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Memristive materials are of great interest due to their potential in modern electronics and computing
technologies. While most studies focus on inorganic systems, organic and polymer-based alternatives
are also emerging. This work presents surface-grafted polymer brushes with conjugated polyacetylene
chains as an efficient memristive system and explores their tunability through doping with inorganic
salts. The brushes were synthesized in a two-step process, starting with polymethacrylate brushes
obtained via surface-initiated photoiniferter-mediated radical polymerization. Characterization using
AFM, XPS, and FTIR confirmed the presence of tetrahedral [FeCly]~ and linear [CuCly]~ counterions
incorporated into the conjugated chains. The doping process, performed for 10 and 60 minutes, shows
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DOI: 10.1039/d5tc01634g pinched hysteresis loop. The influence of doping and dopant geometry on electrical, memristive,

structural properties, and film thickness was analyzed. Additionally, experimental findings were
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1. Introduction

Advances in information technology, particularly in artificial
intelligence, are driving an ever-growing demand for computa-
tional power and data storage. The neuromorphic design of
devices offers a promising route to overcome some of the
limitations of traditional systems, especially those related to
energy consumption and data transfer issues.”” In contrast to
silicon semiconductors® and von Neumann architecture separ-
ating computational and memory units,” human brains are
composed of complex neural networks communicating through
nanoscale gaps called synapses facilitating learning.> Some of
their properties can be observed in synthetic systems known as
memristors. Memristors, known also as memory resistors, are a
class of passive two-terminal electronic components that
exhibit a unique relationship between electrical charge and
magnetic flux.® First theorized in 1971 by Chua’ and later
demonstrated in a practical form by researchers at Hewlett-
Packard Labs in 2008,® memristors represent the fourth funda-
mental circuit elements, alongside resistors, capacitors, and
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supported by DFT modeling, providing deeper insights into the behavior of the system.

inductors. The defining characteristic of memristors is their
ability to retain memory of their electrical resistance state,
which depends on the history of the voltage applied to them
and the current passed through them.’ Unlike traditional
resistors, for which resistance remains fixed, a memristor’s
resistance can change depending on the magnitude and direc-
tion of the applied voltage, and the memristor itself can hold
this resistance state even after the current flow is turned off.
This property makes them particularly appealing for non-
volatile memory applications, where information storage
remains intact without the need for continuous power. In
contrast to contemporary storage systems, a resistance change
between the ON and OFF states is gradual and depends on
the history of the applied current, mimicking synaptic
plasticity'® and potentially allowing both data storage and
computing functionality in the same physical entity. The first
physical memristive systems were based on titanium oxide.?
Since then, systems based on ferroelectrics,'* perovskites,'?
multiferroics,"? spintronic systems,'* biomolecules'® and small
organic molecules® were explored. Moreover, there were also
few attempts based on polymers, mainly on conjugated poly-
mer chains'” or non-conjugated polymers with pendent
chromophores'® which, combined with the properties of the
polymers themselves, brings several key advantages. They are
lightweight, elastic, do not depend on potentially toxic heavy
metals, and can be relatively easily prepared in various
shapes or forms, including thin layers, which can be used as
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two-dimensional standalone memristive devices'® or as part of
a hybrid system.>°

