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The synthesis of quality single crystals is central to materials chemistry for optical, magnetic, and electronic
device applications. The present work reports on the synthesis of single crystals of iron-triazole
coordination polymer [Fe(Htrz),(trz)l(BF,) where (Htrz) = 1H-1,2,4-triazole. Crystals of size as long as 80 um
can be achived by controlling the temperature, precursor concentration, and solvent type. It is found that
its thermal spin crossover depends largely on the crystal size. Fine crystals are ideal for depositing a thin
film that exhibits redox activity. The largest crystals allow reliable electrical conductance measurements
that reveal two different activation energies at the low spin state and the high spin state, which are
one order of magnitude smaller than the electronic gaps calculated based on density functional theory.
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1 Introduction

Spin crossover or spin transition is a phenomenon wherein a
molecular complex changes its form from a low-spin (LS) state
to a high-spin (HS) state under the influence of external factors
such as temperature, pressure or external stimuli." This very
attractive phenomenon occurs in octahedral complexes of 3d*-
3d” first row transition metal ions; Cr(u), Mn(u), Fe(ur), Mn(),
Fe(u), Co(m) and Co(u). They are stable in both LS and HS states
and thus, the two states co-exist at equilibrium. This gives rise
to molecular bistability accompanied by thermal hysteresis and
chromism, which provides the impetus for technological appli-
cations such as data storage and memory devices® and display
devices.® The spin crossover can also be brought about by light
irradiation ie. light-induced excited spin state trapping
(LIESST) and reverse LIESST. This was successfully implemen-
ted in optical data storage and processing devices.*® Spin-
crossover materials are central to some of the neat technologies
such as pressure-controlled conductivity (piezoelectric effect)’
photoconduction, molecular switches, memory devices, etc.®™°
The development in the field of supramolecular structures,
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materials and provides the basis for their applications.

covalent organic frameworks, molecular organic frameworks,
and their tendency to exhibit spin crossover'*™® have revived
the research in this field.

The present work aims to understand the synthesis and size-
dependent spin crossover of a Fe(u) coordination polymer,
[Fe(Htrz),(trz)](BF,) (see Fig. 1). In [Fe(Htrz),(trz)](BF,), Fe(u)
having six electrons in the 3d shell is coordinated to three pairs
of nitrogen atoms of 1,2,4-triazole in an octahedral geometry.
The 3d orbitals are split to the t,, and e, levels (see Fig. 2). In the
LS state, the ligand field stabilizing energy is greater than the
pairing energy, hence the electrons pair-up to fully occupy the t,,

Fig. 1 Crystal structure of [Fe(Htrz),(trz)I(BF,) viewed along the a, axis
(left) and along the a; axis (right), reproduced from structure files.*
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Fig. 2 (a) Spin crossover of [Fe(Htrz),(trz)](BF4,) accompanied by the
colour change from purple in the LS state at room temperature to white
in the HS state at a temperature above 100 °C, (b) spin transition in Fe*:
[Ar]13d® in a octahedral ligand geometry.

level, whereas in the HS state the ligand splitting is smaller as
compared to the pairing energy, hence the electrons occupy the d
orbitals according to Hund’s rule of maximum multiplicity.
Upon a LS-to-HS transition, two electrons are transferred from
the t;; subshell to the e, subshell as the Fe-N bond length
increases.®'"?

A series of systematic synthesis is presented to realise the
dependence of the crystal size on the precursor concentration,
temperature, and the type of solvent. It is found that much
larger crystals are synthesised in water than in methanol. The
length of crystalline needles can become as long as 80 um by
introducing a temperature gradient.

The phenomenon of spin crossover is accompanied by a
change in color on heating, referred to as thermochromism.
The color of [Fe(Htrz),(trz)](BF,) changes from purple in the LS
state to white in the HS state (see Fig. 2a and Video S1, ESIY),
which is attributed to spectral changes in UV-vis absorption.

Raman spectroscopy shows vibrational modes characteristic
for the reported structure and their changes upon spin crossover
as the temperature is increased from room temperature to 375 K.
It is demonstrated that both spin transition temperature and
hysteresis increase monotonically as the crystal size increases.

Drop-casting nanocrystalline powder in methanol can form
homogeneous thin films with excellent adhesion to FTO-coated
glass. The electrochemical analysis elucidates their redox activity
which signifies its potential in a range of electronic and energy
applications.

