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Magnetic susceptibility data for several Fe(II) coordination polymers containing oxalate or squarate dianions are reported
in the temperature range 4.2-300 K. Low-temperature magnetism of Fe(C,0,)(H,0); is dominated by intrachain ordering
near 32 K followed by the onset of interchain long-range order slightly below this temperature. Susceptibility data for
Fe(C404)(H;0), and Fe(C,0,)(CsH;sN),2H,O show no detectable spin exchange in the temperature range studied.
Susceptibility data to 1.8 K for Fe(C40,)(C4H4N,)-4!/,H,0 are analyzed on the basis of a modified Heisenberg linear
chain model with an intrachain exchange parameter of approximately —0.3 cm™ and a negligible interchain exchange parameter.
Mossbauer spectral data for these Fe(IT) complexes are reported in the temperature range 17-300 K. The observed temperature
dependence of the quadrupole splitting for Fe(C404)(H,0),, Fe(C40,4)(CsH;N)»2H,0, and Fe(C,0,)(C,H N,)-4! /,;H,0
is described in terms of an excited °E, term which lies 525, 425, and 850 cm™, respectively, above the 3By ground term.
Ground- and excited-term splittings are in essential agreement with those obtained from room-temperature solid-state electronic
spectra of these materials. Controlled chemical oxidation of Fe(C,0,)(H,0), with Br, or 1,4-benzoquinone in 1,2,4-
trichlorobenzene yields discrete mixed-valence compounds Fe(C,0,)(H,0), 4Brg¢ and Fe(C,0,4)(H,0)49(CsH4O,)0s. These
semiconducting materials (¢°©K =~ 107 Q! cm™) display Méssbauer spectra in the range 20400 K which are characteristic
of Fe(Il, TIT) mixed-valence polymers. Below approximately 20 K, spectra of these compounds consist of superimposed
paramagnetic and Zeeman hyperfine multiplets. Fe(C404)(CsHsN)1,; s and Fe(CgH,04)I are obtained by solid-state I,
oxidation of Fe(C404)(CsH;sN),-2H,0 and Fe(CsH,0,)(H,0),, respectively. Mossbauer spectral parameters for these
iodine oxidation products are consistent with the presence of Fe(II) and Fe(III) sites in the approximate ratio of 3:1.
Variable-temperature magnetic susceptibility data for the mixed-valence complexes indicate the presence of antiferromagnetic
spin exchange which is described with appropriate theoretical expressions for the susceptibility. With the possible exception
of Fe(C40,4)(CsHsN)I, 5, the mixed-valence compounds appear to be structurally described as randomly oxidized linear
chain coordination polymers. Infrared spectral band assignments for the single- and mixed-valence complexes support the

proposed structures for these materials.

Introduction

Cooperative magnetic phenomena have been observed at low
temperature in several polymeric transition-metal complexes
containing bridging oxalate (1), squarate (2), and di-
hydroxybenzoquinone (3) dianions. For example, varia-
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ble-temperature powder magnetic susceptibility of Cu-
(C,0,):'/5;H,0 has been measured by a number of investi-
gators.!™ McGregor and Soos* applied a one-dimensional
Heisenberg chain model to their susceptibility data for hy-
drated copper oxalate and derived an excellent fit with an
isotropic exchange parameter, J, = —-132 cm™.% Variable-
temperature magnetic susceptibility data for Fe(C,0,)(H,0),
have been collected by Barros and Friedberg,” who found
evidence for two distinct ordering processes below 35 K. Their
results were best interpreted in terms of a rather strong in-
terchain spin-exchange process which dominated the sus-
ceptibility below ca. 20 K. In addition, van Kralingen et al.?
have recently reported low-temperature magnetic suscepti-
bilities for Ni(C204)(Hzo)2 and CO(C204)(H20)2. Both of
these polymers were assumed to have linear chain structures
isomorphous with Fe(C,0,)(H,0),.>1° Data for the Co(II)
complex were fit to an Ising model with J = -9.3 em™, g =
6.1, and g, = 3.3 whereas the Ni(II) complex was best de-
scribed in terms of the de Neef zero field splitting Heisenberg
exchange model!! with D = —|J] = -11.5 cm™ and g = 2.22.

Among the polymeric squarate complexes of divalent metal
ions studied to date, only Ni(C,0,)(H,0), has been reported!?
to undergo a low-temperature magnetic phase transition. On
the basis of the recent single-crystal X-ray structure deter-
mination for Ni(C,0,)(H,0),"* which shows a three-di-

mensional polymeric network of octahedrally coordinated
Ni(II) ions, this ferromagnetic ordering must be associated
with the onset of long-range order. However, Long!* was
unable to observe any ferromagnetic ordering at T 2 1.3 K
in the “’Fe Mgssbauer spectrum of Fe(C40,)(H,0),, although
this complex has a room-temperature X-ray powder pattern
which indicates structural isomorphism with the Ni(II)
complex.

Low-temperature magnetic properties of Cu(II)!® and
Fe(1I)'¢ polymeric complexes with 3 have been reported. Both
Cu(C¢H,0,)" and Fe(CzH,0,)(H,0),'® were assumed to
possess similar structures to the analogous oxalate complexes
but there is at present no complete single-crystal evidence to
support the proposed linear-chain structures. Magnetic
susceptibility data for the Cu(II) and Fe(II) complexes were
fit to appropriate Heisenberg linear chain models with J =
-9.7 t0-16.7 cm™ P and J = -1.4 ¢cm™,!6 respectively. Es-
sential features of the magnetic susceptibility vs. temperature
behavior of Cu(C4H,0,) have recently been confirmed.!’

Occurrence of these cooperative phenomena in low-di-
mensional complexes of 1-3 suggested to us the possibility of
preparing mixed-valence analogues which would possess in-
teresting properties. Our preliminary findings'® on the sol-
id-state oxidation of Fe(C4H,0,)(H,0), with [, indicated that,
for example, the electrical conductivity of the mixed-valence
material was approximately 6 orders of magnitude larger than
that of the single-valence complex. During the course of this
investigation we prepared two new Fe(II) complexes of 2 which
were also subjected to chemical oxidation. This paper describes
the results of our investigation of the synthetic, magnetic, and
spectroscopic aspects of both the single- and mixed-valence
iron complexes of 1-3.

Experimental Section

Oxalic and squaric acids and pyrazine were obtained from Aldrich
Chemical Co. 2,5-Dihydroxy-1,4-benzoquinone was obtained from
Eastman Chemical Co. Squaric acid was recrystallized from water
prior to use. 2,5-Dihydroxy-1,4-benzoquinone was purified by
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sublimation.!® K,C,O, was prepared by the reaction of H,C,O, with
aqueous KOH. Pyridine was vacuum distilled from CaSO, prior to
use.

Fe(C204)(H20)2 Diaquo(oxalato)iron(II) was prepared as a bright
yellow microcrystalline powder according to a published procedure.?
Anal. Calcd for C;FeH,O4: C, 13.34; Fe, 31.04; H, 2.24. Found:
C,13.30; Fe, 31.0; H, 2.14.

Fe(C,0,)(H,0),. Method A. Diaquo(squarato)iron(Il) was
prepared in this method by rapidly adding an ethanolic solution (50
mL) of FeSO,7TH,0 (0.553 g, 1.992 mmol) to a 50 °C aqueous
solution of H;C,0, (0.227 g, 1.992 mmol). The solution was brought
to reflux, whereupon a light purple coloration appeared in the solution?!
and a yellow precipitate formed after several minutes. The precipitate
was collected, washed with cold water, and dried at 50 °C undet
vacuum. The IR spectrum of this product indicates the presence of
ethanol in the dried cempound.”? Anal. Caled. for C,FeH, O
1/3CH,;CH,0OH: C, 25.56; Fe, 25.47; H, 2.76. Found: *C, 25.60; Fe,
25.5; H, 2.80.

Method B. In this procedure an aqueous solution (50 mL) of
FeCl,-4H,0 (0.398 g, 2 mmol) was added to a cold aqueous solution
(150 mL) of K,C,0, (0.380 g, 2 mmol). The yellow precipitate which
formed immediately was washed with cold water and dried at 60 °C
for 24 h. Anal. Caled for C,FeH,O¢ C, 23.56; H, 1.98; Fe, 27.39.
Found:" C, 23.51; H, 2.01; Fe, 27.4.

Method C. In this method 1.0 g of iron wire was placed in a
degassed aqueous solution (500 mL) containing 2 g of H,C,04. The
flask was fitted with a nitrogen inlet and a mercury bubbler. The
solution was purged with' N, gas for 30 min and then sealed to the
atmosphere. During the course of several months small cubic crystals
of yellow-green product formed in the flask. The product was collected
and air-dried at 50 °C. Anal. Caled for C;FeH,O4: C, 23.56; Fe,
27.39; H, 1.98. Found: C, 23.60; Fe, 27.5; H, 2.06.

Fe(C6H204)(H20)2. Draquo(drhydroxybenzoqumonato)1ron(II)
was prepared according to a published procedure.!® Anal. Caled for
Ce¢FeH(Oq: C, 31.34; Fe, 24.29; H, 2.63. Found: C, 30.99; Fe, 24.3;
H, 2.63.

