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MAGNETISM OF MIXED VALENC E COMPOUNDS ‘ ‘

William E. Hatfield f
Department of Chemistry
Universi ty of North  Carolina
Chapel Hill , North Carolina 27514

Mixed vale.ace compounds exhibit a wide range of magnetic pro-
perties. These properties range from s1~ ple diamagnetism wh ich
is temperature ..mdependent and which may be estimated rather
accurately from Pascal’s constants , to Curie—Weiss paramagnetism ,
to exceptionally comp licated behavior which may arise from single
ion effects , exchange coupling interactions , or both. Studies of
the magnetic properties of mixed valence compounds often yield
valuable information concerning the chemical nature and electronic
structure of the substances. In this chapter , results of repre-
sentative studies of magnetic properties of mixed valence com-
pounds will be described with the aim of illustrating the phenomena
which are exhibited and the manner in which the results are used
in the solution of chemical problems . Systems of discrete clus-
ters , chains , sheets, and three dimensional polymeric materials
will, be discussed here . For the most part , these viii be coin—
pounds in which metal ions are bridged by ligands such as halides ,
oxide , pyrazine , and other ions and small molecules, although
representative results for compounds containing metal—metal bonds
will be included . Because of space limitations and a recent
review1 on the subject , results on mixed valence metailoproteins
and enzymes will not be covered .

Since the magnet ic properties of mixed valence compounds
which contain paramagnetic metal ions that are not exchange
coupled , or involved in rapid electron transfer , or delocalized ,
may be understood in terms of the appropriate theories for single
ion molecular species , and since this is a comp lete topic in
itself , class I systems in the Robin and and Day2 scheme will not
be discussed here .

L ____________



- - -

SURVEY OF THEORETICAL RESULTS

Much of the theory necessary for the analysis of the mag-
netic properties of mixed valence compounds is the same as that
used for compounds in which all paramagnetic species are in the
same formal oxidation state. For discrete clusters, the general
approach descr ibed by )Cambe3 is usually followed, al though the
technique becomes very tedious when the number of paramagneti.c
species becomes large and the symetry of the cluster decreases.4

Additional complications arise for mixed valence complexes
especially if these involve random mixtures of spins. Kudo,
Matsubara, and Katsura have discussed the expected magnetic
behavior of random mixtures of S — 1/2, S - 0 and S — 1/2, S = 1
ions within a statistical framework ,S and Wrobleski and Brown
have illustrated the problems in their study of mixed valence
iron oxalate, squarate, and dihydroxybenzoquinone coordination
polymers.6 Random exchange in linear chains has been the sub-
ject of extensive studies and results are discussed in a subse-
quent section.

Theoretical studies of pol ymeric mater i~’ls have provided
several exac t solutions which are valuable icr the analysis  of
magnetic data . These results include the onc —d imens ion.al Ising
chain,7 the two—dimensional Ising layer ,8 the one—dimensional XY
chain,9 and the one—d imensional Heisenberg chain with infinite
spin.’0 Results of calculations using various degrees of approxi-
mations are also available for several other systems. Bonner and
Fisher1’ have carried Out exact calculations on short chains of
S = 1/2 Heisenberg spins and have extrapolated their results to
the in f in i te  one—dimensional limit . Wang,’2 using a sim ilar pro-
cedure , has calculated the magnetic properties of linear Heisen—
berg chains with S > 1. Wagner and Friedberg1’3 have shown th at
the infinite spin model of Fisher can be scaled to the exact
results14 of the high temperature series expansion for the limit-
ing case of large spins, e.g. s 5/2. Development of additional
models has been presented by Smart ,~’

5 and the application of the
results to chemical systems has been critically reviewed by
DeJongh and Miedema.1°

Curie—Weiss Law. We will begin our discussion by consider-
ing the Curie—Weiss law. In equation (1), x is field independent

x = C/(T—O) (1)

paramagnetic susceptibility, C is the Curie constant, T is the
temperature , .tnd 0 is the Weiss constant. Severe deviations of
experimental data from the Curie—Weiss law signal electronic
state complexities, and in favorable cases it is possible to
develop a model which accounts for the deviation, thereby sug-
gesting an explanation for the phenomena that give rise to the
deviation .

j
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Let us assume tha t the deviations arise f rom exchange inter-
actions , in which case the e f f e c t ive magnetic f ie ld  H ( e f f e c t ive)
is the sum of the applied , external magnetic field H (external)
plus the internal magnetic f~ .~1d. The internal magnetic field
H ( internal)  is rela ted to the magnetization by the molecula r
field constant y. Tha t is, H (internal) — ‘i’M , and H (effective) —

H (external) + y M.  Magnetization is g iven by

M Ng 2 p
8

2 J(J+l)H/3kT (2)

where J is the total angular momentum quantum number and the
other symbols have their usual meaning . Substitution of ~~ ,

(e f f ec t ive)  in equation (2) for  H yields H C (H (external)
+ yM]/ T , f rom which C , the Curie constant , is given by
Ng2u8

2J(J+1)/3k. Since H )r~, (external), then x — C/(T—yC)
C/(T—0). The sign of e may be positive or negative depending on
the nature of the exchange interactions being negative for ant t-
ferromagnetic interactions and positive for ferromagnetic inter-
actions , and the magnitude of t’ is a gauge ot the strengtn 01
these interactions.

The Heisenberg—Dirac—Van Vleck Hamiltonian. The Hamiltonian
that is used as the starting point in discussion of exchange
theory for systems with unpaired electrons localized on the para—
magnetic ions is

11= —2 E (3)
n <in

where the summation is overall pararnagnetic ions in the system
under consideration, J~~ is the exchange integral between ionsn and m, and ~~ and ~~ spin angular momentum operators. In the
Heisenberg—Dirac—Van Vieck model it is assumed that the interact-
ing ions are orbitally nondegenerate, that any orbital contribu-
tion will be accommodated in the parametrized g value, and
usually nearest neighbor interactions only are considered .
Almost always J~~ is taken to be isotropic. In a magnetic field
the term —g~18~ (L~ + 2S1) •H must be added to the Hamiltonian.

The development of the theory for two interacting indistin-
guishable particles, say electrons in orbitals 4a and ~.b, on
centers a and b, illustrates the approach to the theoretical
description of the problem . The wave equation for two non-
interacting electrons takes the form (

~ j , + 2~ l’i’1k2 
=

[Ea + Eb Jifr~l) Ck
~2)

where H1 operates only on IjI(1)and ~~ operates

only on ‘~‘( 2)~ and the energy eigenvalue is two fold degenerate
because the electrons are indistinguishable. The degeneracy is
lifted when the Coulomb interactions between the electrons and
nuclei are taken into consideration by addition of the term

-J
—~~~~~~~~ 
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H’ — e2/Rab + e2/r12 — e / r a2 - e /rbl to the Hamiltonian . Using
perturbation theory,  the secular determinanta l  equat ion

I’i’2 >
H’ 12— ES

- OH’ 21-ES H~ 2 —E

must be solved . Here ~ 
— ~,a(1),b (2) and •2 — ~

a
(2)~b (l)

H — H1 + H
2 + H’, and Hjj — J*~H*~dt. By definition ,

~ab 
H’ 12 — H’21 —

Kab 
— H ’11 — H’22 — f*a( l )+b (2) (H’)*a( l)~ b( 2)dT1 d 12.

—

The eigenvalues are E~ + Eb + (K±J)/(l*S) where S is the
overlap integral, and the eigen func tions are the symetric and
antisynunetric comb inations

‘~‘sym ~uI~(,)~ b (2)  +

‘1’anti F*a(1) ’S’b(2) —

If we ignore the overlap integral , then the energy differenc e
between these two eigenstates is 2J. Up to this point, the spin
coord inates have been left out to emphasize the fact that exchange
is an electrostatic orbital interaction . However, the total
wave function must be a product of the orbital part and a sp in
part.

Now consider the spin properties. Each electron has spin
angular nomentum lc/2, and by the vector addition rule the ~~~~
spin of the system may be either S 1 (triplet State) or S — 0
(singlet state). For the triplet state, the possible values for
the ~ component of the total spin are 1, 0, -1. If, in the
usual manner , ~ +1/2 and B —1/2 , then the spin functions
I S,M~> are

I’,’>
11 ,0> = ( 1n 1B 2 > +
11 ,—i> = 1 8 1 B 2 >

and

0,0> = [ j c z i B 2 > — I I ~itz 2 > 1/~i



where the tri plet state spin functions are symmetric and the
singlet state spin function is antisymmetric .

Accord ing to the Pauli principle the total wave
functio n must be antisytxsnetric with respect to exchange of every
pair of electrons. Therefore, the syninetric spin func tions
(triplet state) must be comb ined with the ij~anti, and the anti—
symmetric spin function (singlet state) must be combined with

“sym It is in this way that the energy of the system depends
on the total spin .

In terms of a vector model , we take 
~i and ~.2 to be the spin

angular momentum operators in units of ?‘~ with the vector sum

~J 2  .~~1 + !. 2 ’ and

(~.i2)
2 

— 
~~ + ~ 2)

2 
— + (52)2 + 2s1•52

The elgenvalues of the operators s 1 2 ,  81
2
, and 

~2 
are

S(S+1), s1(s1+1), and s~
(s2+l). Application of the operato

1/2Ksj2)
2 — (s1)2 — (52)2] yields:

for S = 1, S~~~2 — 1/2~ l(l+l) — 1/2(1/2+1) — 1/2(1/2+1)] — 1/4

for S — 0, S1~~2 — 1/2[0(0+l) — 1/2(1/2+1) — 1/2 (1/2+1)] — 4
This permits us to write the exchange Ilamiltonian as }I’ — _2JS~~

.
~~ .

For the multielectron case where for atom a the total spin is
S = E~~~, and for atom b , Sb — Es1 (where i and j  denote the
~Iectrons on a and b , respec tive1~), then we may write H

For a cluster of e~change coupled ions we generalize
to the Ilamiltonian H — -2 ~ J~~~~•5 , which was given at the

n <in

begi~ning of this section .

Energy Levels in Exchange Coupled Clusters. Van Vieck has
developed a convenient formula for the spin states which result
from exchange interactions in clusters with n magnetically equi-
valent paramagnetic ions.17 For the assembly of n spins, in the
vector model , the resultant spin vector is S’ — ES , with the

square of S’ being

[S ’] 2 = [ ~ 
— ~ ~~~~ + E

i=1 i=l i,j

In the dot product the indices i and j  designate adjacent para—
magne tic ions. Combined with the results ES ’] 2 S’(S’+l) and
[S1]

2 = S1 (S1+l) , and the realization that there are n terms in
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and n(n—l) terms in the dot product summa t ion , we may write

— .$‘(S’+l) — ~~i
(si+1)

n(n—l)

since all spins are equivalent . There are n(n—1)/2 terms in the
Hamiltonian H — —2J ~~~~j Sj .  The energies of the spin states

are given by

E(S’) — —J[S’(S’+l) — nSi (Sj+l)J (4)

where S’ can take the values allowed by the vector stnimation rule.
For n = 2, S’ — 0,1; for n a 3~ S’ — 1/2 , 3/2 ; for n — 4 , S. —

0,1,2.

