Bistable spin-state switching characteristic of a charge-neutral iron(ll) complex
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Abstract

Spin-crossover (SCO) complexes that show abrupt and hysteretic spin-state switching characteristics—termed as
bistable spin-state switching—are proposed suitable to realize molecule-based switching and memory elements.
For realistic applications, spin-state switching needs to be demonstrated in the thin film state, requiring vacuum
sublimation of SCO complexes to fabricate clean and impurity-free thin films. Charge-neutral iron(Il) complexes are
a class of SCO complexes that are reported to undergo sublimation, and their spin-state switching characteristics in
the thin film state have been studied. However, hysteretic SCO in the thin film state is a scarcely observed
phenomenon, requiring the development of iron(ll) charge-neutral complexes that can undergo bistable spin-state
switching in the bulk and thin film states. Herein, we report a new iron(ll) charge-neutral complex—
[Fe(H2Bpz2).4,4'-Br-bpy] (H2Bpz, = dihydrobis(pyrazol-1-yl)borate; 4,4'-Br.-bpy = 4,4'-dibromo-2,2'-bipyridine)—
that undergoes abrupt and hysteretic spin-state switching in the bulk-state with Ty, = 113 K and ATy, = 13 Kat a
scan rate of 0.25 K/min. The HS-to-LS switching of the complex is scan-rate-dependent, whereas the LS-to-HS
switching is scan-rate-independent. Moreover, a reverse-SCO phenomenon was observed upon heating the sample
in the 78 K-105 K temperature range at a scan rate of 3 K/minute. However, the reverse SCO was not observed
when the complex was studied at scan rates of 1 and 0.5 K/min. Such observations indicate the presence of a
kinetically trapped HS-fraction (frozen-in effect) during the HS-to-LS switching, when the sample was studied at the
scan rate of 3 K/min. Crucially, the complex can be sublimed; efforts are on to elucidate the nature of SCO in the
thin film state. Overall, a simple and easy to prepare sublimable complex—[Fe(H2Bpz2).4,4’-Br>-bpy]—shows
bistable spin-state switching characteristics that can be leveraged to fabricate spin-state switchable thin film
architectures.
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Introduction

Molecule-based materials that can undergo spin-state switching in response to an external perturbation—
temperature, light, pressure, mechanical stretching, or electric field, for example—are proposed as active elements
in molecule-based switching and memory elements. First-row transition metal complexes featuring d*-d” electronic
configuration, especially iron(ll) complexes, that show reversible interconversion between the low- and high-spin
states—termed as spin-crossover (SCO)—are a class of switchable materials that can undergo abrupt and hysteretic
—bistable—spin-state switching suitable for device applications.¥™ For practical device applications, hysteretic
switching needs to be realized in the thin film state. Preparation of thin films of SCO complexes requires solution
processing or vacuum sublimation.>™1° On a comparative scale, vacuum sublimation is a cleaner process than the
solution processing because molecular complexes can be directly deposited on a substrate in a high vacuum
environment, avoiding the contamination of thin films with external impurities and impurities that might be present
in a solvent. Charge-neutral SCO complexes are a class of SCO complexes that can undergo sublimation.>1°
[Fe(H2Bpz2)2(L)], H2Bpzz = dihydrobis(pyrazol-1-yl)borate; L = 2,2'-bipyridine or 1,10-phenanthroline, family of
complexes are one such class of charge-neutral complexes that can be sublimed.!! The complexes are also of
interest in view of their functionalization propensity that can be leveraged to tune the spin-state switching
characteristics*™** and assemble them in the thin film state following molecular self-assembly principles®® or as

micro-heterogeneous architectures, such as vesicles.®

However, to the best of our knowledge, hysteretic SCO in [Fe(H.Bpz.).L] family of complexes is rarely observed even
in the bulk-state.121718 A few studies reporting SCO in the thin film state with nominal hysteresis widths is restricted
to thick films of [Fe(H2Bpz2)2(L)] on glass and Kapton-tape substrates.'® Therefore, it is necessary to search for a
molecular complex that can undergo hysteretic SCO in the bulk and thin film states. Such realization needs
systematic studying of [Fe(H.Bpz.).L]-based complexes by varying chemical substituents at the 2,2'-bipyridine or
1,10-phenanthroline ligand skeletons. In the course of one such attempt, we have observed that a sublimable
charge-neutral iron(ll) complex—[Fe(H2Bpz,).(4,4’-Br>-bpy)] (H.Bpz, = dihydrobis(pyrazol-1-yl)borate; L = 4,4'-
dibromo-2,2'-bipyridine) (Figure 1)—undergoes temperature-induced bistable spin-state switching in the bulk-
state. In the following sections, we report on the structural characterization and the bulk-state SCO characteristic
of the complex.
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Figure 1. Molecular structure of [Fe(H2Bpz;),(4,4’-Br,-bpy)].



