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Structural features, the crystal packing, and the proton conductivity of a series of hydrates
and ammonium salts of 4-nitrobenzenesulfonic acid were studied. It was shown that infinite
cation associates containing the onium moiety are responsible for a substantial increase in the
proton conductivity. The nature of the disorder in a series of crystals was investigated by
performing X-ray diffraction studies at different temperatures. A new type of structural synthons,
viz., anion-anion dimers stabilized by the SO;~...NO, interaction, was found and characterized
and the role of solvent water molecules was elucidated based on high-resolution X-ray diffrac-
tion data. The water molecules serve mainly as channels for charge transfer from the cation to

the anion with retention of the electroneutrality.
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The charge transfer is the fundamental value directly
related to some physicochemical properties. Thus, the
charge transfer is an important factor responsible for the
conductivity of crystalline organic conductors.!

One of the mechanisms of the charge transfer that
actually occur most often involves the formation of hydro-
gen bonds, which in turn provide a versatile method for
the control (design) of the desired supramolecular organi-
zation.? Thus, solid electrolytes, particularly polymeric
electrolytes, considered as potential materials for various
electrochemical devices (fuel cells and sensors) nearly al-
ways contain proton-generating functional groups (SO;H,
POsH) involved in extensive hydrogen bond networks,
along which the proton transfer occurs.3 An analysis of the
literature data leads to the conclusion that, in the general
case, all mechanisms of the proton transfer are based on
either the proton jump from a stationary acceptor to
a stationary donor (Grotthuss-type mechanism)*> or
the transport mechanism, where the movement of a struc-
tural group with an associated proton and the proton
jump occur simultaneously.®7 Water molecules, various
bases, and acidic groups can act as acceptors, due to which
such mechanisms are applicable to traps of any nature
(so-called Bjerrum defects) and which makes it pos-
sible to vary the composition, thus controlling the ion
transport. The Grotthuss-type mechanism can be consid-

ered as the most probable mechanism of the proton trans-
port in crystals.8

In the present study, we investigated aromatic sulfonic
acids. Due to the formation of intra- and intermolecular
hydrogen bonds and high polarization of the sulfo groups
in the presence of water, aromatic sulfonic acids are good
model systems for the elucidation of the proton migration
pathways in the crystal structures. Hydrates of aromatic
sulfonic acids are of particular interest also in relation to
investigations of highly hydrated forms of the proton in
the crystalline state. Evidently, a system of cation-anion
hydrogen bonds leads to the charge transfer from anions
(for example, SO5;7) to cations, usually such as onium
ions of water (H;0", Hs0,*, H,05%), ammonium, etc.
The degree of the charge transfer is associated with the
strength of the above-mentioned interactions. 1 Taking
into account that the degree of the charge transfer and the
strength of hydrogen bonds can have an effect on such
physicochemical characteristics of the material as the pro-
ton conductivity, these investigations are not only of in-
terest from the fundamental point of view but are also
necessary for the design of materials with high ionic con-
ductivity.

To investigate various factors influencing the proton
conductivity and elucidate the role of different types of
interionic interactions (cation-anion, cation-cation, and
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anion-anion) in the stabilization of a particular supra-
molecular organization (see, for example, the review!9),
we performed systematic X-ray diffraction studies, includ-
ing investigations at different temperatures, to estimate
the mobility of cationic and anionic moieties, and carried
out high-resolution electron density distribution analysis
and quantum chemical calculations for salts containing
the same 4-nitrobenzenesulfonate (4-NBS) anion. Onium
cations (1, 2), ammonium (3), protonated ethylenedi-
amine (4), propylenediamine (5), and glycine (6) were
used as the cations. The choice of the nature of the cations
was determined by the possibility of creating a convenient
model for investigation of the influence of the supramo-
lecular organization on the proton conductivity. In addi-
tion, this anion is of interest because both dihydrate and
tetrahydrate of 4-nitrobenzenesulfonic acid can be ob-
tained by varying the starting concentration of the acid
in water.11

Results and Discussion

In all the compounds under study, the main geometric
parameters of the 4-NBS anion are almost identical (Fig. 1).
In the crystal structures, the sulfo groups exist in the
deprotonate form, and the S—O distances vary in the range
of 1.448(1)—1.477(1) A, a slight elongation of the S—O
bond being observed for the oxygen atoms involved in the
largest number of hydrogen bonds. In the whole series of
the compounds, the S(1)—C(1) and C(4)—N(1) bond
lengths remain virtually unchanged (1.774(1)—1.780(1)
and 1.468(2)—1.470(1) A, respectively). In all compounds,
the nitro group is coplanar, within experimental error,
with the plane of the benzene ring. On the contrary, the
rotation of the SO;~ groups with respect to the aromatic
ring is determined by a hydrogen bonding system and, as
will be shown below, may vary depending on the tempera-
ture of the X-ray diffraction experiment.

