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ABSTRACT

For this study, we have synthesized two different poly(diketopyrrolopyrrole) copolymers with different chain lengths. The diketo-

pyrrolopyrrole (DPP) core is substituted with oligoethylene glycol side chains to increase its compatibility with water and copo-
lymerized with either fluorene or carbazole moieties. The polymers form a composite photocatalyst with anatase TiO,. Detailed
characterization such as NMR spectroscopy, UV-Vis, DRIFT, and UPS is used to analyze the structural and optical properties
as well as the frontier orbital energy levels of the components and the composite materials. The optical properties of the poly-

mers are tunable with respect to the copolymer used, opening up the possibility of optimizing the photocatalytic activity. These

composite materials (without the addition of a co-catalyst) provide up to an eightfold enhancement of the hydrogen evolution

reaction (HER) compared to pristine TiO,. The polymers also exhibit stability in the reaction medium as shown by solid-state
NMR, DRIFT, and UV-Vis spectroscopy. A significant influence of the chain length of the polymers on HER is found as well. As
the chain length increases, the activity toward hydrogen evolution increases. We show a correlation between hydrogen evolution
and PDPP chain length whereby the active site of the photocatalytic process remains the inorganic semiconductor.

1 | Introduction

The apparent effects of climate change present a significant
threat to humanity, as extreme weather, rising ocean levels, and
increasing temperatures cause substantial disruptions to ecosys-
tems, human health, and economies [1]. Therefore, it is essential
to reduce greenhouse gas emissions and transition to renewable
energy sources. Solar energy and hydrogen technologies are par-
ticularly promising in this regard [2]. In 1972, the photoelectro-
chemical water splitting to produce hydrogen from water at the
surface of TiO, was reported by Fujishima and Honda [3]. Since
then, a vast number of inorganic semiconductors have been in-
vestigated for this reaction, including oxides like, for example,

SrTiO, [4-7], or ZnO [8, 9]. The primary limitation of these ma-
terials is their wide band gap, which restricts their use to only
UV light.

In recent years, organic photocatalysts have emerged as prom-
ising candidates for the photocatalytic hydrogen evolution reac-
tion (HER) [10-13]. The advantages of organic and polymeric
semiconductors are particularly evident in their diverse syn-
thetic modularity and, thus, the ability for chemical tailoring of
electronic and photophysical properties, as well as shifting the
absorption to visible light wavelengths. Additionally, these ma-
terials exhibit earth abundance and activity in hydrogen evolu-
tion without the need for noble metal co-catalysts.
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In 2015, Sprick et al. published a report on the HER using or-
ganic polymer networks [14]. The same research group sub-
sequently published a report on HER using linear conjugated
polymers, with a particular focus on the homopolymer of
dibenzo[b,d]thiophene sulfone, known as P10 [15]. Strategies
to influence the band gap include extending the m-conjugation
length and copolymerizing an electron-rich (donor, D) and
an electron-poor unit (acceptor, A) in an alternating fashion
[16, 17]. The alternation of an electron-pulling and pushing
group leads to an enhanced delocalization of the m-electrons
and the quinoid structure of the polymer. An increase in the
quinoidal character of the polymer results in a reduction in
the band gap [18, 19]. These modifications permit the utili-
zation of visible light and enhance the efficiency under solar
irradiation.

The donor and acceptor moieties can be intrinsically combined
in the polymer structure to form a donor-acceptor copolymer,
which may act as a donor or acceptor material depending on
the D and A units. Alternatively, a bulk heterojunction (BHJ)
of a donor and an acceptor polymer can be created by a phys-
ical combination (bilayer, blend, etc.) to form a heterojunc-
tion for photoinduced charge separation. BHJ comprising a
benzodithiophene-based donor polymer coded as PBDTTTPD
and a non-fullerene naphthalene diimide-based acceptor named
PNDIHDT has been shown to result in a tandem cell for overall
water splitting with a solar to hydrogen efficiency of 0.8% [20].
Furthermore, organic BHJ photocatalysts comprising a D/A het-
erojunction have been demonstrated to intrinsically dissociate
excitons and enhance the charge carrier lifetime [21]. Despite
this, they were found to be thermodynamically highly unstable
and the quinoid form of the polymer was lost [22]. D-A copoly-
mers are an effective strategy to overcome this issue.

