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The thermochromic behaviour of spin crossover complexes is desirable for noninvasive thermometry
technologies. In this work, we have developed an easy-to-use flexible temperature sensor based on
color change accompanying the spin state switching. The sensor consists of an SCO complex,
{Fe(Quin),[Pt(CN)4l} (Quin = quinazoline), embedded in a transparent PDMS substrate using the mould
casting method. The decomposition of the colors into individual RGB channels using image analysis
provides a straightforward and accurate method for estimating temperature. The qualitative perfor-
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transfer monitoring, (b) temperature mapping, and (c) hotspot detection. These trials establish the
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Introduction

The recent advancements in diverse fields, such as
electronics,™* biomedicine,>> and photonics,’ have under-
scored the necessity for versatile, non-invasive thermometry
techniques that function effectively regardless of the surface
type. The existing thermal imaging methods are based on
monitoring the changes in the electromagnetic and optical
properties of materials being investigated, such as lumine-
scence,”® reflectivity,”™' Raman scattering,>'> and electro-
chromism."'* However, these methods require sophisticated
equipment and a complex detection system that involves
surface-dependent calibration procedures, making them both
expensive and inconvenient to use. Phase change materials
(PCMs) that are temperature responsive offer a promising
option in terms of thermal sensitivity and readout.'® In this
context, spin crossover materials constitute an important class
of PCMs for temperature mapping and surface thermometry
applications.’®*™® These are coordination complexes of d*-d’
transition metal ions that can reversibly switch between the
low-spin (LS) and high-spin (HS) states under the influence of
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sensor’s ability to operate effectively in a wide range of real-life scenarios.

temperature.'®>* Various applications of the SCO materials are

envisioned depending on the nature of the spin transition. For
example, materials with abrupt spin transition (AT = 10 K)
facilitate binary temperature detection, attributing to a pro-
nounced change of optical reflectivity.>* Similarly, complexes
exhibiting hysteretic SCO can be used for thermal memory
purposes.”> A very interesting aspect of the spin crossover
phenomenon is the significant changes in optical properties
(color*®*” and refractive index®®) accompanying the switching
between the LS and HS electronic configurations. The three
channels - red (R), green (G), and blue (B) are the primary
components of all colors.”® Different colors are created by
varying the proportions of these channels. There are primary
reports establishing a correlation between spin state switching
and the associated thermochromism via image processing.>°?
However, no temperature sensor working on SCO-color synergy
has been targeted for real-life applications. The existing SCO-
based temperature sensors are fabricated either by vacuum
deposition, which is only suitable for sublimable complexes, or
by compositing with an organic polymer that tends to compro-
mise the spin crossover behaviour.**® The lack of versatility
and fabrication effect on the SCO profile are the major bottle-
necks associated with existing methods.

In this work, we have designed a flexible temperature sensor
that consists of a thermochromic SCO complex, {Fe(Quin),-
[Pt(CN),]}, embedded within a polymeric substrate while pre-
serving its chemical integrity. The color variation associated
with the spin transition is correlated with temperature through
image processing (Scheme 1). The temperature deduction

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 lllustration of working principle of the SCO-based temperature sensor.

through color channel comparison removes any dependence on
the fabrication method or the surface being analyzed, demon-
strating the versatility of the method.

The objective of this work is to establish that the developed
sensor can effectively monitor heat transfer, by comparing
grayscale values with those of a standardized sensor. The
method presented achieves temperature monitoring accuracy
comparable to that of an infrared thermal camera. Moreover,
the sensor can qualitatively map the temperature distribution
across a surface.

Structural details &
magnetic behaviour

The single crystal X-ray diffraction analysis at 270 K revealed
that the complex crystallizes in a monoclinic crystal system and
C2/m space group. The asymmetric unit consists of one Fe()
ion, one-fourth of tetracyanoplatinate and a monodentate
quinazoline ligand. The Fe(un) ion in the complex has an
elongated [FeNg] pseudo-octahedral coordination environment
(Fig. 1a). The structure can be described as each Fe(u) ion
binding to four cyanide groups of the cyanometallate equato-
rially, which extends in a 2D fashion, forming bimetallic
{Fe"[Pt"(CN),]},, layers (ESI,t Fig. S1). The complex exhibits a
small deviation of Fe-N-C cyanide angles from 180°, which
indicates a strong sigma bond between Fe and N atoms, and
hence a stronger ligand field.*® The ligand quinazoline coordi-
nates axially, connecting the two-dimensional {Fe"[Pt"(CN),]},
layers through supramolecular interactions (Fig. 1b).

