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A crystallographic and solid state spectroscopic study of the spin crossover behaviour of [Fe(abpt)2(NCS).] (abpt = 4-amino-

3,5-bis(pyridin-2-yl)-1,2,4-triazole) polymorph A is reported. Structural features including crystallographic cell parameters,

bond lengths and distortion parameters are monitored between 375 K and 30 K and crystal structures are reported at seven

temperatures across the spin transition. In addition, the light induced excited spin state trapping (LIESST) metastable high

spin structure, HS*, is reported at 30 K by continuous irradiation with a 670 nm, 5 mW CW laser during the data collection.

Relaxation of the HS* state at 30 K with the laser switched off is found to occur within ~4000 s in accordance with the

literature. High pressure single crystal datasets are also reported to examine the effect of pressure on the spin transition.

Single crystal variable temperature UV-Vis spectroscopy and resonant ultrasound spectroscopy support the crystallographic

evidence relating to the spin crossover transition presented herein. Strain analysis of the lattice parameters yields the

temperature dependence of the spin order parameter, indicating strong spin-lattice coupling to give a volume strain of up

to ~4% and a shear strain of up to ~1.5%. These, in turn, are responsible for changes in elastic constants by up to ~35%.

Introduction

Spin crossover is a reversible spin state transition of a metal
centre which can occur upon change in temperature, pressure,!
magnetic field or through light irradiation.2 Spin crossover is a
relatively common phenomenon for octahedral 3d*-3d” metal
centres and has been extensively studied in a large range of
systems.> A significant proportion of the spin crossover
compounds that have been studied are octahedral Fe(ll)
complexes with nitrogen donor ligands,® although spin
crossover is also commonly observed in six-coordinate Fe(ll1)*
or Co(ll) complexes.> ¢ A number of potential applications have
been suggested for spin crossover complexes, e.g. molecular
switches, data storage”  and liquid crystals. Spin crossover is a
very complex process which can occur in both solution and the
solid state and involves the switching of magnetic, optical and
structural properties. In solution there is no cooperativity as
molecules are far apart and transitions tend to be gradual.
However, in the solid state the potential for cooperativity
results in a wide range of different behaviours, from abrupt
transitions with hysteresis (strong cooperativity) to gradual
transitions with no hysteresis (weak or no cooperativity), and
can include single or multistep spin transition® processes.
Factors such as inclusion of solvent in the lattice, intermolecular
interactions and counterion type are all known to influence the
spin transition behaviour. Given the complex nature of the
process it is particularly interesting to study compounds with
more than one polymorph and which show different spin
crossover behaviour.l® Comparing the structures and spin
crossover processes in such species can provide significant
insight into the phenomenon.

Four polymorphs of [Fe(abpt),(NCS),] (abpt = 4-amino-3,5-
bis(pyridin-2-yl)-1,2,4-triazole) (A-D) have been reported
previously. Three of these, A,11 C12 13 gnd D,'2 14 have been
shown to undergo temperature induced spin crossover of at
least one of the Fe(ll) centres in the asymmetric unit from high
spin (HS) to low spin (LS) upon cooling. On the other hand,
polymorph B does not undergo a thermal spin transition at
ambient pressure, but has been shown to undergo thermal spin
crossover at pressures >4.4 kbar.l> The room temperature

crystal structures of the three polymorphs which undergo
temperature induced spin crossover have been established and
while A has one independent Fe(ll) centre in the asymmetric
unit, C and D both contain two independent Fe(ll) centres. The
first magnetic susceptibility measurements on a single crystal
sample of polymorph A indicated an incomplete spin transition
from HS to LS with ~23% of the molecules remaining HS in the
‘LS’ structure.ll A more recent publication using a different
sample preparation method has shown that this polymorph can
undergo a virtually complete spin transition upon cooling.12 In
polymorphs C and D only one Fe centre undergoes a spin
transition and the other remains HS upon cooling.12 All three
polymorphs displaying thermal spin crossover behaviour also
show light induced excited spin state trapping (LIESST) at low
temperature. For C, Ty = 86 K and upon low temperature
photoexcitation it forms a commensurate modulated LIESST
state with four crystallographically independent Fe centres.13
For D T1; = 162 K and, in addition to displaying LIESST, the
compound also displays photoinduced linkage isomerism with
the NCS ligand changing from N to S bound.!* For A, which has
athermal spin crossover that occurs without hysteresis, T1/> was
initially reported as 180 K,'* but has been remeasured as Ty/; =
188 K12 for single crystals prepared using a different method.
Tuesst = 40 K and up to approximately 30 K a significant fraction
of the HS* state can be maintained for >1000 s; as the
temperature is increased above 30 K this fraction decreases
rapidly. Although the thermally induced spin crossover shows
no hysteresis, a light induced thermal hysteresis (LITH)®
associated with the HS* state has been identified from the
photomagnetic data.l! LS and HS* state structures for A have
not been characterised previously and these are reported
herein alongside a detailed crystallographic study of structural
changes occurring during the spin transition and examination of
the HS* relaxation behaviour of this polymorph. The results are
supported by single crystal variable temperature UV-Vis
spectroscopy and resonant ultrasound spectroscopy (RUS). An
analysis of changes in the lattice parameters reveals strong
coupling of both volume and shear strains with the spin state
order parameter which, in turn, gives rise to large anomalies in
elastic properties.
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Figure 1 - Schematic of the cassegrain system used to collect UV-Vis spectra from single crystals.

