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Far In:Crared Spectra of Several Fe (III) Complexes with Spin S=3/2 
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Lawrence Radiation Laboratory 
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and 

H. H. Wickman 
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ABSTRACT 

The far infrared transmission spectra of seven bis 

eN, N dialkyl di thiocarbamato) Fe (III) halides have been 

measured at 4.2°K in applied magnetic fields up to 52 kOe. 

The paramagnetic spectra are closely consistent with the spin 

Hamiltonian JC=gWBHoS + D[S2 - S(S+1)/3] + E[S2 - S2] for 
z x y 

S=3/2, E/D«l, and values of D between - 2.35 and +8.15 cm-:l. 

The zero field ferromagnetic resonance of ((C2H5)2NCS2)2 FeCl 

in the ordered state was obser-iTed at 3.85 cm-l 
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We have measured the far infrared transmission spectra of a series 

of penta-coordinate Fe(III) c(jmplexes, the bis (N, N dialkyl dithiocar-

bamato) Fe (III) halides: (R
2

NCS
2

) 2FeX. 'J.'he hon atom in these compounds 

lies approximately at the centroid of a rectangular prism "rhich has a 

base of four sulfur atoms and a halide at the apex. l Measurements of 

. 1 2 3 .. . If 
magnetic susceptibility, ' EPR, and Mossbauer effect have shmm that 

the Fe(III) electronic ground multiplet is consistent with the spin 

Hamiltonian .. 

(1 ) 

wi ththe· unusual intermediate~spin value S=3/2, and parameters g=2. 00 

IDI> l.cm-l , and E «D. Our far infrared measurements have enabled 

us to investigate the validity of the spin Hamiltonian approximation, 

and to directly optain -values for the axial crystal field parameter D. 

The ·far infrared measurements were made over the frequency interval 

3-50 cm-1 , using the techniques of Fourier transform spectroscopy.5 The 

.Michelson interferometer and sample dewar employed have been recently 
. 6 

described elsewhere. Spectra were obtained for polycrystalline samples 

immersed·in liquid helium at temperatures between 1.3 and 4.2°K; magnetic 

fields up to 52 kOe were applied by a- supercorrducting solenoid. The 

spectra for all seven compounds studied showed magnetic field-dependent 

absorptions due to magnetic dipole transitions between states of the 

paramagnetic ground multiplet. In addition, the ferromagnetic resonance 

of «(G2H5)2NCS2)2 FeCI in the ordered state was observed. 

In the absence of a magnetic field, the eigenstates of the Hamiltonian 

(1) consist of two Kramer's doublets separated by the zero field splitting 

6=2DIl+3(E/D)i. If D>O, the ground doublet is chiefly characterized 

by S= ±1/2; if D < 0, the level system is inverted. In an applied 
. z 
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magnetic field H 1 z, the S z =± 1/2 doub1et splits vrith gl =4 and the 

Sz=± 3/2 doublet splits quadratical1y in H. A plot of the absorption 

line positions derived from far infrared data for a sample vrith crystallites 

arranged in approximately this oricntation7 is shovrn in Fig. 1. The 

curves represent a "best fit" of the Ha..mil tonian to the observed spec:trwn; 

the values of D and E vrere chosen to fit the zero field splitting and 

the ground doublet Zeeman splitting. Although the overall fit is excel­

lent, the positions of t"he high frequency transitions differ from the 

prediCtions by more than the experimental error (0.1 cm-l in this case). 

This discrepancy carinot be explained by imperfect alignment of the 

crystal1ites. It is more like1y due to effects cif the small admixture 

of higher states which are not included in (l).The "high-frequency" 

far infrared transitions are particular).y sensitive to effects of this 

kind. 

Most of the other compounds studied had small crysta11ite sizes, 

which prevented the construction pf oriented samples. In order to 

compare their experimental powder absorption spectra with the predictions 

of the spin Hamiltonian, a computer program was written to calculate the 

_powder average absorption coefficient as a function of frequency for a 

specified D, E, temperature T, linewidth, and applied field H. It vras 

assumed that the direction of the external magnetic field and the direc-

tion of propagation of the far infrared radiation were randomly oriented 

with respect to the crystalline axes; this approximation is consistent 

with the experimental conditions. 8 The g-factor was. taken to be isotropic 

with a value g=2.0, and a Gaussian lineshape, "due to site inhomogeneities, 
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was fitted to the zero field spectrum. The computed spectra .Jere qui tc 

complex, and were relatively insensitive to the value of E chosen. 

Accurate comparison of the predicted spectra with the observations .rere 

complicated by the breadth of the absorption lines and the difficulty 

of determining the non-electronic background spectrum. However, the 

computed relative intensities and frequencies of absorption maxima as 

well as the quali tati ve lineshape agreed closely with experiment.. Data 

for a powdered compound are compared with the powder average calculations 

in Fig. 2. The value of D used was determined from the zero field 

splitting, and E was obtained from the EPR result: E/D=0.036. 

One of the compounds investigated, «C2H5)2NCS2)2FeCl, has been 

2 . 
shown' to be a ferromagnet with a transition temperature T

c
=2.43°K. No 

sharp zero field absorption was observed for this compound in the 

paramagnetic state, presumably because of exchange broadening. Such 

broadening is likely in this compound, since the Heisenberg exchange 

coupling parameter J is of the srune order as D. 

A zero field ferromagnetic resonance was observed for TS2.3°K. 