Fe(C,0,)(CsHsN)»»2H,0. Bis(pyridine)(squarato)iron(II) di-
hydrate was prepared by dissolving FeCl,»4H,0 (1.01 g;.5 mmol) in
70 mL of cold 1-propanol containing 0.8 mL of pyridine. Solid H,C,O,
(0.570 g, 5 mmol) was added to, this solution with stirring. A white
precipitate formed immediately.”® An additional 25 miL of pyridine
was added to the solution. After slow stirring of the solution for 30
min a dark yellow precipitate formed. The precipitate was collected
and dried over CaSQ, at room temperature. Anal’ Calcd for
C,FeH ,N,O4: C, 46.44; Fe, 15.42; H, 3.90;N, 7.74. Found: C,
46.36; Fe, 15.4; H, 389; N, 7.72.,

Fe(C,0,)(C,H,N,)-4!/,H,0. (Pyrazme)(squarato)1ron(II) hydrate
was prepared by dissolving FeCl,4H,0 (1.0 g, 5 mmol)in 1-propanol
at =5 °C (ice—salt bath) and then adding solid pyrazine (0.411 g, 5.1
mmol) to this solution. A red-orangg precipitate formed immediately.
Solid H,C,0, (0.570 g, 5 mmol) was added with stirring to the
resulting mixture. After 15 min, 20 mL of water was added until
the orange precipitate dissolved. The solution was maintained at -5
°C for several hours during which time a dark orange precipitate
formed. The product was filtered and dried under d stream of N,
gas and then kept under vacuum at room temperature for several hours.
Anal. Caled for CgFeH4N204 -41/,H,0: C, 29.20; Fe, 16.97; H, 3.98;
N, 8.51. Found: C, 29.44; Fe, 17.0; H, 3.73; N, 8.36.

Fe(C,0,)(H,0), 4Bros. The Br, oxidation product of Fe(C,-
0,)(H,0), was prepared by treating 0.500 g of Fe(C,04)(H,0), with
0.500 g of Br, in 250 mL of 1,2,4-trichlorobenzene with stirring at
90 °C for 10 h. The dark red product which formed was collected
and kept in a vacuum desiccator at 3 °C over P,Os. Anal. Caled
for BrosC,FeH,40s4: Br, 22.09; C, 11.07; Fe, 25.73; H, 1.30. Found:
Br, 22.18; C, 11.34; Fe, 25.7; H, 1.18. ,

Fe(C,0,) (H;0)3(C¢H,02)g,05. . The 1,4-benzoquinone oxidation
product of Fe(C;0,)(H,0), was prepared by treating 1.0 g -of
Fe(C,0,)(H,0), with 2.5 g of freshly sublimed 1,4-benzoquinone in

refluxing (260 °C) 1,2,4-trichlorobenzene under N, for 24 h. During

the course of the reaction yellow Fe(C204)(H20)2 slowly digsolved

and a black solid deposited. This precipitate was collected and dried

in vacuo at 150 °C for several days. Anal. Caled for C,;FeH,0s:
C, 16.69; Fe, 33.75; H, 1.22. Found: C, 16.60; Fe, 33.8; H, 0.87.

Fe(C,0,)(CsHsN)I; 5. The I, oxidation product of bis(pyri-
dine)(squarato)iron(II) was prepared by heating 0.500 g of solid
Fe(C,0,)(CsH;sN),-2H,O witp 1,000 g of I, in an open-vessel at 120
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°C. After excess I, had sublimed from the reaction mixture, a black
product remained. Anal. Caled for CyFeH;l, sNO,: C, 24.72; Fe,
12.77; H, 1.15; 1, 43.52; N, 3.20. Found: C, 24.24; Fe, 12.9; H, 1.24;
I, 43.50; N, 3.15..

Fe(C¢H,0,)I. The I, oxidation product of diaquo(dihydroxy-
benzoquinonato)iron(Il) was prepared by treating solid Fe(CgHy-
0,)(H,0), with excess I, in a sealed tube immersed in an oil bath
held at 180 °C for 48 h. After reaction the tube was broken and
connected to a vacuum line. The sample was heated to 100 °C and
unreacted I, sublimed under vacuum. Anal. Caled for CsFeH,10,:
C, 22.46; Fe, 17.41; H, 0.63; I, 39.56. Found: C, 23.06; Fe, 17.6;
H, 0.62; I, 39.61.

Cu(C,0,)(H,0), and Ni(C,0,)(H;0),. Diaquo(squarato)copper(II)
and diaquo(squarato)nickel(IT) were prepared by published proce-
dures.?® Anal.. Caled for C,CuH,Oq C, 22.70; H, 1.91. Found:
C,22.72; H, 2.08. Caled for C;H,NiOg: C, 23.23; H, 1.95. Found:
C, 23.11; H, 1.99.

Physical Measurements. Magnetic susceptibilites above 15 K were

- determined with a conventional Faraday balance?’ calibrated with
 Hg[Co(NCS),].#® Magnetic susceptibilities below 15 K were obtained

by using a Princeton Applied Résearch vibrating sample magnetometer
which has been described.”® Corrections for ligand diamagnetism were
taken from a table of Pascal’s constants.’® The diamagnetic sus-
ceptibility of the squarate dianion was taken as 30.6 X 1075 cgsu,?
Underlying filled-shell diamagnetism for Fe* was assumed to be 13
X 107 cgsu3! Experimental magnetic susceptibilities were fit to
theoretical models with a local computer routine which employs the
Simplex minimization algorithm.* In general, the relative uncertainty
of the magnetic susceptibility data is somewhat greater at higher than
at lower temperatures. This uncertainty is estimated to be no greater
than £0.02 up at approximately 20 K and +0.04 ug at 300 K.
Replicate determinations were teproducible to £0.02 ug. Within the
overlapping temperature range of the Faraday balance and the vi-
brating sample magnetometer, magnetic susceptibility data agreed
to £1%.

Mossbauer spectra were obtained on a spectrometer previously
described.”® The ¥'Co(Pd) source was maintained at room temperature
in all cases. A 25-um a-Fe foil (430 ug of ’Fe/cm?) was used as
velocity calibrant. Spectrometer linearity was checked by plotting
experimental Fe foil line positions vs. accepted positions in millimeters
per second. In this manner it was determined that system linearity
was better than 99% of the theoretical limit, As a secondary linearity
check, the positions of the Zeeman lines of Fe;O, were determined.
These line positions were found to be within 0.005 mm/s of the
accepted line positions. Experimental Mgssbauer spectra were de-
convoluted by assuming Lorentzian line contours superimposed on
a parabolic base line. The mixed-valence spectra were fit with the
routihe FITA.** In all cases Mossbauer spectra were taken on finely
ground powdered samples dispersed in Vaseline and held in a lead
block between Fe-free mylar tape.

- X-ray powder diffraction patterns were obtained by employing the
Straumanis technique with Ni-filtered Cu Ka radiation. Film
shrinkage was checked by incorporating a small amount of KBr in
the sample. Transmissions of optical spectra were recorded on a Cary
14 with samples mulled in Kel-F'grease supported on quartz windows.
Room-temperature electtical conductivity measurements were obtained
on pressed pellet specimens by employing the varn der Pauw four-probe
configuration® or the four in-line probe arrangement. Low-tem-
perature electrical conductivities were obtained exclusively with the
former configuration. Thermal weight loss curves were obtained on
a Du Pont 900 thermal analyzer coupled toa Du Pont 950 ther-
mogravimetric analyzer. Infrared spectra were obtained by usmg a
Beckman IR 20A infrared spectrophotometer. Samples were in the
form of KBr pressed pellets.

Results and Discussion

Syntheses, Stabilities, and Stoichiometries. Oxalate
Complexes. Diaquo(oxalato)iron(II) reacts slowly with Br,
in 1,2,4-trichlorobenzene (TCB) at 90 °C to yield a single dark
red oxidation product according to eq 1. Progress of this

Fe(C,04)(H,0), + 0.3Br, —
Fe(C,0,)(H;0), 4Bro¢ + 0.6H,0 (1)

reaction was monitored by observing the gradual disappearance

of solid yellow Fe(C204)V(H20)2. C, Fe, H, and Br analyses
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of the iron-containing product from a number of replicate
experiments establish a bromine:iron ratio of 0.6 = 0.02, an
iron:carbon ratio of 0.5 £ 0.01, and a carbon:hydrogen ratio
of 0.71 £+ 0.03. Attempted sealed-tube, solid-state oxidation
of Fe(C,0,)(H,0), with excess Br, yielded hydrated FeBr,
and CO,. A similar reaction with 0.3 mol of Br,/mol of
Fe(C,0,4)(H,0), gave a mixture of unreacted ferrous oxalate
and FeBr;.

Reaction of Fe(C,04)(H,0), with purified 1,4-benzo-
quinone in TCB at 260 °C in a nitrogen atmosphere yielded
a black oxidation product according to eq 2. The stoi-

FC(C204)(H20)2 + 005C6H402 g
Fe(C,0)(H;0)00(CsH4O02)00s + 1.1H,0 (2)

chiometry of the product was established by replicate analyses
of the iron-containing product. Anaerobic reaction conditions
were necessary to prevent formation of hydroquinone. The
isolated oxidation product was dried under high vacuum at
150 °C for several hours to ensure complete removal of un-
reacted quinone. Solid-state treatment of Fe(C,0,4)(H,0),
with 1,4-benzoquinone gave no reaction after several days at
150 °C. 1,4-Naphthoquinone also apparently oxidized
Fe(C,0,)(H,0), in TCB at 260 °C; however, the product of
this reaction was not characterized. Attempted I, oxidation
of Fe(C,0,)(H,0), either in TCB at 90 °C or in the solid state
at 120 °C was unsuccessful.

The quinone oxidation product of Fe(C,0,)(H,0), is a
stable compound. We observed no change in its properties
after prolonged storage at room temperature. The bromine
oxidation product, however, must be stored at 0 °C in a dry
atmosphere. In addition the compound apparently reacts with
plastic materials. Whereas the X-ray diffraction powder
pattern of Fe(C,04)(H,0), was consistent with published d
spacings and line intensities,” we were unable to obtain any
diffraction lines for either Fe(C,0,4)(H,0),4Brgs or Fe(Cy-
04)(H,0)06(CsH405)g0s. Prolonged exposure of the bromine
oxidation product to X-rays resulted in its decomposition.

