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A Range of Spin-Crossover Temperature 7, > 300 K Results from Out-of-
Sphere Anion Exchange in a Series of Ferrous Materials Based on the 4-(4-
Imidazolylmethyl)-2-(2-imidazolylmethyl)imidazole (trim) Ligand,
[Fe(trim),]X, (X=F, Cl, Br, I): Comparison of Experimental Results with
Those Derived from Density Functional Theory Calculations
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Abstract: The synthesis and characteri-
zation of [Fe"(trim),]Cl, (2), [Fe"-
(trim),]Bry,MeOH (3), and [Fe'-
(trim),]I,MeOH (4), including the X-
ray crystal structure determinations of
2 (50 and 293 K) and 4 (293 K), have
been performed and their properties
have been examined. In agreement
with the magnetic susceptibility results,
the Mossbauer data show the presence
of high-spin (HS) to low-spin (LS)
crossover with a range of T, larger
than 300K (from ~20K for [Fe'-
(trim),]F, (1) to ~380K for 4). All
complexes in this series include the
same [Fe(trim),]** complex cation: the
ligand field comprises a constant con-
tribution from the trim ligands and a
variable one originating from the out-
of-sphere anions, which is transmitted
to the metal center by the connecting
imidazole rings and hydrogen bonds.
The impressive variation in the intrin-
sic characteristics of the spin-crossover

(SCO) phenomenon in this series is
then interpreted as an inductive effect
of the anions transmitted to the nitro-
gen donors through the hydrogen
bonds. Based on this qualitative analy-
sis, an increased inductive effect of the
out-of-sphere anion corresponds to a
decreased SCO temperature 7, in
agreement with the experimental re-
sults. Electronic structure calculations
with periodic boundary conditions have
been performed that show the impor-
tance of intermolecular effects in
tuning the ligand field, and thus in de-
termining the transition temperature.
Starting with the geometries obtained
from the X-ray studies, the [Fe'-
(trim),]X, complex molecules 1-4 have
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been investigated both for the single
molecules and the crystal lattices with
the local density approximation of den-
sity functional theory. The bulk geome-
tries of the complex cations deduced
from the X-ray studies and those calcu-
lated are in fair agreement for both ap-
proaches. However, the trend observed
for the transition temperatures of 1-4
disagrees with the trend for the spin-
state splittings E (difference Eys—E;g
between the energy of the HS and LS
isomers) calculated for the isolated
molecules, whereas it agrees with the
trend for Eg calculated with periodic
boundary conditions. The latter calcu-
lations predict the strongest stabiliza-
tion of the HSstate for the fluoride
complex, which actually is essentially
HS above T=50K, while the most
pronounced  stabilization of the
LS state is predicted for 4, in line with
the experimental results.
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Introduction

The present knowledge of the molecular mechanism of the
spin-crossover (SCO) phenomenon does not yet allow moni-
toring of such intrinsic characteristics of a SCO material as
its transition temperature (7),), cooperativeness and fre-
quency of spin-state conversion. It is, however, clear that
this would be highly desirable in view of the possible appli-
cations, and many studies have already been accomplished
with this aim.! The cubic crystal field determines the
energy minima for the low-spin (LS) and high-spin (HS) po-
tential surfaces of d*, d°, d°, and d’ ions in octahedral ligand
environments. An entropy-driven SCO may be observed
when the energy gap between the LS and HS potential
minima is comparable to k7. However, the crystal field does
not depend exclusively on the direct ligand environment,
but also on the further-distance environment. The latter pos-
sibly includes out-of-sphere ions and/or solvent molecules,
which interact together and with the SCO molecules or
complex cations in different possible ways: hydrogen bonds,
ring stackings and van der Waals interactions, which consti-
tute the “communication network” and determine the crys-
tal packing.

To obtain SCO materials with chosen characteristics that
allow their use for selected applications, the metal centers
are required to be surrounded with chemical species that
allow simultaneous monitoring of the intra- and intermolec-
ular effects. The synthesis and use of a unique chemical spe-
cies able to control both effects is an elegant and efficient
approach.”! However, in this approach it is extremely diffi-
cult to independently vary the intra- and intermolecular ef-
fects. As a more accessible approach we considered inter-
connecting two types of chemical species. The first type
(neutral polydentate ligand) was selected to yield the appro-
priate ligand field range to the metal ion (intramolecular
function). Suitable weak interactions were generated with a
second type of chemical species (out-of-sphere anions), the
functions of which are to allow fine-tuning of the ligand
field and to participate in intermolecular interactions with
the first type of species (communication network).

As the most favorable case for unambiguous experimental
observation of the SCO phenomenon is the d° configuration,
where the LS system is diamagnetic and the change in the
number of unpaired electrons is four, we focused our atten-
tion on iron(II) systems. Experimental realization of the
SCO phenomenon is determined by the availability of LS
and HS states separated by only a few hundred reciprocal
centimeters,®! and therefore few ligand environments are
able to produce the appropriate crystal field on the iron(II)
center. Indeed, with very few exceptions,m ferrous SCO ma-
terials include an FeNy coordination sphere. However, there
are several ways to obtain such a donor set, including the
use of hexadentate ligands having an Ny donor set or almost
any combination of mono-, bi-, tri-, and tetradentate nitro-
gen ligands, including monoanions such as NCS™ or
NCSe .1
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Interestingly, the building block of several ferrous SCO
materials characterized by an FeN, coordination sphere is
an [Feu(Lbidemale)3]2+ or [Fe“(Llridenlale)2]2+ Complex cation
that requires the presence of out-of-sphere anions to com-
pensate its 24 charge. Several authors have shown that the
characteristics of the 'A;=°T, SCO in the corresponding
[Fe(Lyigentate)s) X (s0lvent), 7 and  [Fe™(Lyigentate)2] Xo
(solvent),!"™?* materials depend on the nature of the out-of-
sphere anions and the nature and number of solvent mole-
cules. However, no correlation was found between any prop-
erty of the considered anions and/or solvent molecules and
any characteristic of the SCO. In most of the aforemen-
tioned studies, two to three factors effecting the communica-
tion between the ferrous building blocks vary simultaneous-
ly (nature of the out-of-sphere anions, nature and number of
solvent molecules, nature and number of ligand atoms being
able to participate in the communication between adjacent
molecules). It is thus understandable that the resulting var-
iation in the characteristics of the SCO was not rationalized
for the studied materials.

