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The novel crystal structures of seven compounds which combine 2-phenylethylammonium cations and

perhalometallate anions, all with the general formula (C8H9NH3
+)2 MX4

2�, were determined to

establish the effect of metal atom and halogen ligand substitution on the structures and hydrogen

bonding interactions. Five of the structures, bis(2-phenylethylammonium) tetrachlorozincate,

(C8H9NH3
+)2 ZnCl4

2�, bis(2-phenylethylammonium) tetraiodozincate, (C8H9NH3
+)2 ZnI4

2�, bis(2-

phenylethylammonium) tetrabromodichloroiodozincate, (C8H9NH3
+)2 ZnCl2BrI2�, bis(2-

phenylethylammonium) tetrabromocadmate, (C8H9NH3
+)2 CdBr4

2�, and bis(2-

phenylethylammonium) tetrabromomercurate, (C8H9NH3
+)2 HgBr4

2�, were found to be isostructural,

while two of the compounds containing iodo ligands, bis(2-phenylethylammonium) tetraiodocadmate,

(C8H9NH3
+)2 CdI4

2�, and bis(2-phenylethylammonium) tetraiodomercurate, (C8H9NH3
+)2 HgI4

2�,

crystallize in a different, but related disordered structure. Strong N+–H/X�–M hydrogen bonding

interactions, as well as weaker C–H/p aromatic interactions occur in all seven structures, and two

robust tetrameric hydrogen bonded zero-dimensional motifs are present in all seven structures. C–H/
Cl–M hydrogen bonding interactions are present in the structure of bis(2-phenylethylammonium)

tetrachlorozincate, and result in the distortion of the geometry of the 2-phenylethylammonium cation.

Comparison of the identified zero-dimensional hydrogen bonding motifs with those occurring in

related structures reported in the literature shows that the motifs are robust and can tolerate changes in

cation, metal and ligand to a large extent.
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Introduction

Organic–inorganic hybrid ionic materials provide the opportu-

nity to join desired properties of both the organic and inorganic

components when they self-assemble to give a composite crystal.1

The organic part may add structural diversity, while the inor-

ganic constituent contributes properties like electrical conduc-

tivity, mechanical properties and magnetic behaviour.

Perhalometallate anionic sheets may exert a templating effect on

organic cations,2 and the organic cation component, in turn,

affects the interlayer spacing, and may afford control over the

type of inorganic sheet obtained.

Perhalometallate anions of Cd and Hg may exhibit a range of

coordination polyhedra and dimensionalities3 while Zn perha-

lometallate anions typically adopt an isolated tetrahedral

geometry.

Application of the templating effect of the cation on the

inorganic component, and vice versa, requires a fundamental

understanding of the interactions occurring between the

components in the organic–inorganic hybrid, in order to control

the structure and ultimately, the properties of the material. One

branch of the field of crystal engineering aims to achieve this by

employing supramolecular synthons to control the packing of

units and the formation of periodic motifs.4
CrystEngComm, 2011, 13, 3485–3497 | 3485
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A number of studies have investigated the hydrogen bonding

interactions and motifs in compounds containing simple ary-

lammonium N+–H hydrogen bonding donors, and perhalome-

tallate anion acceptors. Reported strategies include the variation

of anion shape5 (square-planar, tetrahedral, octahedral,

1-d and 2-d polymeric) and variation of the cation6 (pyridinium,

4,40-bipyridinium and related cations), which resulted in the

identification of supramolecular synthons and hydrogen bonding

donor positions.7 Relevant to the current investigation are

studies which highlight the supramolecular synthons and motifs

present in organic–inorganic hybrid compounds containing

arylammonium cations with one hydrogen atom per donor atom

and charge, and isolated tetrahedral tetrahalometallate anions.

The molecular cations previously reported include the 4,40-

bipyridinium dication with tetrahedral anions ZnCl4
2�, ZnBr4

2�,

CoCl4
2�, CoBr4

2�, and HgCl4
2�,8 the pyridinium cation with

CoCl4
2� and CuBr4

2�,9 and the methyl-pyridinium cation with

the CuBr4
2� anion.9 Structures consisting of isolated tetrahedral

tetrahalometallate anions and pyridinium or methyl-pyridinium

cations display motif A (Fig. 1), while structures containing 4,40-

bipyridinium cations and isolated tetrahedral perhalometallate

anions exhibit motif B (Fig. 1).

Absent from the reported studies are tetrahedral tetraiodo-

metallate anions as well as arylammonium cations with increased

hydrogen bonding capability.

The question can now be asked if motifs A and B will remain

robust when the dimensionality of the hydrogen bonding

network is increased by replacing the pyridinium nitrogen atom

on the cation with an ammonium group and limiting the

hydrogen bonding ability to one end of the molecule with

potential aromatic interactions at the other end. The effect of the

systematic variation of the halogeno and metal components in

the perhalometallate anions on the motifs and crystal packing is

also of interest.

In this investigation, the 2-phenylethylammonium cation was

chosen as organic component of the hybrid compound because it

contains three hydrogen atoms per charged nitrogen donor, and
Fig. 1 Observed motifs A and B and predicted motif C.
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can thus potentially increase the dimensionality of the hydrogen

bonding network. In addition, only one end of the molecule has

hydrogen bonding capability, but the other end can potentially

form aromatic interactions. Considering motifs A and B, it was

proposed that the replacement of the pyridinium or 4,40-bipyr-

idinium cations by 2-phenylethylammonium cations may result

in the formation of motif C (Fig. 1) where aromatic interactions

link cations, and the increased hydrogen bonding capability

increases the dimensionality of the hydrogen bonding network.