Experimental
Synthesis

Synthesis of [Fe(abpt)2(NCS),] was carried out using a slow
diffusion method which has been previously reported to
produce crystals of polymorph A which undergo a virtually
complete HS to LS transition upon cooling.l2  Precursor
materials were used without further purification, solvents
degassed and all manipulations carried out under a nitrogen
atmosphere. FeS0,4.7H,0 (1 mmol, 0.278 g) and KNCS (2 mmol,
0.194 g) were stirred in MeOH (10 ml) for 15 min. Pale yellow
insoluble K;SO, precipitate was removed by filtration and
deionised H,0 (10 ml) added to the remaining clear solution.
abpt ligand (2 mmol, 0.477 g) was dissolved in MeOH (20 ml)
and transferred to a narrow (<5 cm) Schlenk tube. The
Fe2*/2(NCS)- solution was carefully injected underneath the
abpt solution to form a lower layer. A coloured band containing
the target complex immediately formed at the interface
between the two layers. Within 1-4 weeks single crystals of A,
B and D suitable for X-ray diffraction studies were formed and
separated under the microscope.l2 Crystals of A were also
formed using a methanol-chloroform solution which favours
the formation of this polymorph,!5> however the quality of the
crystals formed was lower than that obtained from methanol-
water.

X-ray Crystallography
Variable temperature and LIESST measurements

X-ray diffraction data were collected on a Bruker Smart 1K CCD
diffractometer using graphite monochromised Mo-Ka (A =
0.71073 A) radiation. Datasets below 105 K were collected
using an Oxford Cryosystems HeliX,1” while those above 105 K
were collected using an Oxford Instruments open flow N
Cryostream for cooling. Data collection was carried out using
the SMART software,’® integration was performed using
SAINT?® and multi-scan absorption corrections were applied to
all datasets using SADABS.2° The structures were solved by
direct methods in SHELXS?! and refined by full matrix least
squares on F2 in SHELXL?! using Olex2.22 All non-hydrogen
atoms were refined anisotropically and all hydrogen atoms

were located geometrically and refined using a riding model
with the exception of the hydrogen atoms on N6 which were
located in the difference map. The LIESST structure at 30 K was
obtained by irradiating the crystal in-situ using a 670 nm, 5 mW
CW laser. The crystal was irradiated for 60 minutes prior to and
also continued throughout the data collection to try to establish
and maintain a photostationary state, i.e. the metastable LIESST
HS* structure. The same crystal was used for all data collections
below 300 K, including the full datasets at 270, 210, 180, 165,
150, 120, 30 K and 30 K under laser irradiation. A second crystal
was used to collect the data between 300 K and 375 Killustrated
in the variable temperature plots. Temperature calibration of
the Cryostream and HeliX was carried out using phase transition
materials benzil (83 K)23 and NH4H,PO4 (148 K).2* Offsets of -3
K and +3 K were observed for the Cryostream and HeliX
respectively; i.e. a temperature set at 105 K corresponds to a
temperature of 102 K or 108 K at the crystal surface for
Cryostream or HeliX measurements respectively.?> This offset
is taken into account in the variable temperature plots where
the transition profile is discussed. Full structure determinations
were carried out at twenty-four temperatures; seven of these
structures (30, 120, 150, 165, 180, 210 and 270 K) are published
herein.

LIESST HS* relaxation

LIESST HS* structure relaxation measurements were carried out
by continuous collection of omega scans (scan width 0.4°)
consisting of 50 frames at alternating phi positions of 0 and 90°
immediately after switching off the laser. The program
SMARTreduce,?® a script to harvest reflections, perform cell
indexation and least squares refinement automatically in
SMART,® was used to iteratively determine a unit cell from each
consecutive set of two runs. This allowed the evolution of the
unit cell dimensions as a function of time to be monitored.

High pressure

A single crystal was mounted in a modified Merrill-Bassett type
diamond anvil cell (DAC) custom built at Durham University
using tungsten carbide backing plates with an opening angle of
85° and type |IA Boehler-Almax diamond anvils with 0.8 mm
culets. Stainless steel gaskets were pre-indented and drilled to
give a gasket chamber of ~0.3 mm diameter and 0.15 mm depth



and paraffin oil was used as the pressure transmitting medium.
A small ruby chip was used to measure the pressure in the DAC
using the Ruby R; fluorescence method.?” Fluorescence
measurements were carried out before and after data
collection to ensure there was no change in pressure during the
experiment. The pressure can alter if insufficient time has been
given for the pressure in the DAC to equilibrate prior to data
collection. The laser used for fluorescence measurements can
induce a spin transition, therefore exposure was minimised as
much as possible, although because the pressure measurement
is almost always taken above T esst any structural change is
short lived. Room temperature (296 K) single crystal X-ray
diffraction data were collected at ambient pressure, 1.4(2) kbar
and 5.1(2) kbar. Data collection was carried out using XIPHOS
11,28 part of the XIPHOS diffraction facility.2° This diffractometer,
custom built for high pressure studies, is equipped with an
Incoatec Ag-Ka (A = 0.56086 A) 1uS source.3° Data collection was
carried out using the Bruker APEX2 software suite,3! integration
was performed using SAINT32 and multi-scan absorption
corrections were applied to all datasets using SADABS.20
ECLIPSE33 was used to generate dynamic mask files to exclude
areas of the diffraction pattern which contain no data due to
the body of the DAC from the integration. The structures were
solved by direct methods in SHELXS?! and refined by full matrix
least squares on F? in SHELXL?! using Olex2.22 All of the non-
hydrogen atoms were refined anisotropically and all hydrogen
atoms were located geometrically and refined using a riding
model with the exception of the hydrogen atoms on N6 which
were located in the difference map.

Variable temperature UV-Vis transmission spectroscopy

The single crystal UV-Vis setup used (Figure 1) is based on a
cassegrain system (Bruker) which utilises fibre optic cables to
transmit radiation from a broadband light source (Hamamatsu
UV-VIS fibre light source, L10290) to the sampling optics and
from the optics into a UV-Vis spectrometer [Andor Shamrock
SR-303i imaging spectrograph using 150 lines/mm grating
groove density, (specifications quote a resolution of 0.88 nm at
a 500 nm centre wavelength) coupled with a Newton EMCCD
camera)l. The sample temperature was controlled using a non-
liquid N, Cryostream (Oxford Cryosystems, Cobra).

