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The average magnetic susceptibility and magnetic anisotropy between 77 and 300 K on three ferric dithiocarbamates,
Fe[RR’(dtc)]; (R, R’ = ethyl, n-butyl, and pyrrolidyl), crystallized from benzene have been reported. The systems exhibit
spin crossover between two spin states, S = !/, and */,. The average susceptibility measurements, on samples crystallized
from benzene or chloroform—ethanol mixture, show a strong dependence on temperature and on the solvent molecules in
the lattice. The effect is most significant in the #-butyl and pyrrolidy! derivatives. Magnetic anisotropy measurements
show the existence of considerable rhombic distortion in the systems, contrary to the axial symmetry deduced from x-ray
structural investigations: The experimental data have been analyzed by making appropriate modifications in the theory
" based on thermal equilibrium between 2T, and A, terms. The effects of trigonal distortion, namely (1) the splitting of
2T, due to trigonal distortion (8,), (2) zero-field splitting of ®A, (D), and (3) mixing of two sets of “e” orbitals (g), were
considered. The ratio of vibronic partition functions for the A, and *T, terms was introduced in the form of a parameter
C. The parameter C was found essential for fitting the average susceptibility data. The various ligand field parameters
such as the separation of 2T, ~ ®A; (3,), 8;, D, C, and ¢ have been estimated. The average susceptibility data are rather
insensitive to the sign of the &, and it is shown that the magnetic anisotropy data provide a means of estimating the sign
and magnitude of ;. §, was found to be negative in all the three derivatives crystallized from benzene. This is contrary

to the earlier studies, where the average magnetic susceptibilities were fitted with positive values of ;.

Introduction

Tris(dialkyldithiocarbamato)iron(III) complexes (abbre-

viated as Fe(RR’dtc)s, R, R’ = alkyl or aryl groups), first
reported by Cambi and co-workers,!~ are probably the most
extensively studied examples of iron(1II) showing the spin-
crossover phenomena between ®A;, and 2T, terms. The
magnetic moments of these systems lie intermediate between
high-spin and low-spin values, vary significantly with the
nature of alkyl and aryl substituents, and show large deviation
from Curie-Weiss behavior.!® Lattice forces (packing, solvent
molecules in the lattice), temperature, and pressure play an
important role in deciding the magnetic properties of these
system.>1® Spin-crossover characteristics in solution are also
markedly affected by ligand substituents and solvents.!!"!?

Of the three derivatives reported here, the ethyl derivative
crystallized from chloroform—ethanol mixture shows a spin
crossover between S = */, and !/,, with magnetic moments
varying smoothly between 2.2 ug at 4.2 K to 4.4 ug at 300 K.57
The magnetic moment of the n-butyl derivative crystallized

from chloroform—ethanol mixtures varies between 2.7 ug (at -

90 K) and 5.3 ug (at 300 K) with a sharp break in the %
vs. T curve at about 141 K.%7 The gy vs. T curve in the case
of the ethyl derivative shows a minimum in contrast to a
maximum shown in the case of the n-butyl derivative. The
pyrrolidyl derivative crystallized from chloroform—ethanol
mixtures shows a high-spin behavior with pey varying from
3.45 ugat 127 K to 4.2 ugat 4.5 K to 5.97 ug at 300 K.® The
reduction in the magnetic moment at low temperatures is
claimed to be due to weak antiferromagnetic exchange in-
teraction. :

ESR spectra have been observed on polycrystalline samples
of r-butyl and dicyclohexyl derivatives at 294 and 127 K in
the X band.!* The spectra consisting of four lines have
qualitatively been associated with § = 5/, and !/, spin states.
ESR studies at 4.2 K on the dimethyl derivative doped in
isomorphous cobaltic tris(dithiocarbamate) show isotropic
hyperfine interaction and g values close to 2.1%1% At 4.2 K
this system shows properties characteristic of S = !/,, ESR
studies on a number of other ferric tris(dithiocarbamates) in
concentrated or magnetically diluted form have not yielded
much useful information due to unfavorable spin-lattice
relaxation and excessive line broadening.”1%1¢

Mossbauer studies on Fe[RR’(dtc)]; exhibiting spin
equilibrium show only a temperature-dependent quadrupole
doublet.'° In many of these compounds the splittings of the

2T, have been estimated using the quadrupole splitting, but
as the lines are broad,!” these estimates are subject to large
errors.

