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The bonding and magnetic properties of the complexes Fe(Mexdtc),], and Fe(Et,dtc),l; were studied by ’Fe and 2’1 Méssbauer
spectroscopy. For the first complex, 5’Fe spectra from 4.2 to 1.36 K and in magnetic fields up to 7.5 T demonstrate the
occurrence of antiferromagnetically coupled dimers and a magnetic ordering transition below 1.6 K. The %I results indicate
the presence of I, as bridging unit. In contrast, the second complex behaves as a single paramagnetic iron(I11) monomer
as shown by low-temperature magnetically perturbed 5’Fe spectra. The presence of an I, unit with one of the terminal
iodines bonded to iron in the Fe(Et,dtc), group is inferred from the 2T spectra.

Introduction

In aprotic solvents molecular iodine reacts with iron(11I)
dithiocarbamates of the Fe(R,dtc); or Fe(R,dtc),I series to
yield a variety of products.? An interesting feature of this
reaction is the effect of the alkyl substituent in the (R,dtc)”
ligand on the composition of the obtained products as evi-
denced by the following representative examples: Fe-
(Meydtc),l,, Fe(Et,dtc,),1,, Fe(i-Prydtc)sl; and Fe(Etydtc);ls.
The last two compounds have been proved to be iron(IV)
complexes containing the Fe(R,dtc);* ion.??

We focus our attention in this paper on the first two com-
pounds. Room-temperature Méssbauer measurements? give
isomer shift values that indicate the presence of iron(III) and
quadrupole splittings that though significantly higher than the
corresponding iodobis compounds,** suggest an .S = 3/, ground
state. This assignment has been verified by magnetic sus-
ceptibility measurements at our laboratory which give mag-
netic moments of 3.80 and 4.00 uy for Fe(Me,dtc),I, and
Fe(Et,dtc),l, respectively, in accord with a .S = 3/, system.

We report here detailed 'Fe and '%1 Méssbauer mea-
surements on the two complexes Fe(Me,dtc),I, and Fe-
(Et,dtc),l; at low temperatures and the information that can
be extracted on iodine bonding, possible structures, and in-
termolecular magnetic interactions in these molecules.

Experimental Section

The Fe(Me,dtc),I, complex was prepared by reacting 1 g of Fe-
(Me,dtc); in 50 mL of CH,Cl, with 0.610 g of iodine in 20 mL of
CH,Cl,. After the addition of 50 mL of hexane, the mixture was
left for 3 h. Crystals were formed which were collected, washed with
hexane, and recrystallized from a methylene chloride-hexane mixture.
The Fe(Et,dtc),I; complex was prepared similarly by reacting 1 g
of Fe(Et,dtc); with 0.750 g of iodine. The purity of the complexes
was confirmed by elemental analyses, as well as by their infrared and
Massbauer spectra. The 'PI-labeled complexes were obtained by the
same procedure using '2°I,. The latter was extracted in methylene
chloride after oxidation with H,O, of an aqueous solution of Na 1%
acidified with H,SO,. The '¥I labeled complexes were identified by
their 5'Fe Mdssbauer spectra.

Maossbauer spectra were obtained with a conventional constant
acceleration spectrometer. A ZnTe source enriched in %Zn and '%Te
and irradiated in the NRC Demokritos reactor was used for the '#I
measurements. A "Co (Rh) source was used for the ’Fe mea-
surements. Spectra were recorded in the temperature range of 1.4-300
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Table 1. Isomer Shifts (IS) and Quadrupole Splittings (AE Q) for
*7Fe in the Studied and Related Complexes at 4,2 K

compd 18, mm s™! AE G, mms™
Fe(Me, dtc),1, 0.47 (1) 3.23 (1)
Fe(Et, dtc), 1, 0.46 (1) 3.80 (1)
Fe(Me, dtc),1° 0.49 2.93
Fe(Et, dtc), I¢ 0.52 (1) 2.85 (1)

@ Relative to Fe metal at room temperature. b Reference 3.
¢ Reference 6.

K and in external fields up to 7.5 T.

