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ABSTRACT

The interaction between XsCH (X=F, Cl, Br) and CO were investigated through
ab initio methods. The stability of complexes and their nonconventional C-
H-O hydrogen bond decreases as the C-H polarity in haloform declines in

the order BrsCH > CI3CH > F3CH. The C-H blue shift of C-H~O hydrogen
bonds increases from F3CH--OC to BrsCH-OC due to the decreasing
occupation at antibonding o*(C-H) orbitals when X goes from F to Br. The
formation of C-H-O hydrogen bonds in XsCH-OC are found at the
intermolecular C--O distance from 2.9 to 3.7 A. The C-H blue shift decreases
as the intermolecular distance between monomers increases. Remarkably, the
significant contribution of dispersion component is observed along with the
decreasing C-H blue shift at the equilibrium C-O distance region of 3.3-3.7 A,
The SAPT2+ analysis reveals a dominant contribution of dispersion and
electrostatic components to complex stabilization, with the dispersion term
playing a larger role.
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Introduction Normally, the formation of the H-bond is due to an

electrostatic interaction between H and B atoms,

The hydrogen bond A-H+B is a non-covalent leading to an elongation of the A-H distance and a

interaction that plays an important role in numerous
scientific fields [1-7]. It not only determines the
structure of biological macromolecules, such as DNA,
RNA and protein but also causes solvation, the physical
absorption on surfaces and contributes to the
biochemical processes [8-10] The essential role of H-
bond is also displayed in supramolecular synthesis,
crystal design and packing."™ In addition, the
presence of hydrogen bonds also contributes to form
self-healing polymer and influence on the mechanism
[14,15]. For example, the formation of hydrogen bond
between nitrosobenzene (PhNO) and carboxylic acid
can promote the reduction of PhNO [15].
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decrease in its stretching frequency as compared to
the original A-H monomer. This type of hydrogen
bond is conventionally referred to as a red-shifting
hydrogen bond [16]. Until in 1980, Sandofy and his co-
workers discovered a new hydrogen bond called a
blue-shifting hydrogen bond, which is characterized by
a contraction of A-H bond length along with an
increase in its stretching frequency [17]. The blue-
shifting hydrogen bond has been revealed in systems
where a hydrogen atom is bonded to a carbon atom
and forms a hydrogen bond with either an
electronegative atom or a region having an excess
electron density [18]. The appearance of blue-shifting
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hydrogen bonds has opened many interesting ideas
for scientists to shed light on their characteristics.
Through many years of research, scientists have
obtained many results around the nature of blue-
shifting hydrogen bonds in many systems, and among
them, hydrogen bonds in haloform systems gave
meaningful results in both theory and experiment.
Indeed, in 1997, Boldeskul reported experimental
results about the blue shift of the C-H/D bond
involving the hydrogen bonds in complexes of
haloform with different proton acceptors in solution
[19]. Hobza's research team also observed the
agreement between experimental and theoretical
results when studying the anti-hydrogen bond
between chloroform and fluorobenzene [20]. In
addition, a theoretical prediction for the blue shift of
the C-H--O hydrogen bond at 47 cm™ had been
suggested before in the CHF3-~CH3OH complex at the
MP2/6-311+G(d,p) level of theory [21] Therefore, these
publications contributed to establishing the basis for
several theoretical studies on the blue-shifting
hydrogen bonds in the interactions containing
haloform. 22% For example, a C-H blue shift of 41 cm™
in the CHX3*HNO complexes (X= F, Cl, Br) was
obtained at MP2/6-311++G(d,p) level [22] Another
study by Gopi et al. showed a good agreement
between an experimental blue shift of C-H in C-H-O
hydrogen bonds with computed one calculated at
MP2/6-311++G(d,p) in CHF3H20O complex. Therein,
the C-H bond is blue-shifted by 203 and 32.3 cm™ in
argon and neon matrices, respectively. Meanwhile, the
theoretical result for the C-H blue shift is 39.4 cm™. The
difference between the experimental and theoretical
results is due to the interaction of environmental factors
(argon and neon) to complex [23]. Although the
characteristics of blue-shifting hydrogen bonds have
been revealed through many efforts of scientists, their
origin still remains unanswered. Thus, extending
research into the blue shift of nonconventional
hydrogen bonds involving Csp3-H as a proton donor is
particularly necessary to clarify the origin of this type of
hydrogen bond.

