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Abstract

With the aim of obtaining thermochromic systems with potential applications in solar energy
storage, we evaluated the behaviour of some sugar based ionic liquids-Co(NTf2)> complexes,
in ionic liquids solution, as a function of temperature. Different structural changes on the
cation, the nature of the anion, as well as the nature of the ionic liquid used as solvent were
considered.

The analysis of the above factors was carried out through a combined approach of different
techniques, i.e. variable temperature (VT) UV-vis and NMR spectroscopies, conductivity and

thermal gravimetric analysis. The thermochromic systems were analysed both as solutions and
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as thin films and the data collected highlights the defining role played by both the cation
structure and the solvent nature in determining their performance.

Most of the investigated systems show a chromogenic transition from pink to blue, occurring
in a temperature range suitable for practical applications (40-60 °C). Interestingly, when
embedded in a polymeric matrix, thin films with high recyclability and long life are also

described.
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Introduction

The ever-increasing global energy demands, due to expanding developments and increasing
populations, have led to serious scrutiny over the depleting energy resources. Global energy
demand has focused attention on a sustainable energy generation coupled with optimized use
of energy, minimized pollution and limiting fossil fuel-based energy consumption to a bare
minimum. These aspects have led to an increasing focus on the short-term stored energy
resources, which could be derived from wind power, hydropower, solar power, biomass, etc.
Solar energy is a viable and inexhaustible source of energy* for generating power, with the aid
of solar cells, and harnessing its heat via efficient storage of sun’s heat using
compounds/materials with high heat capacities. In relation to this, it is a major challenge to
store energy due to daily and seasonal variations in the accessibility of sunlight. The schemes
generally known as molecular solar thermal (MOST) systems, for example phase changing
materials that store energy in the form of lattice energy, represent a promising avenue for
harvesting and storing solar energy.?* In this context, photochromic systems where a molecule
is converted by photoisomerization into a higher-energy isomer, which is capable of storing
the energy until released by a trigger, converting the meta-stable isomer to the original light-
harvesting isomer,*>*° have played a significant role.

Thermochromism, defined as reversible change in the color of a compound when it is heated
or cooled, has received little attention as an energy harvesting mechanism.%? The
thermochromic color change of a compound/material is distinguished often by eye, and
occurring over a small or sharp temperature interval. For inorganic compounds this transition
is frequently due to a change in crystalline phase, to a change in ligand geometry, as a result of
a charge transfer,™®> modifications in the chemical structure,'* or to a change in number of
molecules of solvent in the first coordination sphere.’>® A fewer known examples are as a

result of equilibria between complexes in solution or to equilibria between different molecular



structures in the case of organometallic compounds.'’ The thermochromic transition
temperature of a pure substance may be greatly changed by dispersing the compound in a solid
matrix or by mixing it with other substances. Widely used matrices include waxes, and
polymers which are compatible with the thermochromic substance. In the solid matrix, a
hysteresis effect of color transition may be affected by the nature of the matrix. In this context,
thermochromic substances, embedded in coatings, are beginning to surface in the design of
new materials for energy saving.32% In some cases, the percentage of energy savings reached
to more than 16%.2! Looking specifically at thermochromic transition metal complexes, the
states with different coordination numbers are shown to be in equilibrium with the ligand or
solvent molecules where the increase in temperature generally favours the lower-coordinated
complex.?

Among transition metal complexes, thermochromism of cobalt is the most widely known
and has been studied in different solvent systems.'>?® Gadzuric et al. examined the
thermochromic phenomena of cobalt(ll) chloride complexes in NHsNOsz-zZNMF (N-
methylformamide) (z =3, 4, 5, 6 and 20) solution, in the temperature range of 33—73 °C, who
showed the insertion of chloride ion in the metal coordination sphere, favours the transition
from an octahedral to a tetrahedral geometry inducing a colour change.?* However, these kind
of systems, involving a ligating volatile solvent, are often not self-contained as the phenomenon
depends on the addition or removal of (solvent) ligands where water is a commonly used
solvent.?® The key challenging issues regarding such thermochromic systems involving metal
complexes are the volatility of the solvent used while maintaining a viable temperature range
where the transformation occurs.

