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C O ( N H ~ ) E H ~ O + ~  + Cr04? = C 

From the value of 3.20 X lo-' for the dissociation 
constant of HCr04-,22 combined with the value of 
AH" = -0.7 kcal./moleZ3 for that process, we find 
(for reaction 9 a t  25') AF" = -7.48 kcal./mole, AH" 
= -1.3 kcal./mole, and ASo  = 20.9 e.u. 

The value obtained by Taube and Posey3 for the 
outer-sphere association between aquopentaammine- 
cobalt(II1) and sulfate ion is 1.89 X lo3. Since the 
value reported here for the association between that 
cation and chromate is 3.07 X lo6, it  is evident that the 
latter complex is more stable by a factor of ca. lo2. 

This result is qualitatively consistent with the argu- 
ments previously cited.4 I t  is, however, interesting to 
note (although not amenable to quantitative rationali- 
zation) that  in a similar comparison between CeCr01+2 
and CeS04+2, Tong and King4 found the chromate com- 
plex to be more stable by a factor of 10'. 

Acknowledgment.-We wish to  express our apprecia- 
tion to Dr. J. Ferraro for allowing us to quote the results 
of the infrared studies. Conversations with Professors 
H. Taube and E. L. King during the course of this 
investigation have been stimulating. 

( 8 )  components. In  addition there was no evidence of 
the characteristic water absorption.21 

These results indicate that some of the chromate ions 
in the latter compound find themselves in surroundings 
different from that provided solely by the crystal field 
of the solid. 

Discussion 

The data we have presented can be represented by 
the reaction scheme 
[Co( KH3)jH20] +3 + HCrO4- = 

[ C O ( N H ~ ) ~ H Z O ] ~ ~ . C ~ O ~ - ~  + H+ (6) 

[Co(NH&H20] +3.Cr04-2 = [Co(XH3),CrOa] + + H20 (7)  

but i t  should be emphasized that the tabulated values 
of the equilibrium constant refer to reaction 1. 

At 23", we combine the value obtained for KO with 
the enthalpy change obtained a t  an ionic strength of 
1 X to compute AFo = 1.37 kcal./mole, AH" = 
-1.96 kcal./mole, and AS" = -11.2 e.u. for reaction 
1. 

T o  compare the affinities of sulfate and chromate 
ions for the aquopentaamminecobalt(II1) ion we 
write eq. 1 as in eq. 8. 

(21) The spectra were recorded with a Perkin-Elmer Model 14. The 
samples were dried a t  100' overnight prior to  pressing in a KBr pellet 

(22) J. D. Neuss and W. Rieman, J. A m .  Chem. Soc., 66, 2238 (1834). 
(23) L. G. Hepler, i b i d . ,  80, 6181 (1958). 
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The absorption spectra of dipositive Ti, V, Cr, Mn, Fe, Co, Xi, and Cu in molten AIClr were measured in the wave number 
range 4000-34,000 ern.-' a t  227' and 5.6 atm. All the spectra which were obtained using the AlCh solvent can be inter- 
preted on the basis of octahedral configurations of chlorides about the central transition metal ions. These observations 
are in contradistinction to  the situation in alkali chloride melts where, with the exception of V2+, the dipositive 3d ions 
display fourfold coordination. A discussion of the possible reasons for the different coordination behavior in various chloride 
solvent systems is presented 

Introduction 

The coordination chemistry of the di- and tripositive 
3d metal ions in alkali chloride melts was discussed in 
a recent paper.2 Briefly, the situation in alkali 
chloride melts appears to be the following: the di- 
and tripositive 3d ions can exist in either a four- or a 
six-coordinated form with a mobile equilibrium be- 
tween the two forms. It was postulated that for each 
ion, the equilibrium constant of the octahedral-tetra- 
hedral (0-T) transformation in alkali chloride melts 
is determined primarily by two factors: the octa- 

(1) Based on work performed under the auspices of the U. S. Atomic 

( 2 )  D .  A I .  Gruen and I<. I.. McBeth, Pure Afipl, C h e m ,  6,  23 (1963). 
Energy Commission, 

hedral site stabilization energy [o.s.s.e. (hP +) ] de- 
pending on the number of unpaired electrons in the 3d 
shell and an electrostatic factor [E72+] depending on the 
charge of the 3d ion. (Entropy changes were found to 
be small, the TAS terms being of the order 1-2 kcal./ 
mole, and were neglected.) 

