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The advancement of molecular electronics and spintronics
requires novel hybrid materials with synergistic magnetic and elec-
trical properties. The non-covalent functionalization of highly con-
ductive graphene with magnetically bistable spin crossover (SCO)
complexes may yield such a multifunctional material. In this
regard, a graphene-Fe(1) SCO complex hybrid (Gr-SCO) has been
prepared by non-covalently anchoring a pyrene decorated SCO
complex with solution phase pre-exfoliated few-layer graphene
sheets. SQUID magnetometry revealed the preservation of SCO in
the Gr-SCO hybrid material exhibiting more gradual spin state
switching characteristics than in the bulk molecular complex. This
persistence of SCO of a molecular Fe(i) complex upon anchoring
on the graphene surface has consequences towards the realization
of SCO based applications: in (i) reversible spin state dependent
band gap tuning of graphene with an SCO complex analogous to
chemical doping of graphene, and (ii) to probe the spin state
dependence of electrical conductivity modulation by wiring the
anchoring group (pyrene) tethered SCO complex between chemi-
cally robust few-layer graphene electrodes.
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A spin crossover (SCO) active graphene-iron(i)
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Graphene is a highly studied 2D material due to its attrac-
tive electrical and mechanical properties that are
promising for applications in electronics, spintronics, and
nanomechanics.' ™ Graphene can be manipulated by external
means; this opens the possibility to exploit interfacial proxi-
mity effects and functionalization.>® For instance, graphene
metal interface or molecular functionalization has been
reported to induce superconductivity, insulating behavior, or
magnetic properties.” '' Graphene or respective few-layer gra-
phene is also utilized as an electrode for single molecule con-
ductance measurements due to their thermostability down to
few Kelvins (K).">** Spin crossover (SCO) has been observed in
metal-organic molecules featuring first-row transition metal
ions with d*~d” electronic configuration in a moderate ligand
field."®® The room temperature (RT) low spin (LS) — high
spin (HS) bistability of the Fe(i) SCO complexes,”*>" effected
by temperature, light, pressure, electric field, and mechanical
stretching,>®*® augurs well for the realization of SCO based
applications.'®''3% Further, computational and experi-
mental results detailing spin-state dependent electrical con-
ductivity modulations and spin filtering effects in SCO-mole-
cular junctions render the SCO systems suitable for the
fabrication of molecular electronics/spintronics device
architectures.’”**"** In this context, the marriage between an
SCO active entity and graphene may yield a synergistic gra-
phene-SCO hybrid (Gr-SCO) with alluring magnetic and electri-
cal characteristics. Graphene could also be employed as a
weekly interacting surface to preserve switching characteristics
of SCO active entities in view of the reports detailing surface-
induced suppression/blocking of SCO due to strong interfacial
molecule-surface interactions.**" Studies detailing (i) preser-
vation of SCO of molecular and polymeric adsorbates on
highly oriented pyrolytic graphite (HOPG)*> and graphene®’
substrates, (ii) spin state dependent electrical conductivity
modulations in graphene or reduced graphene oxide (rGO)
substrates functionalized with SCO active entities,”® and
(iii) utility of graphene substrate as an analytical probe to
study SCO in NP thin films,”> have appeared in the recent
literature clearly elucidating the application potential of
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Fig. 1 Molecular structure of the SCO complex, hereafter complex 1, tethered with pyrene anchoring groups for non-covalent functionalization of

graphene.

Gr-SCO hybrids. However, switching characteristics of a supra-
molecular Fe(n) SCO complex,”®”” which is non-covalently
anchored on a graphene surface are to be reported. Probing
in this direction may facilitate an understanding of the role of
graphene proximity in altering SCO characteristics necessary
to build Gr-SCO based molecular electronics/spintronics
devices. To begin with, a pyrene anchoring group tethered bis
(pyrazol-1-yl)pyridine  (BPP)-Fe(n) SCO complex®
(¢f. Fig. 1) is utilized to prepare a Gr-SCO hybrid material
taking advantage of the noncovalent n—x interactions between
pyrene and graphene surface. Temperature and light induced
variations of the magnetic properties between the molecular
SCO complex 1 and Gr-SCO hybrid are detailed as follows.

