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Abstract: The spin-crossover complex
[Fe(teec)s](ClO,), (teec = chloroethyl-
tetrazole) exhibits a 50% incomplete
spin crossover in the temperature
range 300-30 K. Time-resolved syn-
chrotron powder diffraction experi-

powder diffraction data by using Ge-
netic Algorithm and Parallel Temper-
ing techniques and refined with Riet-
veld refinement. During short synchro-
tron powder diffraction experiments
(five minutes duration) two distinguish-

able lattices were observed the quanti-
ties of which vary with temperature.
The implication of this phenomenon,
that is interpreted as a structural phase
transition associated with the high-to-
low spin crossover, and the structural

ments have been carried out to eluci-
date its structural behavior. We report
crystal structure models of this material
at 300 K (high spin) and 90K (low
spin), as solved from synchrotron

structure
diffraction

Introduction

Spin crossover is the phenomenon that external influences
(for example, temperature, light, or pressure) can change
the spin state of an atom, thereby changing the total mag-
netic moment of the compound.!'*! Spin crossover may find
potential application, for example, in temperature sensors,
in various types of molecular-based displays, and in informa-
tion storage and retrieval.** A wide range of spin cross-
over has been observed experimentally, for example, gradual
complete, two-step transitions, incomplete transitions with a
residual high-spin (HS) species at low temperature, and hys-
teresis loops.!**!
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characteristics of the high-spin and
low-spin models are discussed in rela-
tion to other compounds showing a

X-ra
d similar type of spin-crossover behavior.

Most of the studies of spin crossover have concentrated
on iron(11) compounds.'***! Thermal spin crossover in coor-
dination compounds of the form [Fe(alkyltetrazole)q](X),
(with X = BF,, ClO,") were first described by Franke.['*17]
On the basis of magnetic susceptibility measurements, it was
discovered that the 1-methyltetrazole (mtz) and the 1-ethyl-
tetrazole (etz) complexes have a large residual of high-spin
Fe" ions at low temperature, 50 % for the mtz complexes
and 33 % for the etz complexes. Crystal-structure determina-
tion of those complexes!'® revealed the Fe atom to be
positioned at two crystallographically inequivalent sites in
the unit cell, n, and ng Because of the difference in the
ratio ny:ng, 1:1 and 2:1 in the mtz and etz complexes, re-
spectively, the large HS residue has been explained by as-
suming that the Fe atoms at site ng remain in the HS state
at all temperatures, while those at site n, undergo a temper-
ature-dependent spin transition.

The spin-crossover behavior of [Fe(teec)s](ClO,), is simi-
lar to that of [Fe(mtz)¢]X,, (X = BF,~, ClO,"), a single-step
spin crossover of around 50 % of the Fe' ions. Magnetic sus-
ceptibility data of [Fe(teec)](ClO,), revealed that, when
cooling once to low temperature (10 K), 50% of the Fe™
atoms remained in the HS state, while according to *"Fe
Mossbauer spectroscopy this percentage was lower (almost
20%). Additional “’Fe Mossbauer spectroscopy experiments
pointed out that by repeated cycles of cooling and heating
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the percentage of the high-spin species at low temperature
could be reduced virtually to zero.

Because of their similarity in spin-crossover behavior, it
has been assumed that also [Fe(teec)q](ClO,), has two differ-
ent Fe!" sites n, and np, with site n, being associated with
the change from HS to low spin (LS) between 235K and
150 K, with T,,=178.5 K.?*?] The high percentage of Fel
ions remaining in the HS state as the temperature decreases
has been attributed to the presence of a Fe site ny that pre-
sumably does not undergo a spin-crossover.

To analyze the incomplete SCO in [Fe(teec)s](ClO,), in
more detail, synchrotron radiation powder data (SRPD)
were collected at several temperatures in the range 300—
90 K and over two different time scales, five minutes (scan
data) and one hour (long-term data). For the long-term
SRPD sets at 300 K (HS) and 90 K (LS) the corresponding
crystal structures have been determined.