Finally, recent studies reported decent electrical conductance
of nano- and micro-crystalline [Fe(Htrz),(trz)](BF,) that exhibited
thermal hysteresis coinciding with their magnetic hysteresis. Our
homogeneously long crystals are large enough to bridge standard
source-drain electrodes that allow reliable measurements. We
demonstrate that the temperature dependence of the electrical
conductance follows the Arrhenius equation with an activation
energy of 0.12 eV (0.24 eV) below (above) 384 K with no thermal
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hysteresis. The activation energies are one order of magnitude
smaller than the energy gaps calculated based on the density
functional theory taking the derivative discontinuity of the
exchange—correlation energy into account, indicating a conduc-
tion mechanism defined by the carrier injection barrier or defect
levels.

2 Results and discussion
2.1 Synthesis

A systematic series of synthesis in water has been carried out in
order to realise crystals of different dimensions and dependen-
cies on the precursor concentration (C) and the temperature
(7). A molar ratio of [Fe(BF,),-6H,0]:[triazole] = 1:3 was
maintained in the entire synthesis. Fig. 3 shows the optical
micrographs of crystals prepared at T = 45 °C with different
precursor concentrations in the range C = 0.2-0.4 M of Fe(BF,),-
6H,0. No large crystals are grown at concentrations out of the
range presented. It is observed that the crystalline needles
become thicker as the concentration is increased. At 45 °C,
the length extends as the concentration is increased from
C = 0.2 to 0.25 M, and then it gets shorter as the concentration
is increased further to 0.4 M. With C = 0.5 M or higher no large
crystals are grown. The size homogeneity tends to degrade by
increasing the concentration.

Fig. 4 shows the crystals synthesised with the concentration
fixed at C = 0.3 M in the temperature range of 50-70 °C. The
crystalline needles became longer and thicker with the increas-
ing temperature up to 60 °C. At higher temperatures (7= 70 °C)
the crystals become much smaller. Furthermore, the crystals
grow as large as 80 pm (see Fig. 5) with a temperature gradient

NPT, WK
s A <% \§ W
e

C=0.3M

Fig. 3 Optical micrographs of [Fe(Htrz),(trz)I(BF,) crystals synthesized in
water at 45 °C with Fe(BF,4),-6H,O concentrations of 0.2, 0.25, 0.3 and
0.4 M in water. Scale bars correspond to 50 pm.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Optical micrographs of [Fe(Htrz),(trz)](BF4) crystals synthesized in
water at 50, 55, 60 and 70 °C with a Fe(BF4),-6H,O concentration of 0.3 M.
Scale bars correspond to 50 pm.

around 45 °C (for more details, see the Methods section). To the
best of our knowledge, no such large crystals of [Fe(Htrz),(trz)](BF.,)
were previously synthesized. To summarise, the average crystal size
depends largely on the reaction temperature and precursor concen-
tration. It is found that the largest crystals are grown homo-
geneously at C = 0.3 M and 60 °C. By introducing a temperature
gradient, the crystals can grow as long as 80 pm.

2.2 X-ray diffraction

The powder X-ray diffraction profiles of the well-crystalline
sample (crystal) prepared at C = 0.3 M and 45 °C and the

Fig. 5 Optical micrograph of [Fe(Htrz),(trz)I(BF4) crystals synthesized in
water with a temperature gradient around 45 °C with a Fe(BF4),-6H,O
concentration of 0.3 M.

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Powder X-ray diffraction profiles of the well-crystalline (crystal)
and least-crystalline (powder) [Fe(Htrz),(trz)I(BF4) and the best-fits after
Rietveld refinement.

least-crystalline sample (powder) synthesized in methanol are
plotted in Fig. 6. Both diffraction profiles exhibit all peaks
characteristic of the LS state of [Fe(Htrz),(trz)](BF,) reported
previously,’®* but not of [Fe(Htrz);](BF,) which was often
reported as an impurity.’®?° The lattice parameters obtained
after Rietveld refinement match well with previously reported
data.'®'® See ESIf for further details. The diffraction peaks of
the powder are broader than those of the crystal, which can be
attributed to much smaller crystallites. For detailed analysis,
see ESL

2.3 UV-vis spectroscopy

The UV-vis absorption spectra of the powder sample in the
LS and HS states are compared in Fig. 7. The absorption
peak centred at 2.3 eV>>* disappears upon the transition from
the LS state to the HS state. This changes the sample
colour from purple to white (see Fig. 2a) and leads to a larger
optical gap.

