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A. INTRODUCTION

This review deals with copper(Il} compounds A,Cu,Cl,, where A is a dis-
crete cation. We are concerned. exclusively with CuCl,, chromophores; most
hydrated chlorocuprates{Il) fall outside cur scope, since they usually contain
coordinated water molecules. However, we shall discuss selected work on
such compounds if it is relevant to the Cu—Cl bonding in chlorocuprates{II).
We shall also discuss appropriate aspects of CuCl, and CuCl; - 2H,0. Empha-
sis is placed on the physical properties of chlorocuprates(Il} in relation tc
their structures.

Some previous reviews have covered the subject of chlorocuprates(Il} with-
in a broader chemical context. Hatfield and Whyman [1] have reviewed
copper complexes in general, up to 1968. A comprehensive list of reierences
on derivatives of CuCl; {though with limited discussion} up to about 19G8 is
found in the valuable monograph of Colton and Canterford {2]; Colton [3]}
has extended coverage through 1971. Some other reviews dealing with, for
example, specific physical properties will be mentioned in the appropriate
places later.

In Sect. B, we discuss general features of chlorocuprates{II}, including
preparation, stoichiometry and the stabilizing cations. Section C describes
the structures of erystalline chlorocuprates{II}, as determined by X-ray crys-
tallography. The large subject of alectronic spectra is conveniently divided
into two parts, ligand field specira in Sect. D and charge transfer spectia in
Sect. E. Section F covers the vibrational spectra of chlorocuprates(1l}, and
Sect. G describes their magnetic and ESR properties. Section H discusses
miscellaneous physical measurements, and in Sect. I we discuss briefly such
aspects of chlorocuprates(Il} in solution as are relevant to the situation in
erystalline chiorocuprates(il). We have attempted to cover the literature from
1264 to 1975, with more selective coverage of earliter work.



B. GENERAL FEATURES

Here we survey the stoichiometries of chlorocuprates(il), preparative routes,
the counter-cations found, and some practical applications.

(i} Some problems of nomenclature and notation

The conventicnal scheme for the nomenclature and notation of coordina-
tion compounds is not wholly satisfactory for copper{iI} species. The scheme
emphasises the importance of specifying which groups are coordinated to the
metal and which are not, but this is not always clear with copper{ll) in a
highly distorted environment, even after a complete X-ray analysis has been
performed. For example, in Cu{NH,},X, the X groups form long bonds to the
metal and have been described as ‘semi-coordinated’ [4—8]. It is arguable
whether we should write [Cu(NH3);:X;] or [CuW{NH;),;]1X2, and whether we
should name the compound as a molecular complex or as a complex salt.

Even worse problems confront us in dealing with chlorocuprates(Il). As
we shall see in Sect. C, their structural diversity requires a full structure de-
termination before we can begin to give them systematic names. For example,
the compounc;s previously known as tris(dimethylammonium) pentachloro-
cuprate(Il} [(CH;);NH,]2[CuCl;] and bis{2-ammonicethylJammonium penta-
chlorocuprate(iI} [(NH,CH,CH,).NH,][CuCl;] are now referred to as tris(di-
methylammonium} tetrachlorocuprate(1l} monochloride and bis(2-ammonio-
ethyilammonijum tetrachlorocuprate(ll) monochloride, following X-ray anal-
yses which reveal one lattice chleride ion per formula unit; but these names
and formulae fail to convey the fact that the coordination about the metal is
drastically different in the two compounds. The former contains discrete
tetrachiorocuprate(Il) ions, but the latter does not; the former has four-
coordinate copper, but in the latter the metal has tetragonal octahedral six-
coordination (or 4 + 2 coordination),

For the purpose of classification meanwhile, we shall adopt a nomencla-
ture scheme based simply on stoichiomefry. Thus we shali refer to potassium
trichlorocuprate(Il} KCuCl,, rather than to dipotassium di-g-chlorotetra-
chlorodicuprate(Il) K, [Cu,Cls]. We shall use square brackets to indicate dis-
crete entities only in the case of cations. This will aveid difficulties in dealing
with chlorocuprates(Ii} of unknown or uncertain structure, as well as incon-
sistencies and doubts with respect to distant ‘semi-coordinated’ groups. Thus
the two compounds cited in the previous paragraph will both be classified as
pentachlorocuprates(il), without any implicaiion that they contain discrete
[CuCls?~ ions.

(ii) Stoichiometry

The known stoichiometries of chemically-characterised chlorocuprates(I1)
are summarised in Table 1. The most common and familiar are the tricnloro-
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TABLE 1

Stoichiometries of known chlorocuprates(Il) { A signifies a cation, and the numbher of
primes its charge)

A'CuCl, A'CucCl, A”CuClg A"7CuClg
{A')2CuCly A'Cu,Clg

{A')3CuCl,

(A")aCuClg

A'Cu,Cls

(A }3Cu;Cly

(A )sCually;y

cuprates(I1) A’CuCl; and tetrachlorocuprates (A'),CuCls. Some compounds
have been referred to as pentachlorocuprates(II) without firm evidence that
they are not merely mixtures of {A'),CuCl, and A’'Cl. Few hexachlorocu-
praies{11} have been reported [7—9] and hittle is known about them.

{iii) Catizns found in chiorocuprates(Il}

A remarkable variety of cations serve as counter-ions in chlorocuprates(II},
ranging from simple alkali metal cations to highly complex organic, inorganic
and even organometallic species. References are given here only to work on
chisrocuprates{Il} whose very existence is of interest; the more familiar
chlorocuprates{il} will be covered at length in following sections.

{a) Simple inaorganic cations

Amongst the alkali metals, the best-known chlorocuprates{1I) are KCuCl;,
CsCull; and Cs;CuCly. Others which have been reported include Li,CuCl,,
K,CuGls, Rb;CuCl,; and Cs3CuCl.. The catalytic activity of Li,Cull, will be
discussed below, but littie is known about thiz material. K.CuCl, remains an
enigma. Its melting point {10]) and heat of formation [11] have been reported,
and it is said {12,13] to be isostructural with Cs,CuCl,. However, a recent
investigation [14] suggests that anhydrous K,CuCl, does not exist; attempts
to prepare it always give a mixture of KCuCl; and KCl. The dihydrate decom-
poses on heating above 93° to KGCi, KCuCl, and water [15,16]. However, the
most recent work [171 reports the successful dehydratior: of K,CuCl, - 2H,0
to K,CulCl,. The phase diagram for the system KC1/CuCl; shows KCuClyas a
congruently-melting compound, but not K,CuCl, [18]. Rb,CuCl, is a well-
defined compound {14]; Cs3CuCl is probably isostructural with Cs;CoCl,
{191.

It is a little strange that no sodium chlorocuprates(II), hydrated cor not,
have been reported. It cannot bz argued that only the jargest cations form
chloro. uprates(il) since LiCuCl; - 2H.O and Li,CuCl4 are known. The phase
diagram for the system NaCl/CuCl; reveals nc compound formation [18]. It
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may be significant that NaCl has the highest melting point of the alkali rmetal
chiorides; the melting point of the eutectic mixture containing 46% CuCl,
{molar) is 386°, at about which temperature CuCl, begins to decompose to
Cu(l and chlorine.

Other simp!e inorganic cations which form chlorocuprates(Il) are Ag” and
T1"; we may also include NHj as a simple cation. Silver forms only AgCuCl,,
which has been little studied [7]. Thallium(!) is reported to form T1,CuCl¢
and TlsCuaCl,, {7]; again, little else is known about these. However, NE.,Cu-
Cl,; and {NH,},CuCl, have been studied in detail, and their properties will be
discussed in later sections.

The only chlorocuprate{Il} of a simple dipositive cation is FeCuCls; mag-
netic and Mdssbauer work indicate that it is indeed Fe(ITI)Cu(II}Cl., rather
than Fe(II1)Cu(I}Cl, [20].

(b) Complex inorganic cations

As discussed further below, there are many examples of chlorocuprates(il)
of the type [Cul,]CuCL, polymerisation isomers of CuL,Cl, where L is a
neutral base. Other interesting examples of inorganic cations stabilized in
chlorocuprates(Il) include [Li(diacetamide}, 1", in [Li(diacetamide}.], CuCls
[21] and [Mg{H,0)¢1*" in (Mg(H,0)}s]CuCls {22], although there is some
doubt as to whether the coordination sphere of the copper consists exclusively
of chloride ions. Another complex Mg(II) cation is found in [MgCl{DIMP)-
{H;0141CuCl; - DIMP (DIMP = diisopropyl methylphosphonate); the DIMP
molecule outside the coordination sphere of the cation is not coordinated to
the copper, according to IR studies [23].

The pentachlorocuprates(Il) [M(NH;)¢]CuCls (M = Cr, Co, Ru, Rh, Ir)
have been extensively studied, and will be discussed at length in iater sections.

Some octahedrat complex cations of the Group IV elements stabilize
chlorocuprates(II), for example [Si(acac);JCuCl; [24]; complexes of the type
[MX;]CuCly (X = imidophosphinate) are known for M = Si, Ge and 5n [25].

Phosphonitrilium derivatives form chlorocuprates{II), such as [{NPMe;);-
H,]Cull, - H,O [26]. A novel phosphorus—sulphur <ation is found in [{Me,-
N}, P—5—5—P(NMe.}s1Cu.Cls |27} A number of complex halides of un-
known structure contain Cu{ll), for example Cs,CuAu.Cl,,; {28].

(¢) Organic cations

The most important of these are the substituted ammonium cations RNH;,
R;NH3, RiNH' and Ry;N' (R = alkyl or aryl). Many examples of alkylammo-
nium chlorocuprates(Il) will appear in subsequent sections. Multiply-charged
cations derived from pelyamines are also important. Quaternary phosphonium
and arsonium cations are alse found; [P(CH;C1),1CuCl; is a rather interesting
example [29].

Many other common organic bases {e.g. pyridine derivatives) form chloro-
cuprates(II) such as (LH;)CuCls. Diazonium caions ArN; are also known in
chlorocuprates(II) {30—321.
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A fair number of sulphur-containing organic cations form chlorocuprates-
{1}, including dithiolium cations in, for example, [CoH,S,;]CuCls [33].

It seems that practically any stable organic cation can form a cialorocuprate-
(II}, as will some otherwise unstable cations; for example, {(qoH;)}CuCl, {qoH
= 4-chloro-2-nitrosophenol) was the first example of a salt containing a pro-
tonated benzoquinoxime cation [34]. An example of an organometallic cat-
ion is found in bis{(2-pyridoyl-N-onium-ferrocenoyl-methano)}copper{(II} tri-
chlorocuprate(II} [35].

{iv} Preparation

Most chloracuprates(f1) have been prepared by mixing solutions contain-
ing the appropriate molar ratios of CuCl; and an ionic chloride. Some chloro-
cuprates(II} can be crystallised from aqueous solution, including Cs;CuCl,,
KCuCl,, CsCuCly and some alkylammonium chlorocuprates(II) [36]. Alkali
metal chlorocuprates{iI) can also be obtained by melting mixtures of CuCl;
and MCI [7,14,37]. [Mg(H,O)s]CuCl, was obtained by fusing the salts to-
gether [22]. The most general preparation for chlorocuprates{1I) with organic
cations is by crystallisation from ethanol [38]. Other polar, weakly-coordinat-
ing solvents can be used; thionyl chloride has been recommended as a medium
for the preparation of halogenometallates [39] but such: rigorously anhydrous
conditions do not appear to be necessary for chlorocuprates(Il}. In the stan-
dard preparation in ethanol, CuCl, - 2H,0 can often be used, and the ethanol
need not be perfectly dry.

The deliberate preparation of a chlorocuprate(Il) by these methods is rarely
difficult. OY much greater interest is the unexpected preparation of a chloro-
cuprate(Il} in a reaction from which other products were desired. The older
literature contains many references to such compounds as CuCl;L, - 2HC},
where L is a neutral ligand, with the implication that L molecules are coorci-
nated to the copper{ll). These should nearly always be formulated as (LH]},-
CuCl,. Even in cases where the LH cation is still capable of functioning as a
ligand, it may remain uncoordinated to the copper. The compound originally
formulated as CuCly,(thiamine) - 2HC! was believed, on the basis of IR spectra,
to contain monoprotonated thiar.uie, Fonded 2 the copper via a pyrimidine
nitrogen atom [4C]. But X-ray analysis [41] show: that the thiamine moiety
is present in the lattice as a disciete, doubly-charged cation (see Sect. C}.

(Acetamidinium);CuCls was prepared in an zitempt to obtain a copper(II}—
acetamicline complex [42,43] and similar fata2s have befallen efforts to prepare
copper{ll) complexes with 3-(2-diethylamineethoxy}-1,2-benzisothiazole
[44] and N.N,N',N'-tetraethylethylenediamine [45]. A bizarze case was the
attempted preparation of a complex between CuCl; and di-methamphetamine
[161; C<lemethylation took place and the product turned out to be bis(N-
methylpheanethylammonium) tetrachlorocuprate(ll). As noted already, the
reaction between CuCil, and (Me,N),PS produced [(Me,;N};PS—SP(NMe,);]

Cu,Cl,. [27].
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Other attempts to prepare Cul,;Cl; complexes have produced instead its
polymerisation isomer [CuL,;}CuCl,. In some cases, both isomers have been
isolated, for example CuCl;(DA)}; and Cu{DA},CuCl; (DA = diacetamide)
[47]). Copper{I1} seems to have a greater tendency to behave in this way than
other neighbouring elements in the first transition series. For example, Black
[48] studi=sd complexes of 2,2'-dipyridyl sulphone, 2,2"-dipyridyl sulphide
and 2-pyridyi-2-thiazolylamine with MCIl,. Copper(Il) gave invariably CulL,-
CuCl,, while Co(Il), Ni{II} and Zn(I!) gave MLCI,. Tertiary arsine oxides re-
act with MCl, (M = Mn, Fe, Co, Ni, Zn) to give ML,Cl; but CuCl; yields
CuL,CuCl, [43—511. Slightly different examples of polymerisation isomer
formation include Cul, - Cu,Cle (L = tetramethylene suiphoxide) [ 52] and
Cu(terpyridy})Ci - CuCl, [53].

Chlorocuprates(II) can be prepared by metathetical reactions, e.g. Cu-
{triptam)}. *+ CuCl, by the reaction between Cu(triptam};(Cl0,); and {NEts),-
CuCl, {triptam = tris{ 2-pyridyl)amine [54]. A related reaction is the prepara-
tion of {NEt,}sCusCl;, by the treatment of CuCl, with [(NEt,}].{ VO(NCS),]
in eth”nol, in an attempt to prepare a complex containing V(IV) and Cu(il}
bridged together [55].

Chlorocuprates(Il} also result from the reaction between CuCl,L, (L = pyxi-
dine base} and chlorine in ethanol, to give (LH),CuCl, [56,57]. This curious
reactior: presumably involves the oxidation of ethanol by chlorine to give
HCl1 amongst other products, which reacts with the neutral complex to give
the chlorocuprate(ll). There are other examples of this type of reaction, for
example the preparation of the protonated benzoquinoxime chlorocuprate-
(II) already mentioned [34].

{v) Properties

Crystalline chlorocuprates(II} may appear in various shades of yellow,
brown, red, orange or green at room temperature; many are thermochromie,
as will be discussed further in Sects. C and D. Most chlorocuprates(Il} with
organic cations dissolve in a variety of organic solvents, usually with some
solvolysis (see Sect. I}, but they are decomposed by water, whose molecules
invade the coordination sphere of the copper. Most chlorocuprates(I1} are
hygroscopic to some degree, and should be handied in dry conditions. The

_intricate structural, optical and magnetic properties of chlorocuprates(Il)
. will occupy the bulk of this article.

{vi} Applications of chlorocuprates(Il}

Cupric chioride has been used as a catalyst in a vast number of reactions,
both in the laboratory and in the large-scale plant; a detailed account of these
would justify a lengthy monograph. A venerable example is the Deacon pro-
cess for the manufacture of chlorine by the oxidation of HCI; the catalyst
consists of clay balls impregnated with aqueous CuCly. More recently, the
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role of CuCl, as a catalyst in the Wacker process [ 58] has attracted interest.
It seerns likelv that in many of the catalytic functions of CuCly, a chlorocu-
prate(Il) is actually the active species. However, many chlorocuprates(Il}
themselves are used as catalysts.

Li,CuCl; catalyses cross-coupling reactions between Grignard reagents and
alkyl bromides in tetrahydrofuran [59] and also catalyses the oxidative di-
merisation of primary alkyl groups under similar conditions [60]. Bis(pyri-
dinium) tetrachiorocuprate(II), in pyridine/HCI, catalyses the chlorination,
oxychlorination, oxidation and/or oxidative dehydrogenation of ethylene,
ethane and p-xylene {61]. Ammonium trichlorocuprate(iI) catalyses the
polymerisation of dimethylcyclosilazanes {62].

Benzothiazolium chlorocuprates(Il} have been patented [63,64] for the
control of helminths and the stimulation of animal growth, as well as for the
control of aquatic crustaceans and parasites in animals. -

C. X-RAY CRYSTAL STRUCTURES

Over thirty chlorocuprates(II} have been subjected to full X-ray analyses.
This considerable effort-has been amply rewarded by the discovery of a re-
markable range of structural types. If, for the meanwhile, we classify chloro-
cuprates{II} accqrding to stoichicmetry, we can identify five types of tri-
chlorocuprates(il), four of tetrachlorocuprates(II) and four of pentachloro-
cuprates{il}, not tc mention other stoichiomstries. Moreover, many chloro-
cuprates{[I) exhibit phase transitions whkich riay be accompanied by marked
structural changes, and in some cases, two distinct types of coordination geom-
etry ahout the copper are found in the same phase. In this section we survey
X-ray crystallographic data for chiorocuprates(II}, with emphasis on the co-
ordination geometry, interactions between recognisable chlorocuprate(il)
anions in tha crystal, and the role of the ration in determining the overall
structure. We also discuss relevant theor:tical work. It will be conveniert
from now onwards to classify chlorocuprates(1l} according to siruciural
types, irrespective of stoichiometry.

(i} Chiorecuprates(if) containing discete CuCi;™ ions

This catogory includes many tetrachlorocuprates(Il} and at least one penta-
chlorocuprate(Il}. The anion is usually described as a flattened tetrahedron,
of approximately D,, symmetry (Fig. 1). Two Cl—Cu—Cl angles are greater
than the tetrahedral angle of 109.5°, while the other four are smaller. The
greater angl: @ is usually taker as 2 measure of the distortion from T4 sym-
metry; in regular D,4 symmetr s, the greater angles are equal, but in practice
this is only approximately true and the mean value may be used. The square
coplanar CuCl%™ ion is an extreme <~se of a flattened tetrahedron, with two
ClI--Cu—Cl angles of 180° and four of 90°. In Table 2 we list the mean Cu—
Cl bond length and the mean flattening angle & for discrete CuCl3~ ions in
crystals.
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e}
<t

X /’/
Cu/
P

&’ ka\Cl

F'g. 1. Counfiguration of the CuCli" ion.

