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Phenazineoxonium chloranilatomanganate and chloranilatoferrate:
synthesis, structure, magnetic properties, and Maossbauer spectra
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Crystalline compounds (H;0),(phz);M,(C404Cl,);+- (CH;COCHy),, - (H,0), (n = 0—-2,
M = Mn (1), Fe (3)) were obtained in an acetone—water—tetrahydrofuran medium by the
reaction of metal sulfates with chloranilic acid and phenazine (phz). The molecular and crystal
structure of 1 was studied by X-ray diffraction at 300, 200, and 150 K. The crystal structure is
composed of polymeric cationic [(H30),(phz);],>"* and anionic [Mn,(C¢0,Cl,)5],2*~ layers
having honeycomb structure and stacked in such a way that open-ended through-going channels
accommodating H,0 and CH;COCH; solvent molecules are formed; the H;0" cations in the
crystal structure are disordered. Magnetic studies indicate antiferromagnetic coupling of Mn?*
ions through chloranilate ligands; transition to a magnetically ordered state occurs at 7= 5 K.
According to powder X-ray diffraction data, complex 3 is isostructural with compound 1 but dif-
fers crucially from 1 in the electronic structure. According to Fe®’ Méssbauer spectroscopy,
complex 3 exists in delocalized mixed-valence Fe?/Fe?* state and, as a consequence, shows ferro-
magnetic character of magnetic correlations and semiconductor type of electrical conductivity. These
features were ascribed to the valence tautomerism Fe?" + (C40,Cly)>~ — Fe3* + (C40,Cl,) 3,
which was observed for the first time for iron in a honeycomb structure.

Key words: manganese, iron, phenazineoxonium, chloranilate, non-innocent ligands, coor-
dination polymer, valence tautomerism, molecular magnet, ferromagnetism, antiferro-

magnetism, Mossbauer spectroscopy.

In the last two decades, works on the design and inves-
tigation of high-dimensional multispin systems capable of
cooperative magnetic ordering have been actively carried
out.! Among these, coordination compounds with the ox-
alate ion as the ligand have been extensively studied. Ow-
ing to the polydentate behavior of the bis-chelate doubly
charged C,0,%~ anion toward metal ions, diverse coordi-
nation compounds involving this anion have been de-
signed, in particular, magnetic metal oxalate networks of
different dimensionality: chain structures of transition
metal ions, layered compounds with a honeycomb motif,
and three-dimensional cage complexes.2—1? A number of
bifunctional compounds have been synthesized whose
crystal structures consist of ferromagnetic metal oxalate
layers and organic cations that are located between the
layers and exhibit nonlinear optical properties, 1 electrical
conductivity, 12 optical activity,!3 or photochromism.4

Together with the study of oxalate complexes, the
search for analogous magnetic compounds with other bis-
chelate ligands has been in progress. The known bridging
ligands such as 2,5-dihydroxy-1,4-benzoquinone and its
derivatives with substituents in positions 3 and 6, e.g., Cl,
Br, NO,, CN, CHj, efc. could not but attract attention of

researchers. All of these are strong dibasic acids and
their anions contain two chelating units needed to
form polymeric complexes with metals. Chloranilic acid
(H,C(0,4Cl,) is a rather common analytical reagent and it
was studied most extensively. A series of complexes in
which the chloranilate ion forms a bis-chelate bridge be-
tween two transition metal ions, Niand Cu,!5 Mn,16 Cu,!”
Co and Fe?",18 were obtained and exhaustively character-
ized. Several analogous compounds where the 2,5-di-
hydroxy-1,4-benzoquinone anion serves as the bis-che-
late bridge between manganese, iron, and nickel ions were
prepared.!?

About two dozens of coordination compounds of
divalent metals composed of infinite straight or zigzag-
like metal chloranilate chains are currently known.20—27
Thus it was shown that in the crystal structure of
{IM'(C,0,Cl,)(H,0),] - 2H,0},, (M = Mn, Fe, Co, Cu,
Zn, and Cd), the octahedral environment of the metal ion
is formed by two water molecules located in the cis posi-
tions and four oxygen atoms of two different chloranilate
anions giving infinite zigzag-like metal chloranilate chains.
A number of publications?4—29 consider the characteristic
features of reactions of chloranilic acid with transition
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metal salts in water-alcohol medium in the presence of
aromatic nitrogen heterocycles: pyrazine, dimethylpyr-
azine, bis-pyrimidine, terpyridine, and phenazine, which
have two, three, or four donor nitrogen atoms and, hence,
they are potential bridging ligands able to combine metal
chloranilate chains into networks through M—N coordi-
nation bonds. Copper, manganese, cobalt, and iron com-
pounds, [M(C;O,Cl,)(L)], (L is pyrazine), were synthe-
sized;2%:24:25 in their crystal structures, straight metal
chloranilate chains are combined into planar rectangular
networks by bridging pyrazine molecules.

