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Theoretical insights into the stability and nature of
nonconventional C-H---Y (Y=N, P, As, Sb)

hydrogen bonds in haloform—pnictogen trihydride

complexes

Khanh Ngoc Pham,? Dang Thi Anh Thu,® Bui Duc Ai® and Nguyen Tien Trung

*bc

In this study, we investigate the stability and intrinsic nature of nonconventional C—H---Y hydrogen bonds

(Y==N, P, As, Sb), with special attention given to the largely unexplored C—H---P interaction and the first

theoretical observation of C—H---As/Sb interactions in complexes formed between haloforms (CHXz, X =
F, CL, Br) and pnictogen trihydrides (YHs, Y=N, P, As, Sb). The hydrogen-bond strength in the considered

complexes increases in the order C-H---Sb < C-H---As =

C-H---P < C=H:--N, with C-H---N being

about two to three times stronger than C—H---Sb. The C—H stretching frequency shifts in the formed
hydrogen bonds are predominantly red-shifting, increasing in the order C—H---As = C-H---P < C-H---Sb
< C-H---N. The larger red shifts observed for the C-H---Sb hydrogen bonds relative to the
corresponding C—H---P/As ones arise from the high polarizability of the proton acceptor and the

associated increase in the ¢*(C—-H) antibonding orbital population, whereas in the C—H---N hydrogen

bonds the enhancement of the C—H stretching frequency red shift from X = F to Cl to Br is primarily

driven by stronger electrostatic

interactions between the interacting atoms. Symmetry-Adapted

Perturbation Theory (SAPT) analyses reveal that the C-H---N hydrogen bonds are predominantly
electrostatic in nature, whereas the C—H---P/As/Sb interactions exhibit a more balanced interplay of

attractive contributions, with dispersion becoming increasingly important for heavier halogens and
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pnictogens. By extending the analysis as a function of the C---Y distance, we find that the C-H---N

hydrogen bonds remain red-shifting and dominated by electrostatic interactions over the entire distance
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1. Introduction

Hydrogen bonding is one of the most fundamental noncovalent
interactions governing molecular structure and reactivity in
chemistry, biology, and materials science."” In biological
systems, it supports essential functions such as the stabilization
of protein secondary structures,** the specificity of DNA base-
pairing,>® and the maintenance of the collagen triple helix.”
Beyond its biological roles, hydrogen-bonding motifs have been
widely exploited in materials design, including improving the
performance of polymer semiconductors,*® enabling dynamic
self-healing networks in elastomers and supramolecular liquid-
crystal polymers,’*** and supporting the development of
hydrogen-bond-cross-linked = polymers  for  biomedical
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range, while the C—H---P/As/Sb interactions exhibit induction-driven blue shifts at short separations and
dispersion-dominated red shifts at larger distances.

applications."** Hydrogen bonding further plays a decisive role
in stabilizing chain conformations in cellulose and related
saccharides.''® Recent studies have shown that condensed-
phase environments, particularly ionic liquids, can strongly
modulate hydrogen-bond energetics through cooperative
interactions involving multiple hydrogen-bonding sites, high-
lighting the importance of solvent structure in shaping
hydrogen-bond behavior beyond the gas phase.'”** Therefore,
a deep understanding of its fundamental nature is essential for
elucidating molecular behavior in chemical and biological
systems and for guiding the rational development of advanced
functional materials.

In general, an A-H:--B hydrogen bond involves interaction
between an electron-deficient hydrogen atom and an electron-
rich atom or group, such as F, N, O, or a m-system. This inter-
action is primarily electrostatic in nature,”* but hyper-
conjugation n(B) — ¢*(A-H) and partial covalent interactions
can also contribute.”*** Formation of such a hydrogen bond
typically weakens the donor A-H bond, leading to its elongation
and a decrease in its vibrational stretching frequency relative to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the isolated A-H monomer, which is referred to as a red shift.
However, many studies have shown that some A-H:---B
hydrogen bonds shorten the A-H bond and shift its stretching
frequency to higher values, forming blue-shifting hydrogen
bonds.**” Numerous theoretical models have been advanced to
account for the origin of blue-shifting hydrogen bonds,***° but
each captures only part of the underlying physical picture. To
gain a deeper understanding of hydrogen-bonding behavior,
several researchers extended their analyses beyond equilibrium
structures and examined these interactions along the potential
energy surface, often in combination with energy-
decomposition analyses. Using fluoroform complexes as an
example, some studies described the blue shift as a long-range
effect driven by electrostatic interactions.”* In contrast, Mao
and Head-Gordon argued that the blue shift was fundamentally
a short-range phenomenon.’®> More recently, Huynh et al
demonstrated that blue-shifting is governed by short-range
interactions, while red-shifting behavior is dominated by long-
range forces.* These differing observations highlight the need
for further systematic investigations to achieve a unified
understanding of this behavior of hydrogen bond, and
addressing this issue forms an important part of the present
work.

Over the past decade, C-H---N hydrogen bonds have been
extensively studied in a wide range of molecular systems and
under various conditions with both blue- and red-shifting
behaviors reported. Blue shifts have been frequently observed
in various haloform complexes,**~*° whereas red shifts are found
in systems involving haloforms interacting with NHj;, PHj,
CH,;0H, H,0.**%* The direction of the shift depends strongly
on the specific donor-acceptor pair. For instance, studies of
haloform-NH; and haloform-monohalogenated amine
complexes show that their C-H---N stretching shifts vary
systematically with the polarity of the C-H bond and the proton
affinity of the nitrogen site.®* Still, despite these extensive
studies, a comprehensive understanding of all factors govern-
ing C-H---N shifting behavior remains incomplete.

