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Are Halide---Halide Contacts a Feature of Rock-Salts Only?
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The electron density distribution function in the crystalline hydroxylammonium chloride obtained using the
high-resolution X-ray diffraction technique was analyzed by means of Bader’s “atoms in molecule” theory.
The anior-anion interactions in the crystal of this ionic material were examined and the energy of th€Cl
contacts was estimated on the basis of the experimental data. The results obtained coincide well with the
theoretical calculations and the X-ray diffraction data for the rock-salts. The existence of such type of
interactions was shown to be not the unique feature of inorganic salts with point charge cations.

Introduction the anior-anion interactions were reported for-@D contacts
in MgO% and danburite (Cad$i,0g).? It is also noteworthy that
recently, the application of the AIM concept to crystalline solids
ave rise to the method, which affords the possibility to make
structure prediction based upon topological radii of ibtsvas
demonstrated that an anion to cation ratigrf) plays a key
role in the determination of the topology of the rock-salt and
the cesium chloride phases, i.e., the arianion contacts would
happen only ifry/rc value (under assumption the ions as rigid
eSpheres) is about 1.4 for the cesium chloride phase and 2.4 for
' the rock-salt one.

Accordingly, it was intriguing to check the occurrence of the
halide--halide interactions in the crystal with non-point charge
cations participating in formation of numerous directional
contacts in which the anieranion separation is comparable
with that of alkaline halide. Therefore, in the present work, we
report the results of the electron density analysis of hydroxyl-
ammonium chlorideX) by means of Bader’'s AIM theory on
the basis of the high-resolution XRD data.

The X-ray diffraction (XRD) analysis gives an opportunity
to provide insight into the bonding peculiarities of the solid state
and hence to understand how to handle the arrangement o
molecules or ions to obtain materials with specific physical and
chemical propertiesThe main problem is that in many cases
it is difficult to divide forced and attractive (bonding) interac-
tions in crystal. For example, in crystalline salts with point

cation—anion ones due to electrostatic reasons. However
according to some investigations in this field, rare arianion
contacts were also detected in high-quality measurements of
inorganic salts (see ref 2 and references therein).

For the ionic materials, a simple ratio of cation to anion radii
correctly predicts the existence of haliclealide contacts in the
alkaline halide crystald Apparently, this radius ratio criterion
fails to provide the satisfactory description of the systems with
bulky cations which cannot be approximated by the rigid ion
model.

In accordance with the above the behavior of anions in the
crystal with non-point charge cations is the point of interest.
One of the most successful approaches to detecting intermo- The details of the X-ray data collection and conventional full-
lecular interactions is topological analysis of the electron density matrix anisotropie-isotropic refinement are listed in Table 1.
distribution functiono(r) derived from the high-resolution X-ray ~ The multipole refinement was carried out within the Hansen
diffraction (XRD) datd by means of Bader's “atoms in  Coppens formalisit using XD program packadgwith the core
Molecule” (AIM) theory?® Using the AIM formalism in con- and valence electron density derived from wave functions fitted
junction with accurate XRD experiment, one can distinguish to a relativistic Dirae-Fock solutiont® Before refinement, the
the binding interactions from all other contacts. This approach N—H and O-H bond distances were normalized to the values
provides excellent results for minerals, molecular and ionic obtained from the neutron dath.The level of multipole
crystal structure$. Its additional advantage is the unique expansion was hexadecapole for chlorine and octupole for
opportunity to estimate the energy of the interatomic contacts nitrogen and oxygen atoms. The dipolgsand the hexadeca-

Experimental Section

(Econ) ON the basis of the potential energy density functim poles H were refined for all hydrogen atoms for more accurate
valué® in the corresponding bond critical point CP+3,) and description of hydrogen bond3.All bonded pairs of atoms
even predict with high accuracy the sublimation enthdlpy. satisfy the Hirshfeld rigid-bond criteria (difference of the mean

