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Tetrahalidocuprates(II) show a high degree of structural flexibility. We present the results of

crystallographic and electron paramagnetic resonance (EPR) spectroscopic analyses of four new

tetrabromidocuprate(II) compounds and compare the results with previously reported data. The

cations in the new compounds are the sterically demanding benzyltriphenylphosphonium,

methyltriphenylphosphonium, tetraphenylphosphonium, and hexadecyltrimethylammonium ions;

they were used to achieve a reasonable separation of the paramagnetic Cu(II) ions for EPR

spectroscopy. X-Ray crystallography shows that in all four complexes the [CuBr4]
2� units have a

distorted tetrahedral coordination geometry which is in agreement with DFT calculations. The

EPR hyperfine structure was not resolved. This is due to the exchange broadening resulting from

still incomplete separation of the paramagnetic Cu(II) centres. Nevertheless, the principal values of

the electron Zeemann tensor (g|| and g>) of the complexes could be determined. A correlation of

structural (X-ray) parameters with the spin density at the copper centres (DFT) is well reflected in

the EPR spectra of the bromidocuprates. This enables the correlation of X-ray and EPR

parameters to predict the structure of tetrabromidocuprates in physical states other than the

crystalline state. As a result, we provide a method to structurally characterize [CuBr4]
2� in, for

example, ionic liquids or in solution, which has important implications for e.g. catalysis or

materials science.

Introduction

Tetrahalidocuprate complexes A2[CuX4] (X = Cl�, Br�) have

been known for a long time and several authors1–5 have

reported a remarkable variety of the counter cations (A) in

halidocuprate(II) complexes. Cations range from simple inorganic

cations (Li+, Cs+, Rb+, NH4
+)6–9 to complex inorganic4,5,10

and complex organic cations11–14 such as substituted ammonium,

phosphonium, pyridinium, imidazolium, and pyrrolidinium.

The first crystal structure of a tetrahalidocuprate(II),

Cs2[CuCl4], was reported in 1952 by L. Helmholz and R. F. Kruh.1

Tetrahalidocuprates(II) with large organic cations of the type

[As(C6H5)3CH3]2[CuX4] were first prepared by N. S. Gill and

R. S. Nyholm.2 They have also shown a distortion from the

discrete tetrahedral geometry. Indeed the [CuX4]
2� moiety exhibits

a remarkable flexibility in coordination geometry between

square planar and nearly perfect tetrahedral. The fact that

tetrahalidocuprates(II) change their degree of distortion in

dependence of the structure of the counter-cations makes them

interesting for research and technology, because the physical and

chemical properties of the corresponding complexes will be altered

as the bond angles in the tetrahalidocuprate anion change. Tetra-

halidocuprates have attracted attention for their wide range of

applications, such as catalysis, and for their interesting and flexible

structural features in the liquid and the solid state, which strongly

depend on the counter-cation.

R. D. Willett et al.15 reported one of the most striking

properties of the tetrachloridocuprates(II), thermochromism,

which is interpreted as a phase transition accompanied by a

change in the coordination geometry from square planar to

distorted tetrahedral with increasing temperature. These phase

transitions are characterized by colour changes from green to

aUniversity of Potsdam, Institute of Chemistry, Karl-Liebknecht-Str.
24-25, D-14476 Potsdam/Golm, Germany.
E-mail: pstrauch@uni-potsdam.de

b Fritz-Haber-Institute, Department of Inorganic Chemistry,
Faradayweg 4-6, D-14195 Berlin, Germany

c Technical University of Berlin, Institute of Chemistry, Englische
Strasse 20, D-10587 Berlin, Germany

dUniversity of Leipzig, Institute of Experimental Physics, Linnéstr. 5,
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yellow in chloridocuprate(II) and from green to violet in

bromidocuprate(II) complexes.8,15–18 Moreover, the magnetism

and magnetochromism of tetrabromidocuprates(II) was

recently analyzed by J. D. Woodward et al.19–21 Tetra-

bromidocuprates have also been used as interesting building

blocks for magnetic materials e.g. spin-ladder materials or

layered structures by C. P. Landee, J. J. Novoa, M. M.

Turnbull et al.22–26 Finally, tetrahalidocuprate(II) complexes

have been used as catalysts or catalyst precursors.27,28

Liquid crystalline ionic liquids on the basis of tetrahalido-

metalates (M = Co, Ni) have been reported first in 1996 by

C. J. Bowlas, D. W. Bruce and K. R. Seddon.29 F. Neve

et al.30–33 have shown that tetrahalidocuprate(II) complexes

based on alkylpyridinium cations with an alkyl chain length of

n Z 12 are thermotropic liquid crystals. With shorter alkyl

chains they are ionic liquids (ILs). Moreover, alkylpyridinium

tetrahalidocuprate ILs and ionic liquid crystals (ILCs) have

also been used as precursors for inorganic materials.34–36

Reports on tetrahalidometalate-based ILCs and their trans-

formation into inorganic materials are, however, relatively

rare.30–33,37–47 This is somewhat surprising because metal

containing ILs and ILCs may open the door towards a new

valuable branch of IL research, which derives its importance

from the additional properties such as colour, geometry, or

magnetism, which are brought about the material by the

metal ion.

In 1997 R. Hoffmann48 stated that ‘‘there is no more basic

enterprise in chemistry than the determination of the geometrical

structure of a molecule. Such a determination, when it is well

done, ends speculation and provides us with the starting point

for the understanding of every physical, chemical, and biological

property of the molecule’’. Indeed, there were many attempts

to correlate the degree of distortion of tetrahalidocuprate(II)

complexes with their spectral parameters using UV-vis,49,50

and EPR51 spectroscopy, or other methods.4,20,52,53 EPR

spectroscopy in particular is highly suitable for the investigation

of Cu(II) compounds because of its high sensitivity towards

paramagnetic systems and the possibility to investigate the

samples in various physical states, i.e., liquids and solids

(powder, single crystal, and frozen solution). It is therefore

possible to study the structure of a complex such as the

tetrahalidocuprate(II) and its electronic configuration under a

variety of conditions. This provides access to complementary

information, which is often not accessible from one experiment

(or physical state) alone.

