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ABSTRACT: The relaxation kinetics of both the thermally trapped and
photoinduced high-spin (HS) states of the spin-crossover compound
[Fe(H,L),](ClO,),-H,0-2(CH;),CO (1) were measured and found to
differ significantly. Calorimetry measurements then demonstrated that
relaxation of the thermally trapped phase was concurrent with two separate
processes, not previously detected as such. Determination of the
photogenerated HS structure revealed a new metastable HS state of the
system, much closer structurally to the low-spin phase than the thermally
trapped one. This difference is proposed as the root of the disparate kinetic
behavior, which is proposed to require two processes in the case of the
structurally more complex thermally trapped state. Therefore, light
irradiation is shown as a mechanism to decouple effectively the structural
and magnetic phase transitions that occur in 1 during the course of its spin
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B INTRODUCTION

Control of the spin state of Fe' in spin-crossover (SCO)
systems constitutes an attractive option for the development of
molecule-based switchable devices.'™* Such interest stems from
the frequent observation of bistability over important temper-
ature intervals of the high-spin (HS; S = 2) and low-spin (LS; S
= 0) magnetic states of this metal ion. Thus, many efforts have
focused on enlarging the hysteresis loops and bringing these
close to room temperature.”* In this context, another way of
exploiting the switching between the two magnetic states of Fe'
is trapping a metastable HS state in a controlled manner. A
convenient way of achieving this is through the light-induced
excited-spin-state trapping (LIESST) effect and its reverse
process, triggered through irradiation with light of different
energy ranges, typically green and red, respectively.'®"!
Another way to capture a metastable HS state is by rapidly
cooling a SCO sample from a temperature where HS is the
stable state. The latter process is termed thermally induced
excited-spin-state trapping (TIESST).'” The metastable char-
acter of these states leads to their conversion to the LS ground
state, following relaxation processes at rates that are strongly
influenced by the exact interplay between short- and long-range
interactions existing within the crystal lattice of the
compound."”"*'* An important goal is thus to increase the
thermal stability of these HS states. Along these lines, systems
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that undergo crystallographic phase transitions concomitantly
with the thermally induced HS-to-LS transition are particularly
interesting. Indeed, because the LIESST effect is essentially a
fast electronic transition localized at the active molecules, it is
conceivable that in these systems the photoinduced HS (PIHS)
state exhibits a crystallographic phase different from that of the
high-temperature stable HS state. Indeed, crystallographic
symmetry breaking with respect to the high-temperature HS
state was detected in the PIHS state of systems that exhibit
more than one structural phase transition upon thermal
SCO."~"7 While in these latter cases the LIESST effect caused
the tripling of one of the unit cell parameters, more subtle
variations of the unit cell parameters and coordination
octahedron with respect to the high-temperature HS phase
have also been observed after irradiation of a low-temperature
LS state."®" In a remarkable crystallographic study, the PTHS
state of the compound [Fe(bapbpy)(NCS),] [bapbpy = 6,6'-
bis(amino-2-pyridyl)-2,2'-bipyridine] was demonstrated to
relax through an intermediate metastable phase in an ordered
mixed spin state, which coincides with that obtained upon
thermally trapping the compound.”® However, so far, a
comparison of the relaxation kinetics from HS to LS of
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crystallographically different though magnetically equivalent
metastable states is lacking. In a recent paper, the structures and
kinetics of relaxation to LS of both the optically induced and
thermally trapped metastable HS state of the compound cis-
[Fe-(picen)(NCS),] [picen = N,N’-bis(2-pyridylmethyl)-1,2-
ethanediamine] were indeed compared.*" For this system, the
structure of the metastable state is independent of the way in
which it was generated and therefore the differences in
relaxation kinetics are only subtle. The structural differences
between various light-induced and thermally quenched states in
the well-known [Fe(ptz)s](BF,), compound (ptz 1-
propyltetrazole) were recently studied and correlated to the
differences in the thermal stability of these states [through their
respective critical temperature T(LIESST) and T(TIESST)]
but not to any relaxation dynamics.”> We report here the
structure of the PIHS metastable state of the compound
[Fe(H,L),](ClO,),"H,0-2(CH,),CO {1; H,L = 2,6-bis[5-(2-
hydroxyphenyl)pyrazol-3-yl]pyridine},**** which features sig-
nificant disparities with that of the thermally trapped HS
(TTHS) state.”> This has allowed the observation of differing
relaxation kinetics to the LS ground state and a discussion of
these differences, for the first time, in light of the different
metastable structures.

