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Abstract—Results of investigations carried out by the oscillation spectroscopy and quantum chemistry meth-
ods (B3LYP/6-31++G(d,p)) to study composition, structure, formation energy, and relative stability of
hydrogen-bonded molecular complexes occurring in some aqueous and nonaqueous binary solutions are
summarized and analyzed. Common complex formation regularities are established for these solutions.
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1. INTRODUCTION

To study composition, structure, and properties of
stable heteroassociates (HAs) containing molecules of
two substances and formed by medium-strong hydro-
gen bonds is of fundamental and practical interest.
This allows gaining a better insight into processes of
self-organization and features of interaction of mole-
cules, estimating stability of solvated forms of neutral
and charged particles, and obtaining data on micro-
structure and equilibrium compositions of binary lig-
uids systems (BLSs). The structure of the H-bonded
molecular complexes to be found in gases and matrices
is determined by comparing vibrational spectra
obtained experimentally and calculated by the quan-
tum chemistry method. In matrices, together with the
most stable isomers, a small number of less stable ones
are sometimes found. The gas phase is characterized
by a diversity of HAs with similar compositions.

Stoichiometric ratios of molecular complexes
formed in binary solutions are determined by various
experimental methods, but it is believed that quan-
tum-chemical calculation cannot help establish their
structural characteristics, since it is performed for the
gas phase. Therefore, little is known about the struc-
ture of HAs in the liquid phase, and the data available
in the literature are often incorrect. It is only recently
that experimental-and-computational studies of the
structure, relative stability, and formation condition
for H-bonded complexes observed in aqueous and
nonaqueous binary solutions have been carried out on
the common logic basis [1—15]. The goal of this work
is to generalize the results of these studies and establish
regularities of complex formation in BLSs.

2. RESULTS AND THEIR DISCUSSION

Data on the structure and properties of HAs in the
solutions of HF in organic solvents (Solv) [1—8], sul-
furic acid in 2-pyrrolidone (Pyr) [9], and carboxylic
acids [10—14] and dimethylacetamide (DMAA) [15]
in water were obtained by determining stoichiometric
ratios of the HAs and using the method for studying
complexes in gases and matrices developed to apply to
the liquid phase. The components of the analyzed
solutions are nonelectrolytes or weak electrolytes.
Exceptions are the H,SO,—Pyr and CF;COOH—-H,0O
systems. In these systems, dissociation of molecules
is observed in particular concentration ranges, but in
this work we consider solutions with the composi-
tions at which molecules do not dissociate but com-
bine into HAs.

All investigated H-bonded complexes are found by
the oscillation spectroscopy method, i.e., their life-
time is no shorter than 10~"2 s. Quantum-chemical
calculations, which allowed the structure, formation
energy, and IR spectra of different HAs to be deter-
mined and their relative stability to be estimated, were
performed using the density functional method
(DFM) and the GAUSSIAN-09 code [16]. The con-
clusions about the composition and structure of the
H-bonded complexes in solutions are drawn, as a rule,
from the comparison of the vibrational spectra of the
solutions with the calculated spectra of HAs with dif-
ferent topology and agree with the data of the known
experiments performed using other methods. The
accuracy of the reproduction of the solution spectra in
the calculations is characterized by two parameters,
the average relative deviation of the calculated fre-
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Fig. 1. (Color online) Structure of the 1 : 1 and 4 : 1 HAs in the solutions of HF in acetonitrile (a, b), acetone (c, d), and N, N-dimethyl-

formamide (e, f).

quencies from the measured ones and the mutual
arrangement of the bands in the spectrum.!