Moreover, the investigation of dynamic systems like

tetrahalidocuprate(II) complexes in ILs is possible as well. As

a result, some tetrahalidocuprate(II) complexes were already

examined by EPR spectroscopy.9,54–58 The recent past has seen

an increasing interest in halidocuprate(II) and EPR spectro-

scopy investigations supported by X-ray structure determination

on doped crystals,59 powders of single crystals with different

and somewhat sterically demanding cations,60–64 and single

crystals.65 Compared to chloridocuprate(II) complexes, there is

currently relatively little knowledge on the bromide

complexes. We have therefore synthesised a new series of

bromidocuprates(II) and characterized them predominantly

with X-ray diffraction, EPR spectroscopy, and extensive comparison

with published data. The goal of this study is the correlation of

experimental EPR parameters with the degree of distortion

y in the [CuBr4]
2�moieties in order to answer the question: To

which extent is it possible to predict or extract the structure of

tetrabromidocuprates(II) from EPR parameters? The practical

implication of this work is that, if there is indeed a structure–EPR

parameter correlation, it should be possible to determine (or at

least estimate) the structure of tetrahalidocuprates(II) in the

amorphous or liquid state. Among others, this is of importance

to IL research and technology, where the physical parameters

are not always easily related to a chemical or supramolecular

structure.66

Experimental

Chemicals

The following chemicals were used without further purifica-

tion: copper(II) bromide (99%, Alfa Aesar), hydrogen

bromide (47 wt%, Merck), chloroform (VWR/Prolabo,

recatpur, Z 99%), ethanol anhydrous (99%, Berkel AHK),

potassium bromide (Uvasol, for IR-spectroscopy, Merck),

methyltriphenylphosphonium bromide (98%, Merck),

tetraphenylphosphonium bromide (97%, Aldrich), hexadecyl-

trimethylammonium bromide (98%, Fluka), benzyltriphenyl-

phosphonium bromide (99%, Aldrich), n-hexane (96%,

Riedel-de Haen), and diisopropyl ether (100%, Ferale).

Preparation

The synthesis of tetrabromidocuprate(II) complexes can be

accomplished either (1) by first preparing the internal

[CuBr4]
2� coordination sphere followed by addition of the

counter ion as bromide salt or (2) by preparation of the

internal coordination sphere in situ by adding an ethanolic

solution of CuBr2 to an excess amount of the bromide salt of

the counter ion dissolved in a minimum volume of ethanol. We

have to mention here that the excess amount of the bromide

salt could be replaced by using a concentrated aqueous

solution of HBr, and the presence of this excess of Br� ions in

the solution ensures the formation of tetrabromidocuprate(II)

moiety on one side and prevents solvolysis on the other side.67

In the current work, the [CuBr4]
2� moiety was synthesized

according to a protocol by H. Liu et al.68 0.03 mol (6.7 g) of

CuBr2 were dissolved in 25.5 mL of aqueous HBr (47%wt)

and the mixture was heated in a flask with a reflux condenser

for 30 minutes to 70 1C. After cooling a dark purple solution

was obtained. This solution was directly used for the preparation

of complex 1.

Bis(benzyltriphenylphosphonium)tetrabromidocuprate(II),

(BzlPh3P)2[CuBr4] (1). For complex 1 0.002 mol (0.9 g) of

benzyltriphenylphosphonium bromide were dissolved in

15 mL of CHCl3. Subsequently, 2 mL of the dark purple

tetrabromidocuprate solution were slowly added to the

benzyltriphenylphosphonium bromide solution. Two

coloured phases were formed from where the organic

solvent (chloroform) was slowly evaporated at atmo-

spheric pressure and 40 1C. Dark violet micro-crystalline

powder was obtained and separated by filtration.

Melting point: 141–142 1C; yield 1.96 g (90%). Elemental analysis

calculated for (BzlPh3P)2[CuBr4]�2CHCl3, C50H44P2CuBr4�2CHCl3
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(1328.68): C 47.11, H 3.43 (%); found: C 46.96, H 3.46 (%). Main

IR-bands (KBr, cm�1): 3055m n(sp2 C–H), 2963m nsymmetric

(sp3 C–H), 2881m nasymmetric (sp3 C–H), 1584m, 1483m, 1436s,

1317m n(C–C), 1188d(C–H), 1163m, 1110s n(C–P), 996m, 787m,

749s, 718s g(C–H), 691s n(C–C).

Bis(methyltriphenylphosphonium)tetrabromidocuprate(II),

(MePh3P)2[CuBr4] (2). The following complexes were

prepared according to the second approach briefly mentioned

above following published procedures.69 0.004 mol

(500 mg) of copper(II) bromide, previously dissolved in

10 mL of ethanol, were added slowly to 0.01 mol (3.2 g) of

methyltriphenylphosphonium bromide dissolved in a minimum

volume of ethanol (5 mL). After a while the complex

precipitated as dark purple polycrystalline powder.

Melting point: 129 1C; yield 3.2 g (86%). Elemental analysis

calculated for (MePh3P)2[CuBr4], C38H36P2CuBr4 (937,81): C

48.61, H 3.691 (%); found: C 48.66, H 3.87 (%). Main

IR-bands (KBr, cm�1): 3053m n(sp2 C–H), 2963m nsymmetric

(sp3 C–H), 2898m nasymmetric (sp
3 C–H), 1584m, 1481m, 1436s,

1321m n(C–C), 1188 d(C–H), 1160m, 1113s n(C–P), 995m,

899s, 886s, 748s, 717s g(C–H), 688s n(C–C).

