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a b s t r a c t

Three new salts R2[B10Cl10] (R = Et3NH+, Ph4P+, [Ag(NH3)2]+, 1–3) containing bulky decachloro-
closo-decaborate dianion have been synthesized and characterized using the IR, 11B NMR, and 35Cl NQR
spectroscopy. Neither IR nor 11B NMR spectra have shown distinctions between compounds 1–3, whereas
35Cl NQR spectra of all the compounds have been split evidencing for crystallographic non-equivalence of
chlorine atoms caused by secondary interactions. Crystal structures of 2 and 3 have been studied using
X-ray diffraction and periodic DFT calculations, whereas unit cell parameters and space group of 1 have
been estimated using powder X-ray diffraction. The 35Cl NQR data supported by analysis of calculated
electron density functions within the framework of Bader’s Quantum Theory of Atoms in Molecules
(QTAIM) showed that both cation and solvent molecules take part in N–H. . .Cl and C–H. . .Cl bonding
as strong as 2.5 and 2.1 kcal/mol, respectively. The QTAIM study has revealed in 2 a number of p. . .p
interactions between lone pairs of chlorine atoms and delocalized electron density of phenyl rings or
C„N groups of acetonitrile molecules, and the strongest of them (0.9 kcal/mol) has been reflected in
the 35Cl NQR spectrum. The results have shown that the halogen-substituted boron clusters can act as
tags sensitive to H. . .Hal and p. . .p bonding, which can be identified by the NQR spectra even in the
absence of structural data.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Higher polyhedral boron cluster anions and carboranes [1] in
numerous salts and complexes tend to form various multicentered
specific interactions B–H. . .M or B–H. . .H(X) (X = C, N, O) with met-
als M, organic cations or solvent molecules [2]. Halogenated
derivatives of boranes and carboranes are capable of producing,
due to architectural variety of geometric shapes, macromolecules
with unusual physicochemical properties. They are used as non-
aqueous electrolytes for batteries since 1980s [3], as ionic liquids
[4], weakly coordinating anions [5], the Brønsted superacids [6],
and components in fuel cells [7]. Although Cl. . .H contacts were
found by X-ray diffraction only in the carborane acid H[CHB11Cl11]
[7], specific non-valent (secondary) interactions are thought to be
an important structure-forming factor for all the compounds. In
contrast to B–H. . .X bonds, which can be revealed by the IR
spectroscopy due to splitting of the m(BH) band, the B–Cl. . .X bonds
cannot be identified by this method because chlorine atoms are
heavier, the bonding is weaker, and no changes in m(BCl) band
are observed in the IR-spectra.

Alcock [8] describes secondary bonds as the bonds, which are
much longer than covalent and much shorter than the sum of
van der Waals radii of corresponding atoms. No system exists how-
ever which unambiguously determines the van der Waals radii.
Therefore, the choice of the experimental technique that allows
one to select from the whole totality of interatomic contacts those
associated with secondary interactions is an actual problem. Such
technique is expected to detect subtle changes in electron density
redistribution, which occur upon weak bonding between
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atoms-partners. Most spectroscopic techniques cannot reliably
detect these changes however.

It is known that the configuration of the boron cage in the stable
[B10Cl10]2� cluster, whose salts and complexes may be promising
compounds for the 35Cl nuclear quadrupole resonance (NQR) spec-
troscopy, is a bicapped square Archimedean antiprism with 8
equatorial and 2 apical chlorine atoms (Fig. 1). To our knowledge,
neither the charge density in the anion nor 35Cl NQR data for com-
pounds containing the [B10Cl10]2� dianion are available in the liter-
ature. A hypothetical 35Cl NQR spectrum of such an isolated anion
should be a doublet with 4:1 intensity ratio.

Due to the high sensitivity of NQR spectroscopic parameters to
the peculiarities of electronic distribution, geometry and stereo-
chemistry of compounds, the method is recognized as an effective
instrument for studying various solids including glasses, inclusion
compounds, porous materials, films, etc [9]. It is obvious that
involvement of the chlorine atoms in secondary interactions will
cause their non-equivalence due to the electron density redistribu-
tion. As a result, the splitting of the resonances is expected. For
chemically equivalent atoms in the crystallographically non-
equivalent positions, the spectroscopic splitting is caused by the
crystal field effects, which include contributions to the electric field
gradient (EFG) of secondary interactions. This splitting rarely
exceeds 5% [10]. Other characteristics of NQR spectra (frequency
shift, multiplicity, line width, temperature dependence of reso-
nance frequencies) also yield an information about basic structural
features of compounds [9].

Information on chemistry of the decachloro-closo-decaborate
anion, which can be found in the literature, is fragmented.
Salts Cat2[B10Cl10] (Cat = Li,3 K,11 imidazole cations4) and acid
(H3O)2[B10Cl10] [7] were described as well as the ability of the
[B10Cl10]2� anion to form radical ion [12] [B10Cl10]�� in the presence
of oxidizing agents. According to the results of IR spectroscopy [13]
and X-ray diffraction studies [14] of cobalt(II) complexes with
phenanthroline [Co(phen)3][B10Cl10] and [Co2(phen)4][B10Cl10],
the perchlorinated closo-decaborate anion is the outer sphere
anion. Neither complexes with other metals nor functionalized
halogenated derivatives are known.

It should be noted that the experimental methods traditionally
used (IR and UV spectroscopy, X-ray diffraction) could not conclu-
sively reveal the presence of specific interactions in compounds
with [B10Cl10]2�. However, these specific interactions were
identified by 35Cl NQR spectroscopy: the H. . .Cl hydrogen bonds
were found in CCl4 clathrates [15] and pharmaceuticals [16], weak
Ag. . .Cl bonds—in silver halomethanesulfonates [17], and p. . .p
bonding—in Menshutkin molecular compounds {(arene)�nSbX3}
(X = Cl, Br) [18]. As to the theoretical approaches for identifica-
tion of secondary interactions, the most prominent one for
Fig. 1. Structure of the decachloro-closo-decaborate anion [B10Cl10]2�; Ba and Be are
apical and equatorial atoms, respectively.
identification of secondary interactions is the quantum theory of
atoms-in-molecules based on topological analysis of the experi-
mental or calculated electron density q(r) (QTAIM) [19]. By this
approach, the interactions can be identified based on the analysis
of the electron density gradient as bond critical points (BCP), fol-
lowed by evaluation of the interaction strength (Eint) from the elec-
tron density values and the Laplacian in BCP. According to the
QTAIM, the C–H. . .Cl and Cl. . .Cl bonds were found to be the
closed-shell interactions of mainly electrostatic nature with Eint
varying from �1.5 to �15.5 kcal/mol [20]. Recently, combination
of the QTAIM and 14N NQR was successfully applied to investigate
polymorphism and hydrogen bonding in solid 1,2,3-thiadiazole
derivatives [21].

