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The magnetic properties and the influence of counterions on the spin crossover properties of two novel
Fe(Ill) dendrimeric complexes of the second generation, namely [Fe(L),]"X", where L= 3,5-di(3,4,5-
tris(tetradecyloxy)benzoyloxy)benzoyl-4-oxy-salicylidene-N’-ethyl-N-ethylenediamine X = Cl~ (1), ClOz
(2), have been studied for the first time by magnetic susceptibility measurements and electron paramag-
netic resonance (EPR) method in a wide (4.2-300 K) temperature range. EPR results showed that com-
pound 1 contains about 98% of high-spin (HS, S=5/2) and ~2% of low-spin (LS, S = 1/2) Fe(lll) centers,
and undergoes an antiferromagnetic ordering below 7 K. The EPR integrated intensity of a broad line
(g ~ 2), corresponding to the HS iron(Ill) centers, passes through a broad maximum at Ty.x~ 100K,
which is indicative of short-range correlation effects. The anomalous broadening of this EPR line at
low temperatures with the critical exponent g = 1.5 upon approaching the long-range ordering transition
(TEPR = 7 K) from above indicates the quasi-two-dimensional antiferromagnetic nature of magnetism in
complex 1. The spin-crossover effect is completely suppressed in compound 1. The complex with ClOz
counterion demonstrates a different magnetic behavior. EPR data showed that compound 2 contains
about 77% of LS and ~23% of HS Fe(lll) centers at T§®=10.2 K. It displays a partial spin crossover
(§=5/2 < 1/2) above 150 K and undergoes the antiferromagnetic ordering below 10.2 K. The obtained
results and the results of DFT calculations allowed us to conclude that a bilayered packing with a chain
structure of Fe(IIl) centers in ionic bilayers is formed in compound 1, whereas a dimeric structure of Fe
(IIT) centers is formed in compound 2. Thus, the ability of the counterion to form an effective network of
hydrogen bonds and its size define the packing motif of the [Fe(L),]" complexes. Therefore, the replacing
of the counterion has a significant impact on the magnetic properties of the compound.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction interest. Among the most extensively studied SCO materials are

complexes of iron(1l) (d®) [8-10] and iron(Ill) (d®) [11], which have

The spin-crossover (SCO) phenomenon, where spin states may
be switched reversibly between low-spin (LS) and high-spin (HS)
configurations by external stimuli such as temperature, pressure
and more rarely light irradiation, termed the LIESST effect [1-7],
can occur in transition metal complexes with a d*-d” electron con-
figuration [1-4]. In particular, the light-induced excited spin-state
trapping (LIESST effect), which induces conversion of a LS state to a
HS state by means of light irradiation, has attracted considerable
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caused the interest of many researchers as potential multifunc-
tional materials in fields such as molecular electronics, memory
storage, sensors and photoelectric devices [12-15]. However, such
applications require that the spin transition occurs abruptly at
ambient temperature (ideally room temperature) and with wide
thermal hysteresis (for the memory effect) [16,17].

In the case of iron(IIl), which has a d° electron configuration, the
transition occurs from a high spin state (°A;, S=5/2) to a low spin
state (°T,, S=1/2) [18,19]. Iron(lll) compounds, compared to the
iron(Il) systems, have the advantage of generally being air stable
and thus would be expected to be more amenable to processing
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in any future devices. The hysteresis in the SCO complexes is the
result of strong interactions between the SCO centers and it is
achieved either through coordination bonds or more commonly
supramolecular interactions [20]. The intra- and intermolecular
interactions strongly modify the SCO properties. The nature of
the complex, intermolecular hydrogen bonds and 7-7 interactions,
solvent molecules, and counterions play a predominant role in the
SCO process.

Coordination polymers are declared as the most promising SCO
materials for applications [21-23]. The so-called coordination
polymers are the SCO complexes with infinite one- or two-dimen-
sion (1D, 2D) networks [24]. These systems exhibit enhanced coop-
erative properties due to strong covalent bonds. In this context, we
turned our attention to the dendritic macromolecules capable of
organizing themselves in low-dimensional columnar assemblies
[25] or into ordered supramolecular structures [26]. One may
expect that dendritic macromolecules when precisely organized
will generate a long-range cooperation phenomenon. Therefore,
our idea was as follows: to insert the cationic SCO iron(IIl) complex
in the focal point (core) of dendrimer molecule and thus to create a
new dendritic SCO material with enhanced multifunctional prop-
erties. Such a strategy has already demonstrated its beneficial
results [27]. Due to this strategy, a new multifunctional material
was obtained, in which SCO phenomenon, magnetoelectric effect
and long-range magnetic order coexist together. Furthermore, a
new physical phenomenon was discovered in this material: mag-
netic-ferroelectric crossover, where the change in the spin state
(§=1/2 & 5/2) of iron(Ill) ion is accompanied by a change in the
electric polarization of iron(Ill) ion [27].

