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The covalent attachment of one dimensional (1D) polymer brush onto a two-dimensional (2D) material
presents an appealing strategy to fabricate anisotropic polymer membranes, namely “polymer carpets”.
Conductive polymer carpets that are based on graphene and conductive polymers are especially
interesting due to their potential in microelectronics, actuators and optoelectronics. Here we describe a
versatile method for the covalent grafting of the poly(3-hexylthiophene) (P3HT) brush onto large area
graphene to fabricate conductive polymer carpets through a combination of photografting polymerization
and Kumada catalyst transfer polycondensation (KCTP) to grow P3HT (up to 260 nm) on single layer
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graphene forming conductive polymer carpets (i.e. G-PS-P3HT). Raman mapping revealed that the grafting
reactions occurred on native graphene defects, without deteriorating the conjugation plane of graphene.
The advanced architecture of G-PS-P3HT resulted in a high photocurrent (ca. 0.3 mA cm™2) under light
irradiation in a junction with MoS, to form efficient an p—n heterostructure, with promising potential in
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Introduction

The past decade has witnessed exciting progress in the devel-
opment of two-dimensional (2D) organic/inorganic materials
including graphene,” transition metal dichalcogenides® and 2D
polymers.>* These materials are recognized as promising
candidates for the new generation of devices in many fields,
including coatings, electronics and photo(electro)catalysis.>”
Recently, we introduced a new class of polymer material, namely
“polymer carpets”, as a large area and freestanding polymer brush
on cross-linked self-assembled monolayers (SAMs),® graphene,’
and polydopamine sheets.'® Polymer carpets react spontaneously
to environmental changes by eg. swelling or shrinking of the
brush, leading to dramatic changes of the optical, mechanical and
surface properties (wetting, bioadhesion) of the entire carpet.'>*>
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To obtain graphene-based polymer carpets, polymer chains
should be bound covalently to the graphene surface. However,
the covalent attachment of functionalities can induce damage to
the graphene lattice and degrade its electronic properties.*?
Recently, we demonstrated that vinyl monomers could be
polymerized directly on single layer graphene via self-initiated
photografting and photopolymerization (SIPGP).>'* The graft-
ing was found to occur only at existing defect sites and does not
impair the crystal quality and the consequent electronic properties
of graphene. In this way, suitable monomers can be selected to
design polymer brushes introducing additional functional groups
that facilitate the further modification of graphene with various
functionalities."

Similar to graphene, conjugated polymers (CPs), and especially
poly(3-alkylthiophenes) (P3AT), have drawn enormous interest
due to their potentially low-cost, high-throughput fabrication
methods.'® The electronic and photonic properties of CPs are
largely depending on their compact structure and morphology."”
The use of CPs in solar cells,'® light emitting diodes," or sensors®
often requires their covalent fixation on solid substrates.>*
Kumada catalyst transfer polycondensation (KCTP) has become
a powerful tool in the synthesis of well-defined polythiophenes,
polyfluorenes, their block copolymers,**™* as well as sophisti-
cated donor-acceptor block copolymers®®® and star-branched
polymers.>*=" Recently, the KCTP was successfully adapted to
surface-initiated polymerization, namely SI-KCTP, with external
initiators to grow P3AT brushes on various substrates like
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indium tin oxide (ITO),** gold,*® glass,** Si wafers,*® and graphene
oxide."®*® In this process, the crucial step is to attach halogenated
benzene (e.g. bromobenzene) on a target substrate, which could be
furtherly converted to the Ni(u) macroinitiator for KCTP. Here, we
show that P3HT brush layer can be grown on large-area single-
layer graphene to form conductive polymer carpets through the
combination of SIPGP and SI-KCTP. Raman spectroscopy shows
that the grafting reaction occurred at the existing defects of
graphene and without the introduction of additional defects.
Photoluminescence mapping reveals a strong interaction between
P3HT and graphene in the G-PS-P3HT carpets as compared to the
cast P3HT films. The potential of the carpets in solar energy
conversion is demonstrated by depositing a layer of n-type MoS,
flakes onto G-PS-P3HT to build up p-n junction heterostructures.