Only for the ions Ti3+, V3+, and Vz+ was it possible 
experimentally to study the 0-T transformation. 
For all the other 3d ions, the equilibrium constants 
in alkali chloride melts favor either the six- or the four- 
coordinate form so strongly that the energetically 
unstable form is present in amounts too small to be 
measured using presently available techniques. 

It would clearly be of importance to find conditions 
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Fig. 1.-Absorption spectra of TiCL and VC1, in molten AlCb 
at 227' and 5.6 atm. 

under which one could extend the studies of 0-T 
transformations to a large number of other ions. Of 
particular interest would be a study of coordination 
number equilibria for a series of ions of the same 
charge type. The relative importance on the energetics 
of the equilibria 

MC~C,~- = MClaa- + 2C1- 

of factors other than site stabilization energies, factors 
such as ion sizes and bonding effects, could then be 
evaluated. 

In  the series of dipositive ions Ti2+-Cu2+, in alkali 
chloride melts, only V2+, the ion with the largest octa- 
hedral site stabilization energy (0.s.s.e. = 19 kcal./ 
mole) occurs in octahedral coordination. Thus V2f 
is the only dipositive ion which can successfully over- 
come the large electrostatic factor (E2+ = -3Okcal./ 
mole) tending to destabilize the octahedral form in 
highly ionic melts3 

We have recently observed that in the covalent melt 
of AlC13 all the dipositive 3d ions occur in octahedral 
coordination. The present paper presents and dis- 
cusses the results of this study. It appears that AlCl3 
can be used as a component in a solvent system which 
will make possible detailed studies of coordination 
number equilibria of several of the dipositive 3d ions. 
Investigations with this aim in view are currently in 
progress and will form the subject of a subsequent 
paper. 

(1) 

Results and Discussion 

(A) The Spectra of the Dipositive 3d Ions in Liquid 
A1C13.-The spectra of dilute solutions of dipositive 
3d metal ions in molten are given in Fig. 1-4. 
The concentrations ( M )  were Tic12 (1.50 X 
VCl2 (8.68 X CrCh (not known), MnClz (0.534), 
FeCl2 (5.23 X CoC12) (2.97 X lo+), NiCl, 
(5.00 X lov2), and CuClz (1.66 X The con- 
centrations were calculated from the measured volume 
of the solution and the known amount of MC12 weighed 

(3) The Ea+ factor for tripositive ions is only about - 10 kcal /mole and 
the tripositive ions Ti'+, V* +, and Cra * are sixfold coordinated in LiC1-KCl 
eutectic a t  400'. 

O A O  t A 
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Fig. 2.-Absorption spectra of CrCl2 and MnClz in molten AICls 
a t  227' and 5.6 atm. 

out (see Experimental section). The locations of the 
absorption maxima, the half-widths of the bands, and 
their molar absorptivities in molten AlCla are listed in 
Table I. Also given in Table I are the locations of 
the absorption maxima for the dipositive 3d ions (with 
the exception of Ti2+) in dilute solid solutions in 
crystalline CsCdCl3. The crystal spectra of the 3d 
ions in CsCdC1, had been investigated previously and 
interpreted in terms of the splitting of the d electron 
energy levels by an electric field of octahedral sym- 
metry. This theoretical interpretation is consistent 
with the physical situation in these solid solutions, 
where 3d ions substitutionally replace cadmium ions 
which are octahedrally surrounded by six chlorides. 

