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Conductance Fluctuations in Cobalt
Valence Tautomer Molecular Thin Films

Jared P. Phillips, ? Saeed Yazdani, 2 Joseph Soruco, ? Jackson
Oles, 2 Thilini K. Ekanyaka, ® Esha Mishra,  Ping Wang, ¢ M.
Zaid Zaz, b, Jing Liu, 2, Alpha T N’Diaye, ¢ Michael Shatruk, ¢
Peter A. Dowben, *® Ruihua Cheng *2

Abstract: The conductivity changes associated with optical excitations and
changing temperature, in cobalt valence tautomer molecular thin films were
investigated. Conductance switching in the presence of illumination is
observed, with occasional locking in a higher conductance state, depending
on the temperature, the photon energy of the illumination, and the bias
voltage. Light of sufficiently short wavelengths is needed to ensure the light
enhanced conductance switching, consistent with the optical absorption, but
bias voltage clearly plays a role as well. The conductance switching is
associated with excitations to the ligand to metal charge transfer state.

Introduction

Spin crossover (SCO) and valence tautomeric (VT) complexes
are two similar classes of molecules exhibiting a bistability
between a low spin (LS) and a high spin (HS) state. They can be
switched between these two states by a number of external
stimuli, including temperature, light irradiation, pressure,
magnetic field, and electric field,»® making these materials
attractive candidates for next generation molecular based
electronics.?22 Each state possesses distinct physical properties,
with one of the most intriguing being the spin state dependent
electrical conductivity.>2!
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Figure 1. The valence tautomeric low spin (LS) and high spin (HS) forms of
[Co(SQ)(Cat)(3-tpp)2].

The spin state switching phenomenon arises in transition
metal coordination complexes due to the energy splitting of the
five 3d orbitals of metal ions into 24 and eg4 levels. For valence
tautomer complexes, the conversion between the LS and HS
states is associated with electron charge transfer between
redox-active ligands and the metal center.?2-3° For an octahedral
cobalt complex, the LS Co(lll) state, shown in Figure 1, has an
electronic configuration tgg, S =0, 'A,. After an intramolecular
electron charge transfer from ligand to Co(lll) metal ion, it

becomes the paramagnetic HS state Co(ll) species with tggeé, S
=3/2, *T,, with a concomitant change in the oxidation and spin
state of the redox-active ligand (see below). These complexes
are often highly sensitive to light irradiation,?®-37 X-rays3%-4° or
the X-ray generated secondary electrons. The valence tautomer
transition can lead to a change in conductivity,?? similar to the
SCO complexes.?>?! The direct photoinduced spin state change
is optically forbidden. Frequently for many molecular spin
crossover complexes the photoinduced LS-to-HS switching
proceeds through direct spin-allowed excitation to a ligand-
metal charge transfer (LMCT) state, followed by a decay into the
metastable HS state.*>*2 Such LMCT states have been identified
recently for the valence tautomer complex [Co"(SQ),(3-tpp).].*3
The question is whether under an applied electric field the
photoinduced spin state change is hindered or enhanced.

In this paper, we report a study on the temperature, light,
and bias voltage dependent valence tautomer transition from
the LS [Co"(SQ)(Cat)(3-tpp),] (3-tpp = 3-thienylpyridine) to the
HS [Co"(SQ),(3-tpp).], as illustrated in Figure 1, where Cat = 3,5-
di-tert-butylcatecholate (S = 0) and SQ = 3,5-di-tert-
butylsemiquinonate (S = 1/2). These particular complexes
exhibit a change in spin state between 300 K and 400 K,
associated with a valence tautomer transition centered about
370 K.*3* Prior work on the electronic structure of
[Co"(SQ)(Cat)(3-tpp);] and [Co'(SQ),(3-tpp),] indicates that
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optical excitations to the HS state would require a photon
energy between 2.8 and 3.7 eV*3to ensure an excitation to the
LMCT state, which could then subsequently decay to the high
spin state.*1%? If the photon energy is too small, excitations to
largely Cat- and 3-tpp- weighted molecular orbitals are
forbidden by symmetry selection rules, resulting to the low
optical absorption cross-section.*3