Polyacetylene is the simplest possible conjugated polymer and
the first to be discovered.?! It is a semiconductor,?* but it exhibits
metallic conductivity after doping.>® Polyacetylenes can be doped
with protic acids,”* strong reductors® or most commonly by oxida-
tion with halogens or Lewis acids. Oxidation of chains introduces
positive charge carriers in their structure compensated by anions
produced by the dopants reduction.>® The dopant concentration is
usually much higher than in typical silicon semiconductors,” so
much so that heavily doped systems may exhibit some properties of
dopants themselves.”® While the use of polyacetylene is hampered
by its fibrous, unstable, and insoluble nature,® a wide range of
conjugated polymers have since been discovered®® forming a back-
bone of polymer light-emitting diodes,” organic field effect
transistors® and organic photovoltaics.*> Memristive switching in
conjugated polymers usually follows acceptor-donor charge transfer
or reversible redox mechanism.** Polyacetylene, in addition to the
bulk form, can be obtained as a system grafted from the surface,
taking the conformation of polymer brushes.*® It has been shown
that such systems remain stable over time and retain their con-
ductive properties much longer than their free analogues.®® Surface-
grafted polymer brushes are macromolecular thin layers, made of
polymer chains with one end tethered to a surface densely enough
so that interactions between them result in maintaining an
extended conformation.”” Brushes provide a highly ordered, aniso-
tropic environment preventing aggregation which can hamper the
reproducibility of system performance®®*® making them promising
candidates for nanoelectronics, including memristive systems. In
this work we present surface-grafted brushes with conjugated
polyacetylene chains prepared in a two-step scheme, beginning with
obtaining polymethacrylate brushes with reactive side groups using
surface-initiated reversible deactivation radical polymerization
reactions® which are more convenient and allow for greater control
of density and length of grafted structures. The side groups later
serve as macromonomers for template polymerization resulting in a
ladder-like structure of polyacetylene. Poly(3-trimethylsiliylpropagyl
methacrylate) (TPM) brushes were obtained by surface-initiated
photoiniferter-mediated radical polymerization. Its side groups
contain protected terminal triple bonds useful for various click
reactions**> which can also be polymerized leading to the double-
stranded polymer brushes composed of the main chain providing a
durable backbone for a parallel polyacetylene chain.**”** When such
systems are doped with nonvolatile, stable dopants™ it is expected
that the doping redox process may be reversible by electric flux.
Memristive properties of such systems were investigated concerning
the shape of I~V loop. Both were determined by solid-state variation
cyclic voltammetry with a hanging mercury electrode, while stability
and the nature of doping were investigated using atomic force
microscopy and various spectroscopic techniques.

2. Results and discussion

To address the characterization of doped systems, the efficiency
of obtaining native poly(TPM) brushes grafted from an ITO
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substrate must first be determined. The dependence of the
thickness of the obtained polymer layer on the PIMP photo-
polymerization time is a well-known behavior,® however, a
series of poly(TPM) substrates was made after 2, 4, 8 and 12 h of
50 W UV lamp exposure with a wavelength of 275 nm and a
constant sample-lamp distance. As expected, the thickness of
the poly(TPM) brushes was getting higher: after 2 h was 23.9 +
0.5 nm, after 4 h - 28.8 + 0.9 nm, after 8 h - 35.9 + 0.3 nm and
after 12 h - 50.1 + 0.8 nm (see Fig. S4). Comparing the
thickness of the obtained layers to its quality and homogeneity,
8 h was selected as the most satisfactory time for all further
experiments. To bring the brush system to conductive and
memristive properties, first it must be created a path of con-
jugated -C—C- bonds in the poly(TPM) matrix. This is possible
because of the self-templating polymerization reaction, which
involves deprotected triple bonds in the side groups of polymer
brushes. Each step of this process: native brushes, brushes
after cleavage of protecting trimethylsiliyl (TMS) groups and
brushes after self-template polymerization were characterized
by atomic force microscopy, FTIR spectroscopy and XPS (see
Fig. 1). AFM topography images show a homogeneous surface
structure, which becomes smooth after deprotection and
removal of the TMS groups from the brush systems. Surface
roughness (RMS, Ry) decreases from 5.45 £ 0.13 nm for native
poly(TPM) brushes to 3.66 + 0.11 nm, which is caused by the
collapse and tighter packing of the modified side groups in the
dry brush system. Carrying out self-template polymerization
results in the formation of conjugated double bonds that
stiffen the entire structure. The conformation of the system
becomes more straightened, resulting in an increase in the
surface roughness to a value of 5.28 £ 0.15 nm. The FTIR
spectra clearly confirms the effectiveness of the performed
cleavage of protective groups and self-template polymerization
reactions. The self-template polymerization of the side acety-
lene groups was conducted using a rhodium-based catalyst (Rh-
cat, bicyclo[2.2.1]hepta-2,5-diene-rhodium(i) chloride dimer)
and the results of this reaction are visible by the decrease in
the characteristic band at 2100-2200 cm ™" assigned to -C= C-
vibration accompanied by the appearance of the strong band at
1540 cm ' characteristic of -C=—=C- vibrations in the created
polyacetylene conjugated chain.** Moreover, XPS spectra con-
firm the effectiveness of the performed reaction. First, the
quantitative composition of the layers was revealed by acquir-
ing full-range scans depicted in Fig. 1. As expected, the
acquired survey scans revealed signals from the atoms made
the brushes and some traces from the ITO substrate, probably
due to discontinuities of the prepared layers. Particularly
important are the changes for silicon that concern the
reduction of its concentration in native brushes from 7.2 to
1.4 at% after the second step of synthesis, as well as the
changes in carbon atoms content related to the increase in
their concentration (from 72.4 to 78.0 at%) in the layer sub-
jected to self-template polymerization. To confirm the existence
of a given reaction in the synthesis pathway, the chemical
environment of silicon, oxygen and carbon atoms was analyzed
by recording and fitting high resolution spectra in the Si 2p,
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Fig. 1 AFM, FTIR and XPS characteristic of native poly(TPM) brushes (A), poly(TPM) brushes after cleavage of protecting TMS groups (B) and poly(TPM)

