena.>® We find a correlation between the C-H bond
shortening and the dominance of exchange repulsive term over
its attractive electrostatic counterpart (Fig. 4(a)). This observa-
tion suggests that blue-shifting (and red-shifting) hydrogen
bonds result from the balance of these interactions, in which
the Pauli exchange causes C-H contraction while electrostatics
leads to elongation.

Noticeably, as shown in Fig. 4(b), the contribution (in percen-
tage) of dispersion peaks in the region where the C-H bond
transitions from lengthening to shortening. As the contribution
of dispersion declines at shorter separations, the C-H bond’s
shortening becomes even more pronounced, suggesting that
dispersion might play a slightly more important role than
electrostatics in driving red-shift. Indeed, Fig. 4(c) shows that
Hartree-Fock (HF) and PBE methods, which do not account for
dispersion interaction, fail to reproduce the long-range
dispersion-driven elongation. In contrast, with the inclusion the
semiempirical D3 dispersion correction, the PBE-D3 successfully
mimics the qualitative change of the C-H bond length as
observed using the MP2 method. The lengthening role of disper-
sion explains the reduced blue-shifting behavior observed for the
F;CH- - -OCSe complex, for which dispersion interaction contri-
butes more than in the other two complexes (Fig. 3(a)).

This journal is © the Owner Societies 2025

3.4 Interplay of tetrel bonds and hydrogen bonds

As discussed in Section 3.2, the most stable structures of the
F3;CH- - -OCY complexes involve both hydrogen bonding and
tetrel bonding interactions. Different from the hydrogen bond
counterparts, the stability of the complexes in this category
decreases in the order of OCO > OCS > OCSe. The same order
is also observed for the shortening of the C-H bond and the
frequency blue-shift, while a reverse trend applies for the
lengthening of the C=0 bond. We note that the blue-shifting
magnitudes in C-H frequencies are less intense in these com-
plexes than in their linear counterparts (see Tables 2 and 3).
However, due to collective effects from hydrogen and tetrel
bonding interactions, these nonlinear complexes are more
stable.

The two types of interactions in these systems are evidently
characterized by BCPs from AIM analyses (Fig. S9b, ESIY).
Specifically, one BCP is found for the H: - -O interaction, while
two other are located for the tetrel bonding interactions
between C-F and n-hole around C atoms of OCY moity, albeit
being mistakenly assigned to F---O connections. Additionally,
two ring critical points (RCP) are also located (small red balls in
Fig. S9b, ESIT). Based on the density properties at the BCPs,
these interactions are considered of noncovalent nature, simi-
lar to the systems discussed in Section 3.3. Within a given
complex, the topological properties are relatively similar among
these BCPs (see Table S7, ESIt), of which the hydrogen bonded
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BCP has slightly larger p(r) and V?p(r) values than those
connecting with the tetrel interactions. As Y varies from O to
S to Se, the electron density at hydrogen bond BCP increases in
the order of OCO < OCSe < OCS, while those of tetrel bond
BCPs decreases in a different order of OCO > OCS > OCSe, the
latter of which could be explained from the respective Vg max at
n-holes around the C atoms (Table 1). The declining tendency
in p(r) at tetrel bonding BCPs also aligns with the trend in
interaction energy of these complexes, suggesting that tetrel
bonding interactions plays a more important role than the
hydrogen bond in stabilizing the complexes.

Further delocalization properties from NBO analyses sug-
gest that tetrel bonds play the key role in stabilizing the
complexes, whereas the contribution of hydrogen bonds is
minor. This is evident in large differences in magnitude of
tetrel bonding- and hydrogen bonding-involving charge trans-
fers (Table S3, ESIT). In the F;CH- - -OCO (nL-1), the total charge
transfer accounts for a stabilization energy of 3 kJ mol™" for
tetrel interactions, of which, 1.4 k] mol™' comes from the
n(F) —» m*(C-0) delocalization and 1.6 k] mol * from n(O) —
6*(C-F). Meanwhile, the charge transfer of n(O) —» o*(C-H),
associated with the hydrogen bonding interaction, is as small
as 0.4 k] mol™", adding up to a total perturbation energy of
3.4 k] mol™'. For the OCS analogue, the n(F) — n*(C-S)
outweighs n(0) — o*(C-F) to account for 2.5 k] mol ' as
compared to 0.8 k] mol ™" of the latter. Again, the delocalization
associated with hydrogen bonds is minor, which comes from
n(0O) —» o*(C-H) and the back donation of 6(C-H) —» o*(C-0)
of closely similar magnitudes (0.5 and 0.3 kJ mol™", respec-
tively). The total stabilization energy in this system is
4.2 kJ mol . A similar delocalization pattern is also found in
the OCSe complex, whose total perturbation energy is nearly the
same as of the OCS system. In this system, the C-H involving
transfers, albeit being minor, contribute a slightly larger por-
tion to the total energy. The stabilization energy increases in
the order of OCO < OCS =~ OCSe, which is opposing to the
trend observed for interaction energy, highlighting that charge
transfer is not the sole stabilizing factor in these complexes.

