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Abstract; The rate of intramolecular electron transfer in trinuclear, oxo-centered, mixed-valence iron acetates is shown to
be affected by the solid-state environment. Lattice dynamics associated with the motion of ligands and /or solvate molecules
influence the electron-transfer rate. The X-ray structure of [Fe;O(O,CCH;)¢(4-Et-py);](4-Et-py), where 4-Et-py is 4-ethylpyridine,
has been determined at 163 and 298 K with use of the heavy-atom method, in conjunction with data measured on a four-circle
diffractometer. At 163 K the discrepancy factors are R = 0.0457 and R,, = 0.0425 for 2847 observed (F > 65(F)) reflections.
At 298 K the discrepancy factors are R = 0.0525 and R,, = 0.0546 for 2809 observed (F > 60(F)) reflections. At both temperatures
the compound crystallizes in the monoclinic space group C2/c with four formula weights in a cell which has the following
dimensions: at 163 K, a = 17.060 (6) A, b = 16.943 (7) A, ¢ = 16.183 (8) A, and 8 = 104.49 (4)°; at 298 K, a = 17.142
(3)A,b=17.004 (1) A, c = 16.571 (4) A, and B = 104.27 (2)°. At both temperatures there are two elements of disorder:
the 4-Et-py solvate molecule is disordered about a center of inversion and one 4-Et-py ligand is disordered about a C; axis
which runs through the O?" ion and one iron ion. The dimensions in the mixed-valence Fe;O complex change appreciably
with a change in sample temperature. The Fes triangle becomes more symmetric at the higher temperature. At 163 K the
bond distances to the central oxide ion are appreciably different; one iron ion is Fe!l and the other two are Felll. These two
Fe-O(oxide) bond distances are closer to being equal in the 298 K structure. It is suggested that a conversion of the unique
4-Et-py ligand from static at low temperatures to dynamic in the solid state at high temperatures is what controls the rate
of intramolecular electron transfer. Variable-temperature ’Fe Mossbauer data are presented for the series [Fe;O-
(O,CCH3;)¢(py);](solvate) to show that the rate of intramolecular electron transfer in the mixed-valence complex is dramatically
affected by changing the solvate molecule. When there is no solvate molecule present, the complex remains localized on the
MBbssbauer time scale from 120 to 315 K, whereas the complexes with either pyridine or benzene solvate molecules exhibit
temperature-dependent Mdssbauer spectra. At low temperatures they show two doublets; at room temperature only a single
average doublet is seen. The 4-Et-py compound also shows this same basic type of temperature dependence in its Mossbauer
spectrum. In this case the area ratio of “Fe'!” to “Fe!” doublets varies from 2:1 below ~ 100 K to gradually become 3.55:1
at 298 K. The recoilless fraction of the one “Fell” site is becoming appreciably smaller at high temperatures relative to that
for the two “Fe'!!” sites. This is further evidence for the dynamic nature of the unique 4-Et-py ligand bonded to the “Fel!”
ion. The mixed-valence Fe,O acetate complexes are found to be “valence localized” on the vibrational time scale at all temperatures

as indicated by variable-temperature IR data.

Trinuclear, oxo-centered, carboxylate complexes of transition
metals have been of interest for several years. There is no ongoing
discussion®™ about how to explain the variable-temperature
magnetic susceptibility characteristics of salts of [M;0-
(O,CR)¢(H,0);]*, where M is either Fel! or Cr'!l, There have

- been suggestions that the theoretical model to explain the magnetic
exchange interactions present in these complexes requires a tem-
perature-dependent distortion of the complex.> The presence of
intermolecular interactions has also been suggested.® Time-re-
solved optical spectroscopy experiments have not only eloquently
demonstrated that there are two different triangular Cry'O
complexes in [Cr;0(0,CCH;)¢(H,0);]Cl:6H,0 at low temper-
atures but have also provided clear evidence for excitation energy
transfer between the two different Cr;"'O complexes in the solid
state.5 Heat capacity experiments’ have clearly demonstrated
the presence of a phase transition in this Cr;'O complex, cor-
responding to an order—-disorder transition involving the H,O
solvate molecules.
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Single-crystal X-ray structures have been reported for several
mixed-valence, trinuclear acetate complexes. The complex
Ru;0(0,CCH,;)¢(PPh;); has been indicated to have threefold
symmetry at room temperature.® In a preliminary communi-
cation® of the room-temperature structure, [Mn;O(0,CCH,;)-
(py)s](py) (py = pyridine) has been shown to crystallize in R32.
The presence of a C; axis indicated to the authors that all three
manganese ions are equivalent. However, it should be pointed
out that the pyridine solvate molecule was not located. A table
in the review by Catterick and Thornton!® indicates that [Fe;O-
(O,CCH;)¢(py);](py) is isostructural to the manganese complex.
In another communication!! [Mn;O(0,CCH,)¢(3-Cl-py);] was
described as valence trapped (P2,;/a space group) with one Mn!!
and two Mn!"! jons. The atomic coordinates for this compound
obtained from the Cambridge Crystallographic Data Centre show
that there is a disordered 3-Cl-py solvate present as well. Recently,
Cotton et al.1>"4 have reported the structures of analogous Cr,0
and V;0 complexes. [Cr;O(0,CCF,H)¢(py);]((C,H;),0) and
[Cr;0(0,CCF,H)¢(4-CN-py);](toluene) crystallize at room
temperature in R32 and R3¢, respectively. Again, the presence
of threefold symmetry in each of these compounds as taken to
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indicate that the three chromium ions are electronically equivalent
as a result of electron delocalization. In one of two V;0 complexes,
[V3(0);(0,CC4Hi)(THF)], Y the Vj triangle is quite asymmetric
since the central oxygen atom is much closer to one vanadium
atom than to the other two. In the other complex, the approximate
D;;, symmetry in [V30(O,CCF;)¢(THF),] suggests that the three
vanadium atoms are electronically equivalent. When considering
the X-ray diffraction studies it should be remembered that the
time involved in collecting X-ray diffraction data is on the order
of minutes per reflection and days per complete data set. It is
not possible to tell whether a particular M;0 complex has a
completely delocalized electronic structure with no barrier for
intramolecular electron transfer or if the intramolecular electron
transfer is faster than can be gauged in the time it takes to obtain
diffraction data. For the complexes that appear to have a threefold
symmetry the possibility of static and/or dynamic disorder also
has to be considered.

Lupu et al.'® first reported that the complexes [Fe;O(0,CC-
H,)¢L;], where L is H,0 or pyridine, are mixed-valence complexes
because they show Fe!! and Fe!!! quadrupole-split doublets in their
Mossbauer spectra at low temperatures. At room temperature,
however, a single Mdssbauer absorption is seen. The temperature
dependences observed for the Massbauer spectra of these two
complexes and a few related complexes have been studied by a
number of workers.!1® The most detailed Mossbauer study was
reported by Brown et al.®® Spectra at intermediate temperatures
were simulated by a three-site relaxation model to give an acti-
vation energy of 470 cm™.. This energy was taken by Brown et
al. to be equal to the barrier to intramolecular thermal electron
transfer. The question of valence delocalization in these mixed-
valence Fe;O acetates has also been examined with variable-
temperature IR spectroscopy.?’  Finally, three theoretical
treatments of the vibronic nature of the mixed-valence M;0
complexes have pointed to interesting possibilities of intermediate
states, 22724

In a recent communication?® we showed that the solvate
molecule dramatically affects the electron-transfer rate in the solid
state for [Fe;O(0,CCH,;)¢(py)s](solvate), where the solvate
molecule can be a variety of molecules such as pyridine or benzene.
The single-crystal X-ray structural results obtained at 163 and
298 K were also communicated for one of these trinuclear mix-
ed-valence complexes. It was found that the Fe; triangle becomes
more equilateral as the crystal is heated from 163 to 298 K. In
this paper results will be given that indicate it is a dynamic disorder
of certain ligands and/or solvate molecules that controls the rate
of intramolecular electron transfer in the solid state. An overview?
of progress in this area has very recently been published.

