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ABSTRACT: The complex salts [Fe(L")2]Xz (1X2; L' = 4-(isopropyldisulfanyl)-2,6-di(pyrazolyl)pyridine; X~ = BF4~ or ClO4”) form
solvated crystals from common organic solvents. Crystals of 1X>-Me>CO show abrupt spin-transitions near 160 K, with up to 22 K
thermal hysteresis. 1X,-Me2CO co-crystallizes with other, less cooperative acetone solvates, which all transform into the same sol-
vent-free materials 1X,-sf upon exposure to air, or mild heating. Conversion of 1X,-Me2CO to 1X;-sf proceeds in single-crystal-to-
single-crystal fashion. 1X,-sf are not isomorphous with the acetone solvates, and exhibit abrupt spin-transitions at low temperature
with hysteresis loops of 30-38 K (X~ = BFs) and 10-20 K (X~ = ClO4"), depending on the measurement method. Interestingly, the
desolvation has an opposite effect on the SCO temperature and hysteresis in the two salts. The hysteretic spin-transitions in
1X>-Me2CO and 1X-sf do not involve a crystallographic phase change, but are accompanied by a significant rearrangement of the
metal coordination sphere. Other solvates 1X;-MeNOz, 1X,-MeCN and 1X,-H>O are mostly isomorphous with each other, and show
more gradual spin-crossover equilibria near room temperature. All three of these lattice types have similar unit cell dimensions, and
contain cations associated into chains through pairwise, intermolecular S--- 7 interactions. Polycrystalline [Fe(L?)2][BF4]2-MeNO2
(2[BF 4] MeNO2; L? = 4-(methyldisulfanyl)-2,6-di(pyrazolyl)pyridine) shows an abrupt spin-transition just above room temperature,
with an unsymmetric and structured hysteresis loop, whose main features are reversible upon repeated thermal scanning.

Chart 1 Top: the structure of [Fe(bpp®).]** (the parent com-
plex [Fe(bpp):]** has R = H). Bottom: the two new bppX de-
rivatives described in this work.

Introduction

Crystal engineering of metal/organic spin-crossover (SCO) ma-
terials!” involves the interplay between the individual molecu-
lar switching centers, and their surrounding lattice.® The coop-
erativity of spin-crossover reflects the structural changes occur-
ring during the transition. That is, greater structural changes be-
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tween the high-spin and low-spin forms lead to abrupt and/or N=N

hysteretic spin-transitions, and vice versa.” SCO materials /% “. / 7\ _
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Cooperative spin-transitions often involve a crystallographic
phase change,**? but wide hysteresis can arise without a phase
change if the complex undergoes a large, anisotropic structural
rearrangement between its spin states.”>?® However, to compli- = =
cate matters, SCO may not occur if the structural difference be- - | - |
tween the spin states is too great, or if the crystal is too densely </:l}| N I}l§ Cl}l N f}l}
packed.”*’?® Both scenarios increase the activation energy of —=N N =N N
SCO so it becomes quenched on kinetic grounds, even where a L L?
compound exhibits SCO under other conditions, such as in so-

lution.”” Cooperative SCO requires a balanced combination of
structural factors that are not too large, but not too small.
Derivatives of [Fe(bpp)2]** (bpp = 2,6-di{ pyrazol-1-yl }pyri-
dine; Chart 1) can be prepared with a variety of pyridyl and/or
pyrazolyl substituents, which often exhibit SCO at accessible
temperatures.?’2%3%3! The library of [Fe(bpp®)2]X2 (X~ =a mon-
ovalent anion) compounds is now large enough to allow

structure:function correlations to be derived.*** Iron com-
plexes of 4-alkylsulfanyl-2,6-di{ pyrazol-1-yl}pyridine ligands
(bpp®, R = SMe, SiPr or SrBu) have been particularly use-
ful.’**3®  For example, solvate crystals of formula
[Fe(bppS¥)2]X2- solv (X~ = BFs~ or ClOs; solv = MeCN, EtCN,
MeNOz, Me2CO, H20 or sf {solvent-free}) are all isomorphous
in both spin states, and can be interconverted by single-crystal-
to-single-crystal solvent exchange. These exhibit a variety of



spin state behaviors that correlate with the shape of the lattice
solvent molecule.'*%-7

The bpp™© and bpp>*" ligands in these studies were synthe-
sized by alkylation of 4-mercapto-2,6-di{ pyrazol-1-yl}pyridine
(bpp®™) with the appropriate iodoalkane.***** Since the product
mixtures from these reactions contained lower yields of the cor-
responding 4-alkyldisulfanyl-substituted byproducts, we de-
cided to investigate the iron complex chemistry of those lig-
ands, as well. We report here a family of SCO-active solvate
crystals [Fe(L"2]X> (1Xy; L' = 4-isopropyldisulfanyl-2,6-
di{ pyrazol-1-yl}pyridine; X~ = BFs+ or ClO4; Scheme 1).
Many of these solvates show clear structural similarities, which
can be correlated with their SCO characteristics. Moreover, an-
nealing some solvates causes single-crystal-to-single-crystal
conversion to a solvent-free phase,*** showing a hysteretic
spin-transition that we have fully structurally characterized. A
solvate of [Fe(L?):][BF4]> (2[BF4]z; L? = 4-methyldisulfanyl-
2,6-di{ pyrazol-1-yl} pyridine) showing an unusual asymmetric
spin-transition profile is also briefly presented.

Experimental

The synthetic protocol and characterization data for L' are given
in the Supporting Information. The synthesis of L? followed our
published method.?® Unless otherwise stated, reagents and sol-
vents were purchased commercially and used as supplied.

