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Abstract: The switching behavior of the novel hybrid material (FA)Na[Fe(CN)s(NO)].H,O (1) in response to\
temperature (7), light irradiation and electric field (E) is studied using in situ X-ray diffraction (XRD). Crystals of 1
display piezoelectricity, pyroelectricity, second and third harmonic generation. XRD shows that the FA™" are disordered
at room-temperature, but stepwise cooling from 273-100 K induces gradual ordering, while cooling under an applied
field (E= +40kVecm™) induces a sudden phase change at 140 K. Structural-dynamics calculations suggest the field
pushes the system into a region of the structural potential-energy surface that is otherwise inaccessible, demonstrating
that application of 7 and E offers an effective route to manipulating the crystal chemistry of these materials.
Photocrystallography also reveals photoinduced linkage isomerism, which coexists with but is not correlated to other
switching behaviors. These experiments highlight a new approach to in situ studies of hybrid materials, providing insight

\into the structure—property relationships that underpin their functionality. )

Introduction

Materials that switch between two or more distinct states on
exposure to external stimuli are of importance for a range of
technologies including optoelectronics, sensors, high-ca-
pacity data-storage, molecular machines and solar energy.!"
Switchable hybrid organic-inorganic crystals have received
considerable recent interest, in part due to the myriad
proven applications of hybrid perovskite systems such as
methylammonium lead iodide (MAPbL;). In particular,
piezo-, pyro- and ferroelectric materials have potential
applications in the technologies needed to address some of
the most pressing global challenges, including energy
generation and storage.” Hybrid perovskites are archetypal
examples, for which the synergy between their ferroelectric
switching and light-harvesting capabilities results in favor-

able properties for applications in next-generation solar
cells.’! However, issues including poor stability, toxicity,™!
and an incomplete understanding of the underlying struc-
ture-property mechanisms® all necessitate further study.

A pyroelectric response is typically induced by the
variation of polarization with temperature (7). However,
applying a T-gradient can be a slow process, whereas many
real-world applications require a fast or even instantaneous
response. Coupling the processes that underpin a pyro-
electric response to a fast trigger, e.g. light or an external
electric field (E), can in principle facilitate rapid and
efficient switching and thus provides a route to the rational
design of multifunctional materials with precisely-controlled
responses.!™! A route to addressing the need for improved
mechanistic insight is to design materials that incorporate a
known photoswitch whose light-responsive behavior is al-
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ready well understood. This option is being explored by
researchers, including us, by incorporating the archetypal
light-active linkage isomer fragment nitroprusside ([Fe-
(CN)5(NO)]*", NP) into hybrid perovskite-like architectures.
Historically studied as the sodium dihydrate salt (SNP), NP
was known for some time to possess two photoinduced
metastable states, MS, and MS,,” but the structural basis for
these unusually long-lived species remained elusive until the
seminal photocrystallographic studies of Coppens et al. in
1997. In situ single-crystal X-ray diffraction (SCXRD)
identified photoinduced linkage isomerism (PLI) from the
ground state (4'-NO) ligand to either the ('-ON) MS; or
side-bound (7>-ON) MS, depending on the conditions.®
Now one of the most studied examples of PLL the
structural and photophysical properties of NP are well-
understood, which makes it a strong candidate for use as the
basis for new multifunctional materials. Added attractions
include the fact that Fe has lower toxicity than, for example,
Pb, that SNP-based materials are comparatively low-cost,
and can be synthesized from aqueous solution at low 7 and
pressures.