Furthermore, beyond the proton-acceptor atom in the first
row of the Group-15 congeners (i.e., nitrogen), it is important to
extend systematic investigations to the heavier members of the
group, including phosphorus (P), arsenic (As), and antimony
(Sb). Phosphorus is indispensable for all forms of life and is
a key component of biomolecules, including adenosine
triphosphate, whereas arsenic and antimony, despite their
well-known toxicity, play important roles in geochemistry and
environmental processes.>* These heavier elements also differ
significantly from nitrogen in polarizability, electronic struc-
ture, and bonding behavior, making the study of their
hydrogen-bond interactions valuable for expanding our under-
standing of nonconventional hydrogen bonding. Hansen et al.
demonstrated that phosphorus can function as a genuine
hydrogen-bond acceptor in O-H---P interactions, with an
acceptor strength comparable to that of oxygen and sulfur,
though generally weaker than nitrogen.** Baburao et al. inves-
tigated the nature and strength of C-H:--P hydrogen bonds, but
a detailed understanding of the individual energetic contribu-
tions governing these interactions is still lacking.*® It is
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noteworthy that analogous hydrogen bonds involving As or Sb
have not been reported, although halogen bonds to these
heavier elements have been studied in the solid state.>® This
underscores the need for a systematic comparison of these
interactions with the well-studied C-H---N hydrogen bond.

Motivated by the challenges outlined above, we investigate
the interactions between CHX; (X = F, Cl, Br) and YH; (Y=N, P,
As, Sb) to elucidate the intrinsic nature and systematic trends of
C-H---N/P/As/Sb hydrogen bonds. In the first part of this work,
atoms-in-molecules (AIM) and natural bond orbital (NBO)
analyses are employed to characterize and compare the nature
and strength of the hydrogen bonds formed in these complexes,
with particular attention to the underexplored C-H:--As/Sb
interactions. High-order symmetry-adapted perturbation
theory (SAPT) is then used to dissect the individual energy
components that govern the observed shifts in the C-H
stretching frequencies. We also examine how variations in the
halogen atom (X) and the Group-15 central atom (Y) influence
the strength and characteristics of these hydrogen bonds. In the
second part, we focus on CHCl;---YH; complexes due to
medium polarity of C-H in CHCl; as compared to CHF; and
CHBr; isolated monomers and investigate the C-H:--N/P/As/Sb
hydrogen bonds as a function of intermolecular separation
along the potential energy surface, in order to gain deeper
insight into the origin and evolution of their blue- and red-
shifting vibrational behavior.

2. Computational methods

All quantum-mechanical calculations were performed using the
Gaussian 16 software package.>® Geometry optimizations for all
complexes and the corresponding isolated monomers were
carried out at second-order Moller-Plesset perturbation (MP2)
theory level with the aug-cc-pVIZ basis set, except for Sb-
containing systems, for which the aug-cc-pVTZ-PP basis set
was used. Harmonic vibrational frequency calculations were
performed at the same MP2 level with the same basis sets to
confirm that the optimized structures correspond to true
minima on the potential-energy surface and to obtain the
associated zero-point vibrational energies (ZPEs), which were
evaluated according to

3N-5/6

EZPE = Z

where v; denotes the i-th vibrational frequency and N is the
number of atoms in the system.

Single-point electronic energies for all complexes and
monomers were calculated at the coupled-cluster with singles,
doubles, and perturbative triples [CCSD(T)] level using the aug-
cc-pVTZ basis set, except for systems containing Sb atoms, for
which the aug-cc-pVTZ-PP basis set was employed. The inter-
action (int) energy of each complex was then evaluated as
follows:

%hvi (1)

AE-*I _ (ECCSD(T) + E%f}?)complex _ (ECCSD(T)

1n!

+ EYP)monomer + Egggr " 2)
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Here, BSSE is the basis set superposition error computed at the
same level of theory and with the same basis sets as the single-
point energies using the counterpoise method of Boys and
Bernardi.>”

To further elucidate the origin and variability of the
hydrogen-bond strengths, we also evaluated the deprotonation
enthalpies (DPE) of the C-H bonds and the proton affinities (PA)
of the Y atom in the corresponding YH; monomers. These
quantities were computed at the same level of theory as the
interaction energies to ensure internal consistency.

The AIMAIl program® based on the Quantum Theory of
Atoms in Molecules (QTAIM)***** was employed to compute the
topological parameters of the complexes using wavefunctions
obtained at the MP2/aug-cc-pVTZ level, except for Sb-containing
systems, for which the MP2/aug-cc-pVTZ-PP level was employed.
In this analysis, the presence of bond critical points (BCPs),
which signify the existence of hydrogen bonds, was identified.
Then at each BCP, we calculated the electron density [p(r)], the
Laplacian of the electron density [V>p(r)], and the electron
energy density [H(r)], which is the sum of the potential energy
density [V(r)] and the kinetic energy density [G(r)], to further
characterize the hydrogen bonds. The individual hydrogen-
bond energies (Eyg) were estimated using the Espinosa—
Molins-Lecomte formula.®® In addition, non-covalent interac-
tion (NCI) analysis, performed at the same computational level
as the QTAIM calculations, was used to visually examine and
confirm the weak intermolecular interactions present in the
complexes.*>%*

To probe electron transfer and further elucidate the nature
of the nonconventional hydrogen bonds, Natural Bond Orbital
(NBO)* analysis was carried out using the NBO 7.0 program at
the same level of theory as the AIM analysis. Symmetry-adapted
Perturbation Theory (SAPT2+) with the def2-TZVPD basis set,
calculated using the PSI4 software package,® were employed to
quantitatively analyze the contributions of individual energy
components to the stability of the complexes and to provide
intrinsic insight into the characteristics of the hydrogen bonds.
Within the SAPT framework, the total interaction energy is
decomposed into four primary terms: electrostatic (Eejst),
induction (Ej,q), exchange (or Pauli repulsion, E.), and
dispersion energy (Eq;sp), along with 6Eyr which includes the
third and higher-order induction and exchange-induction
terms.

3. Results and discussion

3.1. Formation and strength of hydrogen bonds in studied
complexes

In our search for stable structures of the CHX;---YH; complexes,
we found that the anisotropic electrostatic potential of CHX; (X
= F, Cl, Br), arising from its polar C-X bonds and carbon-
centered o-hole, together with the directional lone pair of YH;
(Y==N, P, As, Sb), can lead to form a single C-H---Y hydrogen-
bonding motif. However, because both CHX; and YH; possess
C;, symmetry, rotation around the C-H---Y axis allows this
same interaction to adopt two distinct and energetically stable
orientations. These correspond to 12 complexes with
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a staggered geometry (XY-1), where the Y-H bonds lie between
the three X atoms, and 12 complexes with an eclipsed geometry
(XY-2), where they align directly with the C-X bonds. These two
configurations belonging to C;, point group are characterized
by the X-C---Y-H dihedral angle, which is 60° in XY-1 geometry
and 0° in XY-2 one. The stable geometries of all complexes with
their intermolecular distances are shown in Fig. S1a and S1b in
the (SI), and one representative example is illustrated in Fig. 1.