Caution. Although we have experienced no problems
when using the perchlorate salts in this study, metal-or-
ganic perchlorates are potentially explosive and should be
handled with care in small quantities.

Synthesis of [Fe(LY);][BF.], (1[BF4]s). A mixture of L' (50
mg, 0.16 mmol) and Fe[BFs]>-6H20 (27 mg, 0.080 mmol) in
nitromethane (10 cm®) was stirred at room temperature until all
the solid had dissolved. The orange solution was filtered, and
the complex was precipitated by dropwise addition of diethyl
ether (50 cm?). The orange powder was collected on a glass frit
and washed with diethyl ether. Yield 44 mg, 64 %.

Solvate crystals of the complex were obtained by recrystal-
lizing the crude powder from acetone, acetonitrile or nitrome-
thane by diethyl ether vapor diffusion. Monohydrate crystals of
the complexes were produced similarly, from undried methanol
solutions. The lattice solvent in the organic solvate crystals is
replaced by atmospheric moisture upon exposure to air. Most
microanalyses from samples of these materials were approxi-
mately consistent with a sesquihydrate formulation. Found: C,
37.6;H,3.48;N, 15.5 %. Calcd for C2sH30B2FsFeN10S4- 1.5H20:
C, 37.7; H, 3.73; N, 15.7 %. '"H NMR (CD3NO») 6 1.2 (12H,
SCH{CHs}»), 3.1 (2H, SCH{CHs}2), 402 (4H, Py H*®), 40.6
(4H, Pz H°), 59.3 (4H, Pz H"), 68.4 (4H, Pz H>).

A good microanalysis was obtained from one organic solvate
formulation, produced by recrystallization from acetone/diethyl
ether. Found: C, 40.8; H, 4.00; N, 149 %. Calcd for
C2sH30B2FsFeN10S4-C3HeO: C, 40.4; H, 3.93; N, 15.2 %.

Synthesis of [Fe(L');][Cl04]: (1[C1O4];). Method as for
1[BF4]z, using Fe[ClO4]2-6H20 (29 mg, 0.080 mmol). The
product was an orange powder. Yield 51 mg, 72 %.

Solvate crystals of 1[ClO4]> were produced as above, and
were similarly sensitive to solvent loss in air. Most samples of
1[ClOy4]: also analyzed to a sesquihydrate formulation. Found:
C, 36.7; H, 340; N, 154 %. Caled for
CasH30B2FsFeN10Ss-1.5H0: C, 36.7; H, 3.63; N, 15.3 %.

A good microanalysis was obtained from a solvent-free sam-
ple, produced by annealing a mixture of acetone solvate crystals
at 370 K. Found: C, 37.6; H, 347; N, 154 %. Calcd for
C28H30CL2FeN100sS4: C, 37.8; H, 3.40; N, 15.7 %.

Synthesis of [Fe(L?),][BF4]: (2[BF4]:). Method as above, us-
ing L (47 mg, 0.16 mmol). The product was an orange powder,
which formed brown single crystals when recrystallized from
MeCN or MeNO: solution with a diethyl ether vapor. The crys-
tals decomposed to a solvent-free powder on drying in vacuo.
Yield 57 mg, 88 %. Found: C, 35.3; H, 2.80; N, 17.3 %. Calcd
for C24H22B2FsFeN10S4: C, 35.7; H, 2.74; N, 17.3 %. 'H NMR
(CD3NO») 6 2.5 (6H, SCH3), 39.6 (4H, Py H*®), 40.2 (4H, Pz
), 58.6 (4H, Pz H*), 68.5 (4H, Pz H°).

Single crystal X-ray structure analyses

Crystals of L' were obtained upon slow evaporation of an NMR
sample of that compound in CDCls. Crystals of each
1[BF4]2-solv, 1[ClOg]z-solv and 2[BF4];-solv material were
prepared as described above. The 1X,-sf (X~ = BF4 and C1O4")
crystals were obtained by annealing crystals of 1X,-Me>CO on
the diffractometer at 370 K for 30 mins. Where relevant, the
same crystal was used for data collections at multiple tempera-
tures.

All diffraction data were collected with an Agilent Supernova
dual source diffractometer using monochromated Cu-K. radia-
tion (1=1.54184 1&). Experimental details of each structure de-
termination, and full details of all the crystallographic refine-
ments, are given in the Supporting Information (Table S1). The
structures were solved by direct methods (SHELXS), and devel-
oped by full least-squares refinement on F? (SHELXL-2018).%
Crystallographic figures were prepared using X-SEED,* and
structural parameters tabulated in the Supporting Information
were calculated with Olex 2.* Hirshfeld surface calculations
were performed with CrystalExplorer.®

Other measurements

Elemental analyses were performed by the microanalytical
services at the University of Leeds School of Chemistry, or
London Metropolitan University School of Human Sciences.
Electrospray mass spectra were recorded on a Bruker Micro-
TOF-q instrument from CHCI; solution. Diamagnetic NMR
spectra employed a Bruker AV3HD spectrometer operating at
400.1 ("H) or 100.6 MHz (**C), while paramagnetic '"H NMR
spectra were obtained with a Bruker AV3 spectrometer operat-
ing at 300.1 MHz. X-ray powder diffraction data were measured
at 298 K with a Bruker D2 Phaser diffractometer, using Cu-K«
radiation (A = 15419 A). Some powder diffraction samples
were coated in nujol to protect against solvent loss during meas-
urement; details are in the Supporting Information. Thermo-
gravimetric analyses were obtained with a TA Instruments TGA
Q50 analyser heating at a rate of 10 K min™' under a stream of
nitrogen gas

Magnetic susceptibility measurements were performed using
a Quantum Design MPMS-3 VSM magnetometer, in an applied
field of 5000 G. Unless otherwise stated, samples were meas-
ured at a scan rate of 5 K min™'. Diamagnetic corrections for the
samples were estimated from Pascal’s constants;* a diamag-
netic correction for the sample holder was also applied to the
data. Samples were protected against solvent loss by saturating
the tightly sealed MPMS-3 powder capsules with diethyl ether



vapor, although the acetone solvates often desolvated rapidly in
situ despite that precaution (Figure S25).

