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rate-determining step in the formation and dissocia-
tion of the complex involved Np-O fission. However,
the presence of HF at concentrations comparable to
those in the formation~dissociation studies did not alter
the NpO,*-H,0 exchange rate. Further HF did not
modify the rates of HyO exchange with either Rh(III) or
Cr(III). Unfortunately, it was not possible to study
fluoride catalysis of the NpQOy™H,0 exchange at u = 8
to 10 and 1 M HCIO, where the complex formation
was studied. On the basis of this work 10=% M F~ or
HF catalyzes the formation and dissociation of the com-
plex but does not affect the rate of HyO exchange of Np-
Oy*, Cr(I11), or Rh(III).

These observations are even more perplexing in view
of the result that 1 A/ HCI has little or no effect on the
rate of dissociation.

The only metal ions which form binuclear complexes
with NpO,* at a slow rate are those whose water ex-
change rates are slow. If the rapidly exchanging
equatorial waters of NpO;*-H,O were being sub-
stituted by M(H;0)%", one would expect fast reactions
in all cases. Thus it is doubtful that equatorial waters
play the dominant role in complex formation or dis-
sociation. Rather it appears that a neptunyl oxygen
is replaced in the kinetically important step.

At p = 8-10 and 1-2 M HCIO, the NpO,*t-H,0 ex-
change can be estimated from this work to be very rapid
compared to the formation and dissociation of the
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complex. In view of the fact that Rh(III) and Cr(III)
are nearly identical in their behavior it is reasonable to
suggest that M(H,0)*+ competes with solvent H,O for
the active intermediate formed in the oxygen exchange
of NpO,*. Because of its high (34) charge, the metal
ion is relatively unsuccessful compared to water, and
the rate of water exchange is much greater than that for
complexation. Since it was not possible to demon-
strate fluoride catalysis of the rate of oxygen exchange
of the metal ions in question the catalytic effect is not
useful in attempting to more fully understand the
mechanism of complex formation. We are unable to
present a plausible and meaningful explanation for this
marked fluoride catalysis.

The infrared spectra on neptunium complexes estab-
lish a small change in the asymmetrical stretching fre-
quency, v as a function of equatorial environment.
In the solid state several frequencies are sometimes
observed, suggesting that all lattice positions are not
equivalent. In aqueous media at low acid concentra-
tions there is only a small observable change in the
stretching frequency as association with Rh3* takes
place. The infrared spectra of the solid complex
fluoride also showed no significant change. These ob-
servations suggest either that bonding is so weak that
the O-Np-O bonds are hardly altered or that bonding is
not through the axial oxygens. For reasons cited
above, the former explanation appears more reasonable.
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The magnetic susceptibilities of potassium tribromocuprate(11) and cesium tribromocuprate(Il) have been determined over a
temperature range of 80-300°K. The magnetic behavior of potassium tribromocuprate(II) conforms to a modified Bleaney—
Bowers equation, indicating the existence of a weak antiferromagnetic spin interaction between [CusBrs]?~ dimer ions as

well as of a strong spin coupling within the dimers.

On the other hand, the slight paramagnetism of cesium tribromo-

cuprate(IT) obtained after corrections for diamagnetic contributions shows no variation with temperature, indicating that

the unpaired electrons are completely coupled.

Introduction

The binuclear structure of copper(II) acetate mono-
hydrate has been established by X-ray crystal analysis.’
The compound is a typical example of isolated binuclear
clusters, the temperature dependence of its magnetic
susceptibility being clearly interpreted by a simple
singlet—triplet formula proposed by Bleaney and
Bowers.?

A recent X-ray crystal analysis carried out by Willett,
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et al.,® has shown that potassium trichlorocuprate(ITI)
contains [CuyCls]?~ dimer ions piled on top of one an-
other to form one-dimensional infinite arrays. They
have also reported that potassium tribromocuprate(II)
is isomorphous with potassium trichlorocuprate(II).
In view of the crystal data, one would suspect a pos-
sible spin interaction between copper atoms belonging
to different dimer ions as well as between copper atoms
within the dimers. However, the magnetic moment of
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potassium trichlorocuprate(II) is 1.77 BM*® at room
temperature, a value only slightly reduced from the
value of 1.9-2.0 BM normally observed for copper(II)
compounds. This suggests that interaction between
unpaired electrons is not very strong in the trichloro

complex. A maximum of the susceptibility has been
observed at about 30°K.* No detailed reports have
been published as yet.

