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1. Introduction

The formation and vibrational properties of CDsHal--- HCl complezes (Hal=F, Cl, Br)
were tnvestigated in liquid argon at 120 K using infrared (IR) spectroscopy and anharmonic
frequency calculations at the MP2/6-3114++ G(3df,3pd) level. Upon complex formation, the
v(HCI) stretching band exhibited systematic red shifts, increasing from CDsF to CDsBr, ac-
companied by band narrowing due to reduced rotational freedom of the bound HCI. For the
CD3F--- HCI complex, additional red shifts of 16 and 12 cm™' were observed in the v(CF)
and vg (CDs) modes, respectively, in agreement with the computed results. Charge distribution
analysis revealed geometry changes consistent with non-linear complex structures. Force con-
stants and reduced masses were calculated to rationalize spectral intensity variations. Atoms
in Molecules (AIM) topological analysis confirmed weak hydrogen bonds with energies ranging
from 2.6 to 5.5 kcal- mol™", correlating with the halogen electronegativity (F > Cl > Br). The
agreement between experimental and theoretical data highlights the relationship between vibra-
tional shifts, bond strength, and electronic structure in weakly hydrogen-bonded systems.

Keywords: deuterated methyl halides, hydrogen bond, infrared spectroscopy, liquid argon,
MP2 calculations, spectral shifts, weak intermolecular interactions.

strong hydrogen bonds have been extensively stud-

Hydrogen bonding is one of the most fundamental
phenomena in molecular physics and spectroscopy,
strongly influencing the structure, dynamics, and
physicochemical properties of molecules. While
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ied, weak hydrogen bonds have attracted increasing
attention [1-6] because they manifest through subtle
spectral shifts and reflect a delicate balance of
electrostatic, inductive, and dispersion forces.

Inert solvents such as liquefied Ar, Kr, and Xe
are widely employed in the study of weak hydro-
gen bonding, as they provide high transparency and
minimize intermolecular interactions while allowing
for sharp spectral lines [7-9]. Moitra and co-workers
[10], as well as Latajka et al. [11], demonstrated that
the shape and width of v(AH) bands in cryogenic
matrices depend strongly on the solvent environ-
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ment. Similarly, Herrebout and collaborators inves-
tigated DCI oligomers in liquid Ar and Kr and iden-
tified dimers, trimers, and tetramers with distinct vi-
brational features [12].

Halogen-containing complexes have also been the
subject of extensive research. Szostak et al. observed
a significant red shift in the v(HCl) band of the
methylenecyclopropane --- HCI complex in argon [13],
while Andrews and co-workers studied the infrared
spectrum of the H3N-HCl complex in solid Ne,
Ne/Ar, Ar, and Kr was studied, as well as the ma-
trix effect on the hydrogen-bonded complex [14]. An-
harmonic effects in CF3Br within liquid argon were
also explored by Zhigula et al. [15].

Theoretical methods complement experimental in-
vestigations. Howard et al. studied anharmonic vi-
brational frequencies in hydrogen-bonded dimers such
as (HF)z and (H20)2 using high-level computational
methods, showing good agreement with experiment
[16]. Riley and co-workers [17], as well as Bachorz
et al. [18], assessed the applicability of MP2 and
related methods for describing noncovalent interac-
tions, providing important benchmarks for interpret-
ing IR spectra of weak complexes.

Topological approaches have further advanced the
field. Bader’s Atoms in Molecules (AIM) theory al-
lows hydrogen bonds to be characterized through
electron density analysis [19]. Espinosa and col-
leagues demonstrated correlations between bond crit-
ical point parameters (p(rpcp), V2p(rscp)) and hy-
drogen bond strength [20, 21]. Grabowski also pro-
vided an in-depth discussion of covalency contribu-
tions in hydrogen bonding [22].

More recent studies have highlighted the inter-
play between halogen bonding and hydrogen bond-
ing. Politzer et al. [23] and Cavallo et al. [24] showed
that o-hole interactions can compete with hy-
drogen bonding, significantly influencing spectral
properties.

