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Magnetic susceptibility and magnetization studies on the linear-chain chromium(III) compounds catena-fluoro(phthalo-
cyaninato)chromium(III), {CrPcF],, and carena-cyano(phthalocyaninato)chromium(III), [CrPcCN],, reveal that the chromi-
um(III) ions in [CrPcF], and [CrPcCN], are magnetically exchange-coupled. The magnetic susceptibility data for (CrPcF], may
be fit with the Heisenberg linear-chain theory for antiferromagnetic exchange with J = —12.2 cm™ and g = 2.00. The magnetic
susceptibility data for [CrPcCN], may be fit with the Heisenberg linear-chain theory for ferromagnetic exchange with J = 0.2
cm™ and g = 1.98. [CrPcCN], provides the first example of ferromagnetic exchange in a linear chain of chromium(III) ions.
The difference in the exchange interactions in [CrPcF], and [CrPcCN], may be understood in terms of the electronegativities
of the bridges and in terms of the orbitals that transmit the superexchange interactions.

Introduction

There have been few studies of magnetic exchange interactions
in linear-chain chromium(IIT) compounds.? The reason for the
lack of attention to this important fundamental problem may be
traced to the paucity of chromium(III) compounds with linear-
chain structures. Six-coordinate, quasi-octahedral chromium(III)
has a A ground state, and typically, the zero-field splitting of
the *A state in such complexes is small.?> As a result, Heisenberg
exchange theory as described by the Hamiltonian

N-T
H = “ZJZ Si.SH‘l

i=1

is expected to be applicable.

Weng?* has provided the necessary results for the analysis of
experimental data for antiferromagnetically exchange-coupled
linear chains of S = 3/, ions, and Smith and Friedberg® have given
a scaled version of the infinite-spin-Heisenberg linear-chain theory
derived by Fisher® that is useful for ferromagnetically ex-
change-coupled chains. In addition, a convenient, closed-form
expression for the magnetic susceptibility of antiferromagnetically
exchange-coupled S = 3/, ions has been reported.’

Perhaps the most thoroughly studied series of chromium(III)
chains are compounds with the general formula ACrF, (A* =
Na*, K*, Rb*, and Cs*).® These compounds have a triple-chain
structure,’ and 2 Hamiltonian with nearest-neighbor, and next-
nearest-neighbor exchange is required for a precise analysis of
the magnetic susceptibility data. Babel and co-workers!? have
shown that there is a correlation between the diminution of the
magnetic moment and the M-F-M angle in fluoro-bridged
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chromium chains including the mono(u-fluoro)-bridged chain in
BaCrF;. Extensive studies have been carried out on a series of
poly(chromium phosphinate) polymers of the general formula
[Cr(O,PRR;);] (R; and R are alkyl groups), and these have been
found to exhibit a variety of properties including random anti-
ferromagnetic exchange,!! anisotropy, and magnetic field de-
pendence.!? These polymers have three “O-P(R,R,)~O" bridges.

It has long been supposed that the compound [CrPcF], had
a fluoro-bridged, linear-chain structure.!* New magnetic sus-
ceptibility that support that view are presented here.

As a part of a program devoted to the production of new
compounds with high electrical conductivities, the linear-chain
compound [CrPcCN], was synthesized and characterized.!4
Magnetic susceptibility and magnetization measurements pres-
ented here reveal that the chromium(I1I) ions exhibit ferromag-
netic intrachain exchange interactions. Ferromagnetic intrachain
interactions in linear-chain chromium(III) compounds, or other
S = 3/, ions, appear not to have been observed previously.

Experimental Section

catena-Fluoro(phthalocyaninato)chromium(III) was obtained from
Eastman Kodak. Magnetic susceptibility studies revealed the presence
of paramagnetic impurities in [CrPcF], as evidenced by a Curie-like tail,
and attempts were made to purity the sample by Soxhlet extraction with
ethanol and by vacuum sublimation. Proper conditions for the complete
removal of the paramagnetic impurity were not found.

(Phthalocyaninato)chromium(III) was prepared by the method of
Meloni and Block. !’