The intensities of the 3d ion spectra with the ex- 
ception of Ni2+ in AlC& melts are lower by factors of 
5-10 than those of similar spectra in alkali halide 
melts where the 3d ions are known to be tetrahedrally 
coordinated. For example, the intensity of the ground 
state to Tl(P) transition of Co2+ has a molar absorp- 
tivity of 76 in molten AlCI, as compared with 370 in 
LiC1-KC1 eutectic a t  400°.2 The intensities of d-d 
transitions in an octahedral field are quite generally 
lower than in a tetrahedral field since the former possess 
a center of symmetry which the latter lacks. 

The low spectral intensities, together with the simi- 
larity in the location of the band maxima in molten 
AIC13 and in solid CsCdCl3, strongly suggest that  the 
dipositive 3d ions are octahedrally coordinated in 
molten AICl3. 

The coordination behavior in AlC& melts is in contra- 
distinction, as has already been pointed out, to the 
situation in alkali chloride melts. There, with the 
exception of V2+, the dipositive 3d ions display four- 
fold coordination. The profound differences in be- 
havior in the two solvent systems will be discussed in 
terms of a solvation model to be presented in a later 
section of this paper. Values for the octahedral 
splitting parameter Dq are listed in Table I for the 
3d ions in AlC13 melts and in CsCdCls solid solutions. 
For ions with D ground states, the Dq values were 
obtained by dividing the energy of the lowest lying 
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Ti2 + 
3d2 
IT2 + 
3d 

Cr*+ 
3d4 
MnZ + 

3d5 

TABLE I 

Corresponding values in CsCdClr crystal at  room temperature given in parentheses 
SPECTRAL CHARACTERISTICS OF THE DIVALENT 3d METALS I N  MOLTEN AlCls AT 22 i0  

Half- 
Absorption width, hlolar 

max., cm.-' X ahsorprivity, 
cm.-' X 10-8 10-8 [./mole cm. Tramition 

7 .6  3.0  9 . 1  Ti + Tz(F) 
14.5 3.2 29.4 Ti -C Az(F) + Ti(P) 
8 . 0  (7.6) 3 . 0  7.6 X z  + Ti(F) 

13.1 (12.1) 3 .3  10.1 A z  -+ Tz(F) 
20.3 (20.0) 3 .2  1 0 . i  -42 -+ Ti(€') 
10.2 (9.3) 4 .7  a E -C Tz 

uq, cm. - 1  

700 

800 (700) 

1020 (930 j 

21.0 (19.6) 1.7 0.043 
23.8 (23.9) 1 .2  0 . 1 9 i  6s + *G 

28.1 (28.1) 1 .9  0.103 6s + 4D + 4P 
30.5 (30.0) 1.06 0,037 
32.3 ( . .  . ) 1 .5  0.021 

. . . (27.2) 

Fez+ 7 . 1  (6.7) 2.16 4.6 TQ -+ E 710 (670) 

cos + . .  . (11.8) Ti -+ AB 500 (500) 
3d7 15.8 (16.3) 3 . 4  75.7 Ti + Ti(P) 
xi2 + 6.4  (5.9) 2.4b 6.2 Xz -C Tz 640 (600) 
3d8 10.8 (10.1) 3 .0  10.3 A2 - Ti 

3d6 24.1 4 .5  11.0 Tz -+ P + H + F 

21 . O  (19.3) 2 . 7  51.6 Xz + Ti(P) 
1(20.6) 

CU2f 11.6 (12.5) 5 .3 11.7 E + Tz 1160 (1250) 
3d9 

0 Exploded while trying to  drive the reaction 2CrCla + Cr = 3CrCI2 to completion. * Measured as twice the width of the narrowest 
half of the band 

absorption band by 10. For ions with F ground states, 
the Dq values were obtained by matching the observed 
spectra to energy level diagrams given by Liehr and 
Ballhausen4 and by Liehr.s I t  can be seen that the 
values in the melt are higher than in the crystal except 
in the case of Cu2+. We will return to this point when 
discussing possible coordination models in AICI3 melts. 

