ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

accepted for publication.
ChemComm

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

ChemComm

Total chemical synthesis of a polymer/graphene nanocomposite

Received 00th January 20xx,

Accepted 00th January 20xx Zarbin a*

DOI: 10.1039/x0xx00000x

www.rsc.org/

A versatile and room temperature synthesis of thin films of
polymer/graphene is reported. Drastically differing from other
methods, not only the polymer but also the graphene are
completely build from their simplest monomers (thiophene and
benzene) in a one-pot polymerization reaction at a liquid-
interface. Materials were characterized and electronic properties
are presented.

Nanocomposites between different categories of polymers
and carbon nanostructures (carbon nanotubes or graphene) are
in the center of the most recent materials development.* Several
synthetic procedures and approaches have been developed to
prepare that fascinating class of material, as for example a
mechanical mixture of the components, a mixture of
dispersions of either components, or the in situ polymerization
over the carbon nanostructures.”® For all known routes to
carbon nanostructures-based polymeric nanocomposites, there
are different ways to prepare the polymer, but the carbon
nanostructure should necessarily be pre-prepared and mixed during
the preparative steps.

In which concerns the structure and morphology of these
nanocomposites, it is desirable that the carbon nanomaterial stays
homogeneously distributed over the polymer, enhancing the contact
area between the two components, an important factor responsible
for the observable properties.® The processability of these materials
is as important as their preparation, because the way in which the
material will be presented (for example as a monolith, self-standing
film or thin film) will determine the range of possible applications
for it.! So, it is very common to find materials presenting unique
properties that will not result in real application, due to their
unprocessability. The class of polythiophenes (PTs) represents an
emblematic example of this situation. PTs have some unique
properties that are closely related to their great scientific and
technological interest.*> For example, the unsubstituted PT is
expected to Erovide excellent performance as active layer in organic
solar cells,® because of the close contact of the polymeric chains
(which improves the charge transport) and the excellent stability in
air (soluble polyalkylthiophenes are air sensitive).*® However, this
application requires the preparation of PT as thin films which is
challenging due to the insolubility of PT, as pointed out by sparse
works dedicated to the thin film production of PT.**

Recently, we reported that liquid-liquid interfacial systems can be
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an interesting confined medium in which unprocessab..
materials can be assembled as a thin and transparent films, easi’
transferable to ordinary substrates, enabling its study in thin fil.»
based devices.’**® We applied this system for self-assembling thin
films of polyaniline with carbon nanotubes and graphene. Otherw..
we also reported that the same liquid-liquid interface between wi~*-
and benzene can lead to the synthesis of large graphene structuics,
based on a polymerization of benzene by FeCl; and subsequent
coupling reactions with benzene mediated by the wate =~
interface.’® This reaction is based on an extensive work of Kovac -
et al about the poly-(p-phenylene) (PPP) reactions,”?* and it is
fundamentally different from other reports about the chemic i
sQ/nthesis of graphene involving specialized phenylene molecules,
% and other most recent approaches. %’

Therefore, based on these two possible outcomes from the liquic
liquid interface, we report here the synthesis of a nanocomposite .1
which both phases (polymer and carbon nanomaterial) are
chemically synthesized in one-step and one-pot reaction, startir 4
from their simplest monomers (thiophene and benzene), giving ris
to a polythiophene/graphene material. The graphene phase is equal’
distributed over the PT and the whole material is alreac *
synthesized/processed as a thin and transparent film assembled at the
liquid-liquid interface. A spectroscopic characterization of tl 2
polymer/graphene structure is provided. The electronic properties
were evaluated in terms of charge carriers mobility and enhancer
photovoltaic properties caused by the presence of graphene ir. =e
polythiophene thin films. As far as we know, this is the first report
on a nanocomposite synthesis in which both materials are
simultaneously synthesized. Additionally, this is the first report ¢~
the chemical synthesis of unsubstituted PT directly as a thin fili»
(neat or in hybrid films).

