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Abstract

In this study, the structure and transport properties of two polymorphs, nanoparticles and
nanorods, of the iron(Il) triazole [Fe(Htrz),(trz)](BF4) spin crossover complex were compared.
Conductive atomic force microscopy was used to map the electrical conductivity of individual
nanoparticles and nanorods. The [Fe(Htrz),(trz)](BF4) nanorods showed significantly higher
conductivity compared to nanoparticles. This difference in electrical conductivity is partially
associated to the different Fe—N bond lengths in each of the polymorphs, with an inverse
relationship between Fe—N bond length and conductivity. Transport measurements were done
on the nanorods for both high spin (at 380 K) and low spin (at 320 K) states under dark and
illuminated conditions. The conductance is highest for the low spin state under dark conditions.
In illumination, the conductance change is much diminished.
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1. Introduction

In recent years, a significant amount of research has been dir-
ected toward spin crossover complexes due to their unique
properties [1, 2], which are characterized by having both high
spin and low spin states. These complexes exhibit a reversible
transition between these two electronic states, with changing
temperature and other various external stimuli including pres-
sure, electric field, and light [1-5]. The two spin states have
different magnetic and optical properties, as well as differ-
ent dielectric constants, color, and configurations. The elec-
trical conductivity of spin crossover complexes is of great
interest due to their potential applications in various electronic
devices, such as switches [6—8], sensors [9], and memory [8,
10-12] devices. There are several factors [6] which influ-
ence the electrical conductivity of spin crossover complexes,
although the spin state of the complex is significant [8, 13].
The intermolecular interactions, the crystal structure of the
complex and the nature of ligands also play a vital role in
determining the conductivity of a spin crossover complex
and different crystal structures can be observed at different
morphologies [14]. For instance, polymorphism can have dif-
ferent impact on different properties [15] in these materials
including conductivity. The study of polymorphism in spin
crossover complexes can provide insight into the relationship
between the crystal structure and the spin switching in those
materials [16—19]. Many previous studies have investigated
the influence of polymorphism on spin switching in different
spin crossover systems [17-21]. These studies were mainly
focused on the crystal structures and magnetic properties of
different polymorphs, although a few of them reported the
effect of pressure on different polymorphs.

The overall conductivity of [Fe(Htrz),(trz)](BF,) has been
well studied [6, 8, 10, 11, 22-27], whose low resistance state
has been seen to be either the high spin [21, 23-26] or low
spin states [10, 11, 13, 20, 22], making [Fe(Htrz),(trz)](BF,)
an interesting system in which to study conductance. Spatial
maps of conductance were not a part of prior investigations,
however, nor was the effect of different polymorph on the con-
ductance compared. In this study, the electrical conductivity
of two morphologies, nanorods and nanoparticles of iron(II)
triazole spin crossover complex [Fe(Htrz),(trz)](BF4), was
studied.

2. Experimental

The synthesis method for [Fe(Htrz),(trz)](BF4) nanoparticles
was adapted from Kroeber er al [28]. A 3 M solution of
1,2,4-traizole in anhydrous ethanol was prepared and added
at 30 ul min~! using a syringe pump to a solution of 0.5 M
Fe(BF,), - 6H,0 in anhydrous ethanol while stirring. The pale
pink solution that resulted was stirred for an additional hour at

room temperature before being left overnight. The supernatant
was removed, and the resulting solid was collected via gravity
filtration and washed with anhydrous ethanol several times.

To prepare the nanorods, micellar mixture 1 was prepared
with 360 mg Fe(BF,), - 6H,O and 10 mg ascorbic acid in
I ml nanopure water and is stirred until dispersed. Micellar
mixture 2 is prepared by adding 220 mg of 1,2,4-triazole to
1 ml nanopure water and is stirred until dispersed. 8 g Tergitol
NP9 is added to each micellar solutions, and both solutions
are stirred separately at 60 °C for 5 min. The two solutions are
quickly combined and allowed to react while stirring for 24 h.
The reaction is stopped with ethyl acetate, and the resulting
nanorods are separated via ultracentrifugation at 4500 rpm for
30 min three times using ethyl acetate. This synthesis method
was adapted from a previous study by Blanco et al [29].