By analogy with organic—inorganic perovskites, we focus
on compounds of the formula (A)[MFe(CN)s(NO)].xH,O,
where A is an ammonium cation and M a Group 1 metal,
although other NP-based materials are also recently
reported.'” Early reports include the structure of [(CH;),N]-
[NaFe(CN)s(NO)].3.5H,0 in 1997.1"1 More recently, the
potential for NP frameworks to display cube-like structures
analogous to perovskites, given a suitable A-site cation, was
highlighted by the discovery of [(CH;),NH,][KFe(CN)s-
(NO)], which was found to display a near-room temperature
(RT) symmetry-breaking phase transition.'"? Subsequent
study of the related [(CH,),NH,][NaFe(CN)s(NO)] uncov-
ered RT dielectric, piezoelectric and possible ferroelectric
switching.'” The authors also report the presence of the
MS, and MS, isomers under 532 nm irradiation using in situ
IR measurements. However, no photocrystallographic stud-
ies have yet been conducted to confirm these assignments.
Recently, [(CH;),NH,][CsFe(CN)s(NO)] was reported to
display dielectric switching, but no photoresponse was
reported.™ Finally, T-induced dielectric switching and NO
photoswitching were reported for (CH;NH;)[NaFe(CN)s-
(NO)].H,O.[! These studies show the promise of (A)[MFe-
(CN)5(NO)].xH,O materials, but with some key outstanding
questions. Most importantly, while the coexistence of photo-
and field-induced responses has been demonstrated, no
study has yet been able to ascertain if these are correlated.
For a truly photoswitchable pyro- or ferroelectric system, it
must be proven that irradiation induces the order-disorder
response. As such, a better understanding of the mechanistic
basis for each type of switching is required. This can be most
effectively achieved using in situ studies, of which in situ
SCXRD provides the most comprehensive information in
the form of a series of 3D structures of the whole system at
regular points during a switching event. Herein, we study a
new formamidinium analogue, (FA)[NaFe(CN)s;(NO)].H,O
(1) (FA=NH,(CH)NH,"), via a combination of piezo-, pyro-
and ferroelectric measurements, and in situ SCXRD includ-
ing photocrystallography and novel E-cell experiments. We
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show that 1 displays RT piezo- and pyroelectricity, as well as
T, T+FE and photo-induced switching in the single-crystal,
and use crystallographic insight to explore why no correla-
tion between photo and dielectric effects is seen in such
materials to-date.

Results and Discussion

1 was synthesized by combining equimolar amounts of FACl
and SNP.2H,O in the minimum volume of 1:1 deionized
water and methanol. Single-crystals were obtained by
evaporation of the mother liquor. Crystal size and habit can
be controlled by the speed of evaporation, with large, plate-
like crystals obtained by slow evaporation and smaller
prismatic needles obtained by drop-casting (Figure S1). For
in situ SCXRD, needles with a reproducible size distribution
were obtained by quenching the drop-cast crystallization
solution with Fomblin Y-1800 oil after an appropriate
growth period, monitored by optical microscopy. The
identity of the product was confirmed by IR, CHN (SI, §1),
and single-crystal and powder XRD.

At 273 K, the crystal structure of 1 solves in the
orthorhombic Cmcm space group with Z‘=0.25, ie. the
asymmetric unit consists of '/, of a Na*, FA™ and NP*~ ion
and !/, of a coordinated H,O molecule (Figure S2). [Fe-
(CN)5(NO)]* ions bridged by Na* form a cube-like anionic,
polymeric framework, with FA™ occupying the interstitial
sites (Figure 1). The FA™ sit jointly on the 2-fold axis
parallel to [010] and the mirror plane parallel to [100], and
are disordered at 273 K. A stable two-component model was
refined with a 59(1):41(1) occupancy ratio. Capping with
the NO and coordinated H,O results in a layered structure
composed of 2D sheets extending in the a-c plane. Excepting
FA™, 1 is isostructural with its MA* analogue near RT.™
There is some ambiguity in the space group assignment,
however, with the diffraction intensity statistics showing a
slight preference for non-centrosymmetry (Figure S3) and <
E*1> =0.833.0') However, solution in the suggested Cmc2,

c(3a) N4

Figure 1. Extended single-crystal X-ray structure of 1 in the 273 K
ground state, showing the perovskite-like framework and disordered
FA* cations. Anisotropic displacement ellipsoids are set at 50%
probability and hydrogen bonds are shown as red dashed lines.
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setting as a racemic twin gives a Flack parameter!'”! of
0.49(10) (Figure S4, Table S1), which by crystallographic
convention indicates a centrosymmetric setting is preferable.
Similarly, validation in PLATONU! prefers Cmcm, indicat-
ing that this is the crystallographically correct space group.
It should be noted however that SCXRD provides only the
time- and space-averaged structure and thus cannot reliably
elucidate any structure variations that occur faster than the
total data collection time, or on length scales smaller than
the crystal bulk.

