1502 WirLiam E. Hatrierd AND Epwin R. Jones, Jr.

stretching frequencies in the 1200-1500-cm™! region
and 6(NOy), at 825 cm 1,

Figure 6 compares the infrared spectra of the four
complexes in the 400-600-cm™! region as measured on
disks of pure complex. The three meridial isomers
show a very similar pattern of bands, with especially
strong doublets at 600 and 500 cm~! due to §(NOy)yw
and »(Co—N(NHj)), respectively.

As previously noted by Nakagawa and Shimanouchi,
the values of the observed and calculated spectra of
mer-Co(INH;)3(NOy)s, while in fair agreement, are not
exactly the same because of the oversimplified assump-
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tion of the Cy model for the complex. One must
therefore expect a lower order of symmetry for either
or both isomers of Co(NH;)3;(NO,); and should not
rely as heavily on infrared data for the purpose of
identification as one does for the cis—trans isomers.
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The magnetic susceptibility of hexaamminecobalt(111) pentachlorocuprate(II) has been measured from 2.4 to 38°K.

The

susceptibility obeys the Curie-Weiss law, x = C/(T + 6), in the temperature range 16-38°K, giving an effective magnetic
moment of 1.95 BM with & = 17°K. There is an antiferromagnetic transition near 8°K attributed to an intermolecular

cation—anion—anion—cation mechanism.

Introduction

In the first report of the magnetism of the penta-
chlorocuprate(II) ion, Mori? noted that susceptibility
data for [Co(INH;)s][CuCls] obeyed the Curie-Weiss
law from 4.2 to about 2°K, giving a magnetic moment
of 1.47 BM. Our subsequent studies® in the tem-
perature range 77-300°K yielded a magnetic moment
of 1.85 BM. Because the 2A," ground electronic
state®? of the trigonal-bipyramidal CuCl;*~ ion is
not expected to show a decrease in moment at low
temperature, the magnetic properties of [Co(NHj)s]-
[CuCl;] in the intervening temperature range need
to be determined. Here we report the results of
measurements from 2.4 to 38°K.

Experimental Section

Preparation of [Co(INHj)] [CuCl;].—Large, well-formed, or-
ange crystals of hexaamminecobalt(III) pentachlorocuprate(II)
were deposited from an aqueous solution (200 ml) of [Co(NHj)s]-
Cls (2 g) and CuCl;-2H,0 (10 g). Anal. Caled for [Co(NHs)l-
[CuCl;]: Cl,44.24; N,20.86; H,4.50. Found: Cl,44.23; N,
20.79; H, 4.47.

Magnetic Susceptibility Determinations.—The magnetic
properties of a powdered sample of [Co(NHj)s] [CuCls] (0.16177
g) in a plastic sample holder were determined with a Foner-type
vibrating sample magnetometer® built by Princeton Applied
Research Corp. Measurements were made at magnetic field
strengths of 2000 and 10,000 Oe. The magnetometer was cali-
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brated with a sphere of pure nickel metal. Correction was made
for the diamagnetism of the sample holder assembly.

Results

The temperature variation of the inverse magnetic
susceptibility of [Co(NH;)s][CuCl;] from 2.4 to 38°K
is shown in Figure 1. The molar susceptibilities were
calculated from the experimental observations after
correction for (a) the diamagnetism (244 X 10—*
cgsu) of the constituent atoms using Pascal’s constants
and (b) the temperature-independent paramagnetism
of the hexaamminecobalt ion (75 X 107% cgsu).® For
temperatures above 16°K the susceptibility exhibits a
Curie-Weiss behavior with an effective moment of
1.95 BM and a paramagnetic Curie temperature of
17°K. A single smooth curve fits the magnetic mo-
ments determined between 2.4 and 38°K by the vi-
brating sample magnetometer and the magnetic mo-
ments determined between 77 and 300°K by the Fara-
day method.?