Experimental Methods

The synthesis of [Co(SQ)(Cat)(3-tpp).] (3-tpp = 3-
thienylpyridine) was carried out by layering a solution of
[Co"(SQ),14 (270 mg, 0.13 mmol) in 8 mL of toluene on top of a
solution of 3-tpp (172 mg, 1.07 mmol) in 5 mL of
dichloromethane, which led to the formation of blue crystals
after a few weeks. The crystals were recovered by filtration,
washed with toluene, and dried under vacuum at 100 °C for 24
h, resulting in a dark powder with a yield of 180 mg (42%), as
described previously in details.**

Thin film samples were prepared using drop casting.
Solutions of [Co(SQ)(Cat)(3-tpp),] were created by dissolving 1
mg of the complex (weighed using an AG 104 analytical balance)
in 3 mL of toluene. Various other solvents, including
dichloromethane, acetone, and methanol, were tested. The
best solubility was achieved in toluene, while also minimizing
the “coffee ring” drying effect.*> The solutions were sonicated
for 20 min followed by stirring using a vortex mixer.

The approximate thickness of the thin films prepared by

each drop cast can be determined by the relation, t = %, where
t is the thickness of the film, V¢ is the volume of solute
contained in a single drop of the drop-cast solution, and 4 is the
total area fully covered by a drop of the solution. For samples
used in X-ray absorption spectroscopy (XAS) and ultraviolet-
visible (UV-Vis) spectroscopy studies, each drop of solution
drawn from the pipette is 25 pL and it covers the substrate’s
surface area of approximately 1 cm?. Using a solute-to-solvent
volume ratio of 0.0009 mL of [Co(SQ)(Cat)(3-tpp),] powder (p =
1.1 g/cm3) to 3 mL of toluene (p = 0.867 g/cm3), a single drop,
with V¢ = 1.5 x 106 mL, created a thin film of [Co(SQ)(Cat)(3-
tpp),] with a nominal thickness of 75 nm. All the spectra are
normalized by the maximum peak for better comparison.

The samples for electron transport studies were prepared
using gold interdigitated electrodes (IDEs) (Figure S1) purchased
from Micrux Technologies.?? For this purpose, thin films of
[Co(SQ)(Cat)(3-tpp), were prepared on interdigitated
electrodes and mounted on a custom-built variable
temperature transport measurement stage, connected via
silver painted gold wire electrodes. Initial background
conductance readings were performed on a bare interdigitated
electrode chip to ensure adequately clean interdigitated
electrodes without contamination or chip defects. A
picoampmeter reading below the range of 1 x 1012 A indicated
a sufficiently clean substrate. Next, a 250 nm thick molecular
film was deposited via drop casting onto the interdigitated
electrode substrate and allowed to dry under vacuum. The
interdigitated electrodes consisted of an electrode pair
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arranged in a zigzag path and spanning an equivalent length of
1 m, a height of 200 nm (50 nm Ti beneath 150 nm Au) and
separated by a 5-micron gap. The drop cast of [Co(SQ)(Cat)(3-
tpp),] solution covers a surface area of each interdigitated
electrode pattern, ~0.5 cm?, requiring 10 individual 5-uL drops
(~30 nm thickness per drop) for optimal functionality. The
transport measurements data acquisition was done by
collecting the individual I(V) curves as a function of
temperature. These data were then converted to the
conductance, using the information on the cross-section area
between two electrodes. The raw data are provided in the
supplementary materials (Figure S2).

While the choice of substrate can certainly affect the spin
state of a spin crossover thin film, in the thin film limit,*® the
glass substrate of the gold interdigitated electrodes used here
does not seem to affect the spin state transition of the
[Co"(SQ)(Cat)(3-tpp),1/[Co"(SQ),(3-tpp).] thin films. In fact, the
electronic structure of [Co"(SQ)(Cat)(3-tpp),]/[Co'(SQ).(3-
tpp),] has been found to be surprisingly insensitive to a wide
range of substrates.*3 As indicated here, this is influenced by the
electric polarization of the organic ferroelectric polyvinylidene
fluoride-hexafluoropropylene (PVDF-HFP). PVDF-HFP thin films
were deposited using a lab-built Langmuir-Blodgett (LB)
machine, as described elswhere.122947 To achieve an optimal B
phase in PVDF-HFP, thin films were annealed and post-
annealing, a 300 nm film of [Co"(SQ)(Cat)(3-tpp),]/[Co"(SQ).(3-
tpp),] film was added. To obtain the desired polarity of the
PVDF-HFP layer, a negative or positive voltage of 30 V was
applied for 30 seconds then the bias voltage was gradiually
decreased back to zero. The UV-Vis measurements were done
several times on multiple samples and similar results were
acquired.