Results

Scan versus long-term data: The diffraction patterns of the
scan measurements (Figure 1) show a remarkable evolution
as the temperature decreases. Within the temperature range
300-180 K, the patterns change quite gradually and only a
lattice contraction seems to occur. However, below 170 K,
and in almost all regions of the patterns, reflections that
were initially present at 300 K start to fade while new dif-
fraction peaks appear. For example, below 150 K, very close
to the strong maximum at 260~4.7°, a new peak appears, the
intensity of which increases at 130 K and thereafter seems
to stabilize. At the same time, the intensity of the 20=4.7°
maximum decreases and at the lowest temperatures only a

i
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few spots remain visible on the Imaging-Plate image. At
around 260 =12° and until a temperature of 150 K, two main
lines are splitting, but below 140 K these lines fade out
while a new one between them increases in intensity (see
Figure 2, broken lines). At 26~15° and below 170 K, some
reflections seem to fade out and at 150 K a new peak ap-
pears in a position very close to that of the initial reflections,
which becomes stronger as the temperature decreases.

Intensity / a.u.
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Figure 2. Excerpt of the diffraction patterns of the scan (-----) and long-
term (—) experiments of [Fe(teec)q](ClO,),, showing their evolution as
function of temperature.

Below 130 K the patterns seem
to stabilize. It is remarkable
that the temperature interval
(180-130 K) in which these dif-
ferences were observed coin-
cides with the temperature in-
terval for which the spin transi-
tion has been observed
(Figure 3). A likely hypothesis
is that, as the temperature de-
creases, the molecules cross
over from the HS to the LS
state in such a way that both
spin states simultaneously give
rise to observable and distin-
guishable diffraction patterns.
Inspection of the long-term
and scan data at each tempera-
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Figure 1. Diffraction patterns (3-35° 20) of the scan measurements of [Fe(teec)q](ClO,),, from top to bottom:

300 K and 250 K—90 K (in steps of 10 K).
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ture shows no significant differ-
ences in the interval 300-
175 K. Below about 170 K till
130 K, however, the differen-
ces become prominent. The
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Figure 3. Magnetic susceptibility versus temperature, unit-cell volume as a function of temperature for long- agem] are summarized in

term measurements of [Fe(teec)s](ClO,), and Imaging-Plate data of the scan measurements (T =160-100 K

and TT =100-298 K).

long-term pattern at 175 K is still quite similar to the scan
pattern at 180 K but differs appreciably from the scan pat-
tern at 170K especially in the interval 26=12-25°
(Figure 1). Also the long-term data at 155 K differ consider-
ably from the 150 and 160 K scan data in the interval 26 =
15-25°. Comparing the scan and long-term patterns at 90
and also at 140 K, remarkable differences can be observed
in the range 20 =4-25°.

Another observation is that the intensity peaks in several
20 ranges are broader and less-well defined in the tempera-
ture intervals 140-170 K and 140-175 K for the scan and
long-term data, respectively. This is likely to be caused by
structural changes that take place during the data collection.

As explained above, in the scan data the diffraction pat-
terns of both the HS and LS states occur simultaneously.
For this reason, and because of the broadened and less well-
defined peaks, a convincing unit-cell determination for the
scan data was difficult to achieve. For the long-term data
these problems were less serious, in spite of the presence of
a small amount of the HS state phase evident in the LS
long-term data. By using a laboratory-room-temperature
Guinier powder diffraction pattern of [Fe(teec)s](ClO,), as a
reference, all long-term SPring8 (synchrotron located at the
Japan Synchrotron Radiation Research Institute, Nishi-
Harima, Hyogo, Japan) data could be indexed as monoclinic
with P2,/c to be the most likely space group and Z=2 in ac-
cordance with the density of the compounds [Fe(teeX)]-
(BF,), (X = Cl, Br, 1).”??Y Table 1 lists unit-cell data while
the unit-cell volume as a function of temperature is shown
in Figure 3 together with the Imaging-Plate data of the scan
measurements and the magnetic susceptibility versus tem-
perature (7T =160-100 K and 71 =100-298 K).

In Figure 4a the changes in the unit-cell axes and volume
relative to their values at 90 K are plotted for the long-term
data (AL=L;—Ly, AV=V;—V,). Likewise, Figure 4b
shows the behavior of the monoclinic angle {3 as function of
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Table 2.

Table 1. Unit-cell parameters for long-term data of [Fe(teec)](ClO,), (re-
finement with Materials Studio software) as a function of temperature.

