20

SOME STUDIRI ON CHLOROCUPRATES

A Thesig submitted for the degree
of Doctor of Philosophy,

University of Stirling.

by Judith Murray-Rust

Stirling. : Aoril, 1971, .



ACKNOWLEDGEMENTS

I would like to thank everyone who has helped
me dufing this work and in the preparation of
this thesis., I am particularly grateful to my
supervisor, IDr. R, M.‘ Clay, vfor his kindness,
help and encouragemeﬁt, and to my hﬁsband, both
for his instruction in the technique of X-ray
crystallography and for his patience during the

last three years.



ABSTRACT

The work in this thesis is concerned with alkylammonium'
chlorocuprates and .their solid solutions. The stoichiometries and
structures of various chlorocuprate anions are considered in terms
of the influence of the size and shape of the cation on the compounds
formed. The determination of the structure of (MeBNH)BCuZCl7 by
X-ray crystallography is describedj it is unusual because it contains

: 2= . 3 )n
chains. The symmetry of the CuC14 tetrahedron is approximately
C;,» and this is attributed to the effect of the packing of (Cu<313')n

chains, together with interactions between CuCl42- and the cations.,

two distinct chlorocuprate anions,-CuCl42°tetrahedra and (CuCl

The CuClha- ion in this compound is replaceable by 000142- and ZnCl42-,

while the (Cu013")n chains are not disturbed. This led to a
consideration of the possible effects of replacing the Jahn-Teller
distorted ion in simple tetrachlorocuprates by ions not affected by
this distortion, and hence to the preparation of solid solutions

A, (M,M')CL, .

The formation of solid solutlons from a system of two
salts having a common ion and a solvent is discussed, with particular
emphasis on systems which deviate from ideal behaviour.

The preparations of solid solutions (MeqN)z(Cu,Co)Cl4,
(Me4N)2(Cu,Zn)Cl4 and (MebrN)Z(Co,Zn)Cl4 from ethanol and water are
described, and related to the general conditions for solid solution
formation., Solid solutions (Me3NH)30u(Cu,Co)Cl7

Differential scanning calorimetry has been used in an

are also given. .

attempt to elucidate the nature of the thermal transitions in
(Me4N)2MCl4 and in the solid solutions. The crystal structures of
(Me,N),CuCl,, and (Me, M) ,(Cu,C0)C1;, (Cu:Co = 1:1) have been
determined, and compared w1th that of (Me4N) CoClz+ It has been
shown that CuClh and CoClq " each retain their characteristic
configuration in the solid solution, so that CuCl42- is the more

distorted, because of the Jahn-Teller effect.
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INTRODUCTION

The work contained in this thesis developed from an
interest in the variety of stoichiometries and structures which
are exhibited by chlorocuprate(II) complexes. Both the stoichiometries
and structures of these anionic complexes are strongly dependent on
the associated cation. This work is concerned with monovalent cations,
and particularly the alkali metals and ammonium or substituted
ammonium jons. Only the anhydrous salts have been considered.

Within these limits the various possible stoichiometries
which occur are ACuCl El.I)XECuCILF,'A}CuCl5 and A3Cu2017, where A is ;
the monovalent cation. Table I.1 shows which of these stoichiometries |
are found with various monovalent cations.

‘There is often more than one possibility for the
coordination geometry of the chlorocuprate anion of a particular
stoichiometry. Chlorocuprates are known in which the geometry
around the copper(II) ion is formally octehedral, square planar,
square pyramidal, tetrahedral or trigonal bipyramidal. As a d9 ion,
Cu2+ in a cubic field would have an orbitally degenerate ground
state (2E or 2T); it is therefore expected, according to the
Jahn-Teller theorem, that the ion will distort in order to remove
the orbital degeneracy. The distortion splits the degenerate
levels such that their centre of gravity remains constant, as shown
in Fig.Il.l for a d9 jon in an octahedral environment distorted
towards D4h symmetry. There is a net lqwering of energy from the
splitting of the eg orbitals, provided these are not fully occupied.
Similar lowering of energy occurs if the tp. orbitals of the
tetrahedral case are split. This type of distortion has been
found in the chlorocuprate anions., An ocféhedral complex is not
usually regular, but most commonly has four equatorial ligands at
approximately the same Cu-Cl distance,.which is shorter than the
Cu-Cl distance for the two axial ligands and tetrahedral complexes

do not have strict Ty éymmetry.



The types of geometry found for the several chlorocuprate

stoichiometries are given below.

ACuCl
R}

(1) (CuCIB-)n chains formed by octahedra sharing faces as in
0scu013(2) (Fig. I.2a).

Cl
(ii) (Cu2016)2- dimers. The Cu’// ™~
(3)

be symmetrical as in KCuClB, or non-symmetrical as in (MGZNHZ)GuClB'

In KCuCl3 the copper coordination is octahedral (Fig. I.2b); ' in

Cu bridge may either

(MeaNHa)CuCl3 it is square pyramidal (Fig. I.2c).
AZCuC14
(i) square planar CuCl42- ions with interactions between the

ions producing distorted octahedral coordination for the copper as
L (5) (ns
in (NH4)ZCu014 (Fig. I.24).

(i1) tetrahedral Cu0142‘ jons in which the bond angles deviate
from 109°28', as in Gs,CuCl,, (6),
A.CuCl

2 2

(i) trigonal bipyramidal CuCl 5= ions as in [Co(NH3)6]CuC1 (7).

5 5
(i1) a square planar CuCluz' ion (with axial interactions) and
an isolated C1~ ion as in [(NHa.CHa.CH2)2NH2]Cl(CuC14) (8).

(iii) a tetrahedral Cu0142- ion and an isolated Cl™ .ion as in

Cs5CuCl, (9

ACu201E

The only known compound of this stoichiometry is
(MeBNH)Cuacls,(lo) and the structure is analogous to the Cu
dimer, i.e, a planar [Cu4011o]2- ion (Fig. I.2e).

AécuZClZ

The only known compound with this stoichiometry has

c1 2~

2776

A= Me3NH+. There are sevVeral possible arrangements of two copper2+

(4)



and seven chloride ions which are chemically reasonable (Fig. I.3)
and a structure determination was felt to be of interest. 1In order
to appreciate some of what follows, it is necessary to mention briefly
that this structure was found to contain two types of chlorocuprate
coordination; (CuC13-)n chains similar to those in CsCuCl3 and
tetrahedral.CuCI42- ions.

During preparative w?rk on the MeBNHCl-CuCl2 system an
observation was made which led to much of the subsequent work, It
was found that the CuCl4 " dion in (Me,NH),Cu.Cl, could be replaced

>3 eT

by CoCl4 " or ZnCl4 , while the (CuCl3 >n chains were not affected.

In fact a series of solid solutions (MeBNH)BCu(Cu,M)Cl,7 could be

prepared.

This raised the question of whether fhe ions introduced
into the lattice would be distorted in a similar manner to CuCl#2
or not. There is no general reason why CoClua"or Zn014 ~ should be
distorted from Td symmetry, since they are not subject to Jahn-Teller
distortion. However, distortion of the ions might be brought about
by crystal-packing effects. The distortion of CuCl42- is normally
attributed to the Jahn-Teller effect rather than lattice forces.
If this is the case, then it might be expected that the 00014
or ZnClhz- ions (which are of 51m11§r size to CuClh ~) would be
undistorted when they replace CuCl4 " in the lattice. Conversely
if lattice forces were more important in the distortion of the CuClha-
ion, then the‘CoC142— and ZnCl42_ ions should also be distorted in the
lattice. Study of the solid solutions should therefore give some
indication of the nature of the forces causing distortion of the
CuCl42' jon. These arguments should hold for any lattice containing
CuCl42‘ ions and it was decided to stugy in the first instance
simpler compounds containing only MCl, ~ ions, such as (EthN)2M014
or (Me4N)2MCl4-

Some measure of the ease of replacement of one ion by

another can be gained from a study df the equilibrium between the two



salts in solution and in the solid phase. If in the system

A MCI4-A M! Clq-solvent the MClqg-:M'Clqa- ratio at equilibrium is
much greater in the solid phase than in solution, it can be
considered that MCl42- is energetically preferred over M'Cf: in

the lattlce. The phase diagrams of various pairs of salts plus a
solvent were therefore studied. Previous work on the classification
and description of s0lid solution formation in this type of situation
is discussed and used to form a basis for comparison of the results
obtalned. ' ) ‘

The so0lid products from this sort of experiment are
expected to be homogeneous solid solutioﬁs, so that the effect of
variation of comp051tlon on the geometry of the anion could be studied
by ‘such technlques as vis1b1e-u1traviolet spectroscopy, differential
scanning calorimetry and X-ray crystallography.

Differential scanning calorimetry (DSC) has been used to
detect thermal transitions in (Me,N),ZnC1, and (Et4N)2MG:L4.(11)
These have been tentatively assigned to the onset of rotation of the
anions and cations, but are not understood in detail., It might be
expected that alterations in the lattice as a result of solid
solution formation would affect the transition temperature and AH
and AS of the transitions, and it was hoped that DSC would help to
elucidate the nature of the transitions.

X-ray crystallography is valuable in detecting any
ordering which might occur in the solid solutions and in providing
detailed information on bond lengths and angles. Clearly a full
structure determination could not be attempted for each solid
solution produced, but a study of a crystal of (MeqN)a(Cu,Co)CIA

containing approximately equal amounts of Co2+ and Cu2+ was
undertaken,
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Figure T.1

[t At )

The Jahn—Teller effect for Cus .

The distortion is from qlto D4h

along z. A centre of gravity rule is obeyed for splitting

symmetry by stretching

of both eg and tgg sets. There is no net energy change for

the t, electrons, but a net gain of +§ from the e, electrons.
O 2



Firure 1,2

The geometry of the copner ion environment in some

chlorocuprates(II).

o :Cu“

OorO :Cl- i

) (M, N, ) CuCl,



Figure T.2 cont'd

(d) (vg,).cucl

4)2 4

(e) (Me3NH)Cu20
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Picure T.3

Some pogsible arrangements of Cn 013 stoichiometry

2—T

O =CI- ®:=Cu**

(a)

(b)

- (d) (e)



TABLE I.1

The chlorocuprates formed with a number of monovalent cations (A)

4+

A =X HCuCl,.2H,0, H,CuCl,, H,CuCl).5H,0, HyCuClg.nH,0
A=1i" LiCuCly.2H,0, 1iCuCl,.HCOOH, LiCuCl,.CH,CN

A= Na¥ no complex formation

A =K' ; KCuCly, KCuCl,.2H,0, K,CuCl,.2H,0

A = Rb” Rb,,CuCl, « 2H,0

A =cCs” CsCuCly, Cs,CuCly, Cs,CuCl,.2H,0, Cs5Cu,Cl,.2H,0
A =1H" (NH,, )CuCl,, (NH,)CuCl,.2H,0, (NH,) ,CuCl,

A = MéaNH2+ Me,NH,CuCly, (Me,NH,),CuCl,, (Me,NH,),CuCl,

Data taken from Pascal, "Traité Nouveau de Chimie Minerale",
Sidgwick, "The Chemical Elements and Their Compounds'" and

Colton and Canterford '"Halides of the First-Row Transition Elements"

and references therein.

Il



CHAPTER II

THE STRUCTURE AND PROPERTIES OF (MesNH)3CuZCl7




CRYSTAL STRUCTURE OF (Me}NH)BCu2017

The crystals were prepared as described in Chapter III.
They were in the form of orange needles, typically hexagonal in
cross-section and often hollow. The compound was hygroscopic, and
crystals for X-ray analysis were sealed into thin-walled glass

capillary tubes together with a small amount of phosphorus pentoxide,

Diffraction pattern of the crystal

The first crystal selected was mounted with its needle
axis coincident with the oscillation axis of a Weissenberg camera.
Oscillation photographs (CuKa) showed a repeat distance along the
needle axis of about 630 pm. A hkO Weissenberg photograph exhibited
hexagonal (6 mm) symmetry (Fig.II.l) with a & 1430 pm. The hkl
photograph, however, showed that each spot had in fact six components
arranged in a small hexagon (Fig.II.2). This crystal was therefore
a six-fold twin and unsuitable for data collection.

Examination of several crystals eventually produced one
for which the hkl and higher level spots were not split. The crystal
was monoclinic, and systematic absences hkf (h + K = 2n + 1),
not l=2n + 1 (h = 2n + 1) and (0X0: k¥ = 2n + 1) indicated space
groups Cc(N°9) or C2/c (N°15). Lattice parameters were obtained from
precession photographs., These and other parameters for the crystal
are given in Table II.1.

The closeness of the lattice parameters to those for a
hexagonal crystal ( v3.a = 2478 pm &~ b; B = 90°) explains the ease
of twinning., This can be described as an example of pseudomerohedral
twinning, which occurs when the lattice is almost of higher symmetry
than the crystal system to which it belongs.l An empirical law due
to Mallard states that the twin can be described in terms of either
a twin plane parallel to a lattice plane which is almost a symmetry

plane or a twin axis parallel to a lattice row which is almost a
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symmetry axis. For example, a monoclinic crystal with B close to

90o has almost orthorhombic symmetry and twinning is facilitated.

Examples of reflection and rotation twins of this type are shown

in Fig.II.3. For pseudomerohedral twinning to occur, the obliquity

angle (© ). is usually less than 50.2 The reflections of the two

zero levels coincide, but those on higher levels are separated,

the separation being related to © . An orthorhombic crystal with

b™® V3.a is almost hexagonal, and is likely to form six-fold twins.

This is illustrated in Fig.II.4. Three orthorhombic individuals
~-with 2 mm symmetry are combined so that each pair of neighbours is

related by reflection; the twin produced has 6 mm symmetry. The

diffraction pattern of the complete twin will have hexagonal symmetry

on the zero level. On higher levels the reflections will not
colncide exactly, the extent of separation being dependent on the
deviation of the lattice parameters from exactly hexagonal values.
(MeBNH)BCuZCl7 has a monoclinic lattice with p ~ 90° and b~ /3,a,
and might be expected to form both two-fold and six-fold twins,

but the sixfold twins appear strongly predominant in all the samples
examined, ‘

Fig.II.5 is the hkO photograph of the untwinned crystal,
which' shows that the intensity distribution is very close to that
for a hexagonal crystal. Together with the oscillation photograph,
which shows close to mirror symmetry perpendicular to ¢, this shows
_that the pseudo-symmetry exhibited by the diffraction pattern is a
mirror plane ab and a six-fold axis (c). If this symmetry were
strictly obeyed (and B = 90°, b = V3.a) the crystal would belong
to Laue group 6/mmm and thus to the hexagonal space groups gg?@: or
Pg/mmc. The closeness of the intensity distribution to hexagonal
symmetry is most clearly illustrated on hkO. The a*b* plane of the

-monoclinic reciprocal lattice is shown in Fig.II.6. From this it

is found that if the lattice were hexagonal, the following reflections




'15“

would be equal

"
Ul

3(h+k) ", k",0 (b= 3(hek))
3(3h-k)) | (k" = 3(3n+k)

h,k,0 h',k',0 (h'
(k!

These reflections would not be equivalent for a monoclinic crystal,
and an attempt was made to estimate the deviation of the measured
hkO intensities from hexagonality.

The percentage deviation from hexagonality for eéch set

of three reflections was defined as

Ao UF —M + [F' - M| + P - Ml)

= (F + F' + F") 100

where F = JFhkO etc. and M is the mean of F, F' and F". Also
calculated was R =  ZMA /S M,

R and A were calculated for 41 cases in which all three
symmetry~related reflections were measured and -29 cases where two
of the three possible reflections were available (Table II.2).

This gave a mean A of 12% (maximum 65%, minimum 0%) and a mean R

of 6.6%. A mean discrepancy of this order would not be unexpected
if equivalent reflections of a hexagonal crystal were measured ‘
visually from photographic data, buf close examination of Fig.IIl.5

shows that the crystals are in fact monoclinic.

Data Collection

Data were collected from the non-fwinned crystals
Layers hkO through hk5 were collected using equiinclination
Weissenberg geometry (CuKa) and a multiple-film, multiple exposure
technique. hOQ, hll and h2l were collected by precession photography.
The intensities of the Weissenberg photographs were estimated visually
by comparison with a calibrated strip, and those of the precession
phofographs using a Joyce-LoeBl flying spot microdensitometer., No
absorption or spot—shape correetions were made. Interfilm scaling
of each 5~ fllm pack of Welssenberg photographs used the published

value of the transm1581on coefficient, 3 and 1nterpack scallng was

SRS —
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on the basis of exposure times. Scaling of the precession photographs
was on a time basis. The cross-level data from the precession
photographs were used to determine approximate layer scale factors;
the layer scalg%actors were later included in the least-squares

refinement.

Structure Determination

The hexagonal distribution of hkO infénéities suggested
that the atomic arrangement might also have six-fold or 63 symmetry,
at least for the heavy atoms. It was also observed that c¢ is
approximétely equal to twice the Cu-Cu distance for the chains in
cs0u013.4 These two facts suggested that the structure probably
contains (CuCIB—)n chains parallel fob, and it was therefore postulated
that the structure was composed of these chains and isolated chloride
ions (Fig.II.7a). | . |

Data reduction was followed by a two-dimensional Patterson
synthesis. A sharpened hkO projection was calculated, assuming cmm.
symmetry, and using the sharpening function (1/f )aexp(ZB sin29/)?)
where @2. = ZNiFia/ZNi and B =3 x 104 me. This was interpretéd
in terms of (CuCIB-)n chains and C1~ ions. A two-dimensional Fourier
synthesis phased on the cu®* and 01" ions in these produced a map
indicating that the structure in fact contained CuClua- ions and
(CuCle)n chains (Fig.II.7b). A difference map afforded more accurate
heavy atom positions, and two-dimensional synthesis phased on these
also showed the three trimethyl ammonium groups. The location and
orientation of the CuClua' tetrahedron on b determined the space group
as Cc, since it could not be placed on the two-fold axis of C2/c in
this orientation.

