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Silicone elastomers are widely used in various applications, each demanding different properties and
functionalities. To be used in such a broad spectrum, silicones with easily tunable or switchable properties
are needed. We showed this is achievable with novel metallo-supramolecular polysiloxanes. Poly(di-
methylsiloxane-co-3-aminopropylmethylsiloxane) was reacted with an epoxy-modified spiropyran (SP) in
the presence of ZnCl, as a catalyst. We have found that the ZnCl; allows the formation of metallo-supra-
molecular polymers with tuneable mechanical propertiers. The influence of the amount of ZnCl, used on
the thermal and mechanical properties of the synthesized materials was investigated by DSC, tensile test,
and DMA. The ability of SP to act not only as a physical cross-linker, but also as a molecular switch was
investigated by UV-Vis spectroscopy and dielectric permittivity measurements. It was found that depend-
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ing on the amount of ZnCl, used, the dielectric permittivity can either increase or decrease after exposure
to UV or visible light, respectively. Additionally, the developed materials can be reprocessed similarly to
thermoplastic elastomers. Furthermore, their solubility can be manipulated from insoluble in practically
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Introduction

Silicones are inorganic polymers with a backbone consisting of
alternating Si-O bonds, contributing to outstanding properties
such as flexibility, low glass transition temperature (7g), good
dielectric properties, chemical resistance, and physiological
inertness.’” It is not surprising that silicones can be found in
many applications, including bake and cookware," medicine,’
cosmetics, and electronics.® However, as research progresses,
new applications for silicones are being explored, such as active
components in dielectric elastomer actuators (DEAs), sensors,
generators, and stretchable electronics, to name a few. In DEAs,
silicones are particularly popular due to their easy processability
in thin films and low Young’s modulus,” as well as the possi-
bility of attaching different side groups to the backbone, result-
ing in even better properties for actuation.® However, to achieve
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any solvent to highly soluble by simply adding ZnCls.

the desired properties tailored for specific applications, fine-
tuning must be done by different fillers,” post-polymerization
modification,” or cross-linking density.'® Since most silicones
have a low T, cross-linking is needed to achieve robust
materials. This is normally done by chemical cross-linking,
which has the major disadvantage of leading to unprocessable
and non-recyclable materials. While thermoplastic silicones are
known, their synthesis is tedious, and their properties cannot
be easily tuned. It would be advantageous if silicones were avail-
able and a stimulus could easily tune their properties.

To meet the requirements set, we aimed to produce a supra-
molecular polymer with a physical network instead of a chemi-
cal network to obtain an elastomer that can be reprocessed.
Chemical networks consisting of permanent covalent cross-
links afford tough and temperature-stable materials, but their
permanent cross-linking has the disadvantage that it does not
allow for materials to be recycled or reprocessed.'’ A physical
network, on the other hand, consists of complementary binding
motifs that can associate due to non-covalent interactions but
also dissociate in a given time.'” The resulting equilibrium can
be described by the equilibrium constant:

Keq = llj—:’
which is defined by the association rate (k,) and dissociation
rate (kg) of the binding motifs. Only when a critical association

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/polymers
http://orcid.org/0000-0003-0145-7611
http://orcid.org/0000-0003-1709-929X
http://orcid.org/0000-0002-0585-7500
https://doi.org/10.1039/d4py00964a
https://doi.org/10.1039/d4py00964a
https://doi.org/10.1039/d4py00964a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4py00964a&domain=pdf&date_stamp=2024-12-19
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py00964a
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY016002

Open Access Article. Published on 27 November 2024. Downloaded on 8/2/2025 4:01:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

rate is reached can stable supramolecular polymers be formed.
The equilibrium constant depends strongly on temperature,
and the equilibrium can be shifted by adding energy to the
system. Consequently, the motifs dissociate faster when the
supramolecular polymer is heated and it can be recycled/repro-
cessed.”® Several forces can hold a physically cross-linked
polymer together. For hydrogen bonding motifs, the inter-
actions between a hydrogen bond donor and an acceptor lead
to the self-assembly of the sample.'® This effect can be
improved by shielding the motifs with hydrophobic segments.”
Metal-ligand interactions can lead to supramolecular assembly,
a network can be formed either by introducing several ligands
into the polymer chain'®'” or by using a combination of metal-
ion and ligand, which can form tris-complexes.'® Other forces
include n-n-interactions, which can lead to stacking,'®?° or the
interaction of zwitterionic motifs.***

For the design of our metallo-supramolecular polymer
(MSP), spiropyran (SP) was chosen as the binding motif. SP is
known for dipole-dipole interactions®® and for forming com-
plexes with various metal-ions,>* which makes it attractive for
forming MSPs. Moreover, SP is a molecular switch that
reverses isomerization from a ring-closed SP form to an
opened merocyanine (MC) form. Because of its switching be-
havior, SP is being considered for a wide range of applications,
such as strain sensors,”® drug delivery systems,”® sensors for
cations,”” and optics for photoswitchable holograms.*®*? The
isomerization can be triggered by heat, pressure, pH change,
and light.*° Upon irradiation with UV light, a C-O bond in the
SP structure dissociates, resulting in the open zwitterionic MC
form.>" The zwitterionic MC form has a much higher dipole
moment (14-18 D) than the SP-form (4-6 D).** The MC form
has an extended conjugated system of r-electrons and absorbs
light in the visible range. Irradiation with visible light or treat-
ment with heat leads to further isomerization back to the SP
form.** SP switching ability may allow designing materials
whose properties can easily be changed by an external
stimulus.

