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FTIR AND DFT STUDY
OF (CHj3),CO---HC1 HYDROGEN-BONDED COMPLEX

The study of hydrogen-bonded complexes is crucial for understanding intermolecular interac-
tions that influence molecular structure, electron density distribution, and vibrational proper-
ties. In this work, we will investigate the acetone-hydrogen chloride (CHs )2 CO---HCl complex
using Fourier-transform infrared (FTIR) spectroscopy in cryogenic krypton and zenon solu-
tions, alongside density functional theory (DFT) calculations. The experimental IR spectra
reveal characteristic frequency shifts upon the complex formation, while the computational
analysis provides insights into geometric and electronic structure changes. Topological anal-
yses, including Atoms in Molecules (AIM) and Non-Covalent Interaction (NCI) approaches,
confirm the presence and strength of hydrogen bonding. The study highlights solvent effects
on vibrational properties and intermolecular interactions, advancing the understanding of the
hydrogen bonding in complex molecular systems.
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1. Introduction

Experimental and theoretical studies of hydrogen-
bonded complexes play an important role in mod-
ern physics, chemistry, biology, and many other fields
[1-5]. Forces of intermolecular interaction have a sig-
nificant effect on the structure, electron density dis-
tribution, vibrational properties, and many other dy-
namic parameters of molecules. In liquid systems con-
taining different types of molecules the situation is
more complicated due to the solution effect. In this
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regard, the impact of “solvation” on the vibrational
properties of molecules may be studied using vibra-
tional spectroscopy and quantum-chemical simulation
[6, 7]. Studying how solvents affect molecules is cru-
cial, since the majority of biochemical reactions take
place in the solution phase [8, 9]. IR absorption spec-
troscopy is one of the most convenient methods that
provide the detailed information about intermolecu-
lar interactions [10-12]. In our research work, FTIR
spectroscopy is used to study the mechanism of inter-
action between molecules of acetone, hydrogen chlo-
ride, and their binary complexes. Experimentally ob-
tained vibrational spectra of these complexes allow
determining a set of electro-optical parameters and
confirming the correctness of the calculation methods.

The 1:1 complex of acetone and hydrogen chloride
((CH3)2CO---HCI) contains proton donor (HCl) and
proton acceptor (CO) groups, which form an impor-
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tant hydrogen-bonded system that can be studied ex-
perimentally and theoretically. Some thermodynamic
and spectroscopic properties of the (CHz)2CO---HCl
complex have already been measured by IR spec-
troscopy and calculated by ab initio methods [13—
15]. Nevertheless, peculiarities of intermolecular in-
teraction between hydrogen chloride and acetone
molecules have not been sufficiently studied. In our
work, a coordinated experimental and theoretical
analysis of the IR spectrum of (CH3)2CO---HCI com-
plex is performed, ae well as topological analysis of
the complex.

2. Methods

FTIR spectra of acetone and hydrogen chloride in
cryosolutions with Kr (145 and 160 K) and Xe
(170 K) were registered. Low-temperature inert so-
lutions allow studying spectral parameters of indi-
vidual molecules and complexes due to the abso-
lute transparency of these solvents in the IR range
and low interaction of the studied molecules with
the solvent. Thus, the IR spectra of acetone and
HCl molecules, as well as their 1:1 complexes,
were obtained using a Bruker IFS-125 HR vacuum
Fourier spectrometer in a wide spectral region (4000
900 cm™1!) encompassing the C=0 and H-Cl funda-
mental stretching bands. The experiments were per-
formed in a cryostat with a horizontal optical axis
and a path length of ~10 cm. A stainless steel cu-
vette with two BaFs windows is designed to operate
at high pressures, which allows changing the temper-
ature of solutions in the range of 120-190 K.

