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ABSTRACT: Incorporation of conjugated polymers into porous metal oxide networks is a challenging task, which is being
pursued via many different approaches. We have developed the guided in situ polymerization of poly(2-methoxy-S-(2'-
ethylhexyloxy)-p-phenylenevinylene) (MEH-PPV) in porous titania films by means of surface functionalization. The controlled
polymerization via the Gilch route was induced by an alkoxide base and by increasing the temperature. The selected and specially
designed surface-functionalizing linker molecules mimic the monomer or its activated form, respectively. In this way, we
drastically enhanced the amount of MEH-PPV incorporated into the porous titania phase compared to nonfunctionalized
samples by a factor of 6. Additionally, photovoltaic measurements were performed. The devices show shunting or series
resistance limitations, depending on the surface functionalization prior to in situ polymerization of MEH-PPV. We suggest that
the reason for this behavior can be found in the orientation of the grown polymer chains with respect to the titania surface.
Therefore, the geometry of the anchoring via the linker molecules is relevant for exploiting the full electronic potential of the
conjugated polymer in the resulting hybrid composite. This observation will help to design future synthesis methods for new
hybrid materials from conjugated polymers and n-type semiconductors to take full advantage of favorable electronic interactions

between the two phases.
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B INTRODUCTION

Since their introduction by Heeger in the late 1970s,
conducting polymers have inspired a wide range of research
activities and applications." The great appeal of this class of
materials is the unusual combination of semiconductor and
polymer properties. The advantages of polymeric materials—
their potential low costs, low weight, good processability, and
possible fine-tuning by organic synthesis—are coupled to the
enormous diversity of electronic applications. In particular,
poly(p-phenylenevinylene) (PPV) was discovered in 1990 as
the first electroluminescent polymer” and has—together with
its derivatives—emerged as a classical conjugated polymer used
in polymer light-emitting diodes (PLEDs) and solar cells.”*
Especially, poly(2-methoxy-S-(2'-ethylhexyloxy)-p-phenylenevi-
nylene) (MEH-PPV) has attracted much attention due to its
relatively good solubility and easy processability.”® The appeal
for commercial applications of electroactive polymers such as
MEH-PPV originates mainly from their solution processability,
which includes advantageous methods such as inkjet and roll-
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to-roll printing, stamping, drop-casting, spin-coating, and dip-
coating.” Nevertheless, the processing of a cast polymer film
can be severely limited because most solvents will cause
swelling, reorganization of the polymer chains, and even
delamination.®

An interesting approach to overcome these stability issues is
the covalent attachment of brushes of conjugated polymers
onto surfaces. Polymer brushes in general are applied to tailor
the interface and thus control surface properties such as
wettability, biofouling resistance, adhesion, and stimuli
responsiveness.” By anchoring conducting polymers such as
MEH-PPV, the surface-related electronic properties of various
materials can be tuned.'®”"* Through this approach, well-
defined morphologies in heterojunction materials can in
principle be constructed, resulting in controlled electronic
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properties and enhanced interaction efficiencies between the
two phases.">'*

Generally, there are two common methods for tetherin
polymer brushes: “grafting to” and “grafting from” approaches.
The grafting to method employs a preformed polymer with a
reactive end group to attach the polymer chain to the surface.
In contrast, in the grafting from approach polymer chains are
grown directly from the surface. Several advantages of the
grafting from strategy include a higher surface coverage, better
suitability for high molecular weight polymers, and improved
access to inner and outer surfaces of porous inorganic
matrices.® The incorporation of polymers within nanostruc-
tured inorganic scaffolds opens up opportunities to engineer
advanced materials with highly tunable features, such as
mechanical, chemical, optical, and electrical properties.">*°
Since the mid-1990s, there have been several attempts to
integrate conjugated polymers into porous substrates by various
polymerization techniques.zo_24 One elaborate way to
efficiently introduce a conjugated polymer into a porous titania
scaffold was shown by Zhang et al. for poly(3-hexyl)thiophene
(P3HT).> In this approach, a surface functionalization of the
porous material steered the growth of the P3HT onto the inner
surface of the porous inorganic substrate. Employing this
“grafting through” method, a larger surface coverage and
consequently a more efficient photoinjection from the P3HT to
the titania could be achieved compared to ex situ synthesized
and infiltrated P3HT.>

