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Abstract

Conjugated polymer brush (CPB) films are more robust and exhibit more
vertically aligned polymer chains than their spun-cast analogs. We prepare
CPB films of poly(3-hexylthiophene) (P3HT) by coupling an amine-terminated
surface (ATS) formed from (3-aminopropyl)triethoxysilane (APTES) on Si/SiO,
to 4-bromobenzoic acid using standard, inexpensive peptide coupling reagents.
The resulting terminal bromobenzene is reacted with Pd(PtBus), and
immersed in the monomer solution. X-ray photoelectron spectroscopy, spectro-
scopic ellipsometry and static water contact angle measurements confirm the
surface chemistry at each stage of P3HT CPB preparation. Atomic force
microscopy(AFM) and UV-vis spectrophotometry indicate that the CPB films
prepared by this method exhibit similar morphology and optical properties to
those produced from other methods of poly(3-alkylthiophene) CPB film prepa-
ration. Variations of the standard approach, such as using a pre-synthesized
silane counterpart or with (11-aminoundecyl)triethoxysilane, show compara-
ble film morphologies by AFM. This method is used to produce the first CPB
film of poly(3-dodecylthiophene), showing its utility for exploring CPB films of
more sterically demanding polymers. Peptide coupling is used to prepare an
analogous functionalized thiol for initiating P3HT CPB film growth from Au
surfaces, and microcontact printing with this thiol allows preparation of the
first patterned CPB film of P3HT.
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1 | INTRODUCTION

Conjugated polymer brush (CPB) films are materials in
which the conjugated polymer chain is covalently bonded
to a substrate, resulting in a polymer chain whose orien-
tation with respect to the surface is more vertical than
spun-cast conjugated polymer films." The higher anisot-
ropy of these films result in improved properties such
as lower electrical resistivity' and higher thermal
conductivity,” which are attractive properties for the next
generation of organic electronic devices. The covalent
nature of the surface attachment creates a more ordered
and robust film® that leads to improved performance as a
hole-transport layer in a polymer solar cell* and higher
interfacial resistance leading to larger intrachain carrier
mobility in an organic spin valve device.” CPBs have been
successfully prepared from nanosurfaces such as carbon
nanotubes,® silica nanospheres and nanocrystals,”® gold
nanoparticles,” and dispersed reduced graphene oxide.'®
Finer vibronic structure is observed versus the solution-
phase polymer counterpart on the nanotubes, which is
reflective of a high degree of order and planarization of
the polymer on the surface.’

To achieve high grafting density and overall film
quality, a grafting-from approach, in which polymeriza-
tion is initiated from a functionalized surface and contin-
ued by a chain-growth mechanism, is preferred for CPB
films. The n-system along the backbone lends itself to a
cross-coupling approach known as catalyst-transfer poly-
condensation (CTP) in which the metal catalyst coordi-
nates to the m-electron system and “chain walks” to the
end of the chain to oxidatively insert into the aryl halide
moiety, regenerating the initiator and re-starting the pro-
cess to add another monomer.!" To initiate the CTP, the
surface is functionalized by the catalytic initiator, typi-
cally Ni or Pd, by oxidative addition of the metal into an
aryl bromide or iodide anchored to the surface. The arene
can be a benzene or thiophene, and in some cases an
ortho-methyl substituent is present due to evidence in
the solution-phase CTP literature that it helps initiate
polymer growth.'? The initiating arene is typically grafted
to the surface through a self-assembled monolayer (SAM)
or a surface that has been chemically functionalized.

Despite the promise of CPB films for applications in
organic electronics, to date there are only a handful of
reports on their preparation on large planar substrates
such as indium tin oxide™'*™*® silicon oxide,'*'® and
gold."*'” The surface functionalization strategies used typi-
cally hold the Ni or Pd initiating complex close to the sur-
face, with the arene ligand being either directly attached
to the surface®'® or separated by a single carbon (a benzyl
moiety)."*'® Surface functionalization with longer alkyl
tethers require either multistep synthesis'>'® or are limited

to specialized chemicals that can be purchased.” As a
result, studies on how the underlying surface chemistry
influences the CPB film properties are limited.

To fill this gap, we have devised a straightforward
method of preparing chemically functionalized surfaces
capable of CTP initiation by using standard peptide cou-
pling reagents to modify the terminal amine moiety of ami-
noalkylsilanes, such as (3-aminopropyl)triethoxysilane
(APTES), on SiO, with 4-bromobenzoic acid, all of which
are commercially available precursors (Scheme 1). Amine-
terminated surfaces (hereafter referred to as ATS) such as
APTES have long been used as a starting point for building
more complex engineered surfaces including polymer
brushes.”>** The peptide coupling used in this method can
be performed directly on an ATS (ATS-first approach,
Scheme 1 blue box), which can simplify purification, or
prior to surface functionalization (synthesis-first approach,
Scheme 1 gold box), which can be better in cases where the
preparation of an ATS such as that of 2-aminoethanethiol
on Au is less straightforward than that of APTES on
Si/SiO,. It should be noted that the term self-assembled
monolayer (SAM) is often used in the literature to describe
similar surface treatments, but as described by Xia et al,,
true SAMs have specific requirements of being high density
2-D quasicrystalline molecular layers which tend to be self-
healing and defect-rejecting.® Surfaces modified by APTES
and similar molecules, while often called SAMs in the
literature, do not meet the definition of self-assembly
since the surface is not self-limiting and is not well-
ordered.”®*” In this report, x-ray photoelectron spectros-
copy (XPS), spectroscopic ellipsometry (SE), and static
water contact angle measurements are used to confirm
the structures of all stages of CPB film preparation for
the well-studied benchmark®®*° conjugated polymer
poly(3-hexylthiophene) (P3HT). Atomic force microscopy
(AFM) indicates that variations of this preparation, such
as pre-synthesizing the silane surface functionalization
precursor or using commercially available aminoalkylsi-
lane with a longer alkyl tether, does not significantly
impact the resulting polymer film morphology. While we
focus most of our studies on P3HT grown from SiO, sur-
faces, we show the versatility of our method for other
surfaces by using an analogous thiol ATS on an Au sur-
face prepared using the synthesis-first approach. We
additionally utilize this thiol in microcontact printing
(LCP) to produce a patterned CPB film of P3HT, which is
the first such example of a patterned P3HT CPB film and
to our knowledge, only the second example of a pat-
terned CPB films overall,®> and which illustrates the
potential of this technique for creating more complex
CPB film architectures on planar surfaces.

