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4b, we obtain Av = (1 + p)AG = aAG, where a = (1 + p). Then,
recalling AG = nFAE, j,(excitn)

hv (in eV) = aAE, jy(excitn) &)

This is the physical justification for omitting an explicit constant
inegs 1 and 2.

Note that in situations outside the present context when E,
becomes very small, as in intervalence charge transfer, p rises
rapidly and hv » Eg.% Thus it is an abuse of the model to
extrapolate the relationship to an intercept despite the excellent
linearity in the present domain.

Finally, we take the opportunity to show that Lever’s expression
for relating Av to measured electrode potentials (eq 4 of ref 23),
though apparently more complex in form, corresponds to our
starting point (eq 4b).

Ey, = hv = [x; + nFAE(redox) + AAG, + Q] + x, + A(sol)
()]

In ref 23, x; and x, are used expressly for the free emergy of
reorganization, AE(redox) refers to the disproportionation reaction,
and AAG, and A(sol) are solvation terms. Standardizing symbols
and regrouping gives

hv = [nFAE, ;,(dispro) + Q +
YAGu(ML* + ML - ML -ML)] + N+ A, (7)

However Q is the “gas-phase resonance energy”, so that [Q +
2 AG,,,] equals nFAE, ,(compro). Thus, eq 7 is equivalent to

hy = nF[AE, ,(dispro) + AE) ,(compro)] + X, + A, (8)

The sum of the disproportionation and comproportionation/
promotion reactions in solution is the excitation reaction, (c-a),
above, so eq 6 is fully equivalent to eq 4b.

Supplementary Material Available: Tables of analytical data and data
for Figures 5 and 6 (2 pages). Ordering information is given on any
current masthead page.
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Magnetic susceptibility, 3’Fe Mossbauer spectroscopy, and variable-temperature FTIR spectroscopy have been used to characterize
the spin states of Fe''(4,4’-dpb),X; (dpb = diphenyl-2,2’-bipyridyl; X = NCS~, NCSe") in the temperature range 6 < T < 460
K. Both complexes show a continuous variation of the field-dependent effective magnetic moment over this range. Below ~325
K, both the infrared and Mossbauer spectroscopic signatures are insufficient to permit characterization of the spin state(s) of the
metal atom in these complexes, but at higher temperatures, the FTIR data can be accounted for by the increasing population of
a high (S = 2) spin state, while the Mossbauer spectra can be accounted for by a rapid (on the Mossbauer time scale) relaxation
between two spin states. The existence of an intermediate (S = 1) spin state for Fe(II) is a consequence of a major distortion
from octahedral symmetry of the metal-based orbitals, permitting a (near) degeneracy of the d,z and d,, levels around this atom.

Introduction

It is well understood that a triplet state (S = 1) cannot be the
ground state for an iron(II) ion in an ideal octahedral environment
due to the degeneracy of the t,; energy levels. However, if the
effective ligand field is less than cubic, the possibility of a triplet
ground state becomes theoretically possible.! [Fe!!([15]ane-
N,4)(NO,)1(PFg), where [15]ane-N, = 1,4,8,12-tetraazacyclo-
pentadecane, is the single six-coordinated iron(II) complex that
has been reported to have a triplet ground state throughout the
temperature region studied (96-352 K).2 This complex is ex-
pected to be severely distorted from octahedral symmetry if the
nitro group is bonded to the iron atom through both of the oxygen
atoms, as suggested by the infrared data reported by these authors.
Other claims of such S = 1 six-coordinate iron(II) complexes have
been reported in the past, but have been retracted, on the basis
of further experiments that indicated ground states other than
a triplet state.’ A few four-coordinate Fe2* porphyrins have been
reported to be in a triplet ground state on the basis of several
experimental techniques,* and a crystal structure has been re-
ported. However, these complexes have a square-planar geometry,
and therefore, their triplet state results from, and is different from,
the triplet state that would exist in a six-coordinate complex. An
intermediate spin state for a five-coordinate Fe(II) reported by
Bacci et al.*® shows a smooth variation of the magnetic moment
between 86 K (uer = 0.98 up) and 376 K (ugr = 2.26 ug).

* To whom correspondence should be addressed at Rutgers.