The formation and strength of C-H:--Y hydrogen bonds in
the investigated complexes can be first assessed by analyses of
intermolecular distances together with AIM and NCI results. As
shown in Table 1, the optimized H---Y distances in the
complexes are generally shorter than, or comparable to, the
sums of the van der Waals radii of the interacting atoms.
Specifically, the H---N, H---P, H---As, and H---Sb distances fall
within 2.08-2.30 A, 2.62-2.94 A, 2.64-2.92 A, and 2.76-3.14 A,
respectively, compared with van der Waals radii sums of 2.65 A,
2.90 A, 2.95 A, and 3.16 A. These geometric features provide
initial evidence for the presence of weak C-H---Y interactions.
Theoretical results reported that existence of weak noncon-
ventional C-H--'Y hydrogen bonds is typically associated with
relatively long H---Y distances, often on the order of ~2.5-3.5 A,
which depends on both proton donor and acceptor.>** Further
evidence is provided by BCPs identified in the AIM analysis
(Fig. S2), whose electron densities (p(r)) (0.008-0.025 au) and
Laplacians (V*(p(r))) (0.020-0.068 au) fall within the typical
range of weak interaction formation.” Additional support
comes from NCI analysis in Fig. S3, which shows the negative
sign(4,) p(r) peaks with the reduced gradient (RDG) values of
0.01-0.03 au, affirming the presence of the C-H---Y hydrogen
bonds in the considered complexes.** This observation is also
consistent with our earlier findings in the different
complexes.®*7*

The hydrogen-bond energies associated with the two
geometric forms, the eclipsed and staggered conformations,
show almost no difference, with the largest deviation being only
0.4 kJ mol " between the FBr-1 and FBr-2 complexes (see Table
1). For complexes that share the same CHX; proton donor, the
strength of the C-H---Y hydrogen bonds in the complexes
increases in the order C-H---Sb < C-H:--As = C-H:--P < C-H---
N. Specifically, the hydrogen-bond energies (Eyg) rise from —8.0
to —4.3 k] mol " for C-H:--Sb, —10.7 to —5.5 k] mol " for C-H---
As and —10.3 to —4.8 k] mol " for C-H--P, reaching —23.4 to
—12.3 k] mol " for the strongest C-H---N interactions (Table 1).
This corresponds to an approximately two-to three-fold increase
in interaction strength when Y goes from Sb to N, highlighting
a clear and systematic enhancement across the series. We
observe that the C-H---N hydrogen bonds in CHX;---NH; (X =F,
Cl) complexes are slightly stronger than those reported previ-
ously at the MP2/6-311++G(d,p) level.** However, for CHBr;---
NH; the difference reaches up to 3 k] mol ", underscoring the
importance of using high level of theory when heavy atom such
as Br is involved.

The observed enhancement in the strength of the C-H---Y
hydrogen bonds correlates with the increasing electron densi-
ties p(r) at the BCPs as Y changes from Sb to As to P and finally
to N. Notably, the BCP electron densities associated with C-H:--

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Stable structure and topological feature of the complexes with staggered (XY-1) and eclipsed geometries (XY-2) (X =F, Cl, Brand Y=N, P,

As, Sb).

N/P interactions in CHX;---YH; (X = F, Cl and Y=N, P) agree
within 0.01 au with those obtained at the B3LYP/6-311++G(d,p)
level, whereas deviations of up to 0.1 au are observed for
CHBr;---PH3.*¢ This again emphasizes the need for high-level
theoretical methods for Br-containing systems. The systematic
increase in the C-H--Y hydrogen-bond strength when Y varies
from Sb to N is further supported by the progressively more
negative NBO charges on Y (Table 2), increasing its electron-
accepting ability and strengthening the electrostatic compo-
nent of the H--'Y interaction. Additional evidence comes from
the proton affinities of the YH; monomers, rising in the order
SbH; < AsH; < PH; < NHj;, with computed values of 752, 766,
783, and 847 k] mol ", respectively, obtained at the CCSD(T)/
aug-cc-pVTZ level, except for Sb-containing systems, for which
the aug-cc-pVTZ-PP basis set was used. We note that the good
agreement between these calculated PA values and their
experimental values” confirms the reliability of the computa-
tional method used. Finally, the superior strength of the

C-H---N interaction is evident from the much smaller ry...y/
> rvaw ratios for C-H---N (0.78-0.87) relative to C-H---P/As/Sb
(0.87-1.05), as shown in Table 1.

For complexes containing the same YH; proton acceptor, the
C-H--Y hydrogen bond becomes progressively stronger as X in
CHX; changes from F to Cl to Br. This ordering is consistent
with the results reported by Man et al. for CHX;---NH,Y
complexes (X = F, Cl, Br; Y=H, F, Cl, Br).*® In line with the
analysis for fixed proton acceptors above, this trend is sup-
ported by the more negative hydrogen-bond energies, smaller
Ta.-y/Y Tvaw ratios, and decreasing deprotonation enthalpies
observed from CHF; to CHCIl; to CHBr;, with values of 1586,
1506, and 1483 kJ mol ', respectively. We also note that the
calculated DPE values closely match those reported in previous
studies.**”*

The formation and strength of the hydrogen bonds are also
examined by the NBO analysis. As shown in Table 2, the total
electron-density transfer (EDT) of CHX; in all complexes is

Table 1 The topological parameters of the nonconventional C—H---Y (Y=N, P, As, Sb) hydrogen bonds in the stable complexes