The family of hybrid compounds containing the 2-pheny-

lethylammonium cation and different perhalometallate anions,

MqXr
p� (M ¼ Zn, Cd, Hg; X ¼ Cl, Br, I), was investigated

structurally (see Scheme 1). In this paper structures will be

referred to according to the abbreviation 2phenMX, where M

indicates the metal atom and X the halide anion. For example,

2phenZnCl would indicate structure 1 in the matrix, namely

bis(2-phenylethylammonium) tetrachlorozincate.

The structures of four members of the series have been

reported in the literature. The compound n(C8H9NH3
+)

(CdCl4
2�)n, 4,10 which contains 2-phenylethylammonium cations

and CdCl4
2� units, is of the layered perovskite type. In the

current study, the combination of 2-phenylethylammonium

chloride and CdCl2 in a 2 : 1 molar ratio yielded the same

perovskite compound. The compound n(C8H9NH3
+)(HgCl3)n,

7,11 was reported for the combination of 2-phenyl-

ethylammonium chloride and HgCl2. In this structure HgCl3
�1

units combine to form an infinite, one-dimensional perhalome-

tallate chain. The structures of the tetrabromozincate member of

the family, (C8H9NH3
+)2ZnBr4

2�, 2,12 and the mixed-metal

compound (C8H9NH3
+)2Cd0.75Hg0.25Br4

2�, 11,13 in which

a quarter of the metal positions are occupied by Hg, and the rest

by Cd, are isostructural to other members in the series, and will

be included in the current comparison.

The aim of the current study is to structurally investigate the

outstanding members of the series in order to highlight the effect

of variation of the divalent metal and halogeno ligands on

packing trends and supramolecular motifs, and to compare the

motifs present to those in related structures in the literature.
Results

The asymmetric unit of all seven novel structures 2phenZnCl, 1,

2phenZnI, 3, 2phenCdBr, 5, 2phenCdI, 6, 2phenHgBr, 8,

2phenHgI, 9 and 2phenZnCl2BrI, 10, comprise two crystallo-

graphically inequivalent 2-phenylethylammonium cations and

one isolated tetrahedral tetrahalometallate anion. The asym-

metric units and atomic numbering scheme are illustrated in

Fig. 2, and selected crystallographic parameters listed in Table 1.

In the seven novel structures and the structures 2phenZnBr, 212

and 2phenCd/HgBr, 1113 reported in the literature, the 2-phe-

nylethylammonium molecular cation and tetrahedral tetrahalo-

metallate anion combine in a 2 : 1 ratio to form compounds of the

formula (C8H9NH3
+)2 MX4

2�. Although all the compounds have

the same general formula, two types of structures are observed.

Compounds 2phenZnCl, 1, 2phenZnBr 2,12 2phenZnI, 3,

2phenCdBr, 5, 2phenHgBr, 8, 2phenZnCl2BrI, 10 and 2phenCd/

HgBr, 1113 all crystallize in space group P21/c with similar unit cell

dimensions, and are isostructural. The type of structure exhibited

by these compounds will be called structure type I. Compounds
This journal is ª The Royal Society of Chemistry 2011
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Scheme 1 Compounds in the bis(2-phenylethylammonium) tetrahalometallate series.
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2phenCdI, 6, and 2phenHgI, 9, are isostructural and form struc-

ture type II, crystallizing in the chiral space group P21. The

absolute structures could not be determined, and in both these

structures one of the two cations is disordered over two positions

(occupancies of 0.15 : 0.85 for structure 2phenCdI, 6, and

0.12 : 0.88 for structure 2phenHgI, 9 respectively). Literature

structures 2phenCdCl, 4,10 and 2phenHgCl, 7,11 show chemical

formulae differing from the rest of the structures due to the

formation of polymeric anions, and will not be included in the

current comparison. In structure types I and II two unit cell

parameters are similar, while the third is approximately double in

structure type I compared to structure type II. As a result the unit

cell volume of structure type I is roughly twice that of structure

type II, with Z ¼ 4 and 2 respectively.

Degree of isostructurality

The unit cell parameters of the isostructural compounds were

compared using the unit cell similarity index, p, defined by F�abi�an

and K�alm�an,14 the mean elongation, 3, and the asphericity index,

A, both defined by Rutherford.15 The volumetric isostructurality

index, Iv,14 was employed to determine the similarity between

novel structures based on the fractional coordinates of the atoms

in the unit cell. The values of these respective parameters for the

comparison of pairs of structures are listed in Table 2. The smaller

the values of p and 3, and the larger the value of A, the more similar

the unit cell dimensions, and the higher Iv the higher the agreement

between fractional coordinates.

The values in Table 2 reveal that the structures 2phenZnCl, 1,

and 2phenZnBr, 2, are relatively similar in terms of unit cell and

atomic positions in the cell, but that the structure of the third

member of the tetrahalozincate series, 2phenZnI, 3, differs from
This journal is ª The Royal Society of Chemistry 2011
structure 1 to a relatively large extent. This difference is evident

from the distinctly low Iv value of 62.3%, and highest overall

values for p and 3, which means that the change in the ligands

from bromo to iodo in the tetrahalozincate series has a relatively

large effect on the crystal structure, but does not cause a change-

over to structure type II.