TIK]  a[A] b[A] c[A] LI VIAT

90 11.6214(2)  17.7883(3) 10.46283(19) 90.3470(16) 2162.89(8)
140 11.8900(4)  17.7246(4) 10.4418(3)  90.348(2)  2200.52(12)
155 11.9962(4)  17.6797(4) 10.4528(3)  90.279(4)  2216.90(15)
175 12.02833(17) 17.7513(2) 10.47896(18) 90.232(2)  2237.43(7)
200 12.0833(3)  17.8039(3) 10.4934(2)  90.196(2)  2257.43(9)

250 12.14157(18) 17.8964(2) 10.53631(15) 90.3846(12) 2289.39(6)
300 12.1669(3) 17.9845(3) 10.5736(2) 90.6044(13) 2313.54(9)
Guinier 12.232(5) 18.055(6)  10.627(3) 90.59(2) 2347(1)
data

Structure determination from synchrotron powder data: In
the structure determination process by using the 300 K data,
two models were found, referred to as M1 and M2. Both
models are similar to the room-temperature structure of
[Fe(teec)q](BF,),,”” except for an anti-parallel orientation of
the tetrazole ring of ligand a in M1. Although after the final
Rietveld refinement (RR) with GSASP both models did
not differ much in terms of criteria-of-fit (see Table 3) and
difference pattern (Figure 5), model M2 was considered to
be slightly better and assumed to be the most likely structur-
al model of [Fe(teec)q](ClO,), at 300 K, also because its
packing is similar to that of [Fe(teec)s](BF,),. The refine-
ment results of M1 and M2 indicate that RR and the R,,
are not very sensitive to differentiate between small struc-
tural differences, like those present between M1 and M2, es-
pecially when the experimental data are not ideal. The prob-
lems with the sample granularity, assumed to be responsible
for the lower data quality, were less severe in the long-term
data due to spinning the capillary, but could not be eliminat-
ed completely. A more extensive grinding of the compound
could not be applied as it led to a significantly different dif-
fraction pattern.

The structure at 90 K was refined successfully (Figure 6)
starting from the structural model at 300 K, though not
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Figure 4. a) Changes in the unit-cell axes and volume relative to their
values at 90 K, as a function of temperature 7" for long-term measure-
ments of [Fe(teec)s](ClO,),. b) The angle {3 as function of temperature 7.
c) Change of the unit-cell axes and volume relative to their values at
300K [%].

Table 3. Summary of the Rietveld refinement results of the [Fe(teec)y]-
(ClO,), models.

T[K] 300 300 300 155 90
(MS)  (GSAS-M1) (GSAS-M2) (MS) (GSAS)

R,[%]™ 509 329 3.28 545 352

R, [%] 8.08 458 4.58 775 470

20 range [°] 3-50  2.5-50 2.5-50 3-51 2566

resolution[A]  1.18  1.18 1.18 116 092

[a] Ry,= {% 12;y,;=observed intensity at the i datapoint, y.;=
calculated intensity at the i datapoint, w,=1/y,;, subscript i denotes all

points in the pattern range undergoing refinement.

without difficulty because of ice formation and the presence
of a (small) quantity of the HS state phase. The presence of
this HS phase affected the diffraction patterns when digi-
tized from the Imaging-Plate images: a slightly different
choice of integration area led to different integrated intensi-
ties as shown in Figure 7.

Structure of [Fe(chloroethyltetrazole)](ClO,4),: In all Riet-
veld refinements of [Fe(teec)s](ClO,),, restraints were essen-
tial to avoid distortion of the structural model. Therefore,
values of bond lengths and angles should be considered to
be indicative and not absolute. Like in the other [Fe-
(teeX)](BF,), (X = Cl, Br, I) complexes,??! the Fe atom
in the centrosymmetric [Fe(teec)s]** moiety is at a special
position and is octahedrally coordinated by the neighboring
nitrogen atoms at distances 2.174(9)-2.188(9) A at 300 K
that are typical Fe—N distances in the HS state. The Fe—N
distances in the structure at 90 K are 1.909(7)-2.091(8) A,
which corresponds to an average Fe—N bond length de-
crease of 7.8% (0.17 A).

All N-Fe-N angles show almost ideal octahedral symmetry
with a maximum deviation of 1.5(3)° from 90° at 300 K and
2.9(3)° at 90 K. At 300 K, the four in-plane N atoms form
an almost perfect square (deviation smaller than 0.5° from
90°). At 90 K, the square is distorted with a maximum devi-
ation of 5.2° from 90°. Distances and angles given in the
text containing estimated standard deviations (esds) have
been calculated with the program PLATON;?” those not
containing esds have been calculated with DIAMOND? or
PLUVA.P!

