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The iron(Ill) complexes that were formed by coordination of
the Fe''" ion with the asymmetric tridentate liquid crystalline
Schiff base ligand (L), the water molecules and the different
counterions [PFg™ (1), NO3™ (2), and CI1™ (3)] were studied by
electron paramagnetic resonance (EPR) spectroscopy. EPR
spectroscopy demonstrated that each of the complexes inves-
tigated consists of two types of iron centers: S = 1/2 low-spin
(LS) and S = 5/2 high-spin (HS). LS iron complexes 2, 3 and
LS complex 1 in the temperature range 4.2-250 K have a
(dxzdy,)*(dxy)' ground state. Interesting features were
found for the monocationic Fe! complex 1, [Fe(L)X-
(H20),]*X", with X = PFg™ as the counterion. The LS and HS
iron centers of 1 are coupled together antiferromagnetically
and form a dimer structure by means of the water molecules
and the PFg~ counterion. The second-type of LS and HS cen-

ters that are visible by means of EPR spectroscopy were best
observed in the liquid crystalline (387-405 K) phase. The
monitoring and the simulation of the EPR spectra enabled us
to trace the dynamics of changing the number of the second-
type of LS centers with respect to the first-type of LS centers.
The observed dynamic process is characterized by the en-
thalpy value AH = 27.9 kJ/mol, which was caused by reorien-
tation of the PFg~ counterion. Calculation of the observed g
values for the second-type of LS complex 1 indicated that, in
this case, the (d,y)*(dy.d,,)® ground state is stabilized. The
conversion between the electron (dy,dy,)*(dxy)?/(dxy)*
(dxz,dyz)3 configurations was found to be temperature de-
pendent and was detected in the same material for the first
time in iron complexes.

Introduction

Six-coordinate d> Fe" complexes with Schiff base li-
gands are known to display a variety of magnetic behaviors.
Minor variations in all of the components of the complexes
can lead to Fe™ high-spin (S = 5/2) or low-spin (S = 1/2)
states and can also lead to spin-crossover behavior.['-8 The
design, synthesis, and characterization of iron complexes
with Schiff base ligands has provided useful synthetic mod-
els for bioinorganic chemistry to mimic the active sites in
iron-containing proteins and enzymes.”'!l In particular,
iron(III) complexes with salicylidene amine ligands serve as
a structural and electronic model for the similarly coordi-
nated iron(II) sites found in heme-iron enzymes.['”] One of
the most important characteristics of these Schiff base li-
gands is that even small modifications of the structure can
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significantly change key properties of the corresponding
iron complex.’) For example, the introduction of several
electron-withdrawing nitro groups into iron complexes with
salen-type ligands led to effective catalysts for hydrocarbon
oxidation with dioxygen as the oxidant.['3!4 It has been
reported that the replacement of a methoxy group with an
ethoxy group in a hexadentate N>O, Schiff base ligand re-
sulted in dramatic changes in the magnetic properties of the
corresponding iron complexes due to small alterations in
the intermolecular interactions and crystal packing.['”!

The motivation for this work arose from our desire to find
a novel material based on iron(III) Schiff base complexes
with asymmetric ligands that combined the liquid crystal
properties (fluidity, easy processability, order) with those as-
sociated with metal atoms (magnetism, optics, conductivity).
Future technological demands will require multifunctional
materials where several different physical or chemical proper-
ties are exhibited in a single material. The liquid crystalline
(LC) properties of our novel compounds were provided by
the rod-like geometry, which was introduced by using elon-
gated substituents in the Schiff base ligand.

A large number of six-coordinate iron(III) complexes
with Schiff base ligands are known, but their liquid crystal-
line analogues have only been obtained comparatively re-
cently. The first steps in the study of spin-crossover behav-
ior for the bis(tridentate) Fe™" complexes that exhibit liquid
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crystalline properties were made in ref.l'®!7l. The investiga-
tion of mono(tridentate) Fe'"' Schiff base complexes with
asymmetric ligands is in the early stages,!!8] but their liquid
crystalline analogues are unknown at the present time.