On the other hand, the combination of both inorganic and or-
ganic semiconductors enables overcoming the limitations of,
for example, TiO,, such as low quantum yield and the lack of
absorption in visible light [23]. This approach utilizes the dis-
tinctive attributes of both materials to augment their photocata-
lytic activity. The highest HER (300 W Xe lamp, A >420nm) was
achieved with a heterojunction between poly(benzothiadiazole)
B-BT-1,4-E and TiO, and triethanolamine (TEOA) as sacrifi-
cial agent (SA), with a value of 220.4 pumol h~! [24]. The effect of
nano structuration in composite materials was reported with a
phenylene vinylene conjugated porous polymer on TiO, named
n-IEP-20@T-10 with eight times higher hydrogen evolution in
comparison to the non-nanostructured [25]. The organic-inor-
ganic heterojunction PB2T-TEG-TiO, , shows the facilitation
of the ion uptake by the insertion of oligoethylene side chains.
These side chains also enhance the interaction with TiO, , lead-
ing to a 2.8 times increased HER in comparison to TiO, , [26].

Diketopyrrolopyrroles (DPP) can act as dye-sensitizing agents,
thereby enhancing the photocatalytic activity. The Reisner
group reported the synthesis of five DPP-sensitized photocata-
lysts, in which Co and Ni were identified as the active centers.
The dyes and catalysts were immobilized with phosphonic
acid on the surface of TiO, (P25). The dye-TiO,-Ni//Co sys-
tems were demonstrated to be highly effective photocatalysts
for the HER in ascorbic acid or TEOA aqueous solution [27].
Yang et al. reported the synthesis of a polydiketopyrrolopyrrol

(PDPP) copolymerized with a carbazole comonomer. The carba-
zole's amino group was initially protected with ¢-boc. Following
thermal treatment at 180°C, the protection group was removed,
allowing the polar amino group to bind to the surface of TiO,
and form a heterojunction interface. This cleaved heterojunction
exhibited enhanced activity in the degradation of methyl orange
in comparison to the uncleaved variant. Moreover, an elevated
level of activity was observed for polymers with a higher molec-
ular weight [28]. PDPPs are typically characterized by favorable
charge carrier mobility, a relatively low optical band gap, and
a high absorption coefficient [29-31]. Insertion of triethylene
glycol side chains not only increases the hydrophilicity of the
polymers [31-34], but also enhances the photocatalytic activ-
ity [35, 36].

Here, we report the synthesis and characterization of two PDPP
copolymers with a donor-acceptor architecture and solubilizing
side chains, as illustrated in Figure 1a. The DPP moiety acts as
the acceptor unit and the thiophene unit and the comonomers
fluorene and carbazole are the donor part. The D-A copolymers
function as dye-sensitizing agents on TiO, to enhance the pho-
tocatalytic activity. Furthermore, the modification of polymer
chain lengths was observed to result in a notable enhancement
of the hydrogen evolution activity of these composite materials.
The combination of the advantageous properties of PDPP poly-
mers and TiO, allows for the effective utilization of visible light
with sustainable photocatalysts for the hydrogen evolution reac-
tion. A significant influence of the chain length of the polymers
is found as well. As the chain length increases, the activity to-
ward hydrogen evolution increases.

2 | Results and Discussion
2.1 | Polymers

The DPP core was synthesized according to a published protocol
[31, 37]. It is flanked by two thiophene units [T], and brominated
at the fifth position of these thiophenes. At the N-position, the
DPP core is modified with a triethylene glycol side chain (TEG),
which increases the material's hydrophilicity [31]. The DPP core
is copolymerized with either fluorene or carbazole donor units,
resulting in the formation of a hole transport material. Both co-
monomers possess aliphatic side chains, which enhance solubil-
ity in organic solvents, and a pinacol borane as a functional unit
for the Suzuki coupling. The Suzuki-Miyaura polycondensation
reaction was conducted in toluene at 110°C using Pd,(dba), as
the catalyst and K,CO, as the base in sealed vials via thermal
heating for 19h. The protocol was then modified for a micro-
wave synthesis. The temperature was increased to 140°C, and
the reaction time was reduced to 2-3h. All polymers were termi-
nated with benzene units by using (4-bromophenyl)phosphonic
acid. The phosphonic acid was added as a bridging unit between
the polymer and the inorganic semiconductor. More synthetic
details and the whole route are provided in the Figure S1. The
microwave synthesis yielded between 18% and 35% of the desired
product. The "H-NMR spectra are presented in Figures S2 and
S3. Figure 1b illustrates the structures of the polymers, which
are designated as PDPP[T],{TEG}-Flu and PDPP[T],{TEG}-Car.
3IP-NMR characterization regarding the successful application
of (4-bromophenyl)phosphonic acid as an endcapper did not
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show any signal (Figures S4 and S5). Therefore, bromobenzene
was also used as an endcapper.