Consequently, the following consideration has directed us
in selecting a ligand suitable for carrying out this study: a
dense 3D network of intermolecular interactions between
the out-of-sphere anions and the complex cations is required
to obtain an efficient communication network inside the
SCO material. Bidentate or tridentate ligands that include
nitrogen donors and bear a large number of outer NH func-
tions are the best candidates for establishing such a network
of hydrogen bonds. The simplest ligands fulfilling these cri-
teria are the biimidazole ligands I-IV represented in
Scheme 1. However, bimH, (I),*! 4-bim (II),*® and 2-bim

H
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Scheme 1. Schematic drawings of some bi- and triimidazole ligands:
bimH, (I), 4-bim (II), 2-bim (III), 2-bik (IV), and trim (V).
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(I afford HS Fe" complexes, whereas 2-bik (IV)?” is
the only ligand in this series that affords Fe" SCO com-
pounds. The X-ray crystal structure of [Fe'(Me,-2-bik),]-
(BF,), shows that the ketonic oxygen atom is close to both
N-CH, carbon atoms of Me,-2-bik,”! which suggests likely
disturbances in the “out-of-sphere anion”-NH interactions
induced by the ketonic oxygen atom for the parent ligand
IV.

Among the tridentate ligands fulfilling the aforemen-
tioned criteria, the 4-(4-imidazolylmethyl)-2-(2-imidazolyl-
methyl)imidazole ligand® (trim, V, Scheme 1) has yielded
interesting preliminary results®™ and was thus selected for
carrying out this study. From this triimidazole ligand, several
series of ferrous SCO complexes of general formula [Fe'-
(trim),]X,, [Fe™(trim),]XY or [Fe"(trim),]Z were prepared,
characterized and studied. They included either identical X
or different X and Y monoanions, or a unique Z dianion, as
counterions. An extensive study of the fluoride derivative
[Fe'(trim),]F,, here referred to as complex 1, has been pub-
lished elsewhere.!

Herein, we report the synthesis, characterization, and
properties of [Fe"(trim),]Cl, (2), [Fe"(trim),]Br,MeOH (3),
and [Fe"(trim),]IMeOH (4). X-ray crystal structure deter-
minations of 2 (50, 293 K) and 4 (293 K) were performed
with the aim of shedding some light on the origin of the im-
pressive variation in the intrinsic characteristics of the SCO
phenomenon for this series of complexes. Reports on the
physical properties of 22 and 37* have been published else-
where.

For a long time all attempts to explain the SCO phenom-
enon on a microscopic level were based on ligand-field
theory.® With respect to ab initio or density functional
theory (DFT) calculations, SCO complexes are intricate ob-
jects. Ab initio methods turned out to be inappropriate for a
proper description of the SCO phenomenon: simple ap-
proaches like the Hartree—Fock method fail because they
neglect Coulomb correlation, which leads to a strong bias
towards higher spin multiplicities. The more sophisticated
methods that include larger parts of the Coulomb correla-
tion are too demanding with respect to computer resources.
They have been applied only to the most simple transition
metal complexes such as [Fe(H,0)s**.® On the other
hand, DFT methods are used for SCO compounds with in-
creasing success and are currently the method of choice in
this field (see reference [36] for a recent review). DFT cal-
culations are now able to predict with reasonable accuracy
the geometry, Mossbauer parameters, normal modes of mo-
lecular vibrations, entropy differences and other molecular
properties. DFT calculations can even be used to predict
changes of the transition temperature with qualitative accu-
racy.””! However, all calculations published so far suffer
from a severe limitation: they are restricted to free mole-
cules. One may conclude that the SCO phenomenon can be
partially described on a molecular level. For a complete and
quantitative description, however, the inclusion of intermo-
lecular effects is essential. This may be achieved through
electronic structure calculations with periodic boundary con-
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ditions. Owing to the large size of the unit cells of SCO ma-
terials, which usually contain a few hundred atoms, such cal-
culations are extremely demanding and, to our knowledge,
have never been performed before. Herein, we report DFT
calculations for unit cells with periodic boundary conditions
of the complexes [Fe'(trim),]X, (X=F, Cl, Br, I; 1-4), as
well as for the isolated [Fe(trim),]X, complex molecules.
These calculations allow for the first time the separation of
inter- and intramolecular factors that govern the SCO phe-
nomenon. In this way, electronic structure calculations in
the field of SCO research have reached a new quality.

Results and Discussion

Syntheses and compositional studies: The analytical results,
IR spectra and thermogravimetric analysis (TGA) measure-
ments allow the formulation of complexes 1°! and 2 without
solvent of crystallization. Complexes 3 and 4 include metha-
nol of crystallization with an Fe/MeOH ratio of 1:1. The
lack of solvent of crystallization in 1 and 2, and the solvent
content in 4, are confirmed by the molecular structures.

Crystal structure of complexes 2 (50, 293 K) and 4 (293 K):
The complex cation [Fe''(trim),]>* of 2 at 50 K is shown in
Figure 1. Chelation of one iron(Il) center by two tridentate

Figure 1. Molecular structure of the complex cation of [Fe"(trim),]Cl, (2)
at 50 K with atom labeling scheme. Thermal ellipsoids are drawn at the
50 % probability level.

ligands (trim) yields the same type of complex cation [Fe'-

(trim),]** for complexes 2 (50, 293 K) and 4 (293 K), as pre-
viously observed for complex 1 at 293 K.Yl However, the
Fe—N interatomic distances and angles collated in Table 1
indicate two different types of resulting FeN, coordination:
1) in complex 2 at 50 K and in 4 (293 K), all Fe—N distances
are close to 2.0 A and the N-Fe-N angles indicate almost
perfect octahedral coordination; 2)in complex 1 (293 K)
and in 2 at 293 K all Fe-N distances are close to 2.2 A and
the N-Fe-N angles indicate distorted octahedral coordina-
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Table 1. Selected interatomic distances and angles for complexes 1, 2,
and 4.