Although the SCO phenomenon is of purely molecular origin, its
macroscopic manifestation in the solid state stems from the inter-
molecular interactions between the spin transiting centers of the
material [12]. Furthermore, it is well documented that subtle
changes in the crystal packing can give rise to drastic changes in
the macroscopic SCO properties of very similar spin transiting Fe
(1) centers [28]. The counterions and lattice-solvent molecules
have also a significant effect on the spin-transition properties of
the material [29,30]. In addition, a change in counterions very
often results in an annihilation of the SCO properties due to slight
structural variations able to modify the ligand-field strength or
form a completely different structure. Consequently, their influ-
ence on the spin transition is very difficult to investigate. So far,
only a few iron(Ill) compounds of general formula [Fe(R-SalEen),]
X with bis(tri-dentate) R-SalEen ligands (SalEen = N-ethyl-N-
(2-aminoethyl) salicylaldiminate, R =H, 3-OMe, 4-OMe, 5-OMe,
3-0OEt) and various counterions (X =ClOz, NO3, PFg, BPhy) have
been reported in the literature [28,31,32]. These compounds have
demonstrated a wide variety of SCO properties, ranging from com-
plete to incomplete and from gradual to abrupt spin transitions.
For example, the [Fe(3-OMe-salEen),|PFs complex showed an
abrupt spin transition at 164 K with a thermal hysteresis loop of
2-4 K.

Herein, we report the magnetic properties of two novel Fe(III)
dendrimeric spin crossover complexes based on the SalEen ligand
with CI™ (1) and ClOz (2) counterions. We continue to study a
new series of SCO Fe(Ill) dendrimeric compounds. Recently, we
reported on the magnetic properties of the first representative of
this family, the SCO Fe(lll) complex with PFg anion [33]. In this
compound, EPR spectroscopy revealed the existence of antiferro-
magnetic (AF) dynamic spin clusters in the paramagnetic phase
[33]. The motivation of this work was to determine the influence
of counterions on the magnetic properties of the SCO Fe(IIl) den-
drimeric complexes and understand the nature of antiferromag-
netic (AF) dynamic spin clusters, since their behavior is more
distinctly observed in the iron(Ill) dendrimeric complex with chlo-
rine counterion (1).

2. Results and discussion
2.1. Synthesis and characterization of compounds

The iron(Ill) bis[3,5-di(3,4,5-tris(tetradecyloxy)benzoyloxy)
benzoyl-4-oxy-salicylidene-N’-ethyl-N- ethylenediamine] com-
plexes with chlorine and perchlorate anions were prepared in
accordance with Scheme 1 in a similar way as described in
[34,35]. The ligand precursor 3,5-di[3,4,5-tris(tetradecyloxy)ben-
zoyloxy]-benzoyl-4-oxy-2-hydroxybenzaldehyde was prepared in
accordance with references [35,36]. To avoid some impurity all
solutions of iron (III) salts were freshly prepared and filtered
through Teflon™ filters (0.200 n) before used.

Compounds 1 (ClI7) and 2 (ClO4~) were characterized by ele-
mental analysis, gel permeation chromatography, infrared (IR),
NMR spectroscopy and MALDI-ToF-MS method [34]. The results
of these methods allowed one to conclude that each of the com-
pounds is a monocationic bis(ligand) Fe(Ill) complex of formula,
[Fe(L);]"X~ (X =Cl", Cl0z), where iron(Ill) atom has a pseudoocta-
hedral N4O, coordination core formed by four nitrogen and two
oxygen atoms of two tridentate ligands. The schematic model of
the complex is given in Scheme 1. X-ray diffraction data obtained
for the [Fe"(SalEen),]ClO4 analogue without dendritic periphery
[28] showed that bis-tridentate ligands are coordinated in a merid-
ional (mer) configuration. DFT calculations carried out for the full
complex with dendritic environment confirmed that mer configu-
ration of ligands is energetically most preferable (see Section 2.4
for details). Such a model of coordination for polyhedron allows
the formation of dimeric or chain structure, where neighboring
complexes are linked by hydrogen bonds between the amine
groups of the SalEen ligands [28,37] and the counterions.

2.2. Magnetic susceptibility data

The temperature dependencies of the effective magnetic
moment (uegr) of compounds 1 and 2 are presented in Fig. 1 in
the range (4-300 K). The value of ca. 2.0 ug is characteristic of
the Fe(Ill) ions in the low-spin (LS) state, while the value of 5.91
up corresponds to the Fe(Ill) ions in the high-spin (HS) state.