Charge transport measurements were conducted under
vacuum using a custom-built and fully automatic controlled
variable temperature stage.?%*’ This is important as an (V)
curve transport measurement is acquired slowly (5 minutes for
a full sweep), which combined with the time taken for each
temperature to stabilize, a full temperature dependent
measurement cycle is acquired in about 10 hours. XAS
experiments were carried out at the magnetic spectroscopy
beamline 6.3.1 of Advanced Light Source (ALS) at Lawrence
Berkeley National Lab in Berkeley, California. The
measurements were taken in the total electron yield (TEY)
mode, indicating that the XAS measurements were surface
sensitive. The photon flux was approximately ~1011
photons/sec, as described in other studies.'?20:3943 UYV-Vis
spectrometry measurements were performed using a Thermo-
Fisher Scientific G10S UV-Vis spectrometer equipped with a
custom-developed sample heater (parts purchased from
Thermo-Fisher Scientific Inc., Waltham, Massachusetts,
USA).4347

Identification of the Ligand to Metal Charge
Transfer State

This journal is © The Royal Society of Chemistry 20xx
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The key focus of this paper is the conductance fluctuations.
Inverse photoemission, X-ray absorption (XAS) and optical
measurements have been compared to better explain the effect
of optical excitations on the conductance, as discussed below.
The temperature dependent Co-L; and L, XAS spectra (Figure
S3), recorded for a thin film of [Co(SQ)(Cat)(3-tpp),] with a
thickness of around 75 nm prepared on a HOPG substrate, show
minor changes as the temperature increases from 300 K to 390
K. For the HS form, [Co"(SQ),(3-tpp).], both e4 and t24 orbitals
are partially occupied, as indicated with peaks at 775.9 eV and
777.3 eV corresponding to the excitations to t24 orbitals and eg4
orbitals, respectively. There may be a slight decrease in the
intensity of the 777.3 eV feature, as the temperature increases,
but in general the XAS does not change much with temperature,
especially with decreasing temperature. It is clear from the XAS
that the [Co(SQ)(Cat)(3-tpp),] film is largely in the HS states
under the X-ray fluence, as previously noted.*

All the XAS spectra (Figure S1(b)) collected with decreasing
temperature from 390 K to 300 K show negligible differences,
suggesting that the more complete spin state conversion
achieved on heating is sustained for a single heating and cooling
cycle, i.e., the spin state becomes locked in the film after
subjected to thermal treatment, when under continuous X-ray
flux. This locking could be due to several factors, mainly the
previously mentioned photo-active nature of many Co valence
tautomer molecules,?®° including X-ray3®4° trapping the
[Co"(sQ)(Cat)(3-tpp),] or [Co"(SQ),(3-tpp),] metastable state,*0-
42 possibly sustained due to the incident X-ray flux and
secondary electron generation (although reversible over many
subsequent heating and cooling cycles). Another possibility is
temperature, and possibly X-ray fluence, induced changes in the
packing of molecules in the thin film, which could lead to a
change in the ratio of the HS and LS molecules.*! Similar effects
are seen with temperature, and illumination closer to the visible
as well.

The UV-Vis spectra measured on the thin film of
[Co(SQ)(Cat)(3-tpp),] in the wavelength range of 200-800 nm
also indicate a transition with increasing temperature (Figure
2a) and a locked state with negligible change in spectra upon
decreasing the temperature (Figure 2b). Figure 2a shows the
UV-Vis optical absorption spectra of a 75 nm thin film of
[Co(SQ)(Cat)(3-tpp),] on a glass substrate taken during the
initial temperature ramp from 298 K to 400 K. The absorbance
peak near 270 nm gradually increases as temperature rises,
while the absorbance peaks near and 400 nm and 280 nm
decrease, but these changes to the optical absorption are
relatively small, especially with decreasing temperatures. These
characteristic optical transitions from the highest occupied
molecular orbital (HOMO) to the various unoccupied molecular
orbitals, show a narrowing of the strong optical absorbance in
the vicinity of 275 nm and suppression of the weaker
absorbance at 400 nm with increasing temperature, suggesting
a small shift in the occupancy of the €4 and t24 orbitals. Based
on earlier comparisons of theory, X-ray absorption, and optical
absorption,*3 this 270 to 280 nm absorption band and 400 nm
band correspond to excitations to unoccupied hybridized

This journal is © The Royal Society of Chemistry 20xx
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ligand-to-metal charge transfer (LMCT) states, as seen in Figure
3.

