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Five new chloranilato-bridged binuclear chromium(IIT) com-
plexes have been synthesized and identified as [ Cr,(CA)L,]-
(€104 )4 [ L denotes 5-methyl-1,10-phenanthroline ( Me-
phen); 2,9-dimethyl-1, 10-phenanthroline ( Me,-phen ); 5-
chloro-1, 10-phenanthroline( Cl-phen) ; diaminoethane (en) or
1,3-diaminopropane (pn) ], where CA represents the dianion
of chloranilic acid. Based on elemental analyses, molar con-
ductivity and magnetic moment of room-temperature measure-
ments, and IR and electronic spectral studies, it is proposed
that these complexes have CA-bridged structures and consist
of two chromium(II) ions, each in an octahedral environ-
ment. The complexes [ Cr,(CA) (Me-phen),] (Cl0,)4(1) and
[Cr,(CA) (Me;-phen), ] (ClO,),(2) were further character-
ized by variable temperature (4.2—300 K) magnetic suscepti-
bility measurements and the observed data were successfully
simulated by the equation based on the spin Hamiltonian oper-
ator, A= -2JS$,-8,, giving the exchange parameter J = -
7.8 em™! for (1) and J = - 6.5 cm™" for (2). This result in-
dicates that there is weak antiferromagnetic spin-exchange in-
teraction between the two chromium (III) ions within each
molecule.
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Introduction

Interest in bridged transition-metal polynuclear
complexes is fundamental requirement not only for eluci-
dation of the structural and electronic factors governing
magnetic interaction between paramagnetic centers, but

* Received September 13, 1999; accepted January 20, 2000.

also for gaining some insight into the electron transfer
pathway, mimicking the structural and functional proper-
ties in biological systems, and for obtaining useful infor-
mation concerning the design and synthesis of molecule-
based magnets .

In view of the effective bridging function of the
chloranilate dianions (abbreviated as CA), much work
was published on binuclear complexes containing the p-
chloranilato ligand and their magnetic properties stud-
ied.™ The effective bridging function of y-chloranilato
and the long-distance magnetic exchange interactions of
these complexes have been revealed by single-crystal X-
ray and magnetic analyses.” Thus, inspired by above
facts, quite recently, we utilized CA as bridging ligand
to prepare the binuclear oxovanadium (IV) complexes
and to study their magnetic properties.'® In order to pro-
vide more examples of CA-bridged binuclear complexes
and to understand better the magnetic properties of this
important group of complexes, and as an extension of
that investigation, this paper deals with the synthesis,
characterization and magnetism of five new chromium-
(IIT) binuclear complexes using the dianion of chloranil-
ic acid as bridging ligand: [Cr,(CA)L4](ClO,),
[ where CA = dianion of chloranilic acid; L = 5-methyl-
1, 10-phenanthroline ( Me-phen); 2, 9-dimethyl-1, 10-
phenanthroline (Me,-phen) ; 5-chloro-1, 10-phenanthro-
line (Cl-phen); diaminoethane (en) or 1, 3-diamino-
propane (pn)].
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Experimental
Materials

All the reagents used in the synthesis were of ana-
lytical grade. The hydrated chromium (III) perchlorate
was prepared by a general method. Chloranilic acid
(Hy,CA); 5-methyl-1, 10-phenanthroline ( Me-phen ) ;
2,9-dimethyl-1, 10-phenanthroline  ( Mey-phen ); 5-
chloro-1, 10-phenanthroline ( Cl-phen ); diaminoethane
(en) and 1,3-diaminopropane (pn) were used as com-
mercially obtained.

Synthesis of [ Cr,(CA) (L),](Cl0O,)s (L= Me-phen,
Me,-phen, Cl-phen, en, pn)

The methods used to prepare the complexes are vir-
tually identical and are exemplified by the preparation of

[Cr,(CA) (Me-phen); ] (Cl0O4)4. To a stirred acetoni-
trile solution (10 mL) of chloranilic acid (0.2 mmol,
41.8 mg) was successively added dropwise an acetoni-
trile solution (10 mL) of Cr(ClO,);-6H,0 (0.41
mmol, 188.0 mg), a solution of ethyl orthoformate (6
mL) and a solution of Me-phen (0.8 mmol, 155.4 mg)
in 10 mL of acetonitrile. After the mixture was refluxed
for a few minutes with stirring, a small amount of brown
microcrystals deposited. The reflux was continued for
ca. 2 h. The mixture was then allowed to cool to room
temperature and the microcrystals thus obtained were re-
moved by filtration, washed several times with acetoni-
trile and diethyl ether and dried over P,Os under reduced
pressure. Recrystallization was carried out from DMF/
ethanol (1:2) mixture.

