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Abstract: A dinuclear iron(II) complex
containing the new pyridyl bridging
ligand, 2,5-di(2’,2"-dipyridylamino)pyri-
dine (ddpp) has been synthesised and
characterised by single-crystal X-ray
diffraction, magnetic susceptibility and
Mossbauer spectral methods. This com-
pound, [Fe,(ddpp),(NCS),]-4 CH,CL,
undergoes a two-step full spin cross-
over. Structural analysis at each of the
three plateau temperatures has re-
vealed a dinuclear molecule with spin
states HS-HS, HS-LS and LS-LS (HS:
high spin, LS: low spin) for the two
iron(I) centres. This is the first time

that resolution of the metal centres in

a HS-LS ordered state has been
achieved in a two-step dinuclear
iron(I)  spin-crossover ~ compound.

Thermogravimetric data show that the
dichloromethane solvate molecules can
be removed in two distinct steps at
120°C and 200°C. The partially de-sol-
vated clathrate, [Fe,(ddpp),-
(NCS),]-CH,Cl,, undergoes a one-step

Keywords: clathrates - host-guest
systems - iron - magnetic properties -
spin crossover

transition with an increased transition
temperature with respect to the as syn-
thesised material. Structural characteri-
sation of this material reveals subtle
changes to the coordination geometries
at each of the iron(II) centres and
striking changes to the local environ-
ment of the dinuclear complex. The
fully de-solvated material remains high
spin over all temperatures. Interesting-
ly, the solvent can be re-introduced
into the monosolvated solid to achieve
complete conversion back to the origi-
nal two-step crossover material,
[Fe,(ddpp)»(NCS),]-4 CH,ClL.

Introduction

Dinuclear spin-crossover (SCO) compounds of iron(II),
iron(IIT) and cobalt(II) are currently receiving great interest
largely because of fundamental questions concerning the
synergy, if any, between the crossover transition and intra-
molecular exchange coupling, the latter for instance occur-
ring between the d°-d° centres in iron(II)-iron(II) com-
pounds across covalent bridging ligands of various types and
geometries.! The nature of the spin transition in dinuclear

[a] J.J. M. Amoore, Prof. C. J. Kepert

School of Chemistry, University of Sydney

NSW, 2006 (Australia)

Fax: (+61)2-9351-5741

E-mail: c.kepert@chem.usyd.edu.au

Dr. B. Moubaraki, Dr. S. M. Neville, Prof. K. S. Murray
School of Chemistry, Monash University

Building 23, Clayton, Victoria, 3800 (Australia)

Fax: (461)3-9905-4597

E-mail: keith.murray@sci.monash.edu.au

Assoc. Prof. J. D. Cashion

School of Physics, Monash University

Building 27, Clayton, VIC, Australia, 3800 (Australia)

[b

—

—
o
-

WWILEY

) InterScience’

8220

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

compounds, involving microstates HS-HS, HS-LS, LS-LS
and combinations thereof (HS = high-spin; for d®* §=2, LS=
low-spin; S=0) is also of considerable interest, particularly
from the perspective of understanding one-step versus two-
step abrupt SCO transitions and how these relate to the mi-
crostates and the structures of the dinuclear molecules at
particular temperatures on the spin transitions. Since the
early work on bipyrimidine (bpym)-bridged iron(II) species
by Kahn, Real and co-workers,” the subject has advanced
rapidly in recent years and Real has reviewed aspects of
it.?¥ Highlights include the first one-step HS-HS to LS-LS
iron(II)-iron(II) examples,>® the first ordered HS-LS mol-
ecule in a “half” SCO material” and the first “averaged”
structure of a HS-LS molecule exhibiting a two-step transi-
tion.®) In the last case, a dicyanamide-bridged compound
with pentadentate Ns-pyridyl donor “end” ligands showed
structurally equivalent iron(IT) centres in the plateau tem-
perature interval between the two steps.®

Here we describe a new dinuclear iron(II)-+iron(Il) com-
plex of formula [Fe,(ddpp),(NCS),]-4 CH,Cl, (1-4CH,Cl,)
that incorporates the bridging ligand (2,5-di(2’,2"-dipyridyl-
amino)pyridine) (ddpp). The compound emanated from a
wide study of different bridging ligands, such as pyrazo-
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lates,! triazolates” and pyrimidine- or pyridazine-linked!”!
analogues of ddpp, aimed at answering the fundamental
questions posed above, when they are incorporated into di-
nuclear SCO iron(I) complexes. Compound 1.4 CH,Cl, is
particularly relevant, because the much studied 2-step p-
bpym complexes of Real et al.”¥ have very recently been
structurally characterised at the plateau temperature and
the existence of “averaged” HS-LS molecules was con-
firmed by noting that each iron(II) centre was structurally
equivalent.**l The structures of 1.4CH,Cl, are described
herein at temperatures at which the dinuclear molecules
exist in the HS-HS, HS-LS and LS-LS states. In contrast to
the case of [Fe,(NCS),(bt),(u-bpym)],[!l the structure of the
HS-LS form clearly shows an ordered HS iron(II) environ-
ment at one end and a LS iron(II) at the other end of the di-
nuclear moiety.

ddpp

Results and Discussion

Synthesis: The ligand 2,5-di(2',2"-dipyridylamino)pyridine
(ddpp), which has not been reported previously, was syn-
thesised by a method used for related ligands.!""