In the majority of copper(II) complexes, the spin-
exchange interaction is stronger through bromine
ions than through chlorine ions.® Therefore, we have
undertaken to determine the temperature dependence
of the magnetic susceptibilities of potassium and cesium
tribromocuprates(II).

Preparation of Materials

Potassium Tribromocuprate(II).—In accordance to
Sabatier’s method,® a solution of copper(II) dibromide
and potassium bromide in equimolar amounts was
allowed to evaporate in a vacuum desiccator over con-
centrated sulfuric acid. Dark brown needle-like crys-
tals were obtained. Amnal. Caled for XCuBr;: Cu,
18.6; Br, 70.0. Found: Cu, 18.6; Br, 70.0.

Cesium Tribromocuprate (II).—This was synthesized
by a method described by Wells and Walden.” Cesium
bromide was dissolved in a concentrated solution of
copper(IT) dibromide. When the solution was allowed
to evaporate over concentrated sulfuric acid, dark brown
prismatic crystals separated. Amal. Caled for CsCu-
Br;: Cu, 14.6; Br, 55.0. Found: Cu, 14.6; Br, 54.9.

Magnetic Measurements and Results

The magnetic susceptibility was determined by the
Gouy method with a magnetic field strength of 10,000
cersteds using an Ainsworth recording semimicro-
balance over a temperature range of 80-300°K. The
temperature was automatically controlled.

The observed magnetic susceptibility of potassium
tribromocuprate(II) is listed in Table I. The accuracy
is estimated to be within =19,. It is confirmed that
the observed values were not altered by repeated re-
crystallization. The molar susceptibility has been cor-
rected for the diamagnetic contribution (in cgs emu)
of all ions: Cu?f, —11 X 10—%; Br—, —36 X 107%;
K+, —13 X 107%; and Cs*, —31 X 10-%% From the
corrected molar susceptibilities xa, the magnetic
moments u were evaluated per copper atom using

po=283[(xa — Na)T1” (1)

where Nea stands for the temperature-independent
paramagnetism assumed to be equal to 60 X 10~° cgs
emu for Cu(II).®

Discussion

Willett, et al.,* have carried out a complete X-ray
crystal analysis on potassium trichlorocuprate(II).
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TaBLE I
MAGNETIC SUSCEPTIBILITY PER GRAM x; (CGS EMU), MOLAR
MAGNETIC SUSCEPTIBILITY xa CORRECTED FOR DIAMAGNETIC
CONTRIBUTIONS, AND MAGNETIC MOMENTS feit (BM) OF POTASSIUM

TRIBROMOCUPRATE(II)

Temp, °K 108xg 10%xa Heft
78 3.02 1.17 0.83
94 3.50 1.33 0.98

111 3.72 1.41 1.10
130 3.80 1.43 1.19
150 3.76 1.42 1.27
181 3.55 1.35 1.37
212 3.27 1.25 1.42
241 3.03 1.17 1.46
295 2.66 1.04 1.52

It has been found that the crystal contains planar cen-
trosymmetric binuclear complex ions [Cu,Cls]?—, in
which the Cu~Cl bond lengths are close to 2.30 A with
the distances to the terminal chlorine atoms slightly
shorter than the distances to the bridging chlorine atoms.
The dimer ions are stacked obliquely in a one-dimen-
sional infinite array along the crystallographic a axis so
that two neighboring dimer ions are bonded by four Cu—
Clbonds of about 3.03 A to complete a distorted coordi-
nation octahedron about each copper atom. It is
reported also that potassium tribromocuprate(II) is
isomorphous with this structure.

Bleaney and Bowers? have proposed a theoretical
equation for the susceptibility xa of isolated dimeric
clusters as a function of temperature