The magnetic susceptibility data for compound 1 show a grad-
ual decrease in peg(T) behavior from 5.75 pp at 300K to 5.12 ug at
50 K and a sharp decrease to 2.93 g when the sample temperature
is less than 50 K. Using the relation (1)

Mot = XM s + (X — 1) 15 1, (1)

where pesrys =5.91 pp and fegris = 2.0 pp are assumed and x is the
fraction of HS molecules, we can conclude that complex 1 at room
temperature contains about 95% of HS and 5% of LS Fe(Ill) mole-
cules. The decrease in peg 0n cooling may be due to the spin transi-
tion, the antiferromagnetic (AF) exchange interactions between Fe
(IIT) centers or the contribution from the zero-field splitting param-
eter (D). A plot of the inverse magnetic susceptibility (') versus T
for 1 (Fig.2a) indicates that magnetic susceptibility follows the
Curie-Weiss law practically in the whole temperature range with
the Weiss constant 0; = —17.2 K, indicating the presence of AF
spin-exchange interactions. Since the deviation from the Curie-
Weiss law is not observed, we can conclude that spin crossover does
not take place in complex 1. The zero-field splitting is not responsi-
ble for the decrease in p.s, since the contribution from the zero-
field splitting parameter (D) to the Weiss constant is small [38].
Thus, we may conclude that the decrease in g is caused by AF
spin-exchange interactions between Fe(IIl) ions.

The substitution of CI~ with ClOz counterion leads to a dramatic
change in the ue(T) behavior as illustrated in Fig. 1. Compound 2
exhibits a gradual decrease in ps from 3.02 pg at 300 K to 2.88 up
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Scheme 1. Schematic representation of the synthetic procedure and schematic model of Fe(Ill) compounds with ClI~ and ClOz counterions.

at 140 K, practically a plateau from 2.88 pp at 140K to 2.85 up at
30K, and a sharp decrease to 2.72 up at 5 K. Using the relation
(1), we can conclude that complex 2 at room temperature contains
about 83% of LS and 17% of HS Fe(Ill) molecules. A plot of the
inverse magnetic susceptibility (') versus T for 2 (Fig. 2b) shows
that magnetic susceptibility follows the Curie-Weiss law at lower
temperature with Weiss constant 0, = —3.8 K, indicating the pres-
ence of AF spin-exchange interactions, and deviates from this law
at higher temperature, demonstrating the presence of incomplete
SCO.

Thus, it can be concluded that the most Fe(IIl) ions are in the HS
state in complex 1 and SCO effect is completely suppressed in it,
while complex 2 shows a gradual, incomplete SCO at high temper-
ature and the most Fe(Ill) centers are in the LS state. However, AF
exchange interactions between the neighboring Fe(Ill) centers
exist in the both compounds. To confirm these conclusions, EPR
measurements have been carried out.

2.3. Electron paramagnetic resonance measurements

EPR is a powerful method for studying the SCO effect, since EPR
gives information about the existence of LS and HS fractions in the
compound and their evolution with temperature. Fig. 3 shows the
temperature variation of the X-band EPR spectra (hv=0.3 cm™)
for a powder complex 1 in the temperature range (4.2-300 K).

EPR spectra can be seen to demonstrate the presence of three
types of iron(Ill) centers in the sample: two types of HS ions and
one of LS. The g.¢=4.2 signal and a small line with g=9.6 on the
left wing of this signal (Fig. 3, T = 4.3 K) belong to the HS iron ions
with a strong (D > hv = 0.3 cm ') low-symmetry (E/D ~ 1/3) crystal
field acting on the iron ion, where the line with g = 4.2 arises from
the middle of the three Kramer's doublet and a weak signal with

g=9.6 appears from the lower Kramer's doublet [39,40] (I-type
of HS centers). The broad resonance line with g ~ 2 which typical
for HS Fe(lIl) ions with a weakly distorted octahedral environment,
corresponds to the HS centers of the II-type and demonstrates very
interesting features. The behavior of these HS centers, as will be
shown below, is similar to the behavior of the same centers in
compound with PFs counterion [33]. These centers are packed in
a chain forming a layered structure as established in [33]. The LS
Fe(III) ions give the anisotropic EPR signal with magnetic parame-
ters: g, =2.21 and g, = 1.93.

