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ABSTRACT

Structure:function relationships are surveyed relating the spin-crossover (SCO) midpoint
temperature (71) in the solid state, for 43 members of the iron(Il)/dipyrazolylpyridine family of
SCO compounds. The difference between T3 in the solid state and in solution [AT(latt)] is
proposed as a measure of the lattice contribution to the transition temperature. Negative linear
correlations between SCO temperature and the magnitude of the rearrangement of the
coordination sphere during SCO are evident among isostructural or near-isostructural subsets of
compounds; that is, a larger change in molecular structure during SCO stabilizes the high-spin
state of a material. Improved correlations are often obtained when AT(latt), rather than the raw
Ty, value, is considered as the measure of SCO temperature. Different lattice types show different
tendencies to stabilize the high-spin or low-spin state of the molecules containing them, which
correlates with the structural changes that most influence AT(latt) in each case. These
relationships are mostly unaffected by the SCO cooperativity in the compounds, or by the
involvement of any crystallographic phase changes. One or two materials within each subset are
outliers in some or all of these correlations however which, in some cases, can be attributed to
small differences in their ligand geometry or unusual phase behavior during SCO. A re-
investigation of the structural chemistry of [Fe(3-bpp)2][NCS]2-nH20 (3-bpp = di{ 1H-pyrazol-3-

yl}pyridine; n = 0 or 2), undertaken as part of this study, is also presented.



Introduction

Spin-crossover (SCO) compounds are versatile molecular switches, where a change in metal ion
spin state is triggered by a thermal, optical or pressure stimulus.!> This affects the magnetic
moment, color, conductivity? and dielectric constant* of solid SCO compounds, and can also lead
to a mechanical response.’ Multifunctional materials using SCO to modulate fluorescence® or a
non-linear optical response,’” or induce single-molecule® or bulk magnetic ordering® at low
temperatures, have also been achieved. Exploitation of these properties in device and
nanotechnology applications®> requires an understanding of structure:function relationships in
SCO molecular materials.'® More fundamentally, SCO crystals are also useful models for
mechanistic studies of crystallographic phase transitions.'!

The relationship between molecular structure and crystal packing on one hand, and the
temperature and cooperativity of SCO transitions on the other, remains a difficult crystal
engineering problem.!? In that regard, an intriguing structure:function relationship was noted by
Guionneau et al in 2005, in complexes of the cis-[Fe(NCS).L»] type (L is a bidentate N-donor
ligand). Nine out of eleven complexes in that survey displayed a negative linear relationship
between the SCO midpoint temperature (73;), and an angular distortion of the coordination
geometry (Figure S1).!2 That is, materials whose SCO involves a greater angular rearrangement
of their coordination sphere are stabilized in the high-spin form, thus exhibiting a lower T.
Although the trend has not yet been addressed computationally, it is reasonable that more
anisotropic structural changes during SCO would lead to a higher kinetic barrier for the
transition, imposed by the surrounding solid lattice. That higher activation energy would require

additional supercooling of the material to induce SCO, as observed.!*!?



That observation has not yet been generalized to any other class of material. Part of the
challenge is that, despite the plethora of SCO complexes known, there are few families of
chemically similar and/or isostructural SCO materials that allow individual structure:function
trends to be identified. In that regard, the library of compounds related to [Fe(1-bpp)2]X> (Chart
1; 1-bpp = 2,6-di{pyrazol-1-yl}pyridine; X~ = a monovalent anion) is a valuable resource. Over
100 such compounds have been published containing 1-bpp or a substituted bpp*H or bpp™Y
derivative, around half of which are known to be SCO-active in the solid state.!*!> That number
increases further when complexes of the isomeric 3-bpp and 1,3-bpp ligand families are also

considered.!®

Chart 1 [Fe(1-bpp)2]X2 (top), and the ligand types referred to in this study.



