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ABSTRACT: We investigate the effects of a broad array of external stimuli on the structural, spin-crossover (SCO) properties and nature of the elastic
interaction within the 2-D Hofmann framework material [Fe(cintrz)2Pd(CN)a4]-guest (cintrz = N-cinnamalidene 4-amino-1,2,4-triazole; A-guest; guest = 3H20,
2H20 & ©). This framework exhibits a delicate balance between ferro- and antiferro-elastic interaction characters; we show that manipulation of the pore
contents across guest = 3H20, 2H20 and @ can be exploited to regulate this balance. In A-3H20, dominant antiferroelastic interaction character between
neighboring Fell sites sees the low temperature persistence of the mixed spin-state species {HS-LS}, for {Fel-Fe2} (HS = high spin, LS = low spin). Elastic
interaction strain is responsible for stabilizing the {HS-LS} state and can be overcome by three mechanisms: (1) partial (2H20) or complete (@) guest remov-
al, (2) irradiation via the reverse-LIESST effect (A = 830 nm; light-induced excited spin-state trapping) and (3) the application of external hydrostatic pres-
sure. Combining experimental data with elastic models presents a clear interpretation that while guest molecules cause a negative chemical pressure, they

also have consequences for the elastic interactions between metals beyond the simple chemical pressure picture typically proposed.

INTRODUCTION

The development of externally addressable molecule-based
materials with precisely and predictably controlled physical
properties is an integral step to the advancement of molecular
device components.! Cultivating a holistic understanding of
the structure and properties of such materials at a fundamen-
tal level and across multiple stimuli is a key-step towards
achieving tunability and widespread applicability of these
functional materials. To this end, spin-crossover (SCO) mate-
rials are a clear target as spin-state switching is accessible via
a range of established mechanisms, including temperature,
light-irradiation, and the application of pressure.2-3

Irrespective of the applied SCO perturbation method, an in-
trinsic link between structure and function exists.# This is
since the SCO phenomenon depends intimately on the nature
of elastic interactions in the solid-state.> Consequently, de-
tailed crystallographic studies are a critical tool for providing
a precise understanding at the atomic level.6 Of similar im-
portance is to combine such studies with theoretical models
so that comprehensive interpretations can be constructed.
[lustrating the extreme utility of this approach, experimental
and theoretical studies have collectively provided a chemical
toolbox to reliably achieve multi-stepped SCO. These studies
have shown that inserting structural features that cooperate
or compete depending on the network of ferroelastic and
antiferroelastic interactions drives multistep SCO.? Both theo-
ry and experiment have shown that this can be achieved by
synthetic components such as ligands and/or guest molecules
with supramolecular interaction capacity.”8 This approach
has been further applied to tune the balance between ferro-
and antiferroelastic interaction character, through for exam-
ple guest exchange or ligand functionalization, to produce
programmable multistep SCO character.8

With all of this in mind, we utilize the well-developed struc-
tural and mechanistic picture of thermally-induced and guest-
modulated multistep SCO, and extend this to include the per-
turbation methods of photoirradiation and hydrostatic pres-
sure. To achieve this, we focus on 2-D Hofmann-type frame-
work materials with functionalized 1,2,4-triazole ligands,
which have been particularly successful at reliably producing
thermally-active multistep SCO (with guest-tuneable fea-
tures).8a9 So that a complete picture is established towards
predictable and reliable switching across this broad spectrum
of perturbation methods, we use a comprehensive array of
experimental and theoretical methodologies.

RESULTS

Synthesis and characterization. Yellow square-shaped single
crystals of [Fe(cintrz)2Pd(CN)4]-3H20 (A-3H20) were obtained
by slow diffusion of Fe(Cl04)2:6H20, cintrz!® and
K2[Pd(CN)4]-H20 in ethanol:water over 4 weeks. With expo-
sure to air for 24 h partial desolvation occurs to form A-2H:0.
Heating pristine A-3H20 to 100 °C for 24 h removes all of the
water to form A-@. The identity and purity of solvates were
confirmed by thermogravimetric analysis (Figures S1-2),
infrared spectroscopy, DSC (Figures S3-4), powder X-ray
diffraction analyses (Figures S5-6) and single crystal X-ray
diffraction (Figures S9-10).