Nonconventional
Complex hydrogen bond ey (A) p(r) (au) V2 p(r) (au) H(r) (au) Eyg (k] mol™) Tyl Y Tvaw
FN-1 C1-H2---N3 2.30 0.016 0.048 0.013 —12.3 0.87
FP-1 C1-H2---P3 2.94 0.008 0.020 0.0007 —4.8 1.03
FAs-1 C1-H2---As3 2.92 0.009 0.021 0.0006 —5.5 1.05
FSb-1 C1-H2---Sb3 3.12 0.008 0.017 0.0004 —4.3 1.02
CIN-1 C1-H2---N3 2.14 0.022 0.062 0.0003 —19.6 0.81
ClIpP-1 C1-H2---P3 2.71 0.013 0.029 0.0003 —8.5 0.93
ClAs-1 C1-H2---As3 2.72 0.014 0.028 0.0001 —-8.9 0.92
CISb-1 C1-H2---Sb3 2.85 0.013 0.025 0.0000 -8.0 0.90
BrN-1 C5-H6---N3 2.08 0.025 0.068 —0.0003 —23.0 0.78
BrP-1 C1-H2---P3 2.62 0.015 0.033 0.0001 —-10.4 0.90
BrAs-1 C1-H2---As3 2.64 0.016 0.032 —0.0001 —-10.7 0.89
BrSb-1 C1-H2---Sb3 2.76 0.015 0.028 —0.0003 —-9.8 0.87
FN-2 C1-H2---N3 2.30 0.016 0.048 0.0013 —12.3 0.87
FP-2 C1-H2---P3 2.94 0.008 0.020 0.0007 —4.8 1.03
FAs-2 C1-H2---As3 2.93 0.009 0.021 0.0006 —5.5 1.05
FSb-2 C1-H2---Sb3 3.14 0.008 0.017 0.0004 —4.3 1.02
CIN-2 C1-H2---N3 2.14 0.022 0.062 0.0003 —19.6 0.81
CIP-2 C1-H2---P3 2.71 0.013 0.029 0.0004 —8.4 0.93
ClAs-2 C1-H2---As3 2.72 0.014 0.028 0.0002 —-8.9 0.92
CISb-2 C1-H2---Sb3 2.85 0.013 0.026 0.0000 -8.0 0.90
BrN-2 C1-H2---N3 2.08 0.025 0.068 —0.0004 —23.4 0.78
BrP-2 C1-H2---P3 2.63 0.015 0.032 0.0001 —-10.3 0.91
BrAs-2 C1-H2---As3 2.64 0.016 0.032 —0.0001 —-10.7 0.89
BrSb-2 C1-H2---Sb3 2.77 0.015 0.028 —0.0002 -9.7 0.88

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Nonconventional
Complex hydrogen bond EDT? () Epner (KJ mol™) AEjq. (k] mol™) g(H2) (e) ¢(Y3)(e) Ac*(C1-H2)? (10%e) As% (C1)° (%)°
FN-1 C1-H2:--N3 0.01 33.0 —-17.3 0.155 —1.079 1.0 2.2
FP-1 C1-H2:--P3 0.01 17.4 —8.2 0.129 0.016 2.0 1.3
FAs-1 C1-H2:--As3 0.01 20.2 —8.4 0.128 0.087 3.3 1.3
FSb-1 C1-H2---Sb3 0.01 24.2 —-3.5 0.118 0.363 5.8 0.5
CIN-1 C1-H2:--N3 0.02 37.5 —22.7 0.264 —-1.075 3.5 3.0
Clp-1 C1-H2:--P3 0.01 22.2 —14.1 0.236 —0.004 4.7 1.7
ClAs-1 C1-H2--As3 0.02 23.9 —-7.5 0.234 0.086 6.5 1.8
CISb-1 C1-H2---Sb3 0.02 24.0 —7.3 0.229 0.367 8.9 1.6
BrN-1 C1-H2---N3 0.03 40.0 —22.3 0.263 —1.075 5.0 3.8
BrP-1 C1-H2:--P3 0.02 26.3 —9.4 0.236 —0.002 6.1 2.4
BrAs-1 C1-H2:--As3 0.02 27.2 —9.2 0.233 0.088 8.0 2.4
BrSb-1 C1-H2---Sb3 0.02 27.3 —8.5 0.228 0.370 10.8 2.3
FN-2 C1-H2---N3 0.01 33.0 -17.3 0.155 —1.079 1.0 2.2
FP-2 C1-H2:--P3 0.01 17.3 —8.2 0.129 0.016 2.0 1.3
FAs-2 C1-H2---As3 0.01 20.1 —8.2 0.128 0.087 3.3 1.3
FSb-2 C1-H2---Sb3 0.01 14.0 —-3.5 0.118 0.363 5.7 0.5
CIN-2 C1-H2---N3 0.02 37.6 —22.6 0.264 —1.076 3.4 3.0
CIp-2 C1-H2:--P3 0.01 22.0 —-13.9 0.236 —0.004 4.6 1.7
ClAs-2 C1-H2--As3 0.02 23.9 —-14.3 0.234 0.086 6.5 1.7
CISb-2 C1-H2---Sb3 0.02 23.9 —-7.3 0.229 0.367 8.9 1.6
BrN-2 C1-H2---N3 0.03 40.7 —22.3 0.263 —1.075 5.2 3.8
BrP-2 C1-H2:--P3 0.02 26.1 —9.2 0.236 —0.002 6.0 2.4
BrAs-2 C1-H2--As3 0.02 27.2 —-9.2 0.233 0.088 8.0 2.4
BrSb-2 C1-H2---Sb3 0.02 27.0 —8.4 0.228 0.370 10.6 2.3

“ Electron density transfer from YH; to CHX;. ? Intermolecular hyperconjugative energy of electron transfer from n(Y3) to ¢*(C1-H2) orbital.
¢ Change of intramolecular hyperconjugation energy of electron transfer from n(Y3) to o*(C1-H2) orbital. ¢ Change in electron density in
o*(C1-H2) antibonding orbital. © Change in percentage of s-character in C1 hybrid orbital.

