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ABSTRACT Soluble graphene nanosheets, prepared by grafting polystyrene-based polymer chains
from the surface of reduced graphene oxide (RGO), have been functionalized with pendant Ru(ll)
polypyridine chromophores. N-Hydroxysuccinimide (NHS) derivatized p-vinylbenzoic acid polymer
chains were grown from methyl bromoisobutyrate initiation sites on the surface of RGO by atom
transfer radical polymerization (ATRP). Deprotection of the resulting NHS polystyrene chains followed
by amide coupling with the amine-derivatized Ru(ll) polypyridyl complex [Ru(4-CH,NH,-4'-CH;-
bpy)(bpy)]>" (4-CH,NH,-4'-CHs-bpy = 4-aminomethyl-4'-methyl 2,2'-bipyridine and bpy = 2,2’
bipyridine) afforded the covalently linked RGO-metallopolymer. The hybrid graphene-polymer

assembly has been fully characterized with clear evidence for covalent attachment of the

metallopolymer brushes to the graphene substrate. On the basis of thermal gravimetric analysis, one polymer strand is grafted to the surface of RGO
for every hundred graphene carbons. The covalently linked polymer brushes feature controlled chain lengths of ~30 repeat units with a small
polydispersity index (PDI, ~ 1.2). Photovoltaic cells based on the derivatized polymers and graphene-polymer assemblies were evaluated. The graphene-
polymer assembly in the configuration, ITO/PEDOT:PSS/RGO-PSRu/PCsoBM/AI, exhibited enhanced photocurrent and power conversion efficiencies

(~5 fold) relative to devices with the configuration, ITO/PEDOT:PSS/PSRu/PCg,BM/AI.
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uthenium(ll) polypyridine complexes
Rhave been extensively used as light

harvesting chromophores'™'° and,
in combination with polymeric scaffolds, a
basis for multichromophoric metallopoly-
mers with potential applications in photo-
sensitization, catalysis and photoenergy
conversion." ' One of our interests, tied
to the UNC Energy Frontier Research Center
on Solar Fuels,'® is in the development of
multichromophoric metallopolymer assem-
blies anchored to redox-active interfaces
for possible use in artificial photosynthesis
and solar fuels applications. Initial results on
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Ru(ll) polypyridyl polymers show that these
materials offer high optical absorption cross
sections, excellent photostability, lumines-
cence, relatively long excited state lifetimes,
and efficient electron and energy transport
over nanoscale distances. Strategies have
evolved for using these materials in photo-
voltaic applications, so far, with relatively
poor conversion efficiencies.'~2' Closely
related ruthenium complexes are used rou-
tinely in dye-sensitized solar cells.**** Novel
metallopolymer design strategies that in-
corporate these materials into heterojunctions
with efficient electron donor or acceptor
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Chart 1. Structure of RGO-PSRu.

materials hold promise in integrating enhanced light
absorption/antenna properties with interfacial, photo-
induced electron—hole pairs.

Graphene is an exceptional two-dimensional materi-
al with excellent structural, chemical, and electrical
properties.>*~3' It has opened new strategies for deve-
loping a wide range of novel functional materials.3?~3°
Redox potentials, mechanical strength, and solubility
can all be controlled by functionalization of the gra-
phene surface.3® Noncovalent modification of gra-
phene sheets with pyrene derivatized ruthenium(ll)
complexes has been reported, but there have been
few reports of Ru(ll)-based metallopolymer assemblies
covalently linked to graphene. In the pyrene-based
approach, the highly conductive sp? bond configura-
tion of graphene is preserved, but control and char-
acterization of the inherently unstable supramolecular
system limits its usefulness.?” Ideally, strategies to
functionalize graphene should provide enhanced me-
chanical properties and processability without ad-
versely affecting electrical transport.