Single-crystal x-ray studies on ethyl, n-butyl, and pyrrolidyl
derivatives, crystallized from benzene, are now available,?!-2
It has been shown that the pyrrolidyl?! and #-butyl®® derivatives
crystallize with half a molecule of benzene solvated per
molecule of the complex. The formation of such solvated forms
has gone unnoticed previously, in spite of extensive structural
studies on these systems.?*% The ethyl derivative crystallized
from benzene, however, does not have any solvated benzene
molecule in the lattice.” All three derivatives, crystallized
from benzene, have trigonally distorted octahedral configu-
ration.” The solvated molecules in the crystal are well separated
from the dithiocarbamate complex and do not coordinate with
it. However, it has been recently demonstrated that in
tris(morpholinecarbodithioato)iron(III) crystallized from
various solvents magnetic properties change significantly with
the solvated molecule.?” The benzene “solvate” of the pyr-
rolidyl derivative has been reported?® to exhibit an anomaly
in % above 77 K with the moment reaching a lower limit of
about 2.5 ug at 1.5 K. No detailed magnetic studies on the
benzene solvates of ethyl and n-butyl derivatives have so far
been reported. Since the possibility of the existence of the
solvated species was not known earlier, many of the previous
studies did not explicitly mention their methods of crystal-
lization, etc. Hence a systematic study of these compounds
was necessary.

Experimental Section
The ethyl, n-butyl, and pyrrolidyl derivatives of Fe[RR/(dtc)]; were

* prepared by methods reported in the literature.* The compounds were

then purified by recrystallizing them from chloroform—ethanol mixture.
The freshly prepared compounds were immediately used for average
magnetic susceptibility measurements. Large well-developed single
crystals were obtained by slow evaporation of benzene solution. The
single crystals were immediately used for magnetic anisotropy
measurements. Fresh single crystals obtained from benzené were
crushed and used for average magnetic susceptibility measurements.
The average magnetic susceptibility of all three derivatives crystallized
from chloroform—ethanol mixture and from benzene were measured
between 77 and 300 K using a Gouy balance. The results are given
in Tables I-VI. Magnetic anisotropy measurements between 77 and
300 K on the single crystals grown from benzene were measured by
suspending the crystals along various crystallographic axes. The results
are given in Tables VII-IX. Relevant crystal structure data, for all
three derivatives crystallized from benzene, are listed in Table X.
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Table I. Average Magnetic Susceptibility of Table IV, Average Magnetic Susceptibility of
(Tris(diethyldithiocarbamato)iron{III) Recrystallized from Tris(diethyldithiocarbamato)iron(III)
Chloroform~Ethanol Mixture? Crystallized from Benzene®
Temp, K X X 10%, ecm®/mol Meff> UB Temp,K X X 10°,cm®/mol  pess, up
293.0 6.97 4.04 292.1 6.90 4.02
280.2 6.94 3.94 273.0 6.63 3.80
243.5 6.08 3.44 243.0 5.96 3,40
226.0 5.66 3.20 208.0 5.07 291
208.5 5.11 2.92 177.0 471 2.58
190.5 4.85 2.72 155.6 4,70 2.42
176.9 4.69 2.58 136.7 4.92 2.32
164.5 4.62 2.47 122.0 5.20 2.25
158.0 4.60 2.41 109.0 5.61 2.21
155.0 4.66 2.40 102.5 5.96 2.21
145.0 4.70 2.33 95.7 6.27 2.19
139.0 4.71 2.29 86.0 6.93 2,18
}g?g :gg %%2 ¢ Diamagnetic correction taken as—218 X 107¢ cm?/mol.
126.5 4.94 2.23
122.0 5.15 2.24 Table V. Average Magnetic Susceptibility of
115.0 5.26 2.20 Tris(di-n-butyldithiocarbamato)iron(II)
109.5 5.34 2.16 Crystallized from Benzene®
103.0 5.51 2.13 —
98.0 5.80 2.13 Temp,K X X 10°,cm*/mol  pegs. u
82.5 7.14 217 293.0 5.75 3.67
@ Diamagnetic correction taken as —218 X 107¢ cm?®/mol. 244.0 5.29 3.21
227.0 5.10 3.04
Table Il. Average Magnetic Susceptibility of 209.2 4.85 2.85
Tris(di-n-butyldithiocarbamato)iron(IIl) Recrystallized 194.0 4.72 271
from Chloroform-Ethanol Mixture® 178.0 4.74 2.60
165.8 4.74 2.51
Temp, K X X 10°, cm®*/mol Meffs UB 155.2 4,73 2.42
292.0 12.36 5.37 13 Pt 238
272.0 12.94 5.30 129'1 4.89 2'25
247.0 13.78 5.22 123'0 4'95 2’21
229.5 14.53 5.16 : ’ :
110.0 5.20 2.14
211.0 15.48 5.11 1008 548 210
198.0 15.97 5.03 98'8 6.07 2'19
178.5 16.52 4.86 81.0 7'00 2'13
169.0 16.67 4.75 : : :
157.0 16.80 4,59 ¢ Diamagnetic correction taken as ~418 X 107% cm?®/mol.
138.0 16.18 4.23
120.0 14.39 3.72
109.0 13.52 3.43 Table VI. Average Magnetic Susceptibility of
99.0 13.11 3.22 Tris(pyrrolidinecarbodithioato)iron(IiI)
91.0 12.50 3.02 Crystallized from Benzene®
825 1256 288 Temp, K >Z X 103’ cm3/mol “eff’ I“B
¢ Diamagnetic correction taken as —418 X 107° cm®/mol. 293.0 13.4 5.59
244.0 154 5.49
Table III. Average Magnetic Susceptibility of 209.0 18.1 5.49
Tris(pyrrolidinecarbodithioato)iron(i1ll) Recrystallized from 178.4 20.6 5.42
Chloroform-Ethanol Mixture?® 156.5 22.9 5.36
T K e ol e oE
80.0 51.9 5.76 111.0 28.1 5.00
101.5 40.9 5.76 100.5 29.0 4.83
122.5 35.2 5.86 94.0 29.1 4.68
158.5 27.3 5.88 82.0 28.8 4.33
%;gg %gg gg; @ Diamagnetic correction taken as ~258 X 107¢ cm?®/mol.
¢ Diamagnetic correction taken as —258 X 107° cm?®/mol. 5
3l
Calculation of Molecular Anisotropies Ses
For the three derivatives crystallized from benzene, the point
S22

