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Temperature dependent X-ray photoemission spectroscopy (XPS) has been employed to examine the Fe
2p and N 1s core levels of the studied Fe(i) spin crossover (SCO) complexes of interest, namely:
Fe(phen)2(NCS),, [Fe(3-Fpy)2A{Ni(CN)4}], and [Fe(3-Fpy){Pt(CN)4}]. The changes in the Fe 2p core-level
spectra with temperature indicate spin state transitions in these SCO complexes, which are consistent
with one’s expectations and the existing literature. Additionally, the temperature dependence of the
binding energy of the N 1s core-level provides further physical insights into the ligand-to-metal charge
transfer phenomenon in these molecules. The high-spin fraction versus temperature plots reveal that
the surface of each of the molecules studied herein is found to be in the high-spin state at
temperatures both in the vicinity of room temperature and below their respective transition temperature

rsc.li/pcecp

Introduction

Fe(u) spin crossover (SCO) complexes are molecules in which
the strength of the octahedral ligand field surrounding the Fe
atom is in the realm where even slight external perturbations,
like change of temperature’ or magnetic field,*® can trigger a
spin-state transition in these molecules.”™® At low tempera-
tures, when the octahedral ligand field splitting (Aoc) between
the t,, and e, orbitals is high, the SCO complexes occupy the
diamagnetic (S = 0) low-spin state (LS). However, at tempera-
tures higher than the critical transition temperature T,
when the A, between the ¢,, and e, orbitals is lowered, these
molecules occupy the paramagnetic (S = 2) high-spin state
(HS)."'*2° Owing to the ease with which such spin-state
transitions can be achieved in the Fe(u) SCO complexes and
the bistability of these spin states,”>"** these molecules make
great candidates for room temperature spintronics (since
triggering the spin-state transition closer to room temperature
is very much achievable),”®?* and nonvolatile memory
applications.>*® The existence of room temperature magnetic
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alike, with the stability of the high-spin state of these molecules varying with the choice of ligand.

moment in these molecules may also be exploited for molecular
transistor-based quantum information science applications.***
While there are multiple Fe(u) SCO complexes, the model Fe(u)
SCO compound Fe(phen),(NCS), and the Hofmann-like Fe(ir) SCO
complexes have gathered quite a lot of research interest over the
past two decades, in particular.*?*?%73¢

Since Fe(u) experiences a considerable electronic change
with a spin-state transition®” (the occupancy diagram for the
LS and HS electronic configurations is presented in Fig. 1a),
these transitions can be easily detected by monitoring the
temperature-dependent changes in the Fe 2p core-level XPS
spectra of Fe(1) SCO complexes.*®*™*° Therefore, in this work, we
have used temperature dependent X-ray photoemission spectro-
scopy (XPS) to study the temperature dependence of the Fe 2p
and N 1s core levels of the discrete mononuclear complex
Fe(phen),(NCS), (schematic shown in Fig. 1b), as well as two
2D Hofmann-like coordination polymers: [Fe(3-Fpy),{Ni(CN),}]
and [Fe(3-Fpy){Pt(CN),}] (a side-view of which is shown in
Fig. 1c), in order to probe the spin crossover transitions in the
nanocrystals of these systems. Moreover, as XPS is a surface-
sensitive technique, these measurements would allow us to
elucidate surface effects of the ligand-dependent variation in
the stability of the high-spin state in the nanocrystals of the Fe(u)
SCO complexes studied herein, which may be different from
those of the bulk; hence, becoming particularly relevant in the
case of the nanoparticles of these SCO complexes (which, natu-
rally, possess significantly high surface-to-volume ratio).'*>*"*
The knowledge of the surface of the nanocrystals of each of these
SCO complexes would be indispensable from the standpoint of
device fabrication as, generally, surfaces and resultant interfacial
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Fig. 1 (a) [Arl3d® electronic configuration in an octahedral ligand field of the Fe(i) ion in the LS and HS states, and ball-and-stick models of (b)
Fe(phen),(NCS), and (c) the Hofmann-like Fe(i) SCO complexes, respectively. Atom codes for Fig. 1b: Fe (green); N (red); C (yellow); S (blue); H (purple).
Atom codes for Fig. 1c: Fe (green); Ni/Pt (silver); N (red); C (yellow); F (blue); H (purple).

interactions are well-known to have strong influence on the
device properties of a material.>*>™*

Experimental details

The nanocrystals of Fe(phen),(NCS),, [Fe(3-Fpy){Ni(CN)},] and
[Fe(3-Fpy).{Pt(CN)},] complexes were prepared according to the
methods reported previously.'>”®

Temperature dependent XPS measurements were used to
study the temperature-dependent evolution of spin-state occu-
pancy in Fe(phen),(NCS),, [Fe(3-Fpy).{Ni(CN),}], and [Fe(3-Fpy),-
{Pt(CN),}]. XPS measurements were performed in a SPECS
GmbH system (base pressure 1.0 x 10 '° mbar) equipped with

a PHOIBOS 150 2D-CMOS hemispherical analyser. Photo-
electrons were excited with the Al-Ka line (1,486.7 eV) of a
monochromatic X-ray source p-FOCUS 500 (SPECS GmbH).
Measurements were taken with a pass-energy of 20 eV.

