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Abstract: Using optical characterization, it is evident that the spin state of the spin crossover molec-
ular complex [Fe{H:B(pz)2}2(bipy)] (pz = tris (pyrazol-1-1y)-borohydride, bipy = 2,2’-bipyridine) de-
pends on the ferroelectric polarization of an adjacent thin film of the polymer ferroelectric polyvi-
nylidene fluoride-hexafluoropropylene (PVDE-HFP). The UV-Vis spectroscopy reveals that room
temperature switching of [Fe{H:B(pz):}2(bipy)] molecules in bilayers of PVDEF-
HFP/[Fe{H2B(pz)2}2(bipy)] as a function of ferroelectric polar polarization. The electric polarity de-
pendence of bilayers of PVDF-HFP/[Fe{H:2B(pz)2}2(bipy)] shows a strong dependence on the thick-
ness of the PVDF-HFP layer. The PVDE-HFP/[Fe{H2B(pz)2}2(bipy)] interface may affect polarization
retention in the PVDF-HFP thin film limit.

Keywords: spin crossover; Fe (II) complex; isothermal switching; spintronics; thin films; UV Vis
spectroscopy

1. Introduction

Functional spin crossover (SCO) molecular complexes exhibiting spin transition by
external stimulation such as light, temperature, electric field, and magnetic field [1-9],
have great potential for a new generation of molecular-based devices [4,9,10-26]. In SCO
molecular compounds, depending on the ligand field strength, the transition metal ion
can adopt two different stable spin states called the low spin (LS) state and the high spin
(HS) state and can be switched between these two states [1,2,8-10]. The transition from
high spin to low spin state for many spin crossover complexes occurs at extremely low
temperatures. To implement these molecular systems for device applications, it is crucial
to tailor them for use at room temperature. A ferroelectric layer capable of changing the
polarity of the electric polarization in the presence of an external electric field facilitates
the switching of spin states in SCO molecules at room temperature. [Fe{H2B(pz)2}2(bipy)]
is an SCO molecule that can be fabricated as a thin film via thermal evaporation in a high-
vacuum atmosphere [14,15,27-32]. The transition temperature (T12) and hysteresis of the
spin state transition for [Fe{H2B(pz)2}2(bipy)] thin films can vary depending on film thick-
ness [31], however, even the highest possible T12 value is still far below room temperature,
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making it not practical for device applications. One method that can be utilized to facili-
tate and control the isothermal switching at room temperature between different spin
states includes the use of a ferroelectric substrate of the deposited SCO molecules
[11,14,15]. A polar interface, including a ferroelectric layer, can perturb the sublimated
SCO molecules and influence the spin state transition [14,15,33,34]. PVDF is a piezoelectric
polymer with ferroelectric characteristics [35,36]. Due to their unique properties, they are
widely used in fabricating smart devices and sensors [37-45]. Yet sensing the ferroelectric
polarization in a memory circuit is challenging and thus combining a ferroelectric with a
SCO complex provides a facile mechanism for sensing and utilizing ferroelectric polari-
zation in a nonvolatile device [11,14,15] because of the dramatic conductivity changes
with spin state.

In this paper, the effect that ferroelectric PVDF-HFP film thickness and the polarity
of electric polarization have on the switching behavior of [Fe{H:B(pz)2}2(bipy)] at room
temperature is investigated. To achieve an optimal 3 phase in PVDF-HFP, thin films were
annealed at different temperatures and characterized by Fourier-transform infrared
(FTIR) spectroscopy. Switching to different spin states can lead to a change in the optical
absorption spectrum [46]. UV-Vis spectroscopy was employed to study the temperature
dependent spin state switching of a single layer of [Fe{H:B(pz)2}2(bipy)] and the isother-
mal switching of bilayer samples of PVDF-HFP/[Fe{H:B(pz)2}2(bipy)] with different
PVDE-HFP thicknesses. The ability to detect the spin state by optical absorption measure-
ments together with the ability to control the switching by external voltage makes the
bilayer system an excellent candidate toward a potential next-generation molecular-based
device.