Squarate Complexes. X-ray powder diffraction data for the
iron(II) squarate complexes prepared above are given in Table
1.3 We have also recorded the powder patterns of Ni(C,-
04)(H,0), and Cu(C,0,)(H,0O),. We find these powder
diffraction patterns to be entirely consistent with the d spacings
tabulated by West and Niu.?® Data in Table I for Fe(C,-
0,)(H,0), are reported for Fe(C,0,)(H,0), obtained by
method C (Experimental Section). On the basis of these data
the cubic lattice constant for this polymer is 8.22 & 0.03 A,
Data for the ethanol-containing complex Fe(C,04)(H,0),
!/,CH,CH,OH, prepared by method A, are also given in Table
I. This material has a powder diffraction pattern which is
essentially identical with that of Fe(C40,)(H,0), except that
there appears to be an approximately 5% expansion in the
cubic unit cell parameter (8.63 + 0.03 A). The material
prepared by method B is identical with that prepared by
method C except that the latter method gives larger crystals.

FC(C404)(H20)2, FC(C4O4)(C5H5N)2'2H20, and Fe-
(C,04)(CHN,)-4! /,H,0 appear to be indefinitely stable if
stored over CaSQ, at 0 °C. At room temperature the pyridine
adduct turns brown and loses pyridine within several days of
its preparation. These materials were insoluble in a wide range
of solvents tested. In order to confirm the presence of lattice
rather than coordinated water in the pyrazine and pyridine
complexes we obtained weight loss curves for the three ferrous
squarate complexes. In this regard it should be noted that the
thermal decomposition of Fe(C,0,)(H,0), has been previously
investigated.” Weight loss curves for these compounds are
illustrated in Figure 1. We have included the curve for
[Fe(C404)(H,0),0H],-2H,0% for purposes of comparison.
The final decomposition product for each of the Fe(Il)
compounds was Fe,O; as shown by an X-ray powder pattern
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Figure 1. Weight loss curves for Fe(C,04)(H;0), (A), Fe(C,-

04)(CsHsN)»2H,0 (B), FC(C4O4)(C4H4N2)'41/2H20 (C), and

[Fe(C404)(H,0),0H],:2H,0 (D). Heating rate was 0.5 °C/min

in a nitrogen atmosphere.

of the residue. The most striking difference between the weight
loss curve of Fe(C,0,)(H,0), and those of the pyridine and
pyrazine adducts is the much slower decomposition of the first
relative to the second and third compound. In addition two
distinct processes are apparent in the curves for the pyridine
and pyrazine compounds while only one is found in the aquo
analogue. Process 1 (160 °C) in Fe(C40,)(CsH3sN),-2H,0
(Figure 1) accounts for a 44% weight loss and corresponds to
eq 3 (44% calculated). Loss of pyridine at 160 °C, was

FC(C4O4)(C5H5N)2'2H20 g FC(C404)(H20)2 + 2C5H5N
: (3)

confirmed by collecting the gaseous products in a liquid-ni-
trogen trap. A similar experiment for process 1 in the de-
composition of the pyrazine compound indicates that water
is initially lost from this complex at approximately 140 °C (eq
4). The theoretical weight loss, 24.6%, agrees well with the

FC(C4O4)(C4H4N2)'41/2H2O e .
Fe(C,04)(CHNy) + 41/2H20 4

experimental, 24.0%. The second step in the decomposition
of the pyridine and pyrazine complexes is complex but the
experimental total weight loss (process 1 + process 2) agrees
very well with that expected for formation of Fe,Os.

It is evident that a study of the thermal decomposition of
the iron(II) squarate complexes does not uniquely determine
if water is present in the pyridine and pyrazine complexes as
lattice or coordinated water. It does appear, however, that
the structures of these two complexes are different from that
of Fe(C,0,)(H,0),. The complicated mechanism of the
solid-state decomposition of these materials may be due to a
strongly hydrogen bonded network of H,O-C,O, units in these
structures as previously suggested for [Fe(C,0,)(H,0),0-
H:]2'2H20.

A large number of experiments were undertaken in an
attempt to prepare mixed-valence materials derived from
Fe(C,0,)L,, L = H,0, CsH;sN, or C,;H4N,. In the case of
Fe(C404)(H,0),, prolonged (up to 1 month) treatment with
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I, in the solid state resulted in very little oxidation. A number
of partially oxidized and fully Fe(III) products were obtained
from solid-state oxidations of Fe(C,0,)(H,0), with excess Br,.
None of these materials were fully characterized although the
time dependence of the oxidation was monitored by >’Fe
Mossbauer spectroscopy and elemental analysis.
Bis(pyridine)(squarato)iron(II) reacts with excess I, at 75
°C in a sealed tube or at 120 °C in an open container to give
a black product according to eq 5. Replicate experiments

FC(C404)(C5H5N)2'2H2O + 0.7512 -
FC(C4O4)(C5H5N)IL5 + 2H2O + C5H5N (5)

establish an iodineiron ratio of 1.5 & 0.1. This oxidation

product is stable if stored over CaSO,. However, a slow
hydrolysis reaction occurs if the material is placed in moist
air, and under these conditions nearly all (>90%) of the iodine
is lost as I,. Complete Br, oxidation of Fe(C,04)(CsHs-
N),:2H,0 either in the solid state or in TCB occurs within
2 min at room temperature. The product of this reaction
contains no carbon (as determined by microanalysis) and only
Fe(III) as judged by its Mdssbauer spectrum.
(Pyrazine)(squarato)iron(II) reacts slowly with I, in a sealed
tube at 150 °C. No reaction was observed at lower tem-
peratures. The I, oxidation product was very unstable with
respect to loss of I, and therefore was not characterized. As
in the case of Fe(C,0,)(CsHsN),2H,0, Br, oxidation of the
pyrazine complex was extremely facile giving rise to a fully
oxidized material which we have not characterized.
Diaquo(dihydroxybenzoquinonato)iron(II) reacts with I, in
a sealed tube at 180 °C according to eq 6. Fe(CsH,0O4)1 is

Fe(CeH,0,)(H;0); + /51, — Fe(CH,04)1 + 2H,0  (6)

a stable material which does not lose iodine upon exposure to
the atmosphere. Although Br, reacts rapidly with Fe(C,-
H,0,)(H,0),, the oxidation product, which we have tentatively
identified as Fe(C¢H,0,)Br,, loses Br, at room temperature
or at 0 °C under vacuum. We have not further characterized
this material.

Infrared Spectra. Oxalate Compounds. The infrared
spectrum of Fe(C,0,)(H,0), consists of a relatively small
number of absorption bands which may be assigned as follows
(peak position in cm™ followed by assignment): 3400 (v-
(H,0)), 1700 (»(CO)), 1325, 1370 (»(CC)), 820 (6(0CO)),
700 (p,(H,0)), 500 (p,(H,0)), 490 (»(Fe~0O)). Essential
features of this spectrum are unchanged upon partial oxidation
of Fe(C,0,)(H,0), by either Br, or 1,4-benzoquinone. The
band at 1700 cm™ assigned to »(CO) is unchanged upon
chemical oxidation and no bands assignable to free C=O0 are
observed at higher frequencies. We are able to detect ad-
ditional weak bands in the region 1100-1600 cm™ in the
spectrum of the quinone oxidation product. These weak bands
are assigned to »(CO) and »(CC) for the form of 1,4-
benzoquinone present in the complex.

Squarate Compounds, Infrared band positions and as-
signments for the iron squarate complexes prepared above are
listed in Table I1.%® Figure 2 illustrates the spectra of these
complexes in the range 1900-250 cm™!. Qur assignments for
Fe(C,0,)(H,0), are consistent with those of Long!4 and West
and Niu.?® The most pronounced feature of the spectrum of
the aquo complex is the broad, symmetric band centered at
1520 cm™ which is assigned to »(CO), the carbon—oxygen
stretching mode of coordinated (D,;) squarate dianion. This
absorption is more asymmetric in the pyridine and pyrazine
complexes and is shifted to approximately 1500 cm™. A
number of sharp absorption bands in Fe(C40,)(CsHsN),
2H,0 are assigned to coordinated pyridine. These absorptions
are marked with a + in Figure 2. The presence of coordinated,
rather than lattice, pyridine is suggested by certain band shifts
relative to free pyridine.® For example, the normal modes
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Figure 2. Infrared spectra of Fe(C,0,)(H,0), (A), Fe(C40,4)(Cs-
H;N)»2H,0 (B), Fe(Cy04)(CHoNy)-4'/;H,0 (C), and Fe(C,-
0)(CsHsN)I, 5 (D). Absorption bands which are assigned to pyridine
are marked with a + while those assigned to pyrazine are marked
with an X.

observed at 1580, 990, 601, and 405 cm™ in free pyridine*
are found at 1590, 1017, 630, and 420 cm™, respectively,.in
Fe(C,04)(CsHsN)»2H,0. These shifts to higher frequency
are similar to those observed for Fe(CsH;sN), Cl, complexes.¥
These relatively large positive shifts are presumed® due to
pyridine~ligand interactions rather than pyridine o/«
framework distortions upon coordination.

Similar shifts are observed in absorption bands which are
assignable to coordinated pyrazine in Fe(C,0,)(C4H,N,)-
4!/,H,0 (Figure 2, spectrum C). Our assignments are in
agreement with those made previously for neat pyrazine.*! We
observe several weak absorptions in the range 1650-1800 ¢m™!
but have been unable to ascribe any significance to these bands.
In addition several broad bands near 600 cm™ are unassigned.

A portion of the infrared spectrum of Fe(C,0,)(CsHsN)I, 5
is shown as spectrum D in Figure 2. The remainder of the
spectrum is identical with that of Fe(C,0,)(C;H;N),-2H,0.
The essential difference between spectra D and B is the
appearance of two rather strong bands at 1810 and 870 cm™!
in the former. The 1810-cm™ absorption corresponds to the
carbonyl stretching frequency for free C=0 in squaric acid.
This absorption occurs at 1815 cm™! in [Fe(C,0,)(H,0),-
OH],.2H,0.® It therefore appears that I, oxidation of
Fe(C404)(CsH;3N),»2H,0 has partially degraded the polymer.

