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nation number, and 8 = exp(—AA/RT"), where A4 de-
fines the energy of ion pair-formation, by

Ky=2B-1) (6)

As the plot of log v vs. Rxx shows no dependence on
(Rkx)?, we may deduce that K, ~ K;/2. The devia-
tions from a straight line which could be observed in
each case at high values of Rgx were related to the
appearance of AgX liquid and a slight evaporation of
this compound which was much more pronounced for
Agl than for AgBr. Thus, these deviations from a
straight line are artifacts not related to association in

solution. The values of K; and K, are also shown in
Table 1.
Assuming a value of Z = 4, i.e., the coordination

number for sulfates in the solid state, we calculated
the corresponding association energies. A crude com-
parison with the values derived from the model pro-
posed by Flood and co-workers may also be made.
Considering the equilibrium

1/,Ag:804 + KX =2 AgX + 1/:K2S0.

and using the data of Table II,!3 we calculated the value
of AA = AH/2, where AH designates the enthalpy
change for the above reaction, assuming that the sums
of the heat capacities of the reactants and products are
the same. The two sets of values are also shown in
Table 1, and, considering the assumptions made, the
agreement is satisfactory.

(13) F. D. Rossini, ¢/ al., “Selected Values of Chemical Thermodynamic

Properties,” U. S. National Bureau of Standards Circular 500, U. 8. Govern-
ment Printing Office, Washington, D. C., 1952.
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TaBLE II
THERMODYNAMIC DATA FOR CALCULATION OF AH13

Heat of formation of solid, Heat of fusion,

Compd AHgus, keal/mole AH¢, kecal/mole
K804 —342.66 10.7
AgySO;4 —170.50 5.9
AgBr —23.78 2.18
AgCl - —30.36 3.16
Agl —14.91 3.72
KBr —93.73 7
KCl —104.17 6.1
KI —78.31 (8)«

¢ Estimated value.

Conclusions

The association constants for silver with bromide
and iodide ions in sulfate melts have been calculated.
Including the results of Woolner and Hill for the
chloride, the values of K; follow the general trend
Kiagr > Kisgsr > Kisgor observed for these salts with
other solvents.

However, the temperature dependence for these as-
sociation constants is not correctly described by the
quasi-lattice model, which is strictly valid for mix-
tures containing only monovalent monatomic iomns.
This indicates that the entropy of association in the sul-
fate melt contains contributions in addition to the con-
figurational entropy of association calculated from the
quasi-lattice theory.
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The electronic absorption spectra of several monomeric copper(I1) chloride species have been measured in the solid state.
In both the square-planar and tetrahedral species, the positions of the charge-transfer bands are quite similar. It is found
that the position of the absorption band for the d—d transitions is critical in distinguishing between these two possible geom-
etries. This band occurs at 12,800 cm ™! in the square-planar species while it is located in the 5500-9000-cm ™! range in the
tetrahedral species, the exact value of the maximum depending on the amount of distortion in the latter. At the low tem-
perature, a phase transition occurs in the square-planar complexes, changing from a light yellow to a pale green. This in-
volves a change in surroundings of the square-planar ion so that the symmetry of the complex changes from Dy, to Csv. Spec-
tral studies indicate only slight changes (<500 cm~!) in the positions of the major absorption bands. The esr spectra of
single crystals of the square-planar ions were investigated. Analysis of these data indicates that approximately 509 of the
unpaired electron is delocalized onto the ligand.

Introduction

. attention again. The existence of the distorted tetra-
Recently the study of the structure and spectra of

hedral CuCL2— ion has been known for some time in
solids such as Cs,CuCly.?

copper(II) halide complexes has received considerable

(1) Taken in part from the M.S. thesis of O. L. Liles, Jr., Washington
State University, Pullman, Wash., Aug 1966.

The spectra of this com-

(2) Undergraduate NSF recipient.
(3) L. Helmholz and R. F. Kruh, J. Am. Chem. Soc., T4, 1176 (1952).
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pound*?® and of the isomorphous bromide salt® have been
analyzed in detail. The bonding has been theoretically
studied” and recently a detailed esr study® has elucidated
details of the antibonding molecular orbitals. This
model has been used to interpret the spectra of copper
chloride complexes in various solvents. ®~!? Recently,
however, in this laboratory, the existence of a square-
planar CuCls®>~ ion has been shown in the yellow
complexes (NH),CuCl; and (CH;NHj),CuCl,.13~1
These compounds are thermochromic, changing to
a pale green at low temperature.