First, let us consider the onium salts of 4-NBS. As
mentioned above, dihydrate (1) and tetrahydrate (2) con-
taining the Zundel ion H5O," and the Eigen-type ion
H,05* as the cations (Figs 2 and 3, respectively) were

Fig. 1. General view of the 4-nitrobenzenesulfonate anion with
displacement ellipsoids (p = 50%).

H(1WB)

oR2wW)

Fig. 2. General view of the Zundel ion in dihydrate 1 with dis-
placement ellipsoids (p = 50%).

isolated and characterized by varying the initial concen-
tration of 4-NBS in water. The conclusion about the type
of the cation associate was drawn based on the positions of
the localized protons and the O...O distances between the
proton acceptor and donor. As it can be seen, one of the
oxygen atoms, O(2W), is disordered in both cations.

In the crystal structure of 1, the O(1W)...0(2W) and
O(1W)...0(2W") distances in the Hs0," cation are
2.436(2) and 2.413(2) A, respectively, the H(1WA) proton
being almost symmetrically located between the oxygen
atoms (the H(IWA)—O(1W), H(IWA)—O(2W), and
H(IWA)—O(2W") distances are ~1.23 A). This geometry
of the cation and the relatively large isotropic displace-
ment parameter of the H(IWA) atom (0.08(2) A2 com-
pared with 0.037(9)—0.07(1) A2 for the other hydrogen
atoms of the H;O," cation) suggest that this cation is
disordered over two positions, which is quite typical of
strong hydrogen bonds (see Ref. 12 and references herein).
Based on the aforesaid, it cannot be ruled out that the
positions of the O(2W) and O(2W") atoms with occupan-
cies 0f 0.621(4) and 0.379(4), respectively, located in dif-
ference Fourier maps correspond to the oxonium and "wa-
ter" components of the cation. This cation forms strong
hydrogen bonds with the SO;~ groups of the anions (O...O,
2.650(2)—2.757(2) A), the hydrogen bonds formed by the
O(1W) atom being somewhat shorter, which is more typi-
cal of the onium ion.

In the crystal structure of tetrahydrate 2, as opposed
to dihydrate 1, there are infinite cationic chains con-
taining H,0;" ions, as follows from the much shorter

O(IW)...0(4W), O(IW)...0(2W), and O(1W)...02W")

H(4WA) HEWA)
H(4WB) H(3WB)
O—Q\O(4WA) ToGWA, R04wW) TO(3W)
. ] . HQWA)!
H(IWB) 02W)
—nd® O(2WA) s
o<1w§)§2’0 O(IW) TH(1WA)
H(IWC) H(QWB)

Fig. 3. General view of the H;03" ion in tetrahydrate 2 with
displacement ellipsoids (p = 50%).
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distances (2.499(1), 2.505(1), and 2.492(2) A, respectively;
in 1, the O(2W)...0O(3W) and O(4W)...O(3WA) distances
are 2.770(1) and 2.758(1) A) (see Fig. 3). As opposed to
the dihydrate, strong hydrogen bonds in tetrahydrate 2 are
characterized by pronounced asymmetry, resulting in that
the H(1WA) and H(1WB) protons form stronger bonds
with the O(1W) atom (0.85—0.92 A) than with the O(4W),
O(2W), and (O(2W") atoms (1.58—1.60 A).

The other hydrogen atoms of the cationic chains in 2
are involved in the formation of cationic hydrogen bonds
(0...0, 2.657(1)—3.148(1) A) typical of sulfonic acids.
As in the case of 1, the shortest distances between the
proton donor and acceptor are observed for the onium
oxygen atom O(1W), whereas the longest distances
(2.816(1)—3.148(1) A) are observed for the formally sol-
vent water molecule O(4W).