negative, demonstrating that electron density is transferred
from YH; to CHX; upon complexation. This direction of charge
flow is consistent with the intermolecular electron-transfer
energies (Einter) associated with the n(Y3) — ¢*(C1-H2) dona-
tion, which range from about 14.0 to 40.7 k] mol " for the
considered complexes. For complexes with the same proton
donor CHX;, the n(Y3) — ¢*(C1-H2) magnitude is significantly
larger for Y=N than for Y=P, As, and Sb. However, this trend
does not correlate directly with the hydrogen-bond strength
discussed in the AIM analysis. For example, Ejr values for the
CHBEr;---YH; complexes decrease from about 40.0 k] mol* for
Y=N to 27 k] mol " for Y=As and Sb and to 26 k] mol " for Y=
P. However, the larger Ej,¢, values for Y=As and Sb relative to
Y=P can be attributed to their higher polarizability, which
facilitates enhanced electron-density redistribution upon
complexation, leading to larger ¢*(C1-H2) populations and
stronger polarization-assisted n(Y3) — o¢*(C1-H2) donation.
Indeed, the atomic polarizability increases markedly from N («
=7.4+0.2au)toP(25.8 £ 1.0 au), As (30 = 1 au),and Sb (43 + 2
au).” For the complexes containing the same YH3, the n(Y3) —
0*(C1-H2) transfer increases systematically as X in CHX;
changes from F to Cl to Br (Table 2). The larger charge-transfer
energies observed for the heavier halogens reflect their stronger
electron-donor ability, providing a clear electronic origin for the
enhanced C-H--Y hydrogen-bond strength in the CHBr; and
CHCIl; complexes compared with CHF;.
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3.2. Nature of hydrogen bonds in studied complexes

To gain insight into the characteristics of the C-H---Y hydrogen
bonds upon complexation, the changes in the C-H bond
lengths (Ar, mA) and the corresponding shifts in their stretch-
ing frequencies (Av, cm ") were calculated and are summarized
in Table 3. The positive Ar_p values, ranging from 0.2 to 7.1
mA, together with the negative Av(c_y shifts of approximately
—0.3 to —110 cm™ ", indicate the formation of red-shifting
C-H---Y hydrogen bonds in these complexes. The only excep-
tions are interactions in the FP-1 and FP-2 complexes, which
exhibit negligible changes in C-H bond length and nearly zero
frequency shifts, indicating that these two hydrogen bonds can
be regarded as essentially non-shifting. These negligible
changes are in line with earlier study, where Arc_y) and Av(c_p)
were only 0.08 mA and —2.83 cm ™}, respectively, at the B3LYP/6-
311++G(d,p) level.*® As be seen in Table 2, following complexa-
tion, the electron density in all 6*(C-H) orbitals is significantly
enhanced in the range of 1.0 to 10.8 me. This enhancement
arises from a pronounced intermolecular hyperconjugative
charge transfer from the n(Y) lone pair to the ¢*(C-H) anti-
bonding orbital, Ejne[7(Y3) — o*(C1-H2)], which is substan-
tially larger than the decreasing magnitude of corresponding
intramolecular hyperconjugation energy, AEin..[n(Y3) —
0*(C1-H2)] (Table 2). In addition, a modest increase of 0.5-
3.8% in the s-character of the C1(H2) orbital is also observed for
all complexes. Thus, the observed red shift of the C-H

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Changes in the C1-H2 bond length (Ar, mA) and stretching
frequency (Av, cm™) upon hydrogen-bond formation in the consid-
ered complexes

Nonconventional Ar(C1-H2) Av(C1-H2)
Complex hydrogen bond (mA) (em™)
FN-1 C1-H2---N3 1.3 —15.5
FP-1 C1-H2---P3 0.2 -0.3
FAs-1 C1-H2---As3 0.4 -1.0
FSb-1 C1-H2---Sb3 0.6 —6.9
CIN-1 C1-H2---N3 5.4 -79.7
CIpP-1 C1-H2---P3 1.6 —22.5
ClAs-1 C1-H2---As3 1.6 —22.5
CISb-1 C1-H2---Sb3 1.9 -31.1
BrN-1 C5-H6---N3 7.0 —107.8
BrP-1 C1-H2---P3 2.2 —-35.4
BrAs-1 C1-H2---As3 2.2 -35.0
BrSb-1 C1-H2---Sb3 2.5 —44.2
FN-2 C1-H2---N3 1.3 —-15.9
FP-2 C1-H2---P3 0.2 0.2
FAs-2 C1-H2---As3 0.4 -1.1
FSb-2 C1-H2---Sb3 0.6 —6.8
CIN-2 C1-H2---N3 5.3 —79.6
CIP-2 C1-H2---P3 1.6 —22.4
ClAs-2 C1-H2---As3 1.6 —21.8
CISb-2 C1-H2---Sb3 1.9 —-30.7
BrN-2 C1-H2---N3 7.1 —110.1
BrP-2 C1-H2---P3 2.2 —34.8
BrAs-2 C1-H2---As3 2.1 —34.2
BrSb-2 C1-H2---Sb3 2.4 —43.4

stretching vibration is governed mainly by an electron density
increase in the ¢*(C-H) orbital, which dominates over the small
increase in the s-character of the C(H) orbital.

For complexes with the same proton donor CHX;, the red
shift of the C-H bond increases in the order C-H---As =
C-H:--P <C-H---Sb < C-H:-*N. For example, in the BrY-1 series,
the Av(c_y) value is —35.4 em™* for C-H:--P, —35.0 cm ™' for C-
H---As, —44.2 cm ™ * for C-H---Sb, and —107.8 cm ™ * for C-H---N
(Table 3). On this basis, the red shift associated with the
C-H---N interaction is twice larger than that of C-H---Sb and
more than three times larger than those of C-H---P and C-H---
As, confirming the substantially stronger nature of the C-H:--N
hydrogen bonds. We find that the red shifts of the C-H---N
interactions obtained in the present work are larger than those
reported at the MP2/6-311++G(d,p) level** and M06-2X/def2-
TZVP.* Specifically, in those studies the Ay value for
CHF;--'NH; is only —2 to —3 cm™', whereas it reaches
—15.5 cm ™! in the present work, with even larger discrepancies
observed for CHCI;:--NH; and CHBr;---NH;. Nevertheless, the
red shifts reported here remain significantly smaller than the
values predicted at the B3LYP/6-311++G(d,p) level, which are up
to ~28 cm ' larger in the case of CHCl; --NH;.** These
comparisons indicate that the predicted vibrational frequency
shifts in the considered complexes depend strongly on the
computational method employed.