The synthesis of new complexes that are related to known
iron(II) spin-crossover complexes [complexes known to undergo
a thermally driven spin-state transition between the high-spin state
(HS, S = 2) and the low-spin state (LS, S = 0)] has been one
objective of the present investigation. Such studies have been
motivated by an effort to understand the effects that small changes
in the microstructure of a complex have on the details of the
spin-crossover transitions. Two new complexes have been syn-
thesized: Fe(4,4’-dpb),(NCS), and Fe(4,4’-dpb),(NCSe),, where
4,4'-dpb is a 4,4’-diphenyl-2,2’-bipyridine. These complexes are
related to the well-studied spin-crossover complex Fe(bpy),(NCS),,
where bpy = 2,2’-bipyridine. The magnetic and spectroscopic
properties of the diphenyl complexes are quite different from those
of Fe(bpy),(NCS),. This paper reports and discusses the mag-
netic, infrared, and >’Fe Mossbauer data for the newly synthesized
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Metal Ions; Cambridge University Press: London, 1961; p 373.

(2) Watkins, D. D.; Riley, D. P.; Stone, J. A.; Busch, D. H. Inorg. Chem.
1976, 15, 387.
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complexes and presents a model that can be used to account for
their unusual properties.

Experimental Section

Synthesis. Fe(4,4’-dpb),(NCS), and Fe(4,4’-dpb);(NCSe), were
synthesized by using modification of the general literature method, which
consists of first preparing the corresponding “tris” [Fe(4,4’-dpb),] [NCS],
and [Fe(4,4’-dpb);] [NCSe], complexes® and then refluxing these in an
appropriate solvent to obtain the desired “bis” product. All manipulations
were performed under an argon atmosphere. Specific modifications
employed in the present instances are as follows: In order to make the
tris compound, 3 equiv of 4,4’-dpb was dissolved in warm ethanol, and
the solution was added to 1 equiv of (NH,),Fe(SO,),6H,0 dissolved in
warm H,0 to which 2 equiv of KNCS or KNCSe, dissolved in H,0, was
then added. The red solution was maintained at 70-90 °C for 2-3 h and
then allowed to cool slowly overnight. The resulting black precipitate was
filtered out, washed with a small amount of argon-purged H,0, and dried
under vacuum. Fe(4,4’-dpb),(NCS), and Fe(4,4’-dpb),(NCSe), were
obtained by refluxing the appropriate tris compound in dry toluene for
2 days and were characterized by VTFTIR and *’Fe Mossbauer spec-
troscopy, SQUID magnetic susceptibility, and elemental analysis. Anal.
Found (calcd) for C44HiFeNS,: C, 70.1 (69.1); H, 4.1 (4.1); N, 10.6
(10.2). Found (caled) for C4sH;,FeNySe,: C, 62.1 (62.6); H, 3.5 (3.7);
N, 8.9 (9.5). The color of these two compounds is dark green, in contrast
to the usual red to maroon color of the closely related complexes [Fe-
(L)3(X),], where L is a bipyridyl or 1,10-phenanthroline type ligand and
X = NCS- or NCSe™.

An $"Fe-enriched sampie of Fe(4,4’-dpb),(NCS), was synthesized as
follows: An enriched sample of Fe,0; was reduced to the metal at 750
°C over 6 h in forming gas (15% Hj; 85% N,) and then transferred to
Schlenk glassware. From this point on, all synthetic manipulations were
carried out under an argon atmosphere. An excess of HBr (in H,0) was
then added, and the solution was allowed to react at room temperature
until all of the metal had dissolved. At this point, the solution was filtered
and the solvent removed under vacuum. The resulting solid FeBr, was
dissolved in a small amount of H,O and 3 equiv of 4,4’-dpb, partially
dissolved in warm ethanol, was added to the FeBr, solution. An excess
of NaSCN, dissolved in H,0, was added. The resulting solution was
maintained at ~70 °C for 1 h and then allowed to cool slowly with
stirring overnight. The resulting tris complex was filtered out, vacuum-
dried, and then refluxed in dry toluene for 2 days. The dark green solid
was filtered from the hot toluene solvent and washed with more hot
toluene. The sample was characterized by variable-temperature FTIR
and "Fe Mossbauer spectroscopy.