Up to now, studies on the interactions related to CO or
CO2 molecules have been extremely significant
because of their contribution to solving environmental
problems as well as giving various models to explain
the characteristics of blue-shifting hydrogen bonds. In
2011, Roman Szostak pointed out that the
characteristics of hydrogen bonds in the interaction
between the X-H bond X= O, N, C, S, Se, P, S, B, F, C|,
Br) and COzdepend on the charge on H atom of the
isolated proton donors. Specifically, the blue shift is
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observed when the positive charge on the H atom is
small, in contrast, the more positive charge on the H
atom leads to the red-shifting [27]. Trung and his co-
workers had a different approach, that explained the
formation and nature of hydrogen bond based on initial
properties of isolated monomers. Therein, the polarity of
proton donors, which is evaluated via the deprotonation
enthalpy (DPE), and proton affinity (PA) at proton
acceptors display a close relationship with the blue or
red shift of hydrogen bonds [28-31] Especially, the ratio
of DPE/PA was also used as a factor to classify the
characteristics of hydrogen bonds [29].

The C-H-+O blue-shifting hydrogen bonds in the
interactions of CHFs, CHCl;s with CO;, H20 and CO
molecules were reported [32,33]. Nevertheless, the
systematic study of the stability of complexes, strength
and nature of hydrogen in the complexes of haloform
and CO have not been reported. Therefore, we
investigate the role of different X substitutions on the
polarity of C-H proton donors that can cause
considerable impact on the strength of complexes and
the characteristic of C-H-+O hydrogen bonds in the
complexes of the XsCH (X= F, Cl, Br) with CO molecule
using quantum chemistry approaches. Furthermore,
the different distances between the C atom of the
proton donors and the O atom of the proton acceptor
are fixed to investigate the effect of the C--O distance
on the complex stabilization and the characteristics of
the hydrogen bonds. The obtained results help to shed
light on the nature of blue-shifting H-bonds and the
contribution of energy components to the stability of
complexes and the nature of C-H-~O hydrogen bonds.

Theoretical methods

The calculation for geometrical optimization of
monomers and complexes, and harmonic vibrational
frequency in the system between X3CH (X= F, Cl, Br)
and CO is carried out at MP2/6-311++G(3df,2pd) level
of theory by Gaussian 09 program [34]. Interaction
energy with corrections of zero-point energy (ZPE) and
basis set superposition errors (BSSE) using the Boys
and Bernardi scheme are calculated at the same level
of theory [35].

The formation and strength of hydrogen bonds are
investigated using Atom in Molecule (AIM) analysis [36]
at the MP2/6-311++G(3df,2pd) level. Indeed, electron
density (p(r) at bond critical points (BCPs) is computed
by means of the AIMALL program [37]. The Individual
energy of each hydrogen bond (Ews) is evaluated by
the formula of Espinosa-Molins-Lecomte: Ens = 0.5V(r),
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in which V(r) is the electron potential energy density.*®
Hyperconjugation energies and change of electron
density on anti-bonding orbitals are obtained from the
Natural Bond Orbitals (NBO) analysis by means of the
NBO 5.0 program [39].

SAPT2+ analysis [40] was carried out at 6-
31M++G(3df,2pd) basis set for calculating energy
components contributing to the complex stability and
classification of C-H--O hydrogen bond in the
complexes. The interaction energy in SAPT2+ analysis
is calculated as the following equation:

AEsppt = Eele + Eexc + Eind + Edis + 6EthF

In which, Eele, Eex, Eind and Edis are electrostatic,
exchange, induction, and dispersion energy terms,
respectively. The SEin'™ is the total energy of the third
and higher level of induction and exchange
components.