We can identify unoccupied states, with both ligand and
metal contributions, at 1.8 to 1.9 eV, 3.1 to 3.5 eV and 4.1 to
4.7 eV, as seen in Figure 3 and described elsewhere.*> A
comparison of the largely metal-weighted XAS-derived
unoccupied density of states (obtained by subtracting the core
level binding energy from the XAS photon energy?*3) with the
inverse photoemission, which is very surface sensitive and thus
probes largely the ligand related density of states, is illustrated
in Figure 3.3 From the known symmetry of the unoccupied
states, excitations to the unoccupied states at 1.8 to 1.9 eV
above the Fermi level are forbidden by optical symmetry
selection rules as the initial and final states are orthogonal, and
thus not seen in optical absorption. For this reason, excitation
to these low-lying states will not lead to an excited state that
can readily decay to the HS state.*? In contrast, excitations to
the unoccupied states 3.1to 3.5eVand 4.1to 4.7 eV, as seen in
Figure 3, should lead to an occupied state that might decay to
the HS state.*2 The characteristics of the temperature

Absorbance (arb)

300 400
Wavelength (nm)

200 500

Absorbance (arb)

200 500

300 400
Wavelength (nm)

Figure 2. Temperature dependent UV-Vis spectra of a thin film of [Co(SQ)(Cat)(3-
tpp).] on a glass substrate with initial increasing temperature (a) and subsequent
decreasing temperature (b). During the temperature increase, a clear shift in the
absorbance peak is observed. Upon decreasing the temperature, no change is
observed. Intermediate temperature spectra have been omitted for visual clarity.

dependent UV-Vis measurement results agree with the data
obtained using XAS and prior theoretical calculations of the
electronic structure.*® The optical absorption features at 290
nm represent photon wavelengths close to the combined
unoccupied ligand (at about 4.7 eV seen in inverse

J. Name., 2024, 00, 1-3 | 3
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photoemission) and metal state binding energies
(corresponding to a feature at 4.1 eV above the threshold edge,
in X-ray absorption). As with the X-ray absorption spectra
(supplementary materials), the optical absorption spectrum,
seen at 400 K, is then largely preserved on the subsequent
decrease in sample temperature (Figure 2). This is consistent
with a persistent excitation to the HS [Co(SQ),(3-tpp).]
tautomer, independent of temperature.

The weak 400 nm optical absorption band (Figure 2)
corresponds to excitations to a strong Co-weighted unoccupied
state observed in X-ray absorption (Figure 3a and
supplementary materials) at 3.1 eV and as ascertained from the
matching spectral weight in the inverse photoemission,
contains weak ligand contributions (Figure 3b). This excitation
is metal weighted state, with both ligand and metal unoccupied
orbital contributions in the HS state, but for which optical
excitations are largely, but not completely, forbidden (hence
weak in optical absorption). The energy of this ligand plus metal
unoccupied state correlates with the wavelength dependence
of the temperature and optical illumination enhanced
conductance changes discussed below.

Photon Energy (eV)
773 778 783

LU AL Ll il it i al i il ail

Intensity (arb.units)

TrrrrrrrrrrrrrrrrrrreTreTy

5
E-E, (eV)

TTATIT AT AT T T I AT Iy

0 S 10
Photon Energy (eV)

Absorption
(arb.units)

Figure 3. A comparison of the unoccupied states of [Co(SQ)(Cat)(3-tpp),]/[Co(SQ),(3-
tpp),] thin films through various spectroscopies. a) The Co 2ps/, X-ray absorption spectra
of [Co(SQ)(Cat)(3-tpp),]/[Co(SQ),(3-tpp).] at 300 K, b) the unoccupied states from
inverse photoemission [Co(SQ)(Cat)(3-tpp),]/[Co(SQ),(3-tpp),] thin films at 300 K
deposited  on a polyaniline molecular layer, c) the UV-VIS absorption spectra of
[Co(SQ)(Cat)(3-tpp).l/[Co(SQ),(3-tpp),] at 300 K. The components from XAS of
[Co(SQ)(Cat)(3-tpp).1/[Co(SQ),(3-tpp),] has been lined up with the approximated
components of inverse photoemission spectra and absorption spectra.
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Conductance Changes with Temperature and
Optical Excitation

Conductance studies suggests that visible-light illumination
allows toggling between conductance states at elevated
temperatures. To further investigate the photo-active
conductance response of [Co(SQ)(Cat)(3-tpp).], light and
temperature dependent electronic transport measurements
were performed on the sample at variable temperatures and
light sources with the bias voltage ramping typically between
+1.4 V. The resulting conductance measurements exhibited
interdependence among the bias voltage, the
irradiation wavelength, and the annealing history of the sample.