It is clear that more than one spin state with a given S’
may arise. Van Vleck’7 has shown tha t the number of s tates W

with a give n S’ is given by

W(S’) = cl(S’) — cz(S’+l) ( 5)

where i~(S’) is the coeffic ient of in the expansion of

(X
8 

+ + ... +

Consider for example an assembly of three parama~netic ~~ns with
S = 1/2 . The ex2ression to be expanded is (X 1/

~ + ~~~ )3 , wh ich
glves x3’2 + 3X 1/I + . . .,  and the number of states with 5’ = 3/2
is 1 while the number with 5’ 1/2 is 2. If all interacting ions
are magnetically equivalent then all states of a given 3’ are
degenerate.

The Van Vieck Equation. In the magnetic susceptibility
experthent, one measures the bulk property as a function of
temperature and magnetic field strength,and analyzes the data in
terms of the distribution of energy levels which are thermally popu—
lated. Usually the energies of these levels are not known , but
frequently their relative energies in terms of pertinent para-
meters, say exchange coupling constants, are known. In such
cases appropriate theoretical equations are fit to the experi-
mental data to yield the desired parameters. The most widely
used formalism was developed by Van Vieck.

By definition,the magnetic moment m of an energy level
is given by lJn ,m ~~n ,m’~’~’ 

where Ii is the magnetic field .
The total moment of the system , M is

N~ m~ n ,me E n ,ma!1(T)

~ exp(— E n ~ IkT) 
(i = x ,y , z)

n ,m

— -— — - - — - -— - &  - ---------~——- —---~~ — --~--— ---- ~~~ -- - - - -
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where N is Avogadro ’s number , and the summation is over all states.
Consider one of these states: The energy of the nth state can
be expressed in terms of a power series in H as

E E° + HE (1) 
+ H

2
E 

(2) 
~n,m n,m n,m n,m

where 
~~~~ 

is the zero field energy and E~~~
U), ~~~~~~ ... are

the first , second,... Zeeman coefficients. The moment of this
state is

p a~~E — 2 E  
(2)

)4f l ,m n,m n,m

It is convenient to expand the exponent
— HE (1) — H2E (2)

I n,m n,m n,mexp(_E
n ,m

/kT) - exp kT

r HE (1) 1 /_E0

Li- ~m J exp (kT

and to express the total moment as

N 1 (—F: (~)
_ 2RE (2) .)(l—HE (~~/kT)exp(_E

0 /kT)
— n,m n,m n,in n,m n,m —

I 
— 

E (1—HE O)/kT)exp(_E0 /kT)
n,m n,m n,m

Paramagnetic substances do not possess magnetic moments in the
absence of magnetic fields, so

E [{_ E (~~ }exp(_E0 1~u’kT)1 = 0
n,m

If data are collected at moderate temperatures and magnetic
fields then only first order terms in H in the numerator and
terms independent of H in the denominator need be retained . By
definition Xj = M1/H~ I and we have the Van Vieck equation:

N~ [(E ~~~)
2
/kT — 2E 1:2)]exp _Eo /kT)

= 
n,m n n~m n,m

Xi
L exp(—E ° /kT
n,m

This equation will be utilized frequently in the section on
Representative Results.

Anisotropic and Antisymmetric Exchange. Frequently, the
exchange Hamiltonian H = —2 t cannot adequately explain

n <m

— _. —
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experimental data , and It is necessary to consider additional
kinds of interactions. The Hamiltonian as written above implies
tha t the exchange interactions are isotropic and symmetric . If
we rewrite the Hamiltonian as -

H = —2 E J S + a(S S +~~ S ))nm n<m nm lz 2z lx 2x ly 2y

the multiplier a can be used to account for axial anisotropic
symmetric exchange interactions . The Heisenberg case arises
when a = 1, the Ising case results when a = 0, and there are
experimental examples for both extreme cases as well as for inter-
mediate values of a, that is, for 0 < a < 1,

It is instructive to examine the Ising case in detail , and
we will use as our example the pair of S = 1/2 exchange coupled
ions for which the spin wave functions were given above. The
exchange coupling operator for this case is H = 2Jl2

2
~lz

S2z.
Applying the operator to the basis set yields the determinantal
equation

a~+ 8 cz> / v’~ IBB> j a 8— ~a>/ /i

— -~ J1~—E 0 0 0

0 1/2J1~—E 0
z 

0 = 0

o 0 —l/2J12—E 0

0 0 0 1/2J1~—E

with two roots E +J12~ and two roots E = _j 12
Z~ The energy

separation between the two doublet states is

Frequently anisotropic exchange is taken into account by
adding the term ~~~~~~ to the Hamiltonian. In this term rmm

is a symmetric tensor , and is given approximately by (A g/g)2J~~
where Ag — Ig— 2 1 . The effect of anisotropic exchange is to cause
a zero—field splitting of the triplet state. In axial cases a
singlet and doublet result , while all degeneracy is lifted in
rhombic cases.

Antisymrnetric exchange interactions may arise between çairs
of exchange coupled ions when the single ion g values are dif-
ferent , a condition which implies that the exchange coupled ions
are not related by a center of inversion. The term , which is
added to the Hamiltonian to account for antisymmetric exchange is
Pnm~~

[-~-n x ~~j, was theoretically established by Moriya following

—5-— — ---5 -— —.. —~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~ .r~~~
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a phenomenolog ical development by Dzialoshinski. Essentially,
this interac tiou tends to align the spins perpendicular to each
other , and in this manner tends to oppose the isotropic exchange
interac tion which, depending on the sign of 3nm’ tends to al i gn
the spins either parallel or antiparallel to one another .

The magnitude of the antisytnmetric coupling cons tan t may be
estimated from the expression IPam i t.Ag/g)J~~ . Consider a 

—lcase with Ag = 0 .l and 3nm = 100 cm 1; we calculate 
~~~ 

5 cm
Th is e f fec t can be readily seen in EPR measurements, and in mag—
ne tic studies especially if 

~nm is positive.

Let us examine the antisyinmetric exchange interaction for
the case of two exchange coupled S 1/2 ions~ The antisyminetric
term is

P12 [S
1
xS
2] -~ l2 Slx 51y ~~~

S2,~ S2y S2Z

= p~((s l~s2Z — s2~s1~
) + D~

(S 2~ Si~ — Sl~
S2z)

+ 
~~~~~~~~ 

— s2~s1~
)

If we take 212 along the Z axis, then

H iDz [S s S S ]
antisymmetric 2 1— 2+ 1+ 2—

The Hamiltonian matrix for symmetric exchange, including an anti—
symmetric contribution , is

Ian> 1a8+Ba>/”i 188>
—l/2J—E 0 0 0

0 l/2J E 0 iDz/2 = o
o 0 —l/2J—E 0

0 —iD
~
I2 0 3/2J—E

This interaction mixes the 
~
S, M5

> states 11 ,0> and 10 ,0> and
results in a zero—field spli tt ing of the tri plet state . The
roots of the determinantal equation are

E ( I l , 1> , 11 ,— l>) = —J/2

E(Il ,0>) = [J_J(4_D
~
2/J 2)l-/2]/2

- 
E( I0 ,0>)= [J+J(4+D~~

2 /J2)1/2 1f2

— - - - 5— -
~
-- - -  ---—--

~~—---
~-—-- - -----~~~——-~~-— -~~~~~~~~~~ - -~~- -



Exchange in Linear Chains. The exchange Hamiltonian for an
infinite linear chain may be written .*~~‘

H = —2J E {ci~ j
Z
S~~ 1 + Y(s~

x
~~:l + S~YSj~1) } - g8H ~~~~~ (7)

i=l 1

For a , y = 1, the isotropic Heisenberg case arises ; while for
ci = 1 and y = 0, the aniso trop~.c Ising case obtains; and for
ci = 0, y = 1, the rela tively rare anisotrop ic X-Y case results.
Fisher7 has derived exac t expressions for both the parallel and
perpendicular magnetic susceptibilities for the anisotropic Ising
case when S 1/2. The parallel susceptibility is

Ng282

I 4kT exp(2J/kT) (8)

while the perpendicular susceptibility is

x1 = ~~~ 8
2 
{tanh(J/kT) + (J/kT)sech 2(J/kT) ) (9)

Bonne r and Fisher carr ied out machine ca1cul~ tions on systems of
chains containing from four to twelve spins 2 and extrapolated
their results to the infinite—length chain .-~-~- The maximum in
susceptibility is uniquel y defined by the following relations:

kT x I~ Imax 1.282 ; max 0.07346IJ I Ng282

Bonner and Fisher ’s numerical results can be reproduced by the
expressioJ8a

_____ 
A + Bx 1 

+ Cx
2

Xm kT — 1 —2 3 (10)
l + D x  +Ex +Fx

where x = k T / I J I ,  A = 0.25, B = 0.14995 , C = 0.30094, D = 1.9862 ,
F: = 0.68854, and F = 6.0626. An alternate expression which gives
comparable results has been given by Jotham.l8b These expressions
have the advantage of permitting the use of computer programs in
the analysis of experimental data. This approach will surely be
app lied to other spin systems as the need arises.

Random Exchange in Linear Chains. The magnetic suscepti-
bilities of mixed valence compounds which have one dimensional
cha in struc tures frequen tly ref lec t an tiferromagne tic spin—spin
coup ling a t modera te tempera tures , but show an increase in sus-
ceptibility at low temperatures. In a regular chain of
local ized elec trons , the susceptibility of a system of anti—
f erromagne tically coupled metal ions with single localized elec-
trons which can be described by the Heisenberg exchange Hamiltonian

-— -—-~~~~ —~~~- - -  - — - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -
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(7) h ts a maximum value at Tmax — l.282 1J1/k , and the suscepti-
bility decreases to a finite value at 0K. In period icall y
alter nating chains the susceptibility decre ast-~; to zero at O°K.
Thu s, ne ither of these models can explain the increase in sus-
ceptibility, and this feature is often attributed to  the pre aence
of sm~ill amounts of paramagnetic impurities which are trapped in
the samples during the synthetic procedures. There is now good
evidence from careful experimental work on highly purified sam-
ples that the low temperature increase in susceptibility is a
intrinsic property of some of these compounds and tha t it arises
from random exchange . This can be understood if one divides the
entire system of spins into several noninteracting subsystems ,
of which some will have odd numbers of spins. These noninterac t-
ing residual spins wi l l  follow the Curie law, resulting in an
increase in magnetic susceptibility at low temperatures.

Bulaevskii , et al’9 have derived very useful expressions
for the thermod ynamic pro perties of the system described above .
Central to their derivation is the expression

a-i -ap (c) = Ak c

for the dens ity of states , wher e A and -x are parameters to be
ieterm ined from experiment , and it is assumed tha t any dependence
of p on T can be neglec ted at low temperatures , i.e. 0.1 to l0°K.
Ihe results from their derivation which are necessary for our
discussion are equation (11) for magnetic susceptibility in the
low f ield lim it, i.e. where gu~H<<kT, and equation (12)

x(T,}I-~O) 
= 2(1_2l~~ )c(_a)r(l_a)Ag

2u~
2k ’NT~~ (11)

for the magnetization in the high field limit , i.e. where

M(0 ,H) = ~~~~~~~~~~~~~~~~~~~~~~~~ (12)

In equation (11), ~.~(x) is the Riemann zeta function and I’(x) is
the gamma function . In practice , the adjustable parameters are
de term ined by fitting these expressions to magnetic susceptibility
and magnetization data.

Results which are close to these have been obtained by
— Theodorou and Cohen ,2° who used a disordered Hubbard model and

investigated the effects of random antiferromagnetic exchange
between spins. In their derivation the interaction parameter J
followed a distribution func tion of the form p(J) j

x
, where

0 < ci < 1. Theodorou and Cohen suggest that c and p (c) of the
Bulaevskii. model are related to 3 and p(J) of their work , thereby
affording an explanation for the phenomenolo gical density of
states expression. Application of the~’-~ ideas to exchange in 
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quinolinium (TCNQ) 2 by Azevedo and Clark2’ will be presented in
Section on Representative Results.

Exchange in Two—Dimensional Sheets. The Hamiltonian appro-
pr ia te  for  a two—dimens ional magnetic system may be g iven by

H — 
~~~~~~~~~~~~ 