Crystals of 1 were first assessed ex situ to test for piezo-,
pyro- and ferroelectric responses. Either of the two crystal
habits were used depending on the sample requirements for
each measurement. To confirm the direction of the electric
field (E) applied to the crystals, the real crystal faces for
both habits were indexed using SCXRD. The large, flat
faces of the plates index as (010) and (0-10) (Figure S5). For
the needle habit, face-indexing confirms the long needle
direction to be parallel with [001] (Figure S6). This detailed
understanding of each crystal habit facilitated the applica-
tion of E along specific crystal axes, most particularly along
the potentially polar [001] direction.

The longitudinal piezoelectric charge coefficient (ds;)
was measured by the direct piezoelectric effect method using
a piezo-d;; meter (ZJ-4AN, Academic Sinica, China).
Values of d;;=1.3 and 0.8 pC/N were measured from a fresh
crystal and after poling, respectively, and indicate a piezo-
electric response.

Polarization-Electric field (P-E) loops were next re-
corded on a plate-like crystal (Figure2a). Due to the
requirements of the analyzer, the field was applied along
[010] in this case. The crystal exhibits a fully-reversible
hysteretic loop in the region of E=420kVcm™, but there
is little evidence of polarization saturation at the maximum
applied field. This is consistent with lossy capacitor behavior
rather than a ferroelectric response.™ A second series of P—
E loops were also recorded on a ca. 1 mm-long needle-like
crystal, this time with the field applied along the [001]
direction. The crystal was mounted in a test cell to allow for
good alignment with the field and facile electroding of the
small (001) and (00-1) faces (Figure S7). The P-E loops
again demonstrated a reversible hysteretic response but
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indicative of lossy capacitor behavior (Figure S8). The
results are therefore not consistent with a ferroelectric
response in 1 and indicate that the direction of the applied
field does not influence the P-E hysteresis measurement.

The dielectric constant, ¢’ as a function of frequency and
of T was next recorded from crystals of each habit, mounted
in the same test cell and electroded at the (001) and (00-1)
faces (Figure 2b and S9). Both habits showed an expected
decrease in ¢ with increasing frequency, and the values
obtained are consistent with those determined for the
isostructural MA analogue at RT.™™! The value of & varies
little with 7, showing a small decrease on cooling and
concomitant increase on warming that is within error (Fig-
ure S10). As such, 1 shows no dielectric switching in
response to 7.

Finally, crystals of 1 were also subject to pyroelectric
testing while mounted in the test cell and electroded at (001)
and (00-1). T oscillations were generated by irradiating a
crystal with a heat lamp and the current was measured using
a Keithley 6514 electrometer. A reversible pyroelectric
current in the picoamp range was measured over repeat
heat/cool cycles (Figure 2c, S11), and visual inspection of the
crystals before and after testing showed no change. Though
the size of the current generated is not large, this is perhaps
not unexpected given the small area of the single-crystal
since:

dT
I=p.A. a
where p is the pyroelectric coefficient, I is the short circuit
pyroelectric current, A is the sample area (=1 cm?) and d7/
dt is the rate of change of T. The direction of the measured
current was observed to change with heating and cooling
cycles (Figure 2¢), in agreement with the equation. A very
approximate estimate of p =1.0(7) yC/m*°C was made from
these data (ST §3) which is ca. 2 orders of magnitude smaller
than that of archetypal pyroelectric lead zirconate titanate
(PZT), though closer in value to others e.g. polyvinylidene
fluoride (PVDF)." However, it should be noted that the
errors in this measurement are large, resulting from the
challenges of measuring such small / values with the equip-
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Figure 2. Ex situ testing on plate single crystals of 1. (a) Polarisation—Electric field (P-E) loop testing between E=-20 kVcm™' (b) Dielectric
constant at RT as a function of frequency. (c) Pyroelectric current generated by repeated T oscillations created with a heat lamp, grey

shading=Ilamp on, no shading=Ilamp off.
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ment available (see Supporting Information §3), thus
significant conclusions should not be drawn from the value
of p.

Piezo- and pyroelectricity require a non-centrosymmetric
and polar crystal class, respectively. As such, these proper-
ties of 1 do not correlate with the centrosymmetric bulk
structure determined by SCXRD. Harmonic generation
experiments were next conducted on 1 to further investigate
its symmetry. Crystals of 1 displayed second harmonic
generation (SHG) on probing at 1200 nm (Figure S12), as
well as both SHG and third harmonic generation (THG) on
probing at 1300 nm (Figure S13). These non-linear optical
effects provide further evidence of non-centrosymmetry,
agreeing with piezo- and pyroelectric properties.