The temperature dependence of the EPR lines integrated inten-
sity (I) is one of the sources of information about the spin transi-
tion process. The magnetic behavior of compound 1 reflected by
the temperature dependencies of I versus T of the whole EPR spec-
trum is shown in Fig. 4a, where the EPR lines integrated intensity
(I) was obtained by numerical double integration of the spectra.
One can see that the temperature dependence of I has a compli-
cated, two-step behavior: it reaches the maximum at 7 K and then
drops to the minimal value at about 30 K in the first temperature
interval (4.2-30K) and further passes through a broad maximum
at Tphax~ 100K in the second temperature interval (30-300 K)
(Fig. 4a). It should be noted that a more precise maximum is
observed in the curve [ vs. T for Fe(Ill) complex with CI~ counterion
as compared to the complex with PFg counterion [33]. Moreover,
the position of this maximum shifts towards lower temperatures
from Tyhax ~ 259 K to Tax =~ 100 K with a change in the counterion
from PFg to ClI™.

Let us try to understand the origin of the anomalous behavior of
I in compound 1. For this purpose, the temperature dependencies
of the EPR lines integrated intensity were examined for each type
of Fe(Ill) centers separately. The analysis of the EPR signals for each
type of iron centers was based on the procedure of fitting of the
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Fig. 1. Temperature dependencies of pieg vs. T for the compounds 1 and 2.

model spectrum to the observed experimental one. To fit the EPR
spectra written in the numerical format, we used a standard Easy-
Spin-EPR spectrum simulation program. The simulated by such
way EPR spectra are shown in Fig. 3. A broad resonance signal at
g ~ 2 was satisfactorily described by a single Lorentzian. Fig. 4b-
d show the temperature variation of the EPR lines integrated inten-
sities (I) for the HS centers of the I- (Iys ;) and II- (Iys_1) types and LS
centers (I s), respectively. The spectra were fitted with the follow-
ing magnetic parameters: g=2.0, D=0.42cm !, E=0.1cm™! for
the I-type HS centers and g, = 2.21, g = 1.93 for the LS Fe(llI) cen-
ters, the values of which are independent of temperature. The tem-
perature behavior of EPR parameters (g-factor, linewidth and
integrated intensity) of the II-type HS centers will be considered
below.

As can be seen, Iys | and I;s demonstrate a sharp maximum at
Tn =7 K in the first temperature interval 4.2-30 K. The appearance
of maximum on the curves shows that LS iron centers as well as
HS; ones are coupled by antiferromagnetic (AF) exchange interac-
tions. It should be noted that the contribution of the zero-field
splitting parameters (D, E) does not lead to the appearance of max-
imum on the curve of the temperature dependence of the param-
agnetic susceptibility, as shown in [38]. Above 7K, the
temperature dependencies of Iys | and I;s follow the Curie-Weiss
law. Spin-crossover effect for this type of Fe(Ill) dendrimeric com-
plexes must be observed above 160 K, as shown in [33]. As seen
from the Fig. 4b-d, the number of LS and HS centers decreases in
this range (160-300 K) with increasing temperature. This fact indi-
cates that a spin transition (HS < LS) does not take place in com-
pound 1.
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Fig. 2. The inverse magnetic susceptibility of complex 1 (a) and complex 2 (b). The
solid straight line represents the Curie-Weiss law with the Curie-Weiss tempera-
ture of —17.2 K and —3.8 K for 1 and 2, respectively.

The temperature dependence of I for HS centers of the II-type
(Ius_n) behaves in a completely different way, compared to Iys |
and I;s, and demonstrates a broad maximum at T~ 100K in
the second temperature interval (Fig. 4c). According to the litera-
ture data [41], a broad maximum in Iys j indicates the formation
of a magnetic short-range correlation regime, and appearance of
a broad maximum is an evidence of low-dimensional AF behavior
of the magnetic system. The temperature dependencies of the
effective g-factor and line with (AH) of this broad line (Fig. 4c) also
confirm a low-dimensional behavior of the magnetic system.
According to the ratio of the integrated intensities of EPR signals
at 100 K, the number of HS centers of the II-type is about 94%,
whereas the number of HS centers of the I-type and LS centers is
about 4.3% and 1.7%, respectively. Thus, complex 1 consists essen-
tially of HS centers of the II-type and these centers, as will be
shown below, are packed in a chain forming a layered structure.
Two other types of Fe (IlI) centers (which are only 6%) probably
belong to the ends of chains.