The spectrum of Ti2+ has apparently not been ob- 
served before. Using the energy level diagram of 
Liehr and Ballhausen4 for the isoelectronic V3f ion, 
the two bands in the Ti2+ spectrum a t  7600 and 14,500 
cm.-l can be assigned to the transitions T1 --t TZ(F) 
and TI + &(F) + TI(P), respectively, with a Dq value 
of 700 crn.-l. An interesting situation exists with 
respect to  the A2(F) and TI(P) levels which are just 
at the cross-over point in the Ti2+ spectrum, whereas 
A2(F) lies some 5000 cm.-' above Tl(P) in the V3+ 
spectr um. 

The band in the Fe2+ spectrum with maximum a t  
24,100 cm is presumably due to intercombination 
transitions between the Tz component of the split 5D 
ground state and excited triplet P, H, and F states. 
It is of interest to note that the ratio of intensities of 
the intercombination bands a t  24,100 cm.-* to the 
crystal field band a t  7100 crn.-l is -2, whereas the 
analogous ratio for the spectrum of Fez+ in aqueous 
sulfuric acid solutions is -0. 1.6 

Structure and Properties of Liquid A1C13.-The 
instability of the octahedral 3d chloro complexes 
(B) 

(4) A 1) I iehr and C J Ballh~usen, Airii P h y s  (N Y ), 6 ,  174 (1959) 
(5) A. D Liehr, in the Symposlum on hlolecular Structure and Spectros- 

(6) C. K. J@rgensen, Acta Chetn Scaird , 8 ,  1502 (1954). 
copy, June 12-16, 1961, Ohio State University, Columbus, Ohio. 

in ionic melts may be due to the excessive 
accumulation of negative charge, leading to strong 
anion repulsions. Effective means of reducing the 
charge on the complexes can therefore be expected to 
stabilize octahedral coordination in chloride media. 
The existence of the dipositive 3d ions in octahedral 
coordination in liquid hlC1, indicates that markedly 
different complex species are present in this solvent 
medium than are encountered in alkali chloride solvents. 
The following discussion will attempt to clarify the 
nature of the transition metal chloro complexes in 
molten -41c13. 

On melt- 
ing, however, the volume increases compared 
to an increase of -25% for the alkali halides and 
-4% for the alkaline earth halides. The equivalent 
conductance of A1C13 decreases a t  the melting point 
and is only 1.9 X 

It is by now well recognized that these drastic 
changes are due to the formation of the molecular 
A1?Cla species in the melt.'O The stracture of the 
molecules has been determined by X-ray diffraction 
studies of the melt and can be described as two AIC14 
tetrahedra sharing an edge. The double tetrahedron 
is somewhat distorted, making the common edge the 
shortest CI-Cl distance. 

The question that arises in connection with the 

Solid AlC13 has an ionic layer structure.' 

cm.'/ohm equiv. a t  200°.y 

( 7 )  J. A. -4. Ketelaar, C. H. MacGillavry, and P. A. Renes, Rec. t ~ a u .  

(8) H. Schinke and F. Sauerwald, Z. nnorg. ailgem. C h e m . ,  287,  313 

(9) W, Biltz and W. Klemm, i b i d , ,  162, 267 (1920). 
(10) R. I,. Harris, R. E. Wood, nnd 11. L. Ritter, J. Am. Ckent .  Soc., 73, 

chim., 66, 501 (1947). 

(1966). 

8161 (1951). 
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Fig. 3.-Absorption spectra of FeC12 and CoClt in molten AlCh 
a t  227' and 5.6 atm. 

present study concerns the molecular- and ionic species 
which are formed on ,dissolution of 3d metal dichlorides 
in molten AICb,. 