Here we have, for the first time, adapted the surface
functionalization approach for the MEH-PPV polymer and
applied it to a mesoporous titania scaffold. The Gilch route was
the synthesis route of choice for MEH-PPV because it is an
inexpensive, nontoxic polymerization route initiated with an
alkoxide base and by increasing the temperature.”® The surface-
functionalizing molecules were chosen and designed to mimic
the monomer units. As a porous matrix we have used
mesoporous titania films with a mean pore size of 20 nm,
which are typically used in hybrid solar cells.””*®

Moreover, we have tested the applicability of this approach
for incorporation of polymer into titania films with even smaller
pores of around 10 nm.”’ The surface functionalization was
monitored by reflection—absorption infrared spectroscopy
(RAIR). The properties of the in situ polymerized MEH-PPV
inside the mesoporous titania were characterized via UV—vis
spectroscopy. Atomic force microscopy (AFM) and trans-
mission electron microscopy (TEM) measurements provided
information about the morphology of the porous titania films
with the incorporated in situ polymerized MEH-PPV. Addi-
tionally, photovoltaic performance measurements provided data
about the differing electronic properties depending on the
functionalization.

B EXPERIMENTAL SECTION

Materials. 2-Ethylhexyl bromide was purchased from Acros
Organics and used as received. All other materials were purchased
from Sigma-Aldrich Co. and used without further purification.

Methods. Reflection—absorption IR spectra were recorded with a
BRUKER IFS 66v FTIR spectrometer. The sample chamber with a
variable angle reflection accessory (A-513) was maintained at 2 mbar
during the entire measurement by means of an Edwards rotary pump.
In a typical measurement on silicon substrates, an angle of incidence of
54° to the surface normal was used. UV—vis measurements were
performed on a Hitachi U3501 spectrophotometer equipped with an
integrating sphere. Absorbance spectra were recorded in transmission
geometry with plain glass or fluorine-doped tin oxide (FTO) coated
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glass as reference. Exposure to oxygen plasma was carried out with a
Femto Plasma System from Diener Electronic typically operated at a
power of 50 W and an oxygen flow of 4—5 cm*(STP) min~". Gel-
permeation chromatography (GPC) was performed on an Agilent
1200 Series machine equipped with a PSS SDV Lux precolumn (S g,
8.0 X 50 mm) followed by a PSS SDV Lux (1000 A, S y, 8.0 X 300
mm) column. Tetrahydrofuran (THF) was used as eluent with a flow
rate of 1 mL min~". Atomic force microscopy (AFM) images were
recorded with a Nanoink NSCRIPTOR DPN system in tapping mode.
Transmission electron microscopy (TEM) was performed using a FEI
Titan 80-300 instrument equipped with a field emission gun operated
at 300 kV. Samples for TEM measurements were prepared by
removing porous titania films with 20 nm pore size grafted with acrylic
acid and subsequent in situ polymerization from the glass substrate
and applied to a holey copper grid. For comparison a bare calcined
porous titania film was investigated. Current—voltage characteristics
were measured under simulated AM1.5G solar irradiation (Solar Light
Model 16S) at 100 mW cm ™ in argon atmosphere. The light intensity
was monitored with a Fraunhofer ISE-calibrated silicon reference cell
equipped with a KGS filter for reduced spectral mismatch. J—V curves
were recorded using a Keithley 2400 source meter. For liquid nuclear
magnetic resonance (NMR) characterization of the observed signal
multiplicities the following abbreviations were used: s (singlet), d
(doublet), t (triplet), q (quartet), dd (doublet of a doublet), ddd
(doublet of a doublet of a doublet), dt (doublet of triplet), tt (triplet of
triplet), and m (multiplet).

Synthesis of Monomer 1,4-Bis(bromomethyl)-2-(2-ethylhexy-
loxy)-5-methoxybenzene (1). In a first step, 1-(2-ethylhexyloxy)-4-
methoxybenzene was synthesized according to Anderson et al.** A
detailed description of the synthesis can be found in the Supporting
Information (SI). '"H NMR (270 MHz, CDCl;, TMS; ppm): 5 6.80 (s,
4H), 3.74 (d, ] = 5.7 Hz, 2H), 3.73 (s, 3H), 1.66 (m, 1H), 1.21—1.52
(m, 8H), 0.82—0.90 (m, 6H). *C NMR (270 MHz, CDCl,;, TMS;
ppm): & 153.86, 115.68, 114.82, 71.47, 5595, 39.71, 30.77, 29.34,
24.11, 23.30, 14.29, 11.32. Yield: 91%.