Physical Measurements. Variable-temperature magnetic data were
collected by using 2 SQUID magnetic susceptometer (Quantum Design,
Inc.) with the (~12-22-mg) samples held in a Lilly No. 5 clear gelatin
capsule. Effective magnetic moments were calculated from uyr =
2.828[xm(T - ©)]'/2, where x,, is the corrected molar susceptibility and
the Weiss constant is assumed to be zero. Diamagnetic corrections were
made for the sample holder and for the diamagnetic contribution of the
complex being measured. The diamagnetic contributions were deter-
mined by using values of -35 X 107 cgsu mol™! for the NCS complex
and —-40 X 107 cgsu mol™! for the NCSe complex as determined previ-
ously.® The remaining contributions were calculated by using Pascal
constants. The corrections for the two complexes were —469.56 X 107
cgsu mol™! for Fe(4,4’-dpb),(NCS), and -479.56 X 107¢ cgsu mol™! for
Fe(4,4’-dpb),(NCSe),.

Low-temperature FTIR spectroscopy (6 K to room temperature) was
carried out on an IBM 32 spectrometer as previously described.’
Changes in the CN stretching modes of the NCS or NCSe ligand were
used to follow the thermal conversion between spin states. All VTFTIR
measurements were carried out as described previously®!® on neat sam-
ples dispersed in Kel-F mulls, to minimize effects due to crushing and
pelletizing.®®

High-temperature FTIR spectroscopy (room temperature to 460 K)
was carried out on a Mattson Cygnus 100 spectrometer using K Br optics.
The cell used in these studies employed a resistance wire heated brass
sample holder fitted with a chromel-alumel thermocouple controlled
feedback circuit to maintain temperature stability (*1 K in the range
295 < T <461 K). All IR spectra were normalized to room temperature

(5) Burstall, F. H.; Nyholm, R. S. J. Chem. Soc. 1952, 3570.
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Figure 1. Effective magnetic moment of Fe!l(4,4’-dpb),L, (dpb = di-
phenyl-2,2"-bipyridine; L = NCS, NCSe) as a function of temperature.

KBr blank data, but not otherwise corrected.

For "Mossbauer spectroscopy, y-ray resonance spectra were obtained
at 90 and 295 K for Fe(4,4’-dpb),(NCS), and Fe(4,4’-dpb),(NCSe), and
at various temperatures between 90 and 425 K for the *'Fe-enriched
sample of Fe(4,4’-dpb),(NCS), by using a standard, constant-accelera-
tion spectrometer calibrated with 0.5-mil metallic iron at room temper-
ature. The neat microcrystalline powder sample was layered in a plastic
sample holder and examined in transmission geometry. To reduce ran-
dom statistical noise, >10% counts/channel were scaled at all tempera-
tures, by using a 100-mCi "Co(Rh) source at room temperature in
conjunction with a Harwell fast proportional counter. All isomer shifts
are reported with respect to the centroid of the four inner lines of a
room-temperature Fe(0) transmission spectrum.

Results and Discussion

Magnetic Susceptibility. The temperature dependence of p.yy,
as measured in a field strength of 1000 G, is shown for both
Fe(4,4-dpb),(NCS), and Fe(4,4’-dpb),(NCSe), in Figure 1. As
can be seen, the effective moments of both complexes are sen-
sitively temperature dependent in the ranges 10 < 7 < 380 K for
the NCS complex and 5 £ T < 380 K for the NCSe complex.
The effective moment of the thiocyanate complex gradually in-
creases from a value of 0.95 up at 10 K to 2.34 up at 300 K and
then increases more rapidly to 3.64 up at 380 K. Attempts to
obtain meaningful data at higher temperatures were unsuccessful.
Since the change in susceptibility is large, and a plot of x™! versus
temperature (T < 300 K) is not linear (Figure 2), ferro- or an-
tiferromagnetic coupling cannot be used to explain the temperature
dependence of the effective moment. The most likely explanation
for the magnetic data is that of a spin-state transition. If the
spin-state transition is of the normal type, that is, a transition
between the HS (S = 2) and LS (S = 0) forms of the complex,
both forms should be present at room temperature. The presently
discussed transition would be an unusual HS~LS transition in that
the transition appears to occur in two steps, although such two-step
HS-LS transitions have previously been reported.!! It should

(11) (a) Koeppen, H.; Muller, E. W.; Kohler, C. P.; Spiering, H.; Meissner,
E.; Guetlich, P. Chem. Phys. Lett. 1982, 91, 348. (b) Petrouleas, V.;
Tuchagues, J.-P. Chem. Phys. Lett. 1987, 137, 21. (c) Koenig, E.;
Ritter, G.; Dengler, J.; Nelson, S. M. Inorg. Chem. 1987, 26, 3582.
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Figure 2. Reciprocal of the molar susceptibility of Fe!'(4,4-dpb),(NCS),
as a function of temperature.