Results and discussion
Synthesis of G-PS-P3HT carpet

Since graphene bears native sp® hybridized defects, the hydrogen
from these defects sites can be abstracted upon UV irradiation,
generating local radicals that initiate the free radical polymerization
of 4-bromostyrene.>™* Thus, a thin layer of poly(4-bromostyrene)
(PSBr) was obtained by SIPGP of 4-bromostyrene on single layer
graphene grown via chemical vapor deposition (CVD) on Cu foil, as
outlined in Fig. 1a. Under argon atmosphere, the substrate was

defect site

Graphene (G)

H HHHHHH ){;E;f\-f B,
————

Graphene

SiO, 300 um

View Article Online

Journal of Materials Chemistry C

immersed in a freshly distilled bulk 4-bromostyrene and irradiated
for 40 min with UV light of a spectral range between 300 and
400 nm (intensity maximum at A = 350 nm with a total power of ca.
5 mW cm™ 2). After the polymerization, the substrate was rigorously
rinsed with organic solvents to remove any physisorbed polymer.
The covalently attached aryl bromide of PSBr on graphene
undergoes an oxidative addition by placing it in a solution of
Ni(PPh;),.** The reaction is followed by the ligand exchange
with the 1,3-bis(diphenylphosphino)propane (dppp), resulting
in a surface-bound, metal-mediated coupling catalyst (Methods).*®
It is well known that dppp leads to the highest degree of the
polymerization control in the P3HT synthesis in solution.?”
SI-KCTP was initiated by the addition of 2-bromo-5-chloromagnesio-
3-hexylthiophene dissolved in tetrahydrofuran (THF). Afterwards, a
thin layer of P3HT brush layer covering the entire graphene inter-
face was observed. However, it is worth mentioning that the P3BHT
polymer is also formed in the bulk part of the solution. The polymer
grown simultaneously in the solution was later precipitated with
methanol, and used as a control material in the preparation of
solution samples and cast films.*®*? The polymer was analyzed by
gel permeation chromatography (GPC) and '"H NMR revealing a
high percentage of regioregular head-to-tail (HT) linkage (> 95%,
Fig. S1, ESIf) and low dispersity (P = 1.5 M, = 12 kg mol ™)
(Fig. S2, ESIY).

The optical micrograph of a single layer graphene film
transferred on a SiO,/Si substrate is shown in Fig. 1b. The uniform
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Fig. 1 Synthesis and morphology. (@) Schematic of the fabrication process of P3HT brushes on graphene. (b) Optical microscopy images of a
CVD graphene transferred to the SiO,/Si substrate, inset: close-up image. AFM images and height profiles along the dashed lines in the images for the
(c) PSBr layer grown on graphene by SIPGP for 40 min, and (d) for the P3HT layer grown by SI-KCTP for 7 hours. (e) Scanning electron microscopy (SEM)