Gel permeation chromatography (GPC) was employed to de-
termine the molecular weights and dispersities D, which are
presented in Tables 1 and S1. The effect of the chain length on
photocatalysis will be discussed later.

The polymers were initially characterized with regard to their
properties in the solid state under dry conditions. The ther-
mal stability was determined through a thermogravimetric
analysis (TGA) conducted under nitrogen gas with a rate of
10K min~!. Both polymers show thermal stability up to 370°C;

a)

Norm. UV-intensity (254 nm) [arb. u.| <

10° 104 10°
Molecular weight [g mol™]

the conventional DSC did not indicate any phase transitions
(Figure S6), and the flash DSC also showed no such transitions
(Figure S7). The optical absorption and photoluminescence data
for the polymers are presented in Figure 2a,b. The respective
thin film absorption onsets are presented in Table 1 as optical
band gaps, E - The two polymers exhibit a comparable onset
energy. The bathochromic shift in the onset between absorption
spectroscopy in solution and absorption spectroscopy in thin
films can be attributed to aggregation in solution (Figure S8)
[38, 39]. The absorption maximum at 380nm can be attributed
to the 7-7r absorption of the polymers. The more intense absorp-
tion located at 650 to 800 nm, depending on the polymer, is typ-
ically regarded as the internal charge transfer (ICT) band of the

PDPP[T],{TEG}-Car NN

r

FIGURE 1 | (a) Representation of the synthesized polymers PDPP[T|,{TEG}-Flu and -Car. The synthesis was conducted thermally-assisted in
an oil-bath well as in a microwave reactor. (b) Distribution of the molecular weight for PDPP[T] {TEG}-Flu-3 and PDPP|T],{TEG}-Car-3 with gel
permeation chromatography in THF containing 0.25wt.-% tetrabutylammonium bromide and PS calibration. Polymer structures of the respective

synthesized polymers are given on the right.

TABLE1 | Overview of the synthesized polymers and corresponding properties.

M2 W T,,¢ 1pd EA¢® E Cvf E optg
Polymer Synthesis (kgmol™?) (kgmol™?) pb (°C) (eV) (ev) (eV) (eV)
PDPP[T],{TEG}-Flu-3 0il bath 23.0 116.2 5.1 371 5.6 3.7 1.90 17
PDPP|T],{TEG}-Car-3 0il bath 42.5 187.2 41 378 5.1 3.7 1.90 17

2Determined by GPC using THF containing 0.25wt% tetrabutylammonium bromide as the eluent.

YDispersity.

‘Temperature with 95% remaining mass taken from TGA measurements.
dlonization potential (HOMO) measured by UPS.

°Electron affinity (LUMO) measured by E.,.

fBand gap determined by cyclic voltammetry in a thin film.

&0ptical band gap determined from absorption onset in film.
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FIGURE 2 | UV-Vis and fluorescence spectra of (a) PDPP[T],{TEG}-Flu-3 and (b) PDPP[T],{TEG}-Car-2. Both spectra were each recorded in
0.1 mgml~! THF solution. (¢) Cyclic voltammograms from thin film in acetonitrile at a scan rate of 100mVs~. The data are plotted vs. Ag/Ag* and
corrected to ferrocene. For both graphs, the blue graph shows the PDPP[T| {TEG}-Flu-3 and the red one PDPP[T],{TEG}-Car-3. (d) Band positions

and band alignment in the aimed heterojunction.
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FIGURE 3 | UV-Vis characterization of the composite materials. (a) PDPP[T],{TEG}-Flu-3 was used with an increasing amount of polymer. The

absorption of the polymer increases with the used amount. (b) PDPP[T] {TEG}-Car-3. All curves are normalized to the signal of TiO, at 300nm.

ground state between donor and acceptor moieties of the poly-
mer chain [40]. This bimodal absorption is characteristic of D-A
polymers [19, 41, 42].

The photoluminescence spectra exhibit a similar bimodal
distribution. The lifetime of the excited charges is 2.03ns for
PDPP[T],{TEG}-Flu and 1.72ns for PDPP[T],{TEG}-Car, as il-
lustrated in Figure S9 and Table S2. These values are compa-
rable to those previously reported for DPPs in solution. In the
case of PDPP[T|,{TEG}-Flu, the maximum at 671 nm, and in
the case of PDPP[T],{TEG}-Car, the maximum at 667 nm cor-
responds probably to the transition from 0 =» 0. The second
peak at 728 nm and 731 nm is the 0 = 1 transition [43]. This
transition is observed as a second peak or shoulder, as the in-
fluence of the side chain on this transition is predominant. The

two peaks are discernible due to the planar and rigid structure
of the PDPPs, which reduces non-radiative decay pathways
and results in distinguishable absorption and emission peaks
[43, 44].