+ 
~~.ix~jx 

+ fl~,jy~.jy) (13)

—2J ’E  S ~S1 ,k ,l~~ 
—

where the Sjw(w = x, y, or z) are the components of the spin
operator along the Cartesian coordinates, J and J ’ are the intra—
and interlayer exchange constants, and the parameters F and n
represent the anisotropy in the intralayer exchange. If the z—
axis is taken as the easy axis of magnetization , then the aniso-
tropy is Ising—like when E~ = < 1 and when ~ — 1, n < 1 it is
XY—like . The Heisenberg case arises when there is no anisotropy
in the exchange. The various anisotropy parameters can be repre-
sented by effective fields by the use of the following molecular
field equations for the param€ ters D = 1 — ~ and E = 1 — n:22 ’23

Hex 2ZJIg~i8

H~~~ = D H
a ex

H
0Ut 

= E Ha ex

where H is the effective exchange field arising from the intra—
layer e~~ hange, and Z is the number of near neighbors within the
layer . The contribution to the anisotropy arising from the ani—
sotropic exchange interaction which favors parallel alignment
within a layer can be estimated by the equa tions

H
A ,E 

2ZAJS/gii
8

AJ 
~ac~~ b 

(Ag/<g>)2J

where A g = g
~ c 

— g
~ 

and <g> (2g~~ + g~)I3. In some cases it
has been reported that the experimentally observed H~~ t is
subs tan tially smaller than the sum of the theoretical components
which are expected to be most important.24~ 2S This immediately
suggests that there must be an additional contribution to the
anisotropy arising from exchange interactions either within the
layer or between layers. One such additional term which does
exist for these systems is antisymmetric (Dzialoshinki—Moriya)
exchange which was discussed above. 

a -- -- -

_ _ _  ~~~~~~~~~~~
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Exchange in Three Dimensional Polymers. Exchange interac-
tions between parainagnetic ions in three dimensional arrays may
lead to ferromagnetism , ferrimagnetism , or antiferromagnetism .
In ferromagnetic substances the magnçtic dipoles are all oriented
in the same direction , while in ferrimagnetic or antiferromagnetic
substances there are two or more interpenetrating lattices of
magnetic dipoles which generally are oriented in different
directions . The description of magnetic properties of three
dimensional mixed—valence compounds usually requires two or more
sublattices since the paramagnetic ions are nonequivalent .
Strictl y speaking, all of these compounds should be ferrimagnets,
but if all sublattices have their magnetic dipoles oriented in
the same direction, then the properties would not be different
from those of ferromagriets. For the purposes of this discussion
the theory of ferrimagnetism developed by N~ei will be required .

26

Consider a situation in which there are A and B sites form-
ing two sublattices. The molecu~ar field experienced by an ion
on site A is H = ~~~~~~~~~~~~~~ )~~ , where z is the number of

nearest neighbors and is the coupling constant. The multi-
plier of the magnetic moment of the B sublattice is the molecular
field coefficient 1ab• Interac tions between the paramagnet4c
ions lead to the following molecular fields: 

~~a 
Yaak!a

~ab 
= 

~ab~b ~bb = 

~bbk~b tha = Ybak~a

- 

- 

The total fields experienced by A and B atoms are given by

H = H  +y  M + y  M.—a —o aa—a — ab—b

and

~~~~~~~~~~~~~~~~~~~~~~
where is the applied field . Following Smart,15 let N be the
total number of paramagnetic ions, A be the fraction on A sites ,
1.x be the fraction on B sites, and name the sites such that A <

Also , let a = 

~aa’~ab’ 
8 = 

~bb’~ab’ 
0a = ~j~/AN g1i~S, and °b = 

—

~~/~iNgu~S. The molecular fields become

= + Ngu~SY~~(An ~~ ± ~~~
= H + N BS~

Y b 
X +

Two cases can be identified , one of these has 3ah 
> 0 and

the other has 3ab < 0. For the case with a positive p 1—B interac—
tion the high temperature susceptibility becomes

— 
C(T + A~iCy b~

2 — a —  8)]
- 

X 2 
a 

2 2 
(14)

T — Cy 
~~~~~~ 

+ ~i8) + XiiC 1ab (aB — 1)
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N~el recognized that the x 1 T curve is a hyperbola of the form

