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ABSTRACT

The compounds (RuN)zCuBrnCQH_n (R = CH3, bzﬂs; n=1-=-23)
were studied by far infra-red spectroscopy. The fesults, in
conjunction with the evidence of X—fay powder diffraction measure-
ments we reported earlier, show that, within each series, the
mixed bromochlorocuprates(Il) are isomorphous with each other and
with the corresponding compounds where n = 0, 4. There is also
evidence of discrete CuBrnclk_nz_ anions with flattened tetrahedral
configurations.

The assignment problems associated with the vibrational
spectrum of caesium tetrachlorocuprate(II) were'critically discussed.
A unit cell analysis of the compound was performed with two
primary objectives:

(A) to interpret the vibrational spectrum; and

(B) to develop a competent model force field for such study.

The analysis produces a physically sensible set of force constants
which supports one particular set of assignments.

The potential force field developed in the unit cell analysis

of Cs2CuCfy was extended to the study of the vibrations of Cs;ZnCly

crystal with encouraging results.
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ABBREVIATIONS

The common abbreviations used in this work are as follows:

Me methyl .group - CH3
Et "ethyl group - CzHs
Pr propyl group - C3H7
Ph phenyl group - CgHs
X halogen

MO molecular orbital
v stretch

§ deformation

vs very strong

s strong

m medium

w weak

vw very weak

br broad

sh shoulder
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CHAPTER 1 INTRODUCTORY SURVEY OF

CHLOROCUPRATES (I1)

1.1 GENERAL INTRODUCTION

Chlorocuprate(II) compounds of the genefal formuls AxCuyC}Z,z
have received wide-spread and sustained attention over the last tweaty
years. Such d9 copper(II) complexes exhibit intriguing preperties
which hLave no doubt contributed to making them an interesting subject
for magnetic and structural studies as well as a readily accessible
'testing ground' for various theoretical mcdels of bonding and
structure.

Several reviews ! % have been written on chlorocuprates(II},
among which the most recent and most comprehensive is that by Smith!
who has covered the subject up to and including part of 1975. Scarsely
five years have passed, and numerous valuable additions to the
literature are now noticeable. For this reason,as well as the
particular relevance to the topic of this thesis, we present an up-
to-date survey of chlorocuprates(II) in this chapter, beginning
where Smith left off. Emphasis is placed on the experimental
results only, since theoretical discussion, especially in the areas
of spectroscopic and magnetic properties, has already been amply

covered by Smith!l.



1.2  ANION STRUCTURES

Smith' classified chlorocuprates(II) according to structural
types irrespective of stoichiometry (table 1.2.,1). This has the
obvious advantage of avoiding any possible confusion arising from
chlorocuprates(II) of a certain stoichiometry having different types
of structure. For this reason and also for the sake of
consistency, similar classifications are adopted here.

Several new chlorocuprates(II) have been identified cver the
last five years, but only three®”11 have been subject to full X-ray

analysis.

1.2.1  Chlorocuprctes(II) Containing Discrete CuCu? Ions

These are the most thoroughly studied of all chlorccuprates(II).
Until recently, the anion in this category has usually been found to
be a flattened tetrahedron. Smith! has already presented an
excellent discussion regarding the configuration cf the Cuczqz— ion
from the theoretical as well as the experimental viewpoints. It is
clear that while the intrinsic property of a d9 CuC2,2” ion may,
on theoretical grounds, favour a distorted tetrahedral structure,
such distortion could be further enhanced by the physical
properties associated with a crystalline environment. Thus the
effect of crystal forces on the anion geometry was explicitly
considered by McGinnety5—7, while the structures of the high- and
low-temperature forms of (PhCHZCHzNMeHZ)ZCuC248 demonstrate graphicalily
the effect of hydrogen-bonding in stabilising square coplanar CuC£42—

ions.



TABLE

Structural. tvpes of chlorocuprates(II)!

Structural Type

discrete CuCluz— ions:

(a) flattened tetrahedral

(b) square coplanar

tetragonally-elongated

CuClg octahedra
discrete CuC253— ions
dimeric Cuzczez— ions:
(a) 4-coordinate copper
(b) 5-coordinate copper
(c) 6-coordinate copper
others:

(a) dinfinite chains with

face-sharing distorted

CuClg octahedra

(b) Cu2C23“- dimers

Example

Cs2CuCly
(PhCH2 CHpNMeH2 ) 2 CuCl y

(Low temperature form)

(NHy) 2CuCly

[Cr(NH3)glCuCLs

(PhiP) CuCl s
(MepNH) CuC.3

KCuC2 3

CsCuCl 3
[Co(er)3]CuCls.H0

en = 1,2-diaminoethane



The recently characterised tetrachlorocuprates(IIl) are given
in table 1.2.2, of which the X-ray crystal structures of
N-phenylpiperaziniumtetrachlorocuprate(II) and cretininium tetra-
chlorocuprate(II) have been reported. In all the other compounds,
the anion geometries were derived from the indirect evidence of
infra-red and electronic absorption spectra (tablesl.2.4, 1.2.5),

magnetic studies and other characterisation techniques.

The crystal structure® of (NPhipzH,)CuCi, consists of
N-phenylpiperazinium dications and discrete Cuczqz— anions which
show a flattened tetrahedral geometry. The mean of the two larger
C2-Cu-CL angles is ca. 140° while that of the four smaller angles
is ca. 960; the average bond distance is cg. 2.25 X. These represent
a considerable distortion from the regular tetrahedral structure.
While the massive size of tge cation most probably ensures the
observed anion coordination of four, other reasons must be sought
for the degree of flattening of the CuCQHZ— anion geometry.

Battaglia et al.® suggested that this could be attributed to the
effect of crystal packing forces in the form of C2 ... N interactions.
As seen from figure 1.2.1, all four chlorine atoms in each cuce 2™
unit are involved in NH ... C% hydrogen bonds. Other evidence,
spectroscopic as well as magnetic, also confirms such a deduction.

In contrast, the crystal structurel® of creatininium tetra-
chlorocuprate(II) reveals another example of discrete square
coplanar CuC%4?” ion. Prior to this, only one other example of
this kind has been reported , that is the low-temperature form of
(PhCH,CH;NMeH,) 2CuCly; in all the other chlorocuprates(II) with

17724

arguable square coplanar CuCRgZ“ anions » neighbouring C¢



TABLE 1.2.2
Chlorocuprates(II) containing discrete CuCZuz_ ions
Compound Anion Ceometry Reference
(Pide)zCuCiqa distorted tetrahedral 12
b .
(MorphH) 2CuCfy approx. square coplanar 12
e :
(NEtmorphH) 2CuCly distorted tetrahedral 13
d
(Pipz.HCR)2CuCly .approx. square coplanar 14
(Piszp_)CuCh,e distorted tetrahedral 14
(NPhpiszz)CuCRQf distorted tetrzhedral S
(Cret)oCuce,? square coplanar 10
(Dadtl)ZCuCJth distorted tetrahedral 15
(4—chloro-Dmadtl)2CuC2.,+1' distorted tetrahedral 15
(TTF) ,CuCsy? approx. square coplanar 16
(TTF) CuCﬁ,,.,‘7 distorted tetrahedral 16
CH, - Cli
=~
a Pide+ = piperidinium cation, CH, \N+Hz
~ 7~
CHy - CHy
CHp CHz
~
b Morth+ = morpholinium cation, O < N+H2
~ -~
CHp, - CHp
CH» CHy
e NEtmorth+ = N-ethylmorpholinium cation, 0l “SNTHEE
/
CH, - CHo
CHy - CHp
~ .t
d Pisz+ = piperazinium mono-cation, NH/ N Hyp
/
CHy - CHz
. 2+ ) . ) . 4 Oz = Cla 4
e (PipzHp) = piperazinium di-cation, H,N ~ N. Hy



. + . .
f (NPhplpZH2)2 = N-phenylpiperazinium di-cation,

g Cret+ = cretininium cation,

HoN - C + C - NEjp

i (4-chloro-Dmadtl)’ = 4—chloro-3,5-di(Methylamino)~1,2-dithiolylium

cation, CL

|
c
/7 \
+ C - NHMe

C
\ /
S—$

MeNH -

J Copper derivatives of tetrathiafulvalene,

(<



Figure 1.2.1

Projection of the structure of

(NPhpipzHp) CuCl, along [010]9

atoms have been found to occupy octahedral sites at distances
varying between 2.79 - 3.10 R. Smith! has argued strongly that
C% atoms as far away as 3 R are definitely bonded to the ccpper,
both from orbital overlap consideration?’® and the evidence of
electronic spectra which are significantly different for tetragonal
octahedral CuClg chromophores and square coplanar CuCng- ions.

The CuCqu- anion of creatininium tetrachlorocuprate(II) is
centrosymmetric, and the copper atom is surrounded by four CR
afbms in a square planar arrangement; the average Cu~C% bound
distance is 2.251 8 10, The creatininium cation is also approx-

imately planar, and each cation is linked to CuC%y?” units through



hydrogen bonding involving the amino and imino nitrogen atoms

(figure 1.2.2). There is no evidence of axial perturbations of

the Cu atoms; the closest neighbours in axial positions are
0
carbonyl oxygen atoms at distances of ca. 3.64 A which do not

constitute a bonding situation.

Figure 1.2.2

Projection of the unit cell of

creatininium tetrachlorocuprate(ll)lo




The spectral properties of the thermochromic salt,

2628

(Et2NH2) 2CuC4, have intrigued many workers in the past.

29 presented a preliminary report cf

Recently, Harlow and Simonsen
the crystal structure of this compound, and it was shown that three
different types of discrete four~coordinate CuC242” anionms apparently
exist in the crystal; the averages of the two larger C2-Cu-C2

angles associated with each type of anions sre 178, 159 and

145°.  The publication of the full report on this crystal structure

is eagerly awaited.

1.2.2  Chlorocuprates(II) Containing Dimeric CuzClg?” Ions

The recent additions to this category are given in table 1.2.3.
However, no X-ray crystal structure has been repcrted for any of
these compounds; thus, the structural diagnoses must be received

with a certain degree of caution.
TABLE 1.2.3

Chlorocuprates containing discrete Cu2C262- ions

Compound Anion Geometry Reference
(PipdH)CuCl3 near planar dimer 12
(MorphH) CuC®3 near planar dimer 12
(PipzH2)Cu2Clg near planar dimer 14
(NPhpipzH) CuCl3 near planar dimer 9
(Ph,Sb) CuCl3 non-planar dimer 30
(n-PrPh3P) CuCl3* non-planar dimer 20

+
*n-PrPh3P+ = n-(C3Hy) (C¢Hs) 3P cation



10.

It was suggestedg, from the similarity between its solid
electronic spectrum (refer table 1.2.4) and the spectra of the
analogous dimers!, that the structure of (NPhpipzH)CuC%3 consists
of CuzClsz_ dimers with an approximately square-planar configuration.
In particular, a band at 19,050 cm ! was taken to be indicativel
of such a structure. An infra-red tand at 258 cm ! (refer table
1.2.5) was identified as the Cu-C stretching frequency involving
bridging chlorines.

Based on similar grounds, Marcotrigiano et al.l? suggested
that the structures of (PipdH)CuC%j , (MorphH) CuCl3 and (PipzH;)CusCllg
also consist of near square-planar CuZCZGZ- dimers.

Although the compcunds (PhySb)CuCl3 and (n-PrPhzP)CuCfz have
yet to be subject to a full X-ray analysis, it seems most likely that
they contain discrete Cuzczez- ions with strictly four-coordinate
copper, similar to those found in (Pth)CuC)Z;.;31 and (PhyAs)CuC2332,
These previous studies3i’32 have shown that the massive size of
the quaternary phosphonium and arsonium cations are largely
responsible for stabilising the discrete dimers each of which
consists of two distorted tetrahedra sharing an edge. As expected,
the electronic spectra of (Ph,Sb)CuCf3 and (n-PrPhgP)CuCljy are
remarkably similar to those of the tetraphenylphosphonium and tetra-
phenylarsonium analogues. However, Estes et al.30 suggested that
the two groups of compounds are probably not isomorphous on the
evidence of the EPR spectra, in particular the observatior in the
former compounds of the unusually well-resolved rhombic g-tensor
anisotropy; this could not be explained solely on the grounds of the

slight differences in the size of the caticms.



TABLE 1.2.4

Room-temperature (unless otherwise stated) solid

electronic spectra (in cm 1) of chlorocuprate(II) saions

Compound d-d bands C.T. bands Ref
(PipdH) 2CuCly 6620, 25000 12
9710
(NPhpipzHjp) CuCy 8930, 23810 sh, 9
10750 27030
(Dadtl) 2CuCly* 7143, 24691 15
10000
(4-chloro-Dmadtl) CuCly* 8969, 25000 15
11494
(PipzHy) CuCly 6850, 25320 14
9620
(PipzH.HCL) pCuCyy 11490 223810 sh, 4
27400
(PipzH.HCL) pCuCpy at 373° K 6760 sh, 14
10640
(Ph,P) CuCg 3* 8000, 21739, 30
11111 sh 24390,
32258
(Ph,Sb) CuCp 3* 9523, 21739 20
10638 sh 24390 sh
(n-PrPh3P) CuCq 3* 10000 br 22222, 30

25000 sh



Table 1.2.4 continued

(NPhpipzH) CuCy3

(PipdH) CuCL3

(MorphH) CuCt 3

(MorphH) 5 CuCLy

(PipzHp) CupClg

9710 sh,

11110

10870

12500

12200

11690

19050 sh,
24390,
27780 sh
19050 sh,
24100 sh
19230,
24700 sh
22730 sh,
26320
18870,

24390 sh

12.

12

12

14

* The spectra of these compounds are given in nm in the original

papers.



Room-temperature far infra-red powder spectra

TABLE 1.2.5

(in cm-l) of chlorocuprate(II) anions

Compound

(NPhpipzHy) CuCly

(NPhpipzH) CuCl 3

(PipzH.ECL)pCuCly

(PipzHy) CuCly

(Pipziy ) CupCeg

(PipdH) CuC3

(PipdH),CuCh

(Morth) CuCg 3

300

278

292
276
258
298
282
303
264
233
292
273
287
265
237

302

v (Cu-CY)

vs,

w

vs

s

vs
VS,

Vs,

VS,
vs

vs,

}terminal

bridging

172
128
87
166
138
68

182

187

172

183

174

148

160
140

182

§ (C&-Cu-CR)

S,
m,

w*

sh,

vs, br

ms

ms

S,
sh

sh

13.

Ref

14

12

12

12



Table 1.2.5 continued

(MoxrphH) 2 CuCy 295 vs
(Dadtl)CuCly 287 vs,
270 sh
(4-chloro-Dmadtl);CuCly 286 vs,
273 sh

* These are probably lattice modes

181 m
150 m, br
114
157 m,

123 sh

[y
I~
.

12

15

15



15.

1.2.3  Cther Chlorocuprates(II) With Cu-C-Cu Bridges

\
Only one new addition to this category has been reported|';
the tetramethylammonium trichlorocuprate(II), (MeyN)CuC%3. This has

33735

the CsCuCl3-type structure which contains infinite chains

formed by highly distorted CuClg octahedra sharing faces (figure

1.2.3).

FIGURE 1.2.3

Chain structure of the anion in CsCuCfj3-type crystal

ﬁ
. c
CL

-Cu

[ C

CL

Footnote: Cu-CL bond distances of similar magnitude are indicated

by a, b and c.

\)
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1.3 SOLUTION STUDIES

Two recent papers on the solution studies of chlorocuprates(II)
are relevant to this review. One deals solely with the chloro-
copper(II) complexes in aqueous solutions3®, while the other with
halo-copper(II) complexes in acetic acid anhydride37.

Schwing-Weil138 reported earlier the overall stability constants
Bj (Bj = [CuClj(j-z)-]/[Cu2+][Cl_]j) of chloro-copper(Il) complexes
in aqueous solutions as 4.0, 4.7, 1.6 and 0.17 for § =1, 2, 3 and
4, respectively. These represent rather low values, and the formation
of CUCQQZ- species 1s achieved only in solutions containing a large
excess of chloride. An extension of this study was recently
reported by Khan and Schwing—Weill36, in which the refined values
of Bj are given as 4.0, 4.7, 1,96 and 0.23, indicating consistency.
Attempts were made to deduce structural information, from the
calculated electronic spectra, concerning the CuClqz- species
in solution. However, as in previous attempts by other workers!,
the results were rather inconclusive. The authors summed up by
agreeing with Eswein et al.39 and stated that there could be an
equilibrium in solution between cucCfy?” species of Dzd and th
configurations; at the same time, they did not rule out the
possibility of a tetragonally distorted octahedral geometry with
two water molecules coordinated to each CuC2,2 iom.

Previous studies of chloro-copper(II) complexes in non-aqueous
solutions have shown that genuine chlorocuprate(II) species may
indeed exist; Furlani and Morpurgo”o identified the flattened
tetrahedral Cuczqz- ions in acetonitrile and nitromethane solutions

L1

containing excess chloride, while Ludwig and Textor reported
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the presence of moncmeric CuCg3 species in dichloromethane
solution of trichlorocuprates(IIl) with large cations. However,
Smith! rejected the latter claim on the grounds that the electronic
spectra of such CuC%3  species are similar to those of the discrete
non-planar CuzC2~ dimers as found in crystalline (PhyAs)CuCls
and (PhyP)CuCl3, indicating retention of the dimeric anion
configuration in solution.

Recently, Biela and Gazo37 reported a spectrophotometric
study of the system Cu(CR04)2.6H20-LiC2-AA (AA = acetic acid anhydride)
which shows convincingly the presence of CuCZuz— species at high
concentrations of chloride. The absorption spectra in the visible
region of the solution system at C%/Cu ratios from 3 to 10 shows
only a single band at 21,000 cm ! with another band at 11,400 cm !
in the near infra-red region and also a low-intensity band at
ca. 8,800 cm !. On increasing the concentration of chloride, a new
absorption band appears at 25,000 cm ! and the intensity of the
band at 8,800 cm ! increases while the original bands simultaneously
diminish. It was deduced that at C&/Cu ratios less than 10,
only one chloro-copper(II) complex is present while two complexes
exist at higher C%/Cu ratios. The absorption bands at 25,000 cm_1
and 8,800 cm ! could be taken to indicate the presence of flattened
tetrahedral CuClqz_ ions on comparison with the electrocnic spectra

1 could

of CspCuC?y and (MeyN)pCuCly “2, while the band at 21,000 cm
be attributed to CuC23AA  species, which is a solvolysis product
of CuCqu— and zpparently has a strongly distorted tetrahedral

structure.
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Other recent papers related to the studies of chloro-copper(II)
complexes in non-aqueous solutions include those of Sykora et al, #3sh4
(in acetonitrile), Braun*® (in N,N-dimethylformamide), Sasaki
et al.%® (in prorylene carbonate, N,N-dimethyliformamide and
dimethylsulphoxide), Machtinger et al.*”7 (in molten dimethyl
sufone) and Klein and Miller*® (in the micellar system,

cetyldimethylbenzylammonium chloride/benzene).
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1.4  MAGNETIC AND F.S.R. STUDIES

The study of the magnetic properties of chlorccuprates(II)
constantly attracts wide attention. Not surprisingly, numerous
papers on this topic have appeared over the last few years with
some rather interesting results.

Moreno*2250

suggested a general formalism for calculating the
third-order contribution, [G], to the g-temsor, using the MO approach,
and applied to a th CuClqz- complex. His results showed that neither
[G] nor the second-order contributicn [845] from the bonding states,
BZQ and Eg’ is negligible; however, the two tensora cancel each
other out to a considerable extent. Thus the g-tenscrs of the
th complexes can often be explained without a full understanding
of the second- and third-order contributions owing to this fortuitous
cancellation.

Lahiry et al.%1%52 peasured the magnetic susceptibilities
and the temperature dependencies of the magnetic anisotropy constants
of (Me3BzN)2CuCly and (Et3BzN)aCuCly (Bz = benzyl) which have
flattened tetrahedral anions; their results show that the ions in
these two compounds are not magnetically equivalent. Bloembergen53
examined the magnetic contribution to the specific heat of some
layered chlorocuprates(II). Iwashita and Uryu" estimated the
anisotropic exchange constants in [ (NH3CH,CH, ) oNHp JfCuCly]CL using
the spin wave analyses of the magnetic susceptibility.

