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in 111. That is ( 7 2 1 ) ~ ~  >> ( T 2 2 ) - 1 1  ( 7 2 3 ) - l  and 
( 7 3 2 ) - 1  >> (731)-1 .27 ,28  If it is also assumed that all 
Aw, terms are small, then 

If T 2 3  << 7 3 2  because of the hyperfine interaction, then 

where P, = [VO(acac)ZCH3OH]/ [CHaOH 1. The 
initial condition that (T~z) -l is small has been applied to 
the center expression of (3A). 

It is also possible in the present system that only Am2 

and (TZz)-l are small relative to the other values in 
(IA), but that Aw3 cannot be ignored. This would be 
more consistent with the condition that T 2 3  is short due 
to a hyperfine interaction since this interaction requires 
a finite electron-nuclear coupling constant and there- 
fore some finite value for Aw3. If terms in A w 2  and 
(TZz)-l are dropped and noting that k 3 ( 7 2 1 ) - 1  4- 

since X 3 (  ( 7 d - l  + ( 7 2 3 ) - l )  >> ( 7 3 2 7 2 3 ) - l ,  then 
( 7 2 3 ) - l ( ( T 2 3 ) - l  + ( 7 3 1 ) - l )  h 3 ( ( 7 2 1 ) - 1  + ( 7 2 3 ) - l )  

(27) Values for the exchange lifetimes may be estimated from ref 3,  4, 

(28) E. Grunwald, C. F. Jumper, and S. Meiboom, J .  Am. Chem. Soc.. 
and 28 and the present results on VO(CHa0H)sZ" in methanol. 

84, 4664 (1962). 

( T z p ) - l  = 

( 4 N  

The right-hand terms of the numerator and denom- 
inator will cancel under either of the probable con- 
ditions (TZ3)-l >> ( ~ ~ z ) - l ,  or A W ~ ~  > Xa2. If it  
is also assumed28 that ( r Z 1 ) - l  > ( 7 2 3 ) - l  > (na) - l ,  then 

The various limiting conditions which have been 
discussed correspond to easily recognized situations. 
If ( T 2 3 ) - 1  is short, then nuclear relaxation in site 111 is 
very fast and the rate-limiting step for the relaxation 
in site I is the exchange into 111. This might be either 
I-I11 or 11-111 exchange, and under the present cir- 
cumstances it seems most likely that 11-111 exchange 
is faster. Then, as long as 1-11 exchange is faster than 
11-111 exchange, the nuclear relaxation in site I is 
controlled by the 11-111 exchange. Similar consider- 
ations apply when AwS is large but then the relaxation 
occurs through the change in precessional frequency or 
dephasing of nuclei from site I.  
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Infrared and electronic spectra and magnetic measurements are reported for the compounds M(tu)l(NCS)g (M = Mn, Fe, 
Co, Ni, Cd; t u  = thiourea). The electronic spectrum of the 
iron compound is interpreted in terms of a strongly tetragonal ligand field, but for the other compounds too few bands were 
observed to permit a satisfactory analysis. The manganese compound shows negative and the nickel one positive magnetic 
interactions but the temperature dependence of the susceptibilities cannot be accounted for by the one-dimensional Ising 
model. 

Mossbauer results for the iron compound are also presented. 

The origin of the magnetic interactions is discussed in terms of the electron configuration of the ions. 

Introduction 
In the isomorphous2 series of compounds M (tu)z- 

(NCS)2 (M = Mn, Fe, Co, Ni, Cd), the coordination 
polyhedron of the metal ion approximates to D4h sym- 
metry, with infinite chains of bridging sulfur atoms 
from the thiourea in the plane and nitrogen-bonded 
thiocyanate groups in the axial  position^.^ The nickel- 
thiocyanate bond distance (1.99 k)  is one of the shortest 
known, whereas the nickel-sulfur distances (2.56 and 
2.53 A) are appreciably longer than in Ni(tu)&12 

( 1 )  Department of Chemistry, Birkbeck College, London, W.C. 1, 
England. 

( 2 )  M. Nardelli, L. Cavalca, and A. Braibanti, Gam. Chim. I L d ,  87, 917 
(1957). 

(2.46 As a part of a study of the spectral and mag- 
netic properties of the complexes of sulfur-donor ligands, 
we now report the electronic and infrared spectra 
and the magnetic properties of this interesting series of 
compounds. 