A popular chemical modification strategy is to ex-
foliate graphite to graphene oxide (GO) followed by
attachment of polymer chains to the active surface
functional groups. There are by now many practical
methods to decorate graphene sheets with covalently
linked polymers.3*~*’ There are, however, no reports
of metallopolymer structures covalently grafted to
GO such that the polymer brushes are controlled
in both density of coverage as well as chain length.
Such organized structures are desirable because
they can serve as the light harvesting component of
assembled organic photovoltaics providing high per
unit extinction coefficients that enable full solar spec-
trum absorption.*®

In this manuscript, we report on grafting polystyr-
ene (PS) brushes from reduced graphene oxide (RGO)
surfaces by atom transfer radical polymerization (ATRP)
by using methyl bromoisobutyrate as the initiator.
This is the first report, to our knowledge, that takes
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advantage of the relatively long Ru polypyridyl excited
state lifetimes coupled with GO as electron acceptor
with a solution processable polymer, chemically grafted
onto GO. An additional notable feature is the ability
to functionalize the PS polymer brushes with pen-
dant [Ru(4-CH,NH,-4'-CHs-bpy)(bpy),]** complex units
(4-CH,;NH,-4'-CH3-bpy = 4-aminomethyl-4’-methyl-
2,2'- bipyridine and bpy = 2,2-bipyridine) (Chart 1).
There appears to be no precedence for preparation
of graphene grafted with polypyridyl Ru(ll) modified
PS brushes with photophysical characterization of the
resulting materials.

RESULTS AND DISCUSSION

Synthesis and Characterization. In the linkage chemistry,
the methyl bipyridyl ligand of the ruthenium chromo-
phore is attached via an amide linkage to the polymer
backbone as shown in Scheme 1. The synthetic details
of the RGO-PSRu linkage chemistry are reported in the
Supporting Information. GO was synthesized by using
a modified Hummers procedure.***° The GO was soni-
cated in the presence of NaBH, to yield reduced
graphene oxide (RGO).>' The hydroxyl groups of RGO
were subsequently modified with 2-bromoisobutyl
bromide by a Schétten—Baumann reaction as reported
in the literature.*® ATRP reaction of 2,5-dioxopyrrolidin-
1-yl-4-vinylbenzoate (NHVB) was carried out in DMSO at
80 °C with CuBr/1,1,4,7,7-pentamethyldiethylenetriamine
(PMDETA) as the catalyst and RGO-methyl bromoisobuty-
rate as the initiator.

The processes of GO reduction and polymer mobi-
lization were monitored by the ratio of the intensities
of the D (~1330 cm™") and G (~1590 cm™") bands in
the Raman spectra, as shown in Figure 1a. The D band
is known to arise from the first order scattering of
sp> carbons in graphene oxide, while the G band is
attributed to the intrinsic sp? carbon double bonds.
The relative increase intensity of the D band in RGO
indicates a decrease of the average size of the sp?
domains due to the smaller size relative to GO.>'>2
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Scheme 1. Synthesis of RGO-PSRu.
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Figure 1. Raman spectra of GO, RGO and hybrid (a), and ATR-IR spectra of RGO-PSRu and RGO-PS films (b).

When polymer was grafted in situ to RGO, a slight
increase in the D band and a shift of G bands indicate
the formation of chemical bonds between RGO and
polymer chains.*

The length of the polymer chain on graphene was
determined by gel permeation chromatography (GPC)
with DMF as the eluent. In order to characterize the PS
brush, it was detached from the graphene surface by
treatment with NaOH. 'H NMR showed that the func-
tional side groups on the polystyrene backbone were
hydrolyzed to yield the parent carboxylic acid functional
groups. On the basis of the GPC results, the unattached
polymer is estimated to be ~30 repeat units long.