Bis(tetraphenylphosphonium)tetrabromidocuprate(II),

(Ph4P)2[CuBr4] (3). The other complexes were prepared via the

same protocol as for (MePh3P)2[CuBr4] using the following

quantities: 0.004 mol (500 mg) CuBr2 dissolved in 10 mL of

ethanol and 0.01 mol (3.5 g) tetraphenylphosphonium

bromide dissolved in 11 mL of ethanol.

Melting point: 186–190 1C; yield 3.8 g (89%). Elemental

analysis calculated for (Ph4P)2[CuBr4], C48H40P2CuBr4
(1061.96): C 54.27, H 3.60 (%); found: C 54.28, H 3.79 (%);

IR (KBr, cm�1): 3056m n(sp2 C–H), 1584m, 1481m, 1436s,

1337w n(C–C), 1183 d(C–H), 1160w, 1107s n(C–P), 996m,

756m, 722s g(C–H), 688s n(C–C).

Bis(hexadecyltrimethylammonium)tetrabromidocuprate(II),

(Me3C16N)2[CuBr4] (4). This complex was synthesized by the

same protocol as compound 1 with the following quantities:

3.64 g (0.01 mol) of hexadecyltrimethylammonium bromide

were dissolved in 15 mL of chloroform and 2 mL of a

concentrated tetrabromidocuprate(II) solution as described

above. The mixture was stirred for about 10 minutes, after

that a dark purple solution separates into two phases. The

purple chloroform phase was separated and evaporated to

dryness. The dark purple crystals are soluble in water and in

polar solvents. They are stable at room temperature.

Melting point: 213 1C; yield 2.0 g (70%). Elemental analysis

calculated for (Me3C16N)2[CuBr4], C38H84N2CuBr4 (952.26):

C 47.60, H 8.84, N 2.88 (%), found: C 47.92, H 8.89, N 2.94

(%); IR (KBr, cm�1): 2956m, 2925m nsymmetric (sp3 C–H),

2868m nasymmetric (sp3 C–H), 1585m, 1484m, 1437s n(C–C),
1112s n(C–P), 995m, 900w, 748s, 725s g(C–H), 691s n(C–C).

Two weak bands appear in all UV-vis spectra of the

bromidocuprate(II) complexes between 250 and 550 nm,

which, according to the literature, are associated with

ligand-to-metal charge transfer transitions,70 since the d–d

transitions of [CuBr4]
2� are expected in the near-IR region.71

The broad bands around 550 nm are responsible for the colour

of the complexes.

To obtain suitable single crystals for X-ray structure

determination 1 mL of a concentrated solution of the tetra-

bromidocuprates in chloroform was covered with a layer of

n-hexane and left undisturbed for some days to allow the

interdiffusion of the solvents. After about two days, dark

purple needles formed at the interface. The crystals were

isolated and washed three times with diisopropyl ether.

Methods

Elemental analyses were carried out on an Elementar vario EL

III analyzer. Infrared spectra were recorded on a Perkin–

Elmer type 16PC FT-IR spectrophotometer between 4000

and 400 cm�1 as KBr-pellets (reference KBr). The melting

points were determined with a ‘Mikroheiztisch Boetius’.

EPR spectra were recorded at 9.4 GHz (X-band) with a

Bruker CW Elexsys E 500 spectrometer and at B34 GHz

(Q-band) with a Bruker EMX spectrometer at 295 K. The

spectra were simulated with the experimental parameters using

Bruker Xsophe.72

Suitable crystals were mounted on a glass fibre. A crystal of

1 was embedded in perfluoroalkylether oil. X-Ray diffraction

data were collected at 210 K on a STOE Imaging Plate

Diffraction System IPDS-II using graphite monochromatized

Mo-Ka radiation (l= 0.71073 Å). The data were corrected by

a spherical absorption correction using the program X-Area73

as well as for Lorentz polarization and extinction effects. The

solution of the crystal structure was performed using the

program SHELXS-97 by direct methods,74 and refined against

F2 by means of full-matrix least-squares procedures using the

program SHELXL-97.75 In the compounds 1–3, all non-

hydrogen atoms were refined anisotropically. In the case of

4, only poor data sets could be obtained, in spite of attempts to

collect diffraction data with several crystals. Therefore, the

structure of 4 is essentially correct, but has only a limited

accuracy. The disordered carbon atoms C55–C57 at N3 were

refined isotropically. Besides both the peripheric carbon atoms

(C15, C16) of one of the four alkyl-chains were disordered

over two sites. In all structures the hydrogen atoms were

calculated in their expected positions and refined with a riding

model. For the visualisation of the structures the graphic

program DIAMOND76 was used. The crystallographic data

as well as details of the refinement for the complexes

(BzlPh3P)2[CuBr4] (1), (MePh3P)2[CuBr4] (2), (Ph4P)2[CuBr4]

(3), and (Me3C16N)2[CuBr4] (4) are listed in Table 1.

CCDC-818359 (1), CCDC-818358 (2), CCDC-818357 (3)

and CCDC-818356 (4) contain the supplementary crystallo-

graphic data for this paper.

Density Functional Theory (DFT) calculations were done at

the B3LYP/aug-cc-pVTZ level of theory for all calculations as

implemented in the Gaussian09 program package.77 The

g-values were calculated using the Gauge-Independent Atomic

Orbital (GIAO) method.78

Results

Single crystal X-ray structures of the complexes

Because the counter-cations contain no new information only

the structural features of the tetrabromidocuprate dianions
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and their crystal packing (Hydrogen contacts, Cu� � �Cu and

B� � �Br distances) are discussed. For more structural details see

ESIw (cif-files of the four structures). Table 1 summarizes the

crystallographic data and refinement parameters for the

tetrabromidocuprate(II) complexes 1–4

Bis(benzyltriphenylphosphonium)tetrabromidocuprate(II) (1)

(BzlPh3P)2[CuBr4]�2CHCl3 (1) crystallises in the non-centro-

symmetric space group P21/c with four formula units per unit

cell. As shown in Fig. 1 the crystal structure of compound 1 is

stabilised by hydrogen bonds between the bromine atoms of

the bromidocuprate(II) and the chloroform hydrogen atom as

well as between the bromine atom and the hydrogen atoms of

the benzyl-CH2 group. Less prominent hydrogen contacts are

observed between the bromine atoms and the hydrogen atoms

of the phenyl rings (see Table 2 and Fig. 1). The copper centres

are well separated and due to the molecular packing the

shortest Cu� � �Cu distances are 10.22 and 11.35 Å and the

intermolecular Br� � �Br distances are in the range of 8.35 to

11.93 Å.

