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WudpaxpacHbie cneKTpbl NOTJOMIEHHs BBICOKOro paspemenus komiuiekca HyCO--HF u ero
MOHOMEPOB 3amucaHbl B Ta3oBoil ¢aze B obnactax C=0 u C-H c momompio criekrpomerpa
Bruker HR 125 ¢ paspemennem 0.05 cm'. Ilpu KOMIUIEKCOOOPAa30BAHHH B IONOCE
pactsokenuss HF  kommiiekca acummerpuuHas ¢opma He HaOmojanack u3-3a  ciaboro
B3auMozeiicTus cBsasell mexny C=0 u C-H pactsxennsamu komiuiekca H,CO HF. KanTtoBo
XMMHUYECKHE PacueThl BHINOJHEHB! B NpuOmmkeHnn mp2//6-311++g(3df, 3pd), paccuuranst

T€OMETPUYECKHUE, JHEPTETUYECKHUE U CIIEKTPAJIbHBIE ITApaMETPhl KOMIUIEKCA.
KiroueBble cj10Ba: CIIEKTpPHI MOJIOMIEHHS, BOAOPOHAS CBSA3b, PTOPUCTBIH BOJOPOA, GOpMabACTH.

High-resolution infrared absorption spectra of the H,CO--HF complex and its monomers are
recorded in gas phase in C=0 and C—H regions by means of Bruker HR 125 spectrometer rec-
orded with a resolution of 0.05 cm™'. Upon the complexation in the HF stretching band of
complex the asymmetrical shape was not observed due to weak interaction between C=0 and
C—H stretching of the HyCO-+HF complex. Quantum-chemical calculations are performed in
mp2//6-311++g(3df, 3pd) approximation and calculated geometrical, energetic, and spectral

parameters of the complex.

Keywords: absorption spectra, hydrogen bond, hydrogen fluoride, formaldehyde.

I. Introduction

Hydrogen bond (HB) is important in many
physical, chemical, and biological systems in the life,
and the hydrogen fluoride (HF) is one of strong pro-
ton donor molecule which can be used to investigate
the nature of (HB). In [1] v(HF) stretching band for-
mation mechanisms of B--HF complexes were inves-

tigated both experimentally and theoretically in detail.

Recently, anharmonic calculations were carried out
on the relevant complexes [2]. In [3] for
(H,CO),--HF and H,CO---(HF), trimers the accurate
spectral parameters were presented through very high
level of quantum chemical calculations. The optimal
geometry and harmonic spectral parameters and
energetic evaluations of the H,CO--HF complexes
were presented in [4]. Formaldehyde dimer (CH,0),
has been investigated both experimentally and

theoretically by THz spectroscopic and CCSD(T)-

F12/aug-cc-pV5Z and MP2/aug-cc-pVQZ quantum-
chemical calculations in [5]. In this work dissociation
energy of the dimer estimated as Dy=13.8 kJ-mol™
for the global potential energy minimum. Anharmon-
ic calculations using in mp2/6311++G(3df, 3pd) ap-
proximation and low temperature matrix-isolation
experimental studies were carried in [6]. For the
CH;CN--HF complex both experimental and compu-
tational results are shown in our paper [7]. In [8]
spectral and geometrical parameters of the [F(HF),]
and [F(DF),] complexes were calculated by using the
mp2 theory and multi-dimensional variation methods.
Anharmonic calculations play an important role in
investigation hydrogen bonded molecular complexes
due to well agreement with the experimental results.
Therefore, recently numerous works were devoted to
solving anharmonic multi-dimensional problems by
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the help Schrodinger equations with the variational
methods [9-11]. In [12] authors performed fully au-
tomated code for the establishment of interatomic
force constants and for the identification of rotation-
vibrational parameters of some HB molecular com-
plexes. The results are significantly important to ana-
lyze internal dynamics, to recognize spectral manife-
station of molecular complexes, and to distinguish
overlapping spectral lines of noncovalent bonded mo-
lecular complexes.

In this work, H,CO---HF complex and monomers
are studied by the help FTIR spectroscopy in gas
phase and quantum-chemical calculations. The results
obtained were coincidence with the reliable litera-
tures.

II. Experimental and computational methods

The high-resolution absorption spectra of the
H,CO--HF complex and H,CO monomer recorded by
the help Bruker 125 HR spectrometer at resolution of
0.05 cm ™' in gas phase. The formaldehyde was trans-
ferred from the powder to the gas phase by the phase
changer vacuum equipment. The vacuum atmosphere
was created inside of cavity cell, and the samples
were placed into stainless steel cavity according to
the law of real gases. The stainless-steel cavity was
20 cm in length with sapphire and ZnSe windows.
Total pressure of the mixture was about 20—100 Torr.