To clarify the nature of specific bonding in decahydro-closo-
decaborates, compounds R2[B10Cl10] (where R = Et3NH+, Ph4P+,
[Ag(NH3)2]+, (1–3)) were prepared and studied using 35Cl NQR
spectroscopy and X-ray diffraction. PW-DFT calculations and
QTAIM analysis of 2 and 3 were carried out to estimate energies
of secondary interactions. The results yielded an information on
the effect of cations (organic or complex), temperature, and prepa-
ration procedures on the ability of the [B10Cl10]2� anion to form
secondary bonds.

2. Results and discussion

2.1. Synthesis of compounds R2[B10Cl10], where R = Et3NH
+ (1), Ph4P+

(2), and [Ag(NH3)2]
+ (3)

The chemistry of decachloro-closo-decaborate anion was insuf-
ficiently studied and scarcely described in the literature. In con-
trast to a variety of chemical properties of the parental
decahydro-closo-decaborate anion [B10H10]2� [1], which can act
as inner-sphere ligand, participate in numerous substituted reac-
tions, and posses reduction activity, the perhalogenated analog
was only found to form salts Cat2[B10Cl10] [3,4,7,11], act as counter
ion in cobalt(II) complexes with phenanthroline [13,14], and form
[B10Cl10]�� radical ion [12]. It is known that silver tends to form
bondswith chlorine atoms; particularly, the crystal structure of sol-
vent-free dodecachloro-closo-dodecaboratosilver(I) [Ag2[B12Cl12]]
was reported [22]. The latter was prepared by interaction of AgNO3

with Cs2[B12Cl12] in aqueous solution. Each silver atom is
coordinated by six chlorine atoms providing a distorted octahedral
coordination sphere of the Ag+ cations, the Ag–Cl distances falling
in the range of 2.83–2.85 Å. The presence of specific Ag. . .Cl
interactions was not confirmed by other physicochemical methods.

In order to find specific interactions in decachloro-closo-decab-
oratosilver(I), we prepared silver(I) complex [Ag(NH3)2]2[B10Cl10]
(3) by reaction between [HNEt3]2[B10Cl10] (1), aqueous AgNO3,
and a solution of NH3 H2O according to Scheme 1.

The desired product 3 precipitated in the crystalline form from
the reaction mixture after 24 h. In the IR spectra of the complex,
there are two intense absorption bands corresponding to m(BCl)
stretching vibrations with maxima at 1163 and 1003 cm�1. In the
IR spectra of the previously studied complexes [Co(phen)3]
[B10Cl10] and binuclear [Co2(l-Cl)2(phen)4][B10Cl10], the maxima of
the m(BCl) bands were found at 1145, 1003 and 1147, 1003 cm�1,
respectively. The shape and intensities of the bands were identical,
and we could not say from the IR spectroscopy data if any specific
interactions are present in the cobalt complexes or in compound
3. At the same time, the m(BH) band in the IR spectra of decahy-
dro-closo-decaborates with specific B�H. . .H�X interactions
(X = C, O, N,) (dihydrogen bonds) is shifted to 100 cm�1 hence mak-
ing this method an express-instrument for identification of com-
pounds with the B–H. . .H–X interactions. It is clear that more
information is necessary for clarifying the nature of specific interac-
tions in compounds with perhalogenated closo-decaborate anion.



[HNEt3]2[B10Cl10] (1) + 2 AgNO3 + 4 NH3∙H2O 2H O⎯⎯⎯→ [Ag(NH3)2]2[B10Cl10]↓ (3) + 2 [HNEt3]NO3

Scheme 1. Preparation of silver(I) complex 3.

K2[B10Cl10] + 2[HNEt3]Cl 2H O⎯⎯⎯→ [HNEt3]2[B10Cl10]↓ (1) + 2KCl

Scheme 2. Preparation of salt 1.
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For comparison, we studied the IR-spectra of ammonium
[Et3NH]2[B10Cl10] (1) and phosphonium [Ph4P]2[B10Cl10] (2) salts.
The compound 1 was synthesized by interaction of potassium dec-
achloro-closo-decaborate by the interaction with aqueous [HNEt3]
Cl (Scheme 2).

Compound 2 was prepared by exchange reaction between com-
pound 1 and tetraphenylphosphonium chloride (Scheme 3) in
aqueous solution. Both compounds precipitated from the reaction
solutions as powders.

Crystals 2�3CH3CN were obtained by recrystallization of precip-
itate 2 from acetonitrile. In the IR spectra of compounds 2 and 3, m
(BCl) bands were observed with maxima at 1158, 999 and 1156,
1003 cm�1, respectively. As IR spectroscopy gives no information
about specific interactions in the compounds discussed, com-
pounds 1–3 were studied using X-ray diffraction and 35Cl NQR
spectroscopy.
2.2. Structure, QTAIM analysis, and 35Cl NQR spectrum of [Ag
(NH3)2]2[B10Cl10] (3)

According to our X-ray diffraction data, [Ag(NH3)2]2[B10Cl10] (3)
crystallizes in the orthorhombic system (sp. gr. Pbcn) with only a
half of anion and one cation in the asymmetric unit (Fig. 2). The
characteristics of intramolecular bonds are listed in Table 1.

