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Magnetic Properties of Polynuclear Complexes.

J.C.S. Dalton

Partll. Superexchange

in Some Binuclear Cobalt(u1) Complexes

By Peter W. Ball and Anthony B. Blake,* Department of Chemistry, The University, Hull HU6 7RX

The average magnetic susceptibilities of six binuclear complexes of cobalt(i1) between 80 and 400 K are reported.
The compounds studied are Co,(dhph),X,.nH,0 (dhph = 1.,4-dihydrazinophthalazine, X = Cl or Br), Co,-
(dppn)X4.nH,0  [dppn = 3,6-di-(2-pyridyl)pyridazine, X = NO,; or ClO,], Co,(dppn)(S0,),5H,0. and
Coy(Meydppn) (NOy) 4. 2CH30H [Me,dppn = 3,6-di-(6-methyl-2-pyridyl)pyridazine]. These compounds exhibit
weak antiferromagnetic exchange. and the values of the effective isotropic exchange parameter _¢ are estimated,
making allowance for spin—orbit coupling and the effects of orbital reduction and axial distortion parameters. The
values of f are compared with those of the analogous nickel complexes reported earlier, and it is concluded that
the 2, spin of Co?* probably makes a ferromagnetic contribution. The exchange interaction is analysed in
a one-electron orbital basis, leading to an anisotropic form for the exchange parameter. The average susceptibility
data do not distinguish between the isotropic and anisotropic models, however, and the precise identity of the

orbitals responsible for the ferromagnetic contribution remains uncertain.

IN an earlier paper we described some binuclear nickel
complexes of ligands containing a pair of adjacent nitro-
gen atoms, and interpreted their magnetic behaviour in
terms of a superexchange interaction via the N-N bridge.?
Three of the ligands, 1,4-dihydrazinophthalazine (dhph),
3,6-di-(2-pyridyl}pyridazine (dppn)}, and 3,6-di-(6-methyl-
2-pyridyl)pyridazine (Me,dppn), gave compounds with
cobalt(11) that appeared to have the same structures as
their nickel analogues, and thus offered an opportunity
to compare the superexchange behaviour of nickel and

cobalt in similar environments. We now report the
magnetic properties of these cobalt complexes, and use
them to pursue the question of the mechanism of super-
exchange in systems of this type, particularly the effect
of the unpaired spin in the #,, orbitals of Co?*. In
doing this we shall have to take account of the orbital
momenta of the ions, since they are in approximately
octahedral co-ordination in all these complexes. A

! Part I, P. W. Ball and A. B. Blake, J. Ckem. Soc. (4), 1969,
1416.
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preliminary account of these results has appeared else-
where.?

7\
HN— NH N=
A \/ \ R
/ N—N
H,N NH,
dhph R = H, dppn
R == Mec, Me,dppn
RESULTS

As before, we begin by presenting the evidence for bi-
nuclear structures, analogous to those previously assigned
to the nickel complexes.

Spectra and Structures of the Complexes —The compounds,
which are listed in Table 1, are orange, paramagnetic,

TasrE 1
The compounds studied and some magnetic properties

et Hheft
Number Compound (300 K) (100K) —0/K

(1) Co,(dhph),,Cl;,56H,0 4-44 3-99 67

(1)  Co,(dhph),Br,,6H,O 4-45 3-93 58
(11I)  Co,(dppn),(NO, )4,2Hr,O 4-43 3-97 50
(LV) Cor 2(dppn),(ClOy) 4, 6H,O 4-24 3-89 40
(V) Coy(dppn)(SO,),,5H,0 4-53 4-21 35
(V1) Coy(Mc,dppn) (NO,)y,2CH,OH 424 3-94 45

crystalline solids which darken slowly in air (rapidly when
moist). The diffuse reflectance spectra of compounds
(IT1)— (V1) show a broad, slightly asymmetric band centred
between 9000 and 11 000 cm™, assigned to the 47, —p
4T, transition of Co** in pseudo-octahedral symmetry, and
up to three weaker bands between 18 000 and 24 000 cm™,
appearing as shoulders on an intense u.v. band, which
probably correspond to the transitions to 44, and *7,(P).
[The sensitivity of compounds (I) and (II) to oxidation
prevented satisfactory spectra from being obtained in these
cases.]

The magnetic properties of all six compounds suggest the
presence of a weak exchange interaction, in that the values
of the Weiss constant 6 (Table 1) are considerably larger
than those commonly observed in mononuclear cobalt(1r)
complexes.* These compounds were prepared in a similar
manner to the corresponding nickel complexes, and have
similar formulae (differing by a molecule of solvent in some
cases). The evidence for formulating both series of com-
pounds as binuclear can be summarised as follows.