SEM was done on both the nanoparticles and nanorods
using FEI Helios NanoLab 660. Nanoparticles and nanorods
were dispersed in ethanol individually before dropcasting on
carbon tape attached to the sample stage prior to imaging.

Infrared analysis was collected using a Nicolet iS50
Fourier Transform Infrared (FTIR) spectrometer with a
SmartPerformer attenuated total reflectance (ATR) accessory
with a diamond crystal.

X-ray diffraction was done on both the nanoparticle and
nanorod powder using a Rigaku SmartLab diffractometer with
Cu-K« radiation. The diffraction was done from 5° to 50°
scattering angle. Rietveld refinement was done on the diffrac-
tion patterns using Maud software [30].

The ptychography images of [Fe(Htrz),(trz)](BF4) (Fe-
triazole, Htrz = 1 H-1,2,4-triazole and trz = deprotonated
triazolato (—) ligand) nanorods were acquired at the COSMIC
imaging beamline 7.0.1.2 of the Advanced Light Source at the
Lawrence Berkeley National Laboratory. Circularly polarized
x-rays with an energy of 709.5 eV were employed for the ima-
ging process. The acquisition was carried out in the transmis-
sion mode to reveal the crystal facets.

Magnetic susceptibility measurements were accomplished
using a VersalLab 3 Tesla cryogen-free vibrating sample mag-
netometer (VSM) using an applied magnetic field of 1 T from
300 to 400 K at a heating/cooling rate of 3.5 K min—!.

The current-voltage transport measurements were done
using nanorods deposited across an prepatterned electrodes,
The [Fe(Htrz),(trz)](BF4) nanorods were dispersed in eth-
anol and then drop casted on prepatterned electrodes from
Fraunhofer Institute for Photonic Microsystems (IPMS) with
a 10 pm gap between electrodes, as shown in figure 1. These
are designed for organic field effect transistor (OFET) fab-
rication. The prepatterned electrodes were prepared by son-
ication in acetone, washed with methanol and dried in a dry
nitrogen flow. The film was then dried to be free of solvent
prior to the device measurements, by annealing gently for an
hour to drive off residual solvent. The current-voltage meas-
urement was performed on an OFET at 320 K and 380 K.
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Figure 1. The Raman spectrometry for the [Fe(Htrz),(trz)]J(BFy4)
nanorods (bottom) bridging the gap between Fraunhofer institute for
photonic microsystems (IPMS) prepatterned electrodes (top). The
blue bar, in the lower right hand corner, indicates 2 pm.

The data was collected using 4200A-SCS parameter Analyzer
and cryogenic lakeshore probe station, both with and without
illumination. Transport measurements were done by dropcast-
ing the nanorods suspended in ethanol on prepatterned elec-
trodes and to confirm that the nanorods are indeed bridging
the gap between the electrodes. The voltage scan rate was
0.01 V second~'. That the transport measurements reflect only
a very small number of bridging [Fe(Htrz),(trz)](BF4) nanor-
ods was confirmed by spatial Raman microscopy as well. It
is difficult to say the measurements are of only one nanorod,
but the spatial Raman confirm the transport measurements
were of only a few bridging nanorods at most. Several differ-
ent samples were measured with little variation in the trans-
port properties. Raman spectroscopy was done at the gold
region (figure 1) of the electrodes. Raman spectroscopy of
[Fe(Htrz),(trz)][(BF4) has been conducted for both powder
form, by Faulmann et al and for bulk form, by Ould Moussa
et al [31, 32] Raman spectroscopy can identify the low spin-
high spin transition by observing the difference in the spectra
between the two states. The main region of interest is between
100 and 400 cm ™!, specifically 207, 212, 288, and 302 cm ™',
as peaks in this region are characteristic of lattice phonons and

Figure 2. Scanning electron micrographs of [Fe(Htrz),(trz)](BF4)
(a) nanoparticles, (b) nanorods.

metal-ligand vibrations [31]. The collected spectra are in good
agreement with previously reported values [31, 32].