Interestingly, in contrast to most reports on CPB films,
our surface preparation method allows us to grow P3HT
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SCHEME 1

Use of amine-terminated surfaces in the preparation of poly(3-hexylthiophene) (P3HT) conjugated polymer brush (CPB)

films through an amine-terminated surface (ATS)-first route (blue box), which has advantages for using (3-aminopropyl)triethoxysilane

(APTES) on Si/SiO, surfaces, and a synthesis-first route (gold box), which gives better results in using aminoalkane thiols on Au surfaces.

CPB films as well as the even more sterically demanding
poly(3-dodecylthiophene) (P3DDT). The majority of reports
on CPB films grow poly(3-methylthiophene) (P3MT) or
polythiophene (PT) rather than P3HT, which is justified for
two reasons. First, because the CPB film is grown directly
from the surface, rather than being deposited from solution,
the bulky solubilizing hexyl group of P3HT is not needed.
However, a second reason that the CPB film literature is
dominated by P3MT and PT is that the steric bulk of the
hexyl group of P3HT has been found to prevent efficient
polymerization in the film state.">'”*! The two reports that
did grow a P3HT CPB film on a large planar surface used a
cross-linked poly(3-bromostyrene) film to initiate polymer
growth,'®** rather than a direct treatment of the surface
itself. Consequently, head-to-head comparisons of CPB films
to conjugated polymer films formed from more traditional
methods such as spin-casting, have been precluded. There-
fore, our methodology, which allows the growth of CPB
films of more sterically demanding but organic solvent-
soluble polymers could provide a path forward not only for
such studies, but also for the preparation of even more com-
plicated conjugated polymer structures in the future.

2 | RESULTS AND DISCUSSION

2.1 | Synthesis of P3HT CPB films onto
SiO, substrates

Preparation of the P3HT CPB films on oxidized silicon
wafers began by the preparation of the ATS by immersion
of O, plasma cleaned oxidized silicon wafers into a 2% v/v

solution of the APTES in acetone (Scheme 2). Static deio-
nized water contact angles of APTES terminated surfaces
were used to confirm surface functionalization, with aver-
age values of 56.1° + 2.0° increasing from 4.2° + 0.9° for
the plasma cleaned SiO, substrates (Tables S1 and S2 have
complete contact angle data). The ATS was then further
functionalized with a terminal bromobenzene group
(4BB SAM) by coupling the terminal amine of the
APTES-derived surface to 4-bromobenzoic acid using the
standard peptide coupling reagent N-(3-dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI),
along with catalytic 4-dimethylaminopyridine (DMAP).
Contact angle measurements indicate that amide coupling
happens quite quickly, with water contact angles of ~80°
after 15 min. To ensure high-quality functionalized sur-
faces, we left them in solution overnight to give average
contact water angles of 81.0° + 1.6°.

The 4BB SAM was then functionalized with the catalytic
initiator. Similar to the reports of others,"” we found that
surfaces functionalized with Ni initiators were capable of initi-
ating polymer growth but the films formed were not confor-
mal, with some regions showing thick polymer films and
some regions showing no polymer at all. We suspect that this
behavior may be due to increased reactivity of the Ni catalysts
both in the polymerization and in undesirable side reactions
that terminate polymer growth such as catalyst disproportion-
ation. Films functionalized with palladium initiators provided
much more reproducible results, and our ATSs were functio-
nalized with Pd by submersion of the substrates in a solution
of Pd(P+-Bus), in toluene. Water contact angles were not
obtained for this step due to concerns regarding the stability
of the Pd species in direct contact with water.
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SCHEME 2 Amine-terminated functionalization and polymerization to produce poly(3-hexylthiophene) (P3HT) conjugated polymer
brush (CPB) films on Si/SiO, using the amine-terminated surface (ATS)-first approach.

The monomer for polymerization of P3HT is generated
in situ by a magnesium-iodine exchange between the
2-bromo-3-hexyl-5-iodothiophene and a commercially
purchased solution of the Grignard reagent isopropylmag-
nesium chloride (iPrMgCl). Monomer addition to the
growing polymer chain in the CTP mechanism involves
a terminal thiophene bromide into which the initiator
oxidatively inserts and then couples with the Grignard-
functionalized end of the next monomer. Therefore,
optimal polymerization efficiency of this AB-type polymer-
ization relies on a clean exchange reaction at the 5-iodo
position of the monomer precursor with minimal bismag-
nesiothiophene byproduct formed, because the incorpora-
tion of such a species into the growing chain would be
incapable of continuing the CTP cycle. On the other hand,
chain length in chain-growth mechanisms such as CTP
are proportional to the [monomer]:[initiator] ratio so it is
also desirable to convert as much as the monomer precur-
sor into the active monomer as possible. Because it is com-
mon for commercial Grignard concentrations to deviate
from the value indicated on the bottle, we have found that
titration of the Grignard solution immediately prior to
monomer formation is imperative. While many titration
procedures for alkyl Grignard reagents are available, in
our hands we obtained the best results using I, in a solu-
tion of LiCl in THF.*®> We used a volume of iPrMgCl solu-
tion that ensured that the amount added fell into a
window of 0.95-1.00 stoichiometric equivalents with the
monomer precursor. After monomer generation, our Pd-
functionalized substrates were immersed in the monomer
solution for 22 h to allow full polymerization.

2.2 | X-ray photoelectron spectroscopy

In order to confirm that each step shown in Scheme 2
was successfully accomplished on an oxidized Si sub-
strate, we performed XPS with samples removed after

each reaction step. Figure 1A shows XPS survey scan data
from 0 to 700 eV normalized to the O 1s peak for each of
the five reaction steps using oxidized Si substrates, from
plasma-cleaned thermal SiO, to the P3HT CPB film. XPS
is an ideal spectroscopic technique to monitor these
sequential reaction steps because there should be a
unique surface chemical signature after each successive
reaction. The bottom (black spectrum) XPS survey scan is
for the unfunctionalized ~100 nm thermally oxidized
SiO, film on a Si wafer and thus the only elements
observed should be due to Si and O which occur at bind-
ing energies of 102.3 and 531.7 eV for the Si 2p and O 1s
signals, respectively (high resolution elemental XPS scans
for each element reported are available in Figures S5-S11.
Atomic percentages for each element are reported in
Table 1). After the APTES deposition (red spectrum
in Figure 1A), there are new peaks at binding energies of
399.1 and 284.9 eV for the N 1s and C 1s peaks, respec-
tively, in addition to the substrate Si and O peaks.