Magnetic measurements have often been employed as a complementary
characterisation technique; in particular, previous workers have

at times obtained valuable structural information from these

measurements. Thus, the similarity between the magnetic parameters



of K2CuC&y and its dihydrate, K2CuC%y.2H30, was taken to indicate
that both consist of octahedral anions®3*56, Siedle et al.l®
obtained for (TTF),CuCfLy (refer table 1.2.2) the values of

gu = 2,232, g, = 2.053, AH“ = 43G and AH = 41G. From the relatively
narrow lines and the spread of the g values, they suggested a
parallel arrangement of square—plaﬁar Cucz42' units, in the crystal,
which participate in intramolecular exchange; For (TITF)CuCg,, they

obtained g“ = 2.476, g, = 2,123, AH, = 69G and AH | = 175G and

I
suggested, from the line-widths, that there is still appreciable
exchange but the g values are consistent with a flattened tetra-
hedral coordination geometry about copper.

An area of great importance in the magnetic work has been
the study of ferromagnetic intracluster exchanée such as that of
the ferromagnetically coupled CuZCQOZ" dimers in (Phqu)Cu01332.
The magnetic properties of the analogous (Ph,P)CuCg;, (Ph,Sb)CuCyg;
and (n-PrPhiP)CuCgy (refer table 1.2.3) have now been thoroughly
studiea by Estes et al.30, and some interesting results have
emerged. It was found that the ferromagnetic exchange coupling
constants (2J) in these compounds are consistently larger than that
in (PhuAs)CuC23; moreover, the EPR data of the two CuZCzez- ions
with slightly different catioms, (Phqu+) and (n-PrPh3P+), exhibit
the best resolved fully anisotropic triplet-state spectra of any
polycrystalline complexes yet known. Estes et al. further
suggested that the deviations from the simple pair model

observed at very low temperatures are the results of intracluster

rather than intercluster exchange.



21.

One other important paper which appeared earlier (1974)
but was not included in Smith's review! is that by Witteveen®’ on
the magnetic study of the layer-type compounds, including RbaCuCly,
which have the NHyCuCfy-type structurel’. The magnetic properties
of this group of compounds are described by a ferrcmagnetic
intralayer interaction aﬁd a much weaker interlayer interaction.
Witteveen obtained for RbpCuCly g“ = 2.26, g. = 2.06 (g = 2.14),

powder

the antiferromagnetic transition temperature TN = 13.7°K and also

the values fcr the intralayer and interlayer exchange parameters

J/k and J'/k, and the anisotropy fields.
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1.5 OTHER STUDIES

1.5.1 Phase transiticns

There have been several examples1 of the thermochromic
tetrachlorocuprates(II) showing first-order phase transitiaon.
The latest addition to this category is (Pisz.HCR)ZCuClg reported
by Marcotrigiano et al.l, Referring to table 1.2.4, the room-
temperature electronic spectrum of this yellow complex shows a
d-d band at 11,490 cm-l, which the authors consider to be indicative
of an approximately square-planar anion configuration; upon heating
to 80 - 9500, the ccmplex converts to a more intensely coloured
form and the d-d band shifts to a lower energy at 10,640 cm -
with a shoulder at 6,760 cm~1, suggesting a change to a distorted
tetrahedral configurationl. Such a phase transition can be
attributed to a weakening of the hydrogen-bonding netwerk, which
tends to stabilise square-planar CuCng— ions at low temperature,
ds a result of the increasing disorder due to the thermal motion.
It is worth pointing out, however, that all previously reported
chlorocuprates(II) with genuine square coplanar CuClqz- anions are
invariably green in colour, and the corresponding electronic
spectra include a band at ca. 16,000 cm !. These characteristic
features are missing in the room-temperature-phase of
(PipzH.HCH2CuCly which is yellow; thus, the anions are probably
not strictly square-planar, and the phase transition described here

may be of quite a different nature to those previously rveported.



A recent trend in the study of the thermochromic behaviour
of chlorocuprates(II) has been that of pressure effects. Ferraro®®8
suggests that pressure-induced phase transition is facilitated
by a starting solid phase having a distorted structure. Since the
pressure-stable phase is the square-planar configuration, an attempt
was made to show that an increase ig density occurs as the square--
planar structure is approached. Unfortunateiy, the result was less
than spectacular mainly because of insufficient structural para-
meters to demonstrate a trend, and also because the density is
largely determined by the bulk of the cation arnd cnly in part
by the geometry of the CuCRQZ- anion.

Sherren and Ferraro®? described the effect exerted by hydrogen-
bonding on the anion geometry as the 'internal éressure‘. They
presented a systematic study of such intermal and also the external
pressure on the symmetry of the ions MC£425, where M = Mn(1I),
Fe(II), Co(II), Ni(II) and Cu(II). It was found that considerably
less external pressure is required to convert the anions to the
pressure-stable phase if there is some degree of distortion of the
anion geometry due to the internal pressure. In (MeyN),CuCiy, in
which there is no hydrogen-bonding, phase transition was not
achieved altogether. This is rather surprising as the distorted
tetrahedral anions in Cs,CuCf, have been successfully converted
to the square-planar phase at high pressureeo.

Other recent papers dealing with phase transitions in
chlorocuprates(II) include those by Soboleva and Vasil'evab! on
the differential thermal analysis of CsCuC%3, and Sawada et al.62
who discuss birefringence and optical activity measurements as a way

to investigating phase transition that takes place in crystals.
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1.5.2  Nuclear Mugnetic Resonance

The MR of ®3cu®’ in (MeNH3)2CuCRy, (EtNH3)2CuCfs and
CsCuCl3 were observed by pulse methods at 1.75 K63; the
experimental values were compared with the calculated ones using an
ionic model. Also, the Cu2+ hyperfine field directions were
determined by measuring the 63Cu2+ magnetic resonance on a single

crystal of CsCuCf3 in a d.c. magnetic fie1d®".

1.5.3 Dispersion-Induced Circular Dicnroism (DICD)

Schipper65 suggested the use of dispersion-induced circular
dichroism in the assignment of the d-d transitions in Cu(II)
complexes. Both the theoretical and the experimental aspects were
discussed, and the DICD selection rules derived were deemed useful

for spectroscopic assignment.

1.5.4 Theoretical Studies

The electronic spectra of the chlorccuprates(II) have been
interpreted using various theoretical models!. The recent papers
in this area are briefly described here.

To explain the apparent anomaly of the electronic spectrum
of square coplanar CuCZqz- ion, Smith®€ proposes an extension to
the angular overlap model to include the effects cf d-s and d-p
mixing; a satisfactory account of the effects of distant ligands in
tetragonal CuCLg chromophores was obtained. Cruse and GerlochS7
determined from the single-crystal polarised electronic spectrum of

CspyCuCfy the unambiguousvalues for the angular-overlap ligand
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field parameters, e¢. and e,; these were found to be 6,800 and

o}
1,800 cm_l, respectively. Unfortunately, the crystallographic
data’%°7! used in this work were rather out—of-date. McGinnety5
has considerably refined the crystal structure of CsyCuCky whose
anions are shown to be more distorted than previously found. It
is clear that if Cruse and Gerlochbhad used these latest structural
data, their results would have been siginficéntly different.

Smit et al.®® performed ab initio calculation of the charge
distribution and the ligand field splitting in cuc2y?” by means of
the restricted Hartree-Fock method. SCF MO calculations were

reported for CuCRgz- ion at the SCF—Xu level and also at the

ab initio gaussian level using a large basis set®?.
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CHAPTER 2 FAR INFRA-RED STUDIES OF

TETRAALKYLAMMONIUM BROMOCHLOROCUPRATES (I1)

2.1  INTRODUCTION

2.1.1 General

A range of mixed-halide compounds (NEt,),ZnX Y (n=1-23)
n yn

have been characterised and shown to contain discrete tetrahedral

72273 e have earlier carried out some

ZnX Y 2" anions
n y-n

preliminary investigation of the analogous copper(Il) compounds

as well as (NMeu)ZCuBrnCZH_n, and partially characterised them by

means of X-ray powder diffraction measurements ’". In this chapter,

we present the continued studies of these compounds and their

complete characterisation using far infra-red spectroscopy; part

of our results has already been published75.

2.1.2 Review of Mixed Halogenocuprates(II)

Whereas chlorocuprates(II) have been extensively studied ksee
also chapter 1) , much less is known about bromocuprates(II) and
very little work has been done on mixed halogenocuprates(II). This
is rather surprising as the electronic properties of discrete
halocuprate(II) anions with a heterogeneouscoordination sphere
consisting of more than one type of halogen could be cf considerable

76

theoretical interest. Boca successfully applied his extended

maximum overlap approximation (EMOA) method to construct the hybrid
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atomic orbitals in arbitrary molecules of transition metal compounds;
among the molecules or ions he studied were CuCﬁhz—, CuCl3F2-,
cis-CuCRZFéz-, trans-CuCQZFzz-, CuC®F3®”~ and CuF42 .

In table 2.1.1, we give the list of mixed halogenocuprates(II)
reported in the literature to date. While the list is by no means
exhaustive, it is safe to assume that the number of compounds we have
cited here is sufficient to highlight all the'special features
associated with mixed halogenocuprates(II). These are now

surveyed under the following categories.

(1) Types of Ligands

Referring to table 2.1.1, except for KzCuF2C22, all the other
compounds are mixed bromochlorocuprates(II). Incorporation

of I into the coordination sphere of Cu2+ has been rarely
achieved because of the problems associated with the reduction

of Cu2+. Differences in their ionic radii (1.33 i for F, 1.81 X
for 22 and 1.96 2 for Br ) render the F ion incompatible

with either C&~ or Br ions for heterogeneous coordination te
Cu2+. In their preparation of KyCuFyCLz, Witteveen et a1, 8!
also noted the presence of small amounts of KCuFz and KCL in the

sample; hence the composition of the compound is rather

uncertain.

(1i) Types of Catioms

Since the existence of mixed halogenocuprates(II) invariably
implies that of the corresponding homogeneous halocuprates (II),

S |
the cations are similar to those found in the chlorocuprates(II) ~.
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TABLE 2.1.1

List of reported mixed hzlogenocuprates(II)

Compound Reference
(MeaNH)CuBrnCZk_n n=1,2,3 77
[Li(DA),],CuBr, C2,_, n=1,2,3 78
[cr(NHj) g IcuBr,Ce, 79580
(Me,, CHIMH ;) ,CuBxC2 4 26
szCuBrnCRQ_n n=1, 2 57581
K2CuF2C22 81
(MeNH3)2CuBrnC£g_n n=1,2, 3 82

CuBr,Cl, .~ ne=1,2 83541

CuBr, Cl,_ AA~ n=1,2 8L
(Pth)zCuzBrnC£6_n n=2,4 30
(PipdH)2CuBr, CL, ne=1,2 12
(MorphH)2CuBr, C2, n=1, 2 12
(NE tmorphH) 2CuBr, C2, n=1,2,3 13
(PipzH.HCL)2CuBrCL3 14
(PipzH2)CuBr, Ck ne=1,2 14
(NPhpipzH) 2 CuBryCLly 9
(NPhpipzH2 ) CuBrC23 S

Footnote:

The abbreviations adopted for the cations in this table

have been defined in chapter 1.
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In the compounds of table 2.1.1, the range of counter ions
include the simple inorganic cations (K+, Rb+), the complex
inorganic cations ([Li(diacetamide)2]+, [Cr(NH3)6]3+), the
substituted ammonium cations ((Me3NH)+, (MegCHNH3)+, (MENH3)+),
the quaternary phosphonium cations ((Pth)+) and a range of
biologically-active complex organic cations (piperidinium,
morpholinium, N-ethylmorpholinium, piperazinium mono- and di-,

N-phenylpiperazinium mono- and di-cations).

(iii)Methods of Preparation

Most of the mixed halogenocuprates were prevared by crystal-
lisation from the alcoholic solutions containing stoichiometric
amounts of starting reagents, (cation)X and CuX, where X = Br
or CL. However, in their preparation of (Me3NH)2CUBrnClq-n

(n = 1 - 3) by reacting CuBr, and MegNHCL in ethanol, I1l'yukevich
and Shagisultanova 77probab1y derived at the correct

proportions by painstaking trial-and-error approach.

Gentile et al.’8 prepared [Li(DA)Z]ZCuBrnCQQ_n (DA = diacetamide)
using solid-solid interactions. For each synthesis, exact
stoichiometric quantities of the starting materials (LiCg.2DA,
LiBr.2DA, CuC%,, CuBr,) were ground to form a paste with

water and dried Zm vacuo to yield the anhydrous product. The
preparation57:81 of RbpCuBr €2 _ (n = 1, 2) using solid-solid
interactions requires a more drastic experimental condition.
This involved melting stoichiometric qunatities of starting
materials for two days at 600°C in an evacuated, sealed silica
tube and annealed afterwards at temperatures of 50 - 100°C below

the melting point of the desired product for two weeks.



(iv)

300

Biela et al.82 employed various methods to prepare
(MeNHa)zCuBrnclq_n (n = 1 - 3). They reported that for n = 1
the product could be obtained by the oxidation of (MeNHj3),CuClj3
with bromine vapour at room temperature for 48 hours. It

was also found that solid-solid interactions of CuCf%3,

CuBry, MeNHp.HC% and/or MeNH;.HBr would not proceed in the
absence of air moisture; in such a case; only a mechanical
mixture of the starting materials was obteined. However, if
CuCf,.2H20 is used, or when the compounds are ground in air,

bromochlorocuprates(II) are obtained.

Characterisation and Structural Studies

The reported mixed halogenocuprates(II) were mostly characterised
by X-ray powder diffraction and electronic absorption spectroscopy.
Some workers? also employed the differential scanning
calorimetric analysis; only a sharp endothermic peak correspcnding
to their melting point should be indicated if the products are
true compounds and not mixtures. In some cases, structurai
information could be obtained from the nature of the products
obtained. Thus, within the series [Li(DA)2]2[CuBrnC£u_n], two
different species were obtained for n = 2 depending on the

choice of starting materials; the brown isomer, designated
[Li(DA)212[CuCl2Br2], was formed from CuCf2 and 2LiBr.2DA

whereas the green isomer, [Li(DA)212[CuBrpCL2], was formed from
CuBrp and 2LiC2.2DA. Based on this evidence as well as the
studies of absorption spectra, Gentile et al.78 concluded that
these mixed bromochlorocuprates(II) (n = 1 - 3) are of square-

planar or octahedral rather than tetrahedral configurationms.



The compounds (MeNH3)2CuBrnczq_n (zx = 1 - 3) were shown 82 to be
isomorphous to each other by ¥-ray powder diffraction; for

n =1, 2, the evidence of electronic absorption spectra
indicates that their structures are similar to that of

(MeNH3) 2CuCly whose anion is approximately planar with weak
axial perturbations!”’. However, unlike the [Li(DA)2]2[cCuXoYz],
no evidence of the formation of cis- and-trans- isomers was
found for (MeNH3)oCuBraCls.

It is worth noting that the mixed halogenocuprates(II) are

7
9,80 reported

not 8ll of ordered structures. Raymond et al.
a dark-red compound of composition [Cr(NH3)g]CuBr3Cip; their
preliminary investigation led to a conclusion of ordered
structure79, however, subsequent structure determination

revealed that there was random disorder, in the crystal, of
bromine and chlorine atoms between axial and equitorial positiomns.
It was also reported that salts contalnirg anicns of the
stoichiometry CuBrnCRS_n3— were generally obtainable; however,
in these cases, 7 was non-integral and continuously variable,
and disorder of the halides was evident.

Witteveen et al.>7»8l carried out a detailed structural
investigation of the compounds RbZCuBrnCEq_n (n =0 - 2) and
showed that these have the (NHu)chczu structurel?, a

deformation of the KoNiFy, structure (figure 2.1.1). A significant

result of their studies is that the expected ordering between

Br and C2 atoms in RboCuBrCf3 and RbpCuBrCl, was confirmed.



Figure 2.1.1 32.

Structure of K,NiF,57°81

o =Ni
O =F
© =K

Referring to figure 2.1.1, two different crystallographic sites
exist for the halogen atom. It was argued that the Br atom,
being larger than C? and hence more pclarizable, would prefer
positions 1 and 2 where it is coordinated by five Rb atoms and
one Cu atom, and the linear configuration is Rb-Br-Cu. A less
favouratle situation arises if Br substitution takes place at
positions 3 and 4 where it would be coordinated by four Rb and
two Cu atoms, and the linear configuration is Cu-Br-Cu. Thus,
it is expected that in RbyCuBryCf,, where one-half of C2 atoms

are replaced by Br atoms, the anion structure should be in the



form of (CuC&,Bry) octahedra with C{ atoms occupying the
equitorial positions (sites 3 and 4) and the Br atoms
occupying the axial positions (sites 1 and 2). In the case

of Rb,CuBrCL3, two possible structures could be expected:

(4) equal number of (CuCfg) and (CuCLyBry) octahedra;
(B) only (CuCfsBr) octahedra in which Br atoms always

occupy the axial positiouns.

Witteveen et al.8! were able to show that Rb;CuBr,Cq, has the
expected structure with ordered (CuCgyBr,) octahedra, and that
in Rb,CuBrCgj3, both (CuClg) and (CuCe,Brp) octahedra are
present in 1:1 ratio and probably randomly distributed through
the lattice. There was no evidence of ordered structure in

the form of (CuClgBr) octahedra. The same group of workers 81
also reported a successful synthesis of K,;CuF,C¢, but no
structural analysis.

Mixed halogenocuprates(II) in solutions have also been reported.
Kompisova and Gazo 83 showed by electrochemical methods the
presence of complex iomns CuBrnC23_n— (n =0~ 3) and
CuBrnczq_nz— (n = 0 - 4) in the system Cu2+-C2_-Br-—acetone.
Earlier, Biela et al8% reported a spectrophotometric study of
the system Cu(CR0,),.6Hy0-LiCe-LiBr-AA (AA = acetic acid
anhydride) in which the complex ions CuCQ3AA-, CuBrszAA-,
CuBr,C2AA~ and CuBr3AA~ were present in equilibrium at X/Cu
ratio of 3 (X = C2 + Br). The abscrption spectra in the near
infra-red region of the solutions containing verying Br:C{ ratios

were quite similar to those of CuCf3AA” and CuBr3AA™, all showing



an absorption band at 11,500 cm !; this was taken to indicate
that the symmetry of the complex anion CuanS-n— was not
substantially affected by changes in the coordination sphere.
Ludwig and Textor*! also detected the presence of CuBrnCR3_n-
specles in the system Cu2+-Br-—CZ-—CH2C22; their studies
showed that the stability of these complexes decreases in

the order CuBr3 > CuBraC% > CuBrCf > CuCf3 . This is in
the opposite order to that reported77 for the CuBrnczu_nz-
complex ions in acetone.

Nevertheless, the existence of monomeric CuX3 species, even
in solution, deserves more careful investigation. When
isolated from the solution as their complex salts of the type
(cation)XuX,, the anions were invariably shown 3Cs31  to
exist as dimers Cuzxsz-. Estes et al.30 , in the course of
their studies of such dimeric species containing halogen
bridges between copper(II) ions, prepared and characterised
the Pth+ complexes of mixed halides, (Pth)ZCuzBrnCQG_n
(n =0, 2, 4, 6). The studies of their electronic spectra in
the near infra-red and the visible regions led to the
suggestion that the Cu2+ ions are in a distorted tetrahedral
environment in the mixed-halide species. From the magnetic
data as well as the far infra-red spectra of the mixed-

halide compounds in the region of Cu-C% stretching frequencies,
it was further deduced that the bridging units involve
chloride ions only.

Very recently, Marcotrigiano et-al?’lz'lﬁrepared a wide range

of mixed bromochlorocuprates(II) using a variety of biologically-

active organic cations which differ in their sizes or hydrogen-



35.

bonding abilities. Characterisation was carried out by means
of far infra-red, infra-red and near infra-red spectroscopy,
magnetic moments and conductivity measurements. Various
geometries of the anions were obtained; these could generally
be explained in terms of the effects of size or hydrogen-
bonding due to the cations. The piperidinium cation and

the morpholinium cation have nearly identical dimensions, but
the latter is recognised to have greater hydrogen-bonding ability.
Thus, the aniQns in (MorphH)2CuCLy and (MorphH),CuBrCL3 are
found to be nearly square-planar while the CuBr2C222- anion
in (MorphH)2CuBryCL2 has a distorted tetrahedral structure
since the decrease in the number of CL atoms causes an
increase in the disorder of the hydrogen-bonding. 1In
(Pide)zCuBrnCRM_n (n =1, 2), all the anions have distorted
tetrahedral structure. The studies of the hydrogen-bonding
effect on the anion geometry was extended to the bromochlcrc-
cuprates(II) of piperazinium mono- and di- cations, and
consistent results were obtained !*. The interesting compound
in this series is the thermochromic salt, (PipzH.HC2),CuBrCij3
which changes from a red-orange colour at room temperature to
a more intense colour upon heating to 80 - 95°C, and the
accompanying electronic spectrum shifts to longer wavelengths
of the d-d transitions. This indicates a phase transition
involving a change in the coordination geometry, from the
near square-planar to the distorted tetrahedral, induced by a
weakening of the hydrogen-bonding network as a rgsult of

the increasing disorder due to the thermal motion. The study

of the size effect was carried out with compounds of
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N-phenylpiperazinium mono- and di- cations9 as well as

N-ethylmorpholinium cation '3 . The prediction of distorted
tetrahedral anions as a result of having such bulky cations
was largely realized experimentally, and a dimeric species

CuquClzz- was found with the N-phenylpiperazinium mono-

cation.