The bromomethylation of 1-(2-ethylhexyloxy)-4-methoxybenzene
was conducted following a method described by Neef and Ferraris.'
Warning! The following reaction must be conducted in a well-ventilated
fume hood. Mixtures of formaldehyde and hydrobromic acid can generate
bromomethyl ethers which are likely to be human carcinogens. "H NMR
(270 MHz, CDCl;, TMS; ppm): 6 6.86 (s, 4H), 4.52 (s, 4H), 3.87 (s,
5H), 0.8—1.8 (m, 15H). ®C NMR (270 MHz, CDCl,, TMS; ppm): &
151.11, 151.05, 127.55, 127.41, 114.37, 113.84, 71.01, 56.32, 39.68,
3071, 29.19, 2876, 28.71, 24.10, 23.13, 14.18, 11.33. Yield: 78%.
Overall yield: 71%.

Synthesis of “Monomer Acid” ([2,5-Bis(bromomethyl)-4-
methoxyphenoxyJacetic acid) 4. Similar to the synthesis of the
monomer 1, a carboxylated monomer was synthesized in a two-step
protocol. First (4-methoxyphenoxy)acetic acid was synthesized
according to a procedure described in the literature.** Yield: 66%.

In the second synthesis step, the (4-methoxyphenoxy)acetic acid
was bromomethylated.** 'H NMR (270 MHz, DMSO-dg; ppm): &
7.13 (s, 1H), 7.09 (s, 1H), 4.71 (s, 2H), 4.68 (s, 2H), 4.58 (s, 2H),
3.81 (s, 3H). ®C NMR (270 MHz, DMSO-d;, ppm): § 170.63,
152.03, 150.06, 128.38, 127.53, 116.14, 114.61, 66.27, 56.68, 30.07.
Yield: 57%. Overall yield: 38%.

Fabrication of Mesoporous Titania Films. Mesoporous
Titania: 10 nm Pore Size. Mesoporous titania with an average pore
size of 10 nm was synthesized according to the “brick and mortar”
procedure developed in our group.®* Titanium dioxide nanoparticles
were prepared using a modified procedure developed by Niederberger
et al.®® Titanium tetrachloride (99.9%, 1.5 mL, 13.7 mmol) was
dissolved in anhydrous toluene (10 mL) and added to benzyl alcohol
(30 mL, 291 mmol) in a 100 mL Nalgene polycarbonate autoclave
container under continuous stirring. The solution was kept at 60 °C
for 20 h and then cooled to room temperature. The particles were
separated by centrifugation at S0000 relative centrifugal force (rcf) for
30 min and used without further treatment. The centrifuged particles
(without being subjected to washing procedures) contain about 45 wt
% benzyl alcohol according to thermogravimetric analysis; this was
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taken into account for the adjustment of the TiO, content. To obtain a
coating solution with 70 wt % TiO, nanoparticles and 30 wt % sol—gel
titania precursors (based on the total Ti content in the final solution),
a solution of Pluronic F127 (0.3 g, 0.02 mmol) in THF (4 mL) was
added to centrifuged, unwashed particles (0.4 g, 2.2 mmol of TiO,),
ultrasonicated and stirred overnight until the particles were
homogeneously re-dispersed. Subsequently, 0.4 mL (corresponding
to 1.1 mmol TiO,) of a prehydrolyzed sol—gel solution and 2.8 mL of
THEF was added (sol—gel solution; see later text), and the mixture was
stirred for several minutes. The final solutions were transparent or
translucent, being of a yellow to orange color. The sol—gel solution
was prepared by adding hydrochloric acid (37%, 5.1 mL, 62.1 mmol)
to tetraethyl orthotitanate (7.2 mL, 34.3 mmol) at room temperature
in a 25 mL glass flask under continuous stirring for about 10 min. The
films (around 380 nm thick) were prepared on FTO-coated glass
(TEC-7 from Pilkington) by spin-coating (50—80 uL/(1 cm?)
substrate area) at 2000 rpm and calcined at 450 °C (0.9 °C min™")
for 30 min.