Crystals of the dinuclear complex 1.4 CH,Cl, suitable for
single crystal X-ray analysis were synthesised by slow diffu-
sion of a solution of ddpp in dichloromethane into a solu-
tion of Fe(ClO,),-6 H,0 and NH,SCN in ethanol. Crystals of
1.4 CH,Cl, were partially de-solvated in vacuo, with heating
to 100°C, to yield samples of 1:CH,Cl, for magnetism and
crystallographic studies. Samples of 1 were achieved by the
full de-solvation of 1.4CH,CI, in vacuo, with heating to
200°C.

Thermogravimetric analysis: A plot of percent mass versus
temperature for a polycrystalline sample of 1-4 CH,Cl, is
shown in Figure 1. Thermogravimetry clearly shows a two-
step de-solvation process. The first mass loss with heating to
ca. 120°C accounts for the loss of three dichloromethane
molecules (experimental: 15%, calculated 16%). The
second mass loss to about 200°C accounts for the loss of the
remaining dichloromethane solvent molecule (experimental:
7%, calculated: 6.7 %). The de-solvated material is stable to
350°C, beyond which temperature it decomposes.

Magnetic properties: A plot of y\T versus temperature for
a polycrystalline sample of 1-4 CH,Cl, is shown in Figure 2a.
The SCO transition is clearly two step in character with the
high-temperature step centred at 180 K, the plateau occur-
ring between 110 K and 140 K, and the low-temperature
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Figure 1. Thermogravimetric data for the de-solvation and subsequent
thermal decomposition of 1-4 CH,Cl,.
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Figure 2. Plots of xy7, per iron(Il), versus temperature for complex
a) 14 CH,Cl, (@), b) 1.CH,Cl, (m), c) re-solvated 1.4 CH,Cl, (a) and d) 1
(o).

step centred at 80 K. No thermal hysteresis was observed on
either step. The plot is rather similar to that previously re-
ported for a bpym-bridged iron(II) species®™ and that re-
cently reported for a dinuclear dicyanamide-bridged iron(II)
complex,® but the structural features are significantly differ-
ent to those of 1-4CH,Cl, when measured at the plateau
temperature interval, as discussed below. When the sample
of 14 CH,Cl, was partly de-solvated in vacuo under dinitro-
gen to remove three of the four CH,Cl, molecules, a new
phase, 1.CH,Cl,, was obtained. The plot of y\,7 showed a
single, one-step spin transition with an increased T:, of
200 K, again with no thermal hysteresis (Figure 2b). Follow-
ing the re-solvation of 1-CH,CI, to give 14 CH,Cl, by im-
mersion in dichloromethane, the magnetic behaviour revert-
ed to the original two-step crossover behaviour (Figure 2c).
Below 50K, the yuT plot for the re-solvated 1.4 CH,Cl,
sample shows a slightly higher residual magnetic moment in
the LS-LS region, which is likely due to crystal cracking and
deformations arising with the repeated de- and re-solvation
of the crystals. Such behaviour has been reported previous-
1y.'” When the sample of 1.4 CH,Cl, was fully de-solvated
to form 1, the resulting plot of y\ 7T showed a loss of the spin
transition remaining at high spin S=2 values, with yyT
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slowly decreasing from 3.15cm’mol?K at 300K to
2.60 cm®*mol 'K, followed by a more rapid decrease to
reach 1.6 cm*mol™' K at 4 K, the last decrease due to zero-
field splitting of the °A,, iron(II) states present in distorted
octahedral symmetry (Figure 2d). Clearly, the spin-crossover
behaviour of this dinuclear system is very sensitive to the
degree of solvation.

Mossbauer spectroscopy: Mossbauer spectra measured on
1-4 CH,(Cl, at 295 and 82 K are shown in Figure 3. The 295 K
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Figure 3. Mgssbauer spectra of 1.4 CH,Cl, at a) 295 K and b) 82 K.

spectrum is dominated by a HS iron(II) quadrupole doublet,
0=1.01 mms™', AE5,=1.29 mms~' (88 %), but has a low per-
centage of LS iron(Il), =0.16 mms™', AE,=0.60 mms™'
(12%), the latter possibly originating from partial de-solva-
tion. At 82K, a temperature close to the middle of the
second step of the spin transition, the spectrum is dominated
by the LS doublet, 6=0.48mms !, AE,=0.29 mms™
(96.5%) with only a small HS doublet evident, 0=
1.08 mms~', AEq=2.5mms™" (3.5%). The value of y\T at
82 K (Figure 2) would suggest that approximately 20% HS
iron(II) should be present. Even allowing for Debye—Waller
changes, this again suggests that partial loss of CH,Cl, has
occurred in the sample used for Mossbauer spectroscopy.
The isomer shifts and quadrupole splitting values observed
are typical of such cis-Fe(NCS),(N), coordination environ-
ments, as are their variations with temperature.