Bis(methyltriphenylphosphonium)tetrabromidocuprate(II) (2)

(MePh3P)2[CuBr4] (2) crystallises in the non-centrosymmetric

space group Cc with four formula units per unit cell. The

cations are composed of planar phenyl groups tetrahedrally

arranged around the central phosphorus atoms and possess

the usual standard bond lengths and angles. Table 3 lists the

main bond lengths and angles. As expected the complex anion

[CuBr4]
2� has a distorted tetrahedral geometry. The shortest

Cu� � �Cu distances are 10.22 and 11.35 Å and the intermolecular

Br� � �Br distances are between 9.00 and 10.98 Å, even if Fig. 2

suggests shorter contacts.

The crystal structure of 2 is stabilised through several

hydrogen bonds between the bromine atoms and the hydrogen

atoms of the methyltriphenylphosphonium cations. The

closest hydrogen contacts are listed in Table 3. From the

crystal packing illustrated in Fig. 2 there is no indication of

p–p-interactions between the phenyl rings of the cations.

Bis(tetraphenylphosphonium)tetrabromidocuprate(II) (3)

(Ph4P)2[CuBr4] 3 crystallises in the centrosymmetric space group

C2/c with four formula units per unit cell (Fig. 3). Similar to

the previously discussed complexes the complex anion [CuBr4]
2�

possesses a distorted tetrahedral geometry but with a 2-fold (C2)

rotational axis symmetry at the copper centre. The two cations

Table 1 Crystallographic data and refinement parameters for the tetrabromidocuprate(II) complexes 1–4

Compound (BzlPh3P)2[CuBr4] (1) (MePh3P)2[CuBr4] (2) (Ph4P)2[CuBr4] (3) (Me3C16N)2[CuBr4] (4)

Empirical formula C50H44P2CuBr4�2CHCl3 C38H36P2CuBr4 C48H40P2CuBr4 C38H84N2CuBr4
M/g mol�1 1328.71 937.79 1061.92 952.26
Crystal colour Blue Violet Brown-violet Violet
Crystal size/mm 0.55 � 0.38 � 0.30 0.95 � 0.46 � 0.16 1.10 � 0.41 � 0.05 1.2 � 0.2 � 0.05
Crystal form Prism Needle Needle Plate
Crystal system Monoclinic Monoclinic Monoclinic Triclinic
Space group P21/c Cc C2/c P%1
a/Å 18.6843(11) 8.9966(11) 10.8617(17) 9.3459(15)
b/Å 10.2238(6) 24.702(3) 19.554(2) 17.513(3)
c/Å 28.5236(15) 17.481(2) 21.072(3) 30.135(5)
a/1 90 90 90 77.197(14)
b/1 91.612(5) 101.553(10) 91.914(12) 86.123(14)
g/1 90 90 90 84.763(13)
V/Å3 5446.6(5) 3806.1(8) 4473.1(11) 4783.93(14)
Z 4 4 4 4
F(000) 2636 1852 2108 1980
Density/mg m�3 1.620 1.637 1.577 1.322
m/mm�1 3.723 4.883 4.165 3.822
Y range/1 1.43–25.0 2.03–25.00 1.93–25.00 1.20–24.84
Rint 0.0794 0.0851 0.0986 0.120
Refl. measured 34 342 12 264 14 297 29 666
Refl. independent 9574 6424 3952 15 318
Parameters 593 407 250 825
R1/wR2 [I > 2s(I)] 0.0321/0.0662 0.0527/0.1301 0.0457/0.0869 0.0719/0.1516
R1/wR2 (all data) 0.0543/0.0717 0.0705/0.1408 0.0821/0.0961 0.2000/0.1930
Goodness of fit 0.910 0.993 0.910 0.833
Max. diff. peak/hole/e Å3 �0.51/0.52 �0.81/0.86 �0.64/1.76 �0.929/0.790

Fig. 1 Stereoscopic view on the crystal packing of (BzlPh3P)2[CuBr4]�
2CHCl3 (1).
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do not exhibit structural characteristics and are, therefore, not

discussed further. The corresponding main bond lengths and

angles are listed in Table 4.

In contrast to the complex (MePh3P)2[CuBr4] 2 the crystal

structure of (Ph4P)2[CuBr4] 3 is stabilised through just one

hydrogen bond between the bromine atom Br2 and the

hydrogen atom H21 of the aromatic ring of the cation. This

could be one of the reasons for the less pronounced deviation

from a perfectly tetrahedral structure in the [CuBr4]
2� moiety

(Br–Cu–Br = 109.51). The copper centres in 3 are also

relatively well separated. The shortest Cu� � �Cu distances are

10.67, 10.86 and 11.18 Å and the intermolecular Br� � �Br
distances are between 7.76 and 11.69 Å. Selected structural

data, bond angles and distances are given in Table 4.