The study of stable molecular complexes in HF—
organic solvent systems showed that HAs of three
kinds were usually found in them [1—8]. The fact that
solutions do not have such a variety of complexes as
the gas phase made it possible to determine the struc-
ture of those of them for which molar ratios of compo-
nents are exactly known. This was done for the first
time with the HF—acetonitrile BLS [1]. Heteroassociates
with the stoichiometric ratios 1 : 1, 4 : 1, and =10 : 1
(hereinafter referred toas 1 : 1 HA, 4 : 1 HA, etc.) are
formed in it. For each of these complexes, the range of
concentrations at which it is observed in the solution and
the positions of the HF valence vibration bands (Vi)
were determined. Optimal configurations, formation
energies (AE), and IR spectra of 19 mHF - nCH;CN
HAs (m = 1-6, n = 1-2) were calculated by the DFM
(B3LYP/6-31++G(d,p)), and their relative stability
and structure were investigated. It was inferred from
the comparison of the calculated and experimental
results that the 1 : 1 HA (AE = 30.4 kcal/mol) and 4 : 1
HA (A E = 46.4 kcal/mol) are stable cyclic complexes
2HF - 2CH,CN (with alternating molecules) and

4HF - CH5CN (Figs. la and 1b, respectively).

Similarly, another four HF—Solv BLSs (Solv =
(C,H;5),0, (CH3),NCOH, (CH;),CO, and (C,H5),CO)
were investigated [2—5]. The first of them is also a
cyclic 2HF - 2Solv HA with alternating molecules, and
the second is a three-cycle 8HF-2Solv complex
formed on the basis of the first by adding two 3HF

! This parameter was estimated by taking the frequency interval A,
into which all analyzed vibration bands fall, as 100%, expressing
in percent the distances (v; — v;) between all neighbor pairs of
bands, and calculating the average deviation of the calculated
(v; — v;)/A from the experimental ones.
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fragments (see, for example, Figs. 1c—1f). The struc-
ture of this complex can be described in another way:
it consists of two 4 : 1 HAs linked by two H bonds. The
real composition of the second complex probably
depends on the proton affinity (PA) of the Solv mole-
cule. Comparison of the PA of the CH;CN molecule
(193 kcal/mol) and of the molecules of the other four
solvents (202—218 kcal/mol) suggests that the thresh-
old PA value, beginning with which 4:1 HAs are com-
bined into double-composition complexes, is about
195—200 kcal/mol.

In the IR spectra of the solutions containing the
2HF-2Solv and 8HF-2Solv HAs, there are wide
intense vibration bands vyr Integral intensities and
positions of peaks of these bands can be found by
decomposing the spectrum into the Lorentz functions
and Gauss functions, respectively (Fig. 2). The values
of two frequencies vyp are much smaller than in the

spectrum of liquid hydrogen fluoride (~3390 cm™}),
which indicates high strength of hydrogen bonds in the
complexes. The strongest interaction is between the
HF and Solv molecules in the SHF - 2Solv HA: it leads
to a decrease in the corresponding frequency vyp by
~1550 cm~!. The conclusion about strong hydrogen
bonds in mHF-nSolv complexes also follows from the
calculations: the formation energiesof 1 : 1 HAand 4 : 1
HA are 32.8—39.2 kcal/mol and 86.4—120.0 kcal/mol,
respectively.

The analysis of the IR spectra of the HF—Solv BLS
showed that each of the observed HAs was formed in
solutions with a wide range of molar ratios of compo-
nents and that complexes of three kinds coexisted in
some concentration ranges. This fact served as a basis
for the study of equilibrium compositions of HF—Solv
solutions. It was carried out using experimental data for
three systems containing molecules of acetone, diethyl
ketone, and N, N-dimethylformamide (DMFA) [6—S8].
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Fig. 2. Infrared spectrum of the HF—(C,H5),CO solution with 4 : 1 HAs decomposed into the Lorentz functions (a) and Gauss
functions (b): the experimental spectrum (/), absorption bands of the HF molecules (2) incorporated in HAs, total absorption of
vibrations Vg (3), and the spectrum that is a sum of functions into which decomposition was performed (4).
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Fig. 3. (Color online) (a) Concentration changes in fractions of organic solvent molecules, free or incorporated inthe 1:1,4: 1,
and 12 : 1 HAs. (b) Calculated dependences of the fractions of the HF—Solv solution molecules (0.(HF—Solv)) in different states

on the molar fraction of HF (ou(HF)).