The XPS spectrum of the 4BB SAM, created by for-
mation of an amide between the terminal amine of the
APTES functionalized surface and 4-bromobenzoic acid,
shows peaks due to the terminal Br at binding energies
of 70.2 eV (Br 3d) and 256 eV (Br 3s), shown in the pur-
ple spectrum in Figure 1A. High resolution XPS shows
that the C 1s peak (Figure 1B) is broader compared to
the APTES terminated surface (Figure S5.c) with peaks
fitted at 284.8 eV (35.0% of peak area), 285.7 eV (28.8%
of peak area), 286.7eV (18.6% of peak area) and
287.9 eV (16.7% of peak area). These binding energies
correspond to C—C bonding in the APTES hydrocarbon
chain and the benzene ring, the C—Br bond, the C—N
bond, and the C=0O bond of the amide, respectively.
The O 1s peak also has a small shoulder at 533.7 eV
(9.83% of peak area) due to the C=O bonding in the
amide linker (see Figure S6.f) in addition to the SiO,
bonding from the substrate and the silane bonds of the
APTES at 531.1 eV.
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FIGURE 1 (A) X-ray photoelectron spectroscopy (XPS) survey scan from 0 to 700 eV of O, plasma-cleaned Si/SiO, substrate (black),
(3-aminopropyl)triethoxysilane (APTES) treated Si/SiO, (red), 4BB terminated (purple), Pd treated 4BB film (green), P3HT CTP film (blue).
Survey spectra were normalized to the O 1s peak and charge compensated to the C 1s peak at 284.8 eV; (B) C 1s scan from the 4BB sample.
(C) Pd 3d scan from the Pd insertion step. (D) C 1s scan from the Pd insertion step. (E) C 1s scan of the P3HT film. High resolution XPS
spectra colors correspond to survey scan colors.

TABLE 1 X-ray photoelectron spectroscopy (XPS) elemental chemical environment of the Pd atom in the terminal
atomic percentages as measured by XPS of each reaction layer complex. The Pd° peaks at ~334 and 340 eV are consistent
starting with SiO, substrate. with expected phosphine ligand backbonding to form the

Pd—P dative bond. Another possibility is the existence of

Surface termination layer . . . . . ]
physisorbed Pd species due to disproportionation during

Element  SiO,  ATPES  4BB Pd P3HT the initiation reaction, which was not completely removed
Br3d - - 0.65 024 - by rinsing. The XPS signal for Pd" at ~336 and 341 eV
Si 2p 2777 30.44 2387 2241 8.53 would be consistent with the presence of both Pd-C and
S 2p B B B B 251 Pd-Br bonding found in the Pd complex. Unfortunately,

this is also the expected binding energy which would
C1ls 1.05 1831 1262 2922 7327 ) . . o

result in the possible partial oxidation of the Pd—Br bond
Pd 3d 572 N N N 0.99 N to form Pd—O in transferring the samples from the glove-
N1s - 1.66 216 216 0.73 box to the XPS instrument. Because of the existence of sev-
0 1s 7218  49.59 60.71 4446  14.97 eral unique Pd bonds in two oxidation states, and the

possibility of the Pd—O bond, we cannot definitively assign

the species responsible for the Pd 3d peaks but note that

The green spectrum in Figure 1A is from the Pd inser-  the peaks are consistent with the expected bonding on the
tion step, showing a Pd doublet at ~335 and ~340 eV  surface and prior literature.'” Figure 1D shows the C 1s
from Pd 3d 5/2 and 3d 3/2 electrons, respectively, shown spectrum of the Pd catalyst surface fitted with three peaks
in high resolution XPS in Figure 1C. The Pd 3d peaks  at binding energies of 284.8 eV (61.8% of peak area),
have been fitted with four peaks at binding energies of  286.1 eV (33.9% of peak area) and 287.5 eV (4.3% of peak
334.6 eV (37.8% of peak area), 336.4 eV (17.0% of peak area). These binding energies are consistent with C—C
area) for the 3d 5/2 peak, and 339.6eV (25.7% of  bonding in the aromatic ring, APTES hydrocarbon chain
peak area) and 341.4 eV (19.5% of peak area) for the 3d and t-Bus carbons at the surface, the C—P, C—N and
3/2 peak. Prior literature on an analogous Pd catalyzed C—Pd bonds, and the C=0 bond in the amide, respec-
P3MT CPB polymerization has reported that the two tively. The intensity of the Br signal decreases after Pd
peaks are due to palladium atoms in Pd® and Pd" oxida- insertion; this may imply that the Pd-functionalized head-
tion states."” The authors were unable to identify the groups of the surface may undergo disproportionation,'”
exact species of these peaks due to the complexity of the though the partial oxidation due to transferring the sample
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to the XPS instrument as discussed above may also result
in this decreased signal.

Finally, the blue spectrum in Figure 1A shows the
complete P3HT CPB film, with peaks due to S in the thio-
phene moiety observed at 164.1 eV (S 2p) and 228.0 eV
(S 2s). Note that as the P3HT film is sufficiently thick, the
N peak is near the detection limit of the instrument and
the Si and O peaks are greatly diminished as the mean
free path of the XPS generated electrons is exceeded with
the APTES templating layers and the polymer film on top
of the substrate. Figure 1E shows the C 1s region for the
P3HT films which we have fitted with two peaks at
284.8 eV (58.5% peak area) and 286.2 eV (41.5% peak
area). These peaks are assigned to the C—C bonding in
the polymer and the C—S bond in the thiophene moiety,
respectively. The peak shapes and binding energies for
the C 1s regions of the 4BB SAM (Figure 1B), the Pd
complex surface (Figure 1D) and the P3HT film
(Figure 1E) show the evolution of the carbon bonding
present with each subsequent reaction step and the final
P3HT film exhibiting a large contribution due to C—S
bonding in the thiophene ring. The lack of a Br signal in
the P3HT CPB film indicates that disproportionation
between Pd-functionalized polymer chain ends may be
the mechanism of chain termination, as Pd dissociation
prior to oxidative addition to the chain end through a
CTP process would leave the terminal thiophene-
bromine bond intact, resulting in a bromine signal."”