out-of-sphere anion  F~ Cl- Cl- I
temperature [K] 293 293 50 293

spin state HS HS LS <5% HS
Fe—N1 [A] 2.180(3) 2.172(2) 1.9967(13)  1.996(5)
Fe—N2 [A] 2.178(3) 2.1702) 1.9942(13)  1.994(6)
Fe—N3 [A] 2.186(3) 2.191(2) 1.9975(13)  1.994(5)
Fe=N yerage [A] 2.181 2.178 1.996 1.995
N-Fe-N range [°] 81.6-102.2  82.6-100.3  86.6-95.1 87.5-93.5
¢ 0] 7.6 7.4 2.1 2.0

N-X [A, av.] 2.626 3.137 3.142 3.690
Fe--Fe [A] 8.43 8.67 8.52 8.44

[a] Average trigonal distortion as defined in reference [38].

tion. These results are in agreement with the Mossbauer and
magnetic studies showing that, while complex 1 is HS at
293 K,*Y complex 2 exhibits an almost complete and smooth
SCO between 80 and 260 K.*? They also confirm that com-
plex 4 is essentially LS at 293 K. The coordinated nitrogen
atoms define a rhombically distorted octahedron for the
structures including HS iron(II), as indicated not only by the
average trigonal distortion angles™ ¢=7.6° (1) and 7.4° (2)
at 293 K, but also by the absence of axial distortion (minute
differences in Fe—N bond lengths).

The hydrogen-bond networks for the chloride (2) and
iodide (4) complexes (Figure 2) are similar to that of the
fluoride compound (1)."! Each complex cation is connected
to six halides through N—H--X bonds and conversely each
halide is connected to three complex cations. The methanol
molecule present in the iodide complex (4) is H-bonded to
I" (O1-H1--I), but is not involved in the hydrogen-bond
network between [Fe(trim),]** complex cations and I~
counter anions. The interatomic distances and angles charac-
terizing these N—H--X hydrogen bonds are summarized in

Figure 2. View of the 3D hydrogen-bond network of the complex [Fe'-
(trim),]Cl, (2) at 50 K; the 3D hydrogen-bond network is similar for the
fluoride compound (1) at 293 K, the chloride compound (2) at 293 K,
and the iodide compound (4) at 293 K. For clarity, only one imidazole
ring is shown for some neighboring complex molecules.
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Table 1. The crystal packing primarily results from this
dense system of hydrogen bonds, which organizes the [Fe-
(trim),]** complex cations and X~ counter anions into
nearly perpendicular interpenetrated sheets leading to the
formation of a 3D network. In the case of the fluoride (1)
and chloride (2) materials, the sum of the three H--X--H
angles around each halide is close to 360° (359, 340, and
329° for 1(HS), 2(HS), and 2(LS), respectively) and sizably

served for the iodide material. The departure of the halide
from the plane of the sheet thus seems to be correlated to
the size of the halide: while the smaller F~ ions fit almost
perfectly the cavity between three [Fe'(trim),]** complex
cations, larger X~ ions fit less well as their size increases,
thus leading to an increase in intersheet distance with the
size of the halide.

The N2-C5-C6-N5-C7 imidazole rings of molecules of the
fluoride (1) and chloride (2) materials that reside in ac
planes interact through st stacking with their centrosymmet-
rically related counterpart (staggered orientation). The in-
terplanar distance between these overlapping imidazole
rings is 3.58 (1 (HS)), 3.52 (2 (HS)), and 3.38 A (2 (LS));
these values associated with centroid-to-centroid distances
of 3.71 (1 (HS)), 3.86 (2 (HS)), and 3.91 A (2 (LS)) indicate
quite strong m-stacking interactions. For symmetry reasons,
both N2-C5-C6-N5-C7 and N2i-C5i-C6i-N5i-C7i imidazole
rings are involved in the same interaction: this leads to the
formation of infinite chains of m-stacked [Fe(trim),]** com-
plex cations which develop along the [010] direction
(Figure 3). As a result, the whole 3D communication net-

Figure 3. View of the 1D m-stacking network in the complex [Fe'-
(trim),|Cl, (2) at 293 K; the 1D m-stacking network is similar for 2 at
50 K and for the fluoride compound (1) at 293 K.

work defined by the sheets of H-bonded molecules is addi-
tionally sustained by these m-stacking interactions. Although
the N2-C5-C6-N5-C7 imidazole rings of centrosymmetrically
related molecules of the iodide material (4) have the same
staggered orientation, and in spite of their short interplanar
distance of 3.12 A, the value of their centroid-to-centroid
distance (5.05 A) indicates the absence of m-stacking inter-
actions. At variance with 1 (F7) and 2 (Cl7), the 2D sheets
of 4 are H-bonded to intercalated parallel layers formed by
I" counter anions and MeOH solvate molecules. In the
structures of 1 and 2, the counter anions are arranged practi-
cally within the 2D layers of [Fe(trim),]** complex cations.

The iron—iron distances between adjacent molecules (8.4—
8.7A range, Table 1) are close to each other regardless of

Chem. Eur. J. 2006, 12, 7421 -7432
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the LS or HS state of the metal center and the size of the
counter anions.

Magnetic properties: The thermal variation of the magnetic
susceptibility measured for complex 4 in the 10400 K tem-
perature range is represented in Figure 4 as the y\ 7T product
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Figure 4. Thermal variation of the yy,T product of [Fe"(trim),]F,, (1, m),

[Fe'(trim),]Cl, (2, o), [Fe'(trim),]Bry,MeOH (3, 4a), and [Fe'-
(trim),]1,MeOH (4, o).

versus temperature. For comparison purposes, the thermal
variation of the yyT product of 1,°1 252 and 359 is also rep-
resented in Figure 4. More or less gradual and complete
SCO occurs for the four complexes in this series. The variety
of magnetic behaviors is impressive considering that these
compounds include the same complex cation and differ only
for the out-of-sphere anions. The most striking observation
is the large range of T, spanning from about 20 K for 15!
to about 380 K for 4.