There is considerpble evidence that addition of 
chloride ion to molten AIC13 is a stepwise process char- 
acterized by the two equilibria 

&(!le + c1- hlzC17- ( 2 )  
A12CI7- + C1- = 2AlC14- (3) 

with equilibrium quotients 

(4) 

(5) 

The existence of A1CI4- is firmly established. This 
complex ion has been shown to oc 
as a stable tetrahedral species in 
NaAlC14 lla and C0(41C14)2.'1b The properties of A&- 
c&-, however, remain to be explored. The phase 
diagram work of Kendall, Crittenden, and Millerl2 
has revealed stable oompounds, however, of the type 
MA12X7 such as TlAlaC17 and NaA12Br7: 

The importance of eq. 4 is perhaps best illustrated by 
a consideratioq of the vapor pressure data of Dewing13 
on the AICb-NaC1 system in the range 100-49.5 
mole yo AICl3. Frow these data, the calculated AlClg 
activities in the melt a t  190' are as shown below. 

Mole % AlCb 100 65,8 64.0 58.1 53.6 
Activity of AlCls 1 1 .7  X 1.1 X 2 . 1  X 4.0  X 

in the NaC1- 10-1 10-1 10-2 10-3 
AIC13 melt 

The decrease of the AIC13 activity is of course too pro- 
nounced to be described in terms of a regular solution 
of A1Cls and NaCl and suggests that complex formation 
is iiivolved. Furthermore, the 50-fold decrease in 
activity between 100 and 58 mole yo AIC13 is most 
easily rationalized by assuming the formation of a 
complex ion such as AlzCI,-. 

(11) (a) N. C. Baptlzigei, Acta Cryst . ,  4, 216 (1951); (b) J. A. Ibers, 

(12) J Kendall, E. D. Crittenden, and H. K. Miller, J .  Am. Chcm. Sac., 

(13) E. W. Dewing, ibid., 77, 2639 (1955). 

rbrd., 16, 967 (1962). 

46, 963 (1923). 
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source of CoC12. The compound VC12 was prepared by treating 
V metal with HC1 gas at 950°.'8 

A 1-cm. path length optical quartz cell (Fisher-Porter) was 
sealed to one end of the bar of a quartz T, the sections of the T 
being 10 mm. i.d. X 20 cm. The other end of the bar was fitted 
with a tube filled with Drierite. A weighed amount of anhydrous 
salt was rapidly transferred to the optical cell to minimize contact 
with moist air. In  the case of VC12, hlnCl2, and FeC12, a small 
piece of V, Mn, or Fe metal was added to prevent possible oxida- 
tion. It was assumed that V, Fe, or hln metal does not react 
according to the equation 

3M + 2XIC13 = 3MC12 + 2A1 

The potentials of these metals relative to A1 metal are not known 
in molten AICla. However, in LiC1-KCl eutectic the V-V2+ 
and Fe-Fe2+ potentials are considerably more positive'g.2" 
while the Mn-Mn2+ potential is somewhat more negative than 
the AI-A13+ potential. A study of electrode potentials in molten 
NaA1ClaZ1 shows, however, that in this medium Mn-Mn2+ is 
also more positive than Al-Ala+. Experimentally, dissolution 
of the solid metal piece did not appear to occur in the spectral 
cells and i t  is, therefore, believed that none of the transition 
metals reduced AlCls to A1 metal. 

Approximately 2 g. of analytical grade -41 wire was placed in 
the remaining section of the T between two quartz wool plugs. 
The horizontal section containing the AI wire was then connected 
to an HCl generator and dry HCI was allowed to flow through the 
system for 10 min. During this period, the quartz apparatus 
containing the salt was warmed gently to remove the last traces 
of adsorbed water. The -4.1 metal was heated t o  its melting point, 
a t  which temperature the reaction with HCl gas to form A1Cl3 
proceeded a t  a convenient rate. The AlCl3 was sublimed through 
the quartz wool plug and was collected in the optical cell. When 
-4 g. of A1CI3 had been collected, the cell assembly was removed 
from the HCI generator, connected to a vacuum line, and 
evacuated after taking off the Drierite tube. The cell was then 
sealed off under vacuum -2 cm. above the optically flat portion. 
The A1Cl3 was melted under its own pressure by heating the cell 
in a furnace constructed of a Xichrome-wound Vycor tube. At 
a temperature of about 230", the chlorides of the the divalent 
3d metals dissolved readily in the AlC13 melt. 