(1) The stoicheiometries and electronic absorption spectra
of the nickel complexes are most simply accounted for by

* Of 23 magnetically dilute, octahedral, cobalt(11) compounds
whose 0 values in the range 80—300 K are listed by Koénig,? 22
have 6 between —11 and —36 K, with a mean of —23 K. (The
curious exception is CoSe0,,6H,0, —64 K.) The presumably
mononuclear complex Co(Me,dppn),(ClO,),,3H,0 hasf = —26
K.

t We arc aware that similarity of the i.r. spectra of such com-
plex compounds is not an infallible indication of similarity of
their structures, but we feel that it is very unlikely that such close
resemblances as are observed here could arise from grossly
different co-ordination of the ligands in cobalt and nickel com-
pounds with analogous formulae. It is worth mentioning that
the ir. spectrum of Co,(dppn),(NO,);,2H,0 is quite different
from (and indeed much simpler than) that of Mn(dppn),(NOg),,
which is known from a crystal-structure analysis to be mono-
nuclear, with bidentate NO;~ and only one half of each dppn
molecule co-ordinated.®
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binuclear structures, and their magnetic behaviour between
80 and 300 K agrees closely with that predicted for pairs of
34,, ions with a weak antiferromagnetic exchange inter-
action (J ca. —40 cm™).1

(i) The compound Ni(dhph)Cl,,3H,0 has been shown by
X-ray crystal-structure analysis to contain the centro-
symmetric binuclear cation [Ni,(dhph),(H,0),]*", Figure 1.4
Comparison of single-crystal X-ray diffraction photographs
of the k0 and O&! levels of this compound and its cobalt
analogue, compound (I), shows conclusively that the two are
isomorphous.

(iii) X-Ray powder photographs show that compound
(III) is isomorphous with its nickel analogue.

(iv) Thei.r. spectra of compounds (I)—(V) resembie those
of their nearest nickel analogues to a degree that we believe
reflects close similarities between the respective structures.
Thus, the spectra of compounds (III) and (V) between
4000 and 250 cm™ are virtually identical with those of the
corresponding nickel compounds, and the resemblance is
very close in the cases of (I), (II), and (IV). The spectrum
of (VI) is sufficiently different from that of its nickel ana-
logue to prevent a definite conclusion, though the differences
can be accounted for partly by the different solvation.

N
0
N
c

FiGure 1 Structure of [Niy(dhph),(H,0),]** (ref. 4j. The
chloride of this ion is isomorphous with compound (1)

Taking the evidence as a whole, we feel reasonably
confident in assigning binuclear structures with N—N bridges
to all the complexes of cobalt and nickel in this study.

Magnetic Results and Interpretation.—The experimental
susceptibility data for the finely powdered solids between
80 and 400 K are collected in Table 2. The values listed
have been corrected for diamagnetism as before,* and for
temperature-independent paramagnetism (t.i.p.) as de-
scribed in Appendix I. The t.i.p. correction is small (less
than 29}, but we include it so that the cobalt and nickel
results will be strictly comparable. The values of the
effective magnetic moment peg = 2:828 (x,7)* at 300 and
100 K (where y, is the susceptibility per mole of Co atoms)

1 Magnetic susceptibilities are given in this paper in the c.g.s.
electromagnetic system, in the interest of uniformity with Part I.
To convert to m3 mol-!in SI, the values given should be multiplied
by 47 x 10-C.

2 J. E. Andrew, P. W. Ball, and A. B. Blake, Chem. Comm.,
1969, 143.

3 Landolt-Bornstein, New Series, Group II, Volume 2,
‘ Magnetic Properties of Co-ordination and Organomectallic
Transition Metal Compounds,” by E. Koénig, Springer, Berlin,
1966.

4 J.E. Andrew and A. B. Blake, J. Chem. Soc. (4), 1969, 1408.

5 A. B. Blake and L. R. Fraser, unpublished work.
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are given in Table 1, together with values of the Weiss
constant 0 estimated graphically as before.l

In interpreting the magnetic data to obtain estimates of
the exchange parameters, we are confronted with a much
more difficult problem than in the nickel case. In both
cases the metal ions are in approximately octahedral co-
ordination with a tetragonal distortion; but the 34 29
ground term of Ni?* is split (to first order) only by exchange,
whereas the 4T, ground term of Co®* is split by both spin-—
orbit coupling and the low-symmetry field even in the
absence of exchange, and the contribution of these effects
to the temperature dependence of the magnetic moment
must be allowed for before a comparison of exchange in the

J.C.S. Dalton

k7, with the orbital singlet levels lowest; the spin states
are assumed to be coupled by an isotropic Heisenberg
exchange interaction. The second model starts with the
cubic-field 4T, terms, and assumes them to be perturbed by
spin—-orbit coupling and an isotropic exchange interaction;
a small axial distortion can also be included if necessary.
Finally, in the third model the orbital dependence of the
individual exchange integrals is recognised, leading to an
anisotropic (but, in a centrosymmetric complex, still
symmetric) exchange operator.