TABLE 2

Structural par: meters for CuCls™ ions { B is the mean Cu~—Cl distance and 8 is the flat-
iening angle as defined in the text. Standard deviations are given in parentheses)

Compound R (A} a3 {deg) Ref.
Cs,CuCly 2.230{4) 129.2(2) 65
(NMe4);CuCl, 2.230(10) 129.3(3} 66
{NBEt3H};CuCl, 2.241(2} 134.9(1} 67
{NMe, H,13CuCl: @ 2.230{7} 135.8(2} 68
{(Me,CHNH;Y,CuCly & 2.262(9) 159.2(3) &9
2.271(10) 151.7(3)
{NMe;H)3Cu,Cly € 2.250(10) 110.6(4) 70
{PhCH, NMe;};CuCl, 2.256(3) 132.5¢2) 71
{PhCH; CH,NMel; )3 CuCly 2.209(4})9 130.6(2) 4 48
2.265(1) ¢ 1380.0{1) ¢
{PLCH;CHMeNMeH, )3 CuCils 7 2.236(6) 139.2(3) 72
2.241{6} 137.3(3)
(Cy2H,;gN40O8)YCuCla 2.954(3) 133.8(1) 41
{Pt{en);Cl1 JCull, - H;O 2.238(5) 154,1¢(2) 73
(pg)Cult,s 2 2.247(1) 129.2(1) 74
{{NPMe;)sH; ICuCla - Hi O 2.255(3) 133.5(1) 26
{C13H;pN205);CuCly 2.240({3) 143.5(1) 44
{PPh4), Cully - H,Q 2.243(2) 12B.7(1} 75

2 One C17 per formula unit is uncoordinated,

b I*our crystallographically distinet Cu atoms are found in the unit cell. A fifth Cl atom
is found at 3.12(2) and 2.33(1) A along the {approximately) S; axes of the respective Ca
atoms whose cogrdination geomaetries are described in the table.

€ This compound contains two crystallographically distinet Cu atoms.

4 High-temperature form

© Low-temperature furm.

! This compound contains two types of CuCl3™ ions,

£ pg= {N,N'-dirnethyl-4,4'—bipyridinium]”.
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The configuration of the tetrachiorocuprate(II) ion has aroused great in-
terest since it was first reported in Cs,CuCl, in 1952 [761. The Jahn—Teller
theorem predicts that the *T, ground state of a tetrahedral 4° ion should be
unstable with resgect to distortion, and it can be further argued on qualitative
grounds [77] that a flattening towards D,4 symmetry is likely. However, ic
has been pointed out [78] that spin-orhit coupling will lift the degeneracy of
the tetrahedral ground state and it is not clear whether the magnitude of the
spin-orbit splitting is sufficient to satisfy the Jahn—Teller theorem. Dunn
has argued {79} that no Jahn—Teller-active mode of vibration can perform
the required distortion in CuCltj™, and the significance of the Jahn—Teller
theorem was cailed further into question with the first reported X-.ray analy-
sis of a tetrachloronickelate{II) [80] in which the predicted Jahn—Teller dis-
tortion failed to appear. The fact that CoClii~ and ZnCl}~ ions sometimes
exhibit significant flattening towards [i,, symmetry {81—84] suggests that
crystai forces might ke important in determining the geometries of tetrahalo-
geno-ions. How far, then, is the configuration of the CuCl3" ion an intrinsic
pioperty, and how far may it be influenced by crystal forces?

An vbvious approach might be to calculate the energy of the ion as a func-
tion of the flattening angle 0, and see whether 2 minimum can be found. Such
a caleulation was attempted as early as 1956 by Felsenfeld [85}, using an
tonic mode] with allowance for polarization of the ions. It was found that the
electronic energy of the ion was lowered by flattening from T4 towards Dg,,
while the repulsion between CI™ ions increased. A balance between these two
factors was struck at an angle @ of 123°, close to the experimental value.
Unfortunately, the d—d spectrum of CuCl3~ had not been properly analysed
at the time and Felsenfeid calculuted the required crystal field parameters
using Slater-type 3d functions; tnese splitting parameters are far removed
from those subsequently found experimentally {see Sect. D). Semi-empirical
MO calewlations [ 36—881 have likewise found an energy minimum for 6 ~
120°; in these, the balance is between the energies of the bonding and anti-
bonding MO’, and the repuision between chloride ions is not explicitly con-
sidered. The most elaborate analysis [89] involves the calculation of the total
energy of the ion, using ab initio methods, for a range of # values; again, an
energy minimum was found near 120°, It is remarkable that these very dif-
ferent Lhecretical models zll reach much the same conclusion, namely that
the distortion in CuCl3~ is an intrinsic property of the isolated ion.

An alternative approach is an experimental one; the effects of crystal
forces on the configuration of tke anion might be distinguished from any
intrinsic propensity towards distortion by measuring physical properties
which are sensitive to the coordination geometry in a variety of crystalline
and nor-crystalline environments. Sharnoff [90,91] measured the ESR spec-
trum of CuCl3~ doped in Cs,2ZnCli,; and obtained different g-values from
those in Cs,CuCl,. Subsequent work [92] showed that, although lattice effects
did change the ESR spectrum, they were so small that an intrinsic distorticn
of the anion had to be postulated. Various physical measurements on the
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CuCl3- ion in non-coordinating solvents {93,94] suggest that its configura-
tion is much the same as in the crystalline state.

It has recently become possible to calculate directly the effects of crvstal
forces on ions [65,95,96}. McGinnety {65] has performed a detailed analysis
for Cs,CuCls. The electrostatic field of the cations causes compression of the
Cu—Cl bonds in the anion, and McGinnety concludes that the Cu—Cl distance
in an isolated CuCl%~ ion would be 2.270 A, or 2.283 A after corrections for
thermal motion. This work was mainly concerned with the effects of crystal
forces upon bond lengths rather than bond angles, and the guestion of the
configuration of the CuCl3~ is not completely cleared up. However, the self-
consistency of McGinnety’s calculations is impressive and we feel compelled
to accept his description of the isolated CuCl3~ ion as being flattened with
f ~ 329°.

With more complex cations than Cs* we may have to consider the effects
of hydrogen bonding. If, for example, there is appreciable NH--C! interaction
the fractional charge on the Cl atom will be reduced and the crystal forces
acting upon it will be diminished, leading to elongation of the Cu—Cl bond.
We may also expect the Cl—Cu—Cl angles to be affected, if we think in terms
of Felsenfeld’s simple model where the configuration of the anion arises
from a balance struck between the electronic requirements of the metal and
the repulsive forces between ligands. This leads us to a more detailed discus-
sion of the data in Table 2. How far can we rationzlise the variations in bond
lengths and angles? We might predict a correlation between the mean Cu—Cl
distance and the flattening angle 8, with the (ongest bonds in the flattest
tetrahedra. An inspection of the data shows that the four longesi Cu—C!
bonds are indeed associated with the flattest tetrahedra but the correlation
is, on the whole, rather poor. This suggests that the additional repulsion aris-
ing from closer approach of the ligands to one another as the tetrahedron is
flattened is somehow reduced or compensated. Hydrogen honding must
therefore be explicitly considered. It may be noted that in the four com-
pounds in Table 2 where no hydrogen bonding is likely (there being no polar
X—H bonds in the cation) the flattening angle falls within the rather narrow
range of 128.7--132.5°; this suggests that hydrogen bonding strongly influ-
ences the degree of distortion. The most impressive evidence comes from
the structures of the high- and low-temperature forms of (PhCH,CH,NMeH, ),-
CuCl,; {46}]. In the low-temperature form, which contains square coplanar
CuCl3~ ions, the mean NH---Cl distance is 3.31 A, while in the high-tempera-
turé form, containing moderately distoried anions, the mean NH---Cl distance
is 3.45 A.

Hydrogen bonding is likely to affect bond lengths as well as bond angles.
The mean distances quoted in Table 2 conceal the fact that the four Cu—Cl
bonds may differ appreciably in iength. Crystal forces may induce such dis-
tortions; in Cs,CuCl4 the bond lengths range from 2.220 Ato 2.244 &, a
difference of about 7 standard deviations. Larger differences are found in
systems where hydrogen bonding may be important. A good example is
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found in [(PNMe,);H,]JCuCl, - H,O [26] where the Cu—Cl distances are 2,218,
2.261, 2.270 and 2.281 A (all + 0.008 A). The shortest bond involves a Cl
atom which is nat involved in hydrogen bonding, while the longest-bonded
Clis only 3.12 A from a protonated N atom. The C! atoms at 2.251 and
2.270 A are respectively, 3.26 A and 3.31 A from the water O atom. How-
ever, in (NMe,H),Cu,Cl; [70] the situation is less straightforward. The sym-
metry of the anions is actually closer to Cj,, with a very small angular dis-
tortion from Ts. The Cu—Cl distances (£0.01 A) are 2.20, 2.23, 2.23 and
2.30 A. In: this case, the longest Cu—Cl bond is associated with the only Cl
atom net involved in hydrogen Gonding; the other three are all within 3.5 A
of the protonated N atom. Crystal packing effects must be at least as impor-
tant as hydrogen bonding in determining the relative Cu—Cl bond lengths, in
this case at any rate,

(it) Chlorocuprates(Il)} containing tetragonally-elongated CuCl, octahedra

Many tetrachlorocuprates(Il), and at least one pentachlorocuprate(II), con-
tain square coplanar CuCi3~ ions which are linked to form infinite layers, as
shown in Fig. 2. Each Cu atom forms four short Cu—Cl bonds (ca. 2.30 &)
and two long bonds {ca. 3 A) so that the coordination geometry is a tetrago-
naily-elongated octahedron. The CuCl3~ ions are linked by essentially linear
Cu—Cl—Cu bridges, one bond being short and the other long. A variant of
this structure is found in {Me,CHNH3),CuCl,, where the layers are cut into
ribbons, held together by hydrogen bonding with the organic cations [69].
One-third of the copper atoms have tetragonal octahedral coordination, while
the rest form D;45 CuCl?™ ions with long (3.1—3.3 A} contacts with a fifth CI
atom (see Table 2). Structural parameters for tetragonal octahedral CuCl,
systems are summarised in Table 3.

There is little doubt that Cl atoms as far away as 3 A are definitely bonded
to the copper. Square coplanar, four-coordinate CuCl2~ has a very different
electronic spectrum from that of the tetragonal octahedral CuClg chromo-
phore, and orbital overlap is still appreciable at the long-bonded distance
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Fig. 2. Two+dimensional tayer structure of anion in (RNH;),CuCly,,
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TABLE 3

Structural parameters far chlorocuprates{11) which coniain planar CuCl%' ions linked to
form infinite sheets (Rg and R}, are the mean short and long Cu—Cl distances. Standard
deviations are given in parentheses)

Compound Rg (A) 7y (A) Ref.
{NH;)2CuCly 2.318(5) 2.793(5) 98
(EtNH3}2CuCl, 2,282(5) 2.975(5) a9
(n~C3H,NH;),CuCl, 2.29(1) 3.04(1) 100
(Me; CHNH,), CuCl, @ 2.282(10) 3.10310) 69
2.293(10) 3.071(12})
(PhNH;3),CuClg 2,2906(5) 2.9178(5) 101
{em)HzCuCly * 2,295(3) 2.882{3) 102
{Pt(NH; )4 ICuCl, 2.287(4) 3.257{4) 103
{dienH,)CuClg © 2,274(7) 2.876{4) 104

@ This compoundalso contains Dygq CuCl3” ions; see text and Table 2. There are two
distinct tetragonal CuCls moieties in the unit cell.

b en = 1,2-diaminoethane.

€ dien = bis{2-aminoethyl)amine. One Cl” per formula weight is not coordinated.

{97] (see also Sect. D). The arrangement of the Cull2- ions in the layer com-
pounds represents a definite polymerisation, and not merely a convenient
mode of crystal packing.

We might expect to see some correlation between the equatorial (short)
and axial (iong) Cu—<Cl bond lengths; the closer the axial ligands approach
the metal, the greater should be the Cl—Cl repulsive forces and the equatorial
bonds should lengihen. However, the equatorial distances in Table 3 cover tha
narrow range of 0.04 A, with a mean standard deviation of 0.007 A, so we
cannot expect a very clear correlation. However, the iongest equatorial dis-
tance is found in {INH;},CuCl; which has the shortest axial bonds, and the
Cu—Cl distance in square coplanar CuCl%~ (see Table 2) is 2.265 A, shorter
than any of the equatorial bonds in Table 3.

In each CuCl}" ion in the compounds under consideration, two trans CI
atoms are involved inalmost linear Cu—Ci—Cu bridging, while the other two
may be regarded as terminal. Thus the two types of Cu—Cl equatorial bond
should be different in length; this is found in practice, but the difference is
usually rathexr small, and the equatorial bonds are often equal in length, with-
in experimental error. In {(Me,CHNH;},CuCl,, the bonds to bridging chlorines
are significantly shorter than those to non-bridging chlorines, hut in (PhINH;);-
CuCl, the reverse is the case,

All the cations listed in Table 3 contain RNHj cations and hydrogen bond-
ing is likely to be iinportant; N—Cl distances as short as 3.2 A are commonly
found, and each N atom makes eight or nine chort contacts with CI atoms.
The possibilities for hydrogen bonding are certainly greater than in the sys-
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tems listed in Table 2. It is tempting to speculate that this may be the factor
which controls the preferred coosrdination geometry about the copper atoms
in tetrachiorocuprates{II}. The stronger the hydrogen bonding, the lower

will be the charge on the Cl 2toms, counteracting the effects of the shorter
Cl—Cl distances as the tetrahadron is flattened, as discussed above. However,
the buik and snape of the caiion are aiso important. Rb,CuCl, is isostructural
with {NI1,),CuCi. [14,105] and there is no hydrogen bonding here. The fact
that b and NH, salts z2re frequently isomorphous is usually attributed to
their similar size. The structure ~f K,CuCl, is uncertain, but its electronic spec-
trum [17] suggests tetragonal octahedra) coordination. If the long axial bonds
do make a significant contribution to the stability of the system, the polymer-
isation of square coplanar Cu:ClZ™ ions to form infinite sheets with tetragonal
octahedral coordination may be favourable, notwithstanding the pr.ference
of an isolated CuClj~ ion for .4 symmetry. The layer structure will be fa-
voured if the cation is sufficiently small or flexible that it can fit easily between
the layers and hold the overall structure together. It appears that ali tetra-
chiorocuprates(11} with RNH? cations have essentially the same structure as
{NH,}.CuCl, {provided that R is a straight-chain alkyl group), even up tc R =
CioHs. With R = Me,;CH, the sheets are cut into ribbons, reflecting the greater
bulk and lower fiexibility of the branched-chain cation. With still bulkier, in-
flexibie cations {(such as those found in the chlorocuprates(Il) listed in Table
2), further disruption of the polymeric anion leads to the formation of dis-
crete D,y CuCi2-.

(iii) ChicrocupratestIl) containing discrete CuCls;™ ions

Mnyi et al. {8,106—10%] in the early 1960’s reported the preparation and
properties of [M{NH,),]CuCl; (M = Cr, Co). X-ray analysis {107] revealed
discrete CuCi2~ ions having almost regular trigonal bipyramidal geometry.
Since five-coordination was still regarded as unusual at the time, and since the
X-ray analysis was based on limited data and had a large R factor, the exis-
tence of Ds, CuCli~ was doubted for some time. A good deal of work was
done in the mid-1530"s on these pentachlorocuprates(II), as interest in five-
coordination developed strongly [110—118]. Various spectroscopic studies
failed to coniirm or deny the existence of CuCly~ {see later sections on phys-
ical properties). In 1968, the trigonal bipyramidal anion was finally established
by X.rav crystallography [117,118]. Since then, interest in these compounds
has been focussed upon the details of the geometry of the anion. The equato-
rial bonds are zppreciably longer than the axial bonds; R, is 2.3912(13} A
and 2.392(1) A for the Cr and Co compounds, respectively, while the corre-
sponding values of R,, are 2.2964(12) A and 2,.295(1) A. The mean Cu—Cl
distance of 2.25 A is appreciably greater than in CuCl3~, as expected. The con-
figuration of the apion raizes two questions; why trigonal bipyramidal rather
than square pyramidal, and why are the axial bonds shorter?

The problem of D, vs. C;, geometry for five-coordinate systems is vexing
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[110—116], even for closed-shell d!° species where we expect some guidance
from the VSEPR model [119]. Thus we find trigonal bipyramidal [CdCis]3~
but square pyramidal [InCl 1%~ §120,121]. Crystal field stabilization energy
[122] favours square pyramidal coordination for Cu{Il} but Gillespie [123]
arpgues that appreciable covalency in the metal—ligand bond will favour the
trigonal bipyramid. Angular overlap calculations [124—126] favour square
pyramidal geometry for d® MX; complexes. However, there is usually little to
choose between Ci, and D, for five-coordinate species and the two are often
easily interconverted. The CuCl3i~ ion provides a classic example of a large,
symmetrical, highly-charged anion which is stabilized in the lattice by a suit-
able counter-ion [127]. It would not be surprising if square pyramidal CuCl3-
could be stabilized in a suitable lattice.

We now turn to the question of the relative bond lengths in the CuCl;™ ion.
In main group trigonal bipyramidal molecules and ions, the axial bonds are
usually the longer; this may be eazily rationalised 110} by considering the
electrostatic repulsion between ligands. The argument can be extended to
open-shell systems by the inclusion of crystal field effects. The hole in the d-
shell in CuCl2- is in the d,2 orbital, which interacts more strongly with the
axial ligands. Thus repulsion between metal d-electrons and ligand electrons
is lower along the three-fold axis, allowing the axial bonds to contract, It is
further argued [117,123] that the contraction of the axial bonds for a Dy, d°
system should be most marked if the ligands are relatively small, with only
weak covalent bonding. This is supported by the crystal structure of CuBri-
[128]. The equatorial and axial bond lengths are, respectively, 2.5191(17} A
and 2.4500¢(22) A; the axial contraction is smaller than in CuCl2~. Angular
overlap calculations {1257 predict a stronger axial bond, as do extended
Hiickel calculations [65]. However, the structure of the CACi3™ ion is a little
disquieting; electrostatic arguments suggest that a d'° trigonal bipyramidal
system should have longer axial bonds, and extended Hiickel calculations con-
cur [129]. But the axial Cd—CI bond is 0.037{10} A shorter than the equato-
rial bonds. This may be compared with the shortening of 0.0691(39; found
for CuBr?- where the bonds are comparable in length to those in CACl~. We
are led to consider how far crystal forces may contribute to the axial shorten-
ing. McGinnety [65,36] has discussed this problem, though his results axe iess
certain than for CuCl3- since no force constant data are available for CuCE~.
MeGinnety concluded that electrostatic forces within the anion lead to a con-
traction of the axial bond by 0.002 A, after making allowance for different
charges on axial and equatorial ligands, although other assumed distributions
could lead to a small axial elongation. However, a calculation of the crystal
forces led to a contrr<tion of the axial bonds by 0.1 A. McGinnety concluded
that an isolated CuCl2- jon would have five equal Cu—Cl distances of aboutl
2.42 A. These calculations must be regarded as more significant than the oth-
ers we have mentioned, since the latter tend to predict shortening of the axial
bond without attempting to estimate its magnitude.

There is no evidence to suggest that hydrogen bonding makes any contribu-
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tion Lo the relative bond lengths in CuCl2~. In the Cr compound, both axial
and equatorial Cl atoms make short (3.31—3.40 A} contacts with N atoms,
but there is little to suggest that one is more strongly hydrogen-bonded than
the other.