Thermo-, photo-, and piezo-magnetic data. Plots of yuT versus
temperature for A-3H20, A-2H20 and A-@ are shown in Figure
1(a). On cooling A-3H:0 the Fell sites maintain a HS character
(xmT = ~3.46 cm3 K mol-1) above ~175 K, below which a rapid
decrease in ymT values to ~1.50 cm3 K mol-! occurs; this is
consistent with a 1:1 ratio of HS:LS sites that remains down to
10 K. Thermal hysteresis (AT = 15 K) is evident over the
thermal cycle (T |1 = 171, 186 K for 2 Kmin-!; see Figure S17
for other scan-rates). For A-2H20, a HS Fell character exists



above ~185 K, and below this a stepwise decrease in ymT
values occurs to a fully LS Fell character below ~75 K (ymuT =
~0.12 cm3 K mol-1). The 1:1 HS:LS state exists over a ~100 K
temperature range. The characteristic transition tempera-
tures of A-2H20 are Ty |1 =190, 203 K (AT = 13 K) and T%|1=
93, 105 K (AT = 17 K) for a scan-rate of 2 Kmin-!. There is
some scan-rate dependence in the low temperature step (Fig-
ure S18) which reflects slow kinetics of this low transition
temperature. For A-@, an abrupt one-step spin transition oc-
curs (HS < LS states), with negligible hysteresis (Tw|1: 145,
149 K; AT =4 K).

After cooling a sample of A-3H20 to 10 K, the LIESST effect!!
was examined by irradiation with green light (A = 510 nm;
Figure 1(b)). During this time, the yuT values increased to
~1.60 cm3 K mol-l. Then, in the absence of irradiation the
temperature was increased to 100 K,12 resulting in a y¥T max-
imum at 30 K (ca. 2.15 cm3 K mol-1), followed by a rapid de-
crease back to the thermally stable HS:LS plateau. The charac-
teristic LIESST temperature!3 for A-3H:0 is 38 K (Figure S19),
as defined by dymT/oT of the LIESST relaxation (ie., 10 - 100
K). The maximum ymT values achieved under green light irra-
diation indicate an incomplete (ca. 40%) conversion from the
HS:LS state to the HS state.

After again cooling a sample of A-3H20 to 10 K, the sample
was irradiated with red light (A = 830 nm) to investigate the
reverse-LIESST effect (Figure 1(b)).11 Over 1 h the yuT values
decreased to ~0.01 cm3 K mol-1, consistent with a complete LS
state and a 100% photo-conversion. Then, in the absence of
irradiation the temperature was increased to 100 K,12 result-
ing in an increase in ymT values back to the HS:LS plateau. The
characteristic reverse-LIESST value is 96 K (Figure S20), as
defined by SymT/ ST of the reverse-LIESST relaxation (i.e., 10 -
100 K).13 Direct, and repeatable switching between the LS and
metastable HS states can be achieved by repeated irradiation
using 510 nm then 830 nm irradiation (Figure S21). Monitor-
ing the reverse-LIESST effect under constant irradiation (ie.,
one thermal cycle over the range 10 - 120 - 10 K under con-
stant irradiation) showed a light-induced thermal hysteresis
(LITH) loop with a 65 K width (T |1 = 90, 25 K).