In this article we report on the study of iron(IIl) LC
complexes with an asymmetric mono(tridentate) azometh-
ene ligand (L), where L is azomethine 4,4’-dodecyloxy-
benzoyloxybenzoyl-4-salicyliden-N'-ethyl- N-ethylenedi-
amine, and three different types of counterions, PFs~, NOj3-,
and CI'. All of the synthesized compounds were charac-
terized by thin layer chromatography, elemental analysis,
IR, and NMR spectroscopy.'”? The LC properties were
studied by differential scanning calorimetry.l'”? The pres-
ence of the complex-forming ion was confirmed by FTIR
spectra in the far region.”” The structure of the com-
pounds, which was established by matrix-assisted laser de-
sorption/ionization time of flight (MALDI-TOF), is in
good agreement with the data obtained from elemental
analysis. The iron(IIT) complexes are denoted as 1, 2, and 3
according to their counterions PFs, NOs, and CI', respec-
tively. The molecular structure of the complexes 2 and 3
was formed by coordination of a mono(tridentate) ligand
(L), a water molecule and two counter anions [Fe(L)-
X5(H,0)], where X = NO;5 or Cl'. Compound 1 is a mono-
cationic mono(ligand) Fe'' complex, [Fe(L)X(H,0),]*X"
where X = PFg4, in which the iron(III) ion has an octahe-
dral configuration formed by three ligator (ONN) atoms of
the tridentate ligand, one counterion and two water mole-
cules (see Scheme 1).
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Scheme 1. Schematic representation of the structure for complex 1,
which is based on analogy to ref 8]

Analogous coordination has been found in the research
of Leovac '8 for a similar non-mesogenic iron(I11) complex
30 with an asymmetric Schiff base ligand and the structure
of complex 1 is based on analogy to ref.l'8]

Results and Discussion

EPR Spectroscopy

Similar X-band EPR spectra (Figure 1) were observed
for all of the compounds in the temperature range of 4.2 to
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300 K and consisted of two types of signals: a low-field sig-
nal with g, = 4.3 that arose from the high-spin (HS) Fe'!
ions and a high-field signal that corresponded to the low-
spin (LS) Fe!! species. The magnetic parameters of these
signals were independent of temperature. The EPR spec-
trum for the first type belonged to Fe!! ions that have the
685/, ground term and that are described by the spin Hamil-
tonian in Equation (1), where g = 2, S = 5/2. D and E are
zero-field splitting parameters, which are induced by distor-
tions of the crystal field in the compound.

H =gBBS + D[S? —%S(S+l)]+£(§f -5 W

30K
a 60 K
P (S
T
90 K
(x10) . 120K
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Figure 1. The EPR spectra of the polycrystalline complex 2 at dif-
ferent temperatures; v = 9.47 GHz.

The observation of resonance at g = 4.3 indicated®!]
that the high-spin Fe'™ ions have a strong (D > hv) low-
symmetry (E/D = 1/3) crystal field (hv is the microwave en-
ergy and is ca. 0.3 cm™! at X-band frequencies). The EPR
spectrum of the second type is typical of S = 1/2 Fe™ ions
that have the 2T (5,°) ground term and that are described
by the spin Hamiltonian of rhombic symmetry, see Equa-
tion (2), where the g values are close to 2. The observed g
tensor values are given in Table 1. It should be noted, that
the values found are typical of those found for the low-spin
iron(I1I) complexes.[22-24al

H=p(g,BS, +g,B,S, +g.BS.) )

The calculation of the integrated EPR intensity for the
HS and LS centers showed that the ratio between these cen-
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Table 1. Experimental and calculated EPR parameters for the LS iron(III) complexes.

Complex J & g- A B C k AlL Via. AEpIL AE/
1 (of the first-type) -2.215 2215  1.935 0.1007 09939 0 0.848 2.677 0.007 7.662 8.597
1 (of the second-type) 1.975 -1.98 -2.165  0.7436  0.0005  0.6657  0.793 -5.506  1.489 8.984 21.056
1 (in N-8) -2.209 2228  1.945 0.089 0.9951  0.003 0.954 2.866 0.107 8.123 9.259
2 -2.22 -2.23 1.948 0.0925  0.9954  0.0017  0.935 2.817 0.062 8.042 9.049
3 -2.225 223 1.935 0.0936  0.9938  0.0008 09646  2.7989  0.0331  8.012 8.971
Fe(L),PF, -2.146 2233  1.969 0.0715  0.9973  0.0141  0.992 3.584 0.743 8.553 13.101

ters depends on the type of counterion (the fraction of the
HS centers being minimal for ClI- and maximal for PF¢"
counterions). However, the thermally driven spin-crossover
transition from a spin state of § = 1/2 to a state of S = 5/2
was not detected for the compounds under investigation.