Dihydroxybenzoquinone Compounds. Infrared spectra of
2,5-dihydroxy-1,4-benzoquinone, Fe(C¢H,0,)(H,0),, and
Fe(C4H,0,)I are illustrated in Figure 3. Upon complexation
v(CO) of the dihydroxybenzoquinone ligand at 1630 cm™!
(Figure 3, spectrum A) shifts to 1510 cm™ in both the single-
(spectrum B) and mixed-valence (spectrum C) complexes. An
additional strong band near 500 cm™ is observed in the
spectrum of Fe(C,H,0,4)(H,0),. Several shoulders on this
absorption band are resolved in the spectrum of the iodine
oxidation product. Because these absorptions are absent in
the spectrum of the ligand, it may be possible to assign one
or more of them to iron—-oxygen stretching modes, »(Fe-O).
Upon iodine oxidation of Fe(C¢H,0,)(H,0), no additional
bands are introduced which may be assigned to free carbonyl
stretching modes. This is shown in Figure 3 by a comparison
of spectra B and C in the region 1800-1550 c¢m™. This
absence of free carbonyl groups in Fe(C4H,0,) (H,0), suggests
that the polymer has not been degraded during chemical
oxidation with I,.
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Figure 3. Infrared spectra of 2,5-dihydroxy-1,4-benzoquinone (A),
Fe(CsH,0,)(H,0); (B), and Fe(C;H,04)1 (C).

Table III. Mossbauer Parameters for the Oxalate Complexes
AEq, §° TI.°

site T, K mm/s mm/s mm/s comments
Fe(C,0,)(H,0),
Fe(Il) RT¢ 1.75 1.21 0.402
100 1.98 1.23 0.396 }A1 =4,,
50 2.06 1.26 0.395 r, =T,

Pe(C,0,)(H,0)00(CHo0,)ue

Fe(Il) RT 1.71 1.1 .608
373 1.69 0 625

Fe(Ill) RT 0.97 0.528

: ;; Apr+/Ages = 2.39,
373 0.96 0.33 0.600

1.32

1.32

4-line fit

Fe(IDA 170 1.79 0.422
50 191 1 0.471
Fed)B 170 225 1.31 0518
50 246 1.35 0.704
FedIll) 170 1.04 0.42 0.570
50 1.14 0.44 0.614

Fe(C,0,)(H,0), ,Br, ,

Fedl) RT 1.72 1.20 0.326
100 1.76 1.21 0.330

50 1.86 1.24 0.360

Fe(l) RT 0.63 042 0.328
100 0.64 0.42 0.325

50 0.64 0.42 0.371

@ Relative to a-Fe foil. ? I'is full width at half-maximum.
¢ RT refers to room temperature (298 £ 2 K).

Ager+alAperrg = 1.56,
Apettiotal/Aped = 3.18,
6-line fit

AFe“/A Fed*=0.91

Mosshauer Spectroscopy. Oxalate Compounds. Room
temperature “’Fe Maossbauer spectra of Fe(C,0,)(H,0),,
Fe(C,0,)(H;0)05(CsH40,)0.05, and Fe(C,0,)(H,0), 4Brog are
shown in Figure 4. Appropriate Mossbauer parameters are
given in Table ITII. The Mossbauer spectrum of Fe(C,-
0,)(H,0), has been studied by several investigators.*>*¢ De
Menezes and Barros* have recently published an analysis of
the 4.2 K Mossbauer spectrum of this compound. The
spectrum consists of eight Zeeman lines (seven of which are
well resolved) which were fit to an appropriate Hamiltonian
with the asymmetry parameter, 5, equal to 0.76. The sig-
nificance of the fitting parameters was understood by con-
sidering the structure of Fe(C,0,)(H,0),° shown in Figure
5. If the principal component of the electric field gradient
tensor lies along the Fe—O{(water) bond, then the internal
hyperfine field is found in the Fe(C,0,) molecular plane. The
orientation of the internal hyperfine field and the large value
of n were assumed to* support a two-step magnetization
process previously observed’ for this complex. Our magnetic
susceptibility results do not indicate such a two-step ordering
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Figure 4. Room-temperature Mossbauer spectra of Fe(C,04)(H,0),
(A), Fe(Cy0)(H,0)04(CeH4O2)005 (B), and Fe(C,0,)(H,0)4Brog
(C). The velocity scale is relative to a-Fe foil.
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Figure 5. A projection of the structure of Fe(C;0,)(H,0), (a) normal
to the [100] direction (water ligands are omitted for clarity) and (b)
normal to [001].

mechanism. However, the large value of % is consistent with
a strong intrachain spin exchange process leading to substantial
one-dimensional ordering below ca. 30 K (vide infra),

The room-temperature Mossbauer spectrum of Fe(C,-
0,)(H,0)06{CsH403)00s (spectrum B, Figure 4) consists of
discrete Fe(II) and Fe(III) quadrupole doublets. Quadrupole
splitting and isomer shift parameters for the Fe(l}) site are
essentially identical with those for the Fe(II) site in Fe(C,-
0,)(H,0), (Table III); however, line widths in the oxidation
product are very large compared to the single-valence com-
pound. At lower temperatures a second Fe(II) site is discerned
as a shoulder on the high velocity Fe(II) absorption. A typical
low-temperature spectrum, taken at 50 K, is illustrated in
Figure 6 together with a suggested assignment based on one
Fe(III) and two Fe(II) sites. In this particular fit the fitted
areas of Fe(II) sites A and B are found to be in the ratio of
1.56 to 1.00 and the ratio of total Fe(IT) to Fe(III) area is 3.18.
The presence of the second Fe(II) site may be due to the
partial dehydration of the polymer or may be a necessary
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Figure 6. A 50 K Mossbauer spectrum of Fe(C,0,)(H,0)04(Cs-

H,0,)0s. This spectrum has been fitted to one Fe(III) and two Fe(II)
quadrupole doublets with parameters given in Table III.

consequence of oxidation. Random oxidation-of the Fe(C,-
0,)(H,0), chain will result in a polymer in which each Fe(II)
ion may be bound to zero, one, or two Fe(III) sites. The site
distribution will depend on the total number of Fe(III) sites,
that is, on the degree of polymer oxidation. In the case of the
quinone oxidation product, assuming a two-electron reduction,
10% of the polymer is oxidized. On the average both hydrated
and dehydrated Fe(II) sites will be oxidized and the ap-
proximate ratio of Fe(II)-Fe(III) to Fe(II)-Fe(II) pairs will
be 0.1; thus a large number of distinct Fe(II) and Fe(III) sites
exist and it is not surprising that they are only partially resolved
by Mossbauer spectroscopy.

The Mossbauer spectrum of the Br, oxidation complex
(Figure 4, spectrum C) may be understood in a similar
manner. The stoichiometry of the oxidation product indicates
that no dehydration of the polymer has occurred other than
that which may be accounted for by H,O displacement with
Br~. A statistical distribution of oxidized sites would provide
significant numbers of Fe(1I) sites with zero, one, and two
Fe(III) neighbors. Consequently, even more breadth would
be expected in the high-velocity absorption of this compound.
Surprisingly this absorption is quite sharp, suggesting that the
broad absorption observed for Fe(C,04)(H;0)05(CsHaO2)005
is most probably due to the partial dehydration which ac-
companies its formation.

Fe(III):Fe(II) area ratios for the Br, oxidation product do
not vary with temperature. At room temperature this ratio
is 1.10 in reasonable agreement with the ratio of oxidized to

unoxidized sites of 1.50 as determined by chemical analysis. .

This agreement is acceptable given uncertainties in the
analytical data and the fact that it may be a poor approxi-
mation to determine site populations on the basis of Mdssbauer
area ratios.’

Both the Br, and quinone oxidation products of Fe(C,-
0,4)(H,0), display the onset of long-range order by the ap-
pearance of a complex Zeeman pattern below ca. 20 K.
Because our measurements are limited to 7 = 15 K, we have
not been able to observe the completely ordered spectrum. Our
preliminary findings indicate that at least two hyperfine fields
are present in the Mdssbauer spectra at ca. 20 K along with
the four-line paramagnetic spectrum of the mixed-valence
chain. '

Squarate Complexes. Room-temperature Mossbauer spectra
of Fe(C,0,)(H,0),, Fe(C;04)(CsHsN),»2H,0, and Fe-
(C404)(CH N,)-4!/,H,0 are shown in Figure 7.3 Spectral
parameters are listed in Table IV. The spectra are composed
of simple quadrupole doublets in the temperature range 300-17
K. Long!* has recently obtained the 1.3 K spectrum of
Fe(C4,04)(H,0),. At this temperature the spectrum consists
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Table IV. Mossbauer Parameters for the Squarate Complexes

AEQ; 5‘:“ F’b
site K mm/s mm/s mm/s

comments

’ Fe(c404)(H20)3
Fe(Il) RTC. 2.29 1.22 0.33
250 2.36 1.26 0.32
200 2.54 1.27 0.33
150 2.67 1.29 0.30
- 100 2.73 1.31 0.29
50 2.79 1.31 0.29
17 2.81 1.32 0.30

, Fe(C,0,)(C,H,N),-2H,0
Fe(ll) RT 212 116 0.31
250 236 116  0.30
200 262 120 0.30
150 287  1.21  0.29
100 3.00 123 031
50 300 124 0.32
17 302 124 030

Fe(C,0,)(C,H,N,)4'/,H,0
Fe(I) RT 3.01 1.14 0.33
200 314 1.16 0.33
160 3.14 1.15 0.32
100 3.16 1.18 0.31
50 3.15 1.20 0.31
17 3.16 1.22 0.34

Fe(C,0.)(C,H,N)I, ,
Fedl)  RT 312 = 119 = 0.32
17 321 120 031 _
Fedl) RT 059 050 0.36 AFe?+/Aper =
17 062 051 036 1.00

@ Relative to o-Fe foil. P T is full width at half-maximum.
¢ RT refers to room temperature (298 + 2 K).

