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1. Introduction

It is generally known that the medium effects play a
considerable and, in many cases, decisive role in chemi-
cal processes. Hence, solvation and complexation in lig-
uids have been extensively studied. This provided im-
proved insight into these phenomena and progress in in-
vestigation of structural self-organization. At the same
time, it should be noted that different experimental
methods often give contradictory results, whereas theo-
ries generally deal with idealized simple liquids and infi-
nitely dilute solutions. Many questions remain unclear
for real systems (complex molecules, specific interactions,
high concentrations, efc.). This is associated primarily
with the importance of multiparticle correlations in lig-
uids and the lack of adequate theories of the liquid state

because of the difficulties in taking into account these
correlations. Computer simulation methods for liquids,
which have been extensively developed in recent years,
hold considerable promise. However, these methods are
far from being perfect because investigations are performed
for a relatively small number of particles and are based on
controversial assumptions. A versatile approach to the
problem involving various experimental methods and
computer simulation based on modern theoretical con-
cepts is very promising for studying the specific features of
liquids, effects of self-organization of its particles to form
labile supramolecular structures, and their influence on
chemical processes.

The chemical shifts, relaxation times, and line shapes
in NMR spectroscopy are sensitive to intermolecular in-
teractions although, like data from most other methods,
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give information averaged over different states. The vig-
orous development of NMR spectroscopy in the last de-
cades, on the one hand, and achievements in computer
simulation of liquids, on the other hand, open new possi-
bilities for studies of the liquid state by NMR methods. In
some cases, information on the compositions and struc-
tures of labile supramolecular systems can be extracted
from high-precision measurements of concentration and
temperature dependences of NMR parameters, and di-
rect data on the lifetimes of solvated protons in liquids
can be obtained from the kinetics of proton exchange.

The present review summarizes the results of our in-
vestigations on the effects of structuration in associated
pure liquids, such as water, hydrazines, and mineral acids,
and electrolyte solutions in these liquids by NMR spec-
troscopic methods. Examples of the decisive influence of
self-organization on the rate and mechanism of proton
exchanges, chemical kinetics, and thermodynamics are
given.

2. H*-Catalyzed symmetric proton exchanges
in pure liquids and the supramolecular mechanism
of relay proton mobility

In recent years, interest in the mechanism of proton
migration in liquids, primarily, in water, has considerably
quickened.1=? This is associated with both the abnor-
mally high proton mobility and the importance of proton
conductivity in various fields of science, such as materials
science, physics, chemistry, and biology.1® A direct com-
parison of the times of proton jumps from the proton
conductivity and the times of molecular rotation from
spin-lattice relaxation in D,0 showed3 that the Stokes
hydrodynamic contribution is insignificant and the relay
(Grotthuss) mechanism plays the major role. This mecha-
nism was fundamentally reviewed and detailed? and was
modeled in different approaches.!4—6:8 [t appeared that39
the proton solvation complex in water taking into account
the quantum effects is more likely a versatile fluctuating
structural defect, whereas typical HyO,* and Hs0," are
only the limiting "ideal" forms, which are present along
with other species, though the latter being, apparently,
less favorable. As a results of small (by fractions of an
angstrom) migrations of "active" protons along strong hy-
drogen bonds (H bonds) in the center of the solvation
complex, the cleavage of particular H bonds, and the
formation of other H bonds at the periphery of the com-
plex, the structure of the fluctuating solvation complex is
transformed from one form into another and randomly
migrates, thus transferring the excessive H™ charge to the
adjacent sites in the solvent lattice through the so-called
"structural diffusion.”

Analysis of experimental data on the rates and activa-
tion energies (£,) of proton mobility and rotation motion
of water molecules led to the conclusion? that the dynam-

ics of H bonds in the second coordination sphere of H;O*
rather than rotation of water molecules in the vicinity of
the solvation complex (as has been assumed earlier) is the
rate-limiting step of Grotthuss mobility. This was con-
firmed by the results of computer simulation.3

It should be noted that the energy barriers of the pro-
cesses under study are low, the accuracy of experimental
data is insufficiently high, and calculations were carried
out for a small number of molecules and included some
assumptions. Hence, the progress achieved in understand-
ing the molecular mechanism of the fundamental process
of proton mobility in water need further verification and
analysis. From this point of view, it is worthwhile to com-
pare the proton mobilities in water with the data for other
H-bonded liquids and reveal the general and individual
features. In particular, it is interesting to elucidate the
role of the structure pattern of liquids and the solvation
H* complex in the migration of the H-bonded structure
of the proton solvation complex in the H-bond network
of the liquid. The most direct experimental data on the
Grotthuss contribution to the proton mobility in liquids
can be obtained by measuring the rates of proton ex-
change by NMR methods. The results of simulations
should be compared with these experimental data.

Short settled proton lifetimes in the H* solvation com-
plex (in water, ~10~12 s) are difficult to measure by NMR
spectroscopy. Under standard conditions, due to H*-cata-
lyzed fast proton exchanges, the average signal observed
from the mobile protons of OH or NH groups of liquids is
insensitive to the process rate. However, experiments with
low H' concentrations allow one to increase the settled
proton lifetime in liquid molecules to an extent that pro-
ton exchanges fall in the range of the so-called intermedi-
ate rates suitable for measurements and analysis of NMR
spectra. This necessitates laborious special methods of
purification from impurities but makes it possible to si-
multaneously extract valuable information on the mo-
lecular reorientation times from the quadrupole relax-
ation times of adjacent nuclei be measuring spectra with
exchanges slow on the NMR time scale. In addition, in
the case of slow exchanges, it becomes possible to obtain
information independently of each group for liquids con-
taining several chemically nonequivalent OH or NH
groups.

Our detailed studies!!=17 of the kinetics and the
mechanism of H"-catalyzed symmetric proton exchanges
in liquid hydrazines, self-association, and solvation of H*
in these liquids by NMR spectroscopy demonstrated14:15
that structural diffusion is the rate-limiting step of ex-
changes. This diffusion represents random migration of
the H-bonded structure of the proton solvation complex
in the liquid structure due to the H-bond rearrangement,
i.e., the Grotthuss component of the proton mobility. We
performed!® a comparative analysis of our results and
the data published in the literature, which were obtained
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predominantly by NMR spectroscopy in studies of
H™-catalyzed symmetric proton exchanges in systems with
N—H...N and O—H...O hydrogen bonds, the molecular
reorientational motion, self-association, and proton sol-
vation for a number of H-bonded pure liquids, such as
hydrazine and its methyl-substituted derivatives (our re-
sults), ammonia, methanol, and water (published data).
This allowed us to obtain new data on the molecu-
lar mechanisms of the Grotthuss proton migration in
H-bonded systems and the characteristic features of the
solvation dynamics in these systems and propose an ex-
planation for the observed differences in the rates and
anomalies in the Arrhenius plots.

In some cases, we specifically designed experimental
methods used for hydrazines. These methods were de-
scribed in detail in Refs 11—15. Fast proton exchanges,
which are generally observed in these liquids due to acid-
like impurities from the atmosphere (CO,) and from the
vessel walls, were slowed down by performing a thorough
purification!! so that they were virtually absent on the
NMR time scale. Small controlled amounts of H* (from
10=5 to 108 mol L-1) were then added to the samples
under study. The exchange rates and the quadrupole re-
laxation times of !N nuclei were obtained from the analy-
sis of the 'H NMR line shapes, and the correlation times
of rotational motion were calculated from the quadrupole
relaxation times.1%:15 Self-association of hydrazines!® and
proton solvation in these liquids!415 were studied.

2.1. Kinetics of proton exchanges and molecular reori-
entation. According to the laws of chemical kinetics, the
following equilibrium occurs in H*-catalyzed symmetric
proton exchanges in pure liquids:

k
(H+)solv + B*ass D (H+)*solv + Basss (L

where (H"),,, are the solvated protons catalyzing the
exchange, B, are molecules of the H-bonded liquid, and
k is the rate constant averaged over all varieties of proton
solvation complexes and liquid self-associates, including
monomers; the fact of the proton exchange is marked
with an asterisk. Equations (2)—(4) are valid for the rate
d[B]/dt¢ of the chemical reaction (1), the exchange rate
per molecule B 1/1p, and the exchange rate per the pro-
ton solvation complex 1/ty+. Using these equations, k
and 1/ty+ can be calculated from 1/1p, which are directly
determined in experiments.

d[B]/dr = k[B][H"] 2
1/vg = (d[B]/d)/[B] = k[H"] 3
1/ty+ = (d[B]/dr)/[H"] = k[B] 4)

The exchange rate 1/ty+ is the Grotthuss component
of the proton mobility and it is equal to the rate of struc-
tural diffusion for reactions limited by structural diffu-
sion.14 Nowadays, the leading role of structural diffusion

in reactions (1) is beyond doubt, because it was estab-
lished19—21 that the frequency of proton transfers in strong
N—H...N and O—H...O bonds is ~10!3 s~!, which is
higher than the experimental values of 1/ty+ by two—four
orders of magnitude. Therefore, the problem is reduced to
the determination of the detailed molecular mechanism
of structural diffusion by itself.

The kinetic datal8 for proton exchanges and molecu-
lar reorientational motion and the hydrogen-bond ener-
gies in self-associates for pure liquids, such as hydrazine,
monomethylhydrazine (MH), symmetrical and non-
symmetrical dimethylhydrazines (sDMH and nDMH, re-
spectively), ammonia, methanol, and water, are presented
in Fig. 1 and Table 1. It can be seen that at temperatures
above room temperature, the inverse lifetimes of an ex-
cess proton at a particular oxygen or nitrogen atom, 1/ty+,
in water, methanol, and sDMH (and also in MH after
extrapolation to this temperature range) are similar to the
inverse correlation times of reorientational motion of lig-
uid molecules 1/Tq (Teor i €quivalent to T,y 3). For
water, 1/ty+ (see Fig. 1, curve 7) are even larger than
1/%cor (curve 7). At high temperatures, 1/ty+ in metha-
nol is also larger than 1/1.,,. It should be noted that
1/ty+ for water, which were determined from proton ex-
changes,30 agree well with the data for the inverse times of
proton jumps, 1/t, (curve 7a), which were calculated from
the proton conductivity,3 taking into account than only
the jumps accompanied by changes in the proton spin
(i.e., 1/2 of the total number of protons) are observed in
NMR spectra.

The existence of two exchange modes in SDMH (above
and below 50 °C) is of particular interest. At temperatures
above 50 °C, 1/ty+ are similar to 1/1.,,, and the activa-
tion parameters are typical of diffusion-controlled pro-
cesses. At 50 °C, the Arrhenius plot has an inflection
point, and the exchange much more substantially slows
down with decreasing temperature, which is accompa-
nied by an increase in E, from 6.7 to 39.3 kJ mol~!,
whereas A, increases from 10'2 to 10'7, which indicates
that the character of solvation dynamics becomes more
complicated. Similar abnormal activation parameters were
observed in MH and methanol (see Table 1) as well as in
supercooled water? (see Fig. 1, curve 7a).

For other liquids, viz., for hydrazine, nDMH, and
ammonia, the rates 1/ty+ are lower than the correspond-
ing rates 1/1.,, by two—three orders of magnitude.
For ammonia, this fact is attributed to low A4,, E, =
9.2 kJ mol ~! being similar to E,,; = 7.5 kJ mol~!. For
hydrazines, this is associated with the fact that the activa-
tion energies are substantially higher than the activation
energies of molecular rotation (20.1 and 16.7 kJ mol~!;
cf. 11.3 and 13.4 kJ mol~! for hydrazine and nDMH,
respectively).

To understand which factors are responsible for the
rates of Grotthuss proton mobility in different liquids,
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Fig. 1. Inverse lifetimes (1/ty+, I—7) of an excess proton (rates of proton migration) and inverse correlation times of molecular
rotational motion (1/t.,, 17, 2°, 4—7°) in the Arrhenius coordinates determined in our studies for pure liquid N,H, (7, 1),
Me,NNH, (2, 2"), MeHNNH, (3), and MeHNNHMe (4, 4") (a) and published in the literature (b) for liquid ammonia (5, 5°),
methanol (6, 67), and water (7, 7a, 7", 7a”). The data for water (7a, 7a ) were published in the study.3 Other references and details are

given in Table 1 and in the text.