In order to explain the temperature dependence of the EPR inte-
grated intensity, g-factor and width of this broad line correspond-
ing to the HS iron(Ill) centers of the II-type, let us consider the
structural organization of these centers. It is not possible to grow
a crystal and to get accurate crystallographic data for such a highly
branched dendrimeric compound. However, a similar behavior of
Iys i versus T for compound 1 and complex with PFg counterion
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[33] allows us to suggest that HS iron(Ill) centers of the II-type
form chains in layers. Let us turn our attention to the types of
structural motifs that can be formed in a similar Fe(Ill) compounds
without dendritic periphery. X-ray diffraction data showed that
[Fe''(SalEen),]* cations are packed in a chain forming a layered
structure in [Fe"(SalEen),]*Cl0;-0.5H,0 [28] and linked into
dimers in [Fe'(SalEen),]"ClOz [28,37], wherein anions are located
between the cationic [Fe(SalEen),]" fragments. According to these
data, HS iron(Ill) centers of the II-type should be a quasi-low-
dimensional antiferromagnetic system, where neighboring cationic
iron complexes are packed head-to-head by means of hydrogen
bonds between amine groups and Cl~ counterions, forming a bilay-
ered structure, and bulky dendron substituents well isolate these
bilayers from each other. DFT calculations (see Section 2.4 for
details) allow us to propose the structure of ionic bilayers in com-
pound 1 (Fig. 5).

In a framework of this concept, one can assume that the broad
line (corresponding to the II-type of HS iron centers) originates
from a low-dimensional antiferromagnetic system of HS Fe(III) ions.
Then, a broad maximum (Fig. 4c) in the temperature dependence of
Iys_y versus T characterizes the low-dimensional antiferromagnetic
behavior and indicates the short-range correlation effects in the
layers of FeN4O, octahedra [41]. The shift of g-factor (Fig. 4c) below
~100 K characterizes the growing role of short-range magnetic cor-
relations. The line broadening (Fig. 4c) on approaching a long-range
ordering transition from above is treated as the critical behavior
due to the slowing down of spin fluctuations on approaching the
critical temperature [42-44]. In this case, the temperature variation
of the EPR line width (AH) can be described as [41]:

B
TEPR
# 3 (2)

N

AH(T) =AH" +A

where the first term AH* describes the high-temperature exchange
narrowed line with, which is temperature independent, A is an

empirical parameter, while the second term reflects the critical
behavior with TE'R being the temperature of the order-disorder
transition and g - the critical exponent. According to the Kawasaki
approach [43], the critical exponent can be expressed as = —[1/2
(7 +n)v —2(1 — a)], where v describes the divergence of correlation
length, # is a critical exponent for the divergence of static correla-
tions, and o reflects divergence of the specific heat. For a three-
dimensional (3D) Heisenberg antiferromagnet [43], § is equal to
1/3. In the case of magnetic systems with lower dimensionality,
the critical exponent becomes equal to f=3/2 and g =7/4 for 2D
and 1D system, respectively. In Fig. 6, the solid line superimposed
on experimental data represents a least-square fit of the experi-
mental data for the broad line according to Eq. (2) for one-(1D),
two-(2D) and tree-dimensional (3D) systems, respectively.

As can be seen, the value = 1.5 is slightly better describes the
experimentally observed values.

Thus, compound 1 can be regarded as quasi-two-dimensional
antiferromagnetic (AF) from the magnetic viewpoint, where catio-
nic HS, S=5/2 iron complexes are packed in a chain forming a lay-
ered structure. These AF S=5/2 chains define the magnetic
behavior of compound 1 at high temperature and produce the cor-
relation maximum in Iys ;1(T) dependence.

In the case of antiferromagnetic Heisenberg S =5/2 chain, the
position of the maximum of magnetic susceptibility (that is pro-
portional to the EPR lines integrated intensity) defines the
exchange interaction parameter Jin, within the chain through
the expression [45]:

W =106 o

In accordance with the structural features of complex 1, the domi-
nant magnetic exchange interaction is realized within the chains.
The estimation of antiferromagnetic exchange interaction parame-
ter according to Eq. (3) gives Jinga ~ 9.4 K.
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centers (c) and of the LS iron(Ill) centers (d) of the compound 1.

This value can be determined more precisely using the model of
classical linear chains. For this purpose, the experimental data of
Iys_y versus T were calculated according to the well-known expres-
sion (Eq. (4)) for linear chains of classical spins [46]:

CNS(S+ 1)g2 1+ u(K)
T3k 1 -u®) @)

where u(K) = cothK — 1/K;K = -2 js based on the spin-
Hamiltonian H = 2J>",,,.S;S; with §=5/2 and J is defined as positive
for antiferromagnetic coupling. As shown in Fig. 7, the best least-
squares fits of the experimental data led to Jiy. = 11.6 K. As you
can see, a good agreement is observed with high-temperature data,
but the agreement with low-temperature data (below 80 K) is not
satisfactory, which is probably due to the presence of interchain
antiferromagnetic interactions.

The value of interchain interaction, Jinter, can be estimated
according to [47]:

2 ']intra _ 4 +Z’/I
exp( kBTN > B Zﬂ (5)

where % = Jinter-[Jintra. @and Z is the number of nearest-neighboring
chains (Z=2). This expression gives the estimates # =0.08 and
Jinter- = 0.9 K.

