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ABSTRACT: Surface initiated polycondensation enables access to well-defined core-shell
nanoparticles is described. Stille polymerization was initiated from the surface of palladium
catalyst-immobilized zinc oxide nanorods. For the first time, a low band gap polymer poly[(4,4’-
bis(2-ethylhexyl)dithieno-[3,2-b:2°,3’-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl]

(PSBTBT) was anchored on zinc oxide nanorods to elaborate hybrid materials with tunable

photophysical properties.



RSC Advances

Ever since it was discovered that strong and flexible films of polyacetylene could be prepared by
a Ziegler—Natta polymerization, numerous conjugated polymers have been synthesized for
various applications: light-emitting diodes, sensors or photovoltaics.' The promises of organic-
based devices are low cost, lightweight, conformability, flexibility and versatility due to the wide
potential of chemical structures. At first, the concerns in the conjugated polymer chemistry field
were to conceive new materials with improved control of electrical and optical properties and
improved processibility; in particular to synthesize soluble conjugated polymers (CPs). A recent
breakthrough in this field was the use of the so-called “low band gap” (LBG) polymers, able to
harvest more photons than the “classical” such as CPs, poly(3-hexylthiophene) (P3HT).” These
are often copolymers with alternated electron rich (donor) and electron deficient (acceptor)
monomer units in their microstructure. The high energy level for the HOMO of the donor unit
and the low energy level for the LUMO of the acceptor unit decrease the band gap due to an
intra-chain charge transfer. Since the band gap of these polymers is lower than 1.8 eV, photons
of wavelengths above 600 nm are absorbed. Thus photovoltaic efficiencies up to 10.8 % have

been reached with these new macromolecules in bulk heterojunction with fullerene derivatives.”™

In parallel, few research groups turned recently their attention toward the possibility to link
conjugated polymers to inorganic, metal or carbon-based surfaces, by covalently binding the two
components in order to design new hybrid materials.” Kiriy’s and Locklin’s research groups
developed the so-called “surface initiated Kumada catalyst transfer polycondensation” (SI-
KCTP) to create P3HT brushes from different substrates such as silica particles (core@shell,
SiO2@P3HT), silicon, indium tin oxide or gold wafers.*!! Luscombe and colleagues developed

SI-KCTP for the polymerization of 3-methylthiophene from an ITO wafer functionalized with an
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aryl-nickel-bromide initiator.'* Very recently Bielawski’s group extended the scope of surface
initiated polymerization of conjugated monomer by performing the polycondensation of a
phenylene-ethynilene A-B type monomer in a chain-growth manner."” Another methodology,
called “grafting through” is based on the anchoring of a polymerizable group (most of the time a
monomer) on the substrate. Polymer chain initiation takes place in solution or in bulk and during
the propagation step; the growing chains react with the functional group attached to the surface
and then further propagate with free monomers. This methodology has been applied for the
grafting of conjugated macromolecules such as polyfluorene on quartz wafer via Yamamoto
coupling polymerization '* or poly(phenylene vinylene) on CdSe quantum dots via Heck

coupling polycondensation "

For the moment, only a few conjugated macromolecules have been initiated from a surface and
many synthetic efforts are still needed to find ways to covalently anchor CPs to a wide variety of
surfaces (metal, metal oxide, etc). In this communication, we combine two very promising fields
by reporting the elaboration of low band gap polymer brushes. The surface initiation of an
(AA/BB) type step growth polymerization has been performed and zinc oxide@LBG

nanoparticles were elaborated, for the first time.

In this report, poly[(4,4’-bis(2-ethylhexyl)dithieno-[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-(2,1,3-
benzothiadiazole)-4,7-diyl] (PSBTBT) was synthesized from the polymerization of 4,7-dibromo-
2,1,3-benzothiadiazole (M1) and 4,4°-bis(2-ethyl-hexyl)-5,5"-bis(trimethyltin)-dithieno[3,2-
b:2',3'-d]silole (M2). This polymer was chosen for its broad absorption, high hole mobility, good

photochemical stability and high power conversion efficiency of 5.1 %.'® Monomers were
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obtained with high purity (97 % for M1 and 99 % for M2, synthesis and characterization in the
Supporting Information, SI). They were first copolymerized in a chlorobenzene solution using
Stille polycondensation. 'H and "*C Nuclear Magnetic Resonance ("H/"*C NMR) showed all the
characteristic peaks of the polymer and UV-visible spectrometry was used to evaluate the optical
band gap as 1.52 eV (estimated from the low energy band edge of the optical spectrum, Eg =
1240/ onset, Figure SI4). Although molar mass could not be measured by gel permeation
chromatography (polymers insoluble in THF), comparison of the absorption spectra with
literature confirmed that the degree of polymerization is high enough to reach the maximum

conjugation length."’