cross-sectional image of the G-PS-P3HT carpet.
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color contrast indicates the good macroscopic uniformity of the
graphene. Atomic force microscopy (AFM) was used to monitor
nanoscopic changes in feature dimensions due to the brush
growth. Rippled structures caused by the difference between the
thermal expansion coefficients of graphene and the Cu substrate
during the CVD growth*®*" was observed on the pristine graphene
(Fig. S3, ESIT). The SIPGP makes a thin PSBr polymer layer (ca.
17 nm) on graphene, along with the characteristic wrinkles that
are still visible in Fig. 1c. After the SI-KCTP, the AFM results clearly
show that the P3HT layer increased the overall thickness to
156 nm (Fig. 1d). In addition, the film shows an expected root
mean square (RMS) roughness of ca. 20 nm. The roughness might
indicate that the grafting density is low (ca. 0.08 chains nm™2)*?
and so there are mushroom features on the surface,”® or the
polymer chains adopt a crystal-domain configuration,** similar to
those of the other conjugated polymer brushes obtained by
KCTP** or other Ni’ mediated condensation polymerizations.*’
It is worthy of note that the layer thickness of both PSBr and P3HT
can be controlled from a few nanometer up to ca. 200 nm by the
reaction time (Fig. S4, ESIT). The scanning electron microscopy
(SEM) cross-sectional image is presented in Fig. 1e. We can clearly
distinguish the lower graphene sheet from the upper P3HT layer
demonstrating the carpet-like morphology. Reference samples of
pristine graphene on the Cu foil with no PSBr functionalization
were exposed to identical reaction conditions. We did not observe
any polymer growth on the surface after rinsing. This confirms the
selectivity of the polymerization process and covalent character of
the P3HT attachment for G-PS-P3HT. The presence of bromine
and an increase of the carbon signal intensity in the X-ray
photoelectron spectroscopy spectra of functionalized graphene,
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confirms the grafting of PSBr by SIPGP (Fig. S5, ESIt). Evidence of
growing a P3HT brush layer can be obtained by the disappearance
of bromine peaks and the emergence of sulfur peaks after SI-KCTP.
Grazing incident X-ray diffraction (GI-XRD) of the G-PS-P3HT carpet
shows a diffraction peak at 20 = 5.5 £ 0.1° for the (100) preferential
orientation (Fig. S6, ESIt), ascribed to the edge-on orientation of the
P3HT, which corresponds to the in-plane n-n stacking of the
conjugated polymer rings and the out of plane stacking of the alkyl
groups perpendicular to the substrate.”®*” The current sensing
atomic force microscopy (CS-AFM) experiments show that the
G-PS-P3HT carpets exhibit semiconductor-like characteristics
with a typical resistance of ca. 24 MQ (Fig. S7, ESIf). The
conductivity of the G-PS-P3HT was calculated to be of 0.03 S cm ™7,
which is three orders of magnitudes higher than those of other
un-doped P3HT films of 10> S em™ .37

p-Raman spectroscopy characterization

Ideally, the graphene samples would be a uniform carbon lattice
extending in two dimensions. In reality, the graphene sheets are
heterogeneous due to the presence of wrinkles and grain boundaries.
Such heterogeneities often remain unnoticed as predominantly
Raman spectra from flat regions are measured. However, such
defects are unavoidable in CVD grown graphene and contribute to
the overall properties of the material. Therefore, we identified
wrinkles and flat regions at two different areas of interest with
distinct spectral features as shown in Fig. 2a. Wrinkles are in
particular characterized by the presence of the D’ band around
1620 cm " indicating higher defect concentrations. Additional
spectroscopic evidence of the high defect concentration in
wrinkles is observed by the peak width (FWHM) increase of
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Fig. 2 Raman spectroscopy. (a) Heterogeneity in the normalized Raman spectra of pristine graphene comes from two distinct regions: flat and wrinkled.
(b) Normalized average Raman spectra of pristine graphene and G-PSBr from 2278 individual spectra of both flat and wrinkled regions respectively.
(c) Defect concentration represented by the D/G intensity ratio in a (60 x 60) um? area before PSBr functionalization and (d) afterwards, revealing the
defects dehydrogenation by PSBr on graphene as a decrease in the D/G intensity ratio.*® (e) Chemical signature of P3HT in G-PS-P3HT.
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the G band in Fig. 2a and by a high D band intensity. These
observations result from the statistically averaged spectra from
Raman maps covering all typical morphological structures
(wrinkle, flat, and edge) on the graphene surface. A dedicated
analysis of the role of wrinkles and edges on the chemical
reactivity of graphene is being reported elsewhere.