Results and discussion
Geometries and AIM analysis

The geometrical optimization of the X3sCH-+OC (X = F,
Cl, Br) complexes at the MP2/6-311++G(3df,2pd) level
induces three stable complexes on the potential energy
surface with similar geometrical structures as shown in
Fig 1. All complexes belong to the Csy symmetry point
group, which includes one weak C-H-O interaction.
The intermolecular distances O-H (Ro..+) ranging from
238 to 2.56 A are smaller than the sum of Van der
Walls radii of O and H atoms (2.72 A). This observation
leads to a prediction for the formation of C-H-+O
hydrogen bonds between monomers following
complexation.
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Fig 1. Stable structures and topological geometry
of complexes X3sCH-~OC (X =F, Cl, Br)

The results from AIM analysis, however, immediately
confirm the existence of the C-H-+O hydrogen bonds
in investigated complexes through the appearance of
bond critical point (BCP) between interacted atoms H
and O. Therein, the electron density values p(r) and
Laplacian of the electron density V2(p(r)) at these
BCPs, which are shown in Table 1, are in the range of
0.0066 — 0.0088 (au) and 0.024 — 0.0529 (au),
belonging to the region of the hydrogen bond
formation (p(r) = 0.002 — 0.035 au, and V?(p(r)) = 0.02
— 0.15 au) [41]. This observation is proved by the
individual energies (Ewg) of the C-H~O hydrogen
bonds take negative values from -5.0 to -7.8 kJ.mol™ as
given in Table 1.

Notably, the Ens values of C-H+O hydrogen bonds are
more negative when X goes from F to Cl and Br,
demonstrating an increase in the strength of the C-
H-O hydrogen bond in the order of complexes
F3CH--OC (Exs = -5.0 k.mol™) < ClsCH~OC (Ens = -7.8
kJ.mol™) ~ BrsCH-+OC (Eqe = -7.8 kJ.mol™.

Table 1. Interaction distance of C--O (Rc.o, A) and
O-H (Ro.n, A), deprotonation enthalpy of C-H
bond (DPE, kJ.mol™) in the isolated monomers,

electron density (p(r), au), Laplacian electron
density (V4(p(r), au) at BCP, and individual energy
of hydrogen bond (Exe, kJ.mol™) in XsCH--OC
complexes (X =F, Cl, Br)

FsCH-OC CI3CH-~OC BrsCH--OC

Re-o(A) 3.64 3.47 3.49
Ro..x (A) 2.56 2.38 2.38
o(r) (au) 0.0060 0.0088 0.0088
V23(r) (au) 0.0236 0.0350 0.0352
Erg (kJ.mol™) -5.0 -78 78
DPE (kJ.mol) 1595.7 1514.8 1483.8
DPE (J.mol)  1582.0+5.9° 1507.6* 1463.0£9.2"
(experiment)

*Experimental values taken from the NIST webpage

This tendency can be explained by an enhancement of
the C-H polarity in the isolated monomers in the
sequence of F3CH < CkCH < BrsCH. Indeed, the DPE
values of C-H bond in the F3CH, ClsCH and Br3CH
monomers are in turn 1595.7, 1514.8 and 1483.8 kJ.mol”
(cf. Table 1). Therefore, the strength of the C-H-O
hydrogen bonds increases along with the polarity of
the C-H proton donors in the isolated monomers. The
study by Man et al. on the complexes of X3CH with
NH2Y (X, Y= F, Cl, Br) at MP2/6-311++G(d,p) also
showed an increase in both the strength of the C-H-N
hydrogen bonds and polarity of C-H bonds when X
turns from F to Cl and then Br [29].
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To evaluate the effects of the distance between proton
donors and proton acceptors on the formation and
stability of complexes as well as the C-H--O hydrogen
bonds, we optimize geometrical structures of
X3CH-OC complexes by fixing the distance between
the C atom of X3CH and the O atom of the CO at
MP2/6-311++G(3df,2dp) level. This distance varied in
the range of 2.7 to 4.5 with increments of 0.2 A. The
results show 30 structures with the same geometry and
Cav molecular symmetry.
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Fig 2. The relationship between electron density p(r)

(au) and Laplacian electron density V2(p(r)) (au) at

BCPs as fixing C--O distance (Rc..o, A) in XsCH--OC
complexes (X=F, Cl, Br)