Here, a poly(dimethylsiloxane-co-3-aminopropylmethyl-
siloxane) (PDMS-NH,) was functionalized with SP groups by
reacting the primary amine with an oxirane attached to the SP.
The amount of ZnCl,, acting as both catalyst and complexing
agent, was varied and allowed us to tune the mechanical pro-
perties of the SP functionalized PDMS in a wide range. In
addition, the photoswitching abilities and their impact on the
dielectric properties of the synthesized materials were
investigated.

Experimental

The following reagents were used without further purification:
2,3,3-trimethyl-3H-indole, and 2-hydroxy-5-nitrobenzaldehyde
from Apollo Scientific; 2-bromoethanol from Fisher Scientific;
2-(bromomethyl)oxirane, acetonitrile and K,CO; from Sigma
Aldrich; ZnCl, from Alfa Aesar; KOH from Fluka; and tetra-
hydrofuran, ethanol, ethylacetate, n-pentane from VWR.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

PDMS-NH, (6-7 mol% amino groups), trimethylsilyl termi-
nated, M, = 7200 ¢ mol™", 80-120 cst. from ABCR. The content
of aminopropyl in PDMS-NH, was calculated from 'H NMR
spectrum and found to be only 5%.

'H and "*C NMR spectra were recorded on a Bruker Avance
400 NMR spectrometer at 298 K using a 5 mm broadband
probe at 400.18 and 100.63 Hz. Chemical shifts are given rela-
tive to the solvents (CHCl;: § = 7.26 ppm and 77.16 ppm;
DMSO: § = 2.50 ppm and 39.52 ppm). IR spectra were recorded
on a Brucker Tensor 27 FT-IR spectrometer in a range of
4000-600 cm ™.

Thermogravimetric analysis was performed on a
PerkinElmer TGA8000, heating the samples from 30 to 600 °C
at 20 °C min™" under air.

Differential scanning calorimetry was performed on a
PerkinElmer DSC8000 in a temperature range of —80 to 80 °C
with a heating/cooling rate of 20 °C min™" under N.,.

Tensile tests of dog-bone-shaped samples with a width of
2 mm and a length of 18 mm were performed on a Zwick
Z010 machine. The applied preload force was 0.005 N, and the
sample was stretched at a speed of 50 mm min . At least five
samples were measured and averaged. Young’s modulus was
determined by a linear fit to the data points from 0 to 10%
strain.

Dynamic mechanical analysis was performed on a RSA 3
from TA Instruments. Stripes with a width of 10 mm and a
length of 12 mm were measured. The sample was measured at
least three times at room temperature for each method to
determine average values. For frequency-dependent measure-
ments, a strain of 2% and a preload force of 2 g were applied,
and the frequency increased from 0.05 to 10 Hz. A preload
force of 2 g and a frequency of 0.1 Hz were used for the strain-
dependent measurements. The measurements occurred at a
strain rate of 50 mm min~" from 0.05 to 10%. For the tempera-
ture-dependent measurements, a frequency of 0.1 Hz and a
strain of 0.5% were used. The measurements were conducted
in a temperature range from —120 to 110 °C.

A Novocontrol Alpha-A frequency analyzer was used to
supply a voltage of 1 V for the dielectric relaxation spec-
troscopy measurements carried out between 1 and 10° Hz. A
Novocontrol Quatro cryosystem was used to control the sample
temperature with a 2.5 K temperature step under a dry nitro-
gen atmosphere. For obtaining the derivative curves and fitting
the dielectric data DCALC program developed by Wiibbenhorst
was used.***?

UV-Vis measurements were conducted with a Varian Cary
50 UV-Vis spectrophotometer ranging from 300 to 800 nm. As
a UV source for the irradiation experiments, 6 LEDs from
Distrelec with a wavelength of 365 nm and a radiant power of 1
W per LED were mounted on a PCB plate on a surface of
2 cm®. For the green light, 6 LEDs from Distrelec, with a wave-
length of 505 nm and a radiant power of 1.1 W, were mounted
on a PCB plate on a surface of 2 cm”.

The synthesis of compounds 1, 2, SP-OH, and SP-Ep was
carried out following established literature®**” and a compre-
hensive description is available in the ESI section.f
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Synthesis of PDMS-SP-Ep-(Zn)

3',3’-Dimethyl-6-nitro-1'-(2-(oxiran-2-ylmethoxy)ethyl)spiro
[chromene-2,2"-indoline] (0.26 g, 0.63 mmol), varying
amounts of ZnCl,, and PDMS-NH, (1 mL) were dissolved in
THF (20 mL) to give PDMS-SP-Ep-(Zn) with different molar
ratios of SP to ZnCl, (x:y). After refluxing the solution over-
night, the solvent was evaporated, and the polymer was
dried in the vacuum oven at 65 °C. The product was used
without further purification steps and was obtained as an
orange-brownish solid. Sample 1:0.01 was refluxed for
2 days. Sample 1:1.12 was obtained by mixing a 1:1 ratio
of two solutions of samples 1:1 and 1:1.25. The complete
functionalization was confirmed by the absence of the
oxirane band at 908 ecm™" (Fig. S11). '"H NMR spectroscopy
was conducted on the soluble sample 1:1 (Fig. S27),
but the resolution was poor. Nevertheless, the signals
from the SP-Ep showed peak broadening, and the NH,
peak at 2.2 ppm disappeared, indicating complete
functionalization.

Preparation of the thin films

PDMS-SP-Ep-(Zn) was placed between two Teflon films
attached to metal plates and separated by spacers with a thick-
ness of 40 pm or 200 um, respectively. The films were pressed
with 3 t at 100 °C for three minutes. For 1:0.01, the samples
were pressed for 2 hours.