Summary

Various methods have been employed in the preparation of mixed
halogenocuprates(II). Characterisation of the products was
largely carried out by means of X-ray powder diffraction and
electronic absorption spectroscopy. To date, structural
studies and the effects of the cations on the anion geometries
have been the focus of interest.

It is seen from table 2.1.1 that where the compounds are
prepared as a series of the same cation, there are sometimes
noticeable gepswith compounds missing, especially when n > 2,
Presumably, increasing Br content causes structural disorder

in these cases. Where ordered structures do exist in a

.. bromochlorocuprate(II), increasing substitution of the C{ atoms

by Br has been found to be disruptive to the NH ... C&

hydrogen-bonding network, giving rise to distorted tetrahedral

anionslz.

In conclusion, it is clear from this survey that the studies
of mixed halogenocuprates(II) have only begun to receive
attention since the turn of the decade. In the light of the
ever-increasing interest in homogeneous halocuprates(II), the

studies of the mixed-halide compounds provide a refreshingly
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new but closely related area of research which could prove
both interesting and fruitful as is evident from the works of
Witteveen et al.>728! and Marcotrigiano et al.9»12714

Areas which remain to be further explored include the vast
field of theoretical and experimental magnetic studies

which have recently attracted\workers such as Zaspel and

Drumheller 85.
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2.2  EXPERIMENTAL

The compounds were prepared by dissolving anhydrous cupric
bromide, cupric chloride, tetraalkylammonium bromide and tetraalkyl-
ammonium chloride in ethanol#*, in tbe appropriate stoichiometric
proportions; the products were recovered by removal of the solvent
in a rotary evaporatcr. In all cases, the prcducts were recrystallised
at least once from alcohol. The bromotrichlorocuprates(II)
appeared red, the dibromodichlorocuprates(II) deep purple, and the
tribromochlorocuprates(II) black.

As described before7“, the compounds could be analysed for
copper using the atomic absorption method, for carbton, hydreogen
and nitrogen using micro-analytical techniques and for halogens using
gravimetric analyses. In the present work, only the last analyses
were carried out since there was no apparent irregularity in the
method of preparation, and the products were obtained in a straight-
forward manner as before. The results are shown in table 2.2.1.

It is noted that although satisfactory element analyses were
obtained for all the products, they do not materially assist in
their characterisation. In order to obtain samples which were
free from ethanol, it was necessary to remove the solvent completely
by evaporation; since no other volatile products were present, the
analytical results reflect the purity of the starting materials

and the errors inherent in the analytical methods, rather than the

purity of the product.

* In the case cf tetramethylarmonium bromide, addition of methanol

was necessary to enhance solubility.



TABLE 2.2.1

Gravimetric analyses for halogen in

(NRQ)ZCuBrnCRH_n§ R=Me, Et, n=0 - 4

% Halogen
Calc

(MeyN) 2CuCly 40,10

(MeyN)2CuBrCe3 46.79

(MeyN) 2CuBr,CLy 52.13

(MeyN) 2 CuBr3CQ 56.50

(MeyN) ,CuBry, 60.14

(EtyN) 2CuCly 30.44

(EtyN) 2CuBrCeg3 36.50

(EtyN)2CuBr,CLy 41.59

(EtyN) ,CuBr3Ca 45.92

(EtyN) o, CuBry, 49.66

Expt

39.39
44.75
51.03
55.21

559.61

39.
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X-ray powler diffraction measurements were made on a Fhillips
PW 1130 X-ray spectrometer, copper Ka radiation being used. These
appeared identical to those reported earlier /% and hence confirmed
that similar products had been obtained.

The infra-red spectra were measured at room temperature as
Nujol mulls, on a Perkin-Elmer 180 spectrophotometer which was
thoroughly purged with dry nitrogen. Poiythene cell windows were
used as these are transparent in the far infra-red regicn (below
300 cm !). Only low-resclution spectra were measured, and the

band positions were accurate to * 2 cm 1,

In 211 cases the
Cu-halogen stretching frequencies were readily distinguishabie
(between 150-300 cm-l). The same cannot be said of the bending
frequencies. These were much less clearly observed since they were

partly obscured by broad, poorly resolved lattice mode absorption

below 100 cm !.
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2.3  RESULTS AND DISCUSSION

The compounds of compositions (NRq)zCuBrncﬁq_r (n=1 -3)
were isolated with little experimental difficulty. However,

these do not necessarily contain discrete CuBrn02 2~ fons. Such

b-n
a product could be a mixture of the tetrabromo-and tetrachlorocuprate(II),
or might be a compound containing discrete CuBry? and CuC%y?” ions
in the ration : (4 - n). There is also the possibility of a
disordered structure, with a more or less random distribution of
bromide and chloride ligands about the metal ions. It appeals
to reason that X-ray powder diffraction patterns should reveal the
presence of mixtures, while far infra-red spectra in the metal-
halogen stretching and bending region (100-300 em 1) may indicate
the nature of the anionic species present.

In our earlier work7h, the X-ray powder diffraction results
showed quite clearly that the products were not mixtures of
(NRy) 2CuBry and (NRy)2CuCfy; the powder patterns of such mixtures
showed, as expected, lines due to both components. In contrast, the
lines observed in the mixed halide products were distinctively
unique. In the tetramethylammonium series (n = 0 - 4), there is an
almost perfect line-for-line correspondence. Since (NMey) o CuCly
is known86 to crystallise in the orthorhombic space group
ana(Dzhls), the tetramethylammonium compounds constitute an
isomorphous series in this space group. Similarly, the tetraethyli-
ammonium compounds are isomorphous with (NEty);CuCly which belongs

to the tetragonal space group P4/nmm(th7)87,
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Ve also measured the diffuse reflectance spectra of the
compounds in the near infra-red75; these appeared closely similar
to one another, with a bread band at about 9C00 cm 1. This shows
that all the compounds contain discrete CuBrnCQQ_nzu anions, with
the flattened tetrahedral configuration. However, since bromide
appears to be very much like chloride in its crystal field
splitting effects in copper(II) compounds®®, the d-d spectra give
little other information about the anions.

The room-temperature low-resolution far infra-red spectra

of (NR“)ZCuBrnCQH_ (R = Et, Me; n = 0 - 4) have now been measured

7
during the course of this work. Their frequencies as given in

table 2.3.1 are classified into Cu~-Cf stretches; Cu-Br stretches and
X-Cu-Y deformations where X,Y = Br or CX.

Referring to table 2.3.1, the spectra of the tetraethylammonium

compounds can be satisfactorily interpreted within the isclated-

2—

ion approximation in terms of flattened tetrahedral CuBrnCRQ_n

ions, particularly in the copper-halogen stretching region; such a
configuration is indicated by the diffuse reflectance spectra as
discussed earlier. The CuCluz- and CuBry2” znions may be taken to
have Dzd syrmetry; CuBr0232_ and CuBrgczz— are likely to have CS
symmetry while CuBrzCZzz- is expected to be approximately sz.
Thus, within the isolated-ion approximation, the infra-red

selection rules predict the following copper-halogen stretching modes:

CuC%y?” : two Cu-CL stretches (b, and e);
CuBrCl32—: three Cu-C% stretches (2a’ and a') and

one Cu-Br stretch (a');



TABLE 2.3.1

Far infra-red spectra (80-300 cm 1) of (NRy) 2CuBr, CL 3 R=Et and Me, n = 0 - 4

compound

(NEty) 2CuCly
(NEty) 2CuBrCeg
(NEty) 2CuBroCls
(NEty) 2CuBr3Cl
(NEt ) 2CuBry,
(NMey) 2CuCly
(NMey) oCuBxCL3
(NMey) 2CuBraCLo
(NMey) o CuBr3CR

(NMeL,) 2CuBrL,

265

271

272

276
279
275

273

v(Cu-CL)

S,

S,

243 m

255

sh

sh

S,

sh

sh

234 m

186

m

v(Cu-Br)

185 s (br)

208

210

199
207
213

212

8,

S,

Wy

17l m

172 m

186 m, 179 m

sh, 197 s, 165 m

S,

S,

204 sh, 166 m

164 m

§ (X-Cu-Y)
113 w, 116 m
109 =
100 m (br)

88 m (br)

85 m
143 s, 126 s
118 m
116 m
100 m
87 s

e
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CuBryC% : two Cu-C% stretches (a; and b,) and
two Cu-Br stretches (g; and b);
CuBr3C2? : one Cu-Cg stretch (gq') and
three Cu-Br stretches (2g' and g");

Cuquz— : two Cu-Br stretches (b, and g).

There appeared little doubt that these predictions are largely
fulfilled in the tetraethylammonium compounds. The frequencies
we measured for (EtyN),CuC2, and (Et,N),CuBr, agree satisfactorily
with those previously reported89 for the same compounds; these
correpsond nicely to an interpretation in Dzd symmetyy cf the aniomns.
In (NEt,),CuBr,Ce,, rather pcor resoluticn was obtained in the
Cu-Br stretching region and only the centre of gravity of this
band was reported. However, this band is so broad that it is
conceivable that two bands are enveloped in it. Thus, the spectrum

could be interpreted in terms of & C v symmetry for the CuBrZCQZZ—

2
anion. It is noted that no possible isomers should exist if
CuBr,Cg,2 is a discrete entity with flattened tetrahedral structure;
and indeed, all the evidences point to there being only one form of
such an anion. The spectra of the tetraethylammonium salts containing
CuBrC232- and CuBr3C£2- anions showed one less band in the

Cu-halogen stretching region than could be interpreted in terms of

Cs symmetry. However, poor resolution or accidental degeneracy of

two bands could be the reasons why the splitting of the Dzd e modes

is not observed in such anions. In figure 2.3.1, the spectra for

the series of compounds, (NEt“)ZCUBrnczq-n (n = 0 - 4), are given.

As these were measured under different conditions for optimal quality,

valid comparison can only be made on their relative band positions

and not on the relative intensities across the spectra.



Figure 2.3.1

Far infra-red spectra of (NEt,), CuBr, Ci

s N= 0-4

4-n’?

(NEty) pCuBrCey

B = (NEty)oCuCly

C = (NEty)oCuBry
D = (NEty),CuBryCey
E = (NEty)2CuBr3Ct

*GY
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The spectra of the tetramethylammonium compounds cannot be
simply interpreted in terms of the isolated-ion approximation.
Referring to table 2.3.1 again, more bands are observed than would be
predicted. This might be taken to indicate that these are not pure
homogeneous compounds and that there is disorder of the halides
around the metal ions. However, there are other pcssible explanations
for the apparently excessive number of bands. Factor group splitting
is expected to be more marked in the tetramethylammonium compounds;
the smaller cation, relative to thN+ cation, should lead to stronger
cation-anion and anicn-anion interactions. In the low-temperature,
polarised single-crystal reflectance spectrum ol (NMe“)ZCuC2q9°,
the higher isolated-ion stretchirg mode v(e) is seen to be split
by ca. 10 cm 1. Even after allowing for factor group splitting,
there are too many bands in some of the compounds. In (NMe,),CuBrCgg,
three bands are observed in the Cu-Br stretching region; factor
group analysis predicts only two. Such 'extra' bands have also
been observed in the high-resolution spectrum of (liMe,),CuCq,,
and were attributed to small rotational displacements of the anions,
removing some of the mirror planes in the urnit cel190, 1t should
also be ncoted that X-ray analysis reveals a tripling of the unit
cell along the g-axis in this compOundBG. This may nct be very
significant from the crystallographic point of view, but could have
important implications for the interpretation of spectra.

Thus, the infra-red spectra of the tetramethylammonium compounds
fail to provide any firm evidence for the presence of only one type
of anion in each mixed-halide product. However, it is not possible

to interpret the infra-red spectra on the basis that each mixed-halide
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system contains more than one type of anion, assuming that each
bromochlorocuprate(lI) anion has a unique spectrum whose features
should be evident in any compound which contains it to any great
extent. A mull sample as prepared by grinding an approximately
1:1 mixture of (EtyN)2CuCly and (Etyl)2CuBry produced an infra-
spectrum closely similar to one by sSuperimposing the spectra due
to both compounds; in contrast, the spectrum of (EtyN)yCuBr,CLp
exhibits distinctive features which could be interpreted in terms

of approximately'CEv symmetry of the CuBr2C222- anion.
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2.4 CONCLUSION

We report two new series of bromcchlorocuprates(II) in
(NMeu)zCuErnCRQ_n and (Nth)zCuBrnClq_n(n =1, 2, 3). These were
characterised by X-ray powder d:'L:(:'frgction’n+ and far infra-red
spectroscopy. Within each series, the compounds are isomorphous
with each other and with the corresponding compounds where n = 0, 4.

2= anions, with flattened

All the compounds contain CuBrnCQQ_
tetrahedral configurations. 1In particular, the tetraethylammonium
compounds appear to contain discrete CuBrnCZH_nz- anions with
ordered structures, no doubt due to the bulky and hence highly
stabilising Nth+ cations °l. 1In the tetramethylammonium compounds
less is knowvn about the nature of the anions; however, 1t appears
plausible that lattice interactions are more pronounced here,
rendering an interpretation within the isolated-ion approximaticn
relatively inappropriate.

During the course of this work, our attention was drawn to
the assignment problems of the vibrational spectra of tetrachloro-
cuprates(II). We would have liked to interpret the infra-red
spectra of our compounds in more detail; however, such attempts
were restricted by insufficient experimental basis as well as the
rather obscure literature in this area. Insofar as the spectra
on polycrystalline samples are concerned, splitting of the tetra-
hedral t, modes is evident in the CuCluz- anion; however, no attempt
has been made to identify the (b + e) modes which are the

corresponding vibrations under Lﬁdsymmetry. In principle,

experimental evidence such as that provided by the single-crystal
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vibrational spectra should lead to unequivocal assignment of the
crystal modes which could then be correlated with the isolated-ion
modes. Our research into the literature revealed that rather
confusing and sometimes contradictory assignments of the single-
crystal vibrational spectra of tetrachlorocuprates(II) have been
reported; these problems are discussed in chapter 3. We propose
that, in the absence of conclusive experimental evidence, normal
coordinate analysis could be useful as a tool to derive the correct
assignment. Investigations into this area are detailed in the

ensuing chapters.
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CHAPTER 3 NORMAL COORDINATE ANALYSIS OF ISOLATED CuCluz_ ION

3.1  INTRODUCTION

Of all the reported chlorocuprates(II),1 caesium tetrachloro-
cuprate(II), CszCuCly, in particular, has béen most thoroughly
studied. Its crystal structure has been determined and refined
three times in the past70’71’5; its magnetic properties (including

67592798,
]

e.s.r. spectra) have been minutely examined its electronic

spectrum, both in the ligand field and charge transfer regions, has

199‘101 166,102-107

been the subject of much experimenta and theoreticea
work; its infra-red and Raman spectra have been measuredlog"113; and
it has been the subject of thermochemicall 147116 133¢g n.m.r.llz

50 studies. 1In

35¢1 n.q.r.!!8and high pressure optical absorption
view of the great interest in this compound, it is noteworthy that
the interpretation of its vibrational spectrum remains a contro-

versial issue. In this section, we shall discuss in detail the

assignment problems associated with the vibrational spectrum of

Cs2CuCiy .

3.1.1  CuCy?2” Anion in CspCuCly

In his comprehensive review on the subject, Smith! saw fit to
classify chlorocuprates(II) into various structural types
irrespective of stoichiometry. Thus, CspCuCfy belongs to the

category of chlorocuprates(II) containing discrete cuc2y?” ioms.
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Within this category, the geometry of an anion about the central
copper atom approximates a flattened tetrahedron (figure 3.1.1)
in which two C2-Cu-C% angles, 6, are larger than the tetrahedral
angle of 109.5° while four C%-Cu-C4% angles, ¢, are smaller than
109.5°. By convention, 6 provides a measure of the extent of

distortion of CuC242- anions from the regular tetrahedral symmetry.

Figure 3.1.1

Flattened tetrahedral structure of a CuCIf- ion

® Copper atom

OChlorine atom

In practice, the geometrical parameters in a discrete CuC£42- ion
very seldom correspond exactly to a regular flattened tetrahedron.
However, to a good approximation, the bond lengths and bond angles

(6, ¢) can be averaged so that an idealised Dzd symmetry is achieved.
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CspCuCly crystallises in the orthorhombic space group
ana-Dzh}%Z=4)5. The CuClqz_ ions are discrete, and they are of
approximately Dzd symmetry although the site symmetry at the Cu
atoms is strictly Cs' The mean of the two larger C%-Cu-Cf angles,
6, is 129.20, while the four smaller angles, ¢, have a mean value of
100.6° (refer figure 3.1.1). The méan Cu-C2 bond length is 2.23 R.

Smaller alkali metal counter ions like RE+ and K+ can only
stabilise tetragonally-elongated CuClg octahedra, each of which has
four short Cu-C% bonds and two long bonds. In the absence of
hydrogen bonding here, the size of the counter ions is the dominant
factor governing the coordination geometry of the CuCZqz- ioms.
Thus, Cs+ cation possibly represents, by virtue of its size, the
lower limit of all simple inorganic cations that stabilise discrete

D,, cuC2y2” anionms.

3.1.2 Isolated-Icn Modes

For an isolated CuCf,? ion with idealised Dzd symmetry, group
theoretical methods show that the irreducible representations of the
fundamental modes are (2a; + by + 2b, + 2¢). Hence, in accordance
with the vibrational selection rules, we expect in the infra-red two
stretching modes, v(e) and v(b,), with bending modes é(e) and §(by)
at lower energy. In addition, there is the Raman-active stretching
mode, v(a;), and the Raman-active bending modes §(a;) and §(b;).

The correlation between the fundamental modes of idealised Td’ DZd

and D#h symmetries for a MX, species is as shown in figure 3.1.2.



Figure 3.1.2

CORRELATION TABLE FOR MX, SPECIES
OF SYMMETRIES Tq. D,4 & Dapy

Ty D,q D.h
A, 2A, Aig
Big
/
E B, , 8
— A,y
252/

53.
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When the %, modes of tetrahedral symmetry split under D2d
symmetry, it is not immediately apparent which of the b, and e
modes should be higher in energy. However, if the experimental
evidence, such as from the vibrational spectum, is unambiguous, the
order can usually be unravelled without much difficulty. Sherren

and Ferraro59

argued qualitatively £hat under D2d symmetry the v(e)
mode should always be higher in energy than Q(bz) because, with
further symmetry degradation to the th symmetry, the latter mode
becomes an out-of-plane bending mecde, G(aZu), of lower energy while
the former becomes a v(au) mode of almost equal ernergy. A serious
flaw of this argument is, of course, that v(by) mode of Dzd symme try
does not ceorrelate with G(aZu) mode of th but indeed with v(blg)
mode.

Nevertheless, similar qualitative arguments can be extended in
support of the ordering v(e) higher than v(by). In the infra-red
spectra of tetrachlorocuprates(II) containing discrete D2d anions,
the higher-energy band in the Cu-Cf stretchirng region is always
the more intensel. This would suggest its assignment to v(e) rather
than v(b,), particularly when it is noted that the latter correlates
with the Raman-active v(blg) mode in the limit of square coplanarity
(Duh)' If we imagine that the isolated-ion v(%;) stretching mode in
a tetrahedral anion consists of three degenerate bands of equal
intensity, then a slight distortion towards Dzd symmetry by flattening
the tetrahedron just to the point where v(e) and v(b,) can be resolved
should lead to the observation in the infra-red two bands whose
relative intensities are in the ratio 2:1. As the tetrahedron is
further distorted towards D2d symmetry, this intensity ratio should

increase to infinity in the limit of square coplanarity. However,
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it is not necessarily obvious that this intensity ratio between
v(e) and v(by) should increase monotonically although a reversal of
their relative intensities at some point between Td and th would

be surprising. It appearsllg;zot

hat in square coplanar molecules
and ions, v(eu), which correlates with v(e) in Dzd’ is always found
at higher energy than v(blg). It is therefore reasonable to
suppose that v(¢) > v(ba) in Dzd if the splitting of the tetrahedral
v(t2) increases monotonically as the tetrahedron is flattened towards
th. The vibrational spectrum of the discrete, square coplanar
CuClqz- ion has yet to be analysed in detail, but in (MeNHg3)o2CuCly,
which contains planar CuCZqz_ ions linked by long axial Cu-Cg% bonds,
bands around 190 cm ! in the Raman spectrum have lLeen associated with
the isolated ion v(blg)11% and in studies of pressure effects on
the structures of chlorocuprates(Il), the appearance of a band
around 180 cm ! has been taken to indicate a transition to a phase
containing square coplanar anions 121, It would appear that in square
coplanar CUCRQZ- ion, v(eu) lies some 60-80 cm ! higher in energy than
v(blg), so that in CspCuCly, where 6 is 129.2° compared with 109.5°
for Td symmetry and 180° for th, we might reasonably expect v(e)
to be some 20-30 cm ! higher in energy than v(by).