The results of investigations of two manganese com-
plexes, {[Mn(Cs04Cly) (L), 5(H,0)] - {(H,0) - (C,Hs;OH)},,
(L is bis-pyrimidine) and [Mn(Cz0,Cl,)(L")], (L™ is
terpyridine) have been reported.2® The crystal structure of
the former compound comprises layers as a honeycomb
structure in which every hexagon contains six Mn2" ions,
four C404Cl,>~ ions, and two neutral bis-pyrimidine
ligands. The manganese ion occurs in an unusual seven-
coordinate position consisting of two nitrogen atoms of
the bis-pyrimidine molecule and five oxygen atoms of two
Cs04Cl,2~ ions, and one water molecule. In the crystal
structure of the latter compound, each Mn2" ion also has
an unusual seven-coordinate environment consisting of
four oxygen atoms of two C¢0,Cl,2~ ions and three nitro-
gen atoms of the terpyridine molecule. The chloranilate
anions, which bridge the Mn2" ions, form infinite zigzag-
like metal chloranilate chains, which are combined into
a three-dimensional crystal structure through stacking of
the terpyridine ligands. Magnetic susceptibility measure-
ments showed weak antiferromagnetic coupling of the
neighboring Mn2* ions. As shown previously,2!27 di-
methylpyrazine and phenazine are not coordinated to the
metal (Cu, Fe, Co, Mn) in the aqueous medium, proba-
bly, due to steric hindrance created by a-substituents with
respect to the donor nitrogen atoms. However, under the
influence of these nitrogen heterocycles, instead of the
zigzag-like chains, straight metal chloranilate chains hy-
drogen-bonded to give {{M(C;0,Cl,)(H,0),]L}, layers
are formed (L is phenazine or dimethylpyrazine). The L
molecules are arranged between the layers being held by
the hydrogen bonds between nitrogen atoms and metal-
coordinated water molecules. In the crystals of Fe, Co,
and Mn complexes, there are weak antiferromagnetic
intrachain exchange interactions.

Radically different results concerning the M2*—chlor-
anilate—phenazine systems were reported in the work3?
describing the synthesis and studies of the single crystals
of four isostructural compounds, {[(H;0),(phz);]-
[M,(C¢0,4Cl,)5] - 2CH;COCH;-2H,0}, (M = Cu, Co,
Zn, and Cd, phz is phenazine). The crystal structure of the
product with M = Cu was determined in detail. It was
found that the compound is composed of the polymeric
cationic layer [(H;0),(phz);],2"" and the anionic layer
[M,(C404Cl,)5],2"~, which have a honeycomb structure

and are arranged above one another to form through-go-
ing channels, which accommodate H,O and CH;COCH;4
solvent molecules.

There are data concerning the synthesis of compounds
whose crystal structures comprise neutral homometallic
chloranilate honeycomb networks. These networks involve
triply charged rare earth elements, Pr,(C;O,Cl,); - 8EtOH
(see Ref. 31) and Ln,(Cc0,4Cl,y);+-nH,0 (Ln = Sc, Y, La,
Ce, Pr, Nd, Gd, Tb, Yb, Lu);32 for Ce, Pr, Nd, and Tb,
n=18; forY, Gd, and Eu, n = 16.

Our studies of transition metal chloranilates were
started with the attempts to synthesize the analogs of
bimetallic network oxalates. A preliminary communica-
tion was published previously.33 In nonaqueous reaction
medium, we prepared amorphous compounds with the
[MTFe!l(C,0,Cl,);]~ anions (M = Mn, Co, Ni, Cu) and
BuyN* or Ph,P* as the counter-ions. The obtained bime-
tallic complexes are X-ray amorphous; they are insoluble
in water or organic solvents. Their IR spectra show the
presence of only bridging chloranilate ligands. The Mdss-
bauer spectroscopy and magnetic measurement data at-
test to transition of the complexes into a magnetically
ordered state: the antiferromagnetic state for M!I = Mn
(TN = 10 K) and the ferrimagnetic state for M! = Co, Ni,
Cu (T < 2 K).34 These data leave little doubt that the
obtained compounds are network bimetallic chloranilate
polymers, analogs of known oxalates.3—57>2

The latter fact, together with the proven existence of
homometallic chloranilate honeycomb network struc-
tures,28:29 stimulated us to analyze the controversial data
on the products of reactions of metal chloranilates and
phenazine?1:27—30 and to attempt to obtain the crystals of
polymeric homometallic manganese or iron anionic chlor-
anilate complexes with complex phenazine-hydroxonium
cations using a previously described procedure.3?