All analytical data, colors, yields and melting
points of these complexes are collected in Table 1. All of
the solid complexes are fairly stable in air, thus allowing
physical measurements to be made.

Table 1 Data of elemental analyses, yields, colors and melting points of the complexes

Complex Empirical formula Colour Yield mp Elemental analysis, Found (Caled. )
(Formula weight) (%) (C) C H N Cr

1 Cry Csg Hyg Ny O Clg brown 88 218 46.77 2.65 7.43 6.89
(1485.70) (46.80) 2.711) (7.54) (7.00)

2 Cr,Ceo Hig Ny O Clg dark-brown 85 297 48.14 3.01 7.05 6.59
(1541.80) (48.30) (3.14) (7.27) (6.75)

3 CrCssHogNg O Clyp light-brown 83 306 41.19 1.66 6.97 6.43
(1567.36) (41.38)  (1.80) (7.15) (6.64)

4 CryCraHzpNg O Clg reddish 67 312 17.59 3.28 11.63 10.45
(949.15) (17.712)  (3.40)  (11.81)  (10.96)

5 Cry C1sHyo Nz O Clg pale-red 75 199 21.36 3.88 11.03 10.18
(1005.26) (21.51) (4.01)  (11.15)  (10.35)

1=[Cr,(CA)(Me-phen),](ClO4)4, 2=[Cr,(CA)(Me,-phen),](ClO,),, 3=[Cr(CA)(Cl-phen),](ClO,)s,

4= [Crz(CA)(en)4](C104)4, 5= [Crg(CA)(pn)4](C104)4.

Measurements

Analyses for C, H and N were carried out on a
Perkin-Elmer model 240 elemental analyzer. Metal con-
tents were determined by EDTA titration. Infrared spec-
tra were measured on a Shimadzu model 810 infrared
spectrometer in KBr pellets. Electronic spectra ( DMF
solution) were measured on a Perkin-Elmer Hitachi-240
spectrophotometer. Molar conductances were measured
(DMF solution) with a DDS-11A conductometer. Mag-
netic susceptibility measurements at room temperature

were carried out by Gouy’s method using Hg [ Co-
(SCN),] as the calibrant. Varisble temperature (4—
300 K) magnetic susceptibilities were measured at the
Institute of Physics, Chinese Academy of Sciences, us-
ing a vibrating magnetometer Model CF-1 (sensitivity m
=10"* emu). Diamagnetic corrections were made with
Pascal’s constants'! for all the constituent atoms and ef-
fective magnetic moments were calculated using the
equation pt. =2.828( yy T)"?, where Xu is the molar
magnetic susceptibility corrected for diamagnetism of the
constituting atoms.
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Results and discussion
Composition of the complexes

The elemental analytic data for the newly prepared
complexes, listed in Table 1, indicate that the reaction
of chloranilic acid (H,CA) with Cr(ClO,);*6H,0 and
the terminal ligands L (L = Me-phen, Me,-phen, Cl-
phen, en, pn) in 1:2:4 mole ratio yielded the binucle-
ar complexes of the general formula [Cr,(CA)L,]-
(ClOy4)4, as expected. Based on the conductivity, room
temperature magnetic moment measurements, spectro-
scopic characterization and magnetic studies ( vide in-

fra) these complexes are presumed to have the structure
as shown in Fig 1.
M+

|\ /|)

Fig. 1 Proposed structure of the complexes (NN = Me-phen,
Me,-phen, Cl-phen, en, pn).

Solubility and molar conductances of the binuclear com-
plexes

All the complexes are very soluble in DMSO and
DMF'; moderately soluble in water, acetone and practi-
cally insoluble in carbon tetrachloride, chloroform and
benzene. For the five complexes, the molar conduc-
tances in DMF solution at 25°C (see Table 2) fall in the
expected range for 1:4 electrolytes, ? indicating that the
four perchlorates anions are situated outside the metal
coordination sphere. This is in agreement with the re-
sults of IR spectra.