Mesoporous Titania: 20 nm Pore Size. To synthesize mesoporous
titania films with different thicknesses, the DSL 18 NR-T paste from
dyesol was diluted with different amounts of ethanol. For a final
thickness of around 1 ym 0.25 g of paste was diluted with 0.50 mL of
ethanol. Thinner films with around 450 nm thickness were produced
from a dilution of 0.25 g of paste with 0.80 mL of ethanol. The diluted
paste was ultrasonicated for 2 h to ensure a colloidal mixing. The
ethanol solution was spin-coated on different substrates (e.g, silicon,
glass, fluorine-doped tin oxide) at 2000 rpm. All substrates were
treated with oxygen plasma for S min beforehand. The resulting films
were calcined at 450 °C for 30 min with a heating rate of 0.9 °C min™".

Functionalization of Titania Films. The calcined titania films
were cleaned in oxygen plasma for 10 min. The surface of the cleaned
mesoporous titania films was functionalized by immersing the films
(three substrates with a 1.5 X 1.5 cm? film area each) in a 25 mM (16
mL) solution of the according linker molecule in dry acetone. The
solution was refluxed at 70 °C for 3 h before the films were removed
and rinsed with acetone and stored in the dark.

In Situ Polymerization of MEH-PPV. A 72 mg amount of
monomer (0.17 mmol) was dissolved in dry THF (17 mL) and stirred
under N, atmosphere in a 25 mL Schlenk tube to get a 10 mM
solution. The titania films (three substrates with a 1.5 X 1.5 cm?* film
area each) were immersed in the solution without touching the walls
of the vessel or disturbing the stirring bar. The reaction vessel was
cooled to —80 °C under continuous stirring, and a suspension of 114
mg of potassium tert-butoxide in THF (2 mL) was added slowly
through a septum. The cooling bath was removed after 30 min, and
the reaction vessel was allowed to warm to room temperature. After 3
h stirring at room temperature the films were removed and rinsed with
dry THF and methanol. Not-attached MEH-PPV was washed off with
chlorobenzene, and the films were subsequently dried under vacuum
for 1 h and kept in the dark.

Solar Cell Assembly. For photovoltaic measurements the
mesoporous titania films were prepared on FTO substrates coated
with a dense titania layer. The dense titania blocking layer was
prepared by spin-coating 50 uL of a sol—gel solution at 4000 rpm on a
patterned FTO substrate (2 X 1.5 cm?). The titania sol—gel solution
was produced by adding 0.7S mL (9 mmol) of concentrated
hydrochloric acid to 1.0S mL (5 mmol) of tetraethyl orthotitanate
and was further diluted with 15 mL of THEF. After calcination at 450
°C for 30 min (0.9 °C min~') the mesoporous titania films were
applied as mentioned earlier.

After functionalization and in situ polymerization as described
previously a cover layer of MEH-PPV had to be applied to prevent
contacting of the titania with the top electrode and this way short-
circuiting of the devices. For this purpose, a solution of MEH-PPV (3
mg mL~", 150—250 kDa) in chlorobenzene was left soaking for 60 s
on the mesoporous films (65 uL/(2.25 cm?)), and afterward the films
were spin-coated at 1000 rpm for 60 s.

After drying the films for 15 min at 120 °C under reduced pressure
(2 X 1072 mbar) a PEDOT:PSS layer was applied. A diluted
PEDOT:PSS solution (2.5/1 = isopropanol/aqueous PEDOT:PSS)

was left for 60 s on the substrates and then spin-coated at 1000 rpm
for 60 s. The films were dried for 15 min at 110 °C under reduced
pressure (2 X 1072 mbar).

Silver electrodes, each of 100 nm thickness, were evaporated
through a mask to yield an active area of 0.11 cm? for the final devices.