Bis(hexadecyltrimethylammonium)tetrabromidocuprate(II) (4)

(Me3C16N)2[CuBr4] 4 crystallises in the centrosymmetric space

group P%1 with four formula units per unit cell, two per

asymmetric unit. Hydrogen-bonding interactions between the

bromine atoms and the hydrogen atoms of the cations are not

recognised. Fig. 4 shows a section of the crystal structure with

discrete anions and cations arranged in lamellar fashion with

alternating hydrophobic and hydrophilic regions, which often

supports the effective packing and thus the crystallisation

process. The alkyl chains of the cations are all in trans

conformation. Some carbon atoms of the cations are slightly

disordered. Each copper centre is a distorted tetrahedron

surrounded by four bromide ions. The corresponding bond

lengths and angles are given in Table 5. The copper centres in 4

have the shortest contacts of the complexes studied here. Due

to the lamellar packing the shortest Cu� � �Cu distances are

Table 2 Selected bond lengths and angles of (BzlPh3P)2[CuBr4] (1)

Bond lengths/Å Angles/1

Cu1–Br1 2.3904(5) Br1–Cu1–Br2 128.25(2)
Cu1–Br2 2.3855(5) Br1–Cu1–Br3 100.26(2)
Cu1–Br3 2.3860(5) Br1–Cu1–Br4 99.86(2)
Cu1–Br4 2.3735(5) Br2–Cu1–Br3 100.76(2)

Br2–Cu1–Br4 100.56(2)
Br3–Cu1–Br4 131.31(2)

Hydrogen contacts C� � �Br Sym.

C1–H1B� � �Br3 3.727(4) 2655
C26–H26A� � �Br4 3.693(4) 2655
C35–H35� � �Br4 3.748(4) 2645
C37–H37� � �Br1 3.711(4) 4664
C51–H51� � �Br2 3.679(5) 1565
C52–H52� � �Br1 3.609(5) 4564

Symmetry transformation used to generate equivalent atoms

1565 = x, 1 + y, z
2645 = 1 � x,�1/2 + y, 1/2 � z
4664 = 1 + x, 3/2 � y, � 1/2 + z
4564 = x, 3/2 � y,�1/2 + z

Table 3 Selected bond lengths and angles of (MePh3P)2[CuBr4] (2)

Bond lengths/Å Angles/1

Cu1–Br1 2.394(1) Br1–Cu1–Br2 97.12(5)
Cu1–Br2 2.359(1) Br1–Cu1–Br3 139.71(6)
Cu1–Br3 2.389(2) Br1–Cu1–Br4 99.00(5)
Cu1–Br4 2.364(2) Br2–Cu1–Br3 94.91(6)

Br2–Cu1–Br4 137.59(6)
Br3–Cu1–Br4 97.51(7)

Closest hydrogen contacts C� � �Br Sym

C8–H8� � �Br1 3.677(9)
C12–H12� � �Br1 3.683(9) 4454
C15–H15� � �Br4 3.646(13) 4354
C19–H19C� � �Br2 3.771(14)
C21–H21� � �Br3 3.611(9)
C27–H27� � �Br2 3.447(9) 2655
C31–H31� � �Br1 3.779(12) 1655
C38–H38C� � �Br3 3.858(13)

Symmetry transformation used to generate equivalent atoms

4454 = �1/2 + x, 1/2 � y, �1/2 + z
4354 = �3/2 + x,1/2 � y,�1/2 + z
2655 = 1 + x, �y, 1/2 + z
1655 = 1 + x, y, z

Fig. 2 The molecular structure of (MePh3P)2[CuBr4] (2).

Fig. 3 The molecular structure of (Ph4P)2[CuBr4] (3).

Table 4 Selected bond lengths and angles of (Ph4P)2[CuBr4] (3)

Bond lengths/Å Angles/1

Cu1–Br1 2.394(1) Br1–Cu1–Br1i 105.07(5)
Cu1–Br2 2.359(1) Br1–Cu1–Br2 100.41(2)

Br1–Cu1–Br2i 124.19(2)
Br2–Cu1–Br2i 102.71(2)

Closest hydrogen contacts C� � �Br Sym.

C5–H5� � �Br2 3.674 8445

Symmetry transformation used to generate equivalent atoms

(i) �x, y, 1.5 � z; 8445 x � 0.5, �y � 0.5, 0.5 + z
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between 8.07 and 9.41 Å and the shortest intermolecular

Br� � �Br distances are rather small at 4.71 Å.

EPR-spectroscopy

To prevent or minimize magnetic interactions between the

Cu(II) centres (which broaden the lines in the EPR spectra) a

diamagnetic dilution is necessary. This can be achieved by a

solvent or by doping into a diamagnetic host lattice. In both

cases the structure of the tetrabromidocuprate dianion is

affected, which is not desirable, if structural aspects are

investigated. Instead, we therefore used sterically rather

demanding cations, which should result in sufficient diamagnetic

dilution by separating the paramagnetic bromidocuprate(II)

moieties from one another.

Despite this approach, however, the EPR line broadening

results in a missing hyperfine structure for the copper(II) ion

for both Cu isotopes (63Cu, 65Cu; nuclear spin I = 3/2 each)

and the four bromide ligands (79Br, 81Br; nuclear spin I = 3/2

each). The experimental spectrum of 1 (Fig. 5) shows that the

hyperfine structure in X-band EPR is not resolved at all. This

is mainly caused by the exchange broadening due to the still

incomplete separation of the paramagnetic centres. The distances

between the paramagnetic centres in the complexes 1–4 are in

the range of 8 to 10.9 Å. All EPR spectra measured at 9.5 GHz

(X-band) seem to correspond to an axial g-tensor showing

broad signals. No coupling parameters can be extracted. For a

better resolution these complexes were also measured at

B34 GHz (Q-band).

Q-band spectra are better resolved and the basic parameters

g|| and g> could be determined. The spectra indicate an axially

symmetric species, which is consistent with the compressed

tetrahedral stereochemistry of the [CuBr4]
2� chromophore

determined from the crystal structure and the relation g|| c

g> >2.0 indicates a b1(dx2 � y2) ground state.79 The principle

values of the electron Zeemann tensor, the g||- and g>-values,

of the complexes are collected in Table 6 and two of the

corresponding EPR spectra are shown in Fig. 6.