Results
Preparation and characterization of [Fe(H.Bpz,).(4,4’-Br,-bpy)]

The complex was prepared in a straightforward manner by treating a solution of 4,4'-dibromo-2,2'-bipyridine (1),
in chloroform and methanol solvent mixture, with the methanolic solution of precursor charge-neutral iron(ll)
complex (2),% as depicted in Scheme 1. The procedure yielded [Fe(H,Bpz,).(4,4’-Br,-bpy)] as a pale-green powder.
This complex was satisfactorily characterized with elemental analysis, see experimental section for details.
Attenuated total reflectance-infrared (ATR-IR) spectroscopic studies of the complex revealed the presence of
molecular vibrations corresponding to the ligand fragments. Noteworthy are the B-H stretching frequencies
corresponding to dihydrobis(pyrazol-1-yl)borate ligand—2420 cm™ and 2394 cm™ (Vasym. [-BH2]) 2300 cm™and 2282

cm?  (vgm. [-BH2]). Three batches of the complex—a, b, and c—were prepared.
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Scheme 1. Preparation of [Fe(H.Bpz,).(4,4’-Br>-bpy)].
Spin-state switching characteristics of [Fe(H,Bpz),(4,4’-Br,-bpy)] in the bulk-state

For magnetic measurements, a pale-green microcrystalline form of the complex was used after a gentle grinding.
The sample used in the first set of experiments is hereinafter referred to as batch a, for reasons discussed in the
following paragraph. The complex—batch a—showed an abrupt and incomplete HS-to-LS switching in the cooling
branch of the first cycle measured at a 3 K/min scan rate, as shown in Figure 2a. Heating the sample resulted in the
decrease of XT value starting from 78 K, and a pure LS state—as inferred from the >’Fe Mdssbauer spectroscopic
studies discussed below—is observed around 105 K. The decrease in the XT value with increasing temperature is
termed as reverse-SCO and indicative of kinetic trapping of a fraction of molecules in the HS-state—known as the
frozen-in effect—whose switching dynamics is slower than the scan rate. Remarkably, a complete HS-to-LS
switching is observed at scan rates of 1 K/min, 0.5 K/min, and 0.25 K/min, confirming that cooling the sample at 3
K/min traps a fraction of the sample in the HS state. To further elucidate the role of fast scan rates in trapping the
HS-fraction, studies were performed at 5 K/min and 10 K/min scan rates, as depicted in Figure 2b. Such studies
revealed an increase in the HS-fraction with increasing scan rate, resulting in the occurrence of pronounced reverse-
SCO (Figure 2b). Notably, complete reverse SCO from the HS-to-LS state was not observed at the scan rates of 5
K/min and 10 K/min. Such occurrence contrasts with the complete reverse SCO observed in the 3 K/min scan rate.
Interestingly, the sample showed scan rate-dependent switching only in the HS-to-LS switching branch; the abrupt
LS-to-HS switching process is scan rate independent. Overall, a scan-rate-dependent hysteretic SCO was observed
for batch a of the complex—thermal hysteresis widths (AT;/,) of 18 Kand 13 K were observed at the scan rates of 1
K/min and 0.25 K/min, respectively, as shown in Figure 2a.
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Figure 2. Scan-rate-dependent spin-state switching characteristics of [Fe(H;Bpz,):(4,4’-Bro-bpy)] (batch a). (a) xT
versus T plots of batch a at 3 K/min, 1 K/min, 0.5 K/min, and 0.25 K/min scan rates. (b) xT versus T plots of batch a
at 5 K/min and 10 K/min scan rates. The spikes in the data measured at 3 K/min are artefacts.