A sample of A-3H20 was loaded into a custom hydrostatic
pressure cell and variable pressure measurements taken over
the range 0 to 0.3 GPa (Figure 1(c)). At 105 Pa, the SCO prop-
erties are the same as ambient pressure (T%|7: 177, 191 K;
AT = 14 K). Increasing the pressure to 0.05 GPa triggers an
increase in transition temperature (Tw|7: 215, 250 K; AT =35
K) and a subtle, and asymmetric, two-step SCO character. At
0.08 GPa, the two-step SCO character is more apparent, with
the higher temperature step indicative of a complete HS to
HS:LS transition and the lower temperature step being an
incomplete (ca. 25% HS:LS to LS) conversion (Tw|tT = 270,
278 K; AT=8K, and T»|1= 100, 103 K; AT = 3 K). At 0.19 GPa,
the two-step SCO character persists but is again increased to
higher temperature. Here, the high temperature SCO loop at
0.19 GPa is shifted such that it occurs above room tempera-
ture. The low temperature loop shows a near complete HS:LS
to LS transition. Finally, by 0.3 GPa, the transition temperature
of the two-step character is shifted so that only the HS:LS to
LS step is visible (T 1: 212, 218 K; AT = 6 K). With pressure
release the ambient SCO properties are re-established.

We note that the pressure most likely changes subtly upon
variation in temperature. This might increase the gradual
character of the SCO or lead to some of the irregularities in the
curves.
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Figure 1. (a) xmT versus temperature for A-3H,0, A-2H20 and A-@ (scan rate of 2
K min-1). (b) A-3H20 showing the thermal transition (black), LIESST effect (A =
510 nm, m) at 10 K followed by relaxation in the absence of light (10 - 100 K, ),
reverse-LIESST (A = 830 nm, @) at 10 K followed by heating in the absence of
light (2) and LITH (A = 830 nm, @) effect. (c) A-3H20 under variable pressure
(105 Pa, 0.05, 0.08, 0.19, 0.3 GPa) contained in a hydrostatic pressure cell with
silicon oil as the pressure transmitting medium.

Structural analyses across multiple stimuli. The structures of
A-3H20 & A-2H20 were investigated by variable temperature
powder X-ray diffraction and single crystal X-ray diffraction
analyses to assess the impact of guest-loading and tempera-
ture variation on the structure. Powder X-ray diffraction data
were collected using synchrotron radiation over the SCO
temperature range (Figures S7-8). The temperature-
dependence of the Bragg peaks show abrupt shifts coincident
with the transition temperatures obtained from magnetic
susceptibility for both A-3H20 & A-2H:z0, thereby confirming
the SCO behavior of the bulk sample (cf. magnetic susceptibil-



ity data). Single crystal X-ray diffraction data were collected
for A:3H20 over the range 200 - 165 - 200 K at 5 K intervals
and for A-2Hz0 over the range 250 - 95 - 250 K at 10 K inter-
vals. Plots of the unit cell volume evolution versus tempera-
ture for each material closely match the SCO behavior deter-
mined by magnetic susceptibility (Figures S11-12). Close
inspection of the powder diffraction and single crystal data
reveals a retention of primitive triclinic (P1) symmetry with
temperature variation, without any evidence of a crystallo-
graphic phase transition, such as doubling of unit cell axes.

Structural solutions for A-3H20 & A-2H20 show asymmetric
units comprised of two distinct Fell sites (Fel & Fe2), one
[Pd(CN)4]2- anion and two monodentate cintrz ligands (L1 &
Lz), an example of which is shown for A-3H20 in Figure 2(a).
Within the extended structure, each Fell centreis six-
coordinate (FeNe¢) with two axial cintrz ligands and four
[Pd(CN)4]2- anions. The Fell sites are situated at the nodes of
2-D layers with wine-rack topology (Figure 2(b)). The cintrz
ligands (L1 & L2) protrude above and below the layers as illus-
trated in Figure 2(c)). The Fel and Fe2 sites are arranged in
alternating stripes along the a-axis (Figure 2(b-c)). Neighbor-
ing layers are interdigitated via the head-to-tail alignment of
cintrz ligands (Figure 2(d)) with aromatic contacts via the
ligand alkyl chains (Table S2).