(1) Tons in orbital singlet states. As in the nickel case,!
the observed decrease in the magnetic moment with de-
creasing temperature is ascribed solely to an exchange term

TABLE 2

Magnetic susceptibilities (cm® mol™?, after correction for t.i.p. and diamagnetism as described in the text)

T/K 105y T/K 105y T/K 105y
Co,(dhph),Cl,,5H,0 Co,(dhph),Br,, 6H,0 Co,(dppn),{NQ,),,2H,0
2965 1701 3816 1327 408-2 1235
2730 1818 364-0 1383 395-1 1281
241-9 2006 345-3 1456 376-0 1336
2138 2193 3227 1549 362-1 1370
1872 2434 310-2 1598 3454 1437
160-0 2755 2055 1668 3278 1505
1378 3088 294-5 1679 3131 1582
102-8 3912 271-3 1795 297-4 1651
92-4 4163 258-8 1987 296-0 1663
80-5 4518 2150 2146 270-8 1768
190-6 2369 244-4 1941
156-5 2767 2165 2124
1362 3065 189-2 2348
116-2 3471 167-4 2619
98-0 3903 143-6 2963
Co,(dppn),(ClO,),,6H,0 77-2 4406 122-0 3367
3696 1239 98-4 3986
360-2 1280 Coy(dppn) (SO,),,5H,0 79-2 4510
3455 1322 361-8 1455
3280 1388 347-1 1519 Co,(Meydppn)(NO,),,2CH;0H
3138 1446 330-0 1570 2968 1666
299-2 1498 320-6 1617 275-6 1778
292-8 1534 300-0 1719 251-8 1929
266-1 1654 2753 1884 236-4 2050
238-2 1825 242-2 2090 188-2 2413
212-2 2018 210-0 2355 157-0 2806
183-8 2286 178-8 2679 138-2 3010
149-3 2729 144.0 3255 116-1 3495
120-4 3302 112-8 4002 97-4 3933
95-3 3910 95-2 4607 86-8 4211
77-9 4554 86-4 4952

nickel and cobalt cases is possible. A further complication
which arises in the cobalt case is that the three ‘ Z,, ’ orbitals
contain only one unpaired spin, and since in the symmetry
of a binuclear complex these three orbitals cannot be
equivalent, the strength of the exchange will depend on
which one is occupied on each ion. This not only contri-
butes substantially to the magnetic anisotropy of the com-
plex, but also means that more than one exchange para-
meter is required to describe its magnetic properties.

Clearly, the magnetic behaviour of a binuclear cobalt(11)
complex can be interpreted at several levels of approxima-
tion, and it would be useful to know how the results of these
compare. We shall examine three models. The simplest
ignores the effects of orbital degeneracy, and is equivalent to
assuming that there is a distortion from octahedral sym-
metry large enough to split the 47, terms by an energy >

* Energies involved in thermal equilibria are given here in
units of kK, where k is Boltzmann’s contant, equal to 8-310
J KL

$ J. Kanamori, Progr. Theoret. Phys. (Japan), 1957, 17, 177.

—2_#8, . Spin the Hamiltonian. The susceptibility of the
pair of ions is given by equation (1), where x = _#/KT. This
2Npgp’g®

M= KT

€107 | pesr | 14
e—lzz; + 36"101 + 58‘616 + 7

(1)

expression was fitted to the experimental data for compounds
(I)—(VI) by the method of least squares, giving the values for
gand _# showninTable3, column (1).* Valuesof thefunction
R == [Z(Jobs — Yeale)?/Zxobst]? are also listed, as a measure
of the discrepancy between the experimental and calculated
curves.

(2) Ions in 5T, states with isotropic exchange. Several
authors have recently given attention to this type of
problem.®® Lines has discussed the effect of spin-orbit

7 T. Nakamura and N. UryQ, J. Phys. Soc. Japan, 1956, 11,
760; A. Abragam and B. Bleaney, ‘ Electron Paramagnetic
Resonance of Transition Metal Ions,” Oxford, Clarendon, 1970.

8 M. E. Lines, J. Chem. Phys., 1971, 55, 2977.

® (@) O. Kahn, J. Chim. Phys., 1973, 70, 392; (b) J. C. Bernicr
and O. Kahn, Chem. Phys. Letters, 1973, 19, 414.
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coupling on the magnetic properties of two to four exchange-
coupled Co?* jons, using an ingenious hybrid approximation
which combines an exact spin Hamiltonian for the lowest
Kramers doublets with a molecular-field representation
of exchange in the upper levels of the ground multiplet.®
For a cluster of only two Co?* ions, however, a perturbation
treatment of the complete 47T, X ¢T, manifold is practic-
able, and should be more accurate. We use a computer
program which does this for the general 28 * 1T case (S = },
1, 3 or 2).

The effect of spin~orbit coupling can be represented by
the operator #rg = —A(La .Ss + Lg . Sg) acting on pro-
duct functions derived from pseudo-P states of the ions
A and B.1® This operator must, however, be modified to
take account of mixing of metal and ligand wavefunctions
as a result of covalency (which causes the true matrix
elements of L to be smaller than those obtained using pure 4
wavefunctions), and mixing of the strong-field determinantal
wavefunctions as a result of interelectronic repulsion. The
first can be allowed for by introducing an orbital reduction
factor & as an empirical parameter,’* and the second by
multiplying L by another numerical factor 4, whose value
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number of parameters down, we have endeavoured to
estimate D for each compound independently in the follow-
ing way. In a spectroscopic study of a series of isomor-
phous tetragonal complexes of the type ML,X, (. = 3-
methylpyrazole, X = Cl, Br, I, or NO,), Reedijk found that
the ratio Dgo/Dy; varied between 0-31 and 0-37, with a

[ ¥4 z

Metal Metal
ion A ion B

FiGure 2 Co-ordinate system to which the orbitals of the
metal ions are referred

Bridging
ligands

mean of 0-35.1* We therefore take D positive and equal to
0-35 times the splitting of the 3T,,(F) term of the analogous
nickel complex, determined from its reflectance spectrum !