To check for reproducibility of the spin-state switching characteristics of the complex, a fresh batch of it was
prepared, hereinafter referred to as batch b. The batch showed similar hysteretic SCO at a scan rate of 3 K/min as
observed for batch a. However, the magnitude of reverse SCO observed for batch b is smaller than the one observed
for batch a. Such difference in the magnitude of reverse SCO prompted us to prepare another fresh batch of sample,
hereinafter referred to as batch c. Batch ¢ showed comparable spin-state switching characteristics and similar
magnitude of reverse SCO as observed for b.
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Figure 3. Spin-state switching characteristics of [Fe(H,Bpz,).(4,4’-Br,-bpy)] at varying scan-rates. (a) xT versus T plots
of (a) batch b and (b) batch c at 3 K/min and 1 K/min scan rates. Only HS-to-LS switching branch is measured in the
second cycle, considering the scan-rate-independent nature of the LS-to-HS switching process.

To evaluate the effect of time on the spin-state switching properties, a second set of measurements on batch ¢ was
performed after eight months of the first set of measurements depicted in Figure 3(b). The results of the second
set of measurements shown in Figures 4(a) and (b) reveal the reproducible nature of the spin-state switching



properties of batch c. Moreover, measurements performed at faster scan rates of 5 K/min and 10 K/min than the
ones shown in Figure 4(a) indicate the occurrence of reverse SCO. Crucially, a measurement performed at 2 K/min
after the fast scans revealed a drastic decrease in the magnitude of reverse SCO and almost complete HS-to-LS state
is observed. The observation indicates that the conversion between complete and incomplete HS-to-LS switching
processes can be reversibly achieved by varying the scan rate. Briefly, the sample withstood the test of time at least

for eight months.
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Figure 4. Spin-state switching characteristics of batch c at varying scan-rates. (a) xT versus T plots obtained from 1
K/min, 0.5 K/min, and 0.25 K/min scan rates. Only HS-to-LS switching branch is measured at the scan rate of 0.25
K/min, considering the scan-rate-independent nature of LS-to-HS switching. (b) xT versus T plots obtained from 5
K/min, 10 K/min, and 2 K/min scan rates.

The spin-state switching parameters of the batches b and c—Ti/; = 109 K and ATy, = 13 K —at a scan rate of 1 K/min
are comparable with the values obtained for batch a at the same scan rate, indicating that [Fe(H2Bpz,).(4,4’-Br»-
bpy)] can be prepared in a reproducible manner and the switching characteristics of the batches are comparable,

except for the magnitude of reverse SCO.



To unambiguously elucidate the reverse SCO in batch a and to elucidate the purity of the spin-states, >’Fe
Mossbauer spectroscopic studies were performed. An abrupt cooling of batch a from 300 K to 10 K, via a 60 K
measurement step, resulted in the formation of a phase composed of about 85.1% molecules in the HS state (Figure
5). Heating resulted in the increase of LS fraction, as observed at 60 K and 80 K, and a complete LS state is observed
at 100 K, confirming the occurrence of reverse SCO. Further heating of the sample resulted in the increase of HS
fraction, as observed at 120 K, indicating LS-to-HS switching, and a pure HS state is obtained at 160 K (Figure 6).
Overall, the results obtained from the >’Fe Mé&ssbauer spectroscopic studies are in line with the xT versus T plots
shown in Figure 2a—the occurrence of reverse SCO and spin-state switching resulting in the formation of pure LS

and HS states are confirmed.
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Figure 5. Variable-temperature 5’Fe Méssbauer spectra of batch a. The sample was abruptly cooled from 300 K to
10 K, via a 60 K measurement step, trapping the complex in a predominantly HS-state (85.5% at 10 K). Heating the
sample induced reverse HS-to-LS switching around 80 K, and a pure LS-state is observed at 100 K, elucidating the

occurrence of reverse SCO.
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Figure 6. Variable-temperature *’Fe Mossbauer spectra of batch a. The sample was slowly cooled from 160 K to
60 K, revealing the onset of complete HS-to-LS switching around 100 K, in line with the xT versus T plots shown in
Figure 2a.