In this context, ionic liquids (ILs) present a viable alternative to ligating solvents with their
high thermal stability and desirable structure tunability,?*?® allowing their application in
different fields.?’2° Moreover, the associated anions in ILs can be chosen to adjust coordination
capability towards metal ions. In this regard, imidazolium based ILs have been used in
combination with Ni(ll) salts, both in solutions and thin films, to obtain systems that show a
thermochromic transition from green to blue, in the temperature range 35-65 °C or room
temperature-120 °C.3%-32 Furthermore, imidazolium ILs have also been used in combination
with Co(ll) salts, giving systems in which the thermochromic switch occurs under room33 343%
or sub-zero temperatures or alternatively at very high temperatures.®>3" These transition
temperatures limit the use such IL-Metal complexes within the solar thermal energy range. To
overcome such limitations, we have recently introduced a self-contained IL-Co(Il) system®

where the ILs were synthesised from a sugar-based source (derived from food waste), utilising



a simple reaction scheme. It was found to be compatible with some polymer matrixes allowing
the fabrication of composite systems for real-life applications. We hypothesised that solar
thermal energy can be absorbed and stored in the high energy state of the thermochromic
system and subsequently emitting the stored heat during the return to a low energy state.
Here, we report a detailed investigation of the system examining the thermochromic
interactions occurring between sugar-based ILs, acting as ligands, and a cobalt salt, Co(NTf2)2
(Scheme 1), in particular, IL ligands bear gluconic functionality in the cation structure. The IL
ligands, when taken into consideration differ in the alkyl chain length, varying from butyl to
dodecyl chains. In the case of the octyl derivative, the effect of alkyl chain branching was also
considered, using both linear octyl and a 2-ethylhexyl derivative. Furthermore, cations also
differ in the length of the spacer between the amide and ammonium functionalities. As for the
anion effect, both bromide and iodide salts were used. The synthesis and toxicological aspects
of these IL ligands have been recently investigated, demonstrating that this class of ILs show

both low cyto- and ecotoxicities.®
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Scheme 1. Structures of the ILs investigated in this work.

IL-based thermochromic systems obtained show transitions in the useful temperature range
of 40-60 °C and demonstrate the significant effect that structural changes on the ions exert on
their performance. The systems were analysed both in solution and in polymeric films, opening
the way to elucidating the parameters driving the thermochromic systems to suit any

prospective applications.



Results and Discussion

UV-vis investigations. As stated above, the system [N112ca8]Br/Co(NTf.). (3:1) was
previously investigated in [N2224][NTf2] solution (from now on, systems will be indicated as
IL-ligand/Co(NTf,)2/1L solvent n:1, where n indicates the molar ratio ligand/Co(NTf2)2).% The
need for using a solvent came from the high viscosity of the IL ligand which made a direct
investigation of the complex more difficult. The solution obtained showed a colour transition
from pink to blue at 59 °C (Tswitch) and this change was ascribed to a variation of the complex
geometry from octahedral (On) to tetrahedral (Tq4). The above hypothesis was also confirmed
by the determination of the magnetic momentum (zeff). Furthermore, a previous investigation
demonstrated the need to have the presence of the gluconic moiety in the ligand, to observe the
thermochromic transition.

Bearing in mind the above result, we firstly investigated the effect of the ligand/metal molar
ratio that can potentially affect the establishment of equilibrium. In particular, the above
parameter was changed from 1.5 up to 7. Figures 1 and S1-S3 show the UV-vis spectra, trend
of absorbance as a function of the temperature and colour shades for the corresponding
solutions.

UV-Vis measurements were performed in the range 15-90 °C, with the exception of the
highest molar ratios (6 and 7) for which a starting temperature of 30 °C was used as a

consequence of the opalescence of the solutions observed at low temperature.
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Figure 1. a) UV-vis spectra of [N112cas] Br/Co(NTf2)2/[N2224][NTF2] at ligand/metal molar ratio equal to 5 (inset: high energy
band); b) trend of absorbance at 725 nm as a function of temperature; c) colour shades.

It should be noted that at the lowest molar ratio (1.5), a thermoreversible system was not
obtained. The suspension, firstly pink in colour, became a clear blue solution after heating,
maintaining this colour also after cooling. This was confirmed by the absence of variations in
the UV-vis spectra with the raise in temperature (Figure Sla).

In all the other cases, spectra show two set of different bands, the first one located in the
range 450-600 nm and the second in the range 600-800 nm. According to previous reports, the
band at the lower wavelength is related to the octahedral complex (On) whose weak absorption
is in line with the Laporte rule.*® The second high absorption band can be related to the
tetrahedral complex (Tq4) which, lacking a centre of symmetry, featured a strong absorption that
can also be related to its concentration. Raising the temperature, a decrease in the intensity of
the high-energy band and a corresponding increase in intensity of the low-energy band was
observed, according to the occurrence of an equilibrium process. The above hypothesis was
further supported by the detection of isosbestic points, whose position moved at longer
wavelengths as a function of the molar ratio: 550 nm?®- 561 nm - 605 nm - 633 nm for the
molar ratio 3, 5, 6, 7 respectively. According to a previous report, this hypsochromic shift can
be related to the amount of ligand available in the solution that, in turn, affects the amount of
precursor that is converted into the product,** inducing a faster and easier formation of the

tetrahedral complex.



