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Abstract: A family of spin-crossover
(SC) complexes, [Fe"H;LM|CI-X (X~

= PF4, AsF4, SbF,~, CF;SO;), 14,
has been synthesized, in which H;LM®
denotes the hexadentate Ny tripod-like
ligand tris[2-{[(2-methylimidazol-4-yl)-
methylidene]amino}ethyl]amine, con-
taining three imidazole groups, with a
view to establishing the effect of the
counter anion on the SC behavior.
These complexes have been found to
crystallize in the same monoclinic crys-
tal system with similar cell dimensions.
The general crystal structure consists of
a two-dimensional (2D) extended net-
work constructed by NH:-Cl™ hydro-
gen bonds between Cl™ and the imida-
zole NH groups of three neighboring
[Fe"H,LM]** ions, while the anion X

exists as an isolated counter anion and
occupies the space between the 2D
sheets. Magnetic susceptibilities and
Mossbauer spectra have revealed a va-
riety of SC behaviors depending on the
counter anion, including a one-step HS
= (HS + LS)2 (1, X = PF,"), a two-
step HS = (HS + LS)/2 = LS with a
slow thermal relaxation (2, X =
AsF7), a gradual one-step HS = LS
(3, X = SbF; "), and a steep one-step
HS = LS with hysteresis (4, X =
CF;SO;7). The complexes assume the
space group P2,/n in the HS state, P2,
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in the HS + LS state, and P2,/n in the
LS state. The Fe—N bond lengths and
the N-Fe-N bond angles are indicative
of the HS, HS + LS, and LS states.
The molecular volumes, V, of the coun-
ter anions have been evaluated by
quantum-chemical calculations as fol-
lows: 53.4 A’ (BF,"), 54.4 A* (ClO,"),
73.0 A? (PE¢"), 78.5 A% (AsFy "), 88.7 A’
(SbF,"), and 86.9 A> (CF;SO;"). The
size and shape of the counter anion af-
fects the flexible 2D network structure
constructed by the hydrogen bonds,
leading to modifications of the SC be-
havior. These estimated relative sizes
of the counter anions correlate well
with the observed SC behaviors.
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Spin-crossover (SC) is a representative example of molecu-
lar bistability, in which the high-spin (HS) and low-spin (LS)
states are interconvertible by physical perturbations such as
a change in temperature, pressure, an external magnetic
field, or irradiation with light.? While SC behavior is es-
sentially a phenomenon of individual molecules, the interac-
tion between the SC sites is an important factor governing
the SC properties such as the steepness and multistep
nature of the spin transition, hysteresis, and the LIESST
(light-induced excited spin state trapping) effect, which are
important properties with regard to applications in informa-
tion storage, molecular switches, and visual displays.”! The
synthesis of SC compounds exhibiting interactions between
the SC sites is of current interest. For example, in the cur-
rent decade, polymeric SC compounds with bridging li-
gands” and mononuclear SC compounds exhibiting inter-
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molecular interactions such as hydrogen bonding and m—x
stacking® have been extensively investigated, and they have
been found to show interesting SC behavior. It is also
known that the presence of solvent molecules in the crystal
lattice and the nature of the counter anion significantly
affect the SC behavior, although such species do not directly
interact with the SC site.l”! This highlights the need for a
more systematic investigation of such subfactors, as well as
for a rational explanation of the complicated results.

We have investigated metal complexes containing imida-
zole groups.”! Of these, iron complexes with tripod ligands
containing three imidazole groups, H;L® (R = H, Me, Ph),
H;LR = tris[2-{[(2-R-imidazoyl-4-yl)methylidene]amino}-
ethyl]amine, have been found to constitute a new family of
SC complexes.”! These systems comprise [Fe"H;L¥]X,,
[Fe™H,LR¥X;,  [Fe™L®],  [Fe"H,L®|[Fe"L*]X, and
[Fe"H,L?][Fe™L?]X, complexes, where X denotes a mono-
negative anion such as ClO,” or PFs . In particular, com-
plexes of the type [Fe"H,LR][Fe"L¥]X and [Fe"H,LF]-
[Fe™LR]X,, in which two component Fe sites, [Fe"H;L¥]**
and [Fe"L®]~ or [Fe™LR]°, are connected through an imida-
zole-imidazolate hydrogen bond to produce a two-dimen-
sional (2D) extended network structure, have been found to
exhibit steep and multistep SC behavior.!! We have also
identified another new type of 2D SC complex with the
chemical formula [Fe"H;LM]CI-I;.¥) This compound shows a
steep spin transition, and the crystal structure consists of a
new type of 2D extended network constructed by NH--Cl~
hydrogen bonds. Since we have already shown that the
counter anion in [Fe"H;LM][Fe"LM°]X significantly affects
the SC properties® it was anticipated that the counter
anion in [Fe"H;L¢]Cl-X may have a similar influence. Var-
iation of X would then allow us to address the issue of how
the counter anion modifies the SC behavior of the 2D com-
plex through intra- and interlayer elastic interactions. To-
wards this objective, a series of complexes with the general
formula [Fe"H,LM]CI-X (X~ = PFy, AsF,, SbF,, or
CF;SO;7) has been prepared. Depending on the counter
anion, this series of complexes has been found to exhibit a
variety of SC behaviors, including a one-step (HS = (HS +
LS)/2), a two-step (HS = (HS + LS)/2 = LS) with slow
thermal relaxation, a gradual one-step (HS = LS), and a
steep one-step (HS = LS) transition with hysteresis. We
now report the 2D structure constructed by NH--Cl™ hydro-
gen bonds between the imidazole groups of the complex
cation and Cl™ ions, the detailed crystal structures of the HS,
(HS + LS)/2, and LS states, and a variety of SC behaviors
as revealed by the temperature dependences of the magnetic
susceptibilities and the Mdossbauer spectra.

Results and Discussion
Synthesis and characterization of [Fe"H,LM]CI-X (X~ =
PF, ", AsF; ", SbF,~, CF;S0;"): Fe" complexes with the for-

mulas [Fe"H,L™]X, (X~ = ClO,, BF,) and
[Fe"H,LM]CI-X (X~ = AsF,, SbF,, CF;S0;7) were easily
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obtained as orange or dark-orange crystals by mixing the
neutral form of the tripodal ligand HiL™® (H, LM = tris[2-
{[(2-methylimidazol-4-yl)methylidene]amino}ethyl]amine),
Fe'Cl,4H,0, and NaX in a 1:1:2 molar ratio in methanol,
without protection from air, as detailed in the Experimental
Section. A combination of the Fe" complex cation with the
neutral ligand, [Fe"H,LM*]**, and a rather small counter
anion, such as ClO,” or BF,, crystallized with the chemical
formula [Fe"H,L™¢]X,, whereas a combination of this com-
plex cation with a larger counter anion, such as AsFy,
SbF¢~, or CF;SO;7, crystallized with the chemical formula
[Fe"H,LM°]CI-X. The PF4~ salt was found to crystallize from
MeOH with the formula [Fe"H,LM*|CI-PF,MeOH, a high-
spin complex over the temperature range 5-300 K that
showed distinctly different magnetic properties from those
of the compound without methanol. The compound without
the solvent of crystallization, [Fe"H,LM|CI-PF, (1), can be
obtained by performing the reaction in H,O/CH;CN. It
should be noted that anaerobic conditions are not always
necessary for the syntheses of the present Fe"' complexes. X-
ray crystal structures at selected temperatures were deter-
mined for all of the complexes. The crystallographic data
are summarized in Table 1. They indicate that all of the
complexes crystallized in the same monoclinic space group
with very similar crystal dimensions. All of the IR spectra
for the series of complexes with the neutral ligand showed a
characteristic sharp single band at around 1640 cm™' at am-
bient temperature due to the C=N stretching vibration of
the Schiff-base ligand, which can be assigned to the HS Fe
state.[®]

SC properties and structures of [Fe"H,LM*]CI.X (X~ =
PF,, AsF,, SbF, , CF,SO; )

General: The SC behavior of the complexes was investigat-
ed by measuring their temperature-dependent magnetic sus-
ceptibilities, as well as by Mossbauer spectroscopy and X-
ray analyses. The general procedures outlined below were
used, unless otherwise noted. The magnetic susceptibilities
were measured in the 5-300 K temperature range, at a
sweep rate of 1 Kmin~', in an applied magnetic field of 1 T.
The sample was quickly cooled from room temperature to
5K, and the magnetic susceptibility was measured in the
warming mode from 5 to 300 K as a first run and then meas-
ured in the cooling mode from 300 to 5 K as a second run.
Mossbauer spectra were recorded in the 4.2-298 K range.
The sample was initially cooled from room temperature to
4.2 K within 3 min and Mossbauer spectra were then meas-
ured in the warming and cooling modes. Crystal structures
were determined by single-crystal X-ray diffraction analyses
at the appropriate temperatures to confirm the spin states.
Table 1 summarizes the crystallographic data for all of the
complexes at the selected temperatures. These complexes
not only crystallized in the same monoclinic crystal system
with similar cell dimensions, but also assumed the same
space groups, that is, P2,/n in the HS state, P2, in the HS +
LS state, and P2,/n in the LS state. All complexes in the HS
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Table 1. Crystallographic data for complexes 1-4.