Experimental Section

Physical Measurements. Variable-temperature S'Fe Mbossbauer
spectra were obtained in vertical transmission geometry by using a con-
stant acceleration spectrometer that has been described before.”” The
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source originally consisted of 50 mCi of ’Co diffused into a 12-um
rhodium matrix. Temperature control is by means of a Lake Shore
Cryotronics Model DTC-500-SP temperature controller. Sample tem-
perature measurements are made with a calibrated Allen Bradley 560
Q, W carbon resistor mounted in the copper sample cell holder. The
estimated accuracy of absolute sample temperature determination is %1
K below 10 K, better than £2 K for the 10-30 K region and £3 K for
temperatures above ~30 K. The relative precision of temperature de-
termination is £0.5 K at the higher temperatures. Isomer shift data are
reported relative to iron foil at 298 K but are not corrected for temper-
ature-dependent second-order Doppler effects. It should be noted that
isomer shifts illustrated in the figures are displaced slightly from the
actual values, whereas accurate isomer shift values are to be found in the
tabulated results. Computer fittings of the Méssbauer data to Lorentzian
line shapes were carried out with a modified version of a previously
reported computer program.?® Nicolet Model 5 MX FT-IR and Per-
kin-Elmer Model 599B spectrophotometers were used to obtain infrared
spectra of samples prepared as KBr pellets. Variable-temperature
(50-300 K) IR data were obtained with use of a Spectrim Model 20170
closed-cycle refrigerator (Cryogenic Technology, Inc.).

Compound Preparations, Pyridine and 4-ethylpyridine (4-Et-py) were
dried by refluxing with BaO and fractional distillation under vacuum.
Acetonitrile was dried over P,O5 and distilled under an argon atmosphere.
All elemental analyses were performed in the Microanalytical Laboratory
of the School of Chemical Sciences, University of Illinois. Dried samples
of compounds were always stored and manipulated in an inert-atmo-
sphere glove box under an argon atmosphere.

[Fe;0(0,CCH;)4(Hy0)5]), This mixed-valence compound was pre-
pared by a previously reported method.! FeCl,4H,0 (20 g, 0.1 mol),
20 g (0.24 mol) of sodium acetate, and 60 g (1 mol) of glacial acetic acid
were dissolved in 100 mL of water. The reaction mixture was heated at
70-80 °C under reflux for 2 h, while bubbling a constant stream of air.
The mixture was cooled to room temperature and the drak-brown pre-
cipitate was filtered, washed with ethanol and ethyl ether, and then dried
under vacuum, The yield was 10.4 g (52.7%).

[Fe;0(0,CCH;)4(py)sl(py), Samples of this compound were prepared
according to the method of Lupu and Ripan.1%® [Fe;O(0,CCH,)¢(H,-
0);] (5 g, 8.4 mmol) was dissolved in 30 mL of pyridine under argon
atmosphere. The reaction mixture was stirred for 1 h at 50-60 °C and
then slowly evaporated for 3 days. The black crystalline product was
filtered off and dried under vacuum (yield 5.6 g (78%)). Anal. Calcd
for Cy,Fe;H3gN,O;3 C, 44.99; Fe, 19.61; H, 4.49; N, 6.56. Found: C,
45.00; Fe, 19.58; H, 4.34; N, 6.32.

[Fe;0(0,CCH;)4(4-Et-py);](4-Et-py), This compound was prepared
by the same method as was used for the above pyridine compound.
Crystals suitable for X-ray crystallography were grown by slow evapo-
ration of a 4-ethylpyridine solution under an argon atmosphere. Anal.
Caled for CyoFe;HsyN,Oj3: C, 49.71; Fe, 17.34; H, 5.63; N, 5.80.
Found: C, 49.72; Fe, 17.56; H, 5.61; N, 5.71.

[Fe,CoO(0,CCH;)4(py)s](py)s Fe(NO;);9H,0 (8.08 g, 0.02 mol),
2.91 g (0.01 mol) of Co(NO;),6H,0, and 16.5 g (0.2 mol) of NaO,C-
CH; were dissolved in 60 mL of water and stirred for 1 day at room
temperature. The brown precipitate was filtered and washed with ethanol
and ethyl ether. The product was dried under vacuum for 3 days; the
yield was 4.45 g (74.8%). Fe,CoO(0,CCH,)¢(H,0); (4 g, 6.7 mmol)
was dissolved in 50 mL of pyridine and slowly evaporated for 4 days. The
black crystalline product was filtered and dried under vacuum,; the yield
was 4.21 g (73.3%). Anal. Calcd for C;,CoFe,HigN,Oy3: C, 44.83;
Co, 6.87; Fe, 13.03; H, 447; N, 6.54. Found: C, 44.94; Co, 6.95; Fe,
13.02; H, 4.51; N, 6.77.

[Cr,FeO(0,CCH)6(py);](py). Fe;0(0,CCH;)s(H;0); (0.88 g, 1.49
mmol) and 0.66 g (1.75 mmol) of Cr,(O,CCHj;),2H,0, which was
prepared according to the method of Kranz and Witkowska,? were
dissolved in S0 mL of pyridine and stirred for 3 h at 50-60 °C and then
slowly evaporated for 4 days. The black crysalline product was filtered
and dried under vacuum; the yield was 0.44 g (29.17%). Anal. Calcd
for C;,CryFe;H3gN Oy C, 45.40; Cr, 12.29; Fe, 6.60; H, 4.52; N, 6.62.
Found: C, 45.46; Cr, 12.2; Fe, 6.96; H, 4.37; N, 6.51.

[Fe;0(0,CCH;)4(4-Et-py);]C1O,. [Fe;0(0,CCH;)6(H,0)3]ClO, (0.3
g, 0.43 mmol), which was prepared according to the literature,® was
dissolved in 30 mL of ethanol and 0.05 g of NaClO4#H,0 and 20 mL of
4-ethylpyridine were added. The resulting yellowish green solid (0.34 g)
was collected by filtration, washed with a small amount of ethanol, and
then dried. Anal. Caled for Cy3FesHysN3Op,Cl: C, 41.34; Fe, 17.84;
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H, 4.73;, N, 4.38; Cl, 3.70. Found: C, 41.31; Fe, 17.54; H, 4.69; N, 4.32,
Cl, 3.75.

[Fe,CoO(0,CCH,)4(4-Et-py),](4-Et-py), This compound was pre-
pared according to the same method used for the pyridine analogue.
Anal. Calcd for C4Co,Fe,HsyN,Oy3: C, 49.55; Co, 6.08; Fe, 11.52; H,
5.61; N, 5.78. Found: C, 48.98; Co, 6.1; Fe, 11.61; H, 5.63; N, 5.83.

[Fe;0(0,CCH;)¢(py);])(benzene) and [Fe;0(0,CCH;)q(py)s] were
prepared by recrystallizing [Fe;0(0,CCH;)¢(py)s](py) in benzene and
CH;,CN, respectively. Anal. Calcd for [Fe;O(0,CCHj)4(py);] (benz-
ene): C, 46.45; Fe, 19.64; H, 4.61; N, 4.92. Found: C, 46.35; Fe, 19.84;
H, 4.63; N, 4.76. Calcd for [Fe;0(0,CCH;)g(py)s): C, 41.84; Fe, 21.62;
H, 4.29; N, 5.42. Found: C, 41.21; Fe, 21.60; H, 4.19; N, 5.53.