The Density Functional Theory (DFT) method was
used to optimize the geometry of (CH3)2CO molecule
and the complex of (CH3)2CO with HCIl. The 6-
311++G(d,p) basis set was used in the calculations to
account for intermolecular interaction as accurately
as possible [16-19]. IR frequencies for the monomers
and complexes were calculated at the same level of
theory. DFT calculations were performed using the
Gaussian 09 W software [20]. GaussView 6.0 program
was used for the visualization [21]. Additionally, the
MULTIWEFEN [22] software was used to acquire the
topological features of the electron density distribu-
tion in the most stable structure in order to gain
a greater knowledge of intermolecular interactions
based on Bader’s AIM theory [23]. Non-covalent in-
teraction (NCI) and reduced density gradient (RDG)
studies were carried out using VMD [24] software.
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3. Results and Discussions

3.1. DFT analysis
of the equilibrium geometry

The equilibrium geometries of HCl and (CH3)2CO
molecules, as well as (CH3)2CO---HCI complex, were
calculated at BBLYP/6 311++4G(d,p) level of theory
using the Gaussian 09 package. The calculations were
carried out for three different media: vacuum, Kr and
Xe environments. In Gaussian software, calculations
in vacuum are carried out by default, while the envi-
ronment was specified in the form of the correspond-
ing solvent in the frame of the polarizable continuum
model (PCM) using the normal Solvent option to the
SCRF keyword. All the calculations were performed
for temperature 298.15 K. The obtained results are
presented in Fig. 1. Bond lengths are indicated in A.

From the results of the calculations, it can be seen
that the distance between atoms in the free HCI
molecule in vacuum is 1.287 A, under the influence of
solvents (both Kr and Xe) it changed by Arg_c; =
= 0.001 A. For the (CH3)2CO molecule, under the in-
fluence of Kr as a solvent, the bond lengths change by
Arc—o = 0.001 A, Arc_c = —0.001 A, and the an-
gle a(cs3,c2,c4) by 0.02°. Under the influence of Xe,
the corresponding changes are Arc—o = 0.002 A,
Arc_c = —0.002 A, and Aa(cs 0,04y = 0.05°. In the
(CH3)2CO---HC1 complex, along with the effect of the
solvents, intermolecular interactions also cause struc-
tural parameters changes. In this case, the lengths
of the bonds H-Cl, C=0, and C-C change signif-
icantly compared to the corresponding lengths in
monomers. All calculated structural parameters for
(CH3)2CO---HCI complexes in different environments
are presented in Table 1.

Our calculation on the whole confirms the results
of the earlier investigation of acetone-HF complexes
[25, 26]. The value of COH angle 126.73° in vacuum,
126.86° in Kr and 127.07° in Xe is in a good agree-
ment with the trigonal structure of the electron cloud
of the O atom in this complex. The geometrical pa-
rameters ordinarily used to characterize the H-bond
have very close equilibrium values in these complexes,
namely, r(HCl)= 1.3155, 1.3214, and 1.3230 A in
acetone---HCl complex in vacuum, Kr and Xe, re-
spectively. The corresponding values of r(Cl---O) are
3.1199, 3.0843, and 3.0749 A. Determined as the dif-
ference between the electronic energies of the two
monomers in the equilibrium configuration and the
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Fig. 1. Calculated optimal structures of free molecules (CH3)2CO/HCI and (CHz)2CO---HCI complexes in vacuum and in Kr
and Xe environments

Table 1. Calculated structural parameters of the (CH3)2CO---HC1 complex

Bond lengths (A) C50 C5Cy C1Hs C1Hy CeHy CeHo Cl--0 CIH
Vacuum 1.2191 1.5103 1.0888 1.0954 1.0889 1.0956 3.1199 1.3155
Bond lengths (A) C20 CaCy C4Hg C4Hio CsHy CsHs Cl--0 CIH
Kr 1.2213 1.5085 1.0887 1.0954 1.0888 1.0954 3.0843 1.3214
Xe 1.2218 1.5079 1.0887 1.0953 1.0887 1.0953 3.0749 1.3230
Angles (°) 0C5Cy | OCsCe | HsCiCs | HaCiCs; | ClOCs | Cs5C¢Hg | OCIH;z | CsOHig
Vacuum 120.68 122.09 110.29 110.84 125.48 108.91 1.73 126.73
Angles (°) 0C2Cy | OCyCs | HgCyCy | HeC4Cp | ClOC; | C2C3Hs | OCIH;z | CpOHio
Kr 120.61 122.09 110.39 110.71 126.85 108.89 0.31 126.86
Xe 120.59 122.09 110.42 110.68 127.08 108.89 0.08 127.07

equilibrium electronic energy of the complex, the hy-
drogen bond energies of these complexes in vacuum,
Kr, and Xe are —06.73, —6.84, and —6.86 kcal/mol, re-
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spectively. We also note that the harmonic frequen-
cies obtained in the space of normal coordinates and
assigned to the H-Cl stretching mode are 2545, 2474,
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Fig. 2. AIM analysis of the (CH3)2CO---HCI complex in vacuum (a) and in the solution (b). Yellow dots represent
bonds critical points