In the IR spectra of these molecules, there is a car-
bonyl group vibration band (vg), whose frequency
and intensity can be measured as the molecule stops

being “free”? and becomes part of any HA. Concen-
tration dependences of the fractions of free solvent mol-
ecules and those incorporatedinthe 1:1,4:1,12: 1 HAs
were obtained for each system in two independent
ways, from the analysis of the IR spectra (Fig. 3a, sym-
bols) and from the calculations of the material balance
(Fig. 3a, lines). The results of all three experiments are
in good agreement. In addition, they agree well with
the data obtained from the calculation of the material
balance up to the solution component ratio 6 : 1. Con-
sequently, it is possible to experimentally determine
the equilibrium composition of a solution in this wide
range of concentrations.

2 By “free” are meant all Solv and HF molecules that occur in the
solution but are not part of an HA, irrespective of what intermo-
lecular interactions they participate in.
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From the dependence of the fraction of the HF—
Solv solution molecules, free and incorporated in var-
ious complexes, on the HF mole fraction (Fig. 3b) it is
evident that, beginning with the equimolar solution, at
least 90% of the molecules are incorporated in HAs.
Interestingly, in solutions with the maximum concen-
tration of complexes of one kind ~80% of molecules
add to these complexes, ~10% of molecules add to
complexes with the “neighbor” ratio, and ~10% mol-
ecules add to complexes with the second “neighbor”
ratio or remain free. It follows from the above data that
equilibrium compositions of solutions in which com-
plexes with identical stoichiometry form are described
by a unified set of concentration dependences. Conse-
quently, they will apply to all HF—Solv systems in
which the structure of the Solv molecules does not
prevent formationof 1: 1,4 : 1, and 12 : 1 HAs. These
dependences are universal and valid for any binary
solutions containing complexes with the stoichiomet-
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Fig. 4. (Color online) Structure of the complexes H,SOy - Pyr (a), 2H,SOy - 2Pyr (b), and H,SOy4 - 2Pyr (c).

ric ratios mentioned, since the results of the material
balance calculations do not depend on the nature of
the molecules.

On the basis of the joint analysis of the results [1—8],
a number of regularities common for BLS HF—Solv
BLSs were established. In these systems, stable molec-
ular complexes mHF - nSolv with three stoichiomet-
ric ratios are usually observed. Each of them is most
stable in the series of isomers, has a cyclic or polycyclic
structure, contains unstrained H-bonds, and occurs in
a solution in a wide range of concentrations. The first
to appear (when the acid concentration increases), if
the structure of the Solv molecule does not interfere,
is the 2HF - 2SolvHA with the alternating HF and
Solv molecules. The second, depending on the proton
affinity value of the Solv molecule, is either the
4HF - Solv complex or the 8HF -2Solv complex
formed by addition of two chains of three HF mole-
cules to the 2HF - 2Solv HA. The structure of the sec-
ond complex naturally arises from the structure of the
first one. The third HA is most often 12HF - Solv.
Equilibrium compositions of solutions in which HAs
with identical stoichiometric ratios form are described
by a unified set of concentration dependences. In
solutions with the highest concentrations of com-
plexes of one kind only ~80% of molecules are com-
bined into these complexes. Half the rest of the mole-
cules are in the HAs with the “neighbor” ratio, and the
other half are free or in the HAs with the second
“neighbor” ratio.

A rare situation is observed in the sulfuric acid—
2-pyrrolidone (Pyr) binary system. Analysis of IR
spectra showed that two different complexes with the
stoichiometric ratio 1 : 1 coexisted in the equimolar
H,SO,—Pyr solution [9]. The concentration of one of
them decreased with increasing acid concentration,
while the concentration of the other increased. Calcu-
lations revealed that it was a quasi-ion pair with
incomplete transfer of a proton to the base molecule
SO,(OH)O---H---O=C(CH,);NH and its dimer
(Figs. 4a and 4b, respectively). The first of these com-
plexes forms predominantly in solutions with the
excess acid; the second, in solutions with the excess
base. According to the calculations, all HAs observed
in the experiment have a cyclic or polycyclic structure,
contain unstrained H-bonds (Fig. 4), and are found
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and coexist in wide concentration ranges. Two of them,
H,SO, - Pyr (AE = 20.4 kcal/mol) and H,SO, - 2Pyr
(A E = 39.0 kcal/mol), are the most stable in the series
of isomers, and the 2H,SO, - 2Pyr complex (AE =
57.2 kcal/mol) results from the interaction of two
H,SO, - Pyr HAs (it stems from the feature of the
given BLS, namely, two OH groups in the H,SO, mol-
ecule). When the molar ratio of the solution compo-
nents changes, the structure of the next appearing
complex naturally arises from the structure of the pre-
vious one. The presented facts allow a conclusion that
regularities of complex formation in the H,SO,—Pyr
system are the same as in the HF—Solv systems.