2 3 4

296 K 93K 180 K 110K 90 K 180 K 90 K 296 K
formula CyH3CIFs-  CyH3ClFs-  CyH3AsCIFs-  CyH3AsCIFs- Gy H3AsCIFs- Gy HyClFe- G, H;ClIF- C,,H;CIF;-

FeN,,P FeN,,P FeNy, FeNy, FeNy, FeN,,Sb FeN,,Sb FeN,,05S
Fw 658.80 658.80 702.75 702.75 702.75 749.60 749.60 662.90
crystal system monoclinic  monoclinic ~ monoclinic monoclinic monoclinic monoclinic  monoclinic monoclinic
space P2,/n P2, P2i/n P2, P2,/n P2\/n P2,/n P2\/n
group (no. 14) (no. 4) (no. 14) (no. 4) (no. 14) (no. 14) (no. 14) (no. 14)
a[A] 17.501(5) 17.212(5) 17.450(5) 17.230(6) 17.089(5) 17.5367(14)  17.2127(14) 18.055(4)
b [A] 13.212(4) 12.680(4) 13.096(3) 12.796(3) 12.522(6) 13.2154(10)  12.7252(11) 12.636(4)
c[A] 13.105(4) 13.109(6) 13.068(3) 13.090(3) 13.104(7) 13.1112(11)  13.0765(11) 13.589(4)
A 1°] 96.51(1) 95.57(1) 96.53(1) 95.44(1) 94.88(2) 95.817(7) 94.727(7) 98.62(1)
vV [AY] 3010(1) 2847(1) 2967(1) 2873(1) 2794(2) 3022.9(4) 2854.5(4) 3065(1)
Z 4 4 4 4 4 4 4 4
F(000) 1352 1352 1424 1424 1424 1496 1496 1368
2 [A] 0.71075 0.71075 0.71075 0.71075 0.71075 0.71073 0.71073 0.71073
T [K] 296+2 93+2 180+2 110£2 90+2 180+2 90+2 296+2
Ocaled [Mgm ™3] 1.453 1.536 1.537 1.625 1.670 1.647 1.744 1.436
u(Moy,) [mm™'] 7.09 7.50 17.73 18.31 18.83 15.27 16.17 7.07
0 range [° min—-max| 3.1-27.5 3.1-27.5 3.1-27.5 3.1-27.6 3.1-27.5 2.13-26.04 3.23-32.37 3.0-27.5
no. of data collected 29321 26630 29167 28156 25898 30088 27838 30324
no. of unique data 6872 12777 6745 12867 6365 9965 9378 7022
R(int) 0.023 0.027 0.047 0.048 0.216 0.034 0.043 0.022
no. of variable parameters 391 782 391 782 391 406 406 400
no. of obsd. refl.[? 4695 11438 4199 9417 1557 5660 6333 5024
R™ obsd., all 0.061, 0.077  0.044, 0.049 0.061, 0.090 0.052, 0.072 0.120, 0.219 0.041, 0.077  0.042, 0.063 0.045, 0.058
Rw!*! obsd., all 0.192 0.130 0.180 0.136 0.289 0.092, 0.105  0.096, 0.107 0.144
S 1.001 0.999 0.999 0.998 0.850 0.879 0.956 0.992
(A10) max 0.000 0.000 0.000 0.000 0.007 0.001 0.001 0.000
(A1) maxmin [6 A7) 1.13, -0.61 1.76,-1.17 1.75, -1.89 2.14, —1.91 3.22, -2.93 1.09, —0.63  0.857, —0.722  1.98, —0.63

[a] Data with £, >40(F,). [b] R = S|, |~ |E.|[/S|F,|- [c] Rw = [Sw(|E|~|FZ|)/Sw| E2 ]

and LS states assume a similar 2D extended structure, and
so, except for the anions, the same atom numbering scheme
applies throughout. Complexes 1 and 2 in the HS + LS
state assume similar 2D structures and, except for the
anions, the same atom numbering scheme applies.

[Fe"H,LM]CI-PF, (1): Figure 1 shows y,T versus T plots for
the warming and cooling modes, where y\7 is the molar
magnetic susceptibility and 7 is the absolute temperature.
The magnetic behaviors in the warming and cooling modes
are almost the same and show an SC of the HS = (HS +
LS)/2 type. In the 300-150 K region, the y\T value is nearly
constant at about 3.5 cm®*Kmol™, as expected for an HS Fe"
species (S = 2). Upon further cooling of the sample in the
150-100 K region, the y\u7 value abruptly decreases at
around 130 K, and then reaches a plateau value of about
1.8cm’Kmol™"  below 100K. This yy7 value of
1.8 cm’Kmol™! is approximately half of the 3.5 cm’Kmol™!
observed in the HS temperature region, indicating that one
of two Fe!l sites converts to the LS state, while the other re-
mains in the HS state (HS = (HS + LS)/2); a value of T,

= 122 K for the HS = (HS + LS)/2 transition was evaluat-
ed from the first derivative of y\T.

Selected Mossbauer spectra in the warming mode are
shown in Figure 2, which serve to corroborate the HS =
(HS + LS)/2 SC behavior. Table 2 lists the Mdssbauer pa-
rameters at each selected temperature in the warming and
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Figure 1. Magnetic behavior of [Fe"H;LM]CI-PF; (1) in the form of T
versus 7 plots in the warming and cooling modes. The sample was quick-
ly cooled from 300 K to 5 K and y,7 was first measured in the course of
warming from 5 to 300 K at a sweep rate of 1 Kmin™' (a). Values were
then measured in the course of cooling from 300 to 5 K at a sweep rate
of 1 Kmin™ (V).

cooling modes. The Mossbauer spectra in the warming and
cooling modes are nearly the same, showing that there is no
frozen-in effect. In the temperature region 4.2-120 K, each
spectrum consists of two doublets attributable to the HS Fe!
species (for example, at 4.2 K, isomer shift 6 = 1.12 mms,
quadrupole splitting AE, = 2.18 mms™') and the LS Fe"

species (at 42K, 6 = 047 mms™' and AE, = 0.22 mms™),

Chem. Eur. J. 2006, 12, 4536 —4549


www.chemeurj.org

Anion Dependence of Spin-Crossover Behavior

woo-w P W

1f 1 160K
I LR ]|
9% |
[ i1
1!
L :‘! :
92t
100
R 96 +
C L
o
w92t
o
5 100
=
8
F

96
92
100F
96 [

927

-6 -4 -2 0 2 4 6
Velocity / mm s

Figure 2. Selected *"Fe Mossbauer spectra of [Fe"H;LM|CI-PF; (1) re-
corded at 78, 120, 125, and 160 K upon warming the sample from 78 K.

Table 2. Mossbauer data for [Fe""H,LM¢]CI-PF, (1).