A comparison of the temperature dependencies of the static
magnetic susceptibility (Fig. 1a) and the EPR integrated intensity
Iys 1 (Fig. 4c) shows large differences, especially in the high tem-
perature range (30-300K). These differences in behavior were
observed for the first time in [48] and this can be explained by
regarding that Iys_y;, in contrast to the static magnetic susceptibil-
ity, reveals dynamic spins at the EPR spectrometer frequency
(~9.4 GHz). These dynamic spins of short-range ordering are
observed only on a short time scale (t=1/v ~ 1071 s) and could
not be detected by static magnetic measurements (T~ 100s).
Thus, the results of our work clearly show that antiferromagnetic
short-range correlations act as these dynamic spins. Antiferromag-
netic correlations in the complex 1 may have a fast dynamic (fluc-
tuating) nature [49], and, therefore, can’t be detected by static
magnetic measurements.

Let us consider now the EPR results obtained for complex 2.
Fig. 8 shows the variation of the X-band EPR spectra of the powder
sample with temperature. As can be seen, only two signals are
observed in the EPR spectra of complex 2: a low-field signal with
Zorr= 4.2, which belongs to the HS Fe(lIll) centers with a strong
(D>hv=03cm™!) low-symmetry (E/D~ 1/3) crystal field, and
the axial signal characterized by parameters: g, =2.21 and
g =1.93, which corresponds to the LS Fe(Ill) centers.
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Fig. 5. Proposed packing of the [Fe'(L),]" cations in compound 1.

The magnetic behavior of compound 2 reflected by the temper-
ature dependencies of I and I x T product of the whole EPR spec-
trum is shown in Fig. 9. One can see that the temperature
dependence of I reaches its maximum at 10.2 K (Fig. 9a) and then
decreases monotonically. The temperature variation of I x T pro-
duct (Fig. 9b) demonstrates a behavior similar to p.s (Fig. 1b): a
sharp decrease below 30K, practically a plateau from 30 to
150K, and a gradual increase above 150 K.

In order to understand the nature of the observed anomalies,
the temperature dependencies of the EPR lines integrated intensity
were examined for each type of iron(Ill) centers separately. The
analysis of the EPR signals for the each type of iron centers was car-
ried out in a similar way as for complex 1. The simulated EPR spec-
tra shown in Fig. 8 (see dashed lines) are calculated with magnetic
parameters: g=2.0, D=042cm™!, E=0.1cm™! for HS and
g1 =2.21, gy=1.93 for LS centers. As can be seen, a satisfactory
agreement is obtained between the experimental and theoretical
spectra.

Now let us analyze the EPR spectra behavior of each type of Fe
(III) centers independently. Fig. 10 shows the temperature varia-
tion of the EPR integrated intensity (I) for HS (Iys) and LS (I s) cen-
ters. Both Iys and I s demonstrate a sharp maximum at Ty = 10.2 K
and above Ty follow the Curie-Weiss law up to 150 K with con-
stants 0;=-7.8K and 0,=-98K for HS and LS centers,
respectively.

The appearance of maximum on the curves indicates that LS
iron centers as well as HS ones are coupled by antiferromagnetic
(AF) exchange interactions. In accordance with the EPR integrated
intensities, the number of LS and HS centers is about 77% and 23%
at Ty = 10.2 K, respectively. If we normalize the maximum values of
the EPR integrated intensity of each fraction per unit and superim-
pose these curves, then an almost identical magnetic behavior is
observed (Fig. 11a) for HS and LS centers up to 150 K. This fact indi-
cates that iron(IIl) ions are linked into dimers. Above 150 K the
temperature dependencies of Iys and I;s deviate from the Curie-
Weiss law: the number of HS centers increases, while the number
of LS centers decreases relative to the Curie-Weiss law. Such a
behavior indicates that a partial SCO takes place in compound 2
between 150 and 300 K.

Thus, we can conclude that the counterion has a significant
impact on the magnetic properties of the [Fe(L),]* complexes.
The ability of the anion to form an effective network of hydrogen
bonds and its size define the packing motif of the [Fe(L),]" com-
plexes and the structure of ionic bilayers. The chlorine and hexaflu-
orophosphate anions are able to form a network of hydrogen bonds
with the amine groups of the ligands and thus can produce a bilay-
ered packing with a chain structure of ionic bilayers (Fig. 5). A clo-
ser packing within the chains occurs in case of chlorine anions,
which have a smaller size. The formation of a chain structure of
ionic bilayers gives rise to intrachain interactions within the bilay-
ers (more effective in case of chlorine anions), and thus a low-
dimensional magnetic structure is formed. A small anion, as known
[50], stabilizes the HS state, and exchange interactions within the
chain completely annihilate the spin transition as observed in com-
pound 1. The perchlorate anions form stronger hydrogen bonds
with the amine hydrogens, but the increase in counterion size
favours the formation of a dimeric structures (Fig. 11b). This con-
clusion is in line with the results of DFT calculations (see Sec-
tion 2.4 for details). Such a modification of the network of
exchange interaction in compound 2 is responsible for the appear-
ance of a partial spin transition of the Fe(Ill) centers.

