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The synthesis, structure and magnetic and optical characterization of a new, [Fe'(furtrz),(Pt(CN),)]-4H,O
(1), flexible 2D Hofmann-type material is reported together with the optical characterization of the
already reported, [Fes'(saltrz)g(Pt(CN)4)3l-8H,O (2). Both compounds exhibit in the bulk multi-step
thermal SCO. The temperature dependence of the luminescence properties of 2, reported for the first
time in this work, show a clear interplay between SCO and luminescence, while in the case of 1,
resonant emission shows only a subtle change around the SCO temperature. Thanks to their layered
structure and weak interlayer interactions, it has been possible to obtain flakes of micrometric lateral
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sizes and thicknesses of a few nm of the two compounds using the well-known Scotch tape method.
The effect of the miniaturization in the SCO properties and luminescence has been studied by Raman
spectroscopy and luminescence. In the case of 2, the abrupt SCO is lost in the exfoliated flakes, while in
1 a clear spin transition is still observed in a plethora of flakes with thicknesses ranging from a few
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Introduction

The interplay between spin-crossover (SCO) and fluorescence is
the focus of considerable interest" since the control of the spin
state could be used to modulate the luminescence signal and
lead to applications such as thermometry,> magneto-optical
switches,® or multi-sensors.* Moreover, luminescence can be used
as an internal proof to follow the spin transition of the SCO
centers in a material. Previous reports of multifunctional lumi-
nescent SCO compounds are based on discrete complexes®® or
coordination polymers (CPs).”

A remarkable family of SCO CPs are Hofmann-like com-
pounds of formula [Fe"(L),M(CN),] constructed by the equator-
ial coordination of tetracyanometallates ([M"(CN),]>~ with M =
Pt, Pd or Ni) and the axial coordination of aromatic N-donor
ligands (L), where L can be unidentate or bidentate bridging
ligands to build 2D or 3D coordination networks, respectively.
This family of compounds exhibits cooperative SCO, which can
be modulated by a rich host-guest chemistry."®'” There are
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many examples of multifunctional Hofmann-like compounds
thanks to the possibility of using different functional L ligands
and guest molecules maintaining the structure and interesting
SCO properties. Among them, luminescent Hofmann-like CPs
have been prepared following two strategies: (i) the use of a
fluorophore as pillaring ligand and (ii) the inclusion of a
fluorescent guest into the cavities of the network.'™*>171?
This family of compounds has demonstrated to be an
excellent platform to investigate the SCO properties at the
nano-scale as they can be miniaturized as thin films or nano-
particles maintaining the SCO properties.*® Since 2D Hofmann-
like compounds display a layered structure with strong intra-
layer covalent bonding and weaker van der Waals interactions
between the layers, an interesting possibility is the exfoliation
into individual nanosheets that have found in other 2D materi-
als a great variety of applications in electronics, gas storage or
separation, catalysis or high-performance sensing.>'** Previous
attempts to exfoliate 2D Hofmann-like compounds by mechan-
ical or solvent-mediated exfoliation methods led to low-quality
nanosheets with a thickness of a few nm in the case of the
liquid exfoliation method®** or to larger but thicker flakes
(more than 300 nm thick) in that of mechanical exfoliation.>®
In this work, we have explored the miniaturization by a
mechanical exfoliation of luminescent SCO 2D Hofmann-like
compounds. Two 2D Hofmann like compounds containing
flexible ligands to minimize interlayer interactions have been
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prepared and characterized: the new compound [Fe(furtrz),-
Pt(CN),]-4H,O (furtrz = furanylidene-4H-1,2,4-triazol-4-amine)
(1) and [Fe;"(saltrz)s(Pt(CN),);]-8H,0 (saltrz = (E)-2-(((4H-1,2,4-
triazol-4-yl)Jimino)methyl)phenol) (2) reported by S. Neville et al.
in 2017.2¢ The later has been chosen due to previous reports of
a dimer based on the same ligand with formula [Fe,(saltrz)s-
(NCS)4]-4MeOH by Y. Garcia et al. in 2011 showing an interplay
between luminescent and SCO properties.” Thanks to the
layered structure of 1 and 2, it has been possible to obtain
flakes of micrometric lateral sizes and thicknesses of a few nm
using the well-known Scotch tape method. The interplay
between SCO and luminescence in the bulk compounds has
been studied together with the effect of the miniaturization in
both properties.