This journal is © The Royal Society of Chemistry 2025

At 270 K, the complex exhibits a low-spin (LS) state, indi-
cated by the red color of the crystal. When the temperature
increases to 325 K, the color changes from red to yellow,
signifying a transition to the high-spin (HS) state. The average
Fe-N bond length increases from 1.98 A at 270 K to 2.16 A at
325 K, which corresponds to a complete spin transition. Simi-
larly, the FeNg octahedron volume changes from 10.356 A’
to 13.373 A® upon SCO. These changes are communicated
throughout the lattice, resulting in a 5.39% increase in unit
cell volume. The distortion parameter indicates that the Fe
octahedron is less distorted in the HS state (¥ = 6.35°) than in
the LS state (X = 8.86°). Slight variations around the Fe(u) centre
upon SCO are discernible from the overlay diagram (Fig. 1c).
Complex 1 does not undergo a phase change during spin
crossover and remains in the monoclinic C2/m space group,
irrespective of the temperature. Details about bond lengths [A],
angles [°], and relevant structural parameters are provided in
Table S2 (ESIY).

The bicyclic ligand quinazoline, with its extensive n-electron
system, has the potential to facilitate n-n interactions.*® In
adjacent bimetallic {Fe"[Pt"(CN),]}, layers, these protruding
ligands are packed in an offset face-to-face fashion, resulting
in n-7 stacking. The supramolecular interactions provide sta-
bility to the structure with the centroid-to-centroid distances of
3.706 A in LS and 3.775 A in the HS state (ESL,T Fig. S2-54).

The infrared spectrum of the bulk sample of complex 1
resembled that reported for the analogues of Hofmann-type
frameworks.*' A strong vcy stretching vibration band was
found at 2173 cm ™', whereas in the case of free metallocyanate,
the vy peak is observed around 2133 em™" (ESL, Fig. S6). To
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Fig. 1 Crystal structure of complex 1: (a) fragment representing the Fe'' coordination environment, (b) visual representation of the crystal packing
demonstrating =©- - -m stacking, (c) overlay diagram (color code: red = high spin and blue = low spin), (d) dc magnetic susceptibility measurement
performed on the polycrystalline sample, (e) DSC thermogram of complex 1, and (f) thermogravimetric analysis of complex 1 confirming the absence of

any solvent in the lattice.

verify the phase purity, the PXRD pattern of the bulk sample
was compared to the simulated one (ESL Fig. S5).

The variable temperature magnetic susceptibility study per-
formed on the bulk crystalline sample revealed an abrupt,
single-step hysteretic behaviour (Fig. 1d and Fig. S7, ESIY).
At 300 K, the complex is present in the LS state (ym7 =
0.45 cm® K mol '). The spin state switching occurs in a very
narrow temperature range of ~7 K. The complex transitions to
a complete high-spin state (yuT = 3.65 cm® K mol™ ') at
319 K, beginning from a cut-off temperature of 312 K. During
the cooling cycle, the complex follows a different path, resulting
in hysteresis. The complex remains in the HS state until it
reaches the threshold of 307 K and quickly returns to the LS
state before it reaches 300 K. The hysteresis width of 13 K is
confirmed from the 1st derivative plot (ESI,i Fig. S8). The
presence of thermal hysteresis indicates the existence of sig-
nificant cooperativity.*>**

The reproducibility of the SCO behaviour is a major issue for
solvent-encapsulating complexes. Therefore, such complexes
where the SCO profile does not depend on encapsulated
solvents are preferred for application purposes. The absence
of solvent in complex 1, as confirmed by TGA (Fig. 1f), makes
the SCO profile easily reproducible. The DSC measurement for
complex 1 shows an exothermic peak in cooling mode Ty, | =
302 K, whereas an endothermic peak centred at Ty, = 315 K
during the heating cycle (Fig. 1le). Both the phase transi-
tion peaks agree quite well with the transition tempera-
tures, as observed in magnetic measurements. Also, the