—l T—0 cx — 

~~~~~~~~~~~~~~~ - 
(15)

with 0 = CYab
A Ii (2 + Aa/ p + p8/A)

0’ = —Cy~~A p ( 2  — a — B)

2 2
= CY~~ Ap (A {l — a) — p{l —

The hyperbola may be alternately expressed as

—l 
(T — T )(T — T ’ )

X C(T — 0’) (16)

The hyperbola is sketched in Figure 1, and the constants are
designated there. In order to treat the case in which ~ b 

<

the signs of 1ab’ a, and 8 are taken to be negative, and
a it is

possible to obtain the parameters in the theory by fitting the
expression for susceptibility to experimental data . Many examples
are given in the recent treatise by Craik. 27

DATA ANALYSIS

While measurements of magnetic properties at one temperature
(say, room temperature) or over a limited temperature range yield
data which are more valuable than none at all, it must be empha-
sized that measurements over wide ranges of temperatures and
fields are usually essential for a detailed description of elec-
tronic structure and bonding .

The first step in the analysis of the data is to plot the
molar magnetic susceptibility , Xm, which has been corrected for
the diamagnetism of the constituents, versus T 1. If a straight
line which passes through the origin is obtained , then Curie law
behavior, Xm = C/T , is followed . From the Curie constant, one
can calculate neff using the expression neff = 2.828 (x .T) U2
and use the Bohr magneton number along with complementary data
to solve the problem at hand . If a straight line which inter—
cepts the positive X—axis at T 1 = 0 is obtained , it is possible
that temperature independent paramagnetism is present, or that
the diamagnetic correction has been overestimated . If the
straight line intercepts the negative X—axis at T ’ = 0, it is
likely that the diamagnetic correction has been underestimated.

For mixed—valence , it more likely that a Curie—Weiss law
will be required to fit the data, and that this law will hold
only over a limited temperature range. The Curie—Weiss law was
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Fi gure 1. A sketch of the Neel hyperbo la b ith the par ameters
indica ted.

derived above. It is usually instructive to plot X T  versus T.
Curie law behavior holds if a straight line parallel to the T
axis is obtained . For orbitally nondegenerate systems devia-
tions from straight line behavior toward larger x T  values indi-
cate ferromagnetic interactions , while deviations toward
smaller X T values indicate antiferromagnetic behavior .

A serious complication in the interpretation of magnetic
data may arise if ferromagnetic impurities are present even in
small quantities. In favorable cases it is possible to account
for such impurities by making measurements as a function of mag-
netic field strength. Generally , for a saturated ferromagnet
the force exerted in a Faraday measurement , for example, is pro-
portional to dH/dz, while that exerted on a paramagnetic sub-
stance is proportional to H(dH/dz). The intrinsic susceptibility
of the sample Xi is given by the measured susceptibility XH minus
the quantity Cab/H where C is the concentration of the ferromag-
netic impurity and is the saturation magnetization . If a plot
of XH versus 1/H yields a straight line the correction can be
made readily.

- - -  -~~~~~~~ -- -- — --5- ~~-- - - - — - -- - - -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



--5 - -5- - - — -~~~~ — - -5 - - .- — -  -~~~~~~~~~~~~~~~~~--—

Units for Magnetic Properties. There are two systems of
units commonly used in publications dealing with magnetic pro-
perties. These are the cgs—emu system and th.~ International
System of Units (SI). Quickenden and Marshall28 and Mulay29 have
presented definitions of the quantities that are encountered and
have discussed the relationshi p of’ these quantities in the two
systems . A very convenient table of conversion factors has been
compiled by Bennett , Page, and Swartzendruber 3° and is reproduced
here in Table I.

REPRESENTATIVE RESULTS

Since a complete survey of the magnetic properties of mixed
valence system s is outside the scope of this chapter , results
from representative studies only are summarized here. The dis-
cussion in this section is intended to illustrate the scope and
the complexity of the field and hopefully will serve as a stimu-
lus for additional research; some specific problem areas are
identified .

Clusters

Di—~i—oxobis(bis(2~~~ -b~pyridine)manganese(III,IV) 1. This
unusua l complex was first prepared by Nyhoim and Turco ,31- and
the structure was determined by Palenik and cdworkers,32 As the
bond distances in Figure 2 show, the two manganese ions are dis-
tin ctl y differen t , and the shorter bond distances from the donor
atoms to Mn(2) indicates that Mn(2) is the Mn (IV) ion. In
addition , the lengthening of the quasi axial bonds of Mn(1) is
comparable to the lengthening of such bonds in Mn(III) complexes ,
and it is reasonable to assign the oxidation state +3 to Mn(1).

C 12
~34O/)~~1~ 500

N 1(~~~~~~C22
C52 N 5 ‘7?’ ~~~~~~

I 22o7//~~~~~ N 2
a’1’\ ~~7O2e II ‘1~ZL./

C62 (.fr.
~3 \\ ~ 4362 \\. ~~~~~~~~~~~~~~~~~~~~~~~~~

20  -~ N3

2 075 MN2 02 2226
1 353 N6 20,6

C72 N C32

1405 N8

C42
C82

Yigure 2. The stru cture of di-u-oxob is[ b is (2 , 2 ’-bipyr idine) -
manganese (III,IV)). Reprinted with permission from
Reference 32.
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Figure .3. The magnetic sueceptibt.lity data for di-p-.oxobis-

1b~a (2 
2’-bipyridine)mangarzeae (III,IV )). The

experimenta l data are given b~1+ , and the aolid 
lz.ne

is the bes t f i t  to the ex-p resat.on f o r  an ~~~~~~~~~
coup led S = 2, 3/ 2 pair.

Cooper , Calvin , and coworkers33’34 have recentl~- .arried
out extensive studies including spectroscopic , magnetic , and
el.ectrochemical measurements on the di—i— oxo—2 ,2’—bi pyridine
complex as well as the 1,10—phenanthroline analogue . Their
magnetic susceptibility data are s~x w n  in Figure 3, where the
solid line is the best fit to the data of equation 17 for an
exchange coupled S = 2. 3/2 pair using J —150 cm~ - , the EPR

2 2
= 

Ng 
~B 84exp(6J/kT) + 35exp(—J/kT) + lOexp(—6J/kT

Xm 4kT 4exp(6J/kT) + 3exp (—J/kT) + 2exp(—6J/kT)

+ exp(—9J/kT) 
+ No (17)+exp(—9J/kT)

<g> value of 2.0, and an assumed value of 120 x lO~~ cgs for
the temperature independent Parama~netis~~ No. The 1 ,10—
phenanthroline compound has 3 —134 cm ; Cooper and Calvin 33
attribute the small difference in 3 values to a more favorable
exchange interac tion geometry for the more flexible 2,2’—
bipyridine ligand . The compounds exhibit moments of 1.75 B.M .
and 1.74 B.M. at the low temperature limit of the experimental
measurements consistent with the expected spin—only moment of



1. 73 B.M. ror the odd t-1e ~ctron of the antiterromagnetical ly
~~u~~1cd S 2, 3/2 pa ir. The features of the EPI( spectrum of
..i froz.rt solution of the phenanthroline(IIi ,IV) dimer may be
.i~~ ounted [or by the spin HarniltoniaB

H = g~ 1 13 U S  + g 1~~(H~ S~ + H~ S~ ) + (A111 + A212)S — 2JS 1 ’S2

where g~ and g1 .j i e  the pr inc ipal g— tensor components for the

assumed axial symmetry, S 1 and I~ 
are the electron and nuclear

sp in operators , respectively, A 1 is the hyperf ine coup ling tensor
for the Mn(III) ion. The terms with subscript 2 refer to the

~n(1V) ion. The spectrum shows that the exchange coupling results
in a doublet state with little anisotropy in the g—tensor. The
large difference in the hy p e r f i n e  coup lings cons tan ts of A1 =

167 -
~ 3G and A2 = 79 ÷ 3G indicates that the unpaired electron

in the ground s?in state is localized on one of the manganese
ions , or transferred between them at a rate much slower than

— 1A 21 . The slow rate of the electron transfer is a con-
sequence of the electronic structure of the high spin Mn(llt)
ion; the electron being transferred is in an e antibonding
orbita l , and transfer to the Mn (IV) ion requir~s considerab’.e
cha nges in the bond distances about the manganese ions .

p-0xo-p-j~ydroxob is [(Schiff base)manganese(IiI,IV). Ma~,net ic
susceptibility studies on a series of bimetallic manganese com-
pounds with the Schiff bases

R~~~~~~~% 0 ~~~~~~ R-

H2 cH3
R H (~ Sol) , R CH

3 (
EAcet)

revealed tha t the compounds should be formulated as mixed ox ida-
tion state dimers of man~anese(1lI) and rnanganese (IV), i.e.
as fMn 2(SB) 2(0H)0J~ nH 20.’5 Magnetic moments of 10% ThS—CHC13
solutions of the comp lexes (‘t.0.002 M) were determined by the
NMR method at ambient temperature with a 250—t~1z spectrometer.
The compound [Mn2 (BuSa1 pn) 2(OH)0]~ H20 exhibited a magnetic
moment of 2.30 SM while [Mn 2(SuAcetpn)2(OH)0] 2H20 has a moment
of 2.64 SM. These compounds , wh ich may be examp les of Class IL ,
have a new band in their visible absorption spectrum at ~21—22 ,0OO
cm~~~. TIIjS absorption band , wh ich is responsible for the cherry



red color of the compound s, has been assigned as the intervalence
band . If this assignment is correct then the degree of inter-
ac t ion must be rather small since the frequency of the transi—
t ion occurs in the denominator for o..

Biferrocenc (II ,II1) Picrate. Kaufman and Cowan 36 ,37
recognized that the ligands usually employed in mixed valence
chemistry, up to advent of their work , were not readily susceptible
to structural variations and conjectured that organou~~taiiic
compounds would be very good systems for systematic work. They
selec ted metallocenes as the first candidates for their studies
for the following reasons: (1) Strong interactions between mixed
valence sites are to be expected when the orbitals on these cen-
ters have the same symmetry and are close enough for appreciable
overlap, and metallocenes have these properties. (2) Delocaliza—
tion is enhanced when the ligand field strengths of the mixed
valence ions is similar. (3) Available crystallographic da ta on
ferrocene and its salts had revealed that the formal oxidation
state of the iro n prom has little effect on the in tera tomic
d istances , and consequentl y the reorganization energy would not
be expected to be very large. (4) Metallocenes exhibit strong
interac tions between the metal orbitals and the unsaturated ~r
system of the ryclopentadieny l rings , and mixed valence delocali—
zation could poss ibl y be transmitted by metal—ligand orbi tal
overlap. The spectroscop ic and electrical conductivity measure-
ments of Kaufman and Cowan on biferrocene(II,III) picrate (19)
demonstrated that electron transfer in this system is quite facile.

n+

Fe

Fe
©

The ultraviolet to near infrared spectrum of a solution of
b if e r rocene(I I ,III)  p icra te in acetoni trile exhibited bands a t
220 and 295 nm wh ich were assigned to the substituted ferrocene
portion of the molecule , a broad band at 550—600 run which was
assigned to ferrocenium por tion of the molecule, and a new ,
broad band centered at 1900 nm (c 551), which was assigned to

-~ - — - . t ~~~~~~~~~~~~~~~~ S -  4 .
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the electron—transfer transition. A rate of electron transfer
of 1.3 x 1010 sec~~- was calcula ted from the energy of this band
on the basis of Hush’s-theory. 38 The interac tion parameter a
was also calculated using equation (20)

= 
4.5 x l0’~~ e(~~~ ’~A ( l / 2)

(~ ) (r 2) (20)

where t (max) iS the molar absorptivity at the band maximum, i~( l/ 2 )
is the band half-width in wavertumbers, v is the energy of the
intervalence transfer band in wavenumbers , and r is the d istance
between donor and acceptor Sites in Angstroms. This equation ,
which is valid only for cases in which there are weak interac-
tions, yields the value 0.095 for a, wh ich signifies a weak inter-
action between the mixed valence sites of this Class II system .

The magnetic proper ties of the picrate and tetrafluoro—
borate salts of biferrocene (II,lII) were measured over the range
2—300 K.39 Expressions for the temperature dependence of the
magnetic susceptibility had been derived earlier4° for the set
of two Kramer ’s doublets of the 2E2e ground state of the ferro—
certium ion and these were used for ~he analysis of the data . The
equations are

x~ 
(E ”) = 

~~2 [(~ + ~~~~~~~~~~~~~ )2 + 

(C 2
+o

2
)
1;2(1+C2

)2] 

(21a)

= 
~~2 

_ _ _  + 
(l÷c 2) 2 (~

2÷:)1/2] 
(21b)

where k’ is the orbital reduction parameter , ~ is the spin—orbit
coupling constan t, 6 is the sp litting of the energy levels due
to low symmetry components , and ~ is the wave func tion mixing
parameter which results from the departure from axial symmetry .
Th ese cons tan ts may be estimated from EPR results using the g-
value expressions derived by Maki and Berry:4’

g1 4 ç/ ( 1  + ~
2
)

g
~~ 

= 2 + 4k’(l + ç
2

) / ( 1  + c2 )
(22)

k i = x/ [l + (1 + x2)1
1/2

=
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ferrocen iurn salts.

The Mossbaue r spectrum of BFD(II,III) salts exhibit only
two l ines , and this obse rva t ion  leads to the conclusion tha t
the two iron atoms are identical on the Mossbauer time scale.
There are, of course , two possible explanations for thIs observa—
tion. There could be rapid electron transfer of a class II
system or delocalization in a class III system . This latter
descri p tion is further supported by ESCA and EPR data. BFD(Il,ll1)
picrate and tetrafluoroborate have the same g—values in the
solid and in glasses, where g1 = 1.87 , g2 2.00, and g3 2 . 2 7 .
The effec t ive magnetic moment calculated from ~i =

[l/3(g1 2 + g2 2 + g32 ) S( S+ 1) ]~~’2 is 1.78 a value which is in
good agreement with the magnetic susceptibility result.

Although there is a broad , intense band in the near infrared
at 1550 nm , with a second band at 1140 rim , from which a delocali—
zation of 3% may be calcula ted , the magnetic properties , EPR ,
ESCA , and Mossb auer da ta rule ou t the assignment of this band
to intervalence transfer .

Princ ipally through the work of David son, Smart and
‘.oworkers ,40,49 add itional examples of bisfulvalene—dimetal corn—
pounds and mono— and dioxidized salts have been prepared . Com-
pounds of iron (see above), nickel , and cobalt are know-n . For
these , all BFD—M(Il ,It)  compound s are diamagne tic , all RFD-M(I1,
III) compounds are paramagnetic with ne ff  “-. 1.7 B.M. and the
moments are temperature independent , and all BFD—M(III ,III) corn—
pounds are diamagnetic . [BFD_Co )Z+ (z 0, 1) exhibit bands in
the electronic absorpt io n spectrum at 980 run wi th  c = 1150 for
z = 0 and e = 7000 for z = +1. The electron spectrum of
[BFD ~ Ni J~~~ (z 0 , 1, 2) also exhibit similar bands. Smart and
Pinsky49 state that these bands “are not intervalence transfer
transitions associated with electron transfer from one localized
metal center to ano ther ”.

The compound 3—v inylbisfulvalenediiron (II,II) has been pre-
pared and homopol ymerized in benzene using azobis(isobutyr oni tr i le )
i n i t i a t i on .  The pol ymer was oxidized with TCNQ to yield mixed
valence pol ymers wi th  a range of stoichiornetries as measured
b y the ratio BFD+/(BFD+ BFD) .50 The dark conductivity of the
samp le in which 71% of the bisf ulyalened iiron units were mono—
oxidized was 6-9 x i0~~ ohm~~ cm - Magnetic data are not avail-
able for  these subs tances .

Oxo—brid ged Mixed Valence D iir o n( II I , IV) Comp lexes. Wo l im an
and Hendr i ckson~ 1 have measured the mixed valence compounds
[Fe2 (TPP) 20]X (TPP = tetrapheny lporphina tes, X PF6 ,  BF 4 )  and
[Fe 2 (salen) 20]X [salen N , N ’— ethy lenebis(salicy lidenimin ato) ,

= PF 6 ,  C104 ,  BF4 ,  13 ], and have ana lyzed the data in term s 
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of isotropic exchange of an S 5/2, 2 pair with a small zero