Thus, both experimental and theoretical inves-
tigations in recent years have revealed the com-
plex nature of weak hydrogen bonds. In this work,
we examine CDgHal---HCl (Hal=F, Cl, Br) com-
plexes in liquid argon (120 K) using infrared spec-
troscopy and MP2/6-311++G(3df,3pd) calculations
combined with AIM analysis. The aim is to assess
how the halogen nature influences hydrogen bond
strength, vibrational shifts, and electronic density
topology.
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2. Methods
2.1. Experimental method

Infrared absorption spectra of free molecules (HCI,
CD3F, CD3Cl, CD3Br) and their complexes with HCL
were recorded in liquid argon at 120 K. Mixtures of
CDsHal+ HCl (Hal=F, Cl, Br) were prepared at
concentrations of (2-3) x 104 mol/L in high-purity
argon (99.999%) using cryogenic techniques. The
spectra were measured with a Bruker IFS-125 HR
FTIR spectrometer, operating in the 3200-900 cm~!
range, which includes v(HCl), v3(CD3), v(CF), and
Vass(CD3) bands. Each spectrum was averaged over
64 scans with a resolution of 0.01 cm~'. The temper-
ature was controlled to £3 K using Pt-100 sensors.

Complex formation was monitored through system-
atic red shifts of the v¥(HCl) band, as well as per-
turbations in the CDsHal vibrational modes. Con-
centration variations and line half-widths (Awvy ;)
were used to distinguish between monomer and com-
plex contributions [25-28].

3. Computational Details

Quantum-chemical calculations were carried out with
Gaussian 16 Revision C.01 [29]. Vibrational frequen-
cies were obtained at the MP2/6-311++G(3df,3pd)
level, which includes diffuse and polarization func-
tions, ensuring a reliable description of weak non-
covalent interactions [30-32]. Anharmonic corrections
were applied to improve agreement with experiment.

The argon matrix environment was approximated
in these calculations. Molecular visualizations and vi-
brational mode assignments were performed using
GaussView 6.1 and Chemcraft [33, 34|. Topological
analysis of electron density was conducted using
Bader’s Atoms in Molecules (AIM) [35] approach with
the Multiwfn and VMD programs [36, 37].

4. Results and Discussions
4.1. Vibrational Shifts in v(HCI) Bands

Among molecules capable of forming weak hydro-
gen bonds, hydrogen halides occupy a distinctive po-
sition. Fluoromethane, in particular, has long been
recognized as a very weak proton acceptor and rep-
resents one of the earliest systems investigated in
this context. In our previous work, krypton (Kr) and
xenon (Xe) were used as cryogenic media to study the
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Fig. 1. Absorption spectra of the v(HCI) stretching band
in argon at 120 K (A): (a) free HCl, (b) HCl + CD3F, (¢)
HCl+ + CD3Cl, and (d) HCl + CD3Br. The sharp bands of
the complexes appear on the P-branch side of the free HCI
line. Corresponding spectra calculated using anharmonic vi-
brational frequency approximations (B)

(CH3)2CO --- HCI complex, where the v(HCI) stretch-
ing band was thoroughly characterized [38]. These
findings provide a useful reference for interpreting the
spectral shifts observed in the present CDsHal --- HCI
complexes.

In the present study, we extend these investigations
to isotopically substituted CD3HalHCl (Hal=F, ClI,
Br) complexes, focusing on the vibrational features
of the v(HCI) stretching band and on the spectral
manifestation of hydrogen bonding in the vibrational
bands of the proton acceptor. The substitution of hy-
drogen by deuterium in the CDg3 group results in a
downshift of the v(CD) stretching band relative to
the v(CH) band, which facilitates a more reliable ob-
servation of the v(HCl) absorption in the IR spec-
trum. For this reason, the CD3Hal series was selected
for detailed analysis.

The proton-accepting ability of the halogenated
isotopologues, which reflects the hydrogen-bond
strength, decreases in the order CD3F — CD3Cl—
— CD3Br [39, 40]. For all three complexes isolated
in liquid argon, the v(HCl) stretching band ex-
hibits a distinct red shift relative to the free HCI
line, analogous to the behavior previously reported
for CH3F --- HCL. These shifted absorption features
are observed in the P-branch region of free HCI
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(Fig. 1, A). At 120 K, sharp v(HCI) bands with half-
widths of approximately Av,,, ~ 10 cm~! were
detected at 2804, 2770, and 2756 cm~' for the
CD3F, CD3Cl, and CD3Br complexes, respectively
(Fig. 1, A).

Anharmonic vibrational frequency calculations
provide further support for these assignments, pre-
dicting the v(HCI) stretching frequencies at 2859.55,
2823.68, and 2813.97 cm~! for CDsF---HCl,
CD3Cl:--HCI, and CD3Br---HCl, respectively
(Fig. 1, B). The experiments were conducted at
120 K, since CD3Cl and particularly CD3Br exhibit
poor solubility under cryogenic conditions.