brushes after self-template polymerization (C).

C 1s, and O 1s regions, as shown in Fig. 1. The Si 2p spectra for
all samples show one doublet structure (doublet separation p3,
2—P1z equals 0.61) with main 2p;, line at 101.9 eV which
indicates Si-O-C species like in photoiniferter and/or
TMS.*>*® The achieved reduction of the Si 2p doublet intensity
in the second step of the synthesis proves the successful cleavage
of TMS groups, leaving small signals from the photoiniferter.
The C 1s spectra of all layers were fitted with three components
with the first line at 285.0 eV from C-C bonds, the second line at
286.8 eV which indicates presence of C-O bonds, and the last
line at 288.9 eV assigned to either C=0 and/or O-C-O groups.*’
The intensity of oxygen-containing groups remains at a similar
level during synthesis. The more important changes in the C 1s
spectrum are concerned with the main line at 285.0 eV and
appear during the third stage, where one can observe a reduction
in the line thickness and an increase in intensity, which is a
typical behavior for sp® carbon and proves the formation of

19446 | J Mater. Chem. C, 2025, 13,19444-19453

conjugated -C—C- bonds in the poly(TPM) matrix. The O 1s
spectra of samples also were fitted with three components. The
first line is found at 529.7 eV which indicates the presence of
metal oxides (O-In, O-Sn), the second line at 531.4 eV indicates
metal hydroxide (In(OH);) and O—C bonds, and the last line at
532.4 eV originates either from O-Si and/or O-C and/or ~OH type
species.*5*°

Having confirmed the effectiveness and repeatability of
obtaining polymer brushes with a conjugated -C—C- bond,
the next step was to dope the obtained structure ith FeCl; and
CuCl, salts. Both inorganic, low-molar-mass compounds,
although similar in chemical structure (chlorides, d-block
metal cations), have completely different spatial conforma-
tions, which seem to be key to tuning the conductive and
memristive properties. The formed [FeCl,]™ counterions, built
into the conjugated chain in the poly(TPM) brushes, had a
tetrahedral structure, while [CuCl,]” had a linear structure.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) AFM 3D topography renders of poly(TPM) brushes after self-template polymerization doped with FeClz and CuCl, after 10 min and 60 min of

doping reaction, (B) average thickness of all doped poly(TPM) coating with corresponding percentage changes compared to native poly(TPM) brushes
(gray), (C) XPS C 1s, O 1s, Cl 2p, Fe 2p3,» and Cu 2ps3,» spectra for doped poly(TPM) brushes. In all images the relevant systems are color coded: FeCls after
10 min: yellow, FeCls after 1 h: orange, CuCl, after 10 min: bright blue, CuCl, after 1 h: dark blue.