Bader's analysis of experimental and theoretical electron square displacement amplitude N¢I(1) was 2104 A?). The
densities of alkaline halides has been done in ref 8 The aboveresidual electron density was not more that 0.12%Analysis
anion—anion bonds were found in the crystals of LiF and NaF. of the p(r) function topology was carried out using the
On the other hand, in the case of NaCl, the CP-(3,for the WINXPRO program packag®. The results of the multipole
Cl---Cl contact was observed only in the theoretical calculation, refinement are also listed in Table 1.

whereas it was not found in the experimergl). In addition, DFT calculations of the hydroxylammonium cation in the Cs
symmetry were performed with the Gaussian98 program pack-
* Corresponding author. E-mail: kostya@xrlab.ineos.ac.ru. agée® at the B3LYP level using the 6-3¥G** basis set. The
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TABLE 1: Details of Data Collection and Refinement of 1 O(1) H(2N)
NH3;OHCI H(1‘6}_

M 69.49 o Nt (3N)

T 100 K /

space group P2:/n (1N)

a 6.8955(5) ‘_wk_ - q’

b, A 5.9218(5) : Fi <

c A 7.2123(5) N(1)/HON)" < clay S ©

B, deg 114.141(5) - ‘_ﬂliﬂ /

v, A3 268.75(4) . p &

z 4 b ’ \\ H(10)

density, g cm?® 1.718 ' e /

F(000) 144 L $H2N) ¥

u (MoKa), cmt 10.9 A

diffractometer Bruker AXS SMART APEX2 A =

absorption correction (Mok) semiempirical from equivalents P \‘\ s &

scan technique w-scan with 0.8 step inw o ._"_ ‘

Omax deg 50 P S

number of measured refl. 13121 é ~ lc“ﬂ' ~ /

number of independent reflR(int)) 2818 (0.0246) ~ g ’

number of observed refl. 2416 ,b"' = ""(;_‘
with | > 20(1) .

conventional refinement f ‘f'

wR2 0.0448

R1 calculated against 0.0176

GOF 1.000 =8

pmad prin, € A3 0.326/-0.373 Figure 1. The fragment of the crystal packing of

multipole refinement

number of rfin. withl > 3o(1) 2392

R1 calculated against F 0.0149

Rw calculated against F 0.0123

GOF 0.85

pmal prin, € A2 0.119/-0.107

optimization was followed by the evaluation of the harmonic
vibration frequencies.

Results and Discussion

The geometry of the cation in the crystal bfs almost the
same as that in isolated state with the N{O(1) bond length
equal to 1.4114(4) and 1.4060 A for the XRD and DFT data,
respectively. In spite of numerous hydrogen bonds formed (see
below), the antiperiplanar disposition of the H(10) and H(3N)
atoms persists in the crystal with torsion H(ED(1)—N(1)— H(‘3N)

H(3N) angle equal to 175 s

Analysis of the crystal packing ih shows that the cations  Figure 2. The experimental DED distribution in the section of square-
are assembled into infinite chains by the O{HI(1N)—N(1) planar surrounding of chloride anion in the crystallofThe contours
H-bonds with the ®-N distance equal to 2.9780(4) A. The are drawn with 0.05 e/ step; the negative ones are dashed.
chains are hold together by the -€H—N and Ct--H—0O
contacts forming the three-dimensional framework. These 3.9 A. Moreover, in 76 structures the €Ll distance is less
cation—anion interactions are characterized by comparatively than the sum of van der Waals radii for chiorine (3.8 A).
high values of the GI-N and C}--O distances varying in the ~ Therefore, one can question whether or not the interatomic
range of 3.0321(5)3.2143(5) A. In contrast to pure ionic  ‘contacts” in the crystal ofl correspond to attractive interac-
crystals, the Gt-H—N/Cl-++H—0 angles are nearly linear and  tions. To accomplish this the topological analysis of the electron
equal to 156(1)}164(1y. The additional Gt-O and Ci-+N density distribution functiom(r) in 1 was performed.
contacts (the values of the ©O—N and Ct--N—O angles are Electron Density Distribution. The deformation electron
172 and 167, respectively) observed i probably play the density (DED) distribution inl (Figure 2) is characterized by
same role in the formation of crystal packing (Figure 1). Since expected features: the accumulation of DED in the interatomic
these interactions do not influence significantly on the geometry area and several maxima in the vicinity of the CI(1) ion
of the cation (the N(£-O(1) bond lengths in the condensed corresponding to four localized electron pairs (LP) of chloride
and gaseous phases vary slightly), one can expect them beinginion. The mutual disposition of the chloride LPs according to
considerably weak. the analysis of-v2p(r) function topology can be described as