The extent of hydroxyl functionalization can be
estimated by thermal gravimetric analysis (TGA) under
N,. As shown in Figure S1 (Supporting Information),
a comparison of GO, RGO, RGO-OH, and RGO-initiator
shows a weight loss at 120 °C corresponding to residual
—COOH groups with GO undergoing two continuous
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decompositions at 400 °C presumably due to the
hydroxyl and epoxy groups. On the basis of this
assumption, the mass loss observed at 340 °C is attrib-
uted to the decomposition of the C—O—C link nearest
to graphene. A 15% weight loss for RGO-OH at 340 °C
corresponds to 17.5 hydroxyl groups per 1000 gra-
phene carbons, which is similar to the literature value.*
However, we only observe a 21% loss in RGO-initiator
at 340 °C, corresponding to 10 initiators per 1000
graphene carbons. On the basis of this observation,
we estimate that the average ratio of polymer brushes
to graphene carbons in the RGO-PSRu hybrid is 1:100.
Considering that the polymer chain has 30 repeat
units (as determined from GPC measurements on
the detached polymer), a RGO-PSRu solution at a
concentration of 5 uM in Ru contains ~0.2 mg/L of
graphene. At half loading (i.e., only ~50% of the side
chains on the polymer backbone end-capped with
Ru(ll) chromophore), there is 0.4 mg/L of graphene.
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Figure 2. The C 1s peak in the XPS spectra and fitting curves for GO (a), RGO (b), and RGO-PSRu (c). The curves were fit to C=C
(sp?, peak 1); C—C (sp?, peak 2); C—0/C—0—C (hydroxyl and epoxy groups, peak 3); C=0 (carbonyl, peak 4); 0—C=0
(carboxyl, peak 5); and 7—* (peak 6); C—N (amide, 7); Ru 3d (8, 9).

RGO-PS was functionalized by stirring a DMF sus-
pension of the RubpyNH, derivatized complex cata-
lyzed by triethylamine. A continuous Soxhlet extraction
removed the excessive RubpyNH, to levels undetect-
able by UV—vis measurements. The proton NMR spec-
trum of the hybrid in DMSO-dg is identical to the
spectrum of free PSRu. Previous results obtained on
conjugated poly(3-hexylthiophene) revealed a small
chemical shift for downfield protons when the polymer
was attached to the surface of graphene.>® However,
the average repeat unit of the Ru complex on the
polymer chain is at a relatively long distance from the
graphene, core and the resulting weak electronic inter-
actions apparently do not lead to a significant effect on
chemical shifts.

Steric hindrance and static electronic repulsion
prevented complete substitution of the PS side groups
with Ru(ll)(polypyridyl) units. The infrared spectrum
of RGO-PSRu films include a broad band arising from
residual —COOH residues at ~3300 cm™' providing
evidence for incomplete transamidation and subse-
quent hydrolysis (Figure 1b). However, the decreased
intensity for the carbonyl stretching mode at 1730 cm ™'
and increase at 1630 cm ™' suggest that a considerable
fraction of the PS side groups have been substituted
with the Ru complex. The band at 1630 cm ™" arises from
the carbonyl stretching mode of the imide in RGO-PS
transformed to an amide group in RGO-PSRu. The sharp
band at ~834 cm ™! arises from an asymmetric stretch
in the PFs~ counterion and the band at 3080 cm™' from
the N—H stretching mode of the secondary amide
group in RGO-PSRu.

Although the pendant groups are not fully loaded
with Ru units, previous studies using electron accep-
tors like 9,10-anthraquinone-2,6-disulfonate (AQS) re-
port fast energy migration between the Ru units in
the polymer with quenching observed by intrastrand
electron transfer from the nearest excited Ru site to the
AQS.>* The earlier results point to a possible related
mechanism for excited state quenching in RGO-PSRu.
In this case excitation followed by energy transfer
migration to the site or sites nearest the graphene
surface provides a mechanism for electron transfer
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quenching. Electron transfer quenching is favored with
the excited state Ru"/Ru"* potential at E,* = —3.8 V
versus the free electron in a vacuum compared to
the work function for graphene oxide at —4.42 eV.>*
Further details are presented in the photophysical and
electrochemistry sections.