The Cu~Cl framework present in the structure of
(NH.);CuCl; is illustrated in Figure 1. Adjacent
CuCli%~ ions are arranged so as to give each copper(II)
ion a pseudo-octahedral coordination. In reality, the
interionic Cu—Cl distance of 2.79 A (2.98 A in (C,H;-
NH;),CuClL¥) is so long that no covalent bonding can
be considered to be present. Estimates of the d,—3po
overlap integral (R = 2.98 A) indicate it has a value of
less than 0.01 and that it is less than 109, of the
d,2—y—3po overlap integral (R = 2.30 A). In addition,
a calculation of the interionic Cu—Cl distance based
on packing considerations indicates that a distance of
2.77 A is anticipated if this distance is determined
by van der Waals interactions between chlorine atoms.
Thus these compounds represent the first set of thor-
oughly documented square-planar CuCli®~ ions, This
will be further confirmed by the spectral and esr data
presented in this paper although the thermochromic
properties of these compounds (vide infra) indicate that
some iomnic interactions between the square-planar spe-
cies do exist. It will be shown that the thermochromic
change involves a rearrangement of the CuCli®~ ions
with respect to each other so that some of the long
Cu~-Cl interactions are broken.

Figure 1.—Illustration of the arrangement of CuClg~ ions in

(NH):CuCl.
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Inorganic Chemistry

Because of the unusual opportunity to study a
simple metal-ligand system in a variety of coordination
geometries, a study of several monomeric copper(1I)
chloride complexes was undertaken. Results of spectral
studies of several tetrahedral and square complexes and
of an esr investigation of the square-planar complex are
reported here. In addition, the spectral properties
of the thermochromic transitions are reported. De-
tails of the spectral properties of polymeric copper chlo-
ride species will be published in a subsequent paper.

Experimental Section

Preparation of Compounds.—The preparations of all of the
compounds studied have been reported by Remy and Laves.!®
The compounds in this study include (CH;NH;),CuCly, (CoH;-
NH;})QCHCL;, [(CHs)gNHz]QCUCIq, [(CH(;)QCHNHQ]QCHCL;, and
[(CH;)N],CuCl,.

Electronic Spectra.—The spectra was obtained over the
range of 2000-25,000 A on a Cary Model 14, When singlc
crystals were used, they were mounted on black paper in the
sample compartment. A piece of black paper with a hole equal
to the crystal size was placed in the reference compartment.
‘When mulls were used, a thin layer of the mull was placed between
two quartz plates, each '/ in. thick. Unfortunately the crystal
structures and morphology of the square-planar compounds
make it impossible to undertake single-crystal spectral investi-
gations with polarized light since the extremely thin crystals had
the Cs axes of adjacent CuCls®™ ions oriented at right angles to
each other.

The spectra of (CH3;NH;);CuCly and (C.H;NH;).CuCls in
their low-temperature thermochromic forms were obtained ou
the Cary 14 through the use of a special cold-temperature cell.
This is a block metal frame mounted on the end of a cold finger.
The cold finger fits into a glass T, the ends of which are quartz
plates. The metal frame is adjusted so that crystals mounted
in the frame may have spectra taken by passing the beam of light
through the quartz plates and the center of the opening of the
metal frame. The following symbols are used in Tables I-1If
to indicate the general form of the spectrum: ‘‘sm’’ indicates a
sharp distinct maximum; ‘‘b”’ indicates a broad band—probably
containing more than one transition, the number given is the
maximum point and not necessarily the center of the band; “‘sh”’
indicates a shoulder.

TABLE [
SprecTrA (cM™!) OF THE TETRAHEDRAL CuCly?~ SPECIES
((CH3)2NHq)-
Cs2CuCls®  ((CHs)aN)2CuCly CuCly
Charge transfer
lay ~—>= b, 41,500 43,500 sm 44,500 sm
sla(r) —> b, 34,500
e{o, 7) —> by, 34,000 36,000 b 34,500 b
e(r, ¢) —> b, 29,000
me(N) —> b, 24,800
a(N) —> by 23,000 25,000 sm 22,000 sm
d-d transition
d.2 —> day 9,000 9,000 b 9,000 b
dyoyr —> dyy 7,900
dez —> day 5,500 {6,000 b 6,000 b
dy. ~—> day 4,80 |

¢ Reference 4.

