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ABSTRACT: In order to improve strategies for the design of spin-
crossover materials, it is necessary to develop and understand
structure−property relationships, and this is best achieved by
obtaining isostructural materials. In this work we synthesized a
series of four isostructural cocrystal solvates using the [Fe(3-
bpp)2][A]2 complex and the 2,2-dipyridyl disulfide coformer in
methanol and ethanol (A = BF4

− or PF6
−). The spin-crossover

properties of the materials were determined by variable temperature
single-crystal X-ray diffraction. They show the same SCO behavior
but with shifted spin-crossover temperatures, which has been related
to the hydrogen bond basicity, pKBHX of the anions, and solvents
present. This relationship between hydrogen bond basicity and the
spin-crossover transition temperature offers a design strategy for the
supramolecular tuning of spin-crossover properties in specific isostructural materials.

■ INTRODUCTION
Spin-crossover (SCO) materials consist of d4 − d7 octahedral
transition metal complexes that can switch between the low-
spin (LS) and high-spin (HS) states, in response to stimuli
such as changes in temperature, pressure, and light irradiation.1

There are many examples of such materials, and the
temperature at which the SCO occurs and the shape of the
SCO curve depend on a variety of factors and affect the types
of applications each material may be suitable for.2−4 While the
metal, its oxidation state, and the choice of ligands can provide
a field strength where a complex may be SCO active, the
second coordination sphere and beyond also play an extremely
important role in dictating the overall SCO behavior observed
in the material.5−8 Polymorphic SCO materials are a clear
demonstration of this, where multiple species have the same
chemical connectivity but differ in their packing in the solid
state, resulting in very different SCO properties.9,10 However,
the supramolecular aggregation that leads to different solid-
state packing is difficult to predict and therefore control.11

Modifying a SCO material by changing the solvate or the
counterion can result in different structures and thus SCO
properties.12−16 When the crystal packing changes upon
modifying variables such as the counterion or solvate, it
becomes extremely challenging, if not impossible, to draw
sensible comparisons between the materials and hence
rationalize their properties. Of course it is possible to see

potential trends in some cases; for example, it has been
suggested that the LS state is favored in the [Fe(3-bpp)2]2+
complexes by the presence of water within the crystal
structure.17,18 This has been attributed to an increase in the
electron density within the pyrazolyl ring resulting from the
hydrogen bonding of water to the N−H groups of the 3-bpp
ligand, thus strengthening the Fe−N bond and stabilizing the
LS state.19 It is important to develop such structure−property
relationships to guide the design of new materials with
improved properties. The effect of changing the anion on the
SCO behavior of [Fe(3-bpp)2]2+ complexes has been difficult
to rationalize due to the propensity of the complex to form
different hydrogen bonded networks, especially with water.7 In
order to rationalize such effects, it is ideal to obtain materials
which remain isostructural when variables like solvent
molecules and counterions are changed. It is also important
to be able to compare the properties of isostructural materials
based on specific properties of the varying components, such as
their propensity for hydrogen bonding. Comparing anions and
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solvents in this way can be difficult, but a hydrogen bond
basicity scale (pKBHX) has been developed which allows for the
comparison between anions, solvents, and other molecules.20,21

To obtain isostructural materials, maintaining the fine
balance of structure-directing interactions is crucial. Isostruc-
tural molecular SCO materials have been obtained by changing
between anions of similar shape, charge density, and hydrogen
bond basicity such as BF4

− and ClO4
−, changing ligand

substituents, or when different solvents are used.22−25 In most
of these cases, the isostructurality of the materials relies solely
on the similarities of the components that are being varied to
maintain the balance of structure-directing interactions. The
exception to this is the example where the solvents are varied
because the ligands do not contain the functionality to
participate in strong and directional intermolecular interactions
such as hydrogen bonds.25 This means that the crystal packing
is likely dominated by the multiple and moderate structure-
directing interactions between the complexes and anions, and
less affected by which solvent is present so long as the solvents
are similar enough in size to fill the same void space.