f ield splitting for the salem compounds and a large zero f i e l d
sp l itting fur the porphyr in complexes . Unfortunatel y ,  as shown
in Fi gure 4 the fit of the Van Vieck equation includ ing a mean
field interdimer exchange term to the data for [Fe 2(salen)20) (P F 6)
is not especially good , but the low temperature limiting moment
of 1.2 

~B is in good agreement with the expec tation of oneunpaired electron per pair of iron ions. The magnetic parameters
for these compounds are collected in Table Ill , wh ere the range of

Table I I I .  Mag netic Para meters f o r  Oxo-briJ 1cJ Ir on(I I I ,I / )  Di~~ :- .~m

- 

Compound J ,cm ’ Z’ J ’,K ID I , cm
1 g11 g1

[Fe
2
(salen)

2
0]PF

6 —11.6 —0.05

[Fe
2
(salen)

2
0JCl04 — 17.6 — 1.6

[Fe 2 (salen) 20P3F4 —8.7 —2.3

IFe 2 (salen) 20]I 3~ CRCl 3 —7 .5 —5.9

(Fe 2 (TPP) 20]PF 6 —119 .. - 11.7 2.34 5. 47

[Fe
2
(TPP)

2
0]BF

4 —82.5 ... 19.9 3.11 4 .80

exchange coupling cons tan ts , mean field interciuster correction
terms, zero—field splitting energies , and g—values may be seen
to vary over a very wide range.

Th~ M~ ssbauer spectra of [(Fe2 salen2)0]X and [(Fe2 TPP 2 ) 0 ]X
were recorded at 770 and 4.2°K , and consis ted of a single quadru—
pole—split doublet in each case. Thus, the mixed valence iron
compounds have identical iron ions on the Mossbauer time scale .
This means that the rate of electron transfer is faster than
‘~-l0

7sec~~ in both series of compounds. The EPR spectra of the
sal en compounds exhibit one line whose line—width is slightly
t empera ture  dependent , a proper ty  to be expected if the rate  of
electron t r a n s f e r  is comparable to the EPR t ime scale , about
l01°sec~~- . The EPR spectrum of [Fe2TPP2O]PF6 was repor ted to be
highl y anisotropic, a result which is at variance with earlier
observations52 on [Fe2 TPP 2C](Cl04). Furthermore , no EPR signal
was seen for the tetraflucroborate salt , and no absorp t ion bands
were observed in the near—IR region of the spectra of any of the
compounds.  It is clear that the oxy—brid ged mixed valence iron
com pounds are not understood very well and that more careful work
is needed .  

- -~~~- .



A N i t r i d o — B r i d ged Iron Comp lex. The onl y examp le of a
n i t r i d o — b r i d ged comp lex of a first—transition series element was
prt~pared by Summerville and Cohen .53 The the rmal decomposition
of [F e ( I I I ) (TPP) N 3] ,  where  TPP is t e tr ap heny lporp hine , in th
absence of oxygen y ields [ {Fe (TPP) }2 N ]  plus nitrogen gas. The
Mossbauer spectra show that the two iron atoms are equivalent ,
and the Mossbauer parameters ar~ consistent with a higher oxida-
tion state for the iron atoms than those in [{Fe(TPP)}20].

A magnetic susceptibility study on [{Fe(TPP)}2NJ y ielded a
temperature independent moment of 2.04 

~B 
per diner. Based on a

comparison of the Mossbauer quadrupole sp litting constant of
1.08 mm sec~~- for the nitrido—brid ged complex with the usual
values of 1.25 to 2.11 mm sec~~ for  low sp in iron(III) hemichromes ,
Cohen concluded tha t the iron ions were high—sp in and stro ngly
coupled )- The data do not permit a classification in the Robin
and Day 2 scheme of this fractiona l oxidation state comp lex .

[Ni 2(l ,8—na phthyridine)4X2]Y. A series of complexes of this

general formula with X = halide , NCS , N03 and Y = PF6 or
B (C6H5~4 may b.— pre—ared by m ixing boiling butan—l—ol solutions
of the nickel(II) salt , the li gand , and sodium tetrapheny lbor ate 5

On further boiling black crystals may be obtained . In the case
of the hexafluorophospha te sal ts, it is necessary to add sodium
tetrahydrobora te in order to get the desired product. X—ray
structural results for lNi2(napy)4Br 2]B(C 6H5)4 reveal that the
nickel ions of formal oxidation state +1.5 have identical coord i-
nation environments which are square pyramidal. The base of the
pyramid is formed by four nitrogen atoms from four different
ligand atoms and the apex of the pyramid is occup ied by a bromide
ion. These two equivalent pyramids are held together by the four
bridging naphthyr id ine ~igands with a very short nickel—nickel
separation of 2.415(4) A. The bases of the two tetragonal pyra-
mids are staggered with a twist angle of about 25° along the
Br—N i—Ni—Br axis , wh ich is nearl y linear.

The magnetic moments of these comp lexes are in the range
4.19—4.33 Pg per formula unit, values which are in agreement
with the presence of three unpaired electrons . A variable temper—
Weiss constant of —3 K. More extensive magnetic measurements
would be of much interest since EPR studies show that the molecule
has a quartet ground state as a result of a large ferromagnetic
intracluster coup ling. 54’0 An analogous copper(I)—copper(II) com-
plex has also been characterized .54c

Macrocyclic Mixed Valence C~pper(I)-Copper(II) Com~~~~~ Con-
densation of 5—meth yl—2—h ydroxy isoph thalaldehyde wiLn 1,3—
d iarninopropane in the presence of copper(II) perchlorate yi&’ld s
the comp lex 55 
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Elec trolysis of an acetonitrile solution at —0.7 V followed by
an add ition of ether yields a nearly black solid with the f ormula
[Cu(I)Cu(II)L](Cl04). A new solvent dependent band in the elec—
t ronic spectrum of the mixed valence complex at about 900—1200 rim
was assigned to an intervalence transfer transition . At room
temperature , the EPR spectrum exhibits seven lines, while in
frozen solutions only four lines are present.56 These observa-
tions suggest that the odd electron interacts with both copper
ions by a rapid transfer process at room temperature but is
localized on a single copper ion at low temperature. If the
pr imed hydrogen atoms in (24) above are replaced by methyl groups,
a four line spectrum is observed even at room temperature .5’ The
steric requirements of the methyl groups probably affect the
conformation of the macrocycle and inhibit thertna]. electron
transfer on the EPR time scale.

The room temperature magnetic moments of a number of related
complexes are given in Table IV. The data show that the copper(II)
ions in the comp lex [Cu(II)Cu(II)LJ(C104)2 2R 20 are antiferro—
magne tically exchange coupled . An explana tion of the significant
d ifference between the moments of [Cu(II)Cu(I)L](Cl04) and the
carbony l adduct will require more extensive magnetic data .

p—Oxo—Brid ged Ruthenium Complexes. Meyer and coworkers58
have studied a number of mixed valence oxo—bridged ruthenium com-
plexes , and based on chemical , elec trochemical , ESCA , magnetic ,
and spectroscopic data have concluded that comp lexes typified
by the salt J (bipy)2C1RuORuC1(bipy) 21(PF6)3 belong to class III.
As usual in this research , the approach adop ted was a comparison
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Table IV. Magneti~ Momenta at 25 °C

Compound . 
~e f f ’  ~B

[Cu
II
Cu
U
L)(C10

4
)
2
.2H

20 0.60 ± 0.04
[Cu
HCuIL](Cl04) 1.81 ± 0.04

[Cu~~ Cu
1
L(C0)](ClO

4
) 1.94 ± 0.04

[Cu Cu L] 0.19 ± 0.25
fZn~~ Zn~~L](Cl04)2~ 2H

2O 0.00 
± 0.25

of properties of complexes in a range of oxidation states~. The
structure of the like valence compound [(bipy)2(NO2)Ru—O—Ru(N0)2—
(bipy)21 (C104) 2-2H2O has been repor ted ,59 and the oxo—bridge
formula t ion  conf i rmed .

The (111 ,111) compounds are paramagnetic at room temperature
with moments on the order of 1.8 

~B 
per ruthenium ion. The mag-

netic moments are consistent with the ruthenium(III) ions being
in the low_spin 4d5 electronic configuration. Variable tempera—
ture ma~ netic tueasuFeluents were made on I(bipy)2(N02)Ru—
0—Ru(N02)(bipy) 2](PF6)2 and [(phen) 2 (N02)Ru—O—Ru(N02)(bipy)2j--
(do 4) 2. The magnetic susceptibility of the 2,2 ’—bipyridine com-
plex maximizes at about 155 K, while that of the l,l0—phenartthro—
line salt shows the same property at about 110 K. The magnetic
susceptibility da ta may be f i t very accura tely with the Van Vleck
equation for systems consisting of a singlet ground state and a
low lying triplet state. The magnetic parameters which resulted
from a least squares fitting of the Van Vieck equation to the
data are

2,2’—bipyrid irie salt l,l0—phenan throline sal t

2J , cm~~ —173 —119
2.48 2.29

The magnetic data can be interpreted in two ways. One inter-
pretation would assume strong coupling in a delocalized system ,
while the second approach would invoke moderate spin—paired
interaction between two low_spin rutheniutn (III) ions. In view- of
the short ruthenium—oxygen bond s which should result in strong
spin—sp in coup ling and much larger ~2J~ values, and the chemical
and spec troscopic propert ies of the complexes it is reasonable
to conclude tha t the system is delocalized . The follow ing
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qualitative molecular orbital diagram based on the model developed
by Dunitz and Orgel6° should app ly:
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If th is scheme app lies , then 2J is a measure of the energy dif-
f erence be tw e e n a s ing let stateo f  the type l(1T1

*2) and the tri plet
state 3(~~1

*
M 2
*
), wi th the singlet state l(ir1*ir2*) being at higher

energy than 3(7T
1
*1T

2
*) because of Hund’s rules. The low energy

in tense ba nds in the elec tronic spec tra can be assigned to the
transitions -÷ 11*. Forma t ion of the mixed valence comp lexes ,
such as [( b i p y ) 2 ClRu_ O_ RuC1(b i py) 2 1+ would involve addi t ion  of
an e lec t ron  to 

~2 ’  and this process should destabilize the
Ru—O—Ru linkage . The chemical i n s t a b i l i t y  of salts of [(bipy) 2—
C1Ru_O_RUC1(bipy)21+ are consistent with this explana tion .
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~-Pyraz1ne-bi~j~~ rttaamm ineruthenium(II ,tII)] Ion. The m ix~-d
valence ion ((Ru(NI{3)5}2pyr~ S+ has been the subjec t of many d is-
cussions since the results of some experiments may be interpreted
to indicate comp lete localization of the odd elec tron on one of
the ruthenium ions, wh ile results of other experiments suggest
comp le te del ocal iza tion o r very rap id transfe r of the elec t ron .
Drago , Hendrickson and the ir coworkers 61 have presen ted ex tens ive
evidence which favors trapped valences in the tosylate salt of
[{Ru(NH3)5}2 pyr l S+. The variation of the magnetic moment with
temperature for the like valence (III ,III]—py razine dimer is
shown in Figure 5, where the moment has been calculated per c~o1e
of diner . The decrease of the moment with temperature parallels
the behav ior of the monomeric compound [Ru(NH 3) 6]C13 down to 15
K. The abrupt decrease in moment at about 15 K for [ { R u ( N F i 3 ) 5 r 2 —
pyr]~~ was thought to be indicative of a small intramolecular
antiterromagnetic interaction or of an intermolecular interaction .
Magnetic data below 4.2 K are necessary to resolve t his important
question. The very small J value was interpreted to mean that
there is negligible overlap between the orbitals of the ruthenium
ions and the pyrazine brid ge orbitals , and that the comp lex is
best described in terms of a localized scheme .

EPR resilt s for the rutheniun (III) monomer is identical with
those for the pyrazine brid ged (111 ,11111 diner , and other than a
resolution of the g

~ 
transition into two components , the spectrun

of the pyrazine briaged mixed valence compound yields a comparable
value of 2.66. Furthermore , the line—widths of the resonances

bands of the 1111 ,111) and 111 ,111) compounds are comparable.
These results were said to indicate that the presence of a
ruthenium ion at one end of a pyrazine brid ge did little or noth—
ing to perturb the ruthenium (tII) on the other end of t~~e b r i d~ , —
ing ligand , and to verif y the conclusion that the mixed vdence
compound belong s to Class I I .  A l i n e — w i d t h  sti~d y was in~ u rp r e t ed
in terms of a rate of electron transfer slower than lO~ sec~~- .
An NMR study showed that the rate was greater than ~~~ sec~~- .
Thus, from the Arrhenius equa t ion , the energy barrier lies
between 3.4 kcal mole~~ and 6.7 kcal mol4. Hush disagrees and
described a delocalized model and new EPR data in his pre~ enta—tion at the Insti tute .11’

— 
A Mixed Valence Cobalt—Copper Complex. Kahn and coworkers62 64

have i&&vesrigated a series of heterometallic system s of the
general formula NN ’L where the ligand is the anion of the N ,N ’—
bis(2-hydroxy--3—carboxy benzy lidene)—l ,2—diamminoethane :

(
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The magne tic susceptibility of samples of the cobalt—copper corn—
plex CoCuL~ 3H20 wh ich have the same chemical composition may be
described by the Curie—We iss laws Xm ’T 1.69 k with 0.4 < k < 1
in the temperature range 30 to 300 K.- All  of these samp les obey
the law w it h k = 1 af ter they have been heated in a vacuum. It
is thought tha t the solid phase equi librium Co”Cu”~~~ Co~~ ’Cu1
is shifted to the left by the heat treatment .

The Curie constant suggests that the triple t spin state ,
only, is occup ied in the temperature range 30—300 K. This may
be unders tood if the sing le— ion ground state of cobalt(II) is a
doublet , and this doublet is interacting ferromagnetically with
the copper(II) ion yielding a tri plet ground state. The singlet
state arising from the interaction must lie much too high to be
populated in the temperature interval studied , thus imply ing a
J value of several hundred wave numbers, and the strongest ferro-
magnetic coupling reported to date .

Below 30 K , Xm~T decreases and reaches the value 1.55 cm
3

mole~~ at 3.6 K. This low temperature behavior probably arises

from an antiferromagnetic intermolecular coupling.

[Fe(II)Fe(III)?(CH-~CO0)f,O(H 2O)3].2H20. The trimetallic
basic acetates have been the subject of many investigations of
exchange dating f rom the cla ssical work of Web 65 and Kambe.3
Lupu 66 has prepared and studied iron(II)iron(III) mixed valence
basic acetate compounds . From magnetic susceptibility data in
the temperature range 94—296 K , he found the exchange coupling
constant between the iron(III) ions to be —36 cm~~- , a value which
is comparable to that found for the iron (III) basic acetates.
However , the exchange integral between the iron(II) and irori (IIt)
ions was found to be temperature dependent , being 2 .8 cm~~- at
100.7 K and —10 cm 1 at 288 K. This behavio r was attributed to
changes in bond d i s tances .  As Lupu suggested , more extensive
magnetic s tudies should be carried Out on these in t e re s t ing  co~-

pounds. Brown and co—workers have made such measurements;i08 tr~ey
found J[Fe(II)—Fe(III)) to be —50 crn~~~, J[Fe(III)—Ft~(III)] to be
—14.5 cm~~- , and both coup ling cons tan ts t~ be temperature
independent .

Mossbauer studies on (Fe(II)Fe(III)2(CH3CO0)O(H2O) 31~~2H 2O
and [Fe(II)Fe(III)2 (CH 3C0O)O(p,’) 3J~~O.5 py show that the iron ion~,
are ind istinguishable on the Mossbauer tine scale at room tempera-
ture , but are readily dis tinguishable below 200 K.67 These data ,
along w ith op tical absorp tion spec tra , support the assignment of
these compounds to class II.

Triangular Cobalt Clusters. The compounds Co3(h 5—C5H5)3S ),
Co3(h 5—C5H5)3(CO)S , and [Co3(h 5—C 5H5)3S2}I have structures con:
sisting of three metal ions in a triangular array which are capj~ed
above and below by the two sulfur atoms or by one sulfur atom
and the carbony l groups , with the cyclopentadieny l ions bond~ d to 
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t h e  coba l t  a toms . 68 
~~~~~~~~~~~ t h r t - t- compound s e x h  i h i  t a f a s e  m a t  is4