Electron Spin Resonance Spectra.—For the esr spectra, small
single crystals of the appropriate compound were mounted in-
side quartz tubes with styrofoam mounts. The crystals were
aligned optically prior to insertion into the cavity and then spec-
tra were recorded every 10° while rotating about the appropriate

(16) H. Remy and G. Laves, Ber,, 66, 401 (1933).
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TaBLE II
SpecTrA (cM~1) OF THE SQUARE-PLANAR CuCl?~ SPECIES

Pt(NHs)q-
CuCl® (CHsNHg):CuCli (CoHsNHg)CuCls

Charge transfer

o —> dpre 49,000 sm 49,000 sm
38,500 b, sh 38,500 b, sh
7 —> dezye 33,300 b 33,300 b
a(N) —> d,2—y2 24,900 24,000 sm 24,000 sm
d-d transition
dezyye — de2—y2 14,300
d., s 13,100 {13,000b 12,800 b
dz—> ds2_ye 10,900 10,700 sh 10,500 sh
¢ Reference 17.
TasLE III

SeectrA (cM 1) OF THE Low-TEMPERATURE
THERMOCHROMIC FORM
((CH3)2:CHNHy):-

CuCly (CH3NH;3):CuCly (C:HsNH;z)2CuCly
48,000sm 50,000 sm 51,000 sm
¢ transition 44,500 sh 41,500 b, sh 41,500 b, sh
33,300 b 30,000 b 29,500 b
7 transition 24,500 s 24,500 sm 24,500 sm
d-d transition 13,300 b 13,100 b 13,100 b

axis. A single broad resonance was observed in each instance,
with no hyperfine interaction resolved. For ((CH;),CHNHj;),-
CuCly two resonance signals were observed due to the orientation
of the copper chloride complexes within the crystal. Because
of the phase transitions, no attempt was made to run spectra
at temperatures below room temperature. The resonances had
half-widths ranging from 75 to 100 gauss, depending on the orien-
tation of the crystal. The results are summarized in Table IV.
The relative narrowness of the resonances, plus the existence of
only one signal even though there are two magnetically inequiv-
alent ions in the crystal, indicates the presence of relatively
strong exchange interactions.
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centered in the 6000-7000-¢cm~! region. This band has
been shown to be caused by transitions within the d
orbitals. Itislarger and shifted to a longer wavelength
than are the d-d bands of the other geometric species
(vide infra).

Square-Planar Species.—The qualitative MO dia-
gram of square-planar copper(IT) chloride species is
shown in Figure 2. To thé left are located the metal
orbitals, to the right are located the ligand orbitals,
and in the center are shown the MO's for the square-
planar species. The ordering of the primarily 3d
orbitals is difficult to predict for the square-planar
species. It is easy to show that the highest orbitalis the
2by, antibonding MO (d,:_,:) but beyond that there is
little agreement. Hatfield and Piper” have made
crystal field calculations and obtained the ordering
dypoye > dpp > dyy > dyyyyee On the other hand, Wolfs-
berg—Helmholz calculations by Schuit and Ros™ place
the d,. orbital lowest. An extended Hiickel MO treat-
ment by Lohr and Lipscomb™ gave two different order-
ings dependent upon the involvement of the Cu 4s and
4p orbitals. This is expected since the 4s and 3d,. or-
bitals belong to the same irreducible representation in
the point group Ds,. Thus mixing of these two metal
orbitals can occur causing simple crystal field calcula-
tions to give incorrect answers. All three of the above
calculations indicate that the three lowest antibonding
levels (2e,, 2ai,, 2bs,) all lie close together in energy.
Howald and Keeton'® have made “point bond” calcu-
lations but unfortunately fail to state the ordering they
obtained.

Thus a series of three d-d transitions is expected

TaBLE IV
EsrR RESULTS
Compound Orientation® ¢(max)® g(min)? {1 gl
(CH3NH;),CuCly 001 2.143 (parallel to 100) 2,046 (parallel to 010) 2.238 2.046
(CH3NH;),CuCl, 011 2.141 (parallel to 100) 2.047 (parallel to 011) 2.235 2.047
(C;H;NH;),CuCl, 011 2,137 (parallel to 100) 2.044 (parallel to 011) 2.230 2.044
[(CH;3):CHNHj;],CuCl, 100 2.175 2.047

¢ Axis about which crystal was rotated is given.

Discussion of Electronic Spectra of Solids

Tetrahedral Species.—The qualitative molecular
orbital diagram for the tetrahedral copper(1I) chloride
species has been given by Ferguson! and the assign-
ments, made on the spectra of Cs;CuCly, are shown in
Table I. Next to it are listed the spectra of two other
compounds which were examined. Those areas listed
as broad bands in our data were resolved by Ferguson
into individual transitions through the use of polar-
ized spectra.

The region from 6000 to 9000 cm™! is one large band
with slight maxima at the indicated numbers. The
numbers listed below 5000 em~! are due to absorption
by the organicligands. These are probably covering the
d—d transition which Ferguson identified.