Crystal engineering can be used to control this balance of
structure-directing interactions to a certain extent through
cocrystallization. Specifically, this has been described by Cincǐc ́
et al. in the form of “supramolecular blueprints” where the
effects of changing individual components in a cocrystal could
be “buffered” by the components that remain the same.26

Cocrystallization typically involves the crystallization of a
molecule of interest together with a coformer.27 It has been
most widely used in the pharmaceutical industry where the
molecule of interest is an active pharmaceutical ingredient
(API), although it may also be an SCO complex.28−30 A
coformer is normally chosen primarily based on predictable
intermolecular interactions (sometimes referred to as supra-
molecular synthons) with the molecule of interest, but there
are also other reasons a specific coformer may be chosen, such
as its size, conformation, functionality, etc.31 By introducing a
coformer into an SCO system, the structure directing effects of
the coformer can potentially act to “buffer” the effects of
changing other components such as the anion or solvent. In
doing so, the isostructurality of the resulting materials is not
solely based on the similarity of the varying components but is
supported by the presence of the coformer. Examples of
isostructural SCO cocrystals have been reported previously;
however, in these cases the varying components were the
halogen substituents on the coformer or ligands and not an
anion or solvent molecule.24,32

We have recently reported on the use of cocrystallization to
modify the structures and properties of SCO materials, namely,
the BF4

− and PF6
− salts of the [Fe(3-bpp)2]2+ complex.30 The

work involved the use of ditopic dipyridyl coformers such as
bipy (4,4′-dipyridine) to form supramolecular architectures
such as 1D chains, 2D sheets, and 3D networks. In these cases,
the N−H hydrogen bond donors on the 3-bpp ligands were all
satisfied by the pyridine-based acceptors on the coformers.
However, it is also possible to obtain structures where the N−
H hydrogen bond donors are satisfied by a mixture of different
acceptors such as anions, solvents, and coformers.

In this work, four novel isostructural cocrystal solvates with
the formula [Fe(3-bpp)2][A]2·dpds·X (where 3-bpp = 2,6-
di(pyrazol-3-yl)pyridine, A = BF4

− (1a) or PF6
− (1b), dpds =

2,2′-dipyridyl disulfide, and X = Methanol (MeOH) or
Ethanol (EtOH)) were synthesized, and their SCO behavior
was characterized through variable-temperature single crystal

X-ray diffraction (VT-SCXRD). The crystal engineering
concepts employed and structure−property relationships will
be discussed along with some examination of how these results
correspond with anion and solvent effects in the absence of a
coformer.

■ RESULTS AND DISCUSSION
In our previous work, we reported the synthesis of a cocrystal
containing the [Fe(3-bpp)2][PF6]2 complex (1b) and the dpds
coformer which had a densely packed 3D network structure
with significant distortion of the [Fe(3-bpp)2]2+ complex. In
this work, cocrystallization of dpds with 1a was attempted, but
instead of the 3D network structure (1b·dpds) obtained
previously, a cocrystal solvate with the formula [Fe(3-
bpp)2][BF4]2·dpds·MeOH (1a·dpds·MeOH, Figure 1) was

obtained. Large red crystals were grown from a methanol
solution containing dpds and 1a which was allowed to
evaporate slowly. Despite being a solvate, the crystals were very
stable in the absence of solvent at room temperature.