X-ray crystallography

The structure of 1-4CH,Cl,: The asymmetric unit of
1.4 CH,Cl, contains one complete dinuclear unit with two
crystallographically distinct iron(II) centres, four thiocyanate
ligands, two ddpp ligands and four dichloromethane solvent
molecules (Figure 4). The two ddpp ligands in each dinu-
clear unit bridge the iron(II) centres and are arranged in a
“head-to-tail” fashion. Each ddpp ligand binds through two
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Figure 4. The structure of the dinuclear complex [Fe,(ddpp),(NCS),] of
1-4CH,Cl, at 250 K. The solvent molecules and hydrogen atoms have
been omitted for clarity.

different bidentate chelation modes: the first consists of a
typical di(2-pyridyl)amine-style coordination through the
two terminal pyridine rings, and the second mode involves
the central pyridine ring nitrogen atom and one terminal
di(2-pyridyl)amine pyridyl ring. Conformationally, the dinu-
clear complex has near-C, symmetry, the most notable devi-
ation from this being at the periphery of the molecule: the
uncoordinated pyridine ring closest to Fel points back to-
wards the centre of that ligand, while that closest to Fe2 is
rotated such that it faces away from the centre of the ligand
(Figure 4).

Full structural analysis of 1.4 CH,Cl, was carried out at
three temperatures, 250, 123 and 25 K, a range that encom-
passes the full two-step spin transition, and revealed a dinu-
clear material with iron(II) centres in the HS-HS, HS-LS
and LS-LS states, respectively. A summary of the crystal
data and refinement results is given in Table 1. The dinu-
clear unit contains two structurally inequivalent iron(IT) cen-
tres, Fel and Fe2, at each temperature. Table 2 summarises
the Fe—N bond lengths of each iron(II) centre over the
three temperatures measured. At 25 K, both the Fe atoms in
1-4CH,(Cl, are in the LS state with Fe—N bond lengths be-
tween 1.933(3)-1.998(3) A for Fel and 1.958(3)-2.016(3) A
for Fe2. At 250 K, both Fe atoms are in the HS state with
Fe—N bond lengths between 2.089(4)-2.236(3) A for Fel
and 2.105(3)-2.234(3) A for Fe2. At 123 K, the Fe—N bond
lengths are consistent with a HS-LS intermediate in which
the HS and LS states are localised on the structurally ineq-
uivalent iron(II) sites: Fel is in the LS state, with Fe—N
bond lengths in the range 1.950(2)-2.010(2) A and Fe2 is in
the HS state with bond lengths in the range 2.064(3)—
2.197(2) A. The minor decreases in bond length for Fel
(LS) on cooling from 123 to 25 K and for Fe2 (HS) on cool-
ing from 220 to 123 K are consistent with thermal bond con-
traction associated with decreased thermal population of the
Fe—N stretching vibrations, although these may also reflect
a small degree of partial HS/LS at these sites. This is the
first time crystallographic resolution of an intermediate HS-
LS state has been achieved in a dinuclear material that un-
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Table 1. Single-crystal diffraction data and refinement parameters for 1:4 CH,Cl, and 1.CH,Cl,.

FULL PAPER

fore, to the stabilisation of the

[15]

14 CH,Cl, 1-4 CH,Cl, 1-4 CH,Cl, 1.CH,Cl, low-spin  state. Here, a
spin states LS-LS HS-LS HS-HS HS-HS strong correlation is found be-
formula Fe,S,CssHpNiCly  Fe,S,CseHyoN(iCly  Fe,S,CssHoNsCly  Fe,S,CssHiNisCl,  tween the octahedral distortion
M, [gmol™] 1518.67 1518.67 1518.67 1263.89 and the occurrence of spin
eryalsystem tctic el el tcinte crossover at each of the metal

y. y 1 1 1clini 1clini .
space group Pl Pl Pl Pl sites. For 14 CH,Cl, at 250 K,
z 2 2 2 2 in which both the iron(II) cen-
alA] 14.050(4) 14.197909) 14.356(11) 13.9416(9) tres are in the high-spin state,
CIAl 175086 pemsQl)  vaue vl e Z perameters for Fel and
c . . . . °
al] 79.001(5) 78.7370(10) 79.546(13) 78.748(2) Fe2 are 41.8 and 46.7°, respec-
81 77.807(5) 79.6240(10) 79.770(13) 77.073(4) tively, indicating that Fel has
v [°] 66.817(4) 67.2180(10) 66.840(12) 63.497(3) the more regular geometry;
VIAT . 3164.5(17) 3242.5(4) 3371(5) 3067(2) this is consistent with the ob-
Peatca [mgm ™ 1.594 1.555 1.494 1369 . . .
o [ ] 0,985 0.961 0.923 0748 servation that Fel is the f'lrst
data/restraints/parameters  13244/0/811 14738/0/811 15229/0/811 18842/0/724 to convert to LS upon cooling.
R(F) [%] (I>20(D)], all)  4.45(5.22) 5.07(6.03) 6.07(8.31) 14.00(19.41) At 25 K, in which both iron(II)
R(F) [%] ([I>20(D)], all)  12.22(13.11) 13.47(14.47) 16.65(19.17) 28.05(30.45) centres are in the low-spin
GoF 1.063 1.037 1.034 1313

state, more regular octahedral

Table 2. Selected bond lengths [A] of the complex 1:4 CH,Cl, in the LS—
LS (25K), HS-LS (123 K) and HS-HS (250 K) states, and 1-CH,Cl, in
the HS-HS (123 K) state.