Table 1. Parameters? of symmetric proton exchanges, quadrupole relaxation, and molecular reorientation in liquid B for the

reaction (1)

Liquid B k Ay E, E. AEy, 1/t /14 TH+ Teorr
L mol-!s~! kJ mol-! s! ps
N2H4 1.4- 108 4.4. 1011 20_112,17,18 11_312,18 _ 1412,18 12012,18 22015,17,18 0_515,17,18
(see Refs 12, 17, 18)(see Refs 12, 17, 18)
Me,NNH, 6.4-108 5.2-101 16.712,17,18 13 412,18 10016 412,18 20012,18 12015,17,18 ( 715,17,18
(see Refs 12, 17, 18)(see Refs 12, 17, 18)
MeHNNH, 6.1-10° 1.8-1014 25.512,17,18 — 6101218 _ 8.71517,18  __
(see Refs 12, 17, 18)(see Refs 12, 17, 18)
MeHNNHMe  2.4-10%0 1.7-1017 % 39.36,12,17,18 |5 518 8.416  240012:18 34318 3 (lI517,18 () 915,17,18
(see Refs 12, 17, 18)(see Refs 12, 17, 18)
9.6- 1011 c 6.70’17’18
(see Refs 17, 18)
NH; 1.2-108 48-10° 9.222 7.523,24 12.125 1222 3123 15022 0.123
(see Ref. 22) (see Ref. 22)
MeOH 2.7-10° 2.8-101 28.026 13.2%7 20.128 12026 — 5.726 1.129
(see Ref. 26) (see Ref. 26)
H,0 1.1-1010 9.4.10!! 10.930 20.94 19.628 110030 — 1.730 2.7%9
(see Ref. 30) (see Ref. 30) 14.6¢

4 The rate constants k, the proton exchange rates 1/1, the average lifetimes of an excess proton between two jumps during structural
diffusion ty-+, the correlation times of molecular reorientation 1, and the average quadrupole relaxation rates of 1/t are given for

T =25 °C. The proton exchange rates 1/t5 = k[H*] are given for [H']
bT<50°C.

¢T>50°C.

dAt T=0°C2

e At T=40—100 °C.2°

=107 mol L.
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let us consider the data on the H-bonded structures of
these liquids and proton solvation complexes in these
liquids.

2.2. Self-association in pure liquids. The self-associa-
tion is generally studied in dilute solutions in inert sol-
vents. Unfortunately, contradictory experimental data on
the H-bond topology and energy in pure liquids were
obtained by different methods. According to the modern
concepts, the percentage of nonbonded states in liquid
water at room temperature is ~10%, and this percentage
increases to ~20% at 100 °C. In the latter case, the loose
structure of ice, although becoming fragmentary and im-
perfect, is to a large extent retained.28:31 According to
estimates obtained by different methods, the H-bond en-
ergy AEy, in water varies over a wide range (from 10.9 to
21.8 kJ mol~!),3 but this energy is generally assumed3! to
be approximately 20.9 kJ mol~!. Methanol is also a
strongly associated liquid containing long zigzag H-bond
chains with rare branchings Y (OH groups, which are not
involved in H bonds, account for several percentage).28:32
It is assumed that AEy, for methanol is slightly higher
than that for water.28 Liquid ammonia is weaker associ-
ated, and there is no generally recognized models of its
self-associates, although many models were proposed.
According to recent data,33 liquid ammonia consists of
centrosymmetric heptamers analogous to fragments of the
crystal structure. The energy difference AEy, determined
as the photodissociation energy of clusters, in which
the number of particles varies from four to eight, is
12.1 kJ mol~1.25 Based on the crystal structure, it is as-
sumed that liquid hydrazine contains chain associates,34:35
in which the H-bond energy is lower than that in water.36
We demonstrated1® that self-associates of nDMH and
sDMH in inert solvents are cyclic trimers, in which the
H-bond energy is 10.0 and 8.4 kJ mol~!, respectively.
Presumably, chain associates are also the major structures
in these pure liquids.

Certain qualitative structural characteristics of the liq-
uids in question can be obtained from the analysis of their
chemical shifts in NMR spectra. Figure 2 shows the tem-
perature dependences of the differences in the chemical
shifts in the spectra of pure liquids and monomers, which
can be approximately assumed to be equal to the chemical
shifts from H bonds. The data for hydrazines were re-
ported in our study.1® The data for ammonia,3” metha-
nol,*:38 and water3? were published in the literature. The
following values were used as the chemical shifts of the

* The internal chemical shift for the OH groups of the methanol
molecule relative to the Me group of methanol as a function of
the temperature was determined from the calibration plot of a
methanol sample used as the temperature standard in Varian
NMR spectrometers. For the chemical shifts of the Me groups
relative to Me,Si, & is 3.34 ppm. The corrections for the mag-
netic susceptibility were applied according to a procedure de-
scribed in the monograph.37

A3, ppm

5

-50 0 50 100 150 T/°C

Fig. 2. Difference in the proton chemical shifts (A8) of the N—H
or O—H groups in a pure liquid and in the corresponding mono-
mer as the function of temperature for N,H, (7), Me,NNH, (2),
MeHNNH, (NH, 3a"; NH,, 3), MeHNNHMe (4), NH; (9),
MeOH (6), and H,0 (7).

monomers (ppm relative to Me,Si): hydrazine, 2.75
(directly measured in the gas phase in our study);
nDMH, 2.74; sDMH, 2.48 (both values determined for
the maximum dilution in CCl,);1® methylhydrazine, 2.48
for NH groups and 2.74 for NH,;1® ammonia, 0.23;37
methanol, 0.898;37-38 and water, 0.839.39 It can be seen
that the liquids under consideration can be divided into
the following two groups: water and methanol, which
have rather strong O—H...O bonds, Ady, =~4—5 ppm, and
all other solvents, i.e., all hydrazines and ammonia, which
form a tight group with ASHb =~ 0.5—1.5 ppm and have
rather weak N—H...N bonds. This classification is gener-
ally accepted in the discussion of H bonds in liquids.
However, the facts that the proton chemical shifts for the
H bonds are averaged over all protons and all molecular
states and indirectly characterize the energy and the de-
gree of the involvement of the molecule in the H-bond
network of the liquid are not taken into consideration.
Hence, the temperature dependence of the total chemical
shift from H bonds per molecule (Adsy,), which is deter-
mined by multiplying A8y, from the previous plot by the
corresponding n (number of the NH or OH protons in the
molecule involved in the exchange process)

ASZHb = nASHb (5)

are given in Fig. 3.

As can be seen from Fig. 3, the water molecule con-
taining two OH groups is linked to the medium by H bonds
two times stronger than the methanol molecule contain-
ing one OH group. Hydrazine, which forms rather weak
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Adsy,, PPM

-50 0 50 100 150 T/°C

Fig. 3. Total proton chemical shift from the H bonds of the
molecule Adyy, = nAdy, for the N—H and O—H groups as the
function of temperature 7 (n is the number of protons of the
N—H or O—H groups in the liquid molecule). The numbering
of the curves is identical to that in Fig. 2 (curve 3 corresponds to
the sum of the data for the NH and NH, groups in MeHNNH,).

H bonds involving four NH groups, is similar to metha-
nol. These liquids are followed by MH and NHj. In terms
of these concepts, the H bonds in the nDMH molecule
make the smallest contribution.

The empirical relation between the chemical shifts
from the H bond A8y, (in ppm) and the corresponding
enthalpy of the H bond —AHy, (in kJ mol~!) takes the
following form:40

—AHy, = 4.64A80, + 2.05, (6)

where —AHy, are equal to AEy, (see Table 1),* ASOHb =
Adzy,/myy (M, is the average number of H bonds formed
by one molecule with the medium, which characterizes
the H-bonded structure of liquids). From this it fol-
lows that

My, = 4.64A85, /(AEy, — 2.05). %)

The plot of these parameters vs. the temperature is
given in Fig. 4. In spite of the approximate character (due
to the assumptions made), this plot is, on the whole,
consistent with the published data obtained by other meth-
ods and clearly illustrates the H-bond network and its
changes with temperature for all the liquids under consid-
eration, including hydrazines, for which direct experi-
mental data are lacking. For example, if the average num-

ber of H bonds per molecule m,, < 2 both for methanol

* For hydrazine and MH, AEy, were taken equal to the corre-
sponding values for nDMH and sDMH.

m

40

\

\.\\4 1
25
2.0 6

3
5
4

0.5 2
0 50 100

av
-50 150 T/°C

Fig. 4. Average number of H bonds formed by the molecule (m,,)
in pure liquids as the function of temperature. The numbering of
the curves is identical to that in Fig. 2 (curve 3 corresponds to
the sum of the data for the NH and NH, groups in MeHNNH,).

and nDMH, as well as for sDMH, at temperatures above
50 °C, self-associates will be predominantly linear or cy-
clic with possible rare branchings; at m,, > 2, three-di-
mensional frameworks appear (water, m,, = 3—4; hydr-
azine, m,, = 2.7—3.3; MH, m,, = 1.7—3.5; sDMH at low
temperatures, m,, = 2.2). Due to the uncertainty of the
model of self-associates, it is difficult to draw conclusions
about ammonia.

However, it should be noted that the framework in
water differs substantially from that in hydrazines. In wa-
ter, four vacancies of one molecule for the formation of
H bonds (two donor and two acceptor vacancies) origi-
nate from one center, resulting in the known loose struc-
ture. In hydrazines, vacancies are distributed between two
centers, and each center can be involved in different chain
associates, which complicates the steric requirements for
H bonding.

2.3. Proton solvation. Let us consider the data on the
compositions and structures of proton solvation complexes
in liquids. As mentioned in the Introduction, the aqueous
solvation complex has been studied in most detail. Re-
cently,4! two types of linear and cyclic structural isomers
have been found in studies of protonated methanol clus-
ters. In these isomers, like in water, the proton is either
located on one liquid molecule (cyclic complex BH* - 3B
and the linear complex BH" - 4B) or delocalized between
two liquid molecules (linear complex H"-4B and the
cyclic complex H* - 5B). It is reasonable to assume that
the proton solvation complexes in liquid methanol have
the same structures. Linear structures would be expected
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to be more favorable in liquids, because such structures
are more readily involved in the structure of liquids. The
"magic numbers" indicate that cluster ions containing the
NH," cation in the center are the major structures for
ammonia in the gas phase.4? For liquid ammonia, infor-
mation on the prevailing model of the proton solvation
complex is lacking.

We obtained data on proton solvation in hydrazines
using a method based on the detailed analysis of compre-
hensive high-precision measurements of the concentra-
tion dependences of chemical shifts!415 (this method is
described below; see Section 3). To check the correctness
of this method, the latter was also applied to aqueous
solutions.14:43

The method consists in the following. For the depen-
dences of the averaged chemical shifts on the composi-
tion for the B—HA systems (B is a base and HA is an
acid), in which the A~ anion is weakly solvated by H bonds
compared to the proton, the plots of & vs. g (g is the
generalized Gutovskii coordinate,!4 i.e., the proportion
of the protons of the acid of all the protons involved in the
exchange) are nonsmooth linear-bent curves. Singular in-
flection points, i.e., small but rather sharp changes in the
slopes in the narrow concentration ranges, correspond to
thermodynamically stable diffusion-averaged "ideal" struc-
tures of solvation H* complexes. Linear regions between
two inflection points correspond to the dynamic equilib-
rium between these two solvation forms. The "magic num-
bers" of the molar concentration ratios [B] : [HA] at the
inflection points are determined by the model of the sol-
vation complex and correspond to the completed solva-
tion structures with filled vacancies for H bonding in two
coordination spheres in H* - and/or BH"-centered solva-
tion complexes. In the concentration range, where the
number of molecules B is too small to occupy two solva-
tion spheres, models of solvation complexes, which im-
pose weaker requirements upon the number of solvating
molecules (with the inclusion in the coordination spheres
of the anions, with the filling of only the first coordina-
tion sphere, efc.).

For the H,O—HCIO, system, the first inflection point
at room temperature corresponds to the higher solvation
complex H,;0,3" in which the first and second coordina-
tion spheres about the H;O" ion are completely occu-
pied.1443 This is evidence that, under the above-men-
tioned conditions, H;O"-centered structures are more
favorable, although the situation is more complicated at
higher temperatures and concentrations, and there is evi-
dence that HsO,"-centered structures become domi-
nant.*3 These results are consistent with the modern con-
cepts presented in the beginning of this section.

For hydrazine systems containing H,SO, and HCI
as HA, the inflection points correspond to the higher sol-
vation complexes H* - 6B for both hydrazine and nDMH.
For sDMH, the higher solvation complex has the com-

position H*+4B according to the number of vacan-
cies for H bonding in two coordination spheres in the
H*-centered models. Under the experimental condi-
tions (20—100 °C for hydrazine, 64 °C for nDMH, and
74 °C for sDMH), no inflection points corresponding
to BH*-centered models of solvation complexes were
found. 1415

2.4. Grotthuss (relay) proton migration. Taking into
account the above-considered data on the structures of
H-bonded liquids and proton solvation complexes and
based on the recent concepts developed for water, let us
consider the probable molecular mechanism of Grotthuss
proton migration in liquids.