In situ SCXRD experiments were next performed on
needle-like crystals of 1 to characterize the structural
changes in response to thermal, photochemical and electrical
stimulation. First, a variable temperature (VT) study was
run in which a crystal was cooled stepwise from 273-100 K,
with cooling paused at regular intervals for data collection
(Figure S15). In the absence of other stimuli, slow-cooling to
100 K results in a gradual ordering of the FA ™", approaching
a fully-ordered structure by 120 K (Figure 3 and S16). The
order-disorder transition is reversible on warming with a
10 K-wide hysteresis (Figure S17). During this transition the
cube-like SNP framework is retained and the structure
remains in the Cmcm space group, with all structures
validated in PLATON.[' However, the diffraction intensity
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(Ilo(I)) reduces below 150 K and new diffraction peaks
appear between the Bragg reflections of the parent Cmcm
cell along the k-direction in reciprocal space, indicating
supercell formation (Figure S18). Due to the presence of
these supercell peaks, the data reduction statistics for the
low-temperature (L7) measurements in the parent Cmcm
cell are unavoidably poorer compared to the near-RT
measurements (Table 1). Unfortunately, the supercell reflec-
tions measured have very low I/c(I) values and attempts to
refine the larger supercell structure from this data failed. A
second VT cycle on the same crystal confirmed that the
thermal behavior is reproducible within error. Interestingly,
although the I/c(I) again reduced at LT, the presence of
additional peaks was even less clear in the second cycle. VT
PXRD measurements on a sample of powdered crystals
(Figure S19) corroborate the absence of an abrupt (1°%-
order) T-induced phase transition, as inferred from the
SCXRD measurements, with only subtle changes to the
peak shape and splitting. A second set of VT experiments
investigated the phase behavior of 1 at 300-500 K. Heating
the crystal above RT causes no phase transformation, with
only gradual changes in the unit cell parameters as expected
on thermal expansion (Table S2, Figure S20). The a and ¢
parameters do converge with increasing 7, indicating a trend
towards tetragonal symmetry, however they do not reach
equality by 500 K. The only significant structure change on
heating is the loss of the coordinated water molecule, which
reduces to 20 % occupancy by 350 K and is eliminated by

Table 1: Single-crystal X-ray data for selected variable temperature (VT) and electric field (E)-cell measurements on 1.

Ground State (GS) structure

Mount type Mitegen™ micromount
Empirical formula C¢H,Fe;N;zNa,0,
Formula weight/kg mol™ 302.04

Temperature/K 273

Radiation Synchrotron (\=0.534 A)
Crystal system Orthorhombic

Space group Cmem

a/A 7.6016(15)

b/A 19.784(4)

c/A 8.2281(16)

af° 90

Bl 9

vI° %

Volume/A® 1237.4(4)

V4 4

pcalc/g Cm73 1.621

y/mm™ 0.577

F(000) 608.0

Crystal size/mm’ 0.1x0.03x0.03

Reflections (independent) 15069 (1059)

Completeness 0.997
R 0.0335
R, [I> =20(l)] 0.0292
WR, [all data] 0.0798
Goodness-of-fit on F? 1.048

LTp structure +0 kVem™' t LTp structure +40 kVem ™ t

E-cell E-cell
C¢H,Fe;NgNa, 0, C¢HsFe;N3gNa, 0, *
302.04 300.02 *

100 100
Synchrotron (L=0.534 A) Synchrotron (\=0.534 A)
Orthorhombic Monoclinic
Cmcem Q2/m
7.4463(9) 19.4571(12)
19.4396(17) 7.5520(6)
8.3227(9) 8.1295(5)

90 90

90 93.118(6)

90 90

1204.7(2) 1192.78(14)

4 4

1.665 1.671

0.593 0.598

608.0 600.0 *
0.1x0.03x0.03 0.1x0.03x0.03
7596 (710) 8182 (6072)
0.995 0.997

0.2446 0.0986

0.1015 0.0890

0.2362 0.2494

1.053 1.010

* for the 100 K structure under applied field, the H atoms of the coordinated H,O could not be modelled satisfactorily and are thus omitted from

the final refinement.

t data quality for the LT structures are reduced compared to near-RT due to the presence of supercell reflections that appear on slow cooling, and
due to the limitations imposed by the electric field cell apparatus, which additionally caused some icing at very low temperatures.
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Figure 3. In situ single-crystal X-ray studies of 1. (a) Microscope image of the E-cell loaded with a needle crystal of T with the unique [001] axis
aligned to the field direction. (b) Reduced unit cell parameters as a function of T with E= +40 kVcm ™' and 0 kVcm ™, showing a clear discontinuity
at 150-140 K due to the phase transition. (c) In situ single-crystal X-ray data showing the change in structure on cooling with and without an

applied field.