PW-DFT geometry reproduced fairly well the experimental
molecular geometry with the exception of normalized N–H dis-
tances and Ag–N bonds. The [Ag(NH3)2]+ cation is equal-armed
and almost linear (178.9�) in the theoretical model, while the
experimental Ag–N bonds differ from each other. At the same time,
the N1. . .N2 distance remains unchanged (4.267 and 4.266 Å for
experimental and calculated geometries). The QTAIM analysis of
the theoretical electron density q(r) revealed all the expected BCPs
for Ag–N, H–N, Cl–B, and Ba–Be interactions, although some of
Be–Be bonds are absent. This fact is referred to the electron density
delocalization over the surface of polyhedral borane clusters [23]
and was previously observed for [B10H10]2� in (Hbipy)2[B10H10]
[24] and [Cu2(bipy)2B10H10] [25]. Characteristics of electron density
in BCPs are very close to those for the borane family (Table 1) [26]
and match the correlation q(r) vs. B–B bond distance, which was
found for other boron clusters [24]. At BCPs, differences of q(r) val-
ues assigned to the Ba–Be and Be–Be bond distances in the perchlo-
rinated [B10Cl10]2� anion from those in the [B10H10]2� dianion are
accounted for the effect of chlorine atoms and pronounced differ-
ence in bond distances. Nevertheless, negative values of r2q(r)
and he(r) undoubtedly indicate that all B–B and N–H interactions
are shared interactions, e.g. covalent non-polar or slightly polar
interactions, whereas all Ag–N and Cl–B interactions (r2q(r) > 0
and he(r) < 0) are highly polar covalent bonds with significant ionic
contribution.

At last, the QTAIM revealed the presence of a number of the
closed-shell Ag. . .Cl, N–H. . .Cl and Cl. . .Cl interactions (those with
positive r2q(r) and he(r) are here specific bonds) (Table 2). Partic-
ularly, the coordination environment of silver cation in crystal can
[HNEt3]2[B10Cl10] (1) + 2[Ph4P]Cl 2H O⎯⎯⎯→

Scheme 3. Prepara
be described as 2 + 5 pentagonal bipyramid with five chlorine
atoms in the equatorial plane (Fig. 2b).

The Ag–N binding energies, estimated using the EML correlation
Eint � �1/2 Ve(r) [27], give the Eint values equal to 45.5 kcal/mol.
Although the correlation was derived for hydrogen bonds, its cor-
rectness was later demonstrated for intermediate interactions con-
taining transition metals [28]. In 3, the estimated value of Eint
correlates with binding energies of 40.6(18) and 47.5(16) kcal/mol
reported by El Aribi et al. [29] and Deng & Kebarle [30]. The ener-
gies of Ag. . .Cl interactions estimated using the EML correlation do
not exceed 2.4 kcal/mol. The Eint values for some of the N–H. . .Cl
interactions achieve 2.5 kcal/mol, while those for halogen interac-
tions (Cl. . .Cl) vary from 0.3 to 0.9 kcal/mol. As one expects, the
shorter the intermolecular distance, the higher the Eint value, so
that the interactions with significantly non-zero Eint (>1.5 kcal/
mol) are also characterized by distances much shorter than the
sum of their van der Waals radii, e.g. they undoubtedly belong to
secondary interactions. The chlorine atoms involved in the rela-
tively strong N–H. . .Cl interactions are the apical Cl1 atom and
one equatorial Cl2 atom (Fig. 3, Table 2). Due to H-bonding, each
anion coordinates six different cations, and each cation is con-
nected with three anions (Fig. 3). The resulting H-bonded net
obtained within the ToposPro package [31] as simplification of
cations and anions to their centers of gravity keeping connectivity
of the net belongs to the a-PbO2 topological type.

Integrating the electron density over the surface of zero-flux
gives the charges of +0.65 and �1.30 e on [Ag(NH3)2]+ and
[B10Cl10]2�, respectively, while both NH3 molecules are almost
neutral (+0.05 and +0.09 e). The majority of the interactions seem
to occur between negatively charged chlorine atoms and positively
charged hydrogen and silver atoms (Table S1).

As was said above, a weakly split doublet with an intensity ratio
of 4:1 is expected in the 35Cl NQR spectra of the [B10Cl10]2� dianion
(from 8 equatorial and 2 apical chlorine atoms) in the absence of
secondary bonds. Three lines were however detected in the 35Cl
NQR spectrum of 3 at 19 K (Fig. 4). It is important to note that
the 35Cl NQR spectra of 1–3 could be observed only after cooling
the samples to 19 K. We could also observe the spectrum of 1 at
77 K, but a thorough search of the 35Cl resonances at room temper-
ature gave no results for all the samples. The origin of these two
low-frequency lines can be accounted for the involvement of the
Cl1 and Cl2 atoms to the N–H. . .Cl bonding (Table 2).

The Cl3 atom has two Ag atoms at distances which are shorter
than the sum of van der Waals radia (3.75 Å) [29] (Fig. 3). The eval-
uation of the relative additions to the qzz values at the Cl3, Cl2 and
Cl1 atoms from their neighboring atoms at the shortened distances
(these are proportional to

X

i

eqið3cos2hi � 1Þ=R3
i

where hi is the angle H(Ag). . .Cl–B, Ri is the H(Ag). . .Cli distances and
qi is the effective charge on the Ag(H) atoms) shows, that the addi-
tion of Ag. . .Cl3 to the EFG at Cl3 is much smaller than similar addi-
tions to the EFG at the Cl2 and Cl1 atoms from hydrogen atoms
(roughly as 1:6:8, respectively). Hence, the appropriate frequency
shift due to the secondary interactions Cl3. . .Ag seems to fall within
the line width of the resonance m = 22.2 MHz (Fig. 4).
[Ph4P]2[B10Cl10]↓ (2) + 2[HNEt3]Cl

tion of salt 2.