Compound 1 displays a cooperative spin transition, with an
asymmetric hysteresis loop of around 40 K (Figure 1, where y is

»T (cm*mol'K)
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Figure 1. Plots of yT versus T of 1 (y = molar magnetic susceptibility)

after LIESST (red squares) and TIESST (blue dots). The temperature

scan rate was ca. 0.3 K min™".

the molar paramagnetic susceptibility).”> A metastable HS state
of this compound (HS2) is accessible by thermal trapping and
exhibits a high T(TIESST) of 106 K upon warming of the
sample at 0.3 K min~' (Figure 1). The structure of HS2 is
virtually identical to that of the stable HS state of 1 at 150 and
200 K,** once the thermal effects on the structural parameters
are considered. The spin transition is concomitant with a
disorder—order crystallographic transition of all the acetone
molecules and half of the perchlorate anions present in the
lattice, as demonstrated by extended single crystal X-ray
diffraction studies. The disordered crystallographic phase is
maintained upon generation of HS2 by flash cooling, thus, it
was considered to be inherent to the HS state independently of
the temperature. The present report, revealing the intimate
properties of a new metastable state, now photogenerated,
demonstrates that this is not the case.
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B RESULTS

Photoinduced Metastable HS State of 1 (HS3). A thin
sample of 1 was cooled in a SQUID to 10 K at ca. 0.3 K min~/,
thereby reaching its LS ground state, and it was then irradiated
with light of 500—650 nm, causing full photoexcitation to the
metastable HS state (HS3), as shown by the T versus T curve
(Figure 1). The sample was protected with grease, which makes
the excitation less efficient but prevents crystallite orientation
effects observed on a similar free sample (Figure S1 in the
Supporting Information, SI). On the other hand, when a thicker
sample of 1 was used, the excitation was much less efficient
(Figure S1 in the SI). Once irradiation was stopped, the
temperature was raised at 0.3 K min™" (Figure 1), causing an
increase of yT from 2.18 cm® K mol™ at 10 K to 3.1 cm® K
mol™" at 70 K, as expected for a full HS iron(II) complex under
zero field splitting.”> Above ca. 75 K, the sample enters the
thermally activated regime of relaxation to the LS state. The
value of T(LIESST) is 92 K (Figure S2 in the SI), thus more
than 10 K lower in temperature than T(TIESST),'® the
thermally activated relaxation temperature of the HS2 state.
Upon continued heating, the static LS-to-HS thermal SCO was
induced almost exactly as previously observed when the sample
in the LS ground state was heated. Attempts to induce the
reverse-LIESST phenomenon®**’ were made by irradiating the
sample of 1 with various ranges of red light (see Figure S3 in
the SI), with no appreciable response. A possible explanation
for this is'"*® (i) the process is highly inefficient because of low
quantum yield, competition with LIESST, and/or absorption
effects or (i) the °E state reached by irradiation lies below the
3T state, preventing intersystem crossing and instead facilitating
relaxation back to the metastable >T, state HS3.

The kinetics of relaxation of the PIHS metastable state of 1
(HS3) were then investigated through magnetic measurements
on a thin sample. Figure 2 shows the isothermal time evolution
of the fraction of the HS3 state of 1, as fully generated by
irradiation of the LS ground state at 10 K and then rapidly
brought to various temperatures below T(LIESST). These
plots approximate to first-order exponential kinetics, although
the lowest-temperature data suggest the presence of a short
induction time or slower initial step to relaxation. These quasi-
first-order relaxation dynamics are in contrast with the
anticipated sigmoidal behavior typical of cooperative sys-
tems.”®>" While the experimental data are not well reproduced
by a single-exponential law (Figure S4 in the SI), the use of a
stretched exponential function does allow one to reach a good
agreement (Figure 2), indicating that the deviations from single
exponentials likely originate from a distribution of relaxation
rates. Such an effect is, in fact, often observed in SCO systems
and may result from inhomogeneities either intrinsic to the
material and related to distortions,>* disorder, or defects**™>°
or due to gradients created during broad-band irradiation."!
The stretched exponential is indeed widely used to fit relaxation
processes in disordered systems,® although it does not model
the origin of inhomogeneities. The characteristic times 7
derived from the stretched-exponential fits used here turned
out to be very similar to those obtained by taking the time
when yys = 1/e (yyg is the fraction of molecules in the HS
state), ie., assuming a pure single-exponential decay. This
strongly indicates that relaxation kinetics of the PIHS of 1
follow a simple exponential behavior but are significantly
affected by inhomogeneities. The resulting ky; versus 1/T plot
(kyy = 1/7 is the HS-to-LS relaxation rate; Figure SS in the SI)
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Figure 2. HS-to-LS relaxation kinetics of 1 at various temperatures,
after LIESST (PIHS, top) and thermal trapping (TTHS, bottom). Full
lines are the best fits to a stretched exponential (top) or eqs 1 and 2
(bottom).
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provides an estimated mean activation energy of E, = 1069
cm™" and an associated frequency factor of Ay = 2.04 X 10*
s