B RESULTS AND DISCUSSION

Our approach of a guided in situ polymerization of MEH-PPV
into mesoporous titania films was accomplished by grafting
different functional molecules onto the surface of the titanium
dioxide. The functionalization was intended to enable a
targeted polymerization from the titania surface by participating
in the process as the starting point of a growing polymer chain
or as reaction partner of oligomers already formed in solution.>®
The selection of functional molecules was based on the
polymerization mechanism of the ap;)lied Gilch route, which is
schematically depicted in Figure 1A.”” This approach is viewed
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Figure 1. (A, top) Reaction scheme of the polymerization via the
activated monomer 2, a p-quinodimethane. R = CH; R’ = 2-
ethyl(hexyl). (A, bottom) Selected molecules used for the
functionalization of the titania surface. Carboxylic acid moieties acting
as titania-specific anchor groups are depicted in red. (B) Illustration of
the timeline of the thermally induced polymerization process.

as particularly interesting because it allows control of the
polymer chain growth by tuning the reaction temperature. It is
generally accepted that the active monomer for chain growth is
a-halo-p-quinodimethane which results from an E2 elimination
reaction of the monomer with the non-nucleophilic base
potassium tert-butoxide.”®*” Accordingly, the grafted functional
molecules mimic either the monomer structure (“monomer
acid”, molecule 4) or a part of the already activated monomer 2
(such as acrylic acid, molecule 3) (see Figure 1A). Benzoic acid
(5) was used as a reference molecule that cannot participate in
the polymerization process and therefore cannot interfere with
the chain growth of the MEH-PPV on the titania surface.
The successful functionalization of the mesoporous titania
films was verified via RAIR spectroscopy, as shown in Figure 2.
The strongest absorption at around 835 cm™ corresponds to
the inorganic Ti—O network (see SI Figure S1). Signals
indicating aromatic moieties or carbon double bonds from the
grafted molecules arise in the range from 1500 to 1600 cm™".
The vibrational modes of the carboxyl groups can be seen in
the spectra of the functionalized films around 1200, 1400, and
1725 cm™". Especially in the RAIR spectrum of the sample
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Figure 2. Reflection—absorption IR spectra of a nonfunctionalized
titania film and films grafted with different carboxylic acids 3—S5. All
spectra are normalized to the Ti—O signal at around 835 cm™ (SI
Figure S1). Signals marked with an asterisk correspond to the thin
layer of SiO, of the silicon substrates underneath the titania films.

grafted with monomer acid 4, there are also peaks visible for
C—H vibrations of the O—CHj; and CH, groups around and
below 3000 cm™".

The in situ polymerization of MEH-PPV within the
mesoporous titania films is performed by immersing the
samples vertically in a solution of 1,4-bis(bromomethyl)-2-(2-
ethylhexyloxy)-S-methoxybenzene, monomer 1, in THF. The
reaction vessel was cooled to —80 °C, and then the base KOtBu
was added. At this low temperature the monomer is fully
converted into the activated form 2 (see Figure 1A).>® This
activated monomer can then react to a diradical induced by
increasing the temperature, which is the starting point of the
chain growth via a radical polymerization.*® The progress of the
polymerization reaction can be easily followed by the red
shifting and increasing optical absorption of the reaction
mixture, illustrated in Figure 1B. At the starting temperature of
—80 °C, the solution of the monomer and the reactants is clear
and colorless. Once the thermally induced polymerization sets
off the increasing chain length of the resulting MEH-PPV, we
observe a bathochromic shift in the absorption and the color of
the reaction mixture changes gradually from light yellow to dark
orange (see Figure 1B).** The pronounced effect of the surface
functionalization on the amount of applicable MEH-PPV is
already clearly visible by eye (see Figure 3A). Films that were
grafted with acrylic acid 3 before the in situ polymerization are
intensively orange in contrast to nonfunctionalized films which
show only very light orange coloring. The functionalized and
polymerized samples are homogeneously colored, which is
remarkable considering the relatively thick porous titania layer
of over 1.5 ym. In Figure 3B the corresponding UV—vis spectra
of titania films with a pore size of 20 nm, typically used in dye-
sensitized solar cells, are compared. The grafting of the titania
surface with acrylic acid 3 or monomer acid 4 enhances the
absorbance at 490 nm by a factor of 3.3 and 5.7 compared to
nonfunctionalized and in situ polymerized samples, respec-
tively.