NO,

View Article Online
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UV-Vis spectroscopy

The samples 1:1; 1:0.5 and 1:0.01 were pressed into a film,
but without spacers. After each measurement, the samples
were exposed to the light sources at a distance of 1 cm and in
steps of 2 min for green light and 10 s for UV light.

Switch in permittivity

The samples 1:1, 1:0.5, and 1:0.01 were pressed into films
with thickness >40 pm. Dielectric permittivity measurements
were conducted three times for each sample. Exposure to UV
light lasted 2 min, while treatment with green light took
10 min. The samples were placed at a distance of 1 cm from
the light source.

Results and discussion

Scheme 1a outlines the synthetic strategy employed for the
preparation of SP-Ep. In the first step, 2,3,3-trimethyl-3H-
indole was reacted with 2-bromoethanol, yielding product 1.
Treatment of 1 with KOH afforded product 2, which was sub-
sequently reacted with 2-hydroxy-5-nitrobenzaldehyde to afford
SP-OH. Finally, SP-Ep was synthesized by reacting SP-OH with
2-(bromomethyl)oxirane. The composition of commercial
PDMS-NH, with 5 mol% of amino functional groups was
determined by 'H NMR spectroscopy. Based on this infor-

Br
(0] ?/\O/\/N
CHO HO™N\_-N /_<l o
a) OH KOH OH o™ BY \
Y Yo —_— —_—
N N+ Br [N O
8 o)
1 OH 2 NO, NO.
SP-OH SP-Ep
NO,
c) O
/ o)

fefostos

®z=
O/\/

UV light

Green light

PDMS-SP-Ep-(Zn)

Scheme 1 Synthetic pathway for the photoswitch SP-Ep (a) and post-polymerization modification of PDMS-NH, with SP-Ep catalyzed by ZnCl; (b),

and conversion of SP to MC (c).
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mation, the amount of SP-Ep required for complete
functionalization of the polymer was calculated using the
molecular weight of a theoretical average repeating unit (RU):

[0.95 x M(RUppys) + 0.05 X M(RUny, functionalized PDMS )] -

Functionalization of PDMS-NH, with the chromophore
SP-Ep was achieved using ZnCl, as a catalyst (Scheme 1b).
Immediately after the synthesis, PDMS-SP-Ep was well soluble
in THF and chloroform. However, after washing it with water,
and thus ZnCl, removal, the polymer turned insoluble. The
addition of a small amount of ZnCl, rendered the polymer
soluble again. Indeed, ZnCl, was crucial for both the reaction
between PDMS-NH, and SP-Ep and for forming solid supramo-
lecular polymers (SMPs). While the unreacted PDMS-NH, and
SP-Ep mixture 1:0 and the PDMS-NH, and ZnCl, mixture
remained liquid, PDMS-SP-Ep and ZnCl, mixture solidified.
This suggests that functionalization with the chromophore
leads to non-covalent interactions responsible for the SMPs’
solidification. Therefore, we synthesized materials with varying
SP-EP to ZnCl, ratios of 1:2, 1:1.12, 1:1, 1:0.5, 1:0.1, and
1:0.01, named the resulting materials PDMS-SP-Ep (x:y), and
investigated the impact of ZnCl, content on the solubility and
appearance of different materials (Table 1). Thus, all prepared
materials have the same polysiloxane backbone and content of
SP-Ep, but differ in their relative molar ratio of SP-Ep to ZnCl,.
This ratio significantly impacts the solubility of the SMPs in
THF and CHCl;. Specifically, a SP-Ep to ZnCl, ratio of 1: 05 or
even higher amounts of ZnCl, result in soluble SMPs, while a
decrease of ZnCl, leads to insoluble SMPs. Experiments
showed that the material 1:0.01, initially insoluble in THF
and CHCIl;, could be dissolved by adding small amounts of
ZnCl, to the solution (Fig. S3t). However, an excess of ZnCl,,
as in sample 1: 2, leads to a viscous liquid.

To confirm that SP-Ep was indeed chemically bonded to
the polysiloxane chain, both "H NMR spectroscopy and IR
spectroscopy were used. '"H NMR spectroscopy was used for
the samples soluble in CHCl;. Complex spectra were observed
due to comparable low amounts of SP-Ep and complex for-
mation with the Zn>" ions. For the sample 1:1, it was
observed that the NH, peak at 2.2 ppm disappeared
(Fig. S21), while the signals for the propyl chain remained at
the same chemical shift, indicating successful attachment of

Table 1 SMPs with different SP-Ep:ZnCl, (x:y) ratios, composition,
solubility in THF or chloroform, and appearance

Eq. SP-Ep per Eq. ZnCl, per
eq. NH,- eq. NH;,- Soluble in
Sample group group THF/CHCl; Appearance
1:1.25 1 1.25 Yes Highly viscous
1:1.12 1 1.12 Yes Solid
1:1 1 1 Yes Solid
1:0.5 1 0.5 Yes Solid
1:0.1 1 0.1 No Solid
1:0.01 1 0.01 No Solid