‘In the absence of a three-dimensional Fouriér progranm,
the z coordinates of the heavy atoms were determined by trial and
error. The origin was fixed by placing the Cu atom of the chain at
O, vy, 2 (y &~ 3). The x and y coordinates of all the heavy atoms were
known, and z coordinates of the chain chloride ions could be estimated

approximately., The Cu-Cl bond distance in the tetrahedron could be




estimated, but the z height of the tetrahedron was indeterminate.
Using assumed temperature factors of B = 3 x 10# me for Cu and
B =4 x 104 pm2

structures with the fractional z coordinate of the whole tetrahedron

for C1~, theR factor was calculated for a series of

being varied in steps of 0O.1l. There was a clear minimum with the Cu
atom at about 0.6,

A similar procedure was adopted for the Me3
initially assuming that all three tetrahedra in the asymmetric unit
were at the same z height, There were two possible orientations for
the N-H vectors of these groups, which can be described as 'up‘ and
'down' with respect to the positive sense of ¢. Keeping the heavy
atom parameters constant, the z height of the three tetrahedra were
varied and the R factor calculated at intervals of z = 0O,1; at each
z height R had to be calculated for both 'up' and 'down' positions.
A minimum R of 27% was found with the groups 'up' and the N atoms
at z = 0.16, (Fig.11.8).

A three-dimensional Fourier program was now obtained.
A Fourier synthesis phased on the heavy atoms showed that the three

trimethyl ammonium ions in the ‘'up' position with z(N) = 0,16,

Structure Refinement

- The course of the least squares refinement is shown in
Table II.3. '
' The failure of the block diagonal refinement to converge
below 18,3% was attributed to an "inverse overlap" effect5 because
of the pseudohexagonal symmetry of the structure., An attempt to
eliminate this was made by refining only the positional parameters
of one of the MeBNH+ groups, but R increased slightly. Full matrix

refinement was therefore employed. The correlation matrix in fact

shows some quite strong interactions, but in general the strongest of

them are not necessarily between parameters related by pseudohexagonal

symmetry.

Refinement was considered complete when A(o‘ for all

Nt tetrahedra, '

;
4
;
:
5
£
:
i



parameters. Structure factors are given in Appendix A. Positional
and thermal parameters with their standard deviations are given in
Table II.L.

Discussion of the Structure

The structure has essentially three componénts;
1he@uC15-)n chain, the CuC142- tetrahedron and the MeBNH+ groups.
Each of these can be compared with the same component in other
environments, and the relationship between the compdnents can be
considered. The unit cell is jillustrated in Fig.Il1.9. Bond
lengths and angles are given in Table II.5, together with their
standard deviations; no difference is treated as significant
unless it is greafer than 3¢

The (CuCIB:ln chain is extremely similaf to the chain
in CsCuC:l.B,L‘L for which the bond lengths and angles are given in
Table II.6. The only large difference is that in the length of the
longest Cu-Cl bond. The distortion of the coordination around the
Cu atom from Oh symmetry is explained on the basis of Jahn-Teller
distortion. The Cu-Cu distance in the chain is similar te that in
CsCuClB; these two distances are shorter than those in other
NH)BCu Cl, the

3 2777
CuCl6 octahedra are joined by face-sharing, while in the other

chloride-bridged copper compounds because in (Me

compound octahedra are linked by sharing edges.

The CuClhz- tetrahedron may be compared with those found

in Cs20u014,6 (MeuN)2Cu014 ? ana (TMBA)ZCu014,8 whose parameters are
given in Table II.7. In each of the latter compounds, the general

shape of the ion is that of a 'squashed' tetrahedron, with two
Cl1-Cu-Cl angles much greater than 109028' and four much less; bond
lengths vary between 218 and 227 pm. 1In (MeBNH)BCuZCl7, however,
the symmetry is significantly different. All the bond angles are
within 1 esd of 109028', and the only deviation from Td symmetry is

]Qw

caused by bond length differences., Three bond lengths are relatively

- short (223,220,223 pm) compared with the fourth distance of 230 pm.



This reduces the symmetry of the copper atom environment to

approximately C The reason for the distorted ion taking up

this shape instiZd of the more usual form (approximately DZd) is
Elearly intimately bound up with the surroundings of the CuCl42- ion
in the lattice, and is discussed in more detail below.

The Me,NH+ ion can be compared with the Me3
in MeENHCI ? anngaseous MeBN.10 Me3NHCl has N-C distances of 147
and 149 (+ 1) pm and C-N-C angles of 110° and 112° (+ 1). 1In Me N

the distances are 147 (& 2) pm, but the angles are 108° (+ 4). The

N group

smaller angle in Me3N is ascribed to the repulsion due to the lone

pair of Me,N being greater than that exerted by the bonding electrons

3

of N-H in MeBNHC1. The mean distance in (MeBNH)BCu2017 is 146 (+ 5) pm

and the mean angle is 111° (+3), which is in agreement with the data

for Me3NHCI.

Relationship between different parts of the structure

The (CuClB-)n chains have approximately sixfold symmetry,
and their influence on structures containing them is very clear,
In CsCuCl3 there is a fairly simple problem in packing, since there
are no very stringent packing requirements for the cation and the
packing of (CuClB'-)n chains essentially determines the structure.
In consequence CsCuCl3 belongs to a hexagonal space group (P6122).
The packing problem in (MeBNH)quaCl7 is more complex, but the
dominant effect determining the symmetry of the structure is evidently
the arrangement of (Cu013-)n chains, giying the very close approach to
hexagonal symmetry which is illustrated in the ab projection (Fig.II.10],
In considering the individual ions the most obvious feature
was the unusual type of distortion shown by the CuCl42~ ion, In a
single crystal structure it is difficult to distinguish between the
effects of crystal packing on the ions concerned and the influence
of the electronic structures of the ions on their environment.
However there seems to be sufficient evidence in this case that
CuCl42- usually exists as a squashed tetrahedron, so that its shapev

in this structure must be explained in terms of crystal packing.
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The imposition of approximately three-fold symmetry

around CuCl42- by the (CuClB-)n chains suggests that an ion with

C3V symmetry may be more easily accommodated than one with D2d'
The N-H vector of Me3

therefore a possibility of N-H-Cl bond formation, which might

stabilize the three-fold symmetry of Cuc142‘.

NHY is directed towards CuClua-, and there is

If a model is constructed of the CuClqz- tetrahedron and

3
complete the tetrahedral coordination of the N atoms, then the N-H

its surrounding Me Ng* groups, with H atoms being introduced to

vectors are directed-appfoximately towards the central Cu atom. A
sketch of this arrangement is given in Fig.lI.ll. This arrangement

has three-fold symmetry with mean distances of Cl(2)-N = 351 (+ 2),
Cl(3)-N = 350 (+ 2) and C1(4)-N = 350 (+ 2) pm, so that only the atoms
N(3), H(3), C1(1'), C1(3) and C1(4) need be considered. The N(3)- C1(1')
distance is 327 (+ 2) pm. These distances are short enough for some
electrostatic interaction between Me NH' and C1” to occur, but it is

3
less certain that hydrogen bonding takes place. The length of the

hydrogen bond is dependent on the coordination and hybridization of

the nitrogen atom, so that the sum of the van der Waals' radii %
(~ 330 pm) is not a satisfactory criterion., 1In the ammonium and :
alkylammonium halides11 the N-Cl distance varies between 335 pm i

(NHACl (CsCl structure)) and 300 pm in Me,NHCl. In various

-onium chlorocuprates N-Cl contacts of 303-380 pm have been reported, ;
but no distinction has been made between electrostatic interaction
and hydrogen bond formation.

Not only the N-Cl distance, but also the hybridization of
the atoms and the spatial orientation of the orbitals are important
in hydrogen bond formation. As shown in the sketch none of the N-H-Cl
angles are 180°, but the postulated hydrogen atom position is roughly
eq;idistant from C1(1'), C1(3) and C1(4). If the chlorine atoms are

sp” hybridized, and therefore have a tetrahedral arrangement of

orbitals, then filled orbitals could be directed approximately towards



2

the hydrogen atom. There then seems no reason why C1l(1'), C1l(3)
or C1(4) should hydrogen bond preferentially, so that a trifurcated
bond would be produced. This would be extremely unusual, and there
is no strong evidence in its favour, so that only electrostatic
interaction can be assumed to exist in this case,

It is therefore concluded that the threefold symmetry
of the CuClqz- tetrahedron iﬁ this structure is imposed basically
by the packing of the (Cu013—)n chains, and reinforced by interaction

with the MeENH+ groups,



1.
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3
b,
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FPirure IT.3

Pseudomerohedral twinning

b* is common to both individuals, the a* axes coincide,
and the c* axes almost coincide. The diagram represents
either a rotation twin with ¢ as the twin axis, or a
reflection twin with 100 as the twin plane.

Pairs of reflections along lines parallel to a¥ are
twin—-pairs of separation al=2ptan®, where p is the
perpendicular distance of the lattice row from the origin,

2




Fimire IY.4

[ e A R Y

6mm

Twinning of orthorhombic individuals to mimic hexaronal

crvgtals
Bach pair of orthorhombic individuals of 2mm symmetry is
related by a mirror plane; the resultant twin has 6mm

gsymmetry.
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Fipure IT.6

The centred orthnrhombic recinrocal lattice in relation

to hexaronal axes
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Picsure I11.7

The two asymmeiric units considered for (Me3NH)32322l7
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Figure II.8

Aporoximate determination of licht atom positions

A - groups "down" with resvect to c.

B -~ groups "up" with respect to c.
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Firure 11,10

" ab projection of (Me

NH).Cu.Cl
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Fisure IT.11

OCI ~ @cu  eN = OC OH

Sketch of the relation between Cur:li" and the light

atom tetrahedra (not to scale)

3
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TABLE IT,1

SOME PROPERTIES OF (MeBNH)BCu2017

Linear absorption coefficient /x: 97.46 em™t (CuKa)
Density | Qobs = 1.65 Qcalc = 1.65 g cm™>
Approximate dimensions 0.1 x 0.1 x 0.2 mm.
Cell parameters | a = 1430 b =n2467“” c ="630.pm

a = 90° B = 92,52° ¥ = 90°
Space group Ce
Z =4 .

N? of reflections measured = 1490

N° of reflections included in refinement = 1480



TABLE II.2

Comparison of reflections on hkO which are related

by pseudo-hexagonal symmetry

Lach line contains h, k and Fobs for the two or three

related reflections, and A (%) for the group, where

oy _ LIFP-Ml + [IF'aMl + [F"-M|)
A (%) = (F + F' + F") x

100

and M is the mean of F, F' and F".

Ny



Table II.2

DELTACD)

H ¥ F H K F H ¥ E
3 1 1945 2 4 18.8 1 5 19.5 1.6
7 1 .2 4 19 ) 3 11 5¢7 134
9 1 15.3° S 13 3.5 4 14 143 45.5
111 Sel 6 16 64 5 17 5S¢l 1044
4 2 1.7 3 5 1747 1 7 10.4 1.3
6 2 10.1 4 =7 2.2 2 10 %ol 745
g 2 7.7 5 11 6o 313 6eb 9.2
10 2 lﬂoq 6 14 Qa7 4 16 lﬂué 405
12 2 e} 7 17 A dy 5 19 o 4y 30‘
18 2 3.6 10 26 2.6 8 25 2.6 1542
5 3 25.8 4 6 25.8 1 9 22.7 5.0
7T 3 4644 S 9 4645 2 12 43.3 3.1
9 3 33.% 6 12 3645 315 43.0 5.8
11 3 11.3 715 13.7 418 12.0 Te4
13 3 58 2 1R 60 ‘5 21 3.5 20.9
15 3 11.7 9 21 10.1 6 24 7¢3 140
17 3 9.2 10 24 7.0 7 27 I | 9.t
6 4 1.0 5 7 1e4 1 11 4¢7 6547
8 4 1245 6 10 11.3 2 14 11.5 4.0
i 4 442 713 3.5 3 17 440 5.6
12 4 669 2 16 5.0 4 23 T4 1449
7 5 Gl 6 = 6e9 1 13 6e5 561
11 5 13.5 2 14 10.5 319 11.5 At
g 6 211 7 9 20.6 1 15 22.8 2.6
19 6 131 % 12 13.1 2 1% 14.9 548
12 6 5¢0 9 15 9.2 3 21 Te? 2041
14 6 9.1 17 18 8.5 4 24 4.7 2445
16 6 3.7 11 21 3.0 5 27 3.3 7.3
9 7 2.2 2 10 1.4 117 3.5 31.9
17 S5t 9 13 Sef 2 20 540 63 .
12 8 3.7 9 11 a7 1 19 2.0 20,7
11 9 171 10 12 160 1 21 147 5.0
13 9 1%e5 11 15 20.5 2 24 15.2 17.9
15 9 Sel 12 18 5l 327 41 9.3
12 19 3.7 11 13 3¢5 1 23 2.0 23.2
14 10 544 12 16 645 2 26 4¢1 1544
16 10 2e4 13 19 26 3 29 302 Re3
13 11 . 6.2 12 14 602 1 25 3.0 2741
14 12 111 13 15 11.4 1 27 10.% 1.8
3.2 14 18 3.7 2 30 3.8 69

16 12
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TABLE II.3
LEAST SQUARES REFINEMENT OF (MeBNH)BCu2017
(1) Block diagonal matrix; all observations at unit weights
, (F -{F ‘
No of ' Parameters refined : R = 5 7L [ <
ol -
cycles , for all observed
refls.
5 all atom positions',‘Biso for all atoms : 18.3%
2 atom positions for one (CHB).}NH+ group , 18.3%
2 Bjj for Cu and Cl atoms 18.6
. i FCFt: v e L
(2) Full matrix; weighting scheme w 5 1 for g ;W= (F-F*'Z
F- ——a;>
for F ) F*
1 atonms p051t10ns and B, iso for Cu, Cl atoms
(unit weights) . ' : 17.9
1 all atom positions and individual layer scales
(unit weights) : , 15.7
2 all atom positions and Biso for all atoms
(unit weights) : 14,0
some positions and B,  for all atoms (unit weights) 12,7
all atom positions and individual layer scales
(F* = 45, G* = 48) 12,5
1 all B, and layer scales (F* = 45, G* = 48) 12.1

at this stage some errors in the data were

corrected and structure factor calculations
gave R = 11.7

2 positions, layer scales (F* = 45, G* = 35) 11.5
1 positions, layer scales B.so for all atoms

(F* = 35, G* = 45) 1 11l.4
2 Bij for Cu and Cl atoms (F* = 35, G* = 35) 10.3
1l all atom positions and layer scales

(F* = 35, G* = 35) 10.1

1 Bij‘for Cu and Cl atoms (F* = 35, G* = 35) 10.1



Table 17.4

(a) Positional parameters (x104) for (Me3NH)3ggzgl7L

Standard deviations are given in parentheses,

ATOM X | Y 7

cul 15 (3> 1669 (1)  63%2 (%)
cu2 o * 4999 (1) = SA02 *
cL1 27 €5) 1672 (2) 31 (17>
cL2 5 (6) Bl4 (3> 5229 (15)
CL3  -1254 (6> 2090 (3> 5117 (15)
CL4 1294 (5) 2098 (3> 5402 (14)
CLS 1164 (5) 46235 (2) 2116 (12)
CL6 -2 (5) | 4266  (2) 7519 €13)
CL7  -1151 €4) 4607 (2) 2953 €12)
N1 25 (12) 2920 (6) 1846 (24)
N2 1264 (14) 1343  (8) 1576 (34)
N3 1284 (11> 10854  (7) 1974 (27)
C1 -6 (19) 3269 (109> 3722 (45)
c2 850 (27) 3003 (15) 631 (65)
c3 1623 (272) 697 C11) 662 (50)
C4 2421 (21) 1426 (12) 792 (54)
o 2463 (19) 859 (11> 3933 (47)
Co -766:(23) 37219 (12) 376 (56)
c7 -1566 (23) 561 (13) 509 (58%)
cH =24%4 (19) 1421 (11) 254 (4%)
co -2367 €18) B74 C11) 3506 (45)

* FIXED TO DETERMINE ORIGIN,THEREFORE ESD
15 ZERQ. .