1.4 CH,Cl, 1.CH,CL,
LS-LS HS-LS HS-HS HS-HS
Fel-N1 1.978(2) 1.995(2) 2216(3) 2217(6)
Fel-N3 1.991(3) 2.009(2) 2.236(3) 2.202(6)
Fel-N11 1.985(2) 1.997(2) 2.203(3) 2215(5)
Fel-N12 1.998(3) 2.010(2) 2215(3) 2.208(5)
Fel-N15 1.950(3) 1.951(2) 2.097(4) 2.113(7)
Fel-N16 1.933(3) 1.950(2) 2.089(4) 2.126(8)
Fe2-N4 2.013(2) 2.197(2) 2.225(3) 2215(6)
Fe2—N5 1.994(3) 2.179(3) 2215(4) 2.202(7)
Fe2-N8 2.004(3) 2.178(2) 2.234(3) 2.201(5)
Fe2-N10 2.016(3) 2.192(2) 2.229(4) 2217(6)
Fe2-N17 1.962(3) 2.103(3) 2.115(4) 2.120(7)
Fe2-N18 1.958(3) 2.064(3) 2.105(3) 2.056(7)

dergoes a full HS-HS to LS-LS transition. We note that an
ordered HS-LS state has been observed in a triazole bridg-
ed compound,” but here the LS-LS state was not reached
at temperatures below T',. In the case of a two-step pyrazo-
late-bridged iron(II) compound, the structure obtained at
the plateau region of a two-step transition showed a 50:50
occurrence of dinuclear molecules in the HS-HS and LS-LS
states.!"”!

The two crystallographically distinct iron(II) atoms in
each dinuclear moiety are in a distorted octahedral geome-
try consisting of two NCS™ ions in a cis arrangement and
four pyridine rings from two separate ddpp ligands. While
the coordination environments of the two crystallographical-
ly distinct iron(II) sites are very similar due to the near-C,
symmetry of the complex, subtle differences in their geome-
try exist. These differences have been quantified by using
the octahedral distortion parameter, >4 a measure of the
angular deviation from octahedral geometry, in Table 3.
Recent comparative studies have shown that minimal X
values are associated with stronger crystal fields and, there-
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geometries are observed, with

X =28.4° for Fel and 35.2° for
Fe2. In the intermediate HS-LS state at 123 K, >=27.7° for
Fel (LS) and 45.9° for Fe2 (HS). Interestingly, it would
appear that the spin crossover at the Fel site with cooling
from 220 to 123 K does little to influence the geometry of
the Fe2 site, there being only a small change in X of Fe2
from 46.7 to 45.9°. This is further highlighted in the relative-
ly small change to the individual Fe—N distances and angles
(maximum distance and angle deviations; Fe2—N8: 0.056 A
and N8-Fe2-N10: 1.36°). Similarly, spin crossover at the Fe2
with cooling from 123 to 25 K has little influence on the ge-
ometry of the low spin Fel site, its ¥ parameter changing
from 27.7 to 28.4° and the individual distance and angles
also being similar (maximum distance and angle deviations;
Fel—-N3: 0.018 A and N15-Fel-N1: 0.45°). These combined
observations suggest there is little in the way of steric cou-
pling between the two crossover centres, and that the dinu-
clear complex is sufficiently flexible to accommodate geom-
etry changes at one metal site, whilst retaining what would
appear to be a locally optimal coordination geometry at the
other. It seems likely also that there will be only relatively
minor electronic coupling between the two metal sites
through the six-atom bridge of the ddpp ligand. As such, it
is difficult to determine the degree and nature of any syner-
gy between these sites in favouring or disfavouring spin
crossover at the other.

A number of intra- and intermolecular n— stacking inter-
actions exist in 1-4 CH,Cl,. Within the dinuclear complex, m—
7 stacking is seen between the two central pyridyl rings on
each ligand, a (Figure 5 left, Table 3), and between the un-
bound pyridyl donor groups, b (Figure 5 right, Table 3). The
dinuclear molecules are arranged in chains along the [111]
direction of the unit cell. Two rather long n—m stacking inter-
actions are observed between pyridyl rings belonging to ad-
jacent chains (centroid-to-centroid distances 4.01 and
4.14 A) (Figure 6). Such effects have been thought to be im-
portant in spin transitions in pu-bpym compounds, such as
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Figure 5. Two types of m—m stacking interactions within the dinuclear
1-4 CH,Cl, between central pyridyl rings, a (left), and between uncoordi-
nated pyridyl rings and di(2-pyridyl)amine rings, b (right).

Figure 6. Crystal packing of the dinuclear molecules in 1-4 CH,Cl,.