We recently reported a rationalization of the influence of ligand substituents on 73, of 26 [Fe(1-
bpp)2]X> derivatives based on solution phase data.!” A structure:function correlation for 7y, in the
solid state presents additional challenges, where the spin-state of a complex is perturbed by the
rigid solid lattice. The chemical pressure exerted on a molecule by its nearest neighbors
constrains its geometry, changing the relative enthalpies of the spin states as the transition
proceeds.'® Phonon entropy also contributes to SCO thermodynamics in condensed phases, as a
function of the lattice symmetry as well as the intra- and inter-molecular bonding interactions.”

We have now applied our data to correlate molecular structure with 7, in the solid state, in
complexes of these ligand families (Chart 1). The results extend Guionneau et al.’s conclusions,

while emphasizing that solid state SCO cannot be considered as a purely molecular phenomenon.

Experimental

No new compounds were synthesized during this study. Graph plotting and linear regression fits
were carried out with SIGMAPLOT,” using structural data from our laboratory or from the
Cambridge Crystallographic Database.?!

Previously unpublished solution-phase magnetic data from compounds in our laboratory were
obtained by Evans method (Figure S2).2? Diamagnetic corrections were calculated from Pascal’s
constants,” and a correction for changes to the density of the CD3;CN solvent with temperature
was also applied.?*

Crystallographic and magnetic data from a new anhydrous phase of [Fe(3-bpp)2][NCS]»2%2¢
are presented in the Supporting Information. Solid state magnetic measurements were obtained

with a Quantum Design SQUID or VSM SQUID magnetometers, in an applied field of 5000 G



with a temperature ramp of 5 K min™!

. Diamagnetic corrections for the samples were estimated
from Pascal’s constants.”> A diamagnetic correction for the sample holder was measured

separately, and also applied to the data.

Results and Discussion
As well as the absolute SCO transition temperature 7, the difference in 71, between the solid
and solution phases [AT(latt), eq 1] was also considered as a measure of the lattice contribution
to Ty, in the solid state.

AT(latt) = Tiy(solid) — Tis(solution) (D)
A positive value of AT(latt) indicates the lattice stabilizes the low-spin state and raises 7T(solid),
compared to the same compound in fluid solution. Table 1 lists such complexes whose Tis(solid)
is accurately known; where Ty, (solution) is known, or can be estimated based on a published o*
Hammett parameter;'” and, where at least one crystal structure is available.

A complication in this definition is that Ti(solution) for [Fe(3-bpp):2]** and [Fe(1,3-bpp)2]** is
solvent-dependent, reflecting the influence of hydrogen bonding to their distal N-H groups.?’
Thus [Fe(3-bpp)2]** exhibits Ti(solution) ranging from 244 K in MeNO: to 255 K in dmf,”’
which also increases further in the presence of water.'>?”?% Similarly, Tis(solution) for [Fe(1,3-
bpp)2]** has been measured as 254 K in acetone!® or 262 K in MeOH.?* We employed the lower
Ty, (solution) values in this analysis, which reflects the hydrophobic lattices in the anhydrous
crystals in the Table while also giving the best agreement in the structure:function correlations
described below. There is no evidence for a solvent-dependence of Ty, (solution) in [Fe(1-bpp)2]**

derivatives, which have no hydrogen bond donors in their heterocyclic ligand framework.!”



Table 1. The compounds considered in this work (Chart 1), with references. The structural
parameters that were correlated with these data are listed in Table S2. Compounds in italics are

“outliers” in many of the structure:function plots discussed.