Table I1I.4

(b) Termal ﬁarametebs for (Me NH) Cu C1..
3 )3——2*7“
ANISOTROPIC THERMAL-PARAMETERS(x10°)

ATOmM 3 . ESD ATOM B ESD
CJl 11 5.5 (7.2) CL4 11 5.5 (0.3)
22 1.8 (Ae1) P2 2.3 (A.1)
33 260 (O.%) 33 39.%3 (2.4)
12 =01 (Aa1) N 12 =06 (B.2)
13 08 (3.3) 13 244 (B.7)
CJ2 11 42 (Be1) CLS 11 447 (Qa3)
22 1.5 (351) ! 29 146 (MFel)
33 183 (0.8) 33 2449 (1+9)
12 3el (Oel) 12 =7+l (Be1)
13 =0e6 (3.2) 13 =2.0 (A.5)
23 0.2 (Ae1) 23 0.5 (0.3)
CL1 11 4.8 (0e3) CL6 11 4eT (De2)
22 1.7 (Bel) 22 1e7 (Mel)
33 22.7 €1.7) 33 2%.8 (1.7)
12 =02 (31D 12 =Ael (Me2)
13 0.9 (D.5) , 13 =0¢1 (De5)
23 =043 (Ne4) 23 =042 (O edh)
CL2 11 Te7 €COed) CLT 11 442 (7Ae2)
22 146 (Dal) 22 1.5 (9e1)
33 39.2 (2.3) 33 22.5 (1.7)
12 Nel (0.2) 12 =23 (Ae1)
13 De% (267D 13 =242 (D3)
CL3 11 5.7 (9.3 B, d¢ a= wcg\"dm: w Ha prssien
22 2.3 (2.1) Ha  owisehopic FTompiratue  fador
33 454 (2.7) feo N P oo :Q f
12 0.7 (Ae2) op f-(Bub® & B4 Bylt + 2B kK
13 =-2.9 (B.7)
53 1.5 (Medd + 2Bkl 4 2313'4)}' |

ISOTROPIC THERMAL PARAMETERS

ATOM T  ESD ATOM T  ESD T is e we({\'deﬂ
NI 2.9 (M.3) | Ca4 5.9 (A7) n He trprseion fon
N3 3el (T43) Cé 642 (BaT) Fop peretu
c1 5.2 (Me6) CT 646 (7.3) facker

ce Te6 (Me9) CR 52 (0.6) %_(T, smd 0

C3 5.3 (M) CO 4.9 (A.6) - )



TABLE II.5

Bond distances and angles in (MeBNH{30u2017

e.s.d's are given in parentheses

(a) Selected bond distances (p.m).

cu(l) - c1(1) 230(1) - cu(2) - c1(5) 269(1)
- C1(2) 223(1) - C1(6) 240(1)
- C1(3) 220(1) , - C1(7) 226(1)
- C1(4) 223(1) - - C1(5') 230(1)

- C1(6') 239(1)
- C1(7') 273(1)

N(1) - c(1) 146(4) N(2) - c(7) 148(5) N(3) - Cc(3) 140(4)

- c(2) 142(5) . - C(8) 140(5) . = C(4) 145(5)
- C(6) 141(5) - C(9) 154(4) ~ = C(5) 157(4)

(b) Selected bond angles

C1(1) - Cu(l) - C1(2) 109.7(0.4)
C1(1) - cu(l) < C1(3) 109.7(0.4)
€1(1) - cu(l) - C1(4) 109.2(0.4)
C1(2) = Cu(l) - Cc1(3) 109.6(0.4)
C1(2) - cu(1l) - C1(4) 110.6(0.4)
C1(3) = Cu(l) - C1(4) 110.0(0.4)




c(1)
c(1)
c(2)
c(3)
c(3)
c(4)
c(7)
c(?)
c(8)

c1(5)
C1(5)

c1(5) -

€1(5)

C1(5') - cu(2) - C1(6)
C1(5') - cu(2) - Cc1(6")
C1(5') - cu(2) - c1(7")

TABLE II.5 (continued)

N(1) - c(2)
N(1) - C(6)
N(1) - C(6)
N(3) - c(4)
N(3) - C(5)
N(3) - C(5)
N(2) - c(8)
N(2) - ¢c(9)
N(2) - c(9)

Cu(2) - c1(5)
Cu(2) - c1(6)
Cu(2) - c1(6")
Cu(2) - c1(7)

C1(6) - cu(2) - c1(7)
CL(6) - Cu(2) - c1(7")
C1(6') - Cu(2) - Cc1(7)

C1(6') - cu(2) -~ c1(7")

C1(?7) - cu(2) - c1(7")

105(3)
111(3)
113(3)
114(3)
113(3) .
107(2)
115(3)
107(3)
114(3)

96.1(0.5)
100.8(0.3)
179.6(0.5)
85.2(0.3)
92.3(0.5)
89.1(0.5)
104,3(0.5)
91.6(0,3)
100,9(0,5)
88+3(0,5)
98,0(0.5)
95.6(0.5)
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TABLE II.6

) chain of CsCuCl

Bond Length and Angles in the (CuCl3 n 3

(a) bond lengths (p.m).

Cu - C1L(1) 235.5 Cu - C1(2) 277.6 Cu - C1(2') 228.1

(b) Cl - Cu = CJ, angles

90.52, 89.30, 95.52, 95.lk, 91.74, 90.32.



TABLE II.7

Bond distances and angles in tetrachlorocuprates

Trimethylbenzylammonium tetrachlorocuprate

Bond distances (p.m) Bond angles
222.9 100,3° 99.1°
226.3 132.1° 98,3°
226.3 132.8° 99.7°
226.6

Caesium tetrachlorocuprate

Bond distances (p.m) , Bond angles
218, 225 124,9 102.5
123.3 102.9

Tetramethylammonium tetrachlorocuprate

Bond distances (p.m) ‘ Bond angles
225, 221, 223 101.1 132.1
100, 8 126,6




CHAPTER III

EXPERIMENTAL
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PREPARATIONS AND ANALYSES

This chapter describes the preparation and analyses of
the chlorometallates and chlorometallate solid solutions, together
with the construction of the phase diagrams. Spectral and DSC

data are also given.

(1) The trimethylammonium chlorocuprates

The various trimethylammonium chlorocuprates were
prepared by the methods given by Remy and Laves,(l> which are
summarized below, and their stoichiometries were confirmed by
copper and chloride analyses. (Chloride was determined gravimetrically
as AgCl, and copper titrimetrically with EDTA, in pyridine-buffered

solution with pyrocatechol violet as indicator).

System CuClazMejNHCI:solveht (figures given are the .
CuCl,:Me,NHC1 molar ratio)

3
water=solvent ‘
1:1, 1:2, 1:3 l:4, 1:5, 1:6
mix hot solutions v evaporate to point of
and crystallize | ; crystallization on the
, ‘ , | water-bath
Me JNHCC1, . 2H,0 - (Me,NH) ,CuCl,
(green) : (orange)

dry in vacuum
desiccator oven
H2304 or by
heating

\V4
MeaNHCu015

(brown)



A

ethanol=solvent , 2:1, 1:1, 2:3 (CuClZ:MeBNHCl molar ratio)
mix hot solutions slow evaporation
and cool rapidly over stol+
(Me_NH)_Cu.Cl,
; P AR S
(orange-brown)
(Me,NH),CuCl, exposure
(yellow) to air
a green hydrate—-iis a yellow-
green
solution

(MeBNH)BCuZCl7

The compound was prepared by the method shown above

using a solution containing a 2:3 molar ratio of CuCl2 and MeBNHCI
in dry ethanol. It was deposited as fine orange needles; these
were hygroscopic, but could be handled in the open laboratory for
periods of up to about 15 min. The crystals were dried in a vacuum
'desiccator over P205. The copper was estimated titrimetrically with
EDTA, and the chloride gravimetrically as AgCl.

Found Cu = 23.15% Cl = 44,06%

Calculated for (MeBNH)BCuZCl7 Cu = 22.86% Cl = 44,73%

Under the microscope the crystals are found to be
hexagonal in cross-section; many of them had a hollow centre

running the length of the needle axis, giving the cross-section

Less frequently individuals were found which were completely solid
and almost rectangular in cross-section; X-ray examination of a
number of these showed that they were usually single crystals.

The crystals were slightly pleochroic, changing from orange to
greenish-orange, and there was an extinction parallel to the needle

axis.
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The electronic spectrum was measured from 700 to 350 nm
using the diffuse reflectance attachment of a Unicam SP800 spectro-
photometer, and is shown in Fig.III.6,

Before the magnetic properties could be examined,
it was necessary to calibrate the Gouy balance; this calibration
is described at the end of this chapter. The magnetic susceptibility
was measured from 100 to 300K. The magnetic moment per copper atom
(including a correction for temperature independent paramagnetism of
60 cgsu for cu®?) was 2.02 BM at 294 K, This is in agreement with
values found for other cut complexes. 1/ Xp (Xp = % Xgy where M
is the molecular weight and Xg is the gram suscéptibility) varied.

linearly with temperature and the Weiss constant was 1°.

(2) Solid solution formation

The first experiments involved crystallization of
MeBNHCl, CuCl2 and CoCl2 or ZnCl2 such that Me3NHCl:MCI2 = 312,

using ethanol as solvent. The results are exemplified for the

case of M = Cot=-

100 o
0 X =% Co'in initial mixture.
Y Y =% Co in so0lid solution.
50| -
‘ O i ']

0
2 50 SN 100

(The percentages refer to the cobalt concentration as a percentage of

the total metal ion concentration.)



49

The product with much greater than 50% of Co in the

original mixture apparently contained impurities, since its total

metal content was less than that expected for (I\feBNH) (CuCo)aC].?
) The replacement of Cu014 ~ by another
Mc:Lf' ion was felt to be of interest, but the (MeBNH)B(Cu,M) c1,
system is rather complicated, so that a series of solid solutions
of stoichiometry Aa(Cu,M)ClL+ was sought. The main requirements
were that a series of solid solutions, continuous if possible, were
formed without by-pfoducts% that some structural data on the
compounds were available; and preferably that more than one solvent
could be used. A could be Me4N+, Et4N+ and Cs+, since all of these
ions form at least some solid solutions of the appropriate stoichiometry.
The most complete structural datayﬁgé available for A = Me4N+~and Cs*.

The differences between Me,+ and Cs', which finally
resulted in the choice of Me#N y Were in the number of solvents
available and the purity of the products obtained.
' The caesium compounds are very insoluble in ethanol,

whereas the M34N+ compounds will crystallize from water, ethanol
or mixtures of the two. Attempts to produce Cs,(Cu, Co)Cl, from
aqueous solutlon produced green crystals, but these were contaminated
with the various caesium chlorocuprates. Experiments in aqueous
" solution o&er a range of CsCl:CuCl2 ratios showed the formation

of CsCuC13, Cs CuCl4, CsZCuClg.ZH 0 and Cs,Cu,Cl,.2H O, often with

two of these products formed simultaneouslg. ZAlz these compounds

are well known; however another compound (X), not previously repdrted,
was persistent in crystallizing in small amounts from systems with
CuClé:0301 } 2:1, Elemental analyses of X gave the ratios

Cs:CuiCl = 2:2:5; it was apparently anhydrous. The presence either
of OH-_in‘the coordination sphere or of Cu(I) was suspected, but
attempts to prepare X from solﬁtions containing appropriate quantities
of CsCl and CuCl2 in presence of OH or Cu(I) were not succéssful.
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The cell dimensions of X were a = 1180, b = 970, ¢ = 677 pm,

B = 95.50. This differs from both CsCuCl3 and CsaCuClq. Cell

dimensions obtained for CsBCu2Cl7.2H20 were a = 1090, b = 830,

¢ = 888 pm, ¥ = 106.8°. Since structure determination of

0530u2017.2H20 was already in progress elsewhere, and further

investigation of X was irrelevant to the main line of research

on solid solutions, the caesium chlorocuprates were abandoned.
The (MeuN)z(M,M')Clu solid solutions were homogeneous

and easily reproduced, and are available from water, ethanol and

mixtures of the two, and these systems were therefore chosen for

further study.

Preparation of solid solutions. Two systems have been described

2)

for the formation of homogeneous samples of s0lid solutions.

Both of these rely on the same principle:

) T
ST o 000ck .
Vl V2
at temperature Tl at temperature TZ

In each of the vessels Vl and V2 s0lid solution is in
equilibrium with saturated solution, and 'I'1 is greater than T2
by 1-2°K. The solution is therefore more concentrated in V1 than
in V2. Some arrangement is provided to transfer the more concentrated
solution from Vl to V2’ where it is allowed to equilibrate at the
lower temperature TZ’ so0 that some crystals of solid solution are
deposited, Some of the less concentrated solution from V2 is then
returned to V1 and again allowed to equilibrate, so that some of the
solid in Vl dissolves. The process is thus cyclic, and results in a

gradual transfer of solid from Vl to Va. Since the temperatures of
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Vl and V2 are very nearly equal, the composition of the two solids

is, similar and the crystals grown in V., should ‘be very nearly

homogeneous. :
In the present experiments a similar effect was produced
by allowing temperature fluctuations in the surroundings of a single
vessel, while constantly grinding the samples.
The preparations of the starting materials are given
first, and then the solid solutions.

Preparation of (Me#N)aMCIA (M = Cu,Co,Zn)

Boiling ethanolic solutions of tetramethylammonium
chloride and the appropriate metal chloride in stoichiometric
proportions were mixed, stirred at boiling point for 5 minutes,
and allowed to cool. The products were collected, washed with
ethanol and dried in a vacuum desiccator over P205.

Several batchesof each compound were prepared, and each
was analysed for the metal by atomic absorption., In each case the
metal content was within 2% of the calculated value., Some batches
were analysed graﬁimetrically for chloride, and were within 1% of
the calculated chloride content., This method was considered to
produce sufficiently pure compounds for further recrystallization

to be unnecessary.

Preparation of the solid solutions (MeAN)a(M,M')CIA

Mixtures of (MeuN)2M014 and (Me4N)2M'014 (total weight 5g.)
were prepared covering the‘composition range 0-100% (MeAN)aMCIA.
The solids were ground together and placed in a screwtop glass jar.
Solvent was added to each jar so that not more than 505 of the
solid mixture (estimated visually) was dissolved. A short length
of Teflon rod was placed in each jar and the jars were shaken on a
mechanical shaker for about two weeks. The Teflon rods prevented

the formation of large aggregates of crystals or large single crystals.,
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For a further period of between six weeks and three months the
jars were allowed to stand with intermittent shaking at room
temperature. This aided dissolution and recrystallization of the
so0lid, and the initial powdered samples in water and ethanol-water
rapidly become crystalline, ‘

The pairs with M = Cu, M' = Co and M = Co, M' = Zn were
equilibrated in ethanol, water and 50% ethanol-water, and the pair
M= Cﬁ, M' = Zn in water and 50% ethanol-water. The latter pair was
also equilibrated in ethanol, but a complicated mixture of products

resulted, which was not further examined.

Microscopic examination of the solid solutions (MeqN)a(M,M')CIL+

The texture of the solids varied@ependent on the solvent
from which they were crystallized; the samples from water and 50%
ethanol-water showed individual crystals up to O.5 mm in length,
while those from ethanol were powdery. The colour of each of the
samples was homogeneous. In those cases where large enough crystals
were formed, sections were cut through them, and these showed no
gradation in colour and extinction from the middle to the outside.
The crystals were somewhat rounded by abrasion, but the morphology

was generally similar to that of the single-metal compounds.,

Preparation of (MejNH)BCu(Cu,Co)c17 s0lid solutions

S0lid solution formation effectively takes place between
(MeBNH)BCu2017 and (MeBNH)BCuCoCl7. It was found difficult to produce
large quantities of (Me NH)BCuCoC17, so that the method was not

3
exactly the same as that for (Me4N)2(M,M')014.

The preliminary experiments showed that if hot ethanolic
solutions of MeBNHCI and the metal chlorides were mixed and allowed
to cool, solid solutions were produced having a greater Co:Cu ratio
than the original mixture. This method cannot be expeéted to give a

homogeneous product, but the average Co:Cu ratio was obtained by atomic
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absorption analysis. In this way ten samples{were prepared with
average compositions between 10 and 100% (MeBNH)BCuCoCl7. Addition
of pure (MeBNH) Cu Cl7 where necessary allowed the compositions of
the mix?ure to be adjusted so as to be in steps of 10% (MéBNH)BCuCoCI
between 10 and 100%. From this stage the equilibration with ethanol
was analogous to that for (MeuN)a(M,M')Clq except that each initial

mixture of solids weighed only lg.

(MeBNH) Cu(Cu,Co)Cl7. The morphology is identical to that of

(Me NH)BCu Cl7, however  the crystallinity of the samples decreased
"as the cobalt content increased, and all the crystals were seversly
damaged by abrasion. The hkO Weissenberg photograph of a crystal
of intermediate composition was almost identical to that of

(MeBNH)BCu Cl7

(3) Analysis of the solid solutions

To construct the phase diagram it was necessary to know
the composition of the s0lid phase and of the supernatant liguor.
The samples were analysed for both metal ions by atomic absorption,
and the stoichiometry of the solids deduced from this was consistent
with the formula (MeqN) (M,M')C1,. 1In all cases samples were taken
when the systems had been at 293 + 2K for 3-4 hours,

Atomic absorptlon analys1s

‘ All measurements were carried out using a Unicam SP90O
atomic absorption spectrophotometer. Standard solutions were

prepared containing 2-20 mg am™> of cut*, co** ana zn*?

y and
calibration curves of peak height vs. metal ion concentration.
determined for each analysis. Checks were also made to ensure that
there was no interference with one metal ion by another, even in
presence of 1000 fold excess. Since no interferences were apparent
the standard solution for each metal ion contained only that ion,

rather than a mixture approximating to that in the unknown solution.

7

1
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The error in these analyses is estimated at about # 2% fdr each
metal ion percentage which is slightly greater than might be
expected for a carefully conducted classical analysis., Atomic
absorption was used because of its convenience for the large
number of analyses to be performed, and because of the wide
concentration ranges to be covered from fairly small éamples

of the solid solutions.