A single crystal fragment of <100x100x25 um was mounted
using perfluoropolyether oil on a UV-Vis 100 um aperture
MicroLoop (MiTeGen, LLC) which was fixed on an XRD
goniometer head. The crystals were visualised using a high-
magnification zoom lens system mounted on a CMOS camera
(Thorlabs) and positioned at the focus of the cassegrain system
in the orientation giving the cleanest spectroscopic signal.

The area sampled by the UV-Vis radiation is controlled by the
focus size of the cassegrain optics which is determined by the
core size of the input fibre optic cable; for the crystals presented
here the spot size was ~50 um in diameter. Spectra were
collected using Andor’s Solis software with a 20 ms exposure.
Background (no light source) and reference (light source on a
MicroLoop without sample) spectra were collected and data
were presented by the Solis software in absorbance mode.
OriginPro software34 was used for further data processing. Raw
data were smoothed using a Savitzky-Golay filter (window size

13 points, polynomial order 2). The % transmittance, but not
the spectral shape, is dependent on the orientation of the
crystal within the light beam, and therefore raw spectra were
normalised.

Resonant Ultrasound Spectroscopy

The principle of the resonant ultrasound spectroscopy (RUS)
technique is quite straightforward.3> A sample with dimensions
of ¥1 mm is held lightly between two piezoelectric transducers.
The first transducer is driven by a frequency synthesizer at
constant amplitude across a range of ultrasonic frequencies (0.1
- 2 MHz) which in turn causes the sample to resonate at
particular frequencies. The second transducer acts as a signal
detector which records the response of the sample in terms of
its displacement when it is vibrated across the frequency range.
Vibrational frequencies detected represent the frequency of
normal modes of the sample. The square of a given peak
frequency is directly proportional to the elastic constants
associated with that normal mode.3> Low temperature
measurements presented here were obtained using a single
crystal of [Fe(abpt)2(NCS).] polymorph A with irregular shape
(~0.4 mm in diameter, 0.0003 g) in a helium flow cryostat which
has been described by McKnight et al.3®¢ Data were collected
with the sample chamber filled with a few mbar of helium to
allow heat exchange between sample and cryostat. All spectra
were transferred to the software package Igor Pro
(WaveMetrics) for analysis. Peak positions and widths at half
height were determined for a selection of peaks by fitting with
an asymmetric Lorentzian function. The mechanical quality
factor, Q, was calculated using the relationship Q = f/Af, where
fis the peak frequency and Af is the width of the peak at half its
maximum height. The inverse of the quality factor, Q1, is a
measure of acoustic dissipation (energy loss) in the sample.

Figure 2 - Ellipsoid plot of [Fe(abpt)2(NCS)2] polymorph A at 120 K with the ellipsoids
depicted at 50% probability level. The asymmetric unit (asu) consists of half a molecule
and 't represents the other half of the molecule which is symmetry generated by the
operator 1-x, 1-y, 1-z. Hydrogen atoms have been omitted for clarity.

Results
Thermal spin crossover

The magnetic data for polymorph A indicates that it undergoes
thermal spin crossover without hysteresis between ~202 K and
100 K (remeasured ~250 K and 160 K),2 with T, = 180 K1
(remeasured T1/; = 188 K)!2 and a residual HS fraction, yus, of



23%'! (remeasured yus ~ 0%) at low temperature. The sample
preparation method differs in the two reports!? 12 which could
explain the slight difference in the observed transition profile
and completeness. The transition has been reported as gradual
with moderate cooperativity between molecules!! playing a
role in the propagation of the spin transition.3” Full
crystallographic structure determinations upon cooling through
the transition are reported from the same crystal at seven
temperatures: 270, 210, 180, 165, 150, 120 and 30 K (Table 1
and ESI Table S1). The structure of A at 293 K!! has been
previously reported and is consistent with the HS structure
discussed here.
monoclinic spacegroup P2:/n with half a molecule in the
asymmetric unit (Z' = 0.5) (Figure 2). Each Fe(ll) centre has 6
coordinated nitrogen atoms: one from each NCS group and two
from each abpt ligand (one pyridyl nitrogen and one triazole
nitrogen). An intramolecular hydrogen bond exists between
N6-H6--N7, for which D-H = 0.88(2) A, H-+-A = 2.16(2) A, D---A =
2.853(2) A, <DHA = 135(2)° at 30 K and D-H = 0.93(2) A, H---A =
2.12(2) A, D--A = 2.847(3) A, <DHA = 135(2)° at 270 K. In
addition, a weak C2-H2---N4#1 (#1 = -x+1, -y+1, -z+1) interaction
was also identified (ESI Table S2). The structures all contain -
T interactions between pairs of counterpart abpt pyridyl groups
on adjacent molecules [centroid (N2, C2-C6) to centroid (N7#2,
CO#2-C13#2, #2 = 1-x, 2-y, 1-z) distance of ~3.6 A with an offset
of ~¥1.3 - 1.4 A at all temperatures] creating a 1-dimensional

All of the structures were solved in the

chain through the structure which can be viewed along the
(110) direction. Indeed the spin transition has been linked to
the presence of these m-mt interactions.’2 Molecules along the
c-axis direction are rotated by ~40° from each other, molecules
along the a-axis direction are in the same orientation as each
other (Figure 3). The differences between the HS, LS and HS*
structures are discussed in more detail below.

Table 1 - Crystal data and refinement results for [Fe(abpt)2(NCS)2] polymorph A at 270K,
30 K and 30 K after irradiation.