X-ray Photoelectron Spectroscopy (XPS). Figure 2 shows C
1s XPS and corresponding fitted spectra for GO, RGO,
and RGO-PSRu. As shown in Figure 2a, the C 1s peak for
GO consists of four major components of comparable
intensities. They appear at 284.6, 286.4, 287.9, and
289.7 eV arising from ionizations of the C=C/C—C,
C—0/C—0—C (hydroxyl and epoxyl), C=0 (carbonyl),
and O—C=0 (carboxyl), bonds, respectively. A relatively
weak 7—m* component at ~291.9 eV is also observed.
Although the C 1s XPS spectrum of RGO exhibits
the same functionalities as GO with identical binding
energies, the intensities of the carbonyl and carboxyl
groups are substantially reduced (Figure 2b), as are
intensities for C—O bond ionizations. These results
are consistent with reports in the literature and suggest
almost complete reduction of GO.*'

Figure 2c shows ionization energies arising from the
Ru 3d electrons at 281.3 (Peak 9) and 285.4 eV (Peak 8),
corresponding to 3d>? and 3d*?, respectively. The
intensity of the ~286.5 eV feature increases because
of an overlap of intensities arising from the C—N and
C—C ionizations. These observations coupled with
our RGO-PSRu purification procedures, detailed in
Supporting Information, enable us to conclude with
confidence that the polypyridylruthenium complex
derivatized polymer brushes have been successfully
grafted onto the surface of RGOs.

Photophysical Properties. Photograph images of GO,
RGO, PSRu and RGO-PSRu in DMF solutions are shown
in Figure S2 (Supporting Information). Figure 3a shows
the normalized absorption spectra of the PSRu polymer
and of RGO-PSRu in DMF solutions. Both show absorp-
tion bands characteristic of the Ru(ll) polypyridyl
complexes. The intense absorption band centered at
~460 nm arises from a metal-to-ligand charge transfer
(MLCT), Ru" — bpy, absorption. It is slightly red-shifted
and broadened when grafted onto graphene in RGO-PSRu.
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Figure 3. Absorption (a) and emission (b) spectra of PSRu and RGO-PSRu in DMF, [Ru] = 5 #M. Relative emission intensities are
reflective of relative quantum yields. Inset in (b) is the normalized emission spectra of PSRu and RGO-PSRu. Excitation at

460 nm.

The red-shift may arise from overlapping absorption
with RGO given its long absorption tail in the UV—vis
and IR range (see Figure S3, Supporting Information) or
to light scattering. Electronic interactions between Ru
complex chromophores and RGO seem unlikely to be
the origin of the shifts given the NMR evidence for
noninteracting sites.

The steady-state emission spectra of PSRu and RGO-
PSRu in Figure 3b in DMF were obtained in deoxyge-
nated DMF solutions excited at 460 nm at room
temperature. Both feature a broad and moderately
intense emission maximized at ~640 nm arising from
MLCT Ru"* excited state emission. The fact that the
emission spectra for RubpyNH,, PSRu and RGO-PSRu
are essentially identical (see Figure S4, Supporting
Information), with only differences in relative emission
quantum yields, is consistent with noninteracting metal
complex chromophore units in the polymer brushes
without substantial aggregation or strong interchromo-
phore interaction. Notable is the partial quenching
effect of introducing RGO into the hybrid with RGO
capable of acting as an energy/charge trapping site for
the MLCT excited state.

To illustrate the impact of graphene on the Ru-MLCT
excited state, control experiments were conducted
with RGO/PSRu bimolecular quenching (see Figure S5,
Supporting Information). The concentrations of RGO
ranged from 0 to 1.25 mg/L with the latter comparable
to the ratio of graphene to polymer in RGO-PSRu hybrid.
Upon the addition of RGO to the PSRu solution, only
slight emission quenching was observed. The Stern—
Volmer constant (Ksy) is calculated to be ~10*L™" g7,