Interestingly, the red shift associated with the C-H---Sb
interaction is stronger than those of C-H---P and C-H---As,
despite the lower proton affinity of SbH; compared with PH;
and AsH;. This observation of red shift magnitude deviates

© 2026 The Author(s). Published by the Royal Society of Chemistry
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from earlier expectations based on only proton affinity consid-
erations.**”> However, in the Sb-containing complexes, the
much higher polarizability of Y=Sb gives rise to Ej,e[7(Sb) —
0*(C1-H2)] values that, although significantly smaller than
those for Y=N, are comparable to or larger than the corre-
sponding values for Y=P and As (Table 2). Together with the
relatively smaller changes of intramolecular hyperconjugation
energies (AEjn ) in the Sb complexes compared with the P- and
As-containing systems, this leads to a significantly increased
population of the ¢*(C-H) antibonding orbital in the Sb-
containing complexes (Table 2). For example, Ac*(C1-H2) is
8.9 me for CISb-1, whereas it is only 6.5 me for ClAs-1 and 4.7 me
for CIP-1. As a result, the C-H bond is more strongly weakened,
leading to a larger C-H vibrational red shift in the C-H---Sb
hydrogen bonds than in the corresponding C-H---P and C-H:--
As ones. Therefore, the observed red-shift trend in the C-H:--P/
As/Sb hydrogen bonds is governed primarily by atomic polar-
izability of proton acceptor and the increased population of the
g*(C-H) antibonding orbital rather than by proton affinity.

For the complexes with the same proton acceptor YHj, the
magnitude of the C-H red shift increases systematically as X in
the proton donor CHX; changes from F to Cl to Br. For example,
as shown in Table 3, in the XN-1 series, the Ayc_y) values are
from —15.5 cm™ ' (FN-1) to —79.7 cm ™" (CIN-1) and further to
—107.8 cm ™' (BIN-1), showing that the C-H red shift in CHBr; is
approximately seven times larger than that in CHF; and about
1.5 times larger than that in CHCIl;. A similar tendency is
observed for Y=P, As, and Sb. These trends are consistent with
previous investigations and can be attributed to the enhanced
polarity of the C-H bond as X becomes heavier (F < Cl < Br).***®
For the NH;-containing complexes, the increase in the C-H red
shift from X = F to Cl to Br can be rationalized by the
strengthening coulombic interaction between the positively
polarized hydrogen atom and the negatively charged nitrogen
atom. One can see from Table 2 that the NBO ¢(H2) charge
increases significantly from FN-1/2 to CIN-1/2 and BrN1/2,
whereas g(N3) remains nearly constant and strongly negative,
leading to enhanced electrostatic attraction in the C-H---N
hydrogen bond. This stronger Coulomb interaction, in turn,
weakens the C-H bond and produces a larger C-H red shift.
Unlike the NHj-containing complexes, the corresponding
trends in the C-H---P/As/Sb hydrogen bonds as X changes from
F to Br can not be explained by electrostatics alone, as the
acceptor atoms Y do not carry significant negative charge (Table
2). In these cases, the interaction is explained mainly by the
higher polarizability of the proton acceptor atom, which facili-
tates n(Y3) — o*(C1-H2) charge transfer, thereby increasing the
population of the ¢*(C1-H2) antibonding orbital and producing
larger vibrational red shifts.

3.3. Interaction energies of complexes and the SAPT2+
analysis

The interaction energies of the obtained complexes, listed in
Table 4, are all negative, ranging from —3.0 to —18.3 kJ mol "
with both ZPE and BSSE corrections. This indicates that all
complexes are stable on the potential energy surface. For each
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Table 4 Interaction energies corrected for both ZPE and BSSE (AE*,
in kJ mol™) for the studied complexes

Complex AE* (k] mol™ ") Complex AE* (k] mol ™)
FN-1 —-14.1 FN-2 —14.1
FP-1 —5.5 FP-2 —5.6
FAs-1 —4.4 FAs-2 —4.4
FSb-1 -3.0 FSb-2 -3.0
CIN-1 —-17.3 CIN-2 —-17.3
ClIP-1 —-8.1 CIP-2 —-8.1
ClAs-1 —7.2 ClAs-2 —-7.1
CISb-1 —5.6 CISb-2 —5.5
BrN-1 —-17.8 BrN-2 —18.3
BrP-1 —8.8 BrP-2 —8.8
BrAs-1 -8.0 BrAs-2 -7.8
BrSb-1 —6.2 BrSb-2 —6.2

CHX;---YH; pair, the eclipsed and staggered conformations
exhibit very similar interaction strengths, with energy differ-
ences typically below 0.4 k] mol . This negligible difference is
consistent with the nearly identical strengths of the C-H--Y
hydrogen bonds in the two conformations, as mentioned in the
AIM analysis. It is noted that the largest difference is observed
for the Br-containing complexes, which should be attributed to
the larger size and higher polarizability of Br, leading to
enhanced sensitivity of short-range exchange and polarization
contributions to noticeable difference of two configurations.

For the same X of CHX; proton donor, the interaction
energies systematically become less negative as Y in YH; varies
in the order N < P < As < Sb. Namely, the AE* values fall within
the ranges —14.1 to —18.3 k] mol™' for Y=N, —5.5 to
—8.8 k] mol ™! for Y=P, —4.4 to —8.0 k] mol™* for Y=As, and
—3.0 to —6.2 kJ mol " for Y=Sb. Accordingly, the N-containing
complexes are more than twice as stable as their P-, As-, and Sb-
containing counterparts. When Y in YH; is fixed, the interaction
energies become progressively more negative as the proton
donor changes from CHF; to CHCI; to CHBr;. Indeed, the AE*
ranges of —14.1 to —3.0 k] mol™* for CHF;--YH;, -17.3 to
—5.5 k] mol~* for CHCl;- - -YH;, and -18.3 to —6.2 k] mol " for
CHBr;---YH; indicate that the Br-containing species are
approximately 1.3-2.0 times more stable than their F-
containing counterparts. These monotonic increases in
stability are fully consistent with the AIM analysis, which shows
that the strength of the C-H---Y hydrogen bond follows the
same order. We note that the interaction energies of CHX;: -
NH; complexes obtained in this work at the CCSD(T)/aug-cc-
pVTZ level are consistently more negative than those reported
using the smaller 6-311++G(3df,2pd) and 6-311++G(d,p) basis
sets in earlier studies.***® For instance, for the CHCl;---NH;
complex, the reported interaction energies were —15.4 k] mol™*
at the CCSD(T)/6-311++G(3df,2pd) level and —15.1 k] mol * at
the CCSD(T)/6-311++G(d,p) level, both less negative than the
values (around —17 k] mol ') obtained in this work.