All the tetrabromometallate salts (2phenZnBr, 2, 2phenCdBr,

5, 2phenHgBr, 8,and 2phenCd/HgBr 11) exhibit similar unit cell

dimensions and fractional coordinates, with Iv exceeding 90% in

each of the comparisons. This indicates that a systematic change

in d10 divalent metal atom does not significantly change the

crystal structure in this series. In addition, the unit cell parame-

ters and fractional coordinates of the mixed ligand compound

2phenZnCl2BrI, 10, are also in high agreement with those of the

structures in the tetrabromometallate series.

The unit cell parameters and fractional coordinates of struc-

tures 2phenCdI, 6, and 2phenHgI, 9, where the metal atom

changes from Cd to Hg, but the iodo ligands remain constant, are

alike. However in the iodo-ligand series the change from Zn to

Cd results in a cross-over from structure type I to structure type

II. Thus, the effect of an increase in metal atom size is more

pronounced in the case of the larger iodo-ligand containing

structures, compared to the bromo-ligand structures. It appears

that with an increase in both ligand and metal size (i.e. Cd or Hg

combined with iodo ligands), a point is reached where the relative

size of the anion is large enough to induce a change from

structure type I to structure type II.

Crystallographic discussion of structures

All the compounds exhibit a layered structure consisting of

alternating organic and inorganic layers. The inorganic layer
CrystEngComm, 2011, 13, 3485–3497 | 3487
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Fig. 2 Asymmetric units of novel structures 1, 3, 5, 6, 8, 9 and 10, illustrating the atomic numbering scheme. Ellipsoids are drawn at the 50% probability

level. Hydrogen atoms are omitted in structures 6 and 9 for clarity.
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contains discrete tetrahedral tetrahalometallate anions and

ammonium groups, all interacting via hydrogen bonding. In the

organic layer the 2-phenylethyl moieties pack with their

aromatic groups in a single layer, interacting through aromatic

interactions.
3488 | CrystEngComm, 2011, 13, 3485–3497
Comparison of structure types I and II

Even though structure types I and II are not isostructural, they are

alike structurally. The molecular packing in structure 2phenCdBr,

5 (representative of structure type I), and structure 2phenCdI, 6
This journal is ª The Royal Society of Chemistry 2011
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Table 2 Isostructurality parameters

Structures p 3 A Iv (%)

1 2 0.02496 0.0218053 0.345205 84.1
1 3 0.06368 0.0574127 0.423091 62.3
1 5 0.03422 0.0309805 0.469094 79.4
1 8 0.03099 0.0282063 0.490604 79.9
1 10 0.02538 0.0225192 0.362273 83.4
1 11 0.03724 0.0339635 0.420573 78.6
2 3 0.03777 0.0348475 0.494410 71.7
2 5 0.00903 0.0089794 0.822938 91.7
2 8 0.00588 0.0062644 1.078240 92.0
2 10 0.00040 0.0006986 2.997170 92.1
2 11 0.01198 0.0118987 0.598945 90.9
3 5 0.02848 0.0256379 0.394823 76.4
3 8 0.03169 0.0284052 0.378835 75.9
3 10 0.03735 0.0341251 0.500021 72.3
3 11 0.02548 0.0226790 0.455958 77.1
5 8 0.00312 0.0026981 0.321541 97.8
5 10 0.00862 0.0082750 0.860098 90.0
5 11 0.00292 0.0028933 0.105718 98.2
8 10 0.00547 0.0055618 1.190740 90.2
8 11 0.00606 0.0055992 0.112269 98.9
10 11 0.01157 0.0111923 0.617381 89.4
6 9 0.00322 0.0050147 1.292700 96.1

Fig. 3 Overlay of structures 2phenCdBr, 5 (blue, viewed down a-axis),

and 2phenCdI, 6 (red, viewed down b-axis), to illustrate the structural

similarity. Only the cation with the highest occupancy is shown for

structure 6. Unit cell outlines are showed for structure type I (bottom

right corner), and structure type II (top right corner).
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(representative of structure type II), is compared in Fig. 3. In this

figure the tetrahalometallate anions of the third inorganic layer

from the right as well as the far left inorganic layer are approxi-

mately superimposed, employing the programme Mercury 2.2.16

The orientation of the cations in the two organic layers neigh-

bouring the superimposed inorganic layer is the same for structure

types I and II, but in the next two organic layers, cations point in

opposite directions in the two structures. Thus, pairs of organic

layers in which the cation orientation is the same alternate with

pairs of organic layers displaying different cation orientations in

the two structures. In the three inorganic layers to the left of the

superimposed inorganic layer, the anions are not superimposed,

but in every fifth inorganic layer the structures display the same

anion orientation and approximate position.

Structure types I and II may be considered to be polytypes.