Infrared spectroscopic, small- and wide-angle X-ray scattering, and thermogravimetric studies of
batchesaand b

To shed light on the differing reverse SCO characteristics associated with batches a and b, attenuated total
reflectance-infrared (ATR-IR) spectroscopic, small- and wide-angle X-ray scattering (SWAXS), and
thermogravimetric (TG) studies were performed. The studies are not performed for batch c, considering the
comparable nature of its spin-state switching characteristic with b. The ATR-IR spectra of a and b are identical
(Figure 7), elucidating that molecular vibrations giving rise to the spectroscopic signatures are the same in the
batches. This indicates that there are minute differences in the packing of molecules in the crystal lattice which
evades IR spectroscopic detection.
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Figure 7. ATR-IR spectra of ligands and complexes measured at RT. The spectra of batches a and b can be
considered as a superposition of vibrations of 4,4'-dibromo-2,2'-bipyridine and dihydrobis(pyrazol-1-yl)borate
ligands. The comparable nature of the IR spectra of the batches reveals that molecular structure of the complex in
the batches is the same.

To get insights into the nature of the molecular organization in the lattices of batch a and ¢, SWAXS studies were
performed. The studies revealed the well-defined crystalline nature of samples a and b (Figure 8a). Moreover, both
the samples feature the same crystalline structure as inferred from the patterns depicted in Figure 8a, indicating
no discernible variations in the molecular organization in the lattices of aand b. Another factor that could contribute
to the differing SCO profiles is the presence or absence of lattice solvent. To shed light on this aspect,
thermogravimetric analyses (TGA) of the samples were performed as shown in Figure 8b. The analyses revealed the



absence of lattice solvent in the lattices of batches a and b. The weight loss starting from 410 K in the traces shown
in Figure 8b is due to the degradation of the complex. The results obtained from TGA analyses are in agreement
with the elemental analyses data (see experimental section) of the batches a and b, showing the absence of lattice
solvents. Moreover, the comparable nature of elemental analyses data obtained for a and b and the match with
the expected molecular formula also rule out other possible contaminations—for example, ligand fragments or co-
crystallized precursor complex—in the samples.
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Figure 8. Small- and wide-angle X-ray scattering studies and thermogravimetric analyses of batches a and b. The
comparable nature of (a) SWAXS patterns of a and b indicates that molecular organization in their lattice is the
same. (b) TGA profiles showing similar thermal characteristics indicate the absence of lattice solvent molecules in
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the samples.
Discussion

Complex [Fe(H2Bpz,)2(4,4’-Bra-bpy)] showed one of the largest thermal hysteresis values (AT12 = 13 K; SR = 0.25
K/min) reported for [Fe(H,Bpz,),(L)] family of complexes.'”*® The two complexes that are known to show
meaningful thermal hysteresis loops are [Fe(H:Bpz2)2(L1)], L1 = TTF-fused dipyrido-[3,2-a:2’,3’-c]phenazine, and
[Fe(H2Bpz2)2(L2)], L2 = 2,2'-bipyridine-5,5"-dicarboxylate, reported by Pointillart et al.'’ and Guo et al.,®
respectively. The first and second complexes show thermal hysteresis widths of 48 K (T12 = 143 K) and 10 K (T12 =
128 K), respectively. In the studies by Pointillart et al. and Guo et al., the scan rates used in the measurements were
not reported, and attempts were not made to study the scan-rate-dependent evolution of ATy/,. Another notable
aspect of the SCO observed for [Fe(H.Bpzz)2(4,4’-Br,-bpy)] is the formation of mixed-spin (HS and LS) proportion in
the HS-to-LS switching branch at scan rates around 3 K and above. The kinetically trapped residual HS-states
underwent HS-to-LS switching with temperature increase, indicating the thermal-energy-mediated crossing of the
kinetic energy barrier. Though the process known as reverse spin-crossover is observed for spin-crossover
systems,*?1"24 it has not been observed for [Fe(H,Bpzz)2(L)] systems previously, to the best of our knowledge. An
unsolved aspect of the reverse SCO observed for [Fe(H.Bpz:).(4,4’-Br2-bpy)] is the differing magnitude of the
phenomenon in batches a and batches b and c, despite batches a and b showing comparable features obtained
from ATR-IR spectroscopic, SWAXS, and thermogravimetric analyses. A similar observation was made in the case of
a binuclear iron(ll) complex, whose polymorphs showed markedly different spin-state switching characteristics,
despite featuring comparable spectral characteristics.?® Our recent report dealing with a mononuclear iron(ll)
complex showing markedly different SCO characteristics despite showing comparable SWAXS patterns is another
example.?®