Layer undulation defines pairs of closely associated ligands
which interact via host-host hydrogen-bonding interactions
(Figure 2(c); Table S2). These are spaced along the b-axis by
larger ligand voids which are occupied by guest molecules
(Figure 2(c)). There are two distinct guest positions, the first
being occupied in both A-3H20 and A-2H20 and containing one
water molecule engaged in a hydrogen-bonding interaction
with a triazole group (Li1...0), as depicted in Figure 2(c)).
There is then an additional water molecule for A-3Hz0 and a
partially occupied water molecule for A:2H20 (shown in Fig-
ure 2(c) as a shaded region); irrespective of the total occupan-
cy, these molecules are disordered over two sites and engage
in guest-guest interactions (Table S2).

The unit cell parameters of A-3H20 and A-2Hz20 in the HS state
are closely similar, indicating that the structural effects of
partial guest removal are minor and involve local changes.
Potential changes to the Fell nodes were explored via assess-
ment of the flexibility of different structural motifs in the
framework, as summarized in Figure 3. Firstly, layer defor-
mation was assessed by examining the relative layer undula-
tion over the three symmetry unique tiles of the [Fe(Pd(CN)4]
layers (as defined in Figure 3(a-b)), revealing negligible dif-
ference between A-3H20 and A-2H:0 (Table S2). Next, poten-
tial compression or expansion of the wine-rack topology (Fig-
ure 3(c)) was quantified by the grid ‘hinge’ angles (1: £N1-
Fel-N2 & 62: £N7-Fe2-N8), also revealing minor change upon
partial guest removal (Table S2). Similarly, little variation to
the interlayer separation (Fel...Fe2, Figure 3(d) is seen (Table
S2). The most substantial variation occurs at the local Fe2
geometry, whereby the degree of octahedral distortion (Table
S2)14 at Fe2 is decreased in A-2H20 (2Fe2: 11.16 °) compared
to A-3H20 (2Fe2: 14.4 °). The distortion at Fel is effectively
unchanged (2Fel: 5.44, 5.84 °, for A-3H20 and A-2H:0 respec-
tively).

Detailed structural analyses for both A-3H20 and A-2H20 at
the 1:1 plateau show that Fel remains in the HS state and Fe2
converts to the LS state, based on average Fe-N bond lengths
(Table S2). The spin-state distribution of the [HS-LS] state, for
[Fel-Fe2], is alternating 1-D stripes of HS and LS states, as
illustrated in Figure 2(b-c). For A-2H:0, further cooling sees a

complete LS state achieved based on Fe-N bond lengths (Table
S2). Accompanying the spin-state transitions are variations to
the octahedral distortions at Fel and Fe2. Notably, the degree
of distortion at Fel increases substantially over the [HS-HS]
<> [HS-LS] step (A-3H20 (XFel: 5.44 to 13.64 °, for 210 to 170
K) and A-2H20 (XFel: 5.84 to 14.4 °, for 250 to 150 K).14 Hence,
overall, the spin-state transition pathway across [Fel-Fe2] for
A-3H20 is [HS-HS] < [HS-LS] and for A-2Hz0 is [HS-HS] <
[HS-LS] < [LS-LS]. The other parameters shown in Figure 3
remain largely unchanged upon spin-state variation, except
that greater LS fraction leads to reduced layer undulation in
both A-3H20 and A-2H:20 (Table S2).