Based on the concepts for water, it can be suggested
that the Grotthuss proton migration in all the liquids un-
der consideration (see Fig. 1, Table 1) occurs through
interconversions of the solvation structures, in which the
proton is localized at one molecule B and delocalized
between two molecules B:

(BH+)solv +Bass +=— (BH+B)solv + Bass: (®)

This process can be fast, i.e., 1/ty+ = 1/14, only if the
energy difference between these solvation complexes
is small. For water, this difference was estimated’ at
2.5 kJ mol~!, the H;O%-centered solvation complex be-
ing the prevailing structure at room temperature. This is
consistent with our data.!443 In the case of a larger energy
difference, the less favorable solvation complex would be
expected to serve as a transition state, whereas the more
favorable complex will serve as a proton trap.”>8 In spite of
the complexity of the structural motifs of water and pro-
ton solvation complexes in water, simulations demon-
strated® that the H-bond network is easily rearranged.
This is, apparently, favored by the small size of the mol-
ecule, the absence of inactive regions at its surface, and
the equal numbers of the donor and acceptor centers.

In the series of the liquids under consideration, the
high Grotthuss proton mobility is observed (in addition to
water) in methanol and sDMH at temperatures above
room temperature (see Fig. 1). It can be concluded that
the energy difference between the solvation complexes
(BH"),,y and (BH*B),,, in these liquids is small. Both
liquids are characterized by similar one-dimensional chain
structures of H bond motifs in both the self-associate and
the proton solvation complex, which should facilitate
isomerization (8), because the attachment—detachment
of one molecule B is sufficient for this process.15:17:18

However, it should be taken into account that metha-
nol is strongly associated, whereas sSDMH is weakly asso-
ciated (see Figs 3 and 4 and the text above). The activa-
tion parameters of proton exchange (both E, and A4, see
Table 1) and, consequently, Grotthuss proton mobilities
in these liquids at temperatures below 50 °C have similar
abnormally high values, i.e., the proton mobility is re-
tarded with decreasing temperature much more sharply
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compared to water. In weakly associated sDMH at tem-
peratures above 50 °C, where m,, is smaller than 1.5
(i.e., where the percentage of H-bonded states is smaller
than 30% taking into account that the maximum m,, is 4),
the activation parameters of the proton exchange are simi-
lar to those typical of water. In this case, 1/tg+ is even
larger than those in water and methanol although 1/ty+
remains smaller than 1/, as opposed to these two lig-
uids.* In strongly associated methanol, the activation pa-
rameters are abnormal throughout the temperature range
under study up to the boiling point, even when 1/ty+
becomes larger than 1/1.,,,, analogously to water.

In our opinion, the abnormally sharp retardation of
structural diffusion in methanol and sDMH with decreas-
ing temperature is associated with the fact that the active
regions of molecules B become less accessible with in-
creasing degree of association of the liquid. If the amount
of monomers in liquids is small, reaction (7) occurs pre-
dominantly with the involvement of self-associates B,,
in which ordering due to H bonds and hydrophobic inter-
actions gives rise to hydrophilic and hydrophobic nano-
regions. In addition, the proton solvation complex can be
incorporated into such self-associates. This leads to diffu-
sion restrictions, resulting in the abnormally high activa-
tion parameters. In SDMH at temperatures above 50 °C,
these restrictions are apparently eliminated due to a de-
crease in the degree of association.

Let us consider another pair of liquids with similar
behavior, viz., hydrazine and nDMH, in which the ex-
change rate constants are two orders of magnitude lower
than those in water. As can be seen from Figs 3 and 4,
these liquids strongly differ in the degree of association.
Of all the hydrazines under study, nDMH is the least
associated liquid with rare chain associates, whereas hydr-
azine is, on the contrary, the most strongly associated
liquid. Two nitrogen atoms of hydrazine are involved in
different chain associates with high probability to form a
three-dimensional H-bond network. At the same time,
according to our data,!5 the prevailing proton solvation
complexes in these liquids have the same composition
and structure, viz., {2B(BH"B)2B}. The pre-exponential
factor is approximately equal to the number of collisions
in liquids (10'1),44 and the activation energy is substan-
tially higher than E, in water, which is referred to the
dynamics of H-bond cleavage in the second coordination
sphere of the proton solvation complex. These activation
parameters can correspond to isomerization (7) limited
by the transition through the barrier. According to the
concepts for water,”-8 the energetically unfavorable form
of the solvation complex can serve as the activated state.
According to our data on the structures of proton solva-

* This fact can be attributed to the larger size and the more
complex structure of the SDMH molecule (the presence of two
reaction centers).

tion complexes, the solvation complexes (BH*B),,, are
favorable for all the hydrazines under study. Apparently,
the energy difference between two types of the solvation
complexes, viz., (BH*B),,, and (BH"),,,, in hydrazine
and nDMH in the case of exchange between NH, is
substantially larger than that in sSDMH in the case
of exchange between NH. Hence, the activation energy
of proton exchanges becomes the measure of this dif-
ference.

The proton exchange rates in ammonia 1/ty+ are ap-
proximately a hundred times lower than those in water
and are approximately equal to the rates in hydrazine
and nDMH, although the temperature dependences are
sharply different. The activation energy in ammonia
(9.2 kJ mol™!) is close to E, in water (and for the high-
temperature region of SDMH), and retardation is com-
pletely due to a decrease in A, by two orders of magnitude
(see Table 1). The low energy E, indicates that the energy
of the solvation complexes (BH"), is close to that of
(BH*B),,,- Apparently, the pre-exponential factor de-
creases due to the topological difficulties of the rear-
rangement of the H-bond network in proton solvation
complexes and self-associates with complicated struc-
tures.25:33:42 These difficulties can be partly attributed to
the fact that the number of donor capabilities for the
formation of H bonds differs from the number of acceptor
capabilities, because there are three protons per lone elec-
tron pair in the ammonia molecule. In the case of isomer-
ization (7), it is these deficient lone electron pairs that are
necessary for the rearrangement of one form of the proton
solvation complex into another form.

In the series of the liquids in question, MH stands out.
For MH, the temperature dependence of 1/14+ (see Fig. 1)
looks like an extrapolation of the data for sDMH to the
low-temperature region. It seems that of three possible
exchange reactions (NH with NH, NH, with NH,, and
NH with NH,) in MH, one reaction is the major process.
This is not surprising because the exchange between NH
is approximately a hundred times faster than that be-
tween NH,, whereas the exchange between NH and NH,
does not, apparently, make a noticeable contribution due
to the energy asymmetry. This is consistent with the fact
that, although MH is more associated than sDMH (see
Figs 2—4), this occurs due to the contribution of NH,,
whereas the contribution of NH is approximately the same
in both liquids. Apparently, the symmetric H bonds be-
tween NH, like those between NH,, are more favorable
than asymmetric bonds between NH and NH, with the
result that the nearest environment of each group is formed
predominantly by the same groups, particularly, with de-
creasing temperature. Hence, the local structure in the
vicinity of NH in MH is approximately identical to that in
sDMH and, consequently, the temperature dependences
of 1/ty+ are also identical due to the identical diffusion
hindrance.
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Table 2. Supramolecular mechanism of proton exchanges and Grotthuss proton migration (BH"),,,, === (BH*B), in liquids B

Liquid B k Ay E, AHg* Mechanism of H* mobility
L mol~!s™! kJ mol~!

N,H, 1.4-108 4.4.101 20.1 = AH,, >RT (BH"B), is the proton trap,

Me,NNH, 6.4-108 5.2-1011 16.7 = AHgy, >RT (BH™),,y is the transition state

MeHNNH, 6.1-109 1.8-1014 25.5 <RT Structural diffusion of (H"),,;,

MeHNNHMe  2.4-1010 1.7-1017 39.3 <RT hindered by nanoheterogeneity

(T<50°C) of the liquid

MeHNNHMe  1.0-10'"  9.6-10'! 6.7 <RT Structural diffusion of (H),

(T > 50°C)

NH; 1.2-108 4.8-10° 9.2 <RT Structural diffusion of (H)g,, slowed down by
the complex topology of the structure of solvation
complexes (H");, and self-associates

MeOH 2.7-10° 2.8-104 28.0 <RT Structural diffusion of (H"),,,, hindered by
nanoheterogeneity of the liquid

H,0 1.1-1010 9.4-10'! 10.9 <RT Structural diffusion of (H)g,,

* AH,,, is the energy difference between solvation of (BH"),,, and (BHTH),.

Therefore, a comparative analysis of our results and
experimental data published in the literature on the ki-
netics of H*-catalyzed symmetric proton exchanges,
molecular reorientational motion, self-association, and
proton solvation for a series of H-bonded pure lig-
uids with N—H...N and O—H...O bonds taking into
account the latest results of simulation of the Grotthuss
proton mobility in water led to the revision, refinement,
and generalization of the concepts on the molecular
mechanism of these fundamental processes (Table 2). It
can be concluded that, although exchanges (and Grotthuss
mobility) in all systems with N—H...N and O—H...O
bonds occur through interconversions of two type of
solvation complexes, viz., (BH"),, and (BH"H),
i.e., through diffusion of the structural defect caused
by an excess proton in the structure of the H-bonded
liquid, this structural diffusion is the rate-determining
step only in systems, where the energy difference between
these solvation complexes is small (water, SDMH, or
methanol); otherwise, the most favorable solvation com-
plex serves as a proton trap, whereas the unfavorable com-
plex acts as the transition state. In this case, the process
slows down (hydrazine or nDMH). Structural diffusion
can also slow down because of two factors: the topologi-
cal difficulties due to the complexity of the structures
of solvation complexes (like in ammonia) or (in the case
of simple structures of solvation H" complexes present
in methanol and sDMH) diffusion hindrance due to
"nanoheterogeneity” of strongly associated liquids (for-
mation of nanosized hydrophilic and hydrophobic re-
gions). Data on the influence of the methyl substitu-
ents indicate that the Grotthuss contribution to the pro-
ton mobility in liquids can be controlled within a wide
range.

3. Supramolecular structures in electrolyte solutions
in H-bonded liquids

Detailed studies of electrolyte solutions in associated
solvents by NMR spectroscopy performed by different
authors demonstrated that some concentration and tem-
perature dependences* of the chemical shifts and the re-
laxation rates 1/7; and 1/T, are described by nonsmooth
linear-bend curves.14,15,17:43,45—49 1y some cases, the de-
pendences were characterized8 by sharp changes at spe-
cial points not only of the derivatives of NMR parameters
but also of 1/7,. There are data on the nonsmooth char-
acter of the concentration plots for other physicochemi-
cal properties, such as the conductivity,3? the density,43
and the heat of mixing.48 At special points, the composi-
tions are generally characterized by magic integer molar
concentration ratios.

These effects have attracted interest because they are
undoubtedly related to the structure of electrolyte solu-
tions at high concentrations, for which the theory re-
mains to be developed. However, these phenomena have
not gained wide recognition because the physical basics of
these phenomena remain unclear.

The occurrence of these effects and the possibility of
their study by NMR methods were unambiguously con-
firmed by the following factors: 1) large number of ex-
periments performed for different systems by different
research groups; 2) our data obtained with the use of dif-
ference derivatives; 3) identity of the results in the test
experiments using independent series of samples; 4) cor-

* For the correctness, the linearization coordinate ¢, viz., the
Gutovskii coordinate generalized for nonaqueous media (see
Ref. 14), should be used as the concentration.
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relation of the characteristic features of the concentration
dependences of the NMR parameters with the data on the
densities*? and heats of mixing.48

In our opinion, certain thermodynamically stable dif-
fusion-averaged solvation structures, which can be called
"unit cells of the liquid" by analogy with the unit cells of
crystals, correspond to the singular points in the concen-
tration plots for various physicochemical properties (in-
flection points, bent points, and extremums). Presum-
ably, in simple cases, these structures are completed and
contain filled vacancies for H bonding in either two or
only one (first) solvation shells about ions (in aqueous
solutions of perchloric acid43 and hydrazine solutions of
hydrazonium salts!4:15).