These data, although known from the literature,”™*" were

confirmed using the XPS technique (Fig. 2C and the SI Para-
graph S4), the spectra of which clearly suggest the presence of
Fe*" ions in the spectrum of poly(TPM) doped with FeCl; and
Cu’ ions (and to a Cu®" occurring in smaller quantities) in
CuCl, doped systems. The amount of both iron and copper ions
in the systems varies and increases with increasing doping
time. While the roughness (RMS, R,) of the measured surface
for each of the tested systems does not show any significant
trends (Fig. 2A): 4.2 £+ 0.6 nm for CuCl, (10 min), 8.3 £+ 1.4 nm
for CuCl, (1 h), 5.6 £ 1.1 nm for FeCl; (10 min), 5.2 £ 0.9 nm for
FeCl; (1 h), some interesting behaviours can be noticed when
measuring the cross-sections of the layers obtained after dop-
ing. What is consistent with simulated DFT data (molecular
volume for [FeCl,]” counterion is 162.87 A®, for [CuCl,]” is
87.90 A3, see SI Paragraph S5) the layer growth, compared to
native poly(TPM) (35.9 + 0.3 nm), was greater for [FeCl,]”
counterions, due to its large spatial conformation. [FeCl,]”
counterions straighten the polymer chains more, lifting the
entire brush structure upwards. The thickness of brushes after
10 min of FeCl; doping time was 42.5 + 1.8 nm, which is an
increase of +18%, while the analogous doping of CuCl,
increased the layer by only 2.2% to an average value of 36.7 +
0.9 nm. Moreover, longer doping time (1 h), as we know from
the XPS spectra, resulted in placing a larger amount of counter-
ions in the polymer brush matrix, which increased layer

This journal is © The Royal Society of Chemistry 2025

thickness to the value of 39.3 £ 2.3 nm (+9.4%) for CuCl, and
to 60.4 + 1.4 nm (+68.1%) for FeCl; (Fig. 2B).

Having confirmed that the obtained structures were mod-
ified in the desired way, we carried out the electrical character-
ization of all poly(TPM) systems. All of the samples were
measured for their /-V characteristic, as shown in Fig. 3a -
within —500 mV and +500 mV limits. In order to analyze other
voltage ranges, see Fig. S6. The undoped sample exhibited a
diode-like behavior with forward-to-backward current ratio of
2.82. This values is not spectacular, but clearly indicated the
partial rectifying character of the junction.”> The forward
current shows a purely exponential dependence on the applied
bias, thus indicating the character of thermionic emission,
typical for the Schottky barriers (Fig. 3d-h and eqn (1)):>*

(1)

where I, is the saturation current, e in an elemental charge, U is
applied bias, kg is the Boltzmann constant and T is the
temperature in the absolute scale. Upon doping for 10 minutes
with either CuCl, or FeCl; a this typical Schottky junction
characteristics evolves toward memristor-like hysteresis loop.
With prolonged doping (1 h) the behavior shifted back to
a reduced hysteresis and partial restoration of the diode-
like characteristic. Conductivity increased significantly after
10 min of doping but decreased with further doping time,

J. Mater. Chem. C, 2025, 13,19444-19453 | 19447
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Fig. 3 (a) Averaged ten -V scans, the responses are presented for different poly(TPM)-based samples: undoped (gray line), FeCls after 10 min: yellow,

FeCls after 1 h: orange, CuCl, after 10 min: bright blue, CuCl, after 1 h: dark blue; (b), WF of various types of poly(TPM)-based samples with AWF —
differences from undoped poly(TPM) sample; (c) changes in the mean values of CPD for different poly(TPM) doped and undoped samples with additional
signal from gold plate standard. CPD was registered for 1000 point per sample. Measurements shown are for ambient conditions and for samples put in
faradaic cage, current—voltage plots of the poly(TPM) brushes fitted with exponential model: native poly(TPM) (d), CuCl, after 10 min (e), CuCl, after 1 h
(f), FeCls after 10 min (g) and FeCls after 1 h (h); (i) Fitting parameters from eqn (1).

although it remained higher than for the undoped sample.
Fitting yields the limiting current values for all layers, the lowest
for undoped polymer (0.36 mA) and the highest for FeCl; one
(after 10 minutes doping, 12.92 mA). All fitting data are collated
in Fig. 3i. This behavior reflects changes in the band structure
induced by doping, and diminishing the original diode char-
acteristic. Comparative analysis of the positive and negative
currents revealed that while the samples retained dominant
Ohmic contact properties, the hysteresis span increased signifi-
cantly, indicating influence from a variety of conduction, mod-
ification and switching mechanisms. These include Ohmic