We now evaluate the contributions of the individual energy
components obtained from SAPT2+ to the overall stability of the
complexes. As the energy contributions for each complex are
nearly identical for the two conformations, with only the energy
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Fig. 2 The percentage contribution of energetic components ob-
tained from SAPT2+ to the stability of XY-1 complexes.

decomposition of the XY-1 complex is shown in Fig. 2, while the
detailed results for all complexes are summarized in Table S1 of
SL It can be seen from Fig. 2 that the attractive component of
the CHX;---YH; interaction is mainly governed by electrostatic
(%elst), dispersion (%disp), and induction (%ind) contribu-
tions, with their relative importance depending on the specific
complex. For the strongest complexes, XN, the electrostatic
term is clearly dominant. For example, in these complexes, the
electrostatic contribution reaches about 45%, which is about
two to three times larger than the induction and dispersion
contributions, each accounting for roughly 18-25%. This
distribution of energy components demonstrates that the
C-H---N hydrogen bonds are mainly electrostatic in nature,
while induction and dispersion offer supportive stabilization.
As Y becomes heavier (N — P — As — Sb), the importance of
the electrostatic contribution decrease, while both induction
and dispersion contributions become increasingly competitive.
Indeed, in the P- and As-containing complexes, the electrostatic
contribution decreases to approximately 31-43%, while the
dispersion fraction increases to about 28-35% and the induc-
tion contribution rises to roughly 23-32%. Consequently, for
Y=P/As/Sb, the hydrogen bond is no longer purely electrostat-
ically dominated but instead reflects a more balanced interplay
of electrostatics, polarization, and dispersion. Notably, in the
Sb-containing complexes, both dispersion and induction
contributions, in the range of approximately 29-35%, exceed
the electrostatic term, which accounts for about 25-29%. This
behavior occurs because the C-H---Y hydrogen bond becomes
weaker and less directional as Y becomes heavier, reducing
electrostatic interactions and increasing the relative importance
of polarization and dispersion.

For a given proton acceptor YHj;, the relative electrostatic
contribution generally decreases, while dispersion and induc-
tion become increasingly important as X changes from F to Cl to
Br in CH3X (see Fig. 2). Moreover, the change is more
pronounced from F to Cl than from CI to Br. For example, in the
N-containing complexes, the electrostatic contribution
decreases by about 8% when going from CHF---NHj; (57.1%) to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CH;Cl---NH; (48.9%), but by only about 2% when going from
CH,Cl---NH; to CH,Br---NHs,.

3.4. Distance-dependent characteristics of hydrogen bonds
in studied systems

To gain deeper insight into the origin of the vibrational shifts
observed for C-H---Y (Y=N, P, As, Sb) hydrogen bonds, it is
useful to move beyond equilibrium structures and examine how
their characteristics evolve as a function of intermolecular
distance along the potential energy surface. To this end, the
CHCl;---YH; complexes in the staggered conformation are
selected as representative systems, and the C---Y distance in
these complexes is systematically varied from 2.8 to 5.0 A in
increments of 0.2 A.

We first examine the strength of the individual hydrogen
bonds presented in Fig. 3 and summarized in Table S2. As
shown in Fig. 3, the strength of the C-H---Y hydrogen bonds in
the CHCl;---YH; complexes decreases rapidly with increasing
C---Y separation for all proton acceptors considered. At short
C--Y distances, the hydrogen-bond strength follows the
decreasing order C-H---Sb > C-H---As > C-H:--P > C-H--'N,
which correlates with the lowering polarizability of the proton
acceptor atom. Notably, the C-H---Sb interaction exhibits
a markedly larger distance dependence in the very short-range
region (2.8-3.0 A) than the corresponding C-H:--N/P/As inter-
actions. This behavior arises from the higher polarizability of Sb
as compared to the N/P/As atom, which amplifies short-range
induction and dispersion contributions, and the rapid decay
of these components with increasing separation leads to the
pronounced change in hydrogen-bond strength observed.
Although the interaction weakens significantly upon elongation
of the C---Y distance, the same ordering is preserved over the
entire range examined, indicating that acceptor polarizability

© 2026 The Author(s). Published by the Royal Society of Chemistry

plays a key role in governing the hydrogen-bond strength as the
C---Y separation changes. We note that the Eyp values evaluated
at C---Y distances corresponding to the equilibrium geometries
are in good agreement with the hydrogen-bond energies ob-
tained for the optimized structures (Table 1 and S2).

We now move to discuss the variation of the C-H stretching
frequency associated with the C-H---Y hydrogen bonds,
together with the corresponding SAPT2+ energy components as
the C---Y separation changes from 2.8-5.0 A. The resulting
trends are illustrated in Fig. 4 and 5 and summarized in Tables
S3 and S4 of SI. Fig. 4 shows that the change in the C-H
stretching frequency strongly depends on both the C---Y
distance and the identity of Y. At short separations (dc...y = 2.8-
3.4 A), the C-H---N hydrogen bond exhibits a red shift
throughout this region, with Ay ) decreasing from
—111.4 cm ' at 2.8 A to —66.4 cm ™! at 3.4 A. In contrast, the C-
H---P/As/Sb interactions exhibit pronounced blue-shifting
behavior, with Av values of 295.2, 410.3, and 734.9 cm™ " for P,
As, and Sb at a C---Y distance of 2.8 A, and these values decrease
rapidly as the separation increases, approaching near-zero
shifts of 0.3, 11.2, and 44.7 cm ™! at d...y = 3.4 A. Moreover,
the magnitude of the blue shift increases systematically from P
to As to Sb, indicating a stronger short-range perturbation of the
C-H bond for the heavier pnictogens. In the intermediate
distances (dc..y = 3.6-4.2 A), the C-H---N hydrogen bond
remains red-shifting. However, for the P-, As-, and Sb-
containing complexes, the blue-shifted behavior observed at
shorter separations is inverted to a red shift at a C---Y distance
of 3.6 A. At equilibrium distances (dc..y = 3.8-4.0 A), the red
shift is stronger for the C-H---Sb interaction than for C-H---P/
As, which is consistent with the observation discussed in
Section 3.2. At very large distances (dc.y = 4.2-5.0 A), the
magnitude of the red shift observed in all the hydrogen bonds
decreases rapidly. Interestingly, beyond 4.4 A, the magnitude of
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the red shift of the C-H stretching frequency decreases
systematically as Y changes from Sb to As to P to N. This
inversion of the trend can be attributed to a change in the
dominant interaction character: whereas the C-H---N hydrogen
bond is strongest at short and intermediate distances due to its
highly directional electrostatic nature, at larger separations the
residual perturbation is governed primarily by the polarizability
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of Y, resulting in larger red shifts of the C-H stretching vibra-
tion for the heavier pnictogens.