In the case of intermediate compositions, the system
in linear regions of the curves between two inflection
points is a quasi-ideal mixtures of two such structures
existing in a dynamic equilibrium.14:15:17:43.48 At inflec-
tion points, one of the structures disappears, a new struc-
ture is formed, and the equilibrium between one pair of
structures is transformed into the equilibrium between
another pair. In some cases, sharp changes not only in the
derivatives but also in the physicochemical parameters
are observed in the vicinity of the special points. These
effects are most pronounced in the N,Os—HNOj; system,
where 100% nitric acid acts as the solvent and N,Os serves
as a strong electrolyte. The pronounced narrow extremums
in the curve of the heats of mixing correspond to the
special points in the concentration plots for the chemical
shifts and 1/T, in the 70 NMR spectra.48

The available theories and computer models for elec-
trolyte solutions satisfactorily describe only dilute solu-
tions, the solvent being generally considered as a con-
tinuous structureless medium. Numerous experimental
data obtained by different methods31+52 primarily for aque-
ous systems do not rule out the existence of diffusion-
averaged prevailing structures and dynamic equilibria be-
tween pairs. However, these data are insufficiently de-
tailed and precise to find these structures.

The structures of concentrated electrolyte solutions in
H-bonded systems in nonaqueous media were poorly stud-
ied.51 However, we most clearly observed!548 these ef-
fects in such systems due, apparently, to the great role of
the molecular aspects of solvation for solvents composed
of nonspherical molecules larger than H,O. Apparently,
the modern theories of electrolytes are unsuitable for con-
centrated solutions because these theories do not ad-
equately take into account the molecular aspects of solva-
tion. Therefore, investigations of the fine features of the
concentration and temperature dependences of various
physicochemical properties, including the NMR param-
eters, should be helpful in developing adequate models.

Experimental studies of these effects are very labori-
ous and, in the absence of the corresponding theoretical
basics, cast doubt. At the same time, we successfully

used the developed model concepts in studies of the
proton mobility in liquids!® and disproportionation of
100% HC10,.53 Undoubtedly, these concepts will be use-
ful in other cases. A further progress in this very interest-
ing (in our opinion) field would be achieved by perform-
ing comparative calculations of liquid structures in the
vicinity of special points and for intermediate composi-
tions by the molecular dynamics (MD) method.

The HCIO4—H,0 system with the prevailing
[(H;0%)+3H,0]-9H,0 structure is the simplest system
characterized by a well-defined special point for the 1: 13
composition. We have studied this system in detail. Ac-
cording to our nomenclature, this is the higher proton
solvation complex. Due to rather weak H bonds with
water, the CIO4~ anion is, apparently, incorporated into
the cavities between these structures so that it has no
influence on the proton chemical shift unlike, for ex-
ample, the HNO;—H,O system, where the H bonds of
the anion complicate the situation.

The procedure used for high-precision measurements
and analysis of the results was documented in the stud-
ies;43:48:49 the data published in the studies3%54—59 were
also used.

3.1. Aqueous-acid HClIO,—H,0, HNO;—H,0, and
HCI—H,0 systems. The plots of the difference derivative
A3/Ag in the HC104,—H,O system on the composition
and temperature?3 are shown in Fig. 5, a. The corre-
sponding plots 8(g) (Fig. 6) are consistent with the earlier
data.1454 The curves for A8/Aq (see Fig. 5, a) are wave-
like. Although the specific features observed as smoothed
steps (see the inset to Fig. 5, a) are insignificant, they are
several times larger than the measurement error and are
reproduced in different series in certain concentration
and temperature ranges. The steps are most clearly seen at
140 °C for the 1 : 4 and 1 : 3 compositions, which corre-
spond to the crystal hydrates observed in the fusion dia-
gram.% The observed inflection regions are extended by
Aq = 0.02, which is larger than the smoothing of the steps
achieved by taking the difference derivative (see the inset
to Fig. 5), i.e., the true inflection regions are Ag = 0.01.
These steps are smeared out with decreasing temperature,
whereas the specific features are rather clearly observed at
10, 24, and 70 °C at low concentrations for the 1 : 13
composition. We have observed this phenomenon ear-
lier.14 According to the principle of the construction of
proton solvation complexes by filling the vacancies for
H bonds,%15 this composition corresponds to hydrate
H,,0,;* in which the first and second coordination
spheres about the H;O" ion are completely filled.

The seeming inflection region Ag = 0.01 is similar to
the smearing region due to the procedure used for taking
the difference derivative. Consequently, the true inflec-
tion region is small.

It should be noted that at 70 and 100 °C, the step
appears also in the case of the composition approximately
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Fig. 5. Composition and temperature dependences of the difference derivative of the proton chemical shifts of aqueous-acid systems
with respect to the linearization coordinate ¢ (hereinafter, ¢ = x/(2 — x), where x is the molar fraction of the acid): a, the
HC104—H,0 system at 10 (7), 24 (2), 45 (3), 70 (4), 100 (5), and 140 °C (6); the inset schematically illustrates the smearing effect for
the inflection region due to the procedure used for taking the difference derivative; b, the HNO3;—H,O system at 1 (1), 10 (2), 25 (3),

47.5 (4), and 70 °C (5).

0.04 0.08 0.12 0.16 q

Fig. 6. Dependence of the proton chemical shifts in the
HC104—H,0 system on the composition at 10 (1), 24 (2), 45 (3),
70 (4), 100 (5), and 140 °C (6); the results of the study34 ob-
tained at 65 °C are marked with a cross; the chemical shifts were
converted relative to gaseous H,O based on the data of the
study.54

equal to 1 : 30, which corresponds to a hydrate more
enriched in water. This is, apparently, due to changes in
the H-bonded structure of water and is consistent with
the concepts that the degree of hydration increases with
increasing temperature.%! Apparently, a step with the ex-
tended inflection region is observed at 10, 24, and 70 °C
for the 1 : 8 composition corresponding to the proton
hydrate H;04" containing H5O," at the center and the

filled next solvation shell, (H;0,")+6H,0. Presumably,
there are specific features also in the regions of the com-
positions from 1 : 8 to 1 : 4, but these features cannot be
detected by the available methods.

Therefore, the available data show that the chemical
shifts depend in a complex way on the composition and
temperature due to the complexity of structural rearrange-
ments in the system. From the linear-bent character of
3(q) it follows14.15:43,54 that within each linear region, the
HC10,—H,O0 system is a mixture of two thermodynami-
cally stable structural forms existing in the dynamic equi-
librium, and the chemical shifts of these forms are inde-
pendent of the composition. In dilute solutions, these are
water and a higher hydrate, then a higher hydrate and
hydrate containing a smaller amount of water, efc. It
should be noted that not all possible compositions of sol-
vation structures exist in solution with equal probability.
As in the case of proton solvation in hydrazines,!415 the
solvation complexes with the filled vacancies for H bond-
ing in the coordination spheres are favorable up to rather
high concentrations. Based on the compositions of the
hydrates, it can be concluded that both H;0"- (1 : 13)
and H;O,"-centered (1 : 8) hydrates exist in the
HC104,—H,0 system depending on the conditions, which
agrees with the small energy difference between these
forms,3? although this is inconsistent with the data®? on
the absence of H;0"-centered hydrates in aqueous acids.
The fact that completed structures are more favorable
than "incomplete" structures is, apparently, attributed to
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the geometric factors (close packing requirements). These
hydrates, being similar to the elements of the water struc-
ture, are better incorporated into water. In concentrated
solutions, the number of hydrated structures increases.

From the fact that the chemical shifts of hydrates are
independent of the composition it follows that these hy-
drates are included in the water structure in such a way
that they virtually do not disturb its H bonds, and the
H bonds between the peripheral hydrate molecules are
equivalent to the H bonds in pure water. Solutions whose
compositions are close to the inflection points consist
predominantly of one structure, and smearing of the in-
flection region in d3/dg characterizes the presence of im-
purities of other structures.

Analysis of the temperature dependence of the chemi-
cal shifts in the system under study confirms these con-
cepts. A decrease in the temperature coefficients of the
chemical shifts with increasing concentration of the acid
(Fig. 7) is associated with an increase in the percentage of
strong H bonds in the system. It is known that a decrease
in the chemical shift of the average signal for the protons
in H-bonded systems is primarily attributed to the H-bond
cleavage due to thermal motion. If the H-bond energy is
high compared to kT, the percentage of the cleaved
H bonds is insignificant, and the chemical shift weakly
depends on the temperature. Hence, it can be concluded
that the temperature coefficient is associated with rela-
tively weak H bonds between the proton hydrates in the
concentration region ¢ > 0.04, where free water is virtu-
ally absent in the system. The good agreement with the
observed values can be achieved (see Fig. 7) on the as-
sumption that the temperature coefficient for the chemi-
cal shifts of the peripheral protons in hydrates is equal to
that in neat water, and the chemical shifts of the internal
protons involved in strong H bonds are temperature inde-
pendent and by estimating dd/dT for hydrates based on
their structures (taking into account the proportion of the
peripheral protons, i.e., the protons making a contribu-

(d8/dT)-103/ppm deg™!

0.08 0.16 ¢

Fig. 7. Dependence of the temperature coefficient of the chemi-
cal shifts for aqueous solutions of perchloric acid on the compo-
sition at 10 (/) and 140 °C (2); the calculated values are repre-
sented by open circles (see the text).

Fig. 8. Schematic representation of the structures of hydrate
HyO,* (a) and water (b).

tion to the temperature coefficient, of all the protons of
the hydrate, and the ratio of protons to lone electron pairs
in the outer coordination sphere of the hydrate, which
determines the proportion of the peripheral protons ca-
pable of being involved in weak H bonds). For ex-
ample, the chemical shift estimated for hydrate HyO,"
(g = 0.111), which contains six peripheral protons and
three lone electron pairs in the outer coordination sphere,
is (6/9)-(3/6)(—1-102 ppm deg~!) = —3.3-1073
ppm deg~!, which is virtually equal to the observed value
(=3.2-1073 ppm deg™!). For hydrate H,;04™ (g = 0.059)
containing seven internal and ten peripheral protons per
eight lone electron pairs in the outer sphere, the expected
value of d8/dTis (10/17) - (8/10)(—1+10~2 ppm deg™!) =
—4.7-1073 ppm deg~!, whereas the observed value is
—5.3-1073 ppm deg~!.* Within the framework of these
assumptions, it follows that the proton hydrates are actu-
ally linked to each other by H bonds, whose characteris-
tics are similar to those in neat water. Apparently, this is
possible due to the fact that, although the H-bond lengths
in hydrates change, the tetrahedral coordination typical
of water is retained (Fig. 8).

* For the 1: 13 hydrate, this approach gives a strongly underesti-
mated value (—4.5- 1073 ppm deg~! instead of the experimental
value of —6.5-1073 ppm deg~!) because, apparently, the as-
sumption that the chemical shifts are temperature independent
is incorrect for H bonds between the first and second coordina-
tion spheres. The estimate (—6.1 - 10~3 ppm deg~!) similar to the
experimental data can be obtained with the use of the tempera-
ture coefficient for these bonds half as large as that for water.
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where #n is the number of water molecules in the higher
hydrate and Sy is the total chemical shift of the higher
hydrate relative to liquid water at the same temperature.
An increase in Sy with increasing temperature (Fig. 9,
curve 1) reflects an increase in the hydration energy of the
proton included in H bonds of the hydrate compared to
the H-bond energy of the same number of water mol-
ecules in liquid water and is associated with the relatively
larger degree of H-bond cleavage in water compared to
the hydrate. Taking into account the almost linear depen-
dence d3/dT for water (deviations from the linearity for
the temperature range under study is ~5%), the observed
dependence S5(7') can be represented as two linear re-
gions with an inflection point at ~30 °C, and the change
in the slope of dSy/dT can be attributed to the change in
the composition (and in the structure) of the higher hy-
drate. This agrees well with the appearance of a step in the
plot of d3/dq for the ~1 : 30 composition at 70 and 100 °C,
the absence of the step at 10 and 24 °C, and the interme-
diate character of the dependence of dé/dg at 45 °C.

The changes in the solution structure observed in stud-
ies of the chemical shifts would be manifested in other

Sy, ppm
3
2 1
35t
30
25|
20 60 100 T/°C

Fig. 9. Temperature dependence of the total chemical shift of
higher hydrates (Sy) (see the text) for HCIO4 (1), HNO; (2),
and HCI (3).