Once the experimental conditions were successful for solution polymerization, they were
transferred to surface initiated polymerization by functionalizing ZnO nanorods (length = 150
nm, ¢ = 30 nm and specific surface area = 24 m>.g"") with initiating sites at the surface (Scheme
1). For this purpose a [2-((4-bromo-phenyl)-ethyl]-triethoxysilane (Si-PhBr) was synthesized
(see SI) and grafted onto ZnO nanorods. In a second step the palladium catalyst (Pd,(dba)s,
tris(dibenzylideneacetone)dipalladium(0)) was anchored to the substrate by creation of a phenyl-
Pd(dBa),-Br complex. After each step, treated particles were purified from unreacted Si-PhBr or
Pd(dBa), and byproducts by repeated dispersion/centrifugation cycles. ZnO nanoparticles were
chosen for their quality as electron acceptors making them of great use in hybrid solar cells. '*
Part of the reason for the low efficiency of hybrid photovoltaics '® is related to properties of the
ZnO/polymer interface. Because excitons formed in a polymer layer need to dissociate at the
interface, contaminants that might exist at this interface will be very harmful. Therefore it is
essential for an electron donor and an electron acceptor to be placed in direct contact for efficient

dissociation of excitons. "’
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Scheme 1. Synthetic methodology of grafting low band gap polymer to zinc oxide particles.

The success of this grafting procedure was proven by X-ray photoelectron spectroscopy (XPS);
Table 1 gives an overview of the surface chemical composition. When ZnO nanorods were
functionalized with Si-PhBr, the zinc surface content decreased, the carbon one increased, and
finally bromine and silicon appeared. From a quantitative point of view, thermogravimetric
analysis (TGA) (Figure SI8) of ZnO and ZnO@PhBr showed an organic mass loss of 1.5 %
which corresponded to a phenylbromide grafting density of 2 molecules.nm™ The
aforementioned value was consistent with literature reports.B’ 20 Having proved the
bromobenzene surface coverage of the ZnO nanorods, subsequent efforts were directed towards

the anchoring of the palladium catalyst on the substrate. ZnO@PhBr nanorods were then reacted
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with an excess of Pdy(dba); (calculated from the specific surface area and the grafting density) in
tetrahydrofurane (THF) at 50 °C for 6 h. The particles color turned from white to dark grey. XPS
analysis of ZnO@PhPdBr showed a slight increase in the carbon content due to the dba ligands

and the apparition of a peak at 335 eV pertaining to the palladium (Pd) element.

The surface polymerization was then performed from these ZnO@PhPdBr nanorods in a
chlorobenzene solution of monomers M1 and M2 at 150 °C for 2, 4 and 6 h to obtain the
particles ZnO@PSBTBT 2, 4 and 6, respectively. During the reaction, the dark brown solution
turned first to dark blue and then to greenish, which is a clear sign of polymerization leading to
conjugation length extension. The particles were then submitted to dispersion/centrifugation
cycles several times, until the supernatant became colorless and its UV-visible spectrum was
featureless. By this procedure, a consistent amount of “free” polymer (named PSBTBT 2, 4 and
6, respectively) was extracted from the core@shell particles. The fact that polymerization
happened also in solution is inherent to the reaction process. In the present case, the
polymerization was initiated from the particles since the catalyst was attached to their surface.
Once a stannane monomer M2 reacts with ZnO@PhPdBr, the palladium catalyst is released from
the surface to the solution and polymerization starts by activation of the brominated monomer
M1. This polymerization being a step-growth reaction, the solution macromolecules may also
couple to the substrate organic sites. The ratio between the free and grafted chains was 90/10 (in
weight). This ratio could be decreased by decreasing the quantity of monomer in the initial
solution. We rather kept the experimental condition to obtain both, free chains that will be used
as matrix in further solar cell, and grafted particles, in “one pot”. The “free” polymer chains were
characterized by gel permeation chromatography (figure SI-19) but their insolubility in THF