In the crystal structure of 2, the occupancies of two
components of the O(2W) atom are substantially different
and are 0.884(3) and 0.116(3) for O(2W) and O(2W"),
respectively, at 100 K (see Fig. 3). The X-ray diffraction
studies of 2 performed at higher temperatures showed that
the disorder has the dynamic character. Thus, at 173 and
250 K the occupancy of the O(2W") position increases to
0.199(7) and 0.275(8), respectively. It should be noted
that, as in the crystal structure of 1, the isotropic tempera-
ture factor of the H(1IWA) proton (0.067(5) A2) involved
in the hydrogen bonding with the disordered oxygen atom
is larger than that for the H(1WB) proton (0.046(3) A2).
A similar relation is retained as the temperature increases
to 250 K (0.101(10) and 0.087(8) A2). It should be noted
that the larger temperature factor cannot be attributed to the
stronger hydrogen bond and, consequently, to an increase
in the vibrational amplitude because the O(1W)...0(4W)
and O(1W)...O(2W) distances are slightly shorter regard-
less of the temperature. It is interesting that, except for
variations in the occupancies of two O(2W) positions, the
other molecules/ions in 2 remain ordered.

This disorder, which has been observed earlier in other
sulfonic acids,!3 may be attributed both to the inversion of
the oxygen atom!4 and the above-mentioned superposi-
tion of the "water" and "onium" components of the cation.
Earlier we have shown that the lone pair of the onium ion
is actually not revealed by topological analysis of the elec-
tron density distribution function, as well as by the analy-
sis of the electron pair localization function and is "inert"
with respect to the formation of specific interactions in
the crystals.!S> However, taking into account very low bar-
rier of the inversion (about 1 kcal mol=!),14 it would be
expected that the occupancies of two oxygen positions are
equal, but this was not observed experimentally. Hence,
the above-described disorder in the crystals of 1 and 2 is
most likely attributed to the proton transfer, and the
nonequivalence of the positions is, in turn, due to the
difference in the environment of the atoms in the crystals
resulting in the different strength of the hydrogen bonds

for two tautomers.1% It should be emphasized that the loca-
lization of the position of the disordered O(2W) atom in
salt 2 at 100 K became possible due to the high resolution
of the X-ray diffraction data (20,,,, = 100°), whereas it is
impossible to localize this weakly occupied position of the
oxygen atom (to be more precise, to suggest the presence
of this position) in the routine experiment. Hence, it can-
not be ruled out that the observed disorder has a more
general character and may be observed in the formally
"ordered" (according to the literature datal?) crystal struc-
tures, resulting in systematic errors in the determination
of the O...0 and O—H distances characterizing the
strength of the hydrogen bonding.

Apparently, the presence of an infinite hydrogen-
bonded network formed by water molecules and the onium
ion in tetrahydrate 2 as opposed to the discrete system of
hydrogen bonds (SO;™...H50,*...S0;7...H50,") in di-
hydrate 1 (Fig. 4) leads to an increase in the specific pro-
ton conductivity by more than 1.5 orders of magnitude
(from 10~®to 10~4 S cm~! at room temperature). This fact
is in good agreement with the assumed Grotthuss-type
mechanism of the proton transfer in onium salts 1 and 2.
Taking into account that the disorder of the oxygen atom
may be in part considered as a structure defect, it can be
hypothesized that its presence is also favorable for an in-
crease in the specific proton conductivity.

It should be noted that, in spite of the dramatically
different character of the cation associates, the arrange-
ment of the anions in salt 1 is almost identical to that in 2.
As it can be seen from the projections of the crystal pack-
ing (see Fig. 4), the anions are arranged in head-to-tail
stacks in both structures. Based on the interplanar distances,
it may be concluded that the anionic columns in 1 and 2
are involved both in stacking interactions between the aro-
matic systems and in quite unusual O,S—0O~...0,N-type
interactions. Thus, pairs, which are linked together pre-
dominantly by short O...N interactions (2.991(1) A) char-
acterized by the distinct directionality (the angle between
the O(1)...N(1A) line and the plane of the nitro group is
86.5°), as well as dimers stabilized by stacking interactions
(the shortest C(3)...C(1A) distance is 3.480(1) A), are ob-
served in the anionic columns in the crystal structure of 2
(Fig. 5). In the crystal structure of 1, there are apparently
no stacking interactions in the columns (the C...C dis-
tances (3.932(2) A) are larger than 3.55 A), and the O...N
anion—anion interactions are somewhat shorter (2.839(2) A).
These anion—anion interactions are similar in nature to
the interactions between nitrate anions!® and, apparently,
correspond to the charge transfer from the lone pair of the
oxygen atom to the antibonding orbital of the nitrogen
atom of the nitro group.

Within the associates stabilized by both stacking inter-
actions and strong intermolecular interactions, the charge
transfer is always observed. It should be noted that the
conductivity determined by the presence of stacks of aro-
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Fig. 4. Fragments of the crystal packing of di- (a) and tetrahydrate (b) of 4-NBS. The oxygen atoms of the cation associates are shown

as dashed circles.

matic rt systems is several orders of magnitude smaller than
the measured proton conductivity. For example, the conduc-
tivity of the complexes based on trinitrobenzene with poly-
cyclic aromatic compounds is 10714—10-20 S cm~=1.18 Tt
should be emphasized that such associates are of primary
importance in the conductivity of DNA.19

Fig. 5. Dimers in the anionic columns in tetrahydrate 2 formed
through SO;...0,N contacts and stacking interactions.