Results and discussion
Synthesis

1 and 2 were synthesized by slow diffusion of stoichiometric
amounts of Fe(ClO,),-xH,O and furtrz or saltrz in a water/
ethanol mixture on top of K,[Pt(CN),] in water (see Experi-
mental Section for more details). Powder X-ray diffraction
(PXRD) pattern of 2 is consistent with the simulated one from
the structure reported in the literature (see Fig. S1, ESIt). The
structure of 1 was successfully determined by single crystal
diffraction. Elemental analysis of 1 confirms the loss of one
water molecule found in the crystal structure (see Experimental
Section). The Zn reference compounds of formulas [Zn(furtrz),-
Pt(CN),] EtOH-H,O (1-Zn) and [Zn,(saltrz)s(Pt(CN),);]-8H,O (2-Zn)
were prepared in an analogous way as that of 1 and 2, respectively.
The structures were solved by single crystal X-ray diffraction (see
Table S1 and Fig. S2 and associated text in the ESI}).

Structure

Single crystal X-ray structure analysis of 1 was performed at
120 K (100% low-spin, LS, state), 204 K (mixed spin state) and
240 K (100% high-spin, HS, state) (see Table S1, ESIt). All of
them are isostructural and belong to the Pnma space group. The
asymmetric unit contains crystallographically independent Fe,
Pt and two furtrz with occupancies of 0.5 plus two CN ligands
and disordered water molecules. It presents the typical struc-
ture of 2D Hofmann materials formed by layers of Fe>* centers
connected to four equivalent square planar N-donor [Pt(CN),]*~
in the equatorial positions and to two N from triazole of two
furtrz ligands in the axial positions completing the octahedral
coordination. Thus, 2D undulating layers of composition
Fe[Pt(CN),], are generated along the ab plane with furtrz
ligands protruding above and below the layer (see Fig. 1). The
inter-digitation of the furtz ligands allows an efficient packing
of the layers with enough space to host solvent water molecules,
giving an overall formula of [Fe(furtrz),[Pt(CN),]]-4H,O. Similar
structures have been obtained with other monodentate triazole
derivatives as in compound [Fe(thtrz),Pd(CN),]-EtOH-H,0
(thtrz = N-thiophenyl-idene-4H-1,2,4-triazol-4-amine).>” Due to
the undulation of the framework, furtz ligands coming from
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Fig. 1 ac (top) and bc (bottom) plane projections of 1 (C (black), N (blue),
O (red), Fe (orange), Pt (dark blue)). Only one of the two possible config-
urations are shown. Hydrogen atoms have been omitted for clarity.

different layers assemble in pairs with neighboring furtz along the
b axis with several weak interactions. The voids are occupied at
120 K by four crystallographically independent disordered water
molecules forming hydrogen bonds and giving rise to a pseudo 1D
chain along the b axis. The hosted water molecules also have
hydrogen bonds with the non-bonding N of the triazole. At higher
temperatures, the disorder of these water molecules could not be
modelled satisfactorily. It was removed from the electron density
map using the OLEX solvent mask command.*® Two voids of
206.0 A’ at 204 K and 226.0 A® at 240 K were found in the unit
cell of the crystals occupied by approximately 16 water molecules,
giving a void volume of 16.6% at 204 K and 17.4% at 240 K.

Fe-N bond lengths range from 2.09(3) to 2.16(4) A at 240 K
(average Fe-N bond length of 2.13(2) A), in agreement with a HS
state, and from 1.925(8) to 1.983(12) A at 120 K (average Fe-N
bond length of 1.938(12) A), in agreement with a LS state. This
is consistent with the complete thermal SCO observed from
magnetic measurements in the same range of temperatures
(see below). Finally, Fe-N bond lengths from 1.993(11) to
2.055(15) at 204 K (average Fe-N bond length of 2.016(16) A)
suggest an intermediate spin state.