TABLE 3

Some derived magnetic parameters

Compound p A \
number g — fkK 102R
I 2-39 10-6 115

1) 2.41 11-9 0-94
(111 2-38 106 1-29
(1V) 2-26 S-2 0-85

Vi) 2-41 7-5 0-82

(V1) 2-41 11-6 1-16

-

@)
k D/KK - FIkK 10tk 4 ZNif FCos
1-03 2100 77 1-11 19
1-04 2100 9-0 0-86 17
079 1100 76 121 2.0
0-50 500 6-0 1-51 1-6
0-85 250 3-0 1-79 26
0-65 250 8-5 1-66 16

¢ #co from Section (2) of this Table, #x; from ref. 1.

lies between 1-0 and 1-5 and can be estimated independently
from spectroscopic data.l* From the reflectance spectra of
compounds (3)—(5) we calculate ¥ 4 = 1-39 4 0-02 (see
Appendix 1). The free-ion spin—orbit coupling constant A
is thus replaced by 242, and the magnetic moment operator
becomes —kAL + 2S. Note that the values of % are not
necessarily the same in these two expressions, but we assume
them to be equal; we also ignore the possibility of anisotropy
in k2, A, or . For 4F of the free Co?" ion, A/K = —256 K.10

According to the structures assigned to the nickel com-
plexes,! the donor-atom set in each compound is either
trans-N,O, or cis-N,O,, and the ligand field may therefore
deviate considerably from cubic, though retaining roughly
tetragonal symmetry about the z-axis in the co-ordinate
system of Figure 2. An axial distortion in the z-direction
can be represented approximately (provided we remain
within the 4T, x 4T, subspace) by the operator-equivalent
Hry, = D(L,p% + Lg% — 4/3), where D is the splitting of
the individual ion T-term by the axial field, and is positive
if the orbital singlet lies lowest. Since we need to keep the

* It must be emphasised that equally good fits can often be
obtained with considerably different assumed values of D. We
find, however, that with %, D, and f as parameters, any constraint
on D is accommodated mainly in the value of %, and vice versa,
the best-fit value of j being comparatively insensitive to other
parameters. It is clear that too much significance should not be
attached to the values of % listed in Table 3.

(assuming in each case that the ligand field is weakest along
the tetragonal axis). The estimated values of D are shown
in Table 3. [For compounds (V) and (VI) the splitting was
not resolved in the spectrum of the nickel analogue, so
that in these two cases the small value assigned to D is simply
a reasonable guess.]

The complete perturbation is thus represented by the
Hamiltonian (2), and the quantities to be determined by
curve fitting to the experimental data are £ and _#. The

Hy = D(La% + L.p* — 4/3) —
RANLgs - Sy + Lp . Sp) — 2fSA' Ss
=My, + Hrs + Hss 2)

method of calculating the susceptibility is described in
Appendix ITI. Since the dependence of x on k and _# can-
not be expressed analytically, the usual method of least
squares is not applicable, and a trial-and-error fit is neces-
sary. % and _# were therefore varied by small amounts, and
contours of the mean squared deviation were plotted until
a minimum was located for each compound. The results
are shown in Table 3, column (2).*

1 1. S. Griffith, ‘ The Theory of Transition-Metal Ions,
Cambridge, 1961.

11 M. Gerloch and J. R. Miller, Progr. Inorg. Chem., 1968, 10, 1.

12 B. N. Figgis, ‘ Introduction to Ligand Fields,” Interscience,
1966, p. 270.

13 B. N. Figgis, J. Chem. Soc. (4), 1968, 2086.

14 7. Reedijk, Rec. Trav. chim., 1970, 89, 993.
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(3) Ions in AT, states with anisotropic exchange.* The
spin-dependent part of the energy of interaction between
two many-electron ions 4 and B was shown by Heisenberg
and Dirac to have the form (3), where the summation is
over the electrons 7 of ion 4 and j of ion B. When 4 and B

s = —23 J(0.7)54(3) - 55() (3)
2

are in orbitally non-degenerate states, (3) reduces to the
usual exchange operator —2 ¢S, . S, where § is the total
spin of the ion and _¢ is a constant. But, as Van Vleck
pointed out some years ago,'® when the ions have orbital
degeneracy, the J(7,7) will be matrices connecting the
orbital wavefunctions of the electrons, and the transforma-
tion of (3) to the form —2 ¢S, .Sp will then in general
result in _# being anisotropic and dependent on the orbital
states of the ions. A detailed and general discussion of this
problem has been given by Levy,® but because of the large
number of parameters in the full theory, the possibility of
anisotropic exchange is often ignored.®® Nevertheless, it
is useful to return to (3) if we wish to understand in a
qualitative way how the exchange interaction differs in the
nickel and cobalt complexes. We shall take up later the
question of whether the orbital dependence of ¢ canin fact
be estimated from powder data.