group symmetry around the iron atom is very nearly D;,
though the crystallographic symmetry in the ethyl and pyr- ‘ Fe Ce,
rolidyl derivative is monoclinic?»?* while the #-butyl derivative
is orthorhombic.?! When viewed along the C; axis, the FeSq

core can be envisaged as two triangles of sulfur atoms Sy, S,;, S

Ss; and Sy, Sy, S3p as shown in Figure 1. In our calculations, !

the line joining the centers of these two triangles is taken as Ca Ca,

the C; axis of the molecule. The coordinates of the various ¢ Siz

atoms in the complex were calculated using the orthogonal Figure 1. Position of the six sulfurs in Fe[RR’(dtc)], with respect

coordinate system a*, b, and ¢ (a, b, ¢ in the n-butyl derivative). to the ferric ion projected in a plane perpendicular to the C; axis.
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Table VII. Temperature Dependence of Crystal Anisotropies
of Tris(diethyldithiocarbamato)iron(III)
Crystallized from Benzene

Axp X AXo X AXg* X
Temp, 10°,%  Temp, 10°2%  Temp, 10°,
K cm®/mol K cm?/mol K cm®/mol

295.2 1.01 294.0 1.00 296.6 0.04
231.0 1.97 229.5 1.56 115.0 0.44
184.0 2.96 183.0 2.85 106.0 0.49
138.5 4.52 138.0 455 . 975 0.52
125.5 5.07 1135 5.90 87.0 0.59
115.0 5.76 97.5 7.29 78.6 0.67
106.0 6.26 85.5 8.29

98.0 6.75 78.6 9.30

91.5 7.23
84.5 7.78
78.6 8.62

¢ With “c” axis vertical, “b” axis sets perpendicular to the
magnetic field at null position. 2 With “b* axis vertical, “c” axis
sets perpendicular to the magnetic field at null position.

Table VIII. Temperature Dependence of Crystal Anisotropies
of Tris(di-n-butyldithiocarbamato)iron(I1I) :
Crystallized from Benzene

AXa X Axp X Axg X
Temp, 103, Temp, 10°2%  Temp, 102,
K cm®/mol K c¢m?/mol K cm?®/mol

78.6 6.36 78.6 4.88 78.6 1.63

82.0 6.06 88.0 4.36 87.0 1.57

87.0 5.73 96.5 3.88 94.0 1.40

95.0 5.11 1104 331 112.2 1.13
100.5 4.69 129.0 2.64 132.4 0.84
107.5 4.33 167.2 1.73 171.0 0.49
116.3 3.85 216.0 1.09. 1955 0.38
123.5 3.53 297.1 0.60

1427 2.76
211.0 1.35
296.5 0.69

¢ With “b” axis vertical, “‘2” axis sets parallel to the magnetic
field at null position.

Table IX. - Temperature Dependence of Crystal Anisotropies of
Tris(pyrrolidinecarbodithioato)iron(III)
Crystallized from Benzene

Temp,  Axc X 10°° Temp, Axp X 10°.2
K cm?/mol K cm?®/mol
169.5 0.14 298.5 0.33
131.6 0.30 219.8 0.57
1111 0.47 170.9 0.93
97.6 0.64 1325 . 1.67
87.7 0.83 111.7 2.57
78.4 1.08 99.0 3.73
90.1 4.60
78.6 4,69

2 With “c” axis vertical, “b” axis sets paralilel to the field at null
position. ® With “b” axis vertical, “a” axis makes an angle of 8°
with the magnetic field.