Table 2. Results of AIM analysis: p — electron density; VZp — Laplacian of electron density;
G(r) — kinetic energy density; V(r) — potential energy density; H(r) — sum of electron density;

Eint. — intermolecular interaction energy (kcal/mol)

Complex Environment Hydrogen P Vip G(r) Vi(r) H(r) Eint.
bond (a.u) (a.u) (a.u) (a.u) (a.u) (kcal/mol)
(CH3)2CO---HCI Vacuum O10---Hi2 0.035 0.108 0.0268 -0.0265 0.0003 -8.31
Kr O1---Hio 0.039 0.115 0.0297 —-0.0306 -0.0009 -9.6
Xe 0.040 0.117 0.0305 -0.0318 -0.0013 -9.97

and 2450 cm~! for the above complexes. Judging
from these results, one might conclude that the H-
bonds in these compounds are very similar [26]. Ho-
wever, as will be shown below, there are significant
distinctions between these systems.

3.2. Topological analyses

AIM is performed to find out all interactions, both
intramolecular and intermolecular ones (such as the
van der Waals interactions and H-bonding) [27]. The
AIM analysis is based on bond critical points (BCPs)
like electron density (p), Laplacian of electron den-
sity (V2p), and total electron density, which evaluate
the bond nature and type. Electron density (p) deter-
mines the strength of bond, whereas the kinetic en-
ergy density, Laplacian (V2p), the total electron en-
ergy density H, and the potential energy density ex-
plain the bond nature. For covalent bonds, the value
of the electron density is greater than 0.1 a.u. with a
large but negative Laplacian.

Both recent and earlier studies have demonstrated
the effectiveness of the AIM technique in examining
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hydrogen bonding. However, determining the type of
covalent interaction requires knowledge of the local
electron energy density at the bond critical point
(BCP). The nature of the interaction can be char-
acterized using the Laplacian function of the electron
density at the hydrogen bond critical point (Hpcp),
denoted as V?ppcp.

Figure 2 presents molecular diagrams of the com-
plexes considered in this study. According to the cal-
culations (see Table 2), the ppcp value for the O---H
interaction in vacuum is 0.035 a.u., with a corre-
sponding V2ppcp value of 0.108 a.u. When kryp-
ton is used as a solvent, these values increase to
0.039 a.u. and 0.115 a.u., respectively. In the pres-
ence of xenon, they further rise to 0.040 a.u. and
0.117 a.u. These values align with commonly ac-
cepted ranges for hydrogen bonding, indicating a par-
tially covalent nature.

Table 2 also reveals that hydrogen bonds are pre-
served in all structures, as indicated by the near-zero
ellipticity values for O---H interactions. This not only
confirms the presence of the hydrogen bonding, but
also provides a measure of its strength, given that
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Fig. 3. 3D colored isosurface (a) and 2D RDG graph of the acetone-HCI complex in vacuum (b)
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Fig. 4. 3D colored isosurface (a) and 2D RDG graph of the acetone-HCI complex in Kr (b)

electron density at BCP decreases exponentially with
distance.

Based on these findings, the interaction energies
(Eint) for acetone-HCI complexes are —8.31 keal /mol
in vacuum, and 9.6 and —9.97 kcal/mol in krypton
and xenon, respectively.

The Laplacian (V2p) value is positive for all
studied complexes, which indicates the presence of
noncovalent interactions between acetone and HCI
molecules. This observation is also strongly correlated
with the interaction energy analysis. These results
help us to determine the interaction energy of the
(CH3)2CO---HCI complex.

Non-covalent interaction (NCI) analysis andredu-
ced density gradient (RDG) analysis provide insight
into non-covalent interactions, present in the com-
plex, including hydrogen bonding, steric repulsions,
and van der Waals forces [27-32]. This method is
based on the first derivative of the electron density
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(p) and the second eigenvalue of the Hessian matrix,
which is why it is referred to as RDG analysis. Fi-
gures 3-5 present the results of the NCI analysis,
including 3D isodensity plot and 2D RDG represen-
tation. Here strong electrostatic interactions (hydro-
gen bonds) are represented by blue color, repulsion
forces are indicated by red color, and weak inter-
actions (van der Waals interactions) are shown by
green color.