(a) (Me4N)2(M,M')Cl4 from water. A sample of mother

liquor (about 0.5g) was removed and made up in a standard flask.
The solid product was filtered off, and as much mother liquor as
possible removed by pressing between filter papers. A sample of
this wet residue (about 0.l1g) was dissolved in water and made up in
a standard flask. 4Analysis for the two metal ions led to the amounts
of the two salts in a solid contaminated by mother liquor of known
composition. From the weight of solid taken for analysis and the
émounts of the two salts present in it the weight of water in the
wet residue was found. A correction was then applied for the
weights of the two salts in this weight of water, enabling the
composition of the pure solid solutions to be found,

.'This method was satisfactory for determination of the
phase diagram and Roozeboom plot, but made it difficult to obtain

pure samples of the solid solutions for physical measurements.

(b) (Me4N)2(M,M')014 from 50% ethanol-water. The mother

liquor was sampled as before. After filtration the solid was washed
with solvent to remove adhering mothér liguor and then dried at 373K
to constant weight. The comp05itidn of the solid solution was then
obtained directly from the two metal ion analyses, and there was no
contamination by mother liquor.

The disadvantage of this method is that up to 40% of the
solid product was lost during washing; = however no satisfactory

alternative was devised which produced pure solid solution.
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(c) (Me,N),(M,M')CL, from ethanol. The solid was filtered

off. A sample of mother liquor was immediately weighed out ( ~ 10g.),
and then allowed to evaporate to dryness. The resultant solid

(~ 0.,1g.) was then dissolved in water for atomic absorption analysis.,
This procedure was necessary to remove the large bulk of ethanol
which would have interfered with the atomic absorption analysis.

The analysis then proceeded as for the solid solutions formed in

50% ethanol-water.,

(a) (Me}NH)3Cu(Cu,Co)Cl7 from ethanol. The so0lid was filtered

off. A sample of mother liquor was immediately weighed out and made
up in water for analysis. The solid solutions were washed with a
small amount of dry ethanol and dried in a vacuum desiccator over

P205' The analyses were performed as before,

(4) Phase diagrams (Fig,III.1l)

The results of these experiments werebplotted in the

form of Gibbs triangular diagrams, and are also recorded in
Table III.1. Roozeboom and Hill-Durham-Ricci diagrams (see Chapter V)
are plotted in Figs. III.2 and III.3.

(5) Spectra . L

- The reflectance spectra of (Me4N)2CuC14 and (MeqN)ZCoCl4
are given in Fig.III.4. The spectra of the solid solutions were also
recorded; they were independent of the solvent used and only one
series for each pair of metal ions is given (Fig.III.5). The
reflectance spectra of (MeBNH)BCﬁ(Cu,Co)CI7 are shown in Fig.III.6.

(6) DSC measurements of (MeL+N)2M014 and (Mel}N)Z(M,M')c%

A1l measurements were carried out using the DSC attachment
of a Dupont 3000 Thermal Analyser. Essentially this attachment

consists of a constantan disc which serves both as the heat transfer
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path to and from the sample and as one half of a differential
thermocouple system.( ) The disc is attached to a silver heating
block and has raised sample and reference platforms symmetrically
placed on it. ‘A'chromél wire is connected to each platform to
complete the chromel-constantan differential thermocouple system.
The sample p051t10n is totally surrounded by a block of high thermdl
conductivity. With the small size of the sample chamber and 1ts
surrounding block temperature gradients in the cell are minimised
and the sample temperature is easilyycontrolled. The graph produced
is of AT (the difference between sample and reference temperature)
vs T (the temperature of the reference).

The sample was held in a small aluminium cup with a 1lid
and the reference was a similar cup and lid. Sample sizes of 20-30 mg
were employed, and data was recorded over the range 150-330K. In all
cases the heating rate was 6°/min and the initial sample temperature
was about 100K. A time~base record was also obtained from an external
chart-recorder; the area beneath a peak on this was about five times
that from the standard temperature base record. The area beneath the
peaks on the time-base record were measured using an Allbrit planimeter.

Traces for the solid solutions were independent of solvent,
and only one example of each series is given (Fig,III.7). The DSC of
50:50 ﬁechanical mixtures of the pure compounds were also run, for the
sake of comparison and are given in Fig,III.S.

The transition temperature is most closely approximated by

(EoT)
the extrapolated onset temperatur%(-

b e - ——
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The area under the peak is proportional to aH for the transition;

in theory if the machine is calibrated using sﬁbstances with
transitions of known AH at a number of temperatures, values of aH
for the unknown transitions can be found. In practice the calibration
constant is temperature-dependent; thére is also a slight difference
depending on whether the calibrant is a metal, or a polymer, or an
inorganic salt etc., Insufficient calibrants of approfriate‘nature
were found for the low-temperature part of the range, so that
absolute AH measurements were not made. However the area under a
peak per unit weight of sample was measured, and for transitions at
simiiar temperature will give some measure of the relative AHiof
transition for the two compoundé. In particular the area per unit
weight’for the broad transitions was plotted against composition for

various solid solutions, and the results are shown in Fig.III.9.

(7) Calibration of the Gouy balance -

The Gouy balance was of a standard design (Newport
Instruments) excgpt for the inclusion in the sample chamber of two
thermocouples for more accurate monitoring of the sample temperature.
than that provided by the control system. One thermocouple junction
was at the bottom of the sample space and the other about 10 cm above
this. The reference junctions of the two thermocouples were in an
ice-water mixture. “

| " The thermocouples were calibrated against a platinum
resistance thermometer, which was introduced into the space normally
occupied by the sample tube and midway between the two thermocouple’
junctions. This thermometer had already been calibrated at NBS. The
emf's generated in the thermocouples were measured by the potentiometer'
supplied with the instrument; the resistance of the thermometer was

measured using the circuit

l.5v
with the variable resistance adjusted to give a current of about

3 x 107> amp.
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The temperature measured by the platinum resistance

thermometer was given by

R, = 21.1733 o
pt - 0.00392011 x 21.1733

CI

t

This was converted to give the temperature (t) in °c on the

International Practical Temperature Scale by use of the equation

4 8

b=ty * St(t - 100).10"" + Bt (+ - 100).10" s
A B

where §= 1.492 and B = 0.1113 (but O above 0°C). This equation
was solved for t by the method of successive approximations and
the result converted to °K.

The emf of both thermocouples and T(K) were measured over
the range 90 - 370K at approximately 10° intérvals. The two
thermocouple emf's at any particular temperature did not differ by

5

more than 1 x 10™7 volt (= 0.363 i.e. the temperature is constant
along the length of the sample. The mean thermocouple emf was plotted
against T(K) and the resulting smooth curve used to determine
intermediate temperatures.

Magnetic field calibration used the standard compounds

Nien,S,0, and HgCo(CNS), at 20°C (293K).

223 -6
i S.0 t X . X = .0
For Nlen3 293 a 293 g 11.03 x 10 cgsu
" HgCo(CNS)q Xg = 16.44 x 10-6 cgsu

All measurements were done in an atmosphere of nitrogen, so that no

correction for the displaced medium was necessary.

Therefore
Xg = gﬂgg and hence H2 = %E%L 5
WH g

where W is the mass of the sample (g)

w 1s the change in weight (g) on application of a magnetic

field of strength H



g is the gravitational constant = 980.6 cm sec”

{ is the sample length (cm) A

H is the magnetic field (Oersted)
Xg is the gram susceptibility (em” g-l).

Values of Hg were thus obtained for several values of the
electromagnet current I amp (HaaI) and there was good agreement

between results for the two calibrants.
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Figure III.1

Phase diapgrams

Diagrams are plotted using the weight percentage
of each component. For figures (g), (h) and (i),
the low solubilities of the solids necessitated
expansion of the upper part of the diégfam to show
the solution curve clearly and dotted lines ére

used to indicate the breaks in the tie-lines,.
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Figure II1.2 -

Roozeboom plots

The ordinate is always the‘mplé fraction (%)

of the more soluble salt in the solute; the abscissa
is the mole fraction of the more soluble salt in the
solid solution., The continuous curve represents the
experimental results; the dotted line represents the

curve calculated frog the solubilities as discussed
in Chapter VI,
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TABLE III.1

Results of equilibration experiments in the systems (MeuN)aMC14-
- : —
(me4N)2M Cl,-solvent

Data given are the weight percentages; for each solvent the

three columns are (a) the % of compound (1) in the mother liquor,

(b) the % of compound (2) in the mother liquor and (c) the % of

compound (1) in the solid solution. Abbreviations used are
(MeL}N) CuClLl-’ CO = (Mel_'.N) COClL'_ etc-

WATER .= | 50% ETHANOL-WATER |  ETHANOL
(1) CU-CO system p | , ’
cu . co. CU . cu - Cco. cu cU © co  CU

5.3 341 . 8.k2 ka1 22,6 9.k2 AL 18 6.6
9.5  30.5  17.10 7.0 20,2  17.63  Jh2 .13 17,17
11.4 29,2 31.06 8.9 18.9 27.85 e o1k 28,74
13.3 28.5 47,70 10.5 17.3 47,60 o5k .15 43,4k
19.6  23.5  77.18 11.8 15,8 = 61,13 .47 .15 52,89
19.2 237 75.01 14,1 13.7 76,08 .66 13 79.69
25.0 19.5 83.93 18.1 9.8 84,48 .81 .13 88.69
33,3 13,0  89.40  24.2 6.2 92.13
38.5 7.3  85.93

(2) CU-ZN system

cU ZN Cu o] ZN cu cu ZN cu
3.9 23.9 0.05 1.8 9.9 0,32

10,0 16.3 0.09 5.3 7.3 0.41

10.0.  15.2 0.10 8.0 L7 0.79

15.6 9.8 0.15 14,0 243 5.96

21.1 4,9 0.22 15.5 1.7 8.78

33.9 2.2 174 21.0 l.1 2k,02

37.8 1.1 5.32 21.0 0.8 58,08

42,3 0.5 29.47 21.5 0.5 72.74




TABLE I11.1 (cont.)

WATER
(3) CO-ZN System

cO zN €O
7.4 19.6 ©

4.2 125 0

20,7 7.1 0.05
30,2 2.2 0.40
3.3 1.6 0419
379 1.1 146
40.9 0,05 69.3

50% ETHANOL=-WATER

co

5.3
10.4
14.0
17.7
19.1
20.9
23.8

ZN

7.1
3:8
2,2
1.4
1.2
0.9
0.4

co
0.2
1.0
3.8
12.6
20.6
LO.Y
The2

co
«36
39
.48
o5k
56
59
59

ETHANOL

ZN
0.18
0.10
0.05
0.03
0.02
0.01
0.00L

Co

6.4
15.9
25.6
39.2
L8.3
6l 7
88.1



CHAPTER IV

THE CRYSTAL STRUCTURES OF (Me,N)_CuCl,,
R [ L

(Me,N),CoC1, and (Me N),(Cu,Co)Cl,.

$1



THE CRYSTAL STRUCTURES OF (Me,N),CuCl,, (Me,N),CoCl, and
(Me ) (Cu, Co)ClA. ’

The three-dimensioﬁal structure of (Mehﬁ)z(Cu,Co)Clh
was determined in order to compare the distortions of the
CuGlhz- and CoC142- ions with those found in (MeuN)ZCuCI4 and
K(Me4N)ZCOClq' The s?;gcture of (Me4N)200014 was slready known wi%g)
reasonable accuracy, and the preliminary wérk on (MeqN)ZCuCI4
indicated that the two were isomorphous. This work had taken the
form of examination of projection data, and had shown (MeL*N)ZCu014
to be in the same space group as (Me4N)2CoCl4, and with similar
atomic coordinates except for a greater degree of distortion of the
: M0142’ ion. A full determination of (Me,N),CuCl, was therefore
necessary for a detailed comparison of the three structures.

All three sets of data (those of (Me4N) CuCl, and
(Me4N) (Cupo)014 from the measured intensities, and (Me4N) 5CoCl,
from the published values of F y ) were treated by the same
least-squares refinement procedure. ' This was done to eliminate
slight dlfferences in the weighting schemes used by Wiesner and
those available in the CRYSTAL 69(3) programs used here, and to
check the abnormally high isotropic temperature factors found for
(Me N )ZCoc14.‘ The data collection for (Me4N) CuCl, and
(MehN) (Cu, Co)Clq is described first, followed by the least-squares
refinement of all three structures.

Diffraction patterns of (MeqN) CuCl, and (MeQN) (Cu Co)Cll+

The appearance of both diffraction patterns was

extremely similar. They each had orthorhombic cells with dimensions

of about a =1200, b = 900 and ¢ = 1500 pm, and systematic absences
hkO h = 2n + 1 and Okl k¥ + {= 2n + 1 indicating space groups Puma or

Pnzla (as &ié-(MehN)ZCoCIQ).‘ Two features are worthy of mentions=-



the appérent tripling in‘length of a in (MeAN)acuClu and the‘
streaking shown on both sets of photographs.
The tripling of a in (MéqN)ECuC].4 to give an axis about

3600 pm long was noted by Morosin and Lingafelter(a)

and confirmed
here. The faint reflections indicating this were found on the hkO
net, but not on hO€ . They were mainly localized in one area of

reciprocal space, and the indices of the strongest of them on hkO

were

S
i
(@]

":gj'sa O% ’bf 3%— ’L“
1% ,2 11,4 bz 4
0% ,3 22 4 2% 45
e 05 6

This ffiplihg is clearly of some importance in elucidation of the
spectral and magnetic propertiesrof (Me,N),CuCl,; for example six
magnetically non-equivalent sites for the copper atom have been
shown to exist, which is uhlikely if the smaller cell is chosen,
Morosin and Lihgafelter concluded that the structure consisted of
three sub cells, each with a = 1200, b = 900, ¢ = 1500 pm, which
differed mainly in the coordinates of the nitrogen and carbon atoms,
HoweVer; the main interest in the present study was in the
configuration of the CuClqz' tetrahedron and for this purpose the
tripling of the axis was ignored.

Examination of hkO, hOl and Ox{ for (MeqN)a(Cu,Co)Clq
gave no evidence of tripling; nor did any of the higher levels.
This was an additional reason for ignoring its existence in
(Me), ) ,CuCL, . | R -

The patterns of the streaks on Weissenberg photographs
of (Me4N)ZCuCl4 and (M¢4N)2(Cu,Cb)Clq were not similar. In the case
of (Me4N)ECu014 the streaking was on hkO, parallel to a* (i.e.

perpendicularto bc) and was closely associated with the reflections
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1ndlcat1ng tripling; that 1s, mainly on the lines K = 2,4,6 and 10,
In the case of (Me4N)2(Cu 00)014 the strongest streaking
was on Ok( and was parallel to c*. The streaks were not continuous,
but were associated with particular reciprocal lattice points,
although the streak was sometimes present when the reflection itself
was unobserved, but not when the reflection was systematically
absent. Weaker streaks parallel to c* were also shown -on 1kl and 2ké.
There was also much fainter streaking on hOl parallel to both a* and
c*. This streaking in (Me,N),(Cu,Co)Cl, was attributed to the
disordered nature of the solid solution.  There was no evidence of
" superlattice formation on hkO, hO( orVOKQ, or on any of the higher

levels eiamined.

Data Collection for (MehN)Z(Cu,Co)Clq

A solid‘solution containing approximately 50% each of
(Me4N)2CuClq and (Me4N)200014 was prepared (51% (Me4N) CuClA by
atomlc absorptlon analysis). The crystal selected was approximately
0.3 x 0.3 x 0.25 mm.\(/* 18 cm™! (MoK&)). The cell dimensions
found from Weissenberg and oscillation photographs were a = 1230,

= 904, ¢ = 1552 pm.

 Data wes collected for layers hOl through hSl and Okl
through 2k u51ng‘MoKa radiation and a multiple-film, multiple-exposure
Weissenberg techni@ue. Intensities were estimated visually by
comparison with a calibrated strip using a reflection from the same
crystal. The transmission coefficient for the film was estimated
experimentally (To = 1.68) and experimental values were also used
for higher layers. Since the generator used was unstabilized,
experimental values for the interpack values for the various layers
were ﬁséd;v in generai these were in reasonable agreement with the
exposure times. |

After data reduction (which did not include spot-shape
or absérption cbrrections), a scaled and merged set of 667 independent
reflections was obtained, and was placed on an absolute scale by the
Wilson plot method.
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Data Collection for (MeAN)20u014

The crystal selected was approkimately O.4 x 0.4 x 0.4 mm,
The cell dimensions of a = 1230, b = 903, ¢ = 1519 pm were in
agreement with those found by Morosin and Lingafelter. Data was
collected for layers Okl through 6%;)and ot through h3{ using a

Hilger-Watts linear diffractometer '’ and MoK& radiation from a
stabilized source. After rejection of all reflections with a peak
count less than three times the standard deviation of the total count,
Lorentz and polarization corrections were applied. The use of '
varying oscillation angles on different levels necessitated the
determination of interlayer scalefactors; these were in good
agreement with the variation in oscillation angle. A scaled and
merged set of 670 independent reflections was obtained, and was placed
on an absolute scale by the Wi;son plqt method; No absorption or

spot-shape corrections were applied.

Data for (MeqN)2C0014

TH?% data was collected by Wiesner et al using FeKa
radiation, an integrating Veissenberg camera and densitometric
intensity measurement. Lorentz and polarization, but not absorption,
corrections were applied. Interlayer scalefactors for Okl through 6kf
were initially obtained from exposure times, and later refined during
the least squares procedure. The cell dimensions found were
a = 1227.6, b = 900.1, ¢ = 1553.9 pnm.