One major question related to polymer chains grown from a
surface is the influence of the confinement effects imposed by
the substrate.*’ Therefore, in addition to the mesoporous
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Figure 3. Effect of functionalization on in situ polymerization: (A)
picture of mesoporous TiO, films (20 nm pore diameter) before
polymerization (1; film thickness 1.5 pm) and after in situ
polymerization [nonfunctionalized and in situ polymerized film (2,
1.5 pm thickness), acrylic acid functionalized and in situ polymerized
films with the thickness of 1.5 (3), and 2 um (4)]. All films are
deposited on FTO-substrates. (B) Absorbance spectra of in situ
polymerized titania films with different functionalization. The spectra
are normalized to the film thickness.

titania films with a relatively large pore diameter of 20 nm we
investigated the grafting and in situ polymerization method also
with titania films with a smaller pore diameter of only 10 nm.
Even with these small pores the absorbance after in situ
polymerization of the functionalized titania surfaces is strongly
enhanced compared to nonfunctionalized samples (SI Figure
S2A).

To prove that the polymerization was indeed guided by the
grafted molecules actively participating in the polymer chain
growth, and not by other surface effects, we conducted two
reference experiments. On the one hand, benzoic acid § was
grafted onto the titania surface to change the polarity of the
titania toward a more hydrophobic character without providing
a polymerizable moiety. On the other hand, to ensure that the
surface properties of titania were not affected by other
conditions of the grafting process, such as prolonged refluxing,
and thus promoted the in situ polymerization in some way,
titania films were refluxed in plain acetone without any linker
molecule (“No Linker”). After the in situ polymerization both
samples—benzoic acid and No Linker—show only a low
absorbance around 500 nm that is strikingly smaller compared
to the acrylic acid grafting (cf. SI Figure S2A).

Another difference between the benzoic acid and the acrylic
acid grafting is the strength of interaction of the MEH-PPV
with the titania films, which was tested by thoroughly washing
the in situ polymerized samples with chlorobenzene. After this
washing step, samples functionalized with acrylic acid show a
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three times less reduced absorbance, and therefore less reduced
amount of MEH-PPV, than benzoic acid grafted samples, as
shown in Figure S2B, SI. This indicates that, in contrast to the
benzoic acid grafted titania, most of the grown polymer chains
in the acrylic acid functionalized films are covalently attached to
the titania surface and/or remain inside the porous network
and cannot be washed off. As expected, the change of the
hydrophilic titania surface toward a hydrophobic surface—
covered with benzyl groups—did not support the incorporation
of the polymer.

Further information about the quality of the synthesized
polymer, in the form of the HOMO—LUMO level energy gap
E,, can be extracted from the Tauc plots* of corresponding
UV—vis data (see Figure 4 and SI Table S1). The value of the
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Figure 4. Tauc plots of mesoporous titania films with different pore
sizes and without functionalization and in situ polymerization (A) and
with acrylic acid grafting and in situ polymerization (B), respectively.

optical band gap E; correlates with the conjugation length of
the polymer. The latter relies on the overlap of the z-orbitals of
the aromatic bonds, which in turn requires the phenyl rings and
the vinyl bonds, ie., the polymer backbone, to be reasonably
coplanar.”® The size of the energy gap E, decreases with
increasing conjugation length and saturates already at 20
monomer repeat units. "+

Many examples in the literature state that polymers
synthesized in a confined space have a limited chain length

and more defects compared to solution synthesized polymers,
and therefore show a reduced conjugation length.*"*"#~* we
made a similar observation for our systems. UV—vis measure-
ments reveal that the commercially available MEH-PPV (40—
70 kDa) and MEH-PPV synthesized in solution via the Gilch
route exhibit a narrower optical band gap compared to the
MEH-PPV synthesized inside the porous host (cf. SI Table S1).
Moreover, in a size exclusion chromatography measurement the
size of the MEH-PPV synthesized via the Gilch route was
compared with the commercial sample of 40—70 kDa and
showed an only slightly decreased chain length (SI Figure S3).

