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ABSTRACT: Development of graphene—organic hybrid electronics is
one of the most promising directions for next-generation electronic
materials. However, it remains challenging to understand the graphene—

organic semiconductor interactions right at the interface, which is key to N -

designing hybrid electronics. Herein, we study the influence of graphene oS ~'~Q’"R

on the multiscale morphology of solution-processed monolayers of +{-/ b T ®

conjugated polymers (PII-2T, DPP-BTz, DPP2T-TT, and DPP-T- "% ’ Sl

TMS). The strong interaction between graphene and PII-2T was
manifested in the high fiber density and high film coverage of monolayer
films deposited on graphene compared to plasma SiO, substrates. The :
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monolayer films on graphene also exhibited a higher relative degree of

crystallinity and dichroic ratio or polymer alignment, ie., higher degree of order. Raman spectroscopy revealed the increased
backbone planarity of the conjugated polymers upon deposition on graphene as well as the existence of electronic interaction across
the interface. This speculation was further substantiated by the results of photoelectron spectroscopy (XPS and UPS) of PII-2T,
which showed a decrease in binding energy of several atomic energy levels, movement of the Fermi level toward HOMO, and an
increase in work function, all of which indicate p-doping of the polymer. Our results provide a new level of understanding on
graphene—polymer interactions at nanoscopic interfaces and the consequent impact on multiscale morphology, which will aid in the

design of efficient graphene—organic hybrid electronics.

B INTRODUCTION

The development of graphene—organic hybrid electronics has
catapulted materials science research into new directions with
promises of unique device architectures with enhanced
properties and unprecedented possibilities.' Graphene boasts
extraordinary properties such as remarkable mechanical
strength, ultrahigh conductivity, and optical transparency.””"
However, graphene has challenges associated with a lack of
electronic band gap and low structural tunability, which have
limited its applications.” With unlimited degrees of freedom in
terms of molecular design, wide tunability of band gap, and
ability to be solution-processed at low temperature over a large
area, conjugated polymers are a major class of organic
semiconductors (OSCs) that possess properties that comple-
ment graphene, albeit with relatively low electronic perform-
ance and susceptibility to degradation.”"* From this view,
integration of the two materials allows for synergistic effects,
thereby giving rise to extraordinary characteristics from the
prevailing strengths of each constituent material.”'* On the
one hand, functionalization of graphene with OSCs modulates
its chemical and electronic properties and widens the horizon
of potential applications."> On the other hand, graphene or its
derivatives play several roles in improving the electronic
performance of the OSCs, serving as flexible, transparent
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electrodes with low contact resistance, interlayers for

environmentally stable devices,””** and robust components in
the active channel in the form of OSC—graphene blends.”>~**
Indeed, graphene-based materials have successfully assimilated
themselves into the OSC domain, resulting in high-perform-
ance organic field-effect transistors (OFETs),>*° photo-
detectors,”*° and photovolteiic:s.3l’3’2 In addition, creation of
new interfaces between graphene and OSCs provides a
platform to explore and understand the molecular and
electronic interaction between the two materials at the
interface, which is rich in fundamental science.

Toward the development of high-performance hybrid
optoelectronic devices, it is necessary to understand the
influence of graphene on the assembly and electronic
properties of OSCs. However, a large majority of such studies
has utilized semiconducting small molecules as the OSCs and
only a handful of studies have been performed on conjugated
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Figure 1. Model system (conjugated polymers and substrates) and schematic showing the influence of graphene on the multiscale morphology of
conjugated polymers. (a) Molecular structure of conjugated polymers PII-2T, DPP-BTz, DPP2T-TT, and DPP-T-TMS. (b) Structure of substrates
used in this study: plasma-treated SiO,, graphene, and fluorinated graphene. (c) Schematic comparing the polymer fiber density and backbone
planarity of polymer films coated on plasma SiO, and graphene. The red arrows indicate the coating direction.