The direction cosines of the C; axis, in the orthogonal co-
ordinate system, were calculated and are presented in Table
XI. The table shows that the C; axis in the ethyl, n-butyl,
and pyrrolidyl derivatives is approximately along the a*, q,
and ¢ axes, respectively. Hence magnetic anisotropy mea-
surement with these axes vertical would measure a quantity

Table X. X-Ray Structural Data on Fe[RR'(dtc)],

Inorganic Chemistry, Vol. 17, No. 3,.1978 545

4 ethyl —52

Tk o n-buty!
e pyrrolidyl

{cm3/moie )
3 (cm3/ mole )

3

1
™
2

Xxio

X x 10

b x 0% (K

Figure 2, Temperature variation of average magnetic susceptibility
of Fe[RR’(dtc)]s crystallized from chloroform-ethanol mixtures.

proportional to the rhombic component of the molecular
anisotropy. The magnetic anisotropy results in Tables VII to
IX show that these systems have considerable rhombic an-
isotropy. It is, therefore, more appropriate to calculate the
molecular anisotropies (K, — K3), (K; — K3), etc., rather than
to assume an axial symmetry and calculate (K - K ;). The
C; axis can be taken as one of the principal axes, say X;.
Unlike the case of the manganese analogues,?’ the x-ray
structural data on the three ferric systems do not give any
indication of the rhombic distortion. It is, therefore, not
possible to know, from the x-ray data, the other two orthogonal
molecular axes, X; and X,, uniquely in these cases. In view
of these difficulties, the following procedure was adopted for
the calculation of molecular anisotropies. One of the three
C, axes, perpendicular to the C; axis, was assumed to be X;.
The X, was then orthogonal to X, and X3. Using the magnetic
anisotropy data and the direction cosines of Xj, X,, and X;,
the molecular anisotropies at various temperatures were
calculated. The procedure of the calculation of molecular
anisotropies from crystalline anisotropies for an orthorhombic
system is straigthforward® while the procedure for a
monoclinic system is described in an earlier paper. *® These
calculations were repeated with the other two C, axes as the
X, axis. The in-plane or rhombic anisotropies (K; — Kj)
calculated from these three coordinate systems were found to
be different. However, a quantity AK = !/,[2K; ~ K| — K;]
was found to be constant for any choice of X; and X, in each
of these compounds. The calculated values of (K — K ),
assuming axial symmetry, are significantly different from the
calculated AK’s. Table XIT demonstrates the above features
at three different temperatures for these systems. Table XIIT
presents the calculated values of AK’s and Au? = 7.997AKT,
at various temperatures for the three complexes.

Discussion

The average magnetic susceptibility measurements reveal
a striking dependence of the magnetic properties on the solvent
molecule trapped in the lattice. This is most significantly
demonstrated in the n-butyl and pyrrolidyl derivatives. The

Distance

Crystal system a, A b, A c, A 8, deg §,deg 20,deg Fe-S, A
Fe[Et,(dtc)], at 297K Monoclinic 14.29 10.37 17.87 116.6 74.3 37.6 2.357
at 79 K Monoclinic 13.96 10.24 17.71 116.5 75.2 40.5 2.297
Fe[(n-Bu), (dtc)],+1/2C.H, Orthorohombic 23.660 17.331 10.349 90.0 74.6 40.2 2.341
Fe[pyrrolidyl(dtc)];+1/,C H, Monoclinic 16.356 14.933 10.191 90.3 73.3 38.6 2.434
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Table XI. Direction Cosines of the C, Axis with Respect to the
a*bc Coordinate System in Fe[RR'(dtc)] ,

Compd a* b c
Tris(diethyldithiocarbamato)- 0.9938 0.0881 0.0664
iron(IIT)
Tris(di-n-butyldithiocarbamato)- 0.9984 0.0556 0.0007
iron(I111)¢
Tris(pyrrolidinecarbodithioato)  0.1698 0.0109 0.9854
iron(II)

@ Here ¢* = ¢ as the system is orthorhombic.