Susceptibility measurements in solution were obtained by
Evans method using a Bruker AV-NEO spectrometer operating
at 500.2 MHz.*’ A diamagnetic correction for the sample,* and
a correction for the variation of the density of the CD3;CN sol-
vent with temperature,*® were applied to these data.

Results and Discussion

Reaction of bpp"*° with 2-iodopropane or iodomethane in re-

fluxing acetonitrile, in the presence of potassium carbonate, af-
fords a mixture including bpp® (R’ = Me or iPr), bpp*® (ie L'
or L*; Scheme 1) and bis{2,6-di{pyrazol-1-yl}pyrid-4-yl}disul-
fide. These were separated by a sequence of precipitation and
chromatography steps, from which L' and L? can be isolated in
20-30 % yield. We obtained a significant quantity of L' during
our studies of the [Fe(bppS¥)2]X2solv system,***37 allowing
us to investigate its iron chemistry in detail. Since L? was only
available in smaller amounts, however, fewer experiments were
undertaken with that ligand.**

The complex salts 1[BF4]>, 1[C1O4]; and 2[BF4], were ob-
tained by treatment of Fe[BF4]>-6H20 or Fe[ClO4]2- 6H2O with
two equiv of the appropriate ligand in nitromethane. Addition
of excess diethyl ether afforded the complexes as orange pow-
ders, which were recrystallized from different organic solvents
by diethyl ether vapor diffusion. Dried polycrystalline 1[BF]»
and 1[ClOq]; readily absorb atmospheric moisture, and consist-
ently analyzed to the formulations 1[BF4]>-1.5HO and
1[ClOq]»- 1.5H20. Dried samples of 2[BF,], were solvent-free
by elemental analysis.

Recrystallization of 1[BF4], and 1[ClQ4], from acetone/ di-
ethyl ether yielded mixtures of crystal phases, which could be
distinguished by their color and morphology. These included
yellow needles of composition 1X,-MexCO (X = BFs or
ClO47; monoclinic, space group P2i/c, Z=4), whose metric pa-
rameters show they are high-spin at 250 K but low-spin at 143
K (X"=BFs) or 100 K (X™ = ClO4). Variable temperature unit
cell data confirm both crystals undergo abrupt spin-transitions
near 150 K, with a 10 K thermal hysteresis being measured for
the perchlorate salt (Table 1, Figures S7-S10).%°

The solvate 1[BF4]>- Me2CO co-crystallized with two brown
pseudopolymorphs with needle and prismatic morphologies,
with the respective formulae 1[BF4],-0.75Me>CO (triclinic, PI,
Z =4) and 1[BF4]>-0.5Me>CO-0.5H>0 (monoclinic, P2i/c, Z =
8). Both these solvates contain two unique complex molecules
per asymmetric unit. Molecule A of 1[BF4],-0.75Me>CO is low-
spin while molecule B is high-spin at 250 K. However, at 120
K molecule B exhibits whole-ligand disorder implying a ca 3:1
high:low-spin population, which indicates the onset of SCO at
that temperature. In contrast, both cation environments in
1[BF4],:0.5Me2CO-0.5H-0 are low-spin at both 120 and 250 K.

One brown single crystalline contaminent was noted in sam-
ples of 1[ClO4]>-Me2CO, namely 1[ClO4]y'mMe2CO-0.5H0
(m = 0.34; monoclinic, P21/c, Z = 8). This is not isomorphous
with 1[BF4],-0.5Me2CO-0.5H20, but like that compound
1[ClO4]» mMe2CO-0.5H-0 is fully low-spin at 120 K (an at-
tempted measurement at higher temperature led to crystal de-
composition). A residual low-temperature paramagnetism in
fresh samples of ‘1[C1O04]>:xMe2CO’ (see below) implies a third
phase may also be present in those samples, but it was not iso-
lated as a pure (poly)crystalline material.

Table 1. Summary of the solvate crystal phases obtained in
this work, and their spin state properties.

Phase Spin state properties, Tv; (K)
1[BF4]>-Me2CO Ty = 17525, Tl = 175520
1[C10]>'Me.CO T| = 15545, Tt = 16552
Ty =151, T} =173¢
1[BF4]2-0.75Me2CO 1:1 low:high-spin at 250 K*
1[BF4]2-0.5Me2CO-0.5H20  Low-spin at 7' < 250 K*
1[C104]2>mMe2CO-0.5H20  Gradual SCO; Ty, = 325+2°¢
1[BF4]>-MeNO> Gradual SCO; Ty, = 270°¢
1[C104]2nMeNO2 Gradual SCO; Ty, = 264¢
1[BF4]>MeCN Gradual SCO; T, =316¢
1[C104]>MeCN Gradual SCO; Ty, = 299°¢
1[BF4]>-H20 Gradual SCO; T, = 342¢
1[C104]2H20 Gradual SCO; T, = 321¢
1[BF4]>-sf T| =127.5£2.5, Ts = 165+5°
Tw| =135, Tist = 159
1[C10y4]> sf T| = 16545, Tt = 185+5?