In order to map the electrical conductivity of Fe(Il) triazole
nanoparticles and nanordos, Bruker Dimension SPM with
PeakForce TUNA module was used. Nanorods and nano-
particles were dispersed individually in ethanol at a mass ratio
of 1:20 (1-part nanoparticles/nanorods, and 20 parts ethanol),
and then sonicated for 40 min. 5 pl of each solution was drop-
cast on a silicon substrate with gold coating. The conductivity
of the dropcast films was measured at a DC bias of 2 V. An
SCM PIT V2 conductive AFM tip was used. The scan rate
was 0.996 Hz.

3. Results and discussions

SEM was used to confirm that desired morphologies, nan-
oparticles and nanorods, were fabricated (figure 2). Particle
size and nanorod characteristics were also analyzed. The nan-
oparticles had a mean diameter of 88 nm £ 18 nm and the
nanorods had a mean length of 1857 nm £+ 237 nm and mean
diameter of 316 nm £ 57 nm.

The ATR-IR results for the nanoparticles (figure 3(a))
match the expected results from the literature [33, 34]. The
large peak at 1064.3 cm~! is attributed to the coordination
of the Fe ion around the 1,2.4-triazole ring structure. The
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Figure 3. The IR spectra of [Fe(Htrz),(trz)[(BF4) (a) nanoparticles,
and (b) nanorods.

additional peaks between 3000 and 3100 cm™! are associated
with N-H stretching. Haasnoot ef al [35] previously identified
the Htrz and trz ligands using IR spectra assignments, where
the absence or reduced intensity of one of the ring torsion
vibrations between 600 and 700 cm~! was indicative of both
Htrz and trz ligands with C,, symmetry. In the nanoparticles’
spectrum, the strong absorption at 632.75 cm ™! as well as the
less intense absorption at 679.11 cm~! are both indicative of
a mixture of Htrz and trz around the Fe(I) center. Similarly,
the ATR-IR results for the nanorods (figure 3(b)) can also be
compared. The peak at 1064.05 cm ™! is also attributed to the
coordination of the Fe ion to the 1,2,4-triaozle ring. The peak
at 631.58 cm~! and 679.31 cm~! represents the presence of
both Htrz and trz ligands around the Fe(Il) center. Additional
peaks between 3000 and 3100 cm ™" are a result of N—H.
The x-ray diffraction results (figure 4) confirmed that both
the nanoparticles and nanorods are largely crystalline, as the
x-ray diffraction peaks are relatively sharp, and the patterns

lack the diffuse scattering characteristic of non-crystalline
materials. Rietveld refinement was used to better analyze the
diffraction data on the two structures. The refinement was
done by considering a trigonal structure and R-3:H space
group as a starting point. Structural parameters were then
iterated a few times to fit with the experimental data. The
sigma values found for nanoparticles and nanorods were 1.24
and 1.68, respectively, indicating relatively good fits consid-
ering the complexities of the crystal structures. The crystal-
lographic details for the two structures are shown in table 1.
The structures of both the nanoparticles and nanorods fit well
into the trigonal space groups. While the unit cell volumes
are relatively similar (within ~10%), the lattice parameters
were dramatically different (table 1), with the nanoparticles
having a much larger c-axis (~2x) and the nanorods a larger
a-axis. Another interesting aspect about the structures of the
two polymorphs is the Fe—N bond distances, where the aver-
age Fe—N bond length was 23.4% shorter for the nanorods. The
Scherrer equation was used to calculate coherence lengths.
Using the most intense peak, the coherence lengths were cal-
culated to be 32 nm and 47 nm for nanoparticles and nanorods,
respectively. These are much smaller than the nanoparticle
and nanorod dimensions, suggesting that they are polycrys-
talline or contain crystalline domains. In spite of these pro-
nounced differences in crystallography, at room temperature,
both the [Fe(Htrz),(trz)](BF,) spin crossover polymer nano-
particles and nanorods are in the low spin state, and exhibit
the expected spin state transition, as is evident in the magnetic
susceptibility times temperature thermal hysteresis loops dis-
cussed below.