be noted, however, that the two-step spin conversion in [Fe(2-
pic);]Cl, (2-pic = 2-picolylamine) reported by Guetlich et al.!!®
evidences distinct transitions at 120.7 and 114.0 K, with sharp
maxima noted in the dx/dT plot at these temperatures. Both the
Mossbauer and susceptibility data are qualitatively different from
the results noted in the present study. Similarly, the susceptibility
data on the Fe'N,0, complex!!® show two distinct crossover
transitions separated by 30 K, which are interpreted by the authors
as involving only HS and LS states, and a single structural phase
over the range 90 < T < 300 K. In contrast, the two-step tran-
sition observed by Koenig et al.!’® involves a change from a
seven-coordinate HS state to a six-coordinate LS state of the Fe(II)
atom. In the case of the 4,4’-dpb complexes of the present study,
both the infrared and 3’Fe Mossbauer data imply that such in-
terpretations cannot account for the observed data (vide infra).
Thus, it is appropriate to consider another possibility, namely that
of an LS to intermediate-spin transition at T < 300 K and a
transition of intermediate spin to HS at temperatures above 300
K. This type of transition has not previously been reported, but
is possible on the basis of theoretical considerations.'®

A field-dependent study of the thiocyanate complex was carried
out, and the results indicate that the effective moment is also field
dependent, as shown in Figure 3. The effective moment of a pure
spin state is expected to be field independent. Guetlich and
co-workers have previously reported that the HS — LS transition
temperature of Fe(phen),(NCS), shifts by ~0.11 & 0.04 K when
the applied field is changed from 1 to 5.5 T.!2 The rather large
field dependence of the effective moment of Fe(4,4’-dpb),(NCS),
suggests that the ground state at a given temperature (within the
range studied) is not a pure spin state. The present data indicate
the presence of some type of interaction or coupling that allows
the ground and/or low-lying states to be substantially spin-mixed
to some extent. In the theoretical calculations that have been
reported, '3 spin-mixed states become possible when spin—orbit
coupling is considered.

Variable-Temperature FTIR Spectroscopy. In previous varia-
ble-temperature infrared studies of Fe?* spin-crossover complexes
that contain coordinated NCS or NCSe ligands, the CN stretching
mode of the NCS or NCSe ligand has been noted to be very
sensitive to the spin state; that is, the stretch corresponding to the
LS form is observed at a frequency that is 20~40 cm™ higher than
that arising from the HS form. Monitoring the relative absorbance

(12) Qi, Y.; Muller, E. W,; Spiering, H.; Guetlich, P, Chem. Phys. Leti.
1983, /01, 503.

(13) Calculation for Fe(III) spin states: Harris, G. Theor. Chim. Acta 1968,
10, 119, 155.
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Figure 3. Effective magnetic moment of Fe'l(4,4’-dpb),(NCS), as a
function of temperature at various field strengths.

of the CN stretching modes corresponding to the two states as
a function of temperature (or irradiation as is the case for
light-induced excited spin-state trapping experiments, LIESST)
has been found to be a convenient method for monitoring such
transitions.®!%!4 In the context of the present discussion, such
a study was carried out on Fe(4,4’-dpb),(NCS), and Fe(4,4’-
dpb),(NCSe),.

The CN stretching modes of the NCS complex at five tem-
peratures between 6.5 and 305 K are shown in Figure 4. When
the sample is cooled from 305 K, the two bands show only a
normal thermal blue shift, and the relative absorbance of the two
bands remains constant. If one of the two bands represented one
spin state and the other band arose from another spin state, then
the relative absorbance between the two bands should change,
consistent with the magnetic susceptibility data. Since this is not
observed, it can be inferred that the two IR modes at ~2100 cm™!
are the symmetric and asymmetric CN stretches, both of which
are expected to be infrared active in a distorted cis octahedral
ligand symmetry. The top spectrum in Figure 4, taken at 305
K, shows the two bands at 2107 and 2091 cm™ (i.e., separated
by 16 cm™). This separation between the symmetric and asym-
metric stretches lies within the range reported earlier for related
complexes, although the absolute positions are red-shifted by ~ 10
cm! relative to those of other LS complexes studied earlier at
the same temperature. The IR data in the range 6 < T < 305
K appear to suggest the presence of only a single spin state, in
disagreement with the magnetic data. It should be noted that
the promotion of two electrons from the t,, to the ¢; orbitals can
change the CN stretching frequency by as much as 40-50 cm™.8
Thus, the presence of the intermediate-spin state was expected
to be readily noticeable in the IR spectra accumulated at 2-cm™!
resolution. This is not observed in the experimental data (see,
for example, the data summarized in Figure 4). On the other
hand, if only the HS and LS forms are present at 300 K, the ur
data suggest that the HS fraction should be about 50%, and this
form should thus be readily noted in the IR spectra, with vy at
about 2074 cm™!. Clearly, this is not the case. Similar low-
temperature data are obtained for the NCSe complex, including
the positions of the CN stretches, which are at 2108 and 2091
cm' at 305 K. Finally, it is worth noting that the IR spectra were
carefully monitored for evidence of the formation of a trapped