Quantum chemical calculations

Tetrahedral/planar distortions in copper complexes were

already investigated using the Continuous Symmetry Measure

(CSM) methodology (see e.g. ref. 80–82). In CSM all structural

parameters are incorporated in the analysis. As already stated,

in this work, we try to correlate structural and EPR-parameters

for applications in solution, especially in ionic liquids, where

Fig. 4 Part of the crystal packing of (Me3C16N)2[CuBr4] (4).

Table 5 Selected bond lengths and angles of (Me3C16N)2[CuBr4] (4)

Bond lengths/Å Angles/1

Cu1–Br1 2.404(2) Br1–Cu1–Br2 100.05(7)
Cu1–Br2 2.356(2) Br1–Cu1–Br3 97.66(8)
Cu1–Br3 2.412(2) Br1–Cu1–Br4 133.51(9)
Cu1–Br4 2.353(2) Br2–Cu1–Br3 132.22(9)

Br2–Cu1–Br4 100.17(8)
Br3–Cu1–Br4 98.88(9)

Cu2–Br5 2.363(2) Br5–Cu2–Br6 102.71(7)
Cu2–Br6 2.405(2) Br5–Cu2–Br7 133.72(8)
Cu2–Br7 2.365(2) Br5–Cu2–Br8 98.70(7)
Cu2–Br8 2.407(2) Br6–Cu2–Br7 99.21(7)

Br6–Cu2–Br8 124.70(7)
Br7–Cu2–Br8 101.43(7)

Closest hydrogen contacts C� � �Br Sym.

C38–H38B� � �Br8 3.845(15) 1655
C38–H38C� � �Br4 3.754(16) 1655
C55A–H55F� � �Br8 3.76(3)
C55A–H56E� � �Br7 3.58(3)
C161–H161� � �Br7 3.57(4) 2875

Symmetry transformation used to generate equivalent atoms

1655 = 1 + x, y, z 2875 = 3 � x, 2 � y, �z

Fig. 5 X-Band powder EPR spectrum of (BzlPh3P)2[CuBr4] (1).

Table 6 Experimental EPR parameters (g||- and g>-values)

Compound g|| g> gav

(BzlPh3P)2[CuBr4] (1) 2.32 � 0.01 2.07 � 0.01 2.153 � 0.005
(MePh3P)2[CuBr4] (2) 2.30 � 0.01 2.07 � 0.01 2.147 � 0.005
(Ph4P)2[CuBr4] (3) 2.29 � 0.01 2.07 � 0.01 2.143 � 0.005
(Me3C16N)2[CuBr4] (4) 2.22 � 0.01 2.08 � 0.01 2.127 � 0.005Pu
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precise structural parameters are often unknown. Therefore,

we resort to a simpler model, which describes the distortion by

a single parameter, i.e., the cis-angle. Here, we choose structures

along the spread mode (see below), which was found to be the

minimum energy path in theoretical calculations for [CuCl4]
2–

and very close to most experimental structures for d9 ions in

the CSM studies.

The basic model is sketched in Fig. 7. In order to create

different cis-angles along the spread mode the bond angles F
between Br(a)–Cu–Br(a’) and Br(b)–Cu–Br(b’) are varied

simultaneously starting from the square planar configuration

(F = 1801). For F o 1801 Br(a) and Br(a’) are displaced

‘‘above’’ the paper plane and Br(b) and Br(b’) ‘‘below’’. By

this choice, we obtain D4h symmetry for F = 1801, D2d for

1801 > F > 109.4711 and Td for F = 109.471. Due to the

symmetry all four Cu–Br bond distances r are identical and

also all cis-angles. The cis-angles for F = 1801, 1501, 1401,

1301, 1201, and 109.4711 are 901, 93.81, 96.71, 100.31, 104.51,

and 109.4711, respectively. For all cis-angles the bond

distances r were optimised. We also performed an optimisation

for F and r.

We did the calculation for the gas phase and using a

polarizable continuum model (PCM) approach83 for acetonitrile

(e = 35.688) and water (e = 78.355). Frequency calculations

confirmed that the optimised D2h conformers for different

environments are indeed minima on the potential energy

surface. Furthermore, test calculations for the gas phase case

using different initial bond lengths r for the optimisation of the

intermediate structures resulted (within numerical accuracy) in

a single value for all four Cu–Br bond lengths in the complex,

indicating that the spread path is also the minimum energy

path in the present case.

For the gas phase calculations we obtain positive energies

for some occupied Kohn–Sham orbitals, while for the PCM

calculations all orbitals have negative energies. All calculations

have been done for a spin multiplicity 2 and the total charge

�2. The optimised cis-angles are 100.81 in the gas phase,

100.11 in acetonitrile and 100.21 in water. The electronic

energy relative to the optimised geometry as a function of

the cis-angle is nearly independent of the environment. Also

the bond distances, r, are rather constant for different angles

and environments. However, r is a little too long compared to

experimental structure data, probably due to the two uncom-

pensated negative charges in the system. A clear trend for the

Mulliken charge at the Cu atom as a function of the cis-angle

can be seen, at least for the gas phase calculations. However,

this trend is much more pronounced for the Mulliken spin

density at the Cu atom and nearly independent of the environ-

ment (see Fig. 8).

In Fig. 9 the spin density distribution in the [CuBr4]
2� versus

the variation of the coordination geometry is visualised. The

unpaired electron is mainly localized at the copper centre.

The different geometries generate a change in the overlap of

the involved atomic orbitals (angular overlap) and, therefore,

a modification of the spin situation with increasing spin

density at the Cu(II) from square planar towards tetrahedral

coordination. This is also reflected in the EPR parameters,

showing an increasing g value due to the increasing spin

density at the Cu(II) centre (see Fig. 10).