The ptychographic images, obtained at the COSMIC beam-
line, are consistent with both the dimensions and crystallinity
of the [Fe(Htrz),(trz)](BF,) nanorods (figure 5) derived from
XRD. In figure 5, from the changing contrast from the incid-
ence polarization x-rays at the Fe 2p core threshold, there is
evidence of facets within the individual [Fe(Htrz),(trz)](BF,)
nanorods, indicative of crystallinity. This crystallinity is con-
sistent with greater coherence lengths determined from XRD
for the [Fe(Htrz),(trz)](BF,) nanorods.

Magnetic measurements revealed that the transition tem-
peratures between the low spin (LS) state and high spin
(HS) states were somewhat different for the nanoparticles
and nanorods (figure 6). For nanoparticles, the transition from
LS to HS occurred at 375 K and 367 K for each of two
cycles, respectively. For nanorods, this transition occurred
at 384 K and 377 K, again for Cycle 1 and Cycle 2.
Thetransition back to the LS state upon cooling for the nan-
oparticles were at 324 K and 323 K for two cycles, respect-
ively, while this transition occurred at 355 K and 353 K for
the two cycles for the nanorods. For both morphologies, the
Fe triazole [Fe(Htrz),(trz)](BF4) was found to be in the low
spin state at room temperature. The nanoparticles start to
shift from LS state to HS state at a lower temperature com-
pared to nanorods. The nanoparticles have greater cooper-
ativity among the molecules as compared to the nanorods,
as the hysteresis is significantly larger for the nanoparticles,
consistent with the XRD and ptychography, as discussed
above.
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Figure 4. The x-ray diffraction patterns for [Fe(Htrz),(trz)](BFa4)
(a) nanoparticles, and (b) nanorods.

Table 1. A summary of the crystallographic information of
[Fe(Htrz),(trz)(BF4) nanoparticles and nanorods.

Nanoparticles Nanorods
Crystal Structure Trigonal Trigonal
Space Group R-3:H R-3:H
a(A) 13.22 19.53
c(A) 48.48 24.98
Average Fe—N bond length (A) 274 222

Conductive atomic force microscopy (c-AFM), as in
figure 7, provided both the spatial resolution and measure-
ment sensitivity, to make possible the mapping of the elec-
trical conductivity of individual [Fe(Htrz),(trz)](BF,) nano-
particles and nanorods. The conductivity in the nanoparticles
is very low, as shown by the low currents which are on the
order of 107!> A (in the femtoampere region). The nanor-
ods, on the other hand, measured currents up to 28 pA, indic-
ating that the [Fe(Htrz),(trz)](BF,) nanorods are more con-
ductive, although the spatially resolved conductivity in these
materials is still very low, with measured current only in the
picoampere region, while essentially no current was detected
down to the femtoampere scale for the nanoparticles—a dif-
ference of at least 3 orders of magnitude. (figures 7(b) and
(d)). This difference in conductivity may be associated with
the different Fe—N bond lengths in these two polymorphs of
Fe(Il) triazole, as nanoparticles have larger Fe-N bond dis-
tances compared to the nanorods. Further, the high spin state
is characterized by larger Fe—N bond length, while the low spin
state is characterized by smaller Fe—N bond length. Moreover,
the samples were exposed to light while doing the AFM exper-
iments. Therefore, it is possible that the illumination caused
part of the sample to transform from the LS state to the HS
state since the material is photoactive. Further, this effect of
illumination will affect the nanoparticles more as they have
less a stable LS state.

500 nm

Figure 5. The ptychography image of Fe(Il) triazole
[Fe(Htrz),(trz)](BF4) nanorods taken using polarized x-rays at the
Fe 2p, L3, edge. Note the striped longitudinal contrast along the
nanorods.