2.3 | Spectroscopic ellipsometry

Table 2 shows the thickness and optical properties of
each reaction layer measured by SE except for the Pd cat-
alyst step that were monitored in the XPS experiment
with samples that were prepared at the same time for
XPS, SE, AFM and contact angle analysis. The Pd step
rapidly oxidizes and was impractical to prepare in a glo-
vebox and then perform SE at another location. The
thickness measured by ellipsometry of the APTES layer
indicates that this is not a monolayer but is actually a
multilayer film.*® It has been shown that APTES can
form zwitterions in solution and at film surfaces due to
favorable head-to-tail group interactions resulting in

TABLE 2  Spectroscopic

ellipsometry calculated refractive index Layer

and film thickness.
Thermal SiO, on Si
APTES on SiO,
4BB SAM

P3HT

multilayer APTES films.>**> A single layer APTES film
would be expected to have a thickness of 0.7 nm.>’ Ellip-
sometry indicates that the thickness of the P3HT film is
approximately 10 nm, which is consistent with results
obtained through scratch profilometry. This value is thin-
ner than the 40-70 nm'® and 100-200 nm** values that
have been reported for P3HT CPB films grown with Ni
catalysts from cross-linked polystyrene films, but it is
thicker than other attempts to grow P3HT CPB films
directly from functionalized surfaces.'’

24 | Atomic force microscopy

In a similar manner, AFM data was taken for the APTES,
4BB and P3HT films after each reaction step and are
shown in Figure 2. The z-range of the APTES and 4BB
layers were 2.0 nm for Figure 2A,B. Both surfaces are flat
and uniform with relatively few features. The RMS sur-
face roughness of the APTES film (Figure 2A) is 0.22 nm
while the RMS roughness of the 4BB film is 0.51 nm
(Figure 2B). The low surface roughness of both of these
films is comparable to the regime that Howarter and
Youngblood have termed “smooth but thick” APTES
films. This would suggest that despite the fact that there
is not a monolayer of APTES, the resulting surface would
have a uniform ATS enabling further chemical proces-
sing. The P3HT film (Figure 2C) is shown with a 10 nm
z-range and exhibits an increased RMS surface roughness
of 2.45 nm. It exhibits periodic columnar peaks roughly
50 nm in size, which is consistent with the morphology
reported in prior literature for P3MT on indium tin
oxide." Imaging of the sample shown in Figure 2C at a
higher resolution (1.5 x 1.5 pm) provides a clearer view
of these columnar peaks (Figure S12).

2.5 | UV-visible spectrophotometry

The optical properties of the CPB film were analyzed
via UV-vis spectroscopy by preparing the CPB films on
optically transparent glass microscope slides by a simi-
lar method to what was described above for oxidized
silicon wafers. The P3HT CPB film has a A, value of

Refractive Calculated Mean square
index (n) thickness (d) (nm) error (MSE)
1.465 99.0 3.1

1.40 6.5 4.0

1.40 3.8 1.5

1.64 9.0 4.4
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FIGURE 3 UV-vis spectra of poly(3-hexylthiophene) (P3HT)
conjugated polymer brush (CPB) films of polythiophene after
immersion in chloroform. Data has been baseline corrected in the
non-absorbing region of 800 nm and normalized.

442 nm (Figure 3, blue trace), which is consistent
with that reported for surface-grafted P3HT'® and
poly(3-methylthiophene) (P3MT)."'* This indicates that
our method generates CPB films of similar quality to
those reported in the literature and underscores the
utility of our straightforward method of preparing ATSs
capable of initiating CPB film growth for further
applications. This Ay, value is blue-shifted compared
to non-grafted P3HT films drop cast from solution
(Figure 3, black trace), indicating that the P3HT CPB
exhibits shorter conjugation lengths along its polymer
backbone than non-grafted P3HT, perhaps due to greater
conformational freedom, which impacts its aggregation
behavior.

10 x 10 pm atomic force microscopy images of (A) (3-aminopropyl)triethoxysilane (APTES)-treated Si/SiO, (2.0 nm
z-range); (B) 4BB reacted with APTES (2.0 nm z-range); (C) poly(3-hexylthiophene) (P3HT) conjugated polymer brush (CPB) film
polymerized from 4BB/Pd terminated surface (10.0 nm z-range). Scale bar = 2 pm for all images.

2.6 | Alternative SAM and polymer
preparations

After successfully demonstrating the growth of P3HT films
on SiO, from an APTES-functionalized surface, we were
interested to see how modifications to the ATS preparation
procedure would impact the production of our P3HT
CPB films. We investigated creating the 4BB surface
modification using pre-synthesized 4-bromo-N-(3-(triethox-
ysilyl)propyl)benzamide in a synthesis-first approach
(Scheme 3A) as well as using 11-aminoundecyltriethoxysi-
lane AUTES), an analog of APTES with a longer alkyl
chain (Scheme 3B). The resulting CPB films were charac-
terized by AFM (Figure 4). The P3HT CPB film morphol-
ogy is similar for all three ATS preparation methods
and structures, indicating that CPB polymerization
from all three methods resulted in comparable polymer
films. These films also show similar morphology to those
reported in the literature,'® as well as literature reports of
polythiophene® and P3MT,"'*'>!® taking into account
that most P3MT CPB films were grown on ITO with only
one report on silicon oxide.'> The surface RMS roughness
is comparable for all three films with the original prepara-
tion of the P3HT CPB film shown in Scheme 2 having
RMS roughness of 2.91 nm (Figure 4A), the 4-bromo-N-
(3-(triethoxysilyl)propyl)benzamide-derived P3HT CPB
shown in Scheme 3A having RMS roughness of 2.15 nm
(Figure 4B) and the AUTES-derived P3HT CPB shown in
Scheme 3B having RMS roughness of 2.54 nm (Figure 4C).
Because the P3HT CPB brush film morphologies are simi-
lar, the ATS-first approach with APTES as the precursor is
the preferred method, as it does not require rigorous purifi-
cation of the precursor as in the synthesis-first approach,
and APTES can be obtained in much larger quantities at
lower cost than the longer chain AUTES.
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Poly(3-dodecylthiophene) (P3DDT) films grown using
2-bromo-3-dodecyl-5-iodothiophene as the monomer