leaded to an under-estimation of molar masses and dispersity. Rather UV-visible spectrometry
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was performed to show an increase of the absorption maximum wavelength with increasing the
polymerization time. Again maximum conjugation length was obtained for PSBTBT 4 and 6
(Figure 1) %', with an optical band gap of 1.51 eV and an electronical band gap of 1.58 eV
(determined by cyclic voltammetry, see SI21-23). 'H and '>C NMR showed all the characteristic

peaks of the polymers (figure S124-26)
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Figure 1. UV-visible absorption spectra in chloroform of free PSBTBT obtained after 2, 4 and

6h of reaction.

At the end of the washing procedure the particles were dark blue/green. XPS characterization
was also performed and proved the presence of polymer at the surface with an increase of the
carbon and silicon atom contents and a decrease of zinc and oxygen. Moreover there was an
appearance of three new elements namely sulfur, silicon (Si-C) and nitrogen pertaining to the

monomer unit and in a quantity which increased with polymerization time. Interestingly, the
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presence of bromine, palladium and tin indicate the presence of active chains indicating the

possibility to extend the length of the polymer brush.

Another indication of successful grafting was brought by the silicon binding energy which was
divided in two populations: at 102.3 eV for Si-O (the silane anchoring group) and at 100.7 eV for
Si-C (the monomer unity). Deconvolution of the Si signal at 103-101 eV showed an increase in
the ratio Si-C/Si-O signals area (see figure SI12) with polymerization time. This is also
consistent with TGA analysis of the grafted particles revealing an increase in the weight loss

percentage with polymerization time (last column Table 1, figure SI13).

Table 1. Chemical composition of the surfaces determined by XPS.

Substrate/Atom C O Zn Br Si-O Si-C Pd S Sn N w. .
Binding energy (eV) 285 530.5 1022.5 70.1 102.8 101.1 3354 164 487.4 399.4 %
ZnO 19.4 45.6 35.0 - - - - - - - 2.7
ZnO@PhBr 20.3 46.3 28.3 1.5 3.7 - - - - - 41
ZnO@PhPdBr 22.6 43.9 28.4 1.3 2.2 - 1.6

ZnO@PSBTBT 2 30.9 37.2 23.1 1.7 2.8 0.5 1 1.1 0.7 1.2 6.3
ZnO@PSBTBT 4 49.1 26.4 12.9 2.2 1.2 1 1 3.12 1.2 2.1 7.4
ZnO@PSBTBT 6 57 21.2 9.4 0.8 1.7 1.6 0.7 4.6 0.7 2.9 13.3

[a] w.L.: weight loss percentage determined by thermogravimetric analysis.

Transmission electronic microscopy (TEM) was used to highlight the thickness of the grafted
LBG layer onto the ZnO NRs surface. Figure 2 shows both bare particles and ZnO@PSBTBT 2.

A clear, complete and homogeneous polymer shell was identified around ZnO NRs after
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grafting, leading to core@shell hybrid material. The average polymer shell thickness (h) as

measured from the images for the different hybrid nanorods was 5 £ 1 nm.

Figure 2. Images recorded by TEM of (a) bare ZnO nanorods and (b) ZnO@PSBTBT 2 (scale

bar 50 nm).

TEM analysis of ZnO@PSBTBT 4 and 6 also emphasized this homogeneous layer (see SI15-
17) but no clear increase in the shell thickness was detected. Our hypothesis is that this can be
explained considering the mechanism of a surface initiated step growth polymerization. During
the reaction, monomers and multimers in solution can couple with the surface. If long multimers
anchor the surface then a steric hindrance is created, some short surface chains are hidden and
their propagation is then limited. This phenomenon is exacerbated with polymerization time
since the steric hindrance of the chains grows. Therefore, the ability for long chains to reach
active sites at the surface decreases and the grafted chains dispersity increases. As a final

consequence the long anchored macromolecules have space to fold over the surface, reducing the
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apparent thickness of the organic shell. A limitation in this methodology can be demonstrated in
figure SI18 in which crosslinking of the nanoparticles by the polymer happened as the

conversion or the particle/monomer concentration was too high.