(14) Figg, D. C.; Herber, R. H. Inorg. Chem. 1990, 29, 2170. Herber, R.
H.; Figg, D. C. Hyperfine Interact. 1999, 62, 99.
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Figure 4. Infrared spectra of Fe''(4,4’-dpb),(NCS), in the CN stretching
mode region in the temperature range 6.5 < T < 305 K. The two
absorbances arise from the symmetric and asymmetric stretching fre-
quencies of the pseudohalide ligand and show the usual band sharpening
at low temperatures. The intensity ratio of the two bands is essentially
temperature independent in this range.

HS form (LIESST) in the NCS complex when it was irradiated
with white light (under the same conditions as employed previ-
ously®1014) at 6 K for over 40 min. This experiment was carried
out with the neat sample dispersed in Kel-F grease as well as with
a sample pelletized in KBr. No evidence for the LIESST phe-
nomenon was observed in any of these experiments.

Figure 5 shows the CN stretching region of the IR spectra of
the thiocyanate complex at temperatures between 295 and 460
K. As the sample is warmed, a band begins to appear at ~2074
cm™! (at ~325 K) and becomes more intense as the temperature
is increased. In addition, a shoulder at ~2050 cm™' becomes
noticeable, while the absorbance of the two original bands (at
~2107 and 2090 cm™) decreases. These spectral changes are
completely reversible, as evidenced by the data summarized in
the bottom trace of Figure 5, which is of the sample warmed to
449 K and then recooled to room temperature. These results are
similar to those observed previously for a system undergoing a
spin-state transition and suggest that in the high-temperature
regime a typical HS state is being populated. At 460 K (the
high-temperature limit in this study), the more intense CN
stretching mode is at 2071 cm™ with a shoulder at ~2050 cm™.
These values are within the range observed for similar complexes
that are known to be in the HS form. On the basis of this evidence
and the effective moments calculated at these higher temperatures,
it is believed that at temperatures greater than 300 K a gradual
spin-state transition to the HS form occurs. The nature of the
spin state at T < 300 K cannot be elucidated solely from IR data,

Figg et al.

(% -} (Y ] (9 ] N (S, 1 (¥ ] 4“8 (Y ]

[ =
el 25 K
[ %
AS
s
[ S

.

I 383 K

Q10

[§

oo

0t |

o® ]

am 403 ¥
0m

a0 ] 0 «
[N

LY

[% . 295 X

® 0 30 OO0 1T >

L%
L%
[ %
a5
0.]91
a0y |

0o |

mr!llﬂ‘lllﬁrll‘lﬂjil‘ﬂ 1w mln a;n'mlan'm‘zp'nm
Yovenumber

Figure 5. Same as Figure 4 for the temperature range 295 < T < 449

K. The bottom spectrum is that of the sample heated to 449 K and then

cooled slowly to room temperature, showing the reversibility of the

spin-change transition.

but the present evidence suggests that the (presumed) S = 1 state
and the S = 0 state have infrared (CN stretching mode) signatures
that cannot be resolved from each other.

The high-temperature FTIR data obtained for the NCSe
complex are very similar to those of the NCS complex, the major
difference being that the transition to the HS state appears to begin
at a higher temperature (~350 K). In the few cases where the
NCSe homologue of an NCS spin-crossover complex has been
investigated, the HS-LS transition of the NCSe complex invar-
iably occurs at a slightly higher temperature than that in the NCS
complex. The present data agree with previous observations that
the NCSe ligand gives rise to a somewhat larger crystal field
strength at the metal center than does the NCS ligand, resulting
in a higher spin-crossover transition temperature. The CN
stretching mode, at the highest temperature monitored (452 K),
of the presently discussed NCSe complex is observed at 2071 cm™
with a shoulder at ~2050 cm™.