The Gr-SCO hybrid material was obtained by non-covalently
anchoring the complex 1 on the pre-exfoliated graphene sheets
with the aid of the pyrene anchoring groups. Attempts to get
Gr-SCO hybrid directly from exfoliation of the bulk graphite
using complex 1 were not successful, partly attributed to the
unstable nature of the complex 1 under rigorous sonication
conditions. To alleviate this problem, a novel strategy has been
developed utilizing commercially available graphene sheet dis-
persions in water. By repeated precipitation, re-dispersion and
centrifugation, dispersions of graphene sheets in 1,2-dichloro-
ethane (1,2-DCE) were obtained. Gr-SCO hybrid materials were
finally prepared by mixing the acetonitrile solution of the
complex 1 with the preformed graphene dispersion and pre-
cipitation of the hybrid by layering diethyl ether over a period
of 1-2 weeks as depicted in Fig. 2.

To check for reproducibility, a set of Gr-SCO hybrids, Gr-
SCO-A and Gr-SCO-B, has been prepared employing the same
experimental conditions. The sample Gr-SCO-A was utilized to
perform transmission electron microscopy (TEM), Infrared
(IR), and Raman characterization experiments while SCO
characteristics of both samples, Gr-SCO-A and Gr-SCO-B, were
probed using SQUID magnetometry to check the reproducibil-
ity of the results.

The TEM analysis of the Gr-SCO-A hybrid material showed
the presence of few-layer graphene sheets and locally the
occurrence of single graphene layers as shown in Fig. 3a. The
Z-contrast achieved in the high angular annular detection
(HAADF) mode within the scanning transmission electron
microscopy (STEM) confirmed the presence of the complex 1
on the graphene sheets as small aggregates (cf. Fig. 3b, inset).
The elemental maps acquired in these regions revealed the

active
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Fig. 2 Steps involved in the preparation of Gr-SCO complex hybrid:
(@) complex 1 was dispersed in pre-exfoliated graphene sheets in 1,2-
DCE, (b) the dispersion was centrifuged at 500 rpm for 30 min followed
by removal of ~3/4™ of the supernatant, (c) layering of diethyl ether
over the supernatant solution, and (d) precipitation of the Gr-SCO
hybrid. Filtration of the slurry over a PTFE membrane, washing with cold
1:1 1,2-DCE/acetonitrile solvent mixture followed by drying under
vacuum yielded the Gr-SCO hybrids as black powder.

peaks corresponding to Fe thus confirming the successful
anchoring of aggregates of complex 1 on the graphene sheets.
Raman spectral analysis of the Gr-SCO-A hybrid further con-
firms the presence of single/few-layer graphene sheets. The
characteristic D, G, and 2D bands were observed in the Raman
spectrum of Gr-SCO-A hybrid at the expected frequencies as
shown in Fig. 4a. The strong D and D’ bands centered at 1350
and 1620 cm ™"
graphene/few-layer graphene sheets with defective edges con-

originate from the small nanometer (nm) sized

tributing to the occurrence of the double resonant Raman
effect,>®>°

defective sheets are likely to happen during ultrasound treat-

which increase at lower lateral dimensions. The

ment as also observed in the case of a porphyrin-graphene
hybrid.*

The 2D peak can be fitted with a single Lorentzian with a
full width at half maximum (FWHM) of 59 cm™" implying very
weak interlayer coupling and non-ABAB stacking. This could
be attributed to the random bundling/aggregation of graphene
sheets in line with the literature reports.®* The Raman features
of the complex 1 in the Gr-SCO-A hybrid are masked by the
intense peaks corresponding to the graphene substrate
(Fig. 4a). See Fig. S17 for the Raman spectra of ligand and the
complex 1 showing similar spectral profiles thus confirming
the identity of the ligand skeleton in the complex 1.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3
of small crystallites of the complex 1 on graphene surface.
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Fig. 4
band corresponding to graphene in Gr-SCO-A with an FWHM of 59 cm™

Attenuated total reflection-infrared (ATR-IR) spectroscopic
studies of the ligand, complex 1, and Gr-SCO-A hybrid samples
on a diamond crystal at 294 K and the comparisons of the
spectral features among them showed the presence of the
complex 1 on graphene. See Fig. S21 and Table S1 for further
details.