pyrrolidyl derivative crystallized from chloroform—ethanol
mixtures shows (cf. Figure 2) a distinct high-spin behavior with
a temperature-independent magnetic moment of about 5.8 ug.
In contrast, the corresponding benzene solvate shows a spin
equilibrium behavior with magnetic moments varying smoothly
between 4.3 and 5.6 ug in the temperature range 80 to 300
K. Figures 2 and 3 show that the break at about 145 K in
the average susceptibility vs. temperature curve of the #-butyl
derivative disappears in the corresponding benzene solvate.
The magnetic moment of the benzene solvate for the n-butyl
derivative is considerably lower (3.67 ug at 293 K) compared
to the magnetic moment of the compound crystallized from
chloroform—ethanol mixture (5.37 ug at 292 K). This implies
that the population of the 2Ty, state in a benzene solvate, at
a particular temperature, is more than that in the samples
crystallized from chloroform—ethanol mixtures. The ethyl
derivative does not crystallize with any benzene molecule in
the lattice, and correspondingly, the magnetic moments and
their temperature variations do not differ in samples crys-
tallized from benzene and chloroform—ethanol mixtures (cf.
Tables I and 1V). The solvent molecules are not coordinated
to the metal complex and the interaction between the di-
thiocarbamate ligand and the solvate molecule is probably
dipolar. A quantitative interpretation of this interaction is not
possible as there does not seem to be any correlation between
the magnetic moment of the complexes and the Fe—S bond
distance.?! The magnetic moments of the benzene solvate of
the pyrrolidyl derivative are lower than the samples crystallized
from chloroform—ethanol mixture indicating larger low-spin
behavior, although the Fe—S bond distance is greater by 0.03
A in the benzene solvate.

The magnetic anisotropy data show that the ligand field
symmetry around the metal ion is lower than cubic. There
does not seem to be any direct correlation between the geo-
metrical distortions from the octahedral symmetry (bite angle,

S—Fe-S angles, etc.) and the magnetic anisotropy measured .

in these systems.

Ewald et al.>® attempted to explain the temperature de-
pendence of average magnetic susceptibility in a ligand field
model of octahedral symmetry by assuming a Boltzmann
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Figure 3. Temperature variation of average magnetic susceptibility
of Fe[RR’(dtc)]; crystallized from benzene: -—, fit with D, §;, d5,
and In C as parameters, K = 1, { = -340 cm™.
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Figure 4. Energy level diagram for a spin-crossover system with 2T,
split due to rhombic distortion.

distribution between the °A;, and 2T,, states. Since this
approach failed to reproduce the temperature dependence of
X, the vibrational partition functions Q, for the *T,, and Q,
for the ®A,, states were incorporated along with their electronic
partition functions. Since the metal-ligand vibrational fre-
quencies change, when the system goes from one spin state
to another, inclusion of a term C = Q,/Q, according to them
would take care of the differing vibrational contribution to the
total free energy. C was however taken as a constant in their
analysis. By fitting the average magnetic susceptibility data,
they estimated the energy separation between the 2Ty, and A,
states, 8,, in a large number of these compounds.

The model we adopt for the calculation of magnetic
properties of our systems is essentially similar to that of Ewald
et al. with a few essential modifications. Since the symmetry
of the ligand field in these ferric dithiocarbamates is largely
trigonal, the 2T, term would be split (cf. Figure 4). This

Table XII. Calculated Molecular Anisotropies (cm?/mol) of Fe[RR'(dtc)], in Three Coordinate Systems

C,gas X, C,pas X, C,eas X,
K- Ky~ K, - K, - K, - K;- K;-

Temp, K. X K, x K,X AKX K/ X K,Xx AKX K, X K,X AKX
Compd K 10%¢ 10° 10° 10® 103 10° 10° 10° 10° 10°
Tris(diethyldithiocarbamato)- 2952 0991 1.02 0.97 1.00 9.96 1.01 1.00 1.02 0.99 1.00
iron(1II) 126.0 5.206 492 5.64 5.23 5.45 5.12 5.28 4.97 5.59 5.28
78.6 8.884 8.33 9.70 9.01 9.33 8.70 9.01 8.41 9.61 9.01

Tris(di-n-butyldithiocarbamato)- 296.7 0.679 0.770 0.592 0.681 1.637 0.724 0.681 0.769 0.592 0.681
iron(I1I) 117.6 3.645 4.43 2.88 3.85 3.28 4.03 3.65 4.43 2.88 3.65
78.6 5.997 17.43 4.90 6.165 5.55 6.78 6.16 7.43 4.90 6.16

Tris(pyrrolidinecarbodithioato)- 169.5 1.165 0.838 1.04 0.939 1.02 0.859 0939 0.835 1.03 0.939
iron(IID) 1235 2.520 1.59 2.17 1.88 2.11 1.65 1.88 1.60 2.16 1.88
78.6 6.28 3.54 5.23 4.38 5.07 3.72 4,38 3.55 5.22 4.38

8Ky — K =2(x, — x;)— (x, — x3) where x, and x, are the principal crystalline susceptibilities.
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Table XIII. Calculated Molecular Anisotropies (¢cm®/mol) of
. Fe[RR'(dtc)], Systems Crystallized from Benzene

Tris(diethy!- Tris(di-n-butyl- Tns(pyrroh'dine-
dithiocarbamato)-  dithiocarbamato)- carbodithioato)-
iron(III) iron(IIT) iron(III)2

Temp, AK Temp, AK Temp, &K
K Xx10® au? K x10® Au? K X 10 au?