(iv) Chlorocuy rates{II) eontaining dimeric Cu,Ci?~ ions

Most trichlorocuprates{II} contain: the Cu,ClZ~ ion, with two bridging
chiorines (Fig. 3). The Cu—C! bends within the dimer are relatively short, in
the renge 2.2—2.4 A and the Cu—~(1—Cu bridging angle is about 95°. The di-
mers may be discrete and essentizlly isolated, with strict four-coordination of
the copper, o1 they may be stacked to forin infinite chains, with five- or six-
coordination of the copper, and with long Cu—Cl bonds between adjacent
dimers. Discrete Cu,Cl3"~ ions tend (¢ be wppreciably non-planar; as the coor-
dination number of the metal is maised to five and ultimately to six, the dimer
appraaches an essentially planar configuration. In Table 4 we collect struc-
tural data for Cu,Cl2- ions; we divide the compounds into three classes, ac-
cording to the coordination number of the copper. The two greatest Ci—
Cu—Cl angles in the dimer give a good indication of its distortion from pla-
narity. If both angles are close to 180° (as in KCu{l, and NH,CuCl,} the di-
mer is almosi planar and the symmetry about the metal atom may be ideal-
ised a5 D,y. If one angle is close to 180° and the other to 120° {as in PhCH;-
CH,;NMeH,Cu(l;}, the coordination about the metal resembies a trigonal bi-
pyramid with a vacancy in one of the equatorial positions (cf. main-group
AB,LE molecules like SF,); this position is occupied by a long-bonded Cl atom
from a neighbouring dimer. If the two angles are approximately equal but
considerably less thar; 180°, the coordination geometry can be described as a
flattened tetrahedron of approximately D;y4 symmetry, as in CuCl3™.

PPh,CuCl; and AsPhsCuCl; contain discrete Cu,Cl;" ions with strictly four-
coordinate copper. The bond angles show that the dimer is appreciably dis-
torted from pianarity, and the ¢oordination abouut the copper is a fiattened
tetrahedron {approximately Ds,). The terminal Cu—Cl bonds average 2.20 A,
a little shorter than the Cu—C! bonds found in CuCl3™ ions. The bridging
Cu—~Cli bonrids are rather longer (as is always the case for Cu,Cl;™ dimers) and
the average Cu—Cl bond length is 2.248 A for PPh,CuCl, and 2.263 A for
AsFh,CuCl,, typical values for four-coordinate copper in chlorocuprates(Il}.
The longer bonds in AsPh,Cu(i, might be related to the greater size of the
cation, which reduces the Madelung forces tending to compress the Cu—C}

\/\/
/\/\

Fig. 3. The Cu2C15 dimer,
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Structural parameters for ehlorocuprates{il} which contain CUZC[g" dimers, where the
coordination number of the copper atoms is {a} 4, {b)} 5 and {c} 6. (Rt and Ry are the
Cu--Ci distances for terminal and bridging chiorines respectively, and R is the Cu—Ci
bond length linking adjacent dimers. The angles @ are the two greatest Ci—Cu—Cl angles
in the dimer. Standard deviations are given in parentheses)

Compound 2 (A) Ryg (A) Ry (A) 0 {deg) Ref.

fa}

PPh4CuCi, 2.179{3) 2.292(2) - 143.3(1) 130
2.200{2) 2.321(2) 143.6(1)

AsPhaCuCl, 2.198(3) 2.305(2) — 145.2(1) 131
2.215(2) 2.333(2) 144.6(1)

(b}

Me,; NH,CuCl, 2.249(5) 2.305(5) 2.733(6) 156.6(2) 132
2.300(7) 2.346(6) 176.0{2)

{pq)Cu,Cl, 2.238({3) 2.305{3) 2.668{3) 148.3(1) 133
2.281(3) 2.330(3) 172.5(1)

PhCH,CH,- 2.257(1) 2.306(1) 2.528(1) 133.0(1) 134

NMeH,CuCl, 2.283(1) 2.372(1} 176.7(1)

{c)

KCuCl, 2.248(3) 2.314(3) 2.941(4) 173.2(1} 135
2.267(3) 2.322(3) 3.313(4) 175.8{1)

NH,CuCl, 2.25 2.32 2.99 172.8 135
2.26 2.32 3.19 176.2

bonds [65]. Although the terminal Cu—C] bonds are appreciably shorter in
these two compounds than in other trichlorocuprates(il), there is little varia-
tion in the bridging Cu—Cl distances. In PPh,Cull, and AsPh,Cull,, the two
bridging chlorines are chemically equivalent but the bridges are not sym-
metrical; the Cl atoms are not equidistant from the copper atoms.
The three five-coordinate species listed in Table 4 differ from ore anoiher
in several respects. The stacking of the dimers in Me,NH,CuCl, is shown in
Fig. 4. The coordination of the copper atoms may be described as a distorted

Q---w
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Fig. 4. Stacking of CuyClZ ~ ions in Me; NH,CuCla.
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square pyramid, closer to C;, than C,,. The long bonds linking the dimers in-
to infinite chains involve two trans terminal chlorines in each dimer. The lon-
ger of the two terminal Cu—Cl distances is associated with the Cl atoms which
form ihe long bonds. Although the Cu—Cl bridging bonds are similar in length
to those in FP?h,,CuCl; and AsPh,CuCl,, the terminal bonds are appreciably
longer. This could be atiributed to the smaller Cl—Cu—Cl angle made by the
terminal chlorines in Me,NH,;CuCl,. Hydrogen bonding, while probably mak-
ing a significant contribution to the stability of the overzall structure, does

not appear to affect the Cu—Cl bond lengths much. The shortest N--CI con-
tact (3.23 A involvas the shortest-bonded chlorine (terminal}, and Willett
[132] suggesis that this interaction is responsible for the distortion from C,,.
The longer-bonded terminal chlorines are 3.58 A from the cation N atom and
the bridging chlorines are no closer than 4.13 A, greater than the sum of the
van der Waals radii for N and Cl. The Cu—Cu distance within the dimer is
3.44446) A, rather greater than in PPh,CuCl, and AsPh,Cu(Cl, {3.355 and
3.382 A, respectively), as a consequence of the slightly larger ClI—Cu—Ci
bridging angles in the latter. The shortest Cu—Cu distance between different
dimers is 3.57 A.

The stacking of the Cu,Cl?- ions in PaCH,CH,NMeH,CuCl, resembles that
in Me,NH,CuCl;, to the extent that the metal atoms are fivecoordinate and
two terminal Cl atems at opposite ends of the dimer form long bonds with
Cu ato:ns of neighbouring dime:s. However, as shown in Fig. &, the dimers
are much more distorted from planarity. The ideal D;, geometry about a Cu
atom in a planar Cu.ClZ” ion is distorted to C,, in Me,NH,CuCl; by decreas-
ing one trans C]—Cu—Cl angle to 156° while leaving the other close to 180°;
in FnCH,CH, \MeH,CuCl,, the smaller angle is reduced to 133°, and forma-

cy .
Fig. 5. Stacking of Cu,¢12” ions in PhGH3CH3; NMeH,CuCl;,.
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tion of a long inter-dimer bond along the (approximately} two-fold axis com-
pletes a coordination geometry which may be described as a distorted trigo-
nal bipyramid. The contraction of this bond angle allows closer approach of
the long-bonded Ci atom, and the inter-dimer Cu—C} distance is only 2.528
A. The terminal Cu—C} bonds which do not involve Cl atoms forming long
inter-dimer links are appreciably shorter than those which do, as in Me,NH;-
CuCl;. Again, as in Me,NH,CuCl, the shortest-bonded terminal chlorines are
most deeply involved in hydrogen bonding; the H atoms have been located,
and the relevant Ci—H distances are about 2.1 A, consistent with a strong hy-
drogen bond. The other terminal chlorines are 2.7 A away from the nearest
NH hydrogen, while the bridging chlorines are no closer than 2.9 A from a
suitable hydrogen atom, about the same as the sum of the van der Waals radii.
The Cu—Cu distance within each dimer is 3.45 A and the closest Cu—Cu con-
tact between different dimers is 3.55 A, similar t~ ths values found in Me,-
NH,Cu(l;.

The structure of {pq}Cu,Cl; may be regarded as intermediate between
those of Me;NH,CuCl; and PhCH,CH,;Nh;MeH,CuCl,. The Cl—Cu—CI angles of
173° and 148° lead to a coordination geometry about half-way between the
distorted square pyramid of Me,NH,CuCl; and the distorted trigonal bipyra-
mid of PhCH,CH.NMeH,CuCl,, after the fifth long-bonded Cl is added; the
long bond is 2.668 A, intermediate between the values for the other two. No
hydrogen bonding is likely in (pq}Cu.Clg but there is a relatively short {3.-14
A} contact between the shortest-bonded Cl atoms and a positively-charged N
atom; Murray-Rust [133] attributes the distortion in the anion to this.

We now turmn to the six-coordinate systems KCuCly and NH,CuCl,. The
stacking of the dimers in the crystal is shown in Fig. 6. Tetragonally-elongated
octahedral coordination of the metal is completed by long axial bonds, one
to a bridging chlorine of a neighbouring dimer and the other to a terminal
chlorine of a different dimer; the latter bond is appreciably the shorter. The
formation of these axial bonds do-s not seem to affect the bridging Cu—Cl
bond lengths; they are about the same as in all the other species listed in Table
4. As usual, the shorter terminal Cu—Cl bond involves a chlorine which does

1
Cu
Fig. 6. Stacking of Cu;Clg" ions in KCuCly and NH;CuCl,.
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not form a long axial bond to the copper atom of a neighbouring dimer. It is
significant that hydrogen bonding, although undoubtedly strong in "TH,CuCl;,
does net seem to affect the coordination geometry very much. The N atom is
surrounded by 9 chiorines, at distances between 3.1 and 3.8 A, but the struc-
tural parameters are about the same as for KCuCl,, apart from the slightly
longer axial bouds. Evidently the size of the cation is the dominant factor in
cletermining the structure.

{v) Other echiorocuprates(iI) with Cu—Cl—Cu bridges

Here we discuss the structures of four chlorocuprates(Il} which have litile
in cornmon with one another, or with any of the previously discussed systems,
except that they invelve Cu—Cl—Cu bridging.

CeCull; was the first chlorocuprate(Il} to be analysed by X-ray diffraction
[136} although this earlier structure was later refined considerably [137]. The
structure can be described as containing infinite chains, formeqd by highly dis-
tortad CuCl, octahedra sharing faces. The coordination geometry about the
metal is shown in Fig. 7; it may be described as an elongated octahedron, with
unequal equatorial bond lengths of 2,281(6) and 2.855(4) A, and an axial
bond length of 2.778(6) A. The chlorine atoms at a distance of 2.355 A form
symmetric Cu—Cl—Cu bridges, which we may denote as Cu{2.355)CI{2.355)-
Cu; the other bridges are Cu(2.281)Cl(2.776)Cu and Cu{2.775)CI{Z2.281)Cu.
The Cu—Cu distance is unusually short, 3.062 A compared with about 3.4 &
in Cu,ClZ~. This arises from the small Cu—Cl—Cu bridging angles, which aver-
age 76° in CsCuCl; compared with about 95° in Cu;Cl3~. The Cu atoms form
a spiral chain of 6; symmetry, and ihe short Cu—Cu distance raises the ques-
tion of metal—metal bonding. However, overlap integral calculations [137]
suggest that any direct Cu—Cu bond can be ruled out. The CI—Cu~—C! angles
average 90.2°, so that the short Cu—Cu distance arises from the small Cu—
Cl—Cu angles which are an unavoidable consequence of a structure based on
octanedra sharing faces.

Fig. 7. Tnain struciure of the anion in CsCuCl;.



113

Above 423 K, CsCuCl; has a somewhat different structure [138,139). The
site symmetry of the Cu atoms becomes Cs,, with two Cu--Cl distances of
2.39(1) and 2.51(1) A. This may be regarded as a distortion of the CsNiCl,
structure from D4 to C,, site symmetry, with the metal atom displaced to-
wards one face of the octahedron. Thus the Cu—Cl—Cu bridges czn be de-
scribed as Cu(2.39)C1(2.51)Cu. The bridging angle remains small (77.7° ) and
the Cu—Cu distance is still short {(3.075 A), tizough the spiral chain has disap-
peared; the space group has changed from F'5,22 to P6;me.

Another example of a (CuCl;);~ infinite chain is found [707 in (Me;Ni),-
Cu;Cl,. This compound has already been discussed since it also contains dis-
crete CuCl%™ ions. The {CuCls):~ chains are similar to those in CsCuCl, in
that they can be described as distorted CuClg octahedra sharing faces, but the
octahedra are less symmeirical; the axial bond lengths are not significantly
different, 2.70{1} and 2.72(1} A, but the equsatorial bonds are all different,
2.41(1}, 2.39{1), 2.30{1) and 2.26{1) A. Thus, as in CsCuCl,, we can iden-
tify two long, two medium and two short bonds in the octahedron; but,
in contrast to CsCuCl,, the short bonds are ¢rans io one another. The
Cl—Cu—Cl axes in the octahedron are more nearly linear than in CsCuCl,.
The mean Cu—Cl—Cu angle is 79.2°, 3° more than in CsCuCl,, leading to a
greater Cu—Cu distance of 3.15 A. The chain of Cu atoms is linear, in con-
trast to the 6, spiral chain in CsCuCl,.

The structure of (Me;NH)}Cu,Cls has not been published in detail, but it
is reported {140] to contain planar Cu,Cl?; ions, formed by a chain of four
Cu atoms with three u-dichlora-bridges. The Cu—Ct bond lengths range from
2.17 to 2.41 &, and the ions are stacked such that the terminal Cu atoms
have square pyramidal five-coordination while the central metal atoms have
tetragonal octahedral six-coordination. No doubt other Cu, Ci3;,; ions wili
be identified in the future.

One of the most inferesting chlorocuprates(ll) to be studied in recent
years is the compound originally [141] formulated as {Co(en);]CuCls - H,O,
but which has been found [142,143] to contain Cu,ClI§~ dimers. The config-
uration of the centrosymmetric anion is shown in Fig. 3. We may envisage the
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Fig. 8. Structure of the Cu,Cly~ dimer,
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structure as consisting of two highly-distorted trigonal bipyramids sharing an
edge formed by joiniug one axial and one equatorial cormer. The bridges can
be described as Cu{2.703}Cl(2.325)Cu, and the bridging angle is 95.2°, The
coordinatior; geometry about the metal is remarkably similar to that in {pg)-
Cu,Clg [133], discussed above. Inasmuch 4s the latter is considered to con-
tain Cu,ClZ" ions linked by long Cu~—Cl bonds, it might be better to regard
[Cofen};]CuCl, - H,O as containing square planar CuCl3~ ions, distorted to
C., geometry, linked togethier in pairs by long Cu—Cl bonds.

Hydrogen bonding seems to be quite important in this compound. There
are seven short NH---Cl contacts {8.15—3.41 A) and O---Cl distances of 3.18,
3.28 and 3.30 A. It is not clear how far this affects the coordination about
the metal, but it is significant, perhaps, that the hydrogen bonding is stronger
than in {M(NH;},]CuCls.

(vi) Phase transitions in chlorocuprotes(Il)

'The study of phase transitions in chlorocuprates(il) promises to be an
area of major growth in the next few years. At one extreme, there are cases
of abrupt, reversible, first-order pnase transitions which involve a definite
change in structure, as determined by atomic positions. At the other extreme,
there are magnetic phase transitions, usually observable at very low tempera- -
tures; these will be discussed more fully in Sect. G. In between, there is a
‘grey area’ where physical properties change with temperature and pressure,
sometimes discontinuously, but where there is little evidence for any real
structural change,

We have already seen that CsCuCl; undergoes a phase transition at 423 K;
this was first detected by Natarajan and Prakash, using differential thermai
analysis, and was confirmed by X-ray crystallography {138,144,145]. Solid
state physicists are deeply interested in such transitions, and in a number of
cases it has been possibie to associate them with low-frequency lattice vibra-
tional modes {*soft modes’} [146]. Kroese and Maaskant [1391 have shown
how the room-temperature structure nf CsCuCl, can be derived from the
high-temperature form by superimposing upon the latter a soft mode trans-
forming as an irreducible representation of the high-temperature space group
P63mc.

There has been much interest in the thermochromic properties exhibited
by maay chlorocuprates(Il}. Thus most compounds of the type (RINH;),Cu-
Cl,; are yellow at room temperature, but turn pale green on cooling and darken
markedly on heating. This is a fairly gradueal and continucous process, and it is
niot clear whether any definite phase changes are involved. Steadman and
Willett [98] reported an endothermic transition in the differential thermal
analysis curve of { EtNH,; )}, CuCl,, but subsequeni work [147] has failed to
confirm this. Fersuson and Zaslow [104} have determined the crystal struc-
ture of {dienH;}CuCl; at 20° and 120°; this compound exhibits the thermo-
chromism typiczl of ehlorocuprates(iI} having the layer structure, being
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yvellow at 20° and gold-brown at 120°. However, no significant changes in
heavy-atom positions were detectable. There is the possibility that second-
order phase transitions could be significant; Petzelt {148] has recently dis-
cussed the lattice dynamics of such transitions in (RNH,},CuCl, systems.

In some cases, however, the therm ochromism is so dramatic that it must
be associated with a first-order phase transition. The most thoroughly studied
system is (PhCH,CH,NMeH,),CuCl, [46]; this compound is green at 25° and
vellow at 80°, and accurate crystal structures have been obtained for both
forms. These have already been discussed; the low-temperature form contains
square coplanar CuCli~ ions, while the high-temperature form contains flat-
tened tetrahedral CuCli-. (Et;NH,)CuCl, behaves similarly §147—148} and,
although a full X-ray analysis has yet to be carried out, it would seem to be
essentially isostructural with (PhCH;CH,NMeH,;),CuCl,. Another definite
phase change has been observed in (Me,CHNH,),CuCl, at 56° [147]. Elec-
tronic spectra indicate a shift towards tetrahedral geometry for all the Cu
atoms in the high-temperature phase.

Pressure, as well as temperature, can induce phase transitions in chlorocu-
prates(Il), as well as in a number of other transition metai compounds [150}.
A simple example is the spectroscopic evidence [151} for a distortion to-
wards square coplanar geometry of the anion in Cs,CuCl, as the pressure is
raised to 120 kbar. In {Me,CHNH,),CuCl,, a2 new phase has been found at
room temperature and 20 kbar pressure {152}; here, the flattened CuCl3-
tetrahedra are further flattened towards square coplanarity, according to
spectroscopic studies. No phase transition was observed in {(Et;NH,;},CuCl; up
to 20 kbar,

The considerations which govern whether a tetrachlorocuprate(il} contains
discrete )4 anions or has the tetragonal octahedral layer structure at ambi-
ent temperature and pressure are likely to be relevant to phase changes under
pressure. The application of pressure apparently assists inter-anion interac-
tion in compounds containing I,y tetracnlorocuprate(Il) anions, leading to
formation of the two-dimensional polymeric anion of the (NH,},CuCl, strue-
ture. The lack of any pressure effect in {Et,NH,);CuCly may arise from the
fact that it already contains square coplanar, strongly hydrogen-bonde:t anions
in its low-temperature form; however, Willett et al. [ 152] suggest. on the basis
of electronic spectra that the anion is somewhat distortea “owards tetrahe-
dral symmetry, and argue that further distortion towards square coplanarity

and polymerisation is discouraged by the bulk of the secondary ammonium
cations.