The 2D RDG graph plots the reduced density gra-
dient (RDG) on the z-axis and A2(p) on the y-axis. In
this representation, the sign of Ay(p) indicates the
nature of the interaction, while p provides infor-
mation about the bond strength. When A2(p) > 0,
the van der Waals interactions dominate, whereas
A2(p) > 0 indicates steric repulsions. In the 3D vi-
sualization, different colors correspond to A2(p) val-
ues: red patches (Az2(p) > 0) represent steric repul-
sions, green patches (A2(p) ~ —0.02) indicate hydro-
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Fig. 5. 3D colored isosurface (a) and 2D RDG graph of the acetone-HCI complex in Xe (b)

Table 3. Spectral parameters of (CH3)2CO---HCI complexes in cryo-solutions

Q(C=0) aly, (HCH) Q= (C-C) vHCI
Vibration Calculated Calculated Calculated Calculated
Exper. Exper. Exper. Exper.
Vh Vanh Vh Vanh Vh Vanh Vh Vanh

Gas 1742 1785 1761 1364 1385 1357 1218 1232 1200 2886 2927 | 2880
Free molecule

Kr 1727 1775 1747 1368 1384 1352 1223 1233 1198 2861 2921 2875

Xe 1724 1772 1758 1372 1384 1351 1227 1233 1198 2848 2919 2873
Complex

Kr 1713 1742 1706 1376 1389 1382 1238 1250 1221 2470 2476 2293

Xe 1710 1738 1702 1381 1389 1352 1241 1252 1215 2480 2448 2252

gen bonding and the weak van der Waals interactions,
and blue patches (A2(p) < —0.02) signify strong elec-
trostatic interactions.

For all studied compounds, blue regions appear,
confirming the presence of hydrogen bonding be-
tween HCI and acetone in the (CH3)2CO---HCI com-
plex. The 3D color map also highlights noncovalent
dispersive forces within this complex (Fig. 3). RDG
graphs further reveal that the intermolecular interac-
tion energy (Fint) of the (CHs)2CO---HCl complex
is stronger in krypton and xenon solvents than in
vacuum (or gas phase). Additionally, the presence of
more green patches between HCl and acetone in the
complex suggests enhanced hydrogen bonding.

The NCI analysis of enantiomeric amino acid com-
plexes reveals two key trends. First, it confirms the
strong interactions between HCl and acetone in
(CH3)2CO---HCl. Second, increasing the size of the
C=0 group enhances acetone’s selectivity and affin-
ity due to the expanded carbonyl region.
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It can be seen from the RGD graphs that
the intermolecular interaction energy (FEi,:) of the
(CH3)2CO---HCI1 complex is stronger in solvent Kr
and Xe than in the gas state. In the case of the
(CH;3)2CO---HCI complex, more green patches were
present between the HC] molecule and the acetone.

3.3. Experimental vibrational
frequencies analysis

For relatively simple carbonyl-containing acceptors,
numerous complexes with periodically varying in-
teraction energies can be formed. IR absorption
spectra of the (CHj3)2CO--HCl complex and free
(CH3)2CO molecules in Kr and Xe solutions were
registered. Table 3 presents the spectral properties of
acetone bands that undergo noticeable shifts during
hydrogen bond formation.

Compared to the gas phase, many bands exhibit
low-frequency shifts in cryogenic solutions. Notab-
ly, the Q(C=0) band shifts by 15 cm~! in Kr and

ISSN 2071-0186. Ukr. J. Phys. 2025. Vol. 70, No. 6
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Fig. 6. IR spectra of (CH3)2CO---HCI complex in the re-

gion of ¥HCI band in inert solvents (concentration (5 + 8)x
x1075 mol/1): I — in Kr at 160 K (blue line), 2 — in Xe at
170 K (red line)

18 cm~! in Xe, with an accompanying half-width
increase from 6 to 8 cm™! in Xe. Additional low-
frequency shifts are observed for q-(CH), q(CH), and
q+(CH) bands, with maximum shifts reaching 15
em~! in Xe. Conversely, the a+(HCH) and Q(C-C)
bands shift to higher frequencies by 4-5 cm™! in Kr
and 89 cm™! in Xe.