In Figure 8a the refined structures at 300 and 90 K have
been superimposed. All figures displaying the structure have
been generated with the programs DIAMOND and
PLUVA, while in Figure 8b, the molecular structure with

Table 2. Full-pattern decomposition (MRIA) and Pawley refinement (Materials Studio software) results for long-term measurements of [Fe(teec)]-

(CIO,),.
T[K] 300 300 250 200 175 155 (MS) 140 90 90

(MRIA) (MS) (MS) (MS) (MS) (MS) (MRIA) (MS)
R,[%] 2.54 1.98 1.83 1.95 1.68 2.26 1.91 3.66 1.97
Ry, 412 277 2.90 3.41 2.87 3.75 3.42 5.97 3.27
260 range [°] 2-28.65 3-25 3-35 3-35 3-35 3-25 3-35 2-29.61 3-35
resolution [A] 2.02 231 1.66 1.66 1.66 231 1.66 1.96 1.66
excluded regions [°] 15.60-15.75 16.65-16.75

17.30-17.42
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Figure 5. Rietveld refinement (GSAS) plots for [Fe(teec)](ClO,), at
300 K for: a) Model M1 and, b) Model M2 experimental diffraction pat-
tern (upper); the pattern as calculated from the refined crystal structure
(middle); difference between these patterns (lower), and; reflection posi-
tions (vertical lines).

the numbering of the non-hydrogen atoms in the asymmet-
ric unit is shown. From the superposition of the structures it
is concluded that the major changes are limited to the posi-
tion and orientation of the ethyl groups, those of ligand c
having changed the most and those of ligand b the least. In
contrast, the tetrazole rings hardly changed, being almost
parallel at the two temperatures.

The structure of [Fe(teec)s](ClO,), is layered along the
unit-cell axes, like in [Fe(teeX)q](BF,), (X = CI, Br, I). In
Figure 9 the layers parallel to the b and ¢ axes and almost
perpendicular to the a axis are shown while in Figure 10
they are viewed along the a axis. The differences between
the structures at the two temperatures mainly concern the
orientation of the Cl—C bonds in ligand c¢ that are almost
parallel to the b and ¢ axes at 300 K (within 15° deviation)
while at 90 K, this deviation is 35°. The distance between
the structural layers is around 2.3 A at 300K and 1.8 A at
90 K (it is noted that the reported interlayer distances have

Chem. Eur. J. 2006, 12, 5043 -5052
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Figure 6. Rietveld refinement (GSAS) plot for [Fe(teec)](ClO,), at 90 K:
Experimental diffraction pattern (upper); the pattern as calculated from
the refined crystal structure (middle); the difference between these pat-
terns (lower); ice peaks (upper row of vertical lines) and; reflection posi-
tions (lower row of vertical lines).

Intensity / a.u.

Figure 7. Excerpt of two diffraction patterns of the [Fe(teec)y](ClO,), at
90 K, as integrated from the Imaging Plate by using two different integra-
tion areas. The lowest line is the difference between them.

been estimated visually, the layers being viewed along the b
and c axes; therefore they are given as indicative and mostly
for comparative reasons). Interlayer-short-contacts interac-
tions exist between Cl and hydrogen atoms (Table 5) and
this interaction seems to be stronger at 90 K, a similar obser-
vation as for the tetrafluoroborate complex.? In Table 6
possible intermolecular hydrogen bonds are listed. Accord-
ing to PLATON, three Cl--H—C bonds at 300 K are short
enough to be considered as hydrogen bonds, one of them
being an intralayer hydrogen bond (Cll--H3a2—C3a) and
almost parallel to the ¢ axis, and the other two being inter-
layer hydrogen bonds. At 90 K the Cl---H—C hydrogen bond
network appears stronger. The N++-H—C bonds (Table 6) are
rather long compared to those in the tetrafluoroborate com-
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a)

Figure 8. a) The refined structures at 300 (dark gray) and 90 K (light
gray) superimposed; b) molecular crystal structure of [Fe(teec)q](ClO,),
at 300 K showing the numbering scheme.

Table 4. Restraints terms in the least-squares minimization function of
the Rietveld refinement of [Fe(teec)q](ClO,), (GSAS). At 300 K: fy=3,
f:=10, and f,=15. At 90 K: f3=12, f,=20, and f,=20.

T[K] 300 (M1) 300 (M2) 90
bond lengths (46) 5565.5 41154 4010.7
bond angles (78) 5879.6 6370.2 8396.7
planar group (15) 2952.8 3083.9 2880.5
total data (300 K:4888; 90 K:6462) 69912 68983 114400

(powder+restraints)

Table 5. Interlayer shorts contacts in [Fe(teec),](ClO,), at 300 and 90 K
(the second line denotes the number of contacts in each case).