The samples changed behavior after two months of
standing at ambient conditions. After ageing the appear-
ance of a broad line (= 2000 G) was observed on a low-spin
signal (Figure 2) for the iron complexes with the NO5; ™ and
CI" counterions.

™
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Figure 2. The room temperature EPR spectrum of complex 2 after
ageing the complexes for two months.

The appearance of this broad line may be caused by iron
cluster formation, since the NOs~ counterion can form a
bridge between the metal centers.[>4"]

Compound 1 with the PF4 counterion behaves in a dif-
ferent way. The EPR spectra, together with the temperature
dependence of their intensity for compound 1, presented
an exceptional case among the investigated iron complexes.
These features will be considered below.

We first tried to assign the magnetic (principal) g axes to
the molecular symmetry axes for the LS iron complex 1
since such information was unknown and crystals suitable
for an X-ray structure determination could not be grown.
For this purpose the method of orientation of paramagnetic
molecules in the anisotropic solvent was used as described
in ref.[>>?°1 The nematic liquid crystal (LC) N-8 (eutectic
mixture: 4-methoxy- and 4-ethoxybenzylidene-4'-n-butyl-
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aniline) was employed as the anisotropic solvent. The inves-
tigated paramagnetic molecules have a rod-like geometry
due to the elongated alkyl chains (tails). Such rod-like mole-
cules are known to align in nematic liquid crystals along
the director n (the characteristic direction of the sample ori-
entation) owing to the interaction with the LC matrix of
the elongated alkyl chains. Note, that the magnetic g tensor
axes are mainly determined by the nearest neighbors of the
iron ion (the distorted octahedron).

The orientation of the LS paramagnetic molecules was
observed by sharply cooling a solution of complex 1 in the
N-8 matrix in the presence of a high magnetic field (B, =
8000 G). The observed orientation, which is characterized
by a director n, is due to the field By. This is maintained
when the sample freezes to the glassy state upon lowering
the temperature. Thus, one can investigate the EPR line in-
tensity dependence on the angle ¢ between n and B by rotat-
ing the sample with respect to the external magnetic field.
If the molecular y axis is oriented along n, then the spectral
line related to this axis of the complex has to be of maximal
intensity for the initial orientation (¢ = 0°) and minimal
intensity after rotation of the sample by 90°. Theoretical
calculations ?”I and experimental data?®! have also demon-
strated that the EPR line intensity must have a maximum
in the angular dependence at intermediate ¢ values, if the
magnetic axes of the g tensor and the molecular axes do
not coincide.

The monotonic change of the EPR line intensities with
the angle ¢ variation (Figure 3, a) clearly shows that the
direction of the molecular and the principal g tensor axes
coincide. As seen in Figure 3 (a), the y component of the g
tensor LS iron complex 1 decreases, and the z component
increases when the sample is rotated through 90°. Such
spectral features indicated that the molecular y axis was ori-
ented along the director n. For a qualitative analysis of the
observed EPR spectra, we used the theory developed for
paramagnetic probes in the oriented liquid crystals.l?”-2®]
The EPR spectra were simulated by using a home-written
program with algorithms described in ref.?”-28], For nematic
liquid crystals the orientational distribution function has an
exponential form and is expressed as Equation (3), where
w and ¢ are Euler angles that connect the molecular coordi-
nate system and the sample coordinate system (determined
by the director n) and R; (i = x, y, z) are the effective orien-
tational parameters.

P(w. ) = exp(—R, sin” wsin® p— R, sin® weos” @—R_cos” ) 3)
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Figure 3. a) The experimental and b) the simulated EPR spectra for complex 1 at a low temperature in a eutectic mixture of N-8, which
was previously oriented in the magnetic field (B, = 8000 G) for different angles ¢ (a curve parameter).

Figure 3 (b) shows the simulated EPR spectra of the LS
complex 1, calculated with the following orientational pa-
rameters R, = 0, R, = 6, and R. = 7 and magnetic param-
eters g, = 2.209, g, = 2.228, and g. = 1.945. The individual
Lorentzian line shape and line width of 15 G was used for
the simulation. The degree of orientation of the molecular
(i = x, , z) axes of the LS complex 1 were S, = 0.71, S, =
-0.36, and S. = -0.35.