Results and Discussion

(A) 5'Fe Measurements. The 'Fe Méssbauer spectra of
both complexes consist of a quadrupole doublet which is in-
dependent of temperature down to 2 K. The parameters of
these spectra are shown in Table I together with results of the
corresponding simple iodine bis(dithiocarbamates) for com-
parison. Below 2 K the spectra of the two complexes develop
in different ways. A symmetric quadrupole doublet persists
down to 1.6 K for the Fe(Me,dtc),I, complex. Below this
temperature magnetic hyperfine splitting appears in a narrow
temperature range, and it is clearly developed at 1.36 K, in-
dicating a magnetic transition (Figure 1a). The spectra of
the Fe(Et,dtc),I;, on the other hand, display an asymmetric
broadening at 1.6 K without any clear evidence for magnetic
hyperfine interaction down to 1.36 K (Figure 2b).

Application of a transverse magnetic field of 0.9 T reveals
further differences in the magnetic properties of these two
compounds. An asymmetric broadening typical of a diamagnet
appears at 4.2 K in the Fe(Me,dtc),I, molecule (Figure 1c)
while a “triplet—doublet” pattern is clearly displayed by the
Fe(Et,dtc),I; complex (Figure 2c). A positive quadrupole
coupling constant is consistent with both patterns. At 1.36
K the hyperfine pattern of Fe(Me,dtc),l, in an applied tran-
sverse field of 0.9 T shows slightly smaller overall splitting and
significantly broader lines than at zero field (Figure 1a,b). In
contrast, the application of a magnetic field on Fe(Et,dtc),l;
at 1.36 K results in well-defined hyperfine magnetic splitting
typical of a paramagnetic species (Figure 2a). These results
suggest an antiferromagnetic coupling arising from dimer
formation in the Fe(Me,dtc),I, complex and a paramagnetic
monomeric character for Fe(Et,dtc),I;. In the former case
the lack of magnetic hyperfine splitting at 4.2 K and 0.9 T
is expected from an S = 0 ground state formed by two spin
3/, ions coupled antiferromagnetically. The broadening of the
lines at 1.36 K also can be attributed to decoupling of the
magnetic dimers by the applied field and consequent distri-
bution of the orientation of the hyperfine fields. Very similar
results have been reported previously for the closely related
compound Fe(Me,dtc),I.*
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Figure 1. 37Fe Massbauer spectra of Fe(Me,dtc),l..

Further evidence for the magnetic properties of the two
complexes is provided by the variation of the hyperfine field
Hy; with the externally applied field. The hyperfine field is
related to the effective magnetic field H,g acting on the ’Fe
nucleus by eq 1. As demonstrated in several previous in-

Ay = Hy + Happl ¢y

vestigations of iron bis(dithiocarbamates),’ the dominant
contribution to the hyperfine field arises from the contact
interaction, shown in eq 2, where the constant A has a value
of 220 kOe per unit spin.

Hg = A(S) Q)

Values of H, have been obtained from magnetically per-
turbed spectra at 4.2 K and in externally applied fields up to
7.5 T. The values were calculated from the line positions with
the assumption of an angle § = 90° of H in the EFG system.
This assumption is found to be correct at low applied fields
where the direction of H, is determined by anisotropy in the
electronic spin Hamiltonian resulting in spectra with narrow
lines. With these values, Hy; is calculated from (1), taking
into account that its direction is opposite to H,;,. The results
are plotted in Figure 3. For comparison we ﬁgve plotted in
the same figure the variation of the average value of the spin
induced by an external field, given by a Brillouin function for
S = 3/,. It is seen that the values for Fe(Me,dtc),l, are
systematically lower than this function, indicating the presence
of intramolecular antiferromagnetic coupling. The hyperfine

(6) Wickman, H. H.; Wagner, C. F. J. Chem. Phys. 1969, 51, 435.
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Figure 2. 5’Fe Mossbauer spectra of Fe(Etydtc).l.
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Figure 3. Variation of the hyperfine field Hy;at 4.2 K with the applied
magnetic field H,,. The solid line is a plot of the Brillouin function
By(H/T). The fxplperﬁne fields Hy; are normalized to the value of
th of FC(EtzdtC)zI:; at Hlppl =75T.

field for Fe(Et,dtc),1; on the other hand is slightly higher than
predicted by the Brillouin function. It is worth noting, how-
ever, that normalization to the Brillouin function of the value
of Hy;at Hy,, = 7.5 T gives a saturation value of ~300 kOe,
which is close to that expected for a spin 3/, system from (2).