The transformation of (3) to a basis of atomic states is
carried out by elementary methods in Appendix II for the
d® and d7 cases. For two Ni?* ions we find that (3) is
equivalent to the spin operator (4) acting on the states
|Mga>|Mgg) of the direct product 345, X 344, where 6 and
e are real orbitals derived from the d,: and d.» _,s orbitals,

Hss = —2[](00) + 2] (0<) -+ J(ec)1S4 . Sp/4S?
= —2 78, .88 (4)

respectively, of a single metal ion in the co-ordinate system
of Figure 2, and the exchange integrals [(¢adp) are the
diagonal matrix elements {(¢adzn|/|padp) of the orbital part
of the exchange interaction (3). ¢ is thus identified with
the ¢ average > exchange integral J(ee) = [J(60) + 2] (6¢) -+
J(e€)]1/4; as far as we are aware, there is no empirical way in
which the orbital integrals [(¢a¢p) can be evaluated sepa-
rately.

In the cobalt case, the ground term 4TM is a mixture of
lyte,® and 1,.%,% functions. Neglecting the #,,%,* contribu-
tion (which, according to spectroscopic evidence, is only ca.
69%,), we find in Appendix II that (3) is equivalent to the

* The authors are indebted to a referee of the original version of
this paper for drawing their attention to the work of Levy 1% on
anisotropic exchange.

t Actually, both diagonaland off-diagonal integrals (¢’s¢'s| |-
¢$adp) appear in the expression for the exchange energy, and there
is no theoretical justification for assuming that the off-diagonal
terms are negligible. However, of the 625 integrals {for I = 2},
Levy 16 has shown that 145 are distinct even when the two ions
are related by a centre of inversion, and although the number
will be reduced further in D,, symmetry, it is clear that some
very drastic assumptions are necessary before we have a model
that can be related to experiment. Copland and Levy,'? in a
discussion of direct exchange between Co?* ions, chose for practical
reasons to ignore the off-diagonal integrals, and Barraclough and
Gregson 18 have done the same in their treatment of Ti,Clg3-.
‘We here assume that the matrix of J is diagonal in a basis of real
d-orbitals (the results arc cssentially the same if complex orbitals
are used), with the aim of interpreting our results in terms of those
diagonal elements that seem likely to be most important, but
we must emphasise that this is to be regarded at present more as a
simplifying convention than a justifiable approximation. Note,
however, that J(ee) is necessarily diagonal.

J.C.S. Dalton

spin operator (5) acting on the states | My Mgy »|MypMsp)
of the direct product 4T, X 4T, where L (= 1) is the

Hss = —2 7 (Mpa, Mrp)Ss - Sp (8)

‘ effective * orbital angular momentum quantum number.
The three distinct exchange parameters # (Mg, Myp) are
given by (6), in which &, =, and ¢ are the #,, orbitals, J(ee)

F(0,0) = [4] (ee) + 4](e¥) + J(£0))/9
H(1,0) = [4] (ee) + 2] (¢¥) - 2] (eE) + J(LE)1/9
F(LY) = (4] (ee) + 4] (eE) + $J(EE) + 3T (En)1/9 ()

is defined as before, and J (e¢) = 3[J(0¢) + J(ef)] (¢ = L or

).t Note that (6) contains eleven dlstmct orbital exchange
integrals [cf. equation (15), Appendix IT], and again there is
no way in which they can be evaluated individually, even
if the three #’s can be experimentally determined.

If we assume that J(ee) will not be greatly different in the
nickel and cobalt cases, the main differences between f for
nickel and the _#(Mypa,Mygp) for cobalt, apart from the
anisotropy of the latter, are the factor 4/9 arising from the
different total spins, and the addition of terms of the type
J(¢a,¢n"), " # ¢, in the cobalt case. Such terms are likely
to be positive, i.e. ferromagnetic, in nature,?® and their net
effect might be expected to outweigh that of the additional
terms J(C¥) and J(£E) (whose signs are probably negative
but which are statistically less important), making all three
F’s less negative than in the absence of #,, contributions.
If the f,, orbitals made no contribution, we should, of
course, have a single isotropic exchange parameter ¢ =
(4/9) ] (ce).

To determine whether average susceptibility measure-
ments over the range 80—400 K can reveal anything about
the orbital dependence of exchange in complexes of the
type we are concerned with, we selected the data for
compound (ITT). With D/K equal to 1100 K and % equal to
the value estimated by using the isotropic model, the values
of #£(0,0), #(1,0), and #(1,1) were systematically varied
over the range —14 to +2 K in an effort to find a minimum
in the value of the discrepancy index ®. Not unexpectedly,
the fit, though quite sensitive to the average, was found to
be rather insensitive to the individual values of the j ’S;
low values of R were confined not to a point in the three-
dimensional _#-spacc, but to a plane defined approximately
by [ #(0,0) + #(1,0) + 15 #(1,1)]/k = —26-4 K. Thebest
fithad #(0,0)/kca. —12, #(1,0)/Kca. —10,and #(1,1)/K ca.
—3 K, with R = 0-0117, but almost equally good fits
could be obtained with considerably different values, the
only consistent observation being an apparent preference
for #(1,1) to be less negative than #£(0,0) or #(1,0). The
individual estimation of the three exchange parameters in
compounds of this type must evidently await single-crystal
magnetic measurements.