Spin state HS (270 K) LS (30 K) HS*, LIESST
(temperature) (30K)
Empirical formula CasH20FeN14S2 | CasH20FeN1aS2 | CasHaoFeN1sS2
Formula weight 648.53 648.53 648.53
A (R) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2i/n P2i/n P2:/n
a(A) 8.5367(4) 8.3411(4) 8.4505(4)
b (A) 10.2206(5) 9.9442(5) 10.1273(5)
c(A) 16.4268(8) 16.1668(8) 16.3033(8)
8(°) 93.899(1) 93.112(1) 93.491(1)
Vv (A3) 1429.92(12) 1338.99(11) 1392.66(12)
z 2 2 2
Temperature (K) 270(2) 30(2) 30(2)
Dc (Mg/m3) 1.506 1.609 1.547
U (mm?) 0.719 0.768 0.738
F(000) 664 664 664
Crystal size (mm?3) 0.36 x 0.30 x 0.36 x0.30 x 0.36x0.30 x
0.26 0.26 0.26
6 range for data 2.35-28.28 2.41-28.28 2.37-28.29
collection (°)
Ranges of h, k, | -11<h<11, -10<h<11, -10<h<11,
-13<k <10, -13<k<9, -13<k <10,
-21</<16 -21</<15 -21</<16
Refl. collected 9716 9018 9399
Rint 0.0301 0.0370 0.0293
Data/parameters 3554/202 3318/202 3453/202
Absorption coef. 0.697/1.000 0.787/1.000 0.471/0.743
min/max
GooF (F?) 1.034 1.040 1.049
Final R1 [/ > 20(/)] 0.0362 0.0341 0.0311
WR [1> 20(1)] 0.0845 0.0797 0.0727
Largest diff. 0.41/-0.37 0.73/-0.52 0.37/-0.33
peak/hole (e A3)




Figure 3 - Diagrams showing the packing of [Fe(abpt)2(NCS).] polymorph A at 30 K viewed along the (left) (100) and (right) (110) directions.

Variable temperature data collections at 30, 120, 150, 165, 180, angle, overall they follow the same pattern as that observed in
210 and 270 K and unit cell parameter changes the magnetic data and the occurrence of the spin transition can
Cell parameters were monitored over the temperature range 30 clearly be seen.

- 375 K on two different crystals (crystal 1, 300 - 30 K; crystal 2,

375 - 300 K). As can be seen from Figure 4, all the cell axes

lengths and the 8 angle decrease as the temperature decreases.

Although only small changes are seen in the axes lengths and 8
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Figure 4 - Changesin cell parameters for [Fe(abpt)2(NCS)2] polymorph A with temperature are shown as points connected by a line: ¢ and A denote data collected using the Cryostream
or HeliX respectively and o show corresponding LIESST, HS* cell parameters. The temperature scale has been adjusted to show temperature at the crystal surface for both Cryostream
and HeliX measurements, see Experimental section, Variable temperature and LIESST measurements, for details. Error bars are included but obscured by the data markers.



Figure 5 - Overlay of (purple) HS, 270 K and (orange) LS, 30 K structures of
[Fe(abpt)2(NCS)2] polymorph A. The asu consists of half a molecule and '*' represents the
other half of the molecule which is symmetry generated by the operator 1-x, 1-y, 1-z.
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Figure 6 - Change in centroid (N2, C2-C6) to centroid (N2#3, C2#3-C6#3, where #3 = 2-x,
1-y, 1-z) (o) distance and (¢) offset with temperature. ® and 4 denote distance and offset
observed respectively for the HS* structure at 30 K. Error bars are included but obscured
by the data markers.

The unirradiated structures at the two extremes of the
measured temperature range, i.e. 30 K and 270 K, were
examined and although very similar there are some clear
differences between the structures (Figure 5). The Fe-N bond
lengths range from 2.131(2) to 2.215(3) A at 270 K and 1.952(2)
t0 2.010(2) A at 30 K. This ~0.2 A decrease in the Fe-N distances

with decreasing temperature is consistent with the structure
having undergone the expected spin crossover from HS (270 K)
to LS (30 K) (Table 2). In addition to a decrease in the Fe-N bond
lengths upon cooling, the N2-Fel-N3 bond angle increases from
74.76(26)° to 79.98(6)° with a concomitant decrease in the N1-
Fe-N3#1 (#1 = -x+1, -y+1, -z+1) bond angle from 105.24(6)° to
100.02(6)°. This results in a shortening of the D---A distance
associated with the weak C2-H2--N4#1 (#1 = -x+1, -y+1, -z+1)
interaction giving a trend consistent with that associated with
the magnetic data (ESI Table S2, ESI Figure S2).

After the HS to LS transition upon cooling the interpenetration
of adjacent pairs of molecules along approximately the ab
direction increases, this results in a decrease of the centroid
(N2, C2-C6) to centroid (N2#3, C2#3-C6#3, where #3 = 2-x, 1-y,
1-z) distance from ~4.3 A with an offset of 3.0 A (270 K) to ~3.9
A with an offset of 2.3 A (30 K) (Figure 6). Structures obtained
upon flash freezing below the spin transition temperature are
identical to those obtained with gradual cooling through the
spin transition. No reduction in crystallinity was observed after
the spin transition, probably due to the fact that the HS, LS and
HS* crystal structures are isostructural and only very small
changes occur as a result of the spin transition.