The topological geometry analysis of stable complexes
points out that the complexation is due to the C-H-O
interactions. The intermolecular distances C-+O (Rc-0)
and topological parameters at BCPs are shown in Table
ST of Supporting Information (Sl). The relationship
between intermolecular distance C-+O (Rc.o) and
electron density p(r) and Laplacian of electron density
V2(p(r)) of C-H-O hydrogen bonds are presented in
Fig 2. The obtained results show that at the
intermolecular distance of CO from 2.9 to 3.7 A, the
formation of C-H+O hydrogen bonds in X3CH-OC
complexes are observed with the values of p(r) and
V2(p(r)) are in the ranges of 0.0033 — 0.0313 au, and
0.0205 — 0.1306 au, respectively. Additionally, the
values of electron energy density H(r) are also positive
at the region of Rc.o = 2.9-3.7 A. Remarkably, the Rc.o
=2.9-3.7 A also includes the equilibrium structures of
F3CH-OC, ClsCH-~OC and BrsCH--OC, with equilibrium
Rc.o distance in turn 3.64, 3.47 and 3.49 A.

Interaction energies

The interaction energies of investigated complexes
corrected both ZPE and BSSE (AE") are computed at
MP2/6-311++G(3df,2pd) level of theory to evaluate the
https://doi.org/10.62239/jca.2025.023
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stability of XsCH-OC complexes. The result provides
that the AE" values are -0.6, -2.1 and -2.5 kJ.mol™ for
F3CH-OC, CI3CH--OC and BrsCH+OC, respectively.
These values indicate that the geometrical structures of
complexes are quite stable on the potential energy
surface.

The stability of XsCH+OC complexes are weaker than
that of X3CH-“NHs (X= F, Cl, Br) with their AE" values
ranging from -123 to -15.9 klmol" calculated at
CCSD(T)/6-31++G(3df,2pd)//MP2/6-311++G(d,p) level
of theory.?? It can be due to proton affinity at O in CO
being just nearly half that at N in NHs. Indeed, the PA
values are 852 kJ.mol™ for NH3[29] and 416 kJ.mol™ for
CO. In addition, the strength of complexes increases
upon the substitutions of X in the order of F < Cl < Br,
being consistent with a decrease of individual energy
of the C-H-O hydrogen bond obtained in AIM
analysis. The increase in the stability of complexes as X
to be F and Cl was stated in XsCH--OHx (X= F, Cl)
complexes by Zierkiewicz [42] With the higher level
computational theory used in the present work, it is
also shown that the stability of XsCH-+OC (X= F, Cl, Br)
complexes is enhanced from X to Cl, and then to Br. In
addition, In the comparison with the H20--OC
complex, its interaction energy calculated at MP2/6-
31++G(3d,3p) is 7.0 kl.mol™ more negative than, that
of X3CH--OC complexes [43] This shows the higher
strength of both the H.O-+OC complex compared to
X3CH-+OC and conventional O-H--O hydrogen bond in
the former relative to the nonconventional C-H-O
hydrogen bonds in the latter.

1" —m— AE” (F,CH-OC)
60 + 1 —8— AE* (CI,CH OC)

|—de— AE* (BryCH OC)

304

20

AE* (kJIimol)

10

Re o (A)

Fig 3. Interaction energy (AE", kJ.mol™) as fixing
intermolecular distances of C-+O (Rc.o, A) in the
complexes X3CHOC (X = F, Cl, B)

The dependence of interaction energies of the
complexes on the C+O intermolecular distance is
illustrated in Fig 3. The results show that complexes are
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the most stable on their potential energy surface when
Rc.o values are in the range of 3.3-3.9 A. Remarkably,
the complexes get positive interaction energy values at
Rc.o = 2.7-3.1 A, indicating that complexes are not
stable at close C+O intermolecular distances. This
assessment is reasonable as the close intermolecular
distance can induce a repulsive force, thus reducing
the stability of complexes. Similarly, when Rc.o value
passes over the region of 3.3-3.9 A, the stability of
complexes also  decreases because of the
intermolecular contact becoming further. For the same
Rc-o values, the stability of complexes also increases in
the sequence of the isolated monomer of F3CH <
CI3CH < BrsCH. This observation agrees well with the
stability tendency of XsCH-OC complexes at their
equilibrium geometrical structures.