2.4 Raman spectroscopy

Changes in the structure upon spin crossover can be probed by
Raman spectroscopy. Fig. 8 shows the Raman spectra of the

Absorbance for LS and HS

T T T T T T
1.2 14 16 1.8 20 22 24 26 28 3.0
Photon energy (eV)

Fig. 7 UV-vis absorption spectra of the powder [Fe(Htrz),(trz)](BF,4) in the
LS and HS states. The difference spectrum (LS—HS) elucidates the absorp-
tion band centred at 2.3 eV in the LS state.

J. Mater. Chem. C, 2021, 9,1077-1084 | 1079


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0tc03878d

Open Access Article. Published on 08 December 2020. Downloaded on 6/13/2026 5:13:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

S Powder 0.3M in Methanol
=} S
o 514.5nm =
i

. e

=

7]

C

[0]

Q

C

= ©
ROV
k 1H-1,2,4-Triazole

T T

460 660 800 10‘00 12‘00
Raman shift (cm™)

T
1400

Fig. 8 Raman spectra of the powder sample at 298 K (LS state) and 375 K
(HS state), measured at a laser wavelength of 1 = 514.5 nm.

powder sample prepared in methanol measured at 298 and
375 K. Upon heating, the peaks at 136, 212 and 287 cm '
indicated by the blue dashed vertical lines redshift to 106, 140
and 184 cm ™, respectively, similar to those previously reported
in the literature.'® The band at 287 cm™" corresponds to a well-
defined Fe-N stretching vibrational mode.* In the high-frequency
region beyond 800 cm ™', the peak shifts are minor, but noticeable
as represented by the red short dot lines. [Fe(Htrz),(trz)|(BF,)
possess Htrz = 1H-1,24-triazole and trz = the deprotonated
triazolato(—) ligands. The bands at 1058 and 1309 cm™ ' of the
LS state (1042 and 1296 cm ™" of the HS state) can be attributed to
the Htrz and the bands at 1084 and 1283 cm™" of the LS state
(1065 and 1271 cm ™" of the HS state) to the trz."® This excludes the
presence of [Fe(Htrz);](BF,) that was often reported as an
impurity.'®*° All these changes are consistent with previous
results'®**~? and can be associated with the spin crossover. Upon
a transition from the LS state to the HS state, the metal-ligand
bond distance is extended as the ligand field is lowered and two
electrons are transferred from the t,, orbitals to the e, orbitals.
This leads to a lowering of metal-ligand stretching mode
frequencies.'®?*?°

2.5 Magnetisation

In the present work, we compare the magnetic properties of the
best-crystalline sample synthesised in water at C = 0.3 M and
T = 60 °C and the powder sample synthesised in methanol at
C = 0.3 M and room temperature. The corresponding magne-
tisation data in the temperature range of 320-400 K measured
at 1 T are plotted in Fig. 9. The LS-to-HS transition occurs
around Ty, = 384 K (360 K) upon heating while the reverse
(HS-to-LS) transition occurs around T,,7 = 351 K (338 K) upon
cooling for the best-crystalline sample (the powder sample),
where T, is the temperature at which 50% of molecules are in
the LS state and 50% of molecules are in the HS state. Note that
Ti121 is higher upon the first heating due to remanent solvent
or moisture,*>** as shown in the right panel of Fig. 9, so the
third sweeps are compared in the left panel.
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Fig. 9 (left) Temperature dependence of magnetisation (third sweep) for

the well-crystalline (crystal) and least-crystalline (powder) [Fe(Htrz),(trz)l (BF,)
samples measured in a magnetic field of 1 T. (right) Various temperature
sweep cycles for the powder sample, for details please see the text.

Both transition temperatures are higher for the best-crystalline
sample. The corresponding width of the hysteresis loop is ATy, =33 K
for the best-crystalline sample that is reduced to ATy, = 22 K for the
powder sample. The remanent magnetisation in the LS state,
which can be attributed to high spin Fe(u) impurities, is about
15% of the maximum magnetization in the HS state for the best-
crystalline sample and 22% for the powder sample. The fraction
increases as the size of the nanoparticle decreases.