$7Fe Mossbauer Spectroscopy. Mossbauer spectroscopic data
in the range 90 < T < 295 K were obtained for both complexes
in attempts to further characterize the spin state of these complexes
in this regime, and a typical 90 K spectrum is shown in the top
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Figure 6. 'Fe Mossbauer spectra of Fe'!(4,4’-dpb),(NCS),. The isomer
shifts are indicated with respect to the centroid of a room-temperature
absorption spectrum of metallic iron using the same source. The small
absorbance at about 3 mm s™! is due to an impurity component in the
sample.

trace of Figure 6. The spectra of both complexes are again very
similar, consisting of the expected doublet signature of Fe(II) in
a noncubic ligand field. A smail absorption is noted in the 90
K spectrum of the 5’Fe-enriched sample (>106 counts/channel)
at a Doppler velocity of about 2.9 mm s7; this can be ascribed
to one component of a minority impurity, which has a very small
temperature dependence of the recoil-free fraction and is not
further considered in the discussion. Throughout the above
temperature regime, the hyperfine parameters do not change
significantly for either complex, and are summarized in Table I.
The spectra could be fit by a single doublet, with no relaxation
effects observable within experimental error. The values of the
Mossbauer parameters are typical for iron(II) LS complexes. The
Mossbauer parameters obtained by Watkins et al.2 for a six-co-
ordinate iron(II) complex having a triplet ground state are AE,
< 0.40 mm s~! and 6;g = 0.33 mm s~! at 298 K. The Mossbauer
parameters obtained for both 4,4’-dpb complexes are very similar
to these values, and thus the low-temperature Mossbauer spectra
of the presently studied complexes can be attributed to either spin
state, and are not adequate for distinguishing between the two.

A sample of Fe(4,4’-dpb),(NCS), enriched in 5’Fe was used
for high-temperature Mossbauer experiments to compensate for
the reduction in the recoil-free fraction of the probe atom. The
experiments were undertaken to further characterize the spin state
at temperatures above ambient. Both the IR and magnetic data
suggest that the spin state which is increasingly populated above
T ~ 325K isan .S =2 (HS) state. Figure 6 shows sample spectra
obtained in the high-temperature regime. As can be seen, at T
> ~365 K the spectra resemble typical relaxation spectra in-
volving two spin states. In a recent study, Adler et al.!* have
reported simulating the thermodynamics and kinetics of the

(15) Adler, P; Spiering, H.; Guetlich, P. J. Phys. Chem. Solids 1989, 50,
587.
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Table I. Summary of Susceptibility and Spectroscopic Data®
T/K Fe(dpb),(NCS), Fe(dpb),(NCSe),

Infrared Data
ven, em™! 6.5 2113.9,2095.8
85.5 21127, 2093.9

2112.3, 2098.0
21119, 2096.4

305 2107.1, 2090.8 2108.5, 2090.6
57Fe Mossbauer Data
d1s,® mm/s 90 0.35 0.39
295 0.28 0.33
345 0.22
365 0.23
Ags, mm/s 90 0.58 0.53
295 0.58 0.53
345 0.56
365 0.58
Magnetic Data
pyr (1000 kOe), 5.0 1.34
i 100 0.95
20.0 1.57
90.0 1.47
92.0 2.01
296.0 2.82
300.5 2.34
3447 3.06
350.5 290
380.5 3.64 347

4 The estimated errors are 0.2 cm™! for the IR data, £0.01 mm/s
for the Mossbauer data, £0.01 up for the susceptibility data, and £0.5
K for the temperatures cited. ® With respect to the centroid of a 295 K
spectrum of 0.5-mil Fe(0).

spin-state-conversion process in a system in which the fluctuation
of the electric hyperfine interaction between the two states covers
the range 10° < 7 < 10° s and for the two cases where V,,(HS)
= V,(LS) and V_(HS) = V_(LS). These authors show that the
relaxation spectra depend only on the magnitude of the quadrupole
splitting and the relative sign of V,, for the two spin states.
Qualitatively, the data reported in the present study strongly
resemble the simulated spectra of Adler et al. at 425 K, in
agreement with the presence of relaxation effects in the Mossbauer
spectra. Such relaxation effects prevent the estimation of a unique
value for the hyperfine parameters of the HS state. The usual
value of the quadrupole splitting of HS iron(II) complexes that
contain two N-donor, symmetrical, bidentate ligands is ~2.6
mm/s. This value coupled with an isomer shift of ~0.96 £ 0.05
mm s}, which is typical for this state, leads to expected line
positions at ~0.34 and ~2.30 mm s, but these are not observed
due tso t}lle (presumed) relaxation process occurring on a time scale
<10% sl