Preparation of Na[PcCr(CN),}EtOH-2H,0.1¢ PcCr (0.56 g, | mmol)
and NaCN (1.47 g, 3 mmol) were suspended under nitrogen in ethanol
(40 mL) at room temperature. The resulting solution was filtered
through a glass frit to remove the unreacted PcCr. The product was
precipitated from this solution as dark green needles by blowing air over
it for 1 min. Three days later the hygroscopic crystals were filtered,
washed with petroleum ether (30-50 °C), and dried in vacuo at room
temperature; yield 0.59 g (82%). Anal. Caled for C,HyN,(0,CrNa:
C, 59.92; H, 3.63; N, 19.37. Found: C, 59.94; H, 3.46; N, 19.37. IR
(Nujol); 2133 cm™! (C=N).

Preparation of [PcCrCN]),.!¢ [PcCrCN], was prepared analogous to
[PcCoCN]," by extracting Na[PCCr(CN),] with water for 2 days in

(11) Scott, J. C.; Garito, A. F.; Heeger, A. J.; Nannelli, P.; Gillman, H. D.
Phys. Rev. B: Solid State 1978, 12, 356.

(12) Stahlbush, R. E.; Scott, J. C. Solid State Commun. 1980, 33, 707.

(13) Nohr, R. S.; Wynne, K. J.; Kenney, M. E. “Abstracts of Papers”, 180th
American Chemica! Society Meeting, Las Vegas, NV, August 1980;
American Chemical Society: Washington DC; Abstr 161.

(14) Hanack, M. Mol. Cryst. Lig. Cryst. 1984, 105, 133.

(15) Meloni, E. G.; Ocone, L. R.; Block, B. P. Inorg. Chem. 1967, 6, 424,

(16) Cf.: Datz, A.; Metz, J.; Schneider, O.; Hanack, M. Synth. Met. 1984,
9, 31.

(17) Metz, J.; Hanack, M. J. Am. Chem. Soc. 1983, 105, 828.

0020-1669/85/1324-4198801.50/0 © 1985 American Chemical Society



Linear-Chain Cr(III) Compounds

40 -

M)

0.0 50.0 1000 1500 2000 2500
TK)

Moo

a0l . .
0.0 50.0 100.0 150.0 2000 2500
TK)

Figure 1. Temperature variation of the magnetic moment of [CrPcF],.
(A) The solid line is the best fit to the data by a Heisenberg antiferro-
magnetic linear chain with § = 3/,. The best-fit parameters are given
in the text. (B) The solid line is the best fit to the data by a Heisenberg
model for a pair of exchange-coupled S = 3/, ions.

a Soxhlet extractor. The resulting greenish black powder was dried in
vacuo. [PcCrCN], contains about 1 mol of water per PcCrCN unit. The
X-ray powder pattern is identical with that of [PcCoCN],. Anal. Calcd
for C;3H ;gsNgOCr: C, 65.13; H, 2.98; N, 20.71. Found: C, 64.59; H,
2.90; N, 20.31. IR (Nujol): 2150 cm™ (C=N).

Magnetic susceptibility and magnetization data were collected with
a vibrating sample magnetometer as described previously.!®* A dia-
magnetic correction of —2.34 X 10~ was used for the phthalocyanine
ligand since this is the measured value of the magnetic susceptibility of
nickel phthalocyanine.'® Pascal’s constants were used for the diamag-
netic correction of the other constituents.?®

Electrical conductivities of pressed pellets of [CrPcF], were measured
to be <10 Q7' cm™ by using a conventional four-probe technique, a
Keithley 227 constant current source, and a Fluke §502A multimeter.

Results

Magnetic Properties of [CrPcF],. The magnetic susceptibility
of [CrPcF], was measured in the temperature range 4.2-225 K
in an applied magnetic field of 10 kOe on several samples. The
high-temperature (>20 K) behaviors of all samples were in good
agreement, but the low-temperature data varied as a result of
paramagnetic impurities and chain-end effects. The magnetic
moment data presented in Figure 1 were collected on a sample
of [CrPcF], as obtained from Eastman Kodak.

The temperature dependence of an antiferromagnetically ex-
change-coupled S = 3/, chain is given by the polynomia) expression
in eq 1, where x = |J|/kT and the constants A4(S), B(S), C(S),

_NEwd  AS) + BEO)R
Xehain = T\ 1+ C(S)x + D(S)%*
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Figure 2. Temperature variation of the magnetic moment of [CrPcCN],,.
(A) The solid line is the best fit to the scaled Heisenberg linear-chain
model for § = 3/,. The best-fit parameters are given in the text. (B)
The solid line is the best fit to the data by a Heisenberg model for a pair
of exchange-coupled S = 3/, ions.

and D(S) have the values 1.25, 17.041, 3.736, and 238.47, re-
spectively.” The presence of monomeric impurities in the observed
magnetic susceptibility may be accounted for by assuming that
Xobsd = Xchain T Ximpuriys Furthermore, by assuming that the
impurity obeys the Curie law, the following expression for the total
susceptibility results:?!