Experimental

The manganese complex {(H30),(phz);Mn,(Cs0,4Cl,)5-
+2CH;COCH;-2H,0},, (1) (including crystals suitable for X-ray
diffraction) was prepared by a procedure similar to that for
{(H;30),(phz);Cu,(C40,4Cly) ;- 2CH;COCH;- 2H,0},, (2).3° The
macroscopic properties were studied for polycrystalline com-
plexes 1 and (H;0),(phz);Fe,(C40,Cl,);(CH;COCH,),(H,0),,
(3), which were synthesized as follows. A solution of phenazine
(0.6 mmol) in THF (~0.3 mmol mL~!) and a solution of chlor-
anilic acid (0.6 mmol) in acetone (~0.15 mmol mL~!) were add-
ed with vigorous stirring to a solution of Mn(ClO,), or Fe(Cl0,),
(0.4 mmol) in water (~0.04 mmol mL~!). After stirring for 30 min,
the light, black-colored precipitate was filtered off, washed with
acetone on the filter (3x3 mL), and dried in vacuo for 1 h at
~20 °C. The weight of the product was 0.28 g, which nearly
corresponded to the quantitative yield (0.29 g).

Complex 1. Found (%): C, 50.10; H, 3.00; Cl, 14.93; Mn, 7.4;
N, 5.92. C4yHy46ClgMn,NgO45. Calculated (%): C, 49.28; H, 3.15;
Cl, 14.56; Mn, 7.52; N, 5.75.
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Complex 3. Found (%): C, 48.91; H, 2.55; Cl, 14.65; Fe, 7.8;
N, 5.74. C¢yHyClgFe,NgO 5. Calculated (%): C, 49.23; H, 2.98;
Cl, 14.54; Fe, 7.64; N, 5.74.

The IR spectra of complexes 1 and 3 contain a strong ab-
sorption band at ~1500 cm™! for the bridging C—O bonds and do
not contain a C=0 band at ~1650 cm~ 1.

The X-ray diffraction experiment was carried out on a P4
four-circle automated diffractometer (graphite monochromator,
MMo-Ko) = 0.71073 A, 6/20-scan mode). Three experiments
were carried out for compound 1 using a 0.1x0.1x0.15 mm crys-
tal at temperatures of 300, 200, and 150 K. The unit cell param-
eters were determined and refined using 35 reflections found in
the 6 angle range from 7 to 15°. The structure was solved by
direct methods. The positions and thermal parameters of nonhy-
drogen atoms were refined in the isotropic and then in the aniso-
tropic approximation by the full-matrix least-squares method.
The phenazine hydrogen atoms were positioned geometrically
and refined as the riding model. The position of the oxonium
hydrogen atom was identified from the difference Fourier map
and refined isotropically with bond length constraints.

The difference Fourier maps showed weak electron density
peaks, which were identified as atoms that compose the solvent
molecules. We were unable to refine the occupancies of the
solvent molecule positions; these were specified to be equal for
acetone and water. Only atomic coordinates were refined, and
for the acetone molecule, bond length constraints were applied.
The inclusion of the solvent molecules in the refinement re-
duced R, by ~0.2 and reduced the residual electron density from
1.3t00.2¢e A3,

The crystal data and the refinement statistics are summa-
rized in Table 1. All calculations were performed using the
SHELXTL 6.14 program package.33

Powder X-ray diffraction studies of compounds 1 and 3 were
performed on an ARLXTRA powder X-ray diffractometer
(Thermo Electron Corporation, Switzerland). As the initial
values for the refinement, the unit cell parameters obtained
for the single crystals of compound 1 were used. The powder
X-ray diffraction pattern of complex 1 coincides with that cal-
culated from the single-crystal data. The X-ray diffraction

pattern of iron complex 3 indicates that it is isostructural with
complex 1.

The magnetic susceptibility measurements for polycrystal-
line samples of 1 and 3 were carried out on a Quantum Design
MPMS-5XL SQUID magnetometer in the temperature range of
2—300 K at an external magnetic field of 0.1 T. The dependence
of the magnetic susceptibility on the magnetic field strength was
measured in the range H = 0—5 T at 2 K. The molar magnetic
susceptibility (x,,) was calculated taking into account the total
diamagnetism of atoms equal to —112-10~% ¢cm3 mol~!. The
effective magnetic moment was calculated by the relation
Her= (8% 1)'72.

The >’Fe Mossbauer spectra of the polycrystalline sample of
3 were recorded on a standard electrodynamic type unit in
a constant-acceleration mode (WissEl GMBH). The low-tem-
perature measurements were done using a CF-506 helium flow
cryostat (Oxford Instruments) and a 3’Co source in the rthodium
matrix. The spectrometer was calibrated against the spectrum of
a 1 um-thick 37Fe foil. The spectra were processed by the least-
squares method with the assumption of the Lorentzian absorp-
tion line shape.

Results and Discussion

The compound {(H;0),(phz);Mn,(Cz0,4Cl,)5-
-2CH;COCH;-2H,0}, (1) crystallizes in the trigonal
system (space group P-31m). Its crystal and molecular
structure generally coincide with those of the copper ana-
log 2 (see Ref. 30) being composed of anionic and cationic
layers alternating along the unit cell ¢ axis. Selected inter-
atomic distances and bond angles are summarized in
Table 2.