Conclusions

The magnetic susceptibility data below 300 K give a clear
indication of the existence of (at least) two spin states for the
subject Fe(II) complexes, while the IR and *’Fe Mossbauer data
show only a single spectroscopic signature. On the other hand,
the existence of a distinct spin-state transition (to the HS state)
at temperatures above 325 K is clearly indicated by the IR data,
and suggested by the Mossbauer results, and can account for the
susceptibility data in the high-temperature limit. Thus, these data
can be understood on the basis of the existence of three spin states
in the temperature range 6 < T < 460 K. The postulated spin
complexity then requires that the infrared and Mossbauer sig-
natures of the LS (S = 0) and intermediate-spin (IS, S = 1) states
are sufficiently similar that they cannot be resolved under the
conditions employed in the present study. Moreover, the Moss-
bauer data at 7> 325 K can be understood on the basis of rapid
(on the Mossbauer time scale) relaxation between the HS form
and the states that dominate at lower temperatures.

The stabilization of the § = 1 state of Fe(II) complexes can
be rationalized on the basis of a major distortion from octahedral
symmetry of the six nearest-neighbor ligand atoms around the
metal atom. As a result of this distortion, the d,: orbital, which
moves down relative to d,2_2, and the d,, orbital, which moves
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up relative to d,, and d,,, become degenerate and are equally
occupied in the intermediate-temperature regime. On further
thermal excitation, where the splitting between the lowest occupied
manifold and the unoccupied d,2 ;2 level becomes comparable to
kT, the S = 2 state becomes the lowest energy configuration for
the metal center. If this model is valid, it implies that the change
in the electron density at the iron atom in going from a d,p, d,.2,
d,y2 configuration is a d,2, d,2, d,,, d, configuration is suffxlciently
small that neither the infrared (i.e., the frequency of the CN
stretching mode) nor the 5’Fe Mossbauer hyperfine parameters
differ sufficiently for the two states to be resolvable by these
spectroscopic techniques. Because of the apparent degeneracy
between these two states (S = 0 and S = 1) and the large magnetic
field dependence of p.y, it is suggested that, at T < 300 K, the
ground state is a spin-mixed state that has a varying contribution
from the LS and IS states as a function of temperature and

magnetic field. In the high-temperature regime, promotion of
an electron from the d,,, d,, level to the unoccupied d,2 2 level
is reflected in a major shift of the IR-active CN stretching mode
of the pseudohalide ligand, permitting spectroscopic distinction
between the LS/IS states, on the one hand, and the HS state, on
the other. Clearly, additional experimental data (e.g., a tem-
perature-dependent spin resonance study in an appropriate diluent
matrix,'s magnetic circular dichroism, corresponding crystallo-
graphic data, etc.) will be required to test further the proposed
interpretation of the presently available characterizations.

(16) Exploratory experiments with neat solid samples were unsuccessful due
to the short spin-lattice relaxation times under these conditions. An
appropriate spin-inert solvent has not yet been found for such experi-
ments. We are indebted to Prof. H. J. Schugar for fruitful discussion
of these problems.
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The homo- and heteropolychalcogenide anions, Ch,> (1 = 1, 2, 3, 4; Ch = Se and/or Te) and the hydrochalcogenide anions, HCh~,
have been prepared and characterized in solution by 'H, 7'Se, '#*Te and '*Te nuclear magnetic resonance spectroscopy. The
polychalcogenide anions were prepared in ethylenediamine and/or liquid ammonia by the reaction of the alkali-metal mono-
chalcogenide with the appropriate chalcogen in the presence or absence of 2,2,2-crypt or by the direct reaction of the alkali metal
with the chalcogen in liquid ammonia. With the exception of the pyramidal shaped TeSe,;" anion, the polychalcogenide anions
have open-chain structures. In addition, the more electronegative selenium atoms are found to be in terminal positions in the
heteropolychalcogenide anions Te,Se,_,*" and Te,Se, 2" (n = 1, 2; m = 2, 3), which can be rationalized by using the topological
charge stabilization rule. The chemical shifts and unusually large spin—spin coupling constants are reported for the polychalcogenide

anions and their trends discussed.