Analysis of the absorbance values, at 725 nm, as a function of temperature gives the trends
reported in Figures 1b and S2. These trends show changes in the slope and the temperatures
(Tswitch, Table 1), obtained by extrapolation, corresponding to the point of intersection of the
two straight lines and representing visible changes in the colour of the solution due to the Os-

Tq switching.

Table 1. Temperature of the geometry switch for the system [Ni112ca8]Br/Co(NTf2)2/[N2224][NTf2] at different

ligand/metal molar ratios and using different ILs as solvent

Entry Thermochromic system Ratio Tswitch

[ligand]/[metal] °ca

1 [N1126a8]Br/Co(NTF2)2/[N2224][NTF]® 3:1 59

2 [N1126a8]Br/Co(NTT2)2/[N2224][NTF2] 5:1 56

3 [Nllze/.\ g]Br/CO(Nsz)zl[Nz224][NTf2] 6:1 82

4 [N1126a8]Br/Co(NTT2)2/[N2224][NTT] 7:1 55 and 89

5 [N1126a8]Br/Co(NTT,)2/[C1Capyrr][NTT;] 31 44

6 [Nllze/.\ 8]Br/Co(NTf2)2/[N1113][NTf2] 31 57

Tswitch Were reproducible within 1 °C.

The increase in the molar ratio affected Tswitch Values. Indeed, the above parameter stayed
almost constant increasing the molar ratio from 3 up to 5 (entries 1-2), but with a further
increase in the molar ratio, the above parameter moved Tswitch to higher values, 82 °C (entry 3)
for a ratio of 6 and 55 and 89 °C for the highest ratio (entry 4). Interestingly, in this case, at 55
°C, the solution with the molar ratio (7:1) appeared to be light blue in colour, but increasing
the temperature, it became a deeper blue. Probably, the obtained result can be ascribed to the
increase in the viscosity of solution, due to the presence of a larger amount of ligand,
consequently slowing down the establishment of the equilibrium.

Among analysed systems, the [N112ca8]Br/Co(NTf2). with molar ratio (3:1) showed the
best performance and it was selected to optimize all the other experimental parameters.

In the attempt to improve system performance, we investigated the effect of solvent nature
using [N1113][NTf2] and [C1Capyrr][NTf2] (Scheme 1). With respect to the previously used



IL, [N1113][NTf2] exhibited a lower viscosity (72.0 cP and 104 cP, at 25 °C, for
[N1113][NT2]* and [N2224][NTF]* respectively). On the other hand, [C1Capyrr][NTf,] had
a comparable viscosity to [N1113][NTf2] (72 cP, at 25 °C),** but with a different cation
structure. Also, in this case, macroscopic colour changes were observed together with
significant variations in the UV-vis spectra (Figures S4-S5). However, in contrast to that which
was detected in [N2 2 2 4][NTf2] solution, in both cases, the band related to the octahedral
geometry was less pronounced and the trend of absorbance as function of temperature showed
a more gradual change in slope.

The analysis of the Tswitch Values (Table 1, entries 4-5) sheds light on the major role played
by the IL cation structure, rather than the viscosity. Indeed, the transition temperature stayed
unchanged when going from [N2224][NTf2] to [N1113][NTf2] notwithstanding a decrease in
the solvent viscosity. Conversely, it significantly decreased down to 44 °C, changing the
solvent from [N1113][NTf2] to [C1Capyrr][NTf,], despite the lower differences in viscosity.
Probably, a cation with a more organised structure and a lower conformational flexibility, like
[C1Capyrr]™, interferes less with the occurrence of changes in the metal coordination sphere
that are necessary to favour the transition from the octahedral to the tetrahedral complex. This
gives rise to a system more suitable for a practical application, considering that the change in

colour occurs at a temperature that can be reached during hotter days in the summer.

The last factor we considered was the effect deriving from structural changes on the ligand
(cation). On this subject, it is noteworthy that the structural variation may pertain to the length
of the spacer between the ammonium and the amide functionalities or the nature (length and
branching) of the alkyl chain on the ammonium cation and the anion.

Firstly, we analysed the effect due to the spacer, using the [N113cag]Br (Figures S6a-b).
Also in this case, a reversible colour change was observed with an isosbestic point at 576 nm
that was bathochromically shifted by 30 nm with respect to the one detected in the presence of
[N1126a8]Br.%

Interestingly, the change in slope occurred at 45 °C, reflecting a colour switch from pink to
light blue, but a net gap in the absorbance value was also detected at 79 °C, corresponding to
the complete transition to tetrahedral geometry and a blue colouration of the solution. The
observed transition accounts for the positive role played by the elongation of the spacer, leading
to the increased conformational flexibility, which allows an easier rearrangement of the ligand

in the metal coordination sphere.