Figure 1 shows the asymmetric unit of 1a·dpds·MeOH
where both crystallographically distinct BF4

− anions are
depicted. Although not shown in Figure 1, the BF4

− (1)
anion hydrogen bonds to both N1 and a symmetry equivalent
of N10, bridging between adjacent [Fe(3-bpp)2]2+ complexes.
In our previous work, the ditopic coformers bridge between
complexes through hydrogen bonding. However, in this
structure the dpds coformer only forms a hydrogen bond
through one of its pyridyl rings, despite having the potential to
bridge between adjacent complexes through its two nitrogen-
based hydrogen bond acceptors. Instead, the pyridyl ring not
involved in hydrogen bonding participates in π−π stacking
interactions with another dpds coformer as shown in Figure
2a. The centroid-centroid distance in this interaction is
3.806(4) Å, which is typical for π−π stacking in the sandwich
configuration.33

In some crystalline solvates, the solvent molecules are held
loosely within voids through weak intermolecular interactions
and can be heavily disordered. However, in this case, the
methanol solvent within the structure participates in two
hydrogen bonds, acting as a hydrogen bond acceptor toward

Figure 1. Asymmetric unit of the 1a·dpds·MeOH cocrystal solvate at
140 K. Atomic displacement parameters are shown at 50% probability.
Minor disordered components have been omitted for clarity.
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the 3-bpp ligand as well as a hydrogen bond donor to the BF4
−

anion (Figure 1). Given that the methanol is held relatively
strongly within the structure, it was possible to perform
variable temperature single crystal X-ray diffraction measure-
ments up to 405 K.

In terms of the general packing of the material, it has a
layered structure as seen in Figure 2b. Within the layers, the
complexes are held together through a combination of edge-to-
face and offset face-to-face π-type interactions (Figure 2c)
typically seen in the “terpyridine embrace” motif,19 and the
bridging of complexes through the BF4

− (1) anion as described
above. Adjacent layers are held together through the π−π
stacking interactions between the dpds coformers as seen in
Figure 2a,b.

Figure 2a shows the main supramolecular synthons (1−5)
present within the 1a·dpds·MeOH cocrystal solvate, and based
on these synthons, the structure can be thought of as a
“supramolecular blueprint” as described above.26 To obtain
materials which are isostructural with 1a·dpds·MeOH, supra-
molecular synthons 1 and 5 from Figure 2a need to persist to
act as a “buffer” while varying the other components (anions
and solvent) of the “blueprint”. This led to the following
hypotheses:

(1) That supramolecular synthons 2 and 3 could be
maintained by replacing the methanol solvent with
another alcohol of similar size such as ethanol.

(2) That supramolecular synthons 3 and 4 could be
maintained by replacing the BF4

− anion with one that
can participate in the same intermolecular interactions
(acting as a hydrogen bond acceptor) and is of similar
size.

Thus, cocrystallization of dpds and 1a was attempted using
ethanol, in an effort to replace the methanol with ethanol in
the “supramolecular blueprint” and obtain an isostructural
cocrystal solvate. Ethanol was chosen as the alcohol to replace
methanol as it is less bulky than other alternatives such as
isopropanol and n-propanol. Replacing methanol with ethanol
was successful and yielded a 1a·dpds·EtOH cocrystal solvate
(Figure 3) which was indeed isostructural with the 1a·dpds·
MeOH cocrystal solvate.

Both the 1a·dpds·MeOH and 1a·dpds·EtOH cocrystal
solvates were analyzed by VT-SCXRD in order to obtain
information regarding the SCO behavior of the materials,
where the average FeN6 octahedral volume was used as an
indicator of the spin state. Tables displaying the octahedral
volumes of all cocrystal solvates can be found in the
Supporting Information in Tables S1−S4 and are plotted as
a function of temperature in Figure 4a.