In Fig. 1, A, bands a and b correspond to free
HCI molecules present in the mixture. Since the HCI
molecules undergo rovibrational motion freely in the
argon medium, the characteristic P-, R-, and Q-bran-
ches are observed. In Fig. 1, B, the same bands were
reproduced using anharmonic approximations, with
argon chosen as the solvation environment.

The observed narrowing of the v(HCI) band can
be rationalized by two competing effects. On the
one hand, hydrogen-bond formation typically leads
to band broadening. On the other hand, in the
CDgHal--- HCI complex the band becomes narrower
due to the slowdown of rotational motion, which
arises from the increased moment of inertia compared
with free HCIL. Because the hydrogen bond energy in
these complexes is relatively low (Eyp ~ 1 kcal/mol),
distortion of the proton-donor band is not signif-
icant, resulting in the observed narrowing of the
v(HCI) band.

A noteworthy feature is that the red shift of the
v(HCI) band increases as the hydrogen bond strength
decreases, i.e., when moving from C-F to C-—Br. As
illustrated in Fig. 1, with decreasing hydrogen-bond
strength, the concentration of complexes decreases,
while the red shift of the v(HCI) band increases
from 65 to 114 cm~'. Due to the poor solubility
of CD3Cl and CD3Br, it was not possible to de-
termine their hydrogen bond energies experimen-
tally. For the CDsF --- HCI complex, the experimen-
tally determined hydrogen bond energy (Epp) was
found to be the same as that of CH3F --- HCI, amount-
ing to 1.1 kcal/mol.

Similar results have been reported in the literature
[39, 40]. For example, in phenol + C;H;5F (Cl, Br,
I) systems, the hydrogen bond energy decreases from
2.1 to 1.2 kcal/mol, while the red shift of the v(OH)
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Fig. 2. Absorption spectra (A) of CD3F (a) and a CD3F 4 HCI mixture (b) in liquid argon. Calculated spectra (B) using

anharmonic approximations. Vibrational assignments: vg(CD3)

(left) and v(CF) (right)

Table 1. Selected vibrational frequencies (v cm™!) of free CD3F

and the CD3F :-- HCI] complex in liquid argon, obtained

from experimental spectra

and anharmonic calculations. The corresponding frequency shifts (Av) are also presented

v, (cm™1) Av, (cm™1)
Vibrational
P . Free molecule Complex Free molecule
requencies
Exp. Calc. Exp. Calc. Exp. Calc.
v(CF) 991 £ 2 997.92 975 + 2 982.09 16 15.83
VB(CD;;) 1132+ 3 1144.87 1120 &+ 3 1129.96 12 14.91
vs(CD3) 2088 £+ 2 2114.65 2088 2112.01 0 2.64
Vass(CD3) 2258 + 2 2302.04 2269 + 3 2304.88 -11 —2.84

Note: ¥(HCI) and v(CF) — stretching, v3(CD3) — bending (in — plane), vs(CD3) — symmetric stretching, vass(CD3) — antisym-
metric stretching, Exp. — experiment, Calc. — calculations, Av = Vmonomer — Vcomplex-

band increases from 40 to 70 cm™'. A comparable
trend was observed in argon matrices at 20 K for the
transition from CH3F --- HCI to CH3Cl--- HCI1, where
the v(HCI) bands of the complexes appeared at 2793
and 2745 cm~!, respectively [41]. In this case, the
v(HCI) frequency was substantially lower than in ar-
gon solutions. The unusual behavior of the proton-
donor bands remains unexplained. Nevertheless, in
such systems the Fyg ~ Av correlation cannot be
reliably applied to determine hydrogen bond energies.

4.2. Effect on acceptor

vibrations (CDsHal modes)

With regard to the bands of the acceptor molecules,
a noticeable distortion is observed only in the case of
CDg3F, where weak hydrogen bonding leads to signif-
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icant spectral changes. Similar to CH3F, the v(CF)
stretching band of the free molecule undergoes a
red shift from 991 em™' to 975 cm™! upon com-
plex formation. The calculations predict a compara-
ble decrease in frequency, from 997.92 to 982.09 cm ™!
(Fig. 2). Experimentally, the half-width of this band

was also found to decrease from 8 to 6 cm™1!.

The frequency values of these bands are summa-
rized in Table 1. Experimentally, the v(CF) band of
CDsF exhibited a frequency shift of Av = 16 cm ™!,
while the calculations predicted a nearly identical
value of 15.83 cm™1.