Further investigation aimed at assessing the effect exerted by the nature of the alkyl chain
on the ammonium head, using ligands like [N112casL]Br, [N112ca4]Br and [N1126a12]Br,
gave no pronounced thermochromic effects (Figure S6c-f). Indeed, in all cases, the above
structural changes suppressed the thermochromic behaviour; a blue solution, representative of
the predominance of the tetrahedral complex, was obtained at room temperature and

maintained its colouration also after cooling.

Finally, to investigate the role played by the nature of the anion ligand, we bore in mind
results previously collected demonstrating that changing the bromide ion with a non-
coordinating ion, like [NTf.], suppressed the thermochromic behaviour.®® Consequently, we
used an anion having an intermediate coordination ability, like iodide ion, and using the
[N112ca4]" cation, we obtained a yellow solution which was obtained at room temperature,

that gradually turned to green upon increasing the temperature.(Figure 2).
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Figure 2. a) UV-vis spectra (inset: high energy band); b) trend of absorbance as a function of the temperature; c) color
shades for the system [N1126a4]1/Co(NTf2)/[N2224][NTf2] (3:1).

Analysis of the spectra recorded as a function of the temperature shows some interesting
features. Firstly, in the region of the tetrahedral complexes, the bands were bathochromically

shifted and the one occurring in the range 750-850 nm was quite enlarged. Superimposed

95



spectra allowed the detection of the occurrence of two isosbestic points at 479 and 615 nm.
Furthermore, the colour change was gradual (Figure 2c) and in the trend of absorbance as a
function of temperature (Figure 2b), a change in slope was detected at 55 °C. The above results
seem to be indicative of a different interaction between the metal centre and the ligand, with
respect to the one indicated in the case of [N112cas]Br. Probably, the yellow colour indicated
the first interaction between the ‘soft’ iodide ion and Co(Il), further supported by the
cooperation of the amide functionalities present on the cation structure. According to previous
reports in literature, * %® the colour transition from yellow to green could be ascribed to the
reorganisation in the Cobalt coordination sphere, in which the cation participation becomes
predominant through a more significant involvement of amide groups. In order to verify that
change in colour was not due to the formation of Is7, a sample of the thermochromic system
was added with an equimolar amount of NaSCN. After heating and cooling, the resulting
sample retained its thermochromic behaviour effectively eliminating the suggested presence of

an iodide complex.

UV-vis investigation was also used to obtain insight on the complex stoichiometry. To this
aim, Job’s plots were obtained for [N1 1 26a 8] BI/CO(NTf2)2/[N2 2 2 4][NTf2] and [N1 1 36a
g]Br/Co(NTT2)2/[N2224][NTf2], on the grounds of their relatively low transition temperatures.

Measurements were performed both at 25 and 70 °C and the trend of absorbance as a

function of the Co(ll) mole fraction (Xco) are reported in Figures 3 and S7.
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Figure 3. Job plots (AA vs. Xco) for the system [N113ca8]Br/Co(NTf2)2/[N2224][NTf2] at a) 25 °C (A: 712 nm); b) 70 °C
(A: 713 nm).

Analysis of the above plot reveals some interesting features. Firstly, the two ligands exhibit
different binding abilities as accounted for by the different shape of the obtained plots. In

particular, according to previous reports,*’ in the case of [N1 1 3ca 8] Br a sharp plot was obtained
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(Figure 3), while for [N112ca8Br a bell-shaped curve was recorded (Figure S7), accounting
for a strong binding ability in the first case, more so than in the second case.

In the case of [N113cag]Br/Co(NTf2)2, the position of the maximum was at ~ Xco = 0.25
indicating a metal/ligand 1:3 stoichiometric ratio. Contrarily, for [N112ca 8] Br/Co(NTf2)2, the
maximum of the Job’s plot occurred at ~ Xco = 0.3, accounting for a 1:2 stoichiometric ratio.

The maximum position did not change by rising the temperature, indicating that the
thermochromic behaviour is not related to a change in the number of the ligand molecules
involved in the complex, but rather to the number and nature of chemical functionalities borne

on the ligand participating in the interaction.

Magnetic susceptibility investigations. The systems obtained were also characterised from
a magnetic point of view, determining the magnetic susceptibility. In the case of transition
metal complexes, this kind of investigation provides information about the complex geometry,
as the distribution of unpaired electrons in the d-orbitals determines the properties of the
complex formed.*8

To this aim, the Evans method is an indirect method to calculate the magnetic moments
(nefr) through magnetic susceptibility,*® on the grounds of the magnetic response of a probe
compound in the presence and absence of the sample. (see Supporting Information for details).

This kind of investigation was previously performed on the [N112ca s]Br/Co(NTf2)2/[N222
4][NTT2] (3:1) system and confirmed the interconversion between the octahedral and tetrahedral
complexes induced by the increase in temperature.®

With the above information in mind, we firstly investigated the [N1 1 3ca 8] Br/Co(NTf2)2/
[N2224][NTf] (3:1) system, using t-butanol as the probe, as reported earlier.®® Unfortunately,
after the t-butanol addition, the solution became immediately blue and the calculated pef values
at different temperatures (Table S1) stayed almost constant (Figure S8a-Db).