A. On heating after rapid cooling to 4.2 K

T[K] o6 [mms™?] AE,[mms™'] 7™ [mms™'] Area ratio[%]
298 0.98 1.76 0.27 100
200 1.07 1.83 0.27 100
160 1.09 1.85 0.28 100
140 1.10 1.88 0.27 90

0.45 0.23 0.25 10
130 1.11 1.90 0.27 83
0.48 0.22 0.28 17
125 1.11 1.92 0.27 77
0.48 0.21 0.26 23
120 1.11 2.03 0.28 55
0.48 0.22 0.25 45
110 1.12 2.08 0.28 52
0.48 0.22 0.25 48
78 1.10 2.16 0.27 50
0.47 0.23 0.26 50
4.2 1.12 2.18 0.26 52
0.47 0.22 0.26 48

B. On slow cooling from room temperature

T[K] o [mms™?] AE,[mms'] 7™ [mms™'] Area ratio[%]
78 1.12 2.15 0.27 51
0.49 0.22 0.26 49
42 1.13 217 0.27 53
0.49 0.22 0.25 47

[a] Isomer shift data are reported with respect to iron foil. [b] Full width
at half-height.

in an area ratio of 1:1. Upon increasing the sample tempera-
ture from 120 to 160 K, the relative intensity of the doublet
due to the HS Fe' species increases, while the doublet due
to the LS Fe" species decreases and ultimately disappears.
At 298, 200, and 160 K, each spectrum consists only of a
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doublet attributable to the HS Fe species. A deconvolution
analysis was performed to determine the HS versus total
Fe" molar fraction, nyg and the results are presented in
Table 2 and Figure 3. The Md0ssbauer results demonstrate
that 50% of the Fe" species is converted from the HS to the
LS state, which is consistent with the magnetic susceptibility
result.
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Figure 3. Molar fraction of HS versus total Fe"', nys, for [Fe"H;LM]CI-PF,
(1) in the warming (A) and cooling modes (¥) obtained by deconvolution
analysis of the Mossbauer spectra, together with nyg obtained from the
magnetic susceptibility measurements. The nyg value from the magnetic
susceptibility measurements was calculated using the equation (yyT)ops =
nsOmDns + (1 — nyg) (e Des with (uTns = 3.5 cm’Kmol™ and
(mT)Ls = 0.0 cm®*Kmol ™' as the limiting values.

Since the magnetic susceptibility and Mossbauer spectral
measurements demonstrated a one-step spin-crossover be-
tween the HS and (HS+LS)/2 states at around 130 K, crys-
tal structures were determined at 296 and 93 K to confirm
these two spin states. The unit cell parameters at 296 K are
similar to those at 93 K, but the cell volume is reduced by
5.4% upon the spin transition. The space group P2,/n at
296 K becomes P2, at 93 K and consequently the number of
unique molecules changes from one at 296 K to two at 93 K.
Figure 4 and Figure 5 show ORTEP drawings of the unique
molecules in the HS and (HS + LS)/2 states, respectively,
together with the atom-numbering schemes adopted. Table 3
shows selected bond lengths and hydrogen-bond lengths.

The crystal structures at both temperatures reveal similar
2D networks, in which chloride ions serve as connectors
through forming hydrogen bonds to the imidazole NH
groups of three neighboring cations [Fe"H,LM]** (see Fig-
ure 6a). Figure 6b shows the 2D network structure at 296 K,
in which the hydrogen-bond lengths are Cl---N4* =
3.095(3), Cl-=N(7)** = 3.065(3), and Cl-N(10) =
3.105(4) A. It should be noted that all three imidazole NH
groups of the [Fe"H;LM*]** ion are involved in the construc-
tion of the 2D layer structure. The geometry of the CINj;
unit defined by the Cl™ ion and three hydrogen-bonded imi-
dazole nitrogen atoms is not planar as the four paired elec-
trons of the Cl™ ion are oriented in a tetrahedral geometry.
The PF; ion exists as an isolated counter anion. As shown
in Figure 6c¢, each 2D layer assumes a thickness correspond-
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Figure 4. ORTEP drawing of [Fe"H;L™]CI-PF, (1) at 296 K (HS state)
showing the atom numbering scheme. Since all of the complexes 1-4
assume similar cell dimensions and the same space group, P2,/n, in the
HS and LS states, the same atom-numbering scheme applies throughout,
except for the anions.

ing to two molecular units of the complex, and the 2D
layers are separated by a layer of PF,  ions. The
[Fe"™H;LM]** ion is a chiral species with either a A (clock-
wise) or A (anticlockwise) configuration due to the screw
coordination arrangement of the achiral tripod ligand
around the Fe' ion. Within a 2D layer, the A and A enan-
tiomers are connected by hydrogen bonds in an alternating
array, thus making it a racemic rather than homochiral
layer. It should be noted that this is in contrast to the 2D
layer of [Fe"H;LM¢][Fe"L™*]X, constructed through imida-
zole-imidazolate hydrogen bonds, which is a homochiral
layer.[®”

At 93 K, the chiral space group P2, is adopted and the
crystallographically unique unit consists of two independent
Fe" sites, Fel and Fe2. In Figure 5, these can be seen to

Table 3. Relevant coordination bond lengths [A], angles [°], and hydro-
gen-bond lengths [A] for [Fe"H,LM]C1-PF (1) at 296 and 93 K.

296 K 93K
Fel-N2 2.180(3) 2.177(3)
Fel-N3 2.232(3) 2.214(3)
Fel-N5 2.192(3) 2.178(3)
Fel-N6 2.208(3) 2.198(3)
Fel-N8 2.174(3) 2.164(3)
Fel-N9 2.221(3) 2.216(3)
Fe2—N12 1.978(3)
Fe2—N13 2.002(3)
Fe2—N15 1.996(3)
Fe2—-N16 1.989(3)
Fe2—N18 1.992(3)
Fe2—-N19 1.987(3)
hydrogen bonds
296 K 93K

Cl1---N4! 3.095(3) Cl1--N148! 3.096(3)
Cl1--N7" 3.065(3) Cl1--N7" 3.057(3)
Cl1--N10 3.105(4) Cl1--N10 3.120(3)

CI2---N4t! 3.092(3)

CI2--N17"! 3.054(3)

CI2-+N20 3.110(3)

Symmetry operations: [a] —x, —y, 1 — z; [b] —x, ' + ¥, %% — z.

have different chiralities. Figure 7 shows the 2D structure at
93 K, in which the HS Fel and LS Fe2 species are highlight-
ed in red and green, respectively. Two crystallographically
unique [Fe"H;LMJ** ions represent chiral species with dif-
ferent A (clockwise) and A (anticlockwise) configurations.
Within a 2D layer, the A and A enantiomers are arranged in
an alternating array. As shown in Figure 7, the HS Fel sites
with the A configuration are arranged along the c-axis to
give a layer structure, interspersed with layers of LS Fe2
sites with the A configuration. The spin conversion from the
HS to the (HS+LS)/2 state, in other words a stable HS+ LS
state, can be rationalized in terms of this striped layer struc-
ture with different chiralities.

Figure 5. ORTEP drawing of [Fe"H;LM]CI-PF; (1) at 93 K ((HS + LS)/2 state) showing the atom-numbering scheme. Complexes 1 and 2 in the HS +
LS state assume a similar 2D structure and so, except for the anions, the same atom-numbering scheme applies.
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Figure 6. Molecular structure of [Fe""H;LM°]CI-PF, (1) at 296 K. a) One CI~ ion is hydrogen-bonded to three imidazole NH groups of three adjacent cati-
onic complexes [Fe'H;LM]*+. b) Top view of a 2D layer. The [Fe"H;L¥*]** ions and Cl~ anions are hydrogen-bonded to form a 2D layered structure.
The network of the 2D sheet consists of fused dinuclear and tetranuclear cyclic structures made up of two and four [Fe"H;LM]** units, respectively, con-
nected by Cl -mediated hydrogen bonds. c) Side view showing the stacking of the 2D layers. All of the complexes 1-4 in the HS and LS states assume a

similar 2D extended structure.

Figure 7. X-ray structure of [Fe"H;LM*]CI-PF, (1) at 93 K in the HS + LS state. a) Projection on the ab plane showing a 2D sheet in which the HS (red)
and LS (green) [Fe"H;LM]** components of different chiralities are linked together through the Cl™ ion by hydrogen bonds. b) Side view of a puckered
sheet looking along the b axis. In this 2D supramolecular structure, the capped tripod-like HS and LS [Fe""H;LM°[** components are arranged in alternat-
ing up and down orientations. The HS Fel sites with the A configuration extend along the c axis to form a layer structure, interspersed with layers of LS
Fe2 sites with the A configuration. Complexes 1 and 2 in the HS + LS state assume a similar 2D structure.