PXRD measurements of 1 were performed at 280 K, 240 K,
200 K and 160 K in contact with the mother liquor. The most

This journal is © The Royal Society of Chemistry 2024
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remarkable change is the shift to higher 20 values of the peaks
between 20 = 14 and 21° upon decreasing in temperature. The
position of the peaks changes noticeably comparing the mostly
HS phases (280 K and 240 K), with the phase where the LS state
is predominant (160 K). This is confirmed by the pattern
measured at 200 K of the intermediate state which shows a
peak intermediate to the HS and LS ones, in good agreement
with the magnetic properties (see below). These PXRD patterns
are consistent with the simulated patterns from the structures
solved by single crystal X-ray diffraction (see Fig. S3, ESIT).

Magnetic properties

The thermal dependence of the product of the molar magnetic
susceptibility with temperature (y\7T) of 1 measured in contact
with the mother liquor is shown in Fig. 2. In the cooling mode,
ymT value remains constant at ca. 3.7 cm® K-mol * from 300 to
210 K, which is the expected value for a Fe(u) HS. At lower
temperatures, it shows an abrupt decrease in two steps. In the
first one, yuT decreases from 3.5 cm® K mol ' at 210 K to
2.0 emu K mol* at 203 K, which represents the conversion of
1/2 of the Fe(u) sites from the HS to the LS. This is followed by a
plateau from which a gradual decrease to 1.8 cm® K mol ' at
190 K takes place. At lower temperatures, there is a second
abrupt decrease to reach values close to 0 cm® K mol " at 183 K
corresponding to a complete spin conversion. In the warming
mode, the same two-step spin transition is maintained with
small hysteresis loops in each step (Step 1: T1/2 | 1:205,214 K;
Step 2: T1/2 | 1: 185, 198 K). The more marked two step-like
spin transition in [Fe(thtrz),Pd(CN),]-EtOH-H,0, which pre-
sents a similar structure to that of 1, has been attributed to
the negative cooperative impact imparted by the hydrogen-
bonding network interconnecting the ligands of the two crystal-
lographically independent Fe ions.>” A similar effect could be
present in 1 due to the hydrogen bonds between triazole and
water molecules placed between the ligands, although with
only one type of iron. In agreement with this, the magnetic
behaviour of the freshly filtered sample of 1 is shown in Fig. S4
(ESIt). The partial dehydration causes a partial loss of the step-

4.0
3.5
3.0 ?
2.5] !
2.0 ~
15 [

1.0 |
0.5 )
0.0 S

160 180 200 220 240
T (K)

Fig. 2 xmT vs. temperature of 1 in contact with the mother liquor.

T (cm3.K.mol-1)

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

like character of the spin transition with a decrease of the
thermal hysteresis and a higher HS content in the plateau
(see Fig. S4 and associated text in the ESIT). Illumination of a
polycrystalline sample at 10 K with 573 and 632 nm did not give
rise to an increase in the magnetic response so Light-Induced
Excited Spin-State Trapping (LIESST) effect was not detected.

Impact of the SCO transition on the optical properties in bulk

In this section, the impact of the SCO transition on the optical
properties of both 1 and 2 materials is studied by means of
photoluminescence (PL) and Raman. Then, the results are also
compared to Zn references of both materials. In this way, the PL
spectra of bulk crystals are acquired at different temperatures.
Thus, the PL emission differences between the LS (120 K) and
the HS (210 K) phases of 1, 2, and 1-Zn are shown in Fig. 3.
The bulk crystals of every material were placed on top of a
silicon substrate. Then, the substrate with the sample was
placed on the cold finger of a closed-cycle cryostat for the study
of the PL and the Raman signal. Both compounds 1 and 2
present an intense and broad PL emission around 500 nm
when exciting the bulk crystals with UV light at 325 nm. In the
case of 1, the PL spectrum presents a uniform shape centred at
480 nm. Like 1-Zn, the PL emission remains nearly constant
across the SCO transition temperatures, see Fig. 3a. On the
contrary, in the case of 2 (see Fig. 3b), the spectral shape of the
emission undergoes an abrupt change at the transition tem-
perature (~150 K). Here, the PL emission that dominates the
spectra at 400 nm in the LS phase quenches, while the emission
at lower energies, around 560 nm enhances. Thus, the shape of
the PL emission is highly altered due to the SCO transition.
These PL results are similar to the previous reported PL of a
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Fig. 3 PL spectra of bulk crystals at representative temperatures in the LS
and HS states of (a) 1, (b) 2, and (c) 1-Zn. Blue spectra correspond to the LS
at 120 K and red spectra correspond to the HS at 210 K. Spectra have been
normalized for the sake of an easier visual comparison.
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Fe(n) complex of the same ligand by Garcia et. al.’ On the
contrary, the isostructural Zn references 1-Zn and 2-Zn do not
show any noticeable change across the temperature sweep see
Fig. 3c and Fig. S5 (ESIt). This further confirms that the changes
in PL with temperature of 2 are directly related with spin
transition. The whole temperature ramps are available in Fig.
S5 (ESIT). In addition, we plotted the dependence of integrated
PL intensity on the temperature for the complex 2, see Fig. S6
(ESIt). These results support that the abrupt PL changes in both
bands of the spectra come from the SCO at ~150 K, in agree-
ment with the results reported by Garcia et. al.’