Crystallographic Analysis, For each experiment a single crystal was
affixed to a glass fiber attached to a goniometer head and then trans-
ferred to the automated diffractometer. For the determination at 298
K, the crystal was coated with a film of epoxy cement to eliminate the
otherwise rapid loss of solvent and loss of crystallinity. In the low-tem-
perature study, the crystal was maintained in a cold stream of dry ni-
trogen (163 K) for the duration of the diffraction experiments; at this
temperature there was no evidence of crystal deterioration. Preliminary
diffraction studies allowed determination of crystal symmetry and veri-
fication of the suitable quality of the crystals for intensity data collection.
A summary of the pertinent crystal data and details of the X-ray dif-
fraction data collection and processing are presented in Table I. The
measured intensities were reduced and assigned standard deviations as
described elsewhere,*® including correction for absorption based on
measured crystal shape for the 163 K study. Since the crystal used at
298 K was covered with epoxy cement, its shape could not be reliably
measured, so no absorption correction was applied; the small range of
transmission factors calculated for the 163 K study suggests that the
neglected absorption correction at 298 K is small.

Solution and Refinement of the Structures, Each structure was solved
by the heavy-atom method, using heavy-atom positions determined from
a sharpened Patterson map. All structures were refined by full-matrix
least-squares methods, using the program SHELX. Neutral atom scat-
tering factors®! for H, C, N, O, and Fe were used, including real and
imaginary corrections for anomalous dispersion.

Since the two space groups Cc (No. 9) and C2/c (No. 15) are not
distinguishable on the basis of systematic absences, a careful attempt was
made to solve and refine the 163 K structure in the noncentrosymmetric
Cc, where crystallographic symmetry would not impose any molecular
symmetry (and no necessary ligand disorder). These least-squares cal-
culations were characterized by extreme oscillations in many parameters,
a failure to converge satisfactorily even after many cycles and extreme
damping of shifts, differences of up to 0.2 A between chemically equiv-
alent bonds, and several nonpositive definite temperature factors. The
unsuccessful refinement was therefore abandoned, and the centrosym-
metric space group C2/c allowed smooth and satisfactory refinement at
both temperatures. The molecule occupies the crystallographic twofold
axis at 0,y,1/4, with one iron atom (Fel) and the oxo bridge on this axis.
Significantly (see discussion of disorder transition below), the 4-Et-py
ligand (N1 and C7-C13) attached to this iron atom is disordered, with
N1 and C9 not lying on the axis, as originally expected. The structure
also contains one non-light molecule of 4-Et-py per complex molecule.
This solvate molecule (N101, C102-108) is disordered about a center of
inversion.

For the refinement at 163 K, it was possible to refine all non-H atoms
anisotropically. Hydrogen atoms on the disordered solvate molecule were
placed in calculated ideal positions, with fixed U/ values. All other hy-
drogen atoms could be positionally refined except those on the ethyl group
of the disordered ligand, so these latter were omitted from the calculation.
For hydrogen atoms on the well-behaved ligand (N1, C14~C20), thermal
parameters could be refined, but that of each of the remaining hydrogen
atoms (on the ring of the disordered 4-Et-py and on the bridging acetato
ligands) was fixed equal to the equivalent isotropic thermal parameter
of the carbon atom to which it was attached.

In the 298 K refinement carbon and nitrogen atoms of the disordered
solvate molecule were refined isotropically. Refinement of hydrogen
atoms was similar to that in the 163 K structure, except that the U values
assigned to hydrogen atoms on the disordered 4-Et-py and on the bridging
acetate ligands represented average values for that environment.

For each structure, refinement was continued until shifts in all pa-
rameters were less than one estimated standard deviation in the respective
parameter. Further details of the refinements appear in Table I. Ob-

(30) Riley, R. E; Davis, R. E. 4cta Crystallogr., Sect. B 1976, 32, 381.
(31) Scattering factors for H, C, N, and O atoms were used as program-
med in SHELX-76. Values for the Fe atoms were obtained from “International
'll'gbies folr ;(\—IRay Crystallography™; Kynoch Press: Birmingham, England,
74; Vol. IV.
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Table I. Crystallographic Summary at 163 and 298 K

163K 298 K
A. Crystal Data®

a A 17.060 (6) 17.142 (3)
b, A 16.943 (7) 17.004 (1)
¢ A 16.183 (8) 16.571 (4)
a, deg 90.0 90.0
8, deg 104.49 (4) 104.27 (2)
v, deg 90.0 90.0
v, A? 4526.6 4681.1
degreq g cm™® (=110 °C) 1.418 1.371
empirical formula Fe,C,,H,,0,;N, Fe,C,H,,0,N,
fw 966.42 966.42
crystal system monoclinic monoclinic
space group Qe C2Jc
Z 4 4
F(000), electrons 2016 2016

B. Data Collection®
radiation, A (A) Mo Ke, 0.71069 Mo Ka, 0.71069
mode w scan w scan

scan range symmetrically over 1.0°

about Ke, , max
background offset 1.0 and ~1.0°

in w from Ka'? max
26 range, deg 4.0-55.0 4.0-55.0
scan rate, deg min™! 2.0-6.0 3.0
exposure time, h 97.2 59.0
total reflections measd 5202 5387
absorption coeff 10.4 10.4

(Mo Ka), cm™!
transmission factor range 0.820-0.857
C. Structure Refinement®

ignorance factor, p 0.04 0.04
reflections used, F > 6(op) 2847 2809
no. of variables 359 293
goodness of fit 1.48 2.22
R, wR? 0.0457,0.0425  0.0525,0.0546
R for all data 0.100 0.110
max shift/esd 0.28 0.22

@ Unit cell parameters were obtained by least-squares refinement
of the setting angles at 163 K of 45 reflections with 20.2 < 26 <
24.3% and at 298 K of eight equivalent settings each for 19 reflec-
tions with 20.1 < 26 < 28.3°. P Syntex P2, autodiffractometer
with a graphite monochromator and a Syntex LT-I inert-gas (N,)
low-temperature delivery system for the 163 K data; Picker dif-
fractometer automated by Krisel Controls for the 298 K data.
Data reduction was carried out as described: Riley, P. E.; Davis,
R. E. Acta Crystallogr., Sect. B 1976, 32, 38]1. Crystal and
instrument stability were monitored by remeasurement of 4 check
reflections after every 96 reflections. These data were analyzed
as detailed by Henslee and Davis: Henslee, W. H.; Davis, R. E.
Acta Crystallogr., Sect. B1975,31, 1511. € Relevant expressions
are as follows, whe.e in this footnote F, and F represent respec-
tively the observed and calculated structure factor amplitudes.
Function minimized was Xw(F, — F¢)?, where w= (o)™, R =
Zabs(Fy ~ Fo)/ZFg, WR = (Ew(Fo — Fo)?/ZwFy* /2. The
computer programs used in the data reduction and in the structure
refinement and analysis are as previously detailed: Gadol, S. M.;
Davis, R. E. Organometallics 1982, 1, 1607.

served and calculated structure amplitudes, final crystallographic coor-
dinates and thermal parameters, and full tables of bond lengths, bond
angles are given in the supplementary material.*?