From Figure 4a, it can be seen that the SCO curves of 1a·
dpds·MeOH and 1a·dpds·EtOH are very similar in shape, but
the T1/2 is shifted from 279 K in 1a·dpds·MeOH to 314 K in
1a·dpds·EtOH. Considering that the only difference between
the two structures is the solvent molecules, the enhanced

Figure 2. (a) The “supramolecular blueprint” of the 1a·dpds·MeOH cocrystal solvate, showing the main hydrogen bond interactions (1, 2, 3, and
4) and the pi-pi stacking interaction between dpds coformers (5). Atomic displacement parameters are drawn at 50% probability. (b) Grown
structure of the 1a·dpds·MeOH cocrystal solvate showing the layered structure containing the “Complex layer” and the “Dpds π−π stacking layer”.
Anions and solvent molecules were omitted for clarity. (c) Labeled depiction of the “Edge-to-face” (EF) and “Offset face-to-face” (OFF) π−π
interactions present within the 1a·dpds·MeOH structure. Anions and solvent molecules were omitted for clarity.
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stabilization of the LS state in 1a·dpds·EtOH can be attributed
to the stronger hydrogen bond accepting ability of ethanol
compared to methanol. This is supported by the pKBHX values
of methanol and ethanol (0.82 and 1.02 respectively) where
ethanol possesses stronger hydrogen bond basicity.20 As
described in the introduction, it is expected that the hydrogen
bonding to the pyrazolyl ring of the 3-bpp ligand increases
electron density within the ring and strengthens the Fe−N
bond. Thus, stronger hydrogen bonding can be expected to
further strengthen the Fe−N bond and enhance the
stabilization of the LS state, as has been previously suggested
for the same interactions between the complex and water.19

Given that it was possible to obtain these isostructural
cocrystal solvates using both methanol and ethanol, it
demonstrates that the “supramolecular blueprint” must be
quite robust. Therefore, the cocrystallization of dpds with the
PF6

− salt of the [Fe(3-bpp)2]2+ complex (1b) was attempted
using methanol and ethanol, in an effort to obtain cocrystal
solvates that are isostructural with those of the BF4

− salts. PF6
−

was chosen over the ClO4
− anion which is more similar in size

to the BF4
− anion due to safety considerations. The literature

suggests that the PF6
− counterion is a weaker hydrogen bond

acceptor than BF4
−.34 This is supported by the pKBHX values of

PF6
− and BF4

−, which are 1.77 ± 0.15 and 2.24 ± 0.10
respectively.21 Therefore, it was hypothesized that any
isostructural cocrystal solvates containing PF6

− should have a
T1/2 shifted to lower temperatures compared to the BF4

−

analogues, for the same reason that 1a·dpds·MeOH has a
lower T1/2 than 1a·dpds·EtOH.

The [Fe(3-bpp)2][PF6]2 complex (1b) was dissolved in
methanol or ethanol, along with the dpds coformer in a 1:1
stoichiometric ratio, and the solution was allowed to evaporate
slowly. The cocrystallization was successful in both methanol
and ethanol, resulting in the isostructural 1b·dpds·MeOH and
1b·dpds·EtOH cocrystal solvates. However, in the crystal-
lization vials from both solvents, there were also small, yellow
crystals present that were found to be the 1b·dpds cocrystals,
which we have discussed in our previous work.30 Clearly then,
it can be seen that using the PF6

− counterion instead of BF4
−

pushes the limits of the supramolecular blueprint and affects
the balance of structure directing interactions such that both
the 1b·dpds and 1b·dpds·MeOH/1b·dpds·EtOH structures
are formed, rather than just the cocrystal solvate as seen in the
BF4

− analogues. However, it is not clear whether this is due to
the larger size or the weaker interactions of the PF6

− anions
with the H-bond donors on the ligand, but it is likely to be a
combination of these factors. It is worth noting here that we
cannot definitively rule out the possibility that other structures
may form from the cocrystallization of 1a and dpds in both
methanol and ethanol, but we have not observed any under the
conditions used in this work.

Efforts to make isostructural cocrystal solvates using other
alcohols such as n-propanol and isopropanol have been
unsuccessful, and this can be attributed to the additional
steric bulk present in these two molecules. This highlights an
important point that the presence of the necessary functional
group, such as the alcohol in this case, does not guarantee that
it can be replaced within the structure. However, what cannot
be done in a given supramolecular blueprint may be possible in

Figure 3. Asymmetric unit of the 1a·dpds·EtOH cocrystal solvate at
170 K. Atomic displacement parameters are shown at 50% probability.