(A) ] YO

(,/NH
Si(OEt); Si continued
/1N ~ P3HTCPB
9009 preparation
4BB surface
(B) Br
°Y©/
NH, NH
Br
Si OH i continued
/N - 8~ P3HTCPB
c|> (I) ? EDC-HCI 000 preparation
DMAP ol
AUTES surface AUTES-4BB surface

SCHEME 3 Alternative amine-terminated surface (ATS)
preparations using: (A) pre-synthesized 4-bromo-N-
(3-(triethoxysilyl)propyl )benzamide to create the 4BB surface and
(B) (11-aminoundecyl)triethoxysilane (AUTES) in place of
(3-aminopropyl)triethoxysilane (APTES).

precursor and the ATS-first preparation with APTES
shown in Scheme 2 produce films with a similar mor-
phology to all of the P3HT CPB films and have compara-
ble contact angles. The RMS roughness of the P3DDT
film was 1.81 nm (Figure 4D) and the water contact
angle = 99.0 + 3.0° which is similar to all three different
types of P3HT CPB films we have prepared. Figure S13
shows a ~30nm thick P3DDT film polymerized for
~19 h starting from an ATS-first surface on SiO,. It
should be noted that the film thickness measured by
scratch cross-section is the total layer thickness including
the P3DDT film as well as the underlying 4BB and
APTES layers. Based on the ellipsometry data from the
P3HT films in Table 2, the P3DDT film is estimated to be
~20 nm thick. This result indicates that the described
methodology can be used even with more sterically
demanding monomer structures, illustrating the potential
of this surface functionalization preparation method for
further exploring the structural parameter space of CPB
films.

2.7 | P3HT polymerization
on Au substrates

We have also applied our strategy for functionalizing
planar substrates of gold surfaces using 4-bromo-N-
(2-mercaptoethyl)benzamide, which was pre-synthesized
from 2-aminoethanethiol and 4-bromobenzoic acid using

FIGURE 4 20 x 20 pm atomic force microscopy images of poly(3-hexylthiophene) (P3HT) conjugated polymer brush (CPB) films grown
from (A) the original preparation from Scheme 2; (B) the synthesized bromine-terminated silane preparation from Scheme 3A; (C) the
preparation from (11-aminoundecyl)triethoxysilane (AUTES) from Scheme 3B; (D) analogous film of P3DDT CPB prepared from Scheme 2.

All images have a z-scale = 10.0 nm.
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SCHEME 4 Preparation of the surface functionalization on Au
for initiating poly(3-hexylthiophene) (P3HT) conjugated polymer
brush (CPB) film formation.
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FIGURE 5 X-ray photoelectron spectroscopy (XPS) survey
scan from 0 to 700 eV of Au/Cr/Si substrate (gold), synthesized
thiol-treated Au film (red), Pd-functionalized surface (green),
poly(3-hexylthiophene) (P3HT) grown by catalyst-transfer
polycondensation (CTP) (blue). All spectra are normalized to the
Au 4f peak and charge compensated to the C 1s peak at 284.8 eV.

peptide coupling reagents, as the initial surface modifica-
tion layer, as shown in Scheme 4. The quality of ATSs of
2-aminoethanethiol (also known as cysteamine) can be
sensitive to concentration and incubation time due to the
amine and thiol moieties competing for binding on
the Au surface.’®*” For this reason, the synthesis-first
route was chosen for this amine-termination preparation.
The Au substrate is immersed in a 1 mM ethanolic solu-
tion of the synthesized ATS solution for 24 h followed by
a reaction with the Pd complex and then the same P3HT
synthesis previously described. XPS survey scans from
0 to 700 eV normalized to the Au 4f peak of each of these
reaction steps are shown in Figure 5 and Table 3 has
summary atomic concentrations. Unfortunately, the XPS
data is not as clean as Figure 1 because there are several
cases of peak overlap between the many strong Au peaks
and both Pd and Br peaks, but each unique chemical sig-
nature can be seen in the four survey spectra in Figure 5

TABLE 3
atomic percentages as measured by XPS of each reaction layer

X-ray photoelectron spectroscopy (XPS) elemental

starting with an Au substrate.

Surface termination layer

Element Au Thiol SAM Pd P3HT
Br 3d - 2.56 - -

Au 4f 70.93 47.6 4.47 17.26
S2p - 0.45 0.88 2.96
C1ls 25.19 30.03 45.33 68.25
Pd 3d 5/2 - - 7.44 -

N 1s - 9.22 1.65 =
O1s 3.88 10.15 40.23 11.53

and the high-resolution scans in Figures S9-S11. The Au
substrate spectrum (gold color) exhibits multiple peaks as
labeled due to Au photoelectrons for the 5d, 5p, 4f, 4d 5/2
and 4d 3/2 and 4p and a small peak due to adventitious C
in the 0-700 eV binding energy range. The reaction of the
thiol ATS layer from Scheme 4 (red spectrum) results in
new peaks due to Br 3p 3/2 at 183.3eV, and 3s at
258.8eV, a N 1s peak at 399.2eV, the C 1s peak
at 284.9 eV and an O 1s peak at 532.2 eV. There is a small
Br 3d peak at 70.4 eV that is close in binding energy with
the Au 5p peak at ~73 eV (Figure S9). The reaction
with the Pd complex (green spectrum) results in Pd peaks
due to Pd 3d (overlapping Au 4d 5/2) at ~335 eV, Pd 3p
3/2 (overlapping O 1s at ~532 eV) and a strong Pd 3p 1/2
peak at 560.7 eV. The lack of a Br signal after Pd insertion
yet successful subsequent polymerization implies dispro-
portionation is occurring between Pd-functionalized head
groups to a bisaryl PA(IT) complex.'® Finally, after the CTP
reaction to form P3HT (blue spectrum), there are new S
peaks due to the 2p and 2s electrons at 163.9 and 228 eV
and the C 1s peak is much more prominent as the polymer
layer is thicker. Figures S9-S11 and Tables S8-S11 have
binding energies, atomic percentages, and high-resolution
scans for each element.