Fig. 2. (a) Molecular view of asymmetric unit of 3 in representation of atoms with thermal ellipsoids; (b) coordination environment of silver atoms (selected bond distances
(Å) and angles (�) are depicted with black and red, respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 1
QTAIM properties of intramolecular bonds in 3.a

Bond rexp(A–Z) rtheor(A–Z) q(r) r2q(r) Ve(r) he(r) Eint av

av. Ag–N 2.128(3)–2.140(3) 2.133 0.64 8.37 �0.145 �0.028 45.5 2
av. Ba–Be 1.687(4) 1.690 0.93 �4.71 �0.198 �0.123 4
av. Be–Be 1.840(4) 1.833 0.76 �2.65 �0.143 �0.085 5
Cl–Ba 1.790(3) 1.789 0.90 2.65 �0.211 �0.092 1
av. Cl–Be 1.800(3) 1.803 0.90 0.93 �0.205 �0.097 4
av. N–H 0.910 1.023 2.30 �48.73 �0.797 �0.653 6

a rexp(A–Z) and rtheor(A–Z) are experimental and theoretical interatomic distances (Å); q(r) – the ED at the BCP (e Å�3); r2q(r) – the corresponding Laplacian (in e Å�5);
Ve(r) – the potential energy density (a.u.); he(r) – the local energy density (a.u.); Eint – energy for a intermolecular bond estimated using the ESM correlation (kcal/mol); av –
the number of averaged data.
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Meanwhile, X-ray studies of 3 point to the presence of short
N–H. . .Cl (<2.95 Å) and Ag. . .Cl (<3.5 Å) contacts for all the chlorine
atoms without exception (Table 2). It is not excluded that the con-
tacts that are not reflected in the NQR spectra lie within the inac-
curacy of determining the van der Waals radii in the Bondi system
used for classifying the interatomic distances [32]. As to the ratio of
the line intensities, the reason for deviation of the recorded signals
(Fig. 4) from the ratio of intensities 1:1:3, which follows from the
structural data, may be, in addition to differences in relaxation
times, the differences in probabilities of the corresponding transi-
tions, which in turn depend on the values of the EFG asymmetry
parameters g [33]. Unfortunately, technical limitations of the
equipment, used in this experiment, did not allow us to measure
the values of g (see Section 5).

2.3. Structure, QTAIM analysis, and 35Cl NQR spectrum of
(Ph4P)2[B10Cl10] (2)

The results of the X-ray diffraction showed that compound 2
crystallizes as associate with solvent molecules as 2�3CH3CN. This
composition resulted in the formation of not only C–H. . .Cl, but
also C–H. . .p and p. . .p bonding, where p is the lone pair of a chlo-
rine atom. Previously, the existence of p. . .p bonding in a series of
Menshutkin’s {(arene)�nSbCl3} molecular compounds was revealed
using 35Cl NQR [18]. The 5pp(I). . .p bonding in the complexes of
dialkyl/diphenyldiiodostannates(IV) was also found using 127I
NQR [34].

Asymmetric unit of 2�3CH3CN is depicted in Fig. 5, characteris-
tics of the intramolecular bonds and selected intermolecular
interactions (those with interatomic distances shorter than the
sum of van der Waals radii in the Bondi system) are listed in Tables
3 and 4, respectively. Asymmetric unit contains two cations, one
anion and three solvate acetonitrile molecules. All BCPs were found
for P–C, C–C, N–C and C–H bonds; the molecular graphs of the
[B10Cl10]2� anion in 1 and 2 are similar (with eight missing Be–Be

BCPs). As one can see from Table 3, the intramolecular bonds in
2, except highly polar Cl–B interactions, are the shared interac-
tions. Characteristics of chemical bonds for the cage dianion in 1
and 2 are very close to each other, but their overall QTAIM charges
are slightly different (�1.30 and �1.45 e). The PPh4

+ and MeCN bear
on average +0.75 and +0.13 e, respectively (Table S2).

The QTAIM analysis of specific bonds in 2 revealed the C–H. . .Cl,
Cl. . .Cl and p. . .p interactions (either with phenyl rings or the C„N
fragment). Besides, a number of C–H. . .p, p. . .p and C–H. . .H–C
interactions were detected. All specific bonds are associated with
the closed-shell interactions, the characteristics of the strongest
bonds, which are shorter than the sum of van der Waals radii of
corresponding elements, are listed in Table 4 and depicted in
Fig. 6. The complete list of specific bonds for the chlorine atoms
is given as Supplementary Information (Table S3). We found that
only one apical and four equatorial chlorine atoms take part in
interactions with Eint > 1.5 kcal/mol (C–H. . .Cl bond) and 1.0 kcal/
mol (p. . .p bonding) (or with intermolecular distances 0.1 Å
shorter than the sum of van der Waals radii of elements in the
Bondi system). The C–H. . .Cl hydrogen bonds in 2 are weaker than
N–H. . .Cl interactions in 3, although they are still stronger than
other specific bonds in 2. Worth noting that the bulky [B10Cl10]2�

anions form in crystals of both 2 and 3 the distorted body-centered



Table 2
QTAIM properties of intermolecular bonds in 3.a

Atom A Atom Zb rexp(A–Z) rtheor(A–Z) q(r) r2q(r) Ve(r) �103 he(r) �103 Eint D

Cl1 Ag1i 3.414 3.447 0.06 0.598 �4.6 0.9 1.44 �0.06
Cl3ii 3.718 3.720 0.03 0.383 �2.0 0.9 0.62 0.22
H1Aiii 2.786 2.609 0.08 0.789 �6.0 1.2 1.89 �0.16
H1Ci 2.819 2.728 0.06 0.765 �5.2 1.4 1.62 �0.13
H2Civ 2.717 2.499 0.09 0.980 �7.8 1.1 2.46 �0.23

Cl2 Cl4v 3.890 3.859 0.02 0.287 �1.5 0.8 0.47 0.39
Cl2v 3.635 3.639 0.04 0.454 �2.7 1.0 0.86 0.14
H1Aiii 2.919 2.821 0.06 0.693 �4.5 1.4 1.42 �0.03
H1Bvi 2.611 2.483 0.09 0.956 �7.9 1.0 2.49 �0.34
H2Bi 2.687 2.562 0.08 0.813 �6.2 1.2 1.96 �0.26

Cl3 Ag1vii 3.257 3.232 0.09 0.909 �7.7 0.9 2.42 �0.21
Ag1viii 3.398 3.430 0.07 0.622 �4.8 0.8 1.50 �0.07
Cl1ix 3.718 3.720 0.03 0.383 �2.0 0.9 0.63 0.22

Cl4 Ag1viii 3.388 3.395 0.07 0.670 �5.2 0.8 1.63 �0.08
Cl2v 3.890 3.859 0.02 0.287 �1.5 0.8 0.47 0.39
H1Cx 2.947 2.802 0.06 0.574 �3.9 1.1 1.23 �0.003
H2Cxi 3.303 3.439 0.01 0.167 �0.7 0.5 0.24 0.35