[Fe,(u-bpym)(NCS),(bt),], in which bt is bis-thiazoline.**!
In addition, there are multiple interactions between dinu-
clear complexes and between dinuclear and solvent mole-
cules; these involve all four sulfur atoms from the thiocya-
nate ligands and three of the four solvent molecules
(Figure 7, top). There are three types of sulfur interactions

Figure 7. Comparison of the three types of short contacts in the local en-
vironments of 14 CH,Cl, (top) and 1-CH,Cl, (bottom). 1: S-S, 2: Se-C-
(H,CL,), 3: S--C(H;C;N). Hydrogen atoms have been omitted for clarity.

(Figure 7 top, Table 3): the first are S-S interactions to adja-
cent dinuclear complexes (Table 3, 1; S4--S2); the second
are S-+-HC interactions to solvent dichloromethane mole-
cules (Table 3, 2; S2+C56, S2:-C55, S3+.C57, S4+-C58) and
the third are S--HC interactions to aromatic rings on adja-
cent dinuclear molecules (Table 3, 3; S1--C21, S1--C43). All
these interactions contract in distance with cooling, with the
exception of S3--C57, which expands (Table 3).

Variable-temperature unit-cell analysis on 1-4 CH,Cl,: In ad-
dition to full structural characterisations in each of the spin

Table 3. Comparison of bond lengths and angles of the complex 14 CH,Cl, in the LS-LS (25K), HS-LS (123 K) and HS-HS (250 K) states, and

1.4 CH,Cl, in the HS-HS state.

1-4 CH,Cl, 1-CH,Cl,
spin state LS-LS HS-LS HS-HS HS-HS
T K] 25(2) 123(2) 250(2) 250(2)
MM distance [A] 7.0654(15) 7.1585(6) 7.324(4) 7.298(13)
(drern) [A] 1.972(3) 1.985(3) 2.176(3) 2.168(5)
(dror ) [A] 1.991(2) 2.152(3) 2.187(4) 2.181(5)
N-Fel-N range [°] 86.45-96.11 86.21-95.78 80.81-97.83 82.10-95.60
N-Fe2-N range [°] 86.43-96.04 82.16-96.97 80.97-96.65 81.90-95.70
St [°]9 284 27.7 41.8 424
S [°]9 352 45.9 46.7 40.4
intramolecular -7 3.395(2) 3.4584(15) 3.581(4) 3.695(4)
stacking a [A]®
intramolecular - 3.5765(19), 3.841(2) 3.6010(17), 3.880(2) 3.680(4), 3.867(4) 3.608(5),
stacking b [A]®! 3.791(5)
intermolecular -7 4.045(2), 4.027(2) 4.0595(16), 3.9757(18) 4.132(4), 4.043(4) 3.594(5),
stacking [A] 3.785(4)
S-S interaction [A], 119 3.624(2) 3.843(2) 4.216(5) 3.352(6)
S--C(H,CL,) inter- 3.441(3), 3.545(3), 3.742(3), 3.506(5), 3.636(4), 3.698(4), 3.551(12), 3.686(10), 3.617(8), 3.928(20),
action [A], 21 3.552(3), 3.590(3) 3.607(4), 3.636(4) 3.672(8), 3.797(7) 3.768(20)
S--C(H,C,N) inter- 3.515(3), 3.688(3) 3.512(3), 3.745(3) 3.594(5), 3.737(5) 3.481(9),
action [A], 3¢ 3.816(9)

[a] Z=sum of the deviation of each of the 12 cis angles from 90°."3! [b] m— stacking a and b; see text and Figure 5 for definitions. [c] Short contacts 1,
2 and 3; see text and Figure 7 for definitions.
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states, the spin transition in 1.4 CH,Cl, was followed by in-
situ, single-crystal, variable-temperature, unit-cell data col-
lections between 25 to 250 K. Figure 8 shows the percentage
of unit-cell variation over the transition for each unit-cell

volume

Unit-Cell Variation / %

Figure 8. Percentage variation in the unit-cell volume (o) and the a (4),
b () and c axes (V) for complex 1-4 CH,Cl, determined by single-crystal
X-ray diffraction.

axis and for the unit-cell volume. The overall change in unit-
cell volume shows an approximately linear decrease be-
tween 250 and 55 K, followed by a plateau down to 25 K.
The a and b axes show similar decreases to those seen in the
unit-cell volume, from 250 to 25 K, as is expected from the
contraction in Fe—N bond lengths associated with the spin
transition. In contrast, the c axis is seen to increase in length
as the temperature decreases from 150 to 55 K. This corre-
lates to an observed expansion in the ligand central ring n—
nt stacking distance from the HS to LS states. The overall
rate of decrease in the unit-cell volume matches the magnet-
ic susceptibility plot, which reaches the LS-LS values at ap-
proximately 55 K after a gradual two-step decrease from
250 K (Figure 2a).