Juxtaposing the E, values of MEH-PPV synthesized in titania
with different pore diameters in Figure 4A and SI Table S1
gives a clear indication that the conjugation length is
diminished for the smaller pore size. This seems to be
counteracted by the functionalization of the titania surface with
active molecules. This way the E; value for acrylic acid
functionalized films in the 10 nm pore system is similar to the
value of MEH-PPV in nonfunctionalized 20 nm pore size
titania (see Figure 4B). It appears that the functionalization in
the smaller pores facilitates the polymerization and neutralizes
limiting factors for the resulting conjugation length. Such a
limitation does not seem to be substantial in the 20 nm pore
size system, because the obtained E, values are independent of
the titania surface treatment (SI Table S1).

Although the optical band gap of the synthesized MEH-PPV
is not affected by the functionalization in the bigger pore
system, the UV—vis data show (cf. Figure 3 and SI Figure S2A)
that the amount of polymer that is incorporated increases
significantly, regardless of the titania pore size. The surface
functionalization with active molecules such as acrylic acid 3
and monomer acid 4 seems to overcome the diffusion
limitation and possibly enhances the chain growth inside the
titania films. The total amount of conjugated photoactive
polymer incorporated into the porous voids of the metal oxide
semiconductor network is of special importance for hybrid bulk
heterojunction devices.*’

In hybrid solar cells based on titania and a conjugated
polymer, excitons are created in the polymer phase upon
photoexcitation and quenched at the titania interface after their
diffusion toward the polymer/titania heterojunction.”® A high
interfacial area between these two phases is essential for a good
charge transfer between the conjugated polymer and the titania
film. This can be achieved through a high degree of pore filling
of the nanostructured metal oxide with the conjugated polymer.
Abrusci et al. showed that an optimum for an efficient polymer-
based hybrid solar cell is reached at about 25% pore filling.>"
For example, in the case of monomer acid 4 functionalized
films (20 nm pores), the absorption due to MEH-PPV obtained
by in situ polymerization inside the pores (Figure 3B) is
equivalent to a 125 nm thick dense film, assuming an extinction
coefficient of around 1.5 X 10° cm™.>* The film thickness
measured by a profilometer was not increased after the
polymerization, which implies that the synthesized polymer is
located fully inside the pores, rather than being formed on the
top of the titania network. This corresponds to a theoretical
pore filling of around 25% assuming a porosity of 50% for the
mesoporous films prepared from titania paste.’®> This
conclusion is further supported by AFM measurements of
titania films before and after grafting (monomer acid 4) and
subsequent in situ polymerization as shown in Figure S. The
surface of the bare titania film features sharp edges and crystal
faces of the crystalline anatase particles (cf. Figure SA). In
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Figure 5. AFM measurements of differently treated titania films (20
nm pores, 20 nm anatase particles) in tapping mode: (A) bare calcined
titania; (B) titania film after “monomer acid” functionalization and
subsequent in situ polymerization.

contrast, the surface morphology of an MEH-PPV loaded film
displays rounded smoothed features as shown in Figure SB.
This implies that the polymer completely covers the accessible
surface of the anatase particles. The AFM image also shows that
there is no closed polymer film on the surface and that the
textural porosity is sustained.

To get better insights regarding the coverage of the titania
surface with in situ synthesized polymer, TEM measurements
of removed film material were performed. In the TEM
micrographs in Figure 6B1—B3 the 20 nm anatase particles
can be seen embedded in a layer of MEH-PPV. The accessible
surface of the anatase particles seems to be fully covered with
polymer, as shown in the AFM images in Figure 5B. In contrast,
the TEM micrographs of bare, calcined titania films show the
crystalline titania particles without any organic layer (see Figure
6A1—A3). The contrast of the inorganic oxide particles is
clearer, and the lattice fringes of anatase are more prominent.

As already mentioned previously, conjugated polymers
synthesized in a confined space are likely to show a diminished
conjugation length and a higher defect density compared to
samples synthesized in solution, which may result in reduced
charge mobility.*® In this context, in situ polymerized MEH-
PPV inside porous titania films with 20 nm pores was further
studied for applications in photovoltaic devices, as shown in
Figure 7 (cf. SI Table S2).