The differences noted in Figure 1 between runs 1
and 2 are an indication of the precision and accuracy
of the magnetic measurements. Thus, the magnetic
moment calculated from the slope of either set of
magnetic data is more reliable than a moment cal-
culated from a line fitted to the data obtained in both

(8) The susceptibility of [Co(INH2)s]Cls was taken to be —87.7 X 10°¢
cgstt: G, Foex, ““Constants Selectionnees Diamaguetisme et Paramag-
netisme,”” Masson and Co., Paris, 1957, p 43. The diamagnetic susceptibil-
ity for [Co(NH:)s1Cls calculated from Pascal's constants is — 163 X 1078
cgsu, and the difference between the two was taken to be TIP for Co(NHs)ed™
ion.
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Figure 1.—The inverse magnetic susceptibility »s. temperature
plot for [Co(NHj)g] [CuCl;]: O, run 1; @, run 2 (both at 10,000
Oe); A, run 3 (at 2000 Oe).

runs. In this case both sets of data yield the same
moment but slightly different Curie temperatures.

Our data below 4.2°K do not agree with those re-
ported earlier by Mori,? who used an ac inductance
method operating at low field strengths. The disparity
might be explained as a field-strength effect, since
the 1/x vs. T data (Figure 1) suggest an antiferromag-
netic transition at about 8°K. Antiferromagnetic sus-
ceptibilities are frequently field dependent and show
an increase in susceptibility with a decrease in field
strength.” As shown in Figure 1, nearly the same
susceptibilities were obtained on our samples at both
2000 and 10,000 Oe. We can offer no explanation
for the difference between the present results and
those reported by Mori; however, our measurements
on two different samples did not show Curie-Weiss
behavior below 4.2°.

Discussion

Although the detailed X-ray study of hexaammine-
cobalt(III) pentachlorocuprate(II)® has not been re-
ported, the crystal structure of hexaamminechromium-
(III) pentachlorocuprate(II) was recently redetet-
mined.® From three-dimensional X-ray studies, the
compounds crystallize into a cubic crystal system with
32 molecules per unit cell and with copper atoms
on positions of symmetry 32. Thus the pentachloro-
cuprate(II) ion must have a trigonal bipyramidal
structure with symmetry Djp.

The 2D electronic state of the copper(II) ion is
split by the trigonal-bipyramidal (Dju) crystal field
giving a 2A,’ ground state with the *E’ and *E’’ lying
at higher energies.®10-11 Although there is no ap-
propriate crystal containing the CuCl;®*~ ion for se-
lection-rule experiments, there is general agreement
that the double maxima in the near-infrared region
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arise from the 2A;" — 2E’ (8200 em™!) and the %A,’ —
*E' (10,000 em~!) transitions. The latter transition
is not permitted by the electric dipole mechanism
but is allowed by a vibronic interaction.

For a consideration of the magnetic properties,?
spin—orbit coupling and magnetic moment operators
are added to the crystal field perturbation Hamiltonian.
This gives 3 = 3y + ALS + BH(EL + 2S5), where A
is the spin-orbit coupling constant and % is the Stevens
orbital reduction factor.!* Applying this operator to
the basis set of functions given in Table I, one obtains
the factored secular determinant

T(®E") r(CAd)
{—()\/2) + Ds — 4Dt — E V(3720 '
V(B/2) oDs + 6Dt — E | =
(Ts + To)"(E"") (Ts + T (CE")
(\/2) + Ds — 4Dt — E A
A ~XN—2Ds+Dt—E =0

T (*EY)
IN—2Ds+Dt—E =0

Here Ds and Dt are crystal field parameters, and the
I'* (n = a or b) are irreducible representations of the
D; double group. The 2E’'(I'\?) state is mixed into
the 2A,’(Ty") ground state by spin—orbit coupling, and
the first-order corrected wave functions for the Kramers-
doublet ground state are

I =T (A) — [(V3/2)MAITS(E”)

where A is the energy separation between 24A;’ and
‘E’”’.  Applying the magnetic moment operators u, =
B(RL, + 2S.) and u, = B(EL, + 2S,), the first-order
Zeeman terms are =83H and £8H(1 — 3k\/A). Sub-
stitution of these first-order terms and the second-
order Zeeman terms calculated from u, into the Van
Vleck expression for magnetic susceptibility gives

_ g
T 8RT

Ignoring the second term (the temperature-independent
paramagnetism) and using the relationship pes? =
BkxT/NB? we can write petr = uers™2%¥ (1 — 2BEN/A),
thus predicting a temperature-independent moment.
The magnetic moment will become temperature de-
pendent only when the second term in eq 1 is large.
The temperature-independent magnetic moment of

X (3 — 6kN/A) + 3NB%2/A )

TaBLE I
Basis FuNcTioNs FOR d! (ONE-HOLE)
CONFIGURATION IN DoUBLE GROUP Dj
Irreducible

representations Eigenfunctions Bethe’s notation®
A,/ \O, :':‘/z> Ty
R’ 42, +1/5) Ty

|£2, F1/5) (s + To)

B [£1, 1/ (Ts + Do)
|£1, F1/5) I

en = g orb.