A, =4, =T,

A4,=A4,,T, =T,

A =4, T,=T,

Fe(C404)(Ho0),

AE{T)/AEQ(ITK)

[ Fe(C0,)(CaHgNy) - 44 HO

0.9 -
0.8 4
07 |- FelCs0{CyHgN), - 2H 0 -
o |<|>o 2<;o 3<‘>o
T, K

Figure 8. Plots of reduced quadrupole splitting, AEG(T)/AEq(17 K),
vs. T for the iron(II) squarate complexes. The numbers within the
graph are ground-state splittings in cm™ for which the smooth curves
were calculated according to eq 9.

of a single unbroadened quadrupole doublet with AEq = 2.76
and § = 1.41 mm/s.'* At room temperature the aquo and
pyridine complexes display quadrupole splittings which are
considerably lower than that of the pyrazine complex. In
addition the temperature dependence of AEq for the first two
complexes is greater than for the pyrazine complex. An
analysis of the temperature dependence of AEq for these
compounds is illustrated in Figure 8. This temperature
dependence may be explained in terms of a low-symmetry
crystal field splitting of the *T,, ground term of octahedral
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high-spin Fe(II). If the ligand field is tetragonal, the ground
term splitting diagram

is applicable, where || is the tetragonal distortion parameter.
In order to calculate the temperature dependence of AEq by
using this two-level model we assume that the small effect of
spin—orbit coupling may be ignored and that the thermal
distribution of the °E, and °B,, terms follows a Boltzmann
distribution as in eq 7 where @ = 1 and b = 2 if A is positive

FAT) =(1- e‘A/kT)/(a + be8/KT) 7

and @ = 2 and b = 1 if A is negative (orbital doublet lies
lowest).*” F(A,T) is proportional to the valence contribution
to the EFG tensor as given in eq 8 where & is the covalency

F(A,T) = qvalence/(%r0_3a2) (8)

parameter and r,~* is the free ion 3d radial expectation value.*®
If we assume that there is no lattice contribution to the EFG,
then the quadrupole splitting may be determined according
toeq 9. In Figure 8 we have approximated the 0 K value of

AE(T)/AEq(0 K) = F(A,T) ©)

AEq for each of the complexes by using our value of AEq
determined at 17 K. The temperature variation of AEq for
each of the complexes was reproduced within experimental
error with ground-term splittings of 475-550 c¢m™! for
FC(C404) (Hzo)z, 425 Cm_‘ for FC(C4O4) (C5H5N)2'2H20, and
850 cm™! for Fe(C40,)(CsHyN,)-4!/,H,0 (Figure 8) by
assuming an orbitally nondegenerate *B,, ground term. These
values of A are in substantial agreement with the ground-term
splitting derived from the temperature dependence of the
magnetic susceptibility of these complexes (vide infra).

The room-temperature Mossbauer spectrum of the I, ox-
idation product of Fe(C,0,)(CsH;N),2H,0 (Table IV) is very
similar to the spectrum of Fe(C,04)(H,0), 4Bry¢ (shown as
spectrum C in Figure 4). The unconstrained ratio of the area
of the Fe(II) to the Fe(III) sites is 1.00. This suggests that
half of the iron in this complex has been oxidized. Given the
empirical formula of the oxidation product it appears likely
that iodine is present as I;™ in this complex which suggests a
molecular formula of [Fel'(C,0,),(CsHsN),Fel'll;. We
observe no appreciable line broadening of either the Fe(II)
or Fe(IIT) quadruple doublets in going from 300 to 17 K.
There is also no indication of a Zeeman pattern in the 17 K
spectrum.

Dihydroxybenzoquinone Compounds. Room-temperature
Massbauer spectra of Fe(C,H,0,)(H,0), and Fe(C¢H,0,)1
are illustrated in Figure 9 and spectral parameters given in
Table V. As reported previously,!® it is necessary to include
a small amount of an Fe(IIT) quadrupole doublet (Ag.+/ Ape2+
= (.14) in the analysis of the unoxidized material. This
component presumably results from a chain-terminating
oxidation of the Fe(C,H,0,)(H,0), polymer. The spectrum
of Fe(C¢H,0,)1 (spectrum B, Figure 9) consists of at least
two quadrupole doublets. The result of fitting the spectrum
to four unconstrained lines is illustrated in Figure 9. This
particular fit is of questionable utility because of the unrealistic
line width ratio of the two Fe(II) lines. We were unable to
find a unique fit to this spectrum by assuming two distinct
Fe(II) sites. Spectra taken at lower temperatures also showed
no improved resolution of the high-velocity Fe(II) absorption.
Our assignments of the Fe(II) and Fe(IIT) quadrupole doublets
were suggested by results of numerous attempted fittings with
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Figure 9. Room-temperature Massbauer spectra for Fe(C¢H,-
0,)(H,0);, (A) and Fe(CgH,0,)I (B). The velocity scale is relative
to a-Fe foil.

Table V. Mossbauer Parameters for the
Dihydroxybenzoquinone Complexes

AEg, 5, TP 0
site T, K mm?s mm/s? mm/s mm/s A4,/4,°

Fe(C,H,0,)(H,0), ,
FeD? RT® 147 116 035 035 1.00
200 1.46 1.17 032 032 1.00
130 1.47 117 031 031 1.00
80 1.47 117 032 032 1.00
15 149 121 032 032 1.00
Fedl) RT 083 038 039 028 1.62
200 0.83 038 038 031 1.59
130 081 040 039 032 1.58
80 0.81 041 0.39 033 1.55
15 0.84 041 0.36 030 1.58
Fe(C,H,0,)I
Fedl) RT 271 104 036 051 073
23 276 114 035 055 072
Fedl) RT 078 056 047 048 1.32

23 078 059 0.46 0.46 1.34

4 Relative to a-Fe foil. Y Full width at half-maximum. € Area
ratio (low-energy line/high-energy line). Area ratio constrained
equal to 1.00. € RT refers to room temperature.

a variety of constraints. If we consider the Fe(II) quadrupole
doublet as referring to an average Fe(II) site, then an area
ratio Fe(IT):Fe(I111) = 2.44 is obtained from the fit shown
in Figure 9. If iodine were present as the iodide ion, the
complex would contain only Fe(IIT). The large Fe(II) content
observed suggests that iodine is present as the triiodide ion,
157, as in the squarate complex. The appropriate molecular
formula is then [Fell,Fe™(C4H,0,);]1s, for which the expected
area ratio is 2.00.

Electronic Spectra of the Iron(II) Squarate Complexes.
Solid-state transmission electronic spectra of Fe(C404)(Cs-
H5N)2'2H20 and FC(C4O4)(C4H4N2)'41/2H20 in the spectral
region 4000-24 000 cm™ are illustrated in Figure 10. Sharp
spectral bands below 8000 cm™ are characteristic of ligand
combination and/or overtone absorption. The broad band at
approximately 20000 ¢m™! in the pyrazine complex is typical
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Figure 10. Room-temperature electronic spectra of Fe(C404)(Cs-
H5N)2'2H20 (A) and FC(C4O4)(C4H4N2)‘41/2H20 (B). Note scale
change at ca. 8000 cm™! in spectrum A.
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Figure 11. Term-splitting diagram for Fe(Il) in a Dy, crystal field.

of a charge-transfer transition. The broad absorptions in the
region 9000-13000 cm™ may be assigned as transitions to the
’By; and SA, terms derived from the octahedral °E, excited
term as illustrated in Figure 11.%° This figure also gives
energies of each of the D, terms expressed as functions of the
quadrate crystal field parameters, Ds and Dt.* Low-symmetry
crystal field parameters were calculated by using the relations
(eq 10) derived from the energies in Figure 11. Positions of

Ds = Yfy(v; = v, + 1))
Dt = Y(vy — v, — 4Ds)
Dg(equatorial) = Dg(e) = v,/ 10
Dgq(axial) = Dg(a) = Dq(e) - 7Dt (10)

crystal field absorption maxima, v, and »,, the ground-state
splitting (see Mdssbauer spectroscopy section), ¥, and derived
crystal field parameters for the iron(II) squarate complexes
are given in Table VI. . Our values of v, and v; for Fe(C;-
0,)(H,0), are identical with those given by Long.!
Magnetic Susceptibility Data. Oxalate Compounds.
Magnetic susceptibilities and effective moments as a function
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Table VI. Electronic Spectral Data and Crystal Field Parameters
for the Iron(II) Squarate Complexes?

Dg Dqg
compd v, v, vy e (@ Ds Dt

Fe(C,0,)(H,0), 500 8500 10750 850 610 390 140

Fe(C,0,)(C,H,N),- 425 9300 12000 930 610 450 180
2H,0

Fe(C,0,)(C,H,N,)- 850 10200 12500 1020 830 450 100
41/2H10 .

@ All values in cm
nearest 10 cm™!.
spectra (Figure 8).

-t Crystal field parameters expressed to the

b Average value obtained from Mossbauer

10 O S A
30 40 50 60 70 80

T, K
Figure 13, Molar magnetic susceptibility vs. temperature below 80
K for Fe(C,0,4)(H;0),;. Curve A is the fit obtained by using eq 11
with J =-4.4cm™, g = 2.02, Na = 60 X 107 cgsu, and ZJ' = 10.7
cm™’. Curve B is obtained by using the S, = S, = 2 HDVV model
with J = 21,2, g = 2.64, and Na = 120 X 107 cgsu with a 3%
monomeric impurity.

of temperature for Fe(C,0,)(H,0), are given in Table VII.3
Figure 12% is a plot of the inverse molar susceptibility vs.
temperature. At temperatures in excess of 90 K the sus-
ceptibility shows approximate Curie law behavior with a Curie
constant of 3.0. In this high-temperature range & increases
from 4.82 ug at 90 K to 5.00 up at 200 K and thereafter falls
to 4.91 ug at 286 K. This behavior is typical of tetragonally
distorted Fe(II) in which the high-temperature susceptibility
is dominated by a Boltzmann distribution between two terms

"separated by kT ~ 200 K. At lower temperature the sus-

ceptibility deviates very strongly from Curie law behavior in
a manner indicative of antiferromagnetic ordering. These data
in the low-temperature region are shown on an expanded scale
in Figure 13. The susceptibility data pass through a smooth
rounded maximum at approximately 32 K. We observe no
second maximum at lower temperatures, in contrast to the
findings of Barros and Friedberg.” We believe that the ad-
ditional susceptibility maximum previously reported’ is due
to significant amounts of impurities in the commercial sample
of Fe(C,0,)(H;0), used by these investigators.