The unusual fact is that anionic columns are present
not only in the above-considered hydrates 1 and 2 but also
in all other salts of 4-NBS under study regardless of the
nature of the cation. For example, in the crystals of am-
monium salt 3, in which the SO;~ groups are disordered
over two positions with occupancies of 0.336(2) and
0.664(2) at 100 K, both positions are involved in the above-
mentioned interactions (O...N and O...O distances are
~2.88 and 2.77 A, respectively), resulting in the formation
of dimers. The dimers are linked to each other by stacking
interactions, which are substantially weakened due to
a large shift of the anions and, consequently, a small over-
lap of the & systems. In the crystal structure of protonated
ethylenediamine monohydrate (4), in which discrete cat-
ion associates are also present (Fig. 6, a), the character of
interactions between the anions in the columns is identical
to that observed in dihydrate 2: the alternating dimers of the
anions linked together by stacking interactions with the
shortest C...C distances of 3.456(1) A and dimers linked to
each other by SO;...NO, interactions with the O...N and
0...0 distances of 2.783(1) and 3.108(1) A, respectively.

A somewhat different character of the supramolecular
organization of the anions is observed in the crystal struc-
ture of protonated propylenediamine monohydrate (5), in
which, as opposed to 3 and 4, there are infinite cation
associates (Fig. 6, ). In the crystal structure of salt 5,
there are two symmetrically independent anions (4 and B).
These anions form A...B...B...A tetramers, in which the
A...B anions are arranged perpendicular to each other,
whereas the B...B anions are parallel to each other (Fig. 7).
The directional SO;...O,N interactions with the O...N
distances of 2.816(1) and 2.956(1) A belong to the main
type of interactions stabilizing the tetramers.

However, in the crystal structure of hydrate of the salt
of 4-NBS with glycine (6), which contains even larger
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Fig. 6. Cation associates in the crystal structures of the salts of 4-NBS: monohydrates of protonated ethylenediamine 4 (a),
propylenediamine 5 (b), and glycine 6 (c). The N(2)...0(1W) distances in salts 4 and 5 are 2.762(1) and 2.816(1) A, respectively. The
0(9)...0(6), N(3)...0(1W), O(7)...0(1W), and N(2)...0(1W) distances in salt 6 are 2.541(2), 2.738(2), 2.742(2), and 2.870(2) A,

respectively.

cation associates, viz., the chains consisting of the Zundel-
type cations [NH;—CH,—CO,...H—OC(O)CH,NH;]*
linked by water molecules (Fig. 6, ¢), there are also anion-
anion associates identical to those found in the crystals of
1, 4, and 5; the distances between the O,S—O~ and NO,
groups are 2.734(2) A.

An analysis of the Cambridge Structural Database
(CSD) of related compounds (i.e., compounds containing
anions, in which sulfo and nitro groups are present in
positions 1 and 4 of the aromatic ring) showed that the
above-mentioned anion-anion associates are present in 17
of 47 structures (including those described in the present
study), i.e., in 36% cases. In most cases, where these an-
ion-anion associates are not present in the crystal struc-
tures, aromatic or heterocyclic systems serve as cations,
which are involved in the formation of cation-anion dimers
through stacking interactions. Therefore, it can be con-
cluded that the associates under considerations, in spite of

the fact that they should be unfavorable due to the anion-
anion character, can be considered as supramolecular
synthons?? and, consequently, should be taken into ac-
count in the design of proton conductors.

In spite of the difference in the supramolecular organi-
zation of the cations in the ammonium salts (the presence
of infinite associates in 5 and discrete associates in 4),
these salts have almost the same conductivity at room
temperature (107°—10~19S cm~!). However, in both cases
an increase in the temperature to 160—180 °C led to an
increase in the specific conductivity to 10~¢ S cm~L.
It should be noted that, according to the thermogravimet-
ric data for these samples, the water loss is observed at
120—130 °C. Hence, the measured conductivity in fact
corresponds to the anhydrous forms of salts 4 and 5. Most
probably, the librational motion of the SO;~ groups in the
crystals of 4 and 5 will be substantially larger at 160—180 °C
as a result of the water loss. In these cases, the conductiv-
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Fig. 7. Fragment of the crystal packing of protonated propylenediamine 4-NBS monohydrate (5). The atoms of the independent

anion B are shown as larger circles.

ity will be provided by the proton jump from the cation to
the SO5~ group of the anion followed by the proton trans-
fer to another amine molecule, which will allow the pro-
ton to migrate in the bulk of the crystal.2! Therefore, it
may be supposed that the transport mechanism of the
proton transfer in salts 4 and 5 becomes dominant with
increasing temperature.