2. Optical Characterization of the Spin State Change

A representative bond diagram of the [Fe{H:B(pz)2}2(bipy)] molecule is shown in fig-
ure 1 (a). The central Fe ion is bonded to nitrogen atoms from each of its ligands. N1 is the
nitrogen of the bipyridine ligand while N2 and N3 correspond to the nitrogen atoms
bonding the pyrazole ligands to the central Fe. The SCO transition for the
[Fe{H2B(pz)2}2(bipy)] molecular compound depends upon the changes in the bond length
and ligand angular orientation within the molecule [31,47]. When the molecule ap-
proaches the transition temperature, its bond lengths vary, and the ligands rotate. This
change and rotation occur mainly between the Fe ion and the bipyridine ligand (Fe-N1
ligand) [31,47,48]. A longer bond length means a weaker interaction which tends to favor
the HS state with a total spin S = 2, while a shorter bond length corresponds to a stronger
interaction, leading to the LS state with a total spin S =0.

Figure 1 (b) compares the infrared spectra of [Fe{H2B(pz)2}2(bipy)] in powder form
with that of a thermally evaporated 300 nm thin film. A similar infrared spectrum for both
bulk and thin film indicates a successful thermal sublimation without decomposition. The
existence of B-H vibrations in both powder and thin film spectra at 2416 cm! and 2277 cm-
1, and C-H vibrations in 2841 cm, 2911 cm!, and 3097 cm! verify that [Fe{H2B(pz)2}2(bipy)]
molecules maintain their integrity after evaporation. Observing no significant changes in
the IR spectra of powder and the thin film implies that similar thermal properties are ex-
pected [32]. Additionally, X-ray diffraction (XRD) patterns shown in Figure 1 (c) confirm
that the thin film sample preserves the [Fe{H2B(pz)2}2(bipy)] crystalline structures how-
ever, the molecules of the thin film samples have certain preferential orientation on the
substrate.
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Figure 1. (a) The schematic diagram of [Fe{H:B(pz)2}2(bipy)] molecule. N1 is the nitrogen (blue) associated with the
bipyridine ligand and N2 and N3 correspond to the nitrogen atoms in the pyrazole ligands. (b) The FTIR spectra of
powder and 300 nm thin film [Fe{H2B(pz)2}2(bipy)] molecules. (c) The XRD patterns of [Fe{H2B(pz)2}2(bipy)] for powder
and thin film samples respectively.

The spin transitions of the [Fe{H:B(pz)2}2(bipy)] thin films stimulated by thermal ef-
fects were measured using UV-Vis spectroscopy. Figure 2 (a) shows the temperature-de-
pendent optical absorption spectra of a [Fe{H2B(pz)2}2(bipy)] thin film with a thickness of
300 nm in a wide temperature range from room temperature to around 120 K. The spectra
were normalized for a better quantitative comparison between measurements at different
temperatures. The optical absorption spectra of [Fe{H:B(pz)2}2(bipy)] molecules change
with temperature and these changes can be associated with a change in spin state. In the
HS state at room temperature, as a gentle peak in a wide range of wavelengths with a crest
of around 530 nm was noticed. At the lower temperatures, spectral absorption intensity is
dominated by two broad absorption bands centered at 410 nm, 570 nm, and 640 nm which
is much more intense at lower temperatures corresponding to the LS than at the higher
temperatures associated with the HS state. With decreasing temperature, these features in
the UV-Vis spectra at around 410 nm, as well as 570 nm and 630 nm, gain significant in-
tensity at about 173 K to 148 K, in the region of the spin state transition temperature of 160
K expected for evaporated thin films [32,49,50] and are fully realized by 133 K, a temper-
ature associated with the LS state.