DISCUSSION

We have used three models to interpret the magnetic
properties of the binuclear cobalt(i1) complexes. The
first, in which the temperature dependence of the mag-

5 J. H. Van Vleck, Rev. Univ. Tucumdn (Argentina), A, 1962,
14, 189.

16 P, M. Levy, Phys. Rev., 1969, 177, 509.

17 G. M. Copland and P. M. Levy, Phys. Rev. B., 1970, 1, 3043.

18 C. G. Barraclough and A. XK. Gregson, J.C.S. Favaday 11,
1972, 177.

19 P, W. Anderson, in ‘ Magnetism,” eds. G. T. Rado and H.
Suhl, vol. I, Academic Press, 1963, ch. 2
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netic moment is assumed to be due entirely to exchange,
is obviously inappropriate: the effective magnetic
moment of an octahedral cobalt(i1) complex normally
decreases over the temperature range 400—80 K, as a
result of the splitting of the 4T, ground term by spin—
orbit coupling and distortion,® and in neglecting these
effects we must inevitably overestimate the importance
of any antiferromagnetic exchange interaction. We were
interested to know the extent of this overestimation,
which can be seen by comparing the results obtained by
using models (1) and (2) in Table 3. (Note that the
spin-only model gives quite a good fit to the data,
probably because the orbital effects are partly accom-
modated in the false parameter g.)

The second model takes the spin—orbit coupling and
distortion into account, and leads to values of the
effective isotropic exchange parameters that should be
much more realistic. Unfortunately, in doing so it
introduces two new parameters, both of rather uncertain
value, so that the accuracy of the results will not be high.
We assume a possible error of 4-109%, in ¢, arising from
these uncertainties.

In the third model, we have attempted to include the
orbital dependence of the exchange resulting from the
inherently low symmetry of a binuclear complex, but we
find that our powder data are barely capable of dis-
tinguishing this from an isotropic interaction. We
therefore use the results of model (2) in comparing the
strengths of exchange in the binuclear cobalt and nickel
complexes discussed in this paper and Part 1.1

TFrom Table 3 it may be seen that theratio (4/9) #xi/ # co
for the six pairs of compounds lies between 1-6 and 26,
with five of the values being between 1-6 and 2-0.
Because of the experimental uncertainties in the #’s it is
doubtful that the deviations from the mean of 1-9 are of
much significance, and we conclude that the trends in #
from one complex to another for a given metal are largely
the result of structural variations that affect the inter-
action rather similarly for cobalt and nickel. As was
noted previously, we are not able to explain these varia-
tions in #.

The value of 1-9 - 0-3 for (4/9) £xi/ #co may be com-
pared with the value of ca. 1-3 found in the oxides.® If
the 4y, electrons of Co?* made no net contribution to the
exchange, this ratio would be equal to J(ee)xi/J(e€)co-
Nesbet has calculated a theoretical value of ca. 1-6 for
the latter ratio in the oxides,?? and although the approxi-
mations involved in this calculation have been questioned
by Anderson,® both authors’ theories seem to indicate
that this ratio should not be strongly dependent on the

* According to the simple molecular-field theory, the Néel
temperature for the NaCl structure with spin ordering of the
second kind is given by Tx = —4 #£S(S + 1)/k, where ¢ is the
exchange parameter for next-nearest neighbours.?? Tor CoO
and NiO, Ty = 292 and 523 K respectively,?! and hence (4/9)
Fxil Feo == 1'49.  However, allowance for the orbital magnetism
of CoO reduces this to 1-34.6 Note that above the Néel tempera-
ture of CoO, spin—orbit coupling makes p.x decrease with in-
creasing temperature, and hence the correction results in a higher
valueof | #|, the reverse of the situation we have been considering.
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nature of the ligands. (The ¢, contribution to # by
Anderson’s mechanism is 24%/U, where b is roughly
equal to one third of the ligand-field splitting and U is
the energy required to transfer an electron from one
cation to the other.??) It thus seems that the #,, con-
tribution to the exchange in our compounds is consider-
ably more positive than in CoO, and although we cannot
be certain about the actual sign of the contribution in
either case, it seems likely that it is in fact ferromagnetic
in the binuclear complexes.

The major ferromagnetic terms in equation (6) are
probably 4 ] (¢¢) and 4 (¢€). There is a slight indication
that #(1,1) is less negative than #(0,0) or #(1,0), which
would suggest that the dr orbitals (£ and v) provide the
strongest ferromagnetic contributions, perhaps through
the azine n-system. In the absence of magnetic aniso-
tropy information, however, further speculation is un-
fruitful.

EXPERIMENTAL

Magnetic susceptibilities were measured on finely pow-
dered samples by the Gouy method as described previously.?
Diffuse reflectance spectra were recorded between 5000
and 30 000 cm™ on a Beckman DK2 spectrophotometer.