19448 | J Mater. Chem. C, 2025,13,19444-19453

conductivity, interfacial junction modifications for Schottky type
of diodes, resistive switching driven by structural changes in the
polymer brushes but also the inertia of doped complex compounds
movement in an external potential. All of the latter, highlight the
vast interplay of mechanisms contributing to the overall resistive
switching and in consequence memristive behavior. Registered
changes demonstrate how doping time influences electronic and
interfacial properties. Control factors over device performance will
be similar to redox-based valence change memories (VCM).>*
One possible explanation for this behavior is the modifica-
tion of the functional layer work function (WF) resulting from

This journal is © The Royal Society of Chemistry 2025
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changes in the structural composition of the layer, which
subsequently affects the interfacial properties. The shapes
and hysteresis span suggest that the switching is primarily an
interfacial phenomenon, likely occurring at the poly(TPM)/Hg
junction. Ambient KP measurements support this hypothesis
for both types of dopants. Fig. 3b presents a table with the WF
values, alongside the gold electrode WF, which is standardized
by the literature (5.10 eV). Upon doping (10 min), the WF of
poly(TPM) samples initially deviated from that of the undoped
sample but returned closer to the undoped WF after prolonged
doping (1 h). Considering the interfacial switching mechanism,
these changes in the WF are expected to influence both the
hysteresis range and the mean conductivity ranges, as potentially
reflected in the I~V characteristics shown in Fig. 3a. The I-V
response exhibits a distinct memristive behavior in samples
doped for only 10 minutes; however, this characteristic
diminishes with prolonged doping. The experimental stability
of the mean CPD values is shown in Fig. 3c, provides additional
insight into the consistency of these measurements. KPFM
measurements were used to determine the work function (WF)
of devices fabricated with different materials. The results
revealed that poly(TPM) samples subjected to prolonged doping
with CuCl, or FeCl; exhibited WF values comparable to the
undoped poly(TPM) sample. To achieve this, the WF of the
measurement tip was first calibrated using a gold standard,
known to have a WF of 5.10 eV. Subsequently, the contact
potential difference (CPD) of the sample surface was measured
and added to the tip’s WF, resulting in the calculated WF for the
material.

The nonlinearity of the I-V characteristic for undoped
(Fig. 3d) and doped (Fig. 3e-h) polymer films indicates typical
thermionic emission characteristics of the Schottky barrier.
Thus, it implies that the barrier at the mercury/polymer inter-
face plays a crucial role in transport phenomena across thin
polymeric films. It is fully justified because conjugated chains
(both undoped and fully doped) should contribute to hopping
and metallic-type conductivity, respectively. Both should pre-
sent linear (or almost linear) current-voltage characteristics.
Interestingly, moderate (10 min) doping, regardless of the
nature of the dopant, results in the largest change in the work
function value (decrease for FeCl; and increase for CuCly).
Furthermore, these moderate doping levels (especially with
iron salt) result in an opening of a hysteresis loop. The
increased conductivity and exponential-to-linear current-vol-
tage dependence transition with concomitant opening of the
hysteresis loop indicate complete rearrangement of the electro-
nic structure of the polymer film. It can be attributed to an
optimal doping level corresponding to metallic-like conductiv-
ity of the layer, and a contribution on interfacial redox process
responsible for hysteresis.”>® The clockwise direction of hys-
teresis in the 1st quadrant (e.g. transition for low-resistive to
high-resistive state upon increased bias voltage) suggests con-
tribution of polymer-based redox processes in resistive switch-
ing. The moderately doped polymer is more conductive than
the undoped polymer and in addition, subsequent oxidation at
positive potential values results in decreased conductivity. The
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differences in backward and forward electron transfer rates
across the mercury/polymer interface are thus the immediate
reason of the observed hysteresis.