It is known that the mono(tridentate)-coordinated Schiff
base ligand has an almost planar conformation from the
structural data for a similar non-liquid-crystalline iron(III)
complex 30 with an asymmetric Schiff base ligand.['8] Thus,
based on the orientation results for the LS complex 1 in the
nematic liquid crystal (N-8), we concluded that the long
molecular y axis of the LS complex 1 lies in the (ONN)
coordination plane and its direction is determined by the
elongated alkyl tails, the x axis is perpendicular to y and
also lies in this plane, while the molecular z axis is perpen-
dicular to the (ONN) plane.

From the known crystal structure for the analogous non-
liquid-crystalline complex 30,['8] we were able to postulate
that two water molecules occupy the trans position to the
coordination (ONN) plane in the LS complex 1, and that
one PF4~ counterion is ionically bound to the Fe'" ion and
occupies the fourth position in this plane, whereas the other
PF4 counterion lies in the second coordination shell.

Some interesting features of the polycrystalline complex
1 are detailed below. The EPR intensities of both the LS
and the HS centers of complex 1, which was obtained by
numerical double integration, exhibit a significant tempera-
ture dependence with a maximum at Ty = 7 K (Figure 4,
a). Above T the EPR integrated intensities follow the Cu-
rie—Weiss law with a paramagnetic Curie—Weiss constant 6,
=-14.1 K and 6, = —15.1 K for the LS and the HS centers
(Figure 4, b and c), respectively. The negative sign of 0 indi-
cates an antiferromagnetic coupling between the Fe' ions.
In accordance with the integrated intensity ratio, the
1222

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

number of LS to HS molecules is approximately 1:1. If we
normalize the integrated intensity of each molecule fraction
and superimpose these curves, identical magnetic behavior
for the LS and the HS centers is observed (Figure 4, a).
This shows that the LS and the HS iron(III) ions are cou-
pled together and form a dimer structure, where the PF4~
counterion and the water molecules are, probably, the
bridging units.

Another interesting feature of complex 1 is the change in
the number of low-spin (n;g) molecules with respect to
high-spin (nyg) molecules with an increase in temperature.
As seen in Figure 5 (a), the ratio only changes after 260 K
when it begins to increase up to 340 K and then monotoni-
cally decreases to the melting point. The temperature de-
pendence of increasing the number of n; g¢/nyg centers can
be characterized by the equilibrium constant (K) and is de-
scribed by Equation (4).

AH AS
InK =In(n,,/n,)=——+—
s ) =~ + 5 )

The thermodynamic parameters [enthalpy (AH) and en-
tropy (AS)] of that process, AH = 0.76 kJ/mol and AS =
0.0056 kJ/mol, were calculated from the straight line given
by plotting In K vs. 1/T (Figure 5, b). The obtained enthalpy
value is very small and is close to the energy needed for
cis/trans isomerization position of the water molecules
(0.42 kJ/mol), if the energy of these molecules changes only
because the geometry of the compound changes.*”! Thus,
we can assume that an increase in the number of LS centers
to HS centers is likely to be caused by the transition of one
water molecule from the axial (¢rans) position to the (cis)
position in the coordination (ONN) plane.

The next important feature of complex 1 is the appear-
ance of the second-type of LS center that is characterized
by the magnetic parameters: g, = 1.975, g, = 1.98, and g3
= 2.165. This new type of LS center is best observed in

Eur. J. Inorg. Chem. 2011, 1219-1229
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Figure 4. a) The temperature dependence (4.2 K = 7 = 80 K) of the EPR normalized integrated intensity of the HS and LS centers; b)
the experimental (%) and the simulated (—) temperature dependence of the EPR integrated intensity of the LS centers at 9.5 K = 7' =
280 K. The solid line corresponds to the Curie-Weiss fit with 0; = —14.1 K; ¢) the experimental () and the simulated (—) temperature
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Figure 5. a) The temperature dependence of changing the number of LS/HS centers for complex 1; b) InK vs. 1/T for complex 1. The

solid line was calculated by means of Equation (4).

the liquid crystalline phase at high (387-405 K) temperature
(Figure 6, b), but a small fraction of these centers are regis-
tered also at low temperature (Figure 6, a). The EPR spec-
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tra simulation enabled us to separate both types of LS sig-
nals and to trace the dynamics of changing the number of
the second-type of LS centers (n,) relative to the first ones
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Figure 7. a) The temperature dependence of changing the number of the second-type of LS centers with respect to the first-type of LS
centers for complex 1; b) InK; vs. 1/T. The solid line was calculated by means of Equation (4).

(n;) with temperature increase by using numerical double
integration of the corresponding parts of the spectrum (Fig-
ure 7, a).