Figure 4a shows the conductivity of a sample as a function
of temperature while under total darkness (without any light
irradiation). The conductivity exhibited robustly reproducible
behaviour, with increasing and decreasing temperature cycles,
but with an overall decrease in conductivity with increasing

intricate

temperature, in the absence of illumination. This behaviour is
distinct from the abrupt changes in conductivity discussed
below. In spite of the low conductivity, the conductivity is close
to a linear decrease with increasing temperature, which
somewhat resembles a metal and may be the result of a
significant density of states predicted, by density functional
theory, at the Fermi level.*3 This indicates that there is no
abrupt conductance transition associated with temperature
change, over a wide range in temperature where the valence
tautomeric change in the spin state occurs,*? if there is no light
irradiation. Multiple repeated measurements were conducted
without photon excitation and under illumination from various
colours of light on the sample. The measurements in the
absence of illumination or with illumination with red light
showed identical results and confirm that a significant
conductance transition does not happen even well above 370 K,
as summarized in Figures 4a and 4b.

In the presence of light of shorter wave lengths, abrupt
changes in conductivity are seen. Figure 4c shows the
temperature dependent I(V) data of the sample irradiated by
incandescent (broad spectrum) light. In this instance, the
sample conductance starts in a generally lower conductive
state, as shown by the green curve of Figure 4c, obtained at 333
K. As the temperature increased to 373 K, the conduction
current jumped to a higher value at a bias voltage of around
1.25 V, as shown by the red curve in Figure 4c, in the presence
of illumination. The now higher conductance then remained
stable even after decreasing temperature, as shown by the blue
curve in Figure 4c. We also observed that changes in the
conductivity occur in the vicinity of 360 K to 370 K at the higher
electric field (higher bias voltages), and the higher conductance
state of [Co(SQ),(3-tpp),] is more robustly retained, as seen in
Figure 4d.

Based on multiple I(V) curves, we extracted the conductivity
as a function of temperature at a bias voltage of 1.25V, and the
data are summarized in Figure 4d, with the temperature history
indicated by the arrows. With the heating, the
conductivity of the sample increased abruptly by a factor of two,

initial

This journal is © The Royal Society of Chemistry 20xx
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at temperatures in the vicinity of ~370 K, with the combination
of visible-light illumination and an applied voltage.
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The temperature dependence tends to implicate the
tautomeric transition or change in spin plays a role in this abrupt
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Figure 4. The temperature, light, and bias dependent electric transport measurements of [Co(SQ)(Cat)(3-tpp),] thin films. (a) The
temperature dependent conductivity plot of a sample measured in darkness. (b) The conductivity data of the sample for 3 cycles measured
when the sample was illuminated by a red LED. (c) I(V) data of a sample measured at different temperatures under incandescent light
irradiation. (d) The temperature dependent conductivity plot (with a bias voltage of 1.25 V) as a function of temperature while the sample

was held under incandescent light.

This higher conductance state was retained with decreasing
temperature, although, as before, conductance surprisingly
increases with decreasing temperature (though at a much
higher overall conductance). The initial conductance change is
consistent with both the XAS (supplementary materials) and
UV-Vis data (Figure 2) that also suggest that thin films of
[Co(SQ)(Cat)(3-tpp),] indeed undergo a valence tautomeric spin
transition near 370 K, consistent with the magnetometry of
prior work.34* The locking in the high conductance state on
raising the temperature above 360 K (Figure 4d) is also
consistent with effects of continued illumination as seen in both
the optical absorption and XAS, as discussed above.