Tyl =174, Tt = 184

aFrom crystallographic data. ®A magnetic measurement of this tran-
sition from a phase-pure sample was not achieved. See also ref. 50.
°From magnetic susceptibility data. “These magnetic data are in-
consistent with the crystal structure of this compound. See the text
for more details. °*SCO is incomplete in the magnetic measure-
ments, because a fraction of the sample is kinetically trapped in its
high-spin state below the transition temperature.

The acetone solvate crystals of 1[BF4], and 1[ClO4], were
manually separated for characterization by X-ray powder dif-
fraction (Figures S20-S21). Those samples were each phase-
pure, implying there were no other uncharacterized materials in
the mixtures. However, useful powder patterns were only ob-
tained if the samples were coated with nujol, to protect them
against solvent loss. This sensitivity also made it hard to obtain
consistent TGA or magnetic measurements from the individual
acetone solvate phases. After several attempts, consistent mag-
netic data were obtained from pure samples of 1[C104]:Me2CO
and 1[ClOq4);'mMe,CO-0.5H20. However, the BF4 solvates
could only be magnetically characterized as a mixture of the
1[BF4]»MexCO, 1[BF4],:0.75Me.CO and
1[BF4]»0.5Me2CO-0.5HO phases, which is labelled
‘1[BF4]>:xMe2CO’ in the following discussion.

Mixed ‘1[BFs]>'xMe2CO’ samples show ymT =2.0 £0.2 cm3
mol™' K at 300 K, indicating a mixed high:low-spin population
at room temperature. This stays roughly constant on cooling un-
til 150 K when an abrupt decrease in ymT is observed, corre-
sponding to an abrupt high—low spin transition (Figure 1). A
constant residual high-spin fraction with ym7T = 0.5 0.2 cm3
mol™' K remains on further cooling. The reverse low—high
spin-transition occurs at 7 =168 *1 K on rewarming. This is



always preceded by a small, gradual decrease in ymT between
100-150 K, which is characteristic for the thermal trapping of
some SCO-active material in its high-spin form at such low
temperatures.’’3 That has also been seen in salts of other
[Fe(bpp®)2]** derivatives showing cooperative SCO at tempera-
tures approaching 100 K.*7=¢-3
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Figure 1. Magnetic susceptibility measurement for a mixed-
phase sample of ‘1[BF4]>-xMe2CO’, showing its in situ con-
version to 1[BF4]2-sf: (i) first cycle, 300—3—350 K (black);
(i1) second cycle, 350—3—300 K (red). Data points are con-
nected by spline curves for clarity. Scan rate 5 K min™..

While the temperature of the partial abrupt spin-transition in
Figure 1 is consistent with single crystals of 1[BF4];-Me.CO
(Figures S7-S8), the hysteresis loop is wider than expected from
the unit cell data (Table 1).*® That might be explained by the
faster temperature ramp in the magnetic measurement, which
can widen kinetic hysteresis in an SCO material.”® Alterna-
tively, it might reflect the onset of solvent loss from the sample
in the high vacuum magnetometer cavity. In any case, the mag-
nitude of the abrupt spin-transition implies samples of
‘1[BF4]>xMe2CO’ contain between 35-55 % of cooperative
SCO phase 1[BF4];-Me2CO.

Yellow 1[Cl04]>"MexCO is high-spin at room temperature
and exhibits a complete, hysteretic spin transition centered at
162 K (Figure 2). As for the BF4 salt, the 22 K hysteresis width
in the magnetic measurement is larger than in the single crystal.
The discrepancy for this compound is only just outside the error
of the crystallographic measurement, however (Table 1). In
contrast, the brown material 1[ClOQ4)2:mMe2CO-0.5H20 exhib-
its gradual SCO with Ty, = 325 K, which is ca 80 % complete at
350 K (Figure S24).

Heating ‘1[BF4]>:xMe2CO’ and 1[ClO4]»"Me2CO to 350 K
converts them to a new single-phase material, which was as-
signed as solvent-free 1Xysf from the single crystal experi-
ments described below (Figures 1 and 2). The desolvation of
‘1[BF4]>xMe>CO’ occurs rapidly in the magnetometer, within
one thermal scan, but three or four scans were required for full
conversion of 1[C104]>-Me2CO to 1[C1Os]»-sf. Interestingly, all
components of the ‘1[BF4]»xMeCO’ mixture transform to the
same 1[BF4]»'sf material under these conditions. That was also
observed for ‘1[ClO4]>xMe>CO’ mixed phase samples (Figure
S25).

The annealed 1X,-sf samples are fully high-spin at room tem-
perature and also exhibit abrupt spin-transitions below 200 K.
The spin-transitions in both annealed materials also exhibit

T £ em®mol” K

0 50 100 150 200 250 300 3350
T/IK

Figure 2. Magnetic susceptibility measurement for phase-pure
1[C104]2Me2CO, showing its in situ conversion to
1[C1O4]>sf. Three consecutive thermal scans are shown: (i)
300—3—350 K (black); (ii) 350—3—350 K (gray); (iii)
350—3—300 K (red). Other details as for Figure 1.