Once the PSBr initiator reacts with graphene, we observe
interesting changes in its vibrational properties deduced from
the D/G intensity ratio in a 60 x 60 um” graphene area (including
wrinkles) before PSBr functionalization. As expected, the grafting
of PSBr via SIPGP did not introduce additional defects on
graphene (Fig. 2b).>'**° However, the Raman intensity ratio
(D/G) mapping (Fig. 2c and d) results suggest that the defect
concentration of the whole graphene sheet (60 x 60 pm?)
decreased significantly in comparison to pristine graphene.
These observations imply that the SIPGP of PSBr occurred on
the graphene pristine defects.>'**® This result can be understood
as the following: the SIPGP process relies on hydrogen abstraction
by photoactivated monomers and the grafting efficiency depends on
the bond dissociation energy of the substrate surface (functional
groups), and the hydrogen-terminal defects of sp®> carbon on
graphene are abstractable under the SIPGP conditions.'*>°
Therefore, no additional defects are required or induced during
the reaction. The decrease in the D/G intensity ratio is in
agreement with a previous report on the dehydrogenation of
single-layer graphene® supporting our conclusion that these
defects were used during the SIPGP reaction.”'* However, since
PS substituted the hydrogenated sites in graphene, the defect
concentration should remain the same. This apparent inconsistency
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can be explained by noticing that the relatively polar PSBr on
graphene can induce localized charges. Even though disorder
makes visible the D band in Raman, there are particular defects
that do not activate the D band such as impurities that are
electrically charged.>"*> The change to the charged defects after
PSBr results in the apparent decrease of defect concentration as
seen from the D/G ratio. We verified that the graphene crystal-
linity remained unchanged by monitoring a simple parameter
that is also another indication of disorder: the 2D peak width
(Fig. S8, ESIf). We systematically observed that the 2D peak
width of 38 em™' did not change after PSBr which further
supports our hypothesis. Moreover, we observe a shift in the 2D
band position in agreement with previous reports on electro-
static doping by charged impurities.>**** After the SI-KCTP, the
Raman signatures of P3HT around 1450 cm™* and 1380 cm™*
corresponding to the C=C and C-C vibrations of the thiophene
ring are readily observed in the G-PS-P3HT carpet (Fig. 2e)
confirming a successful polymer growth.”*>*

Light absorption and emission

The P3HT brushes on graphene of G-PS-P3HT reproducibly
displayed uniformly a brownish/red color across the substrate
(Fig. 3a). The reference G-PSBr film on the copper foil shown on
the left is the colorless reference sample. The G-PS-P3HT
showed solvation chromism similar to free P3HT in solution.
Their color changed from fuchsia in a good solvent (THF) to
dark violet in a bad solvent (methanol), and finally to dull
brownish in the dry state, due to a transition from the less (twisted)
to a more (planar) conjugated conformation for regioregular P3HT.**
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Fig. 3 Light absorption. (a) Photographs of graphene-PSBr on copper and after grafting with P3HT layer in the dry state and in two solvents (MeOH and
THF). (b) The free-standing G-PS-P3HT carpet. (c) G-PS-P3HT on the Au/Si wafer. (d) UV/Vis spectra of P3HT dissolved in THF, drop-cast and grafted
G-PS-P3HT. (e) UV-vis spectra of the G-PS-P3HT with different thicknesses. The thickness for the PSBr layer (ca. 17 nm) is identical for all the samples.
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These results also imply the conformational freedom of P3HT
chains despite the fact that they are tethered to the substrate.
The G-PS-P3HT is mechanically robust and a free-standing
polymer carpet was obtained by etching away the Cu foil
(Fig. 3b), and the carpet can be simply transferred on any other
substrates for various characterizations and applications, e.g.
the Au/Si wafer as shown in Fig. 3c.

It is accepted that the increase of the degree of polymerization
of regioregular P3HT results in a gradual bathochromic shift in
the UV absorption spectra, especially in a bad solvent.”>® We
observed that the G-PS-P3HT carpet of different thickness
obtained by SI-KCTP have absorption intensities that system-
atically increases with the thickness as expected (Fig. 3e). In the
sample with the thickest brush (260 nm), we observed the
appearance of fine structure peaks in the regions around
528 nm and 605 nm. This is indicative of a progression of the
nm-1* transition related to the C—C vibrational transition, and
is a characteristic of regioregular P3HT. It has been confirmed
that these additional absorption peaks are related to the
planarization of the conjugated system.>”>® The polymer obtained
from the same reaction solution was measured as a reference. As
might be expected, the peaks due to inter-polymer interactions
could not be observed when the P3HT was dissolved in THF, and
are barely visible for P3HT cast films on the same substrate type
(Fig. 3d).