Relaxation of the Thermally Trapped Metastable HS
State of 1 (HS2). The relaxation dynamics of the TTHS state
of 1 (HS2) were also studied by the same method. Thus, the
metastable HS2 state was first generated by flash cooling the
sample to 10 K, which leads to a fully magnetically trapped
system (Figure 1) Then, the isothermal relaxation was
followed for temperatures in the 85—112 K range (Figure 2,
bottom). Quite remarkably, the process of relaxation of HS2
was found to differ significantly from that of HS3 in that the
curves deviate now markedly from a simple exponential
behavior, especially at the lowest temperatures, approaching
now a sigmoidal shape. Thus, the relaxation isotherms of the
TTHS state exhibit a very apparent initial period of induction
before initiating an accelerated decay. Interestingly, however,
the higher-temperature curves are reproduced with a simple
exponential function, and the characteristic times and constant
rates of relaxation obtained by taking the 7 values as the time
where yyg = 1/e are very similar to those found for the
relaxation of HS3. Indeed, for HS2, values of E, = 1129 cm™*
and Ay = 3.58 X 10* s7! were extracted (Figure S6 in the SI).

The isothermal HS2-to-LS state transition process was also
followed by single-crystal X-ray diffraction. For this, it was
particularly useful to examine the isothermal evolution of the
cell parameters, especially those that experience the largest
changes uspon SCO, which in this case is @ (for HS to LS, Aa =
+2.06°).>> Crystallographic analysis of the relaxation of the
TTHS state is consistent with the observations made from
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magnetic measurements and confirms the coupling of the spin
and crystallographic phase transitions.

In particular, a delay in the cell parameter evolution toward
the LS phase is evident in the lower-temperature set of data (93
K), matching the evolution of yys (Figure 3), which is not
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Figure 3. Relaxation kinetics of the PIHS and TTHS at 90 K,
emphasizing their differing shape. The evolution of the & angle of the
TTHS cell at 93 K is also shown, evidencing an initial delay in the cell
evolution toward that of the LS. Note that the a-axis limits coincide
with the values for the full HS and LS ground states.

detectable at higher temperatures (102 K; Figure S7 in the SI).
This delay in the relaxation of HS2, not observed for HS3,
suggests the occurrence of an additional process of rearrange-
ment in the former during its transit to the LS state. To unveil
the possible presence of two separate processes in the
relaxation from the TTHS state, not detected in the yT versus
T curve (Figure 1), we have used differential scanning
calorimetry (DSC). Thus, crystals of 1 in a DSC aluminum
pan were flash-cooled by immersion in liquid N,, and the pan
was rapidly transferred to the DSC sample space ready at 93 K.
The subsequent heat flow measured upon warming at 10 K
min~" clearly exhibits two separate exothermic humps at ca. 119
and 126 K, respectively, which are not detected if the same
measurement is performed on a nonquenched sample (i.e., after
cooling the sample at a much slower rate; Figure 4). The total
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Figure 4. DSC traces warming at 10 K min™" after flash cooling to 77
K and after cooling to 93 at 10 K min~". Note the two separate
anomalies at ca. 119 and 126 K that are present only after flash
cooling, as well as the similarity in the peak associated with the thermal
LS-to-HS SCO of 1 at around 178 K.
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enthalpy, ca. 3.1 kJ mol™, is similar to that associated with the
thermal HS-to-LS transition,”> and the anomalies are thus due
to the thermal relaxation of the metastable state HS2 to the LS
ground state.”” Bearing in mind the disorder present in the HS2
lattice, the two involved processes evidenced by the DSC data
may then be reasonably posited as first a structural transition
from the disordered HS2 state to an intermediate HS2' state,
perhaps ordered, followed by the HS-to-LS transformation.
This assumption does not warrant the use of a self-accelerated
relaxation model, typically used in cooperative SCO systems
because here the initial step seems to be a structural
transformation to an intermediate HS state. In support of this
hypothesis, the relaxation curves of the TTHS (HS2) state were
very satisfactorily reproduced (full lines in Figure 2, bottom) by
the phenomenological model in eqs 1 and 2