To a certain degree, this mechanism of the proton
transfer is consistent with the results of the X-ray diffrac-
tion studies of 4 and 5 at room temperature. According to
these data, even in the presence of water molecules in both
salts, an increase in the temperature by 120 °C leads to the
disorder of the SO5;~ groups in ratios of 0.50(2), 0.50(2)
and 0.868(11), 0.132(11) in two independent anions of
compound 5 and in a ratio of 0.868(5), 0.132(5) in com-
pound 4. The differences in the ratio of two positions of
the SO5 groups in 5 are in good agreement with the strength
of the above-described SO;~...NO, interactions. Taking
into account that the further rise of the temperature and
the water loss will lead to an increase in the mobility of the
SO~ groups, the proposed scheme of the dominant trans-
port mechanism of the proton transfer is highly probable.

To study in detail the nature of the above-described
anion-anion associates and to analyze the role of solvent
water molecules in the charge transfer between the anion
and the cation, we performed the topological analysis of
the total electron density distribution functions for salts 2,
4, and 5, which were derived from the high-resolution
X-ray diffraction data, within Bader's theory of Atoms in
Molecules.2? The energy of interactions was estimated
based on the semiquantitative Espinosa—Lecomte corre-
lation,?3 which was developed and successfully used for
the description of a wide range of weak, including disper-
sion, interactions in the crystals.24 The advantages of this
approach in studying the nature of chemical bonding and
estimating the strength of cation-anion interactions have
been considered in our earlier study.1® Taking into ac-
count the facts that the cationic layer in the crystals of

dihydrate 2 is disordered and that the electron density
distribution, at least in the region of the H,0;" cation,
may have systematic errors, we performed quantum chemi-
cal calculations of the neutral cluster containing a frag-
ment of the crystal packing of onium salt 2 consisting of
the anion-anion dimer surrounded by two cation associ-
ates, which include six water molecules and the onium
cation (Fig. 8). For this cluster, we performed the full
geometry optimization with the use of the B97D disper-
sion-corrected functional?? and the 6-311+G** basis set.

First, let us consider the results of quantum chemical
calculations. In spite of the fact that the optimization was
performed without symmetry constraints, the cluster un-
der consideration has the symmetry C;. It is interesting
that the level of theory used in the calculations allowed us
to reproduce the geometric features observed in the crystal
with high accuracy, which is of obvious methodological
interest. In particular, the O(1W)...0O(2W) distance in the
isolated cluster (2.512 A) is only slightly larger than that
(2.499(1) A) in the crystal of 2. It should be noted that in
the isolated cluster, as opposed to the crystal, three hydro-
gen atoms are localized at the O(2W) atom (all O—H
distances are at most 1.05 A) rather than at the O(1W)
atom. Based on the O...O distances in the cluster, it
may be supposed that it contains the H,O;" cation
rather than H;,O5". Actually, the O(3W)...02W),
O(2W)...0(1W), O(2W)...0(5W), and O(5W)...O(7W)
distances (2.515—2.654 A; the largest distance is observed
between the O(5W) and O(7W) atoms) are substantially
shorter than the corresponding distances between the
O(4W) atom and the O(1W), O(3W), and O(6W) atoms
(2.809—2.821 A).

An analysis of the charges determined by the integra-
tion of the electron density distribution function over
atomic basins showed that it is difficult to precisely assign
the charged cation to a particular type because the net
charges of all oxygen atoms with those of the attached
hydrogen atoms (except for the O(2W) atom) gave zero.
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Fig. 8. General view of the model cluster containing a fragment of the crystal packing of onium derivative 2 based on the results of

B97D/6-311+G** calculations.

