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Complexes with a Tripod Ligand Containing Three Imidazoles
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*"Fe Mossbauer spectroscopy has provided detailed information about the low-spin/high-spin transition in two
types of two-dimensional Fe(II) complexes, [Fe""H;LM][Fe"LM*]X (X~ = BF,", ClO,4~, PF¢", NO;") 1-4 and
[Fe"H;LM]C1-X (X = PF,, AsFg", SbF¢") 5-7, where H;LM® denotes a hexadentate N, tripod-like ligand containing
three imidazole groups, tris[2-(((2-methylimidazol-4-yl)methylidene)amino)ethyl]amine. The molar fraction of
high-spin Fe"" versus total Fe" (1) was estimated from Mossbauer area intensities of each compound in different
temperatures. The yys-T plots for 1-4 indicated that these compounds exhibit a two-step spin crossover corre-
sponding to (LS-[Fe"H;LM]** + LS-[Fe"L™]") <> (HS-[Fe"H;LM]** + LS-[Fe"L™]") <> (HS-[Fe"H;LM]** +
HS-[Fe"LM]"). The larger size of the counter anion separated the first and second spin crossover transitions in
the [Fe"H;LM][Fe"LM]X system well. A variety of s-T curves depending on the counter anion was observed for
[Fe"H;LM]CI-X. It was suggested that a smaller counter anion stabilizes the 1/2(LS-[Fe"H;LM]** + HS-

[Fe"H;LM]*") state in this system.

1. Introduction

Spin-crossover (SCO) between the low-spin (LS) and high-
spin (HS) states is observed in some octahedral 3d" (4 <n <7)
metal complexes, and SCO is a representative example of
molecular bistability."? The two spin states are interconvertible
by physical perturbations (a change in temperature, pressure,
irradiation with light, etc.), and therefore, the SCO metal com-
plexes have attracted increased attention with regard to poten-
tial applications to new electronic devices such as molecular
memories, switches, and visual displays. Matsumoto et al. and
Kojima et al. have extensively investigated a series of iron com-
plexes with Ny tripod ligands containing three imidazole
groups, H;L® = tris[2-(((2-R-imidazol-4-yl)methylidene)amino
)ethyl]amine.*® The H;LR-Fe" and -Fe™ complexes exhibit a
wide variety of SCO transitions with different features in the
steepness and multi-step nature, hysteresis, frozen-in effect,
and so on. Combined with cryomagnetic measurements, °'Fe
Mossbauer spectroscopy provides important information about
SCO phenomena in iron compounds; essentially, the HS/LS
ratio of such a complex is derived directly from the Mossbauer
area intensities at different temperatures.'” This article reports
detailed temperature-dependences of Mdssbauer spectra for
two series of Fe(IT) complexes [Fe"H;LM¢][Fe"LM]X (X =
BF,, ClO,", PF,", NO;") 1-4 and [Fe"H;L™]CI-X (X = PFy",
AsFq~, SbFs") 5-7 to understand systematically the counter
anion effect on the SCO behaviors of these two-dimensional
(2D) systems, where H;LM denotes tris[2-(((2-methylimidazol-
4-yl)methylidene)amino)ethyl]amine, and the chemical struc-
tures of [Fe"H,LM¢]** and [Fe'L™°]~ moieties are shown in
Figure 1. Part of this work has been reported previously.>®

2. Experimental

The procedures for preparing compounds 1-7 were reported
previously.*®
The *"Fe Mossbauer spectra were recorded using a Wissel
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Figure 1. Molecular structures of [Fe"H;LM]** and [Fe"LM¢]".

1200 spectrometer and a proportional counter. ’Co(Rh) mov-
ing in a constant acceleration mode was used as radioactive
source. The calculated lines were obtained by least-squares
fitting to Lorentzian peaks. The isomer shifts are reported rel-
ative to metallic iron foil. The sample temperature was con-
trolled by a Heli-tran liquid transfer refrigerator (Air Products
and Chemicals, Inc.) within an accuracy of £0.5 K.

3. Results and Discussion

[Fe"H;LM][Fe"LM*]X complexes 1-4 assume a homochiral
2D sheet structure, in which the capped tripodlike ligands
[Fe"H;LM]** and [Fe"LM¢]" are alternately arrayed in an up-
and-down mode and are linked by the imidazole-imidazolate
hydrogen bonds.” The counter anions are located between the
2D sheets. The *’Fe Mossbauer spectra were investigated in
the 78-298 K range for 1-3 and in the 4.2-298 K range for 4.
The sample was initially rapidly cooled to 78 K for 1-3 and 4.2
K for 4, (within 3 min from room temperature), and the spectra
were measured at selected temperatures in the warming mode,
and then cooling mode.

The representative spectra of 1 (X~ = BF,") in the warming
mode are shown in Figure 2. At 78 K (Figure 2(d)), the spec-
trum consisted of a single quadrupole doublet assignable to LS-
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Figure 2. Selected *’Fe Mossbauer spectra of [Fe"'H,LM¢][Fe"L™*] BF,
(1) at (a) 298 K, (b) 200 K, (c) 160 K, and (d) 78 K in the warming
mode.