Establishment of a relation between molecular structure and SCO property—for example, what contributes to
reverse SCO in [Fe(H,Bpzy)2(4,4’-Br2-bpy)]? —in the bulk-state requires single-crystal X-ray structure determination
of a molecule under investigation in the LS and HS states. Despite the best of our efforts, we were unable to obtain
single-crystals of [Fe(H2Bpz.).(4,4’-Br,-bpy)]. This prevented us from experimentally elucidating variation of angular
parameters and intermolecular interactions accompanying the spin-state switching process. However, we
speculate contributing roles of Br-H and Br-mt intermolecular interactions, among other unknown intermolecular
interactions, in inducing abrupt and hysteretic SCO because such interactions are known to organize and mediate
elastic interactions between molecules in crystal lattices.?’

The hysteretic nature of the spin-state switching observed for [Fe(H.Bpz:)2(4,4’-Bra-bpy)] in the bulk-state is
encouraging to study the switching characteristic of the complex in the thin film state by subliming it onto suitable
substrates. Such studies are important to progress toward SCO-based applications and understand molecule-
substrate interactions governing spin-state switching characteristics of surface-bound films. The observation of
hysteretic spin-state switching in surface-bound films of sublimable SCO complexes is scarcely reported.?®?
Hysteretic switching characteristic of thin- and thick-films of complex [Fe'((3,5-(CHs),Pz)sBH),] bound on Cu(111),%*
quartz,”® and Si0,*° has been demonstrated. However, the reported hysteresis profiles are asymmetric in nature.
Moreover, the spin-state switching observed for the complex in the bulk and thin film states is gradual. For practical
applications, surface-bound films that show abrupt, hysteretic, and complete SCO with square-like or symmetric
switching profiles are desirable; such elucidation is unprecedented, to the best of our knowledge. The structurally
compact nature of [Fe(H.Bpz,).(4,4’-Brz-bpy)] and ATi2 = 13 K observed in the bulk-state presents us with an
opportunity to search for the elusive bistable switching profile in the thin film state.

Perspective

Spin-state switching in molecular complexes is extremely sensitive to structural variations. Such property requires
the establishment of a structure-SCO property relationship by systematically varying substituents in a ligand
framework. One complementary and less explored pathway is the preparation of isomeric SCO complexes,3%32
featuring the same molecular formula and different functional group placement. In this context, we have extended
the present study by preparing a new complex—[Fe(H,Bpz,)»(5,5'-Br,-bpy)], where 5,5'-Br,-bpy is 5,5'-dibromo-2,2'-
bipyridine (Figure 9)—and the complex is an isomer of [Fe(H.Bpz>)»(4,4’-Br,-bpy)]. Variable temperature magnetic
measurements revealed an incomplete spin-state switching characteristic of [Fe(H2Bpz2)2(5,5'-Bra-bpy)] in the bulk-
state, as against the bistable SCO characteristics observed for [Fe(H2Bpz2)2(4,4’-Bra-bpy)]. Such observations
elucidate a pathway to control spin-state switching characteristics in iron(Il) complexes.
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Figure 9. Molecular structure of (left) [Fe(H,Bpz,).(5,5'-Br,-bpy)] and (right) its spin-state switching characteristics.



The observation of incomplete SCO in [Fe(H2Bpz:).(5,5'-Br-bpy)] at first sight is discouraging. However, the
switching propensity of the complex might change in thin film state. Such a hypothesis is based on a literature
report showing the SCO-active nature of a surface-bound films of complexes [Fe(H2Bpz,)2(L3)], L3 = 4,7-dichloro-
1,10-phenanthroline and [Fe(H:Bpz:),(L4)], L4 = 4,7-dimethyl-1,10-phenanthroline; the complexes remained
trapped in the HS-state in the bulk.?