thermal hysteresis. Interestingly, SCO in 1[BF]»sf occurs at ca
15 K lower temperature than for 1[BF4],-Me2CO, and with a
wider thermal hysteresis (Figure 1). However, the opposite is
observed for the perchlorate salt; 7 for 1[ClO4]2-sf shifts to ca
10 K higher temperature, and with narrower hysteresis, after the
desolvation process (Figure 2). A possible explanation for these
differences is discussed below. Thermal trapping of a residual
high-spin fraction of the sample was also observed during SCO
in 1[BF4]>-sf, but not for 1[ClOg4l,-sf. Thermal trapping in
1[BF4]>sf occurs more efficiently when measured at a faster
scan rate, confirming its kinetic origin (Figure $23).7°!-%®

Heating crystals of 1X,-MeCO (X~ = BFs or CIO4") at 370
K on the diffractometer caused a rapid transformation to 1X,-sf
(monoclinic, space group P2i/n Z = 4), without degradation of
crystal quality. Unit cell determinations from 1X-sf confirmed
their spin-transition temperatures match the magnetic data from
the annealed ‘1X>xMe>CO’ samples (Figures 3 and S17-S19).
However, the crystallographic SCO hysteresis loops for both
1X,sf crystals are a few degrees wider than in the magnetic
data, which is the opposite to the trend expected if the hysteresis
were controlled by the thermal scan rate (Table 1).%° Rather, it
might reflect the improved crystallinity and larger particle size
of a single crystal of 1X»'sf, compared to a polycrystalline sam-
ple from annealing a mixture of precursor phases.**®

Structural comparison of 1X,-Me,CO and 1X,-sf

The unit cells of 1X,-sf (in the space group setting P21/n) re-
semble the precursor 1X,-Me2CO crystals (in the setting P21/c),
but with the b and ¢ axes exchanged; thatis,a ~a’,b=c’,c =
b’ and B = pB’. The cations in 1X>Me>CO are roughly co-
aligned, but with alternate canting of their molecular z axes
about the crystallographic c direction (Figure 4). Cations related
by a crystallographic inversion center exchange intermolecular
n--- 7 contacts through the S-S atom of each SSiPr group. One
of these n---7 contacts is formed to a pyridyl ring from the
neighbor molecule, while the other involves a pyrazolyl group.
These pairwise n--- 7 interactions propagate into chains parallel
to the [101] crystal vector.

The chain-of-n- - - 7-dimers motif is retained in 1X,'sf. One di-
merization interaction is geometrically similar in both lattice
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Figure 3. Variable temperature unit cell parameters for
1[BF4]>sf, measured in cooling and warming modes and
showing thermal hysteresis in the spin transition (Table S9).

types. However, each pair of cations in 1X,sf is translated by
1+x, y, z compared to their equivalent positions in 1X,"Me2CO,
so those S atoms interact with opposite faces of the heterocyclic
ligand in the two lattice types. That gives the chains in 1X,'sf a
zig-zag geometry, aligned along the [010] vector (Figure 5).

The closest S--- 7 distances for each interaction in the low-
spin structures range from 3.26-3.44 A for 1X,MeCO and
3.31-3.50 A for 1Xy'sf; these values are generally longer in the
high-spin forms of the crystals (Tables S3 and S8). For compar-
ison, the sum of the Pauling van der Waals radii of an S atom
and an aromatic ring is 3.55 A.%* Hirshfeld surface analyses of
these structures also highlight weak C—H---Y (Y = F or O)
and/or anion---7 contacts between the cations and anions in
some of the structures (Figures S35-$37).%° These secondary in-
teractions are less likely to contribute to SCO cooperativity
however, since they do not directly link the cation switching
centers in the materials.

Structures of both 1Xz-sf crystals were determined at 250 K,
when they were high-spin, and at 100 or 110 K. Both the low-
spin and high-spin states of 1[BF4],-sf were achieved at 100 K,
using the same crystal. That reflects the slow kinetics for that
high—low spin transition observed in the magnetic data (Fig-
ure 1). Thus, the crystal was thermally trapped in its high-spin
form when it was first cooled from 250 to 100 K on the diffrac-
tometer,’"%" but a subsequent, duplicate experiment yielded
the low-spin state at 100 K. The different outcomes might be

Figure 4. Packing diagrams of low-spin 1[BF4],-Me2CO at 143 K, viewed along the [100] (left), [010] (center) and [001] (right)
crystal vectors. One chain of cations linked by 7--- 7 interactions is highlighted in each diagram, and the directions of the unit cell
axes are shown for each view. Color code: C{complex}, white or dark gray; H{complex}, pale grey; N, pale or dark blue; S,

purple; BF4~, yellow; solvent, red.

Figure 5. Packing diagrams of 1[BF4]-sf at 100 K, viewed along the [100] (left), [001] (center) and [010] (right) crystal vectors.
The views are arranged to facilitate comparison with the previous Figure. Details as for Figure 4.



Table 2. Crystallographic spin-transition temperatures for the 1X,-Me>CO and 1X5-sf phases, and structural changes during
their thermal SCO.** The parameters are computed from high- and low-temperature crystal structures, with the values in
square brackets for 1X5-sf being calculated from their isothermal high-spin and low-spin structure refinements. More de-

tailed metric parameters are listed in Tables S2 and S7.