Under resonant excitation with a green 532 nm Nd:YAG laser
light, the samples have been found to also present PL emission.
Here, the temperature-dependent emission of 1 is again stu-
died in order to find any optical signature of the SCO on the PL,
see Fig. 4. In this way, the PL of 1 under resonant excitation is
composed of a broad band centred at ~650 nm at low tempera-
tures in the LS state. As the temperature is increased near the
transition temperature (above 170 K) there is a blue shift of the
emission, where the maximum of the PL band is shifted to a lower
wavelength. In addition, a higher energy shoulder can also be
noticed at 560 nm in the HS. Thus, when exciting the bulk crystals
of 1 with resonant excitation, due to the SCO, the PL emission
shifts and slightly changes its spectral shape. However, although
this shift is reproducible it is small compared to the overall width of
the PL band and could be within the experimental error. For this
reason, the impact of the SCO on the optical properties is further
validated through Raman measurements.

In this way, we investigated the experimental signatures of
Raman spectroscopy for the same samples by irradiating them
with the same 532 nm light from the second harmonic of a
Nd:YAG laser, see Fig. 5. Here, we focus on the CN vibrations of
the three materials nearby 2200 cm ™", as we found that these
vibrations are the most affected by the SCO transition. In this
way, as shown in Fig. 5, the CN vibrations in these materials
provide a useful footprint to track the SCO.

S
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p=i — 90K
- — 110K
o — 130K
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£ 190 K
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pd — 230K

660 700
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Fig. 4 Temperature-dependent PL spectra of 1 by using a resonant
532 nm light excitation from a Nd:YAG laser. A dashed grey line has been
added for reference to the eye. Notice that the spikes around 600 nm
come from the Raman scattering of the sample.

164 | J Mater. Chem. C, 2024, 12, 161-169

View Article Online

Journal of Materials Chemistry C

2210 - B

103 K
123K
143 K
163 K
183 K
203 K
213K
223K
233K
253K
— 273K
— 298K

2190 -

Q
N
Raman shift (cm-1)

2180

N
8
o
o/./’
J
/
.
N !
Q - -
N
3r i
NL N
8
N
N i

100 150 200 250 300
Temperature (K)

T — T T T T T T
2215 - g 4
LYYy oo,
2210 “eqe Toee, o
i ®ec00, oo
o e, — 93K
o o %ee
€ 2205 - e | — 113K
=) — 133K
=
b) '€ 2200 | i — 158K
@ 173K
& 193K
£ 2195 |- 4
8 213K
233K
2190  ®eee., 4
000, 253 K
*o0, — 273K
L 00,
2185 L o3k
. | ! ! L ! . ! !
100 150 200 250 300 2150 2175 2200 2225
Temperature (K) Raman shift (cm™)
T T T T T T T
2220 |- §
e, — 93K
—e_
= '\
£ . — 123K
gm0 R
&= — 153K
c) 5
c 183K
@© [ -
g 2200
& — 213K
.\‘\o\
.\. .
— 243K
2190 | T~ |
— 298K
1 1 1 1 1 1 1 1 1
100 150 200 250 300 2150 2175 2200 2225

Temperature (K) Raman shift (cm™)

Fig. 5 Raman shift of the CN vibration with the temperature of (a) 1 (b) 2,
and (c) 1-Zn bulk crystal samples. The plot at the left represents the central
frequency of the identified Raman vibrational bands. The y-axis of the
Raman spectra at the right accounts for the intensity in arbitrary units.