These are structures that are obtained by the stacking of the same

layers, but differing in the stacking sequence of individual layers.
3490 | CrystEngComm, 2011, 13, 3485–3497
Cation geometry

The molecular geometries of the two crystallographically

independent cations in all the structures were compared. The

cations containing atom N(1) will be referred to as cation 1,

and the cations containing atom N(2), cation 2. In the ideal

conformation of the 2-phenylethylammonium cation in the gas

phase the N–C–C–C ethylammonium chain is in the trans

conformation, and the plane through this chain is perpendic-

ular to the aromatic ring plane, with atom C(2) in cation 1 (and

C(10) in cation 2) axial to the aromatic plane, and with

a mirror plane passing through the ethylammonium chain,

perpendicular to the aromatic ring.17

Any distortion from the ideal geometry may be quantified

using three parameters.17 The N–C–C–C torsion angle, 4, is

a measure of the distortion of the ethylammonium chain from

the all-trans conformation. The angle between the aromatic

plane and alkyl carbon zigzag plane, q, indicates the tilt of the

chain relative to the aromatic plane, with an ideal value of 90�.

The third parameter, s, refers to the magnitude of the deviation

of atom C(1) (and C(9)) from the aromatic plane, and indicates

the distortion of the ethylammonium chain in a direction above

or below the aromatic plane.

The parameters describing the cation geometries are listed in

Table 3. The ethylammonium chains all adopt approximately

all-trans geometries since the 4 angles do not deviate signifi-

cantly from 180� for any of the cations, with structures

2phenCdI, 6, and 2phenHgI, 9 (both structure type II),

exhibiting the largest deviation from the ideal 4 value in both

cation 1 and cation 2.

Comparison of the geometries of all the cations containing

atom N1 reveals that the torsion angle q is similar for all the

tetrabromometallate salts 2phenZnBr, 2, 2phenCdBr, 5,

2phenHgBr, 8 and 2phenCd/HgBr, 1113 (values between 53.8�

and 55.5(7)�). In the same way q values for the tetraiodome-

tallate salts 2phenZnI, 3, 2phenCdI, 6, and 2phenHgI, 9, are

similar (values range from 71(1)� to 75.0(9)�), despite the fact

that structure 2phenZnI, 3, is a type I structure, and

2phenCdI, 6, and 2phenHgI, 9, exhibit structure type II.

Cation 1 in structures 2phenZnCl, 1, and 2phenZnCl2BrI, 10,

exhibits larger deviations from the ideal geometry than the

rest, with q values of 48.2(6)� and 42(2)� respectively. The

largest deviation of atom C(1) from the aromatic plane (s) is

observed for structures 2phenCdI, 6, and 2phenHgI, 9, of

structure type II, with values of approximately 1.2 Å and

1.3 Å respectively.

In the structures 2phenZnBr, 2, 2phenZnI, 3, 2phenCdI, 6,

2phenHgI, 9, and 2phenZnCl2BrI, 10, cations containing atom

N2 adopt similar geometries, with q values ranging from 75(1)�

to 89(2)�. Structures 2phenCdBr, 5, 2phenHgBr, 8, and

2phenCd/HgBr, 11 (all bromo-ligand containing), exhibit q

angles in the range 64.7(8)� to 67(1)�. The s values for cation 2

indicate that the iodo-ligand containing structures 3, 6 and 9

show the largest deviation of atom C(9) from the aromatic plane.

An obvious exception for the geometry of cation 2 is observed in

structure 2phenZnCl, 1, in which the ethylammonium chain is

tilted by 54.2(5)� relative to the aromatic plane, indicating

a much larger deviation from ideal geometry than observed for

any of the other structures.
This journal is ª The Royal Society of Chemistry 2011
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Table 3 Parameters describing cation geometry

Structure Structure type

Cation 1 Cation 2

4/� (ideal value 180�) q/� (ideal value 90�) s/Å 4/� (ideal value 180�) q/� (ideal value 90�) s/Å

1 I 175.5(5) 48.2(6) 0.902(6) 177.7(6) 54.2(5) 0.985(8)
2 I 178.6 53.8 0.857 176.9 83.0 1.014
3 I 175.7(10) 73 (1) 0.895(16) 177.2(11) 75(1) 1.098(12)
5 I 176.5(6) 55.2(5) 1.021(7) 179.4(7) 64.7(8) 0.905(8)
6 II 172.0(15) 71(1) 1.167(17) 174(2) 89(2) 1.11(2)
8 I 176.1(6) 55.5(7) 1.034(9) 179(1) 67(1) 0.853(11)
9 II 169.0(9) 75.0(9) 1.323(12) 175.7(11) 88.7(9) 1.185(13)
10 I 177.8(15) 42(2) 0.739(15) 177.2(18) 83(2) 0.84(2)
11 I 176.1 54.4 1.015 179.5 65.3 0.881

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Pr
et

or
ia

 o
n 

27
 J

ul
y 

20
11

Pu
bl

is
he

d 
on

 1
6 

M
ar

ch
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0C

E
00

63
4C

View Online
Hydrogen bonding and aromatic interactions

The deconstruction of the structures into smaller motifs and an

analysis of the hydrogen bonding and aromatic interactions were

performed to assist in the identification of robust supramolecular

motifs, and to explain the atypical geometry observed for cation

2 in the structure 2phenZnCl, 1. Only the cations with the highest

occupancy were considered in the analysis of the hydrogen

bonding and aromatic interactions of structures 2phenCdI, 6,

and 2phenHgI, 9.
Fig. 4 (a) Schematic representation of motif 1, (b) motif 2, (c) generic

motif 1 and (d) generic motif 2.