Magnetometry measurements indicate that [Co(SQ)(Cat)(3-
tpp).] undergoes a gradual valence tautomeric transition from
the LS to HS state when the sample is heated from 300 K to 400
K, with the midpoint of the conversion occurring around 370 K,
as seen in the supplementary materials Figure S4.4344 |n this
context, the prevalence of conduction changes near the
transition temperature of 370 K is thought to be significant. The
physical re-organization of molecules could also contribute to
the conductance change as could be the tautomeric spin state
transition and excitations to an excited state like the ligand to
metal change transfer state.

This journal is © The Royal Society of Chemistry 20xx

change in conductance. Yet the change in conductance remains
stable with decreasing temperature, and neither the XAS nor
the optical absorption change significantly with temperature
indicating that under illumination, the [Co"(SQ),(3-tpp),] high
spin state is favoured. With the physical re-organization of
molecules, one would expect some partial changes in
conductance, rather than the discrete change in conductance
seen here, as the physical re-organization of molecules cannot
always be a complete process for the entire film. This latter
effect is not seen. Yet, we can completely exclude either the
tautomeric transition or change in spin or a physical re-
organization of molecules as playing a role in the mechanism for
conductance change. Yet the wavelength dependence of the
illumination necessary for the conductance change and
reversibility of the conductance change implicates the ligand to
metal change transfer state (LMTS), discussed above, as playing
a significant role.

It seems very plausible that this conductance switching and
then "locking" in the high conductance state is associated with
optical excitations to the LMCT and ligand-centered excited
states, as such conductance switching is only observed in the
presence of illumination that contains short wavelength (higher
energy photons), as seen in Figures 4c and 4d. The absence of

J. Name., 2024, 00, 1-3 | 5
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conductance switching in the presence of illumination at longer
wavelengths in the vicinity of 600 nm (Figure 4b), or much
longer wavelengths (lower energies) than any of the optical
absorption features is believed to be significant. The fact that
conductance does not change, at temperatures associated with
the valence tautomeric transition and in the absence of
illumination by short wavelength light, suggests sustained
occupancy of the LMCT and ligand-centered excited states are
required for the abrupt conductance changes. As noted above,
optical excitations to the low-lying unoccupied states at 1.8 to
1.9 eV above the Fermi level, noted above, are not favoured,
again consistent with the observation that longer wavelength
illumination does not lead to an observed conductance change.
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Figure 5. The temperature dependent conductivity of [Co(SQ)(Cat)(3-tpp),] thin
films under illumination with a purple LED on an interdigitated electrode
template. (a) The temperature dependent conductivity of a sample while
illuminated by a violet LED for the first 2 cycles. (b) The temperature dependent
conductivity plots of the sample during later annealing cycles. Throughout, the
sample is illuminated by a violet LED and the bias voltage is 1.25 V.

To demonstrate that the observed conductance switching
represents bistability for the tautomers Co(SQ)(Cat)(3-
tpp).1/[Co(SQ),(3-tpp),], we performed the same electric
transport measurements using a violet LED light source (380 to
420 nm), as well as with a small applied electric field of 1.25 V.
The I(V) measurements were carried out for a sample first
illuminated by a violet LED light source during the temperature
ramping up process followed by temperature ramping down.
We repeated the cycles, with the conductivity data extracted
from I(V) curves summarized in Figure 5a. The initial annealing
and colling temperature cycle (labeled as the black curve with
arrows denoting the temperature ramping directions) begins
with a low conductivity state, similar to Figure 4d, however, the
conductance is seen to flip between the high and low
conductance states as the temperature increases, and finally
stabilizing in the higher conductivity state when the
temperature approaches 390 K. As the temperature is ramped
back down to room temperature and the spin state is seen to
be stabilized in the higher conductance state. But this
conductance switching is clearly reversible as with a second
annealing cycle (indicated by the red curve in Figure 5a) the
conductance transitions back to the lower conductance state as
the temperature increases to 390 K, and then stabilizes now in
the lower conductance state with decreasing temperature. This
phenomenon of switching back and forth between two very
different conductance values while under violet LED

6 | J. Name., 2024, 00, 1-3

illumination, and a bias voltage of 1.25 V, was observed in
multiple samples and is persistent under many annealing cycles,
as indicated in Figure 5. The sample’s conductivity typically
“switches” at temperatures near 370 K to 390 K, retaining a
characteristic higher or lower conductance, until the
temperature is ramped again, and then may “switches” again.
The switching of the conductance near the spin state transition
temperature, then locking "in" lower conductance, while the
overall conductance continues to increase with decreasing
temperature is unusual but not unprecedented having been
seen for the spin [Fe(l11)(3-OMe-
Sal,trien)][Ni(dmit),].48