2.8 | Patterning of P3HT films using
microcontact printing

The ease of pCP on Au surfaces lends itself to soft-
lithographic patterning to showcase the utility of our method
as a proof of concept.*® Using a PDMS stamp with 20 ym
pitch features, eicosanethiol (ECT) SAM was microcontact
printed onto the Au surface in order to pre-pattern the Au
substrate with dense hydrophobic methyl-terminated regions
which would prevent the functionalized thiol in Scheme 4
from reacting in the ECT printed regions. The ECT
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FIGURE 6 50 x 50 pm atomic force microscopy image of
poly(3-hexylthiophene) (P3HT) conjugated polymer brush (CPB)
films grown from a Au surface patterned using microcontact
printing (uCP) of eicosanethiol (ECT) and backfilled with P3HT
CPB grafted polymer. Cross-section taking 2.0 pm average as
indicated on image with the dashed lines. Measured step height is
9.5 nm. Z-scale = 20.0 nm.

pre-printed Au substrate was then immersed in a 2 mM
ethanolic solution of 4-bromo-N-(2-mercaptoethyl)benza-
mide for 72 h. Pd-functionalization and polymerization were
performed as described previously. The resulting AFM image
(Figure 6) shows the distinct regions of the ECT patterned
stripe (darker regions) and the surrounding P3HT CPB poly-
mer. The P3HT CPB film morphology grown from the Au
surface is consistent with that observed for the SiO, surfaces
above, although the crystalline domains appear smaller and
there are relatively large defects most likely due to the nCP
process in our laboratory. Also shown on Figure 6 is a cross-
section of the resulting CPB polymer film resulting in
~10 nm thick P3HT layers above the ECT background
which is consistent with the film thickness measured by SE
(Table 2). We have not explored the full range of pCP param-
eters such as minimum feature size, ultimate edge resolu-
tion/fidelity, different masking thiol SAM layers, etc.
although this proof of concept suggests further studies of pat-
terning P3HT CPB films using soft lithography techniques
are needed.

3 | CONCLUSION

In conclusion, we have shown that amine-terminated
alkylsilanes and -thiols can be coupled to aryl halide-
containing carboxylic acids using traditional peptide cou-
pling reagents to produce functionalized surfaces capable
of initiating polymerization to produce P3HT CPB films
on SiO, and Au surfaces, respectively. XPS, AFM, and SE
evidence support the surface chemistry and identity
throughout all stages of the P3HT CPB film formation,
and UV-vis spectrophotometry data suggests, as other
studies have in the past, that the conjugation lengths of
the polymer chains in these CPB films differ from their
non-grafted counterparts. The ATS formation and pep-
tide coupling steps are interchangeable for APTES on
Si/Si0,, as the order does not impact the morphology of
the CPB films. However, because the handling of the air-
sensitive silane functional group can make purification
by column chromatography difficult, it is procedurally
easier to form the ATS first and perform the peptide cou-
pling second. Longer amine-terminated alkylsilanes such
as AUTES can also be used with minimal impact on film
morphology. We have focused on the growth of P3HT
CPB films in this report demonstrating for the first time
that P3HT (as opposed to P3MT and polythiophene) can
be grown from a functionalized surface rather than a
cross-linked film of poly(4-bromostyrene), and this
method is capable of producing CPB films of the more
sterically demanding P3DDT, the first such report to our
knowledge. Using a synthesis-first approach with
2-aminoethanethiol, this methodology of P3HT CPB film
formation is extended to Au surfaces, and microcontact
printing to is used to pattern 20 pm stripes of P3HT CPB.
Because our method of producing templating ATSs only
requires inexpensive, commercially available reagents
that are easily obtained in large quantities, this is an
exciting opportunity to expand the structural library of
CPB films for applications in polymer-based organic
electronics.

4 | EXPERIMENTAL SECTION

41 | Materials

(3-Aminopropyltriethoxysilane (APTES) was obtained from
Aldrich, and 11-aminoundecyltriethoxysilane (AUTES) was
obtained from Gelest; both reagents were stored in a
nitrogen-filled glovebox and used without further purifica-
tion. A 2.0 M solution of isopropyl magnesium chloride was
obtained from Acros, stored in a desiccator, and titrated
prior to use.*®> The following reagents were obtained from
the vendors indicated and used without further purification:
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4-bromobenzoic acid (Oakwood), N-(3-dimethylaminopro-
pyD)-N'-ethylcarbodiimide =~ hydrochloride ~ (Oakwood),
4-dimethylaminopyridine (Oakwood), bis(tri-tert-butylpho-
sphine)palladium(0) (Thermo Scientific), 2-aminoethane
thiol (TCI), 4-bromobenzyl mercaptan (Alfa Aesar), eicosa-
nethiol (Thermo Scientific), anhydrous tetrahydrofuran
(Acros), anhydrous toluene (Acros), anhydrous acetone
(Acros), dichloromethane (BDH), methanol (EMD Milli-
pore), silica gel (Sorbtech). 100 nm thick Au films with a
5 nm Cr adhesion layer were deposited via e-beam evapora-
tion onto Si wafers (100 mm [100], oriented, p-type
[1-10 Q cm] [Virginia Semiconductor]). 100 nm thick SiO,
films were thermally grown on Si wafers (100 mm, [100],
oriented, p-type [1-10 Q cm] [Virginia Semiconductor]).
Dow Sylgard 184 curing agent and resin were used to pro-
duce polydimethylsiloxane (PDMS) elastomeric microcon-
tact printing masters.

4.2 | General synthetic considerations
Synthetic procedures were performed under inert atmo-
sphere unless otherwise noted. Column chromatography
was performed using a Biotage Selekt or a Teledyne Com-
biflash NextGen 300+. NMR spectra were recorded using
a JEOL ECZ-400S NMR spectrometer. Small-molecule
mass spectrometry was performed on a Shimadzu GCMS-
QP2020NX gas chromatography-mass spectrometer.