Such qualitative arguments cannot be justifiably extended to
the bending region of the vibrational spectra. The bending modes
of chlorocuprates(II) usually lie below 150 cm * k and interactions

with the lattice modes are a distinct possibility. Only experimental

evidence can shed some light as to their proper assignments.



56.

Isolated-ion modes are usually obtained experimentally from
low-resolution spectra on polycrystalline material. In high-
resolution measurements on single crystals, factor group perturbaticns
may lead to a large number of bands. Figure 3.1.3 shows the
correlation of Dzd icn modes with the site group Cs and the factor

group Dzh’ as 1s relevant to CSZCuCiq crystald.

3.1.3 Observed Vibrational Frequencies

Chlorocuprate(II) anion vibrations occur in the far infra-red
region1 , usually below 300 cm !. Work in this low-energy region
was technically difficult until about 1960. Early infra-red studies
on Cs;CuCly were carried out on polycrystalline samples using

. 108™111
absorption techniques 3 as a result, only very broad bands
were observed and the spectra showed no factor group splitting. The
only single-crystal infra-red spectrum reported by far is that of

113 ho employed polarised reflectance techniques.

Dunsmuir and Lane
CsaCuCly exists as bright yellow solid at room temperature.
Such highly coloured species were beyond the means of conventional
Raman spectroscopy until the development of laser techniques about
fifteen years ago. The first report on the Raman spectrum of
Cs,CuCfy was by Avery et al.l10yho used powdered
samples. Since then, the single-crystal Raman spectrum of the
compound has been measured by Beattie et a1.l12
Table 3.1.1 is a summary of the vibrational frequencies of
CspCuCly reported in the literature. Where measurements were

made on single crystals, only the internal modes are included in

the table. All the spectra were measured at 298°&.



Figure 3.1.3

CORRELATION TABLE FOR Cs,CuCl,
SPACE GROUP D}

Isolated qu Site. Unit Cell
Td Dzd CS- D2h
A, 2A, | 6 Ag
/
\6 Bzg
F &—— B, / 3 Byg
/
/ / // 5 P
2B, 6 By
/ I/%
2T2 \ /3A S 82u
2E 6 B,y
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Vibrational frequencies of CspCuCly from the literature

v(cm™ 1)

288, 256
292, 257
288, 255
295, 265
292, 260
295, 250
299, 253

297, 280, 256,
253, 251

* IR

IRC

R

RC

8(cm 1)

149, 126
134, 116
140, 121, 106

149, 141, 136,
126, 120, 105, 103

Infra-red, powder

Technique*

IR
IR
" IR
IR

IR

RC

Infra-red, single-crystal

Raman, powder

Raman, single-crystal

Reference

109 (1963)
108(1967)
110(1968)
111(1969)
113(1971)
110(1968)

1121969)

112(1969)

We consider, for the meanwhile, only the powder spectra. As

seen from table 3.1.1, the frequencies correspond closely to the

prediction of vibrational selection rules.

Two stretching and two

bending modes are observed in the infra-red; in the Raman, the

additional a; modes

and 299 cm !

are also observed.

Bands at 295

are very intense, and are undoubtedly the totally
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symmetric @) modes. In these cases, the higher of the e or bj
stretching modes could conceivably be obscured hence unobserved.
The means of the v(e) and v(b2) modes, without specifying their
exact ordering, then, are 291.0 and 256.6 cm_l, amounting to a
splitting of 34.4 cm ! of the parent tetrahedral v(%f3) mode. The
means of the corresponding bending modes are 141 and 121 cm—l;
however, these modes can only be regarded as approximate for reasons
mentioned earlier.

We now discuss the single-crystal Raman spectrum of CspyCuCly
in more detail. Beattie et al.!lZobserved 12 of the 18
Raman-active internal modes as well as 10 lattice modes. Tentative
assignments of the internal modes were made, and the bands were
correlated with their isolated-ion parentage (refer figure 3.1.3)
These are now reproduced in tsble 3.1.2,

Referring to table 3.1.2, the band at 280 cm ! was assigned to
a crystal component of v(b,), while bands at 256, 253 and 251 cm 1
were assigned to components of v(e). Referring to the correlation
diagram (figure 3.1.3), only two bands, namely ag and bzg, at most
should appear in the Raman as components of v(b,) while four, namely
ag, blg’ bzg and ng’ are expected from v(e). However, the band at
253 em ! is very weakllzand could be a combination band. If this
were the case, then an alternative assignment would be possible by
placing the components of v(e) (only one observed band in this case)
at higher energy than those of v(b,). In the bending region, crystal
modes at 149, 141 and 136 cm ! were correlated with §(e) while
bands at 126 and 120 cm ! with §(by): Here, again, the alternative

assignment is possible if bands at 141 and 136 cm ! are grouped with

those at 126 and 120 cm ! and collectively assigned as components
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a symmetry
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TABLE 3.1

~n
o L

Single-crystal Raman measurements for Csy;CuCly

297
280
256
253
251
149
141
136
126
120
105
103

86
76
71
62
58
51
47
38

and tentative assignments

112

Crystal Mode‘(Dzh)

Internal Mode (Dzd)

+ (b, ?
.ag (bzg ) ZI .
ag or 2g 2 or al
b2g
blg + b‘3g e
a
g
a
g
b3g } e
blg + (ag?)i
Pag b,
%

b

blg . } 1

+ a
% T Pag 1

External Modes

2g
a
g
b3g
?
ag + b29 + (blg )
a
g
%
blg
”
bzg + b39 + (blg.)
113

as a component of V3(Td) having
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of §(e) so that these, ag, blg’ bzg and b3g, are now lower in energy
than the 8(by) component at 149 cm .

In the single-crystal polarised infra-red reflectance spectrum
of CspoCuCly, rather incomplete data were obtained!!3and no positive
correlations with the isolated-ion modes were possible. The

observed bands were correlated with the Td symmetry; these are

reproduced in table 3.1.3.

TABLE 3.1.3

Polarised infra-red reflectance data for CspCuCfy 113

Frequencies (em™ 1) Crystal Mode (DZh) Internal Mode (Td)
296 bzu
288 blu or b, va(ty)
258 blu or bau
151 blu or b3u
136 bzu vy (t3)
123 blu or bau

External Modes

83 blu or bsu
79 bzu
61 2y

Referring to the table of infra-red data for CspCuCly in the
original paperllé Dunsmuir and Lane labelled the crystal modes in
i ies. Thi ould
terms of blu and a mixture of bzu or bau symmetries. This wou

most certainly be a printing error and the subscripts lu and 2u
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should rightly be interchanged. By the authors' own admission,
the spectra of the crystal were recorded from the natural (101)
faces. We quote: '"this gave the qu modes when the incident
radiation was polarised along the crystallographic b-axis and a
mixture of blu and bsu modes when polarisation was perpendicular
to the b-axis". Earlier, the authors had stated that the blu’
bzu and b3u modes were recorded by aligning the electric vector of

the incident radiation with the ¢, b and a axes of the crystal

respectively. The evidence of infra-red would therefore contradict

1.112 1

the assignments of Beattie et a as the band at 296 cm
(qu) could only arise from the v(e) isolated-ion mode (refer
correlation diagram, figure 3.1.3). In the bending region of the
infra-red data, the presence of a band at 136 em ! (qu) would
indicate that this belongs to §(e), but no positive correlationms
with the isolated-ion modes of the bands at 151 and 123 cm !

(2

14 ©F b3u) could be made. It is conceivable though that the

band at 151 cm™! arises from §(by) while the band at 123 cm !
from §(e), since the latter mode is closer to the 136 cm ! band.

In making comparison between the infra-red and Raman spectra
of CspCuCfy (and Cs2ZnCLy), Dunsmuir and Lane noted that the infra-
red-active and Raman-active components derived from a particular
tetrahedral mode are close in frequency. On this basis, they
concluded that the band at 280 cm ! in the Raman spectrum of
CspCuCly (table 3.1.2) should be a component of v3 having ag symmetry
since one of the infra-red bands assigned to v3 occurs at 288 cm 1

(table 3.1.3). A slight contradiction to this argument is that

the infra-red band at 296 cm-l, which has also been correlated to
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v3, is 1€ cm ! higher than the corresponding Raman band and 8 cm !

higher than the other v3 component in the infra-red, constituting
rather large correlation or factor group splittings. The evidence
of Raman and infra-red, then, is rather confusing to say the least.
1f, however, the infra-red band at 296 cm ! is indeed the
component of V3 origin, then there could be no doubt that v(e)
isolated-ion mode should be higher in energy than v(b2); hence the
observed Raman spectrum would have to be reassigned.

With tetramethylammonium tetrachlorocuprate(Il), (NMey)2CuCly,

however, Dunsmuir and Lane 99

obtained a much more complete infra-
red spectrum and made unambiguous assignment of the bands which
when correlated with the isolated-ion modes places v(e) higher
than v(b2) and §(b2) higher than 6(e). The assignment given here
would secem to be incompatible with that of Beattie et.al.llz;
while the spectra of (NMey)2CuCfy and Cs2CuCly are not

exactly comparable - the larger cation causes the bands to te at a
slightly lower energy in the former - it seems most unlikely that
the ordering of v(e) and v(b2) should be reversed by changing the
cation. In the bending region, the issue is not so clearcut as
the crystal modes could possibly mix with each other or with the
lattice modes. However, insofar as these two compounds are
concerned, the authors have made positive assignments of the §(e)
and 8 (b2) modes in each case; their ordering is again in the

opposite sense. The two compounds are isomorphous, and their

anions have almost identical geometries (table 3.1.4).
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TAELE 3.1.4

Internal parameters of Cuczqz- anion in

Cs2CuCly’ and (NMey)2CuCty®®

cst (NMey)t

Bond Lengths &)

Cu-C2) 2.244(4) 2.25(1)
Cu-Cl2 2.235(4) 2.23(1)
Cu-CL3 2.220(3) 2.21(1)

Bond Angles (0)

Ce(1) -Cu-C2(2)  131.2(1) 132.1(2)
CL(1)-Cu-ce(3)  101.6(1) 101.1(3)
Ce(2)-Cu-Ct{3)  99.7(1) 100.8(2)
Ce(3)-Cu=C&(3)  127.1(2) 126.4(3)

As a side issue here, Dunsmuir and Lane %0

were slightly astray
in their attempt to relate the variation in the splitting of the
symmetric stretching mode V3 of Td symmetry with the degree of
distortion of the MC24?  tetrahedra in various complexes. They
attributed the larger splitting of v3 (ca. 55 cm_l) in
(NMey)2CuCfy than that of CsaCuCly (eca. 35 em ') to the greater
extent of distortion of the CuCRuz_ ion in the former compound.
We know now that the two anions are remarkably similar indeed in
their geometries. Other reasons must be sought for their difference
in v3 splitting; crystal effects, for instance, must be duely
considered.

The assignment problem mentioned above has also been discussed

in some detail by McGinnety5 who performed a normal coordinate

analysis on the anion in CszCuCfy within the isolated-ion
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approximation, using a general valence force field. He defined five
force constants to fit six experimentally observed bands using solid
state spectra on the ground that the structure of the anion in the
crystal is known. An excellent fit of the five force constants
with the observed frequencies was obtained for an assignment
similar to that of Beattie et all}l2; with v(b2) higher

than v(e) and 8(by) lower than &(e); these are shown in table 3.1.5.
When adopting the alternative ordering, a much poorer fit was

obtained.

TABLE 3.1.5

Force constants (in millidyne & 1) for cuCg,2”

isolated-ion according to McGinnety5

f, 1.08
Fop 0.17
Frp' 0.43
£ 0.074 6 = 129.2
Ty 0.119 ¢ = 100.6

However, to reduce the number of force constants in the
valence force field to five in this case involvied many approximations
(see section 3.2.4); as such, it is not at all unusual that the
results do not fit the spectrum exactly. The primary aim of the
analysis should be to produce a physically reasonable set of
force constants within acceptable agreement with the experimental

data. In this respect, the force constants obtained by McGinnety
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are unsatisfactory. He found that frr' (table 3.1.5), the stretch-
stretch interaction constant between bonds at an angle of 129.20,
was 0.43 millidyne & !, compared with 1.08 millidyne 87! for Fipr
the primary Cu-Cf stretching force constant, and 0.17 millidyne g1
for f}r’ the interaction constant between bonds at an angle of
100.6°. 1In tetrahedral halides and‘complex halideslzg the ratio
1;r/f} is never greater than 0.2; in square éoplanar tetrahalogeno-
anions!!} f}r'/f}r is usually between 2 and 3, but, again, frr,/f}
never exceeds 0.2. Thus, McGinnety's value for ffr' is much too
high for the flattened tetrahedral anion in CspCuCfy - a fact he
noted with some concern; both f}r'/frr and f}p'/f} are excessive.

123

Ferraro et al. also reported a force constant analysis on CUClQZ—

ion using the Raman data of Beattie et al.ll? and assuming a

Td symmetry for the ion. Four force constants were defined in the
valence force field: f}, f}r’ f&, f&a and their calculated values
were 0.92, 0.31, 0.13 and 0.03 millidyne g1 respectively. These
are quite similar to McGinnety's values; the ratio of f'rr/fr is in
excess of 0.3.

However, in their force constant analysis, Ferraro et al.
adopted a force field which is much too simple to represent the
real situation; the known symmetry of CuCqu- ion is closer to
D2d than Td' In choosing the frequency of 252 cem 1, which is the
average of Raman bands 250, 251 and 253 cm ! (refer table 3.1.2)
as the vz mode, the authors have neglected completely the band at

280 cm~! which is no doubt of the same origin. This contradicts

experimental evidence, and is obviously unacceptable.
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3.1.4  Aim of this Work

The aim of the present work is to investigate the normal
coordinate analysis of Cs,CuC%, in more detail in crder to find
an assignment which leads to the most sensible set of force constants,
while being compatible with the experimental data. The isolated-ion
approximation is used for the meanwhile so that the vibrations of
CuCqu- can be studied from the most simplistic yet fundamental
viewpoint; also, the force constants derived would serve as a
direct comparison with those of McGinnety's. On the evidence of
the infra-red polarised reflectance spectrum11§ v(e) should be
higher than v(by); hence, our analysis shall seek to confirm
that assignment. As McGinnety has reported that with this ordering
of e and by modes, rather poor fit with the observed frequencies
was obtained, we shall examine closely the approximations involved

in the general valence force field so as to improve on the method,

within the isolated-ion approximation.
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3.2 FUNDAMENTAL ASPECTS OF MOLECULAR VIBRATIONS120,12u-129

Insofar as the CuClqz— ion is considered an isolated species,
the study of its vibrations is not differentiated from the general
study of molecular vibrations. In this section, we present a
discussion of normal vibrations and normal coordinates as well as
a brief survey of various models of molecular force field.

The common notations adopted here are:

n = number of atoms in a molecule
k = degree of internal freedom
r, = internal coordinates
x. = Cartesian coordinates
q:; = normal coordinates
m. = atomic masses
p¥ = conjugate momenta associated with Cartesian coordinates
pf = conjugate momenta associated with internal coordinates
V = potential energy
T = kinetic energy.

For a matrix A of dimension m X n:

aij = elements of 4
At = transpose of A
A"l = inverse of 4

~

|A| determinant of 4.
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3.2.1 Potential Energy Function

A vibrating molecule departs from its equilibrium configuration
through bond stretching or bond angle deformation. The first
necessary assumption is that such atomic displacements are small.
Hence, Taylor's expansion of the vibrational potential energy
function can be employed, in which the cubig and higher terms can
be ignored.

For a molecule consisting of n atoms, its vibrational
potential energy V is expressed as a function of its internal

parameters r.:

V=f(1’1, P2y ooy rk) (1)’

where k is the degree of internal freedom.

In equation (1) , which is the general definition of a
molecular force field, the internal parameters can be the bond
lengths and bond angles within the molecule. However, it is often
more convenient to use the internal displacement coordinates
which are the changes in bond lengths and bond angles from their
respective equilibrium values. Since the potential energy is
sensitive only to the relative positions of the atoms and is
ijnvariant to the rotatory and translatory motions of the molecule,
k is (3n - 6) for a non-linear molecule and (3n - 5) for a linear
molecule.

Assuming that the internal coordinates are linearly independent
of each other, then Taylor's expansion of the vibrational potential

energy in atomic displacements from equilibrium is:
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k k
14 1 32y
V=Vo+ ] ( ] r.+ — ) (——-—] rr. 4+ ...(2)
g=1 PPglo T 20 2, \8rpdrsjo "1

In equation (2) , Vp, the potential energy of the molecule in
equilibrium configuration, is arbitrarily set to zero; also,
oV
(-——] is zero as the potential energy must be at a minimum when r.
0 X

or.
7 1

are zero, © =1, 2, ..., k. Hence, neglecting cubic and higher terms,

K 2
1 9cV
v 5'.2. (Br.ar.]o rirj (3).
T,J L)

Equation (3) is the common description of a harmonic
oscillation. The force comnstants, féj’ in the harmonic approximation

are defined as:

P ( 22y ]
1d 8ri8:ﬂj 0
so that equation (3) 1is now written as:

L )
V = = f. 2.r. .
2 .~ 1
i, 97
In general, the number of force constants f%j is equal to

k(k + 1)/2139 This can be reduced if the molecule possesses

symmetry, a consequence of which is that some force constants are

identical.

125
Equation (4) can be expressed as a sum of two terms

x k
= .l. 2 .1_ ) (5
V=gl fpntry Lo fmT ’
‘ 2
1#J



1.

in which f;i are called primary force constants while féj are
interaction constants.

A primary force constant f%i is a measure of the restoring
force to the equilibrium configuration of the molecule after a small
displacement to the <th internal coordinate.

12

Jones E%erived a mathematical expression for the interaction

onstant f..:
c f;J

which, when put into words, defines féj as equal to the negative
of the product of the primary force constant of one coordinate, j,
times the displacement of that coordinate caused by unit small
displacement of the other coordinate, <.

In equation (4) , the force constants, f%j’ are more
conveniently expressed as a symmetric matrix, F. Hence, in matrix

-~

form, the potential energy function in the harmonic approximation is

2V = RtFR N,

. . . t
where R is a column matrix of internal coordinates, T and R

its transpose.
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3.2.2 Kimetic Enercy Function

The vibrational kinetic energy of a polyatomic molecule is
best described in terms of its 3n Cartesian coordinates which are
then transformed into the intermnal coordinates.

Again, in the harmonic approx;mation, the kinetic energy, T,

can be expressed as:

w

n
.2
, My (8),

1
T=3

1
which corresponds closely to the potentizl energy expression of
equation (4).
In matrix form,

27 = X tux

~ ~a

where M is a diagonal matrix of atomic masses, m s of rank 31, X is
a column matrix of Cartesian displacement ccordinates, T and X
its time derivative.

. . x
In terms of the Cartesian coordinate conjugate momenta P~ to

-~
.

the X,

27 = (F°) U 1F” ),

in which the diagonal elements of M 1 are the reciprocals of the

atomic masses.

To transform Cartesian coordinates into the internal coordinates,

it is necessary to introduce a new matrix B such that:

Rk = BX (10).
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In ?, the element bi' is equal to the displacement of the

J
ith internal coordinate caused by a small unit displacement of the

jth Cartesian coordinate.

From equation (10),

R = BX ,
and ——=Db..
3k . d ?
-Jd J
.
x _ 3T _ 7 oT
since P = %%, " L35 c wn
i 17 1
r oT
and Pt = %r,

r . - . .
where p; are the conjugate momenta associated witn the time derivatives
of the internal coordinates r,.

Hence,

x _ r
pj = % bijpi .

In matrix form,
x t_r
p =Bp .

Equation (9) can now be expressed as

o7 = (Pt 1Btp
from which
o7 = (Pr)tGPr (11).
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In equation (11) G is symmetric and is defined as

t

-~

G=BM 1B (12).

It is now possible to express the kinetic energy function in
terms of internal coordinates, ri.

Since

and, from equation (1l1),

;3;5% = gipi? H
hence
ho=gpr
or
Reat

1f ¢! exists, then

-~

7 =618,

-~ -~

and

vt | RleT1 ((G—l)t = ¢! since G ! is symmetric.)