Ti2y for [Fe(Htrz),(trz)](BF,) synthesized under different
conditions reported previously is in the range of 335-365 K,
whereas Ty, is in the range of 360-395 K.">*>**"** According
to the previous studies on nanoparticles of different sizes.>**>%41
Ty27 is reduced as the volume of particles becomes smaller
whereas T, is less affected. Consequently, the hysteresis width
is reduced for small particles. The transition temperatures of our
powdery sample are even lower than those reported for
[Fe(Htrz),(trz)](BF,). It is more comparable to those reported for
[Fe(Htrz);](BF4),(H,0).*

To the best of our knowledge, our 40 pm-long crystals are of
the largest size ever synthesized. Hence, the transition tem-
peratures obtained in the present study, ie., Ti»y = 338 K,
T2 = 360 K and ATy, = 22 K, should serve as state-of-the-art
bulk references.

2.5.1 Electrochemical analysis. The cyclic voltammogram,
ie., current versus bias voltage shown in the left panel
of Fig. 10, reveals a redox activity of a [Fe(Htrz),(trz)|(BF,)
thin film deposited on a FTO-coated glass. It exhibits the
anodic peak at E,, ~ 0.7 V and cathodic peak at E,. ~ 0.9 V.
The corresponding redox potential Ereqox = (Epa + Epc)/2 is
~0.8 V. This can be due to the reduction/oxidation of
1,2,4-triazole.**

Fig. 10 (right) shows the electric charge accumulated in or
released from the [Fe(Htrz),(trz)](BF,) thin film upon alternat-
ing the bias voltage between 0 and 1.2 V at ten second interval
for the first five cycles (the red curves labelled as 1st to 5th) and
the last five cycles (the blue curves labelled as 96th to 100th).
Charging and discharging occurs by alternating the bias voltage
between 1.2 V and 0 V at ten second interval. The maximum

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 (left) Cyclic voltammogram of a [Fe(Htrz),(trz)I(BF,4) thin film

deposited on a FTO-coated glass (blue solid curve) in comparison to the
reference data measured on a FTO-coated glass (black dashed curve).
(right) The electric charge accumulated in or released from the
[Fe(Htrz),(trz)l(BF4) thin film upon alternating the bias voltage between
0 and 1.2 V at ten second interval for the first five cycles (the red curves
labelled as 1st to 5th) and the last five cycles (the blue curves labelled as
96th to 100th).

charge accumulated is reduced only by ~ 8% after 100 cycles,
demonstrating an excellent durability of the thin film against
the oxidation-reduction reaction. Raman spectroscopy upon
electrochemical doping, or spectroelectrochemistry, was also
performed, but no change was observed in the Raman modes
(for more details, see Fig. S2, ESIT).

2.6 Electrical conductance

Our crystals synthesised at C = 0.3 M and 7'= 55 °C are of 40 um
long, which is large enough to bridge a bulky electrode gap of
30 pm (see the inset in Fig. 11) so that reliable electrical
conductance measurements can be carried out. Fig. 11 shows
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Fig. 11 Arrhenius plot of conductivity of the [Fe(Htrz),(trz)I(BF,) crystalline
sample plotted on a logarithmic scale as a function of temperature.
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the electrical conductance plotted in the logarithmic scale
as a function of temperature. The plot exhibits two linear
regions with a kink at about 0.0026 K" (~384 K) at which
the LS-to-HS transition takes place, but no discontinuity
is observed upon the HS-to-LS transition at 0.00285 K '
(~351 K). This is in contrast to previously reported DC
electrical conductance data for nano- and micro-particles
of [Fe(Htrz),(trz)](BF,),"**¢3>*** AC conductance’® and
DC conductance of the related complexes,*” which exhibited
thermal hystereses that coincide with respective spin thermal
hysteresis. In ref. 37 and 38, sub-micrometer long rectanglar
crystals were aligned on interdigitated electrodes by dielectro-
phoresis, which allowed reliable measurements of the intrinsic
electrical conductance with minimized contributions of grain
boundaries. Our samples are at least 5-6 times larger than those
synthesised previously so that some of the crystals directly bridge
a more bulky electrode gap of 30 um. This minimises the effect
of contact resistance between crystals that can be readily altered
upon lattice expansion/contraction associated with spin
transitions. Furthermore, if the electrical conduction is through
the bulk, a much larger volume of conduction is expected in
our case, which may impact on the electrical conduction
mechanism.