Emission decay profiles were monitored at 630 nm
to illustrate the quenching mechanism (Figure S5,
Supporting Information). The Stern—Volmer plot of
lifetime decay (7o/7) is similar to the quantum yield
decay (©o/®), indicating that the quenching of PSRu
emission by RGO is dominated by diffusional electron
transfer between PSRu and RGO. Compared to the
emission quenching of the physical mixture system,
the amplified quenching of the emission observed in
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the RGO-PSRu hybrid in Figure 3b provides confirma-
tion that the polymer backbone with the pendant Ru
chromophore is indeed chemically bound to the RGO
surface. It is also notable that the excitation spectrum
(monitored at the emission maximum at 640 nm) for
RGO-PSRu is identical to that for PSRu (see Figure S6,
Supporting Information), in agreement with the ab-
sorption and emission spectra. There is no evidence in
the excitation spectrum for aggregation of RGO-PSRu
in solution.

The results of the absorption and emission spectra
are consistent with the ability of RGO to act as an
electron acceptor resulting in emission quenching of
the MLCT excited state in isolated RGO-PSRu hybrids.
The extent of quenching in the hybrid is comparable
to that observed in a closely related PSRu polymer with
an electron transfer acceptor end group where long-
range site-to-site energy transfer migration followed
by electron transfer quenching at the end group was
proposed.>>°8

Electrochemistry. A saturated solution of RGO-PSRu in
DMF was drop-cast on the surface of indium doped tin
oxide (ITO) on glass and dried in a vacuum overnight
for cyclic voltammetry (CV) measurements. For com-
parison purposes, two control samples were prepared
on ITO glass electrodes, one with free polymer PSRu
and the other coated with a blended sample of PSRu
with RGO. Figure 4 shows cyclic voltammograms
of all three samples. All of them display reversible
oxidation waves with E;,»(Ru"") = 0.95 V versus
Fc*/Fc (1.50 V versus NHE). This potential is compa-
rable to E;,(Ru™") for Ru(bpy)s(PFs), under the same
conditions.

The CVs of PSRu and the blended sample of PSRu
and RGO include reversible redox waves at E;;, =
—1.66, —1.91, —2.19 V versus Fc'/Fc arising from
sequential reduction of the three bipyridine ligands
on the Ru complex. These potentials are comparable
to values for Ru(bpy)s(PF¢), consistent with an absence
of significant interactions between the ligands at
adjacent Ru sites on the derivatized polymer. Also,
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comparison of the CVs from PSRu and the RGO/PSRu
blend reveal no evidence for significant interaction
between PSRu and RGO in the blend. However, PSRu is
covalently attached to graphene in RGO-PSRu; the
ligand-based redox processes become quasi-reversible
with currents for the reoxidation of ligands greatly
diminished; note that the black reduction wave in
Figure 4 and E; /;, for the first ligand reduction is shifted
~70 mV more positively in RGO-PSRu compared to
PSRu. The observation may arise from RGO stabilization
of the ligand radical anion with the resulting electronic
interactions opening an electronic channel for RGO to
shuttle electrons as observed in graphene and carbon
nanotube hybrids.>>°
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Figure 4. CVs of PSRu, RGO-PSRu and a blend of RGO with
PSRu on ITOs: 0.1 M BuyNPF¢ in deoxygenated CH3CN, with
a Pt wire as the counter electrode, a Ag/AgNO; as reference
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Morphological Properties. The cationic pendant Ru
units enable dissolution of RGO-PSRu in DMF yielding
a transparent solution, which remains stable for several
months (Figure S2, Supporting Information). Atomic
force microscopy (AFM) images of exfoliated GO and
RGO-PSRu hybrid on mica substrates, obtained by spin-
coating and drying in a vacuum, are shown in Figure 5.
The nanosheets of GO and RGO-PSRu show irregular
shapes with sizes ranging from tens of nanometers
to several micrometers. The height profiles show that
the thickness of the GO sheets is ~1.1 nm, which is in
agreement with GO thicknesses reported in the litera-
ture (~0.8—1.5 nm)." Figure 5b shows bright spots
on noncontinuous membranes formed by RGO-PSRu
suggesting aggregates. The measured height of RGO-
PSRu in this case increased to ~10 nm (Figure 5b).
The thickness of RGO-initiator has been reported to
be ~2.2—3 nm, where the substituted aryl groups on
both sides of GO contribute ~0.6 x 2 nm.3**” A PSRu
polymer with 10 repeat units has a chain length of
~30 A. Thus, compared to GO, the 9 nm increase in
thickness can be attributed to the surface-attached
polymers.