5)
n
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Equation (1ll) can now be written as

o7 = RYGTlGe IR
- #7¢7R

(13),

which is an expression of the vibrational kinetic energy in terms

of internal coordinates, ri.

3.2.3 Normal Vibrations and the GF-Matrix

In a polyatomic melecule, the vibrations of the atoms represent
a very complex situation in which all the atoms perform their own
individual oscillations. This confused picture is more readily
understood if the molecular vibrations are expressed in terms of k
normal modes of vibrations (k as defined before). In a given
normal mode, all atoms perform simple harmonic oscillations about
their equilibrium positions with the same frequency and in phase with
each other. The frequency of a normal mode is then called a normal
frequency or a fundamental frequency of the molecule.

The normal modes are associated with a set of normal

coordinates q; which can be related to the internal coordinates by

R = L& (14),

-~

where I, is a transformation matrix between the internal coordinates
and the normal coordinates.
The potential energy and the kinetic energy expressions derived

earlier (equations (7) and (13)) can now be expressed in terms of

normal coordinates:
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2V = Q'L FLQ (15)
I dadiad ]
o7 = Q¥rt¢ 1o (16) .

The expressions of potential energy and kinetic energy can now

be employed to solve the Newton's equation of motion:
d (BT] 3V
F 5| +55—=0 (17).
dt \9q; 3q;

The approximate conditions for solving equation (17) require
that the potential energy and the kinetic energy be expressed only
in terms of diagonal elements of normal coordinate matrix & 120,124

In other words,

1 2 .
V=3 % A4;° s

- l.z
2'L

In matrix form,

2V = @¥hg (18),
= 0%Eg (19).

~ ~a

In equation (18) é is a diagonal matrix with elements Ai such

that
A. = 4m2c2p.2
1 1

where v. is in em ! and ¢ is the velocity of light. Converting the
1

constants into numerical values,
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v 2
A= |2
e (1302.9} (20).

In equation (19), E is a unit matrix.

-~

By correlating with equations (15) and (16), we obtain

t

DEL = b
AR
Hence,
e
and
R
or
GFL = I @n.

Equation (21) is the familiar eigenvector-eigenvalue equation;

the eigenvalues of GF are the roots of the secular equation:

|eF - Elil =0 (22),

while the eigenvectors in columns of I are related to the normal

~

modes as defined in equation (14} F is the unit matrix with the

same order as that of G and F matrices.
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3.2.4 Model Force Fields

The molecular force field of a polyatomic molecule (equation
(1) ) as expressed in terms of F matrix (equation (7) ) is a
general one, and no prior assumptions as to its nature are made.
Assumptions are usually necessary when the problem of immediate
concern is to determine the force constants given a known set of
vibrational frequencies. Such assumptions set out to control the
off-diagonal elements of the F matrix within the confines of a
model force field. For a general force field (GFF) the basic
coordinates should be linearly independent and equal in number to
the degrees of internal freedom, k. For a model force field, the
number of coordinates used is arbitrary, usually larger than k;
they are not linearly independent and redundanéy conditions often
exist.

Various types of force fields have been presented in the
past; however, only a few of them are of importance in practice.

These are briefly described as follows:

(A) Central Force Field (CFF)

This is one of the simplest force fields in which all
off-diagonal elements of F matrix are taken as zero. Only
forces acting between pairs of atoms (bonded or ncn-bonded)
are considered; contributicns of the bending modes are

completely ignored.

The potential energy function is:

V =

N =

1
Zkij (Arij)z + 51 fij(Aqij)z (23),
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where r is the bond length and g is the distance between a
non-bonded pair. kij are the stretching force constants and

f%j are the repulsive force constants.

(B) Valence Force Field (VFF)

This represents a slight modification of the central
force field in that the forces‘considered include those
which oppose the bending or torsicn of bénds. Interactions
between non-bonded pairs are not considered. The potential

function is:

1 2 4 1 2 4 1 2
V=gl ki@ 02+ g g @) v 3Ly a0 g% u),

where r is the bond length, ¢ is the bond angle and t is the
internal angle of rotationm.

Again, the F matrix is diagonal. In cases where the
{nteraction terms are insignificant, this mocdel provides an
acceptable description of the potential energy function of
the molecule although any treatment of vibrational problem

based on this model is at best only semiquantitative.

(C) General Valence Force Field (GVFF)

This model takes into account all the interaction terms
which are left out in the valence force field, and is therefore
an improvement on VFF in that semse. For simple molecules
where there are no redundancy problems associated with the
internal coordinates, the force field is the same as the

general force field (equation ).
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Compared tc CFF and VFF where there is usually a surplus
of observed frequencies over the number of force constants to
be determined, the GVFF invariably involves more force
constants than there are observed frequencies. To reduce the
number of force constants required in the calculation, some
approximations have to be made by ignoring certain minor
interaction terms or postulating relationship between certain
force constants.

This force field is nevertheless very useful in practice
as it gives meaningful correlation with electronic structure
and bonding properties; as well, the force constants derived
have the added attraction that they can be directly transferred
to other molecules. For these reasons, the GVFF is the model
force field we have chosen for the normal coordinate analysis

of CuC%,2” ion which will be described in section 3.3.

(D) Urey-Bradley Force Field (UBFF)

In view of the limitations of GVFF in which the number
of force constants is usually larger than desired, a new
model force field was presented to incorporate the basic
features of GVFF but include fewer parameters. This is

131,132 . ich th
the Urey-Bradley Force Field ! (UBFF) in which the
interaction constants as appeared in GVFF are replaced by
repulsive terms between non-bonded atoms. The potential

energy function is then
=1 2 4+ L .ooy2 4+ Ly, Y
Vg Dk, 02 4 5 Ly g (e 0% * 5 L Uy (0% )

+ %’Z f%j(ﬂqij)z (25),
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where q¢ is the distance between non-bonded atoms.

The limitation of this field is that Ag is not independent
of Ar's and A¢'s; hence, redundancy cenditions always exist.

More importantly, the force field does not represent the true

situation for most coordination compounds and so its applicability

is rather restrictive.

Other force fields worth mentioning are the local symmetry force
field (LSFF) which employs the transferability of GVFF and modifies
it to suit‘the study of organic molecules having CH3 and CH; groups;
the flexible bond model in which bond angle deformation is assumed
to be due to bond '"tending" and not change in bond angle; the orbital
valence force field (OVFF) which ascribes molecular deformation

to changes in the overlapping orbitals forming chemical bonds.

3.2.5 Anharmonicity

An exact solution of the Schrddinger equation for the
vibrational energy function of a harmonic oscillator (equation (3))

expresses the energy levels as

- 3
By, = o (o +3) 26),

"Dk
where 73 is the harmonic frequency for a given kth normal mode,
and Uy is the vibrational quantum number which can be 0, 1, 2, ... .

If the general potential energy function (equation (2)) is
used, in which the cubic and higher terms are non-zero, then an
approximate solution is
= hv, (v, + 19 - hv, x, (v, + 192 (27),

kK k2 kK*k 2

Ek,vk
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where X; is an 'anharmonicity constant'.

For polyatomic molecules, the approximate solution involves
more anharmonicity constant terms to correct for the greater
number of cbserved frequencies.

In the harmonic approximation, the vibrational selection rule
Avk = * 1 is applicable. For a given k, if the tramsitions are
from Vg = 0 to vk = 1, then the absorption bands are called the
'fundamentals'. Applying equation (26), the frequency of a given
fundamental absorption is (Ek,l - Ek,O)’ i.e. hvk, corresponding
to the frequency of the kth normal mode.

There are two important effects of anharmonicity on molecular
vibrations. Firstly, while the regular spacing of the energy
levels is hvk in the harmonic approximation, this is now modified

by the inlcusion of anharmonicity constants, e.g. equation (27)

I
1+

Secondly, the selection rule Avk = 1 does not now strictly apply.

|
1+

Thus, transitions with, say, Avk = 2 become allowed.

In measuring the vibrational spectra, observation of overtomes,
which have frequencies of approximately ka, ka, etc., and
combination bands, which have frequencies at approximately
ka + Z’vk, (7,1'=1, 2, ..), indicates a breakdown of the
harmonic approximation. Such approximation adepted in the study
of molecular vibrations representsan idealised situation in which
vibrational displacements from equilibrium are small. Deviation

from ideality as a consequence of anharmonicity could induce as

much as 5% error in the calculation of force constants from

observed frequencies!?’.
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3.3 ISOLATED-ION ANALYSIS

3.3.1 Method

The CuC%,2” anion of Cs,CuCly was considered to assume an
idealised D2d symmetry (figure 3.1.1). The mean structural
parameters were obtained from reference’ (see also section 3.1.1).

We used a general quadratic valence force field (refer
section 3.2.4) in which the experimentally observed energies
(in cm !) of the fundamental modes are related to the roots A, of
the determinantal equation (equation (22)) by the relation expressed
in equation (20).

The elements of €s’ the F matrix associated with the symmetry
coordinates, are given in table 3.3.1 (see appendix I for its
derivation). These are expressed in terms of the force constants
f%j by the usual expression for the potential energy of the system
(equaticn (4) ), neglecting cubic and higher terms and with all
redundancies removed. Each primary force constant f%i is associated
with one internal displacement coordinate Ari while each interaction
constant f%j is associated with two internal displacement coordinates
Ari and Arj (see appendix I). (The force constants in table 3.3.1
are defined in table 3.3.2 in terms of their associated internal
displacement coordinates.)

The elements of 93’ the g matrix associated with the symmetry
coordinates, are of the same form as those of Fs matrix; these

-~

are given in table 3.3.3. The elements of Gp, the G matrix

~

associated with the internal displacement coordinates and from

which the Gs matrix elements were calculated, were obtained from



TABLE 3.3.1

Fg matrix elements for Dzd CuClqz-, in terms of valence

force constants (defined in table 3.3.2)

Symmetry F,
ay Fin = o+ fpp' + 2F,,
Fip = 2r[a(f,e + Fpa") + 26(Fpy + £ )]
F22 = 2r?2[a(fy + fgo) + zzpz(f(.p + Fop' ¥ 2F4y) * BabFy,]
by Fag = 72(Fy + £y~ 264
by Fuy = F,+ £’ = 2
Fus = 2%0(F g = £,0")
Fs5 = r2(fy = foq)
e Fee = f = Fpp'
Fg7 = 2121”(fl,.q, = Ty
F7 = P2 (fy = £y
Footmote:  a = [2(1 + 2c0s29)177

(cosy)[2(1 + 2coszw)]-%

o
|

cosy = -sinb/2sin¢



TABLE 3.3.2

Force constants for Dzd Cuczgz- and their associated

internal displacement cocrdinates Ari and Arj.

Ar indicates a bond length displacement; A¢ and

A6 indicate bond angle deformations

85.

Force constant Internal coordinate(s)
br(Cu-C)
Ar(Cu-C2 ) Ar(Cu-CLy) (Ce ~Cu~Cyy = 100.6°)
Ar(Cu-CL,) Ar(Cu-CLy) (Ce,~Cu-Cey = 129.2°)
84(C~Cu-Cy) (¢ = 100.6°)
AB(CH ~Cu-Cp) (6 = 129.2°)
89(C ~Cu=CY;) B4 (CR ~Cu-CL ) (¢ = 100.6°)
8¢ (CL ~Cu-CLy) B4(CR ~Cu=CL ;) (¢ = 100.6°)
88 (CR_-Cu-CR; )48 (CL ~Cu=CL ) 6 = 129.2°)
88 (CR _~Cu-C%;) B4 (CR ~Cu=C2 ) (¢ = 100.6°)
(6 = 129.2°)
Br(Cu-CR A% (Ch ~Cu-CLy) (¢ = 100.6°)
Ar(Cu-CP )84 (Chy~Cu-CL ) (¢ = 100.6°)
Ar(Cu=C2 )46 (C ;=Cu=C;) (6 = 129.2°)
Ar(Cu-CL ) A8(Cay~Cu=CL ) (6 = 129.2°%)
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TABLE 3.3.3

G, matrix elements for Dzd CuC2,? ion

Symmetry .
giJ
ay g11 = ¥o,

gi2 =0

Goo = lm‘?-ucg{aZ + 2b2(1 + (cos® - cos2¢)/sin 2¢)

+ 4gbcosy}
by gas = 2r 2y, {1 - (cose - cos2¢)/sin?¢}
by Juu = Hg, + 2”Cu (1 + cos®)

gus = -—2(2)!51’“1 My Sind
gss = 2r 2{;102 + zuCu (1 - cosg)}
e ge6 = Mg, + gy (1 - cosep)
B2
ge7 = “2(2)“r ey sing

g77 = 21:2{“02, + 2y, (1 - cosg)}

Footnote: Mo = reciprocal mass of an atomX;
cosy = -sing/2sin¢;
: -+
a = [2(1 + 2cos?y)]
-3
b = (cosy)[2(1 + 2cos?j)]

For a flattened tetrahedron of D2d symmetry (as in figure
3.1.1) there exists a trigonometric relationship between the

angular parameters g and 4 such that coé¢ = -sin26/2(1 - cos8).
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TABLE 3.3.4

G. matrix elements of D, . CuC2,2” ion
R 2a 4

Similar notations as the force constants of table 3.3.2 are adopted

in this table.

Ip = Yoo T Yoy

Ipp = uCuC°S¢
! =
- ucucose
g, = 211-2{},1 + u (1 - COS¢)}
¢ CcL Cu
g, = 2r 2{u_, + u, (1 - cos®)}
e CcL Cu

I4e = r-zucz{(cose - cos?¢) /sin?¢}

g¢¢' = 2r-2uCu{(1 - cos$)2(cosb + cosé)/sin?¢}

Ar-zucu{(cos¢)(1 - cos8)2/sin?6}

G = r-zucl{(cos¢)(1 - cos6)/sinfsin¢}

1

Ipp = -r ucusin¢

9r¢' = -r-luCu{(cose + cos$) (1 - cos¢)/sind}
= 7y 1 :

gre = -y uCu51ne

gre' = -Zr—luCu{(cos¢)(1 - cosB)/sinb}
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the tabulations of Wilson et aldlzﬁ These are shown

in table 3.3.4 in terms of parameters relevant to this study
(also refer to appendix I).

We see from tables 3.3.1 and 3.3.2 that 13 force constants
are required to form a kinematically complete set which describes
the vibrations of the anion. In practice, only seven experimental
quantities can be obtained if all the isolated-ion modes are
observed. Obviously, some approximations have to be made as is
often required in GVFF.

The force field can be simplified if F;,is ignored. In the
limit of tetrahedral symmetry (6 = ¢ = 109.50), this element
vanishes since (f"re + f}e') = (fr¢ + f;¢’), and a = -2b. 1In the
limit of square coplanarity (th), F1, also vanishes since
(f‘re + f}e') becomes zero, as does b. For all intermediate
situations, Fjp is the sum of two terms of opposite sign. It is
not immediately apparent that they should be equal in magnitude,

but this would be the case if we make the following approximation:

(Fpo + f}e')/(f}¢ + f;¢') = sin6/sin¢ (28).

If Fipis set equal to zero, the number of independent force
constants is reduced by two, since (f're - re') and (f}¢ - f}¢r)
become composite interaction constants whose terms are inseparable.

The number of force constants can be further reduced to seven
if we neglect the bend-bend interaction constants while retaining
the stretch-bend interaction constants. The justification of
these assumptions is arrived at by studying the force constants

found for the related square coplanar and tetrahedral systems.
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A detail account of such studies will be presented separately in

section 3.4; meanwhile, the results of these studies are

assumed in the present section for the isolated-ion analysis of

CuClqz_ ion.

3.3.2 Experimental Data

Much thought was devoted to deciding the experimental data to

which the force constants were to be fitted. The most detailed

112,013

spectra of CspCuCly exhibit too many bands (as a consequence of

factor group effects) for an analysis within the isolated-ion
approximation; and there is no general agreement on the band positicns
reported by other workers who have published less well resolved
spectra (refer table 3.1.1). Our own measurement of the far infra-
red spectrum of CspCuC%, as a mull at room temperature showed
bands at 285.4, 256.4, 141.8 and 129.3 em 1; again, they are
not in exact agreement with those in the literature.

As the results of our analysis will ultimately be compared
with those of McGinnety's, we eventually used solid state data
for CspCuCfy rather than solution data which may seem more
appropriate for the study of a genuinely isolated CuC£42- ion.
Referring to tables 3.1.2 and 3.1.3, the frequency of an isolated-
ion mode may be taken as the mean of the frequencies of its
crystal components. Table 3.3.5 shows the isolated-ion frequencies

thus obtained.
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TABLE 3.3.5

Frequencies (in cm-l) of isolated-ion modes as the means

of the frequencies of crystal components

Isolated-ion Frequency Crystal Mode Frequency
v(ai) 297 ‘ 297
v(e) or v(b2) 288 296, 288, 280
v(e) or v(b2) 255 258, 256, 253, 251

If 8(b2) > 6(e) :

§(by) 150 151, 149
{é(e) 130 141, 136, 126,
123, 120

If §(e) > &8(b2) :

{G(e) 144 151, 149, 141, 136
8 (by) 123 126, 123, 120
8 (ay) 103 103

Footnote: As in most other measurements of the vibrational spectra of

CspCuCly, 6(b;) cannot be located with certainty.
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3.3.3 Results and Discussion

As mentioned in the previous section, only six experimental
parameters are available for input as the isolated-ion modes of
Cucﬂuz- ion. However, seven force constants are required in our
calculations. The obvious solution' to this problem is to
arbitrarily assign a value to any one force constant so that the
equations can be solved exactly for the other six, within physically
reasonable limits. In this work, f; was chosen to assume a range
of arbitrary values.

On the basis of our results of section 3.4, it has become necessary
for some, if not all, bend-bend interaction constants to assume small
values so that, overall, the force constants are more accurately
determined. f¢¢, the interaction constant between two bond angles
at 100.6o with a common bond, and fe¢, the interaction constant
between bond angle at 129.2o eand bond angle at ].00.60 with a
common bond, were deemed more important than the other bend-bend

interaction constants. Hence, a further assumption is made such that

Fop = 0-1F4 5
fog = 0-05(fy + £

for given values of fe and f@.

This is again justified by observing the relative magnitudes
of the force constants found from the related systems.
Given no prior knowledge as to the likely order of the e and

by modes, there are four possible assignments:
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T v(e) > viby) > &by > &(e)
II v(E2) > we) > 8(by) > e)
III v(e) > v(by) > 8(e) > §(by)
v w(by) > ve) > §(e) > 8(by)

In each of the assignments above, v(a;) ‘and &§(a;) modes are
always of the highest and lowest energies respectively, in
accordance with experimental evidence.

Exhaustive calculations based on the four assignments showed
that real solutions for the six unknowns were obtained over a
narrow range of f¢ values only. The limits within which the force
constants can be placed are further restricted if the following

constraints are imposed:

(4) for>f .

rr

This is always found to be true for square coplanar systems,

1
and can be interpreted in terms of metal-ligand n-bondingl‘g’lzs.

(B) fcb > fe.

We expect that the greater of the two bending force constants

should be associated with the smaller bond angle; in square coplanar

- - s : . 119
MX,2~ and MX, species, f@/fe is found to be about 2°°7.

- ' - ' L]
(© Py = Foo” > Fog ™ Tro”
(f - f e') vanishes in the limit of square coplanarity, hence
r6 r

¢

it may be expected to decrease relative to (f'r¢ - t) as a

tetrahedron is flattened towards Duh'
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Tables 3.3.6 - 3.3.9 show the force constants obtained for the
four assignments. In each case, the upper and lower limits of f¢
for which real sclutions could be found are given. However, only the
sets of force constants which conform to the artificially imposed
constraints are shown in the tables.

In assignments III and IV where §(e) modes were placed higher
than §(b2) modes, real solutions were found over a larger range of
f¢ values than those for assignments I and II. However, the force
constants obtained are unrealistic in that, among other things,
the stretch-bend interaction constants are found to be larger than
the primary bending force constants. In assignment III, the ratios
(f'r¢ - f'rq:')/fcb range from 1.06 to 1.16 while (f're - fre')/fe range
from 1.58 to 1.56. The corresponding ranges of ratios in
assignrent IV are 1.09 to 1.13 and 1.72 to 1.35. 1In their normal
coordinate treatment of tetrahedral XY, type molecules and ioms,
including halides and complex halides, using approximated GVFF,
Krebs, et al.!33 found that the values of ST
are always smaller than those of (fh - fﬁa,)' On this evidence
alone, the force constants derived from assignments III and IV
appear to be rather unsatisfactory. Further, the calculated values
of 6(bi), based on F33 element of table 3.3.1, are ca. 138.6 cm 1
for assignment III and ca.156.8 cm ! for assignment IV; the latter
assignment is incidentally similar to that of McGinnety's. There
is no experimental basis for §(b;) mode to assume this magnitude.
McGinnety reassigned the Raman band at 136 cm ! to §(b;), on the
basis of his calculations; this is not inconsistent with the
original Raman data !12%ut would appear likely to be the upper limit

for this mode. Thus, assignments III and IV can be discounted on these
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(b)
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TABLE 3.3.6

Experimental frequencies (in cm—l) and calculated

force constants (in millidyne g-l) for assignment I

Experimental frequencies (in cm 1):
297 v(ayp); 103 &8(a1); 288 v(e); 130 ¢8(e);

255 v(by); 150 &8(bo).