Figure 4. (a) SCO curves of the four isostructural cocrystal solvates: 1a·dpds·MeOH, 1a·dpds·EtOH, 1b·dpds·MeOH, and 1b·dpds·EtOH as
determined using variable temperature single-crystal X-ray diffraction. (b) T1/2 as a function of the combined pKBHX values of the anions and
solvent molecules.
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another. Therefore, it is important to consider each blueprint
on a case-by-case basis to evaluate what may be possible.

The SCO curves in Figure 4a show a clear trend in that
stronger hydrogen bond acceptors, which hydrogen bond to
the N−H groups of the 3-bpp ligands, better stabilize the LS
state and shift the T1/2 to higher temperatures. Figure 4b shows
T1/2 as a function of the combined anion and solvent pKBHX
values for each of the materials, and there is an almost linear
relationship. The consequence of this relationship is that it
should be possible to predict approximately the T1/2 of a
material that is isostructural with those in this work, based on
the combined pKBHX values of the anions and solvent
molecules present. It is important to emphasize here that the
linear relationship in Figure 4b is relevant only to materials
which are isostructural with those used in this work. However,
it is likely that such relationships will exist for each family of
isostructural materials. Thus, calculation of pKBHX values may
prove to be a useful tool for the rational tuning of SCO
temperature through modification of supramolecular inter-
action strength.

In this series of isostructural cocrystal solvates, the effect of
changing the between the BF4

− and PF6
− anions results in a

larger shift in T1/2 compared to the effect of changing between
methanol and ethanol. This reflects the 0.47 difference in
hydrogen bond basicity (pKBHX) between the BF4

− and PF6
−

anions, compared to the 0.20 difference between methanol and
ethanol. These results confirm our hypothesis regarding the
shifts in T1/2 based on the hydrogen bond basicity of the
acceptors (anions and solvents) and provide a specific design
strategy to tune the transition temperature in similar SCO
systems. It is worth noting that no evidence of hysteresis effects
in the SCO behavior was observed for any of the materials in
this study.

Upon close inspection of the data in Figure 4a and Table 1,
it can be seen that the effect of changing the solvent from

MeOH to EtOH on the T1/2 values is dependent on which
anion is present. The increase in T1/2 upon replacing methanol
with ethanol is 20 K when using PF6

− anions and 35 K when
using BF4

− anions.
These differences show that there may be an enhancement

of the hydrogen bond basicity of the solvent molecules
depending on the acceptor strength of both the anion and the
solvent. We attribute these observations to an effect termed
“polarization-enhanced hydrogen bonding”, which can occur in
hydrogen bonded chains and rings as described in review
articles on the topic of hydrogen bonding.35,36 This polar-
ization-enhanced hydrogen bonding has a greater effect on
ethanol than methanol because of the greater electron density
present on the oxygen in ethanol. These subtle enhancements
arising from the different combinations of anions and solvents
would be very difficult, if not impossible, to detect without the
materials being isostructural.

Polarization-enhanced hydrogen bonding is likely to play a
part in many SCO materials, especially those containing
extensive hydrogen bonded networks. For example, as
described in the introduction, water is expected to stabilize
the LS state in [Fe(3-bpp)2]2+ based SCO materials for the
same reasons as described in this work. However, water has a
pKBHX of 0.65, which is lower than both methanol (0.82) and
ethanol (1.02). Therefore, it may be the case that the extent to
which the LS state is stabilized in the presence of water
depends on the acceptor strength of the anion to which the
water acts as a hydrogen-bond donor. The acceptor strength of
water can be enhanced to a greater extent than alcohols by
polarization-enhanced hydrogen bonding because it has two
hydrogen bond donors through which the accepting strength
of the oxygen can be enhanced compared to only one donor
present on alcohols. Clearly, there is a lot of scope for the
investigation of the effects of polarization-enhanced hydrogen
bonding in SCO materials as it will provide us with another
strategy for the design and tuning of their properties.
Furthermore, polarization-enhanced hydrogen bonding may
also explain properties other than transition temperature such
as cooperativity as described recently.37