Figure 2 (b) is the UV-Vis spectra of the same thin film while increasing temperature
of the of [Fe{H:B(pz)2}2(bipy)] thin film from low temperature to higher temperatures. The
absorption spectra indicate that by increasing the temperature the molecules transition
into the HS state from the LS state. At 148 K, peaks in the UV-VIS spectra at 410 nm, 570
nm, and 630 nm, are evident and are associated with the LS state of [Fe{H2B(pz)2}2(bipy)].
By increasing the temperature to 163 K, these sharp peaks in the UV-VIS spectra diminish,
indicating the fractional transition of [Fe{H:B(pz)2}2(bipy)] molecules to the HS state. By
increasing the temperature, the absorption spectra decreased as expected opposite to the
previous behavior where the temperature was decreasing. The sharp peak at 410 nm dis-
appears with increasing temperature but along with the features at 570 nm and 630 nm
persist to 213 K. The much weaker feature at 530 nm is evident at 213 K and higher tem-
peratures and is indicative of molecules are in the HS state. Although there is clearly some
hysteresis in temperature, the very similar absorption spectrum as figure 2 (a) at 273 K in
figure 2 (b), which differs significantly from the spectrum taken at 123 K (in figure 2 (a))
indicates the state switching of [Fe{H:B(pz):}2(bipy)] is reversible and the
[Fe{H2B(pz)2}2(bipy)] was successfully switched back to the HS state by increasing tem-
perature.

By analyzing the absorption spectra at the same wavelength and different tempera-
tures, the HS fraction of the [Fe{H:B(pz)2}2(bipy)] thin film at different temperatures was
estimated. Figure 2 (c) shows the fraction of molecules in the HS state for thin films of
[Fe{H2B(pz)2}2(bipy)] as a function of temperature. The calculated HS state fraction, with
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temperature, indicates a transition temperature, (T12), from the HS state to the LS state
occurring around 160 K. This spin state transition temperature is in agreement with ex-
pectations from magnetic susceptibility for [Fe(H2B(pz)2)2(bipy)], agrees with other mag-
netic susceptibility data [32,47-51], as well as Mdssbauer spectroscopy [48] and calorimet-
ric measurements [48] (where T12 = 159.5 K).
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Figure 2. The temperature-dependent UV-Vis spectra of [Fe{H2B(pz)2}2(bipy)] molecular thin film (a) from room
temperature to low temperatures and (b) from low temperatures to room temperature. (c) The high spin (HS) state
fraction of [Fe{H2B(pz)2}2(bipy)] thin film as a function of temperature.

3. Molecular Ferroelectric Film Thickness Dependence

Voltage controlled nonvolatile switching of [Fe{H2B(pz)2}2(bipy)] can be achieved
well away from the thermal transition temperature (i.e., at room temperature), by com-
bining a [Fe{H2B(pz)2}2(bipy)] thin film with an organic ferroelectric, like PVDF-HFP
[11,14,15]. To explore this further, we fabricated bilayer samples PVDEF-
HFP/[Fe{H:B(pz)2}2(bipy)] to facilitate the isothermal switching at room temperature, by
altering the electric polarization polarity of the PVDF-HFP thin film. The interface of SCO
molecules can perturb the SCO functionality [9,28,29,52-54], and the effect of a ferroelec-
tric is particularly profound [14,15,33,34,55]. The PVDEF-HFP thin films tend to be mostly
in the nonpolar a phase, when fabricated at room temperature, whereas the 3 phase is
desirable due to its high boundary polarization. There are several approaches to achieving
a dominant ferroelectric 3 phase (figure 3 (a)) in PVDF. One method is to use additives
such as hydrated ionic salts, clay, PMMA, ZnO, TiO2, and graphene [56,57]. In our case,
however, a heat treatment method is preferred. It has been shown and repeatedly con-
firmed that one of the optimized ways to achieve the ferroelectric p phase crystalline or-
dering in PVDF-HEFP thin films is thermal annealing [58-61]. A series of 150 layer thick
PVDEF-HFP samples were annealed at different temperatures (from 120-150 -C) for 180
minutes in an argon atmosphere changing the morphology of the PVDF-HFP thin films,
as seen in the IR spectra of figure 3 (b).