Experimental Section 
Preparation of Compounds.-The following general method 

was used except as stated below. The calculated quantity of 
thiourea was added to a solution of the metal thiocyanate in 
water, heated to dissolve the solid, filtered, and cooled (for 
cobalt and cadmium) or evaporated until crystallization com- 
menced (for nickel and manganese). After filtration the com- 
plexes were dried a t  50' in vacuo. For manganese, only about 

(3) M. Nardelli, G. F. Gasparri, C. G. Battistini, and P. Dominio, Acta 
cryst., ao, 349 ( 1 9 6 6 ) .  (4) A. Lopez-Castro and M. 11. Truter, J .  Chem. Soc., 1309 (1963). 
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one-third of the calculated quantity of thiourea was used. For 
the ferrous complex, a solution of ferrous thiocyanate was shaken 
with finely divided iron until it became green and was then filtered 
under nitrogen into a deoxygenated solution of thiourea in 
water. The solution was concentrated in cacuo, and the yellow 
crystalline complex was filtered off under nitrogen and dried 
in vacuo. Anal. Calcd for Mn(tu)p(NCS)p: C, 14.9; H, 2.5; 
N ,  26.0; Mn, 17.0. Found: C, 15.0; H, 2.1; K, 25.9; Mn,  
17.3. Calcd for Fe(tu)n(XCS)?: C, 14.8; H, 2.5; N, 25.9; 
Fe, 17.3. Found: C, 14.9; H ,  2 . 5 ;  N, 25.7; Fe, 17.3. 
Calcd for Co(tu)n(NCS)a: C, 14.7; H, 2.5; N, 25.7; Co, 18.0. 
Found: C, 15.1; H ,  2.3; K, 25.1; Co, 18.1. Calcd for S i -  
(tu)z(KCS)9: c, 14.7; H, 2.5; N, 25.7; Xi, 18.0. Found: 
C, 15.1; H, 2.5; S, 25.8; Xi, 18.0. Calcd for Cd(tu)a(KCS)2: 
C, 12.6; H, 2.1; S-, 22.1; Cd, 29..5. Found: C, 12.9; H, 1.8; 
h-, 22.4; Cd, 29.5. 

Physical Measurements.-Infrared spectra were obtained 
using Grubb-Parsons Spectromaster, DM4, and Gh13 spectrom- 
eters, and electronic spectra were obtained using a Beckman 
DK2a spectrometer with a reflectance accessory. Magnetic 
measurements, using a Gouy balance of conventional design, 
were made on a t  least two samples of each compound. Measure- 
ments a t  several different fields were made at each temperature, 
but no field dependence was observed. 

Results 
Infrared Spectra.-The internal modes of the thio- 

cyanate ion are in the range normally found for pu'- 

bonded thiocyanate groups. Those vibrational modes 
of the thiourea which involve appreciable C-S 
stretching character are shifted slightly to lower energy 
relative to nonbridging, coordinated thiourea. At 
lower energy than the internal modes of the ligands, 
these compounds show bands due to the skeletal vibra- 
tions of the complexes (Table I). 

TABLE I 
FAR-INFRARED SPECTRA (400-130 C M - ~ )  

Compound M-SCS str Other bands 

Ni(tu)p(NCS)z 303 ms 230 5, 206 m,  170 m 
Co(tu)a(NCS)z 297 ms 
Fe(tu)p(KCS)e 293 ms 198 s, 173 m, 148 m 
Ms(tu)2(NCS)2 286 b, ms 

208 s, 194 m, 162 m, 146 m 

189 s ,  181 s, I66 m, 140 m 
Cd(tu)n(SCS)z 226 b 181 s 

Fe(tu)z(NCS)z.-In a crystal field of D4h symmetry, 
the 5D term of the Fe(I1) ion splits into the levels jE,, 
5Bzg, 5B1,, and 5A1g, but the value of the magnetic mo- 
ment (TabIe 11) suggests that the separation between 
the 5E, and the 5B2, levels is small. The Mossbauer 
spectrum shows an isomer shift of 1.01 =!= 0.04 mm/sec 
(relative to Pd/j7Co), with a quadrupole splitting of 
2.08 * 0.04 mm/sec. This quadrupole splitting in it- 
self suggests that  the B B ~ g  level lies lowest and, together 
with the magnetic moment, i t  fits the calculated curves 
for a jBzg ground state. The 5Eg-BBzg separation is then 
found, using the expressions of Burbridge, et al.,6 to be 
either ca. 300 or ca. 4000 cm-l. The latter value is ex- 
cluded by the high magnetic moment. 