Ty(solid) Ty,(solution) AT(latt) Structural
/K /K /K data®

Group 1

[Fe(1-bpp)2]1[BF4]2 26143 243(1)% 13 HS/LS
[Fe(bppH20H-H),1[BFa4]» 2714 229(2)° 42 HS/LS
[Fe(bppCH2OHH),1[C104]2 28430 229(2)° 55 HS/LS
[Fe(bppMet),][C104]2 1844 216(2)" -32 HS
[Fe(bppt)2][BF:]2 237V 215(4H)Y 22 HS/LS
[Fe(bpp"™©):][C104]2 233% 273(1H)Y —40 HS/LS
[Fe(bpp™©!)2][BF4]2 20231 231(3)>! —29 HS/LS
[Fe(bpp'Br),][BF4]2 25331 238(2)°! 15 HS
[Fe(bpyzM®),][BF4]> 24232 291(1)*? —49 HS
[Fe(3-bpp)2][NCS]> 2302¢ 244(1)% -12 HS/LS
[Fe(3-bpp)2][NCSe]> 2342 244(1)*7 -10 HS
[Fe(1,3-bpp)2][ClO4]2 315% 2541529 61 LS
Group 2

[Fe(bppSMeH),][BF4]2, mol A€ 2703 194(2)>* 76 HS/LS
[Fe(bpp3™eH),][BF4]2, mol B¢ 269% 194(2)>* 75 HS/LS
[Fe(bppSMeH),][Cl04]2, mol A° 253 194(2)>* 59 HS/LS
[Fe(bpp3™MeH),][C104]2, mol B¢ 258 194(2)> 64 HS/LS
[Fe(bpp®-H),][BFa]2 30732 234(H)Y 73 HS/LS
[Fe(bpp*H)2][BF4]> 33232 236(1)"7 96 HS/LS



[Fe(bpp")2][C104]2
[Fe(bpp“H25-H),][BF]2
[Fe(bppC™H),1[BF4]>, phase A

[Fe(bpp®™H),1[BF4]>, phase B

Group 3

[Fe(bppSFH),][BF4]2
[Fe(bppSPrH),][BF4]2- MeNO»
[Fe(bppSPrH),][BF4].- MeCN
[Fe(bpp**™)2][BF4]2-yMe>CO
[Fe(bpp**")2][BF+]>-H>0
[Fe(bpp>PH),][C104]2
[Fe(bppStrH); J[ClO4]2-MeNO:
[Fe(bpp>*"H),][C104]2- H20

Group 4
[Fe(1-bpp)2][Ni(mnt)>]>- MeNO>
[Fe(bppCH2SCNHY, | [BF4],
[Fe(bpp©©2tH),][BF4]2
[Fe(bpp©©2"-H),][Cl04]2
[Fe(bpp©O2EtH),][Cl04]2- MeCN
[Fe(bpp™{SINIMe), [[C104]

[Fe(bppCH=CHPhH), | [BF,]o-Me2CO

[Fe(bpp“HOH-4H),1[C104]2
[Fe(bppCSHACHO-4H) 1[C1O,]
[Fe(bpp™*¥H),][BF4]2
[Fe(bpp®*¥H),][ClO4]2

333%
324%
3413
440%7

1853
1713
1613
1413
2123
175%
9039

176%

17557
27238
3475960
38360
233%
33262
17263
281
28564
4009
406%

236(1)Y
237(10)¢
250(10)¢
250(10)4

215(4)°
215(4)°
215(4)°
215(4)°
215(4)°
215(4)
215(4)°
215(4)°

248(1)%
213(1)38
281(1)"
281(1)
275(2)01f
262(4)%2
151(10)¢
218(10)
225(10)
245(10)¢
245(10)¢

87
91
190

59
66
102
42

21
63
60
155
161

LS
LS
HS/LS
HS/LS

HS/LS
HS/LS
HS/LS
HS/LS
HS/LS
HS/LS
HS

HS/LS

HS/LS
HS/LS
HS/LS
HS/LS
HS
HS/LS
HS/LS
LS
LS
LS
LS



[Fe(bpyz)2][BF4]2-3MeNO> 1986 268(1)72 =70 HS/LS
[Fe(3-bpp)2][Fe(NO)(CN)s]2 18367 244(1)% —61 HS/LS

aHS, LS = high-spin or low-spin crystal structure available. HS/LS = structures in both spin
states available. "This work (Figure S2). “Material contains two unique cations, which undergo
SCO at discrete temperatures. YEstimated from our previously reported correlation for
Tys(solution) in [Fe(1-bpp)2]** derivatives.!” °This is the high-spin—low-spin T in cooling mode.

fSolution T is for [Fe(bppCO2C16H33.H),1[Cl1O4],.