In summary, the "Fe Mgssbauer results indicate the
presence of magnetic dimerization in the Fe(Me,dtc),l, com-
plex while the Fe(Et,dtc),I; behaves like a simple paramag-
netic iron(IIT) monomer.
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Figure 4. 12T Méssbauer spectra of Fe(Me,dtc),I, at 4.2 and 1.32 K. The solid lines are least-square fits of the spectra.

(B) I Measurements. Mossbauer spectra of 21 of the
complex Fe(Me,dtc),l, at 4.2 and 1.32 K are shown in Figure
4. The 4.2 K spectrum has been computer fitted with the
assumption of a superposition of pure quadrupole spectra from
two inequivalent sites I, and I5. Apart from a disagreement
in the velocity range from +2 to +4 mm/s (presumably due
to some impurity), the fit is satisfactory. The 1.32 K spectrum
becomes complex particularly in the velocity range of site I,
and to a lesser extent for Iz. Since the *’Fe spectra indicate
the presence of magnetic order at 1.36 K, this broadening of
the 12°1 lines may be attributed to transferred hyperfine in-
teractions. A computer fit of the 1.32 K spectrum, including
magnetic hyperfine interactions and constraining the quad-
rupole splitting and the isomer shift parameters to the values
determined by the 4.2 K spectrum, yielded the values of ef-
fective hyperfine fields at the 121 nuclei H(I,) = 53 kOe
and H(Iz) = 6 kOe. Due to the overlapping of the two
components the angles 8 and ¢, determining the orientation
of H.x in the EFG system cannot be determined reliably. The
results of these fits are listed in Table II. The hyperfine
parameters of related complexes reported in previous inves-
tigations are also listed in this table for comparison.

Inspection of the data of Table II immediately shows that
the hyperfine parameters of site I, are similar to those of the
simple iron bis(dithiocarbamato) iodides’ while those of site

(7) Petridis, D.; Simopoulos, A.; Kostikas, A.; Pasternak, M. J. Chem. Phys.
1976, 65, 3139.

Table II. Hyperfine Parameters of '*°I in Fe(Me, dtc),1,,
Fe(Et,dtc),],, and Related Compounds

IS, mm s™!  e?qQ, mms™! Up ref
Fe(Me,dtc), I,
site 1 5 -0.30 (2) ~11.5(2) 0.16 this work
site Ig 0.93 (2) -66.8 (2) 0.93
Fe(Et,dtc), I
—-0.19 (2) —-15.9 (1) 0.22 7
I, 0.93 (5) —69.8 (6) 0.97 gb
Fe(Et, dtc), 1,
site 1, -0.30 (4) —16 (1) 0.22 this work
site Ig 0.55 (8) —~47 (1) 0.65
site I 1.39 (6) -79 (1) 1.10
Csl
site I 0.01(4)  -257(3)  0.36
site I 0.49 (4) —45.8 (4) 0.64 11
site 1 1.40 (4) —78.8(6) 1.10

@ Relative to ZnTe source at 4.2 K. Mean values from the
two independent works listed in ref 8,

I are very close to corresponding parameters of molecular
iodine.® The essential identity of the parameters for I with
I, strongly suggests the presence of a molecular iodine moiety
weakly bonded to two Fe(Me,dtc),I units as required by

(8) Pasternak, M.; Simopoulos, A.; Hazony, Y. Phys. Rev. 19658, 140,
A1892. Robinet, R.; Cosgrove, J. C.; Collins, R. L. Nucl. Instrum.
Methods 1972, 105, 509,
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Figure 5. 12°] Méssbauer spectra of Fe(Et,dtc),I, at 4.2 K. The stick
diagrams correspond to the three iodine sites discussed in the text.