0.4 0.8 q

Fig. 10. Dependence of the proton chemical shifts relative to
liquid water (S) at 10 °C ([), the density (p) at 25 °C (2), and the
derivatives dS/dg (3) and dp/dq (4) on the composition of the
HC10,—H,0 system according to the results of the stud-
ies.43:54:60 The inset shows the fusion diagram.0

physicochemical properties as well. However, it should be
taken into account that different properties differ in the
sensitivity to the changes in the solution structure, and it
is necessary to have rather precise and detailed experi-
mental data. Actually, the tendency of the system to un-
dergo structural rearrangements is reflected in the fusion
diagram®® as numerous maxima corresponding to a series
of crystal hydrates with compositions 1 : 1, 1:2, 1: 2.5,
1:3,1:3.5,1:4,and 1:5.5 (see the inset to Fig. 10).
In addition, taking into account the above-described
structural changes, the change in the proton chemical
shift $* would be expected to correlate with the change in
the density p of the system under study. This was con-
firmed by the data on the densities.®? The values of p(q)
and S(g) and the derivatives dp/dg and dS/dg are pre-
sented in Fig. 10. Throughout the concentration range
from ¢ = 0 to ¢ = 1, p changes in parallel with § (see
Fig. 10). At the same time, it can be seen from the plots
for the derivatives that both plots have a complex charac-
ter, the special points not always being identical. For
example, the proton chemical shifts are independent of
the changes in the plot of dp/dg for the compositions
approximately equalto 1: 3 and 1: 2.5, which correspond
to two of numerous crystal hydrates. These discrepancies
at high concentrations are clear because, in addition to
H bonds, electrostatic interactions between ions play a
considerable role in the solution structure. At rather low
concentrations, where H bonds play the decisive role, the
specific features for the 1 : 13 composition are rather
clearly seen in both curves. We also studied the nitric
acid—water (see Fig. 5, b and Fig. 9, curve 2) and (in less
detail) hydrochloric acid—water systems (see Fig. 9,
curve 3). For the HNO;—H,0 system, a pronounced
specific feature was observed for the 1 : 16 composition

* The chemical shifts relative to liquid water are denoted by the
letter S.
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at 0 °C and several, less pronounced, features were found
at higher temperatures.

A comparison with the data for the HCIO4,—H,O sys-
tem led us to conclude that at temperatures below 30 °C,
aqueous solutions of nitric acid exist as quasi-ideal
mixtures of neat water and the solvation structures
{[(H;0")+3H,0]-9H,0}(NO;7)-3H,0 up to the 1 : 16
composition. The situation becomes more complicated
with increasing temperature due to the appearance of
structures containing a larger number of water molecules.
At temperatures below 30 °C, the proton is present as the
solvation ion H;O™ in all three aqueous acid systems un-
der study, whereas it exists as the solvation ion H;O," at
temperatures above 40 °C.

From the above, the following conclusions can be
drawn.

1. Plots of the chemical shifts of aqueous-acid systems
vs. the composition have specific features observed as
gently sloping regions and inflection points in the plots of
the derivative with respect to the linearization coordinate,
which provide information on the solution structure.

2. At temperatures below 30 °C, the higher proton
hydrate has the 1 : 13 composition and contains H;0" in
the center; at temperatures above 40 °C, the prevailing
hydrate has the composition ~1 : 30 and is H;O,"-cen-
tered.

3. Proton hydrates are linked to the environment by
H bonds, whose characteristics are similar to those in
pure water.

4. Changes in the proton chemical shifts depending
on the composition correlate with the changes in the
density.

Finally, the temperature region in the vicinity of 30 °C
is critical from the point of view of not only our data on
proton hydration but also of the data on many other prop-
erties of liquid water, in particular, the viscosity, the heat
capacity c,, the nuclear spin-lattice relaxation, erc.%3

3.2. Solutions of nitrates in nitric acid. The
N,05—HNOj system. 1t is known® that 100% nitric acid
undergoes partial self-dissociation:

~1.5 mol.%
f—%
H,O + NO,* + NO,~

P—

2 HNO,

However, the equilibrium in N,Oj5 solutions in nitric
acid is shifted to the left and HNOj; exists almost com-
pletely in the molecular form. At the same time, as fol-
lows from the data published earlier,%5 the amount of
nondissociated N,Ojs is negligible, and it can be assumed
that the system in question consists of HNO; molecules
and NO,* and NO;~ ions solvated by the acid.

The plot of the integral heat of solution (AH°) for
N,Os5 (sol.) in HNOj; (lig.) vs. the N,O5 concentration
per mole of HNO; 48 (N,05 concentration is given in
molality L, T=298.15 K) is presented in Fig. 11 (curve I).

AHS/KJ (mol HNO3)™! 8

1.6

1.2

0.8

0.4

0 1 2 3
L/(mol N,05) - (1000 g HNO;)~!

Fig. 11. Concentration dependence of the integral heat of solu-
tion (AHL) of N,Os (sol.) in HNOj; (lig.) at 25 °C#8 (1) and the
proton chemical shifts (8) in the N,Os—HNO; system at
20 °C (2); the chemical shifts were converted relative to H,O as
the internal standard. The correlation coefficients for the straight
lines approximating the chemical shifts are 0.999, 0.985,
and 0.994 for three regions in the order of increasing L.

The heat of solution increases with increasing N,O5 con-
centration. Noteworthy is a narrow peak at L = 0.5
(N,O5—HNO;, 1:32): AHL = 20.9 kJ mol~! per mole
of N,Os (or 0.63 kJ mol~! per mole of HNO3). A small
peak is observed for N,Os: HNO; = 1 : 12. The maximum
in the concentration dependence of the heats of mixing is
generally evidence for the formation of the reaction prod-
uct of the starting compounds via intermolecular bonds.
However, in the case under consideration, the presence
of a large number of solvation molecules in such a "prod-
uct" and the unusually narrow region, in which the maxi-
mum appears (only 1.5 mol.%), are indicative of the mani-
festation of the effects of the solution structure.

To verify this assumption, the concentration depen-
dences of the 'H, N, and 70 NMR parameters were
studied in detail.#® The results are presented in Fig. 11
(curve 2) and Fig. 12.

All these spectra show one signal averaged due to fast
chemical exchange processes:

(n+m)HNO3 + N,Os +=—=
<—= NO3; *nHNO; + NO,** mHNO3,, 9)

(NO3™)* + HNO; == H(NOg)* + NO;".

In all cases, the N,O5 concentration in solution is
plotted on the abscissa in such units that the abscissa
serves as the linearization coordinate with respect to which
the corresponding parameters are linear in the regions
between the inflection points. It can easily be demon-
strated14:15:43 that the molality L has this property for the
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Fig. 12. Dependences of the chemical shifts (8) and the
linewidth (A) of the average YN NMR signals (7, 2) at 25 °C and
170 NMR signals (3, 4) at 20 °C on the composition of the
N,05—HNO; system (4N chemical shifts are given relative to
MeNO, as the external standard, and the 170 chemical shifts are
given relative to H,O as the external standard). The correlation
coefficients for the approximating straight lines are 0.963
and 0.974 for § and 0.465 and 0.825 for A for the regions ¢y < 0.06
and gy > 0.06, respectively.

proton chemical shifts, and g4y = 2x/(1 +x ) and gi179 =
5x/(2x + 3) (x is the molar fraction of N,Os) serve as this
property for the average N and 70 NMR signals, re-
spectively.

It is reasonable to expect that the sensitivity of the
NMR parameters to the changes in the solution structure
depends on the type of nuclei, which is confirmed by
Figs 11 and 12. Studies of the proton chemical shifts for a
number of systems showed!4:1543 that the changes in the
slope at inflection points are generally small, which im-
poses high requirements on the measurement accuracy.
The accuracy of the results of 'H and N NMR experi-
ments appeared to be insufficient to unambiguously find
fine specific features of the concentration dependences.

Meanwhile, it is possible to make an approximation of the
linear-bent curve with inflection points for the 1 : 32 and
1 : 12 compositions for the proton chemical shifts and an
inflection point for the 1 : 32 composition for the
14N NMR parameters (see Fig. 11, curve 2 and Fig. 12,
curves I and 2). The scatter in the experimental points is
much larger than the measurement error and is attributed
to the influence of paramagnetic decomposition prod-
ucts* (O, and NO,). As can be seen from Fig. 12 (curves 3
and 4), the 170 resonance is more sensitive to the struc-
tural changes in solution. The plot of the chemical shifts
has a pronounced linear-bent character and is character-
ized by inflection points for the 1 : 32 and 1 : 12 composi-
tions corresponding to the large and small peaks, respec-
tively, in the curve of the heat of mixing (see Fig. 11).

As expected, the width (A) of the averaged quadrupole
170 signal in electrolyte solutions,*5 which is determined
by the quadrupole relaxation rates substantially increases
with increasing N,O5 concentration. However, the plot is
wave-like rather than linear-bent, which is generally ob-
served for such dependences, and sharp changes alternate
with more gently sloping regions, the concentration re-
gions characterized by a sharp change in the linewidth in
the vicinity of the 1 : 32 and 1 : 12 compositions being
identical to the concentration regions, where the peaks in
the curve of the heat of mixing are observed. In our opin-
ion, particular prevailing diffusion-averaged solvation
structures correspond to the 1 : 32 and 1 : 12 composi-
tions, whereas there is a dynamic equilibrium between
two structures at concentrations higher and lower than
these compositions.

Certain information on these structures can be ob-
tained from the data® on the electronic structures of the
NO,* and NO;~ ions and their properties as solvation
centers in HNOj; % and taking into account the principle
of the construction of solvation complexes in H-bonded
solvents found for such systems.14:15:43 The NO;~ ions are
symmetric planar and contain partially double N=0O
bonds and two lone electron pairs at sp2-hybridized oxy-
gen atoms. These lone electron pairs are efficient proton
acceptors. The NO;~ ion would be expected to form strong
H bonds in proton-donor media, including HNOj;, which
is confirmed by the existence of the crystal solvates
MNO;-nHNO5, where n =1, 2, or 3% (M is the metal
atom). If solvation complexes are constructed based on
the number of vacancies for H bonding,14:15:43 we obtain
the maximum solvation number of 18 for NO;~ (6 and 12
in the first and the second coordination spheres, respec-
tively) (Fig. 13). The NO,* counterion is linear and con-
tains double N=0 bonds.%4 The electron density distribu-
tion in this counterion is such that the nitrogen atom

* For concentrations L > 1, the proton chemical shifts increase
by several Hertzs during measurements; the observed chemical
shifts were extrapolated to the instant of mixing.



612 Russ.Chem.Bull., Int.Ed., Vol. 55, No. 4, April, 2006

Lagodzinskaya et al.

NO,*+14HNO,

Fig. 13. Schematic representation of the fragments of the solva-
tion complex N,O5+32HNOj: a. The cross-section of the solva-
tion complex NO;~ - ISHNO; by the plane passing through the
plane of the ion. Only the first solvation shell is shown, the
second solvation shell is located above and below the plane of
the figure; b. The cross-section of the same solvation complex
by the plane, which is perpendicular to the plane of the ion and
passes through one of the N==0 bonds. A part of the first solva-
tion shell (undashed HNO; molecules) and one-half of the sec-
ond solvation shell (dashed HNO3; molecules) are shown. c. The
cross-section of the solvation complex NO,* - 14HNO; by the
plane, which passes through the line that links the O, N, and
O atoms; d. The cross-section of the same solvation complex by
the plane, which is perpendicular to the line passing through the
O, N, and O atoms and passes through the center of the solva-
tion complex. The direction of the dipole moments of the HNO;
molecules are indicated by arrows. The cross-sections of the
ions and HNO; molecules are shown taken into account the
ratios of the van der Walls radii of the H, N, and O atoms.

bears a positive charge of +0.6 ¢, and the charge on the
oxygen atoms is +0.2 €.67 In the solvation NO;~ com-
plexes, where solvation occurs via H bonds, the direction
of the dipole moments of the HNO; molecules (dipole
moments are 2.16 D) corresponds to the maximum elec-
trostatic interactions between the dipoles and the ion,
resulting in the increase in the degree of solvation. In the
case of the NO," ion, the dipole contribution and the
contribution of H bonds act in opposite directions (see
Fig. 13), which should lead to a weakening of solvation.
Since the oxygen atoms in the NO," ion bear a positive
charge that hinders H bonding, solvation of NO," most
probably occurs according to the dipole mechanism. Since
the higher solvation complex of two counterions gener-
ated from the N,O5 molecule contains 32 HNO; mol-
ecules, the solvation shell of NO,* contains 32 — 18 =
14 HNOj; molecules, which is quite consistent with the

coordination number for the close packing (see Fig. 13).
In the solvation structure corresponding to the 1 : 12
composition, only the first coordination sphere about the
NO;~ ion and the partially dipole shell of NO," are,
apparently, retained, so that the counterions in the result-
ing structure remain solvate-separated.