The electronic reflectance spectrum (Table 111) shows 
the expected large separation of the "1, (dr2--y2) and 
.;Al,(cl,J levels, arid we assign the lt),M)O-cin--' band as 

( 5 )  R. M. Golding, K. F. Mok, and J. 17. lluncan, I i ~ o i ~ ~ ,  C h t ! ~ , ,  5,  771 
(1966). 

(6)  C. D. Burbridge, D. M. L. Goodgame, and hl. Goodgame, J .  Chewz. 
Soc., A ,  319 (1967). 

TABLE 11 
MAGNETIC PROPERTIES 

Temp range of 
Curie-Weiss Aleif," 

Compound law, O K  I3 11 0, deg 

Fe( tu)? (NCS)? 80-360 5.51 -4  
Xi(tu)2( KCS)2 170-3 70 3 .27  + 40 
CO(tu)e(NCS)p 80-360 4.99 -7 
&In (tu)? ( KCS)2 170-370 5.81 - - I  

Calculated from p = 2.83 ~ / x ( T  - e )  where x is corrected for 
diamagnetism. 

TABLE 111 
ELECTRONIC SPECTRA O F  THE COMPLEXES 

Compound Absorption maxima, cm-1 

Mn(tu)p(SCS)2 26,800, 22,500, 18,600 

CO(tU)?(~CS)2 
Ni(tu)z(KCS)?" 14,800, 8400, -6200 sh 
a Higher energy bands obscured by charge-transfer absorption. 

Fe(tu)2( S C S ) ,  10,800, 5420 
-19,200 sh, 18,500, 15,000, 9430, 6250 

the jB2, + 5A1, transition and the 5420-cm-1 band as 
'Bz, + 5B1,. The following values of the tetragonal 
 parameter^^,^ may then be calculated: Dq = 810 cm-1, 
Ds = -810 cm-l, Dt = -4430 cm-I, 6u = 2000 cm-1, 
and b r  = 150 em-'. The in-plane field is about 5500 
cm-l, compared with an octahedral field of about 8600 
cm-l for nonbridgitig thiourea in Ni( tu)gX~.~  It is 
clear that, as expected from crystal field theory, the 
tetragonal component of the field has a much greater in- 
fluence on the d22-y2-dp2 separation than it has on the 
dz*-y2-dzv separation. This effect has been observed in 
other iron(I1) compounds.j 

Ni(tu)2(NCS)2.-The lowest energy band in the 
reflectance spectrum of this compound has a shoulder on 
the low-energy side which is not due to vibrational over- 
tones. If the splitting of the 3Tzg (in Oh) level is cal- 
culated using the values of Dq and Dt found for the 
iron(I1) complex, but neglecting the E,(3T2g)-E,(3T1,) 
interaction, then i t  is predicted that the 3B2, state will 
lie a t  5500 cm-l and the 3Eg state a t  9300 cm-'. How- 
ever, inclusion of the most important off-diagonal ma- 
trix element ((3Eg, 3T2,/ V613Egj 3Tl,) = -3"'Ds - 

5/4(31'Z)Dt = -2300 cm-l) depresses the energy of 3E, 
(3Tz,) some 1000 m-ave numbers, in agreement with the 
measured spectrum. The position of the 3Bz, state, 
however, suggests that either Dq is slightly larger or Dt 
is (numerically) smaller in the nickel than in the iron 
compound. Since only three of the six spin-allowed 
transitions are observed in the spectrum, a more de- 
tailed interpretation cannot be given. 

The magnetic susceptibility of this compound follows 
a Curie-Weiss law over the temperature range 3iO-- 
170 "K but at lower temperatures an appreciable devia- 
tion occurs (Tables I1 and IV). No field dependence 
was detected. 

Co(tu)z(NCS)z.-The electronic reflectance spectrum 
of this complex has been interpreted1" as indicating the 

(7) C .  J. Ballhausan and C. K. Ilare, J .  Chum. P h r r . ,  40, 788 (19IJ4). 
( 8 )  I ) .  S. RllcClure i n  "Advances i n  t h e  Chemistry or the Cuordinat ion 

Compoun'ls," S. Kil-scliner, Hd.,  T h e  hlacmillan Co.,  ZIew Vurk,  N. Y , 
1961. 