This journal is © The Royal Society of Chemistry 2025
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SP-Ep to the main chain. IR spectroscopy (Fig. 1a) allowed
the complete reaction of SP-Ep to be monitored by analyzing
the absorbance peak of the oxirane at 908 cm™" (Fig. 1b and
S9t). The peak disappeared in the samples where ZnCl, was
used as a catalyst, while the peak persisted in the mixture of
PDMS-NH, and SP-Ep without the catalyst. The IR absorption
bands from SP-Ep provide a better understanding of the
influence of ZnCl, on the SMPs. Fries et al. found significant
changes in the IR spectra between the closed SP and open
MC forms. For instance, the stretching band of C-N or O-C-
N disappears after opening SP up to the MC form, while
other bands like the stretch of C-O~ and C=N" are only
present in the MC form.*® Sample 1:0.01 exhibited a band at
1641 cm™". The band was weaker in samples 1:0.1 and 1:0.5
(Fig. 1c). As the amount of ZnCl, in the sample increased, the
band weakened and ultimately disappeared entirely in
sample 1:1.25. The band was assigned to the C=C stretch of
the SP. Samples 1:0.01 and 1:0.1, with low amounts of
ZnCl,, exhibit an absorption band at 1181 cm™" (Fig. 1d).
This band becomes less pronounced in sample 1:0.5 and
disappears in samples 1:1 and 1:1.25 with higher amounts
of ZnCl,. The observed band corresponds to the asymmetrical
C-0-C ether stretch, which is present only in the SP-isomer
and not in the MC-isomer. The results suggest that the pres-
ence of ZnCl, induces SP to open up, presumably to form
complexes. In the absence of ZnCl,, the closed SP form is
favored.

Tensile tests were performed to investigate the mechanical
properties of samples with different SP-Ep to ZnCl, ratios.
Fig. 2 and Table 2 illustrate the relationship between the
mechanical properties and the ratios of ZnCl, to SP-Ep for
different samples. Samples of SMPs 1:0.01 and 1:0.1 with a
low content of ZnCl, exhibit a low strain at break, low elastic
modulus, and low tensile strength. Despite the low salt
content and the absence of any chemical cross-links, the
materials are elastic. These results suggest that SP-Ep func-
tions as a physical cross-linker. As the amount of ZnCl, was
increased, an improvement in mechanical properties was
observed. Increasing the amount of ZnCl, in the materials
results in an increase in stress at break from 0.52 to 0.45, 1.09,
and 1.55 MPa, an increase in Young’s modulus from 0.87,
0.84, 2.51, and 3.36 MPa and an increase in toughness from
0.20, 0.17, 0.98 to 1.44 MPa for SMPs 1:0.01, 1:0.10, 1:0.5
and 1: 1, respectively. These results indicate that the mechani-
cal properties of the SMPs are weakened for samples with
reduced amounts of complexes acting as physical cross-links.
The average elongation at break remains constant at 142 and
148% for samples 1:1 and 1:0.5. However, a further reduction
in ZnCl, for the 1:0.1 and 1:0.01 samples reduces elongation
at break to 70 and 75%, respectively. These results suggest that
a certain concentration of ZnCl, is required for a good network
of physical cross-links (1: 0.5) leading to good mechanical pro-
perties. However, after a critical concentration of 1:1, a
further increase in ZnCl, leads to a drastic increase in elonga-
tion and a decrease in Young’s modulus. Even a small excess
of ZnCl, (1:1.12) results in more than twice the strain at break

Polym. Chem., 2025, 16, 204-216 | 207
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(@) IR spectra of PDMS-NH,, SP-Ep, and SMP 1:1 with equimolar amount of SP-Ep to ZnCl, and sample 1:0 without ZnCl,. (b) the

functionalization of PDMS-NH, with SP-Ep is confirmed by the disappearance of the peak at 908 cm™ characteristic of NH, groups. (c) and (d)
Effect of ZnCl, on the isomeric state of SP-Ep is demonstrated by the differences in the IR spectra of the SP and MC forms.

0.0

100 150 200 250 300 350
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0 50

Fig. 2 Representative curves for the tensile test of samples with
different SP-Ep : ZnCl; (x : y) ratios.

(337%) and a large reduction in the stress at break (0.56 MPa)
and Young’s modulus (1.64 MPa). Interestingly, the toughness
remains the same (1.47 MPa) when compared to the 1:1

208 | Polym. Chem., 2025, 16, 204-216

Table 2 Data for strain at break, stress at break Young's modulus, and
toughness of samples with different SP-Ep : ZnCl, (x : y) ratios

5[Break)‘Z 5(Break]a Ylo%aYb Toughnessa
Sample (%) (MPa) (MPa) (MPa)
1:1.12 337 £32 0.56 + 0.06 1.64 £0.11 1.47 £0.24
1:1 142 +8 1.55 £ 0.06 3.36 £ 0.15 1.44 £ 0.15
1:0.5 148 +9 1.09 = 0.06 2.51+0.10 0.98 + 0.09
1:0.1 70 £10 0.45 +0.05 0.84 + 0.05 0.17 + 0.04
1:0.01 753 0.52 +0.03 0.87 + 0.02 0.20 + 0.01

“ At least six values were taken. ? Calculated by linear fitting the data
points from 0 to 10% strain.

sample. Adding ZnCl, has a plasticizing effect, allowing defor-
mation at lower stresses.

Frequency-dependent
carried out at room temperature to investigate the relationship

viscoelastic measurements were

between the mechanical properties and the SP-Ep : ZnCl, ratio.