Above and below the kink at about 0.0026 K (~384 K) the
data can be fit to the Arrhenius equation. The activation
energies estimated for the low and high temperature domains
are ca. E5° = 0.12 and EXS = 0.24 eV, respectively. This increase
by 100% in activation energy upon LS-to-HS transition is in line
with the 50-70% increase reported previously on smaller
crystals.*®

2.7 Density functional theory

Finally, the electronic structure has been calculated based on
density functional theory. Fig. 12 shows the electronic band
structures of [Fe(Htrz),(trz)](BF,) in the LS state (left) and the
HS state (right), respectively, along the high symmetry path
I'-Y-T-R in the Brillouin zone. In the LS state, the top of the
valence bands is located at the I" point and the bottom of the
conduction bands is at the T point. The HS state has a direct
band gap at the T point. The direct Kohn Sham band gap of
the LS (HS) state at the T point is 2.10 eV (2.12 eV). Taking the
derivative discontinuity of the exchange-correlation energy
at integer-electron numbers into account, the gap energy is
2.83 eV (2.88 eV) which is greater by more than one-order of
magnitude than the estimated activation energies (E5> = 0.12
and EX® = 0.24 eV). The carrier injection barrier or defect
levels seem to be responsible for the measured electrical
conduction.

Finally, the optical band gap observed in the LS state is in
line with the theoretical electronic band gap, provided that the
exciton binding energy should be taken into account for a
quantitative comparison (see Fig. 7). The disappearance of
the absorption peak at 2.3 eV upon the LS-HS transition leads
to a larger optical band gap, that is qualitatively consistent with
the theoretical gap opening.

J. Mater. Chem. C, 2021, 9,1077-1084 | 1081
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Fig. 12 Density of states and band structures for the LS (left) and HS (right) state in the momentum directions along high symmetry path I'-Y-T—R in the
Brillouin zone, calculated by using the GLLB-SC functional.*®4° The blue (red) solid circles are the top (bottom) of the valence (conduction) band.
The shaded area represents an Kohn Sham band gap of 2.10 eV (LS)/2.12 eV (HS). Inset in the left panel: The Brillouin zone of a simple orthorhombic

lattice.

3 Conclusion

The thorough systematic study on the synthesis of spin-
crossover coordination polymer [Fe(Htrz),(trz)](BF,) has
revealed clear dependencies of the crystal size on the solvent
type, precursor concentration and the reaction temperature.
The well-crystalline needles can grow as long as 80 pm by
introducing a temperature gradient. It has been shown that
the spin transition temperature and thermal hysteresis increase
monotonically as the crystal size extends.

The in situ UV-vis and Raman spectroscopy measurements
elucidate changes in the optical gap and vibrational modes
accompanying the spin transition.

The electrochemical analysis suggests that this one-
dimensional system is redox-active and stable over repeated
oxidation and reduction processes. The electrical conduction
across the crystals is thermally excited with activation energies
of ca. 0.12 and 0.24 eV for the temperature range below and
above 384 K, respectively. The absence of hysteresis in electrical
conductance will shed light on the conduction mechanism in
spin crossover systems.

The electronic band structure and the electronic gap of the
[Fe(Htrz),(trz)](BF,) in the LS and HS states have been calcu-
lated based on density functional theory. The calculated elec-
tronic band gap is 2.83 eV in the LS state and 2.88 eV in the HS
state. The difference between the two states is rather small as
compared with the change observed in the UV-vis spectrum.
Further theoretical studies with more accurate approximations
are required in order to obtain good agreement between
theoretical and experimental results.

The methodology for the synthesis of large crystals demonstrated
in the present work provides a foundation for material sciences

1082 | J. Mater. Chem. C, 2021, 9,1077-1084

centred around new and existing spin crossover materials and
coordination polymers including metal-organic frameworks.