Similar observations have been made in scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) images (Figure S7 and S8, respec-
tively, Supporting Information). Thin flakes of GO were
distributed on substrates with sizes ranging from
several nanometers to ~1 um, consistent with the
AFM results. Single layers of transparent GO flakes
apparently have been converted to smaller RGO
pieces accompanied with some multiple layer sheets.

um

um

T T T T T

0.0 10 2.0 3.0 4.0
um

Figure 5. AFM images of GO (a) and RGO-PSRu (b) together with the height profiles from a cross-section analysis.
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Poor solubility of RGO in water and DMF has been
explained as being due to reduced amounts of hydroxyl/
carboxyl groups, which accounts for the aggregates in
the SEM image of RGO. Once functionalized with the
polypyridyl ruthenium oligomer, the RGO adduct was
converted into a noncontinuous membrane with ag-
glomerate formation as shown in Figure S7c (Supporting
Information). In spite of the abundance of agglomerate
in the hybrid, one can observe the RGO sheets covered
with a smooth surface of polymer in the hybrid TEM
image.

Photovoltaic Characterization. Photovoltaic cells, con-
figured as ITO/PEDOT:PSS/PSRu (RGO-PSRu)/PCsoBM/
Al, were fabricated as shown in Figure 6 with details
presented in the Supporting Information. The anode
was indium-doped tin oxide (ITO). The structure
of PEDOT:PSS, poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate), is shown in Figure 6. The origin of
the photovoltaic effect for the RGO-PSRu hybrid arises
following MLCT excitation of the polymer-bound Ru(ll)-
polypyridyl chromophores. For this chromophore, visi-
ble excitation is dominated by transitions to low lying
metal-to-ligand charge transfer (MLCT) excited states
largely single in character followed by rapid (psec)
conversion to the lowest triplet with the net process,
Ru'(bpy)>™ Lid 3[Ru"(bpy™)>**]. This state is capable
of transferring electrons to either PCBM and/or RGO as
acceptor.

The excited state redox potential for the couple
Ru"(bpy)** + e~ —*[Ru"(bpy )***] on PSRu (Eo,*) can
be calculated from the free energy content of the
excited state above the ground state, AGgs, which is
available from Franck—Condon fitting of the emission
spectral profiles and eq 1.°%°°

(AU1/2)2

AGgs = Eg+—— 2
B = F0t T6kaT In2

(1)
Ineq 1, Ey is the v =0 — v* = 0 energy gap, Avy, is
the vibronic bandwidth at half-height, and kg and T are
the Boltzmann constant and absolute temperature,
respectively. A complicating feature, observed earlier,
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Figure 7. Energy diagram of ITO/PEDOT:PSS/PSRu/RGO/
PCeoBM/AI

and attributable to rapid intrastrand energy transfer
migration in the PSRu polymers, is the appearance of
a time dependence in emission spectra.?>®' Following
excitation, energy migration occurs to low energy
“trap” sites on the polymers, which, because of the
small energy gaps, dominate excited state decay.
Application of the single-mode Franck—Condon anal-
ysis to time dependent emission spectra for PSRu at
long times when equilibration had occurred gave
Eo=1.98 eV (~16000 cm ', see Figure S9 and fitting
parameters in Table S1, Supporting Information). The
values of Av,, kg, and Tare 1700cm™",070cm™" K,
and 298 K, respectively. On the basis of these values,
AGgs = 2.14 eV, Eo,* = Eox — AGgs/nF = —0.64 V versus
NHE, 3.86 eV versus vacuum with F, the Faraday, in eV
per equivalent.