12832 | J Mater. Chem. C, 2025, 13,12830-12836

calculated AH (19.137 k] mol™"' and —17.861 k] mol™") and
AS (63.33 ] mol ™" K ™' and —56.77 ] mol ' K ') values are
consistent with characteristic values reported for Fe(u) SCO

complexes.***°

Sensor design and image processing

To facilitate the practical applications of complex 1, we have
developed a sensor where the complex is sandwiched between
transparent PDMS layers without compromising its chemical
integrity. The design architecture of the sensor is illustrated in
Fig. 2a. It demonstrates a thermochromic behaviour as the spin
state changes (Fig. 2b). Notably, the diamagnetic polymer
PDMS does not interfere with the spin switching of the
complex, as evident from the magnetic measurement of the
sensor (ESL Fig. S9 and S10).

The thermochromic behaviour of the sensor is attributed to
metal-to-ligand charge transfer (MLCT) of complex 1. The
change in the spin state rearranges the electronic configuration
of the d-orbitals, which significantly affects the energy and
intensity of the MLCT bands.””*® In the high-spin state, the
elongated metal-ligand bond results in poorer overlap between
the metal and ligand orbitals compared to the low-spin (LS)
state.*® The absorption spectrum of complex 1 features a broad
MLCT band centred around 510 nm in the low spin state. When
the spin state changes to high-spin, this band shifts to 475 nm
(see the ESI,T Fig. S13). Consequently, the complex appears red
in the low-spin state and changes to yellow in the high-spin

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic depiction of the sensor label showing complex 1 embedded in the polymeric substrate PDMS, (b) actual picture of the sensor label

in the LS and HS states, the yellow circle marks the areas under consideration for color decomposition, and (c) the image analysis of the standard sensor

depicting color channel evolution with respect to temperature.

state. The reversibility of the sensor has also been evaluated
through repeated solid state UV experiments (ESL T Fig. S13).
The color change accompanying the spin transition has
been quantitatively processed into RGB channels using image
analysis.>* To account for the background (BG), the values of
the color channels were calibrated using the formula (color
channel/BG). The conversion of an image to grayscale simpli-
fies the data by reducing the three color channels to just one,
thereby decreasing the processing workload.>® Also, decompos-
ing the colors into individual channels provides an additional
readout of the spin state change, which closely mirrors the ;T
versus temperature plot of the sensor (as seen in Fig. 2¢ and Fig.
S10, ESIt). This observation confirms that the complex’s char-
acteristics remain unchanged during the fabrication process
and are effectively integrated into the sensor. Furthermore, the
normalized gray channel values (ESL Fig. S12) can be viewed
as the sensor response, which is useful for various applications.

Heat transfer monitoring

Extending our investigation towards real-life applications, the
sensor was used to monitor heat transfer in a water beaker. The
experimental setup included a water beaker placed on a hot
plate maintained at 60 °C. Five equidistant sensor labels were
affixed to the beaker, as shown in Fig. 3(a). The infrared camera
monitored the actual temperature at five height levels, while
the color change was observed with a smartphone camera
[Fig. 3(a)]. The temperature range under consideration for the
heating cycle was a specifically chosen region where the spin
states of the complex changed abruptly. To ensure the accuracy
of our method, the gray channel values included in the sensor
calibration curve were normalized using the formula:

G — G_min

. G
Normalized gray values = =——=—

_ G
here G = ——
Gmax - Gmin7 where G BG

The temperature values deduced from image processing
[Fig. 3(b)] using the sensor calibration curve [Fig. S11, ESIY]
were validated against those recorded with the IR camera
[Fig. 3(c)]- All sensors provide accurate temperature readings
confirmed through a comparison of temperature values from
two methods at various times (ESI,t Table S3). Although a small
interval of discontinuity was present in the region around

This journal is © The Royal Society of Chemistry 2025

sensors 3 and 4. The time domain analysis is an important
tool for confirming the direction of heat transfer, as shown in
Fig. 3(d). Sensor 1 takes the least time to reach the upper limit
of the temperature range under consideration, followed
sequentially by sensors 2, 3, 4 and 5. Fig. 3(d) illustrates that
the temperature gradient develops from the bottom to the top,
thereby confirming that heat transfer occurs in the same
direction.