The published values of F s for this compound
(487 non-zero reflections) were used, without alteration of the

inter-layer scalefactors.:

Least-squares refinement of the three structures

,The program used throughout was an adaptation of the
ORFLS full-matrix least-squares routines made by Powell and Griffith
of Portsmouth Polytechnic. S
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Since the data for both (Me4N)2Cu014 and (MeqN)Z(Cu,Co)Cl#
Was merged from two axes, individual layer scalefactors were not

refined. No systematic discrepancies between Fob and F for

calc
blocks of reflections to which a particular scalefactor had been

appliéd were apparent at any stage in the refinements. The aim in
re-refining (Me4N)‘2CoClL+ was to compare the results with those
obtained by Wiesner et al. The anisotropic thermal factors and
indifidual layer scalefactors might not be completely independent,
so to minimize differences the layer scalefactors were not fefined.
The main feature found by Wiesner et al during
refinement of (Me4N)2CoCI4 was the unusually high values reached
by the isotropic temperature factors, and particularly those of the

4

carbon atoms, the highest of which was about 17 x 10 pm2. In
order to see if this behaviour was reproduced in the present
refinement, the initial parameters chosen for refinement were the
atom positions found by Wiesner et al together with "reasonable
values for the isotropic temperature factors. The course of the
refinement is shown in Table IV.l. During the initial cycles the
isotrdpic temperature factors of some carbon atoms increased

rapidly, the highest reaching about 18 x 10% pma. The temperature

factors were then converted to anisotropic values(8) and refinement
coﬁtinued. The final unweighted'R factor for observed reflections
was 11.1% i.e. identical to that found by Wiesner. The 315 unobserved
reflections of Wiesner were not included at any stage.

The Wiesner positional parameters for (Me[‘_N)ECoCh‘L
were used as a starting point for refinement of (MeuN)ZCuCl4,,together
with estimated isotropic temperature factors. Isotropic temperature
factoré for the copper, chlcride and nitrogen atoms were taken froﬁ
the best values found for (MeuN)ZCoClq, and those of the carbon atoms
arbitrarily set at 8 x 10LIL pm?, The course of the refinement is
shown in Table IV.2, The behaviour was similar to that of (Me,N),CoCl,,
with large values for the carbon isotropic thermal parameters. There
were quite large positibnal shifts for the chloride iohs compared with4

their positions in (Me,N),CoCl,. The final R factor was 7.5%.
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Refinement of (MeqN)'(Cu,Co)Cl4 used the same initial
parameters as for (Me4N) CuClq,‘except that the scattering factor
of the metal atom was that of a fictitious average atom with
f = 0. Sfc 24 + O, 5fC 2+. The MC142 ion refined was an average
structure correspondlng to the mean of the CuClq and CoC142-
positions. The p051t10nal parameters of the MCl4 " ion were
between those of CuClq and CoCl4 T;  the temperature factors
tended to be larger than those of either CuClL+ " or CoClAZ—. A
similar situation held for the MeqN tetrahedra, where there were
some quite large positional differences between the llght atoms in
(MeqN)acu014 and (Me4N)200014. With this model the final
unweighted R factor was 10,6%.

Since there was no evidence of ordering in the solid
solution, the disordered solld solution mlght be better represented
by including both a CuCl4 T and a CoCl4 ~ tetrahedron, each with an
occupancy of 0.5. The parameters of all the atoms could be treated
in this way, which would exactly double the number of parameters to -
be refined. Doubling either all the heavy atom parameters, or the
parameters of all the atoms in the asymmetric unit would in itself
cause a decrease in R, To see if the introduction of additional
parameters led to a significant decrease in R, the Hamilton R-factor
significance test(4) was employed. If ny parameters give R-factor R
and n, parameters give.R2 (nja<n2), then tables are available to
test that r (= RI/RQ) is significant at levels from 1% to 50%.
Extrapolation from these showed that at the 1% significance level

1

= 1.105 for doubling all the parameters and 1.042 for doubling of
the heavy atom parameters only. In this case Rl = }é;k%, so that for
a significant improvement in the model at the 1% level R2 £ 8.05% for
the structure with two complete sets of atoms, and R2.<~ 8154% for
two sets of heavy atoms only. DBoth these models were therefore used
in the refinement as shown in Table IV.3. For the case where all the

parameters were doubled, the final R factor was 8.,2%, giving r = 1,085,
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This is not below the 1% confidence level, but between 5% and 10%.
In the case whére two sets of heavy atom parameters only were used,
the final R factor was aiso. 8.3%, which is well below the 1%
confidence level. It would therefore seem that the structure is

best described as a réndomyarrangement of CuClqa- and 000142- on

/the MCl42— positions, surrounded by MG142- tetrahedra in average

positions. o
Structure factors for (Me4N)ZCuCI4 and (Me4N)2(Cu,Co)014
are given in Appendices B and C. L

The positional and thermal parameters of (MeuN) CoCl,
obtained by Wiesner (W) and JMR are compared in Table IV.4,

Positional and thermal parameters for (Me,N),CuCl, and (Me4N)2(Cu,Co)C1,+
are given in Table IV.5 and IV.6.

On completion of refinement, an Fobs map of CuCo was
calculated phased on the structure having two sets of heavy atom
parameters and one set of light atom parameters.  The electron
density sectlons through the M014 tetrahedron are shown in Fig. IV,2, -
The atoms Cu, Co, CL(1)g ., C1(1); s CL(3), , CL(3), are on the
mirror plane at y = =j ‘Cl(a)Cu and Cl(Z)Co are at approximatey at

= 15/480; the positions of these atoms are also shown on Fig. IV.1.
The distortion of the average electron density about any particular
agtom" due to different atom positions is well illustrated, as is
the much greater dlstortlon in the CuCl42 than in the CoClq
tetrahedron. , .

Fobs and Fdiff maps‘were also calculated for (MeqN)acu014
and (Me4N)2C001#. These showed atom$ which were not completely
spherical, but were less distorted than those found in
(MeuN)a(Cu!CQ)Cl4. In particular the light atoms were rather
diffuse and not well resolved; this is attributed to the large

aﬁisotropic thermal paraméters found for the carbon atoms.,
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Comparison of the structures of (Me,N),CuCl,, (MebrN)2(;0(';11‘L
and (Me4N)2(Cu,Co)Cl4

The features which may be compared are the positional

and anisotropic thermal parameters, and the bond distances and angles.

Positional parameters. The esd's for (Me4N)2(Cu’c°)014 are larger
than those for <M34N)ZCUC14 or (MeAN)ZCoCl4, and are used whenever
(Me, N).(Cu,Co)Cl, is discussed. '

4772 L o
(i) parameters for CoCl,” obtained by W and JMR. The two sets

of parameters are given in Table IV.4. There is only one outstanding
difference; that in the x coordinate of C(4), where the positional
difference amounts to about 12 pm. The differences in the
refinements were that Wiesner included unobserved reflections in

the least-squares refinement (but not in calculation of R) and the
weighting schemes were slightly different, These two factors may

account for the differences in atomic parameters.

(ii) ‘M01n2- paremeters. The CuCl42- parameters of (Me4N)20u014

and (Me4N)2(Cu,Co)014 are not in complete agreement, but five of the
nine parameters are within three e.s.d's. For CoClua' in

(Me4N)200014 and (MeAN)Z(Cu,CO)C14, six of the nine parameters

are within three e.s.d's. |

(iii) light atom parameters. For (Me4N)ZCu014 - (M94N)2(Cupo)014

and (Me,N),CoCl) - (Me N),(Cu,Co)Cl, the parameters generally agree
within three e.s.d's, but many of those for (Me4N)2CoCl4 - (Me4N)2CUC14

are outside those limits. For all parameters except x and z of

c(2) and x of C(4) the Qalue for (Me,N),(Cu,Co)Cl, is between those
of (Me,N),CuCl) and (Me,N) ,CoCL,,.

Anisotropic thermal parameters

(1) parameters for (Me,N) ,.CoC1, found by Wiesner and JMR.

The two sets of parameters are given in Table IV.4, Agreement is

generally very good, as is that for the orientations and root mean

square displacements of the thermal ellipsoids.
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(ii) parameters for all three structures. These are notably larger,

in the cases of the chloride and nitrogen atoms, than those normally
(5) Fig. IV.2 shows that the values
for (MeqN)ZCu01h tend to be larger than those for (MeuN)ECoCI4, as
do those of (Me4N)2(Cu,Co)ClA; those’of (MeQN)a(Cu,Co)Clq are
similar to those of (Me4N)2Cu014. This may be a result of the

found for this sort of compound.

lack of cross-level scaling data for (Me4N)ECoC14. The anisotropic
thermal para2§ters (Bll) and layer scalefactors are then totally
degenerate; values of B, may include a scalefactor component,
making them unreliable for comparison with (Me4N) 5CuCl, and

(MeuN) (Cu, Co)Cl4. This effect cannot therefore be attributed

to a greater degree of disorder in (MeqN)BCuCIA and (MeuN) (Cu Co)Cll+
than in (MeqN)acoCIA.

The anisotropic thermal parameters and rms displacements
of M,N(1) and N(2) are less than those for the chloride and carbon
atoms. This is consistent with rotation or oscillation of the heavy
and light atom tetrahedra about their central atoms, as suggested by

Wiesner,

Bond lengths and‘angles

These are given in Tables IV,'77,7,%.

(1) CoCl42- as determined by Wiesner and‘JMR. Wiesner quoted
distances with and without correction for thermal motion; only
those without correction are considered here. The two sets of
distances and angles all/agree within two e.s.d's.

(ii) 00014 ~ and CuCl4 in the single-metal compounds., The mean

bond lengths for the MC14 ~ tetrahedra are close (223 pm for
(MehN)ZCuCI4, 225 pm for (Me4N) CoClu), and the chief difference
between the two ions is in the degree of distortion. CoCl4 is
slightly distorted, having two angles greater than 109 28', although
only by 3° at most. The CuCl42- tetrahedron has angles of 132.1°

and 126.6°, as well as four less than 109.5°, i.e. it is quite

strongly distorted towards approximate DZd symmetry. The degree of
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distortion is similar to that found in (TMBA) 5Cucl, (Table 1.7);
that found in Cs CuCl4 is somewhat smaller. This may be attrlbutable
to crystal packing effects due to the greater size of Me4N and
TMBA" . ‘
(1ii) 000142' in (Me,N),CoCl, and (Me,N),(Cu,Co)Cl, and Cu0142‘
in (MeuN)ZCu014 and (MeuN)a(Cu,Co)Cl4

The bond distances in the two CoClua- ions are similar except that
Co-C1(3) is slightly greater in (Me,N),(Cu,Co)Cl,. The Coc142'
tetrahedron is rather more distorted in (MeQN) (Cu, Co)Clq.

For CuClA , Cu-C1(1) is greater in (MeqN) (Cu, Co)Clq
and Cu-C1l(3) is less, but these differences are less than three
e.c.d's. The degree of distortion is similar, with C1(2)-Cu-Cl(2')
larger in (MeAN)(Cu,Co)Clu than in (MeuN)ZCuC14.

(iv) 1light atom tetrahedra. 1In all three compounds these are
distorted, but in (Me4N)200014 the C(6)-N(2)-C(6') angle of 129.4°
is unlikely to be very reliable, Typically the N-C bond length for a

single bond has been found to be about 147 pm; many of the N-C

distances in (Mel‘LN)aﬂuCll+ are greater than this, but the reason for
this is not known. In general, the accuracy of nitrogen and carbon
atom parametérs in the presence of heavy atoms is not expected to be

very high.
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TABLE IV.1l

The least-squares refinement of (Me4N)200014

Full-matrix refinement; weighting scheme w = 1 for F < F*,

w = —21 — forF }.F‘ (except where table has F* = G* = O,

F-F* 2
F-o
when unit weights were applied).

No. of cycles Parameters refined F* G* R = Z [IFo| - IFoll

- 2_[Fol
' for all observed
reflections
3 Biso 0 0] - 21.5%
2 - Positions 0 O© 2l.2
2 Biso 0 O 20.5
5 Bij A 4o 30 11.3
2 Positions 40 30 11.1

2 Positions, Bij 40 30 11.1



TABLE IV.2

The least-squares refinement of (Me4N)2CuClq

Full-matrix refinement; weighting scheme w = 1 for F { F*

w = S S for Fﬂ} F* (except where table has F* = G* = O,

-F* 2
F-G%;r-

when unit weights were applied).

¥ |iFo] - Il
F

No. of cycles Parameters refined F* G* R =
for all observed
reflections
L Positional, Biso 0 0. 17.3%
2 Positional, Biso 25 50 16.1
2 Bij 25 50 8.1
2 Positional, Bij 25 50 75

1 Positional, Bij 25 50 75

194
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TABLE IV.3
The least-squares refinement of (Me4N)2(Cu,Co)014

Full matrix refinement; weighting scheme w = 1 for F { F*,

w = —2——  for F ) F* (except where table has F* = G* = O,

F-Fi)a
F- Ge
when unit weights were applied).

' - F |[-|F
No. of cycles Parameters refined F* G* R =,2]( OL ' °”

for all obgerved

reflections
(I) Refinement of the average set of atoms
2 Positions, Biso 0 0 25%
1 Positions, Biso 40 35 22,5
2 Positions 25 50 16,7
2 Biso. 25 60 16.0
1 Bij 25 60 12,5

(I1) At this stage three sets of parameters were used
independent for refinement, as explained in the text:

(a) an average set of atoms

(b) two complete sets of parameters, one taken from (Me4N) CuCl4
and one from (MeAN) CoCl,, each with occupation numbers of
0.5,

(¢) metal and chlorine atom parameters as in (b), 1light atom

parameters as in (a).



TABLE IV.3 (continued)

No. of cycles Parameters refined
(a)
4 Positions, Bij
2 Positions, Bij
2 Positions, Bij
(b)
L Positions, Bij
2 Positions, Bij
(c)
2 Positions, Bij
2 Positions, Bij
2 Positions, Bij

J Ol

25
25
25

25
25

. a5

25
25

G*

60
60

60

60
60

60
60
60

R-=2\| Fo\-‘Fc“

RN

9.0
8.9
8.9

8.9
8.3

9.6
8.2

8.2



Table IV.4

Atomic parameters for (Me4N 200014. The values given are those

found by Wiesner et 2l (W) and in the present study (JMR).

(a) Positional parameters (x104).

ATOM o JMR T ESD ATOM w JME ESD

G0 2447 2448 C4) cel1? 2614 2A14 (34)
OG5 % 23530 DSAAE DLAR «

AT 4A 6% () 299 991 (28)

CLCL) 621 A28  €3) CC2) 1118 1123 (3
2500 % 2577 2500% 2S00%

47355 45 6 CT) 43 47 €32)

CL(2) a145 3037 (6) ce3) 1143 1122 €4%)

430 435 (%) % e T i B S R T |

A3R 6 BB GEL R 143¢ V444 (9K

GLEd) 3.145 3140 (9) e 4370 AR288 (52)
O5A%x 25@0 % 2500% 25AA%

5480 5420 (5) 737K 1389 (34)

NC1) 1915 1522 (22) GCSa 4117 4092 (43)
2500% 2500% 2500% 2500 «

965 945 (14) B243 B8925-(38)

N(2) 493646 4936 (28 Bta) 5404 5404 (471)

25Rg*2500% 3906 3247 €52)

BO269- BR23H - C16H) BA34 R437 (26)

« REQUINED BY SYMMETRY TO BE EXACTLY 0.2500,
THEREFORE ESD IS ZERO.



(b) Anisotropic thermal parameters (xlOB). Blletc are coefficients

Table IV.4 cont'd

in the expression for the anisotropic temperature factor

2 2 2
- h +
exp{ CBll +322k +B33L 2B

ATIM R
CO* 11
[als)
33
13

CLCI)*®11
2
33

13

CLC2) 11
22
33
12
18

ER
23

CL(3)*11
22
23

\J

13

NC1O% 11
ed
33
13
N(2)*x 11

20
33
13

kB (12)-AND B¢23)

e 4

0 el 4

628
2299
T34
”'o:—)f)

11.89
18«86
F«1d
.26
BeT2
-3 24

133

A3« 42

e 42
=232

RN |
1018
S5.14
"1093

6‘()9
11.82
6418
~0.84

Te¢50
1312
3929
P} - 1 4

s el
2309
Te22
De®7

12.37
Be78
e 19
A o 4%

=346

12.91
41435
4o A5
-2 24

Rydat
3« 60
o> 77

4.73
12.75

Ead
-1.00

12hk+2313ha+2323k42?

ATOM

(@ eb)
(Geb)
(Ge.2)
(7 e3)

(1.2)
L3t
(Be6)
(.7

(A.58)
o e 1)
(BeT)
(D:5)
(B «7)

Cl a5
(PeB)
CD«52
(Ze6)

(0.3)
(D«3)
1.3
(241D

(0.3)
(D e4)
Gl f)
Cle7)

REGUIRED

CC1) %

CC2) %

GC3)

Cl4)x

CC50 %

(B IEP)

F2 "

11 536
22 72.21
:), '{ _< . '/\
13 =lelid
11 R4
22 97.61
:3 :‘{ 9 o ) l
4 0 Modiens v 8 (O
11.28@3
2P 3685
<)

33 1988
12 12.80
13 =1 .88
23=-13.87
112188
P2 41«38
33 9444
1’3 "S-??

11.-12.90
L2 18 (34
i3 He HH
11 43.72
22 A6 04
s BREt I GO B S
12"’?3'3A
15320 =T 63
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BY  SYMMETRY - TO

270
‘4"\-‘)3
l';- 5|
-4 ]\

4e91

27.21
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Table IV.5
.Atomic parameters for LMei§22CuCl1.

(a) Positional parameters‘(x104).