(9) F. A. Cotton, 0. 1). Faut, and J. T. Mague, Inoip.  Chriiz., 3, 17 (1964). 
(10) G. Yagupsky, R. Negretti, and R. Levitus, J .  I r m i g .  S u d .  Chem., 27 ,  

2603 (1965). 
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TABLE IV 
MAGNETIC SUSCEPTIBILITY OF M(tu)n( NCS)2 

(M = Mn, Ni) 
7- M=Ni------ 7- M = Mn-- 

OK x,Ma BM “K x u a  BM 
Temp, 10 - 8  u? Temp, 10-3 !4b 

367 4.08 3.48 362 11.50 5.79 
332 4.54 3 .51  325 12.79 5.79 
298 5.14 3.52 3 02 13.82 5.80 
252.5 6 .23  3.56 292 14.27 5.79 
226 7.13 3.61 247 16.87 5.79 
203.5 8.11 3 .65  222 18.69 5.79 
182 9 .33  3.70 202 20.61 5.79 
161.5 10.82 3.76 190 21.88 5.79 
147.5 12.12 3 .79  184 22.60 5.79 
138 13.15 3.82 174 23.80 5.78 
127 14.60 3 .87  161 25.18 5.72 
115 16.38 3.90 148.5 26.45 5.63 
102 19.23 3 .98  145 26.75 5.59 
94 21.28 4.01 127 29.40 5.49 
88 23.15 4 .05  112 33.10 5.47 
77 27.30 4.12 95 38.6 5.44 

83 .5  42.2 5.33 
78 45.5 5.34 
Calculated from the Curie a Corrected for diamagnetism. 

law. 

presence of a tetrahedral species in addition to the 
octahedral structure. Careful measurements of the re- 
flectance spectrum in the region around 15,000 cm-’ 
did not reveal the fine structure normally associated 
with the 4Az -t IT1(P) transition of tetrahedrally coor- 
dinated cobalt(II), although this structure is clearly re- 
solved for Co(ta)z(NCS)z (ta = thioacetamide).ll 
Moreover the electronic spectra of Co(tu)z(NCS)z and 
Co(NCS)z.0.5Hz0 are very similar except in the 
charge-transfer region, and it seems unlikely that both 
these compounds would contain similar amounts of 
tetrahedral species giving absorption maxima a t  sim- 
ilar energies. 

The separation of the 4Bz, and 4E, (from 4Tzg in Oh) 
levels is clearly resolved, with the more intense transi- 
tion to 4Eg lying lower, as expected. However, even 
when off-diagonal elements are included, i t  is not pos- 
sible to account quantitatively for the whole spectrum 
using parameters similar to those found for iron and 
nickel and it appears that spin-orbit coupling must be 
included for any full interpretation. 

The magnetic properties of Co(tu)z(NCS)2 are normal 
(Table 11). 

Mn(tu)z(NCS)z.-The reflectance spectrum of Mn- 
(tu)z(NCS)z is similar t o  those of other octahedral man- 
ganese(I1) complexes. Three d-d bands are detected 
before the onset of charge-transfer absorption. No 
splitting of the lowest energy band is observed, and no 
assignments in tetragonal symmetry can be attempted. 

The magnetic susceptibility of this compound follows 
a Curie-Weiss law over the temperature range 370- 
170°K (Table 11), but below 170°, the susceptibility is 
lower than would be predicted by this law. The form 
of the ‘ / x  vs. T graph suggests that there may be a 
transition a t  this temperature to a phase showing nega- 
tive magnetic interactions. 

Discussion of Magnetic Results 
These compounds consist of infinite chains of sulfur- 

bridged metal atoms with relatively large distances be- 
tween the chains. It therefore seems appropriate t o  
attempt to use the one-dimensional Ising model12 to fit 
the experimental results. After correcting for tempera- 
ture-independent paramagnetism, the susceptibility of 
a chain of ions of spin S at  temperature t >> pH/k is 
given by this model as 

where p is the magnetic moment per atom, H is the 
magnetic field strength, and J is the interaction energy. 
In the compounds studied in this work x was indepen- 
dent of H ,  therefore (pH/kt)2 is small compared with 
exp(-2J/kt). Substituting for p we have for an ion of 
spin S 

Thus a graph of log [(3kjNP2S(S + l ) )x ’T]  against 
1/T should be a straight line. 

These expressions neglect the effects of the zero-field 
splitting of the ground state. This will be small for 
Mn2+ but may have an appreciable effect for d8 Ni2+ in 
this highly anisotropic environment. However, in the 
latter case the zero-field splitting cannot be reliably 
estimated and will be neglected. 

In Figures 1 and 2 observed log [(3k/NP2S(S + 1)). 