{vii}) Summary of structural features

We conclude this section with some general remarks on the structures of
chlorocuprates{Il).

Compounds of the type A'Cu(l, ustally contain recognisable Cu,CiZ~ di-
mers. With large cations which do not allow inter-dimer interactions, the anions
are appreciably non-planar, and the coordination geometry of the metal atoms
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resembles a flattened tetrahedron. With smaller cations, the dimers may be-
come linked by long Cu—Cl bonds to form infinite chains, with five- or six-
coordination of the copper. In the former case, the coordination geometry
lies somewhere between a square pyramid and a trigonal bipyramid, and the
dimer remains appreciably non-planar. With six-coordination, the coppes
atorms are in tetragonal octahedral environments and the dimers are essential-
ly planar. CsCuCls; is ratier an exceptional trichlorocuprate{ii}.

Tetrachlorocuprates{II} contain flattened tetrahedral CuClj~ ions if the
catians are sufficiently bulky to prevent inter-anion contact, and do not
offer many possibilities for hydrogen bonding which favours further flatten-
ing of the tetrahedron towards square coplanarity. With less bulky cations,
natably of the type RNH3, a two-dimensional layer structure is adopfed in
which square coplanar CuCl;~ ions are linked by long Cu—Cl bonds, leuiding
to tetragonal octahedral coordination. Hydrogen bonds of the type NH--Cl
contribute to the stability of this structure, but the fact that it is also adopted
by Rb,CuCl, {and possibly by K,CuCl,} suggests that cation bulk is perhaps
the dominant factor, and that copper{ll) prefers tetragonal octahedral co-
ordination in chlorocuprates(1l), provided that the cations permit polymer-
isation. Where the cations are too bulky to allow layer formation. but hydro-
gen bonding is still important, square coplanar, four-coordinate CuCl3~ ions
may be present in alow-temperature phase. Heating disrupts the hydrogen
bonding and there may be a reversion to a flattened tetranedral anion in a
high-temperature phase. Such behaviour may emerge es a feature of tetra-
chiorocuprates{II} with moderately large secondary arnmonium cations.

Pentachlorocupratesfli) are likely to contain discrete 2,4 CuClZ™ ions and
uncoordinated lattice chiorides if the cation is of the type which would nor-
mally stabilize such anions in a tetrachlorocuprate(Il}). Similarly, pentachlo-
rocuprates{Il} may contain tetragonal octahedral Cull, chromophores if the
cation is such as would favour the two-dimensional layer structure in a tetra-
chlorocurrate(11). Bulky, triply-charged cations such as [M(NHj}¢1** do not
allow such polymerisation, and may stabilize the trigonal bipyramidal CuCl2~
ion. An intermediate situation is found in [Co{en);]CuCl; - H,O, which con-
tains distorted square planar CuCl%~ ions linked together in pairs by long
Cu—Cl bonds to form Cu,Cl3~ dimers, with five-coordinate copper.

Finaliy, we should make some mention of the role of the Jahn—Teller
effect in the structural chemistry of chlorocuprates(Il}), using the term tec
desecribz sfruciural distortions which might be predicted from the Jahn—Teller
theorem without necessarily implying that the vibronic interactions explicitly
discussed by Jahn and Teller [153] are wholly responsible. The effect appears
strongly in the structures of chlorocuprates(Il} having tetragonal symmetry.
It seems clear that the anguliar distortion of the CuCl3~ ion is an intrinsic
property, associated with ‘he 2® configuration. The tetragonal distortion in
the layer-type A;CuCl; compounds must be similarly rationalised. L.ohr
[154,155] has discussed theoretically the Jahn—Teller effect in CuCli~ and
in various binuclear chioracuprate(il) anions, both real and imaginary.
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D. LIGAND FIELD SPECTRA

This section deals with the d—d spectra of c¢rystalline chlorocuprates(II},
with emphasis on their value for routine structural diagnosis, and their in-
terpretation in terms of ligand field theory. We begin with a brief account of
the various experimental methods and theorelical approaches, and then pro-
ceed to a systematic account of chlorocuprate(Il) d—d spectra with qualita-
tive interpretation. Finally, we look at theoretical studies in more detail, and
assess the relative merits of the various methods for the gquantitative interp:e-
tation of d—d spectra.

Two earlier reviews cover the ligand field spectra of copper{Il} compounds ..
in general [4,156]. Readers who are not familiar with the general features of
transition metal d—d spectra will find valuable accounts in the review by
Ferguson [157] and the monograph of Lever [158].

(i) Experiment and theory

The transmission of plane-polarized light by oriented single crystals of
known structure &t low temperatures provides the most detailed information
about the d—d spectra of non-cubic complexes [4,159]. Unfortunately, rela-
tively littie work of this kind has been dene on chlorocuprates(Il}. Most of
the spectra discussed in this section were obtained from diffuse reflectance or
mull transmission spectra of polycrystalline material, Consequently, band
assignments are less certain than for other copper(ll} compounds and rely
more heavily on theoretical predictions of the relative energies of d—d ex-
cited states. The simplest theoretical models for this purpose assume that, in
the “one-hole’ d° configuration, we can equate optical transition energies to
differences in orbital energies, so that the interpretation of a copper{lI} d—i
spectrum reduces to the problem of determining { qualitatively or quantita-
tively) the relative energies of the d-orbitals, Conventional ligand field argu-
ments are useful, though not always unambiguous, for the routine assign-
ment of a d-—d spectiam. Chlorocuprates(ll) have been extensively studied in
the development of simple, empirical theories for the semi-quantitative calcu-
lation of ligand field splittings where the relative energies of the d-orbitals can
be expressed in terms of about two freely-chosen parameters; if these param-
eters are deemed to depend only on the identities of the metat and the ligand
{and perhaps also on the metal—ligand distances), the validity of the model
can be tested rather thoroughly by applying it to the interpretation of chloro-
cuprate(II) spectra since such a wide range of coordination geometries and
bond lengths are available. The point-charge crystal field modet [160] and the
angular overlzp model [161] have proved rather successful (up to a point) in
dealing with chlorocuprates(Il). These empirical models are satisfying in that
they are reasonably consisteni {if not entirely realistic) in their approxima-
tions and assumptions. The assumption that optical transition energies in d°
systems can be equated to differences it orbital energies is valid only if the
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relevant orbitals all have the same radial extension. In the crystal fieid model,
this is consistent with the assumption that the orbitals concerned are simply
the pure matal d-orbitals. In the angular overlap model, where the orbital
splitting arises from covalency, the perturbation treatment assumes that the
interaction batween metal and ligand orbitals is very weak. Some more elab-
orate models lack this consistency; Wolfsberg—Helmholz semi-empirical MO
calculations on transition metal complexes lead to a high degree of covalency
in the highest occupied orbitals, and the extent of electron delocalisation can
vary greatly amongst these orbitals. Hence, the calculation of d—d transition
energies using such a madel should require the explicit calculation of two-
eiectron terms. This has seldom been done. We have shown {162,163} that the
¢i—a spectra of tetragonal copper(lijammine complexes can he explained by
calculating two-electron terms within the INDO approximation, and subtract-
ing these from the orbital energy diiferences obtained from the angular over-
lap model, Ab initio SCF calculations lead to orbital energies which are better
defined than those obtained by semi-empirical methods, but which cannot be
used directly for the calculation of fransition energies {164}, These are best
cillculated by performing the SCF calculation on the ground state and on the
relevant excited states, and taking the differences in total energy. Such differ-
ettces are, of course, very small compared with the total energies involved and
there must be some doubt as to whether the inherent deficiencies of the
Hartree—Fock method are sufficiently unimportant {or are adequately com-
pensated) to allow reasonably accurate predictions of d—d transition energies of
ofeca.1eV,

In the accourt of chlorocuprate(Il} spectra which follows, we attempt only
simple qualitative theoretical interpretations, using conventional ligand field
arguments; more elaborate theories, which seek to calculate d—d transition
energies, will then be discussed and their application to chlorocuprates{II}
assessed.

(it) The tetrachlorocuprate(Il) ion CuCiy”

The d—d spectra of compounds which are known (or believed) to contain
discrete CuCl?~ ions are summarised in Table 5. The D,4 CuClZ” jon, with a
typical tetragonal flattening (8 = 120—140°}, usually shows two d~d bands
in the near-IR, at about 9 kK and 6 kK, as shown in Fig. 9. This spectrum
may be rationalised in terms of the qualitative crystal field splitting diagram
(Fig. 10} which shows how the d-orbitals are expected to behave under a dis-
tortion from 7,4, through D, 4, towards D, as a tetrahedron is flattened. For
a moderately flattened tetrahedron, the ground state is evidently *B,, with
excited states *E, ?B}, *A,. This crdering was established experimentally by
Ferguson [16%] using single crystals of Cs;ZnCl,; coated with Cs,CuCl,, with
polarized light at low tempziatures. Since the tetrahedral e orbitals are not
expected to be spiit by a large amount {except for grossly flattened tetrahedra),
the *8; and 24, states are rarely resolved; the 2B, - 3B, transition is electron-
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TABLE 5
Ligand field spectra of discrete CuQl?” ions

Compound E{kK) T{K} NMethod Ref.
Cs,CuCl, 9.05, 7.90, 5.55, 4.80 20 SCP 165
Cs3Zn(Cu}Cl, 8.69, 7.50, 5.21. 4.45 77 SCP 92
(NMez)2CuCle 5.0, 6.0 298 R 166
9.22 294 F 167
(NEtz};CuCl, 893 298 F 167
{Me:NH;)zCumq 9.20, 8.75 78 F 147
9.22 2098 F 187
{MesNH;)3CuCls. 10.%9, 7.3 78 F 147
9.52 298 M 72
(MesCHNH;3)},CuCl, 10.0 330 F 147
{n-Bua N, CuCiy 9.43 298 R 168
{Et3NH}, CuCl, 9.39 298 F 167
(Et2NH3);CuClg 10.2. 7.3 317 F 147
9.5, B.0 33s R 149
16.0,11.3,9.5 208 R 149
15.3, 12.9,9.9 Q9 F 147
(PhCH;NMe, ), CuCl, 8.85, 5.92 298 SCP 169
$.30 298 F 167
{PhMc; N} CuCl, 9.26 298 F 167
{PhCH,;CH;NMel, ), C.Cl, g.1 363 M 46
16.1,13.6, 11.5 298 M 46

16.0, :4.3,12.5 7 M, SCP 46, 170
(PhCH,CHMeNMeH:)};CuCl, 10.2 298 M 72
(pq)¥CulCl, 10.0 298 R 171
{quinH)2CuCl, 8.16 298 F 167
{nicH), CuClg 7.75 298 F 167
{PPhy);CuCl, 7.97% 298 F 167
24DMBOCuCl, 8.3,5.1 208 R 172
24 7T8TMBDICuCl, 10,7 208 R 173
2M4PhBDACUCl, 8.5 208 R 173

Note: All measurements made at ‘room temperature’ or at an unspecified temperature

are assumed to have been taken at 298 K. The following abbreviaticns have haen used:
SCP = single cryslal polarized spectrum; M = mineral oil mull transrission spectrum; R =
diffuse reflectance spectrum; F = spectrum taken of thin filim after evaporation of solvent
quin = quinoline; nic = nicotine; pq = N’.N'—dimethyl-‘%,4'~bipyridinium; 24DMBD = 2 4-
dimethyl-1H-1,5-henzodiazepinium; 2478TMBD = 2,4,7,8-tetramethyi-1 H-1,5-banzodia-
zepinium; 2M4FhBD = 2-methyl-4-phenyl-1H-1,5-benzadiazepinium.

ically forbidden, so that the band at ca. 9 kX may be assigned to the 2B, -~ 24;
transition, with the ?B, -+ 2B, transition lying nearby. Spin-orbit coupling
should split the *E state by A, which is about 0.5 kK for chlorocuprates{Il}.
This splitting only appears in single crystals with different polarizations at

low temperatures, and may be enhanced by second-order effects, distortions
from strict D4 geometry and dynamic effects. The B, - %F trancition is
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Fig. 9. d—d spectrum of the Dyq CuCl}~ ion.

Fig. 10. Jd-orbita! splitting as a teirahedral system is flattered through )34 and ultimately
to Dy, symmeiry.

found around 6 kK, v/here it may be obscured by vibrational overtones and
combination bands of a complex cation. The absolute intensities of the bands
have rarely been measured. The 9 kK band apparently has a molar extinction
coefficiznt of about ;20 1 mol~! cm™%, consistent with a d—d band in a non-
centrosymmetric copoer{il} system. The lower energy band is usually some-
what weaker at room temperature, but intensifies markedly on cooling. Both
bands move to higher energy at low temperatures, as is usual for d—d transi-
tions,

The assignment of the d—d transitions in compounds containing square
coplanar CuCl3~ ion: has yet to be established. At low temperatures, bands
are ohserved at ca. 17,14 and 12 kK in (PhCH,CH,NMeH.},CuCl, [46,170].
The polarization dnta [170] are unconciusive, though the slight polarization
of the central ban< suggests that it could be the *H;, - ?B,, transition; this
wculd be in conflict with the predictions of ligand field theory, as we shall
discuss further at the end of this section. On intensity grounds, we feel in-
clined to assign the centiral band (the most intense) to *H;, - *E, {analogous
to 2B; - *E in D;4) and ligand fieid arguments suggest that the 2B, state
shouid lie lower in energy than 2E,, so that the 12 kK band is assigned io
’Biy = 2B, Thus the 17 kK band must be *B,, » 2A,,. This ordering is not
inconsistent with qualitative arguments, though, as we shall see later, there are
some difficulties in explaining these reiative energies semi-quantitatively. How-
ever, the similarity between the spectrum of D, CuCli~ and that of square
coplanar CuQ,4 chromophores is rather impressive {allowing for the higher
transition energies expected for oxygen-doncor ligands), and in the latter case
there seems to be agreement that the highest energy band is the *B,, + *4,,
transition [156,174,175]. The d—d spectrum of (Et,NH,),CuCl, is rather
similsr to that of (PhCH.CH,NMaH,),CuCl,, though with the bands shifted to
slightly lower energies; this may reflect a small distortion towards tetrahedrat
geometry [147,149]. A noteworthy feature of the (PhCH,CH,NMeH,),CuCl,
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gpectrum measured with single crystals at low temperatures is the vibrational
structure observed [170]; the spacing is consistent with the Cu—Cl siretching
freguency of about 265 cm™!.

There have been a number of attempts to relate the d—d absorption max-
ima in CuCl%™ ions to the flattening angle &, on a purely empirical basis.
Willett et al. [147] for'nd smooth curves when the energies of the two prom-
inent d~—d bands were plotted against # for compounds of known {or sus-
pected) structure. Unfortunately, they tock [Pt{NH;},]CuCl; a5 an example
of a compound containing square coplanar CuCl3~ ions, and it is now known
[103] that the copper atom in this compound has tetragonal octahedral co-
ordination. Moreover, Willett et al. took the average energy of the two
highest-energy bands in this compound, and used older crystallographic data
[75,176] for (5, CuCl; which quote a smaller value of # than that now ac-
cepted [65]. Harlow et al. { 72] have found a linear correlation between the
highest-energy band position and including data for non-planar Cu,CIi™ ions
and taking care to use spectra measured at 298 K throughout. The equation
of the straight line is £ = (0.14456—9.784) kK. Unfortunately, 7 of the 8
compounds concerned have 8 values in the narrow range 129—145°, the
eighth being square coplanar CuCli~ (8 = 180°). But for the last of these, the
correlation would not be very convincing. Moreover, the equation of the
straight line predicts that a regulariy tetrahedral CuCli~ ion would have A, =
6.05 kK, about twice as great as the values found for CoCl3~ and NiCi3~
[177—1791. If this linear correlation is to be used in order to predict the
geometries of CuCli~ iens in compounds of unknown structure, more points
will be needed on the graph, and the problem of the d—d specitrum of square
planar CuCl%~ will need to he cleared up, since such a correlation requires an
assurance that the transition energy used corresponds to the same excited
state in all cases. We suspect that, in fact, the highest-energy d—d transition is
always *B; —~ 2A; (*By > *A\g in Dap).

Another correlation has been preposed by Lamotte-Brasseur [167], wha
uses the expression

D= (L3 — L}{(Ly + Ly + Ly)3

as a measure of the tetragonal distortion, where L, L, and L, are the shortest
distances between two opposite edges of the distorted tetrahedron, with L, <
L, < L,. For five systems of known structure {though, in two cases, using data
which are now considered obsolete)} a linear correlation was found between the
d—d maximum {in nm) and . But three compounds of unknown structure
{and with abnormally low d—d transition energies) do not fall on the slraight
line.

(iii) Compounds containing tetragonal octahedral CuCl, chromophores

The d—d specira of compounds having the layer-type structure arising from
polymerisation of square planar CuCl%- ions are listed in Table 6. We include



122

TABLE 6

Ligand Feld spectra of chlorocuprates(II} containing tetragonal octahedrat CuClg
chromophores

Compourd E (kX)} T (K) Method  Ref.
CuCl, 12.2 298 R 181
CsCuis 11.8, 11.0 - 298 R 182

13.1¢, 12.75, 10.0, 8.3 7 scP 183
{(MeNH;3);CuCly 13.0, 10.7 77 8C 166

13.3,12.2,10.8 17 sC 184
{EtNH,);CuCly 12.8, 10.5 77 sC 166
[Pt{NH3}, JC-Cly 14.3,13.1, 10,9 298 M 181
{dienH; }CuClg 12.50, 11.36 298 R 185

12,99, 11.36 17 R 185

SC = single crystal (unpolarized) spectrum. Other abbreviations are as given for previous
tables.

in the table CuCl,, whose structure [ 180] consists of chains of Cu atoms
linked by Cu—Ci—Cu u-dichloro-bridges, stacked so as to complete tetrag-
onal octahedral coordination of the metal atoms; the equatorial and axial
bond lengths are 2,30 and 2.95 A, respectively. We also include CsCuCl,,
where there are three quite distinct bond lengths. All the other compounds
in Table & have the (NH,);CuCl, layer structure.

The d—d spectrum of a typical compound of this type is shown in Fig. 11,
The band at about 13 kKK may be assigned to the B,; - 2E, transition but
the assignment of the remainder of the spectrum is rather doubtful. The
polarization data for CsCuCl, [183] are not particularly helpful in complet.
ing the assignment. Qualitative arguments suggest the relative energies

104

E{KK)
Fig. 11. d—d spactrum of the tetragonal octahedral CuCl; chromophore.
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d.2 2Dy} > do2{ay,) > d.., (b2} > dy . y2(€p), but d.2 could easily lie below
d.y, depending on how much the axial ligands contribute to the field. The
band (or shoulder) seen around 11 kK could arise from eithar the :‘Blg -+ B,,
or ’B,,; - *A., transitions, or, more likely, from the superimposition cf the
two. The possibility that the *A; state may lie at much lower energy {ca. 5

k £) has been considered, but diligent searcies have failed to find any elec-
tronie transitions in this region [ 166.124), which is liable to be obscured by
orpanic cation absorption. All the & —4 bands in CsCuCl; lie between 8 and
15 kK {183} and there can be fiv tnterference of the lower-energy region here.
CsCuCi; has the shortest axial bond length of all the systems in Table 6: the
i = A,y transition should be most sensitive to the degree of axial elonga-
“ion, and should be found at lower energy in CsCuCl; than elsewhere. Hence
-he 8.3 kK band in CsCuCl; may be assigned to the *B,, - 24, transition
fassuming approximate Dg, symmetry), and the 10.0 kK band to ?B;, -~ *B,,.
The former transition should lie at higher energy in the other compounds,
while the latter should not vary much with tetragonality.