3. Conclusions

In this work, we presented an ordered surface-grafted system of
polymethacrylate brushes (poly(TPM)) modified via self-
template polymerization, forming conjugated polyacetylene
-C—C- bonds. Brushes with propagyl side groups were
obtained by using controlled surface-initiated photoiniferter-
mediated radical polymerization (SI-PIMP) and modified with a
rhodium(i) chloride compound. Such reaction leads to the
fabrication of semiconductor conduction paths through the
formed conjugated -C—C- bonds, but it is not free from
heterogeneity, mutual cross-linking, or the formation of dis-
continuities in the structure. However, these potentially
unwanted properties turned out to be crucial for our systems
to have memristive properties. After material characterization
of the obtained layers (AFM, FTIR, XPS), we showed that native
poly(TPM) brushes have a small hysteresis loop on the -V
curve. To improve memristive properties, we doped the
poly(TPM) system with CuCl, and FeCl; salts for 10 and
60 min. The AFM cross-sectional images and the XPS spectra
clearly showed different amounts of incorporated dopants in
the form of [CuCl,]” and [FeCl,]” counterions. Using DFT
modeling, we determined that the [CuCl,]™ structure is linear
with a molecular volume of 87.90 and the [FeCl,]™ structure is
tetragonal with a molecular volume of 162.87. While maintain-
ing a constant amount of substituted salt (from XPS: 0.5-0.6
at% for 10 min and 1.4-1.7 at% for 1 h of doping time), the
difference in the shape and size of the counterion affects the
memristive properties of the doped systems. We have shown
that substitution after 10 min is more effective than after
60 min for both CuCl, and FeCl;. The slope of the I-V curve
and the opening of the loop are highest for FeCl; after 10 min.
Additionally, the non-linear nature of the I-V curves suggests
typical Schottky barrier thermionic emission characteristics of
the samples.

4. Experimental section
Materials

Triethylamine (TEA, >99.5%), 3-(trimethylsilyl)propargyl alco-
hol (99%), diethyldithiocarbamic acid diethylammonium salt
(97%) and bicyclo[2.2.1]hepta-2,5-diene-rhodium(1) chloride
dimer (Rh, >98%) and chloroform-D (99.8% atom %D) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Tetrahydro-
furan (p.a.), toluene (p.a.), methanol (p.a.), dichloromethane
(p.a.), ethyl acetate (p.a.), anhydrous magnesium sulfate (p.a.),
nitromethane (p.a.), ammonium chloride (p.a.), potassium
carbonate (p.a.) were obtained from Chempur (Piekary Slaskie,
Poland). Methacryloyl chloride, (97% contain up to 15% of
dimer, stabilized) was obtained from Alfa Aesar (Ward Hill, MA,
USA). 4-(chloromethyl)phenyltriethoxysilane was obtained from
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Fluorochem (Hadfield, United Kingdom). Diethyl ether (99.5%,
BHT stabilized), ethyl alcohol (99.8%, p.a.) (was further dehy-
drated on molecular sieves 4 A beads, 8-12 mesh from Sigma-
Aldrich) and ammonia solution (25%, p.a.) were obtained from
POCH (Gliwice, Poland). Iron(m) chloride (98%, anhydrous) was
obtained from Thermo Scientific Chemicals (Waltham, Massa-
chusetts, USA). Hydrogen peroxide solution (30%, p.a.) was
obtained from Millipore Sigma (Burlington, MA, USA). ITO
conductive glass (thickness 1.1 mm, resistance 10 Q) were
obtained from BTC (Legionowo, Poland).

Synthesis of 3-trimethylsiliylpropagyl methacrylate (TPM)

3-Trimethylsiliylpropagyl methacrylate monomer (TPM) was
obtained using the synthesis described by Ishizone®” with some
modifications. A solution of 0.92 ml, 9.4 mmol of freshly
distilled methacroyl chloride in 15 ml anhydrous diethyl ether
was added dropwise to a solution of 3-trimethylsililylpropagyl
alcohol (1.16 ml, 7.82 mmol) and triethylamine (2.18 ml,
15.6 mmol) in 15 ml of anhydrous diethyl ether cooled to
—10 °C in an ice-salt bath. The solution was then left for 1 h
in the bath and then for another 4 h at ambient temperature.
Then it was washed twice with 20 ml of concentrated aqueous
ammonium chloride solution and then twice with water. The
product was then extracted from the combined water phases by
washing them with 20 ml of ethyl acetate. The organic phases
were combined, dried with anhydrous magnesium sulfate,
condensed on a rotary evaporator, and purified by distillation
(boiling point 71 °C under 10 mbar). The reaction was con-
firmed by infrared and nuclear magnetic resonance spectro-
scopy (see Fig. S1-S3).