Calculated force constants (in millidyne 2_1)

Real solutions only for 0.104 < f@ < 0.114

f} f}r f}r' fb f@ f.

re - f}e' f}¢ - f}¢,
1.2550 0.1878 0.2114 0.1042 0.1070 0.0863 0.0924
1.2595 0.1888 0.2049 0.1039 0.1080 0.0843 0.0983
1.2631 0.1898 0.1992 0.1037 0.1090 0.0822 0.1034

1.2661 0.1911 0.1938 0.1034 0.1100 0.0797 0.1081



(a)

(b)

TABLE 3.3.7

Experimental frequencies (in cm !) and calculated

o—
force constants (in millidyne A 1y for assignment II

Experimental frequencies (in cm-l):

297 v(ai); 103 §(ay); 255 v(b2);

288 v(e); 150 &(e).

Calculated force constants (in millidyne X-l):

Real solutions only for 0.104 < f@ < 0.114

r

np For f}r' fq f¢ fre - fre'
1.2242 0.1200 0.3778 0.1039 0.1080. 0.0883
1.2268 0.1213 0.3726 0.1037 0.1090 0.0858
1.2287 0.1228 0.3676 0.1034 0.1100 0.0829
1.2300 0.1246 0.3628 0.1031 0.1110 0.0796
1.2305 0.1269 0.3577 0.1029 0.1120 0.0754
1.2295 0.1305 0.3515 0.1026 0.1130 0.0691

95.

130 §(b2);

0.0929
0.0974
0.1014
0.1052
0.1087

0.1119

- f
¢ “ré

’
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TABLE 3.3.8

Experimental frequencies (in cm-l) and calculated

force constants (in millidyne 2_1) for assignment III

Experimental frequencies (in cm 1)

297 v(ay);

255 v(E2);

103 §(a1);

123 $8(b2).

288 v(e);

Calculated force constants (in millidyne X-l):

Real solutions only for 0.12 < f@ < 0.25

Ty
1.3219
1.3238
1.3256
1.3273
1.3290
1.3305
1.3320
1.3335
1.3348
1.3362
1.3374

1.3387

fI’P

0.1666
0.1667
0.1667
0.1668
0.1669
0.1670
0.1671
0.1672
0.1673
0.1674
0.1675

0.1676

fI’T’ '
0.1869
0.1849
0.1829
0.1810
0.1792
0.1774
0.1758
0.1741
0.1726
0.1711

0.1696

0.1682

fb
0.0950
0.0947
0.0945
0.0942
0.0939
0.0937
0.0934
0.0932
0.0929
0.0927
0.0924

0.0922

f¢
0.1430
0.1440
0.1450
0.1460
0.1470
0.1480
0.1490

0.1500

0.1510°

0.1520
0.1530

0.1540

96.

144 8(e);

ré ~ f}e' f}¢ - ff¢'
0.1505 0.1521
0.1499 0.1549
0.1494 0.1576
0.1488 0.1602
0.1482 0.1627
0.1477 0.1652
0.1471 0.1677
0.1465 0.1i701
0.1460 0.1724
0.1454 0.1747
0.1448 0.1770
0.1442 0.1792



(a)

(b)

TABLE 3.3.9

Experimental frequencies (din cm—l) and calculated

force constants (in millidyne X—l) for assignment IV

Experimental frequencies (in em 1) :

97.

297 v(a1); 103 6(a1); 288 Vv(b2); 123 §(b2);

255 v(e) ; 144 §(D2).

Calculated force constants (in millidyne Y.

Real solutions only for 0.12 < f& < 0.25

f} f}r f}r' fe f¢ f}@ - f}G'
1.3033 0.0924 0.3538 0.0906 0.1600 0.1561
1.3074 0.0943 0.3460 0.0881 0.1700 0.1489
1.3090 0.0965 0.3399 0.0855 0.1800 0.1411
1.3087 0.0991 0.3352 0.0830 0.1900 0.1328
1.3065 0.1021 0.3313 0.0804 0.2000 0.1237
1.3026 0.1057 0.3280 0.0779 0.2100 0.1136

1.2967 0.1103 0.3247 0.0753 0.2200 0.1020

Fro = Tro
0.1745
0.1903
0.2043
0.2168
0.2281
0.2384

0.2478

4
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evidences. It is significant that we used similar frequencies as

McGinnety in assignment IV (see table 3.3.9) and yet the force

constants derived have appeared to be lacking in credibility. Obviously,
inclusion of the stretch-bend interaction constants have brought

to the surface problems never before envisaged; the relative

magnitudes of the force constants found in the analysis are mainly

a consequence of the ordering of the e and b, modes as discussed

later.

Comparing now the other two assignments, the absolute and
relative magnitudes of the force constants for assignment I appear
eminently reasonable. As desired, we have f}r' > f}r’ f& > fe and
(f'r¢ - r¢,) >(J"‘1ﬂe - f?e'), though in each case the difference is quite
small. The calculated value of §(b;) mode is cq. 118.5 cm™ ! which

is not unreasonable. With assignment II, which is similar to that of
McGinnety except for the ordering of &(e) and 6(b3), we find that
f}r' seems to be too large by comparison with f; and f}r' As in
assignment IV, the value of f% is rather larger while frr and frr'
are smaller compared with McGinnety's force constants (table 3.1.5),
this is a consequence cf introducing stretch-bend interaction terms.
Even so, the ratio f}r'/§u°is still too large; we know of no
precedent for such a ratio exceeding 0.2. The ratio f}r'/f}r is

119(section 3.4),

comparable with that found for square coplanar systems
but seems too high for the modest extent of flattening found in
CspCuCly. McGinnety's objection to assignment I was based upon
the poor agreement between the experimental and calculated frequencies;

this can be attributed to his neglect of stretch-bend interaction

constants. McGinnety expressed some concern over the large ratio
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frr’/f}r’ and suggested that it might be an artefact arising from
the approximations involved. However, this is an inevitable
consequence of his assignment; placing v(dy) higher than v(e)
requires a large value of f}r” whatever assumptions are made
concerning stretch-bend and bend-bend interaction.

Thus, assignment I is favoured.over all the other assignments.
The ordering of v(e) and v(bP2) modes in this assignment is also in

agreement with the infra-red evidence.
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3.4  RELATED SYSTEMS

In using GVFF for the normal coordinate analysis of isolated
CuClqz- ion, we were confronted with the problem of having too many
force constants for the number of observed frequencies. To assist
us in making approximations so that the problem is solvable, we
propose that the force constants which fit the spectra of comparable
tetrahedral and square coplanar species should afford some guidance
concerning the relative magnitudes of the force constants for
CuClqz_ ion. To this end, we initiated a study of the vibrations of
such systems in GVFF, the transferability of which ensured that

such exercises would be worthwhile.

3.4.1 Tetrahedral Ion

The ZnC2H2- ion should serve very nicely as a model for the
hypothetical tetrahedral CuClqz- ion. Caesium tetrachlorozincate(II)
is isostructural with CszCuCly, both belonging to the same space
group5’7 . Except for the extent of distortion of the anions, the
structural parameters are quite similar as shown in table 3.4.1.

Wong 13% has recently measured the Raman spectra of single and
polycrystalline CszZnCly and followed up with high pressure studies135
of the same compound. A normal coordinate analysis was performed on

the chzqz- ion assuming Td symmetry and using the modified Urey-

Bradley force £ie1d 136338  ysing the force constants for the

= . 110
tetrahedral ZnCR,q2 ion obtained by Avery.et al.,

Wong derived at a set of fundamental modes whose frequencies agree
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TABLE 3.4.1

Structural parameters of Cs2CuC?4® and CszZnClu7

Both belong to space group ana-Dzhle

Unit cell dimensions:

Cs2ZnCly Cs2CuCly
a 9.7577 & .9.7599 &
b 7.4004 % 7.6091 &
e 12.9704 R 12.3967 &

Anion bond lengths and bond angles:

M= Zn M= Cu
M-CL (1) 2.249 & 2.244
M-CZ (2) 2.259 & 2.235
M-C2 (3) 2.252 & 2.220 %
2 (1)-M=C2 (2) 115.34 ° 131.2 °
2 (1)-M-C2(3)  109.62 ° 101.6 °
o2 (2)-M-C2 (3)  106.52 ° 99.7 °
C2(3)-M-C(3)  109.03 ° 127.1 °

very closely with the observed ones. These are shown in table 3.4.2.
As described earlier (figure 3.1.2), the fundamental modes of a
tetrahedral MX, species belong to the irreducible representations

(ap + e + 2t2), all of which are Raman-active while the 2t> modes are

also infra-red-active.
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TABLE 3.4.2

Calculated frequencies (in em 1) for ZnC£q2- ion according

to Wongla? The force constants are those obtained
by Avery et al,lt0
Calc Obs (293°K)
. *
297.3 298.3 s
v(t2) 297.3 278.0 sh
297.3
v(ai) 287.0 288.7 s
133.4 142.3 m
§(t2) 133.4 130.8 s
133.4
121.2 116.7 s
6(e) {
121.2 111.0 sh

* The description of band intensities are in accordance with the

published spectrum, but provided by us.
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We have performed a normal ccordinate analysis of the ZnCzuz-
ion in GVFF using the calculated frequencies of Wong (table 3.4.2)
as these are appropriate for a regularly tetrahedral symmetry.
Since only four frequencies are available, only four force constants
can be expected. The {é matrix elements, which are derived from
table 3.3.1 by setting 6 = ¢ = 109;50, are shown in table 3.4.3.
The corresponding gs matrix elements were obtained from standard

tabulationslaoand are not included here.

TABLE 3.4.3

Fs matrix elements for Td znc2y2” ion

ay Fiy = .+ 3,
e F22 = f& + f&a' - zf&a
t2 F33 = . = Fpp
= 2%(f - £ ")
F3y 2(f Fra
= r?(f, = Fy")
Fuyy = r7{J, ac

As seen from table 3.4.3, the Fg matrix contains five independent
’ - ’ - ’ .
terms: fi Fpr (Fpg = TV G foq!) and (Fy, = Fi4)- The
obvious procedure is to set one of these equal to zero, in which
case the two most likely candidates are (f}a - f}a') and
- . tively, if one of the terms is allowed to
(Foo foyo')- Alternatively,
assume a series of values, then we can find values for the other
four which fit the spectrum exactly. Thus, calculations were
performed over a range of conceivable values for (f}a - f}af):

0.0 to 0.2 millidyne ®~1. The force constants obtained are shown

in table 3.4.4.
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TABLE 3.4.4

Force constants for ZnC242” (in millidyne X—l)

with assumed values for (fra - f}a')

Fra = Tra Tp Trr U Foo = Fao'
0.000 1.158 0.188 0.112 0.005
0.025 1.218 0.167 0.104 0.001
0.050 1.269 0.151 0.101 0.000
0.075 1.313 0.136 0.102 0.000
0.100 1.351 0.123 0.104 0.001
0.125 1.385 0.112 0.110 0.004
0.150 1.414 0.102 0.117 0.007
0.175 1.439 0.094 0.126 0.012
0.200 1.459 0.087 0.137 0.017

With (f} - f} ') assumed to be zero, the force constants
a a
. . . 122,123,7
obtained are quite comparable with those previously published >
allowing for the variations of the experimental frequencies used.
As the assumed value of (f;a - f}a’) is increased, f increases fairly
3 - 14 .
rapidly while f}r falls. The value of (fa f&a ) remains roughly
constant, while (f;a - f&a') is close to zero throughout the range of
’ - _ ]
(f}a - f}a ) values considered. Thus, (f;a f&a ) appears to be
relatively unimportant; however, this parameter is always so close
to zero that the other four will be poorly determined if we try to
evaluate them by setting (faa - f&a') equal to zero. It is noted
that f} and f}r are very sensitive to the chosen value of (f}a - f}a')

and it is difficult to decide upon the most probable value of the latter.
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Further guidance on this problem is sought from the study of the

related square coplanar MX 42 species as described in the

following section.

3.4.2  Square Coplanar MXy'~ Ions

A rather extensive study of the vibrational spectra of square
coplanar anions Man— (M =Pd, Pt or Au; X=CL, Bror I; n=1 or 2)
was reported by Goggin and Mink 119 Using where possible solution
data which are appropriate for a 'free' ion epproximation, they
performed a force constant analysis on each Man- species. Their
results are shown in table 3.4.6 (a).

The {g matrix elements, which can be derived by setting
6 = 180° and ¢ = 90° in table 3.3.1, are shown in table 3.4.5;
the corresponding gs matrix elements were again obtained from
standard tabulationd2? Referring to figure 3.1.2, the irreducible
representations of the fundamental modes of a MXy species are

(alg + b1 + bzg +a,+ b,,*+ 2¢,). The a g blg and bzg modes are

g
Raman-active, azu and eu modes are infra-red-active while bzu is
inactive.

Using the same set of observed frequencies as Goggin and Mink
but added to it the calculated bzu frequency (table 3.4.7), we
recalculated the force constants for each species assuming
(f'r¢ - f}¢') equal to zero. This was an exercise to evaluate the

effects on the other force constants if the stretch-bend interaction

constant was ignored. The results are shown in table 3.4.6 (b).
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TABLE 3.4.5

F; matrix elements for D A Man ion
~ 4

g Fiv = fpo+2f,.+ .
2, Fap = I’Z(fe + foe)
blg Fas = fp = 2y * Ty’
byg Fyy = 22(fy = 2fyy + £y ")
2% Fss = r2(fg = fyq)
®u Feo = fo = Fpp'

Fg7 = Z%r(fm = Fpp ")

F77 = 22(fy = £,

As seen from table 3.4.6, a direct consequence of ignoring
-— ’ 1 v 1 14
(fr¢ f}¢ ) is to significantly increase the ratio f}r /f}. In
the real situations, the ratios f}r'/f} are smaller, and

'Y is always greater than (f‘d)¢ - ') by a factor of

(Fro = Trg Tos

2 to 6.

3.4.3 Conelusion

The results of the two previous sections show conclusively
that in dealing with CuCg42  ion, where the extent of distortiom
is intermediate between a square plane and a tetrahedron, we

cannot afford to neglect the stretch-bend interaction constants,



To = Top'

Too = o4

Pdcay?”

(a)

1.53
0.08
0.16
0.08
0.19
0.01

0.10

(b)

1.45
0.09
0.25
0.00
0.21
0.02

0.10

TABLE 3.4.6

(a) Force constants by Goggin and Mink!19

(b) Force constants by assuming (f}¢ - f}¢r) =0

PdBr,2”

(a)

1.37
0.06
0.15
0.09
0.15
0.01

0.07

(b)

1.23
0.07
0.30
0.00
0.19
0.03

0.08

PtCLy2”

(a)

1.81
0.07
0.28
0.06
0.22

0.03

0.13.

(b)

1.77
0.08
0.32
0.00
0.23
0.04

0.13

PtBry%

(a)

1.63
0.06
0.22
0.09
0.20
0.02

0.09

(b)

1.53
0.06
0.32
0.00
0.22
0.04

0.10

PtIL,.Z—

(a)

1.40
0.07
0.24
0.09
0.17
0.01

0.07

(b)

1.26
0.07
0.39
0.00
0.21
0.04

0.08

AuCly

(a)

2.20
0.08
0.16
0.06
0.22
0.03

0.12

(®) .

2.17
0.08
0;21
0.00
0.23
0.04

0.12

Auqu—

(a)

1.85
0.08
0.13
0.08
0.18
0.02

0.08

(b)

1.77
0.09
0.21
0.00
0.19
0.03

0.09

*L0T



TABLE 3.4.7

Experimental frequencies (in cm-l) which produced force constants of table 3.4.6 (b)

PdcLy2”  PdBry?”  PtC&u%”  PtBry?”  PtIy?”  AuCly~  AuBry

419 300.0 188.0 328.0 205.0 155.0 349.0 214.0
a, 150.0 114.0 147.0 105.0 85.0 142.0 99.0
blg 270.0 172.0 305.0 192.0 142.0 325.0 196.0
bzg 176.0 106.0 173.0 113.0 85.0 172.0 106.0
bzu* 98.0 57.0 112.0 65.0 45.0 108.0 61.0

e, 321.0 243.0 313.0 227.0 180.0 361.0 252.0

e, 161.0 104.0 165.0 112.0 85.0 166.0 .106.0

q
% calculated valuesll'

‘801
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although there i1s some justification for ignoring the bend-bend
Interaction ccnstants. In order that the overall force constants
are more accurately determined, small non-zero values could be
assumed for the bend-bend interaction constants; the order of
magnitude of these should be about 10 percent of the relevant

primary bending force constants.
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3.5 SUMMARY OF RESULTS AND CONCLUSION

The importance of normal coordinate analysis has been
emphasised by Mohan et all3%We quote: "It is well
known that a serious interpretation of the strength of chemical
bonds using vibrational spectroscopy can only be provided by
normal coordinate analysis. This, in essence, means the
calculation of the force constants from the vibrational frequencies."
However, the results of such analysis would only be meaningful
if all the inherent assumptions and approximations have been
closely scrutinised and vindicated. In the GVFF, where the
method requires more approximations than other models, there is a
dangerous tendency to adopt an over-simplified view of the protlem
concerned.

We have adopted a cautious and systematic approach throughout
this work in deriving at a set of force constants which best
describe the vibrations of the CuCQuz— ion, within an isolated-ion
approximation. Assumptions on the relative importance of the
force constants in the GVFF were made only after a close
examination of those found in the related systems. Consequently,
the results obtained form part of the total picture.

The major conclusions to be drawn from: this work may be

summarised as follows:

(A) To the extent that the crystal modes in QSZCuCQQ can

be definitely related to the isolated-ion modes, the

ordering of the latter is probably
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v(ay) > v(e) > v(b2) > 8(by) > &(e) > 8(by) > §(ay)
as In assignment I.

(B) For CuClqz— ion, and presumably for related species
as well, it is important to include stretch-bend
interacticn constants in the analysis. Our results have
shown that in neglecting these terms, McGinnetys had
committed himself to a much too simplistic treatment

of the problem.

(9) Within the isolated-ion approximation, the general
valence force constants of CuClqz_ are as shown in

table 3.5.1 (see alsc table 3.3.6).

The errors quoted in table 3.5.1 are not to be regarded as
absolute errors; they are simply the allowed limits within which
reasonable values, within the constraints specified in section 3.3.3,
of force constants can be located.

The results we have presented so far may reasonably be
challenged on the grounds that the isolated-ion approximation is
invalid where we are using single-crystal experimental data. 1In
the crystal, there will be mixing between internal anion modes
and lattice modes. There will also be factor group splitting
(or correlation splitting), as is evident in Cs2CuCly. These effects
may well be sufficient to render our isolated-ion force constants
invalid. It may be argued that solution spectra would be more
appropriate as input data for a normal coordinate analysis cf the

isolated ion. Apart from possible problems with ion paring
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TABLE 3.5.1

o—
General valence force constants (in millidyne A 1y

of Cucﬁqz- ion, within an isolated-ion approximation

I 1.26 * 0.01
Fop 0.19 * 0.00
Fop' 0.20 *+ 0.01
fe 0.10 * 0.00
*% 0.11  0.00
fro = Fpo' 0.08 + 0.01
Fpo = Tro’ 0.10 £ 0.01
*fo¢ 0.01

*fo6 0.01

* assumed values

and anion-solvent Interactions, the exact geometry of the anion
in solution is not known. McGinnety5 calculated the crystal
forces acting upon the bonds within a CuCZuz- ion and, having
corrected for these effects and for thermal motior, derived at a
value of 2.283 R for the Cu-Cf bond length in a "free' CuC2y? ion.

This is significantly longer than the mean Cu-Cf distance in the
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crystal. Thus, while the assignment problem has probably been
solved, drawing on the support of the infra-red evidencella, the
values of the force constants in the real situations may well be
quite different. We therefore undertook a normal coordinate
analysis of the complete unit cell (chapter 4). This is justified
in that it completes the whole venture of the interpretation of
the vibrational spectrum of CspCuCly, and that the force
constants thus obtained would afford a useful comparison with

the results obtained within the isolated-ion approximation.
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CHAPTER 4 ANALYSIS OF THE VIBRATIONS OF

CAESTUM TETRACHLOROCUPRATE (II) CRYSTAL

4.1 INTRODUCTION

Solid state vibrational spectra exhibit unique features
which distinguish them from the gaseous and solution spectra.
These can be attributed to a different symmetry environment within
the crystal and the presence of significant intermolecular forces.
Thus, the vibrational selection rules applicable to 'free'
molecules or ilons are relaxed as exemplified by the observation,
in the solid spectra, of previously 'forbidden' bands as weak
absorption features. Also, the lowering of site symmetry in the
crystal causes single bands, which are intrinsically degenerate,
to split into multiplets. The most distinctive feature of solid
state spectra, however, is the presence of low-frequency bands which
are called lattice modes.