This journal is © The Royal Society of Chemistry 2025
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Sample 1:1.12 could not be measured at low frequencies due
to unstable values. All samples exhibited a storage modulus E'
higher than the loss modulus E” over the frequency range
investigated. With a decreasing amount of ZnCl,, E' and E”
decreased, showing a similar behavior to the tensile test. For
the polymer with a high amount of ZnCl, (1:1.12, 1:1, and
1:0.5), tan(8) decreased with increasing frequency (Fig. 3a-c),
indicating a better elastomeric behavior at high frequencies.
The opposite trend was observed in the samples with lower
amounts of ZnCl, (1:0.1, 1:0.01), indicating that the viscous
response becomes more pronounced at higher frequencies.
These observations suggest that at room temperature, relatively
low amounts of the complex are sufficient to yield solid-like be-
havior at low frequencies. However, this response becomes less
pronounced as the frequency increases due to the inability of
the physical cross-links between the SPs to store and release
energy rapidly. On the other hand, as the ZnCl, content
increases, more complexes are formed and the materials can
store more energy at higher frequencies. This is evidenced by
the decreased tan(6) for the 1:1.12, 1:1, and 1:0.5 samples.
One potential explanation for this behavior is that at low ZnCl,
amounts, intermolecular complexes between two distinct
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chains are the predominant species, thereby leading to higher
losses at higher frequencies, whereas, at higher concen-
trations, intramolecular complexes within the same chain are
formed, which lowers the elastic modulus at increased
frequencies.

Strain-dependent DMA measurements were performed to
investigate the elastic properties of the different samples
(Fig. 3d-f). Sample 1:1.12 could only be measured at higher
strains as the losses were too high for the instrument to
measure at lower strains. The results show that similar to the
frequency-dependent measurements, the storage modulus
increased with increasing ZnCl, content (from 1:0.01 and
1:0.1 to 1:1). However, for the 1:1.12 sample with a small
excess of ZnCl, to SP, the modulus decreased. Interestingly, for
all samples tested, the influence of the strain on E’ and E” was
limited. Notably, for samples with low amounts of ZnCl,, both
the modulus and tan(§) exhibited a notable reduction com-
pared to samples with a higher amount of the complex. This
finding is consistent with the results of the frequency sweep,
which demonstrated that samples with low amounts of
complex exhibited a lower tan(s) at low frequencies. The
results provide further evidence supporting the hypothesis
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Fig. 3 Dynamic mechanical analysis of different samples: the storage modulus, loss modulus, and tan(s) in the frequency mode (a), (b), and (c);
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that two distinct types of complex cross-links are present. In
samples with a low complex concentration (1:0.01 and 1:0.1),
intermolecular cross-links are formed, resulting in low losses
and a lower modulus. Conversely, higher complex amounts
lead to intramolecular cross-links, which exhibit a higher
modulus and losses due to their susceptibility to rupture
under high strain.

The thermal stability of the samples was investigated using
TGA (Fig. S4at). All samples exhibit great stability up to 150 °C
and show a mass loss of 2% above 170 °C.

Differential scanning calorimetry (DSC) measurements were
performed to investigate the thermal transitions of SP-Ep and
PDMS-SP-Ep. Upon cooling, pure SP-Ep shows a broad exother-
mal peak at 36 °C, attributed to a crystallization process
(Fig. S4bt). Upon heating, an endothermal peak is observed at
45 °C, corresponding to the melting of the crystalline phase
(Fig. S4ct). In fact, no thermal transitions were detected
between —80 and 80 °C for any of the samples, neither on
cooling nor on heating, suggesting that the grafting of SP-Ep
onto the PDMS chain prevents SP-Ep crystallization (Fig. S4d
and et). Even sample 1:0.01, with the lowest amount of ZnCl,,
does not crystallize. All materials exhibited an elastic behavior
at room temperature, suggesting that all should have a T,
below —80 °C and another transition temperature above 80 °C,
responsible for the physical cross-links. Unfortunately, our
DSC setup did not allow measurements to be conducted at
even lower temperatures. Therefore, to investigate the tempera-
ture-related transitions in the polymer structure, temperature-
dependent DMA measurements were conducted for samples
1:1.12,1:1,1:0.5,1:0.1, and 1:0.01 (Fig. 3g-i). All samples
exhibited a decrease in modulus as temperatures increased
from —115 °C. The maximum in tan(5) was observed at temp-
eratures around —110 °C (for 1:1.12 at —111 °C, 1:1 at
—110 °C, 1:0.5 at —110 °C, 1:0.1 at —109 °C, and 1:0.01 at
—110 °C) (Table 3). This maximum in tan() corresponds to the
T, of the PDMS phase and is independent of the amount of
ZnCl,. As the temperature increased, E' decreased for all
samples. A plateau in E' was reached for samples with a high
amount of ZnCl,, however, samples 1:0.1 and 1:0.01 exhibi-
ted a steady decrease in E’ up to about 25 °C where E’ reached
a plateau. This suggests that a complex is responsible for the
plateau in the low-temperature range. DMA measurements
suggest the presence of a second Ty, which was strongly depen-
dent on the content of ZnCl, in the SMPs. With an increasing
amount of ZnCl,, the peak of tan(é) is shifted to higher temp-
eratures, from around —10 °C for 1:0.01 and 1:0.1 to about
37 °C for 1:0.5, and goes up to higher temperatures for the
1:1. Thus, tan(s) increased strongly for samples with high
amounts of ZnCl, to elevated temperatures. For sample
1:1.12, tan(5) reached a value of 1 at temperatures of 44 °C.
Higher amounts of the complex led to a higher storage
modulus at 25 °C, while an excess of ZnCl, resulted in a lower
modulus. These findings are consistent with the results from
tensile testing and frequency sweep-dependent DMA measure-
ments. Thus, at room temperatures, sample 1:1 showed the
highest storage modulus of 7.3 MPa, followed by 1:0.5 with
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3.71 MPa, 1:1.12 with 2.97 MPa, 1:0.1 with 0.95 MPa, and
1:0.01 with 0.92 MPa, respectively (Table 3). The aforemen-
tioned observations also explain why the polymers exhibit elas-
tomeric properties but can be processed like a thermoplastic
polymer at elevated temperatures. The relatively low tan(5) at
room temperature provides stability and an elastomeric behav-
ior, but as temperature increases, the material softens and can
be melt pressed, similarly to a thermoplastic elastomer.