a r r a y  of m a g n e t i c  p r o p e r t i e s . Co3 (h ~ —C 5H 5) 3 (CO)S i s  d i a m a g n e t i c ,
and the  monoxid ized  iod ide salt is a simple par. s~i4net with a
magnetic moment wh ich decreases linearl y f r u ~ 1 .95  • B  ~~ 297 ~: t’ ,

1.77 
~~~~ 

at 83 K. At temperatures greater than 195 K the magnetic
susceptibility of the disulfide comp lex obeys th e Curi e-W~-i - .,
law , but at 195 K there is an abrupt discontinuity and t h e  L~~4 —
netic susceptibility dec reases to approx ima tel y one—half of its
maximum value within a 300 t e m p e r a t u r e  r ange . A d d i t i o n a l  ev idence
for  a phase transition at 192.5 K is pr ov ided by the caborimetr~ c
stud y by Sorai and coworkers.69

A ‘H magnetic resonance stud y of a CS2 solution of t ’n- disul—
fide complex over the temperature range 163 t-~ 324 K revealed
three distinc t regions of paramagnetic shLt dependence. For
T > 260 K the paramagnetic shift varies as l/T and S 1; below
173 K the shift is zero as expected for a diamagnetic substati-~~;
while in the region 173 < T < 260 , the shift ret ~ects t h e  sp in
state equilibrium . However , the shift data can be fit by t h e
expression for the thermal equilibrium between singlet and trip-
let species onl y if a temperature dependent energy separation is
used.

Cubane Type Cluster Systems Containin~ Iron. Tetra :aetalbic
cubane type cluster systems containing i r on  have been of consider—
able interest since it is know-n tha t a distorted cubic cluster
Fe4S4 is present in some non—heme iron—sulfur proteins , asd con—
plex es of the t ype [(RS)FeS]4~~ (where RS is an alk yl or ary l
m e r c a pt i d e )  have been show-n to be close s t r u c t u r a l  and e l ec t ron i c
ana logues  of the  p r o t e i n s . 70 T9e Fe4 S4 cubane s tr u c : ur ~’ i s  also
present  in d i t h i ole n e  comp lexes ~ of the t y p e  I i ( C F 3) 2 C2 S2 }FeS] ’,~~~,
~ .d in cyclopentadieny l complexes of the type 72 [(h~—C5H5)FeSJ4~~~.
An analogous tetrametallic comp lex with CO replacing the brid ging
s u l f u r  atoms is also know-n .73

In the reduction of [(SR)FeS)42 to the trianion , there are
significant changes in the M~ssbauer isomer shifts , qua~.~.ru ~ oio
interactions , and magnetic hyperf ine interactions at the iron
sites . These properties have been interpreted in terms of a
molecular orbital delocalized over the four metal ions . In the
dithiolene comp lexes [(R2C2S2)FeSJ4

2 , there are oniy small
changes in the Mossbauer parameters. This observation indicates
that the orbital to which the electron is added is predominatel y
li gand based . Oxidation of [(h 5—C 5H5)Fe(CO)]4 to the monocation
results in a change In the quadrupole interaction and a small
magne tic hyperfine interaction , but there is no change in the
isomer shift. These results suggest that the electron is removed
from an orbital with some metal as well as l igand character.74

The electron distribution in the series 1(b S..C5H5)FeS)4
n+ 
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(n = 0, 1, 2) is very comp lex . Mossbauer spectra consist of
sing le quadrupole doublets indicating that all iron atoms are
identical on the M~ssbauer time scale. The puzzling feature is
that the mono—and dication exhibit the same electric quadrupole
splittings even though there are significant changes in the iron—
sulf ur bond d istances in go ing from the neu tral molecule to the
cations.75 Reiff and coworkers conclude that the “invariance
of the isomer shift upon oxidation from the [neutral moleculej
to the [dication} suggests either that electrons are removed
f rom ligand—based orbitals with no change in metal 3d , 4s popula—
tion or tha t the electrons are removed from metal—based molecular
orbitals in the successive oxidations... and that in the result—
1mg products... there is a redistribution of ligand electron
density to the metal atoms so as to result in little overall
change of metal orbital electron population.”

Magnetic data for the mono—and dications are given in Table
V , where it may be seen that  both compounds are paramagnetic  and
that the magnetic moment decreases as the temperature decreases.

Tab i e V. ~~ j ~otic Data for [(hS_ CSHS)FeS)4+/~~

[CpF eS]4
+ 

[CpFeS14 2+

T,K T ,K

303 1.33 298 0.80
276 1.23 288 0.78
255 1.20 252 0.73
232 1.16 216 0.68
190 1.07 180 0.62
131 0 .95 144 0.57
99 0.87 108 0.53
52 0 . 77  78 0 .48
25 0.67
11.2 0.59

4 . 2 0.52
2.14 0.45
1.50 0.41

A magnetic moment of 0.87 ~ig/Fe would be expected for one unpaired
electron in the monocation cluster , i.e. 1.73 

~B’’~~’ 
the high

moments above 100 K indicate tha t higher cluster spin st~ t~ s are
occup ied , while the decrease in magnetic moment at low tempera-
tures suggests an antiferromagnetic interciuster Interaction.
The magnetic behav ior of the dication suggests that paramagnetic
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s ta tes  are being occup ied , but  R e i f f  and coworkers  noted tha t a
large TIP con tribution could not be ruled out. It is clear tha t
the electronic structures of these clustcr’i are affected by
the terminal as well as the brid ging~ ligands . These effects can
be r a t i o n a l i z e d  by q u a l i t a t i v e  molecular  o r b i t a l  ca lc ulat io n s , 75h
but  more p o w e r f u l  c a l cu l a t i ons  as wel1 as more experimental data
are needed before  the be~~ vior of t~ese impor tant  class III clus-
ters can be thoroughly understood .

Di—li-acetato-tetrakis (n3-methoxo—2 ,4--pentaned ionatocobalt—
(I I , I I I ) J .  A mixed valence compound containing cobalt(II) and
cobalt (III) may be prepared b y the  ox ida t ion  w i t h  hydrogen pero-
xide of a mixture of cobalt (II) acetate , 2,4—pentanedione , and
potassium hydroxide .76 The cluster has a cubane type structure
w i t h  cobalt  ions and methoxide oxygen atoms at a l t e rna t e  corners
of the cube , and quasi—octahedral coordination of the cobalt ions
is completed by a cl~~lated 2,4-pentanedionato group and by an
oxygen of one of the acetate groups which brid ge the top and bot—
torn faces of the cube . Since the  coba l t—oxygen  bond distances
for one p.iir of these cobalt ions are 0.16—0.20 A shorter than
tn ose of the second pair , it Is likely tha t the former are the
cohalt(1I1) ions.

The magnetic moment of the cluster is temperature dependent , -j
be ing 4 .98 

~B per cobalt (I 1)  at room temperature  and 4 .62 
~B at

77° K.  Al thoug h the geome t ry  ni ght  suggest a class  I system con-
t a i n i n g  a pair  of exchange coup led cobalt (I I )  ions , the dark
br own color of the mate r ia l  makes such a c l a s s i f i ca t ion  suspect .

One—Dimensional Chains

Partially Oxidized Metalbophthalocya riines. Reactions of
Fe , Co , Ni , Cu , Zn , Pt and metal—free phthalocyanines with iod ine
vapor or solutions in solvents such as chborobenzene y ield dark ly
colored solids of the general formula M(phtb alocyanine)I~~, 

wher e
x can take on values from less than one to nearly fou r , depend ing
on reac t ion  conditions and the phthalocyanine .77a The mixed valence
charac ter of these materials has been established by resonance
Raman data  which shows tha t the iodine is present as 13 ,  b y
iodin e—l29 Mossbauer studies , and by X—ray s t ructural  studies on
N i ( p ht h a l ocy an i n e ) ( 13) 33. The [N i ( R ~) ] O.33+ molecules stack to
fo rm one—dimensiona l chains , and the I3 molecules are present
as disordered chains in channels formed by the phthalocyanine

The e l e c t r i c a l  conduc t i v i t y  measured along the stack-
ing d i r e c t i o n  ( t h e  crystallo8raphic c axis) for [Ni(PcYI(1 3).33
is in the range 250—650 ohm 1 cm~~- , values which are comparable
to the electrical conductivities the most hi ghl y conduct ive
molecular materials yet reported .’ The electrical conduc tivity
increases as the temperature decreases until a maximum value of

of about four is reached near 90 K at which point there
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is an abrupt drop in conductivity. Remarkably ,  there is no
sharp  break in the m a g n e t i c  s u s c e p t i b i l i ty ,  which is weakl y
paramagttetic and increases with temperature , coincident with the
“metal—insulator ” transition. -

I r i d ium Carbonyl Chlor ide .  For a number of years i t  was
thought tha t the compound originally characterized as Ir(CO)3C1
was nonstoichiometric ,79 82 bu t recen t wo rk by Re iss , Hag ley , and
Peterson has confirmed the initial form ulation .83 The chloro—
t r i c a rbony l i r i d i u m (I I I)  un i t s  of lr (C0) 3C1 ~tack in a staggered
manner with an Ir—Ir distance of 2.844 (1) A and an Ir—Ir—Ir angle
of 178.53 (2)°. While it is true tha t data from physical measure-
ments on the stoichiometric material are yet to be had , the data
reported by Ginsberg and coworkers82 on their samples are very
interesting . It is likely that these latter workers were carry-
ing out measurements on a mixed valence compound , whose identity
is yet to be established . A detailed discussion of the experi-
mental observations including Mossbauer and magnetic suscepti-
bility must await the completion of this task.

Pery lene—Metal Dithiolate Complexes. Ion—radical comp lexos

~~f the general formula (pery lene)2M(mn t) 2 (where ~~ 
= Ni , Cu , Pd ,

~‘t and mnt = ma l e o n i t r i l e d ith i o l a t e )  exhibi t  r e la t ive ly h ig h
electrical conductivities. The magnetic p roper t i e s  of these corn—
pounds have been investigated in attempts to understand the
electronic structure of the constituents and to identify the con—
duct ion pa thways . 84 86 A study of the t empera tu re  dependence of
the EPR spec t rum of (pery lene) 2Pd(mnt) 2 revealed that  the par a—
magnetism was associated with two spin subsystems , and tnat each
of these is e’-~change coup led e i ther  pair-wise or in l inear stacks .
The magnetic suscep t ib i l i ty  data for  the copper comp lex suggested
that the Cu(mnt)2 sites were not completely in the monoanionic
f orm , thus implying that the average charge on the perylerie sites
is less than +1/2. An analysis of the susceptibility data in
terms of the contributions from the constituents showed that the
magnetic susceptibility of the perylene spin system was l a rge ly
t empera tu re  independent over the range 100—300 K but increased
abruptly at 77 K in a manner similar to the temperature dependence
of the magnetic susceptibility of other conducting salts such as
quinol in ium (TCN Q) ,. The magnetic moment per formula un i t  of
Cu(mnt)~~ was founa to be 0.85 Pg while tha t  of N i ( m n t ) ~~~ was
1.99 i-i 8. For Pd(mnt ) °~ it was estimated tha t there were 0 .145
monoanions per formula unit.

K 7P t ( C N ) ~~Br~~~~.3H 7O. The magnet ic  suscep t ib i l i t y  of a sin-
gle c rys t a l  of K CP(Br )  has been reported by Menth and Rice .87

x is independent  of t empera tu re  and equal to —160 x 1o 6 cm3mole~~~,
a value which is very close to that expected for the diamagnetism
of the constituent atoms in view of the measured diamagnetic
suscep tibility of —136 x l0 6 cmlmole l for K2Pt (CN)4.}120.

88
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x is  t e m p e r a t u r e  dependent  and in the tempera ture  range 4 .2 to
40 K may be descr ibed by the expression

—6 1.83
~ 1 1

-l0O x l0 +— -~- -— x l O

In the temperature range 40 to 250 K the expression for x1 is

x = -160 , i0 6 + -~~--~~~~-~~~ x icr3

The need for  two Cur ie—Weiss  laws to describe the tempera ture
dependence of the magnetic susceptibility also arises for iridium
carbony l chlor ide  and (H 30) l 6 [p t ( C 204 )2 ]  nH 2O.

Menth and Rice proposed an interrupted strand model for
x of the form

= l / 2 N ( c~) [
~i
8
2

g
1] 

2 

+ -