Variable temperature magnetic investigations have been
performed on two independently prepared Gr-SCO hybrid
material samples, denoted in the following as Gr-SCO-A and
Gr-SCO-B (Fig. 5).

In both cases, a gradual increase of the magnetic moment
above 100 K is observed, which is undoubtedly a signature of
SCO. Unlike the polycrystalline complex 1 (Fig. 5), thermally
induced SCO of hybrid materials will reach HS plateau above
300 K. Such loss of abruptness in SCO curve is explained by
the significant decrease of cooperativity caused by dilution,
i.e., lack of intermolecular interactions, of complex 1 on the
graphene surface. The magnetic characteristics of the Gr-SCO
hybrids are not probed below 50 K due to the paramagnetic
nature (¢f Fig. S3t) of the graphene sheets utilized in this
study, vide infra.

The observed Ty, values of 232 and 242 K for Gr-SCO-A and
Gr-SCO-B, respectively are higher than the Ty, = 220 K found

This journal is © The Royal Society of Chemistry 2018
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(a) TEM micrograph of Gr-SCO-A hybrid material and (b) EDX profile of the hybrid, the inset shows the corresponding HAADF-STEM image
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(a) Raman spectra of graphene, complex 1 (see Fig. S1t for full spectrum), and Gr-SCO-A hybrid and (b) single Lorentz function fitted 2D

. The excitation laser wavelength (1) is 514 nm.
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Fig. 5 SCO characteristics of complex 1 and hybrid samples Gr-SCO-A
and Gr-SCO-B.

for polycrystalline complex 1. This can be attributed to the
strong interfacial interactions between the SCO complex and
2D graphene lattice hindering the occurrence of the SCO

Dalton Trans., 2018, 47, 35-40 | 37
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Fig. 6 (a) VT-FIR spectra of Gr-SCO-A hybrid in the temperature range of 294 to 50 K and (b) intensity ratio vs. T plots of complex 1 and Gr-SCO-A
hybrid. The intensity ratio of the bands, 495/453 and 492/453 cm™* have been considered for complex 1 and Gr-SCO-A, respectively.

event, a facet conceptually related to the lattice dilution effects
affecting SCO characteristics of Fe(un) complexes dispersed in
solid matrices comprised of transition metal ions either larger
or smaller in radius relative to the Fe(n) ion.°>

Though the samples Gr-SCO-A and Gr-SCO-B have shown
slightly different SCO characteristics, the methodology
employed to prepare Gr-SCO hybrids are satisfactorily reprodu-
cible as inferred from the atomic absorption spectroscopy
(AAS) analysis of the hybrid materials. The Iron content of the
samples Gr-SCO-A and Gr-SCO-B are found to be 1.81% and
2.09%, respectively indicating the quantitatively comparable
amount of complex 1 molecules anchored on the graphene
surface. Hence, the variations in the SCO characteristics of Gr-
SCO-A and Gr-SCO-B are attributed to the slightly differing
local interactions between the graphene and complex 1 as
reported in the case of supramolecular spin valve devices com-
prised of single-walled carbon nanotube (SWNT) and a single
molecule magnet (SMM). The supramolecular SWNT-SMM
devices have shown different magneto-conductance behavior
as a result of slight local variations of the coupling between
the SMMs and the SWNTs.*

Photomagnetic studies revealed light induced excited spin
state trapping (LIESST) of complex 1 with quantitative LS —
HS photoconversion (¢f. Fig. S41) upon red light irradiation
(A = 637 nm; 10 mW cm™?) with a photoexcited metastable HS
state stable up to 76 K (Tpesst)- The Gr-SCO-A hybrid is also
LIESST active and at 10 K exhibiting photoconversion to the
HS state upon irradiation at 637 nm (Fig. S57), with Ty ggsr =
ca. 60 K, which is in agreement with “inverse energy gap”
theory relating thermal SCO with LIESST.®* The exact quantifi-
cation of the photoinduced SCO characteristics of Gr-SCO-A is
found to be difficult due to a small quantity of complex 1
anchored on the graphene surface.

