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Abstract

The dependence of the Curie temperature on hydrostatic pressure has been
determined to 21 kbar for the ferromagnetic molecular magnet [Mn(OC14Ha9)4[TCNE],
where Mn!!l-ions are situated in ferrimagnetic porphyrin chains separated by
31.2 A. In the present experiments both He-gas and piston-cylinder pressure
systems are used to 6 kbar and 21 kbar, respectively. Following an initial rapid
decrease of the Curie temperature T, with applied pressure from 20 K to 15 K
at 1.5 kbar, T, abruptly begins to increase with pressure at an equally rapid
rate, ultimately reaching nearly 37 K at 21 kbar. The change in the sign in
dT./dP at 1.5 kbar is likely the result of a phase transition in the spin and/or
lattice system. The possible role of dipolar interactions in determining the
magnetic state in a system of parallel ferrimagnetic chains is discussed.
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1 Introduction

Porphyrin-based molecular magnets [Mn(R),TPP][TCNE] X solvent are interesting
materials which can show liquid crystalline as well as ferromagnetic properties [1].
Their molecular structure consists of porphyrin discs MnTPP (TTP = tetraphenyl-
porphyrin) containing Mn'"-ions and substituents R at the peripheries, as seen in Fig.
1. These discs are coupled into long chains by the molecular TCNE (tetracyanoethy-
lene) bridge located between two Mn ions. The magnetic moment of the Mn!!-ion,
corresponding to the spin value S = 2, is strongly antiferromagnetically coupled with
the delocalized spin s = % of the TCNE anion radical, yielding a ferrimagnetic chain.
The spin density of TCNE was studied by polarized neutron diffraction by Zheludev
et al. [2]. The substances of this family show a rich variety of magnetic behavior
when different organic substituents R and various solvents are used. The substituents
can change the magnetic interchain interactions; the solvent molecules, which inter-
calate between chains, can stabilize different crystal structures (i.e. different packing
of chains). To date only a few substances have been structurally characterized (for
R =Hor Cl) [3].

The magnetic properties of [Mn(R),TPP|[TCNE| x solvent with R = OC;2H;,
F, CN have been extensively studied by Balanda et al. [4] by means of dc and
ac magnetic susceptibility techniques. The prominent ac susceptibility maximum
observed at temperatures near 20 K was interpreted as signaling the transition to a
magnetically ordered state. An alternate interpretation, whereby the susceptibility
maximum comes from relaxation effects in a nanoparticle system [5], seems unlikely
since electron microscope TEM and SEM studies show that the diameters of typical
particles are quite large (~ 1 um) and X-ray diffraction patterns show sharp reflexes
6].

An important outstanding problem in these quasi one-dimensional molecular mag-
nets is the nature of the magnetic interactions between chains. There is no chemical
bond between the chains and the interchain distances d are very large (for R = H or
Cl, d ~ 10 - 17.5 A [3], even reaching 30.8 A for R = OCoHys [4]). It is natural to
suspect, therefore, that long-range dipolar interactions might be responsible for the
interchain coupling. It can be shown using the formula

Tc = 25(5 + 1) 4Jim‘rajinte7‘ (1)

from Ref. [7] that weak interchain interactions Ji, in the presence of strong intra-
chain coupling Ji,i-, can give rise to a finite critical temperature T,. Wynn et al.[8]
suggested that for the appearance of ferromagnetism in this class of materials a spin
canting is necessary; such canting might result from local changes in the anisotropy
axes caused by solvent molecules.

Drillon and Panissod [9] considered layered (two-dimensional) substances in which
ferromagnetic planes with anisotropy axes perpendicular to the planes are coupled
through dipolar interactions. They showed that spontaneous magnetization can
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appear below 7. ~ 20 K and that 7T, depended only very weakly on the distance
between planes. In quasi one-dimensional systems, however, the conditions for the
appearance of ferromagnetism originating from dipolar interchain interactions are less
obvious.