295.2 1.00 2.37 296.7 0.68 1.62 169.5 094 1.27
231.0 149 3.67 2222 1.21 214 1429 1.35 1.55
184.0 3.01 442 181.8 1.75 2.54 1235 1.88 1.86
156.5 392 490 153.8 2.35 290 108.7 2.46 2.14
138.5 4.67 5.17 133.3 3.00 320 97.0 311 241
125.5 5.28 530 117.6 3.66 3.44 869 3.83 2.66
115.0 597 5.49 1053 4.28 3.60 78.7 4.39 276
106.0 6.51 5.52 952 487 3.71

98.0 7.07 543 86.9 543 377

91.§ 759 555 80.0 5.90 3.77

84.5 819 553 78.6 6.17 3.88

81.5 852 5.56

78.6 9.03 $5.67

@ Large crystals of pyrrolidyl derivative could not be
grown. The crystalline anisotropies for this derivative
are low and could not be accurately measured above 170 K.

splitting is expected to affect the magnetic properties markedly.
The contribution of the excited state (*T) to the ground state
properties has been parameterized in terms of the zero-field
splitting of the A, state. The spin—orbit coupling and
magnetic field interactions for the T, manifold have been
calculated using the Hamiltonian

bl =§3i[Lz2 —1/3L(L +1)] + AL'S + BH(KL + 25)

where 8, is the parameter responsible for splitting the T, term,
K is the orbital reduction parameter, A is the spin-orbit
coupling parameter, given by A = ~K{, where ¢ is the one-
electron spin—orbit coupling constant. Magnetic interactions
on the ®A; manifold were calculated usmg the spin Hamil-
tonian

¥,= D[S, ~ Y/sS(S + 1)] + 26H'S

where D is the zero-field splitting parameter. The principal
magnetic susceptibilities were calculated using van Vleck’s
formalism taking a Boltzmann distribution of the system
between the six electronic states of 2T, and the six of A,
manifold. As in the approach of Ewald et al., we have in-
corporated a constant C as the ratio of the vibronic partition
function of the high- and low-spin species.

A computer program was written to calculate the principal
magnetic susceptibilities at various temperatures.

Effect of Various Ligand Field Parameters on the
Magnetic Properties of Spin-Crossover System

The computer program was initially used to study the
behavior of average magnetic susceptibility and anisotropy as
a function of various parameters such as temperature, d,, 6,
¢, K, g, and C.

Behavior of Average Magnetic Susceptibility. In this model
the four parameters &,, C, {, K are mainly responsible for the
peculiar temperature variation of ¥ observed in these com-
plexes.

% vs. 1/T curves were simulated for various values of these
parameters. A few representative curves are shown in Figures
5to 8. Following are some important observations.

(1) In Cis responsible for the rapid variation of ¥ and hence
the fast transition from the T, state to the A state at high
temperatures. The height of the maxima, in % vs. 1/T curves,
changes with In C. Tt is also responsible for more than 50%
of the population in the 5A, state at high temperatures.

(2) For positive values of 8,, (assuming K = 1) (a) x at low
and high temperatures are largely affected by the parameters
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{ and 8,, respectively, and (b) the curvature and height and
depth of the maxima or minima are decided by In C.

(3) For negative values of §,, especially if 8, < —¢, % in-
creases monotonically with decreasing temperature. There are
no maxima or minima.
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(4) As 8, decreases, the maxima in the temperature de-
pendence of i shifts toward lower temperatures.

(5) x is insignificantly affected by the sign of §,. The
curvature of ¢ vs. 1/T for the positive and negative values of
8, remains the same and the magnitude of g is affected very
little at low temperatures. Therefore the sign of 8, cannot be
evaluated from the average susceptibility data one.

In conclusion we note that from the observed peculiar
behavior of ¥ with temperature and by fixing some value of
K, it is possible to estimate the values of parameters 4, In C,
and ¢, while the sign and magnitude of §; would be mainly
decided by the magnetic anisotropy data.

When the symmetry of the ligand field is lowered from
octahedral to trigonal, the ty, orbitals would split into two
groups “a;” and “e” with an energy separation of ;. These
“e” orbitals would mix with excited “e” orbitals and would
have a form

ey =plxy) +q(vz)
e, =p(x* =)~ q(zx)

where p? +¢* = 1. For cubic field, g = 37'/2, while for large
trigonal distortion g is expected to differ from 37'/2, The
trigonal distortion and spin-orbit coupling were also indirectly
responsible for the zero-field splitting parameter D for °A,.
If we now allow a rhombic distortion as a perturbation on
trigonal ligand field, then the “e” levels split into two com-
ponents with an energy separation of 2e.