Cl5 Ag1i 3.464 3.461 0.06 0.574 �4.3 0.8 1.36 �0.01
Cl5i 3.623 3.579 0.02 0.215 �1.0 0.6 0.33 0.12
H2Avii 2.979 2.758 0.06 0.550 �3.8 0.9 1.20 0.03
H2Axii 2.832 2.729 0.06 0.670 �4.6 1.2 1.44 �0.12

a rexp(A–Z) and rtheor(A–Z) are experimental and theoretical interatomic distances (Å); q(r) – the ED at the BCP (e Å�3); r2q(r) – the corresponding Laplacian (in e Å�5);
Ve(r) – the potential energy density (a.u.); he(r) � the local energy density (a.u.); Eint – energy for a intermolecular bond estimated using the EML correlation (kcal/mol);
D – the difference between experimental interatomic distance and van der Waals radii of corresponding elements. The Cl atoms involved, according to 35Cl NQR, in secondary
interactions are given in bold.

b Symmetry codes : (i) 1 � x, y, 3/2 � z; (ii) �1/2 + x, 3/2 � y, 2 � z; (iii) 1/2 + x, 1/2 + y, 5/2 � z; (iv) �1/2 + x, 3/2 � y, 1 � z; (v) 1 � x, 1 � y, 2 � z (vi) 3/2 � x, 3/2 � y,1 + z
(vii) 1/2 + x, 5/2 � y, 1 � z (viii) 3/2 � x, 3/2 � y, 1/2 + z; (ix) 1/2 + x, 3/2 � y, 2 � z; (x) 5/2 � x,1/2 + y, z; (xi) x, 1 � y, 3/2 + z; (xii) 1 � x, 2 � y, 1 � z.

Fig. 3. (a) Intermolecular environment of cluster anion in 3. Secondary interactions are depicted with dashed lines; (b) Fragment of crystal packing of 3 (view along
crystallographic axis b). Hydrogen bonds are depicted with dashed lines; (c) The underlying net for H-bonded motif in 3 (view along crystallographic axis b). Gray spheres:
centers of B10Cl102�; magenta: centers of [Ag(NH3)2]+. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cubic lattice with 14 neighboring anions around a given one. Steric
hindrances from [PPh4]+ cation cause elongation of distances
between centers of anions from 8.8–11.9 (for 3) to 10.8–16.1 Å,
although do not prevent the anions to form Cl...Cl interactions.
The latter in 2 (3.517–3.618 Å) are even shorter than those in 3
(3.623–3.980 Å).

Although the energies of Cl. . .C and Cl. . .N interactions, which
represent the p. . .p contacts, do not exceed 0.9 and 0.4 kcal/mol,
the 35Cl NQR reveals in 2�3CH3CN five chlorine atoms involved in
strong secondary interactions (Fig. 7). This means that Cl. . .C inter-
actions as short as 3.351 Å are reflected in the 35Cl NQR spectrum.
Certainly, the measurement of the EFG asymmetry parameter on
the appropriate chlorine atom could provide a more definitive con-
clusion about the existence of p. . .p interactions. However, the 35Cl
NQR spectral pattern (Fig. 7) demonstrates the technical infeasibil-
ity of such an experiment. Apart from the instrumental reason
described in Section 5, the high multiplicity of the signal with clo-
sely spaced components would not enable one to analyze an indi-
vidual spin-echo envelope, which is necessary for the evaluation of
the EFG asymmetry parameter. Meanwhile, the X-ray data point to
the B–Cl. . .H shortened contacts for three more Cl atoms (Table 4).
2.4. Spectroscopic evidences of secondary interactions in
(Et3NH)2[B10Cl10] (1)

The IR spectrum of compound 1 contains absorption bands cor-
responding to m(BCl) and m(NH) stretching vibrations (see Sec-
tion 5). As it was indicated, the shape and location of the m(BCl)
bands are equal to those observed for 2 and 3, so that no differ-
ences between three spectra were found. In addition, the 11B
NMR spectrum of a solution of 1 in [D7]DMF is similar to the 11B
NMR spectra of compounds 2 and 3; specific interactions cannot
be found by this method because of dissociation of salts in solution.



Fig. 4. The 35Cl NQR spectrum of 3 at 19 K. The resonance frequencies estimated
from PW-DFT data are shown as negative rods on the recordings of the
experimental spectrum. For some rods, the EFG asymmetry parameters (g, %) are
also given.
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Therefore, both spectroscopic methods do not reveal specific inter-
actions in compounds 1–3.

Compound 1 has not been characterized by single crystal X-ray
diffraction, but its composition makes highly probable the exis-
tence of secondary N–H. . .Cl and C–H. . .Cl interactions. Indeed,
the widely split 35Cl NQR spectrum was observed (Fig. 8, a) for
the sample cooled to 19 K. Its line multiplicity exceeded 10 indicat-
ing the existence of several crystallographic types of cluster anions
and at least 12 Cl atoms involved in secondary interactions in the
crystal lattice. We could also observe the spectrum of 1 at 77 K,
which unexpectedly showed no shift from the frequency range at
19 K (Fig. 8, b). The only difference between the two spectra was
Fig. 5. Asymmetric unit of 2�3CH3CN in representation o

Table 3
QTAIM properties of selected intramolecular bonds in 2�3CH3CN.a

Bond rexp(A–Z) rtheor(A–Z) q(r)

av. P–C 1.793(1) 1.800 1.19
av. CPh–CPh 1.392(2) 1.398 2.10
av. Ba–Be 1.688(2) 1.691 0.93
av. Be–Be 1.836(2) 1.832 0.76
av. Cl–Ba 1.782(1) 1.786 0.91
av. Cl–Be 1.800(1) 1.804 0.90
av. C–H 0.950 1.090 1.93

a rexp(A–Z) and rtheor(A–Z) are experimental and theoretical interatomic distances (Å);
Ve(r) – the potential energy density (a.u.); he(r) – the local energy density (a.u.); av – th
some broadening of the resonance lines observed for the heated
sample. However, the effect of temperature on the 35Cl NQR spec-
tra and relationship between the spectrum and the peculiarities of
the lattice dynamics seems to be rather complicated for this com-
pound, taking into account the large number of secondary interac-
tions suggested by the 35Cl NQR spectral patterns. It requires
special experiments, including relaxation studies.