Different results were collected using DMF as the probe compound. Indeed, in this case, the
raise in temperature produced a significant difference in the chemical shift (Ao) and produced

a variation in the e values (Figure 4).
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Figure 4. Trends of: a) A3 as a function of temperature; b) pert as a function of the temperature for
[N1136a8]Br/Co(NTf2)2/[N2224][NTF2] (3:1)— DMF system.

The magnetic moment gradually decreased, raising the temperature and affecting the values
collected up to 40 °C, perfectly accounting for an octahedral geometry (Table S1). However,
further increases in temperature induced a significant decrease in e, becoming similar to those
obtained using t-butanol as a probe compound, this according to previous reports,® 5! is
indicative of a tetragonal distortion of the original geometry.

The investigation was also performed in the presence of [N113ca 4]l and the data collected
confirmed that the yellow to green colour transition corresponded to an octahedral-tetrahedral
geometry interconversion (Figure S8c-d). The values obtained (Table S2) match with the high
spin complexes with an electronic distribution for the octahedral geometry tag°eq? that
corresponds to the ground term “T. Increasing the temperature, the tetrahedral geometry
reorganisation determines the electronic configuration e*,®, for a ground term “A.%2
Interestingly, the sfr corresponding to a tetrahedral geometry was obtained at 70 °C, in perfect

agreement with the macroscopic colour change and UV-vis investigation.

NMR investigations. The thermochromic systems were further analysed taking advantage
of the magnetic active nature of cobalt. Indeed, >°Co NMR has been widely used to investigate
a wide range of different complexes, irrespective of the quadrupolar spin number of cobalt (S
= 7/2) that frequently gives a broad peak, which is difficult to observe 5>

In general, changes in the structure of cobalt complexes due to internal or external factors,
above all if induced by the temperature, affects the chemical shift values. On this subject, Ozvat
et al., took advantage of the correlation between of the °Co chemical shift and temperature to
perform thermometry via magnetic resonance imaging.> They investigated AJ/AT for nuclei
of low-spin Co(lll) complexes, correlating the degree of ligand encapsulation within the 1%

coordination sphere with the amplification of temperature sensitivity.

12
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The VT %°Co NMR investigation was performed in the temperature range 30 — 90 °C, in line
with the VT UV-Vis measurements. Chemical shift values (8) were collected using the
diamagnetic external standard Ks[Co(CN)s] having a formal charge on Cobalt equal to 3+. The
external standard exhibits changes in chemical shift as a function of the temperature with a
coefficient of 6.2 Hz °C1.% However, changes in chemical shift for the systems investigated
were three orders of magnitude larger than the ones for the reference signal, avoiding the need
to consider corrections to the chemical shift values for the samples.

Data previously collected for [N112ca 8]Br/Co(NTf2)2/[N2224][NTF2] (3:1) shed light on the
perfect correspondence between Tswiteh detected by UV-vis investigation and the change in
slope occurring in the trend of A5 as a function of the temperature, supporting the hypothesis
that macroscopic colour changes can be ascribed to change in the structure of the complex.®
Now the effect of the amount of ligand was taken in consideration, using a ligand/metal molar

ratio equal to 7 (Figure 5).
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Figure 5. VT 5Co NMR for the system [N112ca8]Br/Co(NTf2)2/[N2224][NTf2] (7:1) a) spectra recorded in the range 30 — 90
°C (**Co signal for Ks[Co(CN)e] fixed at 0 ppm); b) trend of Aé as a function of the temperature in the range 30 — 90 °C.

Analysis of NMR spectra accounts for the significant change in chemical shift with the
temperature increase. Interestingly, raising the temperature, an upfield shift was detected with
an inversion of phase of the signal in the range 70-80 °C. On the other hand, the trend of Adas
a function of temperature exhibited a plateau region in the range 60-70 °C, in perfect agreement

with data collected by UV-vis investigation.

To have insight on the effect exerted by the different structural features, the investigation was
carried out on [N113ca8]Br/Co(NTf2)2, and [N1126a4]1/Co(NTTF2)2 (3:1) (Figure S9). In all
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cases, an upfield shift of the >°Co signal with the temperature increase was detected. A5
values show changes in slope in temperature ranges perfectly matching the ones detected in
the UV-vis investigation, confirming that the occurrence of the colour change was due to

variations in the metal coordination sphere.