4.3 | Synthesis of 4-bromo-N-
(3-(triethoxysilyl)propyl)benzamide

In a nitrogen-filled glovebox, 4-bromobenzoic acid
(1.208 g, 6.00 mmol), (3-aminopropyl)triethoxysilane
(APTES) (1.6 mL, 6.8 mmol, 1.1 equiv), N-(3-dimethyla-
minopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC-HCI) (1.376 g, 7.18 mmol, 1.2 equiv), 4-dimethyla-
minopyridine (DMAP) (0.073 g, 0.60 mmol, 0.10 equiv),
and anhydrous dichloromethane (30 mL) were added to
a round bottom flask. The flask was capped with a rubber
septum, and the reaction was allowed to stir at room tem-
perature overnight. The flask was brought out of the glo-
vebox and the solution was filtered through a canula
with a filter paper wired onto the end and transferred to
a round bottom flask under nitrogen. The following steps
were performed with minimal delay in air to avoid poly-
merization: the solution was concentrated with rotary
evaporation, and the residue was purified by column
chromatography in 15%-35% ethyl acetate in hexanes to
afford the product as a colorless waxy solid (1.328 g
3.28 mmol, 54.7% yield). "H NMR (400 MHz, CDCl; d):
7.70-7.62 (m, 2H; Ar H), 7.60-7.52 (m, 2H; Ar H), 6.54

(s, 1H; NH), 3.83 (q, J=7.0Hz, 6H; OCH,), 3.46
(q, J=6.5Hz, 2H; CH,), 1.75 (dq, J = 8.2, 6.9 Hz, 2H;
CH,), 1.22 (t, J = 7.0 Hz, 9H; CHs;), 0.81-0.62 (m, 2H;
SiCH,). '*C NMR (101 MHz, CDCls, 8): 166.61 (C=0),
133.91 (C—C=0), 131.84 (m-C), 128.69 (0-C), 126.02
(C-Br) 58.71 (C—0), 42.36 (C3), 22.94 (C2), 18.44 (CH,),
7.99 (C1). EIMS m/z (%): 403.1 (2) [M'], 405.1 (2)
[MT+2], 357.1 (45) [M" — EtOH], 359.1 (47) [M*+ —
EtOH], 163.1 (100) [(EtO);Si*].

4.4 | Synthesis of 4-bromo-N-
(2-mercaptoethyl)benzamide

An oven-dried, three-neck round bottom flask attached to
a Schlenk line was charged with 2-aminoethanethiol
(375 mg, 4.86 mmol), 4-bromobenzoic acid (1.10g,
5.47 mmol, 1.12 equiv), EDC-HCI (1.15 g, 6.00 mmol, 1.23
equiv), and DMAP (107 mg, 0.876 mmol, 0.180 equiv), and
the flask was vacuum-purged with nitrogen three times.
To the flask was added anhydrous dichloromethane
(25 mL). The reaction was allowed to stir at room tempera-
ture overnight. The precipitate was removed by vacuum
filtration and the solution was concentrated. The residue
was purified by column chromatography in 10%-60% ethyl
acetate in hexanes to afford the product as a white solid
(185 mg, 0.711 mmol, 14.6% yield). '"H NMR (400 MHz,
CDCls, 8): 7.69-7.63 (m, 2H; Ar H), 7.61-7.55 (m, 2H; Ar
H), 6.54 (s, 1H; NH), 3.76-3.55 (m, 2H; NCH,), 2.80 (dt,
J =84, 6.3 Hz, 2H; SCH,), 140 (t, J = 8.5 Hz, 1H; SH).
13C NMR (101 MHz, CDCl;, 8): 166.68 (C=0), 133.23
(C—C=0), 132.03 (m-C), 128.70 (0-C), 126.51 (C—Br),
42.86 (C2), 24.87 (C1); EIMS m/z (%): 259.1 (5) [M*],
261.1 (5) [MT+2], 1550 (16) [CeH,Br'], 157.0 (17)
[CeH Br™+2], 183.0 (52) [M" — HSCH,CH,NH], 185.0
(52) [M"42 — HSCH,CH,NH].

4.5 | Bromine-terminated surface
preparation on oxidized silicon wafers
and glass coverslips (general procedure)

Oxidized silicon wafers and glass coverslips were cut and
sonicated for 5 min sequentially in acetone, isopropyl
alcohol, and 18 MQ cm MilliQ water and dried with com-
pressed nitrogen after every sonication step. The samples
were subjected to O, plasma cleaning for 2 min and then
submerged in 2% v/v solution of the respective silane
(APTES or AUTES) in anhydrous acetone for 30 min.
They were removed, rinsed with acetone and oven dried
for 5 min at 80°C.

The substrates were then submerged in a solution
of 1.27g (6.32mmol) 4-bromobenzoic acid, 1.38 g
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(7.20 mmol) EDC-HC], and 72 mg (0.59 mmol) DMAP in
30 mL dichloromethane and left at room temperature
overnight. The substrates were removed, rinsed with
dichloromethane and dried.

4.6 | ATS preparation on silicon wafers
and glass coverslips

Oxidized silicon wafers and glass coverslips were cut
and sonicated for 5 min sequentially in acetone, isopro-
pyl alcohol, and 18 MQ cm MilliQ water and dried with
compressed nitrogen after every sonication step. The
samples were subjected to O, plasma cleaning for 2 min
and then submerged in 2% v/v solution of the respective
silane (APTES or AUTES) in anhydrous acetone for
30 min. They were removed, rinsed with acetone and
oven dried for 5 min at 80°C. The substrates were sub-
merged in a 10% v/v solution of 4-bromo-N-(3-(triethoxy-
silyl)propyl)benzamide in anhydrous acetone for 30 min.
They were removed, rinsed with acetone and oven dried
for 5 min.

4.7 | Palladium-functionalization and
surface-initiated polymerization of P3HT
(general procedure)

In a nitrogen-filled glovebox, the substrates were sub-
merged in a 10 mM Pd(Pt-Bus), solution in toluene for
3 hat 70°C.

Meanwhile, in the reaction hood equipped with a
Schlenk line, the isopropyl magnesium chloride solution
was titrated with I, in a THF solution of LiCl immediately
before polymerization set-up.>* The average concentration
of three trials was used. A solution of 0.05 M monomer
was then generated by charging an oven-dried, vacuum-
purged 20-mL vial with a septum cap with 0.1872 g
(0.5018 mmol) of 2-bromo-3-hexyl-5-iodothiophene and
10 mL of anhydrous THF. The monomer solution was
cooled to 0 °C and 0.96 equiv of recently titrated iPrMgCl
in THF was added. The reaction was allowed to stir at
0°C for 1 h and then the vial was transferred into the
glovebox.