During the cooling process, the water in the beaker was left
undisturbed under ambient conditions. The temperature vs.
time plot revealed a unique cooling pattern [Fig. S14 (ESIt)].
The water at the surface, which is in direct contact with the
ambient air, cools faster than the water in the bulk. The
molecules at the water-air interface can rapidly release heat
to the surrounding air, which kickstarts the fast cooling evident
from the temperature profile of sensor 5. For water at lower
heights, the cooling pattern is not distinctively clear. The
process of heat transfer during cooling is intricate, possibly
because it involves the release of heat energy through both
convection and conduction.

Temperature mapping

The sensor was qualitatively tested for temperature mapping
applications, and a sensor array consisting of 16 identical
circular slots arranged symmetrically was fabricated for this
purpose. When the array was exposed to hot air, it underwent a
distinct color change from red to yellow indicating conversion
of LS to HS, as illustrated in Fig. 4a. Due to the presence of
hysteresis in its SCO profile, the color stays yellow even after the
removal of the heat source. Furthermore, a doughnut-shaped
metal object heated beyond the threshold value was kept in
contact with the sensor array, as shown in Fig. 4b. The area of
contact facilitated the heat transfer from the metallic body to
the sensor label, forming high-temperature zones. The selective
thermochromism was also evaluated for the circular disc (ESL T
Fig. S15). The low thermal conductivity of the sensing layer
(SCO complex) enables the sensor to show thermochromic
change only for the hotspots, rendering it useful for accurate
temperature mapping. This feature can aid in monitoring
temperature variations and detecting hotspots that exceed the
designated threshold.

J. Mater. Chem. C, 2025, 13, 12830-12836 | 12833
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(a) Schematic representation of the heat transfer monitoring setup, (b) temperature versus time profile for the sensors deduced using image

processing, (c) temperature vs. time profile as monitored through the infrared camera, and (d) time domain analysis.
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Conclusions

In summary, we have expanded the limited portfolio of hys-
teretic spin-crossover molecules that operate under ambient

12834 | J. Mater. Chem. C, 2025, 13, 12830-12836

conditions. The complex {Fe(Quin),[Pt(CN),]} exhibits switch-
ing centred around 310 K (~37 °C) with a hysteresis of
13 K, providing an attractive operational range for various
applications.

A flexible polymer-based sensor was developed by embed-
ding the SCO complex in a sandwiched structure. A noteworthy
advantage of the fabrication method is that it preserves the
molecular integrity of the complex, allowing for the processing
of sensitive spin-crossover (SCO) complexes without altering
their spin state switching behavior. Additionally, the sensor is
conformable to various surface types and has been experimen-
tally proven to be effective for various applications, including
heat transfer monitoring, temperature mapping, and hotspot
detection.

The operating range of the sensor is limited from 24 °C to
45 °C. Thus, the sensor is suitable for applications only within
this temperature range. As the fabrication method is rather a
generalised one, different SCO complexes can be used as the
active layer to modify the sensor’s operating range as required.

We foresee the extension of this work to include different types
of complexes with spin state switching across temperature ranges

This journal is © The Royal Society of Chemistry 2025
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from cryogenic levels to significantly higher ones. Furthermore, a
complete standalone system with a user interface can be devel-
oped for real-life applications.

Experimental section
Synthesis of complex 1

The diffraction quality single crystals of the Hofmann type
framework {Fe(Quin),[Pt(CN),]} referred to as complex 1 were
obtained by the liquid-to-liquid diffusion method. An aqueous
solution (3 mL) of Fe(ClO,),-xH,O (0.03 mmol) is kept at the
bottom of the test tube with an ethanolic solution (3 mL) of the
tetracyanoplatinate salt (0.03 mmol) and quinazoline ligand
(0.06 mmol) at the top, separated by a H,O:EtOH buffer (3 mL).
Red-colored crystals were formed around the walls of the test
tube after 3-4 weeks. The expected chemical composition of the
bulk sample was confirmed by elemental analysis. Calculated
composition for C,oH;,FeNgPt: C: 39.042%, H: 1.966%, and N:
18.211%. Experimentally found: C: 38.222%, H: 1.931%, and N:
17.93%.

Sensor fabrication

The sensor includes a transparent PDMS layer fabricated using
the mould-casting method with specially designated slots for
the SCO complex. Each slot is packed with a uniform dispersion
of synthesized SCO material as the sensing layer and is further
enclosed by another PDMS layer.
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