Results and Discussion

Effect of Solvate Molecule, Several new series of mixed-valence
complexes of the composition [Fe;O(0O,CCH;)¢L;](solvate) have
been prepared, where L is pyridine (py) or a substituted pyridine.
In each series the ligand L is kept constant while the solvate
molecule is varied. The Mdssbauer results for [Fe;O-
(0,CCH3)6(py)s](py). [FesO0(0,CCH;)¢(py)s]. and [Fe;O-
(O,CCH;)4(py);](benzene) are presented in this paper. Data for
other series will be presented in forthcoming papers.

(32) See the note at the end of the paper regarding the availability of
supplementary material.
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Table II, Iron-57 Mossbauer Fitting Parameters for [Fe;O(0,CCH;)¢(py);]?
8, mm/s AEq, mm/s I mm/s area ratio
T, K Felll Fell Felll Fell Felll Fell Felll/Fell
120 (1) 0.515 (1) 1.246 (1) 1.010 (1) 1.223 (2) 0.125 (1) 0.126 (1) 1.99 (2)
0.131 (1) 0.130 (2)
179 (1) 0.503 (1) 1.222 (1) 1.014 (1) 1.124 (3) 0.129 (1) 0.129 (2) 2.11 (5)
0.136 (1) 0.132 (2)
248 (1) 0.484 (1) 1.142 (2) 0.985 (2) 0.957 (3) 0.132 (2) 0.123 (3) 2.27 (6)
0.145 (2) 0.132 (3)
315 (1) 0.434 (1) 1.102 (2) 0.962 (2) 0.893 (4) 0.132 (2) 0.123 (3) 2.25 (8)
0.153 (2) 0.143 (3)

) "Peak_s were least-squares fit to Lorentzian line shapes with equal areas for both components of a doublet. The error in the last significant figure
is given in parentheses. °Center shifts relative to Fe metal. Half-width at half-maximum listed in order of increasing velocity of the peak.
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Figure 1, Variable-temperature *'Fe Massbauer spectra for [Fe;O-
(O,CCH3)4(py)sl.

Examination of Figures 1-3 shows that changing the solvate
molecule in [Fe;0(0,CCH,)¢(py);](solvate) has a dramatic effect
on the intramolecular electron-transfer rate in the mixed-valence
Fe;O complex. In Figure | are illustrated Mdssbauer spectra for
[Fe;O(0,CCH,)¢(py);] at several temperatures from 120 to 315
K. Least-squares fitting of these spectra with Lorentzian line
shapes clearly indicates that only two quadrupole-split doublets
are present in each spectrum. The less intense doublet is that for
the Fe!! ion, whereas the other doublet arises from the two Fe!!
ions. The area ratio of Fe!! to Fe!! doublets is 2.0 at 120 K and
increases slightly to 2.25 at 315 K. Table II summarizes the center
shifts (8) and quadrupole splittings (AEq) obtained by fitting the
spectra in Figure 1. It is clear that [Fe;O(O,CCH;)¢(py);] re-
mains valence localized on the Mossbauer time scale up to a
temperature of 315 K. The intramolecular electron-transfer rate
is less than ~ 107 s”'. The small variations in 8 and AEq as a
function of temperature are what is expected for high-spin Fe!!
and Fe! ions that are not involved in an electron transfer.
Verification for this can be seen in Figure 4 where variable-tem-
perature Mossbauer data for [Fe,!"CoO(0O,CCHi;)4(py)s](py)
and [Cry'"FelO(0,CCH,)4(py):](py) are illustrated. The spectra
for the former compound show one high-spin Fe'! doublet which
is relatively temperature independent. Fitting parameters for these
two compounds are given in Table III. The small temperature
dependence seen for the single doublet in the Cr,'Fe!! spectra
is what is expected for a high-spin Fe!! ion. The Cr,'Fe!! and
Fe,'Co!! complexes have the same type of solid-state structure
as [Fe;O(0,CCHjy)g(py);](py), for the room-temperature powder
X-ray diffraction (XRD) patterns of the three compounds are
essentially superimposable.

In contrast to [Fe;0(0,CCHjs)g(py)s], the Mossbauer spectrum
of [Fe;O(O,CCH;)4(py);](py) shows a pronounced temperature

PERCENT EFFECT
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Figure 2. Variable-temperature ’Fe Mdssbauer spectra for [Fe;0-
(0,CCH;)4(py)s1(py)-

dependence (see Figure 2). At temperatures below ~100 K two
doublets are seen, one for the high-spin Fe!! ion and a second
doublet with twice the area and parameters characteristic of
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Table III, Iron-57 Mdssbauer Fitting Parameters? for Two Mixed-Metal Oxo-Centered Acetates
6,> mm/s AEq, mm/s I mm/s
T.K Felll Fell Felll Foll Fell Fell
[Fe,Col'0(0,CCHy)¢(py)s] (py)
120 (1) 0.517 (1) 1.105 (1) 0.127 (1) 0.130 (2)
160 (1) 0.510 (1) 1.101 (1) 0.124 (1) 0.126 (2)
199 (1) 0.504 (1) 1.092 (1) 0.121 (2) 0.124 (2)
237 (1) 0.501 (1) 1.090 (2) 0.121 (2) 0.118 (2)
296 (1) 0.493 (1) 1.081 (2) 0.122 (2) 0.123 (2)
[Cr,"'Fe!'O(0,CH;)(py)3] (py)
100 (1) 1.250 (1) 1.582 (2) 0.130 (1) 0.127 (2)
149 (1) 1.227 (1) 1.440 (2) 0.127 (1) 0.127 (2)
190 (1) 1.194 (1) 1.373 (2) 0.124 (2) 0.126 (2)
247 (1) 1.146 (1) 1.324 (2) 0.126 (2) 0.123 (2)
297 (1) 1.114 (1) 1.203 (3) 0.122 (2) 0.122 (2)

9Peaks were least-squares fit to Lorentzian line shapes with equal areas for both components of a doublet; error in the last significant figure in

parentheses. ®Center shifts relative to Fe metal. ©Half-width at half-maximum listed in order of increasing velocity of the peak.
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Figure 3, Variable-temperature 'Fe Méssbauer spectra for [Fe;O-
(0,CCH;)¢(py)s](benzene).

high-spin Fe!!. Parameters resultant from least-squares fitting
several of the spectra to Lorentzian line shapes are given in Table
IV. The solid lines in Figure 2 illustrate these fits. In the
intermediate range it is not possible to get good fits of a spectrum
to Lorentzian line shapes. As the temperature of this pyridine
solvate is increased the spectrum changes to become a single
average doublet at temperatures above ~200 K. In the high-
temperature region the intramolecular electron transfer is oc-
curring rapidly compared to the Mdssbauer time scale. It should
be pointed out that Stukan et al.!” reported Mossbauer spectra
for [Fe;0(0,CCH;)¢(py)s](py) in the range of 80-300 K. They
observed the same type of temperature dependence; however, their
spectra were of poorer quality and their sample had ~12% of the
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Figure 4, Variable-temperature 3'Fe Mssbauer spectra for the following:
left panel, [Fe,ICol"0(0,CCH;)¢(py)s] (py); right panel, [Cr,FellO-
(O,CCH,)4(py)s] (pY)-

Fe, 'O acetate impurity. No detailed explanation of what is
occurring was offered. Brown et al.?’ reported four very poorly
resolved spectra (50-200 K) for a compound they characterized
as the hemi-solvate [Fe;O(0,CCH;)g(py)s]Y,(py). Tt is likely
that this sample was a mixture of the solvated and non-solvated
complexes.