Before considering this dynamic effect, the determination
of the ground states for the LS centers of complex 1, 2, and
3 will be examined. The theory of the g tensors of LS d?
(tog’) systems in distorted octahedral environments was de-
veloped by Bleaney and O’Brien,?” discussed by Grif-
fith,*] and applied to a large number of LS com-
1224
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plexes.>-22-231 The d system is treated as a d! system via
the hole formalism. Under the combined action of axial
(4), rthombic (V) ligand-field distortions, and the spin-orbit
interaction (4), the sixfold degeneracy of the 275 (1,,°) state
is converted into three well-separated Kramers’ doublets.
The lowest Kramers’ doublet in which resonance is ob-
served has the form of Equation (5), where y; and w, are
linear combinations of the 3d atomic orbitals associated
with the t,, level.

Eur. J. Inorg. Chem. 2011, 1219-1229
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From the first-order interaction of these states with the
magnetic moment operator (kL + g.S) the expressions (6)
for the principal g values are obtained; k is the orbital re-
duction factor.

g. =24 - B +C* + k(4 -C)).
g, =2[24C - B> +kBJ2(C - 4)),
g, = -2(24C + B* +kBJ2(C + ),
A +B+C* =1

(6)

This parameter, as a rule, should be in the range of 0.7 =
k = 1.0, and it is regarded as a measure of the covalency
of the metal-to-ligand bonds. The knowledge of the g values
enables these equations to be solved for coefficients A, B,
C, and k. The energy values (E;) of the three Kramers” dou-
blets, the axial (4) and rhombic (V) distortions are then
found from the secular Equation (7) in the units of the spin-
orbit coupling constant (/).

(—Mzm—f:}..f—-'{:g—m:':n

\Illr_
A
—A+(2A-E)B=0 7
e )

“VA+(AI12+A-E)C =0

The paramagnetic resonance measurements give only the
absolute principal g values, so that neither their signs nor
the correspondence of g, g», or g3 to g, g, or g. are
known. Thus, in a common case, one must consider 48 pos-
sible combinations depending on the labeling (x, y, z) and
the signs chosen for the experimental results.

A home-written program was used for all these calcula-
tions. The experimental g values were fed into the program
and generated all of the possible combinations. For each
set, a solution to Equation (6) for 4, B, C, and k was at-
tempted using the Newton—Raphson method. As soon as
the solution was obtained, the secular Equation (7) was
solved. After matrix diagonalization, the solution was
checked for its correspondence to the lowest Kramers’
doublet. The best fit was selected on the basis of physically
reasonable values for k, 4, and V.

The calculated parameters obtained using the above
theory are listed in Table 1, where the assigned g values, A4,
B, C, k coefficients, ligand-field distortions, and the relative
energies of the ground and two excited Kramers’ doublets
are given. It is necessary to note that only one acceptable
solution exists for all of the studied Fe™! complexes and the
different types of LS centers of complex 1. For the sake of

Eur. J. Inorg. Chem. 2011, 1219-1229
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comparison, the analogous parameters are listed in Table 1
for the bis(tridentate) iron(III) complex, Fe[L],PF¢, with
PF¢ as the counterion.®!

In Table 1 all of the iron complexes (except for LS com-
plex 1 of the second-type) have a very large B value, which
indicates that the ground-state Kramers’ doublet is charac-
terized by the state where the unpaired electron resides in
the d, orbital, thus (dxz,d},_,)“(dxy)1 is the ground state. The
situation is cardinally changed for the second-type of LS
complex 1. By utilizing the same axis definition, we deter-
mined g, = 1.975, g, = -1.98, and g. = -2.165, which lead
to the calculated axial (tetragonal) distortion of A/A =
—5.506. The negative sign indicates that the d,, orbital is
higher in energy than the d.. and the d,. orbitals. The cal-
culated coefficients 4, B, and C also indicate that the un-
paired electron is localized in the (d..*d,.) orbital, and
thus that the (d,,)*(d,..d,.)* ground state is stabilized. It
should be noted that the change between the ground states
is reversible with temperature.

The possibility of the two electron configurations
(d\,)*(d,-.d,.)* and (d,..d,.)*d,,)! (as shown in Scheme 2)
for low-spin Fe'! has previously been reported for several
(porphinato)iron(III) complexes, [TMPFe(L),]*.? But the
change between the ground state in these LS iron(III) com-
plexes was caused by changing the basicity of the pyridine
axial ligands: the (d,,)*(d,..d,.)* configuration was realized
for the high-basicity pyridines and the (d,..d,.)*(d,,)" con-
figuration for the low-basicity pyridines. The conversion be-
tween the (d,..d,.)*d,,)"/(d,,)*(d,..d,.)* configurations in a
single material, namely LS iron(III) complex 1, was ob-
served for the first time.