Here, we can clearly observe three different regimes for the
three studied systems. The performance of devices based on
nonfunctionalized TiO, samples is clearly limited by shunting,
as evidenced by the very low open circuit voltage. This could
very likely be the result of incomplete surface coverage of
MEH-PPV on the TiO, surface. This would result in a direct

10361

—

Figure 6. TEM micrograph of removed titania films of 1 ym thickness:
(A1—A3) titania films after calcination; (B1—B3) titania films grafted
with acrylic acid and after in situ polymerization.

contact between the evaporated gold cathode and the exposed
TiO, surface, which would result in a shorting path.*”
Devices based on monomer acid 4 functionalized and in situ
polymerized titania films, while showing the highest open
circuit voltages, are clearly limited by series resistance losses.*®
These devices also exhibit the lowest short circuit currents,
which is counterintuitive if we consider that these films show
the highest light capture of the set. In contrast, the series
resistance losses for devices based on acrylic acid 3 function-
alized titania films are much lower than their monomer acid 4
counterparts, and also resulted in the highest photovoltaic
performance of the set. To understand these differences, we
consider the possible influence of the molecular structure of the
surface linker on the growth of the polymer chains, which is
schematically depicted in Figure S4, SI. We hypothesize that
polymer growth seeded by the acrylic acid group results in
polymer chains protruding more or less perpendicularly from
the titania surface due to the geometry of the molecule, as
depicted in SI Figure S4A. In the case of monomer acid 4
sensitized titania, there exist two nucleation points for the
polymer growth on the side of the molecule. Here, we
hypothesize that this results in polymer chain growth
preferentially lying parallel to the surface of titania as shown
in SI Figure S4B. Therefore, it is likely that the reduction in
series resistance in acrylic acid 3 devices is the result of the
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Figure 7. (A) Scheme of the device layout with the different layers.
(B) J-V curves under AM 1.5 sunlight illumination of devices with
functionalized and in situ polymerized titania films (black, no
functionalization; blue, monomer acid; red, acrylic acid).

grown polymer chains directing photogenerated charges toward
the titania surface via the more favorable transport along the
conjugated polymer backbone.’*** For polymer chains not
lying directly on the TiO, surface in the case of the monomer
acid 4 functionalized devices, photogenerated charges would
have to hop across different polymer chains to reach the titania
surface, resulting in much slower charge transport and higher
recombination rates,*® thus explaining both the higher series
resistance and the lower short circuit currents.

The surprising results with the different linker molecules
show that for an efficient photovoltaic device high light
absorbance is not sufficient and that the titania—polymer
interface is crucial for charge separation and transport.

B CONCLUSION

We have demonstrated the directed synthetic incorporation of
MEH-PPV into mesoporous titanium dioxide films with more
than a micrometer thickness. As the synthetic route we chose
the Gilch route because it is an inexpensive, nontoxic
polymerization initiated with an alkoxide base and by increasing
the temperature.”* The MEH-PPV polymerization within the
titania structure was directed at reactive sites on the titania
surface introduced via either acrylic acid or a “monomer acid”
functionalization. This surface functionalization turned out to
be essential for the incorporation of a large amount of the

MEH-PPV into the titanium dioxide pores; it enhanced the
amount of incorporated polymer up to nearly 6 times.
Additionally, in the case of a smaller pore system (10 nm)
the conjugation length—manifested in the E, values—of the in
situ synthesized MEH-PPV could be enhanced compared to
nonfunctionalized samples. The performance of hybrid systems
made with these two different anchor molecules in photovoltaic
devices suggests that the orientation of the polymer chains with
respect to the titania surface is essential for efficient power
generation. This shows not only that it is important to fill the
porous host with a maximum amount of polymer but also that
it is important to tailor the nature of the linkage between the
polymer and the titania which has a high impact on the
electronic properties. On the one hand, the successful
incorporation of a conjugated polymer into a porous metal
oxide scaffold is therefore dependent on the functionalization of
the surface with active linker molecules. On the other hand this
alone is not sufficient to exploit the full electronic potential of
the conjugated polymer in the resulting hybrid composite.
Apparently, the surface anchoring geometry via the linker
molecules is also very important, where a near-perpendicular
orientation of the polymer chains with respect to the oxide
surface seems to be advantageous. We anticipate that these
insights into the electronic interactions between MEH-PPV and
titania scaffolds depending on the polymer anchoring will help
to develop new synthesis methods for more efficient hybrid
materials.
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