~~~ 

[
~
] [~;] ~ 

2 

(26)

where N ( c
F

) is the thermal  densi ty of s ta tes  at  the Fermi energy ,
Na is the number of strands per unit area perpendicular to the
strand ax is, and 1~ is the mean length of the l—D metallic boxes
which are formed b y the random d i s t r i b u t i o n  of l a t t i c e  d e f e c t s
along the strand . The expression for x is valid for kBT <<

where A 2Na/(N(€F)lo). A is the mean spacing of the energy
levels within the box in the vicinity of the Fermi energy .

The f i r s t  term in the expression represents the Paul i  con-
t r ibu t ion  which arises from the boxes which have an even n u m b e r
of carriers and which may be estimated . In a l—D struc ture
N(CF) = 2Na/~nyF, where for KCP(Br) Na 1014 cm 2 and vF lO8cm
sec 1, Subs t i tu t ion  y ields 5 x l0 6cm~mole~~- .

The second term in expression 26 arises from the boxes which
have an odd number of ca r r ie rs .  In princi p le , it should be pos—
sible to ded uce l

~~, 
but the resul t was thought to be unreason-

abl y large. Also , the f rac t ion of unpa ired sp ins per p latinum
site, f, may be estimated from the expression x =

Fp8g I 2

~~~ [ 2 J f/k8
T, wher e n5 is the number of platinum sites per

u n i t  volume . For T < 40 , ~ (2/g )2 x 0.6 x l0~~~, and for
T > 40 , f (2 1g 11 ) 2 x 7 x i0~~ . 

~~~ j 5 parameter was thought to
be u n r e a l i s t i c a l ly small , and i t  must be concluded tha t  th i s
model is not app licable to KCP(Br ) . - 

~~ ———--. 
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Ku inders rna  and Saw atzk y have also measured tha magnetic ~~~~cept ibility of KCP(Br) and attributed the Curie behavior at low

~enperature to the presence of impurity platinum ions in which
the d .~~, dyz orbitals sic the highes t occup ied orbitals.89 They
argued that the model used by Menth and Rice was inappropriate
and tha t a tight binding model would have been preferable. They
suggested tha t the electrons were strongly pair ed and t hat  a
poss ibl e exp lanation may be found in terms of a semiconductor
mod el , where the band gap was much larger than 300 K. No de t a i l~.
on this proposal have been presented .

Ph ill ips 90 has su~~;ested tha t the abrupt change in slope
of the Curie—Weiss plots is a third order phase transition
which is intrinsic and is associated with a lateral alignment of
paratnagnetic domain ti ps. Along a given metal chain in KCP(Br),
or ir idium carbony l chlor ide , or (H30)1 6[Pt(C204) 2]nH2O thereare quasi periodic microdomains whLct~ may have Localizea spLns
assoc iate - Li with electrons in tip states. At high temperatures
these spins are uncorrelated , but at low temperatures interchain
alignment may become possible.

(H 30) 16 [~~t(C204)2]n}i2O. Magnetic SuSceptibiLi~ ies of po~ ’,- —
cryst~i11ine~~~~irtia1ly oxid ized samp les of (H 3O)1 6[Pt(C~ O~,)7~~~~~3
w ith two different values of n , and the unoxidized potasstur ~a~~t
have been measured in the temperature range 1.5 — 300 K 9’ The
potassium salt is diamagnetic as expected , wh ile the partiall y
oxidized acids are diamagnetic down to 15—20 K at which point
they become paramagnetic . Two Curie—Weiss laws are req uired to
fit the temperature dependence of the magnetic susceptibility .
The sample with a relatively large water content has a magnetic
moment of 0.097 ~~ above 17 K and the moment is 0.079 ~~ below
17 K. The corresponding values for the sample with a relatively
small water content are 0.11 p~ above 22 K and 0.097 ~ig  b e l o w
22 K. It is thought tha t unusual magnetic behavior of these
compounds are characteristic of linear chain , metai-~ ct~~l bonded ,
partially oxidized systems. The paramagnetic behavior rr.5\’ -~rise
from defects or localized singly occupied states , hat  no exp lana-
tion has been put forth for the abrupt change in slope of t~je
Curie—Weiss plots.

Random Exchange in~~~itholinium (TCNQ)2. Quinoliniutu (TCN~ )7
is a charge transfer compound consisting of separated stacks of
quinolinium ions and TCNQ ions . The very high electrical con-
ductivity of the material has attracted a great deal of attention
and a number of elegant studies have been described in the liter-
ature. The magnetic properties are of espec ial interest. At
relatively high temperatures the magne tic susceptibility ic
essentially constant , but at low temperatures there is a Curie—
like tail. Azevedo and Clark21 have been successful in treatin~;
the magnetic behavior of quinolinium (TCNQ)2 using the 8uLievskii
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r,odei for a random exchange Heisenber~ chain with a den~.ity of
s t a t e s  having the fo rm p ( c )  = Ak (~~i ) j c I _ ~1, where A and a are
parameteis selected to fit the data. The best fit of the rnagn..- r lc
susce~ tib~ ’ity da ta to the Bula evsk ii model yield A (1.81 + 0.1)
x lO~ -~ K~~

l. and a 0.82 -4- 0.01 . If one takes these values and inte-
grates the density of states equa t ion , a 3% molsr concentration
of spins with c/k < 10 K is obtained. The other 97% of the spins
must be involved in exchange interactions for which J/k > 10 K.
A detailed description of the susceptibility follows from the
specific form of p (J) given above .

Two Dimens ional Sheets

Potass ium Copper S u l f i d e,  KCu4 S3. The mixed valence compound
KCu4 S3, which con ta ins  three copper  ions in formal  ox ida t ion
state +1 and one copper ion in formal oxidation state +2, has a
layered s t r u c t u r e  of s u l f u r  br id ged copper ions where the  l a y e r s
are separated b y po tass ium ions.~~

2 ’93 The copper ions a rc  t e t r a —
hed rally coordinated by sulfur atoms , and with all copper ions
are equivalent. The tetrahedra form the layers  b y sharing ed ges
and vertices ir this Class IIIB compound .