The anionic layer representing a honeycomb network
of Mn?* and C40,Cl,?>~ ions is extended parallel to the
crystallographic plane xy. The neighboring Mn(C0,4Cl,);
groups in the layer have different chiralities. The Mn atom
coordinates six O atoms of three chloranilate ligands

Table 1. Selected crystallographic data for compound 1 at 7= 300(2), 200(2), and 150(2) K

Parameter 300(2) K 200(2) K 150(2) K
Crystal system Trigonal Trigonal Trigonal
Space group P-31m P-31m P-31m
a/A 14.086(1) 14.076(2) 14.073(1)
c/A 8.917(1) 8.818(2) 8.766(1)
V/A3 1532.2(2) 1513.1(4) 1503.5(2)
Z 1 1 1
da1e/g cm3 1.584 1.604 1.614
p/cm! 7.52 7.62 7.67
Scanning range/deg 2—25 2—25 2—25
Number of experimental/independent 2334/958 2317/940 2201/933
reflections (Ry,,) (0.0713) (0.0583) (0.1540)
Number of reflections with 7> 26(/) 543 594 609
Number of refined parameters 86 86 86
GOOF 1.007 1.024 1.073
R, for reflections with > 26(1) 0.0566 0.0494 0.0486
wR, for all reflections 0.1791 0.1371 0.1540
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Table 2. Selected bond lengths (d) and bond angles (®) in the
MnOg fragment of compound 1

Bond length d/A Angle o/deg
Mn()—O(1)  2.171(4)  O(1)—Mn(1)—O(1)*|  84.9(2)
CI()—CQ2)  1.760(8)  O(1)—Mn(1)—O(1)*2 100.0(1)
O(1)—C(1) 1.252(6) O(1)—Mn(1)—O(1)*3  75.3(2)
C(1)—C(2) 1.390(6) 0O(1)—Mn(1)—O(1)** 173.8(2)
C(1H)—C()*3  1.546(11)

C()—C(1)*6  1.390(6)

Note. Symmetry codes used to generate equivalent atoms:
Moyt x+ 1L, -2 —x+y+1,—x+1,5%0x-y, -z
*4_X+y+ 1,}’, —X.

(Fig. 1). Due to the position of the Mn atom in the crystal
structure (at the intersection of the threefold and twofold
axes), the three ligands are related by a threefold axis,
each being formed by multiplication of its independent
part by the twofold axis and the plane. As in isomorphous
compound 2, all metal—oxygen bonds in the MnOg octa-
hedron are equal, amounting to 2.171(4) A, but the angles
noticeably differ from 90 and 180° (see Table 2). Since the
lengths of same-type bonds and the angles in the struc-
tures determined at three temperatures coincide to within
the experimental error, Table 2 presents only the data ob-
tained at 300 K. The distortion of MnOg can be represent-
ed as two identical triangular MnO; pyramids compressed
along the threefold axis and slightly rotated about this axis
relative to each other.

The cationic layer [(H;0),(phz);],>* is formed by the
(H;0)* oxonium ions and (phz) phenazine molecules
through O...N hydrogen bonds (2.66 A) and is also a net-
work parallel to the xy plane. The O atom of the oxonium

& CI(1C)

Fig. 1. Structural unit Mn(C¢O4Cl,); in complex 1.

ion in structure 1 is located on the threefold axis but is
shifted from the intersection point with the twofold axis
and, hence, it is disordered over two positions, whereas in
structure 2, it is located at the intersection of the threefold
and twofold axes. Thus, in structure 1, the oxonium ion is
arranged asymmetrically between the metal centers relat-
ed by a translation along the ¢ axis, its three H atoms are
located on the twofold axes intersecting the threefold axis
at this point, i.e., the oxonium ion has a usual pyramidal
structure. As regards the copper analog 2, the planar struc-
ture was accepted for the oxonium ion with the O atom
being located strictly in the midpoint between the Cu ions.
The three oxonium H atoms are involved in strong
O—H...N hydrogen bonds with three phenazine mole-
cules: O...N, 2.66 A; O—H, 0.90 A; H...N, 1.72 A; and
O—H—N angle, 163.3° (Fig. 2).

Previously,3? stacking interactions between the anion-
ic and cationic layers were shown to exist in structure 2, as
the inclinations of the planes of the phenazine molecules
in the cationic layer and the planes of the chloranilate
ligands in the anionic layer are equal. A similar situation
was also found for the crystal structure of compound 1.
Short distances (3.26 A) occur between the planes of
the chloranilate ligands and the corresponding phenazine
molecules.