Photo-induced single crystal X-ray diffraction analyses were
conducted on A:3H20 at 30 K under constant irradiation with
red light to examine the reverse-LIESST structure. A crystal
was cooled to 30 K, representative of the [HS-LS] state, and
upon irradiation the unit cell parameters were seen to de-
crease over a period of 2 h (Table S3). The reverse-LIESST
structure shows a decrease in average Fe-N bond length at
both Fel and Fe2 (<dren>: Fel = 2.00 A and Fe2 = 1.96 &),
with Fe2 achieving complete LS state and Fel a partial con-
version. We note that the experimental conditions were not
identical to that of magnetic susceptibility (ie., 30 K c¢f. 10K
and LED light source cf. laser) resulting in incomplete conver-
sion of the single crystal to the [LS-LS] state. Nevertheless,
examination of the relative changes in local Fell site and
framework flexibility show trends (Table S4) like those ob-
served over the [HS-LS] to [LS-LS] transition for A-2H20, in
particular, reduction of the relative octahedral distortion at
Fel and Fe2, layer undulation and interlayer spacing. After
irradiation, unit cell data were collected over the range 30 -
250 K revealing a two-step behavior passing through the
intermediate [HS-LS] state (Figure S13), as per magnetic sus-
ceptibility.

High pressure single crystal X-ray diffraction analyses were
conducted on A-3H20 under hydrostatic pressure (0, 0.14,
0.36,0.57, 1.01, 1.72, 2.75 GPa; Table S5). Visual inspection of
a single crystal within a diamond anvil cell under hydrostatic
compression showed a color change from pale yellow to red
above 0.36 GPa (Figure S14). The unit cell volume evolution as
a function of pressure at ambient temperature (Figure 4)
shows a total volume compressibility over the 0 - 2.75 GPa
range of 15.4%. There are three distinct regions of compressi-
bility: (1) [HS-HS] state (0 - 0.36 GPa), (2) a SCO event (0.36 -
1.01 GPa) and (3) [LS-LS] state (1.01 - 2.75 GPa). The [HS-HS]
region shows an overall compression of AV = 3%, which is
consistent with normal pressure-induced compression of a
solid of this type.15 The bulk modulus for the HS and LS re-
gions, respectively are 30 and 48 GPa, highlighting the differ-
ence in compressibility of the [HS-HS] and [LS-LS] states.49¢f
The SCO region shows a compression of 6.8% (Figure S16),
which is consistent with a pressure- induced SCO event.49%f
The linear compressibility over the entire 0 - 2.75 GPa range
indicates that the c-axis (i.e., interlayer spacing) is the most
responsive to pressure increase. This is in line with the pres-
ence of weak inter-layer interactions along this direction,
compared to stronger intra-layer interactions in the ab-plane
of the Hofmann layer. Detailed structural analyses at all pres-
sures confirm a complete transition from the [HS-HS] to [LS-
LS] states and suggests a transient stability of the [HS-LS]
state at 0.57 GPa, based on average Fe-N bond lengths (Table
S6). Examination of the changes to structure with pressure
increase shows substantially greater distortion of both the
local and extended structure (Figure S15). In particular, the
octahedral distortion at both Fel and Fe2 are much greater



than that observed for A:2H20 in the [LS-LS] state and A-:3H20
under red-light irradiation. Furthermore, the layer undulation
and hinge angles are much greater, indicating increased layer
distortion.

Figure 2. (a) Asymmetric unit of A-3H20 (210 K) - disordered water molecules shown (02A/B and 03A/B). (b) Structural representation of one Hofmann layer (001),
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Elastic model. To better understand the implications of the Pressure/ GPa
above results, we considered an elastic model of balls with
variable radii coupled by a network of springs. Specifically, we 5
study the Hamiltonian H= Z H, +pV, (€Y
n=0

where p is the pressure, V is the total volume,



1 1 thus we expect that k, > ks = 0, whereas the first, third

Ho = Z E(AH —TAS)o; = EAG Z i and fourth nearest neighbour Fell ions are connected via

t ¢ through-space interactions (Figure 6(a)) including host-

AH = H"S — H'S is the single molecule enthalpy differ- guest interactions, thus we expect that they will be nega-

ence between the HS and LS states, AS = S5 — §'5 is the tive7c with k; < k3 < k4 < 0. The relative contributions of

single molecule entropy difference between the HS and the through-bond and through-space interactions have

LS states, AG = G"'S — G"* = AH — TAS is the single mole- been shown to strongly affect the collective spin-state
cule difference in the free energy, properties of SCO materials.’c