Synthesis of poly(3-trimethylsiliylpropagyl methacrylate)
brushes (poly(TPM))

The ITO coated glass substrates were cleaned by sonication in
methanol for 20 min and then using a basic piranha solution (1:1
concentrated ammonia and 30% hydrogen peroxide at 65 °C),
washed with water, acetone, and dried. The substrates were then
decorated with 10 ml of 1% 4-(chloromethyl)phenyltriethoxysilane
solution in toluene under argon gas for 24 h (see Fig. 4a). They
were later cleaned by sonication for 10 min in toluene and 5 min
for water, washed with water and acetone, and dried. Surface
photoinfiter was obtained by treating decorated substrates with a
solution containing 5.5 mg of diethyldithiocarbamic acid diethy-
lammonium salt in 5 ml of tetrahydrofuran (THF) for 24 h under
argon. Polymerization was carried out using a deoxygenated
solution containing 40 pl of monomer and 360 pl of absolute
ethanol and LED with 275 nm maximum of emission for 8 h.
Obtained brushes (see Fig. 4b) were cleaned by washing with THF,
and characterized with grazing angle infrared spectroscopy and
atomic force microscopy.

Self-templating polymerization and doping of poly(3-
trimethylsiliylpropagyl methacrylate) brushes

The propagyl side groups in brushes were cleaved by treating
them with a concentrated solution of potassium carbonate
solution in a 1:1 vol methanol/THF mixture under argon for

19450 | J Mater. Chem. C, 2025, 13,19444-19453

View Article Online

Paper

1 h (see Fig. 4c), washed with acetone and dried. Template
polymerization was carried out in a solution containing 5 mg
of Bicyclo[2.2.1]hepta-2,5-diene-rhodium(i) chloride dimer,
3 pl mg of TEA in 10 ml of dichloromethane under argon for
24 h (see Fig. 4d). The obtained conjugated poly(TPM) brushes
were then subjected to the doping process, in which two
different structures were obtained: one doped with FeCl; and
the other with CuCl,. The doping process was performed using
a solution of 20 mg of anhydrous ferric chloride or copper
chloride in 2 ml of nitromethane. All reactions were performed
under an inert argon atmosphere. To study the influence of
doping time on the structure and properties of the obtained
structures, doping reactions for each dopant were carried out
for 10 and 60 min. Finally, systems of polymer brushes with
various degrees of substitution of the appropriate counterions
were obtained: [FeCl,]™ (see Fig. 4e) and [CuCl,] ™ (see Fig. 4f).