Changes in C-H bond lengths and their stretching
frequencies

The changes in C—H bond lengths (Ar), their stretching
frequency (Av) and selected data from NBO analysis in
the complexes are calculated at MP2/6-
3M++G(3df,2pd) level. The negative values Ar from -
0.0013 to -0.0006 A, and Av being positive from 17.3 to
30.7 cm™ demonstrate a contraction of the C-H bond
lengths and an increase in its stretching frequency
upon the complex formation. Therefore, the C-H
stretching frequency involving C-H--O hydrogen bonds
is characterised by the blue shift. The C-H contractions
in X3CH-OC complexes in this work are found to be
more considerable than those in X3CH-+NHs ones
reported by Man et al. [29]. This should be due to the
larger proton affinity at N of NH3 compared to that at
O of CO.

Moreover, the comparison of Ar(C-H) values between
complexes of CsCH and CO, SOz and NHs points out
that Ar(C-H) values in the complexes of C3CH is raised
from CO to SOz, * and then NH3.2° This trend is in an
agreement with the increase of proton affinity from CO
to SOz and then NHs. Indeed, the experimental PA
value of CO, SOz and NHs is 4263 kimol”, 672.3
kJ.mol™?and 853.6 kJ.mol" [29], respectively. Notably,
the changes in the stretching frequency of the C-H
bond of FsCHOC, ClsCH-~OC and BrsCH-OC are in
turn 17.3, 30.7 and 30.4 cm™. Therefore, the magnitude
of blue shift of C-H stretching frequency involving C-
H--O hydrogen bonds in investigated complexes is
enhanced when X goes from F to Cl and Br. This result
is explained by a larger decrease in the electron
density at antibonding o'(C-H) orbital of ClsCH--OC (-
0.0012 e) and BrsCH--OC (-0.0009 e) as compared to
that in of FsCH-OC (-0.0004 e). The second-order

perturbation energy (E(2)) for the intermolecular
electron density transfer from lone pairs at O atom
(n(0)) to antibonding o’ (C-H) orbital (n(O) — o’ (C-H))
is in the range of 1.2 to 1.3 kJ.mol™, indicating the effect
of a weak hyperconjugative interaction to the blue-
shifting in the C-H stretching frequency. This
observation is similar to the report of Alagubin when
evaluating the effects of factors including
hyperconjugative interaction, rehybridization and
repolarization of A-H bond to hydrogen bond
classification [44] Moreover, the E(2) of n(O) — o'(C-H)
electron transfer increase in the order of X: F (1.1
klmol™) < CI (1.2 kkmol™) < Br (1.3 kJmol™), being
consistent with the strength tendency of C-H--O
hydrogen bond upon the changing of X.
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Fig 4. The relation between changes of C-H bond
lengths (Ar, A) and their stretching frequencies (Av,
cm™) with the changes of C--O distances (Rc.o, A)

In order to evaluate the influence of C+O
intermolecular distance on the blue-shift or red-shift of
the C-H stretching frequency, the changes in the C-H
bond lengths and its stretching frequency according to
the variation of C~O distance are calculated and
collected in Table S2 and Fig 4. The Ar(C-H) values are
negative at Rc.o = 2.7 — 3.5 A, while they are positive
at Rc.o ranging from 3.7 to 45 A This trend is
contrasted with a decrease in the C-H stretching
frequency as Rc.o changing from 2.7 to 4.5 A This
observation shows that the contraction of the C-H
bond, and an increase in the C-H stretching frequency
is observed along with a shortening of C+O distance.
Fig 4 also points out that at the nearby region of the
C+O equilibrium distance (Rc..o < 3.9), the change in
the C-H stretching frequency in complexes compared
to corresponding monomers is more quickly increased
as Rc..o decreases. Consequently, the closer distance of
C+~0O leads to an increase in the C-H blue shift
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stretching frequency, and vice versa. The influence of
change of intermolecular distance on the blue-shifting
of hydrogen bond as fixing two interacted atoms of H
and O in the hydrogen bond was reported in the
complex of FsCH with OHz [45,46]. In the present work,
with another approach, intermolecular distances of
C+O are fixed by different values in order to allow H to
move more freely between C and O atoms. Thereby,
the impact of changes of the C-~-O distances on those
of the C-H bond lengths and its stretching frequencies
could be observed more properly. It is found that the
tendency in the C-H blue shift rises following the
shortening of intermolecular distance between C and
O in two isolated monomers.