Thermochromic films. The main aim of this work was to verify if the systems obtained
could be deployed as components for energy-storage devices. This goal can be achieved by
using thin films and currently this aim is an open research topic. On this regard, Yu et al.
developed a nanocomposite hydrogel thermochromic film using pyridinium-modified
polyacrylamide networks integrating with EGP5 (ethylene glycol-modified pillar[5]arene) and
ATO nanoparticles (antimony-tin oxide). The system was featured by a transition temperature
of 32.1 °C and the presence of a polymeric component to avoid the collapse of the hydrogel
structure conferring to the system repeatability and durability.>’ In the same way, Salamati et
al. used a sol-gel method to dope with W®"* ions and TiO; a PVP-VO; film, which was both
thermochromic and photochromic.®

Among the factors affecting the performance of thin films, the concentration of the
components plays a pivotal role. In this regard, Liu et al. incorporate carbon nanotubes (CNT)
in polyethylene terephthalate (PET) obtaining a film whose response time to thermal
solicitation was dependent on the quantities of CNT and PET.%°

With the above information in mind, we considered the system [N112cag]Br/Co(NTf2)2
(3:1) and prepared thin films gradually decreasing the amount of PMMA (from 340 down to
290 mg; the mass fraction of polymer in the thin film ranged from 85 down to 81%). In all
cases, we obtained homogeneous films showing different thermochromic performance. Indeed,
registration of the UV-vis spectra as a function of temperature, evidences a gradual increase in
the spectra baseline at lower wavelengths. However, the bands corresponding to the tetrahedral
complex (600-800 nm) were well defined (Figures S10-S11) and the trends of absorbance as a
function of temperature showed a change in slope at about 40 and 55 °C for films prepared in
the presence of 83 and 81% of PMMA. In contrast to data previously reported,*® where the
PMMA had a negligible effect on the thermochromic transition, here, the polymer significantly
influenced features, as the films became less transparent (Figure S10-11).

The same investigation was also performed on the system [N113cas]Br/Co(NTf2). (3:1),
with polymer mass fraction ranging from 84 down to 81%. UV-vis spectra and the trend of

absorbance as a function of the temperature are reported in Figure 6.
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Figure 6. VT UV-Vis measurement for the polymeric film [Nz 1 sca s]Br/Co(NTf2)2/PMMA (3:1) (390 mg; 84% of
PMMA): a) spectra in the range of temperature 20-90 °C; b) trend of the absorbance increasing the temperature.

The absorbance of the polymeric film was much lower than the one detected in solution
(Figure 6). However, the trend of absorbance as a function of the temperature perfectly agrees
with the ones obtained in solution, showing a change in slope occurring at about 50 °C (Figure
6b) and confirming that also in this case thermochromic performance was retained in the
polymer film. Furthermore, the film was transparent both at 25 and 80 °C, but different in

colour (Figure 7).

Figure 7. Thermochromic polymeric film [N113cas]Br/Co(NTf2)2/PMMA (3:1) (390 mg): a) 25 °C; b) 80 °C.

The amount of PMMA was changed using both 83 and 81% of polymers (Figures S12-13).
The decrease in the polymer amount led to non-homogeneous and less transparent films,
without affecting the thermochromic transition that always occurred in the 55-60 °C range.
However, as transparency is a qualification for this kind of systems, the better performing
systems were clearly the ones containing the highest amount of polymer (85 and 84% of
PMMA for [N112cag]Br/Co(NTf2)2 and [N113cas]Br/Co(NTf.),, respectively).
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Bearing in mind this information, we assessed the reusability of the film obtained using the
thermochromic complex [N113cag]Br/Co(NTf2)2 (3:1). Indeed, possible recycling and long-
term life are essential features for such kind of thermochromic coatings. Thin film was heated
to 60 °C and UV-vis spectra were recorded. Interestingly, we were able to reuse the film for 42

cycles over three months, without any loss in performance (Figure 8).
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Figure 8. UV-vis spectra recorder for [N113ca s]Br/Co(NTf2)2 (3:1)/PMMA film at 60 °C (inset: absorbance at 725 nm as
a function of number of cycles); b) UV-vis spectra after 90 and 420 days.

To our surprise, after storage in air for 420 days after the last cycle, UV-vis spectrum did
not show significant variations, further supporting the suitability of such system in a real

application.

The above films were consequently investigated for their thermal stability, as thermal
degradation can occur as a consequence of the stress of the material due to the consecutive
heating-cooling cycles. Thermograms for neat polymer and thin polymeric films are displayed
in Figure S14, while temperatures corresponding to a 5% of weight loss (Tq) are reported in
Table 2.

Table 2. Temperature of degradation (Ta) corresponding to the 5% of weight loss for the PMMA and the films casted.