In (MeNH,),CuCl,, three peaks have been observed [184] between 10 and
14 kK. It could be argued ‘hat both bands at 12.2 and 13.3 kK arise from
the 2E_ state, which is split to first-order by spin-orbit coupling by A, about
0.5 kK. This spiitting covitd be increased by second-order interactions only if
the 2A,, state lies just below *E_ in energy and ?B,, lies much lower {156].
This situation seems unlikely: all the evidence points to the 2A,, and 2B,,
states being quite close together, but we are unable to decide which is which
in the spectrum. Three bands are also observed in the spectrum of [ Pt{NH;),}-
CuCl, [181]. This is the most elongated system of the compounds in Table 6,
and it would seem reasonable tc assign the 10.9 kK band to the 1B, state, on
the grounds that this transition should be relatively insensitive to the degree
of tetragonal distortion.

(iv} The CuCl3- ion

Ligand field spectra of compounds known (or believed) to contain the
trigonal bipyramidal CuCli- ion are given in Table 7. At room temperature,
a peak at about 8 kK with a shoulder around 10 kK are ohserved (Fig. 12).
On cooling, the absorption moves to higher energy and the peaks are hetter
resolved.

Simple ligand field arguments suggest the relative energies d.2{a."} >
Gy x2—y2{€) > d,, ,.(€”"). The ground state is evidently 24,’. with excited
states 2E' and?E", No polarizzation data can be obtained since the crys-
tals are invariably cubic, but the assipnment of th.: 8 kK band to
A - 2E’ and the 10 kK band to 24," —~ *E” seems reasonably well estab-
lished. The former is electronically allowed and the latter forbidden, in keep-
ing with the relative intensities. It js argued [185] that the *A," - *E” transi-
tion should be more affected by cooling than the 2A;' -+ 2E' transition, and b 2
shifts in band positions between 298 and 77 K would therefore support the
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TABLE 7

Ligand field spectra of chlorocuprates{il) containing the CuCI?F inn

E (kK)

Compound T{(K)} Method Ref.
[Co{MHj)g ICOuClg 10.2,8.4 298 3C 186
10.10, 8.4¢ 298 R 185
16,25, 8.50 298 R 187
10.81, 8.88 7T R 185
10.4,8.2 77 M 181
[C#{NH3)s ICuCly 10.00, 8.53 298 R 185
10.83,8.70 7 R 185
[Rh{NH ;) )CuCls 9.90, 8.26 298 R 185
10.99,9.01 77 R 186
[RuéNH;}¢ Xoulls 10.20, 8.50 298 R 185
10.81, 9.01 T7 R 185

above assignment. However, the validity of this argument has been questioned
[117]. There has bzen ihe suggestion [181] that the ?A," — 2£"’ transition may
lie at low energy, obscured by vibrational absorption of the cations, and

that the double peak may arise from splitting of the *E” state by spin-orbit
coupling and a dynamic Jahn—Teller effect. But spin-orbit coupling alone
{and with the *E state well removed to preclude significant second-order
effects) cannot split the *E” state by more than about 0.5 kK, and there

seem to be no cogent reasons for rkjecting the assignment of the 8 kK band

to the °E’ state.

(v) Cu,Clz~ dimers

Published d—d spectra of chlorocuprates{I1} containing recognisable Cu,-
Cl2~ dimers are listed in Table 8. In PPh,CuCl; and AsPh,CuCl,, which con-
tain discrete, non-planar Cu.Cli- ions, the environment of the metal atom
closely resembles that in D4 CuCl%” ions, and the d—d spectra may be inter-

E (KR}
Fig. 12. d—d spectrum of the Dy CuCll” ion.
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TABLE 8
Ligand field spectra of compounds containing Cu,Cli" dimers

Compound E (kK) T{K)} Method Ref.
PPh,CuCla 11.1, 8.0 298 R 168

11.25 293 M 12
AsPhaCuCiy 11.1, 8.5 298 R 163

12,20, §.93 78 sC 131
N(n-Bu)aCuCl,y 11.0, 7.8 298 R 168
[MgCl{DIMP)( K, 0)4 JCuCl, 11.0 298 M 23
{nmpH)CuCi; 10,62, 7.69 AT M 134

11.10, 9.17, 7.52 77 M 134
{pa)Cu2Clg 10.0 298 R 171
KCuCl; 12.9,10.5 298 sC 188
Me, NH,CuCl, 12,9, 10.8 298 SC 188
Me, CHNH;CuCl, 12.5,11.5 298 8C 183

nmpH = PhCH, CH; NMeH; ; DIMP = diisopronyl methylphosphonate;n-Bu = n-C4Hg.
{other abbreviations are as used in previous Tables).

preted along similar lines. These compounds fit quite nicely into the correla-
tions which have been proposed between d—d absorption maxima and the
flattening angle @ in D,q4 systems {72,147,167].

The spectra of KCuCl, is very siniiar to those of other chlorocuprates(I1}
containing tetragonal octahedral CuCl, chromophores, such as are sumima-
rised in Table 6. The rather different coordination geometry in Me,;NH,CuCl,
does not appear to influence the d—d spectrum. The spectra of the other com-
pounds of known structure listed in Table 8 are more difficult to discuss.
The symmetry of the coordination sphere is rather low ard it is not easy to
present any simple assignment of the bands. However, it is interesting to note
the similarity between the band positions in (PhCH,CH,NMeH,;)CuCi, and in
CuCli-, although the former contains a grossly distorted trigonal bipyrami-
dal arrangement about the metal.

We have included in Table 8 N{n-C4H3)4CuCl; and {MgCK{DIMP)} H:0).}-
CuCl, - DIMP {DIMP = diisopropyl methylphosphonate), whose structures
are unknown. It would be helpful if d—d spectra couid easily distinguish the
various structural types encountered in trichloracuprates(11), but the avail-
able data are not encouraging. The spectra of these two compounds can
scarcely be distinguished from those of MPh,CuCl, (M = P, As) and (PhCH;-
CH,NMeH,)CuCl,. More spectra and more structures will be required before
it is possible to make much use of d—d spectra for routine structurai diagno-
sis of trichlorocuprates(ii}.

{vi) Other systerns

Here we look at the Cu,Cli~ dimer, and gaseous, molecular CuCl;.
The near-1R spectrum of {Co(en),]JCuCls - H,O shows a broad maximum
at 10.8 kK with a shoulder at 10.0 kK [{142.143]. The relatively low sym-
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metry in this ion should produce more bands but these have yet to be re-
solved and there is little profit in any attempt to interpret this spectrum un-
til more data are avzilable. At any rate, the spectrum is unique amongst
chlorocuprates(if}, and this could be heipful in identifying the dimer should
it appear in another mompound.

The properties of molecular Cull, are clearly of some relevance to chioro-
cuprates(Il}). The zaseous molecule is believed to be linear, and qualitative
Yigand field arguments indicate the energy sequence d,2 > d.; o, > dyy x2.-y2.
Thus we expect two d—d transitions, 2%, - 2I1; and 2%, -~ ?4,. Hougen et al.
[189] reported bands at 9.0 and 18.0 KK which were assigned respectively to
these transitions. However, the 18 kK band was rather intense (e ~ 500 1
mol}~' cm~'} and it was suggested that this was more likely to he a charge
transfer band [190}. Subsequent work [191} placed the higher energy band
at 19.0 KK, with £ = 30001 mol™' cm™, indicating the assignment of the.J
kK band to *Z, - YA, while the *Z; ~ 1, transition was believed to e be-
low 4 kK, ouiside the spectral range measured; a slight increase in i*.tensity
was noticed between 5 and 4 kK. Calculations [192] suggest tha* the *Z, -
1, transitior should lie near 9 kK, where a band is indeed obs :rved, with the
X > A, transition at abous 16 kK where it would be obsct red by the broad,
intense charge transfer absorption centred on 19 kK. How-.ver, Lever and
Hollebone {193}, in a detailed and critical discussion of “ae spectra of MCl,
molecules prefer the assignment of DeKock and Gruen {191}, on the grounds
that the d-orbital splitting parameters required by thi., assipnment are more
consistent with thasge which fit the d—d spectra of c cher MCI, species. They
did not explore the consistency of their splitting parameters with those re-
quired in other chlorocuprates{Ii}.

{vii) Quantitative interpretution of chlarocup ate(If} d—d spectra

Here we survey thecretical work which haus sought to calcuiate d—d transi-
tion energies in chlorocuprates{Il}. At the Leginning of this section, we dis-
cussed briefly some features of the various theoretical studies. These will now

(a} Point charge erv=tai field model

Here we conside: = _.erturbation of “he metal d-orbitals by point charges
located at the ligand nuclei. The relative energies of the d-orbitals can be ex-
pressed [180,194—197] ini terms of the radial parameters a, and a4, where
8, T q<r">/R" g is the magnitude of the negative point charge deemed to
reside on the ligands, <r"> is the mean value of the nth power of the dis-
tance of a d-electron from the nucieus and R is the metaligand distance.
The a, can he calculated explicitly frora SCF wave functions, but these lead
to quite unrealistic orbital splittings. Furlani et al. {169,184] calculated the
radial parameters from Slater-type functions with arbitrarily chosen expo-
nents but the results were not very satisfactory. It seems best to regard a,
and @, as freely-chosen parameters, pror ortional to R™? and R~° respectively,
and hope that a single value of each {adjusted to take account of different
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values of R} will successfully fit the d—d spectra over a range of different
compounds. This, of course, assumes that the d—d transition energies can be
directly equated to orbital energy differences, as discussed above under (i).
Several caleulations of this t¥pe have been reported for chlorocuprates(1l)
j181,182,189,191,196,197], and in mast cases d—d transition energies could
be calculated to within about 10% of their observed values. Unfortunatety,
many of the crystallographic data on which the ecalculations were based have
since been superseded, and little care was taken to use d—d spectra taken at
the same temperature in all compounds, It is evident from Tables 5—8 that
the transition energies are appreciably temperature-depender:t. If we repeat
the earlier erystal field calculations using the latest X-ray data and restrict
ourselves 1o spectroscopic work done at a uniform temperature (say 77 K)
the results are rather less convincing. Moreover, the parameters required to
fit the spectrum of molecular CuCl,, whether we accept the assignment of
Hougen et al. [189] or that of De Kock and Gruen {191}, are very different
from those which apparently fit the spectra of chlorocuprates(il); this could
arise from the inadequacy of the assumed R~? and R~° dependence of the
radial parameters a; and a,. The crystal field calculations for tetragonal octa-
hedral CuCl, chramophores place the *B,, » 2A,, transition at about 56
kK, while all the experimental evidence suggests that it lies much higher in
energy, again suggesting that the model fails to give an adequate measure of
the radial dependence of the parameters. Finally, the parameters used to fit
the spectra of chiorocuprates(Il) in these early calculations fail to prediet”
the spectrum of square coplanar CuCl3~. Hatfield and Piper [181] took
Pt{NH,}),CuCl, to contain this D,; anion, but a recent X-ray analysis {103]
shows that the compound has tetragonal octahedral CuCl, chromophores.
Thus the early successes of the crystal field model were somewhat, fortuitous,
being based on incomplete {even inaccurate} spectroscopic and structural
information, and the model has failed 1o stand the test of further experi-
mental work.

{b) Angular overiap model

This approach, essentially an empirical MO theory, was applied to chloro-
cuprates(il) a little later than the crystal field model, and appeared to remedy
some of the deficiencies of the latter. Although it has had its failures, the
angular overlap model has proved more amenable to refinement and refur-
bishment than the crystal field model; these refinements have necessarily
diminished its utility in the sense that new parameters have had to be intro-
duced and the model has become more cumoersome.

The model supposes that the splitting of the ligand field orbiials arises
from covalent bonding. The destahilization of a d-orhital as a consequence
of its becoming weakly antibonding is proportional to the square of the ap-
propriate group overiap integral. The relative energies of the ligand field
orbitals can be written down as multiples of the parameters e, and e,, Fora
d? system, it is assumed that the d—d transition energies are given by the ap-
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proprial: orbital snergy differences. The parameters ¢, and e, are takez to be
proportionai to ‘he squares of the respective diatomic overlap irtegrals, so
that their radial Gepzndence can be gauged by overlap integral calculations,
as can their retative magnitudes, provided that g-antiborxling destabilization
is assumed to arise solely from interactions with ligand np-orbitals. The earli-
est application of the model to chlorocuprates(1l} {198] neglected w-bonding,
and led to a reversal of the correct relative energies of the >4, and ?B; states
in the D,y CuCl3~ ion. The mode! was then refined to include #-bonding

and purely crystal field effects, and zpplied with some success to Day, Dap,
Dy and D, systems [192,193,198 200]. However, the model suffers from
the same defects as the crystal field model, though to a lesser degree. The
2B,, = 24, transition energy in tetragonal octahedral systems is still some-
what underestimated and the model fails to account for the spectrum of
square coplanar CuCli~. Depending ot which assignment one prefers, the
model] may be seriously in error for moiecular CuCl,. These problems can be
largely resolved by the introduction of additional parameters to allow for
d—s and d—p mixing {201]. For example, the spectrum of square coplanar
CucClZ- can be accounted for if the d,2 orbital is stabilized by some 8 kK by
mixing with the 4s-orbital. If the 4,2 orkital in molecular CuCl, is similarly
stabilized by some 6—7 kK, we obtain fransition energies in agreement with
the assignment of De Kock-and Gruen [191}. The introduction of d—p mix-
ing leads to a reasonable value for the parameter A, in a regularly tetrahe-
dral CuCli~ ion; tlie simple angular overlap model, in common with the crys-
tal field niodel, leads to excessive values for this parameter if it is calculated
from the parametars required to fit chlorocnprate{Il} spectra. However, this
refined angular overlap treatment requires four freely-chosen parameters.

(c) Semi-empirical MO calculations

Semi-empirical MO ealculations, based on the extended Hiickel approach,
have been performed on 2 number of chlorocuprates(If). The earliest and
simplest of these, the work of Lohr and Lipscomb [86] on the CuCi3~ ion,
were perhaps the most interesting; we have aiready noted how they found an
energy minimum close to the experimentally-determined configuration of
the ion in compounds such as Csz;CuCly. From the spectroscopic point of
view, their calculated d—d transition energies for 2,4 CuCl3~ were in good
agreement with those reported later by Ferguson [165]. For square coplanar
CuCli~, they found the energy sequence b, > by > e > a,g for the ligand
field orbitals, but their calculated transition energies were much too high.
The same energy sequence was found by Ros and Schuit [202,203], using a
more elaborate model, though their d-—d transition energies were too low., in
the range 6—9 kK.

A Wolfsberg—Helmholz calculation on CuClZ~ {204] led to the proposal
that the band at 10 kK might be of charge transfer origin, but additional
evidence wouid be needed before such a suggestion need be taken seriously.

We should note a number of other MO calculations on chloraeuprates(II),
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although they did not necessarily seck to calculate d—d transition energies;
there have been treatments of CuCl. {205}, CuCli¢~ {154}, CuCli~ [206,207],
CuliZ™ [65,96] and various dimeric species [155,208].

(d} Ab initio SCF calculations

The CuCl%- ion has been the subject of extensive ab initio calculations
[89]. We have already noted that these led to an energy minimum for a flat-
tened tetrahedron similar to that found in, e.g. Cs,CuCl,. For square co-
planar CuCii-, d—d transition energies were calculated by determining the
total energies of the *By, 2By, *E, and *A,, states; their relative energies
were found to be By, < ’B;, < *E,; < 2A,,, in agreement with the assignment
proposed above under (ii). The transition energies were calculated to lie in
the range T~11 kK, rather low compared with experimental data. However,
the model seems to arrive at the correct relative energies and, bearing in mind
the fact that these transition energies are only a small fraction of the total
energy of the ion, this work must be regarded as a remarkable achievement.
It remains to be seen whether this success can be repeated for other chloro-
cuprate(Il} jons, and whether such ab initio calculations will someday render
the simple empirical models obsolete as convenient tools for ihe interpreta-
tion of chlorocuprate{ll} d—d spectra.

E. CHARGE TRANSFER SPECTRA

At energies upwards of 20 kK, the spectra of chlorocuprates(1l) are dom-
inated by intense charge transfer absorption: the excited stafes arise from
filled non-bonding or weakly bonding MQ’s which are largely localised on
the ligands, to the singly-occupied orbital of the partly-filled shell. These
transitions are not easy to study in crystailine chlorocuprates(il). Their high
intensities make single crystal fransmission work difficult, while other tech-
nigues for measuring solid state spectra can be unreliable in the UV, The
theoretical interpretation of charge transfer spectra is clearly more trouble-
some than for d—d spectra, although, in principle, the former should provide
more information about bonding and electron distribution. Interest in the
charge transfer spectra of chlorocuprates{Il} began to develop strongly in Lthe
mid-1960’s but seems to have subsided in more recent years.

{i) The CuCi2~ ion

The charge transfer spectrum of the D,, CuCl3~ icn has been rather thor-
oughly studied. Published data are summarised in Table 9. The charge trans-
fer transitions occur at about 22 (shoulder}, 25, 29 (shoulder), 34 and 43 kK,
Molar extinction coefficienis have not been measured for work on single
crystals, but the UV spectra of solutions which probably contair CuCl}~ ions
show these to be around 30001 mol~* cm™'.

The assignment of the charge transfer spectrum of CaCl3™ led Lo some
difficulties. A qualitative MO diagram indicates three filled non-bonding MO’s
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TABLE 9

Charge transfer spectrum of the CuCl3 ™ ion

Compound E {(kK) T(K) Method Ref.
Cs;CuClq 23.0sh, 24.8, 26.0sh, 34.0, 34.5, 42.4 71 SCP 165
22.7sh, (24.6, ( 28.4sh, 33.1,33.9,43.0 77 SCP 92
24.9, ‘293
Cs2Zn(Cu)Clg 22.8sh, [ 24.6, [ 26.6, 33.1, 33.6, 42.9 77 SCP 92
24.9, ‘294
(TMBA)CuCl, £2.7sh, 25.0, 23.4 298 SCP 169
(NMey); CuCly 25.0, 36.0, 43.5 298 R 166
(MeaNH,),CuCl;  22.0, 34.5, 44.5 298 R 166
{NBu,);CuCls 22.9sh, 25.0, 29.4sh, 31.8, 38.5 298 R 168

Notes: Transition energies bracketed together are the peak positions abserved in different
pelarizations, TMBA = C4HsCH; N(CHz)s; Bu = n-G4Hg (ather abbreviations are as used
in previous tables).