2.4. Quantum-chemical calculations

Since two flexible tridentate ligands can coordinate to a metal
ion in three different ways, a series of DFT calculations was per-
formed to assign the structure of coordination core in the [Fe
(SalEen),]* complex and its dendrimeric analogue. According to
the calculations, the ligands adopt a meridional coordination mode
(a mer isomer shown in Fig. 12 is energetically most preferable in
both cases). For the [Fe(SalEen),]" complex, the other two isomers
are higher in energy by 28.8 and 23.0 kJ-mol~". For the dendrimeric
complex, the energy difference between the conformations within
the dendritic tails (for any coordination model) does not exceed
40.5 kJ-mol~', and the energy of the most stable mer structure is
lower by about 40-50 kJ-mol~! than that of the most stable struc-
tures of the other two coordination models.
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In the mer coordination polyhedron, the N(H) donor atoms
occupy the neighboring positions, and the amine hydrogens are
not locked by the dendritic tails. Such a model of coordination
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Fig. 7. Temperature dependence of Iys y; versus T for 1. Solid line represents the best
fit according to Eq. (4).

polyhedron allows the formation of dimeric ensembles or chains,
where neighboring complexes are linked by hydrogen bonds
between the amine hydrogens and the counterions. To examine
such a possibility, we performed a series of DFT calculations for
dimeric ensembles comprising two complexes and two counteri-
ons. We considered both the two identical enantiomers of the com-
plex and the enantiomer pair (Fig. 12). Different initial orientations
of the ensemble components were considered, and, as a result, a
set of equilibrium structures was obtained. Among these struc-
tures, the most stable one is formed by the enantiomer pair
(Fig. 13). One can see that enantiomers are shifted to reduce the
steric repulsion between the ethyl groups. By defining this unit
as an elementary unit, we proposed a chain structure of ionic bilay-
ers in compound 1 (Fig. 5). In case of perchlorate anions, the net-
work of intermolecular hydrogen bonds in the optimized
structure of analogous dimeric ensemble is more compact that is
indicative of the strengthening of supramolecular hydrogen bonds
(Fig. 13). The latter in conjunction with the increase in the counte-
rion size explains the formation of dimeric structures in compound
2 (Fig. 11b).

3. Conclusions

EPR spectroscopy and static magnetic susceptibility measure-
ments have been used to study the magnetism of two novel
Fe(Ill) dendrimeric complexes of the second generation, namely
[Fe(L),]'X~ (X=CI" (1), ClO5 (2); L=3,5-di(3,4,5-tris(tetradecyloxy)
benzoyloxy) benzoyl-4-oxy-salicylidene-N’-ethyl-N-ethylenedi-
amine), and the influence of the counterion on the structure and
the spin-transition properties. Iron(Ill) ions have a pseudooctahe-
dral N4O, coordination core in these compounds. EPR data show
that compound 1 contains about 98% of high-spin (HS, S=5/2)
and ~ 2% of low-spin (LS, S = 1/2) Fe(III) centers. The HS Fe(III) cen-
ters are characterized by a broad EPR line at g~ 2, whose inte-
grated intensity passes through a broad maximum at
Tmax ~ 100 K in the temperature range (300-30K) and indicates
the formation of short-range correlation effects. The value of the
critical exponent = 1.5 describing the anomalous broadening of
this EPR line at low temperatures indicates the quasi-two-dimen-
sional antiferromagnetic nature of magnetism in complex 1. It
has been shown that cationic iron(Ill) complexes are packed in
chains forming ionic bilayers, and exchange interactions within
the chain completely annihilate the spin transition in compound
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1. EPR results show that compound 2 contains about 77% of LS and
23% of HS Fe(Ill) centers at Ty = 10.2 K. It undergoes a partial SCO
(S=1/2 < 5/2) of the Fe(Ill) centers above 150 K and the AF order-
ing below 10.2 K. In this compound, iron(Ill) ions are linked into
dimers. Our results have shown that the counterion can provide
or suppress a short-range interactions between the cationic Fe
(1) complexes and thus defines the magnetic structure of the com-
pound, but exchange interactions within the chain can annihilate
the spin transition.