The two-step character of the transition is evident as a
number of subtle features in Figure 8, but is not as defined
as in the magnetic susceptibility data. The HS-HS plateau
in Figure 2 occurs at 190-200 K and correlates with maxi-
mum values in the a, b, and ¢ axes and volume at 190, 205,
185 and 205 K, respectively. The HS-LS plateau in Figure 2
occurs at 120-130 K and correlates with maximum values in
the a and b axes and volume at 130 K and minimum values
in the c axis at 130 K. The LS-LS plateau in Figure 2 occurs
below 60 K and corresponds with a plateau in the a, b and ¢
axes and volume below 55 K. While there are numerous ex-
amples of variable-temperature, unit-cell data for mononu-
clear systems, no such multi-temperature unit-cell data of
other two-step (or one-step), spin-crossover dinuclear
iron(II) species are available for comparison. Multiple-tem-
perature structural analysis was reported recently by Real
et al.® for a dicyanamide-bridged iron(IT) compound and it
revealed a correlation between average Fe—N bond length,
over the dinuclear moiety, and magnetic susceptibility, in-
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cluding the two-step plateau. This is not appropriate here as
a distinct intermediate HS-LS state has been confirmed
both magnetically and structurally rather than the nonor-
dered example above.

The structure of 1-CH,Cl,: As indicated above, thermogravi-
metric analysis on 1.4 CH,Cl, revealed a two-step de-solva-
tion process over the temperature range 25-200 °C. Structur-
al analysis of the partially de-solvated material was carried
out by heating a single crystal, in situ, at 20 Kh™' from
room temperature to 375 K. Remarkably, the crystals re-
mained single following guest desorption (Figure 9). Struc-

Figure 9. In situ single crystal-to-crystal transformation from 1-4 CH,Cl,
(left) to 1-CH,CI, (right) viewed along the a axis; atoms of the dinuclear
complex are represented as sticks and of the CH,Cl, as balls. The minor
component of CH,Cl, disorder in 1-CH,Cl, is omitted for clarity.

tural analysis was carried out at 250(2) K, revealing the par-
tially solvated analogue, [Fe,(ddpp),(NCS),]-CH,Cl,
(1-CH,Cl,). The conformation of the dinuclear complex re-
mains essentially unchanged following solvent desorption,
with the unit retaining its near-C, local symmetry with two
crystallographically ~ distinct iron(II) centres. As in
1.4 CH,Cl,, the most notable deviation from a C, configura-
tion is the alignment of the unbound pyridyl units of the
ddpp ligand. The single CH,Cl, guest retained in this struc-
ture is disordered over two crystallographically distinct sites
(occupancy ratio 78:22 % ).

The Fe—N distances for both iron(II) centres of 1-CH,Cl,
at 250 K are consistent with high-spin iron(II), as expected
from magnetic susceptibility data for which this is close to
the onset of the HS-HS plateau of the spin transition
(Figure 2, Table 1). There are only very slight differences in
their environments in this case with ¥=42.4 and 40.4° for
Fel and Fe2, respectively (Table 3). Perhaps unexpectedly,
de-solvation of 1.4 CH,Cl, to form 1.CH,CI, yields a dinu-
clear complex with an enhanced crystal field at each site, as
evidenced by the increase in spin-crossover transition tem-
perature for this phase and the retention of moderate values
of 2. In contrast, we have shown that de-solvation of the
nanoporous spin-crossover framework material [Fe(azpy),-
(NCS),]-x(guest) (azpy=4,4-azopyridine)'®! destabilises the
low-spin state due to adoption of relatively unfavourable
iron(II) geometries in the apohost. Similarly, Real et al.
have shown that removal of both bound and unbound water
in  [Fe"(pmd)(OH,){M'(CN),},]-H,O (pmd =pyrimidine;
M=Ag, Au) destabilises the low-spin state.'”? Dehydration
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of the SCO Hofmann clathrate phase [Fe"(pz){Pt"(CN),}]-n-
(H,O) (pz=pyrazine; n~2-3), however, leads to an in-
crease in the spin-crossover temperature.!'®!

Whereas a significant difference exists in the octahedral
distortion between the Fel and Fe2 centres in 1-4 CH,Cl,, in
1.CH,(l, there is relatively little difference between these
geometries. This is consistent with the observed change
from two-step to apparent one-step character. The overlay-
ing in temperature of the two spin-crossover transitions, one
for each of the crystallographically distinct, but very similar,
iron(IT) environments, to give an apparent single-step transi-
tion supports the view that there is little in the way of intra-
molecular coupling between the metal centres in this com-
plex, and that crystal packing is the dominant influence in
determining the crossover properties. This is in contrast to
that observed, for example, in the 2x2 grid complex,
[Fe,(L)4(ClO,)g] (L =4,6-bis(2',2"-bipyrid-6'-yl)-2-phenyl-
pyrimidine),! in which crossover occurring at the inequiva-
lent iron(II) sites seems to have an antagonistic effect
against spin crossover at the other three sites.

As with 1.4CH,CI,, both inter- and intramolecular m—m
stacking interactions exist in 1-CH,Cl,, all of these being
shortened following solvent desorption (Table 3). This con-
traction is highlighted by a reduction in the crystal volume
occupied by solvent and void, which totals 27.1% (25.9%
solvent, 1.2% void) for 1.4 CH,Cl, and 20.2% (11.3% sol-
vent, 8.7%, void) for 1.CH,CL.?" There are multiple con-
tacts between adjacent dinuclear complexes and between di-
nuclear complexes and the solvent molecule, as observed in
1.4 CH,Cl,. Three types of sulfur interactions are present in
1-CH,Cl, (Figure 7 bottom, Table 3), which include all four
sulfur atoms and the one remaining solvent molecule. First-
ly, S-S interactions are present (Table 3, 1; S4--S4), but
here they are between symmetry equivalent atoms on the
neighbouring dinuclear, that is, between sulfur atoms con-
nected to Fel, whereas in 1.4 CH,CI, they are between
sulfur atoms connected to Fel and Fe2; secondly, S--C-
(H,Cl,) interactions are present between the dinuclear and
solvent molecule (Table 3, 2; S2...C55, S4---CS5S), but there
are fewer interactions due to the decrease in number of sol-
vent molecules; and thirdly, there are S-+-C(H,C,N) interac-
tions to adjacent dinuclear molecules (Table 3; 3; S1..C21,
S3...C29). We attribute the stability of the monosolvate in a
narrow temperature range to the stabilising influence of the
interactions to the one remaining solvent per dinuclear unit.