For example, the charge of H;0(2W)* is 0.67 e, whereas
the charges of the other water molecules vary from 0.005
to 0.05 e. The character of hydrogen bonds in the cation
associates can be considered as the more reliable criterion
for the determination of the type of the cation. Actually,
negative values of the local electron energy density #.(r)
(—(0.06—0.09) a.u.) with positive values of the Laplacian
of the electron density Vzp(r) at the corresponding critical
points (3,—1) are observed only for the O(1W)—H...O(2W),
O(2W)—H...O(3W), and O(2W)—H...O(5W) hydrogen
bonds. Therefore, these hydrogen bonds correspond to the
intermediate type of interatomic interactions, whereas the
other hydrogen bonds in the cationic cluster are charac-
terized by either positive values of /.(r) or near-zero val-
ues (—0.001 a.u.), and, correspondingly, they belong to
closed-shell interactions. The difference in the type of in-
teractions reflects the different degrees of covalency of the
hydrogen bonds and is in good agreement with the higher
energy (17—28 kcal mol~!) compared with the other hy-
drogen bonds formed by water molecules (~8.5 kcal mol™}),
as well as with cation-anion interactions (6—8.2 kcal mol~1).
Consequently, the topological analysis of p(r) in the cat-
ion associate leads to the conclusion that the H,05" cat-
ion is present both in the crystals and in the isolated clus-
ter in spite of variations in the strength of interactions. In
turn, the analysis of the short interactions between the
anions showed that the anion-anion associates selected
based on the geometric criteria are actually stabilized by
both stacking interactions (C...C, 3.380 A) and interac-
tions between the SO;~ and NO, groups (O...N, 3.015 A).
These interactions belong to the closed-shell type and, in
spite of the relatively low energy (0.76 and 1.76 kcal mol—!,
respectively), can stabilize dimers and infinite col-
umns in the crystals. This is actually observed in com-

pounds 1—5. The topological parameters of the anion-
anion interactions in the crystals of 2, 4, and 5 deter-
mined by quantum chemical calculations are in good
agreement with the results of high-resolution X-ray dif-
fraction studies.

For an additional illustration of how precise is the ex-
perimental electron density distribution function, particu-
larly for the crystal of 2 characterized by the disorder of
the cation, we analyzed the deformation electron density
distribution. As it can be seen from the deformation elec-
tron density maps, the observed distribution is similar to
the expected one both for hydrogen bonds and covalent
interactions (Fig. 9).

According to the results of the topological analysis, the
SO;7...NO, interactions are bonding in all three crystal
structures, as evidenced by the presence of the critical
point (3,—1) and the bond path that links the correspond-
ing oxygen and nitrogen atoms. The topological param-
eters of these interactions vary in a narrow range (p(r) =
= 0.05—0.08 e A=3; V2p(r) = 0.83—1.11 e A=>) deter-
mined primarily by the O...N distances. Thus, the stron-
gest interaction is observed in the crystal structure of 4;
the O...N distance is 2.783(1) A, and the energy of this
interaction is 2.4 kcal mol~!. The weakest interaction is
observed in the crystal of 2 (O...N, 2.991(1) A) with the
energy of 1.35 kcal mol~!. It should be noted that the
observed difference in the strength of the interactions in 5
(1.4 and 2.1 kcal mol~!) for two independent anions is in
good agreement with the difference in the occupancy of
two positions of the disordered SO;~ group at room tem-
perature. As it can be seen from the deformation electron
density map in the vicinity of the SO;~...NO,...SOj; inter-
action in salt 5 (Fig. 10), these interactions can be de-
scribed as the charge transfer from the lone pair of the
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Fig. 9. Deformation electron density maps for the anion (a) and in the vicinity of SO;~...H;0"...H,0 hydrogen bonds in the crystal of
2 (b) contoured at 0.05 e - A=3 intervals; the negative values are indicated by dashed lines.

oxygen atom to the antibonding orbital of the nitrogen
atom of the NO, group.

In addition to the SO5...NO, interactions between the
anions, there are stacking interactions involving the aro-
matic rings. However, the energy of the latter, as in the
case of the isolated model cluster (see above), is substan-
tially lower (0.65 kcal mol™!).

Therefore, a combined experimental and theoretical
study of the electron density distribution and the analysis
of the CSD provide convincing evidence that the unusual
stabilization of anion-anion associates in the crystals of
4-nitrobenzenesulfonate salts is attributed to specific
SO;57...NO, interactions.

Since hydrogen bonds ensure the main channel for
charge transfer in these salts, it was also interesting to
analyze whether the electroneutrality of the water mol-
ecules involved in different (cation-cation and cation-an-
ion) hydrogen bonds, which was determined by quantum
chemical calculations of the model cluster, will be ob-
served in the crystals, in which the cation-anion interac-

Fig. 10. Deformation electron density map in the vicinity of the
S0O;...NO,...S0; interaction in the crystal of 5.

tions are much stronger and, as a result, the charge trans-
fer from the anion to the cation is more pronounced.