An energy diagram for the ITO/PEDOT:PSS/PSRu/
RGO/PCgoBM/AIl configuration is shown in Figure 7.
A photocurrent density versus voltage plot is pre-
sented in Figure 8. In the energy diagram, a common
AGgs value is assumed for polymer chromophores in
PSRu and RGO-PSRu. From the PV measurements, the
devices have similar open circuit potentials (V,.) with
Voc = 0.1V as expected given the common E,,* values.
The theoretical V,. is the difference between the
excited state redox potential on the polymer and the
PCsoBM LUMO energy.
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In the absence of graphene, 3[Ru"(bpy)?"*] ex-
cited states migrate along individual polymer strands
by intrastrand energy transfer hopping among
the pendant Ru sites and finally to a PCBM junction
where oxidative quenching occurs by electron transfer
from 3[Ru"(bpy™)*™*] to PCBM. Once formed, the
Ru"(bpy)>* sites are transported back along the poly-
mer chain to a Ru/PEDOT interface where oxidation
of PEDOT regenerates Ru'(bpy)**. An energy/electron
transfer hopping mechanism is illustrated in Figure 9.

The presence of RGO in the graphene hybrid struc-
ture provides an additional electron/energy transfer
pathway for utilization of the [Ru"(bpy)?**] excited
states. The graphene work function has been esti-
mated to be —4.4 eV versus vacuum.%> With RGO,
energy transfer migration of 3[Ru"(bpy™)*™*] along
the polymer strands to the RGO interface results
in oxidative quenching, 3[Ru"(bpy")*"*] RGO —
Ru"(bpy)** RGO, followed by RGO~ electron transfer
to the PCgoBM acceptor. Because of depletion of sp>
character in reduced graphene oxide, a significantly
decreased charge-transfer resistance in the RGO/
PCsoBM film is expected. This creates an electron
transfer conduction network facilitating electron trans-
fer to PC¢oBM, accounting for the considerable photo-
current enhancement for RGO-PSRu (0.11 mA-cm™2)
compared to PSRu (0.02 mA-cm2).

Nonetheless, photocurrents and power conversion
efficiencies are low with a maximum of ~0.003%
for the latter, in large part due to limited light absorp-
tion. The limited solubility of PSRu and RGO-PSRu in
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Figure 8. Current density—voltage curves of ITO/PEDOT:
PSS/PSRu (RGO-PSRu)/PCgoBM/AI.

Figure 9. Proposed energy/charge transfer mechanisms.
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dichlorobenzene resulted in very thin active layers for
light harvesting. In addition, aggregation in the RGO-
PSRu films may also play a role by inhibiting charge
separation and collection at the interfaces between
polymer and PCBM and polymer and PEDOT:PSS.
Aggregation was observed in AFM images (Figure 5).
From the energy diagram, the *[Ru"(bpy~)>**] excited
state is sufficiently oxidized to undergo electron
transfer to the LUMO of PCBM. However, E,, levels
are closer to the HOMO of PCBM, which suggests
possible hole transfer at the interface between poly-
mer and PCBM with extensive electron—hole recom-
bination at the interface.

In a prior study on Ru(ll)-bpy containing polymers
with conjugated polymer frameworks, higher photo-
currents (~1—2 mA-cm~2)'??° were observed than
for our nonconjugated polystyrene backbones. Higher
ground state potentials in the conjugated polymer
lower the hole injection barrier from oxidized chromo-
phore to PEDOT:PSS and may inhibit electron—hole
recombination at the polymer/PCBM interface, a reac-
tion that occurs in the inverted region.?'