Hn = kZ_n Z [Ti'f T (R + 5(@' + U}.))]z, We r_eport the phase di_agram of the elastic model (Eqg. 1)

in Figure 5(a) (and Figure S22). For k; < —0.78k, we

] (_l']>”. ) observe an incomplete transition from [HS-HS] to [HS-LS]
kn 1is the elastic interaction between n™ nearest with stripe order (Figure 5(b)), similar to that observed
neighbours (see Fig. 6(a)), r; ; is the instantaneous lattice in A-3H:z0 (Figure 1(a)). For —0.78 S k;/k, S —0.32 the

th

distance between sites i and j, n,, € {1,\/5, 2,5, 2\/7} isa transition occurs in two steps (Figure 5(c)) with interme-
geometric factor that depends only on the topological diate stripe order (sketched in Figure 6(a)), consistent
relationship between { and j, R = (RYS +RL%)/2, with our experimental findings for A-2H20 (Figure 1(a)).
8§ = (R"S — RYS)/4, RHS(RMXS) is the average distance While the overall two-step transition is consistent with
between nearest neighbour iron atoms in the HS (respec- experimental data, the low temperature hysteresis loop
tively LS) phases and g; = +1(—1) if the i** molecule is in appears wider in the model. This difference is owing to
the HS (respectively LS) state. the slow kinetics of this low temperature transition

which was observed experimentally by variable scan-rate
data (Figure S18) - scan-rate effects cannot be included
in the model. For k; = —0.32 k, the transition becomes a
one-step HS to LS transition with no intermediate order-
ing (Figure 5(d)), as we observe in A-@ (Figure 1(a)). The
curves shown in Figure 5(b)-(d) are the calculations for
parameters that yield the best agreement with the meas-
ured ymT versus T curves.

We make the symmetric breathing mode approxima-
tion,”b- i.e.,, we set 1;; = n,x and assume the topology of
the lattice is unaltered by changes in the spin-state, and
minimize the resultant expression over x, resulting in an
Ising-Husimi-Temperley model (details of the derivation
can be found in the Supplementary Information). Note
that the variable x still allows for uniform relaxation of
the crystal structure as the temperature changes. We set

V = L3cx?, where L is the number of sites along one di- We also report the pressure-temperature phase diagram for
rection and c is the unit cell parameter; we chose this the elastic model (Eq. 1) in Figure 6(b-c). For pressure,
rather than, say, V = L3x3 because ¢ does not vary P < 0.025 GPa we observe an incomplete transition from HS
strongly or correlate straightforwardly with the SCO to stripe order (Figure 6(b-c) and for P 2 0.025 GPa the tran-
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state, whereas the a- and b-unit cell parameters do (Fig- sition becomes complete with two-steps and intermediate
ure S12). stripe order (Figure 6(b-c)), both are consistent with our
For A-guest through-bond interactions connect the sec- experimental findings (cf. Figure 1(c)).

ond and fifth nearest neighbour Fell ions (Figure 6(a)),

Figure 5. (a) Phase diagram of the elastic model (Eq. 1) on varying temperature and k;, the (through space) nearest neighbor interaction with k3 = k;/2
and AH /k,6% = 44 k,/k, + 43 and fixed k, the (through bond) second nearest neighbour interaction and § half the difference in distance between
neighbouring Fell metal ions. (b-d) Calculated fractions of HS metals for parameters that reproduce the experimentally measured ymT curves: in all three
plots A4S = 4 kg log(5) with (b) k.62 = —72.8 K, k,6%2 = 80 K, AH = 3.0 K; (c) k,6% = —30.25, k,6% = 55 K, AH = 18.8 K; and (d) k,6% = —7.8 K, k,6% = 30
K, AH = 31.6 K.
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Figure 6. (a) Schematic of the 2-D Hoffmann layers showing the elastic interactions k; — ks and stripe order. (b) Pressure-temperature phase diagram of the elastic
model (Eq. 1) on varying temperature and pressure with ks = k;/2 and 4H /k,62 = 44 k, /k, + 43 and fixed k, = —0.911k; the (through bond) second nearest neigh-

bor interaction and §  half the difference in distance between neighboring Fell' metal ions. (c) selected slices of (b).