Film T4 (°C)

PMMA 290 °C

[N 1204 8]BI/CO(NTF,)/PMMA 238 °C
[N: 1364 8]BI/CO(NTF,)/PMMA 276 °C

In general, the incorporation of the thermochromic systems in the polymeric matrix induces a

decrease in the thermal stability with respect to PMMA. Our thermochromic films were stable
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at temperatures higher than 200 °C, warranting their practical applications, also considering
that their colour transition occurs at much lower temperatures. Interestingly, the data collected
indicates that the thermal stability is affected by the nature of the thermochromic system, with
the ones incorporating [N113cag]Br/Co(NTf2)2 (3:1) in PMMA exhibiting the highest thermal
stability.

Conductivity measurements. To have insight on the effect of the ligand structure on the
conductivity of the systems, an investigation was performed on both the thermochromic
solutions and the films. In particular, the two ligands showing the most interesting behaviour
were considered, namely [N112ca8]Br and [N113cag]Br. The conductivity (c) was determined
through potentiostatic measurements, and these were carried out as a function of the
temperature, covering the range 25-70 °C, to obtain information about the contribution deriving
from the presence of the octahedral or tetrahedral complex. In all cases, besides the
thermochromic system, contributions deriving from using IL as a solvent and ligand in IL
solution were considered and, in the case of the complex system a (3:1) ligand/metal
stoichiometric ratio was used. Data collected as a function of temperature are shown in Figure
9.
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Figure 9. Conductivity (o) values as a function of the temperature for thermochromic solutions and their components. a) [N1
126A8]Br/Co(NTf2)2/[N2224][NTF2] (3:1). The film contains 85% of PMMA ; b) [N1136A8]Br/Co(NTf2)2/[N2224][NTf] (3:1).
The film contains 84% of PMMA.

Interestingly, thermochromic systems retain conductive behaviour typical of an IL solvent and,
both at 25 and 40 °C, & values for thermochromic solutions were comparable to that of an IL
solvent. At 70 °C a different situation was recorded, as the system showed o values

significantly higher than the ones detected for the IL solvent or ligand solution.
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However, in the presence of [N112ca 8] Br, the above increase seems to be due to an increase in
o value corresponding to the ligand. Conversely, for [N113ca8]Br, it can be reasonably argued
that this is a peculiar feature of the thermochromic system.

Data relevant to the thermochromic films prepared with 85 and 84 % of PMMA are reported

in Figure 10, together with o values corresponding to PMMA.
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Figure 10. Conductivity (o) values at variable temperature for PMMA layer and thermochromic films:
[N1126A8]Br/Co(NTf2)2/PMMA (3:1) (85% of PMMA), [N1136a s]Br/Co(NTf2)2/PMMA (3:1) (84% of PMMA).

In general, contrary to what was detected in the solution, the increase in temperature does not
affect the conductivity values. Obviously, thermochromic systems exhibit higher conductivity
values than PMMA polymer, but in this case a significant contribution deriving from the ligand
nature was detected, as accounted for by the higher values measured for
[N1126a8]Br/Co(NTf2)2/PMMA (3:1) than for [N113ca 8] Br/Co(NTf2)2/PMMA (3:1).

Conclusions

The search for new smart materials to be applied in energy saving is a topic of current
interest with the aim to decrease modern societies dependency on fossil fuels. The efficiency
and environmental impact of the components are imperative in designing such kind of
materials.

With the above premises in mind, we analysed the thermochromic interaction between
Co(Il) and some sugar-based ILs recently synthesised.®® Our investigation demonstrated how
the right modulation of the IL ligand structure can be the key point to obtain self-containing

systems exhibiting thermochromic behaviour in a mild range of temperature that goes from 45
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up to 59 °C, changing the ligand structure and the solvent nature. These systems exhibit a
change in colour from pink to light blue, ascribable to a change in the cobalt coordination
sphere from octahedral to tetrahedral, as accounted for by the VT NMR and the magnetic
susceptibility investigation.

Interestingly, the thermochromic behaviour was also retained when the cobalt complex was
embedded in a PMMA polymeric matrix, obtaining thin films. These latter retained their
conductive properties, which is generally a feature of IL-based systems, but contrary to the
corresponding solutions, conductivity values were not affected by temperature. The
performance of the films improved in parallel to the increased polymer count. An investigation
performed on the recycling of the thin films demonstrated that the [N113cag]Br/Co(NTf2)2
(3:1)/PMMA film can be reused for 42 cycles over three months, without any loss in
performance and also after 420 days of storage in air. The performance of these systems has
led us to believe that besides the application of the technology in smart windows, they could
be also used as coatings in automotive glass or eyeglasses.

The aim of understanding more about the modulation of the thermochromic behaviour of
cobalt systems with ILs as ligands has been achieved. All of these results could be beneficial
to the design of new ligands for smart materials in future applications, opening the possibility
of obtaining self-contained thermochromic systems with the aim of reducing the use of carbon
sources and environmental preservation. With this in mind and if the IL ligands proved to be
eco- and biocompatible,*® the overall environmental impact of the systems depends also on the
nature of the IL used as the solvent, the metal salt used and the performance as measured in a
real apparatus. These are clearly aspects to be investigated and improved in the future, to
maximize the advantages coming from the systems resilience.