In structure 1, barrel-like through-going channels ~8 A
in diameter run along the crystallographic direction z
(Fig. 3). From the weak electron density peaks that were
observed in the difference Fourier maps, we were able to
reconstruct guest solvent molecules, acetone and water, in
these channels. The guest molecules are located in the
cavities of anionic and cationic layers near the symmetry
elements (—3)m, hence, they are disordered. Figure 3
shows one of the arrangement patterns of the guest mole-
cule. Due to the small size, the cavity cannot accommo-
date simultaneously two acetone molecules or an acetone
or water molecule but can accommodate two water mole-
cules. It was impossible to refine the site occupancies of
water and acetone molecules; therefore, it was assumed
that the numbers of cavities occupied by water and ace-
tone molecules in the crystal structure are equal. Then two
H,0 molecules and one CH;COCH; molecule per for-
mula unit are present. Meanwhile, chemical analysis data
point to two H,O and two CH;COCH; molecules. Since
we cannot determine precisely the numbers of water and
acetone molecules from X-ray diffraction data, pre-
sumably, some of the guest molecules are disordered be-
ing located in the channels between the anionic and
cationic layers.

As can be seen from Table 2, the four C—O bonds in
the chloranilate anion are equivalent. This brings about
the question of whether this bond length distribution may
be a consequence of structure determination in space group
P-31m. The dependence of the thermal vibration parame-
ters of atoms on temperature implies the presence of
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Fig. 2. Environment of the oxonium cation formed by phenazine molecules. The dashed lines show the hydrogen bonds.

a noticeable temperature-independent contribution in the states. It can be seen in Figure 4 that the static contribu-
thermal vibration amplitude, and this indicates that the tion to the average squared amplitude of thermal vibra-
crystal structure is most likely averaged over a number of tions U? determined from X-ray diffraction data by ex-

O(WIE)

oo Pco
(7
0(3)094?) @ O(W5)
0&G)H 2OW3)
C@9)

C(7)

@)
Fig. 3. Fragment of the projection of the anionic and cationic layers onto the crystallographic plane xy.
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Fig. 4. Squared amplitude of thermal vibrations U2 of O(1) along
axis b vs. temperature.

trapolating the straight-line temperature dependence of
U?to 0 K is 0.012 A2 (it should tend to zero without the
static contribution), which is indicative of the presence of
different states of the structure, in particular, of the anionic
network.

The existence of different states may be due to the
interaction of the chloranilate anions with the oxonium
cations. Due to statistical disorder in the crystal structure,
the oxonium ion may produce distortions in the metal
chloranilate centers through the electrostatic interac-
tions with them, the distortions being statistically distrib-
uted in the anionic network, and averaging of these distor-
tions is responsible for the appearance of the temperature-
independent static component to the rms deviations
of atoms.

We attempted to remove the water and acetone solvent
molecules from sample 1. If the powdered complex 1 is
kept for a long time in vacuum at gentle heating (30—40 °C),
the mass loss corresponds to the removal of solvent mole-
cules. However, as shown by X-ray diffraction studies,
after long-term (>1 month) keeping of the crystal of 1
in vacuo, the water and acetone molecules still remain in
the anionic and cationic layers. This was accompanied by
a decrease in the unit cell parameter ¢ (by 0.19 A) and
a decrease in the reflection intensities. Perhaps, some of
the disordered solvent molecules located in the channels
between the anionic and cationic layers are removed on
evacuation, resulting in a decrease in the period ¢ of
the unit cell determined by X-ray diffraction. The decrease
in the diffraction peak intensity may be attributed to par-
tial destruction of the crystal upon removal of the guest
molecules.

Compound 3 was not isolated as crystals. However, its
powder X-ray diffraction patterns were identical to those
of compound 1, which indicates that the compounds are
isostructural. According to powder X-ray diffraction data,
structure 3 has the following unit cell parameters at

T=300K: a=13.698 A, c =9.312 A, V=1513.2 A,
Z = 1, space group P-31m. The Fe—O bond length
(2.075 A) and the chelate angle (1 = 78.6°) were calculat-
ed from the unit cell parameter a and the average size of
the chloranilate anion with allowance for the fact that the
distance between two neighboring metal atoms in the
Fe—C0,Cl,—Fe unit is a/N—3 =7.91 A.