We have attempted to theoretically reproduce essential
features of the experimental susceptibility of Fe(C,0,)(H,0),.
Results for two fitting procedures are illustrated in Figure 13.
Curve A is the best fit obtained by using the Heisenberg
linear-chain model modified by inclusion of an interchain
spin-exchange term, eq 11.5%2 In this expression x ¢ is given

Xinter = X/ (1 = 2ZJx1c/NB%8*) + Nao - (11)
by eq 12%2 in which J is the intrachain spin-exchange pa-

82%2S(S + 1){1 - T/2JS(S + 1) +
© coth [2Is(s + 1)/T1/3kT{1 + T/2JS(S + 1) -
coth [2JS(S + 1) /T]} (12)

rameter, NV is Avogadro’s number, 3 is the Bohr magneton,
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Figure 16, Molar magnetic susceptibility vs. temperature for
Fe(Cy04)(H,0)9(CsH403)g0s. The smooth curve is obtained from
eq 1!l withJ =6.8cm™, g =196, ZJ = 16.7 cm™!, and Na = 60
X 1076 cgsu.

k is Boltzmann’s constant, and .S is the individual ion spin.
The parameter J’ in eq 11 is the interchain spin-exchange
parameter and Z is the number of nearest-neighbor chains.
The behavior of the functions described by eq 12 and 11 is
shown in Figures 14 and 13, respectively.’® Whereas the effect
of decreasing J is to both shift the susceptibility maximum to
higher T and reduce the value of the susceptibility at the
maximum, the effect of decreasing J'is to simply lower the
susceptibility maximum. In no instance, however, does the
theoretical susceptibility approach zero at low temperatures
as does the experimental susceptibility of Fe(C,04)(H,0),
(Figure 13). The upper curve, A, in Figure 13 was calculated
by using eq 11 with J = ~4.4 em™, ZJ’= 10.7 cm™, g = 2.02,
and Na = 60 X 107® cgsu. The calculated susceptibility
maximum, 32.3 K, agrees well with the experimental maxi-
mum obtained by inspection. The theoretical fit, however,
diverges very substantially from the experimental points below
25 K. We ascribe this deviation to the onset of long-range
three-dimensional ordering below 25 K as observed also by
Mossbauer spectroscopy. The rapid decrease in susceptibility
at low temperature requires antiferromagnetic ordering even
though the interchain coupling is ferromagnetic as demon-
strated by the positive value of ZJ’. In fact the susceptibility
below 80 K can be reproduced very well (curve B in Figure
13) by use of the Heisenberg—Dirac~Van Vleck §; =5, = 2
spin-coupled dimer model,3* Although this model has no direct
physical significance here, its success at modeling the data
suggests the dominance of pairwise antiferromagnetic in-
teractions. The slight increase in susceptibility below ap-
proximately 7 K may be ascribed to a small amount of
paramagnetic impurity.

Experimental magnetic susceptibilities and moments for
FC(C204)(Hzo)o'g(C6H402)0_05 and FC(C204)(H20)1.4BI'0‘6 are
given in Tables VIII and IX, respectively.*® Susceptibility data
for the former material are plotted vs. temperature in Figure
16. - The principal feature of these data is the broad maximum
near 54-K. This maximum is nicely reproduced by using the
modified Heisenberg linear chain equation, eq 11, in which
J=-68cm™, g =196 ZJ' =167 cm’}, and Na = 60 X
107 cgsu. However, at T < 50 K there is a large discrepancy
between experimental and calculated points which is due to
the onset of long-range antiferromagnetic order below this
temperature as evidenced by the appearance of Zeeman lines
in the Moéssbauer spectrum of this compound at ca. 20 K (vide
supra). In addition to the 50 K maximum a smaller inflection
in the susceptibility data is observed near 20 K. This feature
may be associated with the onset of long-range order. Un-
fortunately lack of a suitable theoretical model precludes a
detailed analysis of this portion of the susceptibility curve. As
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Figure 17. Molar magnetic susceptibility (+) and effective magnetic
moments (M) vs. temperature for Fe(C,04)(H,0), 4Brgs. The data
were fit to eq 11 (solid curve) with J = 5.3 cm™, g = 2.43, ZJ’ =
3.5 cm™, and Ne = 60 X 1078 cgsu. The dashed curve represents
a fit to eq 13 with J = ~18,2 cm™ and g = 2.00.

for Fe(C,0,)(H,0), a gradual increase in the susceptibility
below 8 K is observed in Figure 16, Again it is not clear if
this feature is due to the presence of a small amount of im-
purity or if it is the result of a distinct physical process oc-
curring in the polymer.

Figure 17 illustrates experimental magnetic susceptibilities
and moments for the Br, oxidation product. As in the case
of the quinone oxidation product, this material possesses a
susceptibility maximum near 50 K. However, in contrast to
the former compound, this material is characterized by a
gradual increase in its susceptibility at T < 25 K. Application
of ¢q 11 to these data results in the fit shown as the solid curve
in Figure 17. Parameters of the fitting are J = -5.3cm™, g
= 2.43,ZJ'=3.5c¢m™}, and Na = 60 X 107 cgsu. The fit
is very good above 40 K but fails to account for the low-
temperature susceptibility increase. On the basis of analytical
and Mossbauer results given above, the Br, oxidation product
contains approximately equal proportions of Fe(II) and Fe(III)
sites and therefore may be regarded as a polymer with ap-
proximate molecular formula Fel'Fe'[(C,0,),(H,0);Br. For
this reason we fit the susceptibility data for this complex to
the appropriate Heisenberg-Dirac—Van Vleck expression for
an Sy =2, S, =7/, dimer, eq 13, where X = J/kT. The result

xn = (VB2 /4KT)[165 + 84 exp(9X) + 35 exp(16X) +
10 exp(21X) + exp(24X)]/[5 + 4 exp(9X) +
3 exp(16X) + 2 exp(21X) + exp(24X)] (13)

of this fitting is illustrated as the dashed line in Figure 17 for
which J = ~18.2 ecm™ and g = 2.00. This dimer equation
predicts an increase in the susceptibility at low temperatures
(T <25 K) as observed for the experimental data.
Squarate Compounds. Experimental magnetic susceptibility
data for Fe(C,0,)(H,0),, Fe(C,0,)(CsHsN),-2H,0, and
Fe(C,04)(C4H4N,)-41/,H,0 are given in Tables X-XII,
respectively.’® Figure 18% illustrates the approximate linear
behavior of the inverse corrected molar susceptibility vs.
temperature for the aquo complex. Thus we are unable to
detect the presence of a spin-exchange interaction in the aquo
complex in the temperature range 4,.2-300 K. We were able
to describe the magnetic susceptibility data by using the
low-symmetry (D,;) electrostatic matrix elements of Figgis
et al.>* Susceptibility data for the aquo complex were fit to
the appropriate partition function after the crystal field
matrices were diagonalized with suitable values of A, v, and
k. The line shown in Figure 18 represents the theoretical
inverse susceptibility calculated from this model with A = —-80
em™, v = -4, and k = 0.8. From the fitted value of » (=v,/\)
we find »; = 320 cm™. This value for the ground-term splitting
is smaller than that obtained from an analysis of the tem-
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Figure 19. Experimental molar magnetic susceptlblllty for Fe(C,-
04)(C5H5N2) 2H20 (.) and FC(C404)(C4H4N2) 4! /2H20 (O) and
effective magnetic moments per iron for the former (A) and latter
(A) complexes. Curve A represents the solution for the D, low-
symmetry model with A = -80 ¢cm™, » = -10, and k = 0.5. Curve
B represents the fit obtained by using eq 11 with J = -0.26 em™, ZJ’
= -0.02 cm™, g = 2.20, and N = 53 X 107 cgsu.

perature dependence of AEq (475-550 cm™). However, if one
considers the relative uncertainty in the data and the as-
sumptions made in the analysis of the AEq data, values of »,
obtdined by the two methods are in adequate agreement.

Figure 19 illustrates the temperature behavior of magnetic
susceptibilities and effective magnetic moments for the py-
razine and pyridine complexes. Effective magnetic moments
for these compounds are insensitive to temperature changes
in the range 100-300 K. Above ca. 30 K the susceptibility
of ‘these materials obeys the Curie—Weiss law with small
negative Weiss constants. In the range 10-300 K susceptibility
data for the pyridine complex are described by using the Dy,
model** with A = -80 cm™}, » = -10, and k = 0.5 (curve A
in Figure 19). These parameters describe equally well the
susceptibility data for the pyrazine complex above ca. 40 K.
However, in order to fit the data for the pyrazine complex
below 40 K we found it necessary to utilize eq 11, the
Heisenberg chain model modified for interchain coupling.
Curve B in Figure 19 represents the solution to eq 11 with J
=-0.26 cm™, g =220, ZJ'=0.02cm™, and No = 53 X 10
cgsu.