4. Experimental
4.1. Samples preparation and characterization

4.1.1. Synthesis of bis[3,4,5-tri(tetradecyloxy )benzoyloxybenzoyl-4-
oxy-salicylidene-N'-ethyl-N-ethylenediamine]iron(Ill) chloride (1)

A weighed portion of 3,5-di[3,4,5-tris(tetradecyloxy)benzoy-
loxy|benzoyl-4-oxy-2-hydroxybenzaldehyde (0.9 g) was dissolved
in benzene (6 ml). Then N’-ethyl-N-ethylenediamine (0.09 g) dis-
solved in dry ethanol (10 ml) was added, stirred for 5 min. After
adding an alcohol solution of KOH (0.113 g, 10 ml), we added
slowly, dropwise, a solution of FeCl; (0.083 g) in ethanol, stirred
for 4 h, filtered with a glass filter (porous 4), washed with cold
ethyl alcohol and dry ethyl ether, and reprecipitated from a mix-
ture of dried benzene-ethanol (1/6) solvents. The residue was dis-
solved in benzene and then filtered through Teflon mesh PTFE
filters (0.200 p). The desired product was isolated by freeze drying
from benzene solution. The product was a fine solid dark brown
powder. Yield is 0.89 g.

Found, %: C, 71.58; H, 10.79; N, 2.32; 0O, 9.60. Calc. for
Ci120H206N4012Fe-Cl, %: C, 72.49; H, 10.44; N, 2.82; O, 9.66.

IR spectrum of the complex, Vmax/cm™': 3078.75 w (C-H), 2920,
2852 s (—(CH,),—CH3), 1730's (C=0), 1630s (C=N), 1191, 1118
(Alk-C-0-C(Ph)), 988 s (NH).
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4.1.2. Synthesis of bis[3,4,5-tri(tetradecyloxy )benzoyloxybenzoyl-4-
oxy-salicylidene-N'-ethyl-N-ethylenediamine]iron(IIl) perchlorate (2)
The synthesis was similar to that of complex (1). In 15 min after
adding an alcohol solution of Fe(NOs)3-9H,0 (0.21 g), we added a
weighed portion of NaClO4 (0.249 g) dissolved in ethanol. The syn-
thesis continued for 6 h. The precipitate was filtered with a glass
filter, washed with ethyl alcohol, reprecipitated from a mixture
of dried benzene-ethanol (1/6) solvents The residue was dissolved
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Fig. 11. Temperature dependences of the EPR integrated intensities normalized per
unit of the HS and LS centers at 4.2 <T <300K (a). Proposed packing of the
[Fe™(L),]* cations in complex 2 (b).

in benzene and then filtered through Teflon mesh PTFE filters
(0.200 p). The desired product was isolated by freeze drying from
a benzene solution. The product was fine solid dark brown powder.
Yield is 1.05 g.

Found, %: C, 69.86; H, 9.50; N, 2.14; O, 13.67. Calc. for
Ci120H206N4012Fe-ClOy4, %: C, 70.29; H, 10.03; N, 2.73; O, 12.48.

Fig. 12. Two enantiomers (mer structures) of the cationic complex. Only amine hydrogens are shown, dendritic tails are omitted.
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Averaged distances are given in A.

IR spectrum of the complex, Vma/cm™': 3265s (NH), 3100,
2975m (Ph-H), 2925, 2852s (-(CH2)n-CH3), 1733 s(C=0),
1628s (C=N), 1193s (Alk-C-O-C(Ph)), 1115s (Cl04—) and
989 m (NH).

4.2. Physical measurements

The EPR experiments were carried out on the powder sample.
EPR studies were performed using X-band (9.41 GHz) CW-EPR
EMXplus Bruker spectrometer that was provided with the helium
ER 4112HV and the digital ER 4131VT temperature control sys-
tems. The accuracy of the reported magnetic parameters for LS iron
complexes was Ag=210.005 and +0.005 for the fine structure
parameters. The error in the measurement of the EPR lines inte-
grated intensity was ~4-5%. Magnetic susceptibility measure-
ments of the polycrystalline samples was measured at heating
rates of 2 Kmin~! in a 0.1 T magnetic field by means of a Quantum
Design MPMSXL SQUID magnetometer at temperatures of 4.2-
300 K. The paramagnetic components of magnetic susceptibility

x were determined with allowance for the diamagnetic contribu-
tion evaluated from Pascal’s constants.

4.3. Quantum-chemical calculations

All geometry optimizations were carried out using spin-unre-
stricted DFT as implemented in the ORCA program (version 3.0.3)
[51]. The hybrid B3LYP [52,53] and X3LYP (for better description
of noncovalent interactions) [54] functionals were used in single-
complex and dimeric-ensemble cases, respectively, in conjunction
with the TZVP basis set [55]. The RIJCOSX approximation [56] and
the increased integration grid (Grid4) were used throughout.
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