The c o n d u c t i v i t y  of pressed pel le ts  of KCu4 S3 is 4.1 + 1.1
x ~~~ ohm~~-crn~~ at room temperature and rises to 6.1 x i0

4 ohra 1

cm~~ at 18 K. Although it has not been possible to obtain cry-
stals f or comp lete anisotropic measurements , the conductivity in
the  ~1an~ has been measured at  room tempera tu re  and is ~ 8 x l0~
ohm -1-cnt . As expected , this me tallic mater ial possesses a very
small paramagnetic susceptibility that is nearly temperat~ rc
independent . Below 15 K there is an increase in susceptibility
wh ich follows the Curie Weiss law with C = 0.00477 and 0 = 0.16.
This behavior suggests the presence of a small concentration of
paraniagnetic sites , e i ther  de fec t s  or paramagnetic impur i t ies .
if the Curie—Weiss paratnagnetism is subtracted from the observed
magnetic susceptibility~ then a residual molar susceptibility
of ~ 7 x 10~~ cgs mole ’ results. This is a sum of second order
single ion TIP and Pauli paramagne tism , and it is difficult to
evaluate either of these independently.

Layered Transition Metal Dichalcogenides. Layered transi-
tion metal dichalcogenides such as 211.. .TaS 2 and 2H.. .NbSe2 may
be readily intercalated w i t h  organic  molecules , meta l  atoms , and
other a donors .  The i n t e r ca l a t ed  substances f r e q u e n t ly have
hig her supe rconduc t i ng  t r ans i t i on  tempera tures  than the p recurso r s ,
but in some cases the transition temperature is shifted to lower
values. Hydrogen may be intercalated in 2H. . .TaS2 , 2F f .. .NbSe2 ,
2H. . 

~~~~~ 
and T iS2 (but not in iT.. .TaS 2, HfS 2, ZrS 2, or MoS2)

by electrolysis in acid solut~ on.
94 In these compounds hydroge n

acts as an elec tron donor.
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Magnetic susceptibilities of 2Ff.. .TaS2 and four hydrogen
intercalated compounds HxTaS2 are given in Figure 6. There is a
marked decrease in Xg for 211.. .TaS2 near 80 K. This decrease in
magnet ic  s u s c e p t i b i l i t y,  which is caused by superlatt ice forma-
t ion , is suppressed by hy drogen in tercala t ion and is absent when
X > 0.11. Some pertinent magnetic data are summarized in Table
VI , where it may be seen that the compound with the highest
superconducting transition temperature (X = 0.11) shows the
smallest , positive AX . It is thought that the bonding is due to
charge t ra s fer  from hy drogen to the d band of the tantalum sul-
f id e layer , and that the enhancement of the superconducting trans—
ition temperatures is due to a supp~ ession of a charge density
wave near 80 K.

Table VI. Magnetic Properties and T
~ 

of Tanta lum Sulf ides

~(max) x lO
6 AX T , KCompound c

emu/g [x ( m a x ) — x ( 4 . 2 ) ]

211.. .TaS
2 +.725 +0.134 0.8

HO O6TaS2 + .622 +0.078

H0 0 9 TaS2 +.590 +0 .020
H0 1 1 Ta52 -4-.606 +0.002 4.2

H0 1 5 TaS2 +.523 —0.003

H0 8 7 TaS2 (-0.190) 0 ~0.5

Ta1 05S2 +.472 +0.050

None of the H xTiS 2 compounds were superconduct ing above 0.5K ,
and the compound H~ NbSe 2 wi th  X = 0.01 exhibited an enhancement
in Tc of 0.2 K ( to  7 .45  K ) ;  while for  the compound with x = 0.2 ,
Tc was less than 0.5 K. 2H.. .NbSe2 also has a distortion at about
35 K , which is suppr essed by intercalation .

Three—Dimens ional Polymers

Prussian Blue. The mixed valence compound Fe(III)4[Fe(II)—
(cN)6]3.l4H 2o has been a frequen t objec t of study.95 In this com-
pound the iron(LI) ion, being coord ina ted by six carbon atoms ,
occupies a strong—field octahedral site , while the iron(III) ions
are in two different kinds of weak—field sites. In one of these
high spin iron(III) ions are coordinated by six nitrogen atoms
f r o m the cyano ligands coordinated to the iron(II) ions, while
in the second si te the high spin ~ron(III) Ions are coord inated
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by four nitrogen atoms and two water molecules.0 Altho ugh t he
paranlagnetic iron (III) ions are at least 10.16 A apart , and pre-
sent in the linear bridge arrangement Fe(III)—NC—Fe(II)—CN—Fe(11tI),
the substance orders ferromagnetically above 5 K. Using molecu-
lar orbital theory, Mayoh and Day 96 have calculated the ferromag-
netic coup ling energy itt terms of a “valence delocalization
coefficient” . This latter parameter was calculated from pertur-
bation theory to be 0.083 and was estimated from the intensity
of the mixed valence band to be 0.106. From the relationship
Efm ~ kBTc, they estimated T~ 

to be 11.2 K from the calculated
coeff icient and 6.6 K from the experimentally estimated coeff i—
cient. Ludi and coworker have recently measured the magnetic
pro~ erries of deuterated Prussian blue and found Tc to be 5.6 ±0.1
K, ~ a value which is in good agreement with Tc of 5.5 + 0.5 K
for Fe4[Fe(CN)6i~3.l4H20.

ll0

The close agreement between the experimental and calculated
Curie temperatures lends support to a mechanism which involves
delocalization of formally t2~ electrons of the iron(II) ionsonto the iron(III) ions. Since the tzg and eg orbi tals of the
iron(III) ions are half occupied , they ~ay accept electrons of
only one spin. Since there are six iron(III) ions about a
iron(II) ion, the spins of these six ions are correlated , and
the process is repeated throughout the l a t t i ce .  Mayoh and Day96
calculated the energy per each iron(II) center when the spins of
the six neighboring iron(III) ions were all arranged parallel to
one another , and when the six spins were arranged randomly ,  and
attributed that energy to the ferromagnetic coupling energy .
The recent prediction~

7 of a very low ordering temperature in
yoitaite98 demonstrates the power of the computational technique .

Iro n Fluoride Dihydrate. Brown , Reiff and coworkers99 have
F made M~ssbauer and magnetic susceptibility measurements on

Fe’,F5~ 2}120 which show that the material orders ferrimagnetically
at 48 K. Above the critical temperature distinc t quadru~ ole—
split Mössbauer absorprions were observed for both the iron(Ll)
and the iron(III) sites. These observations demonstrate the
nonequivalence of the oxidation states and establish ?eFy 2h 20 as
a class II mixed yalence compound . Ferriinagnetic ordering was
established by the obseryation of spontaneous magnetization ,
field-d ependent susceptibilities , and a saturation moment cor-
responding to a formula unit spin of S = 1/2. Below the critical
temperature the Mössbauer spectra exhibit the magnetic hyperf ine
structure expected for ferrimagnetic ordering .

The magnetic susceptibility data above the Neel temperature
are plotted as x~ - versus temperature In Figure 7, where the
solid l ine  is the  best f i t  to the equat ion fo r  the Neel h yperbola

= (T_T c)(T_T c t)/ [C(T_ 6T)1

with the parameters T0 = 48 K , T0’ —200.9 K , ~~~‘ = 25 ,8 K , and
C = 6.74. At high temperatures the Ndel hyperbola asymp totically
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approaches Curie—Weiss behavior, and at the ferrinagnetic N~el
temperature the hyperbola becomes i n f i n i t e . For Fe2 F5~ 2H 20 , the
limiting high—tempera ture magnetic st sceptib ility obtained from
a fit of the Curie—Weiss law to data in the temperature range
200—250 K is given by x = 6.74/(T+179). The effective magnetic
moment calculated from neff = 2.828 Cu 2  is 7.34 1-SB , a value to
be compared to the moment of 7.68 

~B 
which is predicted for two

nonin terac ting high spin iron(II) and irort(ItI) ions with g 2.
The negative 0 in the Curie—Weiss law implies antiferromagnetic
interactions between Fe(II) and Fe(III).

Below the Néel temperature long range order is expected for
ferrimagnetic materials , and , as expected , Fe2F5~ 2H20 exhibits
spontaneous magnetization in zero app lied field . Qualitatively
the behavior agrees with that predicted by a Brillouin function
with S = 1/2 and provides additional evidence for ferritnagnetic
ordering . Finally,  the saturation moment is 1.2 

~
g. For a nega-

tive coupling constant between Fe(II) and Fe(III), a saturation
moment of 1.0 PB would have been expec ted , while a pos itive
~-oupling between these ions would yield S = 9/2 and a saturation
moment of 9 

~~~

Iron Fluor ide Rep tahydrate, Fe~F5~ 7H20. The magnetic sus—
cept ib i l i ty  of a powdered sample of Fe2F5’7H20 has been measured
as a function of temperature using a vibrating sample magnetometer
operating at 10 k0e.10° A transition to an antiferromagneti~
s t a t e  was observed at 3.0 

± 0.2 K. Using data collected in the
range 4 .2 — 60 K , a magnetic moment of 7.68 

~B 
and a Weiss con-

stant of 6.9 K may be calculated. This is precisely the magnetic
moment expected from the spin—only values of the two iron ions.
Althoug h ferrimagnetisxn may have been expected , no spontaneous
magnetization was observed below TN , so the autho rs proposed a
four—sublattice model to account for the observed behavior .
Additional measurements are needed in order to sort out the inter-
actions in this mixed valence compound s ince the M~5ssbauer and
spectroscopic results of Brown and coworkers101 lead to the con-
clusion that Fe2F5.7H20 is a class I material.

Chevrel Phase Compounds. Compounds of the general formula
MxM06S8 with N = Cu , Pb , Sn , Ag, rare earths, etc., which were
f irs t repor ted by Cheyrel et al .102 have attracted considerable
attention since they undergo a transition to a superconducting
srite )-03 The structure of these compounds consist of Mo6Sg
un i t s  w i t h  the second metal atom occupy ing posi t ions between the
clusters . The identity and concentration of the second metal
atom has a dramatic effect on Tc)~

°4
~
1°5 The rare earth molyb-

denum sulfides (RE)xNo&S8 
(x “.. 1 for the light rare earths and

x ‘
~
. 1.2 for the heavier ones) are superconducting even in the

presence of a high concentration of magnetic ions. Extensive
magnetization measurements have been reported for the series of 
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Fi gure 7. Mag-~etic susceptibility data for Fe2F5~2112O. The
solid line is the best fit of Nóel iyperbola to the
experimental data.
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~1compounds (RE)
~ MoóSeg (x “. 1; RE La, Ce, Pr , Eu , Gd , Yb , and

Lu).106 The susceptibilities of CeMo6Se8, PrMo6Se8 , and YbMo6Se8
deviate marked from Curie—Weiss behavior above 10 K because of
crystal field effects. There is a small exchange interaction
between gadolinium ions in superconducting Gd1 2Mo6Se8 which
leads to long range order at 0.8 K but CeMo6Se8, which apparently
becomes ferromagnetic , does not superconduct above 0.05 K. The
compound Er~ Mo 6Se8 undergoes a transition to a superconducting
state at T

~ 
= 5.70 — 6.17 K, and the Er3+ ions order antiferro—

magnetically at 1.07 K. The ordering does not result in the loss
of superconduc tivity.’07 These compounds provide very good exam—
ples of substances which exhibit coexisting superconductivity
and long range order.
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