TABLE 1: Mosbauer parameters for [Fe""H;LM][Fe"LM¢]
BF, (1) in the warming mode

T/K §/mms™ AEq/mms™ I'’/mms™ Relative area / %

298 0.98 1.60 0.31 100
275 1.01 1.63 0.31 100
250 1.02 1.66 0.31 93
0.47 0.20 0.25 7
220 1.02 1.74 0.29 82
0.46 0.20 0.25 18
200 1.06 1.76 0.27 63
0.45 0.20 0.25 37
180 1.05 1.81 0.26 46
0.44 0.21 0.26 54
170 1.07 1.81 0.26 42
0.45 0.21 0.28 58
160 1.07 1.84 0.28 38
0.45 0.21 0.26 62
140 1.06 1.87 0.26 17
0.47 0.20 0.26 83
120 1.02 2.16 0.29 5
0.47 0.20 0.28 95
100 0.48 0.21 0.26 100
78 0.48 0.21 0.28 100

“Isomer shift data are reported to iron foil.
PFull width at half-height.

Fe" (isomer shift 6 = 0.48 mm/s and quadrupole splitting AE,
= 0.21 mm/s). Although two types of iron species,
[Fe"H;LM]** and [Fe"L™¢]~ would be expected, the Mossbauer
spectra did not distinguish them. A large extent of charge delo-
calization between [Fe"H;LM*]** and [Fe"L™¢]" units probably
arises from the extended imidazole-imidazolate hydrogen bond
network, and it would yield the undistinguishable quadrupole
doublets. The Mdossbauer spectrum of 1 at 298 K exhibited a
single doublet with large 6 (0.98 mm/s) and AE (1.60 mm/s),
which are characteristic of HS-Fe" (Figure 2(a)). Between 120
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Figure 3. Temperature dependences of the molar fraction of HS ver-
sus total Fe", y;s (A), and yuT () for [Fe"HsLM][Fe"LM]BF, (1) in
the warming mode. The s value was obtained by deconvolution
analysis of the Mossbauer spectrum at each temperature; yy = molar
magnetic susceptibility.

and 250 K, both of the LS-Fe' and the HS-Fe' absorptions
were observed in the spectra (Figures 2(b) and 2(c)). A decon-
volution analysis of the spectrum at each temperature was car-
ried out to determine the molar fraction of the HS-Fe" versus
total Fe" (y4s). The resulting Mssbauer parameters are sum-
marized in Table 1. The yys derived from Mdossbauer area
intensities are plotted against T in Figure 3, along with the
magnetic susceptibility (yy) data reported.” The temperature
dependence of s was essentially in agreement with that of
ymI for 1. The yys-T curve had a plateau region at ca. 160-180
K with the y4s value close to 0.5, indicating a two-step SCO
process; (LS-[Fe'"H;LM¢]** + LS-[Fe"LM]") <> (HS-
[Fe"H;LM]** + LS-[Fe""LM]") <> (HS-[Fe"H;LM]** + HS-
[Fe"LM] 7). It is probable that the spin transition temperature
(T,») of [Fe"™H;LM¢]** is lower than that of [Fe"LM¢]", because
the deprotonated LM ligand would supply a stronger ligand
field to Fe" compared to the neutral H;L™® ligand. From the
Yus-T curve, Ty, values were estimated to be ca. 150 K for
[Fe"H;LM]** and 210 K for [Fe"LM*]", the temperatures where
Yas = 0.25 and 0.75, respectively. The Mossbauer spectra of 1
in the warming mode and in the cooling mode were almost the
same at each temperature.

The s values of 2—4 derived from their Mossbauer spectra
in the warming mode are plotted against 7 in Figure 4, together
with the s data of 1 for comparison. Compounds 2 (X =
Cl0,") and 3 (X~ = PF4") gave yyus-T curves closely similar to
that of 1, showing a two-step SCO. However, the intervals of
the 7)), values for [Fe"H;LM]** and [Fe"LM¢]~ (AT,,,), were dif-
ferent to each other; AT}, = 60 K, 70 K, 90 K for 1, 2, 3, respec-
tively. A clear plateau region is observable in the yys-T curve
of 3 between ca. 180-220 K, due to the large AT, value of this
compound. The molecular volumes, V, of the counter anions
were reported by using quantum chemical calculation as fol-
lows: 53.4 A® for BF,", 54.4 A*for Cl0,", and 73.0 A*for PF,.*
It is suggested that the AT, depends on the size of the counter
anion. The Js-T curve of 4 (X~ = NO;") showed a small hump
below ca. 50 K, which is ascribable to frozen-in effect; such a
hump was not observed in the Js-T curve obtained by the cool-
ing mode measurements (data not shown), while a somewhat
large s (0.24—0.26) still remained at 4.2-50 K for 4.