An initial survey of the relationship between Ti,(solid) or AT(latt) and molecular structure, for
all the compounds in the Table, found no clear correlations. Therefore, the compounds were
divided into groups, reflecting the crystal packing they adopt (Table 1). Group 1 all crystallize in
variants of the “terpyridine embrace” lattice type, involving four-fold layers of interdigitated
cations associating through 7...7 interactions between their pyrazolyl arms (Figure 1, top).*
SCO iron(Il) complexes adopting this lattice type often exhibit rather similar, abrupt spin
transitions with narrow thermal hysteresis loops.?! Group 2 all adopt a second crystal packing
motif related to the terpyridine embrace, but with half the 7...7 contacts disrupted by the pyridyl
ring ‘X’ substituents from adjacent cation layers (Chart 1; Figure 1, bottom).?> Group 3 is a
family of isostructural solvate crystals of the same complex cation, which adopt a third mode of
crystal packing.’®> While group 3 is also a layered structure, cations within the layers are not all
co-aligned, and are well-separated by isopropyl substituents and anions (Figure 2). Despite their
structural similarities, compounds in groups 2 and 3 exhibit more varied SCO behavior than

those in group 1. Lastly, group 4 contains other, structurally diverse compounds that do not fall



into the other groups. Groups 1, 2 and 4 all include some compounds undergoing
crystallographic phase changes during SCO, and others that do not. Similarly, all the groups

include materials with gradual, abrupt or hysteretic SCO transitions.

Figure 1 The crystal packing in representative examples of group 1 ([Fe(1-bpp)2][BF4]2, top)*
and group 2 ([Fe(bpp®-),][BF4]2, bottom),? oriented to highlight their similarities and
differences. Alternate cation layers in these lattices have white and maroon coloration, while the
BF, ions are yellow. Different variants of the terpyridine lattice in group 1 have adjacent cation

layers that are canted with respect to each other (as in the Figure), or are co-aligned.*°
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Figure 2 The crystal packing in a group 3 compound ([Fe(bpp®iP"H),][BF4]2-MeCN),*? oriented
to highlight the difference with groups 1 and 2 (Figure 1). Alternate cation layers in the (100)
plane have white and maroon coloration, the BF4™ ions are yellow and MeCN molecules are

green.

The AT(latt) values in the Table show some clear trends. Group 2 shows consistently large and
positive AT(latt) which, with one exception, spans a small range of values (59 < AT(latt) <91 K).
Thus that lattice type consistently stabilizes the low-spin form of a complex, to a similar extent
in each of these cases. In contrast, AT(latt) for group 3 spans a wider range of negative values,

implying that structure type stabilizes the high-spin state to varying degrees. Lastly, group 1

11



shows a range of positive and negative AT(latt) values, implying the terpyridine embrace lattice
type has a significant, but inconsistent, influence on the spin state of those complexes.

Ty,(solid) and AT(latt) for groups 1-3 were plotted against different metrics measuring changes
in the metal coordination sphere (Figure 3). The compounds in each group are considered
separately. The trends described below are followed by the majority of compounds. However, a
few examples have different or unusual structural chemistry which makes them outliers in some,
or all, of the correlations considered. These are discussed further below, and are highlighted in
italics in Table 1 and with pale coloration in Figure 3.