Preparation of Complexes—The methods were similar to
those used for the nickel complexes,! except for the com-
pounds with dihydrazinophthalazine, which are casily
oxidised and were prepared using air-free solutions in an
atmosphere of oxygen-free nitrogen and subsequently
manipulated in a nitrogen-filled glove box. Microanalysis
for C, H, N, Cl, and Br was performed commercially, with
the results: (I), Found: C, 26-3; H, 4-1; N, 23-2; CI, 19-2.
CyeH:oClCo,N 1,05 requires C, 26-4; H, 4-1; N, 23-0; (],

19-4. (II), Found: C, 20-9; H, 3-5; N, 185; Br, 34:5.
C,eH;,Br,Co,N 1,0, requires C, 20-8; H, 3-3; N, 18-2;
Br, 34:6. (1II), Found: C, 38:7; H, 2:7; N, 19-3. C,Ho,-
Co,N,;,0,, requires C, 387; H, 2:7; N, 193 (IV),
Found: C, 30-8; H, 3-0; N, 10-2; Cl, 13-2. C,H;,CL,Co,-
NgO,, requires C, 30-8; H, 2-9; N, 10-2; CI, 13-0. (V),

Found: C, 26-6; H, 3-2; N, 8-6.
quires C, 26-6; H, 3-1; N, 88,
3-1; N, 16-1.
N, 16-29,.

C;,HyCo,N,0,,8, re-
(VI), 'ound: C, 31-3; H,
C,sH,,C0,N0,, requires C, 31-2; H, 3-2;

APPEXNDIX I

Configuration Mixing and T.1.D. for Co*" in an Octaledral
Field.—The 4T, wavefunctions of a d*® or d7 ion in cubic
symmetry have the form (7), where a2 -- 8* = 1, a/b =
(10Dg + 9B -+ R)/12B, and R? = (10Dgq)?® -~ 180 BDg +-
(15B)2, the separation of the % and P terms in the limit

[T}? = al|t,%eT> + b\tgeznTQ
[T, = blt,2eT,» — alt,e®T,) (7)

Dg = 0 being 15B. The values of Dg and B for an octa-
hedral cobalt(r1) complex may be calculated from spectro-
scopic data by cquations (8), where I, E,, and E, are the

20 J. S, Smart, ‘ Effective Field Theories of Magnetism,’
Saunders, Philadelphia, 1966.

2L M. Foéx, Compt. rend., 1948, 227, 193.

22 R. K. Nesbet, Phys. Rev., 1960, 119, 658.

28 Ref. 19, p. 48.

24 P. W. Anderson, Phys. Rev., 1959, 115, 2.


http://dx.doi.org/10.1039/DT9740000852

858

energies of the transitions from ¢7,(F) to 47, %4, and
4T, (P), respectively. For compounds (IIT)—(V) discussed

15B = I[E, — 2E, + (Eg2 + E.Ey — E)H
10Dg = 2E, — E4 + 15B = E, — E, (8)

in this paper, £, = 9000—11 000 cm™ and I, and E, are
both in the range 18 000—24 000 cm™, and we can obtain
reasonable fits to the observed spectra with 10Dg = 10 000
—12 000 and 15B = 12 000—14 000 cm™. By analogy
with the nickel complexes?! we expect similar values in
compounds (I}, (I1), and (VI). Hence a = 0-97 4+ 0-01 and
b= 0-25 4+ 0-01, 7. the ground configuration is about
949, 2%

The factor 4 which appears in equation (2) is defined so
that the matrix of L within the ground 7, term is —A4
times the matrix within a P term, and it follows that A4 is
equal to }(2a® 4 4ab — b%). Hence in our compounds 4 ==
1-39 4- 0-02.

The second-order perturbation of the ground term by the
magnetic field contributes a temperature-independent para-
magnetic susceptibility given by (9), where the sum is over
all m states ¢i,; of the ground term and all excited states ¢;

2Nyg? |<¢'nj|Ll‘/’oz>‘2
3m E, — E,

Ytip = 9)
such that E, — E, > K7. Since L transforms as 77, in
cubic symmetry, both the 47T, (F) and 4T, (P) terms will con-
tribute to the t.i.p. of a 4T,(F) ground term. The con-
tributions in the @ or d? case are found to be Nug?(2k’a +
kb)%/I7; from 4T, and Nugp?(2k’b% + 3kab — 2k’a%)[3E, from
4T,(P), where & and %’ are orbital reduction factors for
(Ut and (4|lle), respectively.  If we assume 2’ = k, we
have:

+ 24)[1/E, +

Yup = Nup3(2 (3 — 24)/3Ey)

The result for d2 or d8 is the same. For our compounds only
the 4T, contribution is significant, and y;, = 0-000125%2.
The average value A% = 0-8 was used in making the t.i.p.
corrections.

APPENDIX 11

Orbital Exchange Parvametevs for d%-d® and d'-d7 Inter-
actions.—The 34, ground term of 4® belongs to the strong-
field ‘ hole ’ configuration ¢,%, and we may therefore write
the exchange matrix in the nickel case as (10), where ¥
is defined by (3) and the abbreviation |$) 3 is used for the

<e?34,a,Mg | s i sg|e? 34 ,a,MgH s B (10)
product |¢>ald>p. The orbital and spin functions are
separable, and the spin part of (3) can be shown to be
equivalent to the operator —2S, .Sp/4S? acting on the
components of 3.4, x 34,. In terms of the real ¢j-orbitals,
the orbital function is |e24,a,) = |6c), and hence (3) re-
duces to (4).