Solutions of all of the 3d metal dichlorides were prepared as 
described above with the exception of solutions of Tic12 and CrCI2 
which had to be prepared in situ in the cell. Solutions of divalent 
Ti  were obtained by allowing excess Ti  metal to react with a 
solution of PbClz in molten -41C13, according to the equation 

(11) 

PbC12 + T i  = Tic12 + Pb (12) 

PbCI2 and Ti  were sealed in the optical cell together with A1C13 
using the procedure already described. The cell containing the 
mixture was heated to about 230'. At the beginning of the re- 
action, in addition to Ti metal, two liquids were present revealing 
liquid-liquid immiscibility similar to that observed in the AIC13- 
SnClz system, for example.12 In the latter system the immisci- 
bility gap extends from 1.5 to 14.3 mole % SnC12. Liquid im- 
miscibility in systems of this sort appears to  be a common 
phenomenon and has also been observed for mixtures of AIC13 
with NaCI, KC1, NH4C1, AgCI, TIC1, and BaC12.'* The reaction 
of Ti with PbC12 was deemed to have gone to completion whcn 
after 3 days a t  230" the bottom liquid layer had disappeared 
and the spectrum characteristic of divalent Ti  no longer increased 
in intensity. 

Solutions of divalent Cr were obtained by allowing excess Cr 
metal to react with solid CrC& in the presence of molten AICls. 
The reaction 

2CrC13 + Cr = 3CrClp (13) 

with divalent chlorides. Appropriate activity data 
have not yet been obtained, however. 

We wish to suggest that the 3d metal dichlorides 
dissolve in molten A1C13 according to the equation 

MClz + 2A12C16 = M(A1gClT)z 

The dielectric constant of molten iilC1, is not known, 
but is expected to be small. (Compare e = 2.9 for 
molten AlBr, 16) One therefore expects the ion 
A12C17- to be linked directly to M2+, leading to the 
following model for the structure of the complex 

(9) 

/cl 

c1 / \a' 'c( \Cl 

c1 c1 c1  
\ / \ / \  

C1--A1-C1-Al-CC1-M--C~--AI-CCI--AI-C1 ( 10) 

In this model, the ?\I2+ ion is octahedrally surrounded 
by six chlorides belonging to two X12c17- groups, the 
AlzC1,- group in turn having a structure of two AIC& 
tetrahedra sharing one corner. The structure of the 
AlzC17- ion has not yet been elucidated by means of 
X-ray or spectroscopic studies, and the model for the 
structure of the complex presented here may have to 
be modified in the light of such studies. To gain 
further insight into this problem, Raman spectra of 
AlC13-alkali chloride mixtures are to be studied in 
this laboratory. The M(AlzC17)2 complex is neutral 
and furnishes an octahedral chloride environment for 
the M2+ ions without requiring excessive charge 
fluctuations in the local melt environment. 

It was noted earlier that the spectral Dq values are 
about 10% larger in A1C13 melts than in CsCdCl3 solid 
solutions. This may be taken as an indication of 
smaller M-C1 distances in the melt than in the CsCdCls 
crystal. In the crystal, the small 3d ion (Y - 0.8 A.) 
replaces the larger Cd2+ ion (Y = 0.92 8.) and the 
M-C1 distance is determined almost completely by 
the dimensions of the crystal lattice. Interestingly 
enough, in the one case for which data are available, 
Dq of Ni2+ in molten AlCl, is the same as that of NiCl, 
isomorphously substituted in the compound CsMg- 

It would appear therefore that the Ni-C1 
bonds for dilute solutions of Ni2+ in AlC13 melts have 
properties similar to those of CsMgClg insofar as inter- 
nuclear distances and degree of ionic character are 
concerned. 