ATOM X Y Z

cu 2258 2) 2500 * 4032 1)
CL 1 467 C4) 2509 x* 3639 C4)
CL. 2 2736 C4) 315 (5) 3503 C4)
Cc 3 3127 Co) 2500 x 9315 ¢3)
N1 1325 C11) 2500 % Q2@ (9)
N 2 S1I2-CL1) 2500 * 2391 (3)
g 1 2335:¢15) 2500 % 1106 (21)
cC 2 1138 (23) 2500 * -56 (12)
c 3 814 €19) 3850 (21) 1322 (12)
C 4 4331 .- ¢22) 2500 % 7503 C17)
&5 4465 (28) 2500 * 9385 (24)
G 6 5744 (21) 3859 (25) 8376 (14)

* RENUIRED BY SYMMETRY TO BE EXACTLY 25992,
THEREFORE ESD 1S ZERO.




(b) Anisotropic thermal parameters (x103).

Table TIV.5 cont'd

anisotronic temperature factor is given in

CL1%

CL2

CL 3%

N1
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& g12'AuD’823

A

11
2T
33
13
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C0+5) C3 11
(.8) 29
(Be4) ¢
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(Ned) 13
(As5) 23
(Beb) Cax 11
Ve o231 2P
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Table IV.4.
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Table IV.6

Atomic parameters for (Me1glz(culpo)014.

POSITIONAL PARAMETERS (x10%)

ATOM

cn
cL1
cL2
CL3
cu
CcL1
ClL2
CL3
N1
N2
Ccl
c2
c3
Ca
G
Cé6

X

D 4LHDP A
597
3019
3134
2315

541 8
2135
3123
1406
5019
2592
15282
2957
A3 E0
4306

5626

C4)
1)
(12)
¢1.3)

C4)
g 0 T ]
GEL)
(13)
€11
€13)
(1&)
(26)
¢19)
£273
(282
(23)

¥

o500
2500
431
2500
2500
2500
271
2500
2500
2500
2500
2500
3805
2500
2500
3867

(12)

*

—
W
~

¥ ¥ A~ N K ¥ ¥ X AKX K
N
(0 )1
o

(39)

¥

AR
4001 6 €
3402
5451
203§
3742 ¢
3556 ¢
S301 .¢
936 .4

(32
12)
C7)
(9)
(3)
12)
10)
163)
10)

&299 «10)
1050 ¢19)

23 . C18&)
1399 (€16)

7476 (
92018 «
B367 «

18)
1 £)
19)

* REQUIRED.BY :SYMMETRY TO BF EXACTLY 2500,

THEREFORE ESD

IS ZERO.

ANISOTROPIC THERMAL PARAMETERS (x103)

ATOM
¥

Cco

CL1x

cL2

B

11

22
33
13

1
22
33
13

11
22
33

ped

13
23

13.1
21.0
lﬂ.l
31
244
'507

ESD

(ReS)
(Ne9)
(Ae3)
(A.3)

O« 8)
(3.0
C(l1ae1)
(D.9)

(B.9)
(1.7)
(O e5)
Colie17)
(Ae5)
(A E)

ATOM

cu

CL 1%

CL2

R

e2
33
13

11
22
33
13

11
2z
33
12
13
23

ESD

(Ned)
((e7)
(Ae2)
(0.3)

(Ae9)
(3.0%)
(0e9)
((e7)

(1.3
(1.8)
Clie
1.3)
(le1)
(1.2)

o



ATV

CL3%

N1 *

Clx*

¥ B12

R

11
0o
33
13

11
22
33
13

..

11

22
33
13

11
22
33
13

11

a2
33
113

189
36.4

5.4
=21

EeS
192
6e5
P

Bl 2
2161
6el)
Aol

9.9
401 o )
.50
-Ped

20« &
76.?

7e5
-/1-2

Table IV.6 cont'd

ESD

(l1.6)
(3.1)
(Ae7)
(De8)

98 2 )
(3¢3@)
(Be&)
(1.9)

(1.5)
(3.4)
(B<9)
(1.0)

(2.1)
(7¢4)
(232
C159)

45 05T £
8 g gy
(1¢5)
(2.7)

ATOM

CL3x%

Cax*

G5k

11
22
33
13

11
op
33
12
13
23

Il
2
33
13

11
2
33
13

11
22
33
12
13
23

174
61 a4
4o
3.0

p:l.s
31 e
2149
10.0
e 1A
-~15+d

261
S(a.p
ol
"‘{)-5
?,.n
113.0
6e &
BeA

3943
353
P49
-P4e9
=130
1146

ESD

(les)
(4.9)
(De7)
(RDeE)

(PeT)
(44F)
(2.2)
(2+9)
(1.9)
(3+0)

C4s1)
(Ee4)
Clea)
(2el1)

C3w52
(19.04)
(1.6)
(Pel)

C4el)
$5473
(P.6)
C4.2)
(2. 8)
(3.3)

AND B23 'REQUIRED BY SYMMETRY T0 BE ZERO.

The expression for the anisotropic temperature factor is

given in Table IV.4.
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Table IV.T7'

Bond distances (pm) and angles in (Me4N!nMCl
&
CuCl

CU = (Me4N)2

CO-CL (1)
CO0=CL(2)
CO-CLC3)

CU=CL(C1)
CU-CL((2)
CU=CL(3)

NC1)=-C(C1)
NC1)=C(2)
NC1)~-C(3)

N(2)=-CC4)
N2 =€)
N(2)=C(6)

CLC1)=CA=-CL(2)
CLC1)-CO-CL(3)
CL(2)-C0-CL¢2D
CL(2)=-C0O0-CL(3)

CLC1)=CU=-CL(2)
CLC1)-CU=-CL(3)
CL(2)-CU-CL(2)
CL(2)-CU-CL(3)

CC1Y-NC1)=-C(2)
CC1)-NC1)-CC3)
CC2)=NC1)=CC3)
CC3)-NC1)-Ce35

CCa)=-N(2)=-C(5)
CCa)=NC2)=C(C6)
CC5)=-N(2)=C(6)
CC6Y-NC2)-CC6N

4

etc.

(@]
el

|

2eo (1)
Qe 11 )
22361)

1'94¢3)
| ST of 1
ESTCa)

1'95 (i2:)
145¢2)
146(2)

1011€0+3)
132.1(92+2)
1266(71e3)
1008C02)

1082C1 «4)
108.5C1 « 4)
1392.9¢17)
136e6C165)

107«7C1 «8)
113:5€(0.9)
1033C141)
11463C1.3)

Co

224¢C1)
225¢1 )
227C1)

13503.)
147¢2)
148C7)

158C4)
147¢5)
144C4)

1908.3C0+5)
112.6(A44)
1108C0.5)
128¢5C(2.3)

1124¢241)
18362(249)
113%1¢3.3)

95¢7€2:5)

105¢9C344)
1137¢C1 «9)
97+9(2.1)
129+.4(2.6)

4‘1

cJco

224C1)
225C1)
233¢1)

228C1)
221¢C1)
221C1)

147¢3)
145C1)
158¢3)

145¢2)
146(3)
147¢2)

1079CR«5)
114.00044)
1:12:3(0«5)
10Te6CNe4)

9841(05)
133.1C0.4)
131800 e95)
1012CA4)

111e1C165)
127e5¢C1.4)
112.7¢1.8)
1251C146)

1111¢22)
113¢5¢C1.4)
1164C1+3)
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CHAPTER V

THE FORMATION OF SOLID SOLUTIONS
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SOLID SOLUTIONS

This chapter is restricted to a consideration of the
formation of solid solutions in systems of one solvent plus two
salts having a common ion. This is only a small part of the
general field of solid solutions, which also covers alloy formation
and formation of solid solutions from melts of salts or organic
compounds.

Thevpossibility of so0lid solution formation has been
(1) in 1818 spoke of a'mélange
chimique" in this context. The Law of Isomorphism was stated in

realized for many years; :Beudant

1819, and in 1889 Retgers considered the formation of mixed crystals
as a test for isomorphism. . Early X-ray work(Z) on solid solutions
was concerned with the variation of cell dimensions with composition
(Végard's Law) and the detection of ordering in the crystals. '

The formation of solid solutions of inorganic salts
from aqueous solution is of some interest not only to chemists,
but also in the undérstanding of various geological phenomena.
The Stassfﬁrf salt’deposits(B)rare an outstanding example of this.
They were formed from complex. systems of M82+, k", Na+, Ca*+, c1-,
SO#Z- and water, and in order to understand the order of their
deposition, their solubility relationships and solid solution
formation have been examined over a range of temperatures and
pressures.’qn

: If, in a system of two salts and water, constant

temperature is assumed, there are two possible mechanisms by which
solid solutions can be prepared:-
(1) Evaporation of water from a non-saturated solution. This case
may be treated for conditions where the solid is not in equilibrium
with the solutibn or where evaporation is so slow that at any stage

the surface of the solid may be considered to be in equilibrium with
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(4)

the solutipn. These two situations have been described algebraically
in terms of the composition of the solid during fractional
crystallization. They are not important here because the product

in either case consists of non-homogeneous particles of solid
solution, which are not useful for studying the variétion of physical
properties with composition.

(2) The system containing both solid and saturated solution is
allowed to attain equilibrium at constant temperature. In the
following discussion attainment of this type of equilibrium is

always essential.

The types of,so0lid solution formed by salts 1 and 2 _
having a common ion in water were classified by Roozeboom.(5) The
basis of this classification is a plot of mole fraction of salt 1
in the solute (y) against mole fraction of salt 1 in the solid (x),
where salt 1 is the more soluble salt. The five types of behaviour
found are shown as Roozeboom plots in Fig.V 1(a) and the ternary
phase diagrams corresponding to them are shown in Fig.V 1(b). Actual

examples of each type ‘are listed below,

rype I O xa 5450, = KH,PO, - H,0
() (wm,) 50, - K50, - B, Fig.V.2
(8) K20r04 - K 504 - H 0 Fig.V.3
Type 11 7 KBr - KC1 - H,0 Fig.V.h
Type III (10) PbBr, - PbCl, - H,0 Fig.V.5
1ype 1v (V) NH,C1 - KC1 - H,0
(12) KC105 - T1C10; - Hy0 Fig.V.6
(13) KMnO,, -~ RbMnO, - H,0 Fig.V.7
rype v H) x cucy, .m0 - (NH, ) ,CuCl, . 20,0 - H,0

(135) .
KSOB.NH2 - NH#SOBNH - H,0 Fig.V.8
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Two other types of Roozeboom diagram might be expected to exist,

namely

and

These are theoretically possible, but require that two solutions
of different composition are in equilmbrium (and also immiscible).
This state of affairs is extremely improbable in the case of
aqueous solutions, but its existence cannot be ruled out for a
system of organic compounds in non-aqueous solvents, although

it is still very unlikely. ‘ :

. Thé classification treats those cases where only one
series of so0lid solutions is formed, and in which the degree of
hydration remains constant throughout. Other more complicated
examples are known with two or three solid solution phases,
differing degrees of hydration and even two distinct continuous
series of solid solutions (CuSOQ-MnSOQ-H 0(16), where both penta-
hydrated (triclinic) and heptahydrated (monoclinic) solid solution
series are foundh

Attempts have been made to interpret these observations,
é.g. by Fock.(l7) Thefe appears to be no recent treatment of exactly
the situation in question, and the most helpful treatment is that
of Hill, Durham and Ricci(lg) (HDR), which is discussed in some
detail.. HDR were responsible for some accurate data on systems
suchjas the alums and picromerites, and some of their examples

are used to illustrate their treatment.
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HDR derived from thermodynamic considerations a
relationship between the mole ratio (salt 1/salt 2) in the liquid
and solid phases, and the aqueous molar solubilities of the two
salts. They then compare this with an empirical equation obtained
for alum and picromerite systems. Their treatment is only
applicable to those Roozeboom classes in whlchthe X-y curves are
continuous, i.e. Types I, IT and III.

In a system of two phases,rthe condition for equilibrium
is that the chemical potential of each component muSt be the same
in the two phases. If the formulae of the two salts involved are
Bb0; (salt 1) and B/C, (;alt 2) they form a series of solid

solutions by exchange of B and B!'.

" b » b |
At equilibrium (ag ag)e Ka, (ag ag)s and (1)
b c c
(aB' aC)Q C)s ) (2)

where Ka is the activity product constant of the salt.

b
Ka, (ag, &

The salts differ only by containing B or B' so that if (1) is divided

'by (2) the activities of the other components will cancel and hence
b b ,
(aB/aB')€ = (Kal/KaZ)(aB/aB,)s . (3)

If Ry ,R  are the mole ratios [BI/[B'] in the liquid and solid

phases, then in terms of activity coefficients
Ry (£5/£5,)) = (Ka,/Ka)YP.R . (£,/2.1) (4)
(Aeb: b : L 1/ 7% ‘Rg (f/ 15"

It is assumed that for very similar ions, if the total
ionic strength in the solutions remains approxlmately constant 3
(fB/fB,)Q = 1, From this, |

Ry = K.R_.(fg/f,) , (5)

where K = (Kal/KaZ)l/b.
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'Equation (5) is the HDR "theoretical" equation for the
distribution ratio Rﬂ/Rs'
K can be related to the aqueous molar solubilities by

N o
= (Ka /Ka )1/b = s °/s f°) /b ‘ (6)

9
where S is the aqueous molar solubillty, £° is the mean ionic
activity coefficient at saturation and Y is the total number of
1ons formed from one molecule of electrolyte.
HDR used experlmental results to show the relatlonship
between the mean ionic activity coefflcient and ionic strength

for the type of solutions they had examined was expressed by
f =44+ B/ﬁﬁ

in which A was very small and B was similar for all the salts used,
so that ’ o o '

‘fi/f;:=~ ﬁﬁa/ﬁﬁl - l55/ 15,

| d
and therefore K™ (5,/5,) /2b )

This enables the value of K calculated from equation (7) to be
compared with that calculated. from equation (5), assuming that the
solid solutlons are sufficiently ideal for (fB/fB') =~ 1.

‘The most useful form of (5) with the above assumption is

Log Ry = LogK + Log R_ . : (8)

HDR examined plots of Log RZ vs Log R for some ‘alums and
plcromerltes and found that the slope (m) was 1 for alums and
Log RI(LOg R = 0) = LOE K; while for the picromerites straight
line plots were obtalned W1th m <:1, 1.e. obeying the empirical
relation

Log R1 LogK+ m Log R . ' _ (9)

It was then postulated that ‘the appearance of m in equation (9)
could_berattributed to deviations of (fl/fa)s from unity. Comparison
of (9) with (5) gives

m-l

(f5/fp), = R . | (10)
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With m = 1 the system belongs to Roozeboom type 1, m {1
gives Type'II'and m) 1 gives Type III,

| The systems examined by HDR obeyed their empirical
equation falrly well, as illustrated by the plots of Log Rﬂ vs Log R,
shown in Flg V.9 which were taken from thelr data. However their
emplrlcal equatlon is not an accurate representatlon for many
other systems for whlch data are avallable, examples are shown in
Flg.V.lO, and are taken from the systems whose Roozeboom plots
were given in Figs.V.2-8. Reasons for this are not fully understood,
but,are‘indicationsuof some form of deviation from ideality.

Combining equations (4) and (6), .

Rﬂ.(fB/fB,)ﬂ} (sifg/s £, ) /b(fB/fB, - R, (11)

This equation contains all the parameters whose variations could
lead to non-ideaiity in the systems. Now 8, fg,‘b, v aie constants,
and therefofe variations in (fB/fB')s,and (fB/fB')ﬂ must account

for any deviations.

In general, whatever the exact form of the relationship,
if (f /fB')ﬁ is not constant it would be expected to vary
monotonically with concentration. This would give a non-linear
plot of hl vs R_; there is no reason why (fB/fB')l should ever
approximate to l.

The variation of (fB/fB, y however, will be dependent
on the propertles of the lattice. If there is a small concentration
of B! in a lattice containing mainly B, then the lattice will be
only slightly altered from that of pure BC. and vice-versa. 1In
intermediate concentrations greater distortion of the lattice is
expected. This will be particularly important in cases where tﬁe
two salts BC and B'C are not exactly isostructural. A4 situation
is therefore produced in which the behaviour of the so0lid solution
approaches ideality at the extremities of the composition range,

and deviates from ideality in the intermediate range.



19

It is suggested that variations of (fB/fB,)s are
predominant in‘determining the form of those HDR curves where m4 1
and is not constant. The HDR plot would then have the form shown
in Fig.V.1l. Experimental results often do not cover the whole
range of Fig.V.1ll, but only a portion of it. The range of ideality
will vary greatly in different systems. If the range of ideality
is extremely limited, only the central portion of V.1l may be
observed, and this could appear to have the form of a straight
1ine with m % 1. In the cases of Roozeboom types IV and V a
discontinuity in the HDR plot is expected to correspond to that
in the Roozeboom diagram, and this is illustrated by the horizontal
portion of the curves of Fig.V.10.

If this type of treatment is a reasonable approximation,
it might be expected that in the cases where the HDR plot has the
form of Fig.V.1ll the change in behaviour of the solid solution from
jdeality to non-ideality might be reflected in changes in the
variation of physical properties with composition. A particular
example is Végard's law, which states that for a cubic crystal the
cell dimension varies linearly with the composition of the solid
solutiOn..

This has been verified in various cases. However for
non-cubic crystals there is no reason why the cell dimensions should
vary linearly with composition.(l9) The variation of cell dimensions
with composition might in this case be different over the non-ideal
range from over the ideal range, and other properties might show
similar irregularities in behaviour.