Full structure determinations are reported at 30, 120, 150, 165,
180, 210 and 270 K. Examining the three independent bond
lengths around the Fe centre (Table 2, Figure 7) shows a marked
decrease in all the Fe-N bond lengths going through the
temperature range of the spin transition (datasets at 210 - 150
K). In the case of the unirradiated structure at 30 K and the 120
K structure; the Fe-N bond lengths, the distortion parameter
(~49°) and Fe octahedron volume V, (~10 A3) are essentially
identical and V; is consistent with values previously associated
with the presence of a LS state in an FeNg complex. At the other
end of the temperature range the 270 K structure along with
the ~0.2 A increase in the Fe-N bond lengths shows a significant
increase in the value of 2 (~70°) and V, (~13 A3), supporting the
formation of the HS state. For the structures obtained during
the spin transition (165 K and 180 K) it can be seen that 2 and
V, also decrease markedly as the temperature decreases and
suggest that the Fe centre is in between the HS and LS states as
expected.

Table 2 - Fe-N bond lengths for all structures, including the three 296 K structures collected in the DAC, along with the distortion parameter 2 and the volume of the Fe octahedron

Vp.
S‘L?E(gg 30(2)K | 1202)K | 150(2)K | 165(2)K | 180(2)K | 210(2)K | 270(2)K | ambient 1;;3223 Sl;:-)g)

Fe(ll,;;\ll 2.1384(13) | 1.952(2) | 1.953(2) | 1.955(1) | 1.964(2) | 2.012(2) | 2.112(2) | 2.131(2) | 2.127(5) | 2.128(3) | 2.006(3)

Fe(ll,;;\lz 2.2096(13) | 2.010(2) | 2.007(2) | 2.013(1) | 2.023(1) | 2.074(2) | 2.185(1) | 2.215(2) | 2.217(6) | 2.202(4) | 2.063(4)

Fe(lz;;“ 2.1312(13) | 1.958(2) | 1.955(2) | 1.958(1) | 1.970(1) | 2.015(3) | 2.112(1) | 2.134(2) | 2.129(8) | 2.111(6) | 1.991(6)

5 () 69.2(3) 49.2(4) | 49.04) | 49.8(4) 50.8(4) | 56.1(4) | 67.5(4) 69.9(4) | 65.2(14) | 68.8(10) | 54.9(16)

Vo' (R%) | 12.957(5) | 10.080(5) | 10.053(5) | 10.104(4) | 10.255(5) | 10.964(5) | 12.564(5) | 12.947(6) | 12.96(2) | 12.74(2) | 10.76(2)

a 3, the distortion parameter, is the sum of the absolute value of the deviation of all 12 cis N-Fe-N angles from 90°. © V, is the volume of the Fe octahedron calculated

in Olex2.22
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Figure 7 - Fe-N bond length changes as a function of temperature, LIESST values are
contained within the dashed oval. Error bars are included but obscured by the data
markers.

LIESST metastable HS* structure at 30 K

The reported value of Tyesst for A is ~40 K.11  Given that
previously reported magnetic data had established that at 30 K
around 50% of the HS* state in a precipitated sample reverts
back to the LS state after <1000 s and almost 100% relaxes
within 4000 s,! the laser was left on to continue irradiation
throughout the data collection. Whether any residual ground
state (LS) species remain even during continuous irradiation is
not known for the crystals used in this study and the possibility
of any resulting bias in the HS* structural parameters was not
investigated.3® After irradiation there is a 4% increase in the
unit cell volume at 30 K which would be anticipated with the
formation of a metastable HS* state through LIESST. The HS*
structure retains the monoclinic space group P2;/n previously
measured for the HS and LS ground state structures. As
expected with the formation of the HS* state there is an
increase of ~0.2 A in all of the Fe-N bond lengths upon
irradiation at 30 K, ranging from 1.952(2) to 2.010(2) A in the LS
state structure to 2.1312(13) to 2.2096(13) A in the HS* state
structure. The range of Fe-N bond lengths seen in the HS*
structure at 30 K align very closely with those observed in the
HS structure at 270 K [2.131(2) to 2.215(2) Al. In addition, upon
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the spin transition from LS to HS* at 30 K there is an increase in
3 from 49.2(4)° to 69.2(3)° and likewise an increase in V, from
~10 A3 to ~13 A3, these values are in line with those observed in
the HS state at 270 K [2 = 69.9(4)° and V, = 12.947(6) A3]. Indeed
the key structural features of the HS* structure at 30 K are very
similar to those of the 270 K HS structure discussed previously
and hence they are not examined in any further detail here.

LIESST metastable HS* structure relaxation at 30 K

The relaxation of the HS* state to the LS ground state was
monitored crystallographically by irradiating a crystal at 30 K to
induce the HS* state, switching the laser off and monitoring the
evolution of unit cell parameters with time. This confirmed that
at 30 K within ~4000 s the metastable HS* state had reverted to
the LS ground state structure (Figure 8).11

High pressure structure

Examining the change in Fe-N bond lengths between ambient
and high pressure 5.1(2) kbar structures (Table 2) indicates that
A undergoes a pressure induced spin transition. While a
pressure induced spin transition can produce the same LS

structure as that obtained from a thermal spin transition,3° this
is not always the case.*° Indeed some compounds display a
pressure induced spin transition where either no spin
transition!> or only a partial spin transition*! is observed
thermally. In the case of A, the application of pressure results
in a decrease in the length of all of the cell axes and a reduction
in the B-angle, this gives an ~8% decrease in the cell volume
between ambient pressure and 5.1(2) kbar (Table 3). The
structure maintained the monoclinic P2;/n crystal system and
space group across the range of pressures measured, as was
also observed in the variable temperature studies at ambient
pressure. It is worth noting that the cell parameters for the
pressure LS structures are compressed compared to the
thermal LS cell parameters. The structural features associated
with the pressure induced LS structure are similar to the
thermal LS structure, although the bond lengths, distortion
parameter 2 and Vp at 5.1(2) kbar are very slightly larger than
those seen at 120 K. This indicates that the spin transition may
not be fully complete at this pressure; however a partial spin
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Figure 8 - Illustration of the change in (left) unit cell volume and (right) b-axis length as a function of time at 30 K as a result of relaxation of the LIESST HS* state. Note: each data

point is plotted at the time mid-point of its two consecutive omega runs, therefore an error between +/-(535 to 538) s is associated with all data points except the 1st data point

after turning the laser off (at 262 s) where the error is +/-262 s. Plots showing a-axis, c-axis and 8-angle relaxation are included in ESI Figure S1.



transition has clearly occurred. It is highly likely that at slightly
higher pressure the spin transition from HS to LS would be
complete. Both the thermal and pressure induced spin
transitions result in a darkening of the crystal colour which can
clearly be seen between ambient pressure and 5.1(2) kbar

(Figure 9).