In Fig. 3, the v,s(CDg3) stretching vibration of
CD3F demonstrates a distinct blue shift upon com-
plexation with HCI. This behavior contrasts with
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IR intensity
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Fig. 3. Absorption spectra (A) of the vass(CD3) stretching
band in liquid argon: (a) free CD3F, (b) CD3F + HCI mix-
ture, (b') free CD3F molecules present in the mixture, and
(b'") overtone band of the vg(CD3) vibration. Calculated spec-
tra (B) obtained using anharmonic frequency approximations,
confirming the assignment of the b’ band to the v3(CD3) over-
tone
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Fig. 4. Schematic representation of the total atomic charge

distribution for the studied complexes

the more commonly observed red shift in hydrogen-
bonded systems and can be attributed to changes in
the rotational dynamics of the molecule. Specifically,
the width of the perpendicular v, (CD3) band, which
is governed by the rotational constant around the Cs
axis, decreases upon complex formation, indicating a
restriction in rotational motion.
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As shown in Fig. 3, A, the a band corresponds to
the v,s(CD3) vibration of the free CD3F molecule,
while the b band represents the same vibration within
the CD3F ---HCl complex. The o' band arises from
uncomplexed CD3sF molecules remaining in the mix-
ture, confirming the coexistence of both free and
complexed species under the experimental condi-
tions. Additionally, the 0" band is assigned to the
overtone of the vg(CD3) vibration. This assignment
is validated by the anharmonic vibrational frequency
calculations shown in Fig. 3, B, which reproduce the
position of the overtone band with good accuracy.

These findings indicate that hydrogen bonding in
the CDg3F --- HCI system not only perturbs the pro-
ton donor (HCI) vibrations but also leads to measur-
able spectral changes in the acceptor molecule, par-
ticularly through modifications of the C-D stretching
modes.

In contrast to the asymmetric stretching mode,
the v5(CD3) vibration shows almost no spectral shift
in the experimental spectra upon complex forma-
tion. This indicates that the symmetric stretching
mode of the CD3 group is only weakly perturbed
by the hydrogen-bonding interaction. However, an-
harmonic frequency calculations (Table 1) predict a
slight red shift of about 2.64 cm~! for this vibration,
suggesting that the effect of complexation is too small
to be unambiguously resolved under the experimental
resolution.

4.3. Charge redistribution
and structural changes

Charge distribution analysis (Figure 4, Table 2) re-
vealed significant electron density redistribution upon
complex formation. The halogen atom (F, Cl, Br) ac-
quired a more negative charge, while the H atom in
HCIl became more positive, consistent with the hy-
drogen bond formation. These changes directly influ-
enced bond lengths: for instance, the F --- H distance
in CD3F --- HCl1 was calculated as 1.914 A, compared
t0 2.338 A (Cl---H) and 2.492 A (Br---H) in the cor-
responding complexes (Table 4).

Geometric optimization (Figure 5) confirmed that
all complexes adopt non-linear structures, with the
/F-H-Cl angle deviating significantly from 180°
(166.5° for CD3F---HCI, 161.8° for CD3Cl---HCI,
and 160.2° for CD3Br--- HCI). These distortions fur-
ther evidence the weak and flexible nature of these
hydrogen bonds.

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 3
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Table 2. Total atomic charges of the free molecules and their complexes

Atom Free Complex Atom Free Complex Atom Free Complex
molecule molecule molecule
C1 0.627 0.597 C1 0.041 0.083 C1 0.104 0.127
D2 -0.040 -0.022 D2 0.044 0.045 D2 —-0.006 0.009
D3 —0.040 -0.034 D3 0.044 0.038 D3 —-0.006 -0.011
D4 —-0.040 -0.034 D4 0.044 0.038 D4 —-0.006 -0.011
F5 -0.506 —-0.509 Cl5 -0.175 —-0.210 Br5 —0.087 -0.107
Cl6 —0.201 —0.280 Cl6 -0.201 —0.292 Cl6 -0.201 —0.261
HT7 0.201 0.282 H7 0.201 0.297 H7 0.201 0.255

Note: The total atomic charges were obtained from the population analysis at the MP2/6-3114++4G(3df,3pd) level of theory. All

values are given in atomic units (a.u.).