polymers. In addition to the existence of weak van der Waals
interactions, the structural similarities between the -
conjugated core of OSCs and graphene result in strong
bonding between the two materials through #—7 interactions.
Exploiting strong electronic coupling allows the epitaxial
growth of OSCs on graphene substrates.”> " Moreover,
graphene modulates the orientation of OSCs, often forcing the
molecules to arrange co-facially on graphene; this has been
evident on both thermally evaporated®®” and solution-
processed OSC films.*” Similar to small molecules, graphene
induces a face-on orientation or increases the molecular tilt of
conjugated polymers.d'l_44 As a wetting-transparent tem-
plate,"*° the surface energy of graphene is also tuned by
modulating the chemistry of the underlying substrates, thus
providing unique opportunities to further engineer the
templating effect of graphene. In addition, computational
studies suggest that graphene modulates the planarity of small
aromatic molecules.”” Translation of similar effects to OSCs
and conjugated polymers is poised to significantly reduce
charge traps and enhance electronic performance.”®™>"
Furthermore, organic molecules are known to dope graphene
(both n- and p-types) when physisorbed on the surface.”*”*
Taken together, these studies demonstrate interesting charge
transfer phenomena or electronic interactions occurring across
the graphene—organic interface, which is beneficial in
modulating the electronic properties of OSCs.
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To design and engineer the electronic properties of hybrid
materials, it is essential to understand the effects of graphene
on the multiscale morphology of polymer films that are
confined to one or a few molecular layers near the interface. In
monolayer films, substrate-nucleated polymers are directly
exposed, thus, the effect of substrates can be characterized
without the interference from polymers that undergo
homogeneous nucleation in the bulk. Moreover, monolayer
films are an ideal platform to study fundamental charge
transport in devices such as transistors because the active
channel is only limited to one or a few monolayers.’®™>*
Moreover, transistors incorporating monolayer and ultrathin
films have been reported to enable chemical and biological
sensors with high sensitivity, fast response times, and low
detection limits.””~®° However, the majority of prior work
related to graphene-conjugated polymers has been performed
on relatively thick films. Despite recent progress, we do not yet
fully understand the morphology and packing in polymer
monolayers adjacent to nanoscopic interfaces between these
two materials. Furthermore, the influence of graphene on the
polymer conformation and electronic structure has not been
fully elucidated.

In this work, we investigate the interactions between
conjugated polymer monolayer films and graphene substrates,
including the effects on the polymer structure and properties.
Utilizing meniscus-guided coating (MGC),**”* monolayer
films of donor—acceptor conjugated polymers are deposited on
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Figure 2. Morphology and molecular packing of PII-2T on different substrates. (a) Tapping-mode AFM height images of monolayer films of PII-
2T on plasma SiO,, graphene, and F-graphene accompanied with the height profile (shown by white dotted lines on AFM images). The red arrows
denote the coating direction. (b) Comparison of the film coverage and fiber density of monolayer PII-2T films on the three substrates, extracted
from AFM images. (c) 2D GIXD diffraction pattern of monolayer films on different substrates with the X-ray beam parallel (top) and perpendicular
(bottom) to the printing direction. The white arrow denotes the 7—x stacking peak, while the orange and green arrows denote alkyl side-chain
stacking peaks. (d) Relative degree of crystallinity and (e) dichroic ratio of monolayer films on the three substrates. (f) Schematic illustrating the
change in degree of crystallinity and degree of alignment in monolayer polymer films on the three substrates.

graphene, and plasma-treated SiO, is used as a reference
substrate with similar surface energy. We also fabricated and
used fluorinated-graphene (F-graphene or FGr) substrates,
which are reported to be extremely stable graphene
derivatives.”””" F-graphene could also be incorporated in
devices as a dielectric since the invasion of fluorine atoms on
graphene breaks the conjugation of the C—C bond from sp® to
sp>. Following fabrication, we carried out comprehensive
characterization using optical microscopy, atomic force
microscopy (AFM), grazing incidence X-ray diffraction
(GIXD), Raman spectroscopy, X-ray photoelectron spectros-
copy (XPS), ultraviolet photoelectron spectroscopy (UPS),
and UV—Vis spectroscopy to understand polymer—graphene
interactions and graphene-induced morphological variations in
polymers at multiple length scales ranging from micrometers to
nanometers. Overall, our results show that favorable
interactions between graphene and the polymer induce
polymer nucleation, resulting in an increase in fiber density,
film coverage, degree of crystallinity, and polymer alignment.
Furthermore, the polymer backbone also becomes more
planarized and doped on both graphene and fluorinated-
graphene substrates.
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B RESULTS AND DISCUSSION

To understand the effect of graphene on the multiscale
morphology of conjugated polymer monolayers, we utilized
four model systems of donor—acceptor conjugated polymers:
(a) an isoindigo-based copolymer, PII-2T, and diketopyrrolo-
pyrrole-based copolymers, (b) DPP-BTz, (c) DPP2T-TT, and
(d) DPP-T-TMS; the molecular structures of the polymers are
shown in Figure la. We deposited monolayer films of the
polymers from solution in chloroform (0.2, 0.3, 0.5, and 0.3
mg/mL for PII-2T, DPP-BTz, DPP2T-TT, and DPP-T-TMS,
respectively) by employing a meniscus-guided coating (MGC)
technique. The chemical structures of the three substrates
including graphene, F-graphene, and plasma-treated SiO, are
shown in Figure 1b. We used commercially obtained CVD-
grown monolayer graphene transferred onto 285 nm SiO, thin
films on degenerately doped silicon substrates. During coating,
a stage temperature of 25 °C and a coating speed of 0.5 mm/s
were used. At this temperature and speed, the deposition of the
polymer occurs in the evaporation regime, ie., the film
deposition is controlled by solvent evaporation near the triple-
phase (air, solution, and substrate) contact line.””7* In this
regime, the interaction between the polymer and the substrate
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is an important component in determining polymer assembly
and thus dictates the multiscale morphology of the polymer
films deposited.”* Figure lc shows a schematic of variation in
morphology and conformation of polymer films with and
without graphene. Overall, we observed that graphene
planarizes the polymer backbone, induces nucleation of
dense polymer fibers, and causes the doping effect on the
polymer. In the following sections, we discuss the compre-
hensive characterization that was performed to arrive at these
observations.