Figure 1.-Plot of log [(3k/2Np2)x’T] against 1 /T  for Ki(tu)2- 
(NCS)*. x’ is corrected for diamagnetism and temperature- 
independent paramagnetism (xTIP, taken as 340 X cgs 
emu/mol). The broken line corresponds to J / K  = 69 and g = 
2.14. 

x’T] is plotted against 1/T for the nickel and manganese 
compounds. Clearly this model does not adequately 
account for the magnetic properties of these two com- 
pounds. In both cases the susceptibility does not iri- 
crease as rapidly a t  low temperatures as is predicted by 

(12) G. F. Newel1 and E. W. Montroll, Rev. Mod. Phys., 26, 353 (1953); 
(11) C. D. Flint and M. Goodgame, J. Chenz. Soc., A ,  750 (1968). C .  G .  Barraclough and C. F. Ng, T m n s .  Faraday Soc., 60, 836 (1964). 
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the Ising model. This might be attributed to a Curie- 
Weiss susceptibility term as utilized by Inoue, et a1.13 
Inclusion of such a term improves the fit somewhat but 
reasonable agreement between experimental and theo- 
retical curves cannot be obtained for acceptable values 
of g. I n  view of the approximations of the model and 
the small temperature range available to us, the inclu- 
sion of more than two adjustable parameters cannot be 
justified. 

Since the Ising model does not enable a quantitative 
account of the magnetic properties of the individual 
compounds to be made, it seems reasonable to apply the 
approach of GoodenoughL4 to attempt a qualitative de- 
scription of the mechanisms contributing to magnetic 
interactions in these systems. 

For a complex of this structure, two mechanisms pre- 
dominate. First a delocalization effect considers the 
overlap of metal orbitals on different cations. For the 
tzp orbitals this can occur directly, whereas an inter- 
mediary ligand orbital is necessary for tzg-e, or e,-e, ex- 
change, and these last will be weaker. This effect will 
cause electrons in half-filled overlapping metal orbitals 
to line up antiparallel, while overlap of filled with half- 
filled metal orbitals will result in parallel alignment of 
spins on the two metal ions. This is due to the fact 

(13) M. Inoue, S. Emori, and bf. Kubo, Inorg. Chem., 7, 1427 (1968). 
(14) J. B. Goodenough, “Magnetism and the Chemical Bond,” Inter- 

science Publishers, Inc., New York, N. Y . ,  1963. 

that when an electron is partially transferred from an 
orbital 41 to an orbital (6z, already containing an elec- 
tron with a spin, the second electron in $1 must also 
have a: spin, and the exchange effect then favors OL spin 
for any other unpaired electron on the same metal ion 
as 41. 

The second mechanism is an electron correlation 
effect, which results because if an electron is trans- 
ferred, through overlap, from a “ligand orbital” to a 
“metal orbital,” it will tend to line up with its spin anti- 
parallel to an unpaired electron already in that orbital 
or, if the metal orbital is empty, parallel to unpaired 
electrons in other orbitals on the same center. For 
these compounds the main interaction will involve 
transfer of one electron from a u-bonding hybrid orbital 
on each of two thiourea sulfur atoms to the metal ion. 
Additional interactions involving n-overlap between 
ligand and metal ion are expected to be considerably 
weaker, since the metal ions are not coplanar with the 
thiourea. 

This approach gives a qualitative explanation of the 
trend in behavior from manganese to nickel as a conse- 
quence of the different number of tzg electrons. Since 
overlap of two half-filled orbitals gives a negative inter- 
action and overlap of one half-filled and one filled or- 
bital gives a positive interaction, the increasing number 
of t z g  electrons on going from manganese to  nickel re- 
sults in a decreasing negative interaction. With nickel, 
the predominantly positive effect from other sources be- 
comes the major factor (Table V). 

TABLE V 
SUMMARY OF MAGNETIC INTERACTIONS 

Delocalization exchange Correlation 
Metal tzp-tzpa tq-e, eg-e4 exchange Expt 

- + Mn(I1) - b  - - 
Fe(I1) *a  rk - + 0 
Co(I1) & * + 0 
Si(I1)  0 4- + + 

li Minus 
indicates negative arid plus indicates positive magnetic inter- 
actions. Plus or minus indicates that  the sign of the interaction 
depends on which t z s  orbitals are overlapping. It occurs only 
when some t2g orbitals are completely and others are partly filled. 

- 
- 

a This interaction is expected to be relatively strong. 
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