Because of the framework connectivity and the subtle
DISCUSSION balance between interactions and local Fe!l environments,
a substantial variation to the SCO properties is realised
by seemingly minor guest variation in the conversion
from A-3H20 to A-2H20. Magnetic susceptibility shows an
upshift in the transition temperature of the [HS-HS] to
[HS-LS] step, alongside the emergence of a [HS-LS] to [LS-
LS] step. Structural comparison between A-3H20 to
A-2H20 when in the [HS-HS] state reveals that partial
guest removal induces a subtle decrease in the degree of

The sensitivity of A-3H20 to structural and spin-state
perturbation via guest modification, light-irradiation and
external pressure application provides a unique platform
to assess elastic interaction characteristics across each of
these stimuli. We have combined this with an elastic
model to enable a complete overview of the structural
drivers for this diverse set of SCO properties.

The framework structure of A-3Hz0 shows intrinsic dis- octahedral distortion about Fe2; Fel is not significantly
tortion away from a regular Hofmann architecture (ie., impacted (Table S2). This, combined with the transition
multiple Fell sites & undulating layers) as driven by the temperature increase, indicates that partial guest re-
disposition of the 1,2,4-triazole group to provide an array moval acts primarily to perturb the effective ligand field
of host-host and host-guest interaction sites. This charac- strength at the Fe2 site (via steric or electronic effects, or
teristic is enabled and stabilized by interaction competi- a combination). Henceforth a low temperature [HS-LS] to
tion, as has now been clearly established across this [LS-LS] step in A-2H20 is unblocked. Notably, for A-2H20,
growing family.82° Here, the layer undulation sees two with SCO at Fe2 the increase in X for Fel is similar to that
distinct interlayer environments between pairs of of A-3H:0, suggesting that despite the upshift in transi-
ligands: one contains closely aligned ligands with host- tion temperature the antiferroelastic character is of a
host interactions and the other shows a greater spacing broadly similar magnitude. These findings are in line with
between ligands and houses guest molecules with host- those reported for the framework
guest interactions. This has a flow-on effect to the SCO [Fe(bztrz)2(Pd(CN)2)]-H20,EtOH.8a

properties, where the crystallographically distinct Fell
sites show subtle distinction in their local environments.
In A-3H20, Fe2 shows a HS to LS transition with cooling.
In the [HS-HS] state, Fe2 shows a substantially higher
degree of octahedral distortion than Fel (Table S2), so
one would expect it to remain locked into the HS state
(i.e., HS stabilized). This is opposite to what occurs, but,
notably, is in line with that of related 2-D Hofmann sys-
tems such as [Fe(bztrz):(Pd(CN)2)]-H20,EtOH (bztrz =
(E)-1-phenyl-N-(1,2,4-triazol-4-yl)-methanimine))82 and
[Fe(thtrz).Pd(CN)4]-EtOH,H20 (thtrz = (E)-2-(((4H-1,2,4-
triazol-4-yl)imino)methyl)phenol)).9%2 This fact alone
indicates that there is greater complexity to spin-state
stabilization than inner coordination sphere contribu-
tions, in particular in the case of extended networks such
as these, where the overall connectivity and flexibility of

The elastic model supports the above findings and sug-
gests a simple physical interpretation of guest versus SCO
properties. Firstly, we find that adding more guests de-
creases AH; that is, the guests stabilize the HS state rela-
tive to the LS state. Secondly, we find that the through-
bond interactions (k,) increase as more guests are added
(Figure 5(b-d)). Finally, we find that the through-space
interactions (k; and ks) are weak and negative in A-@ and
grow more negative as water is progressively added in
A-2H20 and then A-3H20. We note that negative spring
constants correspond to the framework pushing out
along that direction. This leads to the intuitively appeal-
ing picture that the guest molecules add an effective re-
pulsive interaction (i.e., tend to push the metals apart) in
the through-space directions.