To further confirm that the [Fe(Htrz),(trz)](BF4) nanorods
are more conductive in the low spin state, as has been seen
before for nanorods [6, 10, 22, 25, 27], the effect of illu-
mination and spin state on the conductivity was also stud-
ied. The experiments were done in both illuminated and dark
conditions to determine the effect of illumination on con-
ductivity. The I(V) transport studies were done at 320 K
and 380 K, where the iron triazole is in the low and high
spin states, respectively. Also, the effect of illumination on
the [Fe(Htrz),(trz)](BF,) current versus voltage I(V) charac-
teristics is significant as it causes a transition from the low
spin to high spin state at room temperature, as has been
previously established [36]. Consequently, transport meas-
urements under both illuminated and dark conditions are
revealing. Figure 8 shows the /-V conductance curves of the
[Fe(Htrz),(trz)](BF4) nanorods for both the high spin state
(380 K) and low spin state (320 K) in both light and dark con-
ditions illustrate that the current on/off ratio is very large when
measured in the dark (figure 8(b)) compared to under illumina-
tion (figure 8(a)). The low spin state to high spin state currents
for [Fe(Htrz),(trz)](BF,) are lower with the light ‘on’ because
[Fe(Htrz),(trz)](BF,) is photoactive, and light will transition
low-spin [Fe(Htrz),(trz)](BF,) into the high spin state so the
conductance at 320 K decreases, reducing the on/off ratio sig-
nificantly. The /-V curve shows almost an Ohmic behavior
without illumination in the low spin state.

The transport measurements are not done with point con-
tacts nor a break junction, so there is no assurity here that
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Figure 6. The magnetic susceptibility times temperature thermal
hysteresis loops for [Fe(Htrz),(trz)](BF.) (a) nanoparticles, and (b)
nanorods.

the transport behavior reflects a single [Fe(Htrz),(trz)](BF,)
nanorod. Transport measurements through a single
[Fe(Htrz),(trz)](BF4) nanoparticle have been reported
elsewhere [23, 24], with similar changes in current with spin
state. As noted elsewhere [24], it is noted that voltage poling
of [Fe(Htrz),(trz)](BF,) nanoparticles does indeed change the
photoconductance. This raised a key issue regarding the pos-
sible effects of different packing arrangement on the overall
conductance. Lattice solvent is known to affect both electrical
[37] and thermal conductance [38], as the choice of solvent
affects the molecular packing [39, 40].

4. Conclusion

In this study, the effect of morphology on crystal paramet-
ers and conductance for the spin crossover iron(Il) triazole
[Fe(Htrz),(trz)](BF4) complex for two different morphologies

247018

1788

Figure 7. Atomic force microscope images for
[Fe(Htrz),(trz)](BF4) nanoparticles and nanorods. (a) Height map
image of nanoparticles, (b) electrical conductivity map of
nanoparticles, (c) height map of nanorods, and (d) electrical
conductivity map of nanorods.
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Figure 8. The current-voltage measurements taken for
[Fe(Htrz),(trz)](BF4) nanorods in (a) light (fluorescent light) and (b)
dark at low spin (320 K) and high spin (380 K) states.

(nanoparticles and nanorods) was investigated. Both morpho-
logies were observed to be crystalline but were found to have
different crystal structures. While both x-ray diffraction pat-
terns were indexed to the trigonal structure, lattice parameters
were significantly different for the nanoparticles versus nanor-
ods. Conductivity experiments on individual nanoparticles and
nanorods, accomplished using conductive atomic force micro-
scopy, also revealed different behavior for the nanoparticles
and nanorods. The nanorods were found to have much higher
conductivity than the nanoparticles when measured using con-
ductive atomic force microscopy. The difference was attrib-
uted to the different Fe—N bond length in the two structures.
The Fe-N bond length is longer in the [Fe(Htrz),(trz)](BF,)
nanoparticles than in the nanorods. Temperature-dependent
magnetic analysis revealed thermal hysteresis of the magnetic
susceptibility on both [Fe(Htrz),(trz)](BF4) polymorphs, con-
firming the presence of a spin crossover transition. The tem-
perature range over which the hysteresis occurred was lar-
ger for nanoparticles (44 K) than it was for the nanorods
(24 K), indicating greater cooperativity for the more crystal-
line polymorph. In fact, facets can be identified within the
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[Fe(Htrz),(trz)](BF,4) nanorods. These differences in different
behaviors in the polymorphs can also be attributed to their size
differences and synthesis technique [10].
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