CONCLUSIONS

In summary, surface initiated ATRP enables the
preparation of a soluble graphene that is grafted
with polypyridylruthenium derivatized polystyrene.
The appearance of this chemically linked hybrid
demonstrates an accessible strategy for grafting even
charged transition metal complexes to the surface of
graphene. The product, obtained as RGO-PSRu in DMF
solution, has been fully characterized. We estimate
that 1 out of every 100 graphene carbons contains a
polymer chain (PSRu) in RGO-PSRu by thermal gravi-
metric analysis. Photophysical experiments confirm
that PSRu is chemically bonded to graphene in RGO-
PSRu, resulting in quenched emission. Cyclic voltam-
metry measurements also reflect an interaction
between GO and the PSRu units. Because of the unique
electronic properties of graphene, GO, and the Ru
complex polymers, these are novel hybrids with con-
siderable potential for light harvesting applications in
optoelectronic devices.

Photovoltaic cells ITO/PEDOT:PSS/PSRu (RGO-PSRu)/
PCsoBM/Al were fabricated and characterized. Because
of the graphene aggregation and electron—hole
recombination, the power conversion efficiencies are

“‘ RGO
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low. However, in comparison with the device
made from PSRu, the one with RGO-PSRu exhibits
enhanced photocurrent and conversion efficiency
(over 5 fold), which shows the advantages of the

MATERIALS AND METHODS

NMR spectra were obtained in CDCl; and/or DMSO-dg on
a Bruker instrument operating at 300 MHz. Gel permeation
chromatography (GPC) analyses were conducted on a Waters
Alliance System comprised of a Waters 2695 Separations Module
and Waters 2414 Refractive Index Detector (Waters Associates
Inc., Milford, MA). A polystyrene standard kit was used for
molecular weight elution volume calibration. IR spectra were
collected on a Bruker ALPHA FT-IR spectrometer equipped with
an attenuated total reflection (ATR) sampling accessory. UV—vis
absorption spectra were recorded on a Hewlett-Packard 8453
spectrometer. Steady-state emission spectra were recorded on
an Edinburgh Instruments FLS920 emission spectrometer,
equipped with a Xenon light source. Emission intensities at each
wavelength were corrected for system spectral response. Cyclic
voltammetry was carried out on a computer-controlled CHI660D
electrochemical workstation, where a ITO glass served as the
working electrode, a platinum electrode as the counter elec-
trode, and a 0.1 M AgNOs/Ag electrode as the reference. A
solution of tetrabutylammonium hexafluorophosphate (0.1 M) in
dry acetonitrile was used as the supporting electrolyte, and the
scan rate was 100 mV s~ ",

Synthesis. Graphene oxide (GO) was synthesized using a
modified Hummers procedure, followed by reduction with
NaBH, in the presence of sonication to yield RGO.>' The RGO-
initiator was synthesized according to the literature.*® All
reagents were used as received unless otherwise specified.
1,1,4,7,7-Pentamethyldiethylenetriamine (PMDETA) was pur-
chased from Sigma-Aldrich and used without further purifica-
tion. RubpyNH, was synthesized on the basis of previous
report.®® Copper(l) bromide was sequentially treated with acetic
acid, ethanol, and acetone before use. 2,5-Dioxopyrrolidin-1-yl-
4-vinylbenzoate (NHVB) was synthesized according to the
literature.®® Free polymer PSRu was prepared elsewhere.® All
reactions were carried out under nitrogen or argon flow unless
otherwise noted.

Photovoltaic Cells Fabrication and Characterization. ITO conducting
glasses (25Q/sq) were sonicated in acetone and isopropanol for
15 min each and treated in O, plasma for 15 min. A PEDOT:PSS film
was prepared from the aqueous solution by spin coating, followed
by annealing at 180 °C for 20 min. A solution containing PSRu or
RGO-PSRu:PCyoBM (1:4 by weight) in o-dichlorobenzene:DMF (1:1)
was spin coated on PEDOT:PSS/ITO glass and then annealed at
110 °C for 45 min. A thin film (100 nm) of Al was thermally
evaporated on the top of active layer under a vacuum of 1076 Torr.
All devices were then annealed in air at 110 °C for 15 min.
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graphene/metallopolymer hybrid. A focus for future
work could be on minimizing graphene aggregation
and tuning the energy levels for better photovoltaic
performance.
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