To understand the morphology and molecular packing
variation in PII-2T monolayers on different substrates, we
utilized optical microscopy, AFM, and GIXD. Optical
microscopy images of monolayer films of PII-2T show that
in all cases, the films appear smooth without stick-and-slip, i.e.,
without meniscus instability,”* and has uniform thickness
throughout the film (Figure S1). Figure 2a compares AFM
height images of PII-2T monolayers on plasma-treated SiO,,
graphene, and F-graphene. Quantitative analysis of fiber
density and film coverage deduced from the AFM images is
presented in Figure 2b. The film thicknesses in all three
substrates are close to 2—3 nm and match the out-of-plane
lamella stacking distance observed in grazing incidence X-ray
diffraction (GIXD) of thicker films (~2.5 nm) (Figure S2).
However, film thicknesses slightly differ from the end-to-end
distance between the stretched alkyl side-chain ends in PII-2T
monomers (~3.3 nm) determined using a molecule visualizing
software, Mercury > (Figure S3). This suggests that PII-2T in
monolayers shows a slight tilt of the backbone on all three
substrates. Even though the different substrates result in a
similar polymer film thickness under the same coating
conditions, the morphologies of the films differ drastically.
The fibers on plasma-treated SiO, appear ribbon-like and
mostly align along the coating direction with a few thin
segments growing in perpendicular directions to connect
neighboring fibers. The fibers on graphene also align along the
coating direction; however, the fibers are narrower in widths
and are packed with a much higher fiber density (18.0 yum™")
compared to plasma-treated SiO, (7.4 um™). On the other
hand, polymer fibers on F-graphene show an interconnected
network-like structure with no preferential alignment along the
printing direction. The fiber density in this case is much closer
to graphene (17.8 um™), indicating a higher nucleation
density of PII-2T on graphene and F-graphene. The film
coverage values of PII-2T monolayers on plasma-treated SiO,,
graphene, and F-graphene were 29, 71, and 62%, respectively,
all consistent with the inferred highest nucleation density of
polymers on graphene. We note that while the surface energies
of graphene and plasma-treated SiO, are similar, the surface
energy of F-graphene is slightly lower.”® Moreover, unlike
graphene, F-graphene no longer has a conjugated system due
to introduction of fluorine atoms, so the interaction of the
polymer with the two substrates differs. Thus, the slightly
lower surface coverage of PII-2T on F-graphene compared to
that on graphene is due to a combined effect of decreased
wetting and a change in interaction between the polymer and
the respective surfaces.

The inference of graphene promoting polymer nucleation is
further corroborated by GIXD. The GIXD diffraction patterns
of PII-22T monolayers on the three different substrates are
shown in Figure 2c. We observed 7—x stacking or (010) peaks
only along the in-plane direction (g, = 1.76 A™"), closely along
the coating direction on all substrates (Figure S4). This means
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that the aromatic core of the polymer stands up on the
substrates (edge-on orientation) with polymer chains aligned
close to the coating direction. Additionally, sharp peaks at q,, =
1.15 and 1.39 A™" were also observed and attributed to in-
plane stacking of alkyl side chains.”””””® We chose the (010)
peak for the quantitative analysis of the molecular packing
across different substrates because it is associated with the
ordering of the backbone and therefore expected to play a key
role in charge transport. To determine the relative degree of
crystallinity (rDOC), a pole figure depicting the orientation of
crystallites at different out-of-plane angles (y) was first
obtained by plotting the 010 peak intensity from $° sector
cut profiles on the geometrically corrected scattering patterns’”
(Figure SS). The rDOC shown in Figure 2d was obtained by
integrating the 010 peak intensity over y for different in-plane
rotation angles (@), normalized by the film coverage. To
characterize the in-plane alignment of the 7-stacks, the dichroic
ratio I/l was calculated, where I, and I, are
integrated peak areas for edge-on z-stacking peaks parallel
and perpendicular to the coating direction, respectively (Figure
2e). We determined that the rDOC values of PII-2T
monolayers on graphene are 1.7 times higher than that on
SiO, and 2.7 times higher than that on F-graphene substrates.
Similarly, the dichroic ratios of the (010) peak in parallel
versus perpendicular direction with respect to coating were 8,
10, and 4 on plasma SiO,, graphene, and F-graphene,
respectively. Taken together, these results indicate that
graphene enhances nucleation and growth of the crystalline
polymer fibers, resulting in films with higher fiber density,
higher degree of crystallinity, and slightly better polymer
alignment and overall almost two-dimensional film growth
(Figure 2f).