A major reason for asserting that the anions of these
compounds are distorted tetrahedrons like Cs,CuCly
is their relative equal positioning of the large band

b Axis parallel to magnetic field is given.

in the square-planar complex. Unfortunately only a
broad, rather featureless envelope was observed with a
maximum at 12,800 cm~! and a shoulder near 10,500
cm™!. Because of the peculiarities of the crystal
structure and morphology indicated previously, it was
not possible to decipher further the enigma by the use
of polarized spectra. The extinction coefficient for this
band is approximately 20, in accord with the fact that
the transitions are only vibronically allowed. This is
a factor of 5 smaller than the extinction coefficient for
the corresponding band of the tetrahedral species.
It should be noted that the observed wavelength is
considerably shorter than that predicted by Ros and
Schuit’ (9300 em~?) and longer than that predicted by
Lohr and Lipscomb™ (~30,000 cm™1).

The assignment of the more intense charge-transfer

(17) W. E. Hatfield and T. 8. Piper, Inorg. Chem., 8, 841 (1964). As
pointed out by W, E. H., the reported order was a typographical error.
(18) R. A, Howald and D. P. Keeton, Spectrochim. Acta, 23; 1211 (1966).
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Figure 2.—Molecular orbital correlation diagram for the square-
: planar CuCls?~ ion.

bands is made by analogy to the spectrum of the dis-
torted tetrahedral CuCly®~ ion. These are transitions
from primarily ligand orbitals (bonding or nonbonding)
to the highest antibonding d orbital. It is felt that the
position of these bands should be relatively insensitive
to actual coordination geometry as long as there is no
drastic change in the nature of the bonding. Indeed
it is found that there is little shift in the position of the
charge-transfer bands in going from the tetrahedral to
the square-planar configuration. It does appear that
the only major difference between the spectra of the
tetrahedral and square-planar species is the position of
the d—d band. As expected, this band appears at lower
energy (6000-9000 cm~!) in the tetrahedral species
than in the square-planar species (10,000-13,000 cm™1).

Thermochromic Square-Planar Species.—It has been
noted that several of the square-planar CuCl?~ com-
plexes exhibit thermochromism in the solid state.t®—1%
All three of the square-planar compounds examined
in this study exhibited this property. The compounds
crystallize as flat, yellow sheets above the transition
temperature and as long, light green needles in the
low-temperature phase. The transition temperature
is near —40° for (CH3;NH;):CuCl; and (C,H;NH,),-
CuCly but occurs at about +-60° for ((CH;):CHNH;),-
CuCle.®® A dta study of (CoH;NH;)»CuCly'* showed
that the transition was very broad, covering a tem-
perature range of nearly 50°.

The structural properties of both phases of all of the
compounds are not known in detail. The high-tem-
perature phase is presumed to be the same for all of
them, containing the square-planar CuCl®~ ion pre-
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viously discussed. A structural investigation of the
low-temperature phase of ((CH;),CHNH;),CuCl; is
currently underway in this laboratory. It appears that
for two-thirds of the CuCli®~ ions the phase change re-
arranges the immediate neighbors so that there is only
one other CuCl,’~ ion in contact with it. This gives
these copper atoms a square-pyramidal configuration
but again with one atom outside the coordination
sphere. The other third of the copper atoms remain
unchanged in environment. Again, because of the
similarity between physical properties, it is assumed
that the other two compounds have the same structure
in the low-temperature phase. Thus it appears that in
the light green complexes we are dealing, at least in
part, with copper in a square-pyramidal coordination. !

In general, as seen by comparison of Tables II and
111, there are very slight changes in the positions of the
absorption bands between the spectra of the two phases.
In particular there is very little variation in the posi-
tions of the d-d transition, a small shift to shorter
wavelength, This type of change has been observed to
occur for a wide variety of square-planar copper com-
plexes with organic ligands when molecules move in
and out of the fifth and sixth coordination sites.”
This substantiates the treatment of both the square-
bipyramidal and square-pyramidal configurations as
simple square-planar ions. For the charge-transfer
bands, the largest charge is in the second band which
increases in wavelength from 30,000 to 33,000 em~L.
Further studies of the properties of these and other
thermochromic phase transitions are underway.

Esr Spectra.—As indicated in Table IV, examina-
tion of the esr spectra of single crystals of the square-
planar complexes gave g values that varied from 2.044
to 2.143, depending upon the orientation of the crystal.
With the magnetic field applied perpendicularly to the a
axis, the field is perpendicular to the fourfold axes
of all of the CuCly®~ ions. Thus g, can be obtained
directly from the g(min) values given in column 4 of
Table IV.. With the magnetic field parallel to the a
axis, half of the CuCl?2~ ions are oriented with their
axes parallel to the field and half with their axes per-
pendicular to the field. Hence, g(max) = 1/:(g +
g.). In this manner the values of gy = 2.234 and g,
= 2.046 are obtained.