the framework also impact the spin-state propagation It is interesting to compare these effects of guest loading ver-
and characteristics of the through-bond and through- sus SCO to those of hydrostatic pressure on the fully guest-
space elastic interactions. Highlighting the importance of loaded phase, A-3H20. The elastic models shows that the pri-
framework connectivity on the properties of A-3H20, mary effect of pressure is to increase the effective AH, that is,
beyond the SCO properties arising merely from the inde- to stabilize the LS state relative to the HS state. This demon-
pendent transition of symmetry-inequivalent Fell sites, strates that under hydrostatic pressure, the guests introduce a
the interaction character between the Fel and Fe2 sites negative chemical pressure on the framework. However, im-
can be characterised as antiferroelastic, as a substantial portantly, we also find that hydrostatic pressure does not
increase in distortion occurs at Fel when Fe2 converts to change the elastic interactions, consistent with the previous
the LS state.6:9b.9f results of Li et al.16 Therefore, unlike guest loading effects,

there are no equivalents of through-bond and through-space



interaction changes with increasing hydrostatic pressure.
These findings align well with structural studies which show
that the [LS-LS] A-3Hz20 framework produced under hydro-
static pressure was very different to that of the [LS-LS]
framework obtained by cooling A:2H20 or by the reverse-
LIESST effect on A-3H20. We note that the latter two frame-
works are similar in the [LS-LS] state, indicating that the sub-
tleties of elastic interaction balance may be equally affected by
partial desolvation or photo-irradiation; further elastic mod-
els would need to be developed on the LIESST and reverse-
LIESST effect to confirm this.

CONCLUSIONS

By a combination of detailed experimental and theoreti-
cal modelling this study has provided a comprehensive
insight into the structural and magnetic consequence of
SCO induced by (1) guest modification, (2) temperature
variation, (3) photoirradiation and (4) hydrostatic pres-
sure application. In a further point of novelty, the use of
this well-established 2-D Hofmann framework type has
allowed a unique exploration into the structural com-
plexities of multistep SCO under this wide range of exter-
nal perturbations. Our combined structural studies and
elastic models suggests a simple interpretation for the
effect of the guest on the SCO properties of the host. Spe-
cifically, we find that the through-bond interactions are
most affected by the inclusion of a greater number of
guest molecules in the pores, whereas the through-space
interactions are only weakly impacted. Therefore, simply
put, the guest molecules add an effective repulsive inter-
action between metal ions in the through-space direc-
tions. Furthermore, the net effect of added guests on the
volume of the framework depends sensitively on the
detail of the cancellation of through-bond and through-
space effects. Therefore, collectively, this demonstrates
that while guest molecules do cause a negative chemical
pressure, they also have consequences beyond the simple
chemical pressure picture typically proposed.

Our detailed structural, magnetic, and elastic model re-
sults with application of variable hydrostatic pressure
have revealed an important mechanistic distinction com-
pared to guest loading. We find that while LS stabilisation
occurs with greater hydrostatic pressure (as expected),
increasing pressure does not significantly impact the
elastic interactions.

More comprehensive structure studies of the LIESST and
reverse-LIESST structures and an elastic model of LIESST and
reverse-LIESST properties are required to form clear picture
of the mechanism of achieving the LS state under light irradia-
tion. Together, this will provide an important, complete pic-
ture of the structure and elastic interaction implications for
SCO under this uniquely diverse set of external perturbations.
Collectively, this diverse combination of structural, magnetic,
and theoretical studies over this broad array of external per-
turbation methods (conducted on the one material) is a step
towards achieving tunability and widespread applicability of
these functional switchable materials.
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