The Figure la presents the general scheme for preparation of
polythiophene/graphene thin films. First, a dispersion of anhydro s
FeCl3 in benzene is prepared by sonication (see Supplem. Info, Exp
Section.) and then added to an emulsion formed by water ar'
thiophene. Since two reactions took place simultaneously in this
system, we shall describe what happen at the interface separately. 1
which concerns the PT synthesis, when the two phases are I
contact, the insoluble FeCl; spontaneously migrates to the aque s
phase and the thiophene migrate to the organic phase. So, bot of
these reactants come into contact exactly at the interface, produc..,
PT in a reaction according to Fig. 1a, creating a red film that behavr
as a transparent and malleable “skin” assembled at the liquid-liqui*
interface (Fig. 1d). The FeCl; dispersion in benzene is necessa. v
since the chemical polymerization of thiophene requires anhydrous
FeCls,2 opposite to our previous synthesis protocol of polyanilir
films (monomer in organic phase, oxidant in water).*** The san.
synthesis can be performed in non-aromatic solvents like chloroforr-
(sample PT-chloroform) and hexane (sample PT-hexane), producir.1
PT but without the presence of graphene.
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Figure 1. (a) Scheme of polymer/grapheme synthesis starting from benzene and
thiophene using the liquid-liquid interfacial system; (b) UV-Vis spectrum of PT
films; (cf) photographs of PT interfacial thin films deposited over glass slides
(from left to right, PT-benzene, PT-chloroform, PT-hexane); (d) photograph of PT
interfacial thin film in a flask with liquid-liquid system.

The red colour of the PT films (Fig. 1c) indicates the neutral state
(undoped), as observed by the 500-600 nm absorption band in UV-
Vis spectra (Fig.1b). The PT produced with benzene presents the
most red-shifted absorption band which is related to a more
conjugated structure,* caused by the presence of graphene. The
interfacial films can be easily removed from the interface, as well
their thicknesses controlled by the synthesis parameters (Supplem.
Info, Fig. S1 and S2).

Analyzing the same interfacial system but now for the graphene
synthesis, we observed previously that the dispersion of FeCl; and
benzene prepared by sonication can lead to the formation of small
oligophenylens/Pol(}/phenylenes, resulting from the benzene
polymerization.®®® When this whole dispersion containing
oligophenylenes, large excess of benzene and FeCl; found water in
the interfacial system, new coupling reactions (incorporation of new
benzene monomers to the pre-made oligophenylene) take place, now
catalyzed by transient acid species created at the fast contact of the
excess of FeClz and the water phase ginterface mediated reaction), a
mechanism known as Scholl reaction.*?2%° We recently demonstrate
that controlling this whole process these reactions can produce
graphene.’® It is important to point out that our strategy is similar to
the extensive work of Kovacic, differing from other more
sophisticated methods to chemically synthesize graphene.??’

Vibrational spectroscopy was used to gain insight on the
chemical structures of the films. Raman (514.5 nm) and infrared (IR)
spectra are presented in Figure 2, confirming the occurrence of
unsubstituted polythiophene (Fig. 2a-c). The sp? structure of the pure
graphene sample is evidenced by the Raman spectrum in Figure 2d,
featuring three main bands located around 1350, 1588 and 2700
cm™, assigned to the D, G and G’ bands, a fingerprint of graphene
and sp? carbon materials.®® Due to the strong resonant effect of PT in
Raman spectrum, we could not observe the graphene modes in the
spectrum of PT-benzene (Fig. 2a), although its observation within
the polymer is more straightforward using electron microscopy
techniques as will be presented. Comparing the polythiophene
spectrum of samples prepared with benzene, chloroform and hexane,
we observe that the solvent has influence over the quality of the PT.
It becomes evident that the samples prepared with hexane (Fig. 2c)
are different from those prepared with benzene and chloroform,
whose spectra (Raman and IR) are comparable (Fig. 2a-2b). Three
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main features confirms this: (1) the ratio of the symmetric (~1-.. .
cm™) to the antisymmetric (1490 cm™) (IR spectrum) stretchip-
mode of C,=Cp (lsym 1430/ lasym 1490) 1S much higher for PT-hexan.
indicating much lower conjugation lengths;**? (2) the ratio of 701
cm™ band (out-of-plane ring symmetric bending) in Raman specisun
over side bands (650, 681, 759 cm™) is much lower in PT-hexar >
indicating more distorted PT chains;* (3) the ratio of 700/782 cm*
band in IR spectrum (out-of-plane C-H bending in the -
monosubstituted and 2,5-disubstituted, respectively) is higher in P1-
hexane, indicating lower degree of polymerization. This resu't
indicates that the polythiophene produced in the samples P
chloroform and PT-benzene are structurally comparable. The reasen
why the PT-hexane is structurally inferior to the other samples is
related to the poor interaction of alkanes with FeCls;, whiic
chloroform and benzene are known to have strong interaction wi’ .
Lewis acids.'"%%