Most proton donor and acceptor bands shift upon
hydrogen bond formation. As expected for a hydro-
gen bond of this strength, the vHCI band undergoes a
significant low-frequency shift, increased integral in-
tensity, and a notable half-width expansion, distin-
guishing it from weaker complexes (Fig. 6) [33].

The primary objective of our computations was to
characterize the experimental spectra in the v(H-Cl)
band area. Vibrational frequencies were calculated in
harmonic and anharmonic approximations. It was ob-
served that the v(H-Cl) and v(C=0) anharmonic
frequencies of HCl and (CH3)2CO molecules in the
free state are closer to the vibrational frequencies ob-
tained in the experiment (Table 3).

Figure 6 presents experimentally registered IR
spectra of (CHs)2CO---HCl complex in the region
of YHCI band in Kr and Xe solutions. It is seen
that the band v(H-Cl) of the complex in Kr solu-
tion is observed at 2470 cm ™!, while the correspond-
ing vibrational frequency of the HCl molecule in the
monomer state is vo(H-Cl)= 2861 & 2 cm~!. Due
to the intermolecular interaction, the vibrational
frequency of vHCI in the complex is shifted to-
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Fig. 7. IR spectra of (CH3)2CO molecule and (CH3)2CO---HCl
complex in Kr solution at different temperatures in the region
of Q(C=0) band (a) and ach, (HCH) vibration (b)

wards lower frequencies by Av = 391 cm™!. In
both Kr and Xe, the band of the complexly struc-
tured HCl complex is recorded around 2500 cm™';
and a half-width of the band is approximately 250—
300 cm~!. The reason for the increased half-width of
this band remains unresolved. In the Ar matrix, the
complex’s band is recorded at 2392 cm~! [34]. Al-
though the relative intensity of the side maxima dif-
fers, the (CHj3)2CO---HCI complex exhibits a quali-
tatively similar pattern in both solutions. The most
likely explanation for the side maxima is the coupling
of vibrations with low-frequency stretching vibrations
of the H-bond.

In solutions with Kr and Xe, a discrete shift and
redistribution of the intensity on the acetone bands
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is clearly recorded, both for the C=0 vibration, di-
rectly involved in the formation of the hydrogen bond,
and for the vibrations of the C-C and CHjs groups.
Figure 7, a shows the Q(C=0) band of the free
(CH3)2CO molecule and (CH3)2CO---HCI complex in
Kr. For the free acetone molecule the band maximum
is observed at 1727 cm™!, for the complex it shifts
to the low-frequency side to 1713 cm™!; while the
half-width of the band remains practically unchanged
(Avyp ~ 6 em ™).

The acn,(HCH) band of the complex appears
on the high-frequency side of the monomer band
(Fig. 7, b) and shows no significant change in half-
width. Although this group is not directly involved
in hydrogen bond formation, its perturbation — ev-
idenced by a shift relative to the monomer band —
is identical to that of the C=0O group. As temper-
ature increases, the complexity of the bands also
increases. In general, a significantly greater num-
ber of band alterations can be observed in solutions
of liquefied noble gases compared to gaseous media
or other solutions. Such measurements are particu-
larly valuable for addressing vibrational challenges in
hydrogen-bonded complexes.

4. Conclusions

In this study, we investigated the structure and vibra-
tional properties of the (CH3)2CO---HCI complex us-
ing FTIR spectroscopy and density functional theory
(DFT) calculations. The experimental and theoreti-
cal results provide valuable insights into the hydrogen
bonding interactions in this system. The analysis was
conducted in different environments, including vac-
uum, krypton (Kr), and xenon (Xe) solutions, allow-
ing us to evaluate solvation effects on the structural
and spectroscopic characteristics of the complex. The
DFT calculations confirmed the formation of a stable
hydrogen bond between the carbonyl oxygen of ace-
tone and the hydrogen of HCI. The structural param-
eters obtained in vacuum and cryosolutions demon-
strated small but significant changes due to solva-
tion, with slight variations in bond lengths and an-
gles. The interaction energy values indicated an in-
crease in the hydrogen bond strength in the presence
of Kr and Xe solvents compared to the gas phase. To-
pological analyses using Atoms in Molecules (AIM)
theory and Non-Covalent Interaction (NCI) analysis
further characterized the hydrogen bond nature. The
AIM analysis confirmed the presence of a moderately
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strong hydrogen bond with partially covalent charac-
ter, as evidenced by electron density values at the
bond critical points. NCI analysis supported these
findings, showing enhanced hydrogen bonding inter-
actions in the solvent environments, with Kr and Xe
strengthening the intermolecular interactions.