The Fe" ion assumes an octahedral coordination environ-
ment made up of the six N donor atoms of three Fe—N
(imine) bonds and three Fe—N (imidazole) bonds. On the
basis of the Fe—N bond lengths and N-Fe-N bond angles,
the spin state can be inferred. At 296 K (Figure 4), the Fe—
N bond lengths (2.174(4)-2.232(4) A) are typical of what
one would expect for an HS Fe"" complex with six similar N
donor atoms. At 93 K (Figure 5), the Fel—N bond lengths
(2.164(3)-2.216(3) A) are characteristic of a high-spin Fe"
complex, while the Fe2—N bond lengths (1.978(3)-
2.00(3) A) are characteristic of a low-spin Fe"' complex. The
difference in the average Fe—N bond lengths at Fel and Fe2
is 0.201 A, which is comparable to the HS-LS difference of
about 0.2 A reported for Fe"" SC complexes with the same
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N, donors such as [Fe"H;LM¢|[Fe"LM¢|PF,."*’! The N-Fe-N
bond angles also indicate that Fel assumes the HS state and
Fe2 the LS state, since the angle at Fe2 is closer to that of a
regular octahedron compared to that at Fel (for example,
N2-Fel-N3 = 76.1(1)° and NI12-Fe2-N13 = 82.2(1)° at
93 K).

SC properties and structure of [Fe"™H;L™]CI-AsF; (2):
Figure 8 shows y\7 versus T plots for 2, demonstrating a
two-step SC of the type HS = (HS + LS)/2 = LS. Consider-
ing the first set of measurements, the yy7 value of
1.3 cm’Kmol™" at 5K after rapid cooling is substantially
smaller than that of the HS (S = 2) Fe' state and slightly
smaller than that for one half of the expected HS (§ = 2)
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Figure 8. Magnetic behavior of [Fe""H,;LM]Cl-AsF (2) in the form of yyT
versus 7 plots in the warming and cooling modes. The sample was quick-
ly cooled from 300 to 5 K within a few seconds and y7 was first meas-
ured in the course of warming from 5 to 300 K at a sweep rate of
1 Kmin~' (a). It was then measured in the course of cooling from 300 to
5K at a sweep rate of 1 Kmin~' (¥). When the sample was maintained
at 85 K for 750 min after cooling from 300 K at 1 Kmin™!, y T was found
to decrease with time to reach a minimum value; thereafter, the sample
was cooled from 85 to 5 K at a sweep rate of 1 Kmin™' (v).

state. As the temperature is raised, y7 increases to reach a
plateau value of around 1.7 cm*Kmol ™', as expected for one
half of the normal HS Fe" complex. The decrease from the
half-HS value in the lower temperature region can be ascri-
bed to the zero-field splitting effect of the HS (S = 2) state.
This result indicates that half of the HS Fe'' sites are frozen-
in. Upon further increasing the temperature, y,7 rapidly de-
creases to nearly zero at around 80 K, then rapidly increases
beyond 90 K to reach the plateau value of 1.7 cm*Kmol ' in
the temperature region 90-120 K, and finally steeply in-
creases from 140K to reach a plateau value of
3.5 cm®*Kmol ™. This complicated magnetic behavior can be
rationalized in terms of a two-step SC of the type HS =
(HS + LS)/2 = LS exhibiting a thermal relaxation process,
as evidenced by the measurements described below.

On lowering the temperature from 300 to 5 K at a rate of
1 Kmin ' to acquire a second set of measurements, the yy7T
value of about 3.5 cm®*Kmol ! is constant in the region 300~
150 K, but then sharply decreases at around 130 K from
about 3.5 cm’Kmol™! to a plateau value of 1.7 cm’*Kmol™!
(ca. half of the HS value), and thereafter shows a moderate
decrease to 1.1 cm*Kmol™'. The inflection points for these
first and second SC transitions are estimated to be at 122
and 82 K, respectively. The magnetic behavior thus shows a
two-step spin transition, but the second SC in the lower tem-
perature region is not perfect at the cooling rate of
1 Kmin~! employed. To investigate this unusual SC behavior
more closely, further magnetic measurements were carried
out. After cooling the sample from 300K at a rate of
1 Kmin™!, the sample temperature was maintained at 85 K
and the time dependence of the y\7 value was measured.
As shown in Figure 9, the yuT value at 85 K was seen to
gradually decrease from 1.49 cm’Kmol ™! at + = Omin to
0.24 cm*Kmol ! at t = 750 min, demonstrating the existence
of a thermal relaxation process. The decay curve shows a de-
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Figure 9. Time dependence of the normalized HS fraction (nys) at 85 K
for [Fe"H,LM|Cl-AsF, (2). The sample was maintained at 85 K after

cooling from 300 K to 85 K at a sweep rate of 1 Kmin™'.

viation from a simple exponential equation (nys = exp-
(—krat)-

Representative Mossbauer spectra recorded in the course
of warming after a rapid cooling to 4.2 K and in the course
of slow cooling from room temperature are shown in Figure
10a and b, respectively. In the heating mode, the spectrum
at 4.2 K consists of two doublets attributable to the HS Fe!
(0 = 1.11 mms™ and AE, = 2.16 mms™') and LS Fe" (6 =
0.47 mms™ and AE, = 0.23 mms™"), with relative areas of
0.48 and 0.52. The spectrum recorded at 4.2 K after the
rapid cooling indicates that about one half of the Fe sites
are in the HS Fe" state, thus corroborating the magnetic sus-

Transmission / %

Velocity / mm s’

Velocity / mm s!

Figure 10. a) Selected 'Fe Mossbauer spectra of [Fe"H;LM|Cl-AsF, (2)
recorded at 4.2, 50, 60, 78, 100, 120, 140, 170, 200, and 298 K during
warming of the sample after rapid cooling from room temperature to
42 K. b) Selected “'Fe Mossbauer spectra recorded at 4.2, 78, and 100 K
during cooling.
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ceptibility result. On increasing the temperature, the relative
intensity of the doublet due to the HS Fe" species abruptly
decreases at around 60 K to reach 8% at 78 K and then
sharply increases to 100% above 170 K, in the course of
which an intermediate HS + LS state is clearly observed in
the region 100-120 K. Above 170 K, the spectrum consists
of a doublet attributable to the HS Fe' species. On slowly
cooling the sample from 298 K, the relative intensity of the
doublet due to the HS Fe species decreases, while the dou-
blet due to the LS Fe' appears and intensifies. Although the
time dependence of the thermal relaxation process was ob-
served through the aforementioned magnetic susceptibility
measurements at 85 K, it was not possible to observe this
time dependence through the Mossbauer spectra at 78 K,
probably due to the longer measurement time. A deconvolu-
tion analysis of the spectra was performed in order to deter-
mine the HS versus total Fe'" molar fraction, nys. The Moss-
bauer parameters are listed in Table 4, and plots of the var-

Table 4. Mossbauer parameters for [Fe"H;LM]CI-AsF, (2).

A. On heating after rapid cooling to 4.2 K

T[K] 6% [mms?] AE,[mms"'] 7™ [mms'] Relative area [%]
298 1.00 1.74 0.25 100
200 1.05 1.80 0.26 100
170 1.09 1.82 0.25 100
140 1.09 1.85 0.24 79

0.48 0.21 0.28 21
120 1.10 1.99 0.25 54
0.47 0.22 0.24 49
100 1.12 2.08 0.26 50
0.48 0.22 0.25 50
78 111 2.14 0.30 8
0.48 0.23 0.25 92
60 1.10 2.18 0.25 11
0.46 0.23 0.28 89
50 1.13 2.18 0.25 43
0.48 0.22 0.26 57
42 1.11 2.16 0.25 48
0.47 0.23 0.23 52

B. On slow cooling from room temperature

T[K] o¥[mms™?'] AE,[mms™'] I™[mms’] Relative area[%]
100 1.12 2.08 0.26 47
0.48 0.22 0.25 53
78 111 217 0.30 11
0.49 0.22 0.25 89
42 1.10 2.19 0.24 5
0.47 0.24 0.27 95

[a] Isomer shift data are reported with respect to iron foil. [b] Full width
at half-height.

iation of nyg with temperature derived from the Mossbauer
spectra are shown in Figure 11, together with the variation
of nys derived from the magnetic susceptibility measure-
ments. The plots are nearly the same for the warming and
cooling modes. The Mossbauer and magnetic susceptibility
results are consistent.