To assess the influence of hydrogen bonding on
spectral parameters such as frequency and intensity,
the mechanical and electro-optical properties of the
CD3F ---HCl complex were analyzed. The calcula-
tions were performed using the equilibrium geometry
corresponding to the lowest-energy structure (Fig. 5).
Structural changes induced by weak hydrogen bond
formation were considered, and the resulting bond
lengths and angles are summarized in Table 3.

4.4. Force constants and reduced masses

Force constant analysis (Table 4) revealed a general
decrease in bond stiffness upon hydrogen bond forma-
tion, particularly for v(HCI) and v(CF) modes. For
instance, the K*(HCl) force constant decreased from
9.005 x 106 cm™! in the free molecule to 8.401 x
x 106 cm™! in CDsF--- HCL. Reduced masses were
also modified, reflecting coupling between donor and
acceptor vibrations.

These parameters were obtained from vibrational
analyses at the MP2/6-311++G(3df,3pd) level of the-
ory. The force constants characterize the stiffness of
the corresponding vibrational modes, while the re-
duced masses determine the effective inertia of the
vibrations. Together, they provide a basis for eval-
uating vibrational frequencies and for analyzing the
effect of weak hydrogen bonding on the mechanical
properties of the complexes.

The mixing of vibrational modes was further con-
firmed by normal coordinate analysis (Table 7). In
CD3F, the v(CF) vibration was strongly coupled
with vg(CD3), and this coupling persisted, albeit
more weakly, in the complex. This explains why both
v(CF) and vg(CD3) bands exhibit significant red
shifts, while v;(CD3) remains largely unaffected.
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Fig. 5. Optimized geometries of the CD3F-..--HCI,
CD3Cl---HCI, and CD3Br--- HCI complexes calculated at the
MP2/6-3114++G(3df,3pd) level.
highlighted, with hydrogen bond lengths and key angles in-
dicated

Intermolecular features are

For the CD3F --- HCI complex, the spectral param-
eters undergo noticeable changes as a result of the in-
termolecular interactions. Quantum chemical calcula-
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Table 3. Bond lengths and bond angles between the atoms of the free molecules and their complexes

Molecules Bond lengths, (A) Bond angles, (°) Molecules Bond lengths, (A) Bond angles, (°)
HCI r(H-Cl) 1.272 - - CD3Cl---HCl | r(C1-D2) 1.083 £D2C1D3 110.61
CD3F r(C1-D2) psD2C1D3 110.26 r(C1-D3) 1.084 £sD2C1D4 110.78

r(C1-D3) | 1.086 | BD2C1D4 r(C1-D4) 1.083 | BD3C1D4 | 110.61

r(C1-D4) BSD3C1D4 110.25 r(C1-CI5) 1.778 | BD2C1Cl5 108.18

r(C1-F5) 1.385 | BD2C1F5 108.68 r(Cl5---H7) | 2.338 | SD3C1CI5 | 108.39

BD3C1F5 r(Cl6-HT7 1.282 | D4C1Cl5 108.17

BD4C1F5 108.67 BC1CI5H7 90.55

CD3F---HCI | r(C1-D2) 1.086 | AD2C1D3 110.67 BCISHTCI6 | 161.78
r(C1-D3) 1.085 | SD2C1D4 CD3Br r(C1-D2) 1.083 BD2C1D3

r(C1-D4) BD3CID4 | 110.82 r(C1-D3) BD2CID4 | 110.83
r(C1-F5) 1.396 | BD2C1F5 108.35 r(C1-D4) £D3C1D4
r(F5--HT7) | 1.914 | BD3C1F5 | 108.11 r(C1-Br5) | 1.931 | BD2C1Br5

r(C16-H7) | 1.281 | BDACIF5 BD3C1Br5 | 108.07
BC1F5HT7 112.53 BD4C1Br5

BF5HTC16 | 166.47 CD3Br---HCI1 | r(C1-D2) 1.082 £D2C1D3 111.18

CD3Cl1 r(C1-D2) 1.083 | AD2C1D3 | 110.38 r(C1-D3) BD2C1D4 111.06
r(C1-D3) BD2C1D4 r(C1-D4) 1.083 | AD3C1D4

r(C1-D4) BSD3C1D4 r(C1-Br5) 1.935 | BD2C1Br5 | 107.75

r(C1-Cl5) 1.773 | pD2C1CI5 r(Br5---H7) | 2.492 | fD3C1Br5 | 107.74

BD3C1Cl5 | 108.55 r(Cl6-HT) 1.282 | BD4C1Br5 | 107.87

BD4C1CI5 BC1Br5H7 | 85.49

BBr5H7CI6 | 160.21

Note: The values correspond to the optimized geometries of the free molecules and their hydrogen-bonded complexes at the
MP2/6-311++G(3df,3pd) level of theory.