Mo et al. suggested that the tendency toward blue-shift
would become more considerable if the charge transfer were
“turned off”.>* We show here that the F;CH- - -OCY complexes
do not exactly follow this tendency as the nL-1 pairs exhibit
reduced shortened C-H bond lengths and the corresponding
increased frequencies despite their smaller amounts of charge
transfer between proton donor and acceptor. However, it
should not be excluded that the charge transfers between
n(0) and n(C=O0) to the remote ¢*(C-F) orbitals, which is, in
total, of higher magnitude than n(O) —» o*(C-H) shifting, result
in structural reorganizations of the proton donor, leading to the
increased blue-shifting behavior, as argued by Hobza and
coworkers.">”® The slightly reduced blue-shifting behaviors in
nonlinear complexes, in comparison to their linear counter-
parts, can be explained by the subtle balance between the two
contrasting charge transfer effects.

Fig. 3(b) presents the contributions of energy terms to
the attractive interaction energy for the mixed interacting
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complexes. It is clearly shown that, compared to the linear
complexes, dispersion surpasses electrostatics to be the most
important interaction, although the change in these interac-
tion’s contributions remains across F;CH- - -OCY complexes. As
speculated in Section 3.3, as Y varies from O to S to Se, the
exchange energy well exceed the electrostatics term (with Eeycp, +
Ees: being 7.4, 8.6, 8.7 k] mol ™, respectively), suggesting an
increase in frequency blue-shift. On the other hand, an increase
in contribution of dispersion (as seen in Fig. 3(b)) would lead to
an increase in red-shift. As a result of the two opposing effects,
a declined blue-shift behavior with marginal magnitudes is
observed.

Moreover, a correlation is found between the the elongation
undergone by C=O0 bonds and contribution of attractive terms.
Specifically, the C—O0O bond is increasingly lengthened with
decreasing electrostatics and increasing dispersion, suggesting
the red-shift effects driven by dispersion forces. The trend in
C—0O0 elongation and the underlying driving forces also explain
the change in interaction energy across different OCY mole-
cules, which cannot be elucidated from the NBO perspective.

From the above discussion, it could be concluded that the
tetrel bonds in the complexes examined in this section, which
are largely influenced by electrostatics and dispersion, have a
more significant role in the complex’s stabilization.

3.5 Non-linear blue-shifting hydrogen bonds

In this section, we aim to elucidate the origin of blue-shifting
hydrogen bonds observed in oxygen-free F;CH:--XCY com-
plexes, which take up nonlinear nL-2 and nL-3 geometrical
motifs. All of these complexes demonstrates the edge between
blue- and red-shifting hydrogen bonds with Arq_y varying from
—0.1 to 0.4 mA and minimal frequency blue-shift of 1 to 4 cm™".
Based on the vibrational data, we classify the complexes as
blue-shifting hydrogen bonds, although it could also be reason-
ably considered as zero-shifting hydrogen bonds. Generally, the
stability increases with the molecular weight of the proton
acceptor.

AIM analyses provide a diverse set of topological representa-
tions for these complexes (Fig. S9c—e, ESIT). The interactions in
F3CH- - -SCS and F;CH- - -SCSe complexes, which adopt the nL-1
geometrical motif, are characterized by two topological dia-
grams that are different from their F;CH:---OCY counterparts.
While for OCY complexes, the tetrel bond-related BCPs and the
associated bond paths incorrectly suggest F---O interactions,
those for SCS and SCSe complexes are found to involve the
F---C and F---S interactions, respectively. This inaccurate
assignment of tetrel bond BCPs highlights the inconsistency
of AIM treatment in predicting bond paths (i.e., interaction
lines), which has already been reported elsewhere.”"”> Mean-
while, the BCPs for H---X are well assigned in all of these
systems, at which the p(r) value for SCSe complex is marginally
larger. Two additional RCPs (small red balls) and a cage critical
point are also found for each of the two complexes. For the
remaining complexes, the hydrogen bond is characterized by one
single BCP, connecting H- - -C. The electron density and its Lapla-
cian at the BCP increases in the order of SeCSe < SCTe < TeCTe
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(Table S9, ESIt). Again, all of the interactions characterized
from AIM analyses satisfy the Kumar’s criteria to be
noncovalent.®