PNgup?S(S + 1)
Xosd = | 3% + (100 ~ P)Xchaip 100 (2)

where S = 3/,, P is the % impurity, and g is set equal to the value
for the chain. Chain-end effects will make the same kind of
contribution to the magnetic susceptibility as monomeric im-
purities, and it is not possible to distinguish between them.
Equation 2 was fit to the experimental data by using a nonlinear
Simplex least-squares fitting routine,?? with the criterion of best
fit being the minimum value of the function

(XiabSd - Xicalcd)Z

obsd
i

F=Y%
i X

As shown in Figure 1, a good fit of the temperature variation of
the magnetic moment, u.q = 2.828(xoa7)'7% is given by the best
fit of eq 2 to the data and the parameters J = -12.2 cm™}, g =
2.00, and 5.9% impurity.

It is also possible to fit the experimental data assuming pairwise
exchange between two S = 3/, ions. The best fit of eq 3 to the

XM = (Ngug?/kT) X
{2.0 exp[(2J - 6.57) /kT] + 10.0 exp[(6J - 13.5)) /kT] +
28.0 exp[(12J - 97)/kT}/{1 + 3.0 exp[(2J - 6.5)) /kT) +
5.0 exp[(6J ~ 13.5/) /ET1+ 7.0 exp[(12J - 9/) /kT)} (3)

experimental data yielded the best-fit parameters J = ~19.2 cm™,
g = 1.98, and P = 3.3% with the biquadratic exchange coupling
constant j held constant at 0.0. The temperature variation of the
magnetic moment obtained with these parameters is shown in
Figure 1.

In principle, low-temperature magnetic susceptibility data will
permit differentiation between chains and dimers. Unfortunately,
in this case, the paramagnetic impurity obscures the low-tem-
perature magnetic behavior of [CrPcF], and does not permit the
differentiation.

Magnetic Properties of [CrPcCN],. The magnetic susceptibility
of [CrPcCN], was measured over the temperature range 2.0-95
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Figure 3. Magnetization data for [CrPcCN],. The solid line is the
magnetization of an S = 3/, system. Experimental data were collected
at 2.4 (+) and 4.2 K (0).

K in an applied magnetic field of 10.0 kOe. Since the magnetic
moment increased from 3.88 ug at high temperatures to 4.7 up
at the low-temperature end of the measurements, it was concluded
that ferromagnetic interactions were present. Therefore, the
magnetization of [CrPcCN], was measured in the field range
50~12000 Oe at 4.2 K and in the range 250-12000 Oe at 2.4
K. The data are shown in Figure 3.

The temperature variation of the magnetic susceptibility and
magnetic moment of [CrPcCN], may be fit by the expression (eq
4) for an exchange-coupled Heisenberg infinite-spin linear chain,®

_ Ngtug’S(S + 1)(1 + coth (x) - l/x) "

Xehain = kT 1 - coth (x) - 1/x

which has been scaled to S =3/,° Ineq 4, x = 2JS(S + 1)/kT.
The solid lines in Figure 2 were generated with u.p = 2.828-
(Xchain 7'/ and the best-fit least-squares magnetic parameters J
=(0.18 cm™! and g = 1.98. However, as shown in Figure 2, the
equation for pairwise exchange in an S = 3/, dimer is also capable
of fitting the temperature variation of the magnetic moment. The
best least-squares values of the magnetic parameters obtained by
fitting eq 3 to the magnetic data for [CrPcCN], are J = 0.44 cm™
and g = 1.98. In these fits, P and j were held constant at 0.0.

The magnetization data presented in Figure 3 provide additional
evidence for extended ferromagnetic interactions. It may be seen
that the magnetization data collected at 2.4 and 4.2 K and plotted
as magnetic moment vs. H/T are enhanced over the theoretical
values calculated from the Brillouin function for S = 3/,. Ad-
ditionally, the magnetic moments at 2.4 K are larger than those
at 4.2 K at all corresponding values of H/T. These features are
all indicative of ferromagnetic interactions.