To further our understanding of the nature of the magnetic interchain interac-
tions in these molecular magnet systems, it would be useful to apply high hydrostatic
pressure to the sample. Because there is no chemical bond between chains, the com-
pressibility in directions perpendicular to the chains would be expected to be much
larger than along the chains. The pressure dependence of T, might thus be expected
to depend mainly on changes in the distance between chains d. If dipolar interactions
between chains were the sole interchain interaction determining the magnetic ordering
temperature, then from Eq. (1) one would expect T, to increase with applied pressure
according to T, oc d=3/2. In the present work we have determined 7.(P) to 21 kbar
for the porphyrin-based molecular ferromagnet with R = OC,4Hy9 by measuring the
ac magnetic susceptibility under hydrostatic high-pressure conditions.

2 Experiment

Metal-free porphyrin was synthesized according to Adler et al. [10]; the metalliza-
tion and bridging reactions are described by Jones et al. [11] and Summerville et al.
[12].  We then dissolved 0.1 mol para-tetradecyloxybenzaldehyde in 300 ml boiling
propionic acid and slowly added 0.1 mol pyrrol to this mixture. After refluxing the
solution for one hour, the precipitated violet product was filtered and washed with
acetone and water. The reaction yielded 0.005 mol (21 %) of the crude tetra-(para-
tetradecyloxyphenyl)-porphyrin. After drying, the porphyrin is dissolved in 300 ml
hot DMF whereupon 0.05 mol manganese(Il)acetate tetra hydrate is added to the
mixture. After refluxing for one hour, the precipitating green product is filtered,
washed with water, dried in air, and dissolved in 150 ml of hot methanol. The
same volume of half-concentrated hydrochloric acid is added to this solution and the
precipitating green product is filtered, washed with water, and dried in air. The reac-
tion yielded 88 % of manganese(III)-tetra-(para-tetradecyloxyphenyl)-porphyrinato-
chloride.

The bridging reaction with tetracyanoethylene (TCNE) is done in Schlenk-type
glassware under an argon atmosphere. 0.5 mmol of the green manganese(III)chloride
are dissolved in 20 ml methanol and 20 ml pyridine. 10 mmol sodium boronhydride is
then added and the stirred mixture is refluxed for one hour. After this procedure the
purple product is filtered, washed with methanol, and dried in vacuum. A solution of
1.5 mmol TCNE in 15 ml toluene is then added to the compound. After stirring the
mixture for one hour at room temperature, the precipitating dark green product is
filtered, washed with toluene, and dried in vacuum for several hours. The overall yield
for the bridging reaction is 82 %. The success of the bridging reaction with TCNE is
proved via the typical shift of the vy wagging bands in the IR spectroscopy (von (1)
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= 2198 ecm™!, veon(2) = 2144 ecm™!). The elemental analysis gives satisfying results
with one molecule of methanol residing in the structure (Cey: 76.58 Ceyp: 76.63, Hegs
8.71 Hexp: 8.70, Negiz 6.68 Neyp: 6.60).

Because of the high flexibility of the long alkoxy chains, we have not yet been
able to grow single crystals and determine the detailed atomic positions for this
complex. However, powder X-ray diffraction measurements at temperatures above
~ 110°C point to an hexagonal columnar liquid crystalline phase with interchain
distance 31.2 A[13]. In this temperature region the tetragonal porphyrin molecules
rotate freely. As the temperature decreases below 110°C, this rotation stops and
the lattice symmetry would be expected to decrease to fit the reduced symmetry of
the porphyrin molecule. X-ray diffraction experiments at room temperature show
an asymmetrical broadening of the relevant peaks; the diffraction pattern revealed
no reflexes characteristic for typical Mn impurity phases. The homogeneity of the
substance was confirmed by SEM and TEM studies. X-band EPR spectra showed
only a single peak attributed to the TCNE radical anion [6].

DC magnetic susceptibility measurements were performed using a Faraday bal-
ance. From a fit of the temperature dependence of the susceptibility to the formula
given by Drillon et al. [14], the exchange coupling constant was determined to be
Jintra = -102.8 cm ! [6].

The He-gas compressor system (Harwood) used in these experiments is capable of
generating hydrostatic pressures to 14 kbar; the pressure is determined by a calibrated
manganin gauge in the compressor system at ambient temperature. The CuBe
pressure cell (Unipress), which is connected to the compressor system by a 3 mm
O.D. x 0.3 mm [.D. CuBe capillary tube, is inserted into a two-stage closed-cycle
refrigerator (Leybold) operating in the temperature range 2 - 320 K. The pressure
in the cell can be changed at any temperature above the melting curve of the He
pressure medium (e.g. ~ 50 K at 8 kbar). In the present experiments the pressure
was only changed at ambient temperature.