To confirm the presence of non-equivalent [B10Cl10]2� anions in
the crystal lattice and to estimate the composition of compound 1,
the powder X-ray diffraction study of the sample was carried out
(Fig. 9). The powder X-ray diffraction pattern was successfully
indexed to give the unit cell parameters: a = 26.3857 Å,
b = 10.3570 Å, c = 30.3518 Å, b = 123.43�, V = 6406.5 Å3 in the P21/
c space group (RBragg = 0.068, Rwp = 2.50). The data obtained indi-
cate not only the purity of the sample, but also the presence of four
crystallographically independent cations and two crystallographi-
cally independent anions. Indeed, Z = 4 for this space group and
approximately 20 Å3 per non–hydrogen atom and 2 Å3 per each
hydrogen atom give c.a. 6000 Å3 for salt (Et3NH)2[B10Cl10] at
Z0 = 2 and c.a. 400 Å3 of extra volume which can be accounted for
disorder of alkyl groups of bulky cations. Hence, not only C–H. . .Cl
interactions but also N–H. . .Cl bonds can exist in this compound,
which are responsible for the splitting of the 35Cl NQR spectrum.
Unfortunately, the complexity of the composition did not allow
us to solve this structure.
3. Discussion

The titled compounds 1–3 are anion-cation salts with cations of
essentially different sizes and properties. Therefore, the effect of
external charges on the electron distribution within the complex
anion is an important question. Such an effect was systematically
analyzed using 35Cl NQR spectroscopy for hexachlorometallates
R2MIVCl6 (MIV = Sn, Pb, Te, Pt, Re; R = K+, Rb+, Cs+, NH4

+, Me4N+) with
f atoms with thermal ellipsoids (drawn at p = 50%).

r2q(r) Ve(r) he(r) av

�7.03 �0.298 �0.186 8
�21.71 �0.749 �0.488 48
�4.61 �0.197 �0.123 8
�2.59 �0.142 �0.085 16
2.49 �0.213 �0.093 2
1.02 �0.205 �0.096 8

24.4 �0.632 �0.444 40

q(r) – the ED at the BCP (e Å�3); r2q(r) – the corresponding Laplacian (in e Å�5);
e number of averaged data.



Table 4
QTAIM properties (a.u.) of selected intermolecular specific interactions in 2�3CH3CN.a

Atom A Atom Zb rexp(A-Z) rtheor(A–Z) q(r) r2q(r) Ve(r) �103 he(r) �103 Eint DBONDI

Cl1 H4SAi 2.864 2.697 0.07 0.639 �4.8 0.9 1.52 �0.10
H2SA 2.737 2.644 0.07 0.694 �5.3 1.0 1.67 �0.21

Cl2 H24ii 2.828 2.667 0.07 0.067 �5.1 1.0 1.60 �0.12
Cl3 H3 2.887 2.730 0.06 0.058 �4.2 0.9 1.35 �0.06
Cl4 H6SBiii 2.884 2.852 0.05 0.063 �3.9 1.3 1.22 �0.07
Cl5 H39 2.735 2.609 0.08 0.084 �6.6 1.1 2.07 �0.22
Cl6 H10iv 2.879 2.724 0.06 0.063 �4.6 1.0 1.46 �0.07

H9v 2.794 2.671 0.07 0.075 �5.3 1.3 1.67 �0.16
Cl8 H35vi 2.913 2.788 0.05 0.055 �3.4 1.2 1.05 �0.04

H6SCiii 2.874 2.751 0.06 0.056 �4.0 0.9 1.27 �0.08
Cl9 C30vii 3.351 3.369 0.04 0.049 �2.9 1.1 0.90 �0.10
Cl10 H11iv 2.950 2.756 0.06 0.058 �4.1 1.0 1.29 0.00

a rexp(A–Z) and rtheor(A-Z) are experimental and theoretical interatomic distances (Å); q(r) – the ED at the BCP (e Å�3);r2q(r) – the corresponding Laplacian (in e Å�5); Ve(r)
– the potential energy density (a.u.); he(r) – the local energy density (a.u.); Eint – energy for a intermolecular bond estimated using the EML correlation (kcal/mol); D – the
difference between experimental interatomic distance and van der Waals radii. The Cl atoms involved, according to 35Cl NQR, in secondary interactions are given in bold;

b Symmetry codes: (i) �x, 2 � y, �z; (ii) 1 + x, �1 + y, z; (iii) �1 + x, 1 + y, z; (iv) x, �1 + y, z; (v) �2 � x, 3 � y, 1 � z; (vi) �1 � x, 2 � y, �z; (vii) �1 + x, y, z.

Fig. 6. (a) Fragment of crystal packing of 2 (view along crystallographic axis a). Hydrogen atoms not involved in C–H. . .Cl bonding are omitted. (b) Secondary interactions in
2�3CH3CN reflected in the 35Cl NQR spectrum. Symmetry codes of the hydrogen and carbon atoms are given in Footnotes to Table 4.

Fig. 7. The 35Cl NQR spectrum of 2�3CH3CN at 19 R. The resonance frequencies,
estimated from PW-DFT data, are shown as negative rods on the recording of the
experimental spectrum. Below one rod, the EFG asymmetry parameter (g, %) is also
given.
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a cubic structure [35]. The results showed that the interaction
including ion–ion repulsion and acting through the electron inner
shell polarization of the Cl atoms (Sternheimer antishielding) is a
dominant factor determining the crystal field effect in these salts.
With increasing size of the cation the interionic Cl–Cl distances
increase, the repulsion between them weakens, and the Stern-
heimer antishielding decreases.

As it was found in the present NQR study of the decachloro-
closo-decaborate ionic compounds, the large size of the anions
(and cations) resulted in very similar frequency ranges for the salts
of all the cations. That is, the halogen frequencies in the NQR
spectra of the discussed clusters are mainly determined by the
intraanionic electronic distribution and weakly depend on the
cation nature.

Because both technical limitations of the equipment and closely
spaced components of the multiplet (Fig. 7) made the measure-
ments of g impossible, we have attempted to estimate them
from DFT. The calculated quadrupolar coupling constants
(QCC = eQqzz/h) and EFG asymmetry parameters (g) for all the
chlorine atoms in 2 and 3 are listed in Table 5.