Due to the above intermolecular contacts, chlorine anions arethe significantly distorted (flattened) tetrahedron. This is the
located at relatively short distance of 3.8053(5) and 3.9046(5) direct consequence of the crystal packing effects, i.e., the
A. Both values are even smaller than that of ©ICI~ separation influence of the distorted square-planar surrounding ofa@iion
in NaCl (3.981 A It is noticeable that the formation of such  formed by two nitrogen and two oxygen atoms (Figure 1).
ClI---Cl contacts is not the unique feature bf We found at To investigate the peculiarities of charge distribution in the
least 134 organic compounds in the Cambridge Structural crystal ofl, we determined the atomic basir@)(surrounded
Database (CSD) with a €tCl separation in the range of 3-6 by zero-flux surface and integratee(r) over Q to obtain
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TABLE 2: Atomic Charges, Volumes and Lagrangian for
Atoms in 1

g, e Vo, A3 L(r), 10-* a.u.
CI(1) —0.28 27.91 1.22
o(1) —0.69 15.04 1.02
H(10) 0.54 2.26 1.19
N(1) —0.96 13.34 4.07
H(1N) 0.48 2.7 1.16
H(2N) 0.42 3.16 0.33
H(3N) 0.49 2.51 0.57

TABLE 3: Topological Parameters of the p(r) Function in
the CPs (3,—1) for the Cation—Anion and Cation—Cation
Interactions in the Crystal of 1

p(r), Econt
interaction R A eA3 v2(r), e A5 u(r), a.u. kcal/mol

Cl(1)--H(IN) 2.208  0.122(1) 1.99(1) 0.014033 4.40
CI(1)H2Ny 2.224  0.137(1) 1.83(1) 0.01503 4.72
Cl(1)}-H@EN)P 2.199  0.142(1) 1.5(1)  0.014348 4.50
O(1)+-H(INY 2.551  0.065(1) 1.19(1) 0.006583 2.07
Cl(1)}--H(1Oy 2.079  0.16(1)  2.84(1) 0.021101 6.62
Cl(1)N(LF 3.1722(5) 0.067(1) 0.67(2) 0.00499  1.57
Cl(1)}--O(1y 3.1163(5) 0.06(1)  0.81(2) 0.004974 1.56

a . . )
X _il'/g(’e_a;oi] ;\gszo E_tall?ze (1 f_r())(m+bi st:yozl_ezt?y_tt;ecinT;ezt’ry_())/pfratlon Figure 3. The molecular graph in the section of chlorinehlorine

312,7— 1/2.9%+ 3/2,y — 1/2,—z+ 1/2.©—x + 5/2,y — 3/2, —z + contact in the_ crystal of. The CI(1) and CI(I’_) atoms were obtained
1/2’f_x F1 -yt 1’ — ' ' ' from the basis one by the symmetry operatiex, —y, —z (center of

' ' L inversion) and H x, 1 +y, 1+ z(translation), respectively (the values
of the CI(1)--CI(1') and CI(1)--CI(1") separation are equal to 3.8053-
(5) and 3.9051(5) A). The atom surface is drawn by a black line; the
bond path by a red one and the black circle marks the CP-{3,

basins’s electron populations and thus atomic charges. Although
the integrated Langrangiam.(f) = —1/4v2p(r)) for every Q
has to be exactly zefo,a reasonably small numbers with

averaged value of 1:40~* a.u. with maximumnL(r) observed potential energy density function(r) in the CP (3+-1). Thus

for N(1) atom (4.110°* a.u.) were obtained. The values of ~ yhe Cj(1)--H(2N) interaction Econ= 4.72 kcal/mol) was found
atomic charges indicate the high degree of charge transfer;s pe the strongest within all of the GtH—N bonds Eontis