The charge and spin states of the iron ions in sample 3
were investigated by 3’Fe Méssbauer spectroscopy. Ac-
cording to the chemical composition of the compound,
the expected charge of the iron ions is +2. In the octahe-
dral oxygen coordination by chloranilate ions, this should
correspond to the high-spin state (5 = 2). For the local-
ized Fe3* and Fe?" ions in the octahedral oxygen environ-
ment, the isomer shifts at room temperature are in the
range of 0.36—0.40 and 1.10—1.20 mm s~!, respectively.
The iron Mossbauer spectrum of the complex (Table 3)
measured at room temperature is manifested as two qua-
drupole doublets with parameters untypical of pure high-
spin Fe2* (do’dp) or Fe3" (do) states. The intermediate
isomer shift values undoubtedly indicate that some of the
iron ions in the compound have a charge of +3. The spec-
tral parameters for 85 K were obtained by decomposition
into three asymmetric quadrupole doublets with the as-
sumption of equal areas of each constituent lines of the
doublet. At room temperature, the spectrum is satisfacto-
rily approximated by two symmetric doublets. The unusu-
al temperature behavior of the Mdssbauer parameters is
attributable to the Fe?TFe3" < Fe3™FeZ™ electron ex-
change dynamics (see below). This situation is quite pos-
sible, as chloranilate is a so-called non-innocent ligand.36
The close energy levels of iron(II) dr orbitals and
free chloranilate 7 orbitals enable the dB-electron transfer
from the Fe2* ion to the neighboring chloranilate dian-
ion, (C40,4Cl,)?~ to give Fe3' and the radical trianion
(C404Cl,)*3-.38 If the isomer shift of the Fe?* and Fe3*
components is linearly related to the contribution of each
ion involved in the exchange, Fe?™ and Fe3", then their
ratio estimated from the data of Table 3 is 1 : 1 (the ac-
curacy is not higher than 5%) and the composition of
the compound can be written as [(H;0%),(phz);]-
[Fe2*Fe3*(C04Cl,%7)5(C04Cly37)] - 2C,HCO - 2H,0.

The probable structure of the anionic layer of complex
3 corresponding to the structurally ordered charge distri-
bution is shown in Fig. 5.

The temperature dependence of the effective magnetic
moment of complex 1 is shown in Fig. 6. At 300 K,
Uerr = 8.17 pp, while as the temperature decreases (to 50 K),
this value slowly decreases and then sharply drops. The
calculated p.g value for two uncoupled spins of Mn2*
(§=5/2) is 8.36 ug; apparently, this is attained at temper-
atures exceeding the limit of measurements. This behavior
of the effective moment unambiguously attests to enhance-
ment of antiferromagnetic Mn?*—(C40,Cl,)2~—Mn?*
correlations in the complex upon temperature decrease.
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Fig. 5. Probable structure of the anionic layer of compound 3 at ordered charge distribution.

The temperature dependence of the inverse suscepti- sign of the Weiss constant imply the possibility of antifer-
bility is well described by the Curie—Weiss expression romagnetic transition at temperatures below 10 K. In-
Xm = Cm/(T — 8) (Fig. 7). The negative Weiss constant deed, the temperature dependence of the magnetic sus-
(6 = —10.2 K) found by the linear extrapolation of the
dependence x~!(7) to the low-temperature region also at-

-1
tests to the antiferromagnetic coupling of Mn2?" ions Hefi/Hp Mol
through the (C6O4C12)2* ligands. The magnitude and the ol 500000000 ©
Table 3. Mossbauer spectral parameters of compound 3 7k W
o]
/K State & AEQTF Iy Ly Fraction 6 g
l (%) °
mm S
5r o
295 Fe3* 0.58 1.36 0.33 0.33 19
Fe25+ 0.79 0.77 0.55 0.55 81 4T o
85 Fe3* 0.51 1.29 0.75 0.57 37
Fe2>+* 0.72 145 0.60 0.59 28 3r o
Fe2* 110 142 027 050 34 . . . . . . .

0 50 100 150 200 250 T/K

Fig. 6. Temperature dependence of the effective magnetic mo-
ment (u.g) of sample 1 (H = 1kOe).

* Isomer shift relative to o-Fe.
** Quadrupole splitting.
*** Line width.
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Fig. 7. Inverse magnetic susceptibility (x~!') of complex 1 vs.
temperature (H = 1 kOe). The Curie—Weiss constant 6 = 10.2 K
was found by linear extrapolation to lower temperatures.

ceptibility (Fig. 8) shows a maximum at 7= 5 K, which is
typical of a substance that undergoes a paramagnetic to
antiferromagnetic transition.

The sample magnetization measured at 2 K shows
a linear dependence on the applied magnetic field typical
of an antiferromagnet (Fig. 9). In the absence of an exter-
nal field, the total magnetic moment is zero.

In isomorphous copper compound 2 (see Ref. 30), no
antiferromagnetic transition occurs down to 2 K. Pro-
bably, this is related to the weaker through-ligand exchange
interaction of Cull centers. Indeed, the Curie—Weiss con-
stant calculated from the experiment is —3.8 K, i.e., it is
three times lower than the value we found for Mn analog 1.

In compound 3, the temperature dependence of the
effective moment follows the opposite trend as compared
with the Mn analog: as the temperature decreases, the
iron ion moments tend to parallel orientation, which

Ym/cm3 mol~!
05}
6
04 <
(o]
o
o
0.3 F o)
o
Q
Q
02F %
' D
D
0.1} Ve,
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oooo.........
L0000 000
1 1 1 1 1 1 ow ?