The resonance frequencies, together with the intensities of the
corresponding lines, which are calculated from the values in
Table 5, are shown in Figs. 4 and 7 as negative rods on the scale
of the experimental spectra. Although the coincidence with the
experiment is poor, one can conclude that the participation of
the chlorine atoms in secondary interactions may considerably



Fig. 8. 35Cl NQR spectrum of 1 at 19 R (a) and 77 K (b).

Table 6
The electronic characteristics of the Cl atoms in the [B10Cl10]2� anions of compounds
2 and 3 (see text).

mavexp, MHz gavcalc, % eQq/h, MHz p(Npx�Npy) �q, e
2 me22.90 12.95 45.9 0.036 0.53
3 ma21.50 8.7 43.0 0.023 0.57

me22.15 16.4 44.5 0.044 0.53

Table 7
Crystallographic data and refinement parameters for 2�3MeCN and 3.

Compound 2�3MeCN 3

Empirical formula C54H49B10Cl10N3P2 Ag2B10Cl10H12N4

Fw 1264.50 746.48
Color, habit Colorless, prism Colorless, needle
Crystal size (mm3) 0.23 � 0.18 � 0.10 0.42 � 0.08 � 0.07
F(000) 1288 1416
T (K) 120 120
Space group triclinic, P�1 orthorhombic, Pbcn
Z 2 4
a (Å) 10.7655(4) 14.4280(19)
b (Å) 13.5998(6) 11.8855(16)
c (Å) 21.8168(9) 13.3806(18)
a (�) 82.218(1) 90
b (�) 79.404(1) 90
c (�) 76.273(1) 90
V (Å3) 3035.9(2) 2294.6(5)
dc (g/cm3) 1.383 2.161
l(Mo Ka) (cm�1) 0.552 2.868
hmax (�) 30.60 36.32
Ihklcoll/unique 56351/18624 38469/5376
Rint 0.022 0.064
Obs. refl./N/restraints 16300/715/0 4061/120/0
R,a % [I > 2r(I)] 0.030 0.043
Rw,b % 0.085 0.097
Goodness-of-fit (GOF) on F2c 0.99 0.99
Refcoded 1428020 1428019

a R = R||Fo| � |Fc||/R|Fo|.
b Rw = [R(w(Fo2 � Fc

2)2)/R(w(Fo2))]1/2.
c GOF = [Rw(Fo2 � Fc

2)2/(Nobs � Nparam)]1/2.
d Code of compound at the CSD.
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affect the spectral pattern of the anion making the relative posi-
tions of the resonances assigned to apical and equatorial chlorines
unpredictable.

Nevertheless, the calculations confirm that the observed NQR
spectra allow to select among the whole set of interatomic contacts
those, which are caused by secondary interactions (or weak coor-
dination bonding). The formation of these bonds is accompanied
by subtle changes in the electron density distribution on the
appropriate chlorine atoms resulting in the splitting of these
resonances.
Fig. 9. The experimental (blue) and calculated (red) powder patterns for 1 at room temperature, their difference (black) and theoretical peak sticks for a given unit cell. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 5
Theoretical NQR parameters for the chlorine atoms in 2 and 3.

Cl1 Cl2 Cl3 Cl4 Cl5 Cl6 Cl7 Cl8 Cl9 Cl10

2 QCC, MHz �44.3 �45.5 �45.6 �45.4 �45.0 �45.1 �45.6 �45.1 �45.6 �44.9
g, % 2.3 15.9 10.6 11.1 12.8 14.0 10.7 14.6 13.8 4.1

3 QCC, MHz �43.2 �44.7 �45.1 �45.4 �44.5
g, % 7.9 9.5 20.0 14.6 14.7
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To get a rough picture of the electronic characteristics of the Cl
atoms in the anions—the effective negative charges (�q, e) and dif-
ference in the occupation of the valence pp-orbitals (Npx–Npy)—we
listed in Table 6 these characteristics estimated using the average
values of the experimentally measured frequencies (mavexp, MHz) and
calculated (see Table 5) EFG asymmetry parameters (gavcalc, %). It is
evident, that (Npx–Npy) gives the value of p-character if the charge
transfer occurs from one of the chlorine pp-orbitals, whereas the
occupation number of the other (Npx or Npy) does not change.

4. Conclusions

The results of 35Cl NQR studies of decachloro-closo-decaborates
R2[B10Cl10], where R are Et3NH+, Ph4P+, and [Ag(NH3)2]+ supported
by PW-DFT calculations and the QTAIM analysis showed that the
NQR spectral patterns allow to select from the whole set of inter-
atomic contacts, determined by X-ray diffraction studies, those
which are caused by secondary interactions (weak coordination
bonding). The formation of these bonds is accompanied by subtle
changes in the electron density distribution on the appropriate
chlorine atoms resulting in the splitting of the appropriate reso-
nances. A direct correlation was found to exist between the inter-
action energy and 35Cl NQR spectroscopic characteristics of
associates of [B10Cl10]2� cluster with midsize cations and mole-
cules. The results showed that the halogen-substituted boron clus-
ters are capable of producing H. . .Hal and p. . .p bonds, which can
be identified by NQR spectra even in the absence of structural data.

5. Experimental

5.1. Synthetic procedures

Organic solvents and liquid organic reagents were purified and
dried according to the standard procedures. All the reactions were
carried out in air. [HNEt3]2[B10H10] was synthesized from decabo-
rane-14 according to the known procedure [36]. Chlorination of
K2[B10H10] by chlorine in water to form K2[B10Cl10] was reported
in Ref. [11].

5.1.1. [HNEt3]2[B10Cl10] (1)
A solution of K2[B10Cl10] (3 mmol) in water (5 ml) was added to

a solution of [HNEt3]Cl (6 mmol) in water (5 ml). Compound 1 pre-
cipitates from the reaction solution after 24 h, it was filtered off,
washed out by water (3 � 5 ml), and dried in air. The yield was
91%. Anal. Calc. for C12H30N2B10Cl10 (1): C, 21.67; H, 4.55; N,
4.21; B, 16.26; Cl, 53.31. Found: C, 21.52; H, 4.44; N, 4.11; B,
16.15; Cl, 53.27%. IR (m, cm�1): m(NH) 3147, 3168; m(BCl) 1156,
1003; d(HCH) 1460–720 cm�1. 11B NMR ([D7]DMF): d = 4.44 (2B,
s, Bap); �2.85 (8B, s, Beq).