Infrared spectra

Since the IR spectra of all complexes are quite
similar, the discussion is confined to the most important
vibration of the 400—4000 cm™ region in relation to the
structure. The most relevant IR absorption bands due to
the complexes along with their assignments are shown in
Table 2. We will only discuss the selected infrared
bands. In the IR spectra of the five complexes, a very

strong peak at 1520—1530 ¢cm™ and a medium peak at
1380—1385 cm’! is observed due to C = O stretching vi-
brations of the CA ligand. This agrees with Dy, symme-
try for the CA ligand and suggests a bridging bis-biden-
tate coordination mode.”*® The bis-bidentate coordina-
tion modes of the bridging ligand (CA) have been re-
vealed by X-ray diffraction analyses of analogous com-
plexes.”'® The appearance of a new band at 560—585
cm’! due to v(Cr - O) further confimms the coordinated
nature of the CA groups in these complexes. On the oth-
er hand, the — N=C - and - NH, siretching vibra-
tions for the terminal ligands (Me-phen, Me,-phen, Cl-
phen, en, pn) were shifted to higher frequencies (ca .
10—15 cm™) in corresponding binuclear complexes,
suggesting that the N atoms of the terminal ligands be
coordinated with the metal ion. The additional band ob-
served at around 430—460 cm™! due to v(Cr - N) fur-
ther supports this view. In addition, a strong and broad
band centered at ca. 1100 cm’, and a strong sharp
band at ca. 630 cm™ typical for a non-coordinated per-

chlorate group, 1

were present for all the binuclear
complexes. This is consistent with the conductance data

of the complexes.
Electronic spectra

In order to clarify the mode of bonding, the elec-
tronic spectra of the free ligand (H,CA) and binuclear
chromium(IIT) complexes were studied and assigned on
the basis of a careful comparison of the latter with the
free ligand. As shown in Table 3, the electronic spectra
of the five complexes in DMF solutions are similar. For
all five complexes, three weak intensity bands appearing
in the 15950—16300, 23580—24200 and 32750—
33650 cm™ region are observed, which may be reason-
ably assigned to the 4A2g( F)—* Ty (vy),s 4A2g( F)—
*T1(F) (v,) and *43, (F)—>*T;,(P) (v) transi-
tions in the order of increasing energy, consistent with
the presence of an octahedral coordination geometry
around chromium (III) ion.'® According to the litera-
ture, ' some ligand field parameters, such as interelec-
tronic repulsion (Racah) parameter ( B), crystal field
splitting energy (10 D), nephelauxetic ratio (B) and
the ligand field stabilization energy (LFSE) of the com-
plexes can be evaluated from these observed bands (v,
vy, v3) and the calculated results are summarized in
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Table 3. As shown in Table 3, the ligand field parame-
ters are commensurate with octahedral geometry for the
complexes, the values of 8 < 1 show strongly covalent
bonding of chromium(III) in these complexes. In addi-
tion, a broad band at about 19700—20500 cm! was ob-

served in the electronic spectra of the complexes. It is
attributed to charge-transfer bands arising from CA lig-
and, as expected for p-benzoquinones,!” further sup-
porting a bridging bis-bidentate coordination proposed
for CA.

Table 2 Physical data for the binuclear complexes

Complex Ay Pt IR (cm?!)
(S enf-mol!) (B.M.) w(C=0) wW(Cr-0) w(Cr-N) wWC=N) uw(NHy) v(Clo, ™)
1 300 5.37 1380, 1520 580 440 1550 — 1100, 630
2 315 5.36 1385,1530 575 430 1565 — 1098, 630
3 305 5.40 1380,1528 560 445 1560 — 1105,625
4 320 5.33 1385,1530 585 460 — 3250 1100,628
5 320 5.30 1380, 1530 580 450 — 3320 1100, 630

Table 3 Electronic spectral bands (cm) and some coordination field parameters of the binuclear complexes

Complex Assignments CT D, B B LFSE
Yoyt Ty My =T (F) Spp—rtT (P) (1€ cm?)  (eml) (em) (KJ/mol)

1 16300 " 23580 " 34000 19.8 1630 578.7 0.6304  232.9

2 16180 24200 32750 20.0 1618 560.7 0.6108  231.2

3 15950 23950 32800 19.7 1595 593.3 0.6463  227.9

4 16250 23870 33650 20.5 1625 584.7 0.6369  232.2
5 15980 23780 32800 19.9 1598P 576.0 0.6275  228.4

In spite of our many efforts, attempts to obtain sin-
gle crystals suitable for an X-ray structure determination
have so far been unsuccessful. However, based on the
composition of these complexes, their infrared spectra,
electronic spectra, conductivity measurements, magnetic
characterization (vide infra), and the crystal structure
study of the analogous compounds,”® these complexes
are proposed to have an extended CA-bridged structure
and to contain two Cr(II) ions bridged by the CA ligand
in a bis-bidentate fashion. Each chromium(III) ion has
an octahedral coordinated environment, as shown in Fig.
1. The plausible binuclear structure is further character-
ized by the following magnetic studies.