First, for the sample of 1, the Raman spectra consist of two
main vibrational bands occurring at 2184 and 2205 cm ™" at
273 K, and at 2191 and 2209 cm ™" at 93 K, see Fig. 5a. A similar
trend has been reported in the literature for the LS and HS
forms of Fe(pz)[Pt(CN),]-2H,O (pz = pyrazine).>® As the tem-
perature increases from low temperatures, the CN vibrations
shift to lower frequencies, due to a decrease in bond force
constants due to thermal expansion and increased anharmo-
nicity. In this way, the first peak shifts from 2191 cm™" at 92 K
to 2184 cm ™" at 273 K. The higher vibrational mode shifts from
2209 to 2205 cm ™' for the same temperature range. Impor-
tantly, the trend on the shift is broken in the temperature range
of the SCO (~200 K). Here, the higher frequency Raman mode
splits in two different peaks. For example, at 200 K the split

This journal is © The Royal Society of Chemistry 2024
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peaks are observed at 2189 and 2205 cm™". However, at higher
temperatures above 230 K, the splitting is lost and cannot be
tracked. In addition to the splitting, the shift of the higher
frequency peak does not follow a homogeneous trend in this
temperature range. Other effects, such as relative intensity
changes or splitting of Raman vibrations, have been also
observed for other vibrational modes during the SCO tempera-
ture range, see Fig. S7 (ESIt). For example, a similar splitting
effect is observed in the vibrational Raman mode at 1610 cm ™,
which takes place at ~200 K and it is maintained up to room
temperature. Finally, we highlight the emission of vibrational
modes at 2165 cm™'. Although the emission is low and is
hindered by the high emission of the CN vibrations, a splitting
of this peak also takes place at 200 K, again coinciding with
the SCO.

Second, for the sample of 2, a similar behaviour with the
temperature for the CN vibrations is tracked, see Fig. 5b. In this
case, the lower frequency band matches the emission from the
sample of 1 at 2184 cm ' at 273 K, but the higher frequency
band is split at this temperature. Similarly to the sample of 1,
the higher frequency vibrational band is split at high tempera-
tures coinciding with the HS state, and an additional band can
be tracked at 2210 cm ' above the transition temperature
(~150 K).*® In this way, as the temperature decreases, this
second split band is apparently lost below 150 K, matching the
SCO transition temperature of this compound. This splitting at
high temperatures could be explained by the two unique
[Fe{Pt(CN),}] units contained in the crystal structure of com-
pound 2.>® Regarding the Raman shift dependence with the
temperature, the lower vibrational CN band shifts to 2191 cm ™"
at 92 K, matching the shift of this band on the sample of 1. In
addition, the shift of the higher vibrational mode goes from
2206 cm™ " to 2209 cm ™', which is also a similar shift compared
to the same band on compound 1.

In Fig. 5¢, we also display the Raman emission dependence
with the temperature of 1-Zn. Here, the two main CN vibra-
tional modes are tracked at 2196 and 2219 cm ™" at 93 K, which
are at higher frequencies compared to the previous measure-
ments for 1 and 2 materials. The bands shift homogeneously to
lower frequencies as the temperature increases, until 2188 and
2212 cm™ ' at room temperature. In this way, there is not any
noticeable effect on these vibrations with the temperature, as
expected for a reference sample not undergoing spin transition.
This result further validates the correlation between the
observed changes in the PL and Raman with the SCO
of 1 and 2.

In the next sections, we study how the effect of the minia-
turization of 1 and 2 bulk crystals into flakes (by mechanical
exfoliation) affects the SCO properties and their optical
response in these materials.

Exfoliation

The layered structures gave us the opportunity to explore the
exfoliation of the two materials with the well-known Scotch tape
methodology. This conventional approach, usually employed
for graphene and other 2D materials, has been barely used in

This journal is © The Royal Society of Chemistry 2024
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CPs due to the fragile nature of the crystals,*® however, thanks
to the versatility provided by the molecular composition of the
CPs, it is feasible to obtain compounds robust enough to be
exfoliated.®® The advantage of this dry method over liquid
exfoliation is the potential to achieve thin layers with high
crystallinity and larger lateral sizes.