Fig. 5 Centrosymmetric motif 1 in structure 1 (also observed for

structures 2, 5, 8 and 11), centrosymmetric motif in structure 3, non-

centrosymmetric motif 1 in structure 6 (also observed for structure 9),

and centrosymmetric motif in structure 10.
Zero-dimensional motifs

One way of describing the structures is to consider hydrogen

bonded tetramers as zero-dimensional motifs. Each tetramer

consists of two tetrahalometallate anions and two cations. The

two crystallographically independent cations do not occur in the

same tetramer. All motifs were oriented such that the halogeno

ligands of the tetrahalometallate anions placed in the top and

bottom positions adopt the same unique spacial orientation (top

and bottom ligands in top anion point out of the page). In

structure type I, the tetramers are centrosymmetric, but this is

not the case for structure type II. Two types of zero-dimensional

motifs are present in each structure, one for each cation, and they

differ in the type and number of hydrogen bonding interactions

involved in the formation of the motif. The two types will be

referred to as motif 1, involving cation 1 (containing atom N(1)),

and motif 2, involving cation 2. Hydrogen bonding interactions

involved in the formation of zero-dimensional motifs are listed in

Table S1†.

Schematic and more generic representations of the tetramer

motifs 1 and 2 found for structure types I and II are shown in

Fig. 4a and b. Weak C–H/X–M hydrogen bonding interactions

are omitted for clarity. Motifs 1 and 2 are similar, and differ only

in the number of anion halogeno ligands that act as hydrogen

bonding acceptors, with two ligands accepting hydrogen bonds in

motif 1, but only one ligand accepting hydrogen bonds in motif 2.

Zero-dimensional motif 1. The same motif 1 is observed in

structures 2phenZnCl, 1, 2phenZnBr, 2, 2phenCdBr, 5,

2phenCdI, 6, 2phenHgBr, 8, 2phenHgI, 9 and 2phenCd/HgBr,

11, but structures 2phenZnI, 3 and 2phenZnCl2BrI, 10 display

additional hydrogen bonding interactions in their motif 10s,

compared to the rest, as illustrated in Fig. 5. In the general motif

1 two hydrogen atoms on each ammonium group hydrogen bond
This journal is ª The Royal Society of Chemistry 2011 CrystEngComm, 2011, 13, 3485–3497 | 3491
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to two halogeno ligands on different MX4
2� tetrahedra. Each

tetrahedral anion accepts two hydrogen bonds, one from each

cation, with two different ligands acting as acceptors. The graph

set notation R4
4(12) describes this ring-motif. Motif 1 in structure

3, 2phenZnI, displays an additional hydrogen bond to a second

iodo ligand (Fig. 5). In the structure 2phenZnCl2BrI, 10, the

electronegative chloro ligands are involved in the formation of

the general motif 1 described above, resulting in the strongest

possible hydrogen bonds.

Zero-dimensional motif 2. The zero-dimensional motifs

involving cation 2 are illustrated in Fig. 6. The general motif 2, as

observed in structures 2phenHgBr, 8, 2phenZnCl2BrI, 10, and

2phenCd/HgBr, 11, is a centrosymmetric tetramer formed by

four hydrogen bonding interactions. Two hydrogen atoms on

each ammonium group hydrogen bond to two different anions,

forming a hydrogen bonded ring in the centre of the motif,

described by graph set notation R4
2(8). Contrary to what is

observed in motif 1, only one halogeno-ligand on each anion acts

as hydrogen bond acceptor. In the case of the mixed ligand

structure 2phenZnCl2BrI, 10, the two chloro ligands are the

hydrogen bond acceptors. Motif 2 in structures 2phenZnCl, 1,

and 2phenCdBr, 5, display the interactions in the general motif 2,

but also include an additional weak C(10)–H(10B)/Cl(4)

interaction in 1, and a weak C(10)–H(10A)/Br(4) interaction in
Fig. 6 Motif 2 in structures 1, 2, 3, 5, 6, 9 and 10 (also observed in

structures 8 and 11), and superposition of motif 2 of structures 1 and 5.

3492 | CrystEngComm, 2011, 13, 3485–3497
2phenCdBr, 5. Different hydrogen atoms are involved in this

weak interaction in the two structures as can be seen from

a superposition of the two motifs in Fig. 6. This illustrates how

the flexible nature of the ethylammonium moiety allows for the

distortion of the cation geometry in order to allow for

the formation of weaker hydrogen bonds. The distortion of the

geometry of cation 2 in structure 1 noted previously, as expressed

in terms of q, may be explained by this additional hydrogen

bonding from the C–H donor to the chloro ligand, which is

a good hydrogen bond acceptor. The decrease in stabilization

due to the higher energy conformation of the cation is expected

to be off-set by the increase in stabilization caused by the addi-

tional weak hydrogen bonding interactions.

Because the hydrogen bonding interaction to the bromo ligand

in 2phenCdBr, 5 is weaker, and it involves a different hydrogen

atom, it does not distort the cation geometry significantly from

the ideal geometry. Motif 2 in structures 2phenZnBr and

2phenZnI (structures 2 and 3 respectively) also displays the

interactions observed in the general motif 2, as well as an addi-

tional interaction involving one of the hydrogen atoms on the

ammonium group already involved in hydrogen bonding.