Th; HDR and Roozeboom plots therefore give a good
indication of the ideality of the solid solutions formed, and this
will be useful in relating the properties and compositions of the

solid solutions containing CuCl42°, CoClqa- and ZnClqz-
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Ficure V.la

The five types of Roozeboom diagram ,




Fioure V.1lb

Phase diagrams corresponding to the Roozeboom diaprams of
Pigure V.la. Dotted lines are lines of constant S1:S52 ratio.
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Ficure V.2
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Fioure V.3
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Fieure V./
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Fipure V.5

10G

0 50 . 100 -

PbBry —PbCly —H,0




g

Firure V.6
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Pirure V.7
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' Figure V.8
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Figgre V.g

HDR plots for some alums

5
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Figure V,10

HDR vlots for the systems of Pigures V.2 ~ V.8

2.0l
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Picure V.10 cont'd
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Fiemre V.10 cont'd
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Fioure V,10 cont'd .
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Ficure V.11

Suecested general form of the HDR;plnt
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CHAPTER VI

DISCUSSION



" DISCUSSION

The stability of ohloroouprate anions in the eolid

state is strongly dependent on the size and shape of the ~cation,
both crystal packing and hydrogen bonding forces being significant,
and it is often pos51b1e to interpret the various structures in
terms of the properties of the cations. An example is the compounds
of stoichiometry ACuClB, which are of two distinct types (see Chapter I)
pased either on (Cu2C16)2- dimers or (CuClB-) chains. There are two
different types of dimeric structure, typified by KCuCl3 and
(MezNHZ)cu013’ which can be explained by reference to the size and
shape of the cation. KCuCl3 contains planar dimers, and since the
k¥ ion is small and spherlcal it does not hinder the formation of a
compact arrangement of dimers (Fig.I.2) with dimer-dimer interactions
giving the copper atoms distorted octahedral coordination. Where
A = MeZ > orﬁparaquat (1) the cation is elongated and not
planar, and the non=- planar dlmers form a less compact arrangement,
with square pyramldal coordlnatlon for the copper atoms. In both
of the latter compounds there is also a N----Cl interaction between
the cation and a termlnal chlorine atom of the dimer, which can be
considered respon51b1e for the deviation of the dimer from planarity.
gsc;ucl3 has the chain structure discussed in Chapter II, where it was
concluded that the packing of the (Cu013-)n chains determined the
overall structure. The packing in (MeBNH¥Fu2017 is also thought to be
dominated by the (CuC13")n chains. It is not clear, however, why the
dimeric structure is preferred for KCuClB, MeZNHZCuCI3 and NH4Cu013,
but the chain structure for CsCuCl3 An example where the shape of
the chlorocuprate anion is determlned by the packing of the cation
is [M(NH3)6]Cu015, where M = Cr Co. The [M(NH )6]3 ions may be

garded as large and spherlcal and they tend to form a close-packed
type of arrangement' the arrangement of the anion and cation is ‘that

of the NaCl structure. [Cr(NH ) ]Cu015 (2) crystallizeo in the cubic
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gpace group Fd3c, with the regular octahedral [cr(NH3)633+ ions

occupying sites of 3 symmetry. The pentacoordinated CuCl 3= jon is

forced to occupy sites of 32 ?Z?metry.i By contrast (MeZNfIa)}CuCl5 (3)
and [(NHB'CHz'CHE)ZNHZJCuCIB both contain non-spherical cations,
and the chlorocuprate anion is in the form [CuCl42' + C17], though

in the former compound the CuCl42_ is tetrahedral, and in the latter
square planar; this may be due to the difference in chain length in
the cations. There is no obvious explanation for the preference for
CuCl53- over [cu0142' Z C17] in [?(NH3)6]Cu015; it is quite possible
that a distorted CuCl, ~ ion (of 42m symmetry) could be included in a
cubic space group, although not in Fd3c. ;

The chlorocuprate(II) structures can thus be rafionalized,
in terms of.crystal packing and hydrogen bonding. It is impossible,
however, to predict with any certainty the stoichiometry and structure
of the chlorocuprate anions likely to be formed with a particular
cation, nér the optimum experimental conditions for their formation,

~ Another feature of interest in the crystal structures of’
chlorocuprates is the influence of the Jahn-Teller effect on the
coordination of the copper atoms. The (Me4N)2M014 compounds are a
good example of a case in which structures containing different first
row transition metals are known to be isomorphous, and of which only
CuCl42_ is expected»tozshow Jahn-Teller distortion. The bond length
and angles in the MClq_ tetrahedra with M = Co, Ni, Cu, Zn are
given in Table VI.1. All the MCl42- ions are distorted from Td(z3m)
symmetry, and the distortions in 0001%2‘, Nic1,%” and 20C1,%" are
attributed to crystal packing forces. = These forces will not be
significantly different in (Me4N)ZCuClh, 50 the Jahn-Teller effect is
responsible for its greater distortion. On the other hand,
CsCoClB,(6) CSN1013(7),and.CsCu013 all contain (MClB_)n chains, but-
they crystallize in different space groups, so that the crystal
packing forces are not necessarily similar. Also none of the MClG‘

groups has 0, symmetry, and for these reasons the Jahn-Teller effect



N

is less easy to distinguish. The balance between electronic forces
and ligand repulsion in the gu0153' ion of [M(NH3)6JCu015 is difficult
to understand. In a trigonal bipyramid, the axial M-Cl bond lengths
are usually expected to be greater than the equatorial bond lengths,
to minimise ligand-ligand repulsions., - This distortion would satisfy
the qahn-Teller effect; however in [Cr(NH3)6]Cu015 the axial bond
lengths are less than the equatorial bond lengths. v

A greater number of chlorocuprate anions is formed with
MeBNH+~than with any other cation. The existence of Me,NHCuCl '

. 3
MeBNHCuCl .2H O, (MeBNH)20u014, (MesNH)BCuCl5 and (Me NH)BCu

(8)

528, 3 2%y
have been confirmed (Chapter III) and Willett has also reported the
preparation of MeBNHCu2015~(9) (by crystallization from a 10:1 solution
of CuCl, and MeBNHCl in n-propanol). There is no outstanding feature
of Me3NH+ which accounts for this, except perhaps the ability to form
one strong hydrogen bond, which may be the most important factor,
However this would also apply to other R3NH+ ions, which do not
appear to form the same number of compounds, so the size of Me ngt

3
may also play a part.

- The variety of stoichiometries formed with the MeBNH+ cation
suggests that a number of chlorocuprate species may coexist in any
given solution, and that the species may differ between different
solvents. The species are also dependent on.the:total concentrations
of salts in the solution, the chloride ion concentration and the
temperature. This work is concerned with solutions which are very
close to being saturated, or where s0lid is in equilibrium with the
solution. Attempts were made to study solutions containing CuCl2 and
several ACl salts by visible-ultraviolet spectrophotometry, using
hort pathlength cells (0.1 cm), but the very high absorption
coefficients of the solutions prevented the acquisition of any useful
information. No X-ray measurements similar to those on concentrated

(10)

00012 solutions have been reported for CuCla,'and none was made

here, mainly because of the unavailability of monochromated X-radiation.
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Knowledge of the Gézgggiﬁioa of these solutions is therefore

extremely sparse, and this imposes a limit on the discussion of
solid solution formation.

The'(MeBNH)3Cu(Cu,M)C17'system of solid solutions
was the first to be prepared; ‘it is also the most complicated,
in that only half of the copper could be replaced by'another otel.
Where M = Zn, the preliminary experiments suggested that the phase
diagram was strongly biased in favour of Me,NHCuZaCl,; a situation
gimilar to that in the (Me,N)(M,2n)Cl;, systems. The
ethanol-(Me NH)BCU Cl (MeBNH)BCuCoCl? diagram was more symmetrical,
and this is why it was used for further experiments. The visible-
ultraviolet spectrum (250-700 nm) indicated the presence of 000142-(11)
(Chapter III). There is also a gradual decrease in the band at
3NH) CuCl4
and therefore attrlbuted to the CuCl4 ~ ion. By analogy the zinc is

about 470 nm, which is an absorption also found in (Me

assumed to be present as Zn0142 y although there is no direct spectral
evidence for this.

The reasons for the choice of the (Mebe)aIVIcll+ systems for
solid solution experiments are given in Chapter III. In retrospect
this choice had one additional advantage, namely that the Cu0142 ion
was in a more typlcal configuration (D2d) in (M94N)20u014 than in
(Me,NH) 5Cu,Cly.  This Dy symmetry is shown by all the simple
tetrahedral tetrachlorocuprates (Chapter II) whose structures are
known. It is interesting to note, however that the absorption
bands of 000142- in (Me3NH)30uCOCl7 are very similar to those in
(Me4N)ZCOC14‘SO»that any distortion toward C, symmetry in the
former compound is likely to be very slight.

‘It was found that continuous seriés of solid solutions
were formed between (Me),CuCly, (M°4N)203C14 and (Me,N),2nCl, in
the three possible gombinations,-but'N1014 " did not enter solid
solution. The experimental data can be considered in relation to.

the conclusions of Chapter V on solid solution formation. It was
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shown there that the important factors in determining the
solubilify behaviour of two salts containing a common ion were

(1) the solubilities of the two salts, (2) the activity coefficient
ratio of the two non-common ions in the liquid phase and (3) the
activity coefficient ratio of the two non-common ions in the solid
phase. The treatment was only applicable in cases where a continuous’
series of solid solutions is formed (Roozeboom types I, II and III),
Roozeboom type I behaviour is expected from a simple solubility
relationship, with the less soluble salt always concentrated in

the solid. In types II and III, the portions of the curves above
the diagonal may correspond to this solubility relatidnship, but
below the diagonal some other factor must play a part, It is |
sometimes difficult to distinguish experimentally between type I
and types II and III, because the curve may only cross the diagonal
close to the limits of the Roozeboom diagram. The possible factors
causing this crossover in types II and III were concluded (in
Chapter V) to be the activity coefficient ratios in the solid and
the sblution. These effects may also be present in type I systems,
but in this case the solubility effect is dominant, It was further
postulated that the activity coefficient ratio in the solid was the
more important effect in those systems which had HDR plots similar
to Fig.V.1l.

The latter postulate appears to be justified in the case
of (Me4N) (M, M')Cl4 systems, since the behaviour is similar whether
the solvent is water, ethanol or ethanocl-water (except for
(MeuN) (Cu,2n)Cl,; see Chapter III). The chlorometallate species
in solution are not expected to be the same in all solvents. In
concentrated ethanolic solutions of CoClz(lo) the main species found
was c°0142', whereas in aqueous solution it was Co(H20)62+. Spectral
examination of 00012 in aqueous solution containing Me4NCl shows the
effect of total cobalt concentration; the characteristic deep blue
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colour of tetrahedral species disappears as the solution is

' dlluted giving way to the far less intense pink colour characteristic

of octahedral hydrated Co2 species.(lz) A variety of chloroaquo

complexes may be present at intermediate dllutiOns, and the species
(Co.6 solvent)2 , (CoX.5 solvent)’ ' (CoX .2 solvent), (CoX

. 2° 3
and CoX42- have been postulated in cobalt halide solutions,

.s0lvent)”

(13)

The equilibrium

X" — N
+ [CoX A solvent]octahedrai——-[st.solvent]

(14)

has been studied spectroscopically, and evidence was obtained

for the existence of [CoCl3 HZOJ and [CoClB.MeOH]' at high halide
2+

concentration with solutions about 102 molar in Co .

The solution behaviour of Cu2+ is similarly complicated.

tetrahedral

The species which exist at various concentrations in presence of

€1~ include ECu(Hao) 32*, [CuC1(H, o) 1%, [cuc1 (H20)4], [CuCl m o) 17,
[CuC1, (H,0),127, ECu016]“‘, [Cu(H 0 J2+. [CucL(H,0),1%, [CuCl (n %) 51y
[CuCl (H O)]' and [CuCthZ' (15) and similar species in ethanol.

The formation constants of CuCl® and CuCl2 in aqueous solution have

(16)

been measured. in attempt was made to show, by paper electro=-

phoresis,(l7) the existence in aqueous solutions of CuCl2 of

Cuc164', Cu0142', CuClz(Hao)2 and Cu(H20)42+, and the.authors

claimed to detect characteristically coloured bands for each of

these species by varying the CuCl2 concentration between 0.06 and 1.7M.
There is some evidence from work on the Me4NCI-NlCl

system(ls) that 1arge concentrations of MehN promote the formation

of tetrahedral NiCl4 " 4ons in water, and it is likely that this is

true for other metals. However there was not a large excess of M94 N

over MCl2 in the so0lid solution experiments, and MClu is unlikely

to have been the dominant species in all the mother liquors produced.

There is therefore no reason why the activity coefficient ratio of the

two MCl42-'ions should approach unity; yet the Roozeboom plots for

each of the systems (MehN)z(Cu,Co)Clh, (Me4N)2(Cu,Zn)Cl# and

(Me4N)2(Co,Zn)Cl4 are similar whichever of the solvents was used.



The remaining factor to be considered is the activity
coefficient ratio in the solide All of the systems examined are
compatible with an HDR curve similar to Fig.V.1ll, although not all
of the curve is present in each case. The activity coefficients
of the ions in the solids may be considered in relation to the
effect of the ions on the lattice energies of the solids. To
investigate this a system of two salts of equal solubility will
be considered; the salts BC and B'C form a continuous series of
solid solutions (B,B')C, and their activity coefficient ratio
in solution will be assumed to be close tao unity. B' is the ion
of smaller ionic radius.

It is then unfavourable to insert B in place of B!
into the B'C lattice, since this would necessitate an expansion
of the lattice and hence a decrease in lattice energy. However,
it is also unfavourable to introduce B' in place of B in the BC
lattice, since the gain of lattice energy would be less than for
introduction of B; it is therefore energetically advantageous
for B' to remain in solution. If the conditions of equal solubility
and equal activity coefficient applied strictly, the Roozeboom plot

would have the form (i):-

(i) (ii)

golubility

B By /\J’

_lattice
energy
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Normally this is superimposed on a solubility curve,
as illustrated in (ii), giving a Roozeboom type II curve. A4
similar result would be expected if differences in shape between
B and B! affected the lattice energy. It proved very difficult
to find an example in which the solubilities were so similar that
only the lattice energy effect could be responsible for the shape
of the Roozeboom curve. However this seems an adequate rationalization
of the Roozeboom type II systems, in somewhat more explicit terms than
those used by Hill, Durham and Ricci, i.e. repulsions in the solid.

The Roozeboom type III system is not amenable to:
generalization of this type. In contrast to type II there is an
attraction in the solid, so that the foreign ion is favoured over
that usually found in the lattice. This situation is rather unusual
(no example was found in Seidell), and must be related to specific
interactions within the solid solution lattice:

The Roozeboom plots for (Me4N)2(Cu,Co)Clu are of type II;
those for (MeqN)z(Cu,Zn)ClL+ and (MeqN)a(Co,Zn)Clq are apparently of
type I with a large solubility difference between the two end-compounds
in each casej however it is possible that they are type II with a

crossover close to the composition limits. The HDR equation
-
Log Rp = 2b(Log K) + Log Rs

was used to calculate values of Ry for various values of R given
the experimental values for the solubilities of the compounds;
these are given in Fig.ITL2. DBecause of the assumptions underlying
this equation, good agreement with the experimental results is not
expected, but the large discrepancy for systems containing ZnClua—
is notable. Explanations for this can either assume an extremely

2
large lattice energy effect, with a crossover very close to 0% ZnCl4 HE
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(CoClhg;&

(CoClhz—)s

or that in fact the activity coefficient ratio in solution is very
important and this is far removed from unity in all the solvents
used. This question cannot be resolved, and the evidence from the
HDR curves is not conclusive, although it does appear that the
behaviour is consistent with Fig.V.ll.

If any lattice energy effect is to be detected in these
systems it is best sought where the solubility ratio is closest to
unity i.e. in (Me#N)Z(Cu Co)Cl,. Here, at low Cu014 ~ concentrations

the behaviour is that expected from the solubllitles, i.e. CoCl42' is

concentrated in the solid, but at high CuClI+ - concentratlon‘CuCI#a-
is concentrated in the solid., The size of the ions is very similar
(Chapter IV), so that the lattice energy effect is most likely caused
by the difference in the degree of distortion of the two ions.

The HDR plots for (Me4N)2(Cu,Co>014, interpreted in the
way outlined in Chapter V, indicate that the solid solutions are
ideal at the extremes of composition. It is in exactly this case
that the lattice can be described as being essentially that of the
pure compound (the salt present in greatest concentration) with small
amounts of the second salt incorporated in it. The solid solution is
non~ideal when the lattice is so disrupted that it cannot be described

as that of either salt. This is in contrast to the behaviour which
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might be expected for an ideal type I system (i.e. a system
determined entirely by the solubility ratio of the two salts)
where a smooth gradation between the structures of the two end-
members would be expected. The disruption of the crystal
lattice for the middle composition range is apparently at variance
with the crystallographic data for (MeuN)a(Cu,Co)Clu, which suggested
that the lattice of light atom tetrahedra remained approximately
constant throughout the series; however this may be due to a
difference in sensitivity between'the techniques, since the
positional parameters of nitrogen and carbon atoms in presence of
copper and chloride are not of high accuracy,(lg) (see the standard
deviations in‘Chapter IV), and the disruption needed to show this
effect may only be small,

The data for (MesNH) Cu(Cu,Co)Cl7 shows a type I system,
deviating from the "theoretical! curve as for (MeuN) (zZn M)Gl4, 50
that CoCl4 ~ is always preferred over CuC1,+2 in the lattice. The
explanation proposed for this is based on the distortions imposed on
the ions by packing forces. From other structures containing CuClqa-

]
where it is less constrained by packing than in (MeBNH)30u2017, 1?20)
appears that the preferred symmetry about the copper atom is D2d'

To fit into the (MeBNH) Cu Cl? lattice the CuCl42- ion is distorted
to C}v symmetry, and it is suggested that ;Eis requires more energy
than distortion from Ty to Dpg. The CoCl,™ ion however, normally
adopts symmetry close to Td and only slight distortion is needed to
achieve 03 symmetry, in fact it is not necessary crystallographically
to distort the CoCl# ion from Td symmetry if it is incorporated in
the (MeBNH)Cu(Cu,Co)Cl7 lattice, although it may be distorted by

N— H----Cl interactions, It is therefore reasonable to expect that
000142- will enter the lattice more readily than Cu0142-, and so for

the same reason, will ZnCl42'.