Results and discussion

Temperature dependent photoemission spectra of the Fe 2p
core-level of the nanocrystals of Fe(phen),(NCS),, [Fe(3-Fpy),-
{Ni(CN),}], and [Fe(3-Fpy).{Pt(CN),}] are shown in Fig. 2. The
XPS spectra of the Fe 2p core-level of Fe(phen),(NCS), collected
for a set of temperatures ranging from 113-270 K are shown
in Fig. 2a. Likewise, the photoemission spectra of the Fe 2p
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Fig. 2 Temperature dependent XPS of the Fe 2p core-level of (a) Fe(phen),(NCS),, (b) [Fe(3-Fpy){Ni(CN)}4l, and (c) [Fe(3-Fpy){Pt(CN)}4l. The raw
spectra in green depict lowering of temperature while the ones in black represent increase in temperature. The fits in blue indicate the LS, and the fits in

red represent the HS.
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core-level of [Fe(3-Fpy),{Ni(CN),}] (Fig. 2b) and [Fe(3-Fpy),-
{Pt(CN),}] (Fig. 2c) were recorded over a temperature range of
113-298 K and 173-298 K, respectively. Since an increase in
temperature would translate to the elongation of Fe-N bonds
and weakening of the ligand-to-metal charge transfer (LMCT),
the HS electronic configuration for each of the studied systems
is assigned the XPS peak at a higher binding energy value in
comparison with the XPS peak representing the respective LS
electronic configuration. Such an assignment of the XPS peaks
is consistent with the elevated effective nuclear charge experi-
enced by the Fe 2p electrons in the HS configuration, and the
existing literature.’®*°

An energy difference in excess of 1 eV between the XPS peaks
of the LS and HS configurations, is consistent with the energy
difference between these configurations reported previously.'*>"
Thus, the value of the energy difference between the LS and HS
electronic configurations of these SCO complexes, along with their
respective structural symmetry (see Fig. 1b and c), confirm that
these compounds are Fe(u) SCO complexes indeed. It is to be noted
that the information provided by these measurements is unaf-
fected by the fact that the temperature ranges over which the XPS
spectra of the Fe 2p core levels of these materials were taken are
not all the same, since the chosen temperature ranges cover the
spin-crossover region for each of the studied systems.

Temperature-dependent variations in the photoemission
spectra of the N 1s core-level of Fe(phen),(NCS),, [Fe(3-Fpy),-
{Ni(CN),}], and [Fe(3-Fpy).{Pt(CN),}] are shown in Fig. 3. Based
on the peak ratios of the fitted N 1s core-level components, and
the LMCT arguments, it is clear that the N 1s features with
greater peak areas and higher binding energies correspond to
the nitrogen atoms in “phen” (in Fig. 3a), “Ni(CN),” (in Fig. 3b)
and “Pt(CN),” (in Fig. 3c), respectively. In Fig. 3a, the peak of
the N 1s core-level component at the higher binding energy

View Article Online
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(N2) shifts towards even higher values as Fe(phen),(NCS), is
cooled down to 113 K. Such a temperature dependent change
in the binding energy of the N2 component agrees with
the temperature-driven shortening of the Fe-N bond lengths.
Moreover, no observable change in the binding energy of the N
1s feature at the lower binding energy (N1) implies that more
charge is transferred between N2 and Fe than between N1 and
Fe. On the other hand, as can be seen from Fig. 3b and c, there
are no discernible changes in the binding energies of either of
the N 1s core-level components of the studied Hofmann-like
SCO complexes (viz., [Fe(3-Fpy)»{Ni(CN),}] and [Fe(3-Fpy),-
{Pt(CN)4}]). Lack of identifiable temperature-driven shifts in
the binding energies of both the N 1s core-level components of
these Hofmann-like complexes indicates that their respective
HS electronic configuration are quite stable in comparison with
the HS electronic configuration of Fe(phen),(NCS),. In other
words, the HS electronic configurations of [Fe(3-Fpy){Ni(CN),}]
and [Fe(3-Fpy),{Pt(CN),}] are somewhat more immune to
thermal fluctuations than the HS electronic configuration of
Fe(phen),(NCS),.