We note that our observation of edge-on stacking of PII-2T
on graphene as opposed to the face-on stacking observed in
most of prior studies, although unexpected, is not surprising. In
our previous work involving the assembly of monolayers of
conjugated polymers on ionic liquids (ILs), strong and
favorable interaction between the aromatic core of the polymer
backbone and IL first enriched the top surface of IL with
polymers, thereby decreasing the free energy of nucleation;
however, edge-on orientation of the polymer chains was
observed in those films upon solvent evaporation.””*" We
surmise that similar to the case of ILs, the interaction between
graphene and aromatic polymer cores initially enriches the
substrate top surface with polymer chains. As the solvent
evaporates, this enrichment of the surface with polymer chains
facilitates their self-interactions and ultimately leads them to
adopt an edge-on orientation, which is presumably the more
thermodynamically stable packing form compared to face-on
stacking. Additionally, a recent study reported that the degree
of molecular tilt of the polymer on graphene depends on the
length of alkyl side chains, with a higher tilt on polymers with
longer side chains.** The alkyl side chains of all the polymers
used in our study are long, with the longest alkyl side chain on
DPP-BTz.

We hypothesize that the observed polymer morphological
changes induced by graphene arise from strong polymer—
graphene interactions, which we investigate using Raman
spectroscopy and photoelectron spectroscopy. Figure 3a shows
the assignment of Raman peak positions for different
vibrational modes in PII-2T. The peak at 1432 cm™' is
assigned to delocalized C=C stretching over thiophene rings
(donor). Similarly, the peaks at 1529 and 1607 cm™' are

https://doi.org/10.1021/acs.langmuir.2c00570
Langmuir 2022, 38, 6984—6995


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00570/suppl_file/la2c00570_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00570/suppl_file/la2c00570_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00570/suppl_file/la2c00570_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00570/suppl_file/la2c00570_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00570/suppl_file/la2c00570_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00570?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

a)

R 01529crsn-1 A
S
O

o N
Ry
o —>

RN1 01432 cnsﬁtl\\
s

atVeR
Acceptor Donor

N
o R (2T)
N0 D
‘el S ! s

KO- Yatl
1607 cm™

o ;
1700 cm' 07 N R
Ry

M

G 7
&
IIG

B

— Plasma SiO,
—— Graphene
F-Graphene

y &
N
o

G
1529

e
*Q

1520 1550

o
o
1

AN

1600 1630

G ol
I

Normalized Raman Intensit
o
o

>3.5 cm
0.2 le
0'0 T T T T
1400 1500 1600 1700 1690 1720
Wavenumber (cm-')
c
,)_1701 —A— Plasma SiO, d)
TE —m— Graphene >
S F-Graphene | 3
= 1699 H
k] €
3 §
S 1697 g
5 . X & :
& 1695 a
~2.5 nm ~6 nm >25 nm 1560 1590 1620 1650

Polymer Film Thickness Wavenumber (cm)

Figure 3. Raman spectra of PII-2T and graphene. (a) Raman peak
position assignment of various stretching modes in PII-2T. (b) Raman
spectra of the PII-2T monolayers on the substrates used, normalized
using the thiophene peak (~1432 cm™). (c) Peak shift of C=0
stretching mode of the isoindigo unit in PII-2T of different
thicknesses. (d) Raman G peak of graphene before and after
deposition of the PII-2T monolayer.

assigned to localized C=C stretching, and the peak at 1700
cm™' is assigned to C=O stretching in isoindigo units
(acceptor).’® The Raman spectra of PII-2T monolayers on
different substrates normalized with the thiophene peak
(~1432 cm™") show notable changes in the peak position as
well as intensity associated with the isoindigo units (Figure
3b). Specifically, we observe a drastic peak shift in the C=0
stretching peak of the isoindigo unit, where the peak at 1697.5
cm™ for the monolayer on SiO, shifts by 3.5 cm™" to a higher
wavenumber on graphene (1701 cm™). These results indicate
that the polymer backbone is more strained and more
planarized in the case of graphene.’” Similarly, the peak
intensity of the acceptor unit (isoindigo) with respect to the
donor unit (thiophene) also increases in the case of F-
graphene and graphene. Because fluorine is highly electro-
negative, we conjecture that fluorinated graphene substrates
withdraw electrons from electron-rich moieties in the adsorbed
PII-2T chains. Overall, the trend in intensity changes in
graphene and F-graphene is similar, and we therefore surmise
that graphene also withdraws electrons from PII-2T, albeit to a
lesser extent, thereby p-doping the polymer. As a result of such
electronic interactions, the polymer backbone becomes
planarized.