Summary and conclusions

A novel and easy to prepare iron(ll) complex showed bistable spin-state switching characteristics in the bulk-state.
The spin-state switching characteristics of the complex is reproducible, except for a variation in the magnitude of
the reverse SCO between batch a and batches b and ¢, as demonstrated by preparing three different batches of the
complex. The complex can be sublimed; enabling the study of the spin-state switching characteristic of the complex
at varying coverages on a range of substrates; for example, Au(111), highly oriented pyrolytic graphite (HOPG), and
indium tin oxide (ITO). In a nutshell, the occurrence of bistable SCO, in the bulk-state, and sublimation propensity
of [Fe(H.Bpz.).(4,4’-Br,-bpy)] is encouraging to study the complex in the thin film state, searching for magnetic
bistability.

Experimental section
Materials

All the solvents used to prepare the complexes are dried by storing them on freshly activated 3 A molecular sieves
for three days. The potassium dihydro(bispyrazolyl)borate was prepared according to the literature report. 5,5'-
dibromo-2,2'-bipyridine and 4,4'-dibromo-2,2'-bipyridine ligands were purchased from commercial sources and
used as received.

Preparation and characterization of the complexes

Preparation of [Fe(H2Bpz,).(4,4’-Br,-bpy)]: To a solution of iron (1) perchlorate hydrate (0.037 g, 0.1 mmol) in 5 ml
of methanol, anionic ligand, potassium dihydro(bispyrazolyl)borate, (0.0375 g, 0.2 mmol) was added, and the
mixture was stirred for 15 min and filtered to remove the precipitated KCIO4. This step yields a pale-yellow solution
of charge-neutral precursor complex (2) shown in scheme 1. A solution of 4,4'-dibromo-2,2'-bipyridine (1) (0.032 g,
0.1 mmol) in chloroform (0.8 ml) and methanol (0.2 ml) solvent mixture was added to the filtrate, and the reaction
mixture was stirred for four hours under argon protection. The reaction mixture was filtered, and the obtained
precipitate was washed with methanol several times, yielding the complex as a pale-green powder. The complex
was dried under vacuum overnight prior to the analyses described in the text.

Elemental analysis: Calculated for C;;H32B2Br,FeN1o; C39.81, H 3.34, N 21.10. Found for batch a: C 39.26, H 3.28, N
20.84. Found for batch b: C 39.15, H 3.28, N 21.

Preparation of [Fe(H:Bpz2):(5,5'-Br.-bpy)]: The complex was prepared following the procedure used to prepare
[Fe(H2Bpzy)2(4,4’-Bry-bpy)].

Elemental analysis: Calculated for C;;H,,B,Br,FeNyo; C 39.81, H 3.34, N 21.10. Found: C 38.32, H 3.09, N 20.41.

Methods

Magnetic measurements of the complexes were performed on a MPMS-3 SQUID-VSM magnetometer (Quantum
Design). The temperature-dependent magnetization was recorded at an applied DC field of 0.1 T. Temperature
sweeping rates of 3 K min™t, 1 K min™?, 0.5 K min™%, and 0.25 K min~* were employed. Gelatine capsules were used
as sample holders in the 5 K to 300 K temperature range.



5’Fe Mdssbauer spectra were recorded on unenriched powder samples in transmission geometry, utilizing a ~50
mCi>’Co radiation source mounted on a constant-acceleration Méssbauer driving unit (WissEl GmbH). Temperature
control was achieved by means of a closed-cycle cryostat (Lakeshore) using a heated sample holder assembly.

Attenuated Total Reflectance Infrared (ATR-IR) spectroscopic studies of the ligands and complexes were performed
using Thermo scientific Nicolet iS50 FT-IR spectrometer.

Small- and wide-angle X-ray scattering (SWAXS) patterns of the batches a and b were obtained with a linear
monochromatic Cu Kq; beam (A = 1.5405 A). The beam was obtained using a sealed-tube generator equipped with
a bent quartz monochromator. The samples were filled in sealed cells of adjustable path. The sample temperature
was controlled within £0.1 °C, and exposure times were of 24 h. The patterns were recorded on image plates
scanned by Amersham Typhoon IP with 25 um resolution (periodicities up to 120 A). 1(26) profiles were obtained
from images, by using a home-developed software.

Thermogravimetric analyses of batches a and b were performed TGA measurements were performed with a TA
Instruments Q50 instrument operated at a scanning rate of 5 K/ min.

Elemental analyses of the complexes were performed using Elementar vario MICRO cube elemental analyser.
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