Dielectric properties were measured for samples with
different amounts of ZnCl,. As shown in Fig. 4a-c, for all
samples, permittivity (¢') and dielectric losses (¢") increased
with decreasing frequency, while in contrast, conductivity
(Fig. 4d) increased with increasing frequency. Fig. 4a shows
that at 1 kHz the dielectric permittivity of all materials is
higher than pure PDMS (¢’ = 3), even if the polysiloxane back-
bone was modified with only 5 mol% SP-Ep side chains.’® The
permittivity at 1 kHz decreases with an increasing amount of
ZnCl, in the sample from 4.7 for 1:0.01, to 4.4 for 1:0.1, to
3.9 for 1:0.5, to 3.6 for 1:1 and 1:1.12. Similarly, a decrease
in ¢" and conductivity is observed with a decreasing amount of
ZnCl,. It can be concluded that the dipoles of SP-Ep interact
with the Zn-ion and the formed SP-Ep-Zn complex is less sus-
ceptible to polarization.

Dielectric spectroscopy measurements as a function of
temperature can help study the transitions occurring in the
sample and complement the DMA measurements. Fig. 4e-h
lists the real and imaginary components of the complex dielec-
tric permittivity, including the dissipation factor tan § and the
conductivity of all the samples with varying amounts of ZnCl,,
measured from —130 °C to 110 °C at a constant frequency of
0.1 Hz. From the €' plot, all samples show a step increase in
permittivity below —100 °C. This is manifested as a peak in
both dielectric loss and tan §. Comparing with the data from
DMA, this should correspond to the glass-transition relaxation
process of PDMS and, as expected, is independent of the
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amount of ZnCl,. Above the first T, loss peaks, we see an
additional shoulder for high concentration of ZnCl, (1:1 and
1:1.12). The shoulder becomes broader for lower concen-
trations of ZnCl,.

From DMA measurements, we expect to see a relaxation
around —25 °C for the samples with low ZnCl, content,
moving progressively to higher temperatures with increasing
ZnCl,. For 1:0.01 sample, we observed a relaxation process
reflected by the shoulder in the permittivity spectrum at 10 °C.
This relaxation process is more clearly seen in the 1:0.1
sample at 25 °C. A further increase in the ZnCl, concentration
shifts the relaxation to higher temperatures, albeit a lower
change in permittivity during this process. While, this process
is clearly visible in permittivity, it cannot be easily identified
in their corresponding loss plots. This is due to the enhanced
conductivity of all samples above —25 °C. Further analysis is
therefore required to explain the various transitions observed
in dielectric spectroscopy.

Sample 1:0.1 was chosen for detailed analysis. As a first
step, contributions from d.c. conductivity (ohmic conduction)
was removed by performing a frequency derivative of permittiv-
ity, as stated in eqn (1).

_ n0e'(w)
20lnw’

"

Eder =

(1)

Fig. 5a shows the d.c. conduction-free dielectric loss (eder)
and permittivity (¢’) plotted as a function of temperature at
selected frequencies. Comparing eder curves to Fig. 4f, in
addition to the two transitions (process I and II) found at
lower temperatures, we observe two additional processes above
0 °C named as process III and IV. As stated earlier, process I is
assigned to a glass-transition process. The peaks shift to
higher temperatures with increased frequency, as expected in a
relaxation process.”” The Havriliak-Negami (HN) function®'
was used to fit the loss peaks of the process I. The relaxation

1:0.1 1:0.01
¢c)10' d)
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Fig. 4 Dielectric spectroscopy measurements of samples with different amounts of ZnCl, and pure ligand. Given are the frequency-dependent
changes in dielectric permittivity (¢') (a), dielectric loss (¢”) (b), dissipation factor (tan §) (c), and conductivity (d). (e)—(h) show the temperature-depen-

dent changes in ¢’ (e), ¢” (f), tan 6 (g), and conductivity (h) at 0.1 Hz.
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times obtained from peak fitting are plotted in Fig. 5b. The fit
is non-linear and obeys Vogel-Fulcher-Tammann (VFT) law
affirming a glass-transition relaxation.*' The dynamic 7, can
be calculated by extrapolating the curve to a relaxation time of
100 s (log 7 = 2 s),** which yields a temperature of —118.6 °C,
agreeing well with the value obtained from DMA. Similar to
process I, the other processes were also subjected to a HN-fit,
and the corresponding relaxation map is plotted in Fig. 5b. In
contrast to process I, all the other processes result in a linear
fit obeying an Arrhenius-type equation.*" Since all these pro-
cesses also shift with frequency and the polymer samples are
amorphous, structural transition processes such as melting
and crystalline phase change can be excluded.*® To obtain an
overview of these different processes across the samples with
different amounts of ZnCl,, eger curves of all the samples as a
function of temperature at a fixed frequency of 10 Hz are
shown in Fig. 6a. Looking into process II, we find that the
relaxation is stronger for samples with a higher amount of
ZnCl, and progressively becomes weaker with decreasing
amounts of ZnCl,. Correlating this with the change in permit-
tivity during this temperature range for the different samples
(Fig. 4e), we find that samples with higher amount of ZnCl,,
i.e., higher amount of complex formation (1:1.12 and 1:1),
show a dip in permittivity, while the SP-Ep with lower fraction

212 | Polym. Chem., 2025, 16, 204-216

of ZnCl, (1:0.1 and 1:0.01) show a small increase. As pre-
viously stated, the complexation of SP-Ep by ZnCl, reduces the
permittivity of the samples, and hence, process II can be
assigned to the relaxation of these complex units.