(a1, e} largely localised on the ligands, five filled weakly w-bonding MO’s (a;,
by, b,, ) and four relatively strongly o-bonding MO’s (a,, a,, ¢). Transitions
from 2B, to *F and 24, states are electronically allowed. Thus Ferguson [165]
assigned the band at 24.8 kK to the %F excited state arising from a hole in
the non-bongding ¢ orbital, while the shoulder at 23 kK was attributed to the
forbidden transition to the A, state, with the hole in the o, nion-bonding
orbital. The next two bands at 29 kK and 34 kK were Loth assignad to ’B, ~»
2E transitions, arising respectively from transitions out of 7- and o-bouding
MQ’s, while the bands at 34.5 kK and 42.4 kK were attributed to ?B, ~ 24;
transitions. Howaver, Sharmaff and Reimann [92] considered the effects of
spin-orhit coupling and the distertion from D, geometry; this led to the
prediction that the *E states should be split into two components, polarized
in different directions. Such considerations produced the assignment of the
band pairs cbserved around 25, 29 and 34 kK to *B; - ?E transitions, contrary
tc Ferguson’s assignment of the last of these to a 2B, —+ 2A4; transition. Shar-
noff and Reimann agreed with Ferguson’s assignment of'the 43 kK band to
2B, + 24,, but offered no assignment for the shoulder at 22.7 kK. The most
elaborate analysis of transition metal tetrahalide spectra has been performed
by Bird and Day {209]. They assigned the weak band around 23 kK and the
stronger one at 25 kK to the 24, and ?E states (respectively) which arise
from holes in the non-bonding g, and e orbitals, following Ferguson [165].
However, they prefer to assign the weak 29 kK band to the forbidden transi-
tion *B, + 23,, the excited state arising from a hole in the b, weakly 7-bond-
ing MO. Their argument was based on the Jahn—Teller splitting of the tetra-
hedral T, state into 2E and *B,, which suggests the assignment of the 29 kK
band io the *B; component and the 34 kK band to the *E. Magnetic circular
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dichroism studies [210,2117 are generally in agreement with the assignments
of Bird and Day (see also Sect. H).

(ii) Tetragonal octahedral CuCl, systems

Little work has been done on the charge transfer spectra of these. Willett et
al. [166] measured mull transmission spectra of (MeNH;),Cull; and (EtNH,),-
CuCl,, and reported bands at 24.0, 33.3 and 49.0 kK, with a shoulder at 38.5
kK. No assipnments were proposed, but the 24 k¥ band may be assigned tc
the B, -+ 2B, transition, where the hole in the excited state resides in the
bs, non-bonding orbital, The 33 kK and 49 kK bands would probably be
*B,g — *E, transitions, involving 7- and o-bonding MQ’s, respectively. The
shculder at 38.5 kK must be a forbidden charge transfer band of indetermi-
nate origin. These assignments consider only square CuCl3~ species and ignore
the possibility of charge transfer from long-honded ligands.

(iii) The CuCli~ ion

The charge transfer spectrum of CuCli~ is complicated by the fact that it
is stabilized by tripositive cations with d—d bands in the visible and near-UV.
Analysis of the spectra of [M{INH;),1CuCls (M = Cr, Co, Rh, Ru) has made it
possible to identify charge transfer bands at 24, 27 and 37 kK [185]. The
shoulder at 24 kK may be tentatively assigned to *A;" - 24,", arising from
transfer of an electron from the weakly m-honding a" MO. The two more
intense bands at 27 and 37 kK presumahbly involve electron transfer from
weakly m-bonding ¢ MO’s.

(iv) Cu,Cit~ dimers

The charge transfer spectra of compounds containing Cu,Ci}~ dimers (and
indeed, all chiorocuprates(Il} containing symmetric or nearly symmetric
Cu—CI—Cu bridges) are characterised by a band at unusually low energy,
about 19 kK in almost planar dimers and 21 kK in significantly non-planar
dimers as in AsPh,CuCl; [168,212]. The band is polarized in the direction of
the Cu—Cu axis., Willett and Liles [188] showed that in a planar Cu,Cl3™ ion,
the orhitals on the two metal atoms which accommodate the odd electrons
are combined to form two MQO’s, b, and b,,, fairly close in energy. Thus
Willett and Liles proposed that the ground state of Cu,Ci2~ is 'B;,, with a
3B,, excited state lying nearby. A more elaborate analysis [ 208] leads to sub-
stantially similar results. We shall discuss the ground state of Cu,Cii~ further
in Sect. G, when we come to look at its magnetic properties, Transitions
polarized along the Cu—Cu direction {labelled x in the notation of Willett
and Liles) must arise from excited states corresponding to prometion of an
electron from the non-bonding in-plane m-orbitals b,; and &,,,. The unusually
low transition energy associated with such an electron transfer from these
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orbitals is related to the fact that the orbitals on the bridging chlorines
which might be involved in the donor MO’s are also engaged in o-bonding,
contrary to the situation in CuCl2~. Apart from this anomalous transition at
19 kK, the charge transfer spectra of trichlorccuprates{ {1} generally resemize
those of comparable moncmeric chromophores.

(v) Other chiorocuprates(il}

CsCuCl; exhibits the characteristic 19 kK band found in other systems
with symmetrie, short Cu—Ci—Cu bridges; this band is apparently responsi-
ble for the garnet-rea colour of all such chlorocuprates{Il} [ 212].

Molecuiar CuCl; has two charge transfer bands, at 19 and 45 kK [191].
These may be assigned to the *Z; - *I1, and *Z; + ’Z,, transitions, corre-
sponding to excitations from a weakly m-bonding MO and a strongly o-bond-
ing MO, respectively.

(vi} Theoretical studies

The earliest theoretical work {(up to about 1964) on chlorocuprate(II}
charge transfer spectra was essentially qualitative, and was concerned with
predicting the numkber of bands to be expected, thelr relative positions in
the spectrum and their relative intensities. The paper by Braterman [213] an
the spectrum of CuBr3- is a good example of how relatively simple arguments
can lead to a convincing interpretation of a charge transfer spectrum, Later,
it was realised that some more quantitative MO theory was needed to tackle
charge transfer bands. The simpie angular overlap model has been applied
with some limited success {198,214]. The relative enargies of the ligand
orbitals can be computed in much the same way as those of the metal orbit-
als. The difference in energy between a non-bonding d-orbital and a non-
bonding ligand orbitat can be left as a freely chosen parameter to he fitted to
experimentat data, or it can he otherwise estimated. Such calculations [198,
214} have been akle to fil some features of chlorocuprate(Ii) charge transfer
spectra fairly well, but the angular overiap model is a good deal less convine-
ing in such applications.

Semi-empirical extended Hiickel calculaiicons have been used to calculate
charge transfer transition energies in chlorocuprates(Il} (with the usual as-
sumption that two-electron terms need not ke considered) but with little
success, For square coplanar CuClZ-, Ros and Schuit {202,203] predicted the

. B, = *B,, transition to lie at 7.6 kK, amongst the d—d bands. In CuCi2"
[2041}, the iowest-energy charge transfer bands are likewise calcutated to ap-
pearin the near-IR. Since such calculations are not particula.ly reliable for
predicting d—d transition energies, it is not very likely that they can tackle
charge transfer spectra with any success. However, the ab initio calculation
on Dy, CuCli~ at least managed to place the charge transfer states higher in
energy than the d—d states [89).
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The intensiiies of the charge transfer bands in Ty CuCli~ have been dis-
ussed theoretically {2157 and the results compared with axperimental data
or the Dy, ion; the eigenvectors of Ros and Schuit [202,20331 were used in
1e calculation. It was argued that the distortion from T4 to D,4 should not
ffect the oscillator strengths much, and the calculated relative intensities of
1e bands are in good agreement with experiment, although the absolute val-
as of the oscillator strengths are too high by a factor of about 2.

sii) Structural diagnosis using charge transfer spectra

Charge trensfer spectra are of little value for routine, preliminary structurai
lagnosis. The spectra do not differ drastically from one geometry to another
nd the experimental difficulties involved in their accurate measurement may
itroduce problems, Moreover, charge transfer spectra are more difficult to
iscuse theoretically ik relaiion to the coordination geometry of the metal.
1s an example of the pitfalls, consider (dienH;)}CuCl; and [Co{NH;}1CuCls.
‘hese compounds have such similar charge transfer spectira that one might
e excused for supposing that the coordination geometry about the metal
ras the same. {dienH,)CuCl; would be identified as containing CuClZ~ ions,
ither than polymeric layers (CuCl%™),, with lattice chlorides, if we were in
ae habit of using such spectra for structural characterisation; its charge
ransfer spectrum is quite unlike that of, for example, {MeNH;),CuCl;. An
nportant exception, however, is the 19 kK band found in chlorocuprates(I{}
ontaining shert, symmetriec Cu—Cl—Cu bridges, which seems to afford a
ather reliable test for such links; the energy of this band seems to increase
rith distortion of the Cu,Cl:~ dimer from pla:.arity.

VIBRATIONAL SPECTRA

Here we are concerned only with vibrations of the anions in chlorocuprates-
iI}. Cu—Cl vibrational modes occur in the far-IR, usually below 300 cm™, a
:gion whose exploration was difficult until about 1960. Raman spectroscopy
ias impracticable for such highly-coloured species until the development of
iser techniques in the mid-1960’s. Despite remarkable developments in the
xperimental technique of vibrational spectroscopy since then, chlorocu-
rates(lI) still pose some probiems, In most cases, fewer bands are observed
n1an might be predicted, and assignments are often far fron: certain. Vibra-
ional spectroscopy can be highly misleading as a tool for routine structural
iagnosis. For example, the spectra of {Cr{NH;)¢JCuCl; [ 216] were difficult
> interpret in terms of a P4y, anion, and it was suggested, prior to the defin-
ive X-ray analysis, that it might contain I,, CuCl}~ ions. Conversely, Boor-
1an et at. [217] were content to assign the vibrational specira of (dienH;)-
uClg in terms of a trigonal bipyramidal anion, aithough this compound
ctually contains tetragonal gctahedral CuCly chromophores. Further work
. needed to resolve these difficulties. However, vibrational spectroscopy has
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a bright future for the study of temperature- and pressure-induced phase
transitions in chlorocuprates(1I}.

{:) The tetrachlorocuprate(li) ion CuCli-

The vibrational spectra of compounds containing discrete CuCli~ ions are
summansed in Table 10. Bands below 100 cm™! are not included; these are
almost certainly lattice modes. Cu—Cl stretching frequencies are expected to
be in the range 250—300 cm ™!, with bending frequencies around 100—150
cm-!. An isolated D,y CuCli~ ion has four stretching modes, @, + b, + e, and
five bending modes, a; + b, + b; + e. Thus in the IR we expect to see two
bands around 250 cm~! and two around 150 cm™!. In a T4 ion, there would
be only one stretching mode and one bending mode, of ¢, symmetry; any ob-
served splitting of these reflects the distortion from T4 to D,4. In the Raman,
there should be three stretching modes around 250 cm ™! and four around 150
cm™!. A glance at tt » data in Table 10 shows that few of the spectra can be
simply interpreted on this basis; in particular, the single crystal data show
many mcre bands than are predicted for an isolated anion. Evidently site-
group and factor-group splittings must be taken into account in dealing with
these highly-resolved spectra. If such splittings are large, they may have to be
considered in poorly-resolved spectra as well. The most complete spectra
have been observed for Cs,CuCl,; and {NMe,),CuCl,; these will now be dis-
cussed in detail,

In (NMeg),CuCl,, the site group is C, and the space group is Pnma (D;,*¢)
with z = 4. Factor greup analysis [ 223] leads to 36 modes, of which 6b,, +
3by, + 6by, are allowed in the IR and 6ag + 3b,; + 6b,, + 3b,, in the Raman.
Polarized IR reflectance studies [223] have identified 13 of the 15 predicted
bands at 105 X; only 9 are seen at room temperature. The b,, mode arising
from the e stretch of the isolated ion is split into two components, separated
by 5 cm™!. This could be explained in a number of ways; Dunsmuir and Lane
[223] suggest small rotational displacements of the anions, with the removal
of some mirror planes. The fact that the isolated-ion e stretch is split overall
into components covering a range of 12 cm™* suggests that factor group split-
tings could be important in the interpretation of room-temperature data un-
der low resolution. Dunsmuir and Lane {223] relate the bands around 290
cm™! to the isolated-ion e stretch, the bands at ca. 230 cm™! to the b, stretch,
and the lower-energy bands to the e and b, bending modes, with the latter
being higher in energy.

Cs2CuCl, also has the space group Pnma (or Pnam) (D,,%). Less complete
IR reflectance data are available; two peaks at 296 cin~! and 288 cm™! are
ascribed to the isolated-ion e stretching mode, with the b, stretch at 258
cm™, the b, bend at 151 cm™! and the e bend at 136 and 121 cm~!. It may
be . oted that the separation of the e and b, stretches is rather less than for
Cs Lully, and this has been related [19] to the degree of flattening of the

{~hedron, usirg 0;d crystallographic data [175]. However, the latest X-ray



TABLE 10

Vibrational spectra of CuClﬁ' ions

Compound

CB; C'I.'I.Clq

{

{NMeg)2Cull,y

(NE‘!.4 )QCUC]q

{Ph 3M€'AS)2 CuClq
(MGQNHZ }3CUCI 5
{imidazolium),CuCl,

{Me,CHNH ), CuCl,

(EthHw_ )gCUClq

(CoH 482}, CuCly
CS;CU.CIS

ety

(PPhg)2CuClq
(ASPhq )2C I.ICI4
{24DMBD)},CuCiq
{248TMBD};Cully
{2478TM B8D}.CuCl,

viem ')

292, 257

288, 256
288, 265

292, 265, 260, 149, 126

296, 288, 258, 151,136, 123

295, 265
295, 250

299, 253, 140, 121, 106

297, 280, 256, 253, 251, 149, 141,

136, 126, 120, 105, 103
281, 237, 145, 128

278, 236

285, 283, 278, 275, 272, 234,

145,130, 127, 126

300, 295, 292, 288, 283, 279,
239, 238, 155, 151, 136, 134,

130, 118
276, 232
298, 268, 247

267, 248, 1386, 118

267

275

277

283

295, 230, 130
290, 228
286, 242, 185
290, 232
201, 279, 181
295,281, 193
301, 271, 181
301, 275, 189
290

287, 282, 186
295, 220
285, 272, 235
288, 271, 225,
132, 120
330, 310, 260
330, 308, 262
305, 260

281

308, 258

9 Under 20 kbar pressure,
b Under 12 kbar pressure,
IR = infrared, R = Raman, C = single crystal messurement {other abbreviations are as
used in previo»us tahles).

290l
298
298
298
298
208
268
298

298
298
298

298

105

298
298
298
298
298
298
298
298
298
298
343
298
298 @
78
78 b
343°%
298
343
298

298
298
298
298

nGR

-

298

Tech-

nique

iR

IR
IRC
IR

RC
IR
IR

IRC

IRC

IR
IR
IR
IR

IR
IR
IR

IR
IR
IR
IR
IR
IR
IR
IR
IR

iR
IR
IR

IR
IR

IR

135

Ref,

216
218
219

19

19
221
219
220

220
222
216

223

223
219
218
222

39
221
219
213
1471
224
224
152
152
152
152
152
152
152
152

a3

19
221
221
172
172
172
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structures [65,66] show that the tefrahedra in these two compounds are
about equally flattened.

In the single crystal Raman spectrum of Cs,CuCi,, 12 of the 18 expected
bands are obsexved [220], and were assigned as follows: 227, 280 (a, stietch?;
256, 253, 251 (e stretch); 149, 141, 136 {e bend); 126, 120 (b, bend); 165 (b,
bend} and 103 (a; bend). There is cause for disquiet in that this spectrum
places the a; stretch at higher energy than the e stretch, whereas the revers:
is apparently the case in (NMey),CuCls [223]. The relative energies of the b,
and e bending modes are likewise reversed. This is curious, since the anions
are of almost identical geometry in these two systems. Discrepancies such
as this in the interpretation of well-resolved, single crystal data do not auger
well for the application of vibrational spectroscony to structure determina-
tion in chlorocuprates(il).

McGinnety [65] has performed a normal coordinate analysis for Cs.CuCl,,
using the assignments of Beattie et al. {2201 except that the band at 136 cm™!
was reassigned to the b, bending mode. A stretching force constant of 1.08
mdyn A rad~? was obtained, together with bending force constants of 0.37
and 0.59 mdyn A rad~? (the larger raferring to the smallexr Ci—Cu—Cl angle),
and interaction force censtants of 0.43 and 0.17 mdyn & rad~2. The stretching
forca constant was in good agreement with the value of 1,13 mdyn A rad~?
which gave the best fit to McGinnety’s calculations of crystal forces [65].

The vibrational spectrum of the discrete, square coplanar CuCli~ ion has
yet to be analysed in detail, although some of the results for tetragonal CuClg
systems {discussed below) are clearly relevant. As we distort from D,,4 to Dy,
the b, stretching mode of the I,4 ion becomes an 4., bending mode of the
L4, ton, and should therefore decrease in energy as the tetrahedron is flat-
tened towards square coplanarity. In the high-temperature phase of {Me;-
CHNH,),CuC.;, which apparently contains only I,, ions, the b, stretch is
seen at 232 cin~' [152}. A% room temperature and under 20 kbar pressure,
this moves to 193 cm™!, indicating square coplanar anions in the high-pres-
sure phase. In (Et;NH.},CuCl, at room temperature, a band is observed at
186 cm™; this shifts to 220 cin™! in the high-temperature phase, indicating
& transition from square coplanar to flattened tetrahedral geometry. Studies
of this kind, complemented by electronic spectral measurements, promise to
be of great value in the study of phase transitions in chlorocuprates(IiI).

(ii) Compounds containing tetragonal octahedral CuClg chromophores

To a first approximation, the vibrational spectra of (RNH,)LCuCl, sys-
tems may be assigned or the basis of a square coplanar CuCl%~ ion, perhaps
with some distortion to D,;,. Published spectra are listed in Table 11. In the
IR, we expect a single e, stretching mode around 300 ¢m™?, e, and a,, bend-
ing modes being predicted to lie at lower energy. In the Raman, we expect an in-
tense a,, stretch at about 300 em ™', a weaker b, stretch, and, atlower energy, ¢,
and b;g bending modes. The spectra in Table 11 cannot be readily interpreted on



TABLE 11

Vibrationa: spectra of compounds cantaining tetragonal octahedral CuCl, chromophores’

Compound r{em™} T {K} Tech- Ref.
nigue
{NH;),CuCla 997, 247, 235, 185 298 R 220
{(MeNH3):CuCl, { 296, 218, 164, 149, 127,
119,101 1.2 iR 225
284 298 iR 216
285, 247, 181 208 R 220
{ 286, 248, 202, 182,174
133,114 208 RC 220
(EtNH5).CuClq 279 298 IR 216
294, 278,182 298 IR 152
£ 304,238,169, 144, 119,
110, 100 1.2 IR 225
{n-C3H,NH;),CuCly [ 296, 248, 169, 144,
118, 109 1.2 11 225
(1t-CaHgNH1);CuCl, { 280, 211, 174, 148,
118, 101 1.2 1123 225

this basis, and factor group analysis is required, at least for the singte crystal
and low temperature data. Beattie et al. [ 220} have discussed the correlations
hetween the isclated-ion medes in {(MelNH,;),CuCl, with the site symmelry
D4,.%, the site factor group D.,,* and the structure factor group Dy, 8. This
analysis leads to the assignment of the Raman bands at 247 aind 181 em™ as
arising from the isolated-ion a;, and b4 stretches, and the bands can be de-
scribed respectively as vibrations involving terminal and bridging Cl atoms.
The bands at 285 and 174 cm™* are derived from the same @, and &, iso-
lated-ion stretches, coupled cul of phase. The low-temperature IR spectra
have not been assigned in detail; Stoelinga and Wyder {225] give the struc-
ture factor group as Cay.