The study of the hydration features of the mole-
cules and anions of three carboxylic acids, trifluoro-
acetic, tribromoacetic, and acetic, has shown that the
same regularities are valid for aqueous solutions con-
taining not only hydrates of molecules but also
hydrates of anions of these acids (they are present in
aqueous solutions of the corresponding sodium salts)
[10—13]. Let us consider two systems as examples.

In the CF;COOH—H,0 BLS, hydrates of thriflu-
oroacetic molecules with the stoichiometric ratios 1 : 1
and 1 : 2 are found by the oscillation spectroscopy
method [10]. According to the quantum-chemical cal-
culations, the most stable among 1 : 1 HAs are two
cyclic complexes 2CF;COOH - 2H,0. In one of them,
the acid and water molecules are arranged two in a row
(AE = 36.8 kcal/mol), and in the other they are
arranged alternately (A E'= 36.7 kcal/mol) [11]. As fol-
lows from the analysis of the optical densities of the
angle vibrations of the COH molecules of CF;COOH,
HAs with pairwise arranged CF;COOH and H,O
molecules form in the solutions (Fig. 5a). These
hydrates occur in the CF;COOH—H,0 system in a
wide range of concentrations from 100% CF;COOH
to the CF;COOH : H,O ratio of 1 : 2. The most stable
1:2 HA (AE = 25.2 kcal/mol) also has a cyclic struc-
ture (Fig. 5b).

In the investigations of aqueous solutions of acetic
acid [13], the results of the quantum-chemical calcu-
lations were compared to a limited set of experimental
data: Raman light scattering spectra of diluted
CH;COOH—-H,0 and NaCH;CO,—H,0O solutions

and dependences of the rates of the spin—Ilattice relax-
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Fig. 6. (Color online) Structure of the hydrates of CH;COOH - 2H,0 molecules (a), CH3COOH - 8H,0 molecules (b),
CH;CO; - 2H,0 anions (c), CH3CO; - 6H,0 anions (d), and CH;CO; - 16H,0 anions (e).

ation of the *H nuclei in the NaCH;CO,—H,0 solu-
tions. Therefore, the data on the structure of the
hydrates of the CH;COOH - nH,0 molecules and the

hydrates of the CH,CO, - nH,O anions are not as com-
plete and strictly established as in the above cases. How-
ever, they are rather interesting: with the excess of water,
there are two stable complexes, CH;COOH - 2H,0 and
CH;COOH - 8H,0, in the CH;COOH—-H,O solu-
tions (Figs. 6a, 6b), and three HAs, CH,CO, - 2H,0,
CH,CO, -6H,0, and CH;CO, -16H,0, in the
NaCH;CO,—H,0 solutions (Figs. 6c—6e¢). The study
of the structure of these cyclic and bulk hydrates
revealed another regularity: HAs with the maximal
molecular packing density among the complexes with
similar » form in the solutions.

On the basis of the assumption that the complex
formation regularities in question are also valid for the

PHYSICS OF WAVE PHENOMENA  Vol. 28

HCOOH—-H,0 BLS, an objective was set in [14] to
determine the equilibrium composition of aqueous
solutions of formic acid in the entire range of concen-
trations using only the quantum-chemical calcula-
tions. It was found from the study of the structure and
properties of 43 cyclic and polycyclic HAs that in the
HCOOH—-H,O0 system there are three concentration-
structural zones. The first is with the main structural
fragment 2HCOOH - 2H,0, in which HCOOH and
H,0 molecules alternate (Fig. 7a), the third is with the

main structural fragment HCOOH - 2H,0 (Fig. 7b),
and the second zone is with both these complexes.
With the excess of acid or water, all hydrates most sta-
ble in the series of isomers (except 2: 1 and 1 : 3 HAs,
which do not arise in the solution) are polycyclic sol-
vates of one of the main fragments (see, for example
Figs. 7c, 7d). The conclusions drawn from the calcu-

No.2 2020



STRUCTURE AND REGULARITIES OF FORMATION 173

Fig. 7. (Color online) Structure of the 2HCOOH - 2H,0 complex (a), HCOOH - 2H,0 complex (b), and their simplest solvates

in solutions with excess acid (c) and excess water (d).

lations were supported by the results of a specially con-
ducted experiment.