The thermal SCO of 1 occurs between about 120 and
about 60 K; the sharp decrease of the y\7 product below
30K is due to zero-field splitting.®! Complex 1 is a system
with incomplete SCO occurring at low temperature, as a
result of almost isoenergetic LS and HS levels, and which is
monitored by molecular vibrations.®!! In this case, T,
~20 K does not mean that SCO takes place at a tempera-

Table 2. Observed Mossbauer parameters!®! for complexes 1-4.
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ture as low as about 20 K; instead it is a theoretical value
meaning that if 50% of the iron sites could switch their
spin, the temperature would then be about 20 K.

Mossbauer spectroscopy: The Mossbauer spectra of com-
plexes 1-4 recorded in the 5400 K temperature range con-
sist of either one or two quadrupole doublets, depending on
the compound and temperature.’*>* They were least-
squares fitted with Lorentzian lines, and the resulting isomer
shift (8), quadrupole splitting (AE), and half-width of the
absorptions (I72) at selected temperatures are listed in
Table 2. The 6 and AEj values are in agreement with those
previously published for the LS and HS states of iron(II) in
other SCO compounds.

At intermediate temperatures, the contributions of the
two spin states are well resolved and the spectra consist of
two doublets in thermal equilibrium with each other. At low
temperature, there are no observable line broadenings,
which indicates that the HS=LS spin-state conversion rates
in these compounds are slow compared to the hyperfine fre-
quency (~10%s7"). Above 220 K for 2, and 280 K for 3 and
4, broadenings of the doublets indicate that the HS=LS
conversion frequency reaches a value close to that of the hy-
perfine frequency.® Analysis of these line shapes with a
two-state relaxation model based on the stochastic theory of
line shapes™*! has been carried out for 2% and 3.1 As a
whole, the Mdossbauer data are in agreement with the mag-
netic susceptibility results, thus confirming the presence of
HS+=LS crossover with a range of T, values larger than
300 K for this series of SCO complexes.

Qualitative analysis: A simple qualitative picture of the rela-
tionship between the nature of the out-of-sphere anion and
the conversion temperature is suggested by the similarity of
the hydrogen-bond networks in this series of complexes. The
inductive effect of the anions is transmitted to the donor ni-
trogen atoms through the hydrogen bonds and imidazole
rings (Scheme 2). Consequently, the basicity of the donor ni-
trogen atoms depends on the size of (charge density on) the
out-of-sphere anions. In the case of the fluoride and chloride
anions, for example, the stronger H--X hydrogen bond re-

Compound T [K] LS component HS component
b AE, ap) p) AE, 2 Vs
[Fe(trim),]F, (1) 42 0.577(6) 0.16(1) 0.125(2) 1.148(4) 2.790(1) 0.123(1) 0.94
77 0.571(8) 0.19(1) 0.125(2) 1.138(1) 2.827(2) 0.122(1) 0.95
295 055 023 0.115(2) 1.022(1) 2.093(1) 0.123(2) 0.99
[Fe'l(trim),]CL (2) 80 0.551(2) 0.139(6) 0.130(4) 121(3) 2.67(7) 0.11(6) 0.04
165 0.549(4) 0.12(2) 0.14(1) 1.109(6) 2.66(1) 0.16(1) 0.47
293 0.4971 0.141%1 0.7 1.018(2) 2.919(3) 0.131(3) 0.97
[Fe!!(trim),]Br,"MeOH (3) 80 0.535(3) 0.134(1) 0.128(7) 0.00
295 0.44(1) 0.18(6) 025(3) ~0.00
370 0.36(2) 0.15"! 0.91(3) 1.4(3) 0.76
[Fe'l(trim),] L, MeOH (4) 80 0.532(5) 0.13(2) 0.14(1) 0
293 0.466(4) 0.05(8) 020(2) 0

[a] The isomer shift (0), quadrupole splitting (AE,), and half-width of the lines (/72) are given in mms~

rentheses. [b] Fixed parameters.
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Scheme 2. Schematic representation of the Fe,,(trim)X asymmetric unit,
which illustrates how the anion may exert an inductive effect on the
metal center.

duces the electron density onto the lone pair of the donor
nitrogen atom through the imidazole moiety. As a result,
the iron-nitrogen bond is weakened; considering that the
iron center is coordinated to six nitrogen donors experienc-
ing the same effect, the HS state of Fe™ is stabilized.

Based on this qualitative analysis, an increased inductive
effect of the out-of-sphere anion should correspond to a de-
creased SCO temperature T), for the halide-containing
complexes. As shown in Figure 4, this is indeed the case.
Furthermore, the y\T versus T curves for the chloride, bro-
mide and iodide complexes illustrate another interesting
point: their slope is very similar, which suggests that the co-
operativity of their SCO (de-
fined as J/T,™) is very
weakly or not correlated to

responsible for the weak cooperativity of the SCO in this
series of materials.

To better understand these results and to check the possi-
ble role of the out-of-sphere anions in determining the spin
state of Fe" in [Fe(trim),]** complex cations hydrogen-
bonded to the different anions of the halide series, and pos-
sibly to shed some light on the nature of this counter-anion
effect, the isolated [Fe'(trim),]X, complex molecules 1-4
and the unit cell of the four materials were investigated at
the DFT level.

DFT calculations: The calculations were performed within
the local density approximation (LDA) for both the single
molecules and the crystal lattices. The optimization for the
LS and HS isomers of the neutral [Fe(trim),]X, molecules
was carried out for all four anions. The starting geometries
were those obtained for a given system in solid-state calcula-
tion, with the position of X~ taken such that one halide was
H-bonded to the NH fragment of the central imidazole
moiety of each ligand. The results obtained are collated in
Table 3. The spin-state splitting Ej is the difference Eys—Eg
between the energy of the HS isomer and the energy of the
LS isomer.