It may be argued that the observed behavior arises from fer-
romagnetic impurities that have not ordered and that exhibit
enhanced paramagnetic susceptibilities. We believe that this is
unlikely in view of the smooth variation of the magnetic moment
with temperature. Such smooth variations of magnetic moment
with temperature are not given by simulations of magnetic sus-
ceptibility with a model consisting of antiferromagnetically coupled
chain (eq 1) and a ferromagnetic impurity with enhanced para-
magnetic susceptibilities given by eq 5,2 where j’ = J/kT and

Ngtug’S(S + 1) 4 s
Xferro = 3kT exp(-2j) + 3 - 2(z - 1)j’ )
z = 2, the number of nearest neighbors. The magnetic suscep-

tibility of a system consisting of antiferromagnetically coupled
chains (eq 1) and a ferromagnetic impurity is given by

(23) Smart, J. S. “Effective Field Theories of Magnetism”; W. B. Saunders:
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Schwartz et al.

Xobsd’ = [P’Xchain + (100 - P,)Xferro]/loo (6)

It was not possible to fit eq 6 to the observed magnetic suscep-
tibility with any reasonable values of the magnetic parameters.

Discussion

Structure of [CrPcF],. The magnetic properties of the two
compounds [CrPcF], and [CrPcCN], are consistent with linear
chains of chromium(III) ions experiencing intrachain exchange
coupling. The results of this study support previous suggestions!?
that {CrPcF], is 2 mono(u-fluoro)-bridged chain of {CrPc] units.
In such a chain, it is likely that the Cr—F~Cr bridge angle would
be close to 180°, since the angle will be dictated by the packing
of the [CrPc] units. It is possible that a deviation from 180° could
arise by a process similar to the displacement of the oxo bridge
in catena-(u-ox0)(hemiporphyrazinato)iron(IV) from the iron—iron
vector.” The Fe—O-Fe angles are 158 and 171° in [FeOHp],.

Accepting the premise that the Cr—F-Cr bridge is nearly 180°,
it is interesting to compare the exchange coupling constant of -12.2
cm™! in [CrPcF], with that of 2.5 ecm™ in BaCrFs,!° which has
a Cr-F-Cr angle of 137°. Babel and co-workers'® had noted
earlier that antiferromagnetic exchange coupling is enhanced as
the Cr-F-Cr angle increases. Unfortunately, it is not possible
to compare exchange coupling constants for the systems now
available, since some examples quoted in the comparison have
structures that permit next-nearest-neighbor, as well as near-
est-neighbor, exchange.

Structure of [CrP¢CN],. The linear-chain structure of
[CrPcCN],, has been verified by several physical methods, espe-
cially by its spectral properties.* For example, the C=N
stretching vibration in [CrPcCN], is shifted 17 cm™ to higher
energy than that observed in monomeric Na[PcCr(CN),]-
EtOH:2H,0. The increase in energy of the C=N stretching
vibration of this magnitude is evidence of a cyano bridge. Sta-
tistically, the fit for the linear chain to the magnetic susceptibility
data is better (F = 7.7 X 1073 vs. F = 1.7 X 1072 for the dimer
fit), and it is apparent from Figure 2 that the linear-chain model
fits the observed data better at the lowest temperatures. Also,
it is difficult to formulate a dimeric structure based on the
stoichiometry of the compound.

Exchange Coupling in the Linear Chains. The substitution of
CN- for F as the bridging ligand has a profound effect on the
exchange coupling. The magnetic data for [CrPcCN], are con-
sistent with ferromagnetic intrachain exchange interactions with
J = 4+0.2 cm™! while the exchange interactions are antiferro-
magnetic in [CrPcF],. Apparently, [CrPcCN], is the first example
of a chromium(III) or § = 3/, chain compound to exhibit fer-
romagnetic intrachain exchange interactions. It is of interest to
examine exchange coupling in [CrPcF], and [CrPcCN], in terms
of the orbitals available for transmitting the superexchange in-
teraction and the relative electron density distributions on the two
ligands.