stoichiometry. The presence of a weak magnetic field on the
I site in the magnetically ordered state suggests that the I,
is at least partly responsible as a bridging unit for the formation
of antiferromagnetically coupled dimers. These conclusions
are consistent also with a recent crystal structure determination
of another derivative of this series, Fe((pyrr)dtc),I,° (pyrr =
pyrrolidine), where it is found that an iodine molecule is lo-
cated on a crystallographic center of symmetry. The iodine
atoms interact weakly with two complexed iodine atoms at
distances of 3.516 (3) A to form a loose “dimeric” association
of the type (dtc),Fel-I-I-+Fe(dtc),. It is also worth noting
that the Fe-I distance in this structure is 2.652 (3) A,
somewhat longer than the corresponding distance in Fe-
(Etydtc),I which is 2.59 (1) A. The observed increase of both
isomer shift and e?qQ for the apex iodine in passing from
Fe(Me,dtc),l, to Fe(Et,dtc),I (Table II), implying a greater
depletion of the p shell of I in the latter compound, is consistent
with the difference in bond lengths.

The spectrum of %I in Fe(Et,dtc),l; at 4.2 K is shown in
Figure 5. It is seen that this spectrum is considerably more
complicated than that of Fe(Me,dtc),l,, indicating the pres-
ence of at least three inequivalent sites. Approximate values
of isomer shift and quadrupole splittings with the assumption
of superposition of three components can be obtained from line
positions and are listed in Table II. In accordance with results

(9) Kepert, D. L,; Raston, C. L.; White, A. H.; Petridis, D. J. Chem. Soc.,
Dalton Trans. 1980, 1921.
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of previous studies of compounds containing an I, unit, axial
symmetry was assumed in this calculation (7 = 0).1° The stick
spectra calculated for these parameters are shown in Figure
5, and it is seen that they reproduce satisfactorily the main
features of the spectrum. The chemical character of the three
sites may be deduced by comparison with parameters for CslI,
which are also included in Table IL!! The close similarity
of parameters for sites Iz and I suggests that Iy must be
assigned to a terminal iodine and I to a central iodine in an
I, unit. For the central iodine the isomer shift and quadrupole
splitting are close to those of neutral iodine, indicating that
the charge in the I;™ unit resides on the terminal iodines. In
the case of Fe(Et,dtc),l;, the second terminal iodine may be
associated with site I,, which is complexed to the Fe(Et,dtc),
group as indicated by comparison of the hyperfine parameters
to those of Fe(Et,dtc),I. The significant difference in the
parameters of site I, for Csl; and Fe(Et,dtc),I, indicates that
the terminal iodine close to the metal ion is more charged in
the latter complex.

The bonding character of the iodine groups in the com-
pounds studied here can be discussed with reference to the
correlation given by de Waard!! between the isomer shift and
the parameter U, which is related to the occupation number
of states in the p shell by eq 3 where €%¢,,Q;2 = ~71.81 mm

e U+ U
Up=—2—qg—‘3=—u,+——y 3)
e°qaQ129 2
s7! for atomic 1. For pure unhybridized o bonds eq 4 is
obtained where b = 0.66 and 8, = —0.54 mm s~!. Values of

5~ 8, = bU, (4)

U, of the studied compounds are included in Table II. In-
spection of the values of Table II shows that eq 4 is followed
very well by both complexes of this study, leading to the
conclusion that for all iodine atoms the bonding is of pure
unhybridized ¢ type.

Summarizing, by combined 3’Fe and '°1 Méssbauer mea-
surements on the molecular complexes Fe(Me,dtc),I, and
Fe(Et,dtc),I,, we have demonstrated that (a) the first complex
contains a molecular iodine (I,) unit mediating the formation
of weakly coupled dimers with antiferromagnetic interaction
and (b) the second complex is a paramagnetic monomer
containing an I~ unit with one of the terminal iodines bonded
to the metal ion of the Fe(Et,dtc), group.

Registry No. Fe(Me,dtc),];, 79933-21-4; Fe(Et,dtc),l,, 62171-16-8;
Fe(MezdtC)g, 14484-64-1.
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(11) de Waard, H. “Mossbauer Effect Data Index”; Stevens, J. G., Stevens,
V. E., Eds.; IFI/Plenum Press: New York, 1973; p 447.