The simplest parameter considered is Von, the volume of the FeNg octahedron as a measure of
the Fe—N bond distances.3* Von is typically <10 A3 in low-spin [Fe(1-bpp)2]** derivatives, and
>12 A3 in SCO-active high-spin compounds.’® The change in Von between the spin states is
defined as AVon, according to eq 2:

AVon = Von(high-spin) — Von(low-spin) 2)
Alternative structural indices used to quantify the spin states of SCO compounds are the angular
distortion parameters X and @ (eqs 3 and 4):

= %12,190 - | (3)

0 =33%,/60 — | @)
where f; are the twelve cis-N-Fe—N angles about the iron atom and ; are the 24 unique N-Fe—N
angles measured on the projection of two triangular faces of the octahedron along their common
pseudo-threefold axis (Chart 2). 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.*3 A perfectly octahedral complex gives X = © = 0 (Guionneau et al used ©

in their study'?). X and @ are usually much larger in the high-spin state, particularly in complexes

12



of chelating ligands with restricted bite angles as in this work.!® Hence, changes in X and ©

between the spin states (A2 and A®) reflect the angular rearrangement of the coordination sphere

during SCO.
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Figure 3 The relationship between Tis(solid) (top) and AT(latt) (bottom) and three indices
describing changes to the metal ion coordination sphere during SCO. Error bars are often smaller
than the symbols on the graphs. The compounds are plotted as group 1 (black or gray circles),
group 2 (dark or pale red squares) and group 3 (dark or pale green triangles). The dotted lines
show the linear regression lines for each group of compounds, excluding the outlier compounds
shown in pale coloration. Correlation coefficients for these regression lines are shown for each
graph. Near-zero correlation coefficients imply the data are highly scattered, and/or that the slope

of the regression line is near zero so the plotted parameters have no influence on each other.
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Chart 2. Angles used in the definitions of the distortion parameters X and ©.

% Yiow
LA

%

The three groups of compounds in Table 1 exhibit markedly different behaviors against these
structural parameters. The [Fe(1-bpp):]** complexes in group 1 (black circles) show consistent
negative correlations of AVon, AY and A® against both Ti,(solid) and AT(latt), although the fits to
AT(latt) have consistently better linearity (higher regression R* values) than the corresponding
Ti(solid) plots. The one [Fe(3-bpp)2]** complex of this type where structural data are available
in both spin states (gray circle) matches the rest of the group in its AVon bond length parameter,
but is a strong outlier in the angular AY and A® plots. We attribute that to the different bite angle
exerted by 3-bpp, whose heterocyclic rings are linked by C—C bonds, compared to the slightly
shorter C—N bonds linking the donor groups in 1-bpp or bpyz. This is reflected in tabulated X and
O values for [Fe(1-bpp)2]** and [Fe(3-bpp)2]** derivatives which are, on average, ca 10 % lower
for [Fe(1-bpp)2]** in its low-spin form, and ca 5 % higher in the high-spin state.’” Hence,

although their bond length properties (Von) are similar, [Fe(3-bpp)2]**

complexes generally
exhibit AY and A® values that are ca 25 % smaller than for [Fe(1-bpp).]** derivatives, all other
things being equal. That is consistent with our observations (Figure 3).

Ty(solid) shows a reasonable correlation with these structural indices for most of group 2

(Figure 3, red squares), but with two strong outlier materials. These are two low-spin phases of

the same complex which, unusually, interconvert upon cycling about the spin transition via the
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same high-spin phase.’® In contrast, the structural dependency of AT(latt) for group 2 is much
weaker, showing a shallow negative correlation with AVon and essentially zero correlation with
the angular parameters. However, those weaker correlations also now account for one of the
outlier materials, which is not described by the 7;(solid) analyses. Hence, the AT(latt) parameter
gives a more consistent description of this group, in which the lattice imposes an almost constant
additional stabilization of the low-spin state. Thus, T (solid) in group 2 is less influenced by
molecular structure changes during SCO than in group 1.

The group 3 materials (Figure 3, green triangles) all contain the same complex cation, giving
the same Tw(solution) correction in their A7(latt) values (Table 1). Hence, the Tw(solid) and
AT(latt) correlations are identical for this group. Five of these compounds show a good linear
relationships between AT(latt) and AVon or A®, although the latter correlation is very shallow.
There are two significant outliers in the group, however, for reasons that are unclear. It is
suggestive that the outliers have the highest and lowest Tis(solid) and AT7(latt) values in the
group, but there are no structural aspects unique to those compounds to explain their apparently
anomalous properties (but see below).?>* The AX values in this group span a narrow range, and
there is no apparent correlation of that parameter with AT(latt).