While for thicker PVDF films, in the range of microns, X-ray diffraction (XRD) is a
powerful tool for characterizing the crystalline structure, for PVDF-HFP thin films in the
range of nanometer, XRD collects a very weak signal of the thin film. As here we are in-
vestigating much thinner films, our approach to the characterization of the different crys-
talline phases of the PVDF-HEFP thin films is to use Fourier-transform infrared spectros-
copy (FTIR). The IR bands at 841 cm™ and 879 cm™ correspond to the 3 phase. Before an-
nealing a PVDF-HFP thin film, only a very weak signal of 3-phase is detected, based on
the data shown in figure 3 (b). The IR signature of the PVDF [3-phase improves with an-
nealing as indicated by the increase in the 3-phase IR features. Clearly, annealing signifi-
cantly improves the 3-phase of the PVDF-HFP thin films.
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Figure 3. (a) A schematic diagram of PVDF-HEFP in the 3 phase. (b) The FTIR spectroscopy of 150 layer thick PVDE-HFP
thin films annealed at argon atmosphere for 180 minutes.

Decreasing the ferroelectric thin film thickness will decrease the coercive voltage
[11,36], but for a nonvolatile device application there must be polarization retention [11].
To study the effect of PVDF-HFP polarization and thickness on isothermal switching of
[Fe{H2B(pz)2}2(bipy)] thin films, a series of samples with different layers of PVDF-HEFP,
ranging from 5 to 25 layers, with a constant thickness (300 nm) of [Fe{H2B(pz)2}2(bipy)]
were prepared (figures 4 (a) and 4 (b)). Sample preparation will be comprehensively ex-
plained in the materials and methods section later.
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Figure 4. A schematic cross-section diagram of bilayer the PVDF-HFP/[Fe{H:B(pz)2}2(bipy)] studied, with the polari-
zation of PVDF-HFP thin film toward a specific direction can cause the upper SCO layer to switch to the (a) high spin
(HS) or (b) low spin (LS) states schematically indicated.

Figure 5 (a) is the UV-Vis spectra of the bilayer sample with 5 monolayers PVDEF-
HFP with altered polarities at room temperature. Measurements show that for the sample
with 5 layers of PVDF-HFP, isothermal voltage-controlled switching between the
[Fe{H2B(pz)2}2(bipy)] spin states do not occur by changing the electric applied to the adja-
cent PVDF-HFP thin film. Either the voltage applied was not high enough to overcome
the coercive force of the PVDF-HFP layer, so the polarization was not altered, or the po-
larization prefers one direction (i.e., up) and polarization in the opposite direction (down)
is not retained and quickly reverts to the favored polarization direction. This lack of po-
larization retention is a common problem with ferroelectric thin films, in the thin film
limit [62,63]. In the absence of polarization retention, an "up" ferroelectric polarization as
seen here is expected [64].
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By increasing the thickness PVDF-HEFP of the thin film to 15 layers, there is a coexist-
ence of both the HS and the LS spin state in the adjacent [Fe{H2B(pz)2}2(bipy)] layer, even
before polarization, as seen in figure 5 (b). In terms of changing the spin state of the
[Fe{H2B(pz)2}2(bipy)] in the [Fe{H2B(pz):}2(bipy)] and PVDEF-HFP bilayer structure, the
best result was achieved for the sample fabricated with 25 layers of PVDF-HFP (figure 5
(c)). Reversible voltage-controlled switching from both the HS and the LS states of
[Fe{H2B(pz)2}2(bipy)] was observed and associated with the changing the polarity of the
PVDE-HFP thin films. Before polarizing the PVDF-HFP layer, the optical absorption fea-
tures associated with the LS state (410 nm) and HS state (530 nm) of [Fe{H2B(pz)2}2(bipy)]
(as discussed above) were not evident. By polarizing the PVDF-HFP upwards, the
[Fe{H:B(pz)2}2(bipy)] HS optical absorption peak at 530 nm was observed. On the other
hand, [Fe{H:B(pz)2}2(bipy)] molecules successfully switched to the LS state when the
PVDEF-HFP layers were polarized downward. These results agree with previous experi-
ments, where the spin state and consequently the conductivity of [Fe{H:B(pz)2}2(bipy)]
molecules changed by altering the electric polarization direction of the adjacent PVDEF-
HFP thin films [14,15]. In other words, a thin layer of PVDF-HFP causes the
[Fe{H2B(pz)2}2(bipy)] molecules to become locked in their spin state due to the coercive
force being dominant. However, a thicker PVDF-HFP layer not only causes a coexistence
of both HS and LS states but also provides the ability to switch to different spin states by
altering the polarity of the PVDF-HFP layer.
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Figure 5. Room temperature UV-Vis spectra of the bilayer samples were made with (a) 5 layers (b) 15 layers and (c)
25 layers of PVDF-HFP substrates polarized toward different directions.