375 K. De-solvation proceeds without significant crystal
degradation and diffraction is observed to 500 K. The VT
SCXRD data are supported by differential scanning calo-
rimetry (DSC) measurements at —50-200°C, in which the
de-solvation is observed in the first cycle (Figure S21).

We next performed in situ SCXRD studies under
combined thermal and electrical stimulation, using a modi-
fied version of a published single-crystal E-cell apparatus.”"

Angew. Chem. Int. Ed. 2024, 63, €202401552 (5 of 10)

A needle crystal was carefully aligned in the cell so that the
(001) and (00-1) faces were electroded on the bespoke
crystal mount (Figure 3a), and VT SCXRD experiments
were run at +40kVem™' and OkVem™'. The data at
0kVem™ compare well to the standard VT SCXRD study,
with gradual ordering of the FA* on cooling, retention of
the Cmcm space group and a small hysteresis in the order-
disorder transition (Figure S23). In contrast, cooling at
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+40kVem ™ results in a drastic structural change, with a
reversible phase transition to a monoclinic structure in C2/m
at 140 K (Figure 3 and S22). To independently confirm the
space group assignments through the T+ E-induced phase
transition, all data were first solved in the reduced cell (the
unique primitive unit cell, based on the three shortest lattice
translations) to remove any bias from imposed crystallo-
graphic symmetry, and the resulting Pl solutions were
validated using the PLATON AddSym software.'®! The
reduced cell parameters for the +40kVcem™' data show a
discontinuity at the transition 7 with a small hysteresis,
which is more prominent than in the 0kVcem™ control
measurement and confirms the phase transition (Figure 3b
and S23). The symmetry-breaking transition results from
tilting of the [Fe(CN)s(NO)] and [Na(N)s(H,O)] octahedra,
accompanied by a sudden ordering and significant shift in
the position of the FA* (Figure S24 and S25). By analogy
with M—X-M’ perovskite tilts, the unique axial (®) and
equatorial (Q) [Fe—(CN)*—Na] angles were used to assess

(b)
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the magnitude of octahedral tilting, where (CN)® is the
centroid of the CN bond. At the transition 7 with
+40kVem™, @ abruptly switches from 180° to ca.171°,
while Q changes from ca.175° to 170.5°. The molecular
dipoles of the FA™, which are aligned along the [010]
direction in the Cmcm phase, rotate by §=24° in the
direction of the applied field (Figure S26). 1 fully reverts to
the original Cmcm structure on warming above 130 K, with
the crystal quality largely unaffected.

Finally, photocrystallographic studies were performed to
identify any PLI. A needle crystal of 1 was confirmed to be
in the parent Cmcm phase at RT, before being flash-cooled
to 100K and a ground-state (GS) structure (i.e. without
illumination) was collected. Interestingly, the flash-cooled
LT GS adopts an orthorhombic Pnma structure with double
the unit cell volume of the step-cooled Cmcm phase (Fig-
ure 4, S27). Inspection of the diffraction pattern in reciprocal
space shows the appearance of the supercell (Figure S28a),
but comparison between this flash-cooled structure and the