The analysis of the charges determined by the integra-
tion of p(r) over atomic basins showed that the total charge
in the crystals of 4 and 5 is equal to zero (0+0.01 e) regard-
less of the character of hydrogen bonds. In both crystals,
a substantial charge redistribution from 0.24 to 0.55 e is
observed. Its value is governed by the number and strength
of cation-anion hydrogen bonds. It should be noted that
in the salts of sulfonic acids studied earlier,? 132 the charge
transfer correlates, on the whole, with the energy of
hydrogen bonds. Therefore, solvent water molecules act
predominantly as channels for charge transfer from cat-
ions to anions both in the ammonium and onium salts.

We studied a series of 4-nitrobenzenesulfonic acid de-
rivatives with different cations. It was shown that the su-
pramolecular organization of ionic associates, as well as
a slight disorder of the corresponding structural fragments,
has an effect on the integrated value of the specific ionic
conductivity. The analysis of the electron density distribu-
tion revealed a new structural synthon, which can be used
for the design of proton conductors.

The possibility to construct the correlations between the
charge transfer and the energy of cation-anion interactions
in compounds 2, 4, and 5 and in isolated model clusters
will be investigated and discussed in detail elsewhere.

Experimental

Hydrate 1 was synthesized by the hydrolysis of commer-
cial 4-nitrobenzenesulfonic chloride (Fluka) with a 1:1 diox-
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ane—water mixture for 3 h. The evaporation of the reaction
mixture gave yellowish prismatic crystals. Hydrate 2 was isolated
based on the phase diagram.!! Salts 3—6 were prepared by slow
evaporation of aqueous solutions of an equimolar mixture of the
acid and the corresponding amio compounds.

The proton conductivity was measured on a Z-2000 imped-
ance meter (Elins Ltd) (operating frequencies were in the range
from 2 MHz—1 Hz) using C/solid electrolyte/C symmetrical cells.
The amplitude of the external alternating signal was 50—150 mV
depending on the impedance of the sample without direct-cur-
rent polarization. The frequency dependence of the resistance
was analyzed by the graphical analytical method.26 It should be
noted that a substantial contribution of the electrode impedance
to the cell resistance was observed in none of the cases. This
conclusion was supported by the fact that the impedance was
independent of the nature of the electrodes (carbon paper, plati-
num). The samples placed in the cells were prepared as pressed
(the pressing pressure was 5 atm) pellets 0.5—1.1 mm thick and
5 mm in diameter.

The thermal stability of the samples was determined by dif-
ferential scanning calorimetry (DSC) followed by mass spectro-
metric analysis of the decomposition products on Netzsch STA
409 PC LUXX and QMS 403 C Aeolos instruments. The TGA
spectra were recorded in the temperature range of 298—873 K;
the heating rate was 5—10 K min~!.

An analysis of the thermogravimetric behavior of 4-nitro-
benzenesulfonic acid dihydrate and tetrahydrate showed that
the dehydration started in the ranges of 95—103 °C and 75—80 °C,
respectively. This behavior can be attributed to the different
degrees of interactions between the sulfo group and water cat-

ions. The onset of the decomposition of the anions occurred at
190 °C and was accompanied by elimination of sulfur oxides and
thermal decomposition products of the nitrobenzene moiety.

X-ray diffraction study was performed on a Bruker SMART
Apex II CDD diffractometer (M(Mo-Ka) = 0.71072 A). The
structures of 1—6 were solved by direct methods and refined by
the full-matrix least-squares method with anisotropic displace-
ment parameters based on F2,,;. The hydrogen atoms were
located in difference Fourier maps and refined isotropically.
Main crystallographic data and the structure refinement statis-
tics for all structures are given in Tables 1 and 2. All calcula-
tions were carried out with the use of the SHELXTL-97 program
package.2”

The multipole refinement of the structures of 2, 4, and 3 was
carried out within the Hansen—Coppens model?! with the use of
the XD program package.28 In the multipole refinement, the
coordinates, the anisotropic displacement parameters, and the
multipole parameters up to the octupole level (/ = 3) for all
nonhydrogen atoms were refined against F,;; The positions of
the hydrogen atoms and their isotropic displacement parameters
were kept fixed. Before the refinement, all C—H distances were
normalized to the ideal distance (1.08 A), and the O—H and
N—H distances were taken from the neutron diffraction data for
similar structures and the results of quantum chemical calcula-
tions for the model cluster. For the more correct description of
hydrogen bonds, the electron density for the hydrogen atoms
was described by dipoles and hexadecapoles taking into account
the cylindrical symmetry. The correctness of the anisotropic
atomic displacement parameters was estimated using the Hirsh-
feld test, which was no larger than 6+ 10~* A2, The results of the