Decreasing the photon energy from roughly 3 eV (violet) to
2 eV (red) results in the loss of the significant temperature
dependent conductance switching, adopting behaviour of that
in Figure 4b. A subsequent increase in photon energy back to
roughly 3 eV (violet) restores the conductance switching as seen
in Figure 5b with repeated cycles of measurements. This
indicates that this conductance switching for the valence
tautomers [Co(SQ)(Cat)(3-tpp).]/[Co(SQ).(3-tpp),] depends not
only on temperature but the photon energy used in
illumination, and that the conductance switching is reversible.
While the temperature dependence does some suggest a
possible role tautomeric transition the photon energy
dependence tends to suggest that conductance switching does
not occur without some charge population occupying the
normally unoccupied ligand-metal charge transfer LMCT states.

crossover complex

Evidence of Voltage Effects the

Conductance Changes

on

Not only is the conductance switching observed to
repeatedly occur when the temperature is close to the
tautomeric spin state transition temperature of 370 K (Figure 5)
but toggling between the higher and lower conductance state
occurs with bias voltage sweeps as the temperature is
increased, as shown in Figure 6a. The initial I(V) data, taken at a
temperature of 300 K (orange line in Figure 6a), has a maximum
current around 7.5 mA at a bias voltage of 1.5 V and exhibits no
conductance switching with bias voltage. As the temperature is
increased, the conductance of the [Co(SQ)(Cat)(3-
tpp),1/[Co(SQ).(3-tpp);] thin film hops between two
characteristic I(V) slopes, for the data taken at 360 K and 385 K
(Figure 6a). At the elevated temperature of 390 K, the
conductance of the [Co(SQ)(Cat)(3-tpp),]/[Co(SQ)»(3-tpp).], and
in the example of Figure 6a, stabilizes in the high conductance
state, as evident in the toggling between the two conductance
states as the voltage is raised from 0 V bias to 1.5 V, but with
diminished conductance changes as the voltage is decreased to
-1.5 V. The stability of the high conductance persists as the
temperature is reduced back to 300 K, with a maximum current
around 15 mA at the bias voltage of 1.5 V, different from the
initial low conductance state.

These observations do not exclude the possibility that the
conductance fluctuations with temperature and light are aided
by the bistability between the low spin [Co(SQ)(Cat)(3-tpp),]

This journal is © The Royal Society of Chemistry 20xx
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and the high spin [Co(SQ),(3-tpp).] states, as has been seen
with other spin crossover molecular systems.*® While it is
observed that the conductance toggles between the initial low
conductance state and a higher conductance state, when the
temperature is close to the tautomeric spin state transition
temperature of 370 K it is also significant that the [Co(SQ),(3-
tpp),] thin film can stabilize in either a high or low conductance
state when reducing the temperature well below the
tautomeric spin state transition temperature of 370 K. This
supports the thesis that charge trapping may also play a role, as
indicated by the changes in conductance with voltage sweeps
near the tautomeric spin state transition temperature of 370 K.
So if the ground state energies in both the low spin
[Co(SQ)(Cat)(3-tpp).] and the high spin [Co(SQ).(3-tpp).] states
are comparable, as illustrated in Figure 6b, either state can be
stabilized after the switching by either charge trapping or
population of the normally unoccupied ligand-metal charge
transfer states. The relaxation time from one state to the other
state is long (several days based on our observations) but the
population of the normally unoccupied ligand-metal charge
transfer states facilitates the transition between conductance
states since temperature alone has little effect (Figure 4).

15
1o} @
£ sl
:é— L
o 300 K
S e 360 K
Q —_— 385 K
— 395 K
300 K
-1 0 1
Bias (V)
E Ligand Metal Charge Transfer State
(b)
\‘\_//I
LS Hs

-"[,.- Fhs
— Ar(A) —

Figure 6. (a) The I(V) data of a sample measured at different temperatures illuminated
by white light, the temperature was increased from 300 K to 395 K and then cooled down
back to 300 K. The data taken at 360 K and 385 K which is near the transition temperature
showing the “hopping” between two conductance values (some intermediate
temperature data have been omitted for clarity). (b)The schematic energy diagram of LS
and HS states with comparable energies.