In structures 2phenCdI, 6, and 2phenHgI, 9, only one

hydrogen atom on each ammonium group is involved in the

formation of the central hydrogen bonded ring involving one

ligand acceptor on two different anions (see Fig. 6), and a second

hydrogen atom on each ammonium group hydrogen bonds to

a second ligand on each anion. A weak C(9)–H/I interaction

and a weak C(10)–H/I interaction are present. These interac-

tions result in the deviation of the cation geometry from the ideal

geometry, indicated by the isostructurality parameters.

One-dimensional motifs. Neighbouring zero-dimensional

motifs interact via weak, T-shaped C–H/p interactions to form

one-dimensional columns, as illustrated in Fig. 7 and listed in

Table S2†. In the case of structure type I, motifs 1 and 2 alternate

in the one-dimensional column parallel to the c-axis (Fig. 7a).

However, for structure type II, each one-dimensional chain

contains only one motif, with alternating one-dimensional chains

extending along the c-axis (Fig. 7b).

Two-dimensional motifs. In all the structures, neighbouring

one-dimensional columns share MX4
2� anions to form a two-

dimensional sheet (Fig. 8a and b). In addition weak C–H/ p
Fig. 7 One dimensional motifs showing aromatic interactions in (a)

structure type I and (b) structure type II.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 Two-dimensional sheet motifs in (a) structure type I (motif 1 in

blue and motif 2 in red alternating in bottom row) and (b) structure type

II (motif 1 in blue in bottom row and motif 2 in red in top row).

Fig. 9 Potential hydrogen bonding interactions based on motif 1, motif

2 and other weak interactions in (a) square planar systems, (b) tetrahedral

systems, and (c) tetrahedral system with one of the anions rotated relative

to the other. Interactions ‘‘abcd’’ form motif 1 in red; interactions ‘‘efgh’’

form motif 2 in blue, and interactions ‘‘ijklmnop’’ are potential weak

C–H/X interactions.
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interactions also link neighbouring one-dimensional columns, as

listed in Table S2†. The combination of all the hydrogen bonding

interactions results in a two-dimensional hydrogen bonded sheet

network, parallel to the ac-plane in structure type I, and parallel

to the ab-plane in structure type II.

Three-dimensional motifs and hydrogen bonding network.

Neighbouring two-dimensional sheets are linked via strong N+–

H/�X–M hydrogen bonding interactions in all the structures,

with intra-sheet interactions listed in Table S2†. In structure type

II, intra-sheet M–I/I–M close contacts are present (Fig. S2†).

Here two iodo ligands per anion are in close contact with iodo

ligands on neigbouring anions, with an I/I distance of 3.864(2)

Å and 3.9211(8) Å for structures 2phenCdI, 6, and 2phenHgI, 9,

respectively. A linear, one-dimensional motif of the type I–M–

I/I–M–I/I–M–I results.

Halogen–halogen interactions of the type C–X/X–A, where

A may be a metal or C atom and C–X acts as a Lewis acid and X–

A as a Lewis base, have been reported and discussed in numerous

studies in the literature.18 However, the interaction between two

Lewis bases, M–X/X–M, is not expected to be attractive, and

can only be considered to be a close contact. Similar close

contacts have been reported between dimeric Pd2I6
2� anions19

and between TlI4
� anions.20

Comparison of motifs 1 and 2 with previously reported motifs.

Motif C, as predicted in Fig. 1, is not obtained in any of the

structures. In the observed motifs one ammonium group acts as

a hydrogen bonding donor to two different anions, instead of

two different ammonium groups, as predicted in motif C. In

addition, in the observed motifs aromatic interactions do not link

cations in a tetramer, but rather link neighbouring zero-dimen-

sional motifs to form a one-dimensional chain. Motifs 1 and 2 are

robust since they are maintained in going from structure type I to

structure type II, and across a family of isostructural compounds
This journal is ª The Royal Society of Chemistry 2011
when the ligands and central metal atoms are changed along the

d10 metal series.

More general representations of motifs 1 and 2 are shown in

Fig. 4c and d, where a generic cation containing two hydrogen

atoms is involved in the tetramer formation. It can now be seen

from the general representation of motif 1 that it is, in fact,

related to motifs A and B shown in Fig. 1.

Occurrence of motifs in related structures. A Cambridge

Structural Database (CSD) search (Version 5.31, August 2010

update) was conducted to find structures containing hydro-

carbon cations with one or two terminal ammonium groups, and

isolated MX4
2� anions, where M is a divalent metal atom and X

is Cl, Br or I. Structures for which hydrogen atoms were not

included and which had disordered atoms were discarded. All

hydrates, solvates and structures containing isolated halide

anions were excluded. For the structures that had more than one

entry in the CSD, only the structure with the lowest R value was
CrystEngComm, 2011, 13, 3485–3497 | 3493
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considered. One structure (refcode: LIMXEK) in which the

ammonium group was probably incorrectly assigned as a methyl

group was discarded. The structures JEPKUK and JEPKUK01

differ in cation geometry, hence they are different conforma-

tional polymorphs, and both were included in the motif analysis.