kupp(t) T) = kg (T) {1 — exp[—K'(T) t]} (1)

Tus(ty T) = fys(t = 0, T) exp[—k,, (T, T) t] )

where k'(T) describes the rate of the initial structural
transformation and ky (T) is the relaxation constant of a
hypothetical intermediate HS2' state. Remarkably, the derived
kg values are in perfect agreement with those found for HS3.
Both sets of parameters correspond to exponential decays that
merge into a common Arrhenius law with E, = 978 cm™" and
Ay = 424 x 10* s7" (Figure S). The apparent relaxation rate
kypp of the TTHS system strongly departs from this law for
temperatures at which the initial structural transformation is
slow and thus dominant.
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Figure 5. Semilogarithmic plot of the relaxation constants k derived
from the relaxation kinetics versus 1/T. The full line is a fit of kg,
from both the PIHS and TTHS states, to a common Arrhenius law.
k. values are for £ = 1000 s; the departure from the Arrhenius law is
even more pronounced for shorter times.

Crystallographic Comparison of the Metastable
States. In order to investigate the possible structural origin
of these marked differences in relaxation dynamics, access to
crystallographic information on the HS3 state was of vital
importance. The PIHS of 1 (HS3) was generated at 30 K by
irradiation of a single crystal for 60 min with laser light of 532
nm. Subsequently, the molecular structure at this temperature
was determined by single-crystal X-ray diffraction. This
experiment showed that the HS3 state remains in the triclinic
space group P1 as in all of the previously obtained structures of
1 (HS and LS ground states as well as HS2).2
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Table 1. Crystallographic Details of the Metastable HS
Phases of Compound 1 (HS2 and HS3) and Its HS and LS
Ground States

HS2
HS3 (PIHS)  (TTHS) LS HS
T/K 30(2) 100(2) 100(2) 200(2)
cryst syst triclinic
space group PT
a/A 12.262(5) 12.247(2) 12.326(3) 12.310(3)
b/A 13.385(5) 13.385(3) 13.513(3) 13.442(3)
/A 17.217(5) 17.355(4) 17.269(4) 17.399(4)
a/deg 104.127(5) 104.60(3) 106.63(3) 104.57(3)
p/deg 98.450(5) 99.12(3) 98.50(3) 99.29(3)
y/deg 106.134(5) 105.47(3) 106.36(13) 105.44(3)
V/A3 2561.5(16)  25744(12)  2560.5(13)  2604.1(13)
av. Fe—N/A 2.169 2.162 1.966 2.167
octahedral 12.508 12.419 9.741 12.484
volume/A3
% /deg 147.90 144.26 100.52 145.85
D/deg 176.40 177.05 178.53 177.01
0/deg 73.99 74.66 77.17 74.94
©/deg 471.89 464.04 311.17 469.18
Acl disorder 1:0 0.3:0.7 1:0 0.3:0.7
Ac2 disorder 0.67:0.33 0.4:0.6 1:0 0.4:0.6
(C35:C38A)
ClO,™ disorder 1:0 0.8:0.2 1:0 0.8:0.2
(09:09A)

Table 1 summarizes the relevant crystallographic parameters
of the HS and LS ground-state structures, together with those
for HS2 and HS3 (see also Tables S1 and S2 in the SI). The
asymmetric unit contains one [Fe(H,L),]* cation, two ClO,~
anions, two molecules of acetone, and one molecule of water
(Figure 6 shows only the cation). The H,L ligands use their