Magnetic properties

The observed magnetic moment per binuclear com-
plex at room temperature, shown in Table 2, is slightly
lower than the spin-only value (5.48 B.M.) for binu-
clear chromium(III) (S =3/2) complexes in the ab-

sence of an exchange interaction, implying an operation
of an antiferromagnetic spin-exchange interaction in these
complexes. ® Being interested in the magnetic behaviour
of the complexes, variable-temperature (4—300 K)
magnetic susceptibility data for polycrystalline samples
for complexes 1 and 2 were further collected in the tem-
perature 4.2—300 K region. The results are shown in
Fig. 2 in the form of the yy, p g versus T plot, y be-
ing the molar magnetic susceptibility, p g the effective
magnetic moment and T the absolute temperature. From
Fig. 2 it can be seen that the magnetic behavior of the
two complexes are similar. When the temperature is low-
ered, the curve of the effective magnetic moment exhibits
a continuous decreases. This behavior is characteristic of
weak antiferromagnetic spin-exchange interaction be-
tween chromium(III) ions through the CA-bridge within
each molecule.' Thus, as noted above, the observed
magnetic behavior both at room-temperature and vari-
able-temperature clearly demonstrates that the chromium
(TI)-chromium(III) ions coupling is antiferro-magnetic
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and fairly substantial among these complexes .02 2NB’2 A
12 6
" ¢)] s A = 14 + Sexp(- 6J/kT) + exp(- 10J/kT)
_ odl 1 B = 7 + Sexp(- 6J/kT) + 3exp(- 10J/kT)
g _ + exp(- 12J/kT)
'E 0.6} {; 2
B % where y denotes the molecular susceptibility per binu-
;é 0.4f L ® clear complex, and the remaining symbols have their
] usual meanings. As shown in Fig. 2, good least-squares
02F T fit to the experimental data was obtained with Eq. (1)
ol 1 for complexes 1 and 2. The magnetic parameters thus
T T T determined and the agreement factor F', defined here as
T (K) Fz([(XM)calc_(Xobs]Z/E(XM)ohs are: J=~7.8
1.2 6 cm'l,g=2.00, F=1.1x10%for1; and J= - 6.5
¢)] R — cm!, g=2.01, F=5.1x 107 for 2. The results
Lor L; 1° (small and negative J value) indicate that the complexes
ol 1. are essentially binuclear and undergo weak antiferromag-
i ' _ netic spin-exchange interaction between the chromium-
‘E o6k 4; E (TI) ions within each molecule. These small J values of
o e the present complexes are very similar with those of re-
Cs 0.4} L 2 lated chloranilato-bridged binuclear complexes previously
= ] reported.”'® The weak antiferromagnetic behavior for
0.2F 1 these systems may be brought out mainly by the geometry
o structures of the complexes and the properties of the
P U bridged-ligand . 2>
0 50 100 150 200 250 300
T (K)

Fig. 2 Temperature variation of y (lower curve) and g 4 (up-
per curve) for the complexes [Cr(CA)(Me-phen),]-
((104)4 (1) and [Crg(CA)(Mez-phen)4]((llO4)4 (2).
The curve is based on Eq. (1) using the magnetic pa-
rameters given in the text. (@), experimental data;
(-, calculated curve as described in the text.

In order to understand quantitatively the magnitude
of the spin-exchange interaction, the magnetic analysis
was carried out using the spin Hamiltonian for isotropic
binuclear magnetic exchange interaction (A = — 2JS;
S,), where the exchange parameter J is negative for an
antiferromagnetic interaction and positive for a ferromag-
netic. For the chromium ( III)-chromium(IIT) (S; = S,
=3/2) system, the molar magnetic susceptibility is giv-
en by Eq. (1).
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