By exciting the thin film with a laser (A = 514.7 nm) in
resonance with the absorption band, a photoluminescence (PL)
emission covering a wide spectral range from the visible to the
near infra-red was detected, which gave evidence for the P3HT/
graphene interaction regarding the preparation methodologies.
Reference P3HT samples were prepared by drop-casting on Au
and on Au/G substrates. The cast films with similar thickness
(ca. 200 nm) exhibited a low PL intensity band centered at
630 nm as can be seen from the first two curves in Fig. 4a. There
is an obvious effect of the graphene interlayer in the PL emission
for the drop-cast samples, since the graphene can enhance
the crystallization of P3HT on its surface which has been
demonstrated recently.’>®® The covalently grafted G-PS-P3HT
film shows a significant increase of the PL band intensity and
broadening. In contrast, previous studies of the PL of P3HT-based
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graphene composites prepared by ex situ polymerization have
shown a quenching effect.”" The opposite effects on PL intensity
are probably due to the covalent bonding nature of P3HT with
graphene in the G-PS-P3HT carpet. Similar to our results, it
has been reported that, in covalent bonded P3HT-graphene
composites (prepared by in situ oxidative polymerization), the
PL intensity increases with an increase in graphene concentration,
and no photoluminescence quenching occurred.®> The higher PL
in the P3HT-based composites by in situ polymerization can be
attributed to a more planar conformation of thiophene rings®?
or/and enhanced excitation based energy transfer from the
graphene to the P3HT.** The strong enhancement in the PL
intensity of G-PS-P3HT was further confirmed by measuring the
PL intensity mapping of the patterned G-PS-P3HT carpet by
plotting the emission intensity at 570 nm (Fig. 4b). There is a
drastic difference in the PL intensity on the UV irradiated
pattern on the graphene surface as visible from the color
contrast of the PL map, which corroborates the Raman mapping
and the AFM image of the patterned G-PS-P3HT (Fig. S9, ESIt).

G-PS-P3HT/MoS,, heterostructure for light harvesting

The chemical grafting of P3HT has proven to be an excellent
method to improve the PL of the polymer material which is a
key parameter for the improvement of optoelectronic perfor-
mance. However, low photoluminescence was found to be one
of the main limitations for material choice in optoelectronics.®®
Given the correlation between PL and electroluminescence, the
tuning of the PL emission suggests the potential of using the
hybrid G-PS-P3HT carpets in optoelectronics such as light
harvesting. We demonstrate this potential by studying a hetero-
structure made of G-PS-P3HT and MoS, flakes. The aim was to
find out whether charge carriers can be dissociated at the
interface. The schematic structure of the prepared device is
shown in Fig. 5a. The AFM image in Fig. 5b shows one MoS,
flake on the P3HT layer on which the measurements were
performed. The monochromatic excitation for the I-V char-
acterization was the same as used in the Raman and PL spectro-
scopic measurements, namely 2 = 514.7 nm. This excitation
energy matches a maximum in the absorption of P3HT (Fig. 3).
The significant quenching of the PL shown in Fig. 5¢ suggests

Fig. 4 Photoluminescence. (a) Photoluminescence (PL) spectra of G-PS-P3HT carpet and drop-cast P3HT on Au and Au/G under 514.7 nm excitation.
The G-PS-P3HT carpet shows a much higher PL intensity and a broader PL spectral range as compared to drop-cast samples. All the films had similar
thicknesses. (b) PL map of the patterned G-PS-P3HT carpet obtained by plotting the intensity at 570 nm under 514.7 nm excitation.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Energy harvesting using a two-dimensional MoS, flake as an n-type material. (a) Schematics of the current sensing AFM (CSAFM) of the hybrid
heterostructure under illumination. (b) AFM height scan of the region around a MoS, flake. The “*" marks the position where /-V curves in (d) were recorded. (c) The
quenching of PL intensity from P3HT with MoS, evidences the charge-transfer between the two layers. (d) Photocurrent of G-PS-P3HT, MoS, on G-PS-P3HT and
MoS; on graphene. The light conversion is evidenced by the photocurrent in the /-V curve shown in (e) with and without illumination at 4 = 514.7 nm.