These models are compared in Figure 20 by illustrating the

low- -temperature inverse susceptibility data for the pyridine
and pyrazine complexes. These data are plotted against log
T in order to separate the lowest temperature data points from
one another and also to clearly distinguish the theoretical
curves. Curve A represents the D,;, model with parameters
given above. Curve C is the Curie-Weiss law with C = 3,54
and © = 3.0 K. Curve B, on the other hand, represents eq
11 with the parameters given above. The modified Heisenberg
model appears to be a significantly better model for the
pyrazine complex than is the D,, model. Unfortunately, we
were unable to detect a maximum in the susceptibility curve
for the pyrazine complex down to 1.8 K. . The shape of the
curve in the low-temperature region does, however, suggest
that the antiferromagnetic Neel temperature is slightly less
than 1.8 K. A clear distinction between the Heisenberg and
D, models is not possible on the basis of our data for the
pyridine complex. If eq 11 is applied to these data, a value
of J > -0.05 cm™ is obtained. Such a low value of the ex-
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Figure 20. Graph illustrating the low-temperature behavior of the
inverse corrected. molar susceptibility for Fe(C,0,)(CsHsN),2H,0
(®) and Fe(C,0,)(CH,N,)-4!/,H,0 (0). Curve A represents the
low-symmetry model. Curve B is the solution to eq 11, Curve C is
the Curie-Weiss law. Parameters are given in the text.

change parameter cannot be detected with magnetic sus-
ceptibility data above 4.2 K and low-temperature ESR data
will be required to determine J for this material.

The observation that a linear-chain model is required to
explain the magnetic behavior of the pyrazine but not the
pyridine or aquo complexes suggests a structure for the py-
razine complex analogous to those postulated for the similar
iron(IT) dihydroxybenzoquinone polymers.’6 We suggest that
the pyrazine and pyridine complexes are linear-chain polymers
with bis-chelated squarate dianions and that in the pyrazine
complex these chains are interconnected to form a two-di-
mensional array by bridging bidentate pyrazine. Spin ex-
change through the squarate bridge has been shown to be
weak!¥ and consequently the pyridine and aquo complexes
behave as if they contain isolated iron(II) ions. By contrast,
bridging pyrazine is known to support spin exchange and
linear-chain magnetic behavior is expected to prevail in a
direction perpendicular to the squarate bridging direction.

Magnetic susceptibilities and effective magnetic moments

- for Fe(C,0,)(CsHsN)I, 5 are given in Table XIIL*¢ Sus-

ceptibility data for this compound maximize near 70 K and
a gradual increase in the susceptibility occurs below 30 K.
Attempts to model this behavior. were unsuccessful in that
chemically meaningful values of exchange constants were not
obtained by applying any of the theoretical expressions used
above.

Dlhydroxybenzoqumone Compounds. Experlmental mag-
netic susceptibility data for Fe(C¢H,04)I are given in Table
XIV.3¢ Figure 21 illustrates the temperature behavior of %y’
and g for this complex. The susceptibility vs. temperature
behavior of this mixed-valence material is dramatically dif-
ferent from that previously observed!® for the polymeric Fe(II)
complex Fe(C¢H,0,)(H,0),, which may be described as a
Heisenberg linear chain with J = ~1.4 cm™.1¢

Electrical Conductivity Studies. Dc electrical conductivities
of each of the mixed-valence materials were measured on
pressed pellets of powdered samples using the van der Pauw
four-probe technique’ with pressure contacts. Replicate
measurements for all the complexes produced conductivities
which were reproducible to within 1 order of magnitude. At
room temperature the following average electrical conduc-
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Figure 21, Experimental molar magnetic susceptibility (+) and
effective magnetic moment (M) vs. temperature for Fe(CsH,0,)1.

Curve A represents the solution to eq 11 with J = 4.1 cm™, g = 2.00,
S =233, ZJ' = 0.0, and Na = 0.0.

tivities were obtained: Fe(C,0,)(H,0); 4Brog, 6 X 107%
Fe(C,04)(H,0)05(CsH402)005, 2 X 1074 Fe(C40,4)(CsHs-
N)Il.Ss 1 X 10_6; FC(C6H204)I, S X 10_5 Q_l Cm“l. These
conductivities are much larger than those measured for the
respective unoxidized polymers (¢3°% < 1 % 10710 Q! cm™).
Conductivities of several samples of the mixed-valence ma-
terials were also measured at ca. 20 and 80 K. For a given
pressed pellet the conductivity decreased by a factor of ap-
proximately 10 upon cooling the sample from room tem-
perature to 80 K. An additional factor of 10 conductivity
decrease was observed upon cooling the sample from 80 to ca.
20 K, confirming their semiconducting behavior. Because of
the rather large uncertainty in measured conductivities of these
materials we have not extended these measurements to other
temperatures nor have we determined band gap energies from
these conductivity data. It is clear that the enhanced electrical
conductivity of the partially oxidized polymers is associated
with the mixed-valence nature of these materials.

Conclusions

Polymeric Fe(1I) complexes of the oxalate, squarate, and
dihydroxybenzoquinone dianions have been prepared. The
fifth and sixth (axial) iron coordination sites in these materials
are occupied by water molecules although in certain cases other
basic ligands can be substituted for water. A tetragonal
structure of this sort is substantiated both by the temperature

.dependence of Mossbauer spectra and by electronic spectra.
For the squarate complexes with water, pyridine, and pyrazine
occupying axial sites, the data are adequate to allow extraction
of detailed information concerning term energies. The oxalate
and dihydroxybenzoquinone complexes exhibit linear chain
magnetism, although analysis of the data for oxalate is
complicated by long-range ordering at low temperatures.
Although linear chain magnetic behavior is not observed for
the aquo and pyridine complexes with iron squarate, the iron
squarate chains are apparently cross-linked to a two-di-
mensional array with pyrazine, leading to linear chain
magnetism via spin exchange through pyrazine bridges.

Most of these polymeric Fe(1I) complexes can be partially
oxidized to mixed-valence Fe(Il, ITI) materials. The course
of these oxidations is quite sensitive to the experimental
variables—oxidizing agent, solvent, temperature—and behavior
ranging from no reaction to complete oxidation and/or de-
composition can be observed. The ultimate stoichiometries
observed span a wide range of behavior, from 10 to 60%
oxidation, and there is no apparent trend to the specific
compounds- formed. The materials formed, however, are
distinct species rather than mixtures of unoxidized and totally
oxidized materials or nonstoichiometric phases of variable
composition. The absence of X-ray powder diffraction lines
attributable to the unoxidized Fe(II) polymers rules out a
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mixture of oxidized and unoxidized complexes. The obser-
vation that mixed-valence complexes of fixed stoichiometry
result from a variety of experimental conditions, particularly
large excesses of oxidizing agent, suggests that the complexes
formed represent distinct energy minima with respect to
oxidation level, rather than stages in a continuum of oxidation
levels.

The dark colors of these mixed-valence materials suggest
some degree of interaction among ions in different oxidation
states, and this is supported by magnetic measurements. The
observation, via Mossbauer spectroscopy, of distinct Fe(II) and
Fe(I1I) sites rules out total electronic delocalization, thereby
placing these materials in the Robin and Day mixed-valence
class II. The breadth of the Mdssbauer absorptions and, in
at least one case, the resolution of at least two Fe(II) ab-
sorptions suggest multiple sites for these complexes. This is
compatible with a model involving random oxidation along the
chains, hence a variety of environments in which, for example,
an Fe(II) ion might have zero, one, or two Fe(III) neighbors.
Magnetic data are also compatible with such a random ox-
idation process, although the lack of suitable theoretical models
precludes detailed treatment. Kudo, Matsubara, and Katsura™
have recently discussed the expected magnetic behavior for
a random mixture of S =1/, S =0o0r S =1/,8 = 1 ions.
Using a statistical treatment, they have demonstrated that the
susceptibility is expected to have a temperature dependence
which is at least qualitatively similar to that which we observe
for the mixed-valence Fe(II, IIT) complexes. Thus at high
temperatures normal paramagnetic behavior prevails, but as
the temperature is lowered the susceptibility maximizes and
then decreases, as a result of pairwise antiferromagnetic
spin-exchange interactions. At still lower temperatures the
susceptibility increases again as the result of the residual
paramagnetism of incomplete spin cancellation. This behavior,
conceptually similar to the phenomenon of ferrimagnetism,
is just that observed here. It receives further support from
the fact that the high-temperature data and susceptibility
maximum can be fitted by using a linear-chain model with
an intermediate spin corresponding to the weighted average
of the oxidation states.

As is commonly observed for single-valence inorganic
polymers, the electrical conductivity of the Fe(II) complexes
is quite low. However, partial oxidation to the mixed-valence
compounds leads to a dramatic increase in electrical con-
ductivity, to values of 10 @! cm™!, This serves to reinforce
the concept that mixed valence is fundamental to the existence
of high conductivity in inorganic and organic polymers,>¢>’
This work clearly demonstrates that the rational synthesis of
mixed-valence polymers, and the resultant control of physical
properties, is a feasible goal.

Acknowledgment. The authors acknowledge financial
support of this work by the Office of Naval Research. They
wish to thank Mr. Chester T. Dziobkowski for providing an
analytically pure sample of Fe(C,O4)(H,0),. The authors also
thank Drs. William E. Hatfield and Peter Corvan of the
University of North Carolina for obtaining low-temperature
magnetic susceptibility data.

Registry No. Fe(C,0,)(H,0),, 55703-34-9; Fe(C,04)(H,0)s
33679-04-8; Fe(CgH,04)(H,0),, 67903-82-6; Fe(Cq0,)(CsHN),,
70814-24-3; Fe(C404)(C4H4N2), 70814'26-5; FC(C204)(H20)]V4BTO‘6,
71138-69-7; Fe(C,04)(CsHsN)I 5, 71060-50-9; Fe(CsH,04)I,
71060-49-6; 1,4-benzoquinone, 106-51-4,

Supplementary Material Available: Listings of X-ray powder
diffraction data (Table I), infrared assignments (Table II), and
experimental magnetic susceptibilities and effective magnetic moments
(Tables VII-XIV) and Figures 7 (Mossbauer spectra), 12 (inverse
molar susceptibility vs. temperature), 14 (spin-exchange parameter
effect), 15 (spin-exchange parameter effect), and 18 (inverse molar



Raman Spectra of Os,Ru, ,(CO)y,

susceptibility vs. temperature) (17 pages). Ordering information is
given on any current masthead page.

