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ABSTRACT: In the solid state, MnF(salen) forms chains
wherein fairly linear fluoride bridges between high-spin
MnIII centers are observed. We interpret the magnetic
properties of these chains by use of the classical Fisher
model and by use of the high-temperature expansion
approach, as well as by exact matrix diagonalization of the
spin Hamiltonian, of model rings. In solution, electron
paramagnetic resonance shows the chains to be symmetri-
cally cleaved to monomeric MnF(salen).

In recent years, the fluoride ligand has received increasing focusas a bridging ligand for incorporation in magnetic materials
because of its spectroscopic and redox innocence and because it
exhibits a distinct preference to forming linear bridges, providing
thus the means for cluster design.1 Surprisingly, the most
ubiquitous building block2 in molecule-based magnetic systems
such as single-molecule3,4b and single-chain magnets,4 MnIII-
(salen)þ has not been structurally or magnetically investigated
with fluoride coligands. The synthesis of the title compound from
MnF3 and H2salen, in methanol, is straightforward (Supporting
Information, SI). The chain structure of 1 is shown in Figure 1. In1,
the equatorial Schiff-base coordination resembles that found in
other MnIII(salen) complexes.2,5 The propensity of fluoride for
forming linear bridges and the steric demands of the salen ligand
result in the linear chain structure of 1 in which three crystal-
lographically inequivalent MnIII atoms exist in the unit cell (P1)
and three different bridging Mn�F�Mn angles are observed,
namely, 150.43(4)� (Mn2�F3�Mn3), 151.72(3)� (Mn1�F2�
Mn2), and 180.0� (Mn1�F1�Mn1 and Mn3�F4�Mn3). In
the crystal structure of 1, the F atoms labeled F1 and F4 are
located on inversion centers. Similar linear fluoride bridges are
observed in [V(O)(salen)(μ-F)V(O)(salen)](BF4), wherein
V�F�V angles range from 171.96� to 173.50�.6 A comparison
of the Mn�F bond lengths in 1 with the bond lengths in MnF3
shows that the MnIII centers in 1 are tetragonally elongated by
Jahn�Teller distortion.7

The formation of chains from the association ofMnIII(salen)þ

fragments with polyatomic bridges has been frequently observed,
e.g., in Mn(X)(salen) (where X = CH3COO, NO3, CN, N3).

8

However, only a few examples of dimers of MnIII(salen) units
linked bymonatomic bridges have been characterized, and chains
of M(salen) complexes with monatomic bridges have not been
reported for any metal centers.9

The magnetic moment of 1 was measured in the temperature
range 1.8�370 K in a 1 kOe direct-current magnetic field. The
obtained data are shown in Figure 2 in the form of magnetic

susceptibility, χ, and of the χT product. In Figure 2 are also
shown the results obtained from modeling of the magnetic data
by use of various approaches. The high-temperature value of the
χT product (1.84 cm3 K mol�1 at 370 K) is significantly lower
than the value expected for an isolated high-spin MnIII ion
(3.00 cm3 K mol�1 for g = 2). Upon cooling, the χT product
steadily decreases to a minimum value of 0.01 cm3 K mol�1 at
1.8 K. These two observations imply dominant antiferromagnetic
intrachain interactions between the manganese centers. This
conclusion is further supported by the observation that magne-
tization of 1 at T = 1.8 K does not saturate at a field of 50 kOe
(see the SI, Figure SI1), as was expected for strongly antiferro-
magnetically coupled systems.

The χT product of 1 shows no evidence of spin-canting
behavior, which would be manifested by a slight increase of χT
at low temperatures.10 In fact, the existence of the inversion center
in the chain structure of 1, in conjuction with the topology of the
three inequivalent MnIII centers in the asymmetric unit of 1,
results in the complete cancellation of local magnetic moments.
This is further explained by qualitative arguments in Figure SI2 of
the SI. However, a residual magnetization persists at low tem-
peratures, as can be seen in Figures 2 and SI1 of the SI. This
residual magnetization can be due to small amounts of mono-
meric MnIII impurities. Finally, alternating-current susceptibility
measurements down to 1.8 K do not reveal slow relaxation of the
magnetization behavior or the presence of a magnetic phase
transition.