Table 1. Main crystallographic data and the structure refinement statistics for onium derivatives 1 and 2

Parameter 1 2

Molecular formula CgHgNO;S CgH 3NOgS

Molecular weight 239.20 275.23

T/K 100 100 173 275
Crystal system Monoclinic Triclinic

Space group P2,/n P-1

VA4 4 2

a/A 7.4634(7) 6.4206(1) 6.4353(5) 6.4556(8)
b/A 7.2360(6) 7.5945(1) 7.6048(6) 7.6466(9)
c/A 18.2806(16) 11.9438(2) 11.9592(10) 12.0175(14)
o/deg 90.00 97.1823(8) 97.2157(14) 97.226(2)
B/deg 95.2827(16) 95.8959(8) 96.1355(14) 96.314(3)
y/deg 90.00 93.2657(8) 93.2374(15) 93.044(3)
V/A3 983.05(15) 573.328(15) 575.86(8) 583.59(12)
dp1e/g cm™3 1.616 1.594 1.587 1.566
p/cm! 3.47 3.21 3.2 3.16
F(000) 496 288 288 288
20max/deg 58 100 58 58
Number of measured reflections 8779 43756 7024 7084
Number of independent reflections 2585 11721 3055 3085
Number of reflections with /> 2c([) 2398 10076 2754 2708

R, 0.0493 0.0276 0.0285 0.0319
WR, 0.1102 0.0756 0.0842 0.0911
GOF 1.097 1.001 1.079 1.087
Residual electron density —0.442/0.443 —0.478/0.597 —0.403/0.354 —0.411/0.336

(Pmin/Pmax)/€ A3
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Table 2. Main crystallographic data and the structure refinement statistics for ammonium compounds 3—6

Parameter 3 4 5 6
Molecular formula C6H8N2058 C14H22N401282 C15H22N4Ol lS2 C10H17N3OmS
Molecular weight 220.20 251.24 498.49 371.33
T/K 100 100 100 100
Crystal system Triclinic Triclinic Monoclinic Triclinic
Space group P-1 P-1 P2,/c P-1

VA4 2 2 4 2

a/A 6.4936(7) 7.1661(2) 11.6154(11) 5.7212(4)
b/A 6.7161(7) 7.7807(2) 7.9045(6) 7.8186(6)
c/A 10.1576(10) 10.4959(4) 23.1326(18) 17.8909(13)
o/deg 86.8752(19) 102.5380(10) 90.00 84.4572(14)
B/deg 82.8042(19) 93.7480(10) 103.344(3) 84.3157(14)
y/deg 75.5016(19) 114.3530(10) 90.00 70.3722(14)
V/A3 425.38(8) 512.48(3) 2066.6(3) 748.37(9)
dp1e/g cm™3 1.719 1.628 1.602 1.648
p/cm! 3.8 3.33 3.26 2.78
F(000) 228 262 1040 388
26max/deg 57 99 105 58
Number of measured reflections 4548 59987 298323 8874
Number of independent reflections 2231 10103 24061 3948
Number of reflections with 7> 26(/) 1931 8163 17850 3321

Ry 0.0460 0.0335 0.0339 0.0354
wR, 0.1113 0.0946 0.0952 0.0998
GOF 1.053 1.001 1.033 1.045
Residual electron density —0.711/0.636 —0.431/0.895 —0.473/0.634 —0.388/0.485

(pmin/pmax)e A73

multipole refinement are characterized by the following param-
eters: R = 0.0210, wR = 0.0214, GOF = 0.917 based on 9975
reflections with /> 3c(/) for 2; R=0.0230, wR=10.0189, GOF =
=1.0239 based on 7283 reflections with /> 3c(/) for4; R=0.0235,
wR = 0.0212, GOF = 0.9521 based on 16085 reflections with
1> 3c(l) for 5.

The potential energy density v(r) was calculated from the
X-ray diffraction data using an approximation in terms of the
Thomas—Fermi theory.2% According to this approach, the
kinetic energy density (g(r)) can be calculated by the equation
g(r) = 3/103r?)>3[p) 33 + (1/72)|Vp(r)/p(r) + 1/6V%p(r)
combined with the local virial theorem 2g(r) + v(r) = 1/4V2p(r),
which allows calculations of both the potential energy density
and the electron energy density 4.(r). The critical points (3,—1)
were found and the corresponding topological characteristics of
p(r), including A.(r), g(r), and v(r), were calculated using the
WINXPRO 1.5.20 program.3® The topological analysis of the
theoretically calculated function p(r) was performed with the
use of the AIMAII program.3!
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