From the IR spectra of aqueous dimethylacet-
amide (DMAA) solutions, it follows that hydrates with
four stoichiometric ratios 2:1,1:1,1:2, and 1 : 4 succes-

sively appear in them [15]. The calculations showed that
they are polycyclic 2 DMAA - H,0, 4 DMAA - 4H,0,
2 DMAA - 4H,0, and 2D DMAA - 8H,0 HAs, whose

structures naturally pass into one another when there
arise “excess” DMAA or water molecules (Fig. 8). The

Table 1. Average energies of H-bonds in HAs with the known structure

Stoichiometric ratio of HAs

Binary system

4:1 2:1 1:1 1:2
HF—acetonitrile 9.3 - 7.6 -
HF—acetone 8.1 — 8.5 —
HF—diethyl ester 7.2 — 8.2 —
HF—diethyl ketone 7.5 — 8.2 —
HF—N, N-dimethylformamide 10.0 — 9.8 —
Trifluoroacetic acid—H,O — — 9.2 8.4
Tribromoacetic acid—H,O - - - 8.5
Acetic acid—H,0 — — — 7.8
Formic acid—H,0 — — 8.8 7.9
H,0—dimethylacetamide 6.1 5.8 4.9 33
Sulfuric acid—pyrrolidone — — 10.2 9.8

PHYSICS OF WAVE PHENOMENA  Vol.28 No.2
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Fig. 8. (Color online) Structure of the complexes 2DMAA - H,0 (a), 4DMAA - 4H,0 (b), 2DMAA - 4H,0 (c), and 2DMAA -

8H,O (d).

average strength of H-bonds in this series of complexes
monotonically increases from 3.3 to 6.1 kcal/mol. The

structure of the mDMAA - nH,0 hydrates and the
high cooperative interaction ability of water molecules
suggest that there are hydrophilic and hydrophobic
microregions in the DMAA—H,O solutions with the
ratios 1 : 1—1: 4.

The results obtained in [1—15] give also an idea
about relative stability of complexes observed in binary
solutions. Table 1 presents average energies of the H-
bonds, the parameter that allows comparing strengths
of HAs with different structures and different mole-
cules.

It is seen that rather stable molecular complexes with
an average H-bond energy of about 7—10 kcal/mol form
in all systems considered, except aqueous DMAA
solutions. It is worth noting that in all investigated
equimolar solutions there are 1 : 1 HAs. (There are no
corresponding data for the CBr; COOH—H,O system
because at the component ratio of 1 : 1 it is in the solid
phase and the equimolar CH;COOH—-H,0 solution
was not considered).

PHYSICS OF WAVE PHENOMENA  Vol. 28

3. CONCLUSIONS

All the investigated aqueous and nonaqueous
binary solutions in which the structure and properties
of HAs were determined, on the one hand, have their
own features stemming from the specificity of mole-
cules and, on the other hand, obey the following com-
mon regularities:

—In BLSs there are stable (lifetime >10-'25)
H-bonded molecular complexes with several stoichio-
metric ratios, one of which is 1 : 1 HA.

—These complexes are most stable in the series of
isomers and have a cyclic or polycyclic structure,
unstrained H-bonds, and the highest packing density
of molecules among the HAs with a similar number of
molecules in the solvate shell.

—When the concentration of the solution changes,
the structure of the next complex appearing in it natu-
rally arises from the structure of the previous one.

—Each HA occurs in the solution in a wide range
of molar ratios of component, and in some concentra-
tion intervals there coexist 2—3 HAs.

—Equilibrium compositions of solutions in which
complexes with identical stoichiometry form are

No.2 2020
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described by a unified set of concentration depen-
dences.
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