The effect of the anions on the transition temperature in this
series of materials is opposite to what was observed in our
previous work where the PF6

− based cocrystal 1b·azp(α)
([Fe(3-bpp)2][PF6]2·(4,4′-azopyridine)2 (α)) had a higher
T1/2 than the isostructural BF4

− based cocrystal 1a·azp(α)
([Fe(3-bpp)2][BF4]2·(4,4′-azopyridine)2 (α)).30 This demon-
strates that the effect of the anion is also dependent on its
position and role within the crystal structure, i.e., whether it is
participating in strong directional intermolecular interactions
such as hydrogen bonds or whether it is participating in weaker
interactions within a void. We are actively investigating the
effects of the anion in cases where it does not participate in
strong intermolecular interactions to further improve our
understanding and provide us with additional design strategies.

■ CONCLUSIONS
It has long been suggested that the LS state in [Fe(3-bpp)2]2+
complexes is stabilized by the hydrogen bonding of the free
N−H groups to acceptors such as water.17,18 By obtaining
isostructural cocrystal solvates using anions and solvents of
different acceptor strengths, we have been able to show that
the LS state is indeed stabilized by these interactions and that
stronger hydrogen bond acceptors stabilize the LS state to a
greater extent. The use of the hydrogen bond basicity scale
(pKBHX) where anions and solvents could be directly compared
allowed for a more robust rationalization of these results and
offers a strategy for the design of future materials where it may
be possible to target specific transition temperatures through
supramolecular tuning.20,21 We also suggest that the acceptor
strength of the solvent molecules is increased through
“polarization-enhanced hydrogen bonding” when they simulta-
neously act as hydrogen-bond donors. The relevance of this
phenomenon to SCO materials in a more general sense has
also been discussed, and clearly there is great potential for it to
improve both our understanding and design strategies of new
materials.

This work demonstrates that cocrystallization and crystal
engineering in SCO systems can not only be useful for the
modulation of SCO behavior as shown in our previous work
but also to study certain structure−property relationships and
provide a means to tune SCO transition temperatures. Here,

Table 1. T1/2 Values Found for the Four Isostructural
Cocrystal Solvates

cocrystal solvate T1/2 (K)

1a·dpds·MeOH 279
1a·dpds·EtOH 314
1b·dpds·MeOH 230
1b·dpds·EtOH 250
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this was achieved through a cocrystal engineering strategy,
where the presence of the dpds coformer in the 1a·dpds·
MeOH cocrystal solvate provided a “supramolecular blueprint”
from which the anion and solvent components could be varied
to obtain isostructural materials. This supramolecular blueprint
strategy allowed for the variation of two different types of
molecular components (anions and solvent molecules) in a
four component system (complexes, anions, coformers, and
solvent molecules) by maintaining the relevant supramolecular
synthons. While the appearance of a particular cocrystal solvate
such as 1a·dpds·MeOH cocrystal solvate is not something that
can yet be predicted, it was possible to tune the transition
temperature of the material through anion and solvent
variation in a rational way. This is extremely important for
the development of design strategies given that supramolecular
blueprints may be identified more easily and found more
frequently in cocrystalline materials due to the potential
“buffering” effect of the coformer.

The results from this work also highlight that obtaining
isostructural SCO materials using cocrystallization can allow
for tuning of the T1/2 across significant temperature ranges.
This may well prove useful for the specific design of SCO
materials in sensing applications where the SCO temperature
range and T1/2 values are important properties to consider and
have a degree of control over. Thus, cocrystallization and
crystal engineering will be extremely useful as we strive to
develop better design strategies in SCO materials discovery.
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