In  only one case, that of Cu2+, is Dq lower in ,41C13 
melts than in CsCdCl,. It is possible that because of 
the large octahedral "hole" available to the Cuz+ 
in CsCdCls, considerable distortion of the octahedron 
occurs, leading to splitting of energy levels and in- 
creased values of Dq. 

Experimental 

Anhydrous MnC12, FeCls, XiClz, and CuC12 were obtained by 
dehydration of the hydrated analytical grade crystals in a stream 
of dry HCl gas. The anhydrous double salt Cs~CoCll was pre- 
pared by crystallization from aqueous solutions and used as a 

(16) V. A. Plotnikov, I. A.  Sheka, and Z. A.  Yankelevich, J .  Gen. C h n .  

(17) H. A.  @ye and U. M Gruen, unpublished results. 
USSR, 9, 868 (1930). 

(18) J. Villadsen, Acta Chem. Scand., 13, 2146 (1959). 
(19) H A. Laitinen and C. H. Liu, J .  A m .  Chem. Soc.,  80, 1015 (1958). 
(20) H. A. Laitinen and J. W. Pankey, ib id . ,  81, 1053 (1959). 
(21) Yu K. Delimars'kii, E. &I. Skobets, and I,. S. Berenblyutn, Zh .  Piz. 

Khim.. 22, 1108 (1048). 
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was very slow, probably due to the insolubility of CrCla in AlClJ. 
The reaction had not gone to completion even after 1 week but 
had resulted in a concentration of divalent Cr sufficient for meas- 
uring the absorption spectrum. 

The heights of the solutions in the cells were measured with a 
cathetometer a t  227". The volumes of the solutions were cal- 
culated using this measurement and the known volume of the 
cell. The cells were then placed in the spectrophotometer fur- 
nace. The details of this furnace have been described in a pre- 
vious publication. 22 

The spectrophotometer used for the present study was a Cary 
Model 14H spectrophotometer with an optical arrangement 
having the following sequence: source, chopper, sample, mono- 
chromator, detector. This arrangement has the advantage of 
completely eliminating the black-body radiation from the sample 

(22) D. M. Gruen and R. L. McBeth, J .  Phys. Chem., 66, 57 (1962). 

and makes the instrument very useful for high temperature 
work. 

The spectra of the 3d metal ions were determined a t  227" 
where the pressure of AlCla is 5.6 atm.28 The spectrum of pure 
molten AlCl3 was also obtained a t  the same temperature and this 
spectrum was subtracted from the other spectra. 

The particular batch of optical cells employed in this work 
withstood 5.6 atm. of pressure. However, it  must be empha- 
sized that since the pressure of AlCl3 increases rapidly with tem- 
perature and since the construction of the cells is not uniform i t  is 
important to take proper safety precautions. All operations 
were carried out behind shields and the cells were contained in 
suitably shielded containers while performing the optical meas- 
urements. These precautions are necessary because of the 
hazardous nature of liquid or gaseous AlCla. 

(23) JANAF, "Thermochemical Data, June 30, 1961," The Dow Chemical 
Co., Midland, Mich. 
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The optical spectra of four-, five-, and six-coordinate chloro complexes of copper( 11) are interpreted in terms of the ionic 
model by using only one set of radial parameters. Magnetic susceptibilities of [Co(NH&] [CuC16] and [Pt( NH&] [CuC14] 
are reported. 

The chloro complexes of copper(I1) provide a unique 
opportunity to test the applicability of the ionic model 
for the description of the optical spectra of a series of 
complexes formed by a particular metal ion and a par- 
ticular ligand. Probably with no other cation and 
single ligand do complexes with such a variety of geom- 
etries exist. Crystal structure determinations have 
shown that copper(I1) is octahedrally coordinated with 
a tetragonal distortion in C U C ~ ~ ~  and C S C U C ~ ~ , ~  present 
in a trigonal bipyramid in [Cr(NH&] [ C U C ~ ~ ] , ~  con- 
strained in a square coplanar arrangement of chlorides 
in [Pt(NH3)4] [CUCL],~ and present in a flattened tetra- 
hedron in Cs~CuC14.~9~ Some magnetic and spectral 
investigations of CsCuC13,* C S ~ C U C ~ ~ , ~ ~ ~  and [Co(NH8)6]- 
[cuc16]10 have been reported. Gruen and McBethll 
have measured the spectrum of Cu(I1) in the host 
lattices CszZnCb and CsCdCl3 and in the LiC1-KC1 
eutectic, and recently Furlani and Morpurgo12 have 
studied the spectra of some tetrahalogenocuprates in 