The substrates were removed from the Pd solution,
rinsed with toluene and submerged in the monomer
solution for 22 h at room temperature inside the glove-
box. The substrate was then removed from solution
and quenched in methanol and transferred outside of
the glovebox. The substrates were then sonicated
sequentially in chloroform, acetone, methanol, and
water for 5 min each, and then dried with compressed
nitrogen.

4.8 | Microcontact printing
All microfabricated structures used for pCP master fabri-
cation were prepared in a Class 100 cleanroom using
SU-8 negative photoresist (Kayaku SU-8 2) and exposed
using a OAI 8808 mask aligner through a custom
designed 5” Cr/glass mask resulting in a repeating pat-
tern of 20 pm lines and spaces. The SU-8 resist was spun-
cast at 2000 rpm resulting in a thickness ~2 pm. After
exposure samples were developed in isopropyl alcohol for
60 s. 3 x 3 cm samples were cleaved from the patterned
Si substrates in preparation for PDMS master production.
Sylgard 184 resin and curing agent were mixed in a 10:1
ratio by mass in accordance with manufacturer's instruc-
tions, degassed in a vacuum oven at room temperature to
remove any residual air bubbles resulting from the mix-
ing process, poured onto the SU-8/Si master, and cured
in an oven at 100°C for 1 h at atmospheric pressure.
Gold-coated wafers were sonicated for 5 min and
dried with compressed nitrogen sequentially in acetone,
isopropyl alcohol and 18 MQ cm MilliQ water. Cleaned
samples were then sputter coated with gold for 20 s using
a Cressington 108 sputter coater with a quartz crystal
thickness monitor to ensure that the Au-coated wafers
had ~5 nm of new Au immediately prior to alkanethiol
SAM deposition. The PDMS stamp was covered with a
0.2 mM solution of eicosanethiol (ECT) in anhydrous
ethanol by dropping with a micropipette at a volume of
1 pL/mm? stamp. The drop was removed after 30 s using
a stream of compressed nitrogen which was continued
for an additional ~10 s following the procedure described
by Delamarche, et al.*® The stamp was placed on the Au
surface for 30 s under its own weight then removed. The
substrate was rinsed with ethanol and dried with com-
pressed nitrogen. The substrate was then placed in a
2mM solution of 4-bromo-N-(2-mercaptoethyl)benza-
mide in ethanol for 72 h. The substrates were then rinsed
with ethanol and dried with compressed nitrogen. They
were then transferred into the glovebox, where they were
palladium functionalized and used for surface-initiated
polymerization of P3HT CPB films as described above.

4.9 | Materials characterization

The materials and chemical properties of the chemically
modified surfaces and P3HT films were characterized by
AFM, SE, contact angles and XPS. All samples were
imaged with AC mode AFM using an Asylum Research
MFP-3D Origin+ instrument. Standard Al coated Si tap-
ping mode probes were used having a resonance fre-
quency ~300 kHz and a spring constant, k = 26 N/m.
(Olympus OMCL-AC160). All imaging was performed in
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air, and images were collected at a resolution of
512 x 512 pixels with varying scan-ranges as noted. Any
scan line errors were removed, a software mask was
applied to pixels that were significantly higher than the
resulting film and a first order flatten was performed on
each sample to remove scan artifacts. Roughness mea-
surements and cross-section analysis were performed
after flattening. Scratch cross-section analysis was per-
formed on the P3DDT films by scratching the polymer
surface with a new razor blade.

UV-visible spectroscopy was performed on a Cary
3000 UV-visible spectrophotometer. Thin films of com-
mercial P3HT (Aldrich) dissolved in chloroform were
drop-cast onto microscope slides and the solvent was
allowed to evaporate leaving a cast film. P3HT CPB films
were produced as described above using the APTES ATS
on microscope cover slides to compare transmission
UV-vis spectra from each film type from 300 to 800 nm.

Optical properties and thickness of the various SAM
templating layers and the P3HT CPB films grafted from
SiO,/Si substrates were measured using a J.A. Wollam
variable angle spectroscopic ellipsometer (VASE) instru-
ment at a fixed angle of incidence of 70°. Based on
UV-vis spectroscopy, each of the layers except for the
P3HT were assumed to be non-absorbing through the vis-
ible and near-IR range, so the SiO,, APTES and bromo-
benzene films were fitted from 400 to 1000 nm while the
P3HT film was analyzed from 550 to 1000 nm in a non-
absorbing region. The optical properties for thermal SiO,
and crystalline Si are well-known and were used for the
substrate calculation.®® Since the optical properties of
the subsequent films are not known, a non-absorbing
Cauchy film from 400 to 1000 nm was assumed for both
the APTES and the 4BB layers starting with an initial
refractive index n = 1.4 and then both index and thick-
ness were optimized. An index of 1.4 was chosen for the
ATPES and 4BB films as an initial starting point because
this is a typical refractive index of organic films through
the visible spectral region. Once the mean square error
was minimized for each reaction step, the model fitting
parameters (n and d) were fixed in the software for that
film layer in order to calculate the subsequent film layer,
thus building up an optical model for the SE characteri-
zation layer by layer.

Static water contact angle measurements were
performed with a Biolin Scientific Theta Lite Optical
Tensiometer using 18 MQ cm MilliQ deionized H,O and
a manual syringe to dispense a drop with a volume of
1.5 pL in order to measure the sessile drop static contact
angle. Five H,O drops were measured on each surface
type on the right and left side of each drop. Measure-
ments were taken every 0.1 s for 10 s totaling 200 mea-
surements per drop (100 right and left) and then

measurements from all five drops were averaged. The Pd
catalyzed surface was not measured using contact angles
due to the relatively rapid oxidation of the Pd catalyst
surface.

X-ray photoelectron spectroscopy (XPS) was per-
formed using a Thermo Scientific ESCALAB Xi+ instru-
ment using an Al K-alpha source (1486.2 eV) having a
microfocusing monochrometer and a hemispherical ana-
lyzer. Survey scans (N = 25) of each of the films were
taken from 0 to 1350 eV binding energy. Elemental scans
(N = 30) of each of the major element peaks were per-
formed with a pass energy of 30 eV. All spectra were
charge compensated to the adventitious C 1s peak at
284.8 eV. XPS survey spectra binding energies were
assigned by the instrument software and high-resolution
elemental XPS peaks were assigned based on literature
values reported in the NIST X-ray Photoelectron
Spectroscopy Database (SRD 20), Version 5.0.*
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