Introduction

Numerous homopolychalcogenide anions of selenium and
tellurium have been structurally characterized in the solid state,
e.g., Se;,! Sey?,? Se 38 Segt, 7 Seg, 39 Tey?,10 Te 21112
Te2 !4 and Tes>.! Many of the crystalline homopoly-
chalcogenide anion salts were isolated from solutions of main-group
or transition-metal chalcogenide anions, suggesting complex
equilibria and the existence of mixtures of anions in solution.>$13
Furthermore, our previous solution NMR studies of the mixed
Se/Te main-group metal chalcogenide anions suggested that
homo- and heteropolychalcogenide anions played an important

(1) Cordier, G.; Cook, R.; Schifer, H. Angew. Chem., Int. Ed. Engl. 1980,
19, 324,
(2) Bottcher, P. Z. Anorg. Allg. Chem. 1980, 461, 13.
(3) Kbonig, T.; Eisenmann, B.; Schifer, H. Z. Anorg. Allg. Chem. 1983, 498,
99.
(4) Konig, T.; Eisenmann, B.; Schifer, H. Z. Naturforsch. 1982, 37B, 1245.
(5) Brese, N. E.; Randall, C. R.; Ibers, J. A. Inorg. Chem. 1988, 27, 940.
(6) Chau, C.-N.; Wardle, R. W. M; Ibers, J. A. Acta Crystallogr. 1988,
C44, 883.
(7) Béttcher, P. Z. Kristallogr. 1979, 150, 65.
(8) Teller, R. G.; Krause, L. J.; Haushalter, R. C. Inorg. Chem. 1983, 22,
1809.
(9) Weller, F.; Adel, J.; Dehnicke, K. Z. Anorg. Allg. Chem. 1987, 548, 125.
(10) 9Yanagisawa, S.; Tashiro, M.; Anzai, S. J. Inorg. Nucl. Chem. 1969, 31,
43,
(11) Cisar, A.; Corbett, J. D. Inorg. Chem. 1977, 16, 632.
(12) Zagler, R.; Eisenmann, B.; Schéfer, H. Z. Naturforsch. 1987, 42B, 151.
(13) Huffman, J. C.; Haushalter, R. C. Z. Anorg. Allg. Chem. 1984, 518,
203.
(14) Devereux, L. A,; Sawyer, J. F.; Schrobilgen, G. J. Acta Crystallogr.
1988, C41, 1730.

role in main-group metal chalcogenide anion formation.!>'¢ In
general, the chemistry of heteropolychalcogenide anions has been
less well studied,'” and only the structures of the K,TeSe,,!?
Na,TeSe;,'° and K,TeSe,! phases have been reported in the
literature.

The present paper reports a systematic investigation of the
selenium, tellurium, and selenium/tellurium polyanions in
ethylenediamine (en) and/or liquid ammonia solvents using
multinuclear magnetic resonance spectroscopy. Multi-NMR
spectroscopy is particularly well suited for structurally charac-
terizing and studying the chemistry of homo- and heteropoly-
chalcogenide anions of selenium and tellurium in solution as both
elements have naturally occurring NMR-active spin-!/, isotopes,
namely, 7Se (7.58%), '2°Te (6.99%), and '#Te (0.89%).2

Results and Discussion

Solution NMR Studies of Polychalcogenide Anions, Ch,*.
Preparation of Ch,>~ Anion Solutions. The general approach to
the syntheses of polychalcogenide anions involved the reaction of
the potassium monochalcogenide with an appropriate amount of

(15) Burns, R. C.; Devereux, L. A,; Granger, P.; Schrobilgen, G. J. Inorg.
Chem. 1988, 24, 2615.

(16) Bjorgvinsson, M.; Sawyer, J. F.; Schrobilgen, G. J. Inorg. Chem. 1987,
26, 741.

(17) Zaitseva, L. G.; Greiver, T. N.; Sal'dau, E. P. J. Appl. Chem. USSR
(Engl. Transl.) 1971, 44, 1502.

(18) Kretschmann, U.; Béttcher, P. Z. Naturforsch. 1985, 40B, 895.

(19) Zagler, R.; Eisenmann, B. Z. Kristallogr. 1988, 183, 193.

(20) Harris, R. K. In NMR and the Periodic Table, Harris, R. K., Mann,
B. E.; Eds.; Academic Press: London, 1978; Chapter 1, p 1.
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