Transmission electron microscopy (TEM) images (Fig. 3) allo-
assessing more directly the presence of graphene in PT-benzene. Ti @
PT-hexane (Fig. 3e) presents the typical polymeric morpholoav
characterized by fibrillar aggregates.* On the other hand,
benzene (Fig.3a-3d) shows regions in which the polymer fibers 2~
observed mixed with graphene, as observed in Figure 3a-3c. ...
graphene structures are normally completely covered by fibers but
they can be identified by the folded aspect of the sheets (Fig. 3¢* -~
can be also seen in Figure 3f (pure graphene). Regions enriched wi 1
PT fibers can be also found, as in Figure 3d. The clear distinction o
the graphene generated in PT-benzene sample can be evidenced 7 .
TEM by using also analytical techniques, like energy dispersiv
spectroscopy (EDS) and selected area electron diffraction (SAED)  f
PT-benzene to evaluate the crystalline character of the graphene.
the SAED (Fig. 3g), (corresponding to the area of Fig.3c) two se€ s
of planes can be identified, corresponding to the plane (100) (inn-
circle) and (110) (outer circle) of graphene, proving its hexagone'
lattice. Few hexagonal spot sets can be identified although tl =
diffraction is the result of several small crystalline domains sheet
giving the arc aspect.® The pure polymer SAED gives no diffractic 1
pattern because of its amorphous nature. The intensity profile o.
SAED is provided in Fig. S3 (corresponding to the dashed arrow ™ .
Fig. 3g) and provides the distance of the planes (100) and (11¢°
(Fig. S3), corresponding to 2.12 A and 1.25 A, respectively, which is
in close agreement with the values found for pure graphene (* _o
and 1.22 A).** In addition, EDS was obtained from the area u.
Figure 3c using scanning-transmission electron microscopy (STEM)
mode
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Figure 2. Normalized Raman and IR spectra (attenuated total reflectance - ATR) of t-
PT films. (a) PT-Benzene; (b) PT-chloroform, (c) PT-hexane, (d) graphene (contr |
experiment with benzene, without thiophene).
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Figure 3. (a-d) Transmission electron microscopy (TEM) images of PT-benzene; (e) TEM image of PT-hexane; (f) TEM image of graphene sample; (g) selected area elecc o

diffraction (SAED) of image presented in Fig. 3c. The profile of the dashed arrow is in Fig. S3; (h) STEM image of area in (c) and corresponding elemental maps of carbon and sulfur.

(Fig. S4). The major signals in EDS spectrum are from carbon and
sulfur, as expected by the presence of graphene and polythiophene
fibers. The corresponding STEM image of Figure 3c is presented in
Figure 3h along with the elemental mapping of carbon and sulfur.
The carbon map clearly identifies the graphene sheets structure as
well as the sulfur map identifies the polymer-rich areas. This data
along with the proof of crystalline character provided by SAED (on
the same area) confirm the distinct production of graphene sheets
and polythiophene. It cannot be excluded that some thiophene units
can be incorporated in the honeycomb structure of graphene during
the interfacial polymerization, originating some pentagon rings along
the graphene sheets.