Just how sensitive the intramolecular electron-transfer rate is
for the molecule Fe;O(O,CCH,)¢(py); is evident in Figure 3 which
shows Mdssbauer spectra for [Fe;O(O,CCH;)(py);](benzene).
Naively, the same Mdssbauer characteristics would have been
expected for this benzene solvate as are seen for the pyridine
solvate because the two solvate molecules are of similar dimensions.
A comparison of the spectra in Figures 2 and 3 shows that the
benzene solvate does convert from valence localized to valence
delocalized as the temperature is increased. However, the tem-
perature dependencies of the spectra for the two compounds are
different. It was found not to be possible to fit the Mdssbauer
spectra of the benzene solvate taken in the range of 119-295 K
to Lorentzian line shapes. This could be due to the fact that several
lines are overlapping, compounded perhaps by the presence of more
than one Fe!!! site as evidenced by the excess line width in the
Fe!l' signals. We have found that the room-temperature XRD
patterns of the pyridine and benzene solvates are quite different.

Single-Crystal X-ray Structure of [Fe;0(0,CCH;)¢(4-Et-
py);](4-Et-py). The molecular and solid-state structures of this
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Table IV, Méssbauer Fitting Parameters for [Fe;0(0,CCHj;)¢(py);1(py)®

Oh et al.

8, mm/s AEq, mm/s % area I'f mm/s

T, K Felll Fe® Fell Felll Fe?Y Fell Felll Fe?” Fell Felll Fe® Fell
11 (1) 0.521 (1) 1.260 (2) 1.012(2) 2.101 (2) 65.2 (1) 348 (1) 0.124 (1) 0.124 (1)
0.131 (1) 0.129 (1)
S51(3) 0.529 (1) 1.221 (2) 1.013 (2) 1.902 (3) 64.4(2) 35.6 (2) 0.147 (1) 0.151 (1)
0.142 (1) 0.142 (2)
105 (1)  0.542 (1) 1.221 (2) 0.989 (1) 1.726 (3) 67.2(1) 32.8 (1) 0.158 (1) 0.165 (2)
0.145 (2) 0.186 (3)
106 (0.5) 0.541 (1) 1.220 (2) 0.994 (2) 1.731 (3) 654 (1) 34.6 (1) 0.155 (1) 0.176 (3)
0.143 (1) 0.199 (4)
109 (0.5) 0.544 (1) 1.218 (2) 0.994 (2) 1.690 (3) 66.8 (1) 33.2(2) 0.164 (1) 0.187 (4)
0.149 (1) 0.213 (5)
111 (0.5) 0.544 (1) 1.225(2) 0.993 (2) 1.672 (3) 67.2 (1) 32,6 (2) 0.164 (1) 0.191 (4)
0.145 (1) 0.220 (5)
112 (0.5) 0.542 (1) 0.901 (2) 1.224(2) 0.968 (2) 0.274 (5) 1.876 (3) 50.2(2) 30.4 (2) 19.4 (2) 0.152(2) 0.162 (2) 0.160 (4)

113 (0.5) 0.545 (1) 0.893 (2) 1.224 (2)
115 (0.5) 0.545 (1) 0.882 (2) 1.224 (2)
117 (0.5) 0.547 (1) 0.870 (3) 1213 (2)
138 (1) 0.552 (1) 0.861 (3) 1.201 (2)

158 (1)  0.589 (1) 0.845(2) 1.130 (2)

0.962 (2) 0.221 (4) 1.821 (3)
0.961 (2) 0.209 (4) 1.778 (3)
0.960 (2) 0.231 (5) 1.701 (3)
0.941 (3) 0.230 (6) 1.651 (3)

0.867 (2) 0.214 (4) 1216 (3)

0.144 (1) 0.174 (2) 0.186 (5)
48.6 (2) 33.0(2) 18.4(2) 0.148 (2) 0.164 (2) 0.150 (3)
0.144 (1) 0.178 (2) 0.170 (4)
48.0 (2) 34.0(2) 18.0 (2) 0.148 (2) 0.160 (2) 0.152 (3)
0.143 (1) 0.176 (2) 0.168 (4)
470 (2) 320(2) 21.0 (2) 0.142 (1) 0.156 (2) 1.154 (2)
0.142 (1) 0.172 (3) 0.158 (2)
52.0 (2) 29.0 (2) 19.0 (2) 0.134 (1) 0.158 (2) 0.147 (2)
0.147 (2) 0.187 (3) 0.156 (2)
528 (2) 30.0(2) 17.2(2) 0.135 (1) 0.156 (2) 0.147 (2)
0.136 (1) 0.171 (2) 0.158 (3)

168 (1)  0.599 (1) 0.813 (3) 1.046 (10) 0.805 (3) 0.217 (5) 0.976 (14) 56.0 (2) 41.2(2) 12.8 (2) 0.132 (1) 0.184 (2) 0.147 (2)

191 (1) 0.743 (1) 0.520 (1)
297 (1) 0.772 (1) 0.761 (2)
320 (1) 0.753 (1) 0.760 (2)

0.132 (1) 0.188 (3) 0.132 (2)

100 0.189 (4)
0.181 (4)
100 0.175 (4)
0.174 (4)
100 0.169 (3)
0.164 (3)

9Peaks were least-squares fit to Lorentzian line shapes with equal areas for both components of a doublet; error in the last significant figure is
given in parentheses. °Center shifts relative to Fe metal. ¢Half-width at half-maximum listed in order of increasing velocity of the peak.

Table V. Distances? and Angles of the Central Atoms

163 K 298 K

atoms A deg A deg
Fel-Fe2-Fe2*1 3.321 (2) 60.54 (2) 3.307 (1) 60.29 (2)
Fe2-Fel-Fe2*1 58.92 (4) 59.42 (3)
Fe2-Fe2*1 3.267 (1) 3.276 (1)
Fel-O-Fe2 2.010 (4) 118.4 (1) 1.953(5) 119.28 (2)
Fe2-O-Fe2*1 1.856 (7) 123.3(2) 1.879(2) 1214 (2)
Nl1-Fel-O 2.224 (5) 1769 (7) 2.222(6) 176.4 (1)
N1-Fel-N1*1 6.2 (10) 7(2)
Fel-0O1 2.093 (3) 2.069 (4)
Fel-03 2.127 (3) 2.091 (4)
N2-Fe2-O 2230(4) 177.3(1) 2.227(5) 178.7(2)
Fe2-02 2.037 (3) 2.050 (4)
Fe2-04 2.029 (3) 2.036 (4)
Fe2-0S5 2.078 (3) 2.072 (4)
Fe2-06 2.046 (3) 2.043 (4)

9The distances refer to the first two atoms in each set of three. The
suffix *1 on an atom label denotes transformation by 1 - x,»,0.5 - z.

complex were determined at 163 and 298 K by single-crystal X-ray
diffraction techniques. Perspective drawings of the molecular
structure of the oxo-centered Fe;O(0,CCH,;)¢(4-Et-py); complex
deduced from the 163 and 298 K data sets are shown in Figure
5. Selected bond distances and angles for the central atoms of
the Fe;O triangle are given in Table V. The space group is C2/c¢
at both 163 and 298 K. At both temperatures there are two
elements of disorder. The 4-Et-py solvate molecule is disordered
about a center of inversion. As is visible in the plotting given in
Figure 5, one 4-Et-py ligand is disordered on each complex. This
disordered 4-Et-py ligand is coordinated to the unique iron ion
located on the C, axis in the Fe;O plane. In refining the structure
it is necessary to split this 4-Et-py ligand between the two
equivalent positions. Both of these two positions of the disordered
4-Et-py ligand are plotted in Figure 5. It is to be noted that the
two 4-Et-py ligands which are not disordered have their planes

perpendicular to the Fe;O plane.