To investigate the structures in the HS, (HS + LS)/2, and
LS states, crystal structures were determined by single-crys-
tal X-ray diffraction analysis at 180, 110, and 90 K. The
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Figure 11. Molar  fraction of HS versus total Fe", ny, for

[Fe"H;LM]Cl-AsF, (2) in the warming (a) and cooling modes (¥) ob-

tained by deconvolution analysis of the Mossbauer spectra, together with

nys obtained from the magnetic susceptibility measurements. nyg was cal-

culated by using the equation (yuT)ops = Mus(iuDus + (1 — nus) e s,
with (ymDus = 3.5cm’Kmol™" and (yyT)s = 0.0cm’Kmol™! as the
limiting values.

sample was cooled to 90 K, taking into consideration the
thermal relaxation observed in the magnetic measurements.
Apart from the anions, the same atom-numbering scheme
applies throughout. Table 5 shows selected bond lengths and
hydrogen-bond lengths. The space group P2,/n adopted at
180 K becomes P2, at 110 K and then becomes P2,/n once
more at 90 K. In the HS and LS states, the complex consists
of one molecular unit (Figure 4) and assumes a similar 2D
extended structure (Figure 6), while in the (HS + LS)/2
state it consists of two molecules and assumes a striped, lay-
ered structure (Figure 7). Although the number of unique
molecules changes from one at 180 K to two at 110 K and
back to one at 90 K, the crystal structures at the three tem-
peratures are essentially the same except for the Fe' envi-
ronments. Thus, a 2D layered structure is formed, construct-
ed by three imidazole NH--Cl~ hydrogen bonds around a
Cl™ ion, a common network structural motif in the series
[Fe"H;L™]CI-X, where the PF;~ ion of 1 is replaced by the
AsFg ™ ion in the present complex.

The [Fe"H,LM*]** ion is a chiral species with either a A
(clockwise) or A (anticlockwise) configuration due to the
screw coordination arrangement of the achiral tripod ligand
around the Fe" ion. At 180 and 90 K, there is only one
unique molecule in the unit cell, in which the A and A enan-
tiomers are related by a symmetry operation to give a race-
mic crystal. At 110 K, the chiral space group P2, is adopted,
with either a combination of A-HS-Fe" and A-LS-Fe" or a
combination of A-HS-Fe" and A-LS-Fe" being present in
the crystal. As shown in Figure 5, the A (HS Fel) and A (LS
Fe2) enantiomers within a layer are connected by hydrogen
bonds so as to form an alternating 2D array. The spin con-
version from the HS (180 K) to the LS (90 K) state through
the HS + LS (110 K) state can be rationalized in terms of a
stable HS + LS state, as provided by the striped layer struc-
ture with different chiralities.

At 180 K, the Fe—N bond lengths (2.169(4)-2.211(4) A)
are typical of what one would expect for a high-spin Fe!'
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Table 5. Relevant coordination bond lengths [A], angles [°], and hydrogen-bond lengths [A] for

[Fe"H,LM]CI-AsF, (2) at 180, 110, and 90 K.

34cm’Kmol™! at 300K to
nearly zero at 5K, showing a

180K 110K 90K gradual one-step SC between
Fel-N2 2.177(3) 2.175(5) 1.978(9) the HS (S = 2) and LS (S = 0)
Fel*N3 2~195(3) 2-?();(‘5‘) 1~9ZZ(9) states at Ty, = 117 K.
o 2o 90 Represenatve Mostauer
Fel—-N8 2.169(4) 2.159(5) 197(1)  Spectra recorded upon heating
Fel—N9 2.205(3) 2.211(5) 1.990(9) after rapid cooling to 4.2 K and
Fe2-N12 1.979(5) upon slow cooling from room
EZ?:E}? %858 temperature are shown in
Fe2-N16 1:991 ) Figure 13. In the range 4.2—
Fe2—N18 1.996(5) 78 K, the spectrum consists of a
Fe2—N19 1.999(4) main doublet attributable to LS
hydrogen bonds 0 o 00 Fe' (at 42K; 6 = 0.47 mms ™',
CI1--N4l! 3.08?(4) CI1--N(14)"! 3.10?(5) CI1--N4! 3.1?(1) AEo = 024 mms ) and a
CI1--N7" 3.051(4) CI1--N7" 3.062(5) Cl1--N7"! 3.02(1) Small doublet attributable to
CI1-N10 3.109(4) CI1--N10 3.105(5) CI1-N10 314690 HS Fe' (at 42K; 6 =
CI2--N4 3.072(3) 1.11 mm s’l’ AEQ =
C12-N17"! 3.052(3) 220mms™!). Upon increasing
C2--N20 3.132(3)
the sample temperature from
Symmetry operations: [a] —x, =y, 1 = z; [b] —x. "> + 3. %% — z. 42 K, the relative intensity of
complex with six similar N donor atoms. At 110 K, the crys- 4 T T T T
tallographically unique unit consists of two independent Fe"
sites, Fel and Fe2, where the Fe1—N bond lengths (2.159(5)- - &
2211(5) A) and the Fe2-N bond lengths (1.979(5)- S ar x ]
2.013(5) A) are typical for a HS and LS Fe" complex, re- B s
spectively. The difference between the average Fe—N bond Eaf * g
lengths at Fel and Fe2 is 0.192 A, which is comparable to ~ :
the HS-LS difference of 0.17 A reported for Fe" SC com- = .
plexes with the same Ny donor set, such as [Fe"H,LM]- =ar + i
[Fe"LM]PF,.*! The N-Fe-N bond angles also indicate that ,t*
Fel assumes the HS state and that Fe2 assumes the LS 0 m"".

state, since that at Fe2 is closer to the value for a regular oc-
tahedron than that at Fel (for example, N2-Fe-N3 77.1(2)°;
N12-Fe2-N13 81.4(2)° at 110K). At 90K, the Fe—N bond
lengths (1.945(9)-1.990(9) A) are typical of what one would
expect for a LS Fe complex. The average Fe—N bond
length decreases by 0221 A from 2.190 A at 180K to
1.969 A at 90 K. The N-Fe-N bond angles shift towards the
value for a regular octahedron at 90 K (for example, N2-Fe-
N3 76.4(1)° at 180 K, 81.2(4)° at 90 K).

SC properties and structure of [Fe"H,L™]CI-SbF, (3):
Figure 12 shows y,T versus T plots in the cooling and warm-
ing modes for 3, which displays a gradual one-step SC of the
type HS = LS. A small difference between the warming and
cooling modes is observed in the lower temperature region,
indicative of a small frozen-in effect. On increasing the tem-
perature from 5 K, the initial y7 value of 0.2 cm®*Kmol ™!,
which is slightly higher than that of LS Fe" (S = 0), remains
essentially constant in the temperature range 5-80 K. The
xmT value then decreases to nearly zero at around 90 K, but
increases once more at around 120 K to reach the HS value.
On lowering the temperature from 300 K to obtain a second
set of nmeasurements, yxy7 decreases from about
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Figure 12. Magnetic behavior of [Fe'H;LM°|CI-SbF; (3) in the form of
amT versus T plots in the warming and cooling modes. The sample was
quickly cooled from 300 K to 5 K and yy7 values were first measured in
the course of warming from 5 to 300 K at a sweep rate of 1 Kmin~! (a).
Values were then measured in the course of cooling from 300 to 5K at a
sweep rate of 1 Kmin ™' (V).

the doublet due to the LS Fe" species decreases, while the
doublet due to the HS Fe™ species intensifies. A deconvolu-
tion analysis of the spectra was performed to determine the
HS versus total Fe' molar fraction, ny;s. The Mossbauer pa-
rameters are listed in Table 6. Plots of the variation of ryg
with temperature derived from the Mossbauer spectra and
from the magnetic susceptibility measurements are shown in
Figure 14. The plots are nearly the same for the warming
and cooling modes. The Mdssbauer and magnetic suscepti-
bility results are almost consistent. The small frozen-in
effect detected in the magnetic susceptibility measurements
was not evident from the Mossbauer spectra.