Equivalent plots of Tis(solid) and AT(latt) vs Von, 2 or @ in the high-spin (HS) or low-spin (LS)
states of the compounds were also examined, to investigate whether either spin state makes a
dominant contribution to the above trends (Figure 4). These graphs also included some extra
compounds, whose crystal structures are only available in one spin state (Table 1). Groups 1-3

again show different behavior in these plots.
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Figure 4 The relationship between AT(latt) and three indices describing the metal ion
coordination sphere during SCO, in the low-spin (LS, top) and high-spin (HS, bottom)

compounds. Details as for Figure 3.

While the data are more scattered than in Figure 3, group 1 shows moderately linear positive
correlations between Von(LS), 2(LS) or G(LS) and AT(latt), and comparable negative
correlations between AT(latt) and the same parameters in the HS state (Figure 4). There is no
consistent trend in the slope of those correlations between the spin states, so neither spin state
clearly dominates the behavior of group 1. However, the apparent stabilization of the low-spin
state by expansion of the metal coordination sphere in the LS correlations is counter-intuitive.
We interpret that as confirming that the change in these parameters during SCO is the important

factor controlling AT(latt) in the group 1 compounds (Figure 3).
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The plots of AT(latt) vs Von, 2 or @ in each spin state of group 2 have good linearity, which
includes one of the group outliers as above (Figure 4). The LS parameters all show negative
correlations with A7(latt) with more negative slopes than the equivalent HS regression lines,
some of which have essentially zero slope. Hence, the LS state evidently contributes more to the
relationship between AT(latt) and AVon for this group (Figure 3).

In group 3, a positive correlation between AT(latt) and Von(LS) is counterbalanced by a much
steeper negative linear correlation to Von(HS) (Figure 4). The latter is the only structure:function
relationship we have identified which accounts for all the outlier compounds in group 3. We
therefore suggest the Fe—N bond lengths in the high-spin state are the biggest contributor to
AT(latt) and Tw(solid) in group 3. Consistent with that, another member of that series which
remains fully high-spin on cooling, [Fe(bppS"H),][ClO04]2-MeCN, exhibits a larger Von(HS)
value of 12.254(7) A3 at 142 K.3 That gives a predicted AT(latt) = —147 K, or Tw(solid) = 68 K,
from the correlation in Figure 4. SCO in [Fe(1-bpp):]** and [Fe(3-bpp)2]** derivatives rarely
extends below 100 K,3*#! where they become kinetically trapped in their high spin states.3%40:42
Correlations between AT(latt) and X or @ for group 3 in each spin state are all negative, and more
scattered than the Vo plots.

All the corresponding graphs for group 4 are very scattered and contain no identifiable
structure:function correlations (Figures S3 and S4). That is consistent with our other results,
implying that crystal packing plays an important role in the relationship between structure and
SCO in these compounds.

Two more structural indices that are often applied to [Fe(1-bpp)2]** or [Fe(3-bpp)2]**
derivatives are ¢ (the trans-N{pyridyl}—Fe—-N{pyridyl} angle) and 6 (the dihedral angle between

the least squares planes of the two ligands; Chart 3).** ¢ and 0 reflect the relative disposition of
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the two ligands in the complex, and thus describe the shape of the molecule as a whole rather
than simply the inner coordination sphere. Significant changes in ¢ and 6 during SCO can be
associated with enhanced cooperativity in the transitions.*** However, larger deviations of ¢
and 0 from their ideal values of ¢ = 180° and 6= 90°, tend to inhibit SCO in the solid state.!*15:46
Since ¢ and 6 are influenced by intermolecular interactions as well as the metal coordination
geometry, they can deviate from ideality in both spin states. Hence, A¢ and A6 (defined as in eq

2) can take positive or negative values.