1[BF4]»-MexCO 1[C10],"Me>CO 1[BF,]-sf 1[CIO],-sf
Tyl 17545¢ 15545 1275425 1655
Tt 17545¢ 165+5 165+5 18545
AT - 10£7 3846 20£7
AVon 2.419(15) 2.439(14) 2.555(17) [2.476(13)] 2.548(15) [2.458(17)]
AZ 64.8(6) 64.8(5) 70.0(7) [69.2(6)] 67.3(6) [63.1(6)]
AO 230 231 225 [216] 218 [202]
Ag ~11.32(16) ~11.47(15) ~11.99(19) [-13.03(16)]  —11.39(17) [-11.24(19)]
N ~1.29(6) ~1304) ~1.88(6) [-2.34(4)] ~1.06(5) [-1.15(5)]

*AVon = Von{high-spin} — Von{low-spin}. The other parameters in the table are calculated similarly. ®Von is the volume of the octahedron
defined by the FeNg coordination sphere.”! X is a general measure of the deviation of a metal ion from an ideal octahedral geometry, while
©® more specifically indicates its distortion towards a trigonal prismatic structure.””"” ¢ is the trans-N{pyridyl}—Fe-N{pyridyl} bond angle,
while @ is the dihedral angle between the least squares planes of the two tridentate ligands.” More detailed definitions and discussions of
these parameters are in the cited references, and in the Supporting Information to this article. “See ref. 50.

caused by small differences in the temperature ramp in the two
experiments. Alternatively, they could reflect the introduction
of additional defects or a reduction in domain size in the crystal
following the first thermal cycle.®*% While thermal trapping of
1[ClO4]>stf was not observed, isothermal high- and low-spin
structures of that compound were achieved at 170 K, a temper-
ature inside its SCO hysteresis loop.

Although the orientations of their /Pr substituents are differ-
ent, in other respects the molecular structures of 1X;Me2CO
and 1X;,sf are very similar. Each shows a comparable displace-
ment of one L' ligand relative to the other in the complex during
SCO, as quantified by the frans-N{pyridyl}—Fe-N{pyridyl}
bond angle (¢ Table 2).”* The four crystals show 163.01(13) <
¢ < 166.37(12)° when high-spin, which is a significant devia-
tion from its ideal value of 180°. High-spin [Fe(bpp®)2]** deriv-
atives can show large distortions from idealized D¢ symmetry
through reduced values of ¢ and of the dihedral angle between
the least squares planes of the two ligands (6, Table 2).** SCO
in the solid state becomes more difficult as ¢ and & deviate more
strongly from the more regular geometries preferred by the low-
spin complexes.?” The values of ¢ in 1X,-MexCO and for 1X-sf
lie in a range where SCO is possible, but is rarely observed in
practice.’” The high-spin molecular geometries of 1X-sf appear
to show a small temperature dependence, as we have observed
before in some related compounds.'®” More detailed investiga-
tions would be required to quantify that, however.

The low-spin forms of the compounds have more regular ge-
ometries with 174.33(10) < ¢< 177.61(13)°. The change in ¢
between the spin states, Ag, is 11-13° (Table 2), which leads to
a large, anisotropic geometric rearrangement of the molecules
in the lattice during SCO (Figure 6). Such A¢ values are unusu-
ally large for an SCO-active [Fe(bpp®)2]** derivative, and are
associated with cooperative hysteretic spin-transitions where
they have been observed before.?>"7¢77 Notably 1[BFg]y-sf,
which shows a wider hysteresis loop than the other compounds
in the Table, has both a larger A¢ and slightly higher A, which
supports this structure:function relationship. These changes
lead to lateral displacements of the peripheral atoms in the mol-
ecules, of up to 1.0 A, which will be transmitted

Figure 6. Overlaid high-spin (white) and low-spin (purple)
structures of 1[BF4]>Me2CO (top) and 1[BF4]2sf (bottom),
showing the angular displacement of the L' ligands during
SCO. Only the major orientation of the disordered isopropyl
residue in high-spin 1[BF4]>-Me2CO is shown. The 1[BF4]2-sf
view was generated from the isothermal high- and low-spin
structures of that compound at 100 K.

efficiently through the lattice by the intermolecular n--- 7 inter-
actions described above. This is the likely origin of the cooper-
ative, hysteretic spin-transitions in 1X2-Me2CO and 1X5-sf.



Other 1X,'solv materials

Recrystallization of the 1X;salts from undried nitromethane,
acetonitrile or methanol yielded visually homogeneous samples
of 1X>-MeNO:, 1X,-MeCN and 1X,-H>O respectively. Crystals
of 1[BF4]MeNO: and 1[ClO4);'nMeNO: (n = 0.9; both mon-
oclinic, P2i/n, Z = 4) are isomorphous. The perchlorate crystal
was slightly substoichiometric in nitromethane, which might re-
flect a steric clash between the solvent molecule and a neigh-
boring, disordered ClO4 anion. Crystals of 1[BF4],-H2O (mon-
oclinic, P2i/n, Z = 4) are isomorphous with the nitromethane
solvates and, although they were not crystallographically char-
acterized, the X-ray powder patterns from 1[BF4]»MeCN and
1[ClO4]>H20 imply they are also isomorphous with these ma-
terials (Figures S32-S33). However, 1[Cl1O4]>"-MeCN (triclinic,
P1, Z=4) adopts a different symmetry, with two unique cations
in its asymmetric unit. All these materials are phase pure by
powder diffraction except 1[C104]," MeCN, whose powder pat-
tern is different from the others and does not agree well with the
crystallographic simulation. Although no other single crystal
morphologies were apparent for that compound, bulk samples
of 1[Cl1O04]>-MeCN appear to contain a mixture of phases.