The 4T, (F) term of d7 is a mixture of ¢,%! and ¢,le* func-
tions, with the latter contributing ca. 949, of the electron
density in the present case, as noted above. In view of the
many other sources of uncertainty in the estimation of the
exchange parameters from the data, we make the approxima-
tion of neglecting the #,%* component, and take the ground-
state wavefunctions as |e%,*T,MMgy. By partially ex-
panding these determinantal functions, bearing in mind
that the only term of e?® that is a parent of 47 is 3.4, we

J.C.S. Dalton

obtain (11), where p represents one of the real ¢, orbitals
£, m, and ¢, and the two-electron functions are still antisym-
metrised. It can again be shown that the spin part of (3)

je3y 4T\ M1 Mg) = \/3 2 z z
Msms u
{]e3(12)34 0, s |1,(3) wms>
+ [e2(28)34 2, s> |ts(1 pmb/
+ [e3(31)34 ya, M) |t2(2) umg)> )
agpe| T My, y (M gmg|3Mg)

is equivalent to the operator —2§, . Sp/45? acting on the
components of 47y x *7,, and the exchange matrix is
therefore given by (12), where the operators are defined by
(13) and the subscript 4,B indicates, as before, the product
of the corresponding terms for the 4 and B ions.

AT My Mg |a g ss| T ML Mgy 3 =
<MS,IA‘B —_ 2SA . SB/4SSJJL15>A‘B
X E Z {<T1A{L’I“2E’->A.B<3Z*4 2@ A.B](‘i)!ng NISTRN

BA uB

—+ z (T My agpyad T1 My |asn’ )n
uB’

X (e a5 2ty [ P|e2A sa)a ot
+ (a similar term with 4 and B interchanged)

+ z 2 <T1A[II“2U1>A.B<tzHI‘A. ‘Rf(l){tzl’->A.B}

I\

(11)

X {ag| T\ MDA (12)
JO = J(3,3)
JO =3 163
=2l
2 2
JO= 3> > J@5n (13)
i==1j=1

If the matrix of J® is diagonal in py and pp, (12) becomes
diagonal in M1 and My and #gg takes the simple form
(5), where #(Mys Myp) is defined by (14) and its non-zero
components are given by (15) [equivalent to (6)].

f (Myp Mip) = 91<3'A 2“21A BJ (4)(32/1 2@2)A B
+ Z (e*4 2“21A<t2l |B]L2)132A 2”’2/A|t2&‘->B[<T MLI“zU->lzB
bA

+ (a similar term with 4 and B interchanged)

+ 3 (o] a, BT D) tuda, BT M| agp |24, 5} (14)
Fl1L, D) = F(ELF1L) = [J(00) + 2](0) +
Jleg) + 2J(08) + 2] (&) + 3T (EE)
4 3J(En)]/9
F(=1,0) = 7(0,41) = [J(06) + 2](65) + Jiee) -
JOT) 4 J(L) < J(6E) + J(&) +
J(EQ)/9
F(0,0) = [J(00) + 2](8e) + J(e) + 2] (60) +
2](<0) -+ JZO/9 (15)

APPENDIX III

Susceptibility of a Pair of lons in Ty or Ty Orbital States.—
The magnetic behaviour of a pair of 47, ions perturbed by
the Hamiltonian (2) with the exchange operator defined by
(5) was calculated by means of two computer programs.
Program TTMAGI prepares a magnetic tape containing the
necessary vector-coupling coefficients and the matrices of
Hrr., H1s, and Hgg with parameters omitted. Program
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TTMAG?2 is supplied with this tape and one or more sets of
the parameters A, D, efc., and calculates the susceptibility—
temperature curves. These programs can also deal with
2T, and 3T, ions. They are written in Fortran and require
{(for 4T,) core storage for at least 40 000 real numbers, or
16 000 if disc backing store is used. A program is also
available for the case of two *T,, 3T, 4T,, or °T, ions in
effectively cubic environments with isotropic exchange.

Testing of the Computer Programs.—The correctness of the
programs was checked as follows (assuming isotropic ex-
change).

(i) WithD = ¢ = 0and S =}, 1, §, and 2, the programs
gave results identical with those calculated for isolated
2T,, 3T, 4T,, and 57, ions respectively.1® (ii) With D =
k=0and S=1%}, 1, %, and 2, they gave results identical
with those calculated for a pair of exchange-coupled spin-
only ions with g = 2.25 (iii) With # = 0Oand S = } they
gave results that agreed with those calculated for isolated
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2T, ions with an axial distortion.?¢ (iv) With _# £ 0, as
D —» 4+ o0 the results approached those calculated for a
pair of exchange-coupled spin-only ions. (v) With D = 0
and S = 1, the calculated curves of pes against KT/ for
various _#/x agreed with those of Kahn.?*
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