The question of Cu-—Cl stretching frequencies involving long-bonded chlo-
rines is clearly a matter of some interest. For the (RNH;},CuCl, systems, we
cannot unambiguously identify such frequencies since the bands at 174 and
182 em™! involve simultaneous contraction of a long bond and elongation of
a short bond (and vice versa). In the Raman spectrum of CuCl, - 2H,0 [220]
a band at 112 ¢m~? might be attributed to a long Cu—Cl streich; the structure
[227] contains trans-{ CuCl,{H,0),] planar molecules, which form infinite
chains by formation of long Cu—Cl links. The band at 112 em™! is best ve-
garded as a libration of linear CI—Cu—CI chains in different molecules with
one another. K,CuCl, - 2H,0 contains {227} trans-{ CuCl(H;0}, 1" anions
with two short and two long Cu—Cl bonds. Bands at about 140 cm™! are as-
sociated with motion of the long-bonded Cl atoms, and have been regarded
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as ionic lattice mades [228]. The short Cu—Cl bond stretch is found in the
Raman at 228 em ™ {22&].

(iii} The CuCi~ ion

The vibrational spactrum of CuCli™ has yet to be abserved in its entirety.
Published data ar= given in Table 12. In the IR, we expect an a.” mode aris-
ing from the antisymmetric stretching of the axial bonds and sn ¢’ mode
arising from the eguatorial bond streteches. Since the axial bonds are appre-
ciably shorter, we might expect the a,” mode to appear at higher energy. In
the Raman, there should be twa intense a;” symmetric stretching frequencies
which may be strongly coupied, and an e’ stretch which should be coincident
with that predicted in the 1R, In addition, of course, we can predict various
bending maodes, but very few bands have been seen below 200 cm™! in penta-
chlorocuprates(1l) containing the CuCl?" ion, and, as will be seen. the Cu—Cl
stretching region presents enough problems by itseif.

The intense band observed in the Raman at 260 cm™! may be assigned to
one of the ¢, symmetric stretches, but the position of the other is uncertain.
The band in the IR at about 270 cm™! could be either a,” or e'; Long et al.
(120} favour the former assignment, since they found no coincident band in
the Raman. However, Boorman et al. [217] saw shoulders at 275 and 285
cm™ in the Co and Cr salts, respectively. Only Day [229] has observed a sec-
ond IR band in the high-frequency region, a shoulder at 254 em™!; this
could well be the a,” stretch. The lewer-frequency region is somewhat con-

TABLE 12

Vibrational spectra of CuClg' fons: all measurernents made at room temperature

Compound Viem-} Technigque Ref.
[Cl‘{NHz)G ]CuCls 263 IR 216
270 iR 1BS
280, 200, 180, 142 IR 217
285, 250 R 217
[Co(NH3)s ICuCls 269 IR 216
273 IR 185
267, 254 IR 229
270, 200, 183, 150 IR 217
268 IR 120
275, 285, 240, 200, 180 R 217
260, 170 R 120
[Co({NH,)}sH,0 XCuCl; 256 iR 120
262, 175 R 120
IRh{NHz)s XCuCls 274 IR 185

{Ru{NH;); )CuCls 267 iR 185
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TABLE 13

Vibrational spectra of Cu,Cl2~ dimers

Compound viem-1) T (K} Technique Ref.
NH,CuCly 311, 280, 230 298 IR 216
309, 283 298 IR 230
305, 280 17 iR 230
KCuCl, 201, 278, 230, 193 298 IR 216
PhoH, CHy NMeH, CuCl, 2680, 275 298 iR i3d

fusing. Boorman et al. [217] observed a moderately strong Faman band at

- 200 cm™!, but Long et al. did not [120]. The assignment of the bending
modes must await further work. It should be pointed out that cation vibre-
lions can be troublesome in pentachlorocunrates(Il), and Boorman et al.
[217] adrnit that their spectra are poorly-resolved. All workers report broad
bands, with half-widths of about 30 cm™!. Low-temperature measurements
are needed before we ean assign the bands reliably. Unfortunately, the cubic
structures of these compounds prevents the use of polarization data.

(iv) Cu,Ci}~ dimers

Relatively little work has been done on the vibrational spectra of trichloro-
cuprates{II} containing Cu,;Ci?~ dimers. Published data are suminarised in
Tabie 13. Thie bands around 300 cm™! are attributed to terminal Cu—Ci
stretches, while the bands at 280 and 230 cm™! are probably stretching fre-
guencies involving bridging chlorines. Heyns and Schutte [230] were mainly
concerned with the vibrations of the cation in NH,CuCl,; these revealed a
phase change between 85 and 45 K. A transition to an antiferromagnetic
state is proposec around 45 K. The band seen at 193 cm™" in KCuCl, is likely
to be a bending mode involving terminal chlorines, although it is possible
that the 230 em™! and 193 ¢cm™! bands are both essentially stretching fre-
quencies involving bridging chlorines.

(v) CsCucCi,

The interpretation of the vibrational spectrum of CsCuCl, clearly demands
line-group or factor-group analysis. Published spectra are summarised in Table
14. The appropriate factor group is DZ, and the well-resolved spectra have
been assigned accordingly. The observed vibrations can be classified as in-
volving terminal Cl atoms (Cu—Cl,, 2.281 A} or bridging Cl atoms (Cu—Cly,
2.355 A). Vibrations associated with the long (2.776 A) Cu—Cl bonds were
considered to lie at much lower energies. Thus the highest-frequency bands
at 304, 295 and 287 cm™' were assigned to Cu—Cl, stretches, and the lower-
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TABLE 14
Vibrational spectra of CsCuCly
r{cm™t) T{K) Technique Ref.
- {xyy 2B7%, 256,193, 166, 150, 135 80 IRC 231
Yz} 304, 261, 181, 140
{ 268, 260, 188, 180, 172, 158, 298 IR 232
145, 111
293, 287, 263 293 IR 216
{295, 271, 252, 199, 193, 182, 80 RC 231

166,139, 116, 111

frequency bands at 271, 261, 256 and 252 cm™! to Cu—Cl,, stretches. The
bands below 200 cm™! were assigned to bending modes, with those involving
the shorter terminal Cl atoms at higher frequency than those involving bridg-
ing chlorines

G. MAGNETI{ . AND ESR STUDIES

Transition metal chemists have traditionaily measured the magnetic sus-
ceptibilities of bulk material over a limited temperature range, and converted
the results into effective paramagnetic moments p.¢. Such measurements on
chlerocuprates(Il} nave produced the results that would be expected from
the application of elementary theory: the Curie—Weiss law is usually obeyed
rather well, at least down to about 77 ¥, and g4 values of around 1.9 B.M.
are obtained, as expected for a d® svstem with a small positive orbital con-
tribution arising from spin-orbit coupling. Much more interesting behaviour
is often encountered at lower temperatures, where ferromagnetic and anti-
ferromagnetic interactions may manifest themselves. ESR measurements
provide complementary information about the anisotropic g-tensor, and, in
principle, should reveal much about the electron distribution and bonding.
The most important, magnetic work on chlorocuprates{ll} concerns the aniso-
tropic behaviour of discrete ions like CuCl3”, and magnetic exchange interac-
tions between copper atoms in dimeric and polymeric anions.

(i} Compounds coniaining discrete CuCl;™ ions

Interest in the CuCl%~ ion has been focussed upon its magnetic anisotropy
{a necessary consequence of 1),y geometry}. The principal components of
the anisoiropic g-tensor, assuming that spin-orbit coupling is small compared
with the tetragonal component in the ligand field, may be expressed as

Exx = 8yy (= 81) = 2.0023(1 ~— N E;)
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.. (= g;) = 2.0023(1 — 4N/E;)
&av = (22, + £)/8 = 2.0023(1 — 27\/3E, — 4A/3E,)

where A is the spin-orbit coupling constant {(—0.83 kK for a free Cu®* ion), E,
is the difference in energy between the 2B, and *F ligand field states, and E;
is the difference in energy between the B, and *B, states. The effects of co-
valency may be taken into account by introducing the factors ky and R, in
the terms involving A [238]. Any distortion from D.4 (e.g. to C,) will be re-
flected in a splitting of g,. More complete expressions for the g-values, in
terms of MO mixing coefficients and including spin-orbit mixing or charge
transfer states into the ground state, have been given [234]. The ESR spec-
trum measures these g-values directly, and published data are given in Table
15. These g-values should be strongly dependent on the degree of tetragonal
distortion from T, since the d—d transition energies E, and E, increase
sharply with the flattening angle 8. In copper-doped K,PdCl; we may reascn-
ably expect to be iooking at square coplanar CuCl3~ ions, and (Et;NH,),CuCl,
in its room-temperature phase is believed to contain discrete: CuCl;™ ions
which are square coplanar, or nearly so {147,152]. As expected, the g-values
for these are much lower than those found in less flattened CuCl;~ tetrahedra.

ESR data also yield hyperfine and superhyperfine coupling constants,
which can lead to useful information about the compositions of tihve highest-
energy molecular orbitals. In Cs,CuCl,, Sharnoff [91] failed to resolve the
superhyperfine structure but was able to set a lower limit on the bandwidths.
In conjunction with hyperfine data and g-values, Sharnoff deduced that the
unpaired electron spent 18% of its time on the ligand atoms. An important
feature of Shamoff’s treatment was the explicit consideration of 3d—4p mix-
ing; the unpaired electron apparently spends 12% of its time in a copper 4p-
orbijtal.

The most detaiied ESR study of a CuClZ~ ion was performed on copper-
doped K,PdCl,, which is deemed o contain square coplanar anions. Spin-

TABLE 15
ESR p-values for CuC}E_ ions

Compound Bl By Eav T (K} Method Ref.

Cs;CulCly 2.083 2.384 2.191 T7 C 91
2.105

Ca3Zn{Cu)Cl,y 2.083 2.446 2,210 77 c 91
2.101

K4Pd(Cu)Cl, 2.049 2,2326 2.110 77 C 235

{EtyNH4),CuCl, 2.050 2.253 2.118 298 P 149
— -~ 2.159 338 P 149

C = single erystal measurement; P = paolyerystalline powder measurement.
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Hamiltonian parameters were determined and analysed in terms of the most
complete expressions for the g-values, in terms 6.’ MO coefficients and elec-
tronic excited state snergies [233,235]. Mixing coefficients for the &g, b3
and e, ligand field orbitals giving the best fit to the expressions for the spin-
Hamiltonian parameters were obtained. Unfortunately, electronic spectro-
scopic data for tetragonal octahedral CuCl, chromophores were used in the
analysis: the d—d spectrum of square coplanar CuCl}~ is now known to be
rather different from that of the tetragonal CuCls chromophore, although
the *B,, and *E, states are apparently less affected by complete removal of
the long-bonded axial ligands than the A state {(as would be expected by
conventional ligand field analysis} and the error induced by this procedure
may not be $00 serious, As we shall see, the ESR spectrum of square co-
planar CuCl3" is not greatly affected by the approach of distant axial ligands.

The anisotropic magnetic susceptibility of the ID,q CuCl:™ ion has attracted
considerable interest. The observation that K was greater than K, evoked
some surprise, since it was expected that the orbital contribution would be
more queriched when the field was paralle] to the S, axis; in other words,
the proximity of the °E state to the 2B, ground state should ensure that
g1 > g;- This, of course, is not the case, as can be seen from the ESR data in
Table 15. The ‘anomalous’ anisotrapy was attributed to the anisotropy of
the orbital reduction factor k {236—238], but this is not so great as to be entirely
responsikie. The problem arises from the neglect in simple treatments [239]
of the 24, and 2B, states in the basis set. Spin-orbit mixing of 2B, into *B,
increases g, and lezds to higher values of K. It may be argued that thisis a
trivial result, looking at the expressions for the g-values given abave. But
remember that magnetochemists would like to be able to cope with systems
with only a very small distortion from T; geometry, where these expressions
fail; obviocusly, g, cannot iend to infinity as E,; vanishes, and the calculation
of magnetic susceptiktilities from the Van Vieck equation depends on other
considerations besides g-factors. The most elaborate treatment [240,241]
takes a basis set of all the d—d states under the simultaneous periurbaticn of
the tetragonal crystal field and spin-crbit coupling. The resulting wave func-
tions are then perturbed by the magnetic field operator and the resulting
matrix elements substituted into the Van Vleck equation. This ieads to the
correct sign of the anisotropy for CuCl%~ ions where the tetragonal distortion
is sufficient to split the tetrahedral 2T, ground state by about 3 kK. For
smalier distortions, K, should be yreater than K.

Bulk susceptikility data, translated into effective magnetic moments tegq,
are much less illuminating than single crystal anisotropy data; however, a
recent report [242] claims a correlation between u.¢; and the flattening
angie # of the CuCl~ ion. This is not surprising, since the g-values are
expected to decrease with flattening. Most tetrachlorocuprates(il) con-
taining discrete CuCl3” ions have g 4 values of 1.9—2.0 B.M.; the theory of
Figgis 2nd Harris [229] predicts that a regularly tetrahedral CuCi;~ ion should
have an effective magnetic moment of about 2.2 B.M.



143

(ii) Tetragonal octahedral CuCl, chromophores

The layer compounds {RNH;),CuCl, have aroused much interest as exam-
ples of fwo-dimensional S = 3 Heisenberg ferromagnets [243,244]. Suscepti-
bility measurements at relatively high temperatures lead to ‘normal’ magnetic
moments of about 1.9 B.M. At low temperatures (below about 50 K) the
Curie—Weiss law is no longer oheyed, and the susceptibility becomes field-
dependent. The rather d.tailed magnetic studies on these compounds can be
interpreted in terms of a ferromagnetic exchange interaction between copper
atoms within the layers, with a much weaker antiferromagnetic exchange be-
tween copper atoms in different layers. Above a transition temperature of
about 10 K, the compounds hehave as two-dimensional ferromagnets; at
lower temperatures, they are regarded as a special class of three-dimensicnal
antiferromagnets. The exchange coupling constant J for the ferromagnetic
intra-layer interaction is about 10 em™'; the corresponding constant J° for
the antiferromagnetic inter-layer interaction is about three orders of magni-
tude smaller, and depends on the separation between th : layers. This is large-
ly controlled by the size of the cation; for straight-chain alkylammonitm
cations, the interlayer separation increases by about 1.5 A per CH, added to
the chain. Most of this work is probahly of more interest to solid-state physi-
cists than te coordination chemists, and we shall be content to conclude this
discussion with a list of references {105,243—259].

ESR spectra of these tetragonal systems produce typical g-values of g, =
2.05 and gy = 2.25, comparable with those found for square coplanar CuCl?-;
evidently the distant axial ligands have little effect, as predicted by theory
[234]. Published data are summarised in Table 16.

(iii) Pentachlorocuprates(ll) containing discrete CuCl:~ ions

An early study of [Co(NH,),JCuCl; reported {1067 that the compound
obeyed the Curie—Weiss law between 2 and 4 K, with p.; = 1.47 B.M., while
measurements in the range 77—300 K lead to p.¢ = 1.85 B.M. A later study

TABLE 16

ESR g-values for compounds containing tetragonal octahedral CuClg chromophores (alf
date Gbtained frou: single <rysials}

Compound £y g1 Ref.
{MeNH;),CuCly 2.238 2046 166
2274 2.054 134
2.281 2.056 250
(EtNH;3}.CulCl, 2.230 2.044 166

2.276 2.054 260
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was performed [261] over the temperature range 2—38 K; Curie—~Weiss be-
haviour was found between 16 K and 38 K, with 8 =17 K and u. 1.95 B.M,,
in agreement with the theory for a 2A,’ ground state [262}. An antiferromag-
netic transition was found near 8 K; the coupling mechanism is presumably
of the ‘cation—anion—anion—cation® variety { 263].

The only magnetic stndy of [Cr{NH:),ICuCl; covers, unfortunately, only
the restricted temperature range of 77—305 K [264]. The Curie—Weiss law
was obeyed, with 8 = 11 K and p.¢ = 4.34 B.M., Estimating p.q for the cation
to be 3.9 B.M., u 4 for the anion is about 1.85 B.M. Thus the magnetic prop-
erties of the Cr and Co salts are much the same above 77 K. There is no evi-
dence for any interaction between the cation and the anion in the Cr com-
pound, although measurements at much lower temperatures would be needed
to settle the point.

The ESR spectrum of the Co salt {181] yields g,, = 2.167. For an 24,
ground state, g; should be equel to 2.0023, with g, = 2.0023{1 — 3A/A),
where A is the energy of the *E” state relative to the ground state. Hence g,
is abeut 2.234. Note that measurements of g,, do not provide a diagnostic
test for sterecchemistry; g,, values for CuCli” ions range from 2.1—2.2, de-
pending on the degree of flattening of the tetrahedron, and a g,, of 2.16
could be equaily consistent with 2 CuCl3~ ion or with a highly-flattened
CuCl3~ ion.

{iv) Compounds containing Cu,Cl;~ dimers

Interest hore is focussed upon magnetic interactions between the chlorine-
bridged copper atoms within the dimer, although in polymerised systems
like KCuCl, inter-dimer interactions may warrant consideration. Willett and
Liles [188] discussed how the two highest-energy MO’s in planar Cu,Cii-,
iabellea by, and b, in I}y, symmetry, would accommodate two electrons,
and how either a triplet or a singlet ground state was possible, with (respec-
tively) a low-lying singlet or triplet excited state. Magnetic measurements on
KCuCl; were performed down to liguid helium temperature [265]. Above 17
K, the data were consistent with a singlet ground state; the susceptibility
begins to decrease below 32 K as the triplet excited state becomes apprecia-
bly depopulated. However, below 17.5 K the susceptibility begins to increase
sharply, indicating ferromagnetic ordering. However, ESR and NQR measure-
ments support a triplet ground state for KCuCl, [ 266]. The NQR evidence
will be further discussed in Sect. H. The ESR signal increased in intensity on
cooling from room temperature to 77 K, and persisted at a temperature as
low as 1.35 K. Tne NQR data showed no magnetic ordering above 1.3 K,
contrary to the susceptibility measurements [265].

These papers assume that KCuCl, can be treated in terms of localised di-
mers; we are yeally dealing with infinite chains, formed by the stacking of
the dimers (Fig. 6). Magnetic interaction along the chain {(between Cu atoms
in different dimers as well as in the same dimer), and possibly also inter-
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chain interactions, need to bz considered. Hara et al. [267] obtained sus-
ceptibility data similar t¢ those of Maass et al. [265] and applied various
theoretical models for magnetic interactions in chain structures. They con-
cluded that the susceptibility data for KCuCl; could be adequately fitted on
the assumption of inter-dimer exchange integrals about 0.05—0._2 times as
great as those for intra-dimer interaction; both exchange integrals had nega-
tive signs, indicating a singlet ground state arising from antiferromagnetic
coupling of the unpaired spins.

In Me,NH,CuCl,, where inter-dimer interaction is likely to be weaker
(see Fig. 4), Curie—Weiss behaviour is observed down to about 10 K [2687;
below 10 K the susceptibility falls markedly. The data above 10 K could be
equally well interpreted in terms of the Ising mode!l for magnetic interactions
in chains with S=1 and g = 1.84, or with S = 1/2 and g = 2.12; the latter g-
value is more realistic. Various other models were tried, but none was
markedly more successful than another though the authors tended to favour
an Ising chain of interacting dimers with singlet ground states. It is surely
significant that Me;NH,CuCl, reaches a susceptibility maximum at a much
lower temperature than KCuCl,. The compounds differ structurally in that
the dimethylammonium salt has weaker inter-dimer bonding, and the dimers
are significantly distorted from planarity.