The absolute magnitudes of all attractive terms calculated by
SAPT2+ decrease monotonically with increasing C---Y distance
(see Table S4). However, their relative percentage contributions
change significantly because these components decay at
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plays a dominant role in stabilizing the interaction, particularly
for the heavier pnictogens; however, its importance decreases
rapidly as the C---Y distance increases (see Fig. 5c). For
instance, for Y==As and Sb, induction contributes about 60% of
the total attractive interaction at a C---Y distance of 2.8 A, but
decreases sharply with increasing separation, falling below 30%
at around 3.8-4.0 A and to less than 15% in the long-range
regime. This behavior indicates that polarization effects are
intrinsically short-to intermediate-range in nature, even for
highly polarizable pnictogens.

In contrast to induction, the relative electrostatic contribu-
tion increases systematically with increasing C---Y distance for
all complexes (see Fig. 5a). For Y=N, electrostatics dominates
over the entire distance range, with %elst increasing from about
42% at 2.8 A to nearly 80% at large separations. For Y=P and As,
%elst rises steadily from approximately 25-30% at short
distances to about 50% in the long-range regime. However, for
Y=SDb, the electrostatic contribution increases more modestly,
from about 26% to roughly 30% at large distances. The
dispersion contribution exhibits a distance dependence that
differs from that of electrostatics (see Fig. 5b). For Y=N, the
dispersion fraction increases slightly from about 18% at 2.8 A to
a maximum of approximately 22% at intermediate separations,
and then gradually decreases to about 16% at 5.0 A. However,
for the heavier pnictogens (Y=P, As, and Sb), %disp is relatively
small at short distances because the interaction is dominated
by induction. As the C---Y distance increases and the induction
contribution decays rapidly, the relative importance of disper-
sion increases, reaching maxima of roughly 38% for Y=P, 42%
for Y=As, and over 50% for Y=Sb at large separations.

Taken together, the distance-dependent SAPT2+ analysis
provides a clear physical interpretation of the C-H stretching
frequency shifts associated with the C-H---Y hydrogen bonds
discussed above. The C-H---N hydrogen bonds are dominated
by electrostatic interactions over the entire distance range
considered. In contrast, the C-H:--P/As/Sb interactions are
governed primarily by induction effects at short separations,
which strengthen the C-H bond and give rise to blue-shifting
behavior. As the C---Y distance increases, the induction
contribution decays rapidly, leading to a crossover toward
interactions increasingly governed by electrostatics and
dispersion. This redistribution of interaction components
correlates directly with the transition from blue-to red-shifting
behavior observed for the C-H---P/As/Sb hydrogen bonds,
with dispersion becoming increasingly important in the long-
range regime.

4. Conclusive remarks

In this work, we present a comprehensive comparative study of
nonconventional C-H:---Y hydrogen bonds (Y=N, P, As, Sb) in
complexes formed between haloforms (CHX;, X = F, Cl, Br) and
pnictogen trihydrides (YHj), with particular emphasis on
interactions involving the heavier pnictogen elements. On the
basis of these results, the main findings are summarized below.
The C-H---Y hydrogen-bond strength in the considered
complexes increases across the pnictogen series in the order Sb

© 2026 The Author(s). Published by the Royal Society of Chemistry
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<As = P <N, with C-H---N interactions being about two to three
times stronger than the corresponding C-H---P/As/Sb ones. The
hydrogen bonds are predominantly red-shifting, with the
magnitude of the shift increasing in the order C-H---As =
C-H---P < C-H---Sb < C-H---N. The unusually large red shifts
observed for the C-H---Sb interactions relative to C-H---P/As
arise from the high polarizability of Sb and the associated
increase in 0*(C-H) antibonding orbital population, rather than
from proton affinity. In contrast, for C-H---N hydrogen bonds,
the increase in the red shift from X = F to Cl to Br is driven
primarily by stronger coulombic attraction between the polar-
ized hydrogen atom and the negatively charged nitrogen atom.

The eclipsed and staggered conformations of each CHXj;:-
YH; complex show very similar interaction energies. When the
CHX; proton donor is fixed, the interaction energy increases in
magnitude as the proton acceptor atom Y in YH; changes in the
order N < P < As < Sb. For a fixed YH; acceptor, the interaction
energy becomes more negative as the proton donor changes
from CHF; to CHCl; to CHBr;. SAPT2+ analysis reveals that the
nature of C-H---Y hydrogen bonds in the complexes strongly
depends on the identity of the YH; acceptor. Specifically, the
C-H---N interactions are dominated by electrostatic effects,
while in the C-H---P/As/Sb interactions the electrostatic
contribution diminishes, with induction and dispersion
becoming increasingly important, leading to a more balanced
distribution of attractive interactions.

Examination of the C-H stretching frequency shifts as
a function of the C---Y separation shows that the C-H---P/As/Sb
hydrogen bonds undergo a clear transition from blue-shifting to
red-shifting behavior at a C---Y distance of about 3.6 A, whereas
the C-H---N interaction remains red-shifting over the entire
distance range, reflecting its consistently stronger hydrogen-
bond character. Distance-dependent SAPT2+ analysis further
indicates that the C-H---N hydrogen bonds are dominated by
electrostatic interactions throughout the entire distance range.
In contrast, the blue-shifting behavior of the C-H---P/As/Sb
hydrogen bonds at short separations is governed primarily by
induction effects, whereas at larger C---Y distances the di-
minishing induction contribution together with the increasing
role of dispersion leads to red-shifting behavior.

These obtained results provide a physical framework for
understanding nonconventional C-H---Y hydrogen bonding
across the pnictogen series and highlight the critical role of
acceptor polarizability in governing the interaction energies of
complexes and the changes of C-H vibrational frequency shifts.
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