Conclusions

Compound 1-4 CH,Cl, has provided important new structur-
al data on the nature of the spin transition in dinuclear
iron(I) spin-crossover materials, particularly in regard to
two-step transitions for which it provides the first structure
of the HS-LS molecules at the plateau region. The small dif-
ferences noted in coordination geometries of Fel and Fe2,
at all temperatures studied, suggest that these play a part in
the two-step mechanism. The loss of the step when
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1.4 CH,Cl, is partially de-solvated to form 1-CH,Cl,, and the
loss of the spin transition when 1-4 CH,Cl, is fully de-solvat-
ed to form 1, suggest that interdimer crystal packing effects
play a key role in influencing the crossover properties. In
their recent article on the bpym-bridged iron(II) family, as
well as summarising the uses of applied field Mossbauer
spectroscopy and the LIESST effect in probing the mecha-
nism of 2-step transitions, Real and co-workers point out
that interdimer interactions in the solid state play a delicate
balancing role with the intramolecular interactions in stabil-
ising HS-LS states. From this perspective, we have recently
crystallised other solvates of 1 and are investigating their
properties.

In surveying the advances made in the last two years in
terms of intradinuclear bridging ligands and bridging geome-
try/rigidity, it is tempting to speculate that the flexible
nature of the bridging in 1.4 CH,Cl, provides less rigid envi-
ronments around the iron(IT) centre than in the di-p-pyrazo-
late, %12 di-p-triazole!” or u-bpym®* systems, thus allowing
stabilisation of dinuclear molecules in the HS-HS, HS-LS
and LS-LS states. Structural nuances of these kinds are dif-
ficult to assess in their importance compared to the elec-
tronic HS—LS driving forces/energies. The influence of an-
tiferromagnetic exchange across the various bridges on the
spin-transition mechanism is even more difficult to assess,
since it is generally very weak in magnitude, the J values
being about —4 cm™' for the bpym bridge down to about
zero in 1.4 CH,Cl,. Zein and Borshch have discussed these
effects, recently, in density functional theory calculations of
the HS-HS, HS-LS and LS-LS energies in dinuclear
iron(IT) SCO compounds.?"

We are presently pursuing LIESST studies on 1-4 CH,Cl,
and 1-CH,Cl, and are synthesising other bridging groups of
the ddpp type, but containing pyrimidine and pyridazine
linkers between dipyridylamine and dipyridylmethane chela-
tors that will lead to different bridging geometries being
formed between iron(II) centres.

Experimental Section

Synthesis of ddpp: All chemicals were obtained from Aldrich and Fluka
and used without further purification. A solution of 2,2"-dipyridylamine
(10.71 g, 62.9 mmol) in dichloromethane (20 mL) was added to a stirred
solution of 2,5-dibromopyridine (4.68 g, 19.7 mmol) in dichloromethane
(20 mL). Aqueous solutions of anhydrous potassium carbonate (9.34 g in
20 mL; 67.6 mmol) and copper sulfate pentahydrate (1.42¢ in 10 mL;
5.69 mmol) were then added and the mixture stirred vigorously for
10 min before being evaporated to dryness under vacuum. The mixture
was then ground thoroughly with a mortar and pestle; a small amount of
dichloromethane (2 mL) was added and the mixture heated to 483 K for
21 h under a dinitrogen atmosphere. The mixture was dissolved in chloro-
form (100 mL) and water (200 mL). The water layer was washed with
chloroform (50 mL) and the organic layers combined and washed with
water (5x100 mL). The organic portion was reduced in volume to give a
light yellow-brown powder. This powder was recrystallised using ethanol
to give a cream coloured powder (3.21g, 39%). 'HNMR (300 MHz,
[D]chloroform): 6 =8.39 (ddd, J=4.79, 1.81, 0.59 Hz, 2H), 8.32 (ddd, /=
4.81, 1.80, 0.62 Hz, 2H), 8.18 (dd, J=2.91, 0.55 Hz, 1H), 7.62 (m, J=7.35,
2.07 Hz, 4H), 7.49 (dd, J=8.72, 2.81 Hz, 1H), 7.15 (dd, J=7.43, 0.93 Hz,