Magnetic and ESR measurements on AsPh,CuvCl; [269,270] confirm that
the ground state of the isolated, nanplanar dimers is a spin tripiet, with a
singlet excited state lying some 46 cm™! above the ground state. The three
compounds KCu{Cli, Me,NH,CuCl; and AsPh,CuCl, have exchange integrals
2J of —39, —3 and 46 cm™? respectively, showing a trend from antiferromag-
netic to ferromagnetic behaviour. The inter-dimer interaction diminishes
along this series of compounds, and it is tempting to suggest that trichloro-
cuprates(IT) have a ferromagnetic intra-dimer interaction, upon which is
superimposed an antiferromagnetic inter-dimer exchange. However, there is
recent theoretical evidence for the imporiance of the distortion from
plararity of the dimer. If the two highest-energy cccupied MO's are degen-
erate, a triplet ground state is expected (i.e. ferromagnetic exchange); it can
be shown [208] that the singlet state is stabilized relative to the triplet by an
amount proportional to the square of the energy difference between the twc
orbitals concerned. Extended Hiickel calculations showed that in a planar
Cu,ClZ" dimer, the two orbitals are degenerate if the bridging Cu—CIl—Cu
angle is 90°, but there is a significant splitting as this angle is increased; this
angle is usually about 95° in Cu,Ci?~ ions. However, as the dimer is distorted
from planarity at a constant bridging angle of 85°, the two highest-energy
orbitals cross over with a twist angle between the planes of about 35°, Thus
it is argued that in AsPh,aCuCl, {where the twist angle is 48°) the two orbit-
als are sufficiently close in energy that a triplet ground state is preferred,
while in FlCuCl;, where the dimezss are essentially planar, they are split by an
amount large enough to stabilize the singlet ground state. This analysis is
attractive, but it takes no account of inter-dimer Interactions, and discrep-
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ancies in the description of the ground state of KCuCl; {265,266] have yet
to be cleared up.

Few detailed measurements of ESR spin-Hamiltonian parameters have
been made for trichlorocuprates{Il}). Powder ESR measurements on KCuCl,
[265,266] agreed on an average g-value of 2.16, which seems surprisingly
high for what is essentially a tetragonal octahedral CuCls chromophore. This
has been suparseded by single crystal measurements [ 269] which give g, =
2.057,8,, = 2.08 and g,, = 2.215, leading to g,, = 2.117. An average g-value
of 2.1 was found for Me,NH,CuCl, {268]. AsPh,CuCl; has been the subject
of a most detailed ESR study [269], which yielded gxx = 2.08, g,, = 2.1},
&, =2.32, D=—0.11 cm™! and E = 0.009 cm™'. The average g-value of 2.17
is consistent with the flaitened tet{rahedral coordination of the metal atoms,
and the zerc-field splitting has been discussed in some depth {269].

{v) Other systems

CsCuCl, obeys the Curie—Weiss law down to 55 K, with p. = 1.91 B.M.
{corresponding to g = 2.21} and 6 = —3.,6 K [271]. Below 55 K, the suscep-
tibility falls short of Curie—Weiss behaviour, and a sharp peak in the plot of
heat capacity against temperature is cbserved at 10.4 K, These results are
interpreted in terms of square coplanar CuCl3” ions with linear antiferromag-
netic exchange above 10.4 ¥, and three-dimensional antiferromagnetic ex-
change at lower temperatures. A subsequent study [272] reported single
crystal magnetic anisotropy measurements, which led to g-values of 2.22
paraliel to the ¢ axis (about which the Cu atoms form a spiral chain} and
2.18 paraliel o the g axis. A model which considered infinite linear chains
of § = 1/2 atoms, coupled by zn anisotropic Heisenberg interaction, was
found to fit the data rather well. Down to about 30 K, nearest-neighbour
interactions predeminate: at lower temperatures, three-dimensional interac-
tions between chains become important. The nearest-neighbour exchange
integral 2J is about —6 cm™!. Achiwa {273} used a somewhat different in-
teraction model, and obtained 2J values of between —8 and —10 ¢m™* for
nearest-neighbour exchange, depending on ihe method of calculation. The
single crystal susceptibilities [272] show cusps indicative of long-range order-
ing around 1€ K, consistent with the heat capacity measurements.

The first ieport [142} of the Cu,Cl3~ ion in [Co{en);]JCuCls - H,O included
some measurements: Curie—Weiss behaviour was found in the range {7-—300
K, with u. = 1.88 B.M. and 8 = —1 K. A powder ESR measurement at 77 K
showed evidence of spin—spin coupling; the spectrum could be interpreted
in terms of a triplet ground state dimer. Low-temperature susceptibility
mesgsurements {274] revealed an aniiferromagnetic transition at 15.5 K, lead-
ing to an exchange integral 2J of —17 cm™* for coupling within the dimer.
Analysis of the ESR spectrum gave a zero-field splitting D of about 0.02 cm™*
for the § = 1 dimer. The most detailed study [275] included single crystal
susceptibility data, which produced a revised value for the exchange integral
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2J of —14.7 cm™!. Inclusion of a non-zero exchange integral for inter-dimer
interactions failed Yo improve the fit, and it was concluded that such interac-
tions are negligible. The relatively low symmetry of the anion will make a
detailed theoretical study of the magnetic exchange interactions rather dif-
ficult in this compound; these could well depend on subtleties of bond angles,
etc.

Finally in this section, we note that FeCuCl, {of unknown structure) is
antiferromagnetie, with a Neel temperature of 20 ¥ [20].

H. OTHER PHYSICAL METHODS
(i) Nuclear quadrupole resonance

Nuclear quadrupole resonance {NQR) is, in principle, a usefnl technique
in the study of chlorocuprates(Il), since ?5Cl and *’Cl} have nuclear quadru-
pole moments. The NQR spectrum should distinguish between chemically
non-equivalent Cl atoms in a chlorocuprate(Il), and the NQR frequencies
can be intepreted in terms of the extent to which the Cl atoms are involved
in covalent bonding. Moreover, the NQR measurements can detecl magnetic
ordering at low temparatures.

If we regard the ligands as Ci~ ions which donate pairs of g-electrons to
the metal, the frequencies should increase with the extent of such donation.
However, 7-donation makes a negative contribution to the frequency. Zom-
plications arise with bridging chlorines: the N@R frequency depends on the
bridging angle as well as on the bond strengths, However, given NQR data
for a wide range of chlorocuprates(Il} of known structure, we might hope to
see trends in the NQR frequencies which can be interpreted in terms of -
and #-bonding. Unfortunately, much of the experimental evidence is con-
fusing. One difficulty arises from the temperature dependence of the NQR
frequency [276]. In most halide complexes, the frequencies increase on
cooling; if, in our series of chlorocuprates(Il), the temperature coefficients
were roughly the same in all compounds, meaningful comparisons might be
made. However, the available data [ 266,277—279] are very confusing in this
respect. The temperature coefficients vary considerably in magnitude and,
more importantly, in sign. For a given compound, it is possible for one
frequency to increase on cooling and another to decrease; this happens in
[Co(NH;)sICuCl; [278]. Thus a set of NQR frequencies measured at the |
same temperature are not necessarily corparable. A positive temperature co-
efficient implies strong d,—p, bonding {276]; but attempts to correlate
such coefficients with n-bonding lead to some difficulty. For example, in
KCuCl; [266] the temperature coefficients for all three observed frequencies
are negative between 1.35 and 77 K, particularly for the lowest-frequency
signal which can be assigned, on the basis of Zeeman splitting measurements,
to the bridging chiorines in Cu,Cl : these are believed [188] to be less deeply
involved in m-bonding than the terminal chlorines. But in NH4,CuvCl, [278] the
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three frequencies all have positive temperature coefficients in the range 77—
199 K. Moreover, the lowest-frequency signal {assigned io the bridging chlo-
rines) is found at 11.207 MH=: at 77 K, compared with 9.68 MHz at the same
temperature in the isostructurel KCuCls; it is difficult to account for these
curious reswts. In several tetragonal tetrachlorocuprates(il} A,CuCl,, two
signals are observed af about 10—11 MHz and 12 MHz (at 77 K). The lower-
frequency band varies little with temperature while the other has a moderately
negative temperature coefficient [278]. It is argued [278] that the higher-
frequency signal corresponds to the Cl atoms involved in formation of long
axial Cu-Cl bends, and that the larger-frequency reflects the degree of ¢-
covalency in these bonds; this is estimated to be 0.07—0.16 of the covalency
in the short terminal bonds, and the variation of this NQR frequency with
the known axial bond lengths is rather convincing. However, we need far
more NQR data for chlorocuprates(Il} before the many doubts and incon-
sistencies are resclved. A really systematic study is obstructed by the diffi-
culty in observing NQR signals in many chlorocuprates(il}). Scaife {278] re-
ports the NQR spectra of six chlorocuprates(II} but lists thirteen more for
which signals couid not be observed down to 77 K. Studies at liquid helium
temperature may lhelp, but the short spin-lattice relaxation times present a
serigus problem.

Garrett [ 280] has analysed the NQR spectrum of CsCuCl;; covalency
parameters comparable with those obtained from NMR data were deduced
(see below).

(if} Nuclear magnetic resonance

133Cs resonance has been observed in Cs,CuCls [281]. Nuclear gquadrupole
coupling tenscrs and magnetic snift tensors were determined, and in order to
account for the quadrupole coupling it was necessary {o assume a charge of
about +1.1 on the Cu atom. The paramagnetism of the anion led to large
isotropic (and smaller anisotropic) shifts,

CsCuCl, has been studied by **Ci NMR [282]. It was possible to calculate
the nuclear quadrupole coupling tensors for eacn of the two chemically-equiv-
alent Ci atoms in the crystal, leading tc NQR frequencies of 10.929 MHz for
the symmetrically bridging chlorines and 11.416 for the others. These values
are consistent with the NQR frequencies obtained directly for chlorocu-
prates(1I) {2688,277—279]. Covalency parameters for the singly-occupied MO
on each metal centre were determined, and found to be in good agreement
with those found {204} by MO calculations. **Cu and *Cu lines were also
found in the NMR spectrum.

(iii) Miscellaneous optical studies

Hirotsu [283] has measured the nptical rotatory power and birefringence
of CsCuCl; crystals near the phase transition at 423 K. The optical rotation
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angle decreases slightly on heating and disappears abruptly at 423 K. The
birefringence also undergoes a sharp discontinuity at the phase transition
temperature.

We have already mentioned (Sect. E} the application of magnetic circular
dichroism to the interpretation of the charge transfer spectrum of CuClZ-
[210,211]. MCD is heipful in band assignment since the signs of the param-
eters depend on the symmetries of the ground and excited states. Single-
crystal MCD work could help to solve many problems in chlorocuprate(Il}
spectra.

{iv) Electrical studies

The phase transition at 423 K in CsCuCl; has been studied by electrical
conductivity measurements [183]. A sudden increase in conductivity along
the c-axis is found just below the transition temperature but no such discon-
tinuity is observed along the g-axis. Dielectric constant measurements also
exhibit discontinuities in the vicinity of the transition temperature [183].

(v) Thermal studies

Heat capacity measurements have been employed to detect phase transi-
tions, especially magnetic transition at low temperatures, in chlorocuprates-
(I1}. Studies have been reported on the ferromagnetic (RNH;),Cull, systems
[245,250], CsCull; [271] and (NR,4},CuCl, [284]. In {(NMe,},CuCl,, a plot
of C, vs. T reveals a sharp peak at 270 K, suggesting a phase transition. In
(EtaN),CuCl,, two peaks are observed, at 195 and 260 K. The entropy
changes associated with these transitions have been discussed in terms of the
orientational disordering of the cation and anion [284].

Differential thermal analysis and differential scanning calorimetry have
also been used to study phase transitions in chlorocuprates(1l). Work has
been reported on CsCuCl; [144,145], {Et;NH,;),Cull, [147], (NEt,;},CuCl,
[285] and (p-dimethylaminobenzenediazonium)CuCl; {32].

Thermal conductivity measurements may also reveal phase transitions. In
{MeNH,).CuCl, [247] the plot of conductivity vs, T shows a peak around
the transition temperature of ca. 9 K. The variation of the thermal conduc-
tivity with temperature is in agreement with the predictions of spin—wave
theory for pure magnon conductivity.
~ The thermal expansion coefficient of CsCuCl; shows a discontinuity at
the transition temperature of 423 K [ 2831,

Blake and Cotton [288,28'7] have determined the standard enthalpies of
complexation AH,, ., for CuCl:-. Using thermochemical data for Cs,CuCla,
they found AH_,,, to be —2686 kJ moi~!; the procedure involved the calcu-
lation of the ‘pseudo-lattice enerpgy’ of the compound, which requires assump-
tions concermning the charge distribution. Papatheodorou [288] has reported
detailed thermochemical studies on CsCuCls, Cs;Cull; and Cs3CulCls. Stan-
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dard enthalpies of formation were determined by measurements of the
enthalpies of solution of the salts in the LiCl/KC] eutectic,

(vi) Miscellaneous

The Mossbhauer effect has been used in a study of FeCuCl, [20]. The re-
sults indicate the formulation Fe{II)Cu(I11}Cl, and it is suggested that the
compound has a layer structure similar to FeCl,, with six-coordinate iron
and antiferromagnetic exchange between Cu and Fe atoms. However, nothing
is known about the environment of the copper 2toms.

X-ray photoelectron spectra have been obtained for (NMe,),CuCls and
{(NEt,),CuCl. [ 289]. Binding energies were measured for metal 2p and for
N,C 1s-orbitals. These data are useful in making comparisons with other
.metal tetrahalide complexes, but it is not clear whether such measurements
on chlorocuprates{II) in isolation are likely to be of much value.

I. CHLOROQCUPRATES(II) IN SOLUTION

This article is primarily concerned with crystalline chlorocuprates(Ii),
their structures and physical properties. In this secticn we restrict curselves
to solution work which is directly relevant to solid-state studies and which
concerns genuine chlorocuprate{I} species, as opposed to solvated ions. Our
coverage here it intended to he illustrative, rather than exhaustive,

(i} Agueous soiutions

The stepwise formation constants K,, for the replacement of water by
chloride in the coordination sphere of Cu®" ara rather low; the most recent
work [290] gives K, = 4.0, K, = 4.7, K3 = 1.6 and K, = 0.17. Thus apprecia-
ble concentrations of CuCl3™ are present in solutions containing a large ex-
cess of chloride, but it is ot clear whether this species is related to the CuCls~
found in crystals, or whether it might be a tetragonal octahedral solvated
ion [CuCl,(H,0);]* . Atlempts have been made to analyse the d—d spectra
of solutions containing Cu?” and Cl™ in the hope of detecting chlorocuprate-
(11} species whose spectra are known from solid-state work, Spessard [291]
performed Gaussian analyses of the rather broad, featureless d—d absorption
of such selutions; with chloride ion concentrations below 6M, the spectra
were consistent with mixtures of tetragonal octahedral TCuCl,(H,O)_,]1¥ ™"
species, which seems reasonable. At higher chloride concentrations, the ab-
sorption could he resolved into two bands at 8.5 and 10.8 kK. Spessard
claimed this as evidence for the presence of CuCl3~ ions. However, the higher
energy band in this analysis was several times as intense as the lower energy
band, contrary to the relative intensities of the bands in erystals containing
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CuCl?~. In any case, thermodynamic evidence suggests that CuCl3~ can be
present only in minute quantities in aqueous solutions, even with very high
chloride concentrations. A more realistic assessment [292] proposes that the
hydrated species [CuCl,{H,0)¢_, 1> "*" dominate up to chloride concentra-
tions of about 12 M; at higher concentrations of Gi~, 2,4 CuCl;~ ions can be
detected and at still higher Cl™ concentrations {ca. 20 M), polymeric species,
perhaps hiydrated Cu,CI3;.; ions, are present. These conclusions were based
on the analysis of electronic spectra, but they have support from X-ray dif-
fraction studies of solutions confaining Cu®*" and Cl~ [293,294]. It is still
uncertain, however, whether unhydrated chlorocuprate(Il} anions are ever
presen. in appreciable concentrations in agqueous solution. At any rate, crys-
talline chlorocuprates are generally decomposed by water, although, as pre-
viously noted (Sect. B) they can often be crystallised from aqueous solutions.

(if) Non-aqueous solvents

In most organic solvents, formation constants for the coordination of CI™
to Cu®" are much higher than in water, and in non-coordinating soivents we
may expect to find genuine chlorocuprate(ii} species. In acetonitrile, for ex-
ample, Manahan and Iwamoto [295] found log K, = 9.7, log K, = 7.9, log K3
= 7.1 and log K, = 3.7. This is perhaps not the best example of a non-coordi-
nating solvent; Furlani and Morpurgo [296] studied the electronic spectra of
various chlorocuprates(Il) in CH,CN and CH4NQ,;, and found some evidence
of solvolysis. Even so, they were able to identify the flattened teirahedral
CuCi?- jon in solutions containing excess chloride. The solvolysis is apparent-
ly¥ endothermic; on heating, the absorption bands shift in A manner consis-
tent with a change to a tetragonally-elongated octahedral solvated species.
But the CuCli~ ion seems to adopt the same distorted tetrahedral configura-
tion as it does in the solid state.

Ludwig and Textor [168] claimed spectroscopic evidence for CuClI3 ions
in dichloromethane solutions of trichlorocuprates{1l} with large cations such
as AsPhj. However, the similarity of these spectra to that of the discrete,
non-planar Cu,Cl¢~ dimer (as found in crystalline AsPh,CuCl; and PPh,CuCl;)
must rule out this possibility. It seems fairly clear that chlorocuprates(II)
which contain discrete antons in the solid state will dissolve in non-coordinat-
ing solvents with retention of the essential configuration of the anion.

The nature of the species present in solutions of CuCl, in acetic acid con-
taining excess LiCl has been the subject of some discussion. Eswein et al.
[297] claim that such solutions contain 'Li,CuCL] in two distinct configura-
tions, one with distorted tetrahedral coordination of the copper atoms and
the other with square coplanar coordination; these were characterised by
bands at 22 kK and 26 kK respectively. However, Sawada et al. [298] sug-
gest that the square planar form is actually LiCuCl;. In acetic acid, some
solvation would not be unexpected but the spectra do suggest the presence
of .4 CuCl:i™ ions.
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(iif) Fused selts

The d—d spectrum of Cu?' in the LiCl—KCl eutectic exhibits a maximum
at 9.6 kK, consistent with the presence of flattened CuCl%~ tetrahedra [ 299,
300]. In molten CsCl, and in CuCl,—CsCl—2,4-dichlorobanzylphosphonium
chloride, the ahsorption maximum is observed at 8.0 kK, indicating a less-
flattened tetrahedron [301]. However, in molten AICI; containing Cu*” a
band is observed at 11.6 kK [302]; this is taken to indicate tetragonal octa-
hedral cocrdination, and it is suggested that the absorbing species is Cu(Al,-
Cl,):, i.e. Cl:Al—Cl—AIClL,—Cu—Cl; Al—Cl—AlCl;, with the copper at the
centre of a distorted octahedron of Cl atems formed by two pyramidal AlCl,
groups.
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