[ I P I

dyz dyz

BT P R

dxz dyz dly

ground state
(dyy)(dx, dy)°

ground state
(dyzy dyz) )"

Scheme 2. Two possible electron configurations for the low-spin
Fe!ll centers.

The dynamic process involved in changing the number
of the two different types of LS centers with temperature,
as illustrated in Figure 7 (a), will now be explored. The tem-
perature dependence of increasing the number of the sec-
ond-type of LS centers (n,) from the first-type of LS centers
(n;) can be characterized by the equilibrium constant K;
and described by Equation (4). The enthalpy (AH,) and
entropy (AS;) of this dynamic process, AH; = 27.9 kJ/mol
and AS; = 0.086 kJ/mol, were calculated from the straight
line given by plotting In K vs. 1/7T in the temperature range
of 300 to 360 K (Figure 7, b). The enthalpy value obtained
is close to the activation energy E, = 28.8 kJ/mol that was
found for the reorientation of the PF¢ ion in the polycrys-
talline NaPF¢ compound,3 which was determined from
the temperature dependence of the spin-lattice relaxation
time 7. The comparison between these energies is possible
1225
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because the chemical bond in both NaPF¢ and between
Fe'"! and PF4 in complex 1 is ionic. Thus, we postulated
that the conversion between the (d,..d,.)*(d,,)"/(d,,)*-
(d,..d,.)* configurations is most probably caused by the re-
orientation of one coordinated PF4 ion from the equatorial
(ONN) planar position to the axial one, which was pre-
viously occupied by water.

The EPR spectrum for complex 1 exhibited the appear-
ance of the second-type of HS centers: a low-field broad
line (600 G) with an effective g value of g, = 5.6 and a very
broad unresolved signal in the g = 2 region (see Figure 6).
This spectrum was analyzed by the rhombogram
method?!34:35 and indicated that the observed HS signals
arise from the middle Kramers doublet when the crystal
field parameters are D > 0.3 cm™! and E/D = 0.1. It is inter-
esting to note that the intensity of each type of LS and HS
center changes synchronously: at low temperature the first-
type predominates (LS center with g, ,, = 2.215, g. = 1.935,
and HS center with D >0.3 cm™'; E/D = 0.3), whereas at
high temperature the second-type predominates (LS with g,
=1.975, g, = 1.98, g. = 2.165, and HS with D >0.3 cm ;
E/D = 0.1). This synchronous behavior additionally con-
firmed the dimeric structure of complex 1 where the type
of iron dimer is determined by the nature and location of
the bridging units (H,O or PF4) between the LS and the
HS centers. The proposed dimeric structure of complex 1 is
schematically represented in Scheme 3.

Scheme 3. Schematic representation of the proposed dimeric struc-
ture for iron(III) complex 1.

Mbossbauer Spectra for Complex 1

In order to confirm the EPR results, complex 1 was in-
vestigated by Mossbauer spectroscopy. Mossbauer quadru-
pole splitting can also be used to gain information concern-
ing the electronic ground states. The gamma-resonance
spectrum obtained at 297 K (Figure 8) is a superposition of
two broad quadrupole doublets. The more intense doublet
1 (with an isomer shift of 6 = 0.34 mm/s with respect to o-
Fe and with quadrupole splitting of [AEg| = 0.82 mm/s) has
parameters associated with the low-spin (S = 1/2) state of
the Fe'! ion in an octahedral environment. Doublet 2 has
parameters (6 = 0.28 mm/s and |AEg| = 0.27 mm/s) that
correspond to the high-spin (S = 5/2) state of Fe'l in an
octahedral environment.
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Figure 8. The Mossbauer spectrum for complex 1 recorded at
297 K.

At a temperature of approximately 80 K, the form of the
transmission spectrum lines indicated the start of the mag-
netic phase transition in the sample (Figure 9).

100 &

99+

Transmission [%)]

98

V' [mm/s]

Figure 9. The Mossbauer spectrum for complex 1 recorded at 80 K.