Experimental vibrational frequency analysis re-
vealed noticeable shifts in the vibrational bands of
both the acetone and HCl molecules upon complex
formation. The IR spectra showed characteristic red
shifts in the v(HCI) stretching frequency, indicating
significant hydrogen bond formation. Additionally,
the shifts in the carbonyl stretching mode were con-
sistent with the computational predictions. The good
agreement between the experimental and theoretical
spectra confirms the reliability of the computational
approach used in this study.

Overall, our study provides a detailed characteri-
zation of the (CHj)2CO---HCI complex, highlighting
the influence of solvation on hydrogen bonding in-
teractions. These findings contribute to a deeper un-
derstanding of molecular interactions in hydrogen-
bonded systems, which is essential for various ap-
plications in chemistry, biochemistry, and material
sciences. Future studies could explore more complex
hydrogen-bonded networks and investigate the dy-
namic behavior of such interactions using advanced
spectroscopic techniques and molecular dynamics
simulations.
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I'. Mypodos, V. Xydorcamos

JOC/IAXKEHHA BOAHEBO-3B’A3AHOI'O
KOMIIJIEKCY (CHs3)2CO-HC1 METOJAMU
FTIR CIIEKTPOCKOIIIT TA DFT

BuBueHHST KOMIIJIEKCIB 3 BOZHEBUMH 3B’SI3KaAMHU Ma€ BHPIIIaIb-
He 3HAYEeHHS JJIs PO3YMiHHA Mi>KMOJIEKYJIAPHUX B3a€MOJIIN, AKi
BIIMBAIOTH HA MOJIEKYJISPHY CTPYKTYPY, PO3IO/IiJ €JIeKTPOH-
HOI I'yCTHHM Ta KOJIMBaJIbHI BjiacTUBOCTI. Y 1iii poboTi Mu 10-
CIIIZKYEMO KOMILIEKC aneroH-xjopucroro Boguio (CHz)2CO-
HCI 3a gonomororo indpadepsonol (I'1) dyp’e-cnekrpockonii —
Fourier transform infrared (FTIR) spectroscopy — y Kpioren-
HUX PO3YMHaX KPHUITOHY Ta KCEHOHY, & TaKOXK PO3PaxyHKO-
BEM MeToJOM Teopil dbynkmionana rycruau (density functi-

390

onal theory, DFT). Ekcnepumenrtanbui I crekrpu BusBis-
JOTh XapaKTepHi 3MillleHHsI YacTOTHU IiJ Yac yTBOPEHHS KOM-
IUIEKCY, TOAl sIK OOYMCIIIOBAJILHUM aHaji3 ma€ 3po3yMitu 3wmi-
HU TeOMETPUYHOI Ta €JIEKTPOHHOI CTPYyKTypu. Tomosioriunmit
aHasi3, BKJIOYHO 3 METOJAMH aToMiB y Mosekynax (atoms
in molecules, AIM) i HekoBasieHTHOI B3aemouii (non-covalent
interaction, NCI), miarBepKye HasiBHICTbL 1 CHJIy BOZHEBUX
3B’13KiB. JloCiiiyKeHHsI BUCBIT/IIOE BILUIMB PO3YHHHUKA Ha KO-
JIMBaJIbHI BJIACTUBOCTI Ta MiXKMOJIEKYJISIDHY B3a€EMOJIIO i I10-
Kpallly€ pO3yMiHHsSI pOJIi BOZHEBUX 3B’SI3KIB y CKJIAJHUX MOJIE-
KYJIIDHUX CHCTEMAaX.

Katwwosi caosa: kommexe (CHg)oCO-HCIL, I cnekrp,
Bomuesuii 38’a30k, FTIR cnekrpockonisa, DFT, AIM, NCI.
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