Table 3. Selected interatomic distances, angles, and spin-state splittings calculated for single molecules of [Fe-

- (trim),]X,.
thl.s effect of the out-of-sphere Complex, spin state ~ Av. Fe-N  N-Fe-Nrange  Av.N--H®*  Av.N-X"  Av.H-X~ E,
anion. [A] [] [A] [A] [A] [kJ mol ']
The conversion temperature g iim 1 15 1.87 87.2-92.1 1.511 2.50 1.03 509
(T\2) depends on the ligand  [Fe(trim),]F,, HS 2.05 85.6-96.5 1.426 242 1.04
field, a local effect directly ex-  [Fe(trim),]CL, LS 1.84 86.5-94.8 1.192 2.80 1.67 2.7
erted onto the iron by the Ny {FeEtrimﬂClz, HS igg 25-‘31—32; Hgé ;22 1-37 e
. . . . Fe(trim),|Br,, L . 7.4-94. . R 1.87 X
ligand environment. Consider- /o p ™ po 545 85.4-96.2 1.156 2.96 1.87
ing that all complexes in this  [ge(rim),1,, Ls 1.86 86.8-93.6 1.075 325 244 61.5
series include the same [Fe-  [Fe(trim),]I,, HS 2.05 82.5-96.0 1.130 3.26 2.20

(trim),]** complex cation, it is
clear that the ligand field in-
cludes not only the constant
contribution from the two trim ligands, but also a variable
contribution originating from the only chemical species dif-
fering from one complex to the other. Consequently, the
variation in Ty, results from the change in out-of-sphere
anion transmitted by the unique set of atoms and bonds rep-
resented in Scheme 2, which may be considered as the “ele-
mentary communication wire” between the metal center
and out-of-sphere anions.

Clearly the crystal packing, that is, the way in which ele-
mentary communication wires interconnect ferrous centers
and out-of-sphere anions, together with the nature of the el-
ementary communication wire, determines the cooperativity
of the SCO. In the present series, the relative weakness of
the elementary communication wires (which include an
H---X hydrogen bond, and in the case of 1 and 2 a m-stacking
interaction between imidazole rings) and the isotropic
nature of the overall communication network (3D for 1 and
2, 2D for 4 and, most probably, 3) confer a significant elas-
ticity to the crystal packing. These factors are most probably

[a] Central imidazole.
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The values obtained for the free molecules do not repro-
duce the experimentally observed trend, but this could be
reproduced by calculations for the crystals (by including pe-
riodic boundary conditions in the calculations; see below).
A stronger stabilization of the LS state is obtained for com-
plex 1 in particular, in comparison to the complexes 2 and 3.

As shown in Figure 5, the bulk geometries of the complex
cations deduced from the X-ray studies and those calculated
are in fair agreement. The largest discrepancies concern the
Fe—N bond distances: the calculated values of 1.84-1.86 and
2.05 A for LS and HS molecules, respectively, are shorter
than the experimental values lying in the ranges 1.99-2.015
and 2.17-2.19 A, respectively. This finding may be under-
stood as an effect of the intrinsic properties of the LDA ap-
proach, which is known to result in shortened metal-ligand
bonds."? The pronounced stabilization of the LS isomer for
1 seems to be related to the distances of the hydrogen
bonds: the F~---H bonds are the shortest in the whole F~,
CI™, Br, I" series, while the corresponding N---H distances
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Figure 5. View of the complex cation in the calculated [Fe(trim),]Cl, HS
structure of 2.

reach the maximal values. This corresponds to an effective
proton transfer to an anion: the H--F~ bond is shorter than
the N—H bond. The above effect has a dramatic influence
on the spin-state splitting, thus leading to an inversion of
the experimentally observed stabilization of the LS state in
the F~, Cl-, Br™, I" series. However, it is known that the cal-
culations for N—H:-X" bonds in the gas phase reveal a ten-
dency to shift the hydrogen atom towards the halide. This
trend is counterbalanced by introducing the environment
with a nonzero dielectric constant.*’! Moreover, in the solid,
the X~ ions are involved in three or four hydrogen bonds
and polarizability effects may play an important role. It is
therefore clear that the observed dependence of the SCO
properties on the anion may be explained only by consider-
ing the solid-state effects.

Calculations with periodic boundary conditions were also
performed for the series of [Fe(trim),]X, complexes. For
each system the calculations were carried out for a unit cell
with either HS or LS complexes. All geometric parameters
including the cell constants were optimized until the forces
on all atoms became lower than a threshold value. The pre-
viously reported structure of the HS isomer of [Fe-
(trim),]F,®Y and the structures of both isomers of [Fe'-
(trim),]|Cl, reported herein were used as a starting point for
calculations of the respective complexes. Apart from that,
calculations were performed for a pair of spin isomers of
[Fe"(trim),]I,MeOH with Z=4 (number of molecules per
unit cell) starting from the structure reported here. The
latter was also used as a starting point for the calculations
for [Fe"(trim),]Br,MeOH. To obtain the spin-state splitting
Eg, the energy of a pure LS unit cell was subtracted from
the energy of a pure HS unit cell and the resulting differ-
ence was divided by Z.

A comparison of calculated bond lengths and bond angles
for complexes 1-4 with the available X-ray data (crystal
structures, see above) shows again that the largest discrep-
ancies concern the Fe—N bonds. The calculated Fe—N bond
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lengths lie in the range of 2.02 to 2.13 A for HS 1, 2.01 to
2.10 A for HS 2, 1.85 to 1.89 A for LS 2 and 1.84 to 1.92 A
for LS 4, whereas the experimental distances are in the
ranges of 2.18-2.19, 2.17-2.19, 1.99-2.00, and 1.975-2.015 A,
respectively. The calculated N-Fe-N angles are closer to the
observed ones: 83.0-100.6° for HS 1, 86.0-93.7° for HS 2,
85.6-95.4° for LS 2 and 87.7-93.7° for LS 4 (experimental
values: 81.6-102.2, 82.7-100.3, 86.6-95.1 and 87.5-93.5°, re-
spectively). Also, the value of the average trigonal twist
angle ¢ for the calculated structures is in fair agreement
with the experiment: the calculated values for HS 1, HS 2,
LS 2, and LS 4 are 3.7, 4.1, 2.4, and 2.1°, respectively (cf.
Table 1). The CIF files for calculated structures are given in
the Supporting Information.

Before discussing the packing effects it is important to
note that we did not take into account the symmetry of the
crystal in our calculations (i.e. the calculations are not
bound to the space group of the starting geometry and are
thus, in principle, able to predict the space group of the crys-
tal).