Figure 9 - Photograph of a single crystal of A loaded in the DAC showing the colour change
associated with the pressure induced spin transition: (left) ambient pressure, (right)
5.1(2) kbar.
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Figure 10 - Normalised single crystal UV-Vis absorption spectra collected at 298 K (HS)

and 83 K (LS) for [Fe(abpt)2(NCS)2] polymorph A. The consistency in the spectrum at 83

K independent of cooling strategy is also shown.

Table 3 - Crystal data and refinement results for [Fe(abpt)2(NCS)2] polymorph A at 296 K
in the DAC at ambient pressure, 1.4(2) kbar and 5.1(2) kbar.

ambient 1.4(2) kbar 5.1(2) kbar
Empirical CasH20FeN14S2 Ca6Ha0FeN14S; CagH20FeN14S2
formula
Formula weight 648.53 648.53 648.53
A (A) 0.56086 0.56086 0.56086
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2i/n P 2i/n P2i/n
a(R) 8.552 (3) 8.484(2) 8.3440(15)
b (R) 10.236(6) 10.159(5) 9.955(3)
c(A) 16.444(6) 16.253(5) 15.960(3)
8(°) 93.978(11) 93.894(12) 93.414(7)
Vv (A3 1435.9(10) 1397.7(9) 1323.4(5)
z 2 2 2
Temperature 296 296 296
(K)

Dc (Mg/m?3) 1.500 1.541 1.627
u(mm?) 0.377 0.387 0.409
F(000) 664 664 664

Crystal size 0.17 x0.15 x 0.17 x 0.15 x 0.17x0.15x
(mm3) 0.10 0.10 0.10
O range for 3.92-41.00 3.96 -39.47 4.03-39.48
data collection
()
Ranges of h, k, | -10<h <10, 9<h<)9, 9<h<9,
-8<k<7, -6<k<6, -6<k<6,
-20</<20 -19</<19 -19</<19
Refl. collected 9085 5050 4597
Rint 0.0343 0.0317 0.0273
Data / 1158/202 921/204 794/202
parameters
Absorption 0.939/0.963 0.937/0.962 0.812/0.928
coef. min/max
GooF (F?) 1.130 1.055 1.052
Final Ry [I > 0.0430 0.0277 0.0229
20(/)]
WRy [I > 20(1)] 0.0987 0.0561 0.0492
Largest diff. 0.19/-0.22 0.13/-0.12 0.12/-0.10
peak/hole
(e A3)




250 =

X )
p
= 200 ]
: Il
5= -ﬁ.“ﬁi
Q & N‘\ ey
E- SN ‘ RLl
- . e — , “i.illﬂ!u
— )
150 - —= Jwifu.
. /1
N e -
O el
hﬂv
= i
A 1
i Tz
100 = = |
. T q
o - A
[ [ | [ [ | | | |
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Frequency / Hz

6
1.2x10

Figure 11 - Stack of RUS spectra as a function of frequency for [Fe(abpt)2(NCS)2] polymorph A from 70 - 300 K, the arrow at around ~190 K indicates the spin crossover

transition, T1/2= 188 K.12

Variable temperature UV-Vis transmission spectroscopy

Single crystals of [Fe(abpt)2(NCS),;] polymorph A are red and
dark red in the HS and LS states respectively. Normalised single
crystal UV-Vis absorption spectra obtained for A in the HS state
at 298 K and LS state at 83 K (the lowest temperature achievable
with the Cryostream) are shown in Figure 10. The intense
colour in both spin states and the residual HS fraction, yus,
remaining at low temperature make assignment of absorption
bands to particular transitions challenging and beyond the
scope of this study. The ligand field (d-d) transition bands could
be partially obscured by low lying intense charge-transfer (CT)
bands in the UV-Vis spectral region. At 298 K, the complex is
expected to be purely HS.11 Whether the one featureless band
centred at ~505 nm, similar to the broad band at ~500 nm
observed for polymorph D at 300 K,!3 can be attributed to the
spin allowed, parity forbidden 5T,->°E transition? is not yet
known and computational studies would need to be carried out
to draw further conclusions. The spectra at 83 K may
incorporate a contribution from a small residual HS fraction.
Two main overlapping bands are visible: one with two peaks at
~535 nm and ~496 nm and a shoulder at ~605 nm and a second
band below ~450 nm. The completeness of the spin transition
for this particular crystal is unknown; previously reported
magnetic data suggest a residual yus at low temperature of
between 0% and 23% for a single crystal sample depending on

the crystallization method used!* 12 but 4.4% for a precipitated
microcrystalline sample.*2 The crystal was repositioned in the
beam between collection of HS and LS spectra due to
contraction of the crystal mount during cooling; therefore,
calculation of the % conversion is not possible. A similar
spectrum is observed at 83 K either upon slow cooling (150
K/hr) or flash cooling (Figure 10), indicating that thermal
trapping of the HS state (TIESST)*3 is not observed at 83 K.