Table 4. Calculated force constants (106 cm~2) and reduced masses (amu) in the Ar environment

Molecules Force Free Complex Reduced Free Complex
constant molecules mass molecules
HCIL K9(HCI) 9.005 8.401 M4 (HCI) 1.0360 1.0364
CD3F K9(CF) 1.013 0.979 M¢(CF) 4.1372 4.8261
K§(CD3) 1.336 1.304 M¢(CD3) 3.6212 3.2222
K2(CDs) 4.673 4.68 M¢(CD3) 2.1003 2.0972
K. (CD3) 5.465 5.497 MZ (CD3) 2.3996 2.4022
HCI KY(HC)) 9.005 8.216 MP(HCI) 1.0360 1.0366
CD3Cl KP®(CF) 0.534 0.524 MPY(CF) 6.1614 6.3355
K}(CD3) 1.119 1.153 M}(CD3) 2.6894 2.6504
K%(CD3) 4.855 4.865 M?(CD3) 2.0987 2.0971
K?._(CD3) 5.546 5.572 Mb. (CD3) 2.3905 2.3914
HCI K¢(HCl) 9.005 8.17 M¢(HCI) 1.0360 1.0366
CD3Br K¢(CF) 0.365 0.36 M¢(CF) 5.4082 5.4612
K§(CD3) 1.047 1.055 Mg(CDs) 2.6675 2.6392
K¢(CD3) 4.864 4.875 ME(CD3) 2.0936 2.0920
K¢ (CD3) 5.584 5.61 M¢.(CD3) 2.3899 2.3909
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tions revealed the following hydrogen bond character-
istics: the F---H distance is r(F --- H) = 1.914 A, the
corresponding bond force constant is K, = 0.019 x
x 106 cm™!', and the vibrational frequency of the
F---H bond is v, = 72.84 cm™!. These values indi-
cate the formation of a weak but well-defined hydro-
gen bond, consistent with the observed red shift in
the v(HCI) stretching vibration.

4.5. Integrated absorption
coefficients and intensities

Experimental integrated absorption coefficients (Ta-
ble 5) demonstrated that complexation leads to
decreased intensity of the vg(CD3) and v,s(CD3)
modes, while v(CF) remains nearly unchanged. The
v(HCl) band exhibited strong absorption (86 x
x 1078 em?s~'mol 1), consistent with its donor char-
acter and alignment along the hydrogen bond axis.

The absorption coefficient values obtained in this
way, considering the experimental uncertainties, are
presented in Table 5.

The absorption coefficients characterize the inten-
sity of the vibrational bands, while the half-width
values provide information about line-broadening ef-
fects. Both parameters were used to analyze the influ-
ence of weak hydrogen bonding on the spectroscopic
properties of the complexes.

Electro-optical analysis (Tables 6-7) supported
these findings. The calculated transition dipole de-
rivatives indicated that the v3(CD3) band loses in-
tensity upon complexation, while v(CF) gains inten-
sity. Slight discrepancies between theoretical and ex-
perimental intensities may arise from the assumption
of a linear complex model in calculations, whereas the
real structures are non-linear.

The coefficients describe the displacement ampli-
tudes of the atoms along each normal coordinate, pro-
viding insight into the vibrational coupling within the
complex.

These parameters characterize the changes in
molecular dipole moments and polarizabilities upon
complex formation, providing a quantitative measure
of the electro-optical effects induced by weak hydro-
gen bonding.

4.6. AIM topological
analysis of hydrogen bonds

Atoms in Molecules (AIM) analysis provided di-
rect evidence of weak hydrogen bond formation
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(Figure 6, Table 8). The electron density at the
bond critical point (p(rgcp)) decreased in the order
F (0.0220 a.u.) > Cl (0.0184 a.u.) >Br (0.0166 a.u.),
consistent with halogen electronegativity.