T[K] Cl-Cl<4.4 A Cl-H<35A H-H<35A
300 4.091-4.226 2.70-3.49 2.03-3.38

3 (1 intralayer) 5 5
90 3.916-4.176 2.34-3.50 2.21-3.31

3 (1 intralayer) 6 5

5048 —— www.chemeurj.org
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Table 6. Possible intermolecular hydrogen bonds (lengths [A], angles [°])
of [Fe(teec)](ClO,), at 300 K and 90 K.

300 K 90 K

NewH NeC NHC NewH NeoC NHC
N2a--H2b2-C2b 2.84 370 134 316  3.99 133
N2b-wH2al-C2a 274 350 126 267 340 124
N2ewH2e1-C2c 282 359 127 361  3.63 83
ClH CleC CLH-C CleH CleC  CLH-C
CllH3a2-C3a  2.81(4) 3.68(2) 137(3) 2.68(3) 3.65(2)  150(2)

CI3--H3b1-C3b  2.70(5) 3.53(2) 130(3) 2.34(4) 3.266(19) 139(3)
C2-+H3b2-C3b  2.82(4) 3.83(2) 154(3) 295  3.90 149

plex.”! From the N-~H distances it can be concluded that,
just as in the case of the tetrafluoroborate complex, at
300 K more N-+-H—C hydrogen-bond stabilization exists than
at 90 K. Actually, at 90 K two of the three N--H distances
are too long to be considered as hydrogen bonds.

Discussion

Spin-crossover behavior: To explain the spin-crossover phe-
nomenon two main types of thermodynamic models have
been proposed, one being based on the hypothesis of regular
solutions and the other on the idea of spin-domain forma-
tion within the crystal lattice. According to the regular-solu-
tion model®? the origin of the intermolecular interactions
lies in the elasticity of the medium. A volume change of a
few molecules uniformly distributed over the crystal, by re-
placing atoms of different size or by the spin-state change of
spin-crossover molecules, may give rise to lattice strain and
this, in turn, to long-range interactions that may be inter-
preted as an internal pressure that increases linearly with
the concentration of the LS species and affects all molecules
in the crystal by the same strength (independently of distan-
ces).

In the theoretical model proposed by Sorai and Seki,
and explored further by Bolvin and Kahn,* it is assumed
that the molecules cluster in domains with identical spin
(HS or LS domains) as a result of high cooperativity and
that the conversion of the electronic state occurs simultane-
ously in a group of molecules that form a “cooperative”
region.

As it turns out, unlike the cases of [Fe(teeX)](BF,),
(X = Ql, Br, 1), in [Fe(teec)s](ClO,), a nongradual
evolution of the diffraction patterns as a function of temper-
ature is observed and two similar but distinguishable lattices
occur, the quantities of which vary with the temperature, a
behavior suggesting an isostructural phase transition. The
lattice observed at 300 K is attributed to the HS state, and
the one appearing below 170K to the LS state. The scan
SRPD experiments revealed the simultaneous presence of
HS and LS domains that are large enough to give their own
distinctive diffraction patterns, a phenomenon that was not
observed in the cases of [Fe(teeX)s](BF,), (X = Cl, Br, I).
This observation supports the theory that domains with the
same spin can be formed during spin crossover.

[33]
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Figure 9. The [Fe(teec)|(ClO,), structure at: a),b) 300 K and; c),d) 90 K form layers along the b and c¢ axes (a),c) and b),d), respectively) perpendicular

to the a axis.

Spin-like domain formation has been reported recently®

for the compound [Fe(btr),(NCS),](H,0), which exhibits a
complete and abrupt spin transition at 123.5 K in cooling
mode and shows a hysteresis of 21 K. Time-resolved single-
crystal diffraction experiments (150 s duration each) carried
out at the temperature of spin transition revealed the con-
tinuous and complete conversion of the HS state to the LS
state through an intermediate situation for which both spin
states coexist.