The overall packing patterns observed by X-ray crystal-
lography are well-reproduced by the calculations, as illus-
trated in Figures 6 and 7. The relevant interatomic distances
are collated in Table 4. The crystal packings result primarily
from the networks of hydrogen bonds, the orientations of

Figure 6. View of the 3D hydrogen-bond network for the calculated [Fe'-
(trim),]|Cl, HS structure of 2.

Figure 7. View of the 1D m-stacking network in the calculated [Fe'-
(trim),]|Cl, HS structure of 2.

7427

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

H. Paulsen, A. X. Trautwein, J.-P. Tuchagues et al.

A EUROPEAN JOURNAL

Table 4. Experimental and calculated intermolecular distances for the HS and LS lattices of [Fe(trim),]X,

complex molecules [A].

formed for SCO systems,

which show the importance of

Complex, spin state Caled N--X Exptl N---X mt-Stacking calcd mt-Stacking exptl intermolecular effects in tuning
[Fe(trim),]F,, LS 2.44-2.85 3.0041 3,340 the ligand field and thus in de-
[Fe(trim),]F,, HS 2.49-2.71 2.61-2.66 3.021 3,190 3.5810 37100 termining the transition tem-
Fe(trim),]Cl,, LS 2.95-3.01 3.13-3.15 3.10) 3,530 3.380 3,930
erature
[Fe(trim),]Cl,, HS 2.94-2.99 3.13-3.15 3.07% 3,380 3.520 3,860 p T .
[Fe(trim),]Bry McOH, LS 3.19-3.55 238 4,410 Examination of the packing
[Fe(trim),|Br,MeOH, HS 3.14-3.46 27300 4,201 effects in the calculated struc-
[Fe(trim),]I,MeOH, LS 3.30-3.60 3.60-3.79 2.4100 47101 3.1280 5,050 tures allows the following de-
i . [a] [b] .. .

[Fe(trim),]I,MeOH, HS 3.34-3.63 3.2811 4,69 scription of the static and me-
[a] Interplanar distance. [b] Centroid-to-centroid distance, in A. chanical aspects of the lattices.

which are identical to those found in the X-ray structures of
the corresponding complexes.

There seems to be some discrepancy between the ob-
served and calculated sum of the three H--X--H angles
around the halide, which is more pronounced for HS sys-
tems: the calculated values are 311, 301, 310, and 304° for 1
(HS), 2 (HS), 2 (LS), and 4 (LS), respectively. The increased
number of accepted hydrogen atoms in the case of X=1I"is
also reproduced. Comparison of calculated and available ex-
perimental values for N--X™ distances corresponding to hy-
drogen bonds shows again that the calculated values are
somewhat shorter than the observed ones. Both X-ray stud-
ies and calculations indicate that there is no change in hy-
drogen-bond lengths upon SCO.

The calculations display the presence of m-stacking inter-
actions involving the N2-C5-C6-N5-C7 imidazole rings, ob-
served for the fluoride (1) and chloride (2) materials. Both
the interplanar distances and associated centroid-to-centroid
distances are 0.3-0.6 A shorter than those observed in X-ray
structures (see Table 3). On the other hand, for the LS
iodide material (4), in spite of the small interplanar distance
(2.408 A), the large centroid-to-centroid distance (4.71 A)
indicates the absence of m-stacking interactions, as estab-
lished by X-ray methods. The same holds for [Fe-
(trim),]|Br,MeOH (3). Thus, the calculations predict the de-
termined 3D network for the fluoride (1), chloride (2) and
iodide (4) materials, as well as the increased separation be-
tween 2D layers for 4. In our opinion, the observed differen-
ces between the calculated and experimental interatomic
distances are primarily due to Fe—N bond shortening within
the LDA approach, as mentioned above.

The calculated energy differences (spin-state splitting E;)
between the HS and LS lattices of the four [Fe(trim),]X,
complexes, together with the estimated values of transition
temperatures T,,, are collated in Table 5. The trend ob-
served for the calculated spin-state splitting Eg is in qualita-
tive agreement with that observed for the transition temper-
atures. In other words, the calculations show that the stron-
gest stabilization of the HS state is expected for the fluoride
complex, which actually is essentially HS above T=50K,
while the most pronounced stabilization of the LS state is
expected for [Fe(trim),]I,MeOH, in line with the experi-
ment. Thus, for the first time, electronic structure calcula-
tions with periodic boundary conditions have been per-
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Table 5. Calculated spin-state splittings and cell volumes for HS and LS
lattices of [Fe(trim),]X, complex molecules.

Anion Spin  V (exptl V) [A’] T, (T)p™") [EJx—[E]r E,

state K] [kJmol™]  [kJmol ]
F HS 987 (1206) - (<50)B1 0 —47
LS 954
Cl~ HS 1124 (1360) 90 (170-188)  51.5 4.5
LS 1057 (1270)
Br@  HS 2368 390 (340)1 76.5 29.5
LS 2294
™  HS 2471 510 (380)L! 86 39

LS 2353 (2921)

[a] [Fe(trim),|Br,MeOH, Z=4. [b] [Fe(trim),],;MeOH, Z=4. [c] Un-
published results.

For the calculated systems with Z=2, the packing corre-
sponds to that observed by X-ray: the sheets formed by the
H-bonded [Fe(trim),]* cations and X~ anions are connected
into the 3D network, which is additionally sustained by the
n-stacking interactions. In the F~, CI-, Br~, I" series the in-
crease in size of the anion results in a gradual increase of
the intersheet distances, while the iron—iron distance within
a sheet is unchanged. This finding is related to the pyrami-
dal character of the X™-(H); group of atoms in this series.
Consequently, the centroid-to-centroid distance between the
n-stacked imidazole rings increases in the series, thus lead-
ing to weakened interactions. The increased intersheet dis-
tance precludes m—m interactions and creates sufficient space
to form methanol solvates in the case of the bromide and
iodide systems.