Quantum-chemical calculations are carried out
by the help of the latest version of GAUSSIAN 16
software [14] with mp2/6-311++G(3df, 3pd) approx-
imation.The equilibrium geometries, interaction
energies and harmonic spectral parameters of the
complexes are determined.

III. Results and discussion

Gas phase vibrational spectra of molecular com-
plexes give the extremely more information about the
rotational dynamics and complicated intermolecular
interactions. Recently, in [6] the H,CO---HF complex
and its monomers have been studied in matrix by the
help of FTIR spectroscopy. Absorption spectra in ma-
trix in the C=0 and C—H regions were analyzed in
detail. The new picks were observed near 2 v4 and v;
regions upon the complexation.

In Fig. 1 v(C=0) stretching region of the
H,CO--HF complex and H,CO molecule are shown.
In this region the respective branches of the spectra
are appeared. The yellow spectrum belongs to the
pure H,CO molecule at pressure p=0.006 kgf/cm? (c),
and the green spectrum belongs to the complex rec-

orded at p=90 Torr (b), and blue belongs to the com-
plex at 65 Torr (a); the all three spectra recorded at
resolution of 0.05 cv™'. There are no observations of
spectral changes upon the complex formation in the
band, the line intensities were increased depending on
the sample pressures. The line parameters of the band
were in good agreement with HITRAN [13] database.

Intensities of the transitions can be determined
through the following formula:

8:2.50643v|:<i|ux|f>2+<i‘uy‘f>2<i|uz|f>2}, (1)

where S is the absorption intensity of the lines

(km/mol), | is initial state, f is final state, v is the fre-
2

quency (cm™"), <i|px| f>2 , <i‘uy‘ f> , <i|pz| f>2 are

the dipole moment components (in D). Also, herein

the line intensities of the band are increase when in-

creases the pressure from 65 to 95 Torr, respectively.

All the spectral features are related to the H-F,
C=0, and C—H stretches and the HF librational vibra-
tions in the H,CO---HF complex. In contrast with stu-
died complexes in [1], in this work the v(HF) region
of complicated spectral features are not observed
upon the complex formation. Due to following rea-
sons the complicated spectral patterns were not ob-
served. Firstly, C=0 and HF stretching vibrations are
weakly interacting mutually in the complex. Secondly,
mechanical anharmonic constant of the HF molecule
is sufficiently large and equals to 85 cm™'. Thirdly,
H,CO molecule keeps the inclination to the condition
and by the help unique spectroscopic techniques.

In Fig. 2 v(C—H) stretching region of the
H,CO---HF complex and polymerization in the case
of extremely low concentrations are shown. There-
fore, we are not considering the focus on v(HF) re-
gion of the complex. It requires further experimental
investigations at a convenient HCO molecule. The
yellow spectrum (c) belongs to the pure H,CO mole-
cule at pressure p=0.006 kgf/cm?, and green (b) be-
longs to the complex which are recorded at p =
90 Torr, and at blue (a) belongs to the complex p = 65
Torr, respectively. The all spectra were recorded at
0.05 cm ™' spectral resolution.

Quantum-chemical calculations of  the
H,CO--HF complex were performed by using the
GAUSSIAN 16 software [14] in the mp2/6-
311++G(3df, 3pd) approximation with the basis set
superposition, error is taken into account. This ap-
proximation provides with very accurate information
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for the calculation of spectral parameters of molecu- The band changes (blue or red) for the frequency, and
lar complexes coincidence with experimental data. intensity changes were explained in [4] in detail.
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Figure 1. Absorption spectra of pure H,CO and HF+H,CO complex in gas phase in the v(C=0) stretching region. Yellow
— pure H,CO, p=0.006 kgf/cm?; green — HF+H,CO complex, p=90 Torr and blue — HF+H,CO complex, p=65 Torr,

resolution 0.05 cm ™.
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Figure 2. Absorption spectra of pure HyCO and HF+H,CO complex in gas phase in the v(CH) stretching region. Yellow
(¢) — pure H,CO, p=0.006 kgf/cm?; green (b) — HF+H,CO complex, p=90 Torr and blue (a) — HF+H,CO complex 65 Torr.
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The equilibrium geometry of the H,CO---HF complex
is presented in Fig. 3.

3’_‘ y’ 0502 4

Figure 3. The equilibrium geometry of H,CO---HF com-
plex calculated at mp2/6-311++g(3df, 3pd) approximation.

Selected geometrical parameters of the complex
according to optimal geometry are demonstrated in
Table 1. Upon formation of the complex, H-F stret-
ching frequency shortened by 9.89 cm™ and the C=0
stretching band of formaldehyde also shortened about
9.7 cm™'. Also, C—H stretch frequencies (blue) shifted
of about 39 cm ', and atomic distance between C and
O atoms increased. As a result of computational de-
termination the H-F frequency to be vi, 3546 cm',

and this value equals to 3573 cm ™' in experiment [13].