As the crystal is heated from 163 to 298 K significant di-
mensional changes occur in the Fe, triangle. Bond distances and
angles of the Fe, triangle are given in Table V. The Fe; triangle
becomes more equilateral as the crystal is heated from 163 to 298
K. At low temperatures the iron ion (Fe*) which is located on
the C, axis must be the high-spin Fe!l ion. At 163 K the bond
distances to the central oxide ion are appreciably different: FeA-0
=2.010 (4) A and FeB-0 = 1.856 (7) z{ These two bond distances
are closer to being equal in the 298 K structure: FeA-O = 1.953
(5) A and FeB~O = 1.879 (2) A. It is interesting that in going
from 163 to 298 K the change in this bond length at the unique
iron ion is negative and approximately twice as large (FeA-O =
~0.057 A) as the positive change seen at the other two iron ions
(FeB-O = +0.023 A). The symmetrizing of the Fe; triangle is
also evident in Fe—Fe distances; the difference in the two different
Fe-Fe distances is 0.054 A at 163 K, and this difference shrinks
to 0.029 A at 298 K. The two different Fe~N bond lengths are
essentially equal at both 163 and 298 K. Since the dimensions
of the complex are changing so much from 163 to 298 K, it is
very likely that the potential energy vs. nuclear coordinate plot
for the ground state of this complex is also changing with tem-
perature. It will be evident in the Mdssbauer spectra for this
complex (vide infra) that whatever the process is that leads to
the changes in the M@ssbauer spectra, this process is neither frozen
out completely at 163 K nor completely averaged at 298 K.

A stereoview of the packing arrangement in the solid state at
163 K is shown in Figure 6. The [Fe;0(0,CCH;)¢(4-Et-py);]
complexes are well separated. There seems to be little opportunity
for intermolecular electron transfer. It may be of importance that
the disordered 4-Et-py solvate molecules are packed relatively close
to the disordered 4-Et-py ligands. Due to the long time scale
inherent in the collection of X-ray diffraction data, the structure
obtained is one that is averaged over time (and, of course, over
space as well). Thus, it is not possible to determine definitively
from the X-ray results whether the disorder of 4-Et-py ligand (or
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Figure 5, Perspective drawing of the molecular structure of [Fe,O-
(O,CCHj;)¢(4-Et-py);] in the compound [Fe;0(0,CCH;)¢(4-Et-py)s]-
(4-Et-py) at 163 (A) and 298 K (B). The two positions of the disordered
4-Et-py ligand are shown. Atoms are shown as 35% equiprobability
ellipsoids.

Figure 6, Stereoview showing the packing arrangement in [Fe;O-
(0,CCH;)¢(4-Et-py)](4-Et-py). The 4-Et-py solvate molecules are
represented with shaded ellipsoids.

solvate) is static or dynamic. Large thermal parameters were
found for the atoms of the disordered 4-Et-py ligand at 298 K,
as can be seen in Figure 5. These relatively large thermal pa-
rameters are suggestive of dynamic disorder of this ligand. Perhaps
at 298 K it is rapidly moving between the two limiting positions
which are plotted in Figure 5, whereas at low temperatures (i.e.,
below 100 K) it is held fixed and is statically disordered throughout
the lattice. Additional evidence to support the suggestion that
the one disordered 4-Et-py ligand is changing from a static to a
dynamic condition as the sample temperature is increased is

J. Am. Chem. Soc., Vol. 107, No. 26, 1985 8015

Table VI, Intermolecular Contact Distances Involving the 4-Et-py
Ligands

atom 1 atom 2 sym¢ d(163 K) d(298 K)

(a) Involving the Disordered Ligand (up to 3.95 A)

N1 C15 a 3.91 4.16
C7 C20 a 393 4.24
C7 Cl15 b 3.94 3.88
C7 N101 c 3.76 3.80
C8 C20 c 3,73 3.80
C9 C1s b 3.93 4.12
Cl10 Cl5 b 3.88 4.09
Cl10 C106 b 3.93 4.12
Cl10 Cl15 b 3.88 4.09
Cl1 Cl15 a 3.94 4.07
Cll1 C15 b 3.86 3.94
Cl12 C106 b 3.73 3.74
C13 C106 a 3.86 4.13
(b) Involving the Ordered Ligand (up to 3.70 A)
C15 01 d 3.62 373
C17 C3 e 3.58 3.68
Cl17 C4 e 3.46 3.52
C17 04 e 3.58 3.63
C17 Cs f 3.36 3.38
Cl17 Cé6 f 3.61 3.66
Cl7 C7 f 3.61 3.66
Cl17 06 f 3.61 3.62
Cl18 C4 e 3.54 3.68
Cl18 04 e 3.46 3.58
C18 Cs f 3.46 3.54
C18 Cé f 3.46 3.58
Cl8 05 f 3.44 3.45
C19 03 g 3.70 3.80
Ci19 01 d 3,70 3.85

9Atom 2 is transformed as follows, indicated by the notation in the
symcolumn: a, 1/2+ X, _1/2+y~ Z;bu 1/2_x~ 1/2+)’~ 1/2_2; c, 1/2
-x, Y-y d, Yy -x Yok p Yy mze L -x, L -p, 1 -z f, x,
1_y1 1/2+2;g’_1/2+x~ 1/2+)’~ Z.
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Figure 7, Variable-temperature >’Fe Mdssbauer spectra for [Fe;O-
(0,CCH3)4(4-Et-py);](4-Et-py).

available from calculations of intermolecular contacts. Table VI
gives the closest intermolecular contacts of the two crystallo-
graphically distinct ligands (not involving hydrogen atoms). At
163 K, no contacts of the disordered ligands are closer than 3.73
A; a number of these become substantially longer at the higher
temperature. By contrast, the ordered ligand is much more tightly
held, with contacts as short as 3.36 A at 163 K and 15 contact
distances shorter than the shortest observed for the disordered
ligand. Further, these show less pronounced lenghtening at the
higher temperature. Inspection of the packing environment of
the unique 4-Et-py ligand (Figure 6) suggests that it could move
within this rather soft cavity, perhaps with some concomitant
reorganization, in transit, of the solvate molecules. However, it
is not possible to conclude from X-ray structural results alone that
this is indeed occurring.
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Table VII, Iron-57 Mossbauer Fitting Parameters for [Fe;O(0,CCHj,)¢(4-Et-py);](4-Et-py)?
8, mm/s AEq, mm/s I'f mm/s area ratio
T. K Felll Fell Felll Fell Felll Fell Felll /Fell
6.5 (10) 0.551 (1) 1.304 (1) 1.192 (1) 1.783 (1) 0.133 (1) 0.193 (3) 1.94 (2)
0.130 (1) 0.180 (3)
30 (2) 0.555 (1) 1.308 (1) 1.193 (1) 1.714 (1) 0.135 (1) 0.195 (3) 1.95 (2)
0.131 (1) 0.181 (3)
50 (3) 0.554 (1) 1.304 (1) 1.181 (1) 1.640 (2) 0.135 (1) 0.194 (3) 1.99 (4)
0.134 (1) 0.183 (4)
80 (3) 0.557 (1) 1.280 (1) 1.160 (1) 1.461 (2) 0.148 (2) 0.195 (4) 2.01 (4)
0.137 (2) 0.212 (4)
117 (1) 0.566 (1) 1.192 (1) 1.072 (1) 1.112 (2) 0.155 (2) 0.178 (4) 2.08 (6)
0.133 (2) 0.213 (5)
178 (1) 0.576 (1) 1.075 (2) 0.994 (2) 0.882 (2) 0.170 (3) 0.168 (4) 2.25(7)
0.136 (2) 0.193 (5)
237 (1) 0.579 (1) 0.954 (2) 0.940 (2) 0.801 (2) 0.175 (3) 0.171 (4) 2.50 (7)
0.136 (2) 0.192 (4)
298 (1) 0.587 (2) 0.853 (2) 0.891 (3) 0.773 (3) 0.179 (3) 0.142 (5) 3.55(8)
0.145 (2) 0.163 (5)

9 Peaks were least-squares fit to Lorentzian line shapes with equal areas for both components of a doublet; error in the last significant figure in
parentheses. ®Center shifts relative to Fe metal. ¢Half-width at half-maximum listed in order of increasing velocity of the peak.
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Figure 8, Plot of the center shift (5) vs. temperature for the “Fell” and

“Felll” doublets in the spectrum of [Fe;0(0,CCHj)¢(4-Et-py);](4-Et-

py); data plotted as “O”. Temperature dependence of center shifts: (A)
([Cr)szCHO(OzCCHz)5(Py)s](Py): (D) [Fe,"'Co""O(0,CCHy)s(py)sl-
py).