Chart 3 The distortion parameters ¢ and 0 in [Fe(1-bpp)2]** derivatives.

>

2X"

/

Linear relationships can be identified between AT(latt) and A6 for groups 1 and 3. For group 1,

a negative correlation between these parameters includes the outlier [Fe(3-bpp)2][NCS]. (Table
1), but excludes two other compounds in the series (Figure 5, top). That implies larger distortions
along the 6 coordinate in the high-spin state tend to stabilize the high-spin form of the
complexes, which is reasonable. However, AQ and AVon also correlate well for most of this group
(Figure 5, bottom) while there are also weaker correlations between A6, and AY or A@®, for the

same compounds (Figure S7). Hence, the molecular shape and inner coordination sphere are
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interrelated in this group, and no one structural parameter can be identified as the main
contributor to their AT(latt).
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Figure 5 Top: the relationship between AT(latt) and A6 for group 1, showing a correlation
involving a subset of the group. Bottom: plot of AVon vs A6 for the same compounds, showing a
link between their molecular shape and the dimensions of their inner coordination sphere. The

gray point is the outlier compound for the group in Figures 3 and 4 (Table 1).

Moderately linear correlations between AT(latt) and A¢ or A6 can be proposed for group 3
(Figure S6), excluding the outlier compounds in Table 1 which is consistent with Figures 1 and
2. These are mirrored in plots of AT(latt) vs ¢ or 6 in the high-spin state of the materials, which
supports the validity of that relationship (Figure S8). However, an alternative linear relationship

is also apparent between AT(latt) and A8 only, for five of the seven compounds including the
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outliers but excluding two other compounds in the group (Figure S6). In contrast to group 1,
there is no clear link between A6 and Von, 2 or @ for this group (Figure S8) so the interpretation
of this observation is less clear.

There is no correlation between A7(latt) and A¢ or A6 for the group 2 and group 4 compounds
(Figures S4 and S6). Moreover, these geometric distortions cannot explain the outlier compounds
in groups 1-3, since none of these has unusually large A¢ or A0 values compared to the other

compounds (Table S2).

Conclusion

We have used the available library of [Fe(1-bpp):]** derivatives, and a handful of related
compounds, to reproduce Guionneau et al’s observation that Ti, in solid SCO complexes
correlates with common measures of the rearrangement of the metal coordination sphere during
SCO (Figure S1).'234 Larger structural changes about the iron center generally stabilize the high-
spin form of the compound, thus increasing 7i. In this study, though, that relationship is only
evident among isostructural or near-isostructural materials, which adopt the same mode of
crystal packing. The degree to which structure influences 7, varies between these different
lattice types. However, the correlations mostly hold equally well for materials exhibiting phase
changes or thermal hysteresis during SCO, as for those that do not (although a compound in
group 2 is a consistent exception). It is also equally valid for compounds undergoing SCO above
or below room temperature. Notably, most of the crystals in Guionneau’s correlation are also

closely related, in adopting one of three variants of the same packing mode.!%!347
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The parameter AT(latt) provides insight into these differences, by separating out the
contributions to Ti,(solid) from the metal ion ligand field, and from the surrounding lattice. In the
group 1 compounds (Table 1), both these elements contribute to 7is(solid), and AT(latt) correlates
well with several measures of the molecular changes occurring during SCO. However, small
differences in ligand bite angle between the isomeric members of the [Fe(bpp)2]** family (Chart
1) change their X and @ values sufficiently, that only the bond length parameter AVon describes
all the compounds in the group consistently.