To understand how the graphene—polymer interfacial
interactions decay with film thickness, we further compared
the position of the peak at ~1700 cm™ with thicker PII-2T
films across all substrates (Figure 3c and Figure S6).
Interestingly, despite an increase in film thickness by just a
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few nanometers, we observed the same red-shifts converging to
1695.6 cm™" across all substrates. These results indicate that
confining the polymer chains to one molecular layer thickness
imposes higher strain on the backbone and results in
planarization, which occurs to a greater extent in the case of
graphene. The polymer then naturally relaxes to a more twisted
conformation as the film gets thicker and the substrate effect is
diminished. We also compared the Raman peaks of graphene
before and after polymer deposition. The G peak of graphene
(1585 cm™)*' shifts to a higher wavenumber (1589 cm™)
upon polymer deposition. The G peak position is sensitive to
doping®** and strain.®’ Graphene is strongly adhered to the
SiO, substrate during coating, so it is not further strained upon
polymer deposition. Therefore, the G peak shift indicates
doping by the polymer. We also noted a blue-shift in the
graphene 2D peak to a higher wavenumber from 2698 cm™ in
pristine graphene to ~2700 cm™" upon deposition of the PII-
2T monolayer (Figure S7). Such a blue-shift has been observed
previously when the organic molecules with electron-with-
drawing moieties are adsorbed on graphene.”® Together, the G
and 2D peak shifts show that graphene is p-doped by the
polymer. However, this peak overlaps with a weak peak
originating from PII-2T, so the nature of electronic interaction
is not fully resolved with these observations.

The p-doping of PII-2T by graphene that was inferred from
Raman spectroscopy was further confirmed by photoelectron
spectroscopy. Figure 4a,b shows the X-ray photoelectron
spectra (XPS) of Nls and Ols energy levels of PII-2T
monolayers on the three substrates. The binding energies of
the N1s level shift to lower values from 400.5 eV on plasma
SiO, to 399.7 eV on graphene and 399.6 eV on F-graphene. A
similar trend is observed for the Ols level of ultrathin PII-2T
films where the binding energy of 533.4 eV on plasma SiO,
decreases to 532.3 eV on graphene and F-graphene. In fact, the
same trend was also observed in the case of S2p (Figure S8).
The lowering of binding energies suggests that core-level
electrons of various atoms are more readily ejected in PII-2T
when they lie in the vicinity of graphene and F-graphene,
which occurs when the outer level has less electrons to screen
their ejection, i.e., when the polymer is p-doped.** Figure 4c,d
shows the UPS spectra of PII-2T on different substrates in the
low binding energy and low kinetic energy regions,
respectively. The spectra show that the E; or HOMO with
respect to the Fermi energy level in the absolute value shifts to
lower binding energy, from 1.24 eV on SiO, to 0.62 eV on
graphene and 0.29 eV on F-graphene. This implies that the
Fermi level moves closer to the HOMO level on the 8graphene
substrates, indicating the p-doping of the polymer.”" Mean-
while, we also observed an increase in work function from 4.16
eV on plasma-treated SiO, to 4.69 and 4.89 eV on graphene
and F-graphene, respectively. These results strongly suggest
that graphene and F-graphene extract electrons from PII-2T
monolayers, thereby p-doping the polymer. Figure 4e
summarizes the electronic energy levels of monolayer PII-2T
films coated on the three substrates, obtained from UPS and
UV—Vis (optical band gap). Although the optical band gap
remains similar (1.64—1.66 V) in all cases, we observe
upward-shifted HOMO (—5.40 < —5.30 < —5.18 eV) and
LUMO levels (—3.74 < —3.64 < —3.54 eV) in the order of
plasma SiO, < graphene < F-graphene (with respect to
vacuum) and downward-shifted Fermi energy levels (—4.16 >
—4.69 > —4.89) in the order of plasma SiO, > graphene > F-
graphene. Taken together, these results indicate the presence
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Figure 4. Influence of graphene substrates on the electronic structure
of PII-2T. (a) N1s and (b) Ols spectra of monolayer PII-2T films on
plasma SiO,, graphene, and F-graphene from XPS. (c) Low binding
energy region and (d) low kinetic energy region of PII-2T films on the
three substrates. Ey refers to the Fermi energy level minus HOMO,
and @ is the work function (Fermi energy level with respect to
vacuum). (e) Summary of electronic levels obtained from UPS
(HOMO, Fermi level) and UV—Vis (optical band gap and estimated
LUMO from HOMO and optical band gap). Ege is the Fermi
energy level and E, is the band gap. The energy levels in panel (e) are
with respect to vacuum.

of strong electronic interactions between the graphene
substrates and PII-2T and the p-doping of the polymer by
graphene and F-graphene. The frontier energy levels of
polymers play critical roles in the performance of electronic
devices. For instance, in OFET devices, the energy levels
between the polymer and the electrode should match to reduce
the contact resistance and therefore eliminate high operating
voltages.*”*® Similarly, well-aligned interfacial energy levels in
photovoltaic devices are crucial for efficient exciton separation
at donor—acceptor interfaces and charge transport across
electron/hole transporting layers to respective electrodes.”” To
that end, the ability to shift energy levels of polymers or dope
them by simply assembling them on graphene/F-graphene
substrates and without having to undergo a synthetic route is
highly beneficial.