Resonant Ultrasound Spectroscopy

Selected RUS spectra from the single crystal collected during a
heating sequence from 70 - 300 K are illustrated in Figure 11.
The y-axis is real amplitude from the voltmeter but the spectra
have been offset in proportion to the temperature at which
they were collected and the axis labeled as temperature. Peaks
in the spectra which are dependent on temperature reflect the
vibrational frequencies of the normal modes of the sample; the
square of the frequency of each mode, f?, is proportional to the
elastic constants associated with that mode. The inverse of the
mechanical quality factor, Q?, is a measure of acoustic
dissipation (energy loss) in the sample.3> The raw spectra
clearly show a change in trend of peak frequencies near ~190 K,
changes in line widths between ~160 and ~220 K, and relatively
sharp peaks reappear in the low temperature region (Figure 11).
Data for f2 and Q! obtained from fitting selected peaks in the



high temperature region are shown in Error! Reference source
not found. and Figure 13. All the resonance peaks have the
same form of elastic softening (reducing values of f2) as Ty, is
approached from both above and below, with a minimum at
~190 K corresponding to the known spin crossover transition
point Ty/2 = 188 K2 for polymorph A (Error! Reference source
not found.).
spin state variation with strain, as seen also in the variation of

This is a relaxational effect due to coupling of the

lattice parameters with temperature. An applied stress in the
mechanical resonance induces a strain which, in turn, results in
a change in the spin state, giving rise to additional softening in
the temperature interval of the spin crossover. Although one of
the effects of changing spin configurations is a change in unit
cell volume, the monoclinic symmetry means that there are also
shear strains involved and the observed elastic softening is
mainly through combinations of shear elastic constants. There
is a significant increase in acoustic loss (increasing Q1) in the
vicinity of 200 K which appears to be frequency independent
(Figure 13). This is due to the strain/spin state relaxations
occurring on the time scale of the applied stress, i.e. ¥10¢ s.
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Figure 12 - Temperature dependency of resonance frequencies from fitting of selected
peaks. f? scales with combinations of shear elastic constants. The softening is due
predominantly to coupling of spin state changes with changes in shear strain of the
crystal.

A simple model for the strain relaxation behaviour

The strain coupling recognised both from the changes in lattice
parameters and from the elastic anomalies is similar to that
found in Co oxide phases for which a formal treatment has
previously been set out.** 45 The spin state transition is first
described in terms of an order parameter, gs, which takes on
values between 0 and 1 to represent the proportion of atoms
with low spin state.
represented in terms of coupling between gs and strains, e;,

Variations in lattice parameters are

which in turn give rise to softening of the elastic constants, Ci.
Relationships between the order parameter, strains and elastic
constants derive from the change in free energy, G, due to the
transition which, for a monoclinic crystal, may be expressed as

10
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Figure 13 - Temperature dependency of Q* from fitting of selected resonance peaks. The
increasing acoustic loss is due to dynamic coupling of strains with spin state relaxations
on a time scale commensurate with the resonance frequencies.

G(gs) describes the free energy change due to changes in spin
state, excluding the contribution of lattice relaxation, and will
be some form of partition function. The coupling coefficients,
A, describe the strength of coupling between the order
parameter and strain, and the last term is the Hooke’s law
elastic energy. Cj, represents the elastic constants of the
crystal in its high spin state. The equilibrium condition, dG/de =
0, then gives

e oce, e oce o, (2)

with proportionality constants depending on combinations of 4;
and Cf}, and

E4=€s=0. (3)

As shown in the supplementary material, values of the strains
are defined with respect to the lattice parameters, ao, bo,..... of
the high spin state, giving e; = Aa/a,, e> = Ab/b, ...... Calculated
strains obtained from the lattice parameter data are given in full
in ESI Figure S3. From the observation that e;, e; and ez are
approximately equal, it is evident that the negative unit cell
volume strain of up to ~4% accompanying the HS* (30 K) — LS
(30 K) transition is nearly isotropic. There is however a
significant shear strain, es, with magnitude of up to ~1.5%. All
the strains show the same pattern of variation with
temperature, consistent with Equation 2 and a spin transition
model which includes the effects of lattice vibrations (e.g. Fig. 6
of Zimmerman and Konig).¢ Figure 14a shows the shear strain
es and the volume strain Vs = AV/V, and the latter has been
scaled to give the variation of g in Figure 14b. The variation of
gs is well represented by a sigmoidal function



q,=1- . (4)
l 1+exp T,=T
A

The fit parameters are T1/,=182+ 1 Kand A=10.1 £ 0.6 K, and
the transition occurs predominantly between limits of ~130 and
~250 K. Although the fit appears to produce a tightly
constrained value of Ty, it is actually highly dependent on a
single data point at 192 K and a similar treatment of es gave T1/,
=199 + 2 K. The Fe-N bond lengths, Fe octahedron volume (V;)
and distortion parameter (Z) are thought to be representative
of the sample’s spin state. Fitting a sigmoidal function to each
of these parameters gives Ty, values between 183 K and 185 K,
see ESI Figure S4. The data are permissive of Ty, = 188 K,12
reported previously.
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Figure 14 - (a) Spontaneous volume and shear strains determined from the lattice
parameters, as set out in the ESI. (b) Variation of the volume strain rescaled to values of
between 0 and 1 as a representation of the order parameter. The curve is a fit of
Equation 4 with T12=182+1Kand A=10.1+0.6 K.