Since the magnetic susceptibility and Mdssbauer spectral
measurements demonstrate that the complex assumes the

Chem. Eur. J. 2006, 12, 4536 —4549
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Figure 13. Selected *’Fe Mossbauer spectra of [Fe'H,LM¢|CI-SbF, (3) re-
corded at 78, 122, 141, and 200 K upon warming the sample from 4.2 K.

Table 6. Mossbauer parameters for [Fe"H;L™]Cl-SbF, (3).

A. On heating after rapid cooling to 4.2 K

T[K] % [mms™'] AEqg[mms™] 7™ [mms™] Relative area [%]
298 1.00 1.69 0.27 100
200 1.06 1.80 0.29 100
180 1.07 1.83 0.27 95

0.46 0.21 0.24 5
160 1.07 1.86 0.28 86
0.48 0.21 0.24 14
141 1.09 1.90 0.26 63
0.49 0.22 0.26 37
122 1.10 1.97 0.30 43
0.48 0.22 0.28 57
100 1.18 2.00 0.29 24
0.48 0.22 0.26 76
78 1.10 221 0.29 12
0.49 0.24 0.26 88
42 1.13 2.20 0.28 10
0.48 0.24 0.26 90

B. On slow cooling from room temperature

T[K] 6% [mms™] AEg[mms™] 7™ [mms™] Relative area [%]
78 1.12 2.18 0.30 11
0.48 0.23 0.26 89
4.2 1.11 2.20 0.28 8
0.47 0.24 0.26 92

[a] Isomer shift data are reported with respect to iron foil. [b] Full width
at half-height.

HS and LS states at 180 and 90 K, respectively, it was sub-
jected to single-crystal X-ray diffraction analysis at these
two temperatures. In the HS and LS states, the complex
consists of a single crystallographically unique molecule
(Figure 4) and assumes a similar 2D extended structure
(Figure 6); as before, except for the anions, the same atom
numbering scheme applies. Table 7 lists selected bond
lengths and angles, together with the hydrogen-bond lengths.
The structure consists of the [Fe"H;LM]** ion and the Cl~
and SbF~ ions and assumes a 2D layered structure, again
constructed by three imidazole NH--Cl~ hydrogen bonds,
the common network structural motif in the [Fe"H;LM]CI-X
series.

The Fe" ion assumes an octahedral coordination environ-
ment made up by the six N donor atoms, and the Fe—N

Chem. Eur. J. 2006, 12, 4536 -4549
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Figure 14. Molar  fraction of HS versus total Fe", ny, for
[Fe"H,LM]CI-SbF, (3) in the warming (A) and cooling modes (¥) ob-
tained by deconvolution analysis of the Mossbauer spectra, together with
nys obtained from the magnetic susceptibility measurements. nys was cal-
culated by using the equation (ymT)ops = PusCimDus + (1 — 1) emDis,
with (pmT)ys = 3.5 cm’ Kmol ™' and (yyT)rs = 0.0 cm®Kmol ™" as limiting
values.

Table 7. Relevant coordination bond lengths [A], angles [°], and hydro-
gen-bond lengths [A] for [Fe"H,LM]CI-SbF; (3) at 180 and 90 K.

180 K 90 K
Fel-N2 2.179(2) 1.997(2)
Fel-N3 2.204(2) 2.013(2)
Fel-N5 2.179(2) 2.008(2)
Fel-N6 2.197(2) 2.007(2)
Fel-N8 2.170(2) 2.002(2)
Fel-N9 2.206(2) 2.015(2)
hydrogen bonds

180 K 90 K
Cl1---N4t! 3.081(2) Cl1--N4! 3.099(2)
Cl1--N7" 3.052(2) CI1--N(7) 3.056(2)
Cl1--N(10) 3.100(2) ClI1--N(10) 3.121(2)

Symmetry operations: [a] —x, —y, 1 — z; [b] —x, "o + %% — 2

bond lengths are 2.170(2)-2.206(2) A at 180 K and 1.997(2)-
2.015(2) A at 90 K. The average Fe—N bond length decreas-
es by 0.182 A from 2.189 A at 180 K to 2.007 A at 90 K. The
N-Fe-N bond angles shift towards the value for a regular oc-
tahedron at 90 K (for example, N2-Fe-N3 = 76.66(8)° at
180 K, 81.29(8)° at 90 K).

SC properties and structure of [Fe"H;LM*]CI-CF,SO; (4):
Figure 15 shows y\T versus T plots, which are indicative of
a steep one-step SC of the type HS = LS and a perfect
frozen-in effect. In the first set of measurements, the yy7T
value of 2.7 cm®*Kmol ! at 4.2 K after rapid cooling is lower
than that expected for the HS (S = 2) Fe' state, but the
value increases to reach a plateau value of about
3.5 cm*Kmol™!, as would be expected. Such a decrease from
the HS value in the low-temperature region is frequently
observed for HS Fe™ complexes, and is ascribed to zero-field
splitting. On increasing the temperature further, y,,7 rapidly
decreases at around 80 K and then rapidly increases to
reach the HS value of 3.5 cm®’Kmol ™!, reflecting the thermal
relaxation from the HS to the LS state at around 75 K and
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Figure 15. Magnetic behavior of [Fe"H;L¢|CI-CF;SO; (4) in the form of
xmT versus T plots in the warming and cooling modes. The sample was
quickly cooled from 300 to 5K and yy7 values were first measured in
the course of warming from 5 to 300 K at a sweep rate of 1 Kmin™' (a).
Values were then measured in the course of cooling from 300 to 5K at a
sweep rate of 1 Kmin~' (¥). The inset figure reveals hysteresis.

the spin transition from the LS to the HS state at around
80 K.

On lowering the temperature from 300 K to 5K at a rate
of 1 Kmin!, the yyT value of about 3.7 cm®*Kmol™! is con-
stant in the region 300-100 K, but then steeply decreases at
around 80 K from about 3.5 cm’Kmol ™' to nearly zero. As
shown in Figure 15 (inset), the third (warming mode) and
fourth (cooling mode) sets of measurements reveal hystere-
sis, and the evaluated T;,; and T}, values are 84 and 80 K,
respectively.

Representative Mossbauer spectra are shown in Figure
16a and b. On increasing the temperature of the sample
after rapid cooling to 4.2 K, spectra were recorded at 4.2,
40, 78, 85, 87, 90, 120, and 298 K. At 4.2 K, the spectrum
consists of two doublets attributable to HS Fe" (6 =
1.13mms™ and AE, = 2.09 mms™') and LS Fe" (8
0.5mms™', AE, = 0.23mms™") in an intensity ratio of
48:52. This result indicates that one half of the HS Fel is
frozen, which is at variance with the magnetic susceptibility
result. This inconsistency may be due to the difference in
the cooling times, since the sample used to obtain the Moss-
bauer spectrum was cooled from 298 to 4.2 K over 3 min,
whereas the sample that provided the magnetic susceptibili-
ty data was cooled within a few seconds. At 78 K, the dou-
blet due to the HS Fe" species has almost disappeared and
the doublet due to the LS species is the main peak, indicat-
ing that the frozen HS Fe" species converts to the LS state
due to thermal relaxation. On further increasing the temper-
ature from 78 K, the relative intensity of the doublet due to
the LS state decreases, while that of the doublet due to the
HS state increases, showing a steep one-step SC behavior.
Above 120 K, only the doublet due to the HS species is ob-
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Figure 16. a) Selected “Fe Mossbauer spectra of [Fe"H;LM]CI-CF;SO;
(4) recorded at 40, 78, 85, 87, 90, and 120 K upon warming the sample
after rapid cooling to 4.2 K. b) Selected *’Fe Mossbauer spectra recorded
at 87, 85, 78, and 40 K upon gradual cooling from 300 K.

served. During slow cooling of the sample from 298 K to
4.2 K, Mossbauer spectra were recorded at 90, 87, 85, 78, 40,
and 4.2 K. At 90 K, the spectrum consists of a main doublet
attributable to HS Fe" (6 = 1.12mms™' and AE, =
2.01 mms™') and a small doublet attributable to LS Fe (8
= 049mms™" and AE, = 022 mms™). On lowering the
temperature, the relative intensity of the doublet due to the
HS Fe" species decreases, while that of the doublet due to
the LS Fe" increases.