Unfortunately, the published data on the concentra-
tion dependences of other physicochemical properties of
the system in question (density,% viscosity, surface ten-
sion, % conductivity,% melting point, %70 heat capacity,%?
thermal decomposition rate,’! etc.) are insufficient to re-
veal the correlation with the fine effects of liquid struc-
turation, because the intervals between the experimental
points are large, and the results of measurements in the
vicinity of the 1 : 32 and 1 : 12 compositions are lacking. It
should be noted that, according to the published data,8
the slopes of the concentration plots for the conductivity
and the heat capacity sharply change in the vicinity of the
1 : 12 composition.

Let us consider in more detail the relationship be-
tween the structure of a N,Oj solution in HNOj and the
character of the specific features of the concentration
plots for the heats of mixing and the 70O NMR linewidths.
The heat of mixing (see Fig. 11) reflects the total change
in the enthalpy of intermolecular interactions in solution
compared to individual compounds. In the case of small
changes in the composition in the region, where the peak
of AH, is observed, the heat of solution AAHS can be
represented as follows: AAH® = AEj ., =~ AEy, + AE o, +
+ AE, 4, Where AE,.; is the total energy change of inter-
molecular interactions, AEHb is the energy change of
H bonds, AE,,, is the energy change of electrostatic in-
teractions (ion—ion, ion—dipole, and dipole—dipole),
and AE,4,, is the energy change of van der Waals interac-
tions (orientation, polarization, and dispersion interac-
tions). The proton chemical shifts (see Fig. 11) reflect the
contribution of the H-bond energy to the total energy of
intermolecular interactions. Assuming that the excessive
heat released in the vicinity of the peak is totally associ-
ated with the changes in the H-bond network and taking
0.26 ppm mol kJ~! for the proportionality coefficient be-
tween the proton chemical shifts and the H-bond energy
(see Refs 40 and 72), we obtain that the maximum ex-
pected change in the proton chemical shift is 0.13 ppm.
As can be seen from Fig. 11, the maximum heat of mixing
for the 1 : 32 composition cannot be assigned to a strength-
ening of H bonds in the system because the peak in the
plot of the chemical shifts is absent in this concentration
range. Consequently, a decrease in the internal energy of
the system is attributed to a strengthening of another type
of intermolecular interactions (electrostatic or van der
Waals). The 1 : 32 solvation structure is favorable from the
standpoint of these intermolecular interactions (appar-
ently, even between solvation complexes), whereas the
presence of an impurity of other solvation forms decreases
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the interaction energy. It should be noted that the peaks
of the heats of mixing and the regions of sharp changes in
the 170 NMR linewidth are at the boundaries of the linear
regions in the plots of the chemical shifts vs. the composi-
tion, in the vicinity of inflection points, and correspond
to a sharp change in the proportion of the solvation forms.
Let us denote the 1 : 32 and 1 : 12 solvation forms as A
and B, respectively. The B : A ratio varies from 1 : « at the
center of the peak to 1 : 5 at the boundaries (see Fig. 12).
In the middle of the linear regions, where the proportion
of the solvation forms varies approximately from 1 : 5
to 5: 1, the concentration dependence of the properties is
more gently sloping.

Taking into account this character of changes in the
solution structure, the jumps in the linewidth A = 1/=7;
(T, is the spin-spin relaxation time of 7O nuclei) can be
attributed to a substantial contribution of the scalar relax-
ation of the first kind Ay, = (1/n7,),. from fast exchange
processes.” Let us assume that in this case, the rate of
exchange processes is also determined by the rate of the
so-called structural diffusion,!8 i.e., the rearrangement of
the liquid structure into the structure of the solvation
complex of the corresponding ion. In this case, when the
system is a mixture of the solvation complexes A and B,
the structural diffusion consisting in the intersolvent rear-
rangement can be represented as a combination of the
following reactions:

k

A+A == A*+A*
k2

A+B === A*+B*,
k?

B+ B =——= B* + B*,

where k|, k,, and k5 are the rate constants of the corre-
sponding exchange processes, and the asterisk means that
the solvation complex undergoes a rapid chemical ex-
change according to Eqgs (9). The contribution of these
exchanges to the linewidth can be estimated according to
the equation” Ay, = (1/nTy),. = 1/1.,, Where 1/1,, is the
rate of the exchange process, which can be represented as
follows:

1/t = ki [A]” + ky[A][B] + k;[B]?

(JA] and [B] are the concentrations of the corresponding
solvation forms). Then the total linewidth, which is equal
to the sum

A=1/(rT)) + [1/(nT))s],

(T; is the spin-lattice relaxation time of quadrupole
170 nuclei), can be characterized by the concentration
dependence more complicated than the linear-bent de-
pendence observed in the case of 7 = T.

Therefore, the detailed study of certain physicochemi-
cal properties of the N,Os—HNO; system demonstrated

that the 170 NMR parameters and the heats of mixing are
very sensitive to fine specific features of the solution struc-
ture. A comparison of the results for the N,Os—HNO;
system with the data obtained earlier!415:43 for other so-
lutions of strong electrolytes showed that the dynamic
equilibrium between pairs of thermodynamically stable
diffusion-averaged solvation structures giving rise to lin-
ear regions and inflection points in the concentration
plots for certain properties has a rather general character.
A new fact is that the anomalies were observed as sharp
changes not only in the derivatives of the properties but
also in the properties as such at the point when one pair of
structures is transformed into another pair, i.e., in the
vicinity of the compositions, where one solvation form
predominates. The nature of these anomalies remains un-
clear. Apparently, they are related to the ordering of the
solvation complexes due to association and are similar to
the structural phase transitions in liquids.”

In conclusion, it should be noted that the structuration
effects in liquid electrolyte solutions are, apparently, wide-
spread. In particular, they should be taken into account in
the consideration of chemical transformations sensitive
to solvation. An example of such transformations is given
below.

The MNO;—HNO; system. In MNO; solutions in
HNOg, like in the N,Os—HNOj system, nitric acid exists
in the molecular form.48:64:66 [ this case, the acid mol-
ecules, which have proton-donor and proton-acceptor
properties and the dipole moment of 2.16 D, also solva-
tion NO;~ anions via H bonds and ion—dipole interac-
tions.#® All NMR spectra also show single signals aver-
aged due to the following fast exchange processes:

(m + n) HNO3 + MNO, =
= NOg~*nHNO; + M* - mHNO,, (10)

(N*O3)_+ HNO3= HN*03+ NO3_. (11)

Unlike the N,Os—HNOj; system, solutions of alkali
metal nitrates in HNO; are rather stable. This made it
possible to improve the measurement accuracy,4® which
is particularly important for the proton resonance. Con-
centration* dependences of 8y for the Na, K, and
Cs systems in the regions of their solubility for two tem-
peratures are shown in Figs 14 and 15. The specific fea-
tures were found with the use of the difference derivative
methods, which give the most reliable results.43 Like for
other systems,!5:43:48 the plots of the derivative with re-
spect to the linearization coordinate, A8/AL (L is the
molality), appear as typical smoothed-out steps. This situ-
ation corresponds to the linear-bent character of 8(L).
Smoothing is partially due to the procedure used for tak-

*In all cases, the linearization coordinate ¢ was used as the
concentration; the corresponding parameters are linear relative
to this coordinate in the regions between the inflection points.
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Fig. 14. Concentration dependence of the 'H NMR parameters
for the KNO3;—HNOj; system:  relative to Me,Si as the internal
standard (7, 2), AS/AL (3, 4) at —25 (1, 3) and 22 °C (2, 4) and
A8/AT (5). The data for the NaNO;—HNOj; system are given in
the inset: & (I, 2), AS/AL (3) at —26.5 (I, 3) and 22 °C (2)
and AS8/AT (5).

ing the difference derivative.43 The inflection points for
A8/AL correspond to the inflection points for 8(L). Al-
though the observed effects are weakly pronounced, the
inflection points for the 1 : 8 compositions can reliably be
determined both for the K and Cs systems. For the
K system, there are also, apparently, inflection points for
the 1:4 and 1: 3 compositions and, probably, forthe 1 : 6
and 1 : 2 compositions. These figures show also the tem-
perature coefficients of A3/AT determined from the re-
sults of measurements at two temperatures. The 1 : 4 (for
the K system) and 1 : 8 (for the Cs system) compositions
are specific also for this parameter. At these points, the
changes in the slope of the concentration plot for AS/AT
are observed. The concentration plots for A3/AL and
A8/AT* of the three systems in question provide evidence
that there are also specific features in the concentration
region, where there are 20—40 moles of the acid per mole
of the salt, i.e., in the concentration region called by the
boundary of complete solvation,’> and the pronounced
specific features are observed for the N,Os—HNO; sys-
tem (for the 1 : 32 composition) in the 170 NMR spec-
trum and the heats of mixing. However, these effects are
weak, and reliable results were not obtained. The concen-
tration plots for the proton chemical shifts for all the

* Under the conditions of an external standard, A8/AT is deter-
mined with higher accuracy than A8/AL, because errors due to
the nonidentity of resonating cells in a series of samples are
excluded.
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Fig. 15. Concentration dependence of the 'H NMR parameters
for the CsNO3;—HNOj; system: § relative to Me,Si as the internal
standard (7, 2), A3/AL (3, 4) at —26.5 (I, 3) and 22 °C (2, 4) and
AS/AT (5).

systems under study, including N,Os—HNO;, are simi-
lar, which confirms the conclusion?® that H bonds play
the decisive role in solvation NO;~ complexes.

According to the general concepts of NMR spectro-
scopy, the average proton chemical shift in these sys-
tems is

3y = 2pd;, 2p; =1, (12)

where §; are the chemical shifts and p; are the probabilities
of the occurrence of the acid molecules in different states.
From Eq. (12), taking into account Egs (10) and (11), for
the initial region of the concentration dependence (up to
the first inflection point), we obtain

8y = {mL8, +nLs_+ [N — L(m + n)|8,}/N, (13)

where N = 1000/63, the plus and minus signs refer to the
solvation cation and anion complexes, respectively, and
zero corresponds to the bulk of the solvent.

Let us use the concept of the total proton chemical
shift of solvation complexes (Ss),43 which characterizes
the H-bond energy excessive relative to the bulk of the
solvent, to characterize the solution structure. In the gen-
eral case, without the separation of the solvent between
the cations and anions, we have the following equation
for solvation structures at singular points:

Ss.;=7;(3;— &), (14)

where Z; is the number of moles of the solvent per mole of
the dissolved compound in the jth solvation structure,
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Table 3. Total proton chemical shifts (S5) in solvation com-
plexes relative to the corresponding solvent!5:43,48,49

System Higher solvation S5, ppm
complex (T/°C)
HCIO,—H,0 1:13 28.5 (35)
HNO;—H,0 1:16 33.5(22)
HCI—H,0 — 36 (22)
HCI—N,H, 1:6 26.8 (100)
HCI—Me,NNH, 1:6 21.3 (64)
HCI—MeHNNHMe 1:4 22.3 (74)
NaNO;—HNO;, ~1:30 12.5 (22)
KNO3;—HNO; ~1:30 14.4 (22)
CsNO3;—HNO; ~1:30 12.3 (22)
N,0;—HNO; 1:32 11.2 (20)

and §; is the average proton chemical shift in this struc-
ture. For a higher solvation complex, assuming j = 1, we
obtain the following equation from Eqs (13) and (14)

Ss1 = Zy(8) — &) = N(ddy/dL|; o) =
= 8y +nd,_— (m+ n)d,. (15)

The chemical shifts Sy calculated from Eq. (15) for a
number of systems studied earlier!343:48:49 are given in
Table 3. As can be seen from Table 3, the total proton
chemical shift for the higher solvation complex in nitrate
solutions in nitric acid relative to the chemical shift in the
bulk of the solvent, which is determined predominantly
by anion solvation, is substantially lower than Sy in aque-
ous and hydrazine solutions of acids, where the chemical
shift refers predominately to the proton solvation com-
plex, whereas the solvation anion complex is responsible
only for the difference in Sy in solutions of different acids.
Hence, it follows that, although the H-bond energies in
nitrate solutions in nitric acid are high, the concentration
of the excessive H-bond energy in solvation NO3;~ com-
plexes compared to the bulk of the solvent is much lower
than that for the proton solvation complex in water but is
higher than that for the solvation NO;~ complex in water.

In the general case, this corresponds to the commonly
accepted concepts. The following AEHb can be obtained
for the excessive H-bond energies in the solvation com-
plexes H*+13H,0, NO;~-nH,0, and NO;~ - I8HNO;
from the relationships between the chemical shifts and
the H-bond energy:4? ~130, ~ 21, and 56.5+6 kJ mol~!,
respectively.