Table 5. Experimental and calculated

absorption coefficients (A) and half-widths (Avy/2)
for the free CD3F molecule and the CD3F + HC1
mixture in the Ar environment

A, 1078 cm? /s~ mol ! Avyya, cm™!
Vibrational Free C ) Free C )
frequencies | molecules OMPIEX | olecules omplex
Exp. [Calc.| Exp. |Calc.|Exp.|Calc.|Exp.|Calc.
v(CF) 41 59 [43+3| 71 8 |8.09| 6 | 7.99
vg(CD3) |27+£3| 33 [10£2| 23 | 11 [9.50| 6 | 9.10
vs(CD3) |15+3| 11 10 9
Vass(CD3g) |28 23| 13 [12+£3| 10 | 17 [9.75| 13 |10.13
Table 6. Normal vibration mode
coefficients of the CD3F --- HCI complex (in A)
Varia-
o Q1 Q2 Qs Q4 Qs
bles
CDsF
q 0.093 0.019 -0.015 - -
q2 -0.031 0.103 —0.046 - -
q3 -0.010 0.038 0.045 - -
CD3F ---HCI
Q 0.089 0.021 -0.013 0 0
q2 -0.027 0.126 —-0.035 0 0
q3 -0.010 0.025 0.051 0 0
q4 0 0.003 -0.028 0.170 0.107
a5 0 0 0 0 0.113
Table 7. Calculated electro-optical
parameters for free molecules and complexes
Fl‘ree 1 (%) , Complex
S I sl B O R
<BTJ)0’ D D/A Qi)
vs(CD3) 0.103 1.54 0.098
v3(CD3) 0.195 -0.45 0.116
v(CF) 0.257 5.48 0.307
Vo -0.99 -0.168
v(HCI) 0.123 1.06 0.224
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a

C

Fig. 6. Bond critical points (BCPs) in the complexes: CD3F ---HCI (a), CD3Cl---HCI (b), and CD3Br---HCI (c¢), obtained

from AIM topological analysis

Table 8. Results of AIM (Atoms in Molecules) analysis

Complex Bond p(recp) V2p(recp) G(rsep) —V(rscp) H(rpcp) —Eup
(a.u) (a.u) (a.u) (a.u) (a.u) (keal/mol)
CD3F---HCI H---F 0.0220 0.0916 0.0217 0.0206 0.0011 5.52
CD3Cl---HCI H---Cl 0.0184 0.0554 0.0128 0.0118 0.0010 3.20
CD3Br--- HC1 H.--Br 0.0166 0.0454 0.0105 0.0096 0.0009 2.57

Note: p(rgcp) — density of all electrons, VZp(rgcp) — Laplacian of electron density, G(rgcp) — Lagrangian kinetic energy,
V(rgcp) — potential energy density, H(rgcp) — energy density, yg — hydrogen bond energy.

This trend clearly demonstrates that the hydrogen
bond strength in these complexes correlates with the
electron-withdrawing ability of the halogen atom.

The table summarizes key topological parameters
at the bond critical points (BCPs), including elec-
tron density p(r), its Laplacian V2p(r), and related
descriptors used to evaluate the characteristics of the
hydrogen bonds in the complexes.

The observed red shifts in the v(HCI) stretching
bands of the CDzHal--- HCl complexes indicate the
formation of weak hydrogen bonds, in agreement with
previous theoretical studies. As highlighted by Cal-
horda [42], weak hydrogen bonding leads to char-
acteristic vibrational frequency shifts that correlate
with bond strength. Our MP2/anharmonic calcula-
tions and AIM analysis confirm this behavior, show-
ing that the hydrogen bond energies in these com-
plexes are small (Eyp ~ 1-5.5 keal - mol~!) but suf-
ficient to produce measurable spectral effects. These
findings are consistent with the theoretical framework
established for weak hydrogen bonds and provide fur-
ther insight into the role of halogen substitution in
modulating hydrogen bond properties.

Given that these complexes involve weak hydro-
gen bonds, the hydrogen bond energy (Eup) was
evaluated empirically by applying the approach pro-
posed by Espinosa et al. [43], as expressed in equation
(1). In this method, Fyp is correlated with the po-
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tential energy density V(r) at the bond critical point
(BCP), providing a reliable way to estimate the in-
teraction energy from AIM topological parameters.

EHB ~ 0.429 - V(TBCP). (1)

According to the AIM analysis results (Table 8),
the values of p(rpcp) at the hydrogen-bonded BCPs
(Figure 6) and the corresponding hydrogen bond
energies (Epp) follow the trend CD3F-.--HCl>
> CD3Cl---HCl > CD3Br--- HCl. As shown in Fig-
ure 4, the electronegativity (x) of the proton-acceptor
atoms involved in the intermolecular interactions sat-
isfies the relation F > Cl > Br. The present study thus
demonstrates that the correlation Fyp ~ x is valid
for these complexes based on AIM analysis.