The unit cell parameters of 1[BF4],-MeNOz, 1[BF4],-H20 and
1[ClO4]>nMeNO:z (in the space group setting P2i/n) are also
essentially identical to 1X5-Me2CO (X~ = BF4 or ClO47; in the
setting P21/c), witha=a’’,b=b"’,c= ¢’ and f= . However,
despite that coincidental similarity, the crystal packing in the
two solvate lattices is quite different. The cations in
1[BF 4] MeNO:, 1[BF4]>-H20 and 1[ClO4],'nMeNO- also asso-
ciate into chains through intermolecular n--- 7 interactions, in-
volving sulfur atom lone pairs. However, pairs of interacting
molecules in this lattice are related by a crystallographic C2
axis, which associates them loosely into chains parallel to the
[101] vector (Figure 7).

The intermolecular S--- 7 distances in this lattice type range
from 3.36-3.60 A, and are a little longer than in the more coop-
erative 1X,-Me2CO and 1X;-sf low-spin crystals (Table S13).
While they are complicated by disorder, Hirshfeld surface anal-
yses confirm there are no short, directional intermolecular in-
teractions in these lattices (Figure $S38).%> Despite that, how-
ever, the overall packing density in this lattice type is greater
than in the more cooperative materials, which is evidenced by
the crystallographic density (D) of the compounds. For exam-
ple, 1[C104]>MexCO (M: 947.69) has De = 1.593 g cm™ at 100
K, while 1[C104]»nMeNO:2 (M: 944.55) gives D. = 1.614 g
cm? at the slightly higher temperature of 120 K.

The MeNO: and MeCN solvates are more stable to solvent
loss than the acetone solvate crystals. These samples afforded
TGA analyses consistent with their crystallographic formula-
tions (Figure S31), and reproducible magnetic data. The hydrate
crystals easily lose their lattice water on heating by TGA, but
also regain it quickly when re-exposed to air. However those
samples also gave reproducible magnetic data when protected
against solvent loss.

All the MeNO2, MeCN and H2O solvates exhibit gradual
SCO equilibria by magnetic susceptibility data, with 264 < T
<342 K (Figures 8 and S34). Their high-temperature suscepti-
bility behavior was reversible at temperatures up to 350 K,
showing these spin-state changes are not associated with in situ
solvent loss. The spin states shown by the magnetic data at dif-
ferent temperatures agree well with the crystallographic predic-
tions, except for 1[C104]MeCN. The two unique cation envi-
ronments in that crystal are both low-spin at 120 K and

Figure 7. Packing diagram of 1[BF4]»"MeNO: at 120 K,
viewed along the [010] vector. Only one orientation of the dis-
ordered residues in the structure is shown. One chain of cati-
ons linked by pairwise n--- 7 interactions is highlighted, and
the directions of the unit cell axes are shown. Color code:
C{complex}, white or dark gray; H{complex}, pale grey; N,
pale or dark blue; S, purple; BF47, yellow; solvent, red.
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Figure 8. Variable temperature magnetic susceptibility data
for the isomorphous 1X3-MeNO:z and 1X5,-H20 materials. Data
were measured on a 300—350—3—300 K thermal cycle, at a

scan rate of 5 K min™'.

predominantly high-spin at 250 K, implying they undergo SCO
between those temperatures. However the bulk material under-
goes gradual SCO at higher temperature, and is only 20 % high-
spin at 250 K in the magnetic data. As mentioned above, this
sample apparently contained a mixture of phases by powder dif-
fraction, so the single crystal structures of 1[{C104]>-MeCN are
not representative of that bulk sample.

The isomorphous 1X>MeNOz, 1X,-MeCN or 1X,-H2O crys-

tals could not be characterized in their high-spin form without
crystal decomposition from solvent loss. Hence, it’s unclear



whether their SCO is associated with smaller structural changes
between their spin states, than in the more cooperative
1X>Me>CO and 1X,-sf series.”

Annealing crystals of 1[BF4]»MeNO:2 and 1[BF4],'H20 at
370 K for 1 hr on the diffractometer afforded the same
1[BF4],sf phase described above. These annealed crystals were
often twinned, but retained their single crystallinity on some oc-
casions. The transformation is not evident in the magnetic data
from the same phases however, implying it requires more forc-
ing conditions than for the acetone solvates (Figure 8).

Spin-crossover in 2[BF,]»

Since L* was available in small quantities, only one salt of its
iron complex was investigated, 2[BF4],. Two isomorphous
solvates of this material were structurally characterized,
2[BF4]»:0.5MeNO; and 2[BF4],-0.5MeCN (both triclinic, P1, Z
=2). These were low-spin at 100 and 120 K, respectively, while
a second structure determination of 2[BF4]>:0.5MeNO: con-
firmed it remains low-spin at room temperature (Figures S40-
S41, Table S14). A third measurement at 350 K led to twinning
of the crystal however, which we were unable to resolve.

Variable temperature magnetic data from 2[BF4],:0.5MeNO2
proved unexpectedly complicated (Figure 9). The freshly pre-
pared compound is low-spin at 290 K, as expected, but trans-
forms abruptly just above room temperature to a predominantly
high-spin material (ym7 = 2.8 cm® mol ™' K at 340 K). A further
small increase in ymT between 340-350 K implies its SCO con-
tinues in more gradual fashion on further heating. The
high—low-spin SCO upon recooling occurs gradually and in
three apparent steps near 340, 275 and 200 K; the material only
regains its fully low-spin state below 140 K. The 200 K feature,
which is starred in Figure 9, appears in both heating and cooling
modes in scans (ii)-(iv) and slowly grows in each successive
scan. The other features of the susceptibility curve are repro-
ducible in all four scans, however.
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Figure 9. Variable temperature magnetic susceptibility data
for 2[BF4]2'0.5MeNO-. Four consecutive thermal scans are
shown (Figure S43): (i) 300—3—350—3 K (black); (ii)
3—350—3 K (green); (iii)) 3—350—3 K (yellow); (iv)
3—350—300 K (blue). Scan rate 5 K min~!. The starred fea-
ture grows on repeated scanning, and may arise from slow
desolvation of the sample as the experiment proceeds.