The “N NMR spectroscopic data for the K system
(Fig. 16) are consistent with the 'H NMR data. The sig-
nal is shifted downfield by ~20 ppm with increasing salt
concentration and is accompanied by small deviations
from the linearity, which corresponds to an increase in
the contribution of NO;~. The chemical shift of this sig-
nal in nitric acid relative to HNO; is 52 ppm,’% which is
similar to the corresponding value in water.%6 The oppo-
site direction of the shift of the averaged !N signal in the
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Fig. 16. Concentration dependence of the !N NMR parameters
for the KNO;—HNO; system at 25 °C: § relative to HNO; as the
internal standard (1), A (2), A8 (3), and AA (4) are the deviations
of the observed shifts 8 and A from the straight lines passing
through the extreme experimental points (see the text) and for
the N,;Os—HNO; system at 20 °C:*8 § relative to HNOj as the
internal standard (5) and A (6).

HNO;—N,05 system is attributed to the presence of yet
another particle (NO,"* cation) involved in the exchange.
The chemical shift of this cation in N NMR spectra,
which was estimated on the assumption that the chemical
shift of the NO3;~ anion in the KNO;—HNOj; system is
identical to that in the N,Os—HNOj system, is —88 ppm
relative to HNO; and agrees well with the chemical shift
of —83 ppm (see Ref. 66).

The linewidth of the averaged !“N signal in the
KNO;—HNOj; system changes from 10 to 120 Hz with
increasing concentration, which can be caused by an in-
crease in the asymmetry of the environment of the
14N nucleus, an increase in the quadrupole coupling con-
stants, and retardation of motion of the surrounding par-
ticles.

Since the difference derivative method cannot be used
for revealing the specific features of the concentration
dependences of the chemical shifts and A because of the
insufficient measurement accuracy, we attempted to use
the method of deviations of the observed values from
straight lines passing through the extreme experimental
points. This method makes it possible to more descrip-
tively represent the linear-bent approximation. As can be
seen from Fig. 16, both concentration dependences can
be approximated by linear-bent curves whose inflection
points are identical to those observed in proton resonance
(1:4,1:8,and ~1: 30).
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Fig. 17. Concentration dependence of the 170 NMR parameters
for the MNO3;—HNOj; systems for M = Cs (), K (/I), and
Na (I11) at 20 °C: § relative to H,O as the external standard (/)
and A (2). The inset a shows the data for the N,Os—HNO;
system at 25 °C: § (1) and A (2) relative to the corresponding
linearization coordinate ¢, the inset b shows the concentration
dependence of the integral heat of solution for N,Os (sol.) in
HNO; at 25 °C.#8

Let us consider the concentration dependences of the
chemical shifts and linewidths of 170 NMR signals for all
the systems in question (Fig. 17). In this case, 70 NMR
spectroscopy appeared to be poorly informative as op-
posed to the data for the N,Os—HNOj; system, for which
pronounced specific features were observed as a linear-
bent plots for 8 and jumpwise changes in A for the 1 : 32
and 1 : 12 compositions. It can be seen that the chemical
shifts weakly depend on the nitrate concentration and are
similar for all systems. The 7O chemical shift of the NO,*
cation estimated under the same assumptions as for the
14N chemical shift is & —200 relative to 100% HNO;. The
concentration plot for the linewidth is also virtually identi-
cal for all nitrates, although a very strong broadening is
observed (from 150 to 2000 Hz). It should be noted that
the plot of A(X) for the N,O;—HNO; system passes
slightly lower, i.e., the additional contribution of the oxy-
gen atoms of the NO,* group leads to a decrease in the
relaxation rate 1/75, = nA. The observed linewidths are
much larger than those typical of low-molecular-weight
compounds (<500 Hz)73 and cannot, apparently, be at-
tributed exclusively to an increase in the quadrupole cou-
pling constants due to an increase in the electric field
gradients, but are indicative of an increase in the correla-
tion time of the particle motion. Presumably, this in-
crease is associated with retardation of proton fluctua-
tions’® in H bonds between NO;~ and the solvating HNO,
molecules, although the exchange remains fast on the
NMR time scale.

For completeness, the 23Na and !133Cs NMR spectra
in the corresponding systems were also studied. The
23Na NMR signal is shifted upfield by ~1 ppm with in-
creasing nitrate concentration, the line being broadened
from 10 to 20 Hz, which is indicative of a rather symmet-
ric environment of the cation and its insignificant change
in the concentration range under study. The !133Cs chemi-
cal shifts are shifted downfield by ~20 ppm with increas-
ing nitrate concentration with A << 1 Hz throughout the
concentration range. Taking into account the quadrupole
moment of the !33Cs nucleus, this fact confirms high
symmetry of the environment (most likely, due to fast
rotation of the Cs* ion). The linearization coordinate for
both nuclei is (1 — X)/X. However, although the experi-
mental points can be approximated by the linear-bent
curve with the 1 : 4 and 1 : 8 inflection points for Cs and
the 1: 23 and 1 : 35 inflection points for Na, the effects
under consideration are not sufficiently convincing.

Therefore, the investigation of these systems confirms,
on the whole, that the linear-bent character of the con-
centration dependences of the NMR parameters (which
reflects!415:43,:48 the dynamic equilibrium between pairs
of the prevailing diffusion-averaged solvation structures)
is a common property of electrolyte solutions in H-bonded
systems. The degree of manifestation of such specific fea-
tures in different systems depends on the type of NMR
spectra and NMR parameters. In some cases, rather con-
vincing results were obtained, although these effects are
generally weak. The 'H NMR spectroscopic data, which
are represented as the concentration dependences of the
difference derivative and the temperature coefficient of
the chemical shift, are most reliable. The temperature
coefficient, which is determined with higher accuracy and
excludes the regular smearing of the inflection region typi-
cal of the difference derivative of the chemical shift,43 is
particularly important for the precise determination of
the compositions of the prevailing structures.

Unfortunately, attempts to determine the precise com-
positions of higher solvation structures, which are analo-
gous to the 1 : 32 structure in the N,Os—HNO; system, in
these systems failed. In the case under consideration, the
solvation structures with the 1 : 8 and 1 : 4 compositions
in the K and Cs systems, which were rather reliably deter-
mined, do not follow the rule of filling of all vacancies for
H bonding in the coordination spheres about ions as
was observed in aqueous and hydrazine solutions of
acids.14:15:43,48 Apparently, this difference is attributed to
the changes in the relative role of the contributions to the
intermolecular interaction energy

AEimer = AEHb + AEcoul + AEvdw’

or, to be more precise, to the fact that the H bond compo-
nent AEHb does not have a dominant role as opposed to
aqueous and hydrazine solutions of acids, whereas the
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role of the Coulomb (AE,,,) and van der Waals (AE,4,,)
interactions increases. This is quite consistent with the
lower excessive H-bond energies in solvation structures
compared to those in solutions of acids (see Table 3).

The temperature coefficient of the proton chemical
shift in H-bonded systems is related in a complex way to
the structure and reflects the average change in the num-
ber and energy of H bonds. The concentration depen-
dences of the temperature coefficient of the chemical
shift for the systems described in the study#® were com-
pared with those of HCIO, solutions in H,O studied ear-
lier,*3 where A8/AT monotonically decreases with increas-
ing concentration of the acid, based on simple concepts,43
which relate the changes in AS/AT to the changes in the
proportions of arbitrarily "strong" and "weak" H bonds in
systems. This comparison shows that the proportion of
"strong" H bonds in nitrate solutions in HNOj slightly
increases, then remains constant, and finally decreases
with increasing electrolyte concentration. Under the as-
sumptions used, estimations demonstrated this behavior
of A8/AT to indicate that structures, in which six H bonds
between the NO;~ group and the adjacent HNO; mol-
ecules are equivalent and "strong," are transformed into
structures, in which only three or one bond can be con-
sidered as "strong," whereas other bonds are "weak," which
leads to an increase in A3/AT.

The available data provide evidence that all the sys-
tems in question, including N,Os—HNOj3, have similar
structures throughout the concentration range under study.
In the concentration range up to the ~1 : 30 composition,
the solvation anion and cation complexes exist separately
as NO; ™« 1I8HNO; and M* - mHNO; (m is the coordina-
tion number).48 The cation is solvated via ion—dipole
interactions according to the principle of close packing,48
whose occurrence in this case, as opposed to solutions in
H,0, is not hindered by the solvent structure. The coor-
dination numbers determined with the use of the molecu-
lar models and the experimental data for aqueous solu-
tions? are given in Table 4. In the solvation NO;~ com-
plex, the arrangement and orientation of HNO; mol-
ecules are such that the direction of the dipole moments
of the acid molecules in the case of solvation via H bonds

Table 4. Diameters (d) and coordination numbers (m) of the
cations in HNO3 and H,0O

Cation d/A m

HNO;  H,O (see Ref. 52)
Lit 1.20 — 4—7
Na* 1.90 5 5—7
K* 2.66 7 7—8
Cs* 2.96 10 5—8
N02+ 3.16x5.40% 14 —

* The transverse and longitudinal sizes of the ion.

corresponds to the maximum ion-dipole contribution,48
resulting in an increase in the degree of solvation of the
anion compared to the cation. The latter fact is confirmed
by higher solubility of nitrates in HNOj (dielectric per-
meability e = 50) than in H,O (¢ = 80) and the reverse
dependence of the solubility on the cation size. In water,
the solubility of alkali metal nitrates decreases with in-
creasing cation radius (dominant solvation of the cation
occurs), whereas the solubility in nitric acid increases,
although potassium nitrate drops out of the series toward
higher solubility.

The schematic representation of the assumed struc-
tures is presented in Fig. 18. In the case of the favorable
geometric relationships, which apparently take place in
the N,Os—HNOj; system, higher solvation cation and
anion complexes can be closely packed to form a thermo-
dynamically stable diffusion-averaged structure. This leads
to the appearance of singular points in the concentration
curves of the NMR parameters and other physicochemi-
cal properties for the 1 : (m + n) ratio of the salt concen-
tration to the acid concentration. If the geometric rela-
tions are unfavorable, i.e., higher solvation complexes
"are not packed," the structural rearrangements frequently
occur in this concentration range and the pattern is
smeared, which is, apparently, occurs for M = Na, K,
and Cs. It should be noted that the shape and size of the
cations, viz., alkali metal ions (unlike NO,"), allow these
cations to be included in the cavities formed by the solva-
tion anion complexes (see Fig. 18, II). In this case, the
number of cavities is larger than the number of cations,
which is also the reason why the compositions of the
prevailing structures are not pronounced. The 1 : 8 solva-
tion structures of the K and Cs systems are, apparently,
analogous to the 1 : 12 structure for the N,Os—HNO;
system,* and a decrease in the number of HNO; mol-
ecules is associated with a decrease in the cation size. The
1 : 4 structure is similar in composition to the 1 : 1 and
1 : 2 crystal solvates known®4 for these systems.

In the concentration range, where the solvation shells
of the ions overlap, the prevailing structures correspond
to special points in the concentration curves for the NMR
parameters have diffusion-averaged ideal configurations,
which include the counterions and solvent molecules ar-
ranged in a particular fashion. Being liquid-phase analogs
of unit cells in crystals, these particles are essentially "unit
cells" of solutions. The structures of such systems sub-
stantially depend on the geometric factors (shape and
sizes of the constituent particles), relative directions of
the dipole moments and H bonds, efc. Apparently, the
nonsphericity of particles enhances the collective charac-
ter of their motion, thus assisting in strengthening the
effects under consideration, which was observed in the
studies of hydrazine systems!41543 and N,Os solutions
in HNO;.48 Apparently, the existence of such thermo-
dynamically stable diffusion-averaged solvation structures
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Fig. 18. Schematic representation of the solvation complexes of the M™ cations and the NO;~ anion in dilute MNO;—HNO;
solutions (views from two sides) and the solvation structures in concentrated solutions: the packing of the commensurate cation and
anion solvation complexes in the structure of N,O5-32HNOj; (I), incorporation of the M™ cation into the cavities between the

solvation complexes of NO;~ (II).

(unit cells of solutions) should be taken into account in
the theoretical consideration and computer calculations
of concentrated electrolyte solutions. In particular, cal-
culations for compositions corresponding to special points,
at which one solvation structure predominantly occurs,
can be useful.

Interestingly, the related phenomena were observed in
gaseous H-bonded ionic clusters. Studies of the size dis-
tribution of the clusters revealed the magic numbers,
i.e., the existence of relatively more stable compositions,
and demonstrated that all these compositions correspond
to structures with filled solvation shells.42 In liquids, these

effects can be strengthened due to interactions between
solvation complexes.