4 Methods
4.1 Synthesis

Iron(n) tetrafluoroborate hexahydrate, Fe(BF,),-6H,0, purchased
from Sigma-Aldrich and 1,2,4-triazole from Alfa Aesar were used as
received. All solvents used were of laboratory reagent grade. The
synthesis of the [Fe(Htrz),(trz)](BF;) complex was performed in
two different solvents ie. deionised water and methanol. The
molar ratio taken for the reagents was [Fe(BF,),-6H,0] : [triazole] =
1:3. Typically, the synthesis in methanol was performed as
follows. Fe(BF,),-6H,O (0.2029 g, 0.3 M) in 2 ml of methanol
was added to 1,2,4-triazole (0.1241 g, 0.9 M) in 2 ml of methanol at
room temperature in a 15 ml centrifuge tube made of polypropy-
lene. The resulting solution was maintained at room temperature
for 18 hours. Then, the precipitate was separated and washed
several times by decantation with fresh methanol. The same
procedure was used for the synthesis in water with different
precursor concentrations and temperatures. A small portion of
the precipitate taken on a microscope glass slide was observed
under an optical microscope. The rest was filtered off, dried and
stored for further investigation. A temperature gradient was
realized within a 15 ml centrifuge tube plugged in a block heater
set at 45 °C. The surface of the solution in the tube was set 10 mm
below the surface of the block heater. Extra-long crystals were
formed right above the surface of the solution after 48 hours.

4.2 Powder X-ray diffraction

Powder X-ray diffraction measurements were carried out using
a Bruker D8 Discover diffractometer with Co-Ka radiation. The

This journal is © The Royal Society of Chemistry 2021
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crystalline sample was ground before measurements. Rietveld
refinement was performed using the Full Prof Suite program.

4.3 UV-vis spectroscopy

UV-vis absorption spectra were recorded on thin films of
[Fe(Htrz),(trz)](BF,) powder deposited on glass slides with a
Bruker VERTEX 80v Fourier transform spectrometer.

4.4 Raman spectroscopy

Raman spectroscopy measurements were carried out on a
sample placed on a hot plate with a Horiba Jobin Yvon,
LabRAM HR800 with an excitation wavelength of 514.5 nm.

4.5 Magnetometry

Magnetisation measurements were carried out using a super-
conducting quantum interference device (SQUID) from Quantum
Design. The sample after heating at 127 °C in air for 3.5 hours was
placed in a gelatin capsule with the top section of the capsule
being reversed to press the powder sample. The mass of the
crystalline sample synthesised in water at C = 0.3 M and 7= 60 °C
was 15.8 mg, and that of the powder sample synthesised in
methanol at C = 0.3 M and room temperature was 14.7 mg.

4.6 Electrochemical analysis

In our setup, silver-silver chloride (Ag/AgCl) and platinum (Pt)
wires were used as the reference electrode (RE) and counter
electrode (CE), respectively. The powder sample that was pre-
pared in methanol was used to make a fine layer on a FTO-coated
glass as the working electrode (WE). The electrolyte used was
0.2 M acetonitrile solution of lithium perchlorate, LiClO,. Cyclic
voltammetry and chronoamperometry were performed using a
PGSTAT 204 with Nova 2.1 software by Metrohm autolab.

4.7 Electrical conductance

Five pairs of 30 um wide gap gold electrodes (channel width = 1 mm)
were deposited on a glass plate (dimensions 25 x 18 mm x 1 mm)
in a vacuum (~1 x 10~° mbar) by using a deposition mask (E321)
purchased from Ossila. Crystals synthesised at C = 0.3 M and
T = 55 °C diluted in methanol were drop cast onto the five gold
electrodes. The voltage across the electrodes was measured using a
Keithley 6514 system electrometer, with a constant current of 100 nA
supplied by a Keithley 6221 DC and AC current source. The sample
temperature was controlled by using a Lake Shore model 330
autotuning temperature controller.

4.8 Density functional theory

Structure optimisations were carried out using a Quantum
ESPRESSO, an open-source plane-wave periodic density func-
tional theory code. Norm-conserving pseudoponentials with
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional were used. Crystallographic information files, 900726
and 900727, were used to generate input files for LS and HS
state calculations, respectively.'® Density functional theory
calculations of the band structures were carried out by using
the GPAW code which is based on the projector-augmented
wave (PAW) method and the atomic simulation environment

This journal is © The Royal Society of Chemistry 2021
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(ASE). LCAO mode with a Monkhorst-Pack grid of (4,4,4) was
used and the GLLB-SC functional was chosen in order to take
the derivative discontinuity of the exchange-correlation energy
at integer electron numbers into account.’®*® The density
of states (DOS) was multiplied by normalized gaussians of
0.05 eV width.
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