Bulk crystals of 1 and 2 were exfoliated using a plastic tape
(Ultron Systems) and deposited onto a 285 nm of thermally
grown SiO, substrate. As a result, a plethora of flakes with well-
defined rectangular shapes (lateral dimensions of >1 pm) and
different thicknesses (ranging from a few nanometers up to
hundreds) were obtained, as can be clearly seen by optical and
atomic force (AFM) microscopies (see Fig. 6 and Fig. S8-510,
ESIT). This contrasts with the low-quality nanosheets obtained
in analogue compounds by liquid exfoliation*® and to the
thicker flakes obtained from a less flexible Hofmann-like
CP.” The chemical composition and integrity of the exfoliated
flakes were confirmed by Raman spectroscopy studies on speci-
mens of different thicknesses (see Fig. 7 and Fig. S11, ESIY).

Optical signature of the SCO transition in flakes

The optical response of 1 and 2 exfoliated crystals was mea-
sured by means of PL and Raman at different temperatures
across the SCO transition of the bulk. To carry out these
measurements, we used the same 532 nm light excitation from
the second harmonic of a Nd:YAG laser used in the bulk
crystals, with an irradiation power of 0.4 mW on the sample,
which is inside the linear optical response range of the samples
(see Fig. S12, ESIT). Note that the spot size at the sample is in
the range of hundreds of pm, in order to average the signal of
diverse flakes on the substrate and avoid mechanical deviations
from any cryostat vibrations or temperature dilatation of the

25+02nm
254 25£0.1 nm

2.3+0.1nm
30 204

19.1+0.2 nm

50 0.0 05 10 15
- Length (=m)

Fig. 6 Optical and AFM images of the exfoliation of 1. General optical
image (top left). AFM image (top right) of the selected region in dashed
white in the top right image with its corresponding zoom (bottom left;
marked in yellow in top right) and its height profile (bottom right; marked
in dashed blue in the bottom left image)
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Fig. 7 Raman spectra of selected flakes of 1 with height from 300 to
85 nm in the 1250-1800 and 2150-2250 cm™ range of interest at room
temperature.

substrate or the cold finger of the cryostat. Thus, differences
between the resonant PL emission of the LS (110 K) and HS (220 K)
phases for 1 in the bulk together with that of the flakes at the same
temperatures are displayed in Fig. 8 (See Fig. S13 for the full
temperature ramp, ESIt). At this resonant excitation wavelength
of 532 nm, 1 flakes also present PL emission, which is centred
around 610 nm at low temperatures. As occurs in the case of the
bulk, the emission of the flakes is slightly blue-shifted at 180 K
compared to 230 K, see Fig. 8b. This is the first evidence that the
flakes also present a spin transition. In addition to the change
observed at the SCO temperatures, 1 flakes and bulk samples
present the typical redshift and broadening of the emission as
the temperature increases, see the full temperature ramps in
Fig. S13 (ESIt). We also performed the band deconvolution of the
evolution of 1 PL spectra with the temperature, see Fig. S14 (ESIt).
Hence, supported also by the fitting results in Fig. S15 (ESIt), these
results show an interplay between SCO and luminescence of 1
flakes, as observed for the bulk material. However, again, the
preserved shift from the bulk material in 1 flakes is small and
within the experimental error.

In this way, in order to confirm that these subtle PL emis-
sion changes are related to the SCO of the flakes and obtain

a) b)

— 180K
—230K

—180K
—230K

Normalized PL Intensity (a.u.)
Normalized PL Intensity (a.u.)

660 760 860
Wavelength (nm)