The Fe—N bonds form an angle of about 45° with the
plane of the sheets of H-bonded molecules, and thus the
contraction of the coordination sphere upon HS-to-LS cross-
over induces an isotropic contraction of the complex cation
resulting in an isotropic contraction of the whole 3D crystal-
line network through the N—H--X bonds. This contraction is
associated with a “slippage” of the m-stacked imidazole
rings of adjacent sheets.

Conclusion

The synthesis, characterization, and properties of [Fe'-
(trim),]Cl, (2), [Fe"(trim),]Br,MeOH (3), and [Fe'-
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(trim),]1,MeOH (4), including the X-ray crystal structure
determinations of 2 (50, 293 K) and 4 (293 K), have been
performed. In agreement with the magnetic susceptibility re-
sults, the Mossbauer data show the presence of HS=LS
crossover with a range of T}, larger than 300 K and span-
ning from ~20 K for [Fe(trim),]F, (1) to ~380 K for 4. The
conversion temperature (7},) depends on the ligand field, a
local effect directly exerted on the iron by the Ng ligand en-
vironment. All the complexes in this series include the same
[Fe(trim),]** complex cation, and thus it is clear that the
ligand field includes not only a constant contribution from
the trim ligands, but also a variable one originating from the
out-of-sphere anions and transmitted to the metal center by
the connecting imidazole rings and hydrogen bonds.

As the hydrogen-bond network is similar for this series of
complexes, which includes the same complex cation and dif-
fers only in the out-of-sphere anions, the impressive varia-
tion in the intrinsic characteristics of the SCO phenomenon
is then interpreted as an inductive effect of the anions trans-
mitted to the nitrogen donors through the hydrogen bonds
and imidazole rings. The basicity of the nitrogen donor de-
pends on the size of (charge density on) the out-of-sphere
anion. Strong H--X hydrogen bonds reduce the electron
density onto the lone pair of the nitrogen donor through the
imidazole moiety. As a result, the iron-nitrogen bond is
weakened. Considering that the iron center is coordinated
to six nitrogen donors experiencing the same effect, the HS
state of Fe! is stabilized. Based on this rationale, an in-
creased inductive effect of the out-of-sphere anion corre-
sponds to a decreased SCO temperature 7, in agreement
with the experimental results.

The bulk geometries of the complex cations deduced from
the X-ray studies and those calculated within the LDA ap-
proximation for both the single molecules and the crystal
lattices at the DFT level are in fair agreement. However,
while the trend for the spin-state splitting Eg (difference
Eys—E| s between the energy of the HS and LS isomers) cal-
culated for the isolated molecules disagrees with the experi-
mental one, the trend calculated with periodic boundary
conditions agrees with that observed for 7)), of 1-4. Indeed,
the calculations predict the strongest stabilization of the HS
state for the fluoride complex, which actually is essentially
HS above T=50 K, while the most pronounced stabilization
of the LS state is predicted for [Fe(trim),]I,-MeOH, in line
with the experiment. Thus, for the first time, electronic
structure calculations with periodic boundary conditions
have been performed for SCO systems, which show the im-
portance of intermolecular effects in tuning the ligand field
and thus in determining the transition temperature. Calcula-
tions using a GGA functional are currently being per-
formed.

Experimental Section

Materials: All reagents and solvents were of analytical grade and were
used without further purification. All syntheses involving Fe'' were car-
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ried out under a purified nitrogen atmosphere in an inert-atmosphere
box (Vacuum Atmosphere HE 43-2) equipped with a dry train (Jahan
EVAC 7). Solvents were degassed under vacuum prior to use.

Ligand: The 4-(4-imidazolylmethyl)-2-(2-imidazolylmethyl)imidazole
ligand (trim) was synthesized as a faint-yellow microcrystalline
powder.’)

Fe" complexes:

Caution! Perchlorate salts and complexes are potentially explosive and
should be handled in small quantities and with much care.

[Fe" (trim),]CL, (2): Compound 2 was obtained in the form of light-green
crystals through direct reaction of ferrous chloride with the trim ligand.
In a typical reaction, FeCl,-4H,0 (0.42 mmol) dissolved in the minimum
amount of methanol was slowly added to trim (0.87 mmol) dissolved in
the minimum amount of methanol under stirring. The reaction mixture
was stirred for 48 h at room temperature and the minimum amount of
acetonitrile necessary to induce crystallization was then added slowly.
The resulting crystals were isolated by filtration 24 h later, washed with
acetonitrile, dried under vacuum and stored in the inert-atmosphere box
(yield: 110 mg, 70 % ). Some of these crystals were of good enough quali-
ty for XRD measurements. Elemental analysis (%) calcd for
FeC,,H,,N,Cl, (583.3 gmol™"): C 453, H 4.2, N 288, Cl 122, Fe 9.3;
found: C 455, H 3.9, N 284, ClI 11.9, Fe 9.1. IR: v=377, 360, 344,
318 cm ™! (Vpen)-

[Fe'(trim),]BryMeOH (3) and [Fe"(trim),]I,MeOH (4): Compounds 3
and 4 were obtained in the form of purple (3) and mauve (4) microcrys-
tals through metathesis reactions similar to that described for 1.V In a
typical reaction, the chosen alkaline salt (2 mmol; LiBr for 3 and Nal for
4) was slowly added as a solid under stirring to a freshly prepared, deep-
purple methanolic solution (0.5 mmol) of Fe'(trim),(ClO,),.*Y The reac-
tion mixture was stirred for 48 h at room temperature and a minimum
amount of acetonitrile was subsequently added slowly to induce crystalli-
zation or precipitation. The resulting complex was isolated by filtration,
washed with acetonitrile, dried under vacuum and stored in the glove
box. Yield of 3: 145mg, 40%. Elemental analysis (%) caled for
FeC,;H,N,OBr, (704.2 gmol™'): C 39.2, H 4.0, N 23.9, Br 22.7, Fe 7.9;
found: C 39.1, H 4.0, N 24.3, Br 22.4, Fe 7.8. IR: 7=3350 (voy), 1025
(Veo), 466, 440, 395, 329, 227 cm ™" (V). Yield of 4: 150 mg, 40 %. Ele-
mental analysis (%) caled for FeC,3sH,gN,01, (798.2 gmol™'): C 34.6, H
3.5, N 21.1, I 31.8, Fe 7; found: C 34.8, H 3.3, N 21.1, 1 30.9, Fe 6.8. IR:
7=3350 (Von), 1025 (vco), 435, 355, 328, 220 cm ™" (Vgen)-