(0.72e) from the chloride anion to the bulky cation (Table 2), equal to 4.40 and 4.50 kcal/mol for the H(IN) and H(3N)

unlike in the pure ionic compounds where the corresponding hydrogens). This agrees well with the above comparison of
parameters are approximately those of free fofisis difference hydrogen charges and volumes.

is mainly due to the presence of Gi-H~0 and CF---H"N It appears from the above peculiarities of crystal packing that
hydrogen bonds of intermediate strength in the crystal,of pp pecul Terystalp 9
the presence of numerous directional catianion as well as

whereas in the case of inorganic salts all of the binding the cation-cation interactions makes the structutequite
interactions are electrostatic (see ref 17 and references therein).,. N L d
different from the pure ionic one, which is observed, for

Another important point in the context of ionic materials is example, in the case of the NaCl. Therefore, it is interesting to
the concept of atomic size. Therefore, in addition to the atomic Pe, . ! 9
examine the occurrence of Ct-Cl~ contacts in the crystal of

charges in the crystal df, we also estimated atomic volumes 1 and to perform the comparative analysis of their topological
according to the above procedure. Since the integration W8S characteristics derived from XRD data @fand theoretical

carried out numerically, it is important to indicate that their sum . C - . o
in the crystal (66.92 A reproduces well the unit cell volume investigations of th_e.alkallne hal_ldes reportefj |.n literafifre.
per molecule (67.19 A with the relative error 0.04%. The Although the validity of analysis of the(r) within the AIM
expected relationship was found on comparing the cationic andtheory for weak interactions has been debatetle comparison
anionic volumes, i.e., the cation to the chloride anion ratio is ©Of the topology for the experimental and theoretip@l) and
larger than 1.3. potential energy density distributiarfr) functions has resolved
The atomic parameters for the different hydrogens of the NH  this controversy?2° Bader has demonstrated that each bond
group vary only slightly (see Table 2). Indeed, the H(2N) atom Path in the electron density is mirrored by the virial path, a line
charge is 0.42 e, while the corresponding values for H(1N) and of maximum potential energy density, which in turn indicates
N(3N) ones are approximately the same and equal to 0.48 andthat the presence of the bond path or critical point-@,
0.49 e, respectively The similar tendency is observed for their between the pair of atoms in question is the “universal indicator

volumes. of bonding between atoms?®.
With this fact in mind, one can relate the observed variation ~ Cl~---Cl~ Interaction. The CP (3;-1) and its associated bond
of H-atoms volumes and charges in the crystallofo the path in the experimental electron density for the arianion

different “H-bonding graphs” formed by these hydrogens. We contact are shown in Figure 3. It should be noted that although
therefore performed the search for bond critical points in the the shortest chlorine-chlorine distances are sufficiently close
area of the expected contacts. Accordingly, the CPs 1B, to each other (see above), only anions related by center of
corresponding to the Ci--H—N/Cl~---H-0O and G--H—N symmetry with the separation of 3.8053(5) A participate in the
H-bonds and the other interionic contacts were localized, and CI~+:-ClI~ interaction. In addition to the CPs (31) for the above
their energy was estimated on the basis of the Espinosa’scontacts we have located a number of ring CP$13,and cage
correlation schentgTable 3)-the semiquantitive relationship  CPs (3#3) caused by the three-dimensional framework. The
between the energy of the contaBL{,) and the value of the  characteristic set of critical points satisfies the Morse equation.
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TABLE 4: Selected Topological Characteristics of the Experimental and Model Electron Densities in the CP (3;1) for the
Cl=---Cl~ Contact in the Crystal of 1 and Crystal of NaP® and NaCP

o(r), eA3 v2p(r), eA5 v(r), a.u. he(r), a.u. A, eAs Ja, e A5 Jz, e A5
experimentap(r) 0.033(1) 0.37(2) 0.002123 0.000879  —0.086 —0.061 0.522
modelp(r) 0.029 0.36 0.001909 0.000914 —0.046 —0.020 0.426
NaF 0.03(1) 0.39(2) nla nla —0.07 ~0.02 0.48
NaCl 0.07 0.30 n/a n/a n/a n/a n/a

This is in a good agreement with the fact that only one of the interactions determine the crystal patternlafesulting in the
Cl~---Cl~ pairs displays a bond CP. formation of the weak anionanion contacts.