To demonstrate the generality of graphene’s effect on
conjugated polymer morphology and packing, we next
investigated DPP-BTz, DPP2T-TT, and DPP-T-TMS. Figure
Sa shows AFM height images of DPP-BTz monolayers on
graphene and F-graphene. Similar to PII-2T, the morphology
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of DPP-BTz on graphene was drastically different, consisting of
densely packed short polymer fibers of ~2 nm in thickness
with a film coverage of ~74%. In contrast, monolayers on SiO,
consisted of larger fibers forming an interconnected network
filled in by patchy films in between with a coverage of 67%.
Although the fibers on SiO, substrates were ~5 nm thick, the
thickness of the films on SiO, substrates between the fibers was
only ~2 nm. This thickness is much less than the end-to-end
distance between stretched alkyl side chains in DPP-BTz
monolayers (~4.6 nm) (Figure S9). Moreover, GIXD
scattering results of DPP-BTz monolayers show no evidence
of a m—n stacking peak in either the in-plane or out-of-plane
direction with respect to the substrate, in either direction to
coating (Figure S10). This observation, along with film
thickness, suggests that DPP-BTz prefers a face-on orientation
on both substrates. The schematic of DPP-BTz assembly is
shown in Figure S11. This is consistent with the observation
made in the bulk of thicker DPP-BTz films (>25 nm) where a
strong out-of-plane 7—7 stacking peak is observed at g, = 1.75
A7, indicating that the polymer prefers face-on stacking
(Figure $12).% In addition, we also observed strong peaks at
qy, = 1.14 and 1.37 A™!, which we assign to alkyl side-chain
stacking. We note that the alkyl side-chain stacking peak is
expected to appear along the in-plane or gq,, direction in
monolayers, regardless of whether the polymer has an edge-on
or face-on orientation. We postulate that the difference in
molecular orientation between PII-2T and DPP-BTz on the
same substrates and under similar processing conditions is due
to the difference in their molecular structure. PII-2T has two
fused aromatic (isoindigo) units next to each other and a
relatively lower density of alkyl side chains, both of which
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should have a lower barrier for nucleating 7—7 interaction
between the backbone of PII-2T chains, ultimately resulting in
an edge-on orientation.” In the case of DPP-BTz, the fused
aromatic rings, diketopyrrolopyrrole and benzotriazole units,
are separated by thiophene units and the alkyl side-chain
density is also greater. These aspects of the molecular structure
potentially hinder the z—x interaction between the polymer
chains and force them to adopt a face-on orientation even on
graphene substrates. Interestingly, the orientation of DPP-BTz
polymers in thick films has been modulated from face-on
orientation to predominantly edge-on orientation by utilization
of ionic liquid and ion gel as substrates whose surface dynamics
further improve the polymer self-interaction.”””"

We further utilized Raman spectroscopy to understand
electronic structure variation of ultrathin DPP-BTz films on
graphene. The Raman peak assignment of DPP-BTz is shown
in Figure 5b.”” Here, the peak at 1433 cm™ (T) is assigned to
the collective C—C stretching of thiophene rings (donor) and
C—N stretching of the DPP unit. The peaks at 1520 cm™
(DPP) and 1365 cm™' (B) are assigned to C=C bond
stretching localized in DPP and BTz units (acceptor units),
respectively. The normalized Raman spectra of DPP-BT?z films
on graphene and plasma SiO, that are presented in Figure Sc
show that the graphene G peak is shifted by ~4 cm™ to a
lower wavenumber (1585.9 cm™") upon deposition of DPP-
BT?z. Similarly, we observe that the peak position of the T peak
shifts toward a higher wavenumber from 1431.5 cm™' in
plasma SiO, to 1435.6 cm™ on graphene (Figure 5d). Similar
to the behavior of PII-2T, these observations indicate that the
DPP-BTz backbone is more planarized on graphene.
Furthermore, the ratio of peaks DPP and B with respect to
T, which represents vibrational modes of the acceptor unit
with respect to the donor unit, also decreases in the case of
graphene (Figure Se). We note that this is the opposite trend
to the case of PII-2T, where the intensity ratio of the acceptor
to the donor was enhanced on graphene, which corresponds to
the p-doping of the polymer. These results, together with red-
shifting of the graphene G peak, indicate that the DPP-BTz
polymer becomes n-doped by graphene, nonetheless increasing
the backbone planarity. Based on our results, the nature of
doping (n- or p-) is potentially governed by both the molecular
structure of the polymer and its orientation. While the PII-2T
chains seem to donate electrons to graphene via the electron-
rich IIG unit, DPP-BTz withdraws electrons from graphene
possibly through the thiophene unit. Similarly, the changes in
Raman peaks in DPP-BTz are more drastic compared to those
in PII-2T, possibly because it has a face-on orientation and,
thus, the aromatic core of the polymer has greater proximity to
graphene.