Physical Properties of [Fe;0(0,CCH,)((4-Et-py),](4-Et-py),
In figure 7 are given some of the Mdssbauer spectra run for this
complex. At all temperatures least-squares fitting of the spectra
indicates there are only two quadrupole-split doublets. At low
temperatures the area ratio of the two doublets is 2:1. As can
be seen from the fitting parameters given in Table VII, the less
intense doublet is that for a high-spin Fe' ion. The two high-spin
Fe!ll jons give rise to the more intense doublet. Three observations
can be made from the spectra in Figure 7. First, it is quite clear
that as the sample temperature is increased above ~ 120 K some
averaging process is occurring. A comparison with the spectra
in Figure 4 shows for [Fe;O(0O,CCH,)¢(4-Et-py);] (4-Et-py) that
below ~ 120 K there are distinct high-spin Fe!! and Fel!! signals.
However, above this temperature the characteristics cannot simply
be identified as high-spin Fe!l and Fe!! signals. At 298 K it can
be seen that the two doublets are close to each other. The center
shift for each of the two doublets (uncorrected for second-order
Doppler shift) is plotted vs. temperature in Figure 8. At tem-
peratures above ~ 100 K an averaging process is evident. This
is made clear by the comparison shown in Figure 8 with center
shift data for the Fell ion in [Cr,"""Fe!’O(O,CCH,;)¢(py);](py)
and data for the Fe!"! ion in [Fe,"CoO(0O,CCH,)(py);](py).
It is clear from Figure 8 that above ~ 100 K the decrease in the
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Figure 9, Plot of the area ratio of the “Fe!ll” to “Fe!l” doublets as a
function of temperature: (O) [Fe;O0(0,CCH;)¢(4-Et-py)s](4-Et-py); (A)
[Fe;0(0,CCHy)g(py)sl-

center shift for the single “Fe!'” ion in [Fe;O(0,CCH,;)4(4-Et-
py);](4-Et-py) per increment of temperature is approximately
twice the increase in center shift observed for the two “Fel'” jons.
This is what would be expected from an averaging process that
is occurring rapidly relative to the Mdssbauer time scale.

The second observation that can be made of the spectra plotted
in Figure 7 is that, even though some averaging process is occurring
in the ~100~-300 K range, the line widths of the components of
the two doublets do not change as the temperature is increased.
If the averaging process involved simply thermally activating a
given triangular complex over a potential energy, then line
broadening would be expected and the components of the two
doublets would first broaden and then coalesce into one average
but broadened doublet which eventually would sharpen into a
doublet with “normal” line widths. That is, as the sample tem-
perature is increased the rate of thermal electron transfer would
increase, eventually to cross the ’Fe Mdssbauer window where
the Mdssbauer line shapes should be affected. A plausible ex-
planation for why this does not happen will be advanced in the
next section.

The third observation that can be made about the spectra in
Figure 7 is that the area ratio of “Fe!!” to “Fe!!” doublets does
not remain fixed at 2:1 as the sample temperature is increased.
Figure 9 shows this ratio plotted as a function of temperature from
6.5 t0 298 K. Above ~ 150 K this area ratio increases gradually
to become 3.55:1 at 298 K. The same area ratio is plotted in
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Figure 10, Room-temperature FT-IR spectra of KBr pellets: (I)
[Fe3O(0,CCH;)4(4-Et-py);]CIO,; (11) [Fe,'Co'O(0,CCH;)e(4-Et-
pY)s](4-Et-py); and (I1I) [Fe;0(0,CCH;)q(4-Et-py);](4-Et-py).

Figure 9 for [Fe;O(0,CCH;)¢(py);], a compound that does not
show an averaging process at temperatures approaching room
temperature. The increase in the ratio to 3.5 at 295 K for the
4-Et-py compound simply means that, compared to the two “Fe!!!”
sites, the recoilless fraction of the one “Fell” site is becoming less
and less as the temperature is increased. This is further evidence
that the 4-Et-py ligand bonded to this one “Fe!!” ion is changing
from statically disordered at low temperature to dynamically
disordered at high temperatures. Movement of the disordered
ligand between its two positions at a rate that is fast on the
Mdéssbauer time scale could well lead to a reduced recoilless
fraction at the one “Fel!'” site.

Cannon et al.?! have examined the IR spectra of the mixed-
valence complexes [Fe;O(0,CCH;)¢L;], where L is H,O or
pyridine. If such a complex has Ds, site symmetry and is totally
delocalized electronically, then one doubly-degenerate asymmetric
Fe,0 stretch would be expected. Cannon et al. have identified
such a band near 600 cm™ for the [Fe;""O(0,CCH;)¢(H,0),]*
ion. In the mixed metal complexes of composition [Fe,'"MO-
(0,CCH;)((H,0);], where M is Mnl,, Co!!, or Ni!, they found
that the reduction in site symmetry from D;; to C,, lifted the
degeneracy of the asymmetric Fe;O stretch and two bands were
seen. They also found that in the case of the mixed-valence
complex [Fe;O(0,CCH;)¢(H,0);] the same splitting into two
bands is seen for the asymmetric Fe,O stretching modes. However,
the splitting is somewhat smaller in the case of the mixed-valence
complex than in the case of the mixed-metal complexes. They
interpreted this to mean that the two oxidation states of the iron
ions as distinguishable on the infrared time scale in the mixed-
valence complex but that “they are not so sharply distinct as if
they were pure Fell and Fe!!”.

In Figure 10 are given room-temperature IR spectra of KBr
pellets of [Fe;O(0O,CCH,)¢(4-Et-py);]ClO,, [Fe,MCo!O-
(0O,CCH,;)4(4-Et-py);](4-Et-py), and the mixed-valence complex
[Fe,;O(0O,CCH,;)¢(4-Et-py);](4-Et-py). In each case the bands
in three spectral regions are illustrated: the asymmetric and
symmetric carboxylate (CO,) stretching region (~ 1400-1600
cm™), the asymmetric M;O stretching region (~500-700 cm™),
and the metal-oxygen (carboxylate) stretching region (~350
cm™!), As is evident in Figure 10, there are not appreciable
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Figure 11, Variable-temperature FT-IR spectrum of the KBr pellet of
[Fe30(0,CCH;)6(4-Et-py);](4-Et-py).

differences in the CO, region for the three complexes. Basically
two strong bands are seen in each case. The splitting between
the two CO, bands is greater for the Fe,'Co!O complex than
for the Fe;"'O complex. The splitting in the CO, bands for the
mixed-valence complex is intermediate between the values for the
other two complexes.