To demonstrate that the occurrence of arianion interac-
tions is not entirely the consequence of the charges redistributionConclusion
due to the formation of chemical bonds, we also performed
topological analysis of the mode{r) composed only from non-
interacting overlapping spherical atoms (pro-crystal). The values
of the p(r), v2o(r) functions and Hessian matrix eigenvalues
(Table 4) of both electron density functions in this bond CP
agree very well with the experimental data for NaF and the
theoretical results for Na@F? Furthermore, topological analysis
of the potential energy density functieru(r) in 1 also revealed
the presence of the CP (3]) located in the same position
between two chloride anions as the corresponding CP1(83,
in the p(r).

It should be mentioned that the->CI(2)---CI(1) contacts (X
= any bonded atom, e.g., C) in general are attributed to the
charge transfer from the LP of CI(1) to tl&-orbital of the
X—CI(2) bond?}-22|n terms of electron localization function
(ELF)23240r v2p(r), the manifestation of such type of interac-
tions is that the LP of one atom is directed toward the area of
electron density depletion for the other one (“peak to hole” type).
However, the analysis of experimental EERyhich provides
the reliable information about the disposition of 1338%shows
that the Ct---ClI~ interactions in the crystal of correspond
neither to “peak to hole” as in solid £+23and CIP2 nor to
“peak to peak” type. As follows from Figure 4 the lines
connecting maxima (LP) with nucleus for interacting ions are
tilt from the interatomic line (by ca. 3) and parallel to each
other.

The values of72p(r) at CP (3;-1) can be used as a measure
of the local accumulation of the charge density. Thus, the
positive Laplacian as well as local energy densidffy) for the
anion—anion interactions il indicates that they are of the (1) Brammer, LChem. Soc. Re2004 33, 476. Braga, D.; Brammer,
closed-shell type with the absolute values w¥o(r) being L.;‘Champness, N. RCryst. Eng. Comn005 7, 1. Kitagawa, S.; Kitaura.,
smaller than in the case of the H-bonds and comparable with Eétggjrgr’h%_;A{‘,%?Cmygnhaetﬂqéh‘lﬁhgiﬁggﬁeﬁj‘ }:f%cz%%% 403: 2'\'3;35"
those for Ci--O and Ct--N contacts (Table 3). Krishnamohan Sharma, C. \Cryst. Growth Des2002 6, 465.

The energy of this Cl---Cl~ contact estimated on the basis (2) Lua™na, V.; Costales, A.; Mori-®ahez, P.; PeridaA. M. J. Phys.
of the v(r) value is equal to 0.67 and 0.60 kcal/mol for the crystal Chem.2003 107, 4912.

: : 3) Pauling, L. JJ. Am. Chem. Sod929 51, 1010.
and pro-crystal ofl, respectively (Table 4), that is extremely g 4; Koritsaiszky’ T.S.. Coppens, @hem. Re. 2001, 101, 1583. Gatti,

Topological analysis of the electron density distribution in
the crystal ofl indicates that the anieranion interactions are
not only “privilege” of pure ionic salts with point charge ions
but also the case of rather bulky cation such as hydroxylam-
monium. At the same time, the data obtained revealed that the
presence of bonding path is not solely a consequence-ofaCI
interatomic separation. Thus, one cannot be sure that
chloride--chloride interactions are observed in all of the
mentioned 76 crystal structures with shortened-Cl contacts.
However, the result of present investigation clearly shows that
we also cannot exclude them basing on “chemical common
sense.” Finally, although the described interactions are extremely
weak as compared with the catieanion ones the detailed
investigations of the anieranion supramolecular aggregations
can probably serve as “auxiliary basis” for anion recognition.
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