Behavior of Magnetic Anisotropy. Au?vs. 1/T curves were
simulated for various values of §;, g, D, and €. Since ¢, K, 55,
and In C are isotropic parameters, which are determined chiefly
from the temperature variation of ¥, they have been fixed at
some values appropriate in our systems.

The following are some of the important observations.

(1) Ap? varies significantly with variation of §, and deviation
of g from 37172, The effect is significant at low temperatures.
Figure 9 shows variation of Au? with 1/7 for §; = -255 and
various values of g.

(2) The sign and magnitude of D affect Au? at high
temperatures. The effect is dominant for smaller values of
d,. For negative §,, the variation of Au? is markedly affected
by the sign and magnitude of D (cf. Figure 10). Thus from
the temperature variation of Au? it should be possible to
estimate &, g, and D.

(3) The in-plane anisotropy (u;? — u,?) varies significantly
with e while the magnitude and sign of ¢ does not markedly
affect the variation of Au? with temperature (Figure 11).
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Therefore the parameters 6, In C, {, 6;, D, and g determined
from an analysis under the assumption of axial symmetry will
not significantly change even if some rhombic distortion is
actually present.
Fitting of Magnetic Anisotropy and Average Magnetic
Susceptibility Data on Fe[RR’(dtc)]s

We have mentioned earlier that it was not possible to
uniquely determine experimentally the rhombic component
(12 = u5?) of the anisotropy. Hence our analysis is restricted
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Table XIV. Calculated Values of Ligand Field Parameters for
Fe[RR'(dtc)], withq = 37172

Fe[RR'(dtc)],  6,, 5,,
derivative cm™? cm™! D, em™? InC
Ethyl 510 —365 -1.68° 2.8
n-Butyl 390 -210 -0.965¢ 1.7
Pyrrolidyl —-200 -195 -0.90 1.65

¢ Calculated using D/&, = 0.00459. Value fitted for pyrrolidyl
data.

Table XV. Calculated Values of Ligand Field Parameters®

Fe[RR'(dtc)], 8, 8,
derivative cm” cm™! q InC
Ethyl 600 —-255 0.555 3.2
n-Butyl 370 ~305 0.600 1.6
Pyrrolidyl -200 -195 0.575 1.65

@ D/s, =0.00459. Value fitted for pyrrolidyl data.

to trigonal symmetry only. We have analyzed the magnetic
data with caution and the number of parameters, required for
satisfactorily fitting the data, was kept to a bare minimum.
Orbital reduction factor K was taken as 1, while initially the
value of ¢ was assumed to be 37/2, "It was found that the
low-temperature magnetic-susceptibility values for all the three
derivatives fitted well for the value of { around 340 cm™ and
hence in the final analysis { was fixed at 340-cm™. Initially,
the magnetic susceptibility and anisotropy data of the pyr-
rolidyl derivative, crystallized from benzene, were least-squares
fitted and the parameters &, &5, D, and In C were estimated.
In ethyl and n-butyl derivatives the 8, values were found to
be positive and large and hence contribution of D to Au® was
small. Therefore, to fit the data of the n-butyl and ethyl
derivatives crystallized from benzene a different procedure was
followed. The estimated D and §, for the pyrrolidyl derivative
were used to calculate the ratio D/8;. This ratio was taken
as a constant while fitting the data for the ethyl and n-butyl
data and only the parameters-6;, ,, and In' C were fitted. The
hgand field parameters estimated from the best fit are given
in Table XIV.

3’11"he zero-field splitting paramter (D) of A, ean be expressed
as

where E| and Ej are the energies of the “E and “A; com-
ponents of 4T, re{atlve to the SA; term. The splitting of *T,
is proportional to the sg)llttmg of ¥T,. Therefore if the position
of *T, with respect to ®A, in all three dithiocarbamates, does
not vary significantly, the ratios D/é; can be taken as constant.
Now from the Tanabe—Sugano calculations*? we have

E(*T)~ E(°A;)= (5B + 2C - 8,)/2

Table XIV shows that the total variation of §, in the series
is 800 cm™! while for B =700 ¢cm™ and C = 4B, 58+ 2C =
9100 cm™!. Hence the variation of 8, is not expected to affect
the position of T, drastically. Moreover the contribution of
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D to magnetic anisotropy, in the ethyl and butyl derivatives,
is not more than 10%. Hence the assumption of constant D/§,
would ‘introduce, at the most, an error of about 1% in Ay?
values which is within the experimental error.