_ Ng262(—
Xa = 3kTL

1 J
1 - — J 2
+ 3 ekaTJ + Na (2)

where N is the Avogadro number, g = 2.00 is the elec-
tronic g factor, 8 is the Bohr magneton, % is the Boltz-
mann constant, 7 is the absolute temperature, and J
denotes the energy separation between the triplet and
singlet states. The value of J/k can be determined
directly from the temperature 7'y, corresponding to the
maximum susceptibility as J/2 = 1.607T, = 205°K.
Equation 2 is in good agreement with the experimental
data of anhydrous copper(II) acetate as well as its
monohydrate,® acetylacetonemono(o-hydroxyanil)cop-
per(II),* and other copper(II) complexes having a bi-
nuclear structure.®!' Therefore, the susceptibility was
calculated assuming the validity of the Bleaney-Bowers
equation with the aforementioned value for J/k and is
shown by a broken curve in Figure 1. The observed
susceptibility is smaller than the value calculated for
isolated clusters at all temperatures studied, the maxi-
mum deviation appearing at the temperature of the
maximum susceptibility. The discrepancy between
the observed and calculated curves is not due to the
choice of Na, because the two curves cannot be fitted
with each other by a simple shift along the x4 axis and
also because a negative value would be required for Na
in order to fit the theoretical curve with the observed
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Figure 1-—Magnetic susceptibility of potassium tribromo-
cuprate(I1) as a function of temperature. The broken curve was
calculated assuming the validity of the Bleancy—Bowers equation
(eq 2); J/k = 205°K. The solid curve was calculated from the
modified equation (eq 3) with J/B = 195°K and 0 = —17°K.

one at their maxima. The assumption that ¢ is equal
to 2.00 also is not responsible for the discrepancy. It is
very likely that g for copper is slightly greater than 2.00
owing to spin—orbit interactions. In this case, the
theoretical data (eq 2) increase making the discrepancy
still larger. Lewis, et af.,'? have attributed the devia-
tion of magnetic susceptibilities observed for some
carboxylic acid derivatives of copper(1I) from those pre-
dicted by eq 2 to the presence of a small amount of
impurities in samples or to the existence of different
crystal forms varying in magnetic interaction. There-
fore, we have taken the X-ray powder patterns of the
present sample. All of the diffraction lines could be
accounted for by crystal data given by Willett, ef al.,?
while lines possibly due to copper(1I) dibromide and
potassium bromide were absent.

The foregoing facts suggest that [Cu,Brg]*— dimer
ions in potassium tribromocuprate(Il) are not com-
pletely isolated but are subject to magnetic interaction
with one another. Since the copper-halogen bond
length within a dimer ion is evidently shorter than the
distance between a copper atom and the nearest halo-
gen atoms belonging to adjacent dimers, it is reasonable
to assume that the spin interaction within the dimer ions
is dominant and that the resultant magnetic moments
of the dimer ions are subject to the orienting effect of the
Weiss field, which is opposed by the thermal agita-
tion of the elementary magnetic moments. Uunder this
condition, one is led to modify the Bleaney—Bowers

expression as
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where ¢ is the Weiss constant that takes into account
the spin interaction between the dimer ions. The sus-
ceptibility xa was calculated from this equation with
J/k = 195°K and § = —17°K and is shown by a solid
curve in TFigure 1. Excellent agreement is obtained
between the experimental susceptibility values and the
theoretical curve based on eq 3. The values of J/k
and 6 depend on the assumed value of g. If it is as-
sumed that g = 2.10, one gets J/k = 205°K and 8 =
—16°K. However, agreement between observed and
calculated values becomes poor in the range of high
temperature. To be sure, g = 2.10 is an overestima-
tion. The negative value for 4 indicates the presence
of antiferromagnetic spin interaction between dimer
The energy of the spin interaction is of the
order of k\@[ which amounts to a few per cent of the
energy of the spin interaction J within a dimer ion in
this compound. Possibly, a transition takes place to
an antiferromagnetic state below about 17°K, leading
to the existence of long-range spin ordering.

Lithium trichlorocuprate(II) dihydrate®™ has a struc-
ture closely related to those of potassium trichloro-
cuprate(II) and potassium tribromocuprate(II). The
magnetic property of this compound has been ex-
amined. Itisreported that the ground state is a triplet
rather than a singlet, whereas the ground state is a
singlet in potassium tribromocuprate(II).

The magnetic susceptibility of cesium tribromocu-
prate(Il) is —0.02 X 107® cgs emu/g over the whole
temperature range of 80-300°K. Corrections for dia-
magnetic contributions yield a slight paramagnetism,
xa = 0.14 X 107% cgs emu. The origin of the para-
magnetism is open to speculation. Possibly, it arises
from the so-called temperature-independent para-
magnetism discussed by Van Vleck,' or it may be the
residual paramagnetism of an antiferromagnetic state.
Accordingly, it is concluded that the unpaired electrons
of copper atoms are completely coupled. Since no X-ray
crystal data have been available for cesium tribromo-
cuprate(IT), we have taken X-ray powder patterns and
found that this compound is not isomorphous with
cesium trichlorocuprate(1I).1.16
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