600 700 800

Wavelength (nm)
Fig. 8 Comparison between the HS and LS PL spectra of 1 in (a) bulk and
(b) flakes. Blue spectra correspond to the LS at 180 K and red spectra
correspond to the HS at 230 K. Spectra have been normalized for the sake
of an easier visual comparison.
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robust experimental evidence of it, Raman spectra of the
exfoliated flakes of 1 were measured in the same temperature
range of the bulk. CN vibrations of the flakes display a shift to
lower wavelengths between 180 K and 210 K (represented in
Fig. 9a with grey dash lines), matching the SCO transition
reported in the bulk. This can be observed in the three bands
at 2180, 2200, and 2210 cm™ ', although the shift is more
noticeable in the vibrational band at 2200 cm™'. Compared
with the Zn reference, this shift is also enhanced. While the
2200 cm™ ' vibrational band shifts 12 cm ™" from 100 K to room
temperature, the two vibrational bands in the reference shift
~7 cm™'. On the other hand, in Fig. 9b we focus on the Raman
vibrations in the range of 1350 to 1510 cm . In this case, an
effect on the Raman emission can also be noticed at the same
temperature range between 180 K and 210 K. Here, the vibra-
tional band at 1375 cm ™" undergoes a shift to higher frequen-
cies as the temperature decreases below 200 K, while the
intensity of the second peak at 1385 cm ™" lowers until is not
possible to track it below 180 K, coinciding with the LS state of
the material (see Fig. 9b). In addition, the spectral shape of the
Raman vibration observed at 1480 cm™" is also modified in the
same temperature range of the SCO (see Fig. S17 for the full
temperature range, ESIT). Hence, with these measurements, we
studied how the SCO electronic transition has an impact on the
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Fig. 9 (a) Raman shift of the CN vibration with the temperature of 1 flakes.
(b) Raman shift in the range between 1350 and 1510 cm™~* of 1 flakes. The
plot at the left represents the central frequency of the identified Raman
vibrational bands. The plot at the right shows the actual Raman spectra
recorded in the flakes.
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optical properties of 1 after the exfoliation. Thus, these mea-
surements suggest that the spin transition is preserved in the
exfoliated flakes with a small interplay between the spin
transition and the resonant luminescence.

Finally, in the case of 2, drastic changes in the resonant PL
were not observed in the 80-260 K temperature range (Fig.
S13a, ESIt). This is consistent with the lack of changes in the
Raman spectra in the same temperature range (Fig. S16, ESIT).
These results indicate either that the transition has no impact
on the optical properties of 2 flakes, or that the SCO of the bulk
crystals of 2 is lost after exfoliation and that, as a result of this,
the resonant PL does not show significant changes with the
temperature. The loss of SCO properties of the bulk upon
miniaturisation is not uncommon and has been previously
observed in nanoparticles®” and thin films.**"**

Experimental section

All chemicals are commercially available and were used as
received without further purification. Caution! Perchlorate salts
are explosive when subjected to heat or friction, they must be
handled with care. Syntheses of furtrz, saltrz, 2, 1-Zn and 2-Zn
are reported in the ESL¥

Synthesis of [Fe"(furtrz),(Pt(CN),)]-4(H,0) (1)

Fe(ClO,),-xH,O (43.44 mg, 0.12 mmol) and furtrz (38,88 mg,
0.24 mmol) in 3 mL of 1: 1 water/EtOH were carefully layered on top
of K,[Pt(CN),], (44 mg, 0.12 mmol) in 3 mL of water. After a week,
Yellowish plates of 1 suitable for single-crystal X-ray diffraction
analysis were obtained. The crystals were filtered and washed with
abundant water. Anal. Caled for FePt(N4C7H60)2(CN)4(H20)3: C,
29.40; H, 2.74; N, 22.86%. Found: C, 29.20; H, 2.53; N, 22.86%.

Structural characterization

Single crystals of 1, 1-Zn and 2-Zn were mounted on a glass fiber
using a viscous hydrocarbon oil to coat the crystal and then
transferred directly to the cold nitrogen stream for data collection.
X-ray data were collected at 120 K, 204 K and 240 K for 1 and 120 K
for 1-Zn and 2-Zn, on Rigaku Oxford diffraction Supernova dif-
fractometer equipped with a graphite-monochromated Enhance
(Mo) X-ray Source (% = 0.710 73 A) (1) and on a XtaLAB Synergy-DW
diffractometer equipped with a HyPix detector and a Cu X-ray
source (1 = 1.54-184 A) (1-Zn and 2-Zn). 1 presents higher Rint
values as we go higher in temperature due to the thermal vibration
of the atoms and the fact that we could not grow thicker crystals
(see Table S1, ESIt). The program CrysAlisPro, Rigaku Oxford
Diffraction Ltd., was used for unit cell determinations and data
reduction. Empirical absorption correction was performed using
spherical harmonics, implemented in the SCALE3 ABSPACK scal-
ing algorithm. The structures were solved with the ShelXT structure
solution program®® and refined with the SHELXL-2013 program,>®
using Olex2.”® Non-hydrogen atoms were refined anisotropically,
and hydrogen atoms were placed in calculated positions refined
using idealized geometries (riding model) and assigned fixed
isotropic displacement parameters. In the structure of 1 at 240 K
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large positive and negative residual densities are reported due to
the low quality of the data due to solvent disorder. Crystallographic
data are summarized Table S1 (ESI{). CCDC-2299137-2299140 and
2305594 contain the supplementary crystallographic data for this
paper. Additional crystallographic information is available in the
ESL 7 For powder X-ray diffraction patterns, a 0.5 mm glass capillary
was filled with polycrystalline samples of the complexes and
mounted and aligned on an Empyrean PANalytical powder diffract-
ometer, using Cu Ko radiation (4 = 1.54-1 77 A). A total of three
scans were collected for each compound at different temperatures,
between 300 K and 160 K, in the 20 range of 5-40°.