The four nonequivalent positions of the 5’Fe atoms were
detected in the experimental spectrum at 5 K (Figure 10, f).
Two of the positions for the LS Fe!! centers gave two dou-
blets that were characterized by the following parameters: J
= 118 mm/s, |AEg| = 1.2mm/s (Figure 10, a) and ¢ =
0.8 mm/s, |[AEq| = 1.75 mm/s (Figure 10, b), respectively.
Two of the HS Fe™ centers showed magnetic hyperfine
structure with the following parameters: Zeeman sextet
with 0 = 0.53 mm/s, AEq < 0.02 mm/s, and Hy,¢ = 519.2 kOe
(Figure 10, c¢) and a typical superparamagnetic line shape
for metallocomplexes with dynamics in the magnetic sub-
systemB7-381 § = 0.57 mm/s, AEq = —0.18 mm/s, and Hps =
456.4 kOe (Figure 10, e). Curve e in Figure 10 was obtained
by subtraction of the superposition curve, d =a + b + c,
from the experimental spectrum (Figure 10, f). As the sys-
tem progressed from a “slow” to a “fast” intramolecular
dynamic process as the temperature increased, two of the
LS and two of the HS parameters began to merge and a
reduction in the number of nonequivalent positions from
four at 5K to two at 297 K was observed. The averaged
quadrupole splitting for the LS centers of the Fe''' ion was
ca. 1.47 mm/s.
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Figure 10. The experimental Mdssbauer spectrum for complex 1
taken at 5 K (f). The solid curves (a, b, ¢, and d), which are located
above the experimental spectrum, show the two LS and two HS
iron(III) centers contributions (see text).

The same dynamic process was registered by both EPR
and Mossbauer spectroscopy but over different time scales:
the time scale for the Mdssbauer spectroscopy was 1077 s,
whereas the time scale for the EPR spectroscopy was 107
s. Thus, the result of the thermo-stimulated intramolecular
dynamics, which lead to the appearance of the time-depend-
ent contributions in Hamiltonian of the hyperfine interac-
tions, became visible only during the Mdssbauer time frame
and was observed at lower temperatures than in the EPR
spectra.

The magnitude of the quadrupole splitting for the low-
spin state is related to the electronic asymmetry about the
57TFe nucleus. The electric field gradient OV, and the asym-
metry parameter 7 are given by Equation (8).5!

OV, 14=(A712+B*/12-C*)(1.5mm/s)
N=WVy —Viy WVy =—GI120( A - BY(A 12+ B /2-C?) ®)

A, B, and C are the orbital coefficients defined above. The
quadrupole splitting was determined by Equation (9).140]

AE, =(QV,, I 2)(1+m7° 13)"? )

If the 4, B, and C coefficients are known from the EPR
results, we can calculate the quadrupole splitting. From the
orbital coefficients given in Table 1, Equations (8) and (9)
give AEg, = —1.40 mm/s and AEg, = 0.75 mm/s for the LS
iron(II) centers of the first- and second-type, respectively.

Eur. J. Inorg. Chem. 2011, 1219-1229
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The calculated and observed values for the quadrupole
splittings at low (JAEq| = 1.47 mm/s) and room (JAEq| =
0.82 mm/s) temperature were in agreement.

Thus, the Mossbauer data confirm the existence of the
conversion effect of the electron configurations (d.,..d,.)*
(d,)'/(d,,)*(d,..d,.)* on the basis of the quadrupole split-
ting values.

Conclusions

EPR and Mossbauer spectroscopy were successfully ap-
plied to determine the structure, magnetic, and dynamic
properties of the liquid crystalline iron(I111) Schiff base com-
plexes with the asymmetric ligands. The six-coordinated
Fe' complexes, formed by coordination of the three ligator
(ONN) atoms of the tridentate ligand (L), the water mole-
cules and the different counterions [PF4 (1), NO5 (2), and
CI" (3)], were studied for the first time.

It was shown that all of the complexes investigated con-
sist of low-spin (LS) and high-spin (HS) iron centers. The
orienting effect of a liquid crystalline matrix, and theoreti-
cal analysis of the observed g values were used in order to
determine the direction of the principal (magnetic) g axes
with respect to the molecular symmetry axes, the axial and
rhombic field parameters and the relative energies of the
exited and the ground states in the LS iron(III) complexes.
It was determined that LS iron complexes 2, 3 and LS com-
plex 1 in the temperature range 4.2-250 K have a (d,..d,.)*
(d,,)! ground state.