The two PDPP polymers were also characterized by FTIR spec-
troscopy. As illustrated in Figure S10, typical spectra display a
dual band at 2980 and 2850 cm™!, which can be attributed to the
oscillation of the C—H bonds. The signal observed at 1660cm™"
can be attributed to the tertiary amide bond present within the
DPP core. The stretching vibration of the C=C bond of the DPP
core serves to accentuate this signal. The bands observed at 1550
and 1450 cm™! are indicative of the stretching vibration of the ar-
omatic C=C. The broad band observed in the fingerprint region
at 1090cm~" is attributed to the C—O vibration.
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The band gap of the polymers was evaluated by cyclic voltamme-
try for the polymers PDPP[T],{TEG}-Flu-3 and PDPP[T] {TEG}-
Car-3 as thin films on ITO substrates in acetonitrile (Figure 2c).
The received cyclic voltammograms were corrected against fer-
rocene according to a published procedure [45]. The ionization
potential (IP) values were also evaluated by UPS measurements
(Figures S11 and S12).

It is important to distinguish between the optical gap, E, opt? and
the electronic band gap obtained from cyclic voltammetry, E .
Similarly, IP values obtained from CV and UPS measurements
will also differ due to stabilization effects based on the ambi-
ent conditions of the sample and the techniques employed in the
measurement process. The optical gap (Eopt) is typically smaller
than the band gap obtained from cyclic voltammetry. The dis-
crepancy between the E,, and E,, can be conceptualized as
the exciton binding energy, E, (E,=E.,—E,,). In the case
of PDPPs, values between 0.09 and 0.5eV have been reported
[42, 46]. The exciton binding energy of 0.2€V is in accordance
with the anticipated value. The data regarding the band posi-
tions are presented in Figure 2d with the HOMO position calcu-
lated from UPS. The LUMO is calculated from the CV data. It is
imperative that a heterojunction between TiO, and the polymers
is formed to facilitate a successful charge transfer from the poly-
mer to the inorganic semiconductor.

2.2 | Composite Materials

The resulting p-type polymers exhibit low-charge carrier mobil-
ity, which was confirmed by the evaluation of the charge car-
rier mobility conducted via bottom-gate bottom-contact organic
field effect transistors (OFETs) devices (Figures S13 and S14;
and Table S3). For better charge carrier separation, this necessi-
tates interaction with, for example, a combined material [29, 33].
Thus, composite materials of TiO, (anatase, 20nm, 100 m?g~")
with the presented polymers were formed by dissolving the poly-
mers in 10mL tetrahydrofuran and the addition of 100 mg TiO,,.
The amount of added polymer was varied from 0.1 wt.-% to 50
wt.-% (0.1 wt.-%, 1.2 wt.-%, 11.1 wt.-%, 33.3 wt.-%, 50 wt.-%). The
received composites varied in color and loading.

The composites were further characterized in solid state. The x-ray
diffractogram (XRD) reveals the presence of only the reflections
characteristic of anatase (Figure S15). The successful formation
of the composite was confirmed by diffuse reflectance infrared
Fourier transformation spectroscopy (DRIFT) and solid-state 'H
MAS and 3C MAS NMR spectra. The signals of the pristine poly-
mer PDPP[T],{TEG}-Flu-3 are discernible in the 11.1wt.-% (1:8)
composite (Figure S16). In the 'H MAS NMR spectra, the signal
at 5.96 ppm is attributed to the aromatic H signals present in the
fluorene and thiophene comonomers. The signal at 3.23 ppm is
attributed to the triethylene glycol side chain, while the aliphatic
side chain is observed at 0.73 ppm. In the 1*C MAS NMR spectra,
the signals for the polymer were discernible (Figure 6).

2.2.1 | Optical Properties and Loading

The composite materials were characterized by absorption spec-
troscopy in diffuse reflectance and visualized as Kubelka-Munk

plots (Figure 3). They exhibit a maximum absorption at a wave-
length of 630 nm. This is consistent with the observed maximum
for the pristine polymers. The incorporation of TiO, introduces
an additional absorption edge at 360nm. As the quantity of
polymer incorporated into the composite material is increased,
the observed polymeric absorption increases. The absorption
observed at 300nm is attributed to the absorption of the TiO,
material, and the absorption of the polymer is superimposed
upon that of the inorganic material. The data confirm that the
PDPPs and TiO, have been successfully combined. The absence
of a shift in the absorption maximum indicates that the adsorp-
tion is stable and that there has been no change in the dihedral
angles of the molecule, since a change in the dihedral angles
would lead to a blue shift of the maximum [39]. The structured
absorption, which exhibits two distinguishable peaks at the
maximum, is diminished for PDPP[T],{TEG}-Flu-3 and absent
for PDPP[T],{TEG}-Car-3. This indicates that the polymer might
form aggregates.