It is convenient to classify the observed vibrational
frequencies of solids into two categories:
(A) the internal modes or molecular modes; and
(B) the external modes or lattice modes.
The internal modes arise from the vibrations of atoms relative to one
another within a group of atoms, in the crystal, bound together by
i{ntramolecular forces that are usually covalent in nature.
Accordingly, these modes have frequencies which are very close to

those of the free molecules or ions (see section 3.2). The lattice
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modes arise from the motions of entire molecules or ions relative
to one arother in the crystal. The intermolecular forces involved
are much weaker than the intramolecular forces since the former are
either ionic or Van der Waals in nature. Thus, the lattice modes
are at much lower energies than the internal modes.

Any meaningful discussion of crystal vibrations depends on
the knowledge of the symmetry present in the .crystal. Such
information is obtained from X-ray crystallography. Many texts have
been written on the subject of crystal symmetry; discussion in
this area is thus omitted. The crystallographic data on which
the present work was based was obtained from reference 5, but the
symmetry elements pertaining to space group Dzh16 were obtained frem

International Tables for X-ray Crvstallographvth and Wyckoff

notations1I+1

concerning the atom positions in the unit cell were
followed.

There are two qualitative approaches to the analysis of crystal
vibrations. These are the site group analysis and the factor group
or unit cell analysislq? In the site group approach, which was
developed by Halford 1%3in 1946, intermolecular coupling of vibratioms
in the crystal is completely ignored. The internal modes are
obtained as a result of a lowered site symmetry. In the factor
group analysis, complete vibrational coupling in the crystal is
assumed. The method considers that only the motions of atoms in a
unit cell give rise to the observed frequencies; hence it is some-
times called the unit cell approach.

The GF matrix method developed by Wwilsod **>1"for the study

of molecular vibrations has been found to be also applicable to

the calculation of optically active lattice frequencies of crystals.
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The adaption of the method for this purpose has been described in
detail in a paper by Shimanouchi, et all™e,

In our present work, the analysis of the vibrations of
Cs2CuCly crystal is based fundamentally on the method of
Shimanouchi et alluq but only the unit cell atoms were considered.
Thus, the vibrations of the atoms are considered to belong to the
irreducible rerresentations of Dzhls factor group. This is true in
the kK = 0 approximation (k% is the wave vector) when translationally
related atoms in each unit cell move in phase. The unit cell is
in fact treated as a giant polyatomic molecule, and the GF matrix
method described earlier {(section 3.2.3), with slight modification,
applies.

In many ways, our approach resembles that described in

a paper by Beattie et al. 147

; however, to suit our purpose,
computation was carried out using a series of programs, instead of
only one that is all-inclusive, at various stages of the calculations.
Computational difficulties are indeed quite considerable in view of
the size of the matrices involved. A detail computing procedure

is described in appendix III.

As mentioned at the end of the previous chapter, the aim of
the present work is primarily to arrive at a physically acceptable
set of force constants for Csp;CuCly corresponding to the
assignment of the anion modes established in the isolated-ion
analysis. It is also important that an appropriate model force

field be defined such that the experimentally observed lattice

frequencies and internal mode splittings can be reproduced.
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Various features of crystal vibrations pertaining to CsyCuCly are
also to be investigated; in particular, the extent of mixing of

the internal crystal modes is to be carefully examined.



118.

4.2  STRUCTURE OF UNIT CELL AND MATRIX METHOD

4,2.1 Unit Cell Parameters

The latest reported crystal structure data of CszCuczqs were
used in this work. These are reproduced in table 4.2.1, using
standard notations consistent with ana-Dzh16 space groupluq
The atom positions in the unit cell were obtained from reference 141
using Wyckoff notaticns.

The complete set of Cartesian coordinates, with reference to
the origin at (0, 0, 0), for the 28 atoms is as shown in table
4.2.2. TFigure 4.2.1 is a schematic representation of the unit
cell, drawn in perspective, together with the numbering of the
atoms used in our calculation; the origin is indicated in the

figure.

4.2.2 Matrix Method

It is most convenient to work in Cartesian coordinates in
dealing with the 28-atom primitive orthorhombic unit cell. Each
atom is assigned a set of three displacement vectors, parallel to
the unit cell edges (figure 4.2.1). The Cartesian inverse kinetic
energy matrix G° is simply a diagonal matrix (84 x 84) whose non-
zero elements are the reciprocal masses of the atoms. The 84

Cartesian coordinates are combined into 84 symmetry coordinates by
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TABLE 4.2.1

Crystal structure data of Cs2CuCy>

(orthorhombic, Prma =D,; 16

Unit cell: a = .9.7599 X
b= 7.6091 X
e = 12.3967 R

Position Parameters:

Atom Position* x Y 2
Cu (4c) 0.23054 0.25 0.41806
Ccs(1) (4e) 0.63399 0.25 0.39679
Cs(2) (4e) 0.00556 0.25 0.67481
cL(1) (4e) 0.0054 0.25 0.3812
C2(2) (4c) 0.3430 0.25 0.5751
cL(3) (8d) 0.2937 -0.0112 0.3556

* Wyckoff notations:
(4e)
(8)

1+

(ul’ﬁv; u + 119 ;ﬂs L -v)

(oyz; 2+ %, 5 -y, 5-252, 5-y, 33 5-x,Y, 3+%)

1+



Cu

Cs(1)

Cs(2)

c2(1)

ce(2)

c2(3)

* N = Designated number of each atom in the unit cell (refer figure 4.2.1).

TABLE 4.2.2

Cartesian coordinates (in X) of

CspCuCly unit cell atoms

2.25005
7.50985
7.13
2.6299

6.18768
3.57222
1.3077

8.45217

0.054265
9.70563
4,93422
4,.82568

0.052704
9.7072
4,93265
4.82725

3.34765
6.41225
8.2276
1.5323

2.86648
6.89342
7.74643
2.01347
2.86648
6.89342
2.01347
7.74643

Y

1.90228
5.70683
1.90228
5.70683

1.90228
5.70683
1.90228
5.70683

1.90228
5.70683
1.90228
5.70683

1.90228
5.70683
1.90228
5.70683

1.90228
5.70683
1.90228
5.70683

0.085222
7.69432
3.88977
3.71633
3.88977
3.71933
7.69432
-0.085222

5.18256

7.21414

1.01579
11.3809

4.91889
7.47781

1.27946
11.1172

8.36542

4.03128
10.2296

2.16707

4.72562

7.67108

1.47273
10.924

7.12934
5.26736
-0.930992

13.32769

4.40827
7.98843
1.79008

10.6066
4.40827
7.98843

10.6066
1.79008

Ny *
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Figure 4.2.1

SCHEMATIC REPRESENTATION OF THE UNIT CELL OF Cs2CuCfy
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the usual group theoretical methods; the symmetry coordinates

are linear combinations of the Cartesian coordinates belonging to
irreducible representations of the Dzh factor group, in accordance
with the results of factor group analysis 112 113 (gppendix II).

This process can be described by the following matrix equation:

S = UX (29),

-~ o

where X is the column vector of Cartesian coordinates, S is the

-~ -

column vector of symmetry coordinates, and U is an 84 x 84

transformation matrix.

The symmetry-adapted inverse kinetic energy matrix Gi is
then obtained from

¢ = v Ut (30,

- ~a

where Ut is the transpose of U.

The potential energy matrix in the Cartesian coordinates is
set up in terms of the force constant matrix {k. The latter is a
square matrix of order g, where g is the number of chosen internal
coordinates defined by the potential force field of the unit cell.

The Cartesian symmetry-adapted force constant matrix Fg is then

obtained from
B (31),

where B is a matrix which transforms internal coordinates into
B 1is
8

-~

Cartesian coordinates (as in equation (10), chapter 3), and

its symmetry-adapted derivative according to equation (32).
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B8 = BUt (32).

~ ~ o

In B, as defined earlier in section 3.2.2, the element
bij is equal to the displacement of the <th internal coordinate
caused by a small unit displacement of the jth Cartesian coordinate.
Thus, the elements of B can be calqulated from the crystallographic

-~

atom positionss.

gg and gg are both 84 x 84 matrices, but their product

gggg is not symmetric. Symmetrisation of the product matrix is

carried out using the method of Shimanouchi et al.l*6as follows:
A diagonal matrix (84 x 84), (gi)%, is defined such that its

non-zero elements are the square roots of the corresponding elements

of the Gg matrix. Thus,

1

((;c);"(c;c)1 = 33),
-8 ~8 ~8

and
(O = g (34),
~S S -~

where EF is an identity matrix of the same order. Now,

-~

= 35),
GoTel = It (35)

~O O

which is an extension of equation (22) of section 3.2.3, and in
which A is a diagonal matrix whose elements are the eigenvalues
of the product matrix GgFg, and [, is the corresponding eigenvector

~

matrix. Then,

T (P .
(€5 ()2 (6D T = (€ THEED = (G)TIA (36)

-~
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If, we now define

L' = (¢)7" (37),

-~ -~

equation (36) becomes
Gclti ey _ s .
(~s) -s(€s> L' =1 é (38).

1 1
The matrix (C-‘g)/zf’g(Gg)’5 is symmetric and the same A c.f. equation
(35), is obtained, from which the frequencies of the crystal modes
are obtained using equation (20).

The original eigenvector matrix, L, is obtained from

L= (gi)%g' (39).

4.2.3 Matrix Data

Before proceeding to the actual calculations as described
in appendix III, various matrix data had to be constructed, and
some of these stored as data files for computation. The important
programs used in this work are given in appendix IV.

S Matrix

The derivation of the 84 symmetry coordinates which form the
elements of the column vector S is given in appendix V.

X Matrix

The order in which the 84 Cartesian displacement vectors
appear in the column matrix { is given in appendix VI.

U and Ut Matrices

The U matrix (84 x 84) was obtained from equation (29)

while its transpose Ut was obtained using program TRN; the latter
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was stored as a data file UTXL.DAT.

R Matrix

This is a column vector of chosen internal coordinates in
accordance with the potential force field defined in Section
4.3.1. The order in which the ¢ elements appear is given in
appendix VII.

B, and ?; Matrices

The elements bi'

J

chosen internal coordinates (as in Fmatrix) were determined

of ? matrix (9 X 84) corresponding to the

using the method shown in appendix VIII. These were calculated
from the atom coordinates of table 4.2.2. The ?s matrix (q X 84)
was obtained by equation (32) and its transpose ?: by program TRN;
these were stored as data files BSXL.DAT and BSTXL.DAT
respectively as (84 X 84) matrices by filling the empty rows
and columns with zero elements.

6% Matrix

The non-zero elements of the diagonal matrix gc (84 x 84) are
given in appendix IX. The symmetry-adapted gg matrix (84 x 84)
was obtained from equation (30); to economise on space this was
stored as a row matrix. Thus, (gg)' matrix (1 X 84) consists
of 84 non-zero elements (g:)i' which correspond directly to the
elements (gz)ii of gg matrix (84 x 84). The row matrix data file

was named GCSXL.DAT.
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4.3  RESULTS AND DISCUSSION

4.3.1 it Cell Force Field

Our aim here was to define a potential function, for the unit
cell of Cs2CuCfy, which would allow us to obtain good agreement
between observed and calculated fréquencies. This essentially
means the choice of internal coordinates, R,'the number of which

~

is arbitrary, and their associated force constants, {é. We aimed
at including as many internal coordinates as were required to
make the set kinematically complete; to economise on computer time,
the number had to be restricted to those considered to be most
important.

A realistic force field for the unit cell of CszCuCly should
include contributions from the following sources:
(A) dintramolecular potential due to CuClqz- anions;
(B) anion site symmetry perturbation;

(C) cation-anion interaction; and

(D) anion-anion interaction.

(A) Intramolecular Potential

Referring to figure 4.2.1, the unit cell of Cs2CuCly
contains four distinguishable CUCZQZ- anions. The set of
internal coordinates must then include the ten coordinates for
each anion, so that the ?i matrix includes the primary and
i{nteraction force constants previously discussed in chapter 3
(see also F, matrix in appendix I), four times over. These

R

coordinates were, however, appropriate only to an idealised
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Dzd symmetry. The ? matrix, whereby Fk would be transformed
into €§ using equation (31), was constructed from the crystal-
1o .. .

graphic atom positions and reflects the Cs site symmetry.
Thus, in setting up the valence force constants of the anions,

such lowering of anion symmetry in the crystal must be duely

considered.

Site Symmetry Perturbation

To take into account the effects of actual site symmetry,
we made distinctions between the primary force constants
associated with different bond lengths and bond angles in the
anion; the interaction force constants were not deemed to be

greatly affected. We propose the following relationships
(1) fper? (40) .

The primary force constant associated with a stretching
coordinate is inversely proportional to the cube of Cu-C% bond
distance. This relationship is invariably true in diatomic
molecules where the quadratic force constants are related to
the equilibrium bond lengths by Badger's rulel26,
ke = a/(re—d)3, a and b are chosen parameters. For polyatomic
molecules or ions, this relationship appears to be an

acceptable approximation.
« i g 41
(ii) f, = (sina) (41)

The primary force constant associated with a bending
coordinate is directly proportional to the square root of

sina, where o is the C2-Cu-Cf bond angle. This relationship
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is rather arbitrary; it is, however, in line with the relative
. )
magnitudes of fb(e = 129.2 ) and f@(¢ = 100.60) found in

the isolated-ion analysis (refer table 3.5.1).

Cation-anion Interaction

This was considered in the form of Cs ... C. displacements
in a central force field (CFF’ formalism. In addition, we
included interaction constants associated with Ar(Cu-CZa) and
Ag(Cs ... Cla) coordinates, where Cla was a common atom,
as offdiagonal terms in the €i matrix. These were intuitively
thought to be of some importance to achieve factor group
splittings of the stretching mode frequencies. We selected
Cs ... CL contacts of less than 3.57 X, the sum of the ionic
radiiof Cs+ and Cl—, allocating them force constant terms accord-

ing to their symmetries in the unit cell.

Thus, for instance,fbs (m) implies the force

eee CR
constant associated with 44(Cs ... CL) coordinate lying in a
mirror plane; the atom positions correspond to those of

4(c) by Wyckoff's notations (table 4.2.1). Conversely,

fbs . CE(Z) implies the force constant associated with

Ag(Cs ... CR) coordinate not lying in a mirror plane; the
Cs atom positions are 4(c) while the C% atom positions are

8(d). These central force constants were further differentiated
by their variations in Cs ... C2 distances, e.g. sz . Cl(m)
and fbs . Cl(m') are force constant terms associated with
8g(Cs ... C2) coordinates of same symmetry but differemt

Cs ... CL distances.

There were a total of 24 such force constants (table 4.3.1),

some atoms from adjacent cells having been included to define
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the complete set of internal coordinates. Table 4.3.2 shows
the corresponding Cu-C% ... Cs stretching interaction
constants defined in four different sets according to the

associated Cu-C% ... C les.
u s angles Thus, fbui—Clj . Csk
is defined as the force constant associated with the internal

(o)

i Ar(Cu.-C% . A oo . i .—C% .
coordinates Ar(Cu,-C J) and q(Csk CRJ) with Cu, CRJ e+ Csy
angle equal to a®. The set of interaction constants was set
up symmetrically as off-diagonal elements of the F% matrix,

totalling 48.

(D) Anion-anion Interaction

This was considered in the form of C2 ... CL displacements
in CFF formalism. Sixteen shortest C2 ... CL contacts
between different anions were selected and allocated force

constant terms fbl Cl(z) and fCl (') (table 4.3.3);

o0 o Cz
the convention used in labelling these force constants is the
same as in (C). The next shortest C2 ... CL distance is

ca. 0.04 & away.

The complete ?i matrix, then, assumed a dimension of 80 x 80.
Our neglect of the longer-range interactions meant that the set of
coordinates was not kinematically complete, and some low-frequency
lattice modes might remain umaccounted for. However, we are
mainly interested in the anion modes which are not likely to be
greatly affected by such longer-range crystal interactioms.
Accordingly, interactions of the types Cu ... Cu and Cu ... Cs
were not considered. Likewise, Cs ... Cs interactions which could

be important in pinpointing the lattice modes but otherwise

unimportant were not included.
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TABLE 4.3.1

Selected Cs ... C% central force constants and

the associated internal coordinates r,
7

Force constant r, q(X) T
(Ag(Cs2 ... CL2) 3.5177 41
Aq(Cs3 ... C&5) 3.5177 42
Tea v ca™ ‘Aq(Css ... Cla) 3.5177 43
\Ag(Css ... C1u) 3.5177 44
(Aq(Csa*... C&2) 3.4827 45
bq(Cs2 ... C%s) 3.4827 46
fes ™ lagccss ... cro) 3.4827 47
\Aq (Css*... CR1y) 3.4827 48
[Ag(Css ... CL3) 3.4876 49
Aq(Css*... CRy) 3.4876 50
Ag(Csg ... CL7) 3.4876 51
Aq(Csg*... Clg) 3.4876 52
fes oo a® qu(cSz*... c211) 3.4876 53
Ag(Cs2 ... C212) 3.4876 54
Aq(Cs3*... CL15) 3.4876 55
\Aq(Cs3 ... CL16) 3.4876 56
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Table 4.3.1 continued

{aq(css ... ca3) 3.4604 57

Ag(Csg*... Cy) 3.4604 58

Aq(Css*... CL7) 3.4604 59

y Ag(Css*... Clg) 3.4604 60

Tes ... @) ‘Aq(053*... C2y1) 3.4604 61
Aq(Css*... CRyp) 3.4604 62

Aq(Csa*... CLy5) 3.4604 63

8q(Csp ... Clyg) 3.4604 64

q = Cs ... C2 distance

Ai = Atomfrom neighbouring cell translationally related to Ai'
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TABLE 4.3.2

Cu-CL ... Cs interaction force constants and

the associated internal coordinates

Force constant

(Ar(Cu;-clz) 8a(Csy ... C22) 0= 81.16°

f (@ qAI’(Cuz-—CRs) Ag(Cs3 ...'Cls) a= 81.16°

ComCl v.. Cs Ar(Cu3-C%9) Ag(Cs5 ... C3) - o= 81.16°

\Ar(Cus-Cl14)AG(Cs8 ... CL1u) @« = 81.16°

[Ar(Ccu1-C22) Aq(Cs3 ... CL2) B =177.69°

Ar(Cuz-C%5) 8q(Cs2 ... C25) B =177.69°

fCu-CQ, CS(B) 4AI’(Cu:-x—C’is) Agq(Cs8 ... C9) B =177.69°
\Ar(Cus-C214)8q(Cs5 ... CE1u) B =177.69°

(Ar(Cul-C23) Ag(Cs5 ... CL3) y = 148.83°

Ar(Cul-C%4) AG(Cs5 ... CLu) y = 148.83°

Ar(Cu2-C%7) Aq(Css ... C7) y = 148.83°

Ar(Cu2-C%8) 8G(Csg ... CLg) y = 148.83°

feu-co ... cs™ 1 ~ o
Ar(Cu3-C*11)4q(Cs2 ... CL11) Yy = 148.83

AP(Cu3~C%12)8G(Cs2 ... C212) y = 148.83°

Ar(Cut—C215)8G (Cs3 ... C215) y = 148.83°

\Ar(Cut-C216)2q(Cs3 ... CL16) y = 148.83°
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Table 4.3.2 continued

[Ar(Cui-c23) 2q(Css ... CL3) § = 105.88°
Ar(Cuy-CLy) Aq(Csg ... CLy) § = 105.88°
Ar(Cuz-C%7) Aq(Css ...C27)) 6 = 105.88°
Ar(Cuz-Cg) Ag(Css ... Cg) § = 105.88°
Tew-ct oo cs®® *Ar(Cu3-C211)Aq(Cs3 el C217) § = 105.88°
Ar(Cuz-C%12)Aq(Cs3 ... CLyp) 6 = 105.88°
Ar(Cuy—-C215)8g(Cs2 ... C&15) 6 = 105.88°
(A7 (Cuy-CL16)Aq(Cs2 ... CL16) 6 = 105.88°

Footnote: 1r is referred to here as a Cu-CR bond stretching
coordinate and is not to be confused with the elements

r, of R matrix (appendix VII).
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TABLE 4.3.3

C2 ... Cp central force constants and the

associated internal coordinates »r,
7

Force constant r, t(R) i
At(cey .... c27) 4.1032 65
AE(CL1 ... CLy) 4.1032 66
At(C213 ... C%11) 4.1032 67
At(CL13 ... CR12) 4.1032 68
T ® 1At(czs V. CR3%) 4.1032 69
AE(CLE ... CRu¥) 4.1032 70
At(CR10 ... CRL15%) 4.1032 71
\BE(CL10 ... CR1g*) 4.1032 72
fAt(clg ... CL7) 4.0758 73
At(CLy ... CLg*) 4.0758 74
AE(CL5 ... CR11%) 4.0758 75
At(CL5 ... CR12) 4.0758 76
for oo Iatccta ... ctisn 4.0758 77
At(C%2 ... CL16) 4.0758 78
At(C21y ... CL3) 4.0758 79
AE(CL1y ... CLu¥) 4.0758 80

t=0C ... CL distance

A% = Atom from neighbouring cell translationally related to:Ai.
7
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Thus, the potential energy of the unit cell of Cs2CuC%y in

this work was defined as:

where

2
L Q7 e+ i;j Fpj rp) (ar )y

+) ks (8q;)% + Yk oy (87;) (8q5)

+ ) :s (at,)? (42);

. = valence force constants (anion)

= valence interaction constants (anion)

. = central force constants associated with

Cs ... CL displacements

= interaction constants associated with coordinates

Ar(Cu-Cla)Aq(Cs .o Cla)
= Cu-C% bond distance or C2-Cu-CR bond angle
=(Cs ... C2 distance

=C% ... CL distance



136.