Figure 4. Photocrystallographic studies on 1. (a) Packing diagram showing a portion of the flash-cooled 100 K Pnma structure of 1. (b) Single-
crystal X-ray structures of the photoactive NP*~ ion showing the GS (n'-NO) and excited MS, (n'-ON) arrangements in the Fe(1)—N(1)—O(1)
moiety. (c) Fourier difference maps through the Fe(1)—N(1)—O(1) plane in the GS, MS, and MS, experiments. The GS map shows the residual
density for the final GS model, while the MS; and MS, maps show the difference in residual density between a rigid-body refinement with the fixed
GS coordinates and the photoexcited diffraction data (+ve contours=solid lines, -ve contours =dashed lines; contours set at +/—0.1 eA™*; max/
min difference density: GS= +0.88/—0.77 eA%, MS; = +1.45/—0.85 eA*, MS,= +0.71/—1.14 eA"%).
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100 K structure previously obtained by step-cooling shows a
different pattern of supercell reflections (Figure S29). This
indicates that the cooling rate influences the superstructure
adopted by 1 at L7, an observation supported by the fact
that it was not possible to re-solve the step-cooled 100 K
data in this new Pnma supercell. The Pnma structure retains
the cube-like framework but displays some tilting, with
unique [Fe-(CN)*-Na] angles of 170.00°, 175.08° and 176.62°
about Fe(1) and 170.11°, 175.86° and 178.60° about Fe(2)
(Figure S30). The FA™ are fully ordered and sit on the
mirror plane parallel to [010]. To further investigate this
new LT phase, the crystal was warmed step-wise back to
293 K, with heating paused and SCXRD data collected at
intervals (Table S3). The Pnma phase reverts to the parent
Cmcm structure between 140 and 160 K, confirmed by the
disappearance of supercell peaks by 160 K (Figure S28).

A second crystal of 1 was flash-cooled, then held at
100 K and irradiated in situ for 90 min, using a bespoke
LED array which positions 4x505 nm LEDs in a uniform arc
at ca. 1cm from the sample position (Figure S31), while
being rotated about the p-axis. PLI states are expected to be
very long-lived (i.e. metastable) at LT, therefore the LEDs
were switched off after the irradiation period and a second
SCXRD dataset obtained in the absence of external light
(Table 2). By creating a ‘photodifference map’ between the
photoexcited dataset and the GS model coordinates,’”
difference peaks corresponding to the photoinduced (x'-
ON) MS, geometry were identified (Figure 4, S32) and MS;
occupancies of 22 % and 26 % were refined for the two
independent NO groups. Further irradiation at A=505 nm

Table 2: Single-crystal X-ray data for photocrystallographic studies on 1.
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caused no further change. A second photocrystallographic
study was run in an attempt to access the MS, isomer, where
the same crystal in its MS, state was irradiated with near-IR
(950 nm) LEDs for 60 min before collecting a third
dataset.®! This data is less conclusive: while there are peaks
in the photodifference map that may correspond to a side-
on (7-ON) isomer (Figure 4, S32), the lower residual
density meant that a reasonable crystallographic model
could not be found. Peaks corresponding to MS,; were also
still visible in the photodifference map, suggesting a mixture
of states. It is likely that irradiation at 950 nm depopulates
MS, towards both MS, and the GS, as seen previously,®"
and thus MS, may be at such low occupancy that it is
difficult to model accurately. GS—MS, PLI is fully rever-
sible on warming the crystal above 160 K. The residual
peaks in the photodifference map at T > 180 K are consistent
with background difference density, confirming reversion to
the GS ('-NO) isomer (Figure S33).

We now consider three discussion points arising from
these in situ studies: (i) how does the structure of 1 allow for
a piezo- and pyroelectric response; (ii) how does the
application of E influence the phase transitions in 1; and (iii)
is there any evidence of correlation between the photo- and
T and E responses?

Measurements indicate that 1 displays piezoelectricity,
pyroelectricity, SHG and THG at RT. However, these
properties require a non-centrosymmetric and polar crystal
class, respectively, which is inconsistent with the crystallo-
graphically preferred Cmcm space group. The discrepancy
may be reconciled by noting that SCXRD is a space-

Flash-cooled GS structure

MS, experiment (505 nm irradiation)

MS, experiment (950 nm irradiation)

Irradiation time/min 0 90 60

Irradiation wavelength n/a 505 950

Mount type Mitegen™ micromount Mitegen™ micromount Mitegen™ micromount
Empirical formula C¢H,Fe;N;sNa, 0, C¢H,Fe;NgNa, O, C¢H,Fe;NgNa, O,
Formula weight/kg mol™ 302.04 302.04 302.04
Temperature/K 100 100 100

Radiation Mo Ka (A=0.71073) Mo Ka (A=0.71073) Mo Ka (A=0.71073)
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Pnma Pnma Pnma

a/A 38.635(4) 38.552(3) 38.553(2)

b/A 8.3925(8) 8.3859(5) 8.3746(4)