The frequency of HF molecule according to experi-
mental investigation equals to 3961.40 cm™. This
value shifts toward to the low energy side upon the
complex formation by about 345.6 cm™' according to
quantum chemical calculation. The all determined
geometrical and spectral parameters of the complex
are compared with the reported results in [6], and are
in good agreement with determined in [6].

Table 1. Calculated stabilization structural parameters of
the H,CO---HF complex.

Distans (A)|Monomer| Com- | Angles | Mono- | Com-
plex ) mer plex
r(H;—F) 0915 0936 ~OCH; 121.5 1213
r(C=0) 1.207 1215 /OCH, 1215 121.1
r(C-H)) 1.101 1.096 ZOH;F - 166.4
r(C-H,) 1.102  1.097 ZCOH; - 111.2
r(O---Hj) - 1.753  ZCOF - 141.4
r(O---F) - 2.649 - - -

Dipole moment of the complex calculated in
CCSD(T)6311++G(3df,3pd) approximation equals to
3.81 D. Change of geometrical parameters upon
complex formation are shown in Table 2.

Table 2. The changes of the selected geometrical parame-
ters of the complex.

Interatomic distances (A) of H,CO:--HF

Ar(C=0)  0.0057 Ar(CH;)  -0.0039
Ar(CH,)  -0.0047 Ar(HF) 0.0186

Table 3 has shown C=0 and C—H stretching fre-
quencies and intensities of the H,CO---HF complex
obtained both experimental and theory. The bending
energy of the complex equals to —32.3 kJ-mol™,
r(H-F) atomic distance in the complex equals to
0.921 A. Rotational constants (A, B, C) of the com-
plex around the equilibrium position are calculated
and equal to A=47.58, B=4.87, and C=4.46 GHz, re-
spectively.

Table 3. Selected harmonic fundamental transition fre-
quencies v (cm™') and intensities S (km'mol™") and experi-
mental results of the H,CO--*HF complex and monomers.

Assignments Harmonic Experiment
% | S % | S
C=0 stretch 1758 75 1744 61
C-H in phase stretch 3017 47 2763 42
C—H out of phase 3120 44 2882 39

I. Conclusion

In this work, H,CO-+HF complex is studied by
the help FTIR spectroscopy and quantum-chemical
calculations. High resolution absorption spectra of the
complex in C=0 and in C-H regions are analyzed. In
the C=0 and in C-H stretching regions are analyzed
in detail. Quantum chemical calculations are carried
out in Gaussian 16 softwere with mp2/6-
311++g(3df,3pd) approximation. Dipole moment cal-
culated with CCSD(T)6311++G(3df,3pd) level of
theory and it is equal to 3.81 D. The bending energy
equals to —32.3 kJ-mol™'. Spectral parameters of the
complex are determined and found a good agreement
between experimental and computational results. The
results of this work are coinciding with the results of
the rielable relevant literatures. We believe that the
results of this work can be used to better realize in-
ternal dynamics of the hydrogen bonded B--HF com-
plexes in gas phase.
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I'az ¢aszacupa H,CO--HF kommiekcan ®Dypbe
HHQPAKM3WI CHEKTPOCKONMMSCHM Ba XHcoOJam
yeyJu1apu €épaaMuia TaAKHK KHJIAII

A. AMOHOB

CamapkaHl JaBiaT yHUBEpCHTETH, MyxXaHIUCINK (u3nkacu
WHCTUTYTH, YHHBepcuteT OynbBapu, 15, 140104, Camapkann,
V36exucTon

I'as  ¢aszacuga H,CO--HF  xomruilekc Ba  yHHMHT
MoHOMepnapura terunum Oynmran C=0 Ba C—H
coxanapuaa roKopu axkpara ot 0.05 cm™ ma Bruker HR
125 cmektpomerpn ¢EpaaMpaa IOTHWIHII  CIIEKTpIapd
onmmHAN. YOy KOMIUTeKC Xocui Oynumu HaTmwkacuga HF
BaneHT teOpanum coxacuga C=0 Ba C—-H Bament
TeOpaHUIUIAPHUHT  ¥3ap0  Ky4dCH3  TabCHUPJIAIINIIN
HaTIKacuaa Mypakkald CIeKTpal rmojioca HaMoéH Oymmanu.
Yoy mp2//6311++g(3df, 3pd) nHazapusmap Oockuuuma
KBaHT-XMMHK XUCOOJauuiap amaira OUIMPWIOH Ba
KOMIUIEKCHHHT T€OMETPHK, OJHEPreTMK Ba CIEKTpal
napameTpIIapyu XUcoOJIaH M.

Kanur cy3aap: 0TI COSKTPH, BOAOPOA OoFimaHuII, GTOPIH
BOZIOPO, (hOPMAaIbICTHI.