Apparently, the observed effects are evidence in favor
of the theory of liquids based on the hypothesis that simple
one-component liquid systems have regions of local crys-
tal ordering composed of ~10% particles.”” This theory
cannot be directly applied to the systems in question be-
cause of the two-component composition, nonsphericity
of particles, and the presence of directed interactions.
However, the first-order liquid—liquid phase transitions
predicted by this theory would be expected to be observed
in such complex systems.
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4. Influence of supramolecular structures
on the transformation of nonequilibrium anhydrous
perchloric acid into equilibrium acid

Liquid anhydrous perchloric acid is an equilibrium
system consisting of hydrogen perchlorate (HOCIO3)
molecules, perchloric anhydride (Cl,0,) molecules, and
H;0" and CIO,~ ions:

3 HOCIO; =—= Cl,0; + H30" + ClO,". (16)

The presence of small amounts of Cl,0; and H;0CIO,
in 100% perchloric acid has been documented for the first
time in the study’8 and was than confirmed by numerous
direct and indirect data.®® Low equilibrium Cl,0; and
H;0Cl10, concentrations strongly influence the thermal
stability,” hydrating activity,8 and other chemical and
physical properties of perchloric acid. The equilibrium (16)
is established not instantaneously.8! If an HCIO, vapor,
which is obtained by heating a crystalline sample of
H;0Cl10,4 and contains no anhydride and monohydrate,
is condensed at low temperature, the resulting non-
equilibrium perchloric acid can be stored over a rather
long period of time at temperatures below —30 °C.
At —20 °C, the bands of Cl,0; in the IR spectrum of the
acid prepared as described above appear after 3.5 h; at 0 °C,
after 15 min.

The wide use of nonequilibrium perchloric acid as the
reagent and the medium for the synthesis of anhydrous
perchlorates8? necessitated precise data on the rate of the
appearance of disproportionation products at different
temperatures. The kinetics of disproportionation (16),
i.e., the transformation of nonequilibrium perchloric acid
into equilibrium acid, was studied in the 10—25 °C tem-
perature range by 'H NMR spectroscopy.33 The difficulty
is that the transformation of the nonequilibrium acid into
the equilibrium state is accompanied by changes in the
chemical shifts in a very narrow range. Only the use of a
NMR spectrometer with a strong magnetic field and the
deuteration effect made it possible to perform direct ki-
netic measurements.

The procedure for the preparation of samples of
nonequilibrium HCIO, was developed in the study.53

4.1. Kinetics and mechanism of disproportionation of
HCIO,. The study>* of the dependence of the chemical
shifts on the composition of aqueous solutions of per-
chloric acid (up to 100%) showed that, since the chemical
shift of the monohydrate is similar to that of the acid
(at 25 °C, these shifts are 5.800 and 5.520 ppm, re-
spectively, relative to liquid water34), the sensitivity of
'H NMR spectroscopy to the process under study is low.
For example, an addition of 5% of the monohydrate to
100% HCIO, leads to a change in the chemical shift by
0.014 ppm, i.e., only by 4 Hz even at the operating fre-

8/Hz
1740 [
o 7
1700 .2
o 3 -
a4
vs
1660

—80 —40 0 T/°C

Fig. 19. Proton chemical shifts of equilibrium and non-
equilibrium samples of perchloric acid vs. the temperature:
1 and 2, nonequilibrium samples of DCIOy; 3, a nonequilibrium
sample of HCIO,; 4, an equilibrium sample of DCIOy; 5, an
equilibrium sample of HCIO,.

quency 294 MHz used in the spectrometer.33 Experiments
performed for two samples of HCIO, demonstrated that
the maximum difference in the observed chemical shifts
of nonequilibrium and equilibrium perchloric acid mea-
sured under the same conditions is 3—4 Hz (Fig. 19).
Since the small effect did not allow one to perform quan-
titative kinetic measurements for HCIO,, deuterated
samples were used in further studies. For these samples,
the sensitivity to the process under study is higher3*
(at 25 °C, the chemical shifts of the monohydrate and the
acid in samples deuterated by 99% relative to liquid water
are 7.074 and 5.591 ppm, respectively). Hence, the change
in the chemical shift for the acid containing a 5% impu-
rity of the monohydrate should be 22 Hz.

Tests demonstrated that the expected strengthening
of the effect actually occurred (see Fig. 19). The maxi-
mum differences in the chemical shifts of the residual
protons in nonequilibrium and equilibrium samples are
20—25 Hz (observed chemical shift measured relative to
the external standard varies within a few Hertzs due to
the nonidentity of resonating cells). The strong influ-
ence of the isotopic H/D composition of the system on
the proton chemical shifts is attributed to the fact that
the isotope distribution between different states differs
from the average distribution. The sign of this effect and
direct experiments32 demonstrated that the probability of
the occurrence of the proton in the ionic forms in the
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Fig. 20. Kinetic curve of the transformation of nonequilibrium 3.4 3.5  T-1.103/K-!

perchloric acid into the equilibrium acid at 25 °C (/) and its
linear anamorphose®3 (2).

states with strongest H bonds is higher compared to
deuteron.*

The fact that the chemical shift of nonequilibrium
perchloric acid in deuterated samples differs from that of
the equilibrium acid by 20—25 Hz made it possible to
measure the kinetic curves for four temperatures in high-
precision experiments (this procedure has been described
in detail in the study43). One kinetic curve (at 25 °C)
along with its linear anamorphose®? are presented in
Fig. 20. A rather good linearization was observed in all
cases, which indicates that the transformation is first or-
der in a wide range of the degree of conversion (up to 70%
of the total range). The temperature dependence of the
transformation rate constant in the Arrhenius coordinates
is presented in Fig. 21. The following activation energy E,
and the pre-exponential factor 4, were obtained from this
plot: E, = 77+4 kJ mol~! and logA4, = 10.1£1.2 with the
probability of 0.9. It should be noted that in this case, the
kinetic isotope effect is small, as is evident from a com-
parison with the results of experiments for samples with
natural isotope abundance.

Based on the knowledge of the mechanism of thermal
decomposition of perchloric acid and its aqueous solu-
tions,”? the following processes would be expected to
occur:

k
HClO, + HCIO, .k—z_— H,CIO,* + ClO,~, (17)

2

* Based on these concepts and the fact that the chemical shifts
of nonequilibrium samples of deuterated perchloric acid are
virtually identical to those of samples of this acid with natural
isotope abundance, whereas the chemical shifts for equilibrium
samples differ by 20—25 Hz, it can be concluded that an impu-
rity of ionic states, which can form the strongest H bonds, is
substantially smaller in the nonequilibrium acid compared to
equilibrium samples.

Fig. 21. Arrhenius plot for disproportionation of 100% perchlo-
ric acid.

k
H,ClO,* .k—3_> H,O + ClOg", (18)
-3
Ky
H,0 + HCIO, .k—_— H,O* + ClO,, (19)
—4
kS
Clo, + ClOg* <—k—- Cl,0-. (20)

=5

Among these processes, the reaction (18) is the slowest
one. In this case,

d[H;0%]/dr = k3[H,ClO,*] — k_3[H,0][CIO3*].
Since

« - ICI0;1[H,CIO;]
2 [HCIO, |2

_ [H;07][CI0;]
4 [H,O0][HCIO, |’

[H,0"[[CI0%][CIO; |
K,[HCIO, |

d[H;07] _

2
K,[HCIO, "
dr 3

[CIO, ] -3

s

then
dn/dr = k(On=! — k@n2,

where m is the degree of conversion equal to
[H;0%]/[HCIO,],, taking into account [H;0%] =
[CIO47] = [C1,04] and [HCIO4]y = [HCIO,4]. Based on
the change in the chemical shift, the equilibrium degree
of conversion ng = 0.05—0.07, which gives the constant
ratio kV/k(® = 10~4. Tests demonstrated that the linear
dependence of dn/df on n typical of the first-order pro-
cesses can be observed only in a rather narrow range of
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the degrees of conversion (<20% of the equilibrium n) as
opposed to the real situation.

Therefore, the above-considered scheme does not ac-
count for the observed features. However, the experimen-
tally observed first order can be explained with the use of
the concepts (see the above sections) of the formation of
labile supramolecular structures in this type of systems. At
the initial instant of time, pure nonequilibrium perchloric
acid exists as a weakly ionized but (based on the chemical
shifts and vibrational spectral) rather strongly H-bonded
liquid. Self-associates of this acid can be represented, for
example, as cyclic dimers, the equilibrium

K
2HCIO, === (HCIO,), 1)

being shifted to the right.
Let us assume that the following reaction is the rate-
limiting step of disproportionation

k
(HCIO,), .k—7_— H,0 + Cl,04. (22)
-7
The resulting H,O molecules rapidly react with HCIO,
to form H;0* and C10,~ ions, thus decreasing the num-
ber of acid molecules by including them in solvation shells:
K4a
H,O +(m+n+1)HCIO, =—=

== (H;0")-mHCIO, + (ClO,")-nHCIO,. (19a)

As a result, the concentration of dimers sharply decreases
and the process is terminated.

Analysis of the equation system describing the trans-
formations (19a), (21), and (22) leads to the following
kinetic law

k_7ﬂ3 (2K6 )(m+n+l)/2
K4a [1 _ (m +n+ 3)n](m+n+l)/2

dn _ &

; 7[1—(m+n+3)n]—

When the second term corresponding to the reverse reac-
tion is small and plays a certain role only in the very end
of the process, disproportionation occurs according to
the first-order kinetics. Taking into account the ratio
Mg = 1/(m + n + 3) and assuming that the equilibrium
degree of conversion g = 0.06+0.01, we obtain the num-
ber of molecules in the solvation shells m + n = 14%3,
which is quite reasonable for this type of systems.l4:43
From this scheme it also follows that the decrease in the
acid concentration to 1 — ng, i.e., to ~95 mol.%, will lead
to a sharp decrease in the equilibrium concentrations of
perchloric anhydride, which agrees with the data on ther-
mal decomposition?’? and vapor pressures®® for these
systems.

5. Conclusion

The review demonstrates that structuration of associ-
ated pure liquids and electrolyte solutions in these liquids

can be be studied experimentally by NMR spectroscopy.
Examples of the influence of this structural self-organiza-
tion on the chemical kinetics and thermodynamics are
given. The following advantages of NMR spectroscopy
are noted:

— possibility of obtaining quantitative data on directed
interactions, primarily, in H-bonded systems;

— possibility of determining fine specific features of
the concentration and temperature dependences, which
bear information on the structural self-organization in
liquids;

— high accuracy of quantitative measurements of the
kinetics of fast chemical exchanges, in which the role of
self-organization is most pronounced.

This made it possible to obtain data not only on the
compositions and structures of labile supramolecular sys-
tems but also on the dynamics of their reorganization in
the liquids under study.

These studies provided a deeper insight into the mecha-
nism of the fundamental process of "structural diffusion”
(proton mobility in liquids as diffusion of an H*-induced
structural defect in the H-bond network of the liquid) and
gave estimates of the dependence of this process on
solvophobic substituents and structural motifs of supramo-
lecular systems involved in reorganization.

A thorough study of a number of systems led us to
conclude that there are special points in liquids, i.e., the
magic relations between the mole concentrations and the
"critical" temperatures in the close vicinity of which the
derivatives of the physicochemical properties (and some-
times, the properties by themselves) change much more
sharply than in the adjacent regions. In our opinion, ther-
modynamically stable diffusion-averaged supramolecular
structures correspond to these singular points. In the case
of compositions intermediate between two special points,
the system is a quasi-ideal mixture consisting predomi-
nantly of two structures, which correspond to the adja-
cent special points and exist in the dynamic equilibrium.
Our experience in studying various inorganic and organic
systems demonstrated that these effects are widespread
(these effects are known, for example, for aqueous-alco-
holic systems) and can be accompanied by considerable
thermodynamic and kinetic effects.

Long-lived structures, which are based on H bonds
and other intermolecular forces, contain a large number
of particles, and are characterized by a complex architec-
ture, have been extensively studied in past decades in
supramolecular chemistry and hold great promise.84—86
Solvation complexes and associates in the liquid phase
are essentially labile supramolecular systems. However,
in spite of a considerable progress in this field,87-88 these
systems are poorly studied. This is associated with the fact
that experimental studies of such systems present difficul-
ties because of the averaging due to particle motion in
liquids. In addition, there are no adequate theories of the
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liquid state because it is difficult to take into account
collective interactions.
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