Figure 12 shows that the fit to the experimental Au? data
is not very good. This can be attributed to various possible
reasons, such as: (1) importance of rhombic contribution to
the magnetic anisotropy, a factor which we were forced to
neglect; (2) temperature variation of 3; and &, due to change
of lattice parameters with temperature; and (3) mixing of the
two sets of “e” orbitals due to trigonal distortion, i.e., g # 37172,

The metal-sulfur bond lengths and angles are known to
change with temperature. This would make the ligand field
and hence ¢; and §, temperature dependent. We, however,
could not correlate the magnetic anisotropy and geometrical
distortions. ‘Hence temperature variation of &, was not
considered. We, however, reanalyzed the magnetic data by
taking ¢ as a parameter along with §,, 8,, and In C. Figure
12'shows that this approach gives better fit. The parameters
estimated are given in Table XV,

The magnetic behavior of the ethyl derivative for samples
crystallized from chloroform—ethanol mixtures and from
benzene does not differ. Therefore a comparison of the pa-
rameters estimated by various workers would be meaningful.
This set of parameters is presented in Table XVI. Figgis and
Toogood™ fitted the average susceptibility data with a positive
sign for 8,, while Hall and Hendrickson’ fitted their data with

Table XVI. Ligand Field Parameters of Tris(diethyldithiocarbamato)iron(III)
Ref 8,,cm™! 5., cm! ¢ em™! D, em™! q InC K
Ewald et al® 500 . 370 0.577 Not 1
mentioned
Figgis and Not 350 350 0.577 1
Toogood* mentioned® .
Hall and 31 -925 370 0.577 0.963 0.55
Hendrickson’ 204 378 370 0.577 0.963 0.52
Present work 600 —255 340 —0.981 0.555 3.2 . 1
510 —365 340 —1.68 0.577 2.8 1

¢ Data were fitted only between 4.2 and 55 K, where the contribution of *A, to X was neglected.
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both positive and negative sign for §;. We have already shown
earlier that the sign of §; cannot be unambigously determined
from the average susceptibility data. In contrast, the magnetic
anisotropy experiments have conclusively shown that 6, in all
these systems is negative. The lower value of 8, obtained from
the previous calculations is also surprising. The magnetic
behavior of the n-butyl and the pyrrolidyl derivatives, crys-
tallized from benzene, differ drastically from those crystallized
from chloroform—-ethanol mixture. The complete analysis of
the ethyl, n-butyl, and pyrrolidyl derivatives crystallized from
chloroform—ethanol mixtures has not been done as attempts
to grow good single crystals suitable for the magnetic an-
isotropy measurements have so far failed.

Significance of In C

Ewald et al. introduced this parameter to account for the
difference in the vibronic partition function for the A, and
T, states. The ratio of the vibronic partition function of 2T,
and %A, can be written as

1- e"us(2 T ) RT e 1- e_ub(sz )RT ?
an = 1- e VsCART - o AKT
where v, and vy, are the stretching and bending frequencies,

respectively, of the FeS¢ core. It should be noted that at T

= ©

C) = [_”s“’fz T [Lﬁ L T
veCA ] Lrp®A))

while at T = 0, C(0) = 1. In actual practice, however, C(T)
is taken as a constant. According to Ewald et al. C(T) would
also account for effects such as (1) distortion from octahedral
symmetry, (2) lattice forces, and (3) higher order interactions
of the ?T, state with other states. This parameter could
satisfactorily explain more than 50% population of A, at
higher temperatures as well as sharp transition from T, to
A, with increase in temperature. Qur analysis also shows that
the average magnetic susceptibility data cannot be fitted
without incorporating the parameter ln C.

The parameter C can also take care of the variation §, with
temperature due to variation in the lattice parameters. The
factor C can be introduced along with the electronic partition
function of SA, as e ®*T!mO/KT where now the tempera-
ture-dependent &, will have the form 6,(7) = 6, — kT In C.
This aspect can be tested by studying the magnetic properties
as a function of lattice. Since there is no change in the
electronic ground state, the diamagnetic cobaltic dithio-
carbamates are expected to have a rigid lattice. Thus, if these
ferric dithiocarbamates are systematically doped in the
corresponding isostructural diamagnetic host, the lattice
parameters may not change with temperature and conse-
quently the need for the parameter In C can be tested.
Preliminary results indicate?® that with dilution of the pyr-
rolidyl derivative in the cobalt host, the magnetic moment
begins to decrease reaching a lower limit of about 1.25 up at
1.3 K. Our detailed dilution studies are in progress and will
be reported later.

Conclusions

The average magnetic susceptibility measurements have
shown that the magnetic properties of some of the derivatives
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are extremely sensitive to the solvent molecules in the lattice,
the effect being significant in the pyrrolidyl and n-butyl
derivatives. - The magnetic anisotropy measurements have
shown that the trigonal distortion parameter 8, is negative
contrary to the earlier studies where average magnetic sus-
ceptibilities were fitted to a positive value of §,. The magnetic
anisotropy measuremnets also show the existence of consid-
erable rhombic distortion in the systems. In the present
analysis, though the effects due to trigonal distortion and
mixing of the excited states have been included, the parameter
In C was still necessary to fit the average susceptibility data.
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