5. Conclusion

This work demonstrates that CDsHal--- HCI (Hal =
=F, Cl, Br) complexes form weak hydrogen bonds
in liquid argon, which can be reliably detected by
infrared spectroscopy. Systematic red shifts in the
v(HCl) absorption band were observed, increasing
from fluorine to bromine, consistent with the decreas-
ing proton-acceptor strength.

Anharmonic MP2 calculations reproduced the ex-
perimental spectral shifts, while AIM topological
analysis confirmed the presence of weak hydrogen
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bonds with interaction energies ranging from 2.6 to
5.5 kcal -mol~!. A clear correlation between halogen
electronegativity and hydrogen bond strength was es-
tablished, in agreement with previous spectroscopic
and theoretical studies.

The combined use of cryogenic liquid-argon IR

spectroscopy and high-level quantum chemical cal-
culations provides a robust methodology for probing
weak intermolecular interactions. These findings not
only extend earlier results on fluorinated hydrogen-
bonded systems but also emphasize the role of halo-
gen substitution in tuning the strength and spectro-
scopic signatures of hydrogen bonds.
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CJIABKUI1 BOJIHEBUI

3B’430K YV KOMILJIEKCAX CDsHal--- HCI:
49 CIIEKTPOCKOIIIS TA PO3PAXYHKN
METOIOM MP2

YTBOpeHHS — Ta
CDgHal---HC1 (Hal=F, Cl, Br) gocaimpKkysanuca B piakomy
aproui nmpu temmnepatypi 120 K 3a gornomororw iHdpadepBoHOT

KOJIUBAJIbHI BJIACTHUBOCTI KOMILJIEKCIB

(I9) cnexrpockorii Ta po3paxyHKIB AaHMADMOHIYHAX 9aCTOT Ha
piai MP2/6-311++G(3df,3pd). Ilicisi yTBOpEHHSI KOMILIEKCY
BastentHa cmyra v(HCl) memoncrpysasa cucremarndni gep-
BOHI 3MimenHsi, mo 36inbmysamuca Big CD3F mo CD3Br, a
TAKOX 3BY’KEHHsI 3aBJSKH 3MEHIIEHHIO CBOGOIM ObGepTaHHs
3p’azanoro HCl. dus xommsexkcy CD3F--- HCl nmomarkosi

4yepBoHi 3MmimenHss Ha 16 Ta 12 oMl

crocTepirajucs B
momax v(CF) rta vg(CD3) BiamoBimHO, IO y3rOIKyeThCS 3
pe3yJbraTaMy PO3paxyHKiB. AHaJII3 PO3NOAIILY 3apsiLy BUSIBUB
3MiHM y HOro reoMerpil, IO y3TOMKYIOThCHA 31 CKJIaJHUMH
HesiHilHUMU cTpyKTypamu. Jljis palioHaJbHOrO IOSICHEHHS
Bapialiii crHeKTpaJIbHOI Oysnn  po3paxoBaHi
CUJIOBI KOHCTAHTHM Ta HpuUBeAeHI Macu. ToroJiorigyuuii anasis
meromom AIM (Atoms in Molecules) mnigrBepaus ciabKi
BOJIHEBI 3B’s13KM 3 eHeprisimu Bifg 2,6 10 5,5 KKa.n/MOJIb’l, o
KOpeJoe 3 esieKrponerarusHicrio rasorenis (F > Cl > Br).
Y3romKeHiCTh MiXK €KCHEPUMEHTAJIbHUMHA Ta TEOPETUIHUMA

iHTEHCUBHOCTI

pe3y/jbTaTaMy  IIJKPECJIIOe 3B’SI30K  MiXK

3CyBaMH, CHJIOIO 3B’fI3Ky Ta €JIEeKTPOHHOIO CTPYKTYpOIO B
cucTeMax 31 CJIaOKMMH BOJIHEBUMU 3B’si3KaMU.

KOJIMBaJIbHUMHA

Katwwoei caoea: mefiTrepoBaHi METHIITAJIOTEHIAM, BOIHE-
BUIl 3B’S30K, iH(padepBOHA CIIEKTPOCKOIIsI, PiIKWUil aproH,
pospaxynku wmerogom MP2,  cnexkrpasnbHi

MIi?KMOJIEKYJISIPDHI B3a€MOZ|l.

3CyBH, CJabKi
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