(1) (a) Supported by the National Science Foundation. A grant from 
the Kettering Foundation enabled us to construct a magnetic balance. 
(b) Alfred P. Sloan Foundation Fellow. 

(2) A. F. Wells, J .  Chem. SOL., 1670 (1947). 
(3) A. F. Wells, ibid., 1662 (1947). 
(4) M. Mori, Y. Saito, and T. Watanabe, Bull. Chem. Soc. Japan, 34, 295 

(1961). 
(5) M. Bukorska and M. A. Porai.Koshits, Crystallography, (I, 127 (1960); 

translated from Kristallografiya, 6, 137 (1960). 
(6) L. Helmholz and R. F. Kruh, J .  A m .  Chem. Soc., 74, 1176 (1952). 
(7) B. Morosin and E. C. Lingafelter, J .  Phys. Chem., 66, 50 (1961). 
(8) B. N. Figgisand C. M. Harris, J .  Chem. Soc., 855 (1959). 
(9) G. Felsenfeld, Pvoc. Roy. SOC. (London), A236, 506 (1956). 
(10) M. Mori, Bull. Chem. SOC. Japan, 34, 454, 1249 (1961). 
(11) D. M. Gruen and R. McBeth, Puve Appl. Chem., 6, 23 (1963). 
(12) C. Furlani and G. Morpurgo, Theov. Chim. Acta, 1, 102 (1963). 

solution. We now wish to show that the spectral data 
for all these compounds can be interpreted in a con- 
sistent manner by the ionic model with the use of only 
one set of radial parameters. 

Magnetic susceptibilities of powdered [Pt(NH3)4]- 
[CuC14] and [Co(NH&] [CuC15], which is isomorphous 
with [Cr(NH&] [cuc16],4 are reported. 

Experimental 
The compounds used in the studies were prepared by conven- 

tional methods and were analyzed for nitrogen, hydrogen, and/or 
chloride before use. The analytical results indicated that the 
compounds were pure. 

Optical spectra of mineral oil or hexachlorobutadiene mulls 
as well as those of crystals were obtained a t  room temperature or 
a t  77'K. with a Cary Model 14 recording spectrophotometer. 
Reflectance spectra were obtained with a Beckman DU spectro- 
photometer equipped with the standard reflectance attachment 
using powdered magnesium oxide as a reflectaace standard. 

The salt Rh(NH3)6cuCl~ was prepared in order to examine the 
visible spectral region obscured by the IAl+ 'TI transition of the 
C0("3)6+8 ion. No electronic transitions of the ion CuClS-3 
were found in this region. 

The magnetic susceptibilities were determined by a previously 
described method's using Hg[Co( CNS)*] as a susceptibility 
standard.Ib Diamagnetic corrections were estimated from 
Pascal's constants.16 

(13) W. E. Hatfield, R. C. Fay, C. E. Pfluger, and T. S. Piper, J .  A m .  

(14) B. N. Figgis and R.  Nyholm, J .  Chem. Soc., 4190 (1958). 
(15) B. N. Figgis and J. Lewis in "Modern Coordination Chemistry," 

J. Lewis and R. G. Wilkins, Ed., Interscience Publishers, Inc., New York, 
N. Y., 1960, p. 403. The susceptibility of Co(NHa)&!ls mas taken to be 
-87.7 X 10-8 c.g.s. from G. Foex, "Constants SClectionnees Diamag- 
netisme et ParamagnCtisme," Masson and Co., Paris, 1957. p. 42. 
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