The Curie temperature of the ~ 2 mg powder sample of Mn-OCy4-TCNE in the
high pressure environment was detected by the ac susceptibility technique using a
miniature primary/secondary coil system located inside the 7 mm L.D. bore of the
pressure cell. In the present studies in the He-gas compressor system a magnetic field
of 1.13 Oe (rms) at 507 Hz is applied. Further details of the He-gas experimental
setup are given elsewhere [15].

High-pressure studies were also carried out utilizing a CuBe piston-cylinder pres-
sure clamp. The sample (~ 30 mg) was loaded into a 5 mm L.D. teflon capsule with
a 1:1 mixture of n-pentane and isoamyl alcohol as pressure fluid. The teflon capsule
was then placed inside a hardened CuBe cylinder with CuBe anti-extrusion disks at
both ends of the capsule. Tungsten carbide pistons were used to transmit the press
force to the cylinder and the force is then retained by locking the pressure clamp.
The ac susceptibility coils are located around the outside of the pressure cylinder di-
rectly over the sample. Additional details of the piston-cylinder self-clamp technique



can be found in Ref. [16].

3 Results of Experiment and Discussion

The temperature 7T, at which the ferromagnetic transition occurs can be readily de-
termined by measuring the ac susceptiblity x. As seen in Fig. 2, the real part
of the ac susceptibility x of Mn-OC4,-TCNE at ambient pressure passes through a
well-defined maximum at 7, ~ 20 K which we use here as a measure of the Curie
temperature; the maximum in the imaginary part of the susceptibility occurs at a
slightly lower temperature [17]. The data shown were taken at 1.13 Oe excitation
field; lowering the field to 0.11 Oe results in no measurable change in /(7).

The dependence of the real part of the ac susceptibility on temperature x(7')
at various applied pressures is shown in Fig. 3. It is seen that T, decreases from
20 K to nearly 17 K at 0.7 kbar pressure at the rate d1,./dP ~ -3.7 K/kbar, with
Xmax &lS0 decreasing. As the pressure is further increased to 2.7, 3.3, 4.1, 5.2 and
6.0 kbar, however, both T, and x,,.. are observed to increase rapidly (dT./dP =~
+3.4 K/kbar). The results of the complete set of experimental data for 7.(P) and
Xmax(P) to 6 kbar are shown in Figs. 4(a) and 4(b), respectively, for both increasing
and decreasing pressure; both dependences are seen to be reversible in pressure. The
critical pressure separating negative and positive pressure dependences for T,.(P) and
Xmax(P) is P. = 1.5 kbar.

Unfortunately, the melting curve for the *He pressure medium lies near 18 K at
1.5 kbar, the same temperature as the ferromagnetic transition at this pressure. This
means that at 18 K the sample is in fluid *He for P < 1.5 kbar, but in solid *He for
P > 1.5 kbar. The question thus arises whether the abrupt change in slope dT./dP
at 1.5 kbar is an intrinsic property of the sample or perhaps the result of the *He
pressure medium being in a fluid or solid state. The latter scenario would not seem
likely since helium is the softest of all solids; in addition, the pressure cell is cooled
slowly through the melting curve of *He using a well-established temperature-gradient
procedure developed by Schirber [18] which essentially eliminates shear stresses on
the sample. There is also the possibility that He atoms are small enough to be able
to intercalate into spaces between the porphyrin chains. Further experiments using
an entirely different pressure medium would be useful to resolve these issues.

To establish whether or not the abrupt slope reversal in dT,./dP at 1.5 kbar is
an intrinsic property of the sample, parallel high-pressure studies were carried out
in a standard piston-cylinder cell using as pressure medium 1:1 n-pentane isoamyl-
alcohol, which is solid at temperatures near 7, for all pressures. The results of
the piston-cylinder experiments to 21 kbar are shown in Fig. 5 and compared with
the He-gas data to 6 kbar from Fig. 4(a). The abrupt change in slope d7./dP
at 1.5 kbar is indeed seen in the piston-cylinder data, confirming that this feature
is an intrinsic property of the sample. The extended pressure range of the piston-
cylinder experiments reveals that 7T, increases under 21 kbar pressure to nearly 37 K.