0 50 100 150 200 250 /K

Fig. 8. Temperature dependence of the molar magnetic suscep-
tibility (x,,) of sample 1 at # = 1 kOe. The maximum at 7= 5K
corresponds to the antiferromagnetic transition.

M/emu mol~!
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Fig. 9. Molar magnetic moment (M) of sample 1 vs. external
magnetic field at 2 K.

is manifested as considerable increase in the effective
magnetic moment (Fig. 10). For independent Fe?" ions,
the expected effective magnetic moment at S = 2 and
g = 2.2 would be 7.6 pg per formula unit. Moreover, the
Fe?*—(C¢0,Cl,)>*~—Fe?" exchange interactions, as in the
case of the isomorphous crystals with Mn?" (1) and Cu?* (2),
are expected to be antiferromagnetic. Note that the in-
crease in the effective moment is noticeable even at 300 K.
The temperature behavior of the inverse magnetic sus-
ceptibility of the sample is also unusual. The linear extrap-
olation of the dependence is possible only down to ~200 K
(Fig. 11). The positive and rather high Curie—Weiss con-
stant (6 = 40 K) implies a high ferromagnetic transition
temperature. However, below 200 K the magnetic mo-
ment deviates toward lower values, i.e., a contribution of
the competing antiferromagnetic coupling appears, apart
from the ferromagnetic coupling (see Fig. 11).
The sharp increase in the magnetic susceptibility be-
low ~18 K can be attributed to the onset of ferro- or ferri-

Hefr/Hp mol~!
12 |

1nr -°

10 o

T
(o]

8kt 1 1 1 1 1
0 50 100 150 200 250

T/K

Fig. 10. Temperature dependence of the effective magnetic mo-
ment (U.g) for complex 3 in the external field H = 100 Oe.
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Fig. 11. Temperature dependence of the inverse magnetic sus-
ceptibility (x~!) of sample 3 measured in the external magnetic
field H =100 Oe. The Curie—Weiss constant 8 = 40 K was found
by linear extrapolation from higher temperature region.

magnetic transition (Fig. 12). It can be seen that two sam-
ple cooling modes, namely, zero-field cooling (ZFC) and
field cooling (FC) at 0.1 T, result in magnetization values
starting to deviate from each other at 7'< 20 K. Note that
in the magnetically ordered state, field-cooled magnetiza-
tion is normally much higher than zero-field-cooled mag-
netization due to the temperature-dependent constant of
magnetocrystalline anisotropy.

The field dependence of magnetization for sample 3 at
2 K is typical of the paramagnetic state. The dependence
is adequately described by the sum of two Brillouin func-
tions with spins of 2 and 2.5 (Fig. 13). The magnetic mo-
ment per formula unit at a maximum external field strength
of 5 T is 7.5 pp but still it is not saturated. Thus, contrary
to the expected antiferromagnetic ordering, the opposite
trend to ferromagnetic ordering of iron moments is ob-

M/ug mol~!
0.12 |
v v ]
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g o2
008k ¥
0.06 %
0.04 ‘
0.02 ‘
0k AAAAAAAA A0 A 444441
0 50 100 150 200 250 T/K

Fig. 12. Molar magnetic moment of complex 3 vs. temperature
measured on zero-field cooling (/) and on field cooling at
H =100 Oe (2).

0 1 2 3 4 H/T

Fig. 13. Molar magnetic moment of sample 3 vs. external mag-
netic field measured at 2 K.

served, although the long-range magnetic order is not es-
tablished down to 2 K.

Analysis of the Fe37 Mgssbauer spectroscopy data for
sample 3 helped to clarify this point. The intermediate
values of the isomer shifts of the two states of iron at room
temperature (see Table 3) can be characterized as close
to Fe2* and Fe3™; as the temperature decreases, they fur-
ther approach the pure states. In addition, at 7= 85 K,
a component (~28%) with the isomer shift 8p, =
=0.72(2) mm s~ ! typical of the Fe2>" state with an inter-
mediate charge appears in the spectrum. Presumably, the
presence of several states of iron is due to the formation of
Fe3* and the triply charged (C40,Cl,)*3~ radical anion
upon the "extra"-dn-electron transfer from some Fe2" ions
to the vacant ©* orbital of the non-magnetic bridging
(C404Cl,)? ligand with similar energy. This is the known
valence tautomerism (redox isomerism) phenomenon,
which was observed, in particular, in binuclear iron com-
plexes with anions of dihydroxybenzoquinone and its de-
rivatives.18-37 Moreover, according to Méssbauer data, the
Fe2* and Fe3* states with unusual isomer shifts at room
temperature appear as partially charge-delocalized states
on the Méssbauer spectroscopy time scale of ~10~7 s. Thus,
in complex 3, the Fe2" "extra"-dn-electrons are delocal-
ized (partly or completely, depending on the temperature)
over all positions of the magnetically active sublattice.