Anisotropy of unit-cell contraction and long-term versus

scan data: As in the case of the long-term experiments of
[Fe(teec)s)(BF,),,”Y the final lattice contractions of [Fe-
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(teec)s](ClO,), relative to the values at 300 K show a re-
markable anisotropy along the a axis, although the anisotro-
py in the latter compound is somewhat larger. In both com-
plexes, the ¢ axis contracts the least. The changes in unit-cell
parameters are not linear and although all axes change
rather gradually, after the completion of the largest part of
the spin crossover (~155 K) the a axis contracts faster while
the b and c axes increase slightly. In the case of [Fe(teec)]-
(BF,), the most significant deviations from the long-term
unit-cell changes in the lattice parameters were observed
practically after the completion of the first SCO. Although
unit cells from the scan measurements have not been deter-
mined for the [Fe(teec)q](ClO,), and therefore no conclu-
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Figure 10. View of the [Fe(teec)q](ClO,), structure at 300 K (a) and 90 K
(b) along the a axis; within these layers the Fe and B atoms exhibit a
pseudotrigonal symmetry.

sion can be drawn about the anisotropy in the contraction
direction, the reasoning about the direction of the anisotro-
py may apply here as well: After the SCO takes place, the
modified lattice vibrations (mainly due to the Fe—N bond-
length shrinkage) are transmitted to the rest of the mole-
cule. The first way for the vibrations to be transmitted is
within the bc planes as the intralayer—intermolecular con-
tacts and interactions (hydrogen bonds) are stronger than
the interlayer contacts. After the intralayer relaxation, the
contractions occur in directions where more space is availa-
ble, that is, along the a axis. If this hypothesis is correct, the
long-term data of [Fe(teec)s](ClO,), reflect only the later
structural changes. However, in the case of [Fe(teec)s|(BF,),
there was no indication of the existence of two separate dif-
fraction patterns while in the case of [Fe(teec)s](ClO,),
there is clear evidence.
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As described above, noticeable differences exist between
the scan and long-term data collected at the same tempera-
ture. These differences can be attributed to the relaxation of
the structure during the long-term measurements, a conclu-
sion drawn also in the case of [Fe(teec)y|(BF,),.*" Indeed,
inspection of the long-term diffraction patterns at 155-90 K
does not show a significant amount of HS state.

Structural aspects: In [Fe(teec)q](ClO,), the Fe™ atoms are
on only one type of crystallographic site, like in [Fe(teeX)q]-
(BF,), (X = Cl, I, Br),??! therefore the incomplete SCO
cannot be attributed to the existence of two Fe" ions behav-
ing differently, one of which does not undergo SCO, as in
the case of [Fe(mtz)¢]X,, X = BF,”, ClO, .'"*"1 A compari-
son of [Fe(teec)y](ClO,), with other Fe—N bonds of SCO
compounds, in particular those that also exhibit an incom-
plete SCO, reveals no clear common structural characteris-
tics, except for a decrease of the Fe—N bond length. The
average decrease of the Fe—N bond length (0.17 A) in [Fe-
(teec)s](ClO,), is clearly smaller than in [Fe(teec)q](BF,),
(0.31 A, two-step complete SCO) and this may be related to
the incomplete HS —LS spin transition as observed by using
magnetic susceptibility measurements (Figure 3).

A similar Fe—N contraction (0.15 A) has been observed in
[Fe(PM-TeA),(NCS),]-CH;OH (PM = N-2-pyridylmethy-
lene, TeA = 4-aminoterphenyl),'!l that also exhibits a
smooth and incomplete spin crossover. This molecule is also
centrosymmetric with the octahedrally coordinated Fe!
atom at a special position. For this compound it was con-
cluded, on the basis of single-crystal structures determined
at 298 K, 140 K, and 11 K (all space groups Pccn), that no
structural phase transition was involved in the HS—LS
SCO.

In the case of Fe(btz),(NCS), (btz = 2,2-bi-4,5-dihydro-
thiazine),”” which also shows a gradual incomplete spin
crossover, the determined single-crystal X-ray diffraction
structures at room temperature and 130 K (space group
Pbcn, Z=4) showed no evidence of structural phase transi-
tion. The general conformation of the complex was nearly
unchanged upon cooling and the most significant variations
concerned the Fe—Ng core (average Fe—N bond contraction
of 0.17 A).