Discussion

The stereochemistry of the halidocuprate ion is intensely

studied because of its enormous structural variety. This variety

is related to its structural flexibility as well as its ability to form

Fig. 6 Q-Band EPR powder spectra of the complexes 2 and 3.

Fig. 7 Sketch of the model.

Fig. 8 Electronic energy relative to the optimised structure, Cu–Br

distance r and the Mulliken charge of the Cu atom depending on the

cis-angle for different environments (gas phase, acetonitrile, water).

Mulliken spin density at the Cu atom depending on the cis-angle for

different environments (gas phase J, acetonitrile &, water }). The

values for acetonitrile and water are essentially overlapping.
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many structural types varying from monomers, dimers, and

oligomers up to cluster structures.84,85 Sometimes different

structures are present in the same solution. In the case of

tetrahalidocuprates(II) the structure of the [MX4]
2� moiety

varies from distorted tetrahedral to square planar. This variation

is not arbitrary; there are factors influencing the degree of

distortion, which can be grouped into five categories using

simple electrostatic arguments:

A: Jahn–Teller effect: The Jahn–Teller theorem does not

provide information about favoured geometries. It states

however which geometries should not be stable. For the d9

Cu(II) system, this precludes the perfect tetrahedral geometry.

Indeed there are no known Cu(II) complexes with an exact

tetrahedral geometry. All non-planar complexes show a

distorted tetrahedral geometry, ‘‘compressed tetrahedron’’

and D2h symmetry or even lower.52,86

B: Crystal field stabilisation: The largest stabilisation occurs

for the geometry which gives the strongest bonds. Therefore

the crystal field stabilisation factor supports the formation of

almost square planar geometries, in which halide–copper

bonds are stronger than those bonds in the tetrahedral

geometry.86

C: Ligand–ligand repulsion: The electrostatic repulsion

between the halide ions plays an important role in determining

the coordination geometry since it strongly favours tetrahedral

geometry. Since the Br atom is larger than the Cl atom, the

distortion towards a tetrahedral geometry would weaken

ligand–ligand repulsions.14

D: Ligand–lattice interactions: Interactions including (1)

simple electrostatic interactions between the halide ions and

the counter ions, (2) bonding interactions with neighbouring

Cu(II) ions (as an evidence for the formation of Cu–X–Cu

bridges), and (3) hydrogen bonding between the halide ions

either with the counter ions or the lattice solvent molecules all

reduce the effective charge on the halide ions. This in turn

reduces the ligand–ligand repulsion effects. The role of the

hydrogen bonding in stabilising the square-planar configu-

ration through the removal of charge from the halide ion has

been used in the interpretation of the coordination geometry

of tetrahalidocuprates(II).14,27,50,60,64,87,88 Generally, with

weak hydrogen bonding electrostatic forces dominate and

yield a geometry close to tetrahedral. With strong hydrogen

bonding the crystal field stabilisation energy dominates, which

yields a geometry closer to square planar.

E: Crystal packing effects: This category takes into account

all effects that are not contained in the previous categories.

Essentially, crystal packing effects are important because the

shape and size of the counter ions may force the lattice into

some particular form. The copper(II) halide species may then

have to adjust its stereochemistry to best be accommodated

into the packing arrangement.89 Crystal packing effects

include p–p interactions, which further stabilise the solid-state

structures90 and consequently also the symmetric or

asymmetric geometry of the counter ions, shape and length

of alkyl chains contained in the counter ions.

EPR spectroscopy is a powerful tool to characterize the

coordination geometry of copper(II).91–94 Already in 1980 A.

Bencini, D. Gatteschi and C. Zanchini discussed the EPR

spectra of the copper(II) doped complex dichloridobis-

(triphenylphosphineoxide)zinc(II) with a distorted tetrahedral

coordination geometry as single crystals and polycrystalline

powders. These experiments were further supported by quantum

chemical calculations comparing the spin Hamiltonian parameters

CuX2Cl2 chromophores (X = Cl, N, O), reflecting a high

covalency and large spin–orbit coupling of the Cu–Cl bonds.95

A more recent theoretical study of [MX4]
2� (X = Cl, Br) by

V. I. Murav’ev96 provides a detailed discussion of the electronic

situation in tetrahalidocuprates for square planar coordination,

which is in good agreement with the experimental

parameters.97 M. T. Kite and J. E. Drumheller98 discussed in

1983 the g-values for a series of tetrachlorido- and

tetrabromidocuprate(II) salts combined with a line width

analysis showing that the bromide complexes have signifi-

cantly lower g-values than the analogous chloride complexes

with identical cations. This is due to the stronger spin–orbit

coupling in bromide salts as also confirmed by R. D. Willett

et al. since ligand spin–orbit coupling reduces the

g-values.99–101 A. Bencini and D. Gatteschi calculated the

electronic and EPR parameters of [MCl4]
2� on the SCF-MS-

Xa-level for square planar and ‘‘pseudotetrahedral’’ coordination

geometries.102 In agreement with experimental data larger

Fig. 9 Correlation of the averaged cis-angles to the averaged g-values

for tetrabromidocuprate(II) complexes (square planar 901, perfect

tetrahedron 109.51). The straight line reflects the linear fit of the

experimental data and the dotted line the calculated g-values from

the DFT calculations. The numbering scheme is according to Table 7,

the diamond labels (on dotted line) are according to the DFT

calculations.

Fig. 10 Spin density distribution in [CuBr4]
2� in the square planar

geometry (left), the optimised structure (middle) and the tetrahedral

geometry (right). The spin densities are obtained from the acetonitrile

PCM approach.

Pu
bl

is
he

d 
on

 0
5 

O
ct

ob
er

 2
01

1.
 D

ow
nl

oa
de

d 
by

 T
U

 B
er

lin
 -

 U
ni

ve
rs

ita
et

sb
ib

l o
n 

31
/0

3/
20

16
 1

2:
42

:4
7.