(12) J. 8. Wood and P. T. Greene, I'norg. Chem., 8, 491 (1969).
(13) For a discussion see M. Gerloch and J. R. Miller, Progr. Inorg. Chem,,
10, 1 (1968).
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[Co{NH;)s][CuCl;] down to ~16°K is in agreement
with this analysis.

The antiferromagnetic transition at 8°K must arise
from coupling of the magnetic wave functions trans-
mitted by chloride ligands of adjacent molecules. This
mechanism has been designated the cation-anion—
anion—cation interaction,* and for hali-filled ¢ orbitals,
moderately weak spin coupling is expected. The low
Néel point of 8°K reflects weak spin coupling in [Co-
(NHg)ﬁ] [CuCI5]

The crystal structure for [Cr(NH;)s][CuCli] shows
that the shortest intermolecular chloride—chloride con-
tacts occur for the axial chloride of one CuCls®— ion
and axial chloride ligands of three adjacent CuCl;*—
units. The internuclear separations are 4.11 A, and
the copper—chloride(1l)—chloride(2) angles are 144.74°.
This separation is only 0.80 A greater than the axial
chloride—equatorial chloride intramolecular distance
within a CuCl;*~ ion. The unpaired electron in the
ground state is in a 3d,. orbital, which has a greater
amplitude along the z axis than in the xy plane; thus,
in the absence of angular dependencies, ligand axial-
axial contacts are expected to be more important than
ligand equatorial-equatorial contacts for the conduc-
tion of antiferromagnetic interactions.

(14) J. B. Goodenough, ‘““Magnetism and the Chemical Bond,” Inter-
science Publishers, New York, N. Y., 1963, p 184,
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The closest intermolecular equatorial chloride-other
chloride separation, 4.14 A, occurs between equatorial
ligands of adjacent CuCls*~ ions. In addition, there
are four other equatorial chlorides at 4.75 A. A de-
tailed description of the cooperative magnetic inter-
action would be extremely difficult, although in prin-
ciple a treatment similar to the classical work on the
hexachloroiridate(IV) salts should be possible.’® An-
other explanation would involve particle size or surface
effects. We conclude that although the magnetism
of the pentachlorocuprate(Il) ion may be described
by crystal field theory, below 16°K the susceptibility
does not exhibit Curie-Weiss behavior but shows a
complex behavior suggestive of antiferromagnetism,
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The specific rates and equilibria have been investigated for the hydrolytic reactions of some frans-CoL X, complexes where L

is a macrocyclic ligand (of the Curtis type) and X~ = Cl~, Br—, or NCS—.

The relative lability of these complexes can be

ascribed partly to nonbonded steric interactions between ligand methyl groups and the axial ligands X and partly to the
formation of relatively long-lived intermediates where L is the Schiff-base amine 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraaza-

cyclotetradeca-4,11-diene.

relations; however, the coefficients in the LFER’s appear to be different for each system.

The kinetic and thermodynamic data for these systems can be related by linear free energy

The relatively positive values of

AST found for many of the systems studied shows that AST is not generally correlated with stereochemical change and may
not provide any simple information abott the geometry of the activated complex.

Introduction
Despite extensive research and discussion, there

(1) (a) Presented in part before the Division of Inorganic Chemistry,
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remain many controversial issues pertaining to the
mechanism of ligand substitution reactions in octahedral
complexes.® Much of the recent discussion has cen-
tered around the stereochemical changes which occur
during the exchange of ligands. It has been argued
that such changes reflect the geometry of the activated

(8) For recent reviews see: (a) C. Langford and H. B. Gray, “Ligand
Substitution Processes,” W, A. Benjamin, Inc., New York, N. Y., 1966; (b)
N. Sutin, Ann. Rev. Phys. Chem,, 17, 119 (1966); (c) I'. Basolo and R. G.
Pearson, ‘“Mechanisms of Inorganic Reactions,” 2nd ed, John Wiley and
Sons, Inc.,, New York, N. V., 1967; (d) C. H. Langford and T. R. Stengle,
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