Chem. Eur. J. 2006, 12, 82208227


www.chemeurj.org

Spin Crossover

2H), 7.11 (d, /=0.53 Hz, 1H), 7.07 (ddd, /=8.10, 1.64, 0.91 Hz, 2H),
7.03 (ddd, J=7.37, 5.09, 1.03 Hz, 2H), 6.96 ppm (ddd, J=7.27, 5.09,
0.96 Hz, 2H); *C NMR (300 MHz, [D]chloroform): 6=157.7 (2C, py),
157.4 (2C, py), 154.1 (1C, py), 149.0 (2C, py), 148.7 (2C, py), 147.2 (1C,
py), 138.0 (4C, py), 137.3 (1C, py), 136.3 (1C, py), 119.6 (2C, py), 119.1
(2C, py), 118.8 (2C, py), 118.7 (1C, py), 117.0 ppm (2C, py); ESI-FHRMS
(positive ion mode, dichloromethane/methanol): m/z caled for C,sH N7+
Na: 440.15969; found: 440.15968; error: 8 x 107°.

Synthesis of [Fe,(ddpp),(NCS),]-4CH,Cl, (1-4CH,Cl;): Complex
1.4 CH,Cl, was synthesised by the slow diffusion of a solution of ddpp
(23.1 mg, 5.53x10>mol) in dichloromethane (5mL) into a solution of
iron(IT) perchlorate hexahydrate (19.4 mg, 5.35x 107> mol) and ammoni-
um thiocyanate (11.4 mg, 1.52x10*mol) ethanol (3 mL). Light yellow
rectangular rod shaped crystals suitable for X-ray diffraction and magnet-
ic susceptibility measurements were produced.

Synthesis of [Fe,(ddpp),(NCS),]-CH,Cl, (1.CH,Cl,): Complex 1-CH,Cl,
was converted directly from 1-4 CH,Cl, in vacuo with heating to 100°C
under dry dinitrogen. For structural analysis, a single crystal of
1-4 CH,Cl, was heated under a dinitrogen stream at 20 Kh™' from room
temperature to 375 K, allowed to stand at 375 K for 4 h, and subsequent-
ly cooled to 250 K for data collection.

Crystallographic data collection and refinement: Diffraction data for
1-4 CH,Cl, at 25(2), 123(2) and 250(2) K were collected on two separate
crystals on a Bruker Smart 1000 CCD using Moy, (1=0.71073 A) radia-
tion and equipped with Oxford Instruments nitrogen gas (123 and 250 K
structures) and helium gas (25 K structure) cryostreams. The first crystal
was used in the 123 and 250 K full data collections and the variable-tem-
perature unit-cell measurements by using the nitrogen gas cryostream.
The second crystal was used in the 25 K full data collection and variable-
temperature unit-cell measurements using the helium gas cryostream.
Variable-temperature unit-cell determinations were carried out during
the temperature-ramping profiles outlined above at a rate of 15 Kh™'. X-
ray crystal data for 1.4 CH,Cl, at 123 K were obtained following quench-
cooling of the crystals from room temperature. The crystal data for
1-4CH,Cl, at 250 K were obtained following the heating of a crystal of
1-4CH,Cl, from 123 to 250K at 15Kh™'. X-ray crystal data for
1.4 CH,Cl, at 25 K were obtained following the cooling of a crystal from
135 to 25K at a rate of 15 Kh™!. Diffraction data for 1.CH,Cl, at 123 K
was collected on a APEX X8 using Moy, (1=0.71073 A) radiation and
equipped with an Oxford Instruments nitrogen gas cryostream. Empirical
absorption corrections were applied to all data using SADABS.?? The
structures were solved with SHELXS-86 and refined with SHELXL-971%!
from data reduced with SAINT+ V.6.45.2! All non-hydrogen atoms in
the structures were refined anisotropically and hydrogen atoms were gen-
erated using the riding model.

Further details on the crystal structure investigation may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (fax: (+49)7247-808-666; e-mail: crysdata@fiz-
karlsruhe.de), on quoting the depository numbers CSD-292520, CSD-
292521, CSD-292552 and CSD-607641.

Thermogravimetric analysis: The measurement was carried out on a TA
instruments Hi-Res TGA 2950 Thermogravimetric Analyser. Decomposi-
tion analysis was performed over the temperature range 25-500°C at a
heating rate of 1°Cmin'. The atmosphere was controlled with a dry dini-
trogen supply (0.1 Lmin™").

Magnetic susceptibility measurements: Magnetic susceptibility data were
collected using a Quantum Design MPMS5 SQUID magnetometer
under an applied field of 1 T. The samples were placed in a quartz tube
and great care was taken to avoid any solvent loss and/or torquing of
crystallites of these potentially anisotropic HS-HS iron(II) species. Care
was also taken to allow long thermal equilibration times at each tempera-
ture point.

Mossbauer measurements: The spectra were measured using a conven-
tional constant acceleration drive with a symmetrical sawtooth waveform.
The source of ¥Co in rhodium was maintained at room temperature.
Fresh crystalline samples were loaded into a piston type Perspex holder
taking precautions, as much as possible, to avoid any solvent loss from
the crystals that were damp with dichloromethane. The holder was
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placed in a cold-finger type cryostat in good thermal contact with a reser-
voir containing liquid nitrogen. The spectra were fitted to Lorentzian
lines, with the matching lines of a doublet constrained to have the same
intensity and line width.
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