The general crystal structure of [Fe"H;LM]CI1-X complexes
5-7 consists of a 2D extended network constructed by NH---C1”
hydrogen bonds between C1™ and imidazole NH groups of three
neighboring [Fe"H;L"°]**ions.® The anion X occupies the
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Figure 4. Molar fraction of HS versus total Fe", y5-7, for
[Fe'"H,LY*][Fe"L™*|BF, (1) (@), [Fe"H;LY<][Fe"L¥*]C10, (2) (D),
[Fe"H;LY*][Fe"L¥]PF, (3) (O), and [Fe"HsL"*][Fe"L"*]NO; (4) (H),
obtained by deconvolution analysis of the Mdssbauer spectra in the
warming mode.
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Figure 5. Selected “’'Fe Mossbauer spectra of [Fe""H;LM¢]C1-PF, (5)
at (a) 160 K, (b) 125 K, (c) 120 K, (d) 78 K, and (e) 4.2 K in the
warming mode.
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Figure 6. Molar fraction of HS versus total Fe", -7, for
[Fe'"H,LM¢]CI-PF, (5) (O), [Fe"HsLY<|CI-AsF, (6) (A), and
[Fe"H;LM¢][Fe"LM]SbF, (7) (0)) obtained by deconvolution analysis
of the Mossbauer spectra in the warming mode.

space between the 2D sheets. The *’Fe Mossbauer spectra of
5-7 were measured in the 4.2-298 K range in the warming
mode after rapid cooling to 4.2 K, and then in the cooling
mode. A variety of SCO behaviors depending on the counter
anion was revealed in this 2D system.

Selected Mossbauer spectra of 5 (X~ = PFy") obtained in the
warming mode are shown in Figure 5. Between 4.2 K and 110
K, both of LS-Fe"" (§ = 0.47 mm/s and AE, = 0.23 mm/s at 78
K) and HS-Fe" (6 = 1.10 mm/s and AE, = 2.16 mm/s at 78 K)
absorptions were observed in the area intensity ratio of about
1:1 (Figures 5(d) and 5(e)). On elevating the temperature
above 120 K, the HS-Fe" absorption increased at the expense
of the LS-Fe" absorption (Figures 5(b) and 5(c)), and the LS-
Fe"' component disappeared at 160 K (Figure 5(a)). The s
values derived from Mossbauer area intensities for 5 in the
warming mode are plotted against 7 in Figure 6, along with the
Yus data for 6 and 7 mentioned later. The J5-T curve of 5 indi-
cates that 1/2(LS-[Fe""H,LM°]** + HS-[Fe"H,LM]**) state is
stable for 5 in the lower temperature region. The Mossbauer
spectra of 5§ in the warming mode and in the cooling mode
were nearly the same at each temperature.

The yus-T curve of 6 (X~ = AsF4") in the warming mode,
shown in Figure 6, exhibited a plateau region at ca. 100-120 K
with the ¥ value close to 0.5, indicating a two-step SCO pro-
cess; LS-[Fe'"H;LM°]** « 1/2(LS-[Fe""H,LM¢]** + HS-
[Fe""H,LM¢]?*) «» HS-[Fe"H;LM]**. The hump below 50 K in
the ys-T curve is ascribable to frozen-in effect, because the
hump disappeared in the cooling mode measurements. On the
other hand, compound 7 (X~ = SbFy") afforded a yus-T curve
corresponding to a one-step LS-[Fe'"H;LM¢]** <> HS-
[Fe""H;LM¢]** transition with T, = 130 K, as shown in Figure 6.
A small HS-Fe" absorption (s = 0.08—0.12) was observed
between 4.2 K and 78 K for 7 both in the warming and cooling
modes. The above SCO behaviors of 5-7 suggests that the
increase in the size of the counter anion in the series PF;~,
AsF,, and SbF; (V =73.0 A% 78.5 A%, and 88.7 A®, respec-
tively)® leads a decrease in the stabilization of 1/2(LS-
[Fe"H5LM]** + HS-[Fe"H;LM¢]*") state. There is the possibility
that the optimum size of the counter anion to stabilize the
intermediate spin transition states is around that of PF,~, com-
monly in these 2D systems [Fe""H;LM°][Fe''LM¢]X and
[Fe"H;LM]C1-X. For clarifying this point, it would be needed
to investigate a further variety of [Fe"H;LM][Fe"L™¢]X and
[Fe""H;LM¢]Cl1-X salts by the use of “’Fe Mossbauer spectros-

copy.
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By applying *"Fe Mossbauer spectroscopy, this paper has
revealed that the counter anion size is one of the important fac-
tors governing the SCO behavior for two types of 2D iron com-
plexes, [Fe"H;LM][Fe""LM*]X and [Fe"H;LM°]CI-X. It is
probable that the anion size affects the interaction between the
2D sheets in the crystal lattice of each type of complexes,
which controls the stabilities of the intermediate spin transition
states, (HS-[Fe"™H;LM]** + LS-[FeL™]") in [Fe"H;LM¢]
[Fe"LM]1X and 1/2(LS-[Fe"H;LM*]** + HS-[Fe"H;LM¢]**) in
[Fe"H;LM*]CI-X. The results obtained in the present study
would be useful for experimental and theoretical investigation
of the origin of multistep spin transition."~'?
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