Conclusion

Although the above suggests that an incomplete HS—LS
spin crossover can be characterized by a Fe—N bond-length
decrease, it should be taken into account that the structures
reported both here and in the literature are based on long-
term data. The scan data point out that during a short
period of time [Fe(teec)s](ClO,), behaves as two phases
with distinct diffraction patterns, the ratios of which change
as the temperature changes along the spin-crossover trajec-
tory. These structures are likely to be related to the two
magnetic phases (HS and LS) but not necessarily the same
as the structures that result after a longer relaxation. Con-
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sidering the remarkable differences between the scan and
long-term measurements due to the significant structure re-
laxation occurring in the latter, one cannot safely draw con-
clusions about the precise mechanism of the incomplete spin
crossover on the basis of long-term structures alone. A simi-
lar conclusion was drawn in the case of [Fe(teec)q|(BF,),™

Most attempts so far to interpret the spin-crossover mech-
anism have been based on structural data obtained from
long-term experimental data. The experimental work descri-
bed in this article and in references [23,24], and [35] points
out that important structural information may be missed
when only long-term experiments are conducted and sug-
gests that experiments with SCO complexes on a much
shorter time scale should be carried out as well. It has
become clear that the duration of experiments is an impor-
tant experimental parameter. Suitable experimental set-ups,
as for example that of the BLO2B2 beam line at SPring§,
can greatly facilitate the execution of these types of experi-
ments.

Experimental Section

X-ray powder data collection: [Fe(teec)s](ClO,), (white crystallites) was
synthesized as described in ) and . The first data set of a sample
(batch 1) was collected using a Guinier-Johansson camera at room tem-
perature from which the unit cell could be determined, though with diffi-
culty because of the amount of impurity (~3%) present. The impurity
percentage agreed with that suggested from the lower-temperature *’Fe
Mossbauer experiments. Owing to the impurity level, no attempts were
made to determine the crystal structure from these data. Instead, a new
batch 2 was synthesized in the same way as batch 1 and this batch turned
out to contain no significant amount of impurity.

The temperature-dependent data set series of batch 2 (called from now
on SPring8 data) were collected by using a large Debye-Scherrer camera
(radius 286.5mm) and an Imaging-Plate detector®™ installed at the
BL02B2 beamline of SPring8 (Japan Synchrotron Radiation Research In-
stitute, Nishi-Harima, Hyogo, Japan), by using a 0.4 mm capillary and 1=
0.999995 A. Details of the experimental set-up at SPring8 are provided
elsewhere.**

Short exposures (5 min) of several samples of batch 2 were carried out at
300 K to check the quality of the powder samples. Almost all diffraction
patterns were granular, likely to have been caused by insufficient particle
statistics (large crystallites). However, a more intensive powdering of the
samples led to a completely different type of diffraction pattern (data not
shown), possibly due to a phase transition induced by pressure, and
therefore a compromise had to be made and the sample with the least
granular pattern was selected for the longer experiments.

Subsequently, at a series of temperatures (300 K, and from 250 to 90 K in
steps of 10 K), data collection was carried out for 5 min at each tempera-
ture. To avoid temperature overshoot, a temperature-stabilization period
was applied before starting each data collection. The temperature-stabili-
zation time from 300 to 250 K was 240 s and for all lower temperatures
160s. In total 18 diffraction patterns were collected within almost
137 min.

After inspection of the diffraction patterns, several temperatures were se-
lected for the long-term measurements (50 min): 300, 250, 200, 175, 155,
140, and 90 K, by using a temperature-stabilization time of 5 min each,
which led to a 6 h 20 min total-data-collection time. From the tempera-
ture difference over the sum of the temperature-stabilization period and
data collection time, the average temperature drop A7 (Kmin™) for
each experiment could be calculated (Table 7). After the long-term ex-
periments, the color of the compound was light orange.
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Table 7. Average temperature drop AT [Kmin'] in [Fe(teec)](ClO,),
experiments.

Scan measurements (5 min) Long-term measurements (50 min)

step AT step AT
300—250 5.55 300—250, 250 —200, 140—90 0.91
rest 1.3 200—175 0.45
175—155 0.36
155—140 0.27

Structure solution and refinement: The powder diffraction patterns were
indexed by using either the program ITOF” or the local program
LSQDETC." The unit cells of the SPring8 long-term experiments were
refined by using the Tomandl-Pseudo-Voigt profile function for the
Pawley refinement as incorporated in the Materials Studio (MS) pack-
age.™ The SPring8 diffraction patterns at 300 and 90 K were also decom-
posed into X, values with the full-pattern decomposition module of the
program MRIAM! by using a split-type Pseudo-Voigt profile function.*”!
The structures have been solved with direct-space methods and the re-
quired initial search model was constructed from the structure of [Fe-
(teec)s](BF,), at room temperature® with [BF,]” being replaced by
[Cl10,]” by using the Materials Studio package. As in the case of [Fe-
(teec)s](BF,),, the molecule is centrosymmetric with Fe at a special posi-
tion and only half of it was required as a search model (consisting of the
(teec); moiety and the ClO,™ ion). In the searches 18 degrees of freedom
(DOF) were used, consisting of three rotational parameters and nine tor-
sion angles for the (teec); moiety and six parameters (three translational
and three rotational) for the ClO,” ion (for the definition of DOF see
reference [22] and/or reference [24]).