¢/A 7.4335(8) 7.4314(5) 7.4200(4)

al® 90 90 90

Bl° 90 90 90

v/ 90 90 90

Volume/A? 2410.3(4) 2402.5(3) 2395.7(2)

z 8 8 8

Oeac/g cm™ 1.665 1.670 1.675

p/mm’? 1.295 1.299 1.303

F(000) 1216 1216 1216

Crystal size/mm® 0.3x0.1x0.1 0.3x0.1x0.1 0.3x0.1x0.1
Reflections (independent) 8863 (2627) 15899 (2626) 9686 (2617)
Completeness 0.995 0.997 0.995

R, 0.0618 0.0584 0.0351

R [I> =20(1)] 0.0475 0.0392 0.0328

wR, [all data] 0.1001 0.0967 0.0836
Goodness-of-fit on F? 1.003 1.043 1.067
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averaged technique, therefore the structure obtained from
this analysis is a spatial average across the whole crystal and
is not sensitive to any domain structure. It is therefore
possible that the crystals of 1 comprise of randomly
orientated Cmc2, domains that average to Cmcm across the
crystal bulk. Spatially-resolved measurements, such as
Raman mapping,™ piezoelectric force microscopy™ or
scanning-electron microscopy,”” may provide further in-
sight. As SCXRD is also a time-averaged technique, it is
also insensitive to any thermal or vibrational averaging
occurring faster than the measurement timescale. To explore
this further, and to address points (i) and (ii), the two LT
phases obtained by cooling in the presence and absence of
the electric field were investigated using structural-dynamics
calculations®! with density-functional theory (DFT; see SI,
§7).

Classical inorganic ferroelectric materials, such as Ba-
TiO;, show a high-T paraelectric phase that undergoes one
or more symmetry-lowering phase transitions to a ferro-
electric phase with spontaneous polarization on cooling. The
paraelectric phase is a low-lying maximum on the structural
potential-energy surface linked through collective atomic
displacements to two or more equivalent ferroelectric
minima (possibly via a series of intermediate, lower-energy,
maxima). At elevated 7, sufficient thermal energy is
available to access the paraelectric phase, which corresponds
to what is effectively observed by spatially-averaged meas-
urements such as SCXRD. On cooling, the atomic displace-
ments are progressively “frozen in”, ultimately confining the
structure to one of the minima. If the displacements are
uncorrelated, or correlated but over a small length scale, the
LT phase typically consists of domains with randomly-
oriented polarization, and the bulk crystal displays zero net
polarization.” Application of an E alters the potential
energy surface (PES) such that one of the minima is
energetically preferred, which aligns most of the domains
and produces a bulk net polarization. This can happen either
at elevated T or on cooling, depending on the strength of
the field and its interaction with the material relative to the
thermal energy.

A key descriptor of these physics is the presence of
imaginary harmonic modes in the phonon spectrum of the
paraelectric phase, which identify a given phase as a local
maximum on the PES and indicate the energy-lowering
collective displacements toward the nearest local maxima/
minima. For 1, structural-dynamics calculations on the two
optimised LT crystal structures obtained from the in situ E-
cell study, viz. the 100K structures at 0kVem ™' and
+40kVem™, which we label “E-OFF” and “E-ON”,
respectively, identified imaginary harmonic modes in the
phonon spectra of both (see Supporting Information §7).
The PES along the imaginary modes were then mapped to
approximately locate the lower-energy structures associated
with the modes (Figure S36), which were then
optimised.”®*"! From the E-OFF structure, one of the five
imaginary modes (I';) led directly to a stable minimum with
the Cc space group (Figure S37, Table S5). This structure is
4.81 kJmol ™ per F.U. lower in energy than the starting E-
OFF structure and is the lowest energy of all the minima
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found in the PES search. For the E-ON structure, two of the
six imaginary modes (I";/I'y) led to distinct stable minima
with the C2 space group (Figure S37, Table S5). These are
3.43 and 2.91 kJmol ! per F.U., respectively, lower in energy
than the starting E-ON structure but 1.89 and 2.41 kJmol ™'
per F.U. higher than the E-OFF (I"}) minimum. However, a
third mode (I';) led to a maximum with a lower internal
energy than both of these structures, and so the mapping
process was repeated iteratively to eventually obtain a P-1
structure 4.94 kJmol ™' per F.U. lower in energy than the E-
ON structure and just 0.38kJmol™' per F.U. higher in
energy than the E-OFF (I';) minimum (Figure S37, Ta-
ble S5).