Variable temperature far-infrared (VI-FIR) spectroscopic
investigations of complex 1 and Gr-SCO-A hybrid further con-
firmed the spin-state switching characteristics of the hybrid in
line with the SQUID magnetometry. VI-FIR experiments of the
complex 1 in the 294-50 K range showed a clear decrease and
increase in the intensity of bands at 453 cm™" and 495 cm™,
respectively (c¢f Fig. S6T). Similar trends were observed for the

38 | Dalton Trans., 2018, 47, 35-40

Gr-SCO-A hybrid (Fig. 6a) except for a slight down shifting of
the higher energy band to 492 cm™" (495 em™" for complex 1).
Any effect on the complex 1 structure in the Gr-SCO-A hybrid
by the vacuum has been excluded.

This higher intensity of the bands (495 or 492 cm™") upon
temperature reduction from 294 to 50 K could be tentatively
attributed to the HS — LS transition of complex 1 and Gr-
SCO-A. In addition to the spin transition, a linear increase of
the overall intensity, typical for far infrared spectra is identi-
fied for several signals between 650 and 450 cm™'. This is
characteristic for glass-like transitions of complex compounds
due to increased interactions at low temperatures.®® The plot
of the ratio of intensities for complex 1 and Gr-SCO-A (Fig. 6b)
are in line with the SQUID magnetometry indicating more
gradual SCO characteristics of Gr-SCO-A in comparison with
complex 1. Though the above VI-FIR experiments are in close
agreement with the SQUID magnetometry, the results should
be treated with caution; particularly the assignment of LS and
HS features corresponding to the Fe-BPP complex system. The
HS state of the Fe-BPP complexes is reported to show v(Fe-N)
vibrations at 247, 255, and 303 cm™",°® finding those bands in
the complex 1 and Gr-SCO-A hybrid is proved to be difficult
due to several overlapping skeletal vibrations belonging to the
ligand backbone (c¢f Fig. S71). Note also the difficulties
reported in the literature associated with the finding of LS
vibrations located around 400 cm™" due to masking of ligand
centered skeletal vibrations.®>®® The absence of reversible
temperature-dependent intensity variation of the bands
around 453 and 495 cm ™" for the ligand in the VI-FIR experi-
ments (c¢f Fig. S71) is a clear proof of spin-state switching
mediated evolution of the VT-FIR characteristics of Gr-SCO-A
in line with the SQUID measurements.

Though the hybrids Gr-SCO-A and Gr-SCO-B show more
gradual switching characteristics, relative to the molecular
complex, their magnetic moment vs. T plot is markedly
different leading to the observation of two different T}, values
indicating slightly different intermolecular and molecule-
graphene interactions in Gr-SCO-A and Gr-SCO-B hybrids. The
results obtained in this study also need to be discussed by
taking into consideration the magnetic properties associated

This journal is © The Royal Society of Chemistry 2018
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with nano-graphene materials.®” The presence of lattice
defects and edge states in graphene/few-layer graphene sheets
contributes to the observation of various exotic magnetic
phenomena, see a perspective article by Rao et al., for further
information on this topic.®” By analogy with the literature
report, the magnetic moment vs. T plot of the graphene
sample utilized in this study showed paramagnetic behaviour
below 50 K (cf Fig. S31) which can be attributed to the defect
induced magnetism of graphene in line with the literature
reports, also note afore-described Raman spectral studies
showing defective nature of the graphene sheets. However, the
SCO characteristics of Gr-SCO-A and Gr-SCO-B reported in this
study unambiguously originate from the complex 1 anchored
on the graphene surface, the diamagnetic nature of the gra-
phene sample above ~50 K is a conclusive proof of this
attribution.

In summary, Gr-SCO hybrids, Gr-SCO-A and Gr-SCO-B, com-
prising of pre-exfoliated graphene sheets and an SCO active
complex 1, are prepared, and their SCO characteristics have
been studied. The hybrids retained SCO with alterations in
SCO characteristics attributed to the 2D graphene proximity
mediated interfacial and matrix dilution effects. Issues
such as reproducibility of switching characteristics of Gr-SCO
hybrids and inherent magnetism associated with defective gra-
phene sheets utilized to prepare Gr-SCO hybrids have also
been addressed. The results presented in this study might
be useful for the development of SCO-based spintronic
applications.
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