The variation of elastic constants associated with changes in
spin state can in principle be determined from Equation 1, by
applying (after Slonczewski and Thomas,*” Zhang et al).*4

1

o _eo G |76 @6
de;0q, \ 9g? dedq,

ik = Cik (3)

Strain coupling terms which are of the form Agse will contribute
to softening of the form

=
_p| 26

c=c-2| 2%
(91]52

, (6)
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while terms of the form Agse? will give elastic constant

variations of the form

_7G

2

C

=C"+24q,. (7)

The difference, Af?, between a simple linear baseline and the
observed variations of f2 from one of the resonances
corresponds to C — C° and reaches a maximum softening of
~35%. This is expected to be for shear elastic constants and
made up of contributions of the form given by both Equations 6
and 7 (including Caa, Css, Cess).
contributions is shown in Figure 15. The change due to the part
proportional to gs with Ty, taken as the temperature (188 K)
where the softening is largest, was subtracted from Af? to give
the as the contribution proportional to the
susceptibility. Softening of the latter is asymmetric about 188 K

A breakdown into these two

remainder

and this asymmetry is mirrored also in the acoustic loss, Q.
The maximum loss and the maximum value of (9%2G/dq2)?
approximately coincide, corresponding to the point at which a
given applied stress induces the largest number of changes from
one spin state to the other.
expected to follow Equation 6 and should show a large

The bulk modulus would be

softening, with the same form as the susceptibility component.

SR LR B B e = R
C % E
c ® E
0.3p o 3 0.10
F—ef i 3
[ —linear baseline , E
E—af : 3 0.08
L 2 ' ]
| —— component of Af ! E
0.2 scaling with g, E
r 2 ' < 0.06
- [ —— component of Af FORR E
NN - scaling with susceptibility 3 3
= E B . 004 °.
~ 01F , 3
N F ! E
o ' 5 0.02
0.0 : - 0.00
F 4-0.02
0.1F E
Lo b by b b v
50 100 150 200 250 300
T (K)

Figure 15 - Analysis of elastic softening through the thermal HS to LS spin transition. An
estimate of the amount of softening, Af?, for one of the resonance modes is given by the
difference between a linear baseline and the observed values. This is then shown as
being made up of two contributions, one which scales with gs (green curve) and the
remainder which is assumed to scale with (92G /dq2)1. This is only a semi-quantitative
and non-unique solution but it fits with the pattern predicted on the basis of the model
represented by Equations 1, 6 and 7.

Comparison of the four [Fe(abpt),(NCS),] polymorphs

As discussed earlier three of the known polymorphs undergo
thermal spin crossover at ambient pressure, namely A, C and D.
Sheu et al.,'?2 reported that the value of the distortion
parameter (%) and the volume of the Fe octahedron (V) for the



HS and LS structures for all of these polymorphs are consistent
with the expected values for an octahedral FeNg geometry.
These polymorphs all interactions between
uncoordinated and coordinated pyridyl rings of the abpt ligands
on adjacent molecules. The shortest n-it separation (at room
temperature) is different for each polymorph. For A, the
centroid to centroid distance is ~3.6 A with an offset of ~1.3 -
1.4 A. For D, only the abpt ligands on one of the two
independent Fe centres are involved in -1t interactions with a
centroid to centroid distance of 3.8 A and an offset of 2.0 A. In

contain T-Tt

the commensurate modulated structure of C at 130 K two of the
four unique Fe centres have parallel or near parallel alignment
for pairs of uncoordinated and coordinated pyridyl rings on
adjacent abpt ligands with centroid to centroid distances of ~3.8
- 41 A and offsets of ~1.7 - 2.0 A. The presence of
intermolecular interactions has often been linked to the
occurrence of a spin transition and interestingly in polymorphs
A and D the spin transition only occurs for Fe centres where the
abpt ligands are involved in -1t interactions. In C the situation
is complicated by the commensurate modulated structure prior
to the spin transition, but at 130 K there is evidence of m-nt
interactions and at 25 K it is the Fe(ll) centre with parallel
alignment of pairs of rings on adjacent abpt ligands that is LS. In
the case of B, which undergoes a thermal spin transition at high
pressure, T-Tt interactions are also present between the
uncoordinated and coordinated pyridyl rings on adjacent
molecules (centroid to centroid distances of 3.7 A and an offset
of 1.1 A at room temperature). Similar to the Fe centres in C
and D which do not undergo spin crossover at ambient
pressure, in B the abpt pyridyl group not coordinated to the Fe
centre is twisted out of the plane of the rest of the abpt ligand.12
All three of the polymorphs that undergo a thermal spin
transition at ambient pressure display LIESST. In the case of C
the LIESST causes the formation of a commensurate modulated
phase in which the c-axis is tripled,’2 13 while for D upon
irradiation at 20 K two photoinduced metastable HS states can
be formed, one the standard LIESST structure and the second
with linkage isomerism of the NCS group.1* In the case of A,
reported here, the LIESST structure formed was not found to be
associated with any modulation or linkage isomerism and at 30
K was consistent with the HS structure above the thermal spin
transition.

Conclusions

In summary, the spin crossover behaviour of [Fe(abpt)2(NCS),]
polymorph A has been structurally characterised. The integrity
of the single crystal was maintained throughout the transition
enabling structural information to be obtained. This showed
that the Fe-N bond lengths change gradually and the molecules
distort slightly over the temperature range of the spin
transition. m-m interactions exist between adjacent abpt ligands
in the crystal allowing potential communication between Fe(ll)
centres,!? this could explain the moderately cooperative nature
of the spin transition in A. In addition to characterising the HS
and LS structures of A, a LIESST HS* structure was obtained at
30 K which showed a 4% increase in unit cell volume occurred

12

upon irradiation at that temperature. The structural
parameters associated with the HS* structure were found to be
consistent with those in the 270 K HS structure. It was
necessary to irradiate the sample continuously throughout the
data collection as the LIESST state relaxes back to the LS ground
state within ~4000 s, i.e. during the timeframe of the
experiment. It has also been demonstrated that A undergoes a
pressure induced spin transition resulting in a similar LS
structure to that obtained at low temperature. The results of
temperature UV-Vis spectroscopy and RUS
experiments, which show obvious anomalies of both elastic
moduli and acoustic dissipation at about 190 K, further confirm
the thermal spin crossover transition and demonstrate strong
spin-lattice coupling.
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