Two direct-space methods were used to solve the structure at 300 K, the
parallel tempering (PT) procedure in Powder Solve!®! of the Materials
Studio package and a genetic algorithm (GA) that has been implemented
in the program suite MRIA. In the GA implementation, developed at
the Laboratory of Crystallography (University of Amsterdam),*! a “pa-
rameter box” is created around the solution of a cycle (typical sizes are
1.5 A, 10°, and 30° for translational, rotational, and torsion parameters,
respectively). The box size is varied dynamically, thus allowing smaller or
larger area searches. In this GA five boxes can be searched in parallel, in
addition to the search in the user-defined parameter space. More details
on the GA and its results can be found in reference [35].

In the structure determination process by using the data obtained at
300 K, with both PT and GA, two models were found, referred to as M1
and M2. Both models are similar to the room-temperature structure of
[Fe(teec)s](BF,).,! except for an antiparallel orientation of the tetrazole
ring of ligand a in M1.

With PT and by using data in the range 260=3-25° (resolution d=
231 A), models of type M1 were found (R, =11.39%) and processed
further with the RR module of the Materials Studio package.””! The GA
method, by using the (with the Materials Studio software) refined struc-
ture M1 as initial model, delivered both M1 and M2 models, depending
on the precise settings of the parameters. The run that led to the M1
model (R(X)=0.50) was carried out with 100 X, values (26,,,,=21.98°,
dpin=2.62 A) while the run that led to the M2 model (R(X)=0.522) was
carried out with 120 X, values (20, =23.45°, di,=2.46 A).

Rietveld Refinement of the M1 model obtained with the PT method was
initially carried out with the MS program package. The Fe(teec), moiety
and the ClO,” ion were refined as rigid bodies and the torsion angles
were refined as well. Attempts to relax the model and to refine individu-
al atomic coordinates resulted only in an unacceptable distortion of the
model. Therefore, the RR was completed with the program GSAS® by
using the interface EXPGUI*! because of the more-sophisticated han-
dling of geometrical restraints (bond distance, bond angle, and planar).
The same program was used for the RR of the M2 model obtained with
the GA method. A special type of Pseudo-Voigt function (profile func-
tion type 3 in GSAS) was used to model reflection asymmetry. Texture
was corrected for by using up to sixth-order spherical harmonic functions.
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Zero-point correction and cell-parameter refinement were applied as
well.

After the refinement both models did not differ much in terms of crite-
ria-of-fit (see Table 3) and difference pattern (Figure 5). Model M2 is
considered to be slightly better and, because its packing is similar to that
of [Fe(teec)q](BF,),, is assumed to be the most likely structural model of
[Fe(teec)q](ClO,), at 300 K.

For the structure at 90 K an almost refined structural model M2 of [Fe-
(teec)s](ClO,), at 300 K was used as the starting point of the refinement
with GSAS. The hexagonal (P6y/mmc) phase of ice* with a=b=4.523,
¢=7.367 A was introduced as a second phase into the RR because of ice
formation outside the capillary. After fitting the ice phase by using the
same profile function as for the main phase, all its parameters were kept
constant and only those of the [Fe(teec)s](ClO,), phase were being re-
fined. The final plot of the observed, calculated, and difference patterns
after RR at 90 K is shown in Figure 6.

Both at 300 and 90 K, bond-length, bond-angle, and planarity restraints
were applied. The final values of the global weighting factors and the
contribution of every group of restraints to the final y* are shown in
Table 4. Atomic displacement parameters of the non-hydrogen atoms
were refined isotropically and they were constrained such that all atomic
displacement parameters of each type of element were the same (in addi-
tion, U= Uy except for the C atoms connected to Cl atoms).

Spherical-harmonics coefficients up to sixth-order were refined and the
final texture index was J=2.264 for model M1, J=2.598 for model M2 at
300 K, and J=2.163 at 90 K, suggesting a considerable preferred orienta-
tion.

CCDC-274916 and CCDC-274917 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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