Physical characterization

The Fe/Pt and Zn/Pt ratios were measured with a Philips ESEM
X230 scanning electron microscope equipped with an EDAX
DX-4 microsonde. Elemental analyses (C, H, and N) were
performed with a CE Instruments EA 1110 CHNS elemental
analyzer. Magnetic measurements were performed with a
Quantum Designh MPMS-XL-5 SQUID magnetometer in the 2-
300 K temperature range with an applied magnetic field of 0.1 T
at a scan rate of 2 K min~'. Photomagnetic measurements were
performed irradiating with a Diode Pumped Solid State Laser
DPSS-532-20 from Chylas and coupled via an optical fiber to the
cavity of the SQUID magnetometer. The optical power at the
sample surface was adjusted to ~3 mW cm™ > Significant
change in magnetic response due to heating of the sample
was not observed. The photomagnetic samples consisted of a
thin layer of compound whose weight was corrected by com-
parison of a thermal spin-crossover curve with that of a more
accurately weighted sample of the same compound.

Optical microscopy and AFM.

Optical images were obtained with a Nikon Eclipse LV-100
Optical microscope and AFM images were performed with a
Nanoscope IVa multimode scanning probe microscope (Bruker)
in tapping mode.

Raman spectroscopy

Raman spectroscopic characterization was carried out on a
LabRAM HR Evolution confocal Raman microscope (Horiba).
The measurements were conducted with an excitation wave-
length of Aey. = 532 nm. The laser was focused using a 100x
objective (0.8 NA), thus leading to a laser spot with a diameter
of ca. 1 pm. A CCD camera was employed to collect the back-
scattered light that was dispersed by an 1800 grooves per mm
grating providing a spectral resolution of ~1 cm™". The corres-
ponding Raman spectra were then constructed by processing
the data using Lab Spec 5 software.

Photoluminescence spectroscopy

PL measurements have been carried out on an ensemble
spectroscopy set-up arranged on an optical table. Both, a
532 nm Nd:YAG laser and 325 nm UV diode have been used
to measure the different bulk and exfoliated samples. Laser
power has been maintained in all the cases inside the linear
excitation regime to avoid possible damage to the sample. The
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excitation light is collimated, passed through a set of mirrors to
the sample placed in a closed-cycle cryostat. Then, backscatter-
ing was directed through a beam splitter to the spectrometer
entrance. The PL and Raman signal are then analysed with
cooled silicon back-thinned CCD attached to the spectrometer.
The data analysis and the band deconvolution presented in
supporting information have been treated by using
Origin 2021.

Conclusions

Beyond the synthesis and characterization of a new 2D SCO
Hofmann-type CP incorporating a luminescent ligand in 1, this
work confirms the use of CP in the search of multifunctional
synergetic nanomaterials as a suitable strategy. 1 and the
previously reported 2 combine thermal spin transition and
luminescent properties in the solid state. In the case of 2, we
demonstrate in this work that there is a synergy between both
properties as the spin state induces drastic changes in the
emission properties. Else, the layered structure and the flex-
ibility provided by the ligands allows the miniaturization of the
two compounds through mechanical exfoliation obtaining high
quality flakes of 1 and 2. 1 has demonstrated to maintain its
thermal SCO properties in flakes, which is accompanied by
small changes in the resonant emission as observed for the
bulk material. We believe these results may be relevant for the
next generation of light-sensitive SCO-based nano-devices.
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