We further studied the effect of graphene on the mesoscale
morphology of monolayers of DPP2T-TT and DPP-T-TMS.
We note that the backbone of DPP-T-TMS is more flexible
than DPP2T-TT, and the two different polymers differ in side
chains—DPP2T-TT contains alkyl side chains, whereas DPP-
T-TMS possesses both alkyl side chains and a trimethylsilyl
group. AFM height images of the monolayers show that
DPP2T-TT has fiber network-like morphology on plasma SiO,
with a film coverage of ~23% and it deposits as a high-
coverage film (~74%) on graphene under the same processing
conditions (Figure S13). In the case of DPP-T-TMS, we
observed circular fiber-like morphology on plasma-treated SiO,
substrates but densely packed continuous films with a few
pinholes on graphene. The film coverage values of DPP-T-
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TMS on plasma SiO, and graphene were 88 and 93%,
respectively. In both cases, the film thickness (~1.5—2 nm) is
smaller than the end-to-end distance between the stretched
alkyl side-chain ends, which is ~3.7 nm for DPP2T-TT and
~3.9 nm for DPP-T-TMS (Figure S14). These results suggest
that the polymer backbone is close to “lying down” on
graphene rather than “standing” edge-on, similar to DPP-BTz.
Additionally, GIXD shows that none of the polymers possess
m—n stacking peaks in the in-plane or out-of-plane directions,
further corroborating the absence of edge-on crystallites
(Figure S15). Like DPP-BTz, it is possible that both
DPP2T-TT and DPP-T-TMS have a relatively higher barrier
for nucleating 7—7 interaction between the aromatic cores of
polymer chains compared to PII-2T, as their fused aromatic
cores (diketopyrrolopyrrole units) are separated by thiophene
units. Because the film is a monolayer, it is not possible to
observe face-on 71— stacking peaks in GIXD. Interestingly, for
both polymers, we observed peaks at q,, = ~1.1 and ~1.4 At
on plasma-treated SiO, but not graphene, indicating that the
alkyl side-chain stacking is preferred on plasma-treated SiO,
but not on graphene. Overall, these results show that regardless
of the backbone and side-chain chemistry of the polymers,
graphene enhances the 2D nucleation density and promotes
the high film coverage of polymer films.

B CONCLUSIONS

In this work, we probed into interactions at the graphene—
organic interface by printing monolayer-thin conjugated
polymers on graphene and fluorinated graphene for a
fundamental understanding of their chemical and electronic
interactions at the interface. Multiple conjugated polymer
systems (PI[-2T, DPP-BTz, DPP2T-TT, and DPP-T-TMS)
exhibit shared characteristics of multiscale morphology
induced by graphene. For instance, monolayer films of PII-
2T on graphene prepared by meniscus-guided coating are
comprised of highly ordered, densely packed fibers. Compared
to monolayers deposited on plasma-treated SiO,, graphene-
templated monolayers exhibit 2.4, 2.4, and 1.7 times higher
film coverage, fiber density, and relative degree of crystallinity,
respectively, leading to an almost two-dimensional polymer
monolayer. This suggests that graphene enhances nucleation of
polymer fibers during coating. The favorable graphene—
polymer interactions are evident from the Raman spectra of
both the polymer and graphene—the polymer shows peak
shifts to higher wavenumbers, suggesting that the polymer
backbone is planarized on graphene and F-graphene; at the
same time, a shift in graphene’s G peak reveals mutual doping
or electronic interaction between graphene and the polymer.
These results are further corroborated by X-ray and ultraviolet
photoelectron spectroscopy, which indicate the p-doping of
PII-2T by graphene substrates. Strikingly, the Fermi level
moves closer to the HOMO energy level by 0.62 and 0.95 eV
when the polymer is deposited on graphene and F-graphene,
respectively, compared to plasma-treated SiO,. Overall, our
work indicates that graphene—polymer interaction not only
influences the orientation of semiconducting polymers as
shown in previous studies, but it is also capable of influencing
multiscale assembly from mesoscale morphology at the
micrometer length scale to molecular packing to the electronic
structure at the subnanometer length scale. The new physical
insights from this work will inspire and contribute to the
advancement of many research frontiers, from the directed
hierarchical assembly of semiconducting polymers to fabrica-
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tion of highly stable printed graphene—organic hybrid
electronic devices.

B EXPERIMENTAL METHODS

Polymer Film Fabrication. The donor—acceptor conjugated
polymers used, isoindigo-based copolymer PII-2T (M, = 225,616 g/
mol, M, = 760,326 g/mol, and PDI = 3.37), and DPP-based
copolymers DPP-BTz (M,, = 176,045 g/mol, M, = 468,179 g/mol,
and PDI = 2.5) and DPP2T-TT (M,, = 35,449 g/mol, M, = 222,725
g/mol, and PDI 6.28) were synthesized as previously
reported.”””*** The synthesis procedure of DPP-T-TMS (M,
113 kDa) is reported in the Supporting Information. The solutions of
all polymers were prepared using anhydrous chloroform (99.8% ACS-
grade, Sigma-Aldrich) at different concentrations (ranging from 0.2 to
S mg/ mL) to achieve different film thicknesses. The solutions were
stirred at 25 °C for ~12 h before use. To deposit thin films of
polymers, meniscus-guided coating (MGC) was used.”” The MGC
setup consisted of an OTS-functionalized blade vertically separated
from a temperature-controlled stationary stage (different substrates)
by 100 pm; the blade was tilted at 8°. To deposit polymer films, a
small droplet of polymer solution (5—8 yL) was sandwiched between
the blade front and the stage. The coating blade was then linearly
translated at 0.5 mm/s, unless specified otherwise.