4.3.2  Site Group Analysis

The valence force constants of table 3.5.1 as obtained from
the isolated-ion analysis were first used to set up the €i matrix
with no external force constants. Thus, the {é matrix consisted
of 40 X 40 elements diagonally blocked out, with 10 X 10 elements
to each block (see ?R matrix, appendix I). As individual values
were required as input for each force constant appearing in the
€i matrix, f}e’ and f}¢' were given zero values while f}e and f}¢
assumed the values of the composite force constants (f're - f}e')
and (f'r¢ - f}¢'), respectively. Such a procedure was unquestionably
legitimate since the condition of the ?i matrix required that the
same composite terms appeared in the final €s matrix (similar to
table 3.3.1) regardless of any variation in the individual
contributions of f}e, f}e', f}¢ and f}¢' to the totals.

As described in section 4.3.1, the primary valence force
constants were adjusted using relationships (40) and (41) sc that
they were appropriate to the actual Cs site symmetry. The crystal-
lographic bond distances and bond angles were employed in making the
adjustments; the value of f? from the isclated-ion analysis was
associated with the average Cu-C% bond distance of 2.22975 2.

The new set of force constants is shown in table 4.3.4.

These produced 36 anion crystal modes which could be correlated
with 64' and 3A" site group vibrations (table 4.3.5).

The frequencies of the site group modes obtained were very

similar to those from the isolated-ion analysis (table 3.3.6 (a)).

The slight discrepancies could be attributed to the rounding-off

errors of the force constants; in the isolated-ion analysis, the



Footnote:

TABLE 4.3.4

CuCluz_ anion force constants

(in millidyne 2"y from site group analysis

f,(Cu-C21)
fp(Cu-CL2)

£ (Cu-ce3)

Frr

For'
fg(CL1-Cu-CL2)
Fo(CL3-Cu-CL3)

f&(Cll—Cu-Clg)

f&(Clz-Cu-CRa)

Fro = Fre")
(Fpp = Frp"
Foo
To0

The C% atoms are numbered as in table 3.4.1

1.2361
1.2511
1.2767
0.19
0.20
0.1008
0.0992
0.1105
0.1095
0.08
0.10
0.01

0.01

137.
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TABLE 4.3.5

Calculated frequencies (in cm !) of

the site group modes of CsyCuCfy

site (C,) em” ! Unit cell (D) Ion (D, )

(296.89 a + bzg + b1u-+ bau v(ay)
287.06 ag + bzg + blu + bsu v(e)

N ‘255.18 a, + bzg + b1u + bau v(bs)
142,15 ag + bzg + blu + b3u §(b2)
128.00 ag + bzg + blu + bau S(e)
| 98.47 ag+b +b +b_ 8(a1)
(290.40 bot bsg ta, +b v(e)

A" {122.52 b19 + bag +a, + bzu §(e)
(115.23 bg*tbg*ta,+b, §(b1)

force constants were calculated to four

decimal places whereas the input force constants in the site group
analysis were only to two decimal places (table 3.5.1). In view
of the good agreement between the two sets of frequencies, and that
the site group modes were calculated from the anion force constants
by setting up the appropriate ?i matrix, we have also demonstrated
that the approximation (equation (28)) made concerning the Fi2
element of the €3 matrix of Dzd CuC%y?” ion is indeed quite

close to reality.
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The significant effect of site symmetry on the anion modes
was the removal of the degeneracy of e¢ vibrations. As seen from
table 4.3.5, the v(e) anion mode was split by ca. 3.3 cm ! and the
8(e) mode by ca. 5.5 cm !. No factor group splitting was obtained;
this would only be achieved through a complete analysis of the

unit cell in which crystal interactions are duely considered.

4.3.3 it Cell Analysis

The vibrational analysis of the unit cell of Cs;CuCfy, was
performed using the potential force field defined in equation (42)
and on the assumptions of intermolecular interactions discussed
in section 4.3.1. Our preliminary study of the vibrations of
Cs2CuCly in the isolated-ion approximation has led us to conclude
that, insofar as the crystal modes could be definitely related to

the isolated-ion modes, the ordering of the latter was
vi(ay) > v(e) > vi{bp) > §(b2) > 8(e) > §(by) > &(a1)

This assignment, although contradicting that of Beattie et 31.112,
was supported by the infra-red evidence!!3 Our aim then was to
obtain a set of force constants which produced crystal mode frequencies
close to the observed ones and in agreement with the assignment
of the anion modes above. To this end, the defined force field
must be able to account satisfactorily for the observed factor
group splittings.

In our calculations, the weak band observed in the Raman at
253 cm ! (with both blg and bsg components) was ignored; a detailed
discussion of the obsérved viﬁrational frequencies has already been

presented in section 3.1.3. 1In addition, a blg.band observed at
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105 cm ! was considered too weak to be positively assigned with
any confidence, and was hence ignored.

Before proceeding to setting up a complete F. matrix, some
preliminary investigation of the effects of exte;;al force constants
on the internal modes was carried out. This was necessary for two
important reasons
(A) to determine the appropriate vaiues of the external force

constants; and
(B) to gain an understanding on how these force constants effected

factor group splittings.

The set of force constants obtained from the site group
analysis was used as the initial approximate values of the intermal
force constants in the crystal. As explained éarlier, cation-anion
interactions in the unit cell were considered by means of including
Cs ... C% central force constants in the {2 matrix. Twenty-four
such force constants were included (table 4.3.1); a value of 0.1
millidyne X&l, which is similar to that used by Wong13sin the
analysis of Cs;ZnCgy, produced 24 lattice modes of frequencies
between 90 - 30 cm l.

It was assumed that the highest frequency lattice modes were
predominantly Cs ... C& stretching in character. Thus, in setting
these central force constants, we aimed at producing the observed
lattice modes of 86 cm ! (p ) and 83 em ! (b or p u) (refer

29 U 3

tables 3.1.2 and 3.1.3). We first varied the values of fbs ... Ca

according to the Cs ... C% distances involved; the shorter the

distance the larger the value of fbs ... cg vas assumed. However,

it was found that, using this method, the calculated crystal mode

frequencies were not entirely consistent with the observed pattern
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of factor group splittings. Better results were obtained by merely
distinguishing these force constants by the symmetries of their

associated internal coordinates. With fhs (my, m') equal to

e 9 o Cyl

0.1 millidyne £ and fbs (Z, 1") equal to 0.2 millidyne £ 1,

«e. C2
the two highest frequency lattice modes were correctly placed
at ca. 88 cm ! (b ) and 80 cm”! (b‘ and b_). It was not

29 u 3u
expected that such long-range crystal interacfion constants should
vary according to Badger's rule. Hence, only empirical adjustments
of these force constants were made with the sole aim of arriving at
consistency with the experimental data.

An important result of these calculations was that
inclusion of Cs ... CR force constants drove the internal modes to
significantly higher frequencies. Tentative adﬁustments of the
internal force constants were subsequently made so that the
calculated frequencies were more in line with the observed ones.
The overall adjustment of all these force constants would have to
await the use of a complete {k matrix (80 x 80) in the final
calculations.

Preliminary examination of the effects of Cu-Cf ... Cs stretch-
ing iqteraction constants on the internal modes was also carried
out at this stage. Calculations were performed by using small
values (ca. 0.01 millidyne £71) of such off-diagonal terms (table
4.3.2) in the {2 matrix consisting of internal force constants
as well as the 24 Cs ... C% central force constants. It was found
that only the crystal modes of isolated-ion stretching parentage

were affected; generally the effect was to lower the frequencies of
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these modes by ca, 3 cem L. 0f the four sets of interaction

constants, fbu-Cl ...Cs(B)’ which has the largest Cu-C% ... Cs

angle, was most Significant, followed by fbu—CE L CS(Y, S).

The effect of fbu—Cl . CS(a), which has an acute Cu-C% ... Cs
angle, on the internal modes was minimal. These were thus
ignored in later calculatioms.

We then considered the effects of anion;anion interactions on
the internal modes. if, in addition to the internal force constants,
16 CL ... C2 central force constants (table 4.3.3) were
included in the {é matrix, the resultant lattice modes would be

largely due to such anion-anion interactions only. Using

Fes ... ca(1) of 0.2 millidyne £ and Fes ') of 0.4

. Cl(
millidyne X-l, compared with the single value of 0.3 millidyne X1

used by Wong13sin the analysis of Cs2ZnC%y, 16 lattice modes of

1

frequencies between 45 - 10 cm ! were obtained. Empirical

adjustments of fb according to CL ... CL distances helped

2 ... CR
in some way towards achieving the desired factor group splittings.
As there was no other legitimate criterion by which to estimate
the correct values of sz . the observed lattice modes of
average frequencies most probably reflect crystal interactions of
diverse nature - no serious attempt was made at this stage. A
better estimation of the values of sz .. cL could only be
obtained when the overall adjustments of the force constants,
using a complete ?i matrix, were made later.

One of the effects of the Cy ... Cg force constants on the

internal modes was, again, to increase the frequencies of the

latter, but only marginally. Thus, anion-anion interactions



appear to play a lesser role than cation-anion interactions in
modifying the anion force constants.

The final calculations were performed by setting up the full
80 *x 80 {% matrix consisting of all internal and external force
constants. In each calculation, the €§ matrix was checked to
ensure that it was properly symmetfy-blocked. After a few manual
adjustments of the force constants, we settled for the set shown
in table 4.3.6. 1In table 4.3.7, we give the crystal mode
frequencies calculated from these force constants alongside the
experimentalll2,113 ya]yes,

The only major difficulty in relating the crystal modes to
their isolated-ion parentage is that all these modes are mixed to
a greater or lescer extent. This 1s especially damaging in the
region 110 - 140 cm ! where the crystal modes arising from

8(e) and 6(b1) apparently overlap; while those of ag, b and

, b
29" 11U
b3u symmetries can only come from 8(e), the others are
inextricably jumbled.

That mixing of the internal modes is wide-spread is evident

from the following exercises:

(A) Increasing frr valence interaction force constant by 0.1
millidyne 871 caused v(ay) crystal components to increase
and v(by) crystal components to decrease as predicted by the
€8 matrix elements (table 3.3.1) of the CuC242?  anion.
However, in this case, it was found that the v(e) crystal
components of the same symmetries (ag, b ,b , bau) increased

29 u

slightly as well, even though the anion FS matrix elements of

-~



TABLE 4.3.6

Force constents (in miliidyne Xﬁl) from unit

Internal valence force constants¥*:

1

10

11

12

13

14

15

cell analysis of Cs,CuCly

Fp(Cu-CL1)
f,(Cu-C22)
£,.(Cu-CL3)

fI’l“

fI‘I"
fo(C21-Cu-CL2)
fe(cz 3-Cu-C23)

f¢(C2 1-Cu-C23)

f¢ (C22-Cu-CL3)

(Fpg = Fpg"
(fm - fm.')
fée
Fo4
Foo

1.1380

1.1518

1.1754

0.1700

0.1870

0.0635

0.0625

0.0753

0.0746

0.0500

0.0570

0.0

0.01

0.01

0'0
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Table 4.3.6

continued

*

External central force constants:

16

17

18

19

20

21

Valence-central interaction force constants:

22

23

24

25

similar notations to those in table 4.3.4 are adopted here

Fes ... ca™
ca ")

fbs oo Cl(z)

ce (81

oo C2 @

ce (29

feu-ca ... cst®

fbu-cm .es CS(B)

feu-ct ... cs™

fbu—Cl cee Cs(é)

0.10

0.10

0.20

0.20

0.02

0‘04

0.00

0.03

0.01

0.01

145,



Calculated and

TABLE 4.3.7

observed crystal mode freguencies (in )

Ion (Dzd)

v(ai)

v (e)

\Y (bz)

s (b2)

Unit Cell (Dzh)

Calc

Obs

Internal Modes

295.70

1295.46

292.98

292.69

293.73
293.66
293.65
293.58
285.24
285.23
284 .52

284.49

257.43
257.39
255.41

255.37

151.48
151.38
144.91

144.62

297

296

288

280

258

256

251

151

149

146.



Table 4.3.7 continued

S(e) + &§(b1) :

§(e) |

b
§(a) {%

-

b?Q
3u

11U

b
19

bzu

135.35
134.94
128.19

128.00

.116.02

114.43
113.27

110.64

124.55
123.42
120.16

115.69

110.78
109.51
106.05

104.29

141
136

136

123
120

126

103

103

External Modes

91.43
83.55
82.57
76.88
75.23

74.19

86

83

76

79

147.
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Table 4.3.7 continued

b 73.36 71
a, 72.25
b 72.03
bog - 66.53
ba, 65.47
b L

19 63.31
b, 61.53 61
a 57.51 2
g 6
a 2,91

g 52.9 58
a, 51.18
bzg 51.01
bsg 50.33
b;u 48.59
bau 47.58
b 38.66

1u
a, 37.36

a 35.50 51
g
b 35.18

2g
b 31.47

2U
b3g 28.20 38
b 24,23

3u

9 others < 20.00

Footnote: Since the b1u and bau modes were not differentiated in
the original paperllf assignments in these symmetries

are those which give the best agreement with the

calculations.
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e symmetry include no f}r term. Obviously, crystal modes
arising from v(e) isolated-ion mode possess some

v(a;) character.

(B) 1Increasing fb, a force constant associated with §(b2) anion
mode, resulted in an increase in the frequencies of §(e)
crystal components as well. Likewise, increasing f&, a force
constant associated with 6(e), caused tﬁe frequencies of the
8(b2) crystal components to increase. It is evident that

crystal modes of these anion parentage are quite extensively

mixed.

(C) 1Increasing the value of f¢¢ should, on examining the appropriate
€8 matrix elements of the anion, decrease the frequency of the
8§(b;) anion mode hence the frequencies of its crystal components.
However, it was found that all the bending frequencies between

- -1
110 140 cm ! of blg’ b, a, and bzu symmetries decreased

3g
simultaneously, giving no clear-cut indication as to whether
they are of 8(e) or 6(b;) origin. These modes are again

quite extensively mixed.

The results of the above investigation into the extent of
mixing of the crystal modes thus.revealed that no definite correlation
of these modes to their isolated-ion parentage was possible without
forcing the issue slightly. There is evidence, however, that the
stretching modes are much less interferred with than the bending
modes. This gives much credibility to the stretching force

constants obtained; insofar as the bending force constants are
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concerned, the calculated frequencies they produced are in satisfactory
agreement with the observed ones showing no alarming signs of
their being incorrectly determined.

The observed factor group splitting of 8 em ! between bzu and
(blu or bau) crystal components of v(e) isolated-ion mode was
successfully reproduced by our potential force field. A splitting
of 9.2 cm ! was obtained between ag and bzu components of the same
anion mode compared with the observed splitting of 16 cm L. Similarly,
the calculated splitting between ag and (blu or b3u) components

1

of v(by) was only 2 cm ! compared with the observed splitting of

1

7 ecm '; and hardly any splitting was obtained between the a_ and

g
b components of the same mode. The discrepancies in the last few

2g
areas should not be significant enough to discredit our defined
force fileld, bearing in mind the extent of mixing of the crystal
modes is not fully understood except for its wide-spread nature.
The overall agreement between the calculated and observed
frequencies is quite satisfactory, as seen from table 4.3.7.
This is particularly remarkable in view of the fact that the
harmonic approximation inherent in the force constant analysis
is not entirely appropriate where anharmonicity is probably closer
to the real situation in the crystal. That the Raman band at
253 cm~! could be a combination band is an evidence of such
anharmonicity (see section 3.2.5). No doubt better agreement
could be obtained using a more elaborate refinement procedure,
such as is normally performed in normal coordinate analyses.

However, we did not think that such refinement would be worth the

expenditure of computer time which would be entailed, bearing in
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mind that many of the predicted bands have not been observed, and
some of the crystal mode assignments are doubtful. In any event,
it is unlikely that the force constants in table 4.3.6 would be
substantially changed by such refinement.

Compared with table 3.5.1, the relative magnitudes of the
anion force constants of table 4.3:6 are quite similar. However,
the latter force constants are significantly.smaller. This arises
mainly from the Cs ... C& central force constants introduced
into €i matrix; their effect is to drive the internal anion modes
to higher frequencies, though this is partially relieved by the
inclusion of Cu-CL ... Cs interaction constants. This observation
is consistent with the fact that the crystal modes in
tetraalkylammonium tetrachlorocuprates(IIl) appear at lower

frequenciesl’90

since, in this case, the cations become larger, and
the lattice interactions become less important.

The C& ... C% interaction terms have a smaller but still
substantial effect on the internal crystal modes. Nine of the
45 expected lattice modes (in addition to the three acoustic modes)
turn up in the calculations to have zerc frequencies; this arises,
as discussed before, from the limitation we have imposed on the size
of I% matrix by neglecting most of the longer-range lattice interactionms.
This could no doubt be rectified by introducing more Cg ... Cg and
Cs ... Cy (and perhaps Cs ... Cs) force constants into ?i’ but the
anion force constants are unlikely to be greatly affected.

The factor group splitting is largely produced by the culmination

of site symmetry perturbation, cation-anion interactions and anion-

anion interactions, with the first two playing the more important role.



Figure 4.3.1 LATTICE EFFECTS ON THE INTERNAL ANION MODES
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Figure 4.3.1 LATTICE EFFECTS ON THE INTERNAL ANION MODES
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(b)Site Symmefry Perfurbation
plus Cation-Anion Interactions
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Figure 4.3,1 LATTICE EFFECTS ON THE INTERNAL ANION MODES
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This is graphically demonstrated in figure 4.3.1 (a), (b), (c).

To sum up, the set of force constants obtained from this work
1s physically satisfactory for reasons discussed in chapter 3,
and the frequencies they produce are in good agreement with
experimental evidencenz’ll.3 While this is by no means the unique
solution*, our judicious choice of the initial {% matrix provided a

basis towards a sensible solution, corresponding to a physically

meaningful force field.

4.3.4  Alternative Infra-red Assignment

It was pointed out in section 3.1.3that the table of infra-

red data for Cs,CuCfy in the original paperllawas incorrectly

labelled, most probably due to a printing error. At the early
stage before the mistake was discovered, a unit cell analysis was
carried out on CspCuC%y using the Raman data of Beattie et al.
(table 3.1.2) and Dunsmuir and Lane's infra-red data as they appeared
in the original paper (table 3.1.3, with crystal mode symmetries
blu and bzu interchanged). Some rather interesting and instructive
results have emerged from this work; a discussion of these is
presented in this section.

Two possible assignments were considered in the unit cell
analysis based on the results of isolated-ion analysis. They were

assignments I and II of section 3.3.3. A similar method to that

described in section 4.3.3 was followed, but some changes to the

* In principle, for a secular determinant of order N, there exists

as many as N different matrices F which can reproduce the observed

7
frequencies12 .
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unit cell force field were made. These are described below.

For simplicity, no site group perturbation was considered;
the internal force constants were then appropriate only to Dzd
symmetry. Site group splittings were nevertheless obtained because
of the nature of the § matrix elements; these were, however,
of smaller magnitude than those calculated in section 4.3.2.

The 24 Cs ... C% contacts were allocated a common force constant
fbs T Likewise, the 16 CL ... C% contacts bet<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>