The data presented and discussed till now evidences directly that
the sample PT-benzene is a true nanocomposite between PT and
graphene, both synthesized together in a one-pot reaction. To the
best of our knowledge this is the first report on the preparation of a
graphene-based polymeric nanocomposite in which both the
components are chemically obtained from their molecular precursor.
Cyclic voltammogram were performed to see the effect of graphene
on the electrochemical properties of PT (Fig. 4). The PT samples
present the typical oxidation potential (p-doping process) at 0.9 V.
The well-known electrochromism of PT (Fig. 4c) was also observed
and tested by UV-Vis spectro-electrochemistry. Spanning the
potential range to -1 V (vs Ag/AgCl) (Fig. 4a) we observe a
reversible processes only in PT-benzene, which is relative to the
presence of graphene, since pure graphene sample also present
activity in the same potential range (Fig. 4a). The reversible process
at negative potentials can point out a higher electron affinity of
graphene and, therefore, indicate that both process —p and n doping—
can be separately operated in the PT-benzene as it is composed by
two materials. On the other hand, the other PT samples show no
reversible process at negative potential, as expected for pure PT.* In
addition, we used the onset method to calculate the HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) energies (data are displayed in Table S1). All the
HOMO levels are in the range of ~5.5 eV, more negative than air
oxidation threshold (~5.3 eV),” meaning that these films are
completely air stable. The calculated band gaps also show lower
values (~ 1.4 eV) for PT-benzene and PT-chloroform related to the
PT-hexane (~1.8 eV), confirming the spectroscopic results.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a) Cyclic voltammograms of the films deposited over ITO (0.1 mol.L LiClO, .
CH5CN, 20 mV.s'l) Arrows indicate the scan direction, starting from 0.0 V; (b) CV in a
smaller potential window; (c) UV-Vis spectroelectrochemistry of the PT-benze : at
different applied potential (same experimental condition as described in (a)). The . -~
shows a picture of the film at 0.0 and 1.0 V of applied potential.

Finally, we characterize the electronic and light absorptic
properties of these PT-films and evaluate the effect of graphene c..
the PT properties. Current density (J) vs voltage (V) curves ar
presented in Figure 5b. We calculate the charge mobility of the P". -
films by fitting these curves using the space-charge limited current
method (SCLC) (values and calculation are provided in Suppler ..
Info, Fig. S5).% We observed that PT-benzene has a higher mobi...,
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Figure 5. (a) Scheme of solar cell using PT-benzene or PT-chloroform as active layer; (b)
current density (J) vs V curves for different films. Red lines correspond to SCLC fitting
(see Supplem. Info, Fig. S5); (c) current density vs voltage of the solar cell under sun
and dark and (d) Incident Photon-to-Current Efficiency (IPCE).

of 10 cm%V1s™ (average value) related to the other PT-samples,
significantly higher for an un-doped and completely air-stable PT
thin film. The higher value compared to other samples is related to
the presence of the graphene within the PT chains. Next, we evaluate
the light absorption by constructing photovoltaic devices (Fig. 5a)
using PT films as active layers. The J vs V curves in dark and light
(Fig. 5c) show enhanced electrical current when PT-benzene is
exposed to light, compared to the sample without graphene (PT-
chloroform was chosen for control since it has similar PT structure
as PT-benzene), improving the total device efficiency in four times
(MPT-benzene = 2.7x10° % efficiency compared to ner-chioroform = 7x10°®
%). (photovoltaic parameters in Suppl. Info, Table S2). This higher
performance is credited to a more efficient exciton dissociation at the
several interfaces created between graphene and polymer (inset Fig.
5a). This is further corroborated by the incident photon-to-current
efficiency (IPCE) (Fig. 5d) which is higher for the PT-benzene. In
addition, this data clarify that the photo-activity of the device comes
from the polymer part of the nanocomposite, since the peak of
activity (580 nm) matches with the visible absorption of PT (500 —
600 nm).

In conclusion, we presented here the first report on a synthesis of
a graphene/polymer nanocomposites in which both phases are
obtained together, processed as a thin film, in a simple and versatile
one-pot reaction. Also, the work presents an innovative route to
unsubstituted polythiophene thin films, which can be transferred to
different kind of substrates. The presence of graphene improves and
extends the properties of PT. In a general analysis, the results
presented here can be extended to other systems where simultaneous
chemical synthesis of graphene and a second material may be needed
in order to obtain a highly interfaced hybrid material. This opens
new possibilities in terms of material design and preparation
compared to existing methods.
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