Methods

NMR 'H and **C spectra were recorded on a Bruker Avance III
400 MHz spectrometer in deuterated chloroform. Chemical
shifts are reported in ppm relative to the trimethylsilyl group
present in the measured compound and visualized using
MestReNova 6.0 (Mestrelab, Santiago de Compostela, Spain).
FTIR spectra were recorded using the Nicolet iS10 spectro-
meter (Thermo Fisher, Waltham, MA, USA). The spectrum of
monomer was obtained using attenuated total reflectance
(ATR) while the spectra of brushes grafted on ITO-coated glass
substrates were obtained with a grazing angle reflectance
accessory (GA-FTIR) at 80°. P-polarized radiation was used
and the results were averaged over 128 measurements. Bare
ITO substrates used as measurement backgrounds were
cleaned using the same procedure as ITO for brush synthesis
(see 2.3). The baselines were corrected using dedicated OMNIC
9.2 software (Thermo Fisher). Atomic force microscope (AFM)
images were obtained with Dimension Icon XR microscope
(Bruker, Santa Barbara, CA, USA) working in the air in the
PeakForce Tapping (PFT) mode, using standard silicon canti-
levers with a nominal spring constant of 0.4 N m™', triangular
geometry tip and nominal tip radius of 2 nm. All measurement
parameters (setpoint, lift height and amplitude) have been
selected so as not to modify the structure of soft polymer
brushes through unwanted excessive compression and struc-
ture deformation. AFM data analysis was performed using
NanoScope Analysis 1.9 software (Bruker), a dedicated pro-
gramme for scanning probe microscopy data visualisation
and analysis. If necessary, plane fit and flatten functions were
used to level the surface of the collected images.
Surface-grafted photoiniferter mediated polymerization (SI-
PIMP) was carried out with UV IL-02 irradiating system with a
275 nm monochromatic lamp composed of 112 diodes (ZEiA
CHIP, Stalowa Wola, Poland, P,,ax: 150 W, Ujeq: 30-50 V, Iied. max:
3.5 A) using a 50 W power setting. The reaction was carried
out in a system consisting of an iniferter grafted substrate
placed inside a UV quartz glass cuvette with a 2 mm path
length (Ossila, Sheffield, UK) positioned vertically inside a
quartz beaker (Hornik, Quartz, 50 ml, transmittance range:

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Scheme of synthesis of poly(TPM) brushes grafted form ITO surface: photoiniferter deposition (a), photoiniferter-mediated polymerization (PIMP)
of TPM (b), cleavage of protecting TMS groups (c), self-template polymerization forming polyacetylene conjugated chains (d); poly(TPM) brushes structure
doped with FeCls (e) and CuCl, (f); schematic drawing of electrical measurements of poly(TPM) brushes covered with Hg drop as an electrode (g).

160-3500 nm) sealed with a septum positioned 120 mm from
the lamp. The monomer solution was transferred via a needle
to the cuvette after 10 minutes of deoxygenation.

The current-voltage measurements were conducted on
SP-150 potentiostat (BioLogic, Seyssinet-Pariset, France) in the
—500 to +500 mV voltage window. I-V cycles were measured
with a scan rate of 200 mV s~ in a series of 10 scans for each
sample. Data were collected with the EC-Lab software (v 11.33)
then averaged and visualized in OriginPro 2024. Additional
scan series with lower voltage scan ranges are presented in the
SI. The measurements were performed in the CE to ground
mode in 2-terminal configuration. To avoid collapsing of the
poly(TPM) brushes the working electrode was composed of a
mercury drop connected with the golden wire (Fig. 4g). The
reproducibility of the electrode surface was ensured by measur-
ing the same volume of mercury with the pipette each time.

This journal is © The Royal Society of Chemistry 2025

After every scan series, the working electrode was replaced to
avoid possible contamination.

The Kelvin probe (KP) measurements were performed in the
air using a commercial probe (KP01, KP Technology, UK). The
WEF measurements for all substrates were conducted under
ambient conditions within a Faraday cage to minimize external
interference. Before each measurement, the samples were
allowed to equilibrate with ambient conditions for a minimum
of 30 min. For each sample, the number of averaged readings
was set to 1000 to ensure accuracy and reproducibility.

The XPS analyses were carried out in a PHI VersaProbe II
Scanning XPS system using monochromatic Al Ko (1486.6 eV)
X-rays focused to a 100 um spot and scanned over an area of
400 pm x 400 pum. The photoelectron take-off angle was 45° and
the pass energy in the analyzer was set to 117.50 eV (0.5 eV step)
for survey scans and 46.95 eV (0.1 eV step) for high energy
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resolution spectra. A dual beam charge compensation with 7 eV
Ar' ions and 1 eV electrons was used to maintain a constant
sample surface potential regardless of the sample conductivity.
All XPS spectra were charge referenced to the non-
functionalized, saturated carbon (C-C) C 1s peak at 285.0 eV.
The operating pressure in the analytical chamber was less than
3 x 1077 mbar. The deconvolution of spectra was carried out
using PHI MultiPak software (v.9.9.3). The spectrum back-
ground was subtracted using the Shirley method.
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