that efficient electron-hole separation occurs at the P3HT/MoS,
p-n interface. The I-V characterization results demonstrate that
the photocurrent can be strongly enhanced in the region where
the MoS, is deposited (on G-PS-P3HT carpet) as compared to
MoS, on graphene, while on the bare G-PS-P3HT carpet the
current was negligible (Fig. 5b). Simultaneous topographic and
current images were measured to confirm the significant
enhancement in the photocurrent at the heterostructure (Fig. S10,
ESIT). In addition, the variation of I-V curves under dark and
illumination demonstrate the potential of the films for photo-
electrocatalytic applications. The device exhibits pronounced
photovoltaic behavior with a short-circuit photo current density
of ca. 0.3 mA cm™?, which is much larger than the results
obtained from other MoS,-based solar cells,*®®” but lower than
that of common solar cells,’® which is likely attributed to the
large roughness and poor contact of the interface. An interesting
perspective is to quantify the efficiency of such solar cell, not
only at the nanoscale but at the device level. Towards this
demonstration, a better choice of the top electrode material
and a suitable deposition approach should be achieved in order
to ensure the appropriate energy band alignment for charge
separation and diffusion. Also the characterization under full
spectral illumination is to be investigated.

Conclusion

We demonstrate a robust and general methodology in the
fabrication of conductive polymer carpets based on CVD graphene
and P3HT using the combined surface-initiated polymerization
means of SIPGP and SI-KCTP. Raman spectroscopy shows that the

J. Mater. Chem. C

sp” and sp® nature of graphene is conserved after incorporation of
the initiator and P3HT. The covalent grafting of P3HT on graphene
produced stable conductive polymer carpets (i.e. G-PS-P3HT) that
are mechanical robust and ready for transferring to arbitrary
substrates. More importantly, the inter-chain absorption of P3HT
was significantly improved as revealed by PL enhancement in
contrast to the cast P3HT films. The energy harvesting capability
was demonstrated by the generation of a photocurrent from the PL
quenching of G-PS-P3HT with an n-type MoS, to form p-n hetero-
structures. We expect that the G-PS-P3HT carpet developed in this
work is a promising material to manufacture a wide variety of
flexible, highly conductive, and large-area electrodes potentially
useful for optoelectronics.

Experimental

Materials

tert-Butyl magnesium chloride (1.0 M solution in THF),
tetrakis(triphenylphosphine)nickel(0) (Ni(PPh;),), 2,5-dibromo-
3-hexylthiophene, 1,3-bis(diphenylphosphino)-propane, toluene
(dry), THF (dry, stabilizer free) and chloroform were purchased
from Sigma-Aldrich (Steinheim, Germany) and used as received.
4-Bromostyrene (97%, Sigma-Aldrich) was purified by passing
through a basic alumina column to remove the inhibitor,
degassed and distilled. Single-layer CVD graphene was purchased
from the Graphene Supermarket (Graphene Laboratories Inc.,
Calverton, NY, USA) as 4” x 2" sheets on a 20 um thick Cu foil
and used as received. The quality of each sheet of being a single
layer graphene was checked by Raman spectroscopy, AFM and
optical microscopy.

This journal is © The Royal Society of Chemistry 2018
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Graphene transfer. For the transfer of pristine or functionalized
graphene, the samples were spin-coated with PMMA (Allresist
GmbH product no. AR-P671.04, dissolved in chlorobenzene) and
cured at 90 °C for 10 min. The Cu substrate was etched away within
2 h by an aqueous solution of ammonium persulfate (0.25 ¢ mL ™).
The PMMA/graphene film was rinsed with deionized water and
transferred to the target substrate. PMMA was removed by
thorough rinsing with acetone.