This journal is © The Royal Society of Chemistry 20xx
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Deterministic Switching

As indicated above, changing the applied voltage to
[Co(SQ)(Cat)(3-tpp).l/[Co(SQ)(3-tpp),] by itself does not
necessarily lead to deterministic switching. The role of the
substrate, nonethelss, cannot be ignored. The substrate does
have an effect on the tautomeric/spin state of [Co(SQ)(Cat)(3-
tpp).1/[Co(SQ),(3-tpp),] thin films, and this can provide for
voltage control of the state. As seen in Figure 7, the optical
absorption of a [Co(SQ)(Cat)(3-tpp).]/[Co(SQ).(3-tpp).] thin film
on the organic ferroelectric polyvinylidene fluoride-
hexafluoropropylene (PVDF-HFP) is surprisingly sensitive to the
ferroelectric PVDF-HFP polarization is spite of the significant
thickness of the [Co(SQ)(Cat)(3-tpp).l/[Co(SQ)2(3-tpp),] thin
(300 nm). As with the spin crossover complex
[Fe{H,B(pz),},(bipy)] (pz = tris (pyrazol-1-1y)-borohydride, bipy
= 2,2'-bipyridine), the optical absorption depends on the

film

electric polarization of the adjacent polymer ferroelectric
(PVDF-HFP).47
Indeed, the changes in optical absorption seen here, in Figure 7

polyvinylidene fluoride-hexafluoropropylene
as a result of the changing polarization of the adjacent organic
ferroelectric layer, are far more significant that observed in
Figure 2. In Figure 7, the absorption feature at 270 nm is
effectively quenched when the PVDF-HFP is polarized "down".
This supports the contention that under normal circumstances
the [Co(SQ)(Cat)(3-tpp),]/[Co(SQ),(3-tpp),] thin film remains
largely in the high spin state under the optical fluence required
for optical absorption.

HS —— Before polarization

Polarized down

—— Polarized up

Absorbance (arb unit)

250 300 350 400 450 500
Wavelength (nm)

Figure 7. The room temperature UV-Vis spectra of the bilayer PVDF-HFP (25
layers)/ [Co(SQ)(Cat)(3-tpp),]/[Co(SQ),(3-tpp),] thin films (300 nm) samples. The
PVDF-HFP layers were polarized toward different directions.

Since the ferroelectric polarization of the PVDF-HFP layer
can be switched through an applied voltage and the state of the
[Co(SQ)(Cat)(3-tpp)2]/[Co(SQ),(3-tpp),] thin film depends on
the direction of the PVDF-HFP polarization, we must conclude

that deterministic switching of [Co(SQ)(Cat)(3-
tpp).1/[Co(SQ),(3-tpp),] thin film electronic structure is
realizable.

Conclusions

While conductance changes, for spin crossover complexes, as a

result of changing illumination, has been reported
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previously,*%>! and an applied electric field is known to affect
the bistability,'®52 the effect of the combination of light and
applied field on conductance has not, hitherto, been given the
attention it deserves. In this study, we reported the
temperature dependent spin transition exhibited in
[Co(SQ)(Cat)(3-tpp),] molecules under different light irradiation
conditions. Clearly, for [Co(SQ)(Cat)(3-tpp).]/[Co(SQ),(3-tpp).],
the conductance changes are activated by a combination of
both photo-excitations and temperature, and it is also sensitive
to the electric field. When the temperature is close to the
transition temperature, a photon with energy above a certain
threshold is required to switch the conductance state, and the
conductance may initially not appear stable. Yet under
illumination and voltage, either the high or low conductance
state can be stabilized upon reducing the [Co(SQ)(Cat)(3-
tpp).1/[Co(SQ),(3-tpp),] thin film sample temperature from an
elevated temperature at or above 370 K to room temperature.
This indicates that the low and high conductance states likely
have relatively comparable energy, and yet the activation
energy to switch the conductance is reasonably high, thus
leading to an extensive, long relaxation time, or requires
sustained illumination. The [Co(SQ)(Cat)(3-tpp),] molecules
demonstrate light induced bistability,*>4” but here, a change in
spin state is not necessarily implicated. Without question, we
have demonstrated an interplay between the occupation of the
ligand-metal charge transfer state, the [Co(SQ)(Cat)(3-
tpp).1/[Co(SQ),(3-tpp),] and the conductance of the
[Co(SQ)(Cat)(3-tpp).]/[Co(SQ).(3-tpp).] thin films.
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