The M;0 asymmetric stretch regions of the IR spectra are most
revealing. The Fe;1'O complex shows only one such stretching
band which is marked as A in the spectrum. The Fe,Co!!O
complex exhibits two such bands, marked B and C in the spectrum
for this complex. It also appears that the mixed-valence complex
shows these same two asymmetric M;O stretching bands. It can
be concluded that this mixed-valence complex is localized on the
infrared time scale. The rate of intramolecular electron transfer
is less than ~10!% 571,

Figure 11 shows the temperature dependence of the IR spec-
trum of the mixed-valence complex. There is very little that
happens to the IR spectrum in the Fe;O stretch region when this
complex is cooled to 52 K. Some improved resolution is evident
in certain bands, and the Fe;O stretching bands at 718 and 540
c¢m™! increase somewhat in intensity relative to other bands.

Valence-Detrapping Modes in the Solid State, In terms of the
PKS vibronic model** for the electronic structure of mixed-valence
complexes it is clear that both the electronic coupling between
neighboring metal ions and the level of vibronic coupling will not
change appreciably in the series [Fe;O(O,CCH,)¢(py)s] (solvate)
as the solvate molecule is changed. Due to the near electronic
degeneracy in this triangular mixed-valence complex, it serves as
a very sensitive probe of the nature of the solid state. It is our
hypothesis that the temperature dependence that is seen in the
Mossbauer spectra for several of these mixed-valence Fe;O acetate
complexes is rot just the result of directly thermally activating
complexes to overcome a potential-energy barrier for electron
transfer. It is likely that the temperature dependencies that are
seen are the manifestation of dynamics of ligands and solvate
molecules in the solid state, not directly intramolecular electron
transfer. The onset of dynamical motion in the solid at a certain
temperature modifies the environment about a particular mix-
ed-valence complex. The new environment changes the poten-
tial-energy barrier such that intramolecular electron transfer occurs
at a considerably faster rate.

The temperature dependence seen in the Mdssbauer spectra
(Figure 7) for [Fe;O(O,CCH;)4(4-Et-py);](4-Et-py) is probably
the result of an order-disorder phase transition. At low tem-
peratures the ordered phase is comprised of a statically and
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randomly disordered array of 4-Et-py ligand and solvate molecules.
If there was a high level of cooperativity between the Fe;O
complexes throughout the solid, then a first-order phase transition
would be experienced, so that as the temperature of the solid is
increased suddenly large regions of the statically disordered
complexes would become dynamic. The 4-Et-py ligand would be
jumping rapidly between its two positions. The information about
motion in one disordered 4-Et-py ligand could be conveyed to
another Fe;O complex by dynamic disorder in the solvate molecule.
This coupled motion in the solid in essence is a phonon and, if
it existed, it would be the valence-detrapping mode in the solid
state. Depending on the packing arrangement in the solid, that
is, the intermolecular contacts and possibilities for dynamics in
parts of the solids, certain of these mixed-valence Fe;O complexes
will show a temperature dependence in their properties. One can
speculate that no intramolecular electron transfer is evident in
the variable-temperature Mdssbauer data for [Fe;O-
(O,CCHj;)4(py);] because the lattice in this compound is packed
so tightly that pronounced intermolecular contacts prevent any
motion of any parts of this solid.

The presence of phase transitions has already been firmly es-
tablished for two of these mixed-valence Fe;O complexes. As we
report in another paper, variable-temperature heat capacity
results (12-300 K) clearly indicate the presence of two phase
transitions for [Fe;O(0,CCH;)¢(py):](py) in the solid state.

There are two final points that sould be addressed concerning
the data presented above. The first point is the rather large
temperature ranges over which the transformations from localized
to delocalized occur, as indicated by the Méssbauer spectra. In
Figure 7, or more particularly Figure 8, it can be concluded that
it takes 100~150 degrees for the transformation from localized
to delocalized to occur for the 4-Et-py complex. For a phase
transition with any degree of cooperativity, domains of a minority
phase nucleate and grow in the presence of the majority phase.
It has been shown that defect concentration in a crystallite can
make a cooperative phase transition very gradual in its develop-
ment. Defects in a crystal may come in the form of vacancies,
isolated impurities, dislocations, grain boundaries, or surface im-
perfections,

The second point is the matter of no line broadening seen in
the Mdssbauer spectra even though there is some process of av-
eraging present. It must be admitted that with complicated
spectral data as shown in Figure 2 for [Fe;O(O,CCH,)¢(py)s](py),
where at some intermediate temperatures there are at least five
peaks visible, it is difficult to decide whether or not line broadening
is present. However, the spectra for the 4-Et-py complex do not
show any evidence of line broadening. We have prepared and
characterized several other mixed-valence Fe;O complexes that
show temperature-dependent spectra, but no line broadening.
Furthermore, four different substituted mixed-valence bi-
ferrocenium triiodide salts have now been characterized that also
exhibit a localized to delocalized transformation in their Mdssbauer
spectra, again clearly with no line broadening.?*

The phonon mode that leads to the phase transition in these
complexes is obviously occurring at a frequency greatly in excess
of the Mdssbauer time scale. At low temperatures the environment
about each mixed-valence Fe;O complex is static. The static
environment is asymmetrically disposed relative to the three iron
ions in one triangular complex. The intramolecular electron
transfer is relatively slow because the potential-energy barrier is
increased due to this asymmetric environment. As the temperature
of the sample is increased, the “valence-detrapping” phonon
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mode(s) becomes activated. Small minority domains form where
all the molecules have a dynamic 4-Et-py ligand. At certain
temperatures many of these small minority domains will revert
to being part of the majority domain where the ligands are static.
At any temperature there is a critical size that a minority domain
has to achieve in order to continue to grow. If the rate at which
a given Fe;O complex moves back and forth between majority
and minority domains is always fast compared to the Mdssbauer
time scale, if the motion of 4-Et-py ligand is also fast in the
minority domain, and finally if the intramolecular electron transfer
is fast in the minority dynamic domain, then the type of Massbauer
behavior that is being seen would be expected. The low-tem-
perature Fe!l and Fe!!! doublets would just move together to
become a single average doublet. There would be no line
broadening. Finally, if the frequency of the above lattice dynamics
and electron transfer are less than ~7.5 X 1012 571, then the
complex would appear to be localized in terms of IR bands above
250 cm™L.

Conclusions and Comments

Three basic observations have been made about intramolecular
electron transfer in the solid state for mixed-valence [Fe;O-
(O,CCH;)¢L;](solvate) complexes. First, the rate of electron
transfer is dramatically affected by changing the solvate molecule.
Second, in several cases no line broadening is seen in the separate
Maéssbauer signals as they move together at higher temperature
to become an average signal. Third, the distances in the mix-
ed-valence Fe;O complex change appreciably with a change in
sample temperature. The Fe; triangle becomes more symmetric
at higher temperature. A transformation in the solid state in-
volving a conversion from statically disordered at low temperatures
to dynamically disordered at high temperatures is involved.
Ligands and/or solvate molecules are becoming dynamic at high
temperatures.

It needs only briefly to be mentioned here that observations
similar to those noted in this work are being made in other areas
of research. The effect of changes in solvate molecules upon
spin-crossover complexes has been noted.* It would be anticipated
that not only bulk properties reflecting the amounts of low- and
high-spin complexes present would respond to changes in the
solvate molecule but the rate of spin-crossover interconversion in
the solid state should reflect the nature of the solvate molecules.?’
Order—disorder transformations in the solvate molecules have been
noted for spin-crossover complexes. Other electronically labile
complexes such as Jahn-Teller distorted complexes should have
similar sensitivities. It has also been noted that the nature of the
order~disorder in the ClO,” counterion affects the conductivity
of stacked organic molecules.*®
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