Figure 6. Representation of the [Fe(H,L),]** cation present in 1.
Only the hydrogen atoms on heteroatoms are shown.

three nitrogen-donor atoms to bind the Fe'' center in a
meridional fashion and impart a distorted octahedral
coordination environment, with an average Fe—N distance
(2.169 A) that confirms the HS character of this phase. The
cations are disposed in sheets cemented by a network of 77
and C—H---7 interactions involving the H,L moieties (Figure
S8 and Table S in the SI), known as the “terp embrace”,** ™%
as seen for the other phases of complex 1*° and its close
derivatives.*! These sheets are stacked by means of hydrogen
bonds involving the OH and NH moieties from the complexes,
via the perchlorate ions, together with additional 7---7 contacts

dx.doi.org/10.1021/ic400776x | Inorg. Chem. 2013, 52, 7203—7209
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(Figures S9 and S10 and Tables S2 and S3 in the SI), also seen
previously.”® A detailed comparison of this structure with these
already available reveals important differences. The most
remarkable relates to the crystallographic disorder (Figure 7,
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Figure 7. (top) Superposition of the [Fe(H,L),]* cations of the PTHS
(blue) and TTHS (green) metastable states of 1. (bottom)
Representation of the asymmetric unit of both metastable states of
1, emphasizing the difference in ordering of two molecules of acetone
and one perchlorate anion (circled). Color code: C, gray (or black); O,
red (or orange); Cl (from ClO,”), orange; N, purple; H, yellow; Fe,
dark-orange balls. Only hydrogen atoms on heteroatoms are shown.
Intermolecular hydrogen bonds are marked as dashed lines.

bottom); the structure of HS3 exhibits almost no disorder, with
only the methyl group of one acetone molecule distributed over
two positions in the 0.33:0.67 ratio. By contrast, all of the
previously obtained structures of 1 in the HS state (ie., the
stable HS states at 150 and 200 K and HS2) feature both
acetone molecules disordered over two sites, in 0.4:0.6 and
0.3:0.7 ratios, respectively, and one disordered perchlorate
anion, with an occupancy ratio of 0.8:0.2.> It must be recalled,
however, that in the structures of the LS ground state of 1, all of
the species are fully ordered, at both 100 and 150 K. Therefore,
from this point of view, the PIHS state HS3 is crystallo-
graphically much closer to the LS ground state than is the
thermally trapped state HS2. In addition to this, a comparison
of the cell parameters of both metastable states shows that the
unit cell of the PIHS closely resembles that of the LS ground
state, considering the effect of thermal contraction (Table 1). In
focusing on the structure of the [Fe(H,L),]*" cation, it is
observed that both structures exhibit noticeable differences in
the conformation of the H,L ligands, especially at their wings,
where interaction with acetone and the perchlorate species
occurs. This has little impact on the local parameters around
the Fel center (Table 1). Thus, the parameters 6 and ®,*
which measure distortion of the shape of the cation in HS3, are
slightly further away from the ideal values of 90° and 180°,
respectively, than those in HS2. This small increased distortion
is also seen in the parameters X and 0,2~ which reflects the
extent of deviation of the cis N—Fe—N angles from 90° and the
extent of the twist away from octahedral symmetry,
respectively.
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B DISCUSSION

The above analysis reveals that the crystallographic differences
between the two available metastable phases of 1, HS2 and
HS3, can explain their differing dynamics of relaxation to the LS
ground state. Specifically, the fact that HS3 exhibits almost no
crystallographic disorder and a unit cell similar to that of the LS
state implies that a relevant part of the crystallographic phase
transition coupled with the SCO does not need to take place
here for relaxation to the LS state. On the contrary, the
metastable state HS2 presents all of the disorder inherent to the
stable HS state of 1 and more removed unit cell parameters
with respect to the LS state; thus, the crystallographic transition
consisting of ordering of all of the species, necessary to reach
the LS, has to occur in its entirety, which explains to a large
extent the induction time observed in the relaxation dynamics
of this state. It is very likely that during the process of relaxation
from HS2 to LS, the system passes through a more ordered
transient crystallographic phase very close to HS3 (denoted as a
hypothetical HS2' state; see above). This additional crystallo-
graphic transition, suggested by the calorimetric data, could be
the reason that T(LIESST) is 10 K lower than T(TIESST). On
the other hand, the fact that the molecular geometry of HS3 is
slightly more removed from that of the final LS ground state
than HS2 (longer Fe—N distances and a more distorted
coordination polyhedron) signifies that the former electronic
state is less stable. This leads to a larger zero-point-energy
difference,”®*® AH®y, = H°ys — H°, ¢, for the PIHS metastable
state than for the TTHS. However, once the exponential
regime has been reached, relaxation occurs at the same speed
for both metastable states; therefore, at that stage, both systems
must have evolved to render their AH®y; values very similar.