Poly(bromostyrene) (PSBr) brush on graphene

The PSBr grafting on graphene was performed analogously as
described before with 4-bromostyrene.”'* After SIPGP, the samples
were thoroughly rinsed with a series of solvents (toluene, ethyl
acetate, and ethanol) to ensure that only chemically grafted PSBr
remained on the substrate.

Poly(3-hexylthiophene) (P3HT) brush on PSBr

Grignard-functionalized monomer. Under dry argon, a dry
flask was charged with 2,5-dibromo-3-hexylthiophene (214 pL,
0.96814 mmol) and anhydrous THF (10 mL). A 1 M solution of
tert-butyl magnesium chloride in THF was added. The mixture
was stirred at 32 °C for 24 h prior to use.

Surface-initiated Kumada catalyst transfer polycondensation
(SI-KCTP). The catalyst solution was prepared in a glovebox, in
an oven dried (120 °C, 4 h) flask with 20 mg of Ni(PPh;),
dissolved with 20 mL of anhydrous toluene. The G-PSBr sub-
strates were transferred into a tube with 1 mL of the catalyst
solution (4.3 x 10~* mmol mL™") and left up to 24 h. After-
wards, 1,3-bis(diphenylphosphino) propane (1 mg, 2.4 X
10~* mmol) was added to the crude solution for ligand exchange.
The solution was left for 2 h and 1 mL (9.6 x 10~ > mmol mL %)
Grignard-functionalized monomer solution (Mmonomer/Mni = 220)
was added and the samples were shaken for 3 min. Polymeriza-
tion occurred at r.t. for the times indicated. The samples were
removed from the solution, washed with excess of THF for
5 min under shaking and finally rinsed extensively with THF,
chloroform and ethanol (three cycles) to ensure that only
covalently bound polymers remained on the samples. The
P3HT formed in solution was collected by precipitation (methanol),
filtration and again washing with methanol (3 x 15 mL), and drying
in vacuum.

Micropatterned G-PS-P3HT carpet

Patterned PSBr polymer brushes were prepared as described
above by SIPGP in bulk 4-bromostyrene using a 400 mesh Cu
TEM grid as a photomask and consecutive SI-KCTP.

Deposition of thin MoS, flakes. Single crystals of MoS, were
kindly provided by Dr Emmanuelle Lacaze, Institute des Nano-
Sciences de Paris, France. The deposition and characterization
of the thin flakes on the P3HT brush was performed as reported
previously.®®

Characterization

Atomic force microscopy (AFM) was performed with a custom-made
NTEGRA AFM from NT-MDT (Moscow, Russia) in tapping mode
using commercially available Si tips under ambient conditions.
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Current sensing AFM (CSAFM) was performed with an Agilent
AFM 5420 (USA) in contact mode using custom-made silver
cantilevers. UV spectra were recorded on a Perkin-Elmer Lambda
35 spectrometer. Raman and photoluminescence spectroscopy
measurements were performed with a Horiba JY Labram HR800
spectrometer (France) under 514.7 nm laser excitation at a power
of 1.5 pW using diffraction gratings of 600 lines per mm. Raman
and PL mapping was performed with a Marzhiuser microscope
scanning stage (Germany) using a 100x objective (N.A. 0.9). X-ray
photoelectron spectroscopy was performed at a base pressure of
1.4 x 10~° mbar with Mg K radiation at an operating power
of 10 mA at 15 kV. Gel permeation chromatography (GPC)
was performed using a UV-975 intelligent UV/vis detector
(/4 = 450 nm, JASCO) running under THF (25 °C, 1 mL min ")
as eluent and calibrated against styrene standards (PSS, Mainz,
Germany). "H NMR spectra were recorded on a Bruker DRX 500
spectrometer at r.t. with CDCI; as the solvent. Grazing incident
X-ray diffraction was carried out for characterization of structural
properties of the G-PS-P3HT carpet using a Bruker D8 Advance
diffractometer. The measurement was carried out at an incident
angle of omega = 0.5°, with data collection performed over a
range of 4 to 40° 2-theta, at a step width of 0.02° and a time of
5 s per step.
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