Moving on to process III, looking at the loss curves in
Fig. 5a, it appears as a shoulder at a frequency of 10 Hz and
transforms into a peak at higher frequencies. From Fig. 6a, we
also notice that the process is stronger and occurs at a higher
temperature for samples with higher ZnCl,. This relaxation
can be directly correlated with the loss modulus peaks occur-
ring between —25 °C and +50 °C across different samples in
DMA measurements (Fig. 3h). As mentioned earlier, the
mechanical failure of samples above this transition hints at
the disassociation of the complex in the samples. This also
explains the higher temperature at which the shoulder is
observed for samples with higher ZnCl,. A similar trend is
observed with the process IV peaks, and by looking at the
Arrhenius plots for both process III and IV in Fig. 5b, we
observe similar activation energies and distribution of relax-
ation times. All these suggest that both these processes are
related and can be assigned to the dissociation of the two
types of complexes hypothesized to exist in the samples.
Plotting the dielectric strengths (Ae) of both these processes
(Fig. 5c) obtained from the HN fitting of a 1:0.1 sample

This journal is © The Royal Society of Chemistry 2025
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reveals a continuous curve with a peak at 27.5 °C and a
shoulder at 77.5 °C corresponding to processes III and 1V,
respectively. Process III can be assigned to the intermolecular
complexes, which are thermally less stable than intramolecular
complexes, which dissociate around 80 °C (process IV).

For a 1:0.5 sample, above process IV, we can observe yet
another peak at 87.5 °C in Fig. 6a. Since, the complexes
already dissociate at this temperature, the ions can move to
their respective counter electrodes, resulting in electrode polar-
ization.*> To check this, the imaginary part of complex electric
modulus M" = ¢"/e” + &"* is plotted in Fig. 6b along with efe,
for a 1:0.5 sample. The advantage of using a M” loss plot is
suppressing electrode polarization.*>*> From the figure, we
clearly observe the absence of process V in the M" loss curve,
confirming it to be electrode polarization. Such a process can
be expected to be observed at higher temperatures for the rest
of the samples, indicated by the increase in losses in Fig. 6a.
On the other hand, the peak observed at 37.5 °C in the M" loss
curve can be delegated to the shoulder of process IV relaxation
observed in &fer.

Using dielectric spectroscopy and detailed analysis, it is
possible to identify the different relaxations taking place in the
samples under investigation. On heating above —110 °C, we
first observe the glass transition at low temperatures, immedi-
ately followed by the relaxation of complexes. Above —30 °C,
we observe the disassociation of complexes at two different
temperatures. While process III is observed as a shoulder,
process IV is observed as a peak. On further heating the
samples to higher temperatures above 80 °C, the disassociated
ions lead to the observation of electrode polarization. Except
for glass transition, all other processes depend on the concen-
tration of ZnCl, in the sample. In general, a higher fraction of
ZnCl, increases the strength of these processes. While the
relaxation of the complexes (process II) in samples with a
higher presence of ZnCl, is observed at a lower temperature,
the opposite holds for processes III and IV.

This journal is © The Royal Society of Chemistry 2025

To investigate the light-triggered switching capabilities of
the synthesized materials, UV-Vis spectra of three selected
samples 1:1, 1:0.5, and 1:0.01 were recorded before and
after exposure to green and UV light (Fig. 7a—c). Sample 1:0.01
(Fig. 7a) showed one absorption band at 562 nm, whereas
samples 1:0.5 and 1:1 (Fig. 7b and c) exhibited three absorp-
tion bands, two weak ones at 661 and 525 nm, and a stronger
one at 525 nm, with 1:0.5 showing a more pronounced band
at 525 and 661 nm. These results suggest that the 661 and
525 nm bands result from complex formation. To ensure that
SP-Ep did not contain open MC form, all samples were first
exposed to green light at a wavelength of 505 nm for 10 min.
The resulting decrease in absorption suggests that some SP-Ep
had already undergone isomerization to the open MC form
and subsequently switched back to the closed form upon
irradiation with green light. Nevertheless, a small peak at
562 nm was observed in all samples, which was attributed to
the MC form. This phenomenon was more pronounced in
samples 1:1 and 1:0.5, which had a higher ZnCl, content.
This suggests that ZnCl, stabilizes the MC form and de-
activates the switch back to the SP form. The absorbance sig-
nificantly increased after applying UV light with a wavelength
of 365 nm for 1 min. The highest increase was observed for
1:0.5 (Fig. 7e), followed by 1:0.01 (Fig. 7d), and the smallest
change in absorbance was observed for 1:1 (Fig. 7f). Upon
exposure to green light for 20 min, the absorbance decreased,
but it was impossible to re-obtain the original spectra, which
would have indicated a complete switch back. The results
suggest that despite being chemically bonded to the polymer
and incorporated into a complex, SP-Ep still exhibits photo-
switching behavior. However, photoisomerization towards the
open MC form is faster and more efficient than the switch
back with a green light, which was incomplete. Several poss-
ible explanations include photo-induced oxidation processes
resulting from highly energetic UV light
Additionally, metal ions and stacking phenomena in the physi-

exposure.
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Fig. 7 Absorption of sample 1:0.01 (a), 1: 0.5 (b), and 1:1 (c) before irradiation, after 10 min irradiation with green light, 1 min irradiation with UV
light, 10 min green light, and after a total of 20 min green light. (d, e and f) Absorption at selected absorption bands against the irradiation time with
green and UV light before irradiation, after 10 min irradiation with green light (in 2 min steps), 1 min irradiation with UV light (10 s steps), 10 min

green light (2 min steps), and after a total of 20 min green light.