NBO results clearly demonstrate hydrogen bonds as the
dominant interactions in these complexes (Table S4, ESIT). In
the two nL-1 complexes of SCS and SCSe, the n(S) —» o*(C-H)
and n(Se) — o*(C-H) transfers are the most remarkable
delocalizations, with the latter being 1.7 kJ mol ™" larger. Back
donations of o(C-H) — n*(C-S) are also found at minimal
energies (< 0.4 k] mol™"). On the other hand, the tetrel bonding
charge transfer of n(F) — n*(C-S) and n(S/Se) — o*(C-F)
accounts for 2.0 and 1.1 kJ] mol ' for the SCS and SCSe
complexes, respectively. The geometrical difference also leads
to the different in charge transfer pattern. For the remainder,
back transfer 6(C-H) - n*(C-X/Y) becomes more pronounced,
making the hydrogen bonding charge transfer the predominant
stabilizing factor. Specifically, the total energy of delocalization
connected with hydrogen bonds increases from 4.8 to 6.1 to
9.2 k] mol !, while those of tetrel bonds make up 1.8, 0.5, and
0.8 k] mol™* for the SCTe, SeCSe, and TeCTe complexes,
respectively. The total perturbation energy from delocalization
effects increase in the order of SCS < SeCSe < SCSe ~ SCTe <
TeCTe, which is not the same as the increasing trend in
stability.

The interactions in these complexes are characterized by
remarkably high dispersion contribution (Fig. 3(b)), which
makes up to more than 50% of the total attractive energy (with
an exception for TeCTe complex with 45% of dispersion).
Notably, the induction interaction becomes the second most
important term, leaving electrostatics the least contributing
term, albeit the small differences between the two forces.

While it is reasonable to conclude that dispersion primarily
drives red-shifting effects (i.e., making blue-shifting less pro-
found), it is difficult to correlate the trend in frequency shift
with any energy terms. Interestingly, we find a correlation
between the interaction energy and those contributions, as
demonstrated in Fig. 5. The (absolute) interaction energy is
directly proportional to the contributions of electrostatics and
induction, while being inversely proportional to the contribu-
tion of dispersion.

4 Concluding remarks

In this study, we conducted a theoretical investigation of
noncovalent interactions in complexes of fluoroform and
carbon dichalcogenides, XCY (where X, Y = O, S, Se, Te). The
results were obtained using ab initio CCSD(T)/6-311++G
(3df,3pd)//MP2/6-311++G(3df,3pd) calculations (aug-cc-pVTZ-
PP for Te-containing structures), complemented by AIM, NBO,
and SAPT analyses.

The most stable structures across all complexes adopt non-
linear binding motifs. In most cases, tetrel bonds and hydrogen
bonds are responsible for stabilization, except for those invol-
ving CSe,, SCTe, and CTe,, where the hydrogen bond is the sole
interaction. All complexes exhibit a series of weak noncovalent
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Fig. 5 The correlation between contribution of different physical terms
and interaction energy (corrected by ZPE and BSSE) of the F3CH---XCY
complexes.

interactions, with interaction energy ranging between —6 and
—3 kJ mol". The C-H bond displays a blue shift in vibrational
frequency to varying degrees in all systems.

Among the investigated carbon dichalcogenides, notable
distinctions emerge between oxygen-containing and oxygen-
free complexes. Specifically, the tetrel bond plays a more
prominent role in oxygen-containing complexes, attributed to
a higher V;max around the carbon atoms due to electron-
withdrawing nature of oxygen atom. In terms of stability,
oxygen-containing systems show a correlation between their
stability and Vs i at the proton acceptor in linear hydrogen
bonding complexes or V m.x around the carbon atom in the
most stable configurations. A linear correlation between elec-
trostatic energy and interaction energy is observed for oxygen-
free systems. While dispersion dominates the stabilization of
all complexes, two distinct contribution patterns are identified:
in oxygen-containing systems, electrostatic interactions play a
secondary role, whereas in oxygen-free systems, they are the
least attractive component.

Detailed analyses of the linear blue shifting F;CH---OCY
(Y =0, S, Se) complexes reveal that red shifts are primarily long-
range phenomena, whereas blue-shifts occur at shorter dis-
tances. These trends can be attributed to the competing effects
of the red-shift-driving electrostatic attraction and the blue-
shift-driving exchange repulsion, with the latter dominating
near the equilibrium region. Dispersion interactions are also
found to act as a red-shift-causing factor and likely also play a
role in the long-range red shift behavior.
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