The crystallographic work on (Me4N)2(Cu,Co)Cl4 was
described in Chapter IV. There were several possibilities for this
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structure. The CuCl,®” and CoC1,”” might be distributed in a

regular order on lattice sites, i.e. a superlatiice might be formed;
a phenomenon well-known for several alloys, €e8e AuCu3
annealing.(Zl) Both CuCll+ " and CoCl4 " might adopt a conformation

intermediate between that of CuCl4 in (Me4N) CuCl4 and 00014 in

after prolonged

(Me4N)200014, or each might retain its characteristic conformation, -
with or without ordering of the solid solution.

The X-ray examination has shown no evidence of long=-range
order resulting in superlattice formation and although local short-range
order probably exists, since a perfectly disordered solid solution is
unusual,(za) this would not be evident from the Weissenberg photographs.
It is concluded that the structure of (Me4N)2(Cu,Co)Clu is best
describedvas a random distribution of Cu0142' and 0001427 ions, each
with approximately the same distortion as that found in the pure
compounds, embedded in a 1ettice of Me4N+ groups whose positions are
effectlvely independent of the metal jon present. The persistance
of the greater distortion of CuCl4 than CoClq in the soiid
golution shows the importance of the Jahn-Teller effect in
determining the configuration of the CuClqz_ ion,

The positional disorder found in all the (Me4N)2MCl4
compounds, which was suggested to be the result of thermal motion, is
discussed later in relation to the DSC measurements on the compounds.

Comparison of the structures of (MeAN)aMCI4
(M = Co, Ni, Cu, Zn) prompted an interest in the problem of defining
the degree of isomorphism of a group of crystal structures. All the
structures belong to the same space group and have closely similar
cell dimensions (Table VI.1) and atomic arrangements, However, the
detailed atomic arrangements do show differences,‘particularly in the
distortion of the MClq - tetrahedra. The CuCl#z- ion is moren
dlstorted than the other M014 ions, so that the compounds containing
CoCl,, e NiC14 " and ZnClq2 are expected to be more isomorphous with
each other than with (Me4N)2CuC14.
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has examined this problem in relation

(24)

to the isomorphous replacement method, and his criterion of

Ramachandran(zz)
the dégree of isomorphism was adopted. Ramachandran discussed the

case of a pair of crystals (of similar cell dimensions and space
group), one containing P and one N (= P + C) atoms, where P { N.

In the present case the whole of each crystal was included, i.e. P = N,
The condition that all atoms in the crystal should be alike has been
disregarded, because this should not be essential if all the atoms are
included in the degree of isomorphism parameter. Two extreme casos

are possible: the related case, in which all the atoms occupy exactly
the same positions in both crystals, and the unrelated case, in which
the two sets of atoms are independent of each other, crla is defined

as CTPZASNZ, where the ideal value of 6}2 is ‘fZ, i.e. the sum of
' 1

the squares of the atomic scattering factors. In this case G‘P is
approx1mately equal to CTN, since the only dlfference is in the
scattering factors of the metal ions, and therefore 6‘ X 1, and was
taken equal to 1 in the following calculations.

ihe R factor between the structure amplitudes of the two

crystals is

Sle _ pl)
E:lF(l)l

and the degree of isomorphism ( Y, ) is defined by

X Robs B Runrel

r Rrel - Runrel

R =

where Robs is the R factor between the two observed sets of structure

factors, and Rrel and Runrel are the R factors for the totally related
and totally unrelated cases respectively., Ramachandran gives values

. 2
for R, 4 and Runrel for various values of 63_(between 0 and 1) for
both the centrosymmetric and non-centrosymmetric case. For the
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. . 2 _ _ _
structures in question 6‘1 =1, R 4= 0.00 and R .. 1 = 0.824,
and hence
R - 00824
obs

b
Kr = 0.00 - 0.82k%

xr is therefqre O for totally unrelated structures and 1 for totally
related structures.

Since the same set of experimentally observed reflections
was not available for all the (Me4N)2MCl4 compounds, Fcalc for the
structures was used in preference to Fobs‘ It is therefore the
isomorphism of the models which is tested, rather than that of the
actual structures; however an advantage of this is that the effect
of errors in F obs is minimised, which may be important for (MeQN) CoCl4,
for which relatively few observed reflections are available., The

scaling is also important if F of two structures are to be

(25) obs
compared. Robs was calculated for two cases: one the
conventional R factor as defined above, and the other including the

(1) and F(2)

difference in sign between F which may occur for some hk@

E: #(1) F(z)t
EZIF(l)l

The two R factors show similar trends, and only the conventional

ie.ee

R =

R factor has been recorded. The Robs and 'Xf for various pairs are
given in Table VI,.2,

The main limitation of the Ramachandran treatment is the
requirement that the‘ cell dimensions should be fairly close.
Otherwise X‘b'may be close to 1, yet with very different cell
dimensions the structures are clearly not as close as if the cell
dimensions are similar, and in particular solid solution formation
would be difficult in the former case. An attempt was therefore made
to défiﬁe‘the degree of isomorphism between two structures in terms of

atomic positions and cell dimensions. The degree of isomorphism was
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empirically defined as the sum of the weighted mean shifts of the
atoms between the two structures. To obtain this, both unit cells
must have the origin in the same relation to the symmetry elements
of the space group, and the axes labelled in the same way. For the

nth atom

Ay = V=207 4 (r(1)-y(2)% + (2(1)-2(2))7)
where x,y,2 are orthogonalized real coordinates, and the degree

of isomorphism is

unit cell | o
y- AnAn
unit cell

DI

where An is the atomic number of the nth atom.

¥p =

This takes account of the cell dimension differences,
because while an atom at 0,0,0 cannot show a shift, those at‘a,0,0
0,b,0 and 0,0,c correspond to differences in a,b and ¢ respectively.
- The summation Z:AnAh should normally be carried out over
the whole unit cell. However in the case of the (Me4N)2MClq compounds,
the main cell dimension differences are in ¢, The coordinates of the
atoms in the asymmetric unit were all placed in the region bounded
by x = %, ¥ = %, z =1 (in fractional coordinates). By only
calculating E:Aﬁkn over the asymmetric unit, the calculation is
simplified and the differences in ¢ are still included.
: XI,for the various pairs of compounds are given in Table VI.Z2.
From Table VI.2, it can be seen that both 'KP and Xr confirm
the prediction that (Me,N),CoCl,, (Me4N)2NiC14 and (Me,N),2ZnCl, are
more isomorphous with each other than with (Me#N)ZCuClu. \KP and ¥ r
give the same order i.e. Cu-Ni ') Cu-Co ) Cu-Zn, although a plot X p v& ¥
(Fig.VI.1) does not show a good straight line between the two. It is

r

interesting to note that NiClua_ is more distorted than CoC142- or
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ZnCl42- (Table VI.1) and also most isomorphous with CuCl42-.
Kr shows no difference between (Me4N)2(Cu,Co)014 containing an average

metal ion tetrahedron and (MeqN)a(CuoCO)Cl4 containing CuCl42' and

CoClL+ "3 this comparison is not possible using XP’ since there

are different numbers of atoms in the unit cells, Both Kr and XP
indicate that (Me4N)2N1014 is more isomorphous with (Me4N)2(Cu,Co)C14
than would be predicted from inspection of the table of bond angles;
no explanation is offered for this.

The crystallographic data are of some help in trying to
interpret the DSC measurements recorded in Chépter IIT; for a full
interpretation low-temperature crystal data are deSirable, but are
not available at present.

The information available from a DSC trace is the transition
temperature, AH for the transition (from the area under the peak) and
AS (= AH/T for sharp transitions). In this case absolute values of
AH are not available, for reasons given, but relative measurements

are available.

The DSC traces of all the single-metal compounds are
seen to be of approximately the same form, showing a broad transition
peaking at about room temperature, and a sharper transition at a lower
temperature. The heat capacity o{2é¥e4N)2ZnC14 has already been

measured by Melia and Merrifield. The DSC curve agrees in general
form with this, except that the lower temperature transition obtained
from heat capacity measurements is a single peak, whereas it is split
into three on the DSC trace. No explanation is offered for this;
the DSC curve remained constant for several pféparations of the
compound both from ethanol and water, with up to five recrystallizations.
It therefore seems unlikely that any of the three DSC peaks are caused
by trace impurities. 4

It has been suggested that these thermal transitions are
due to the onset of thermal motion of the ions in the crystal. 'The

crystal structures were all determined at room temperature, i.e. above
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the peak temperature of the broad transition. At this temperature
completely free rotation of the ions does not take place, and from
the available data the exact nature of the disorder cannot be
determined. It might take the form of either a large librational
motion of both cation and anion, or a disordered arrangement of the
ions in a number of configurations; or a combination of both of these.
The assumption was tried that the high-temperature and
low-temperature transitions could each be assigned to a particular
ion in the lattice. The higher temperature DSC transition is at
the same temperature whether M = Co, Cu or Zn, and it was therefore
postﬁlated that this transition corresponds to the onset of thermal
motion of the light atom tetrahedra. The extreme broadening of this
transition is not understood, but it is possible that some more
drastic change may take place in the lattice apart from thermal
motion, since the DSC traces did not return to exactly the same
baselines above the transitions, indicating that there had been a
change in the heat capacities of the samples, The transitions peaking
at lower temperatures were then postulated to correspond to the onset
of thermal motion of the M0142- tetrahedra. If this were so, the much
higher transition temperature found for CuC142— may be related to the
greater distortion of Cu0142' causing a greater hindrance to motion,
The transition temperatures for 000142- and ZnClqa- are relatively
close, and these two anions are very similar in both size and degree
of distortion. This assignment of the transitions suffers from the
disadvantage that the light atom tetrahedra might be expected to
commeﬂce rotation at a lower témperature than the heavy atom
tetrahedra; however the above assignment appears to agree better
with the known experimental facts, and so it is discussed further. .
It was hoped that DSC measurements on the solid solutions
would help to clarify the behaviour of the single-metal compounds, and
in particular whether the assignment of the transitions was reasonable

or not. In fact, while not inconsistent with the views outlined above,
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they give no conclusive evidence in favour of the aésignment;
however an explanation of the solid solution behaviour will be
attempted. This is somewhat complicatéd, as shown in Fig.III.7,
and includes a number of transitions which appear only at intermediate
compbsitions. The origin of these is completely unexplained, but if
they are ignored, the shifts of the two types of transition assigned
above can be examined. .

There was a variation in the behaviour of the solid
solutions, depending upon whether or not they contained CuClqa-.
In the case of (Me4N)2(Co,Zn)Clq the broad transition remained at
constant temperature and A H through the whole solid solution
series (Fig.III.7), but there were shifts in the sharp transitions.
In the cases of'(Me4N)2(Cu,Co)Cl4 and (Me4N)2(Cu,Zn)014 the same
types of shift occurred in the sharp transitions, but both AH and T
for the broad transition decreased to a minimum at about 50:50
composition (Fig.III.8). This corresponds to‘thermal rotation being
easier in the distorted lattice (in the region where non-ideal solid
solutions are formed) than in the pure end-members.

The direction (+ T) of the shift of a peak assigned to a
particular M0142- tetrahedron depends on the other anion which is
present in the solid solution. The two transitions tend to move

towards each other, as illustrated below in an idealized case:~

W«—“_T pure compound (1)

increasing concentration

AT
of compound (2)

T TN/

«\[—— pure compound (2)
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The radii of the MClqa- tetrahedra are in the order
CuCl42f <<C0C142- <<Zn0142-, but the differences are fairly small.
An explanation of the shifts is based on the relative sizes of the
ions, and also the shape of CuClua-. Suppose that A(1) is the compound
containing the M0142- jon of smaller size (M(00142-) and A(2) contains
the ion of large size (MCﬂ 0142_). "Then introduction of a small
proportion of A(2) into A(1) might be expected to cause slight
expansion of the lattice, making movement of M‘u Cluz- easier
(i.e. a peak shift -T); conversely introduction of A(1l) into A (2)
would cause contraction of the lattice, so that Ddcu 0142- rotates
less easily. The size effect alone could explain the behaviour found;
however the distortion of CuClua- probably plays a part in causing the
much greater difference between CuCl42' and the other two ions than
between CoClqa- and ZnClqz-.

So0lid solution formation finds considerable use in single
| crystal spectral and esr studies, in which a small amount of
paramagnetic compound is introduced into a host lattice so that solid
dilution isolates the paramagnetic species from each other; Often
the host 1éttice is that of an isomorphous diamagnetic compound, so
that for example the spectra of CuCl#Z- in C522n014(27) and CoClqa-

(28)

in (Me4N)2ZnC14

Chapter III were measured from powdered samples, but are in general

have been studied. The solid solution spectra in

agreement with the single crystal data. The positions of the bands in
(MeaN)a(Co,Zn)Gll+ remain constant over the whole range of 000142-
concentration; however this is not always the case, and sometimes
extreme changes are found, as when Cu2+ replaCes'zn2+vin Zan(CNS)A.(zg)
2* 4n Culg(CNS), and (Cu,2n)Hg(CNS), are

different, the former being tetrahedral and the latter tetragonal,

The site symmetries of Cu

and the colour changes found are dramatic. Less extreme differences
2.6H20,(3°) but solid
dilution still affects the position of the absorption peaks. Large

are found in introducing cust into ZnKZ(SOA)

changes are not expected for (MeuN)2M014, but this work has been useful
in establishing the constancy of the MClua- geometry in the pure |
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compounds and in the solid solution. No detailed data appear to
have been previously published on this topic, although reference
has been made to crystallographic work on Csa(Cu,Zn)Clh.(jl)

It would otherwise be hard to justify the spectroscopists!'
method of preparation of solid solution crystals, which typically
cdnsists(zg) of drOpping a few cryStals of fhe paramagnetic salt
into a solution of the diamagnetic salt and growing crystals by
evaporation, Evaporation produces non-homogeneous crystals, which
would be unacceptable if, for example, CuCl42- changed slightly in
geometry with variations in composition of the solid solution. Since
(Me4N)20u014 is a typical tetrahedral tetrachlorocuprate,‘the same
general behaviour is expected for other series of compounds, such
as Cs,MCl, and (Et4N) MC1, . ‘

It would be interesting to prepare solid solutions of
square planar tetrachlorocuprates, but the square planar MCl4 ~ ions
are less common for other first row transition metals,(32)
jons such as PtClAEf or PdClug- would have to be used. The size
effect on lattice energy would be more pronounced in this case,
so that the solid solutions might be more reluctant to form than

in the tetrahedral case.

‘This work has shown the broad front on which solid
solution studies have to be carried on, and more problems have been
raised than answered. There is clearly much scope, for example, for
further study of chlorometallate ions in concentrated solution, and
“the dependence of the species formed on the cation present. The
subtle changes between the various lattices are not fully understood,
particularly in relation to the DSC data; nor are the variations
in lattice energy, so that measurement of the excess thermodynamic

properties of the solid solutions would also be helpful,
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TABLE VI,1

Cell dimensions, bond distances and angles in the isomorphous
compounds (Me4N)2M014

Data for (MeqN)ZCu014'and (Me4N)200014 are given in Chapter IV,

(MeuN)2ZnClu (MeqN)aNiC14
Cell dimensions (p.m) a 1227.6 1226.4
b 899.8 898.2
c 1554,1" 1548,6
Bond distances (p.m) in M0142' 224 .4,224.6,225,3 220,0,224,0,223.4
Bond angles in MCl42- 109.1,112.1, 107.8,114.4,

108,4,109.9 107.8,114.4.
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TABLE VI.2

(a) The Ramachandran Rubs and.X ,X )

Cu Cco NI ZN Cuco Cuco

l set 2 set

Cu 0;1.00 51.1;0.380 48.9;0.407 55.5;0.327 27.7;0.664 27.6;0.664
Co , 27.6;0.665 27, 5;0,667 32.9;0.601
Ni 39.3;0.524 . 29.0;0,649
Zn 39.,6;0.519
CUCO : ' | 5.2;0.936
1l set
(b) Positional test ('Kp)'
Cu 0.0 377 342 395 241 182
Co S -5k L2 163 21
i o cc 134
Zn ' 185

Abbreviations used are:
= (MeLI-N)ZCU.ClL‘. etc .

CUCO 1 set

(Me, ), (Cu,Co)C1, with an averaged MCL,2" tetrahedron

CUCO 2 set

" with both Cuc142‘ and CoC142-tetrahedra.
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Structure Factors for (Me NH)BCuzcl

2
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Values given are h,k,@,Fobs,F

calc
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Structure Factors for (Me4N)2CuC14

Values given are h, k,e,FObs and Fcalc.
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APPENDIX C

Structure Factors for (Me,N),(Cu,Co)Cl,

Values given are h,k’éaFobs and F. ...
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