In an analogous manner to how our experimental data
suggests that the near-R7T Cmcm structure may be an
average over lower-symmetry Cmc2, domains, these calcu-
lations suggest both the Cmcm structure and the C2/m
structure obtained on cooling in an electric field are
themselves averages over lower-symmetry structures. This
supports the earlier observation that the SCXRD structures
are time- and space-averages, and thus cannot account for
observed properties of 1. Of the four calculated minima,
including the lowest-energy structure, three adopt non-
centrosymmetric space groups (C2, Cc) and polar point
groups (2, m). This indicates that 1 has a soft PES containing
many closely-spaced minima, of which the majority adopt
polar structures that would support piezo- and pyroelectric-
ity and SHG behaviors, and this helps to explain the
observed physical properties of 1. Furthermore, the four
minima are distinct, which suggests the structural PES from
the E-ON and E-OFF structures are distinct, thereby
demonstrating that applying an E during cooling can direct
the crystal to explore a region of the PES that may not
otherwise be accessible. Finally, comparing the minima with
the starting structures further shows that the intricate PES
revealed by these calculations is mediated primarily through
the degrees of freedom of FA* and H,O, but also by the
flexibility of the host framework, which is evident from the
minimal variation in the volume per F.U. across the different
structures (Figure S37, Table S5).

We note here a few potential limitations of these
calculations. The 100 K E-OFF structure was modelled in
the Cmc2, setting, given the experimental evidence of piezo-
and pyroelectricity. This resulted in small changes to the
relative positions of the atoms in the starting unit cell, such
that the higher Cmcm symmetry of the optimised structure
could be recovered with a symmetry tolerance of 0.2 A and
is unlikely to be an issue. The disorder in the 273 K RT
structure cannot easily be modelled in the calculations, and
resolving it to the major component yielded an equivalent
structure to the 100K E-OFF model after geometry
optimization. Given that standard DFT calculations are
“athermal”, and the inclusion of temperature effects would
add further complications to treating the disorder, this is a
necessary approximation. Finally, the partial PES search
performed here cannot be guaranteed to locate the global
minimum-energy structure, and it is possible there may be
additional minima not found in the present study. However,
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the cost of these calculations make it impractical to perform
a more exhaustive mapping.

Finally, considering point (iii), photocrystallographic
studies do not show any synergy between the photoswitching
and the properties observed in response to 7 and applied E.
NO is able to change coordination without causing any
significant structure change to the framework or FA™,
indicating that the two switching behaviors are not corre-
lated. This is supported by an assessment of the key
intermolecular interactions between NO and the rest of the
structure (Figure S34). The closest contacts are between the
NO and neighboring CN groups, with a shortest distance of
O(1)-N(7)=3.062 A. The most significant contacts are
C—H--O hydrogen-bonds between the NO and neighbouring
FA", e.g. C(10)-H(10A)--O(1)=3.460 A, which are catego-
rized as weak, electrostatic-type interactions.”™ Thus, it is
unsurprising that PLI can proceed without significantly
altering the surrounding crystal structure. Similarly, meas-
urement of the dielectric constant ¢ as a function of
irradiation time (Figure S35), indicates little correlation
between the photo and dielectric properties, with no
significant change in the ¢’ induced by illumination.

Conclusion

In conclusion, we have shown 1 to be a thermal, electrical
and photoresponsive crystal that displays a complex series of
structural transitions on exposure to different stimuli,
including piezoelectricity, pyroelectricity, SHG and THG at
RT. Structural-dynamics calculations suggest that the com-
bined application of thermal and electrical stimuli can push
the system into a new phase that is not otherwise accessible
under ambient conditions. This work therefore highlights an
effective route to manipulating material phase behavior
under non-ambient conditions, potentially providing access
to previously undiscovered phases with exploitable proper-
ties. Finally, this study shows that further engineering of
these materials to “design-in” a correlated photo/electrical
response is required, considering the proximity of switchable
moieties in the crystal structure and their potential for
significant interaction (e.g. via moderate-to-strong intermo-
lecular contacts). Established crystal engineering principles
(e.g. the rational incorporation of specific hydrogen/halo-
gen-bond groups to ‘target certain “supramolecular
synthons”,” size-matching of cations to the pores efc.) could
all be helpful, and such approaches will be the focus of
future studies.
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