Physical measurements: Microanalyses for C, H, and N were performed
by the Microanalytical Laboratory of the Laboratoire de Chimie de Co-
ordination in Toulouse and for Cl, Br, I, and Fe, by the Service Central
de Microanalyses du CNRS in Vernaison, France. Infrared spectra (4000—
200 cm ') were recorded on a Perkin—Elmer 983 spectrophotometer cou-
pled with a Perkin—-Elmer infrared data station. Samples were run as
CsBr pellets prepared under nitrogen in the dry box. TGA measurements
were carried out with a Setaram TG-DTA92 apparatus coupled with a
Leybold Heraeus QX 2000 mass spectrometer. Variable-temperature
magnetic susceptibility data were obtained as previously described* on
powdered microcrystalline samples with a Faraday-type magnetometer
equipped with a continuous-flow Oxford Instruments cryostat or a Quan-
tum Design MPMS superconducting quantum interference device
(SQUID) magnetometer. Data were corrected for the contribution of the
sample holder and diamagnetism of the sample.

Mossbauer measurements were obtained with a constant-acceleration
conventional spectrometer using a 25-mCi source of ¥Co (Rh matrix).
The absorber was a powdered sample enclosed in a 20-mm-diameter cy-
lindrical, plastic sample holder, the size of which was determined to opti-
mize the absorption. Variable-temperature spectra were obtained by
using MD 306 (300-4.2K) and DN1754 (300-400 K) Oxford cryostats,
the thermal scanning being monitored by an Oxford ITC4 servocontrol
device (£0.1 K accuracy). A least-squares computer program'®! was used
to fit the Mossbauer parameters and determine their standard deviations
of statistical origin (given in parentheses). Isomer shift values (9) are rel-
ative to metallic iron at 293 K.
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All samples used for physical or chemical characterizations were pre-
pared inside a glove box under a purified nitrogen atmosphere. All nec-
essary care was taken while transferring the samples to prevent any
aerial oxidation. More particularly, the sample holders were sealed inside
the glove box prior to their transfer to the SQUID or Mdssbauer spec-
trometer.

Crystal structure determination of 2 and 4: X-ray data for compounds 2
and 4 were collected at 293 K on a CAD4 diffractometer (Enraf Nonius)
using graphite-monochromated Moy, radiation (1=0.71073 A). A light-
green crystal of [Fe"(trim),]Cl, (2; 0.50x 0.40 x 0.30 mm) was coated with
Vaseline in an inert-atmosphere box and sealed in a Lindemann glass ca-
pillary. A mauve crystal of [Fe"(trim),]I,-MeOH (4; 0.55x0.50 x 0.25 mm)
was mounted in a similar way. The crystals were then transferred to the
diffractometer. Lattice parameters of the two compounds were obtained
from a least-squares analysis of 25 carefully centered reflections with
12.6°< 6 <20.3°. The data were collected at ambient temperature using
the w—260 scan technique at variable rates. 2524 unique reflections were
collected up to 25° for 2, space group P2/n, and 3176 unique reflections
were collected for 4 up to 27°, space group Pccn. The quality of the crys-
tals was monitored by scanning three standard reflections every 2 h. No
significant variation was observed during data collection. The data were
corrected for absorption, Lorentz and polarization effects using the
MOoIEN package for 2 and 4.1! Absorption corrections from psi scans
were applied (2: T, =0.9455, T,.,=0.9999; 4: T,;,,=0.7914, T .=
0.9989).147)

X-ray data for compound 2 were collected at 50(2) K with an Oxford
Diffraction Xcalibur CCD diffractometer using graphite-monochromated
Moy, radiation and a Helijet cooler device from Oxford Instruments.
The crystal was placed 60 mm from the CCD detector. More than the
hemisphere of reciprocal space was covered by combination of four sets
of exposures; each set had a different angle ¢ (0, 90, 180, 270°). Coverage
of the unique set was 99.8 % complete up to 20 =64°. The unit cell deter-
mination and data integration were carried out using the CrysAlis pack-
age from Oxford Diffraction.* Intensity data were corrected for Lorentz
and polarization effects.

All structures were solved by direct methods using SHELXS-97*! and
refined by full-matrix least-squares methods on F,? with SHELXL-975
with anisotropic displacement parameters for non-hydrogen atoms. All H
atoms attached to carbon were introduced in idealized positions using
the riding model with their isotropic displacement parameters fixed at
110% of their riding atom. Scattering factors were taken from the stand-

Table 6. Crystallographic data and refinement parameters for compounds 2 and 4.

ard compilation.®! The molecular plots were obtained using the
ZORTEP program.” Relevant crystallographic data and refinement de-
tails are summarized in Table 6.

CCDC-285836 (2, 293 K), CCDC-285837 (2, 50 K), and CCDC-285838 (4,
293 K) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational details for DFT calculations: Density functional calcula-
tions were performed with the local density approximation (LDA) using
the Perdew-Zunger parametrization,*” as implemented in the SIESTA
program.*> For the valence electrons, a polarized double-zeta basis set
was used that consists of finite-range pseudo-atomic orbitals (PAOs).*!
An energy cutoff of 70 Rydberg was used for the interstitial charge densi-
ty. The core electrons were described by pseudopotentials of the Troulli-
er-Martins type.*”! Calculations with periodic boundary conditions were
performed for complete unit cells of [Fe(trim),]X,. In addition, calcula-
tions were performed for an isolated [Fe(trim),]>* complex cation. A
threshold value of 10~ was chosen for the self-consistent field conver-
gence. The atomic positions in the unit cell and the cell parameters were
optimized up to a force tolerance of 2000 kJmol ' A. The transition tem-
peratures were derived on the basis of calculated Eg values and the vibra-
tional entropy differences, calculated on the basis of normal vibration fre-
quency calculations for isolated HS and LS isomers of [Fe(trim),]** com-
plex cations performed with the Gaussian 03 program.!
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