 
View Article Online

http://dx.doi.org/10.1039/c1nj20271e


This journal is c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2011 New J. Chem., 2011, 35, 2793–2803 2801

g-values were found for the ‘‘pseudotetrahedral’’ geometry

compared to a square planar coordination.

S.-K. Kang et al.51 attempted a correlation of the EPR-

parameters (gav) with the degree of distortion (y, i.e. the

average of the largest two angles, the trans-angles) of

tetrachloridocuprate(II) complexes. The EPR spectra in their

study were recorded in frozen glass (DMF :CH2Cl2 = 1 : 1),

where the structural situation may be significantly different

than in the neat compounds, due to the interaction with the

solvent and possibly affected by the freezing process. In spite

of this, the study shows that the larger the trans-angle, the

smaller is the experimental g-value. Here we correlate the

experimental EPR data in the pure solid substances (not in a

glass or liquid) with the structural parameters of our

tetrabromidocuprate(II) complexes 1–4 and complexes, whose

crystal structure and EPR parameters are reported in the

literature. In contrast to the study mentioned above,51 we do

not use the trans-angle, but the averaged cis-angle (i.e. the

average of the smallest four Br–Cu–Br angles) because of the

particularly strong distortion. The average g-values (gav) were

obtained through the following relation between the anisotropic

parameters of the g-tensor, eqn (1):

gav ¼
gk þ 2 � g?

3
ð1Þ

Table 7 summarizes the data extracted from the literature and

the additional data obtained from our new complexes. Fig. 10

reveals a direct relation between the averaged cis-angles and

the corresponding gav-values (R = 0.8259), taking into

account that the averaged g-values gav increase as the geometry

of the structure of [CuBr4]
2� anions changes from square planar

to distorted tetrahedral. The complexes with a square planar

coordination geometry (cis-angle 901) [CuBr4]
2� have gav-values

o 2.10. Beginning at a g-value of about 2.12 the [CuBr4]
2�

anions show a tendency towards more or less distorted or

compressed tetrahedral geometries. This trend of increasing

g-values with increasing cis-angles is in good agreement with

the calculated Mulliken spin density at the copper centre (Fig. 8)

and the trend of g-values calculated via DFT (dotted line in

Fig. 10). It must be noted however, that, while the trend is the

same, the absolute values obtained from DFT are about 0.02

higher than the values obtained from a linear regression analysis

of the experimental data.

We would like to stress once more that the aim of this study

was not to achieve best resolution or the use of highly

sophisticated EPR techniques but to provide a tool to obtain

structure information of tetrabromidocuprates [CuBr4]
2� in

non-crystalline samples (e.g. ionic liquids, liquid crystals or

solution) by cw-X-band EPR spectroscopy. For average

cis-angles with values between 911 and 971 unfortunately no

complete data (X-ray and EPR) are available in the literature.

More work is therefore required to fill this gap and to further

refine the correlation.

Conclusion

The aim of this work was the synthesis of a series of new

tetrabromidocuprate(II) complexes and the correlation of their

structures, in particular the geometry of the [CuBr4]
2�

obtained from X-ray crystallography with the gav-value

obtained from EPR measurements of the solid and pure (i.e.

undissolved) complexes. To sufficiently separate the paramagnetic

centres from each other sterically quite demanding cations

were used. The EPR spectra in the X-band were only very

poorly resolved (no hyperfine structure), which can be assigned

to exchange broadening caused by incomplete separation of

the paramagnetic centres. The Q-band EPR spectra allowed

for the determination of the g-tensor parameters. The complexes

with the cations: benzyltriphenylphosphonium, methyltriphenyl-

phosphonium, tetraphenylphosphonium, and hexadecyltri-

methylammonium crystallised as monomeric complexes and

the X-ray structures show that the tetrabromidocuprate(II)

anions present in all cases a compressed tetrahedral geometry

with two types of bond angles distinguishing their ‘‘trans’’

values (1241–1401) from the ‘‘cis’’ angles (941–1061). These

values show that the coordination geometry of most tetra-

bromidocuprates is an intermediate between square planar

(D4h) and regular tetrahedral (Td). This is in good agreement

with the results from DFT calculations. The electrostatic

repulsion forces between the bromide ions seem to dominate,

which yields structures close to a more tetrahedral geometry

with mean cis-angles of 102.651 and 99.141, respectively.

The key finding of this work is that there is a correlation

between the tetrabromidocuprate geometry and the average

g-value gav. Tetrabromidocuprates(II) with a geometry close to

square planar possess average g-values less than B2.12. With

increasing distortion towards tetrahedral geometry the average

g-values raise accordingly. This correlation is applicable for

the structural characterisation of tetrabromidocuprate(II)

complexes in general and those which are ionic liquids in

particular, e.g. to gain structure information when metal

containing ionic liquids are used as precursors for CuCl

materials.103 Part 2 of this study will deal with the related

tetrachloridocuprates(II) and some applications.
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2 (NH4)2[CuBr4] 90.00 2.076 59
3 (b-alaH)2[CuBr4] 90.12 2.080 101
4 (MePh3P)2[CuBr4] 97.14 2.146 This work (2)
5 (4-Et-Py)2[CuBr4] 97.55 2.120 61
6 (Me3C16N)2[CuBr4] 99.85 2.125 This work (4)
7 (2-apyH)2[CuBr4] 99.30 2.140 62
8 (4-apyH)2[CuBr4] 99.30 2.16 63
9 (Ph3AsOH)2[CuBr4] 99.65 2.133 10
10 (pipdH)2[CuBr4] 99.825 2.133 65
11 (3-Et-Py)2[CuBr4] 100.10 2.140 61
12 (4-Me-Py)2[CuBr4 100.20 2.15 60
13 (BzlPh3P)2[CuBr4] 100.36 2.159 This work (1)
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