A total of twenty-nine unique structures were found, of which

nine displayed a square planar anion geometry,21 seventeen

exhibited a tetrahedral anion geometry22 and three showed

a distorted tetrahedral anion geometry.23

An analysis of the hydrogen bonding interactions occurring in

the structures from the CSD search was performed, employing

the same spacial orientation used previously, to identify the zero-

dimensional motifs present. All twenty-nine structures exhibit

zero-dimensional motifs related to either motif 1 or motif 2, or

both. This further confirms the robustness of the two motifs, and

indicates their potential use as strong directing interactions in

crystal engineering.

A number of N+–H/X�–M and C–H/X�–M interactions

may potentially occur when two ammonium groups and two

tetrahalometallate anions of square planar or tetrahedral geom-

etry are positioned in a crystal in the approximate relative spatial

relationships observed in motifs 1 and 2, as shown in Fig. 9. The

zero-dimensional motifs of the structures found in the CSD search

were analysed according to this scheme, and the results are sum-

marised in Table 4, and illustrated in Fig. S3 and S4†.

In the subset of structures with square planar anions the third

hydrogen atom on the ammonium group is not involved in

hydrogen bonding in any of the zero-dimensional motifs. Motif 2

interactions ‘‘efgh’’ occur in all of the zero-dimensional motifs in

this subset, while additional motif 1 interactions are observed in

certain structures. Five of the square planar anion containing

structures (JEPKUK01, JEPLEV, NETMOO, PAMTCC01,

RISSAO) exhibit interactions ‘‘ad’’ in addition to the motif 2

interactions. Of the gauche alkyldiammonium containing struc-

tures, only NETMOO shows a weak C–H/Cl–Pd interaction

that may partly account for the deviation from the ideal all-trans

geometry. However, this type of interaction may in fact also be

present for the rest of the gauche structures, illustrating the

difficulty in selecting a suitable hydrogen bond definition and

cut-off range. A hydrogen bond is, as stated by Desiraju, an

‘‘interaction without a border’’.24 If a more intuitive hydrogen

bonding definition is adopted, the rest of the gauche structures

may also be considered to show the weak interaction.

In the case of the tetrahedral anion containing structures, the

motifs are more complex compared to those identified for the

square planar group of structure, but they are still related to

motif 1 and motif 2, and can be divided into two categories. In

the first the relative spatial orientation of the two tetrahedral

anions and two ammonium groups is similar to that observed in

motif 1 and motif 2, while in the second set one of the tetrahedral

anions is rotated relative to the other.

In the first tetrahedral subset only two hydrogen atoms per

ammonium group form hydrogen bonding interactions in the

structures CAPTUI, COCNOY, CORKUQ A and B, CORMEC

A and B, FETKAR, MAVFOF, NABNEK01, NIWMOW A

and B, NUPKAK A and B and TEJVIO A and B, as observed

for the 2-phenylethylammonium tetrahalometallates, while all

three hydrogen atoms are involved in hydrogen bonding in the

rest of the structures.
This journal is ª The Royal Society of Chemistry 2011
The same centrosymmetric motif consisting of interactions

‘‘abcdqr’’ is observed for the shorter chain diammonium struc-

tures PAMCZN, TAPSUY, NUPJUD and NUPKAK B, while

MAVFOF shows a non-centrosymmetric motif. AGOJEL,

GUFHIY A and TAPXUD show the centrosymmetric motif

‘‘abcdfgqr’’ and DAMCZN exhibits interactions ‘‘abcdehqr’’,

but CAPTUI exhibits a non-centrosymmetric motif ‘‘abdegh’’.

In the second tetrahedral subset weak C–H/X�–M interac-

tions are present, which may account for the rotation of one of

the anions.

In summary, 21 out of 26 motifs identified for the tetrahedral

anion containing structures from the CSD search show the

relative orientation of cations and anions as well as strong

hydrogen bonding interactions present in either of the two motifs

identified for the novel structures in this study, or a combination

of the interactions. In addition a number of weak hydrogen

bonding interactions may be present.

Conclusions

In the current series of eleven 2-phenylethylammonium tetraha-

lometallate structures, seven are classified as structure type I, while

two fall in the structure type II category, and both metal and ligand

size appear to affect the structure type exhibited by the specific

compound, since structure type II is only displayed where the

anions consist of the larger metals (Cd or Hg) and iodo ligands.

Structure 2phenZnI, 3, appears to be a borderline case in the

structure type I category since its isostructurality parameters differ

significantly from the rest of the structures in structure type I.

The 2-phenylethylammonium cation may be distorted to

achieve stabilisation through the formation of additional weak

hydrogen bonding interactions, as observed in structure 1 where

C–H/Cl–Zn interactions are present, and in structures 6 and 9

which show weak C–H/I–M interactions. Distortion from the

ideal geometry is also observed in certain n-alkyldiammonium

containing structures reported in the literature, where cations are

distorted from their ideal all-trans geometry by the formation of

weak hydrogen bonds.

Two robust zero-dimensional motifs were identified in

structures 1, 3, 5, 6, 8, 9, 10 and 11. In addition, it was shown

that motifs equivalent or related to motifs 1 and 2 occur in 26

out of 29 related structures in the literature, both for isolated

square planar and isolated tetrahedral anion geometries with

divalent metal atoms Pd, Cu, Co, Zn, Cd and Hg and halogeno

ligands chloro, bromo and iodo. The motifs are robust across

a range of different organic ammonium cations, including alkyl

ammonium-, alkyldiammonium- and both saturated and

aromatic cyclic ammonium cations. Based on this robustness

across a range of organic ammonium tetrahalometallates it is

clear that motifs 1 and 2 can be applied as robust supramo-

lecular synthons in structure design in the field of crystal

engineering.