It is well-known that the exchange coupling term J is a sum
of two contributions, those being J, a ferromagnetic contribution,
and J,f, an antiferromagnetic contribution. It is clear that factors
that contribute to Jg predominate in [CrPcCN],, while those that
contribute to J,r predominate in [CrPcF],. We shall now examine
these in terms of the relative electron density distributions on the
two ligands. First, the fluoride ion is rather small, and the
chromium(IIT)—chromium(III) separation is expected to be smaller
in [CrPcF], than in [CrPcCN],. Since exchange interactions vary
as r;™, this factor alone will enhance contributions to J in
[CrPcF],. However, it is necessary to examine the occupancy and
orientations of the orbitals of the bridging ligand with respect to
those of the metal orbitals in order to make comparisons of the
relative magnitudes of the various contributions to the exchange
coupling constant.

Exchange in [CrPcF],, Whangbo and Stewart® have presented
the band structure of [CrPcF],. As expected from the radial and
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angular dependences of the orbitals, the d,;, band is flat and the
d,; and d , bands are rather narrow. All three of these lie above
the band formed by the HOMO’s of adjacent phthalocyaninate
rings, and, in the case of electron localization, one electron is
required in each band per unit cell. As noted by Whangbo and
Stewart,? this electron assignment implies the presence of three
unpaired electrons per chromium in [CrPcF],. This suggestion
has been verified by this study.

Exchange coupling may be understood in terms of the localized
description and superexchange principles. The magnetic orbitals
on chromium(III) are xz, yz, and xy, and assuming a linear
structure, no ¢ overlap between the metal magnetic orbitals and
bridging ligand orbitals results. However, the fluorine p orbital
that is collinear with the Cr—F—Cr axis is properly oriented to
provide a contribution to Jg by interaction with the « orbitals on
a pair of adjacent chromium(III) ions. The two p orbitals normal
to the Cr—F~Cr unit, p, orbitals, are oriented appropriately for
finite overlap with the positive linear combinations (xz; + xz;)/2!/
and (yz; + yz;)/2"/* (where i and j denote adjacent chromium(III)
ions). In view of the angular dependence of xz and yz, it may
be expected that overlap of ligand p, with the combinations of
xz and yz will be significant. These interactions lead to large
contributions to J4g, which are the predominant exchange in-
teractions in fluoro-bridged [CrPcF]n.

Exchange in [CrPcCN],. The electronic configuration of the
cyanide ion is (o,°)%(a,*)*(7,,*)*(0.%)% and there are low-lying
unoccupied molecular orbitals. The most important LUMO is
m,,*. Cyano-bridged chains and polymers containing the linear
M—C=N—M unit are well-known, and it is expected that
Cr—C=N—=Cr units are linear in {CrPcCN],. Assuming a linear
structure, then ¢,° is oriented properly to provide a contribution
to Jr. This contribution is not expected to be very important since
the electron density in ¢,° is maximized between the carbon and
nitrogen atoms, and the radial extension of the orbital in the
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directions of the chromium ions is not great.

The coordination of cyanide to metal ions is stabilized by dative
« bonding. In this particular case, there is the possibility for dative
7 bonding between chromium(III) and cyanide which involves
the 7, ,* orbitals of cyanide and xz, yz orbitals of chromium. This
bonding interaction is much greater than the interaction between
the 1r,,,.yb orbitals and the xz, yz orbitals on chromium since the
" orbitals are concentrated between the carbon and nitrogen
atoms and have little radial extension in the direction of the
chromium ions. The overall ferromagnetic exchange interaction
is a result of intramolecular ferromagnetic exchange between the
electron in the xy orbital and those in the dative = bonding orbitals.

Electrical Conductivity. The electrical conductivity of pressed
pellet samples of [CrPcF], is <107 Q! cm™ at room temperature.
Although linear-chain compounds can be good electrical con-
ductors, the absence of delocalization in [CrPcF],, as indicated
by the band structure of Whangbo and Stewart, results in low
conductivity. In other words, the phthalocyaninate ligands have
a closed-shell electronic configuration, and the unpaired electrons
are localized on the chromium ions.

The electrical conductivity of [CrPcCN],, 3 X 106 Q' cm™
at room temperature,!# is much lower than that of the analogous
iron and cobalt compounds. It may be important to note that
[CoPcCN],, exhibits EPR signals at g = 2.0028 and g = 2.3, values
that suggest unpaired spin density on the macrocyclic ligand as
well as on cobalt. Detailed magnetic susceptibility and EPR
studies on these compounds may provide information concerning
the mechanism of the electrical conductivities. Such studies will
be undertaken in the near future.
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