Graphene Substrate Preparation. The graphene substrates
were prepared by using commercial graphene on copper foil
(Grolltex) grown using chemical vapor deposition. A sacrificial
support layer polymer (PMMA, 495k A4) was first spin-coated (3000
RPM, 60 s) on the top side of the copper. The graphene on the
backside of the foil was etched using oxygen plasma (150 W, 20 sccm
0,) for 2 min, followed by placing of the copper foil onto the copper
etchant (4% ammonium persulfate) for 2 h. The resulting PMMA/
graphene membrane was rinsed eight times in DI water to remove the
residual etchant. The target 285 nm silicon oxides on silicon
substrates were precleaned using piranha solution made of a 3:1
mixture of concentrated sulfuric acid (H,SO,) with hydrogen
peroxide (H,0,) for more than S min. The PMMA/graphene
membrane was then scooped onto the 285 nm SiO, substrate. The
liquid (DI water) was left to dry for a day, and then the supporting
polymer was removed by soaking the graphene/polymer ensemble in
acetone and IPA. The graphene was then annealed in high vacuum
(~8 X 1077 Torr) at 350 °C for 10 h to remove the remnant polymer.
To prepare fluorinated graphene, a XeF, etcher (Xactix etching
system) with Py = 3 Torr was used at room temperature. The

exposure time was set at 6 min (180 s X 2 (;ycles), resulting in the
fluorine coverage of approximately 25%.”%>

Film Characterization. Film Morphology and Thickness. To
visualize the macroscale morphology of the polymer films, a polarized
optical microscope (Nikon Eclipse Ci-POL) and imaging software
(NIS-Elements) were used. Visualization of the mesoscale morphol-
ogy of the polymer films and measurement of film thickness were
performed using an Asylum Cypher AFM with Tap300AIl-G tapping
mode AFM tips. Quantitative analysis of the film morphology was
executed using the image analysis code in MATLAB.”

Grazing Incidence X-ray Diffraction. GIXD of the polymer films
was performed at the Advanced Photon Source (beamline 8-ID-E) in
Argonne National Laboratory.”® The diffraction data was collected
using an incident beam energy of 10.92 eV on a 2D detector (PILUS
1M) at different positions. The sample-to-detector distance was fixed
at 228.165 mm. Samples were scanned under vacuum with an
incidence angle of 0.14° and an exposure time of 30 s. The samples
were scanned with the incident beam parallel and perpendicular to the
printing direction by rotating the substrate. To remove most of the
inactive pixels, the two images obtained were combined using the
GIXSGUI package written in MATLAB;” the same software was
used for further analysis of the GIXD data. The radial slices of the
geometrically corrected images were azimuthally integrated with
azimuthal angle ranges of —88° < y < —83° and —14° < y < —=9° to
obtain in-plane and out-of-plane peaks, respectively. Corrections for
detector non-uniformity, beam polarization, and detector sensitivity as
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well as reshaping of the 2D data into the representation of g, versus g,
(= qj + q; ) were done using the same package.

Raman Spectroscopy. To analyze the molecular conformation of
the polymer, a Raman confocal imaging microscope (LabRAM HR
3D-capable Raman spectroscopy imaging system, Horiba) with a
X100 objective lens equipped with a Horiba Synapse back-illuminated
deep-depletion charge-coupled device camera was used. A 532 nm or
633 nm laser (maximum power, 50 mW; Laser Quantum) was used as
the excitation source. Integration times of 10 s were used for each
measurement.

UV—-Vis Spectroscopy. The ultraviolet—visible absorption spectra
of the PII-2T films were recorded at room temperature using an
Agilent Cary 60 UV—Vis spectrophotometer. The scans were taken
from 200 to 1100 nm wavelengths. The absorption spectra of each
film were averaged over multiple in-plane rotation angles. The optical
band gap was determined by plotting the Tauc plot from the UV—Vis
spectra.

Photoelectron Spectroscopy. Ultraviolet photoelectron spectros-
copy (UPS) and X-ray photoelectron spectroscopy (XPS) measure-
ments were conducted using a Kratos ULTRA AXIS DLD
photoelectron spectroscopy system with an ultrahigh vacuum of 3
X 107 Torr. A He-discharge lamp (21.22 eV) and a monochromatic
Al Ka X-ray (1486.6 eV) excitation source were taken as excitation
sources for XPS and PS, respectively. The samples were biased at 9.0
V with respect to the electron analyzer for obtaining the secondary
electron cutoff (SECO) spectra. The Fermi edge was calibrated from
a UPS spectrum of the Ar*-sputtered clean Au substrate, and it was
referred to as the zero binding energy in all the UPS spectra.

B ASSOCIATED CONTENT
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