The structural origin of this unusual behavior could not be
probed in detail, because crystal structures of [BF4],:0.5MeNO:
following the low—high-spin transformation are unavailable.
However, we postulate an abrupt crystallographic phase change
from a low-spin-phase phase A to an SCO-active phase B, on
heating above 300 K. Phase B would then undergo gradual SCO
on cooling, in two steps around 340 and 275 K, and transform
back to phase A at lower temperature after regaining its low-
spin state. Phase B may contain two or more unique iron envi-
ronments in its crystal lattice, to account for the stepwise SCO
in cooling mode.”® Superimposed on this reversible behavior,
the starred feature near 200 K may arise from partial desolva-
tion of the sample on heating, which becomes more pronounced
as the experiment proceeds. TGA data show minimal solvent
loss from the material below 340 K, which is consistent with
that suggestion (Figure S44).

Conclusion

This study reports solvate compounds of [Fe(L")2]X> (1Xy; X~
= BF4 or C104). Many of the materials adopt one of three lat-
tice types (1X>Me>CO, 1X»-sf and 1X,;MeNO2/1X,H>0) ex-
hibiting similar unit cell dimensions, but in different monoclinic
space group settings. These adopt different packing motifs
based on chains of [Fe(L')2]** molecules linked by pairwise, in-
termolecular n-- - rinteractions involving their disulfanyl S-S at-
oms (Figures S6, S16 and S30). The relationship between these
structures is emphasized by the fact that 1X,-sf is prepared from
1X>MexCO in single-crystal-to-single-crystal fashion; the
transformation is so facile that it makes 1X,-Me>CO difficult to
characterize. Some 1X,MeNO2/1X,-H2O crystals were also
converted to 1Xzsf after more extended annealing on the dif-
fractometer.

While not all the intermolecular n--- 7 contacts are notably
short, they afford a large surface contact area between nearest
neighbor cations that could facilitate cooperative SCO switch-
ing. Thus, both 1X>Me>CO and 1X-sf exhibit abrupt thermal
spin-transitions at 7T = 150 20 K, with thermal hysteresis
widths of up to 38 K depending on the measurement method
(Figures 1-3). However the hysteresis widths for these com-
pounds determined by crystallographic and magnetic measure-
ment do not follow a consistent trend (Table 1), which implies
solid state kinetics® and sample crystallinity®®* may both con-
tribute to the form of the transitions. All four crystals undergo
a rearrangement of molecular structure between their spin
states, involving a large angular displacement of their L' ligands
(Table 2). This angular rearrangement is somewhat greater for
1[BF 4] sf, whose SCO hysteresis loop is also wider than for the
other crystals.

This observation can explain the wider anion dependence of
the effect of single-crystal-to-single-crystal desolvation of
1X>-Me2CO on their SCO properties. The molecular structures
of the two spin states in 1[ClO4]> Me2CO and 1[ClOq]s-sf are
very similar. However, 1[BF],-sf undergoes a greater struc-
tural rearrangement during SCO compared to 1[BF4],- Me>CO.
That larger structural change should increase the activation en-
ergy of SCO in 1[BF4]»-sf, widening its hysteresis loop. More-
over, the more distorted molecular structure in the high-spin
1[BF4],- sf crystal will destabilize its low-spin state, thus lower-
ing T as observed.”



Compounds adopting the third variant of this packing struc-
ture, 1X>-MeNO2/1X,-H-O, exhibit more typically gradual ther-
mal SCO equilibria centered at higher temperatures. While no
high-spin crystal structures were achieved, that may imply the
structure changes during SCO are smaller for this series. Nota-
bly, the less cooperative 1X,-MeNO2/1X,-H-O lattice also has a
higher crystal packing density than more cooperative
1X>Me>CO. One might expect a denser crystal to exhibit more
cooperative switching behavior, other things being equal, but
that is not the case in this system. In fact, the literature contains
examples of polymorphic or closely related SCO materials
where a higher crystal density is associated with both
stronger®*® or weaker®®® transition cooperativity.

Lastly, 2[BF4]>:0.5MeNO: undergoes abrupt SCO with an
unusual asymmetric hysteresis loop, which is centered around
room temperature and has at least two steps in its more gradual
cooling branch (Figure 9). We know of one other material
whose spin-transition profile resembles Figure 9, but without
steps on the cooling branch of the transition.*” Some other com-
pounds exhibit spin-transitions with more abrupt, unsymmetric,
stepped hysteresis loops.'"*>%% Where structural data are
available, the asymmetry always reflects a crystallographic
phase change during SCO, as proposed here.’>**? The high-
spin and low-spin phases then have different lattice structures,
which can lead to different transition cooperativity in the
low—high-spin and high—low-spin processes. The forward
and reverse crystallographic phase changes can also occur at
different rates, especially where thermal hysteresis dictates they
take place at very different temperatures.**’

This work has afforded structure:function correlations for
SCO in 1Xj solvate salts, in three related crystal lattices. The
structure types exhibit similar unit cell dimensions, and varia-
tions of a crystal packing motif based on chains of cations
linked by pairwise intermolecular S---7 contacts. Their struc-
tural similarity makes them especially valuable for determining
the structural basis of cooperative phase transitions in SCO
compounds, and other types of functional molecular crystal.
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