cal cross-links may stabilize the opened form. It is known from
the literature*® that the open MC form can be stacked.
Eckhardt et al. also reported that the ability to shift back into
the closed-ring form depends on the degree of MC association
and sometimes cannot be changed back without
degradation.*®

To further investigate changes in the properties of the
samples, permittivity was measured before and after exposure
to UV and green light (Fig. 8a). The initial value before light
exposure was set as 100%. After exposure for 2 min with UV
light, the values decreased to 81 and 80% for 1:1 and 1:0.5,
respectively. Exposure to green light for 10 min led to a permit-
tivity value of up to 90 and 88% of the original value for 1:1
and 1:0.5 samples, respectively. Repeating the procedure

resulted in a decrease to 67 and 64%, followed by an increase
after exposure to UV light to 79 and 75%, respectively. Even
though the switching behavior can be repeated, the original
permittivity values cannot be restored. On the contrary,
exposure of the 1:0.01 sample to UV light for 2 min resulted
in an increase in permittivity of +24%, followed by a decrease
to 95% after exposure to green light for 10 min. This switching
behavior could be repeated, and in the second run, exposure
to UV light led to an increase of up to +25%, followed by a
decrease to 99%. Hence, for sample 1:0.01, exposure to UV
light is accompanied by an increase in permittivity, while
exposure to green light can restore values close to the original
ones. We also observed that sample handling became more
difficult for all materials after exposure to UV light, possibly

9 = —
9;120_ (a) "c]:)l 1.0 11 After UV (b)
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Fig. 8 Relative change in permittivity at 1 kHz of sample 1:1, 1:0.5, and 1: 0.01 after exposure to UV for 2 min followed by green light 10 min (2

cycles) (a). Absorption spectra of 1: 0.5 before and after UV light (b).
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due to changes in the internal structure caused by stacking
phenomena, as discussed earlier. Comparing the results for
1:1 and 1:0.5 with those of 1:0.01, it can be seen that the
presence of a complex in the sample significantly influences
the photo-switching behavior. For sample 1:0.01, UV light-
induced ring opening of the chromophore increases the dielec-
tric permittivity. However, the dielectric permittivity for the
ring-opened MC form in 1:0.5 and 1:1 decreased. The open
MC form has a higher dipole moment than the closed SP
form,*”*® however, the results suggest that the Zn complex of
MC form has a lower dipole moment than its closed SP
counterpart. This would also explain the contrary switching be-
havior in permittivity after UV and green light treatment.

Based on the UV measurements, it has been shown that
exposure to UV light leads to irreversible changes in the absor-
bance spectra of the samples. To investigate these changes
further, IR-spectroscopy was performed on sample 1:0.5
before and after subsequent exposure to UV light for 20 min
(Fig. 8b). The spectra before and after irradiation do not show
any new bands, indicating that no degradation by oxidation
occurred. Notably, the band assigned to the C=C stretch
showed two absorption maxima for the untreated 1:0.5 (1641
and 1666 cm™'), but only one for the irradiated sample
(1643 cm™). As previously discussed, the band at higher wave-
numbers can be assigned to the C=C stretch of the SP, which
shifts towards lower wavenumbers when SP is converted to
MC. The results indicate that the changes occurring in the
sample are not chemical but related to the arrangement of SP
in the polymer matrix. This could be due to the aggregation of
the MC stacks, which, according to Eckhardt et al. can be very
stable and irreversible.*® The aggregation can lead to shrinking
phenomena,” which was also observed in the sample.
Another explanation for the observed fatigue is the presence of
ZnCl, in the sample. Previous research has demonstrated that
ions can stabilize the open MC form, which may impede the
molecule’s ability to revert to the SP form.’®" These irrevers-
ible changes display a significant drawback for the presented
system as they would only allow the construction of devices
with a functional of a limited amount of cycles and decreasing
performance. Further investigations into these stacking
phenomena and the means of preventing them would be of
interest. Potential methods for this investigation could include
X-ray spectroscopy,>>* fluorescence spectroscopy,> or elec-
tron microscopy.*®

Conclusions

The present study reports on a novel and straightforward syn-
thesis strategy for metallo-supramolecular polymers based on
PDMS modified with aminopropyl groups functionalized with
spiropyran in a ZnCl,-catalyzed reaction. The ZnCl, acts not
only as a catalyst but also forms a complex with spiropyran.
The spiropyran moieties on the PDMS can form physical cross-
links by either spyran-spyran interactions or spiropyran Zn-
complex. The metallo-supramolecular polymers behave as

This journal is © The Royal Society of Chemistry 2025
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thermoplastic elastomers, which can be easily reprocessed.
The amount of ZnCl, allows for mechanical properties of the
materials to be tuned. Additionally, spiropyran exhibits photo-
switching behavior, where exposure to UV light induces ring
opening to the merocyanine form, which can be partially
reversed by exposure to green light. Notably, the uncomplexed
spiropyran shows an increase in the dielectric permittivity
upon exposure to UV light, whereas the complexed form shows
lower dielectric permittivity values. Although the switching be-
havior is reversible, the open merocyanine form can stack irre-
versibly, leading to changes in polymer structure and
properties.
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