On this subject, the ligand structure, rich in hydrogen bonds and van der Waals interaction
sites, could offer an opportunity to entrap the thermochromic complex in a soft material matrix,
like a gel phase which could reduce or avoid the leaching issues that sometimes occurs in these

types of systems. This could be used as the basis for further study in this area.

Experimental Section

Materials

Poly(methyl methachrylate), [N2 2 2 4][NTf2] (99.0%), [CiCapyrr][NTF2] (>98.5%),
[N1113][NTf2] (>98.0%), Co(NTf2)2, Potassium chloride, 0.117M (Conductivity Standard)
were purchased and used without further purification. [N112cas] Br, [N112casL]Br, [N113cas] Br,
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[N1126a12] Br and [N112ca4]l Were synthesised according to a previous reported procedure.®
lonic liquids and ligands were dried under high vacuum at 60 °C, before the use.

Dichloromethane (> 99.8 %) was purchased and used without further purification.

Preparation of the thermochromic solution

Co(NTf), salt (5.75 mg, 9.28-10° mmol) was dissolved in an IL (600 mg). In order to assist
solubilisation, the suspension was sonicated with an ultrasound bath (VWR ultrasonic cleaning
bath and Decon ultrasonics Ltd.), working at 45 kHz, for 30 min. A pink homogeneous solution
was obtained, to which the proper IL-ligand at the desired molar ratio was added. The mixture
was heated at 90 °C for 1.5 h.

Preparation of the thermochromic film

The proper ligand (0.11 mmol) and Co(NTf2)2 (23 mg, 0.037 mmol) were solubilised in
DCM (3 mL). The polymer (390/340/290 mg) was solubilised in DCM (8 mL). In order to
obtain homogeneous solutions, the mixtures were sonicated for 30 min. After cooling to room
temperature, they were mixed, obtaining a pink solution. This solution was placed in a Petri
dish (diameter: 10 cm). The solvent slowly evaporated at room temperature. A pink
homogeneous film was obtained that was subsequently removed from the glass by peeling. The
films contained mass fraction of PMMA ranging from 85 down to 81%for
[N1126a8]Br/Co(NTf2)2 and from 84 down to 81% for [N113cas]Br/Co(NTF2)s.

UV-vis measurements

UV-vis spectra of the solutions were recorded with a Beckman Coulter DU 800
spectrophotometer, equipped with a Peltier temperature controller. The solution was placed in
a quartz cuvette with light path of 0.2 cm. Spectra were recorded in the wavelength range 250-
900 nm. Spectra of the film were recorded using the Agilent Cary 60 UV-Vis
spectrophotometer equipped with a temperature control block, where a quartz cuvette, having
a light path of 0.2 cm and containing the film, was placed. Spectra were recorded in the
wavelength range 300-800 nm.

Preparation of the sample for the Evans method*®
The thermochromic solution was prepared according to the procedure described above. t-
butanol or DMF (0.2 mL) was added to the solution and the obtained mixture was transferred

into an NMR tube. Additionally, two coaxially capillaries containing the solvent reference (t-
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butanol/DMF and DMSO-ds) were placed inside the NMR tube. The Xm and the pers Were

calculated using the procedure reported in Supporting Information.

NMR measurements

The VT %Co NMR were recorded using the Ascend™ 600 Bruker with an internal reference
solvent (K3[Co(CN)e] in D20 in a sealed silica capillary). Spectra were recorded from 293.15
to 363.15 K, with a temperature gradient of 10 K. Before each measurement, the sample was
equilibrated for 20 min.

The VT *H NMR spectra for the Evans method were recorded using two internal reference
solvents (DMSO-ds and t-butanol/DMF). Also, in this case, before each measurement, the

sample was equilibrated for 20 min. A temperature gradient of 10 K was used.

Thermogravimetric analysis

Thermogravimetric analysis was performed using TA instrument Discovery TGA. Samples
were placed in a Platinum HT pan, and heated at a rate of 5 °C min™ under a dinitrogen
atmosphere. The onset of weight loss in each thermogram was used as a measure of the

decomposition temperature (point at 5 wt% loss of the sample).

Conductivity measurements

The electrical conductivities 6 (S/m) of thermochromic solutions and films were measured
with a Autolab potentiostat. The electrochemical impedance spectroscopy measurements were
performed applying 0.01 V potential bias to the cell, with frequencies varying from 1x10° Hz
to 0.1 Hz. The resistance of each sample was determined through the Nyquist plot.%° The cell
constant K for the liquid cell was calculated using a standard solution of KCI. The cell constant
for the film cell was calculated experimentally, using the cell size and the thickness of the

polymer film.
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