Polycrystalline monocationic Fe™ complex [Fe(L)X-
(H,0),]*X™ (1) with X = PF4 as the counterion, has some
interesting and important features. EPR spectroscopy
showed that the LS and the HS centers are coupled together
in 1 and form a dimer structure by means of the water mo-
lecules and the PF4 counterion. The appearance of the sec-
ond-type of LS and HS iron centers was visible by means
of EPR spectroscopy above room temperature. This type of
iron center was best observed in the liquid crystalline (387—
405 K) phase. The investigation of the dynamics of the ap-
pearance of the second-type of iron center showed that they
arise due to the reorientation of the PF4 counterion in the
dimer from the equatorial (ONN) planar position to the
axial one, which was previously occupied by water. Theoret-
ical analysis of the g values of the second-type
of LS complexes demonstrated that in this case (d,,)*
(d,..d,.)* is the ground state. Conversion between the
(dy-.d,)*(d,,)'/(d,,)*(d,..d,.)* ground states is reversible
with temperature. The observed conversion took place in a
single material and was detected in the iron(III) complexes
for the first time. It was also shown that the type of iron
dimer is determined by the type and arrangement of the
bridging units (H,O or PFg ) between the LS and the HS
iron centers.

Thus, we have synthesized for the first time a novel com-
pound that has a labile LS electron configuration that
switches between the (d,..d,.)*d.,)"/(d,,)*(d,..d,.)* ground
states and is temperature dependent. Mossbauer data con-
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firmed the existence of such an effect on the basis of the
values of the quadrupole splitting for the electron configu-
rations (d,,d,.)*(d,,)" and (d,,)*(d,.d,.)".

Experimental Section

General: The preparation of the compounds 1, 2, and 3 has been
described previously.'” All the complexes were characterized by
thin-layer chromatography, elemental analysis, IR, and NMR spec-
troscopy.!” The LC properties were studied by differential scan-
ning calorimetry.['”) The phase-transition temperatures and the cor-
responding transition enthalpies for the LC compounds are avail-
able in the Supporting Information. The presence of the complex-
forming ion was confirmed by FTIR spectra in the far region."
The structure of the compounds was established with matrix-as-
sisted laser desorption/ionization time of flight (MALDI-TOF).

The EPR experiments were carried out on powder samples and
an anisotropic solution. The latter was prepared by dissolving the
iron(IIT) complex in a eutectic mixture of a nematic liquid crystal
N-8. The X-band (9.47 GHz) EPR measurements were performed
with a CW-EPR EMXplus Bruker spectrometer that was provided
with the helium ER 4112HV and the digital ER 4131VT tempera-
ture control systems. The standard ER 218Gl goniometer and
high-quality quartz EPR tubes were used as well. The magnetic
field was frequency modulated with 100 kHz so that the EPR spec-
tra were recorded as first derivatives. At different temperatures, the
microwave power was chosen such that saturation could be avo-
ided. The accuracy of the reported magnetic parameters for the LS
iron complexes was Ag = +0.005. The orientation of the iron(III)
complex in the nematic liquid crystal N-8 was investigated using
the EPR spectrometer. The sample was kept in the resonator at
room temperature in the presence of a high magnetic field (B, =
8000 G) for 5 to 10 min and then sharply cooled to low temperature
while maintaining that field. In order to investigate the angular
dependencies of the sample in the EPR spectra, the standard ER
218G1 goniometer was used, which allowed the sample to be ro-
tated in one plane. The simulations of the EPR spectra were per-
formed using home-made programs.

All of the Md&ssbauer spectra were obtained using a conventional
constant-acceleration spectrometer where °’Co in Cr matrix was
used as the source. The velocity calibration was obtained by using
the o-Fe spectrum. The isomer shift data were reported relative to
the isomer shift of the a-Fe spectrum. A liquid nitrogen con-
tinuous-flow cryostat was used for the temperature measurements
in the range of 80-300 K. The lower temperature measurements
were made using a helium cryostat. The Mossbauer absorber, which
was prepared as a thin layer of powder between two mylar discs,
was mounted on the copper sample holder of the helium cryostat.
The temperature measurements and control were carried out by a
type-T thermocouple and a heater above 50 K with an accuracy
of 1 K. A carbon-resistance thermometer, calibrated at the liquid
nitrogen and liquid helium temperatures, was used for the tempera-
ture measurements and control below 50 K with an accuracy of
0.5K.

Supporting Information (see footnote on the first page of this arti-
cle): Synthesis and characterization methods for the iron com-
plexes, differential scanning calorimetry results, and data of the
elemental analysis.
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