In contrast, while the compounds in group 2 exhibit comparable AVon, AY and A® values to
group 1, these have a much weaker influence on AT(latt) which mostly spans a small range of
positive values. Hence, that lattice type is insensitive to molecular structure changes during SCO,
but exerts a more consistent stabilization of the low-spin state across the whole group of
materials. Consistent with that, the low-spin structures of those compounds appear to contribute
more than the high-spin to A7(latt) in those compounds (Figure 4). One outlier material in group
2 is a consistent exception to that trend; that compound exhibits an unusual phase change during
SCO, whose energetics could also contribute to AT(latt) in that case.*® However, in other respects
group 2 is the most predictable series of compounds in this work, since their 7i(solid)
temperatures are most closely related to the electronic properties of the ligands in the compound.
Thus, eq 5 predicts Ti,(solid) for all the group 2 compounds, excluding the outlier, to within +20
K based on the o,* Hammett parameters of their ligand substituents (Table 2).4

Tiy(solid) = 80op* + 310 5)
The group 2 compounds all have some chemical similarity, in containing pyridyl ligand

substituents with one or two heavy atoms and no substituents at the pyrazolyl rings. While not all
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such compounds lie in group 2 (Table 1), other complexes with that substituent pattern are most

likely to adopt the group 2 crystal packing, and to show the predictable behavior of eq 5.

Table 2. T,(solid) values calculated by eq 5 for the group 2 compounds (Table 1), based on the

op" Hammett parameters of their pyridyl ligand substituents.

[Fe(bpp®“HH),][BF4]2 is omitted from the list.

48

The outlier phase B of

ot Tv(solid) Tv(solid)

P obsd / K caled/ K
[Fe(bppS™eH),][BF4]2, mol A3? —0.60 270 262
[Fe(bppSMe-H),][BF4]2, mol B¥ —0.60 269 262
[Fe(bppS™eH),][CI04]5, mol AS* ~0.60 253 262
[Fe(bppSMeH),][C104]2, mol B3* —0.60 258 262
[Fe(bpp®H),] [BFs], 0.15 307 322
[Fe(bpp*t)2] [BF4]32 0.14 332 321
[Fe(bpp"H)2][Cl104]2% 0.14 333 321
[Fe(bppCH2BrH), | [BF,],% 0.02 324 312
[Fe(bpp©“HH),][BF4]2, phase A3® 0.18 341 324

The behavior of group 3 is harder to rationalize, despite this being the most similar group of

materials in Table 1. Unlike group 2, all the variation in 7Ti(solid) for this group comes from the

AT(latt) lattice contribution. So, no correlation equivalent to eq 5 can be written for group 3.

Although all members of group 3 are perfectly isostructural in both spin states, three of its eight

compounds are outliers behaving differently from the others in most of the correlations

examined. Unlike the group 2 outlier, there is no exceptional phase behavior in those compounds
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to rationalize that variation. Only one parameter was found that fits A7(latt) for all members of
the group, through a very steep correlation with the Fe—N bond lengths (Von) in the high-spin
compounds. Hence, in contrast to group 2, the high-spin structures of group 3 may control the
lattice contribution to their Ti,(solid) values. That is consistent with AT(latt) for this group,
whose lattice stabilizes the high-spin form of all the compounds to varying degrees (Table 1).

In all three of these groups, AT(latt) is better described by measures of the inner metal
coordination sphere (Von, 2 and @), than by parameters describing the shape of the molecule as a
whole (6 and ¢). That implies different considerations may apply to the temperature and
cooperativity of SCO in a solid material. Anisotropic crystal packing and short intermolecular
contacts that deform the shape of a molecule often lead to more cooperative spin transitions.!%!3
However, taken together, this work and ref 12 imply crystal packing might only influence 7%,
significantly, if that lattice anisotropy results in a distortion of the inner coordination sphere.

In conclusion, we have introduced the AT(latt) parameter as a useful aid to understanding the
molecular and lattice contributions to T (solid) in molecular SCO crystals. Different crystal
lattices in this study influence Ti(solid) consistently, but in different ways. For example, AT(latt)
in a lattice that consistently stabilizes the low-spin state of a molecule is more strongly
influenced by its low-spin molecular structure, and vice versa. That observation may have
predictive value for the crystal engineering of SCO molecular materials, and deserves further

investigation.
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