A deconvolution analysis of the spectra was performed to
determine the HS versus total Fe' molar fraction, nys. The
Mossbauer parameters are listed in Table 8, and plots of the
variation of nyg with temperature are shown in Figure 17.
As is clearly apparent from Figure 17 and Table 8, the Moss-
bauer and magnetic susceptibility results are not consistent
in the low-temperature region and hysteresis is observed in
the Mossbauer measurements.

The crystal structure was determined by single-crystal X-
ray diffraction analysis at 296 K. Table 9 shows selected
bond lengths and hydrogen-bond lengths. The complex as-
sumes a 2D layered structure constructed by three imidazole
NH:CI~ hydrogen bonds (see Table 9), the common net-
work structural motif for [Fe"H,LM]Cl-X. At 296 K, the
Fe—N bond lengths are distributed in the range 2.165(2)—
2.236(2) A and the average value is 2.202 A, which is typical
of what one would expect for a HS Fe'' complex with coor-
dination by six similar N atoms.

Concluding Remarks
As described above, a variety of SC behaviors, namely 1) a

one-step SC of the type HS = (HS + LS)/2, 2) a two-step
SC of the type HS = (HS + LS)/2 = LS, 3) a gradual one-
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Table 8. Mossbauer parameters for [Fe"H;L™]Cl-CF,SO; (4).

A. On heating after rapid cooling to 4.2 K

FULL PAPER

Table 9. Relevant coordination bond lengths [A], angles [°], and hydro-
gen-bond lengths [A] for [Fe"H,LM]C1-CF;SO; (4) at 296 K.

T[K] 6% [mms™'] AEg[mms™] 7™ [mms™] Relative area [%] 296 K
298 1.00 1.76 0.24 100 Fel-N2 2.179(2)
120 1.05 1.80 0.26 100 Fel-N3 2.233(2)
90 1.11 2.00 0.26 89 Fel—-N5 2.176(2)

0.48 0.20 0.25 11 Fel-N6 2.225(2)
87 1.11 2.03 0.26 58 Fel—-N8 2.165(2)
0.51 023 023 2 Fel-N9 2.236(2)
85 1.11 2.03 0.26 27 hydrogen bonds
0.50 0.23 0.25 73 296 K
78 1.13 2.08 0.29 6 CI1--N46 3.139(2)
0.50 0.24 0.27 94 ClI1--N7! 3.112(2)
40 1.13 2.08 0.25 42 CI1---N10 3.144(2)
0.50 0.23 0.24 58 . - 1 3
in 113 209 027 13 Symmetry operations: [a] —x, —y, 1 — z; [b] —x, '/ + y,°/h — z.
0.50 0.23 0.24 52

B. On slow cooling from room temperature

T[K] 6% [mms™] AE,[mms™] 7™ [mms™] Relative area [%]
90 1.12 2.01 0.25 90
0.49 0.22 0.25 10
87 1.12 2.02 0.26 85
0.50 0.23 0.23 15
85 1.14 2.08 0.28 57
0.52 0.23 0.24 43
78 1.13 2.07 0.25 4
0.50 0.23 0.25 96
40 1.13 2.08 0.25 3
0.50 0.23 0.27 97
4.2 1.12 2.12 0.25 6
0.50 0.24 0.27 94

[a] Isomer shift data are reported with respect to iron foil. [b] Full width
at half-height.
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Figure 17. Molar  fraction of HS versus total Fe', nys for
[Fe""H,LM*]CI-CF;SO; (4) in the warming (a) and cooling modes (¥) ob-
tained by deconvolution analysis of the Mossbauer spectra, together with
nys obtained from the magnetic susceptibility measurements. nyg was cal-

culated by using the equation (yuT)obs = Mus(tmDus + (1 — nus) e Dis,
with (mTys = 3.5 cm’Kmol™" and (yyT)s = 0.0cm’Kmol™' as the

limiting values.

step SC of the type HS = LS, and 4) a steep one-step SC of
the type HS = LS with hysteresis, has been observed in a
series of complexes with the general formula
[Fe"H;LM]|CL-X (X~ = PFy, AsFq, SbF,, CF;SO;7) (1-4).
These complexes not only crystallized in the same monoclin-
ic crystal system with similar cell dimensions, but also as-
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sumed the same space groups, that is, P2,/n in the HS state,
P2, in the HS + LS state, and P2,/n in the LS state. The
general crystal structure consists of a 2D extended network
constructed by NH--Cl~ hydrogen bonds between Cl™ and
the imidazole NH groups of three neighboring [Fe""H,LM]**
cations, while the anion X exists as an isolated counter
anion and occupies the space between the 2D sheets. It can
easily be envisaged how the size of the counter anion might
affect the 2D network structure leading to modifications of
the SC behavior, since the present 2D network structure
constructed by the hydrogen bonds is quite flexible and a
counter anion residing in the space between the 2D sheets
may well lead to some distortion of the network. The molec-
ular volumes, V, of the counter anions have been evaluated
by quantum-chemical calculations!'” as follows: 53.4 A3 for
BF,", 54.4 A® for ClO,", 73.0 A® for PF,, 78.5 A® for AsF,",
88.7 A’ for SbF,~, 86.9 A® for CF,SO;", and 94.4 A® for I,™.
These estimated relative sizes and the shapes of the counter
anions can be correlated with the crystal structures and SC
behaviors. The salts with the smaller counter anions BF,”
and ClO,” have the chemical formula [Fe"H;LM]X,. These
anions are too small to occupy the space between the 2D
sheets, and so these complexes cannot assume the formula
[Fe"H;L™]CI-X with the 2D structure. The salts with the
anions of intermediate size, PF,~ and AsF,;~, assume the
chemical formula [Fe"H;LM*]CI-X and exhibit a two-step SC
behavior involving the HS + LS state. The salts with the
large-sized anions, SbF,~, CF;SO,", and I,"! assume the
chemical formula [Fe"H,LM|CI-X and exhibit one-step SC
behavior, where the SbF,~ salt shows a gradual SC behavior
and the latter two salts show a steep SC behavior. From this,
it is apparent that the shape of the counter anion can also
affect the SC behavior, since despite having almost the same
molecular volume, the SbF;~ and CF;SO;™ ions assume a
sphere and a dumbbell shape, respectively, while the much
larger anion I;~ assumes a cylindrical shape.

The network of these 2D sheets consists of fused binu-
clear and tetranuclear cyclic structures made up of two and
four [Fe"H;LM]** units, respectively, connected by Cl -
mediated hydrogen bonds; see Figure 4b and Figure 5a. As
a consequence of this network structure, each [Fe"H;LM]*+
unit on one of the alternate rows of the Fe sites with the A
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and A configuration that make up the 2D sheet forms a bi-
nuclear cyclic structure with a unit of opposite chirality on
an adjacent row and two tetranuclear cyclic structures with
one unit on the same row and two on the adjacent rows.
Moreover, one of the counter anions shows significant con-
tacts (ca. 0.2 A shorter than the sum of the van der Waals
radii) with methyl, imino, and imidazole hydrogen atoms on
the units of the binuclear cyclic structure. Therefore, the
entire 2D structure can be considered to be made up of
loosely interacting dimers of [Fe"H,LM*]** units. This pic-
ture allows simulation of the SC behavior by the theoretical
model developed by Real etal. for Fe binuclear com-
pounds.'yl In this model, three possible states are allowed
for the binuclear molecules, [LS-LS], [LS-HS], and [HS-
HS], and it is assumed that the enthalpy of the [HS-LS]
state does not exactly correspond to the average enthalpy of
the [HS-HS] and [LS-LS] states. Writing Hys1s = (Hisis +
Hysus)2 + W, where W is a small positive or negative in-
tradimer interaction parameter, and assuming an excess
Gibbs free energy due to intermolecular interactions and de-
scribed by an interaction parameter vy, they showed that a
two-step transition may be observed only if W<0 and v is
sufficiently large. In other words, the two-step character of a
transition arises from a synergy between an intramolecular
interaction favoring the mixed-spin [HS-LS] state and inter-
molecular interactions favoring the formation of domains
consisting of identical spin states. This approach can be used
to explain the present SC behavior. According to the model
of Real et al., it seems that the increase in the size of the
counter anion in the series PF,”, AsF,~, SbF,”, CF;SO;,
and I;7, while maintaining the same crystal structure leads
to a decrease in both the stabilization of the intradimer in-
teraction and the interdimer interactions. This is probably
achieved through subtle intra- and interlayer modification
or distortion of the 2D layer with increasing size of the
counter anion.