6



The maximum in the ac susceptibility x,,.. increases monotonically with pressure for
pressures above 1.5 kbar, reaching a value of ~ 26 emu/mol at 21 kbar.

The aim of the present work is to shed light on the nature of the interchain
magnetic interactions in Mn-OCy4-TCNE. As pointed out in the Introduction, the
magnetic phase transition occurs at 7, ~ 20 K to a state with a net magnetic moment.
If dipolar interactions between the chains were to determine the value of T,, then one
would expect T, to increase with pressure. The fact that in the present experiments
T, initially decreases with pressure would appear to be inconsistent with dominant
dipolar interactions. Pressure-induced changes in the Mn-Mn separation along the
chains or in the local anisotropy of the Mn''-ions may play a role.

It is an interesting question, in fact, whether a ferromagnetic state is possible at
all for a system of ferrimagnetic chains mutually coupled by dipolar interactions. To
this end we have searched for the low temperature equilibrium magnetic state for
a cluster of chains in an hexagonal or slightly orthorhombically distorted lattice by
simulated annealing using a Monte Carlo program based on Metropolis algorithm
[19]. In these simulations easy axis anisotropy was taken into account; the energy
of this anisotropy was assumed to be much greater than that of dipolar interactions.
No ferromagnetic state was obtained by assuming single-axis anisotropy. However,
with two-axis anisotropy the ferromagnetic state is possible; here two-axis anisotropy
means that half the Mn spins have a different easy axis direction than the other
half. The optimal conditions for ferromagnetism exist when both anisotropy axes are
perpendicular to each other and to the chain axis [20]. The reason for the two-axis
anisotropy can be the presence of solvent molecules and/or lattice distortion which
is anticipated at low temperatures.

Another important question is whether dipolar interactions are strong enough to
give T, values near 20 K. Calculations similar to those in Ref. [9] give the estimate
T. ~ 14 K [21]. The observed minimum in 7, versus pressure thus has a number
of potential origins: (1) variation in the angle between the anisotropy axes, (2)
competition between Mn-Mn interactions along each chain and interactions between
chains, or (3) the occurrence of a phase transition in the spin and/or lattice system.
Neutron diffraction experiments under high pressure conditions, which are able to
probe both the spin and lattice structure, should shed light on these questions. We
also plan to study a second member of this family to ascertain whether the observed
minimum in 7,.(P) is a general property of the Mn(R),[TTP|[TCNE| compounds or
only a property of the particular substance studied here.

In summary, the pressure dependence of the critical temperature T, of the tran-
sition to the ferromagnetic state was obtained for the porphyrin-based molecular
magnet Mn-OC;,-TCNE composed of ferrimagnetic chains. This dependence T,(P)
shows a sharp minimum at 1.5 kbar which would appear to be inconsistent with a
dominant magnetic dipolar interaction between chains. Numerical simulations show
that the relatively high-temperature ferromagnetism characteristic for this class of
materials can be accounted for in terms of dipolar interchain interactions if two-axis



anisotropy is included. Further experiments, particularly neutron diffraction studies
under high pressure, should help resolve the important outstanding questions.
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4 Figure Captions
Fig. 1. Chemical structure of the Mn-OC4,-TCNE complex.

Fig. 2. Temperature dependence of the real (o) and imaginary (o) parts of the ac
susceptibility x (ac field 1.13 Oe at 507 Hz) at ambient pressure for Mn-OCy4-TCNE.

Fig. 3. Real part of the ac susceptibility (ac field 1.13 Oe at 507 Hz) of Mn-
OC14-TCNE versus temperature at seven different values of the applied pressure in
the He-gas system. Initially both the Curie temperature 7, and the maximum value
of the susceptibility x,,.. decrease with pressure; above 1.5 kbar both quantities
increase.

Fig. 4. Dependence of the (a) Curie temperature 7, and the (b) maximum value
of the real part of the ac susceptibility x,,.. on pressure to 6 kbar. Numbers give
the order of measurement.

Fig. 5. Dependence of the Curie temperature T, on pressure to 21 kbar using
data from both the piston-cylinder (o) and He-gas (+) high-pressure experiments.
Numbers give the order of measurement for the piston-cylinder data.
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