Experimental

Synthesis

2-Phenylethylammonium chloride, bromide and iodide salts were

prepared by the dropwise addition of excess HCl (8.2 ml, 0.086

mol, 37%, Aldrich), HBr (8.0 ml, 0.071 mol, 48%, Fluka) or HI
CrystEngComm, 2011, 13, 3485–3497 | 3495
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(12 ml, 0.066 mol, 47% stabilised with phosphoric acid) respec-

tively to a solution of 2-phenylethylamine (4.8 ml, 0.040 mol,

99%, Aldrich) in chloroform (20 ml, 99%, Saarchem). Partial or

complete evaporation of the solvent yielded the salts as precipi-

tates which were filtered off and dried in air under vacuum.

Crystals were obtained by slow evaporation of an aqueous

solution of the 2-phenylethylammonium salt and metal halide

salt at room temperature in a 2 : 1 stoichiometric ratio.

(C8H9NH+
3)2 ZnCl4

2�, 1. 0.50 g of 2-phenylethylammonium

chloride (0.0032 mol) and 0.88 g of ZnCl2 (0.0065 mol, 96%,

Saarchem) were dissolved in a vial in 20 ml distilled water, with

the vial left open to the air. Evaporation of the water at room

temperature yielded colourless crystals.

(C8H9NH3
+)2ZnI4

2�, 3. 0.50 g of 2-phenylethylammonium

iodide (0.0020 mol) and 1.30 g of ZnI2 (0.0041 mol, 98%,

Aldrich) were dissolved in 25 ml distilled water in a vial left open

to the air. Solvent evaporation at room temperature gave col-

ourless crystals.

(C8H9NH3
+)2CdBr4

2�, 5. 0.50 g of 2-phenylethylammonium

bromide (0.0025 mol) and 1.73 g of CdBr2$4H2O (0.0050 mol,

98%, Aldrich) were dissolved in 25 ml distilled water in a vial left

open to the atmosphere at room temperature. Evaporation gave

colourless crystals.

(C8H9NH3
+)2CdI4, 6. 0.50 g of 2-phenylethylammonium

iodide (0.0020 mol) and 1.50 g CdI2 (0.0041 mol, 99%, Aldrich)

were dissolved in 30 ml distilled water in a vial left open at room

temperature. Crystallization yielded light yellow crystals.

(C8H9NH3
+)2HgBr4

2�, 8. 0.50 g of 2-phenylethylammonium

bromide (0.0025 mol) and 1.80 g of HgBr2 (0.0050 mol, 98%

Sigma Aldrich) were dissolved in 30 ml distilled water in an open

vial at room temperature. Evaporation of the distilled water gave

colourless crystals.

(C8H9NH3
+)2HgI4

2�, 9. 0.50 g of 2-phenylethylammonium

iodide (0.002 mol) and 1.80 g of HgI2 (0.0039 mol, 99%, Sigma-

Aldrich) were dissolved in 30 ml of distilled water. Crystallization

yielded light yellow crystals.

(C8H9NH3
+)2ZnCl2BrI2�, 10. 0.50 g of 2-phenyl-

ethylammonium chloride (0.0032 mol), 0.36 g of ZnBr2 (0.0016

mol, 98%, Sigma-Aldrich) and 0.51 g of ZnI2 (0.0016 mol, 98%,

Aldrich) were dissolved in 25 ml of distilled water in a vial and

left open at room temperature. Solvent evaporation yielded very

light yellow crystals.
X-ray structure analysis

All X-ray diffraction data were collected at room temperature

using graphite monochromated Mo Ka radiation. Room

temperature X-ray diffraction data for structures 1, 6 and 10

were collected on an Oxford Diffraction Excalibur 2 CCD

diffractometer with a CCD area detector, using u-scans and the

programme CrysAlis CCD 170.25 Data reduction was done using
3496 | CrystEngComm, 2011, 13, 3485–3497
CrysAlis RED 170,25 and absorption corrections were performed

using the multi-scan method.26

Intensity data for structures 3 and 9 were collected on a Bruker

SMART 1K CCD diffractometer with an area detector using 4-

and u-scans. Data reduction was performed using the software

SAINT+,27 and absorption corrections were made using face

indexing with the program XPREP.27 X-ray diffraction data for

structures 5 and 8 were collected on a Bruker SMART APEX II

CCD diffractometer employing u-scans, and data reduction was

performed using the software SAINT.28 Absorption corrections

were performed using SADABS.29 All the crystal structures were

solved by direct methods using SHELXS-97,30 and refined with

SHELXL-9730 as part of the WinGX31 programme suite. Non-

hydrogen atoms were first refined isotropically followed by

anisotropic refinement by full matrix least-squares calculations

based on F2 using SHELXL-97.30 Hydrogen atoms were posi-

tioned geometrically and allowed to ride on their respective

parent atoms. Graphics and publication material were generated

using ORTEP,32 PLATON,33 Mercury 2.216 and MDL ISIS/

Draw.34 CCDC reference numbers 791566–791572.
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