The crystal field spin Hamiltonian for a square-planar
spin 1/» ion gives expressions for g, and g,

=2 ()()23(1 —4—>‘—>
== EBn - EBlz

A
= 200231 — ———
b < EEg - EB1g>

(19) These conclusions are substantiated by the behavior of complexes
containing the CusCls2~ dimer. The complexes are dichroie, appearing red
when examined with polarized light parallel to the copper—copper direction.
Perpendicular to this direction, the ¢olor depends on the nature of the co-
ordination sphere of the dimer. In LiCuCl;'2H»O and KCuCl; where
copper has a distorted (4 + 2) octahedral coordination, the color is yellow.
In [(CH3)sNH:]CuCl;, where each copper has a square-pyramidal coordina-
tion, the color is green. .

(20) J. M. Waters and T. N. Waters, J. Chem. Soc., 2489 (1964).
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Using the free-ion spin—orbit coupling constant of
—828 em™! and assuming Eg, — Egs, =~ 12,800 cm™!
and Es, — Ep, = 10,500 cm™!, values of gy and g,
equal to 2.631 and 2.130 are obtained, respectively.
These values are too large. However, covalent bond-
ing will cause a reduction in the spin—orbit coupling
constant. Using a spin-orbit coupling constant of
—305 em™?, a good agreement was obtained with the
experimental values, gy(caled) = 2.233 and g, (caled)
= 2.048. The large reduction of the spin-orbit

coupling constant from the free-atom value of —828

cm~! indicates considerable covalent bonding. This
reduction is larger than that found by Hatfield and
Piper' in the trigonal-bipyramidal ion and the order-
ing of energy levels is in contrast to the ordering pre-
dicted by their crystal field calculations. However the
esr results do not give conclusive evidence with re-
spect to the order of the levels since the correct inclu-
sion of covalent bonding will introduce covalency
factors into the equations for g, and g An attempt
which was made to reproduce the g values using the
molecular orbital parameters obtained by Ros and
Schuit’™® gave discouraging results with g (caled) =
2.338 and g, (caled) = 2.068 when both Es, — Es,
and Ep, — Eg, were assumed to be equal to 12,800
cm~!  Poorer agreement was obtained if either tran-
sition energy was assumed to be equal to 10,500 cm 1.
Since it was not possible to resolve the hyperfine
interactions, owing to the effects of dipolar broadening
and exchange narrowing, it was not possible to use the
procedure of Maki and McGarvey? to obtain values-of
the molecular orbital parameters for the antibonding
molecular orbitals. The equations for the parameters
in the spin Hamiltonian in this case reduce to two equa-
tions in three unknowns and a unique solution ob-
viously cannot be obtained. Solutions were attempted

(21) A. H. Maki and B. E. McGaxrvey, J. Chem. Phys., 29, 31 (1958).

MonoMeRIc CopPPER(II) CHLORIDE SPECIES 1889

restricting the value of one of the parameters within
reasonable limits. These solutions indicated that
approximately 509, of the spin density of the o (bi,)
electrons was delocalized onto the ligands while only
around 209, of the spin density of the = electrons was
delocalized. This amount of delocalization for the ¢
electron is unexpectedly high although an analysis of
the hydrogen nmr data from CuCly-2H,0 in the anti-
ferromagnetic state also indicated about 509, de-
localization onto the chlorine atoms.?? It should be
noted that this amount of delocalization is consistent
with the large reduction of A from its free-ion value.

Summary

The electronic absorption spectrum of the square-
planar CuCl2~ species has been characterized in detail
over the range of 5000-50,000 cm—* for the first time.
It is found that all three of the expected d—d transitions
are located in one absorption band whose maximum is
located at 12,800 cm~!. Comparison of the charge-
transfer spectra of several complexes of both the square-
planar and the distorted tetrahedral CuCl?~ ions re-
vealed no significant shifts in any of the charge-transfer
bands. However the d—d transitions in the distorted
tetrahedral species are shifted out into the near-infra-
red region, covering the range 6000-9000 cm—!. Thus,
in attempting to determine the coordination geometry
of the copper(Il) halide species by spectral means, it is
necessary to focus attention on the position of the d—d
transitions. In the square-planar complexes studied,
weak but significant interionic forces occur as exem-
plified by their thermochromic properties. ‘
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