Figure 1. Molecular structure of MnF(salen). Displacement ellipsoids
are drawn at 50% probability. H atoms are omitted for clarity. Bond
length intervals (Å): Mn�O 1.8925(8)�1.9119(9), Mn�N 1.9949-
(9)�2.0059(8), Mn�F 2.049(2)�2.096(2). Angle intervals (deg):
Mn�F�Mn 150.43(4)�180.0.
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We used various models for interpretation of the magnetiza-
tion data of 1, namely, the classical Fisher model11 and the
quantum-mechanical models of high-temperature expansion12

and of the exact matrix diagonalization of the spin Hamiltonian,
of model systems. Within the Fisher model, the analytical expres-
sion for the magnetic susceptibility of an infinite chain of classical
spins is derived. The magnetic susceptibility of 1 was fitted to the
isotropic spin Hamiltonian (1)

Ĥ ¼ J∑
N

1
Ŝi 3 Ŝiþ1 þ ∑

N

1
μBBgŜi ð1Þ

by use of the analytical expression (2), giving the magnetic
susceptibility of an infinite chain of classical spins, derived by Fisher.

χ ¼ NAg2μBSðSþ 1Þ
3kBT

1þ u
1� u

;

u ¼ coth � 6J
kBT

� �
þ kBT

6J
ð2Þ

A satisfactory fit to the experimental data was obtained only down to
temperatures of about 100K (Figure 2). At temperatures lower than
100 K, the classical Fisher model fails because at low temperatures
quantum effects gain importance. The exchange-coupling interac-
tion was found to be J = 38 cm�1 (for g = 2), comparable to purely
inorganic one-dimensional fluoride-bridged MnIII systems based
on trans-[MnF4F2/2]

2� units.13 The only structurally character-
ized example of chloride-bridged MnIII chains is catena-Mn-
(bipy)Cl3, which has longer (2.503�2.763 Å) and more bent
(135.09�) bridges with concomitant weaker coupling: J ≈
24 cm�1.14

Interpretation of the magnetic properties of 1 by exact
quantum treatment is impossible, given that, except in the case
of antiferromagnetic spin half-chains,15 no analytical solution
exists for this problem for infinite systems. Thus, we followed an
approach based on extrapolation to infinity of the results
obtained, by exact or high-temperature expansion treatments,
on increasing dimension model systems. This general strategy
was first presented in pioneering work by Bonner and Fisher.11b

The model systems that we use herein are antiferromagnetically

coupled rings consisting of MnIII ions presenting only first-
neighbor interactions, as expressed by (1).

The high-temperature expansion approach consists of com-
putation of the partition function of the system by use of a series
expansion of the exponential of the thermally weighted spin
Hamiltonian of the system. A brief description of this approach is
given in the SI. The details of our implementation of this
approach have been discussed elsewhere.16 By use of the high-
temperature expansion up to the 13th order, for our model ring
systems, we were able to fit the experimental data in the
temperature range 370�250 K (Figure 2). At lower tempera-
tures, the 13th-order high-temperature expansion is not sufficient
to accurately describe the magnetic properties of 1. Higher order
expansions are needed for this purpose. However, this is com-
putationally very demanding. The best-fit J parameters (for g = 2)
determined by the high-temperature expansion approach for
model systems of nuclearity ranging from 2 to 13 are shown in
Figure 3. The theoretical curves obtained from the best-fit
J parameter in the case of a nonanuclear ring are shown as solid
lines in Figure 2, where is also shown the extension of these
theoretical curves at lower temperatures (dotted lines). The best-
fit J parameters determined by the high-temperature expansion
approach asymptotically converge to a limit of about 32 cm�1, as
the nuclearity increases. This limit corresponds to the antiferro-
magnetic exchange interaction in the infinite chain. However,
with increasing nuclearity, a slight divergence from this limit is
observed (Figure 3). This reflects the fact that, at constant
expansion order (here the 13th order), the model becomes less
accurate as the nuclearity increases. This is further illustrated by
the fact that only for a dinuclear system the result obtained by the
high-temperature expansion exactly matches the solution ob-
tained by full-matrix diagonalization.