H CONCLUSION

In light of the data presented here, compound 1 is a clear
example of a system in which the LIESST effect induces fast
changes affecting primarily the local molecular environment of
the spin-active species while affecting little other crystallo-
graphic changes seen to accompany the thermal SCO process.
This signifies that using light allows the almost complete
decoupling of the crystallographic phase transition from the
magnetic phase transition, which could not be differentiated in
previous investigations on the transition properties of this
compound. This is demonstrated for the first time by the
differences in the relaxation dynamics between HS2 and HS3,
in light of the respective structures of these metastable states,
compared with the structures of the ground state in the HS as
well as LS.

B EXPERIMENTAL SECTION

Synthesis. The ligand 2,6-bis[S-(2-hydroxyphenyl)pyrazol-3-yl]-
pyridine (H,L) was synthesized as previously described by our
group.”* Complex 1 was synthesized as recently published.”

SQUID Magnetometry. Experiments were performed using either
a Quantum Design MPMS-5S or MPMS-XL SQUID magnetometers
and the Quantum Design fiber-optic setup (FOSH), all through the
Servicio General de Apoyo a la Investigacion—SAI, Universidad de
Zaragoza. The applied field was 1 T throughout the whole study. The
light source was a xenon lamp equipped with sets of short- and long-
pass filters. Either large and thick orange block crystals or a thin layer
of a slightly pressed polycrystalline orange sample was used for the
irradiation studies. In the former case, called the thick sample, the
crystals were taken out of their mother liquor, put in the FOSH holder
with some solution, and allowed to fall to the bottom part of the
holder. The small amount of solvent was then removed by absorbing it

dx.doi.org/10.1021/ic400776x | Inorg. Chem. 2013, 52, 7203—7209
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with a small piece of absorbing paper. The mass was ca. 1.72 mg. For
the latter case, called the thin sample, two sets of measurements were
performed with respectively ca. 0.30 mg of the polycrystalline orange
sample and ca. 0.40 mg covered with a little Paratone N grease to
prevent orientation effects. Extended relaxation studies were made on
the former because of the comparatively longer excitation times
required in the latter. Data have been corrected for the signal of the
empty FOSH, measured prior to these measurements in the same
applied field, and for diamagnetism of the sample (7 X 107* cm®
mol ™).

DSC. DSC experiments were performed with a differential scanning
calorimeter Q1000 with the LNCS accessory from TA Instruments.
The temperature and enthalpy scales were calibrated with a standard
sample of indium, using its melting transition (156.6 °C, 3296 ]
mol™"). Measurements were carried out using aluminum pans. A few
crystals of 1 (ca. 0.5 mg) were covered with a little Paratone N grease
within the aluminum pan, which was simply covered and not crimped.
An empty pan in the same uncrimped geometry was used as the
reference.

X-ray Crystallography. Single-crystal X-ray diffraction data were
collected on a Bruker SMART-CCD 1K diffractometer (@ scan, 0.3°/
frame) equipped with a Helix (Oxford Cryosystems) open-flow helium
cryostat using graphite-monochromated Mo Ka radiation (4
0.71073 A). A green laser (A = 532 nm) mounted on a special
attachment™® was used for in situ irradiation (1 h) of the crystal
without changing the temperature. The structure was solved by direct
methods and refined by full-matrix least squares on F” for all data using
SHELXTL* and OLEX2* software. All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms
were placed in calculated positions and refined in the riding mode. The
CIF file has also been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication CCDC 921488.

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic data in CIF format, complementary
photomagnetic SQUID measurements, larger versions of the
constituent figures shown in Figure 2, and additional crystal
packing diagrams. This material is available free of charge via
the Internet at http://pubs.acs.org.
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