SAPT2+ analysis

To elucidate the role of factors contributing to the
overall stabilization of complexes, energy components
were evaluated by employing the SAPT2+ analysis with
the 6-3T1++G(3df,2pd) basis set. The results show that
the stability of X3CH--OC complexes are mainly
contributed by  three  components, including
electrostatic, induction and dispersion. Therein, the
dispersion component plays the most important role
with its energy of -2.8+-5.3 klmol accounting for
43.8% to 45.9%. Meanwhile, the electrostatic and
induction terms only account for 30.6-34.5% (Eele = -
21+-3.5 kkmol™ and 18.4-19.6% (Eind = -1.1+2.1 kJ.mol"
"), respectively. Therefore, the dispersion and
electrostatic components play decisive roles in the
stabilization of complexes, in  which a larger
contribution is observed for the former.

For evaluating the effects of energetic components on
complexes stabilization when fixing the different
distances of Rc..o, SAPT2+ analysis for these complexes
at the same theory level are performed and the
obtained results are gathered in Table S3 and Fig 5.
Table S3 shows that all investigated complexes exhibit
a decrease in their total energy of components
(Esapr2+), from their positive values at Rc.o = 2.7 A to
their minimum energy region at Rc.o = 3.3-3,7 A
(Esaproe = -12+-4.1 kl.mol™), before rising gradually as
Rc.o = 3.8 A Thus, the Espra+ of equilibrium
geometrical structures of complexes ranging from -2.3
to -4.1 kkmol™ also fall into the minimum region of
energy. In addition, the percentage of dispersion
component increases along with the decrease in the
energetic percentage of induction term, during the
lengthening of CO distance. Therefore, at the short
intermolecular distance of C--O, the polarity of XsCH
monomers causes a significant induction effect.
However, when the intermolecular contact between

https://doi.org/10.62239/jca.2025.023
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monomers increases, the effect of induction is

gradually surpassed by the dispersion one.
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Fig 5. The charts of percentage contribution of energy
components (%) to the complex stabilization with the
change of C--O distance (Rc-o, A) ((a) For FsCH-OC,
(b) For CkCH--OC, (c) For BrsCH--OC). %elec,
%disp,and %ind are in turn abbreviated by distributing
percentage of electrostatic, dispersion and induction
parts to complex stabilization

As shown in Table S3 and Fig 5 both dispersion and
induction energies become less negative as Rc..o increases.
When Rc.o is raised, the exchange term becomes less
positive. In addition, for the Rc.o = 2.7-3.3 A, the energy
values of the exchange component are much more
positive than the sum of electrostatic, induction and
dispersion energies. The complexes are thus not stable on
the potential surface at Rc.o = 2.7-33 A.
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Remarkably, at the nearby region of equilibrium
distance of Rc.o from 33 A to 3.7 A, the decrease in
the blue shift of C-H stretching frequency involving C-
H-O hydrogen bonds is observed along with an
increase in the dispersion component and a decline in
the induction one (Figures Sla, and 1b) while the
electrostatic has almost no impact.

Conclusion

The interaction energies of stable structures calculated
at MP2/6-311++G(3df,2dp) are in the range of -0.6
klmol! to -2.5 klmol™. The strength of complexes
decreases in the order of BrsCH--OC > ClCH-OC >
F3CH-OC. The stability of XsCH--OC complexes is
determined by the nonconventional C-H--O hydrogen
bond, which is proportional to the polarity of the C-H
bond in the X3CH proton donors.

For Rc.o = 3.3— 3.7 A, the existence of the C-H--O blue
shifting hydrogen bonds are observed. The C-H blue
shift involving C-H-+O hydrogen bond increase in the
sequence of substituted derivatives F < CI < Br, being
agreement with the decrease in the occupation at
o' (C-H) orbital becoming deeper when X goes from F
to Br. It is remarkable that a larger percentage of the
dispersion relative to the induction and the
electrostatic term is observed at the nearby region of
equilibrium distance of Rc..o from 3.3 A to 3.7 A, which
corresponds to a contraction and a blue shift of C-H
stretching frequency in the C-HO hydrogen bond.

The SAPT2+ results show that the complex stabilization
is contributed by electrostatic, dispersion and induction
components, in which, the dispersion term is more
dominant in stabilizing complexes, which is up to 46%.
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