These findings are not unusual or novel. For example,
for symmetric mixed-valence complexes, {Fe3"(da)>/
Fe2*(da)’(dP)}, direct overlap of the d-orbitals of the mag-
netic centers results in complete delocalization of the
Fe2" dp electron between the two centers down to helium
temperatures.38:3? The Mossbauer spectra exhibit only one
quadrupole doublet with the isomer shift corresponding to
the formal iron oxidation state +2.5. However, in asym-
metric binuclear complexes, the structural non-equiva-
lence of the magnetic centers results in gradual localiza-
tion of the Fe?™ and Fe3™ states on temperature decrease.40
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It is obvious that in complex 3, the delocalization of the
Fe2" "extra"-dr electrons is not direct but occurs through
vacant * orbitals of the bridging (C40,Cl,)>~ ligand.

Since the electron transfer is not accompanied by spin
reversal, then in view of the Pauli exclusion, the spins of
3d ions in the M4T!—L—M9 chain should be parallel.
This is the so-called double exchange mechanism pro-
posed4! and later developed4? to interpret the ferromag-
netism and the metallic conductivity in mixed-valence
manganites with the perovskite structure.43 The concept
of double exchange in the M4t —L—M¢ chain is related
to the "extra"-d-electron transfer to the ligand and simul-
taneous electron transfer from the ligand to the neighbor-
ing paramagnetic center as shown in Scheme 1. The dou-
ble exchange parameter is normally several times as high
as the superexchange interaction parameter of the local-
ized electrons.38

Scheme 1
“\’,,"‘
¥ ¥ 1
dr T dr

The assumption of mobility of the d electrons in com-
plex 3 is supported by the measured electrical conductiv-
ity of the polycrystalline sample in the temperature range
of 300—240 K (Fig. 14). The specific electrical conduc-
tivity of the polycrystalline sample at room temperature is
41075 Q' cm~!, which is five orders of magnitude great-
er than the electrical conductivity of metal complexes with
localized charges. The dependence o(7) is of the semi-
conductor type. The activation barrier calculated from the
Arrhenius equation is 0.16 eV.

In line with the foregoing, the existence of a radical
oxygen species resulting from electron transfer from Fe?*

R(T)/R(300)
6 -
5 -
4L
3 -
2 -
1 -
3.4 3.6 3.8 40 T'-103/K-!

Fig. 14. Logarithm of the reduced electric resistance of sample 3
vs. reciprocal temperature. Linear extrapolation corresponds to
the Arrhenius exponent with the activation energy of conduc-
tion AE=0.16¢eV.

to the neighboring chloranilate leads to ferromagnetic cor-
relation of the magnetic moments of iron ions. Note also that
coupling of the localized moments Fe—Cz0,Cl,"3~—Fe,
like the double exchange related to extra-electron de-
localization according to (Fe?*—C0,Cl,>~—Fe3")
< (Fe3*—C¢0,Cl,2~—Fe2*) scheme, favors a paral-
lel orientation of the iron spins. However, in the former
case, the correlations should be antiferromagnetic
due to the strong antiferromagnetic metal—radical cou-
pling.18.36.44

In the ideal case of ordered charge distribution in the
network structure (see Fig. 5), one can distinguish zigzag-like
one-dimensional Fe?*—C0,Cl,> —Fe3* —C;0,Cl,>—...
chains connected by C40,Cl,3~ radical trianion bridges.
The ferromagnetic coupling of iron moments within the
chains according to the double exchange mechanism is
stabilized by the Heisenberg Fe?* —C(0,4Cl,"3~—Fe3" ex-
change between the chains. In this system, long-range
ferro- or ferrimagnetic order with a high Curie tempera-
ture can be established.

In our system, which is disordered as regards the mag-
netic cations, chloranilate dianions, and radical trianions,
exactly the iron valence state localization behavior on tem-
perature decrease is observed. This can be clearly followed
by looking at the temperature variation of the isomer shifts
from Fe2*- and Fe3*-like states to nearly pure states (see
Table 3) and the component corresponding to the mixed-
valence Fe?5* state, which is hardly detectable at room
temperature. However, we cannot draw any con-
clusion about the mobility of the unpaired electron of
the C40,Cl,"3~ radical trianion. At low temperature,
one should consider the case of nearly localized electrons,
thus taking into account mainly the contribution of
the superexchange interaction, M—C4z0,Cl,>~—M and
M—C40,Cl,"3~—M, where M is any ion of the Fe?*/Fe3*
pair. The absence of the transition to the magneti-
cally ordered state at the lowest accessible temperature
of 2 K also attests to disordered charge distribution
and, as a consequence, to competition between ferro-
and antiferromagnetic couplings with comparable mag-
nitudes.

The obtained results open up the ways to the design
and synthesis of a new class of metal complex bifunctional
polymers that combine ferromagnetism and electron con-
duction within the same sublattice.
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