At T=O, a simple classical argu~lent shows that the zero field resonance 

frequency 'V (T=O )=2DS. This argument, exact in the liniit of large 
o 

spin S, must be corrected by the factor 9 n=[1-1/(2S)]. Therefore, for 

spin S=3/2 'V =2D. The frequency 'V. (T) tends to zero in a regular 
, 0 . 0 

fashionlO as T approaches T. Our measurements of 'V between 1.3 and 
c 0 

2.3°K, however, showed a progressive broadening of the resonance and a 

-1 decrease of,only -0.05 cm Therefore, we have taken 

3.85 Cin-
l for this compoUnd. 'l'he sign of D was obtained from Mossbauer 

effect results. 
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The.values of D obtained for the seven compounds investie;ated are 

listed in Table I. The values for the compounds which have not been 

discussed were obtained from the zero field splitting, assuming E=O. 

The sign of D was also found from the spectra. A comparison of Fig. 1 

(D>O) with Fig. 2 (D<O) illustrates the two cases. The qualitative 

differences between the. two spectra are· caused by the effect of thermal 

population on the transition strengths; the population depends upon the 

level sequence and therefore upon the sign of D. The sign of D found 

from examination of the far infrared spectra is in agreement vrith 

previous Mossbauer effect results. 

The similarity of the chemical and macroscopic properties of the 

bis dithiocarbamates indicates that they form an isostructural series 

obtained by substitution of either the halide ligand or the alkyl groups 

located at the periphery of the molecule. In order to study the variation 

of D with such ligand substitutions, we compare the change in the zero 

fieldspli tting b.when the halide ligand is changed from Br to Clfor a 

fixedbidentate dithiocarbamate ligand. This quantity, b.Br-b.Cl ' is also 

listed in 'l'able 1. 

For the first two pairs of compounds, b.Br-b.Cl is approximately 

independent of the alkyl ligand; preliminary results indicate that a 

similar value will be found for the isopropyl derivatives. This 

observation suggests that the effect of alkyl group substitution upon b. 

is either small or relatively independent of the halide ligand. However!, 

b.Br-b.Cl . for the pyrrolidinyl deri vati ves is quite different, .... rhich 

implies that the bonding in these complexes varies markedly from that in 

the other compounds. 
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We may compare these observations. with results for a series of 

related compounds. 11 Magnetic susceptibility measurements have been made 

on tris (dialkyl dithiocarbamato) Fe(nI) c.)mplexes [(R2HCS2 )le] with 

different alkyl groups~ With the exception of the tris pyrrolidyl 

complex, these compounds have temperature-dependent moments ',hich lie 

between the octahedrally allowed low and high spin states. The tris 

pyrrolidyl complex, however, sho.,s only high spin behavior .12 

These s"triki.ng differences in both the tris and bis di thiocarbamate 

complexes may be due to a greater degree of Tf. bonding for pyrrolidinyl 

·ligands, owing to a pseudo ring structure including the nitrogen atom. 

If this is the case, we would expect a very different spin density at 

the peripheral protons in alkyl derivatives compared withpyrrolidinyl 

derivatives. Such NMR data for the bis complexes are not available at 
. . 13 

pres·ent, but results reported for several tris compounds shovT that 

the effective contact interaction for tris pyrrolidyl is significantly 

smaller than the corresponding contribution in the tris alkyls. 

Finally, we compare the values of D for these compounds .vi th the 

quadrupole splitting 6EQ, also listed in Table I, obtained from Mossbauer 

effect measurements. Since both ~EQ and D depend upon the strength and 

asymmetry of the ligand field. we might expect a correlation bet'>reen them. 

. 14 
For example, this comparison has been made for Fe(III) porphyrins, 

. which have ground multiplets described by (1) for S=5/2. The porphyrin 

data suggest an approximately linear variation of 6E
Q 

with D, passing 

through the origin. Our data clearly eliminates such a possibility 

for the dithiocarbamates, but does not discriminate against other 

possible zero-intercept fUllctions. For instance, the data can be fit 
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to a saturating functi<;m of D with either even· or odd parity. Mossbauer 

effect a!1d far infrared measurements on the flllorideand iodide complexes 

would help to clarify this point. 

We wish to acknovTledge many helpful discussions with G. Harri.s 

concerning techniques for computing povlder average spectra, and wi th 

K. Tsushima concerning magnetic torques in axial systems. 

This work was performed under the auspices of the U.S. Atomic 

Energy Commission. 
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FIGURE CAPTIONS 

Fig. 1·" Data for a sample of ((C2H5)2NCS2)2FeBr oriented with the applied 

field approximately perpendicula!' to the z-axis. The points 

indicate the frequencies of maximwn absorption, the bars the 

experimental width at half maximum. 'rhe curves are the predict.ed 

-1 -1 transitions of Eq. (1) with D=+7.50 cm ,E=0.50 cm ,and the 

angle between H and the z-axis 6H-3n/8. The resolution interval 

.. . -1 
1.S 0.50 cm . 

Fig .. 2 Data for a powdered sample of ((i-C3H7)2NCS2)2FeCl. The curves 

"plot the frequencies of the principal computed powder absorption 

-1 -1 maxima for D=-2.35 cm and E=O.OS cm The resolution intey\Tal 

is 0.20 cm-l . 
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Ligands 

R=CH
3 X=Br 

R=CH3 X=C1 

R=C2H
5 

X=Br 

R=C2H
5 

X=C1 

R=i-CH. 
3 7 X=C1 

NR2=pyrrolidy1 X=Br 

NR2=pyrrQlidyl X=Cl 
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TABLE 1. 

D 

+7.30 

-2.10 

+7.50 

-1.93 

~2.35 

+8.17 

. +2.60 

L':IBr-'L':IC1 

(em-I) 

18.80 

18.95 

11.1' 

,'. 

L':IE 
Q 

(em/sec) 

0.290 

0.266 

0.288 

0.268 

0.268 

0.277 

0.268 
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