It should be noted that the two-step transition for mono-
nuclear Fe complexes has also been explained using the
following approaches: 1) the compounds have a low-symme-
try structure with nonequivalent crystallographic sites;!'?
2) the complexes have all equivalent lattice sites but strong
nearest-neighbor interactions operating among them leads
to the formation of superstructures and correlations, as in
the first observed stepwise thermal spin transition of [Fe"(2-
pic);]CL-EtOH (2-pic = 2-picolylamine);*¥! 3) the spin tran-
sition in the compounds is coupled to a crystallographic
phase transition.!

Thus, the present SC complexes constitute very useful
model compounds for experimental and theoretical investi-
gation of the exact microscopic origin of the multistep spin
transition. It is hoped that further studies, including calori-
metric measurements and investigation of the LIESST and
thermal relaxation processes, as well as a theoretical ap-
proach, will provide the relevant information for a full un-
derstanding of the SC mechanism.
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Experimental Section

General: All chemicals and solvents, obtained from Tokyo Kasei Co.,
Ltd., and Wako Pure Chemical Industries, Ltd., were of reagent grade
and were used for the syntheses without further purification. All the syn-
thetic procedures were carried out in air.

[Fe"H,L™]CI-PF,; (1): Tris(2-aminoethyl)amine (0.731 g, 5mmol) was
added to a solution of 2-methyl-4-formylimidazole (2.58 g, 15 mmol) in
acetonitrile (20 mL) and the mixture was stirred at 50°C for 10 min. The
solution of the tripod-like ligand (5 mmol) thus prepared was treated
with a solution of Fe"Cl,-4H,0 (0.994 g, 5 mmol) in water (10 mL), fol-
lowed by a solution of KPF, (1.84 g, 10 mmol) in acetonitrile (20 mL).
The mixture was stirred overnight and then filtered. The filtrate was al-
lowed to stand for several days, during which the precipitated orange
crystals were collected by suction filtration and dried in vacuo to provide
a 25% yield. Elemental analysis caled (%) for [Fe"H;LM]CI-PF,: C
38.29, H 4.59, N 21.26; found: C 38.06, H 4.39, N 21.86; IR (KBr): 7=
1641 (ven), 844 (Vg (PFg7)) cm ™

[Fe"H,LM¢]CI-AsF, 2), [Fe"H,LY*]CI-SbF A3), and
[Fe"H;LY*]CI-CF;SO; (4): These complexes were prepared by way of a
similar synthetic procedure, employing methanol as the reaction solvent.
The synthesis of 2 is representative. A solution of the tripod-like ligand
(5 mmol) in methanol (30 mL) was treated first with a solution of
Fe""Cl,:4 H,0 (0.994 g, 5 mmol) in methanol (10 mL) and then with a sol-
ution of NaAsF; (2.11 g, 10 mmol) in methanol (20 mL). The mixture
was stirred for 1 h and then filtered. The filtrate was allowed to stand for
several days, during which the precipitated orange crystals were collected
by suction filtration and dried in vacuo. Well-grown dark-orange crystals
were obtained in yields of 25% (2), 39% (3), and 34% (4). Elemental
analysis caled (%) for [Fe"H;LM°]Cl-AsF, (2): C 35.89, H 4.30, N 19.93;
found: C 35.87, H 4.25, N 20.10; IR (KBr): # = 1640 (vc), 703 (Vasg-
(AsFg") cm™!; elemental analysis calcd (%) for [Fe"H;L"¢]CI-SbF;, (3): C
33.65, H 4.03, N 18.69; found C 33.72, H 4.02, N 18.78; IR (KBr): 7=
1640 (ven), 661 (vsy (SbFg))cm™'; elemental analysis caled. for
[Fe"H,LM]CI-CF;S0; (4): C 39.86, H 4.56, N 21.13; found C 39.54, H
4.58, N 20.99; IR (KBr): vy = 1640 cm ™, v (CF;S0;7) = 1268 cm™.
Physical measurements: C, H, and N elemental analyses were performed
by Miss Kikue Nishiyama at the Center for Instrumental Analysis of Ku-
mamoto University. Infrared spectra were recorded at room temperature
using a Perkin-Elmer FT-IR PARAGON 1000 spectrometer with samples
in KBr disks. Magnetic susceptibilities were measured in the 5-300 K
temperature range, at a sweep rate of 1 Kmin™', under an applied mag-
netic field of 1T, using an MPMSS5 SQUID susceptometer (Quantum
Design). The apparatus was calibrated with palladium metal. Corrections
for diamagnetism were applied by using Pascal’s constants.['”) Méssbauer
spectra were recorded using a Wissel 1200 spectrometer and a propor-
tional counter. ¥Co(Rh) moving in a constant acceleration mode was
used as the radioactive source. Hyperfine parameters were obtained by a
least-squares fitting of the Lorentzian peaks. Isomer shifts are reported
relative to iron foil at 293 K. The sample temperature was controlled by
means of a Heli-tran liquid-transfer refrigerator (Air Products and
Chemicals, Inc.) to within an accuracy of +0.5 K.

X-ray crystallography: X-ray diffraction data for 1, 2, and 4 were collect-
ed by using a Rigaku RAXIS RAPID imaging plate diffractometer with
graphite-monochromated Moy, radiation (1 = 0.71073 A). The tempera-
ture of the crystal was maintained at the selected value by means of a
Rigaku cooling device to within an accuracy of £2 K. The data were cor-
rected for Lorentz, polarization, and absorption effects. The structures
were solved by direct methods and expanded using the Fourier tech-
nique."®! Hydrogen atoms were fixed in calculated positions and refined
by using a riding model. All calculations were performed by using the
Crystal Structure crystallographic software package.!'”!

Crystal structures of 3 were collected at 180 and 90 K by using an Oxford
Diffraction Xcalibur diffractometer. The selected crystal was mounted on
a diffractometer equipped with an Oxford Instruments Cryojet cooler
device!™ and examined by using graphite-monochromated Moy, radia-
tion (A = 0.71073 A). Gaussian absorption corrections were applied. The
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structures were solved by direct methods using SHELXS-97"! and re-
fined against F* by full-matrix least-squares techniques using SHELXL-
97 with anisotropic displacement parameters for all non-hydrogen
atoms. The SbF,~ anion appeared to be disordered. The occupancy fac-
tors were refined in the ratio 60:40 for the Sb atom and four F atoms, the
two other F atoms being refined with an occupancy factor of 1.0. Hydro-
gen atoms were located on a difference Fourier map and introduced into
the calculations as a riding model with isotropic thermal parameters 1.1
times higher than those of the atom to which they are bonded. Scattering
factors were taken from reference [21]. Other atomic scattering factors
and anomalous dispersion terms were taken from a standard compila-
tion."” The crystal data collection and refinement parameters for 1, 2, 3,
and 4 are given in Table 1.

Theoretical calculations: Quantum chemical calculations were performed
using the Spartan Package.'” Geometry optimizations were performed
on all of the considered counter anions using the PM3 semiempirical mo-
lecular orbital method and molecular volumes were then estimated at the
same level of theory. The molecular volume obtained by this method rep-
resents an isodensity surface and was derived by considering an electron
density of 0.002 a.u.
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