A closer look into the XPS spectra of the Fe 2p and N 1s core
levels, shown in Fig. 2 and 3 respectively, provides further
physical insights into the nature of the Fe-N1 bonds of all
the materials studied herein. To elaborate further, the binding
energies of both the LS and HS electronic configurations of
Fe(phen),(NCS), (Fig. 2a) are lower than that of the respective
binding energies of the LS and HS electronic configurations of
the Hofmann-like complexes (Fig. 2b and 2c); however, while
the binding energy of the N2 feature, of the N 1s core-level, of
each of these complexes is (more or less) the same, the binding
energy of the N1 feature of Fe(phen),(NCS), (Fig. 3a) is higher
than the binding energies of the N1 features of the Hofmann-
like complexes (Fig. 3b and 3c). This observation is consistent
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Fig. 3 Temperature dependent XPS of the N 1s core-level of (a) Fe(phen),(NCS),, (b) [Fe(3-Fpy)>{Ni(CN)}4], and (c) [Fe(3-Fpy){Pt(CN)}4]. As in Fig. 2, the
raw spectra in green depict lowering of temperature while the ones in black represent increase in temperature.
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Fig. 4 High-spin fractions of (a) Fe(phen)>(NCS),, (b) [Fe(3-Fpy)2{Ni(CN)}4], and (c) [Fe(3-Fpy)>{Pt(CN)}4] as a function of temperature. Solid black and
hollow green triangles represent the data points collected from the XPS measurements. Blue curves show the normalised experimental thermal
hysteresis for each of the studied molecule, as extracted from ref. 56, 59, and they are included here to draw a comparison with the results of our XPS

measurements.

with the fact that since the electronegativity of fluorine (in
3-Fpy) is higher than the electronegativity of sulphur (in NCS),
the extent of electron transfer from Fe to the “3-Fpy” group
should be greater than the extent of electron transfer from Fe to
the “NCS” group. Hence, the apparent differences in the
binding energies of the respective components of the Fe 2p
and N 1s core levels, shown in Fig. 2 and 3 respectively, quite
clearly convey that the Fe-N1 bonds in the Hofmann-like
complexes are stronger (or more ionic) than the Fe-N1 bonds
in Fe(phen),(NCS),.

The quantification of high-spin state occupancy in these
systems is achieved by extracting the LS and HS peak areas
from the temperature dependent XPS of the Fe 2p core-level
of these materials (Fig. 2) and then plotting the high-spin
fractions of these molecules as a function of temperature, as
shown in Fig. 4. Upon comparing the temperature dependence
of the high-spin fractions of Fe(phen),(NCS), extrapolated from
the XPS measurements with the ones obtained from the mag-
netic susceptibility measurements®® (shown in Fig. 4a), a strong
agreement between the two is observed. Therefore, it is fair to
claim that XPS, indeed, serves as a promising tool to monitor
spin transitions and cooperative effects in the SCO complexes.

However, a similar comparison drawn between the XPS
measurements and the magnetic susceptibility measurements
taken on the each of the Hofmann-like SCO systems®’ (Fig. 4b
and c) reveals that there lies a caveat. The caveat, stemming
from the fact that XPS is a highly surface sensitive technique, is
that an observed disagreement between the two kinds of
measurements is not something to be frowned upon as it
would imply that the surface of each of the studied Hofmann-
like SCO systems is different from its bulk. That is to say, the
HS tends to stabilise at the surface of the Hofmann-like SCO
molecules studied herein even at temperatures well below that
of the transition temperatures for the whole molecule. This fact
can be attributed to a steric inhibition of the Fe(i) coordination
environment dictating the extent of the SCO transition, as has
been observed in other systems,’”®" which clearly correlates
with the lack of energy shift of the N 1s core level that is

This journal is © the Owner Societies 2023

observed in the studied Hofmann-like SCO complexes (refer to
Fig. 3b and c). Besides, the fact that a complete HS-LS spin
transition is seen in the Fe(phen),(NCS), molecular system
unlike the incomplete transition in the Hofmann-like SCO
complexes seems to be a consequence of the intrinsic long-
range nature of the magnetic super-exchange interaction J,
which plays a crucial role in driving the cooperativity in the
Hofmann-like SCO complexes,®” and is naturally limited at the
surface of these systems due to the breaking of the spatial
translation symmetry of the bulk.

Conclusions

In conclusion, temperature-dependent XPS is employed to gain
further physical insights into the spin-state transitions in
the nanocrystals of Fe(phen),(NCS),, [Fe(3-Fpy),{Ni(CN),}],
and [Fe(3-Fpy),{Pt(CN),}]. Changes in the Fe 2p core-level
spectra as a consequence of varying temperature clearly evi-
dences spin state transitions in these SCO complexes, which
are consistent with one’s expectations and the existing litera-
ture. Furthermore, the temperature dependence of the binding
energy of the N 1s core-level of Fe(phen),(NCS), signifies that
more charge is transferred between N2 (the nitrogen atoms in
“phen”) and Fe than between N1 (the nitrogen atoms in “NCS”)
and Fe. The high-spin fractions of Fe(phen),(NCS), extra-
polated from the XPS measurements are found to be in great
agreement with the results of the existing magnetic suscepti-
bility measurements, whereas drawing similar comparison
between the temperature-dependent XPS and the magnetic
susceptibility measurements taken on the each of the two
Hofmann-like SCO systems would be naive and, therefore,
requires special attention (due to the reasons discussed above).
Nevertheless, it is revealed that: (i) all the molecules studied
herein are found to be in the high-spin state at room tempera-
ture and (ii) the high-spin state stability of these molecules
varies with the choice of ligand. Overall, it is worth mentioning
that high values of room-temperature HS occupancy especially
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at the surface of the nanocrystals of these molecules, and their
great immunity to thermal fluctuations, opens new pathways
for room-temperature spintronics and quantum information
science applications.
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