It is interesting to observe that the photophysical properties of the LGB polymer brushes can
significantly differ from those of the same polymer in solution. Figure 3 presents the
superposition of UV-visible absorbance spectra in chloroform of the grafted ZnO@PSBTBT 2
nanorods, a mixture of bare ZnO nanoparticles/free polymer 2 and finally the free polymer 2 for
comparison. The first feature is the presence in the UV region at 370 nm of the ZnO absorption
band. Free polymer chains exhibit a maximum absorption at a wavelength of 600 nm which was
the same in the case of the mixture, indicating that macromolecules were well solvated in CHCl;
and behaved independently. On the contrary, upon grafting, the maximum absorbance was

drastically red-shifted to a wavelength of 680 nm with a clear shoulder at 750 nm.

ZnO@PSBTBT 2
= ==+ ZnO + PSBTBT 2
PSBTBT 2

Normalized Absorbance

T T r T T I r T ;
300 400 500 600 700 800
Wavelength (nm)

Figure 3. UV-visible spectra of the ZnO@PSBTBT 2 (bold line), ZnO + PSBTBT 2 (dash) and

PSBTBT 2 (line) in chloroform solution.

10

Page 10 of 14



Page 11 of 14

RSC Advances

This bathochromic shift, i.e. red shift of 70-80 nm, reflects nicely a significant planarization of
the polymer backbone and high inter-chain interaction resulting in efficient delocalization of the
n-conjugated electrons. This behaviour is related to the high grafting density of the polymer
brushes which forces the macromolecules to be in close contact and packed. Kiriy et al. have
already observed the same effect for P3HT brushes created on silica particles via the “grafting
from” methodology.'® On the contrary, when the grafting density is lower, like in the case of the
“grafting onto” methodology, the anchored polymer is swollen and its maximum absorption
remains the same as the corresponding free polymer.”>** As a comparison, thin films of the free
polymer were obtained by spin-coating, annealed and their UV-visible spectra presented the
same feature that the polymer brushes (Figure SI10). The UV-visible absorbance was also
recorded for ZnO@PSBTBT 4 and 6 and showed a high degree of order and packing in the
polymer brushes, with a strong increase of the intensity of the vibronic structures peak at 780-

800 nm (Figure SI9).

To conclude, the covalent attachment of low band-gap conjugated polymer on an inorganic
metal oxide substrate was for the first time demonstrated. Stille polycondensation was
successfully initiated from the surface of palladium catalyst-immobilized zinc oxide nanorods.
Due to the inherent step growth mechanism of the polymerization, the synthesized polymer was
both grafted onto ZnO surfaces and obtained as free macromolecules. XPS and TEM analysis
demonstrated that the macromolecules anchored on the nanorods formed a homogeneous organic
shell of 5 nm thick. UV-visible spectroscopy exhibited a strong bathochromic effect of 70-80 nm
and relevant vibronic structures because of the high grafting density and strong m-m stacking

which tend to closely pack the confined polymer chains grafted at the surface. This hybrid

11
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ZnO@LBG, as acceptor@donor material, is the first step toward our target to obtain “patchy”
particles with a ZnO core partially covered with low band gap polymer in order to maintain

electron percolation between particles.

ASSOCIATED CONTENT

Experimental procedures and additional Figures such as TEM images, thermogravimetric
analysis and UV spectra are supplied in Supporting Information. This material is available free

of charge via the Internet at http://pubs.acs.org.
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A surface initiated polycondensation that enables access to well-defined core-shell nanoparticles
is described. Stille polymerization was initiated from the surface of palladium catalyst-
immobilized zinc oxide nanorods. For the first time, a low band gap polymer poly[(4,4’-bis(2-
ethylhexyl)dithieno-[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl]

(PSBTBT) was anchored on zinc oxide nanorods to elaborate hybrid materials with tunable

photophysical properties.
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