4. Materials and Methods

The [Fe{H:B(pz)2}2(bipy)] molecules were synthesized as described in a previous ar-
ticle [49]. The method used to deposit the [Fe{H2B(pz)2}2(bipy)] thin films was thermal
evaporation under a high vacuum (10~ Torr). Samples for temperature-dependent SCO
transition studies were 300 nm [Fe{H:B (pz)2}2(bipy)] thin films, thermally evaporated
with an estimated growth rate of 0.2 nm/sec. Substrates were glass for the case of charac-
terizing by UV-Vis and FTIR spectrometry. To study the effect of electric field on switch-
ing the spin state of [Fe{H:B (pz)2}2(bipy)], bilayer PVDF-HFP/[Fe{H:B (pz)2}2 (bipy)] thin
films with different thicknesses of PVDF-HFP were fabricated. For bilayer samples, 10 nm
of Ti was sputtered on the glass to act as the bottom electrode. Various thicknesses of
PVDF-HFP were deposited using a lab-built Langmuir-Blodgett (LB) machine. PVDE-
HFP in solution was suspended in a water sub-phase for layer-by-layer LB deposition. A
solution of 0.05% by weight of PVDF-HFP in acetone was made by mixing a 40 mg PVDE-
HFP pill with 100 mL acetone and then heating to 90°C until complete solvation was
achieved. This solution was then added to de-ionized milli-Q water at 1.5 pL per square
centimeter of surface area for monolayer coverage of the water’s surface. Then, 380 uL of
acetone solution was added to the LB machine reservoir. For these parameters, each dip
provides a thickness of around 0.7 nm. Samples were annealed within a nitrogen environ-
ment for 3 hours at 140 °C, which lead to a desirable (3 phase creation in the PVDF-HFP
layer. Samples were then transferred back to the high vacuum chamber receiving an
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additional 30 nm of [Fe{H:B (pz)2}2(bipy)] via evaporation. A lab-built poling device with
a removable top electrode was used to polarize the PVDF-HFP layer for bilayer samples.
Using silver paint, a gold wire was attached to the bottom electrode of Ti thin film and
then connected to a DC power supply. The removable top electrode approached the sur-
face of the thin film until it was remarkably close in micron scale. Then, depending on the
desired polarity of the PVDE-HFP layer, a negative or positive voltage of 30 V was ap-
plied. After waiting at the maximum voltage (+/-30 V) for 1 minute the bias voltage was
ramped back to zero.

5. Conclusion

In this paper, switching of the spin state for [Fe{H2B(pz)2}2(bipy)] SCO molecular thin
films were studied by optical spectroscopy. Temperature dependent UV-Vis measure-
ments confirmed that the transition temperature T12 from the HS to LS spin state occurs
at around 160 K, consistent with prior studies. FTIR spectroscopy of PVDE-HFP revealed
that post-annealing treatments lead to an improvement in the 3 phase for PVDF-HFP thin
films. A thin film of PVDF-HEFP in the 3 phase can allow isothermal switching of the spin
state of [Fe{H2B(pz)2}2(bipy)] thin films at room temperature. Yet polarization retention is
a problem in ferroelectric PVDF-HFP spin crossover [Fe{H:B(pz)2}2(bipy)] bilayers, so
choosing the correct thickness of PVDF-HFP is crucial. Our experiment indicates that
switching different spin states [Fe{H:B(pz)2}2(bipy)], in a ferroelectric PVDF-HFP spin
crossover [Fe{H:B(pz)2}2(bipy)] bilayer, is possible with 25 layers of PVDF-HFP which cor-
responds to a thickness of around 20 nm.
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