References and Notes

(1) Zelenstov, V. V.; Aminov, T. G. Dokl. Akad. Nauk SSSR 1964, 158,

1393.

(2) Dubicki, L.; Harris, C. M.; Kokot, E.; Martin, R. L. Inorg. Chem. 1966,
5, 93.

(3) Figgis, B. N.; Martin, D. J. Inorg. Chem. 1966, 5, 100.

(4) McGregor, K. T.; Soos, Z. G. Inorg. Chem. 1976, 15, 2159.

(5) Bonner, J. C; Fisher, M. E. Phys. Rev. A 1964, 135, 640,

(6) The inadequacies of the Ising assumption in Cu(C,04)-!/3sH,0 were noted
by: Jotham, R. W. J. Chem. Soc., Chem. Commun. 1973, 178.

(7) Barros, S. de S.; Friedberg, S. A, Phys. Rev. 1966, 141, 637.

(8) Van Kralingen, C. G.; van Ooijen, A. C.; Reedijk, J. Transition Met.
Chem. 1978, 3, 90.

(9) Mazzi, C.; Caravelli, F. Period. Mineral. 1957, 26, 2.

(10) Cavid, S. Bull. Soc. Fr. Mineral. Cristallogr. 1959, 82, 50.

(11) De Neef, T. Ph.D. Thesis, Eindhoven University of Technology, 1975.

(12) Gerstein, B. C.; Habenschuss, M. J. Appl. Phys. 1972, 43, 5155.

(13) Habenschuss, M.; Gerstein, B, C. J. Chem. Phys. 1974, 61, 852.

(14) Long, G. J. Inorg. Chem. 1978, 17, 2702,

(15) Kobayashi, H.; Haseda, T.; Kanda, E.; Kanda, S. J. Phys. Soc. Jpn. 1963,
18, 349.

(16) Wrobleski, J. T.; Brown, D. B. Inorg. Chem. 1979, 18, 498.

(17) Wrobleski, J. T.; Brown, D. B., unpublished observations.

(18) Wrobleski, J. T.; Brown, D. B. “Abstracts of Papers”, 8th Northeast
Regional Meeting of the American Chemical Society, 1978; American
Chemical Society: Washington, D.C., 1978; INOR 16.

(19) Cabbiness, D. K.; Amis, E. S.; Jackson, K. C. J. Chem. Eng. Data 1967,
12, 90.

(20) Pass, G.; Sutcliffe, H. “Practical Inorganic Chemistry”; Chapman and
Hall: London, 1968; p 57.

(21) The purple color in the solution is due to a small amount of dissolved
[Fe(C404)(H,0),0H]»2H,0: Wrobleski, J. T.; Brown, D. B. Jnorg.
Chem. 1978, 17, 2959.

(22) Inclusion of alcohols in Ni(C404)(H,0), has been observed.!?

(23) The nature of this white precipitate is currently under investigation. OQur
preliminary findings indicate a molecular formula of Fe(C,0,)(H,0),
for this material: Wrobleski, J. T.; Brown, D. B., unpublished observations.

(24) This orange precipitate is most likely dichloro(1,4-pyrazine)iron(II).?
Anal. Caled for C,Cl,FeH,N,: C, 23.23; Cl, 34.28; H, 1.95. Found:
C, 23.24; Cl, 34.58; H, 2.06.

(25) Torardi, C.; Witten, E.; Reiff, W. M. “Abstracts of Papers”, 8th Northeast
Regional Meeting of the American Chemical Society, 1978; American
Chemical Society: Washington, D.C., 1978; INOR 10,

(26) West, R;; Niu, H. Y. J. Am. Chem. Soc. 1963, 85, 2589.

Inorganic Chemistry, Vol. 18, No. 10, 1979 2749

(27) See ref 16 for a note describing a feature of this particular balance.

(28) Brown, D. B,; Crawford, V. H.; Hali, J. W.; Hatfield, W. E. J. Phys.
Chem. 1977, 81, 1303.

(29) See, for example: Estes, W. E.; Wasson, J. R.; Hall, J. W,; Hatfield,
W. E. Inorg. Chem. 1978, 17, 3657.

(30) Mabbs, F. E.; Machin, D. J. “Magnetism and Transition Metal
Complexes”; Chapman and Hall: London, 1973; p 5.

(31) Boudreaux, E. A,; Mulay, L. N. “Theory and Applications of Molecular
Paramagnetism”; Wiley: New York, 1976; p 494.

(32) See, for example: Deming, S. N.; Morgan, S. L. 4nal. Chem. 1973,
45, 278A and reference therein,

(33) Allen, C. W.; Brown, D. B. Inorg. Chem. 1974, 13, 2020. :

(34) Lang, G.; Dale, B. W. Nucl. Instrum. Methods 1974, 116, 567.

(35) van der Pauw, L. J. Philips Res. Rep. 1958, 13, 1.

(36) Supplementary material.

(37) Lewchalermwong, C. C. M.S. Thesis, University of North Carolina at
Greensboro, 1977, and references therein.

(38) See the paper cited in ref 21.

(39) An excellent discussion of the effect of coordination upon the band positions
in iron—-pyridine complexes may be found in: Little, B. F.; Long, G. J.
Inorg. Chem. 1978, 17, 3401.

(40) Corrsin, L.; Fax, B. J.; Lord, R. C. J. Chem. Phys. 1953, 21, 1170.

(41) Ito, M.; Shimada, R.; Kuraishi, T.; Mizushima, W. J. Chem. Phys. 1956,
25, 597.

(42) Barros, F. de S.; Zory, P. S.; Campbell, L. E. Phys. Lett. 1963, 7, 135,

(43) Ono, K.; Ito, A. J. Phys. Soc. Jpn. 1964, 19, 899.

(44) Ingalls, R. Phys. Rev. A 1964, 133, 787.

(45) Brady, P. R,; Duncan, J. F, J, Chem. Soc. 1964, 653,

(46) De Menezes, J. V.; Barros, F. de S. Phys. Status Solidi A 1978, 45, K139.

(47) For a discussion of this point see: Bancroft, G. M. “Mdgssbauer
Spectroscopy: An Iritroduction for Inorganic Chemists and Geochemists™;
McGraw-Hill: New York, 1973; Chapter 8. For the specific example
of Fey04 see: Sawatzky, G. A.; van der Woude, F.; Morrish, A. H. Phys.
Rev. 1969, 183, 383.

(48) See book reference given in footnote 47: p 147.

(49) Lever, A. B. P. Coord. Chem. Rev. 1968, 3, 119.

(50) Gerloch, M.; Slade, R. C. “Ligand-Field Parameters”; Cambridge
University Press: London, 1973; p 88.

(51) McElearney, J. N.; Merchant, S.; Carlin, R. L. Inorg. Chem. 1973, 12,
906.

(52) Fisher, M. E. Am. J, Phys. 1964, 32, 343,

(53) The HDVYV vector coupling approach is discussed in ref 30, Chapter
7.

(54) Figgis, B. N.; Lewis, J.; Mabbs, F. E.; Webb, G. A. J. Chem. Soc. A
1967, 442.

(55) Kudo, T.; Matsubara, F.; Katsura, S. Physica (Utrecht) 1978, 934, 255.

(56) Soos, Z. G. Annu. Rev. Phys. Chem. 1974, 25, 121.

(57) Torrance, J. B. Acc. Chem. Res. 1979, 12, 79.

Contribution from the School of Chemical Sciences,
University of East Anglia, Norwich NR4 7TJ, United Kingdom

Solid-State Studies. 18. Low-Frequency Raman Spectra of Os,Ru; .(CO), (x =0, 1,
2, 3) and of [0s3(CO) ;] [Ru3(CO) 3]y, (0 < 1< 1)
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Intermolecular vibrational coupling is shown to be absent in the low-frequency Raman spectra of the title compounds. The
400-600-cm™ region is interpreted by using a molecular fragment approach while the mechanical coupling-only model
of Quicksall and Spiro provides a good prediction of the frequencies of the y(metal-metal) features of the Os,Ru and OsRu,

species.

It is now well recognized that intermolecular vibrational
coupling makes a major contribution to the increased number
of vibrational features seen in the vibrational spectra of a
crystal compared with those of the same material in solution.!
On the other hand, the observation of a 1:1 correspondence
between spectral features (be they infrared or Raman) in
dissolved and crystalline materials is itself no guarantee that
intermolecular vibrational coupling is absent. An excellent
example is provided by Mn,(CO),,, of which the »(CO) in-
frared spectrum is so broad as to make any comparison with
the Raman impossible. Here, despite the fact that the »(CO)
Raman spectrum can be interpreted on an isolated molecule

*On leave from Istituto di Chimica Generale e Inorganica, Universitd di
Torino, 10125 Torino, Italy.

basis, it has recently been shown that intermolecular vibrational
coupling is present.? A second example concerns the species
M;(CO);; (M = Ru, Os) for which Quicksall and Spiro
explained the entire Raman spectrum in terms of an isolated
molecule model (with the exception of a postulated crystal-
induced intensity in an isolated molecule silent mode).> Here,
again, studies on mixed crystals [Os;(CO);5],[Rus(CO)12] 1,
(0 = n = 1) have shown that the frequencies of some »(CO)
features in the Raman spectrum vary smoothly with n, thus
establishing the presence of intermolecular vibrational cou-
pling. ,

There would seem to be two main reasons for the con-
cealment of factor group effects in vibrational spectra. First
is a centrosymmetric unit cell with Z = 2. Insuch a case a
comparison of infrared and Raman frequencies would be
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