5.1.2. (Ph4P)2[B10Cl10] (2)
A solution of [HNEt3]2[B10Cl10] (1) (3 mmol) in water (5 ml) was

added to a solution of [Ph4P]Cl (6 mmol) in water (5 ml). Qualita-
tive precipitation of 2 was observed immediately. The obtained
precipitate was filtered off, washed out by water (3 � 5 ml), and
dried in air. Anal. Calc. for C48H40P2B10Cl10 (2): C, 50.51; H, 3.53;
B, 9.47. Found: C, 50.43; H, 3.44; B, 9.37%. IR (m, cm-1): m(BCl)
1158, 999; d(HCH) 1460–720 cm�1. 11B NMR ([D7]DMF): d = 4.21
(2B, s, Bap); �2.68 (8B, s, Beq).

5.1.3. [Ag(NH3)2]2[B10Cl10] (3)
A solution of AgNO3 (4 mmol) in water (5 ml) was added to a

solution of [HNEt3]2[B10Cl10] (1) (2 mmol). A solution of NH3 H2O
(8 mmol) was added to the obtained reaction solution. Formation
of colorless needle crystals 3 was observed for 24 h. The obtained
crystals were filtered off, washed out by water (3 � 5 ml), and
dried in air. The yield was about 85%. Anal. Calc. for Ag2N4H12B10-
Cl10 (1): Ag, 28.90; N, 7.51; H, 1.62; B, 14.48. Found: Ag, 28.81;
N, 7.42; H, 1.51; B, 14.32%. IR (m, cm�1): m(NH) 3380, 3289; d
(HNH) 1674, 1601; m(BCl) 1163, 1003; d(HCH) 1460–720 cm�1.
11B NMR ([D7]DMF): d = 4.15 (2B, s, Bap); �2.54 (8B, s, Beq).

5.2. Materials and methods

Elemental analysiswas carried out on an EA1108 automatic CHN
analyzer (Carlo Erba Instruments). All the sampleswere dried under
vacuum at room temperature to constant weight to obtain
solvent-free compounds. Determination of boron was performed
by electrothermal atomic absorption on a Perkin–Elmer 2100
spectrophotometerwith anHGA-700 furnace [37]. Silverwas deter-
mined on a Perkin–Elmer 303 atomic absorption spectrophotome-
ter in an acetylene-air flame on 248.3 nm analytical wave length;
lamp current 25 mA, hollow cathode lamp (Carl Zeiss). The powder
patterns of 1–3 were measured on a Bruker D8 Advance Vario
diffractometer at RTwith LynxEye detector andGe (111)monochro-
mator, k(Cu Ka1) = 1.54060 Å, h/2h scan from 5.5� to 60� (2 and 3) or
from 1.8� to 90� (1), step size 0.01�. The measurement was per-
formed in transmission mode, with the sample deposited between
two Kapton films. The patterns were index directly to confirm
absence of phase transitions or impurities. Results of PXRD for 2
and 3 are given in Supplementary.

IR spectra of compounds 1–3 were recorded on an InfraLUM FT-
02 FT-IR spectrometer (Lumex, St.-Petersburg, Russia) in the range
of 600–4000 cm�1 (Nujol mull, NaCl pellets).

11B NMR spectra of compounds 1–3 in [D7]DMF were recorded
on a Bruker AC 200 spectrometer at a frequency of 64.297MHz
using BF3�Et2O as an external standard.

Single crystal of complex 3 was isolated directly from the reac-
tion solution, that of salt 2�3MeCN was obtained by the recrystal-
lization of precipitate 2 from acetonitrile solution. The intensities
of reflections were measured with a Bruker Apex II CCD diffrac-
tometer using Mo Ka (k = 0.71073 Å) radiation. The structures
were solved by the direct method and refined by full-matrix least
squares against F2. Hydrogen atoms were included in the refine-
ment by the riding model with Uiso(H) = nUeq(C), where n = 1.5 for
methyl groups and 1.2 for the rest atoms. All calculations were per-
formed using SHELXL 2013 [38] and OLEX 2.0 [39] program packages.
Crystallographic data and refinement parameters for 3 and
2�3MeCN are presented in Table 7.

35Cl NQR measurements were performed at 19 and 77 K utiliz-
ing a home-built phase coherent pulsed NMR/NQR spectrometer.
The 35Cl NQR spectra were measured using a frequency step
point-by-point spin-echo technique. At each frequency point, the
area under the spin-echo magnitude was integrated in the time
domain and averaged by a number of accumulations, which
depends on the sample and temperature. Unfortunately, the
instrument has no adjustment for registering the NQR spin-echo
envelope in external magnetic fields (the sample is inserted into
the transport vessel with liquid helium). The measurement of the
EFG asymmetry parameter is based on Fourier analysis of slow
beats of the spin-echo envelope in an external magnetic field. In
more detail, the approach is described in Ref. [40].

It is important to note that the 35Cl NQR spectra of 1–3 could be
observed only after cooling the samples to 19 K. We could also
observe the spectrum of 3 at 77 K, but a thorough search of the
35Cl resonances at room temperature gave no results for all the
samples.

The quantum chemical calculations of the crystalline state of 2
and 3 were carried out using the Vienna Ab-initio Simulation
Package (VASP) 4.6.28 code [41]. Conjugated gradient technique
was used for optimizations of the atomic positions (started from
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experimental data) and minimization of total energy. Projected
augmented wave (PAW) method was applied to account for
core electrons while valence electrons were approximated by
plane-wave (PW) expansion with 800 eV cutoffs. Exchange and
correlation terms of total energy were described in terms of den-
sity functional theory (DFT). PBE exchange-correlation functional
was used for this purpose [42]. At a final step of our calculations
atomic displacements converged were better than 0.01 eV Å�1, as
well as energy variations were less than 10�3 eV. In order to carry
out the topological analysis of electron density distribution func-
tion in terms of AIM theory the dense (stepsize between grid points
is equal to 0.025 Å) FFT (fast Fourier transformation) grid was used.
The latter was obtained by separate single point calculation of opti-
mized geometry with small core PAWs for each atom type. The
topological analysis of electron density distribution function was
carried out using AIM program—part of ABINIT software package
[43].
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