The best-fit J parameters (for g = 2) determined, in two
different temperature ranges, by full-matrix diagonalization of the
spin Hamiltonian (1) for model systems of nuclearity ranging
from 2 to 9 are also shown in Figure 3. Our analysis was limited to
nuclearity 9 because we block-diagonalized the isotropic ex-
change spin Hamiltonian (1) by exploiting only the symmetries
related to the total spin, S, and its projections along the quan-
tization axis, Sz. As in the case of the high-temperature expansion,
the determined values of J converge asymptotically toward a limit
with increasing nuclearity. In the case that the fit has been performed
in the same temperature range as that for the high-temperature

Figure 2. Magnetic susceptibility and χT product data for 1. Solid and
hollow circles correspond to experimental susceptibility and χT product
data, respectively. The theoretical best-fit curves obtained in the
temperature range 370�250 K by full-matrix diagonalization of nona-
nuclear models and by high-temperature expansion and in the tempera-
ture range 370�100 K by the Fisher model are shown as solid red, green,
and blue lines, respectively. Extensions of these curves at lower
temperatures, using the best-fit J parameter, are shown as dotted lines.

Figure 3. Isotropic exchange, J, values determined by fitting the
experimental data to various ring sizes and models (black and red,
full-matrix diagonalization; blue, high-temperature expansion; green,
Fisher model).
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expansion (370�250 K), the antiferromagnetic exchange inter-
action is estimated at around 35 cm�1. In the case that the fit is
extended at lower temperatures (370�50 K), the determined
antiferromagnetic exchange interaction is estimated at around
34 cm�1. For the sake of clarity, only the curves related to the full-
matrix diagonalization fit in the temperature range 370�250 K
are shown in Figure 3, in the case of a nonanuclear ring. However,
the corresponding curves obtained by full-matrix diagonalization
fit in the temperature range 370�50 K are very similar to the
ones shown in Figure 2 because the J values determined for the
nonanuclear rings in the two temperature ranges are very similar
(Figure 3).

We recently found that parallel-mode electron paramagnetic
resonance (EPR) on frozen glasses is capable of resolving super-
hyperfine couplings to fluoride bound toMnIII inMnF6

3�.17 These
Jahn�Teller-distorted systems are characterized by strongly
anisotropic superhyperfine couplings, with the coupling to the
distant fluorides on the Jahn�Teller-elongated axis being much
larger (by a factor of ca. 4) than the coupling to the more closely
bound equatorial fluorides. Application of this knowledge to the
parallel-mode EPR of NMF solutions of 1 clearly demonstrates
that the chain upon dissolution forms neutral [MnF(salen)] with
undetectable amounts of complexes with more than one
fluoride ligand (cf. Figure 4). The addition of excess F� to
the NMF solution before freezing yields clean conversion to
trans-[MnF2(salen)]

�.
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Figure 4. Parallel-mode EPR spectrum of Mn(F)(salen) in frozen
NMF glass at T = 5.65 K and ν = 9.416 425 GHz. The inset shows
the effect of the addition of excess F�. Simulation parameters (for
Hamiltonian, see ref 16): [Mn(F)(salen)], gz = 7.92 cm�1, Δ =
0.0555 cm�1, Az = 0.017 25 cm�1, Az,ax = 0.0145 cm�1; trans-[MnF2-
(salen)]�, gz = 7.92 cm�1, Δ = 0.071 30 cm�1, Az = 0.017 60 cm�1,
A z,ax = 0.016 95 cm�1.