In order to evaluate the quantity of organic material present
on the surface of the composite, the materials were subjected
to thermal characterization (thermogravimetry) in air. As
the quantity of polymer incorporated into the composite is in-
creased, the amount of organic material present on the surface
of the TiO, particles also increases (Figure S17). The additional
washing step with tetrahydrofuran (THF) serves to remove any
unabsorbed excess polymer from the surface. Scanning electron
microscopy reveals an even distribution of the polymer on the
surface of TiO, before photocatalysis (cf. Figure 4a) and after
photocatalysis (cf. Figure 4b), as can be seen in comparison to
bare TiO, (Figure S18). The lattice plains were observed in the
transmission electron microscopy (TEM) (c.f. Figure S19). The
lattice structure is 0.35nm and consistent with comparable re-
ported values. The surface coverage of the polymer has a thick-
ness of 1.2nm [28, 47].

To guarantee the stability of the resulting composites, one
sample was subjected to a thorough cleansing process with
THF by Soxhlet extraction. The quantity of organic matter in
the composite was found to be approximately equivalent to
that observed in the control sample that had undergone the
standard washing procedure. No discernible difference was
observed in the optical properties or the DRIFT spectrum.
The quantity of organic mass is diminished, yet within each
sample with an identical weight ratio, there is invariably a de-
gree of discrepancy (Figure S20).

2.3 | Photocatalysis

The composite materials with varying loadings were evaluated
for their photocatalytic activity in hydrogen evolution under
simulated sunlight. Figure 5a illustrates that the hydrogen evo-
lution rate remains constant for all ratios, with the exception
of the 1:8 ratio (11.1wt.-%), which exhibits a slight decrease in
the rate over time. Nevertheless, all composites demonstrated a
sustained generation of hydrogen under solar irradiation with
stable gas evolution rates.

All experiments were initiated at the same time and com-
menced at the same point in time. The addition of rare metals
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FIGURE 4 | Comparison of the composite material surface before (a) and after the photocatalysis (b). The images were taken with the InLens

detector.

as co-catalysts, such as platinum, was not employed. X-ray pho-
toelectron spectroscopy (XPS) characterization of the pristine
polymer reveals the absence of Pd signals, which may have been
attributed to the residual presence of palladium in trace amounts
resulting from the Suzuki-Miyaura synthesis (Figure S21) that
could act as co-catalysts. Thus, no residual metal acts as a cat-
alyst here.

All composite materials exhibit enhanced activity relative to
pristine TiO, (cf. Figure 5b); the incorporation of either poly-
mer results in an elevated hydrogen evolution rate compared
to pristine TiO,. It was observed that an increase in the quan-
tity of organic material present on the inorganic semiconductor
did not necessarily result in higher rates of hydrogen evolution.
The optimal ratio of polymer to inorganic semiconductor is
1:8 (11.1wt.-% polymer), as this ratio exhibits the highest rate
of hydrogen evolution and the highest accumulated amount of
evolved hydrogen up to a rate of 8.06 umolh~! and 19.01 wmol of
evolved hydrogen over 3h, respectively.

Tests without sacrificial agent show no hydrogen evolution. To
allow efficient charge separation and redox process in the com-
posite, a hole scavenger must be added. This indicates the ne-
cessity of ethanol as a sacrificial agent. The highest hydrogen
evolution rates were observed for the composite material com-
prising PDPP[T],{TEG}-Flu. The maximum at a polymer ratio
of 1:8 can be explained by the fact that, with an increase in the
amount of polymer, the color of the composite darkens. This
has the effect of inhibiting light penetration. Furthermore, the
surface of the TiO, is increasingly covered in polymer, which
results in the active sites being inaccessible for successful hy-
drogen evolution.

For PDPP[T],{TEG}-Car, the three smallest amounts of poly-
mer on the surface give similar results (see Figure 5d). Again,
all composite materials exhibit a consistent hydrogen evo-
lution rate over a three-hour period, indicating a sustained

generation of hydrogen gas under illumination. In this in-
stance, the hydrogen evolution rate is observed to be lower for
the two highest ratios and is also smaller than that observed
for 1:800 (0.1wt.-%) and 1:8 (11.1wt.-%). One potential ex-
planation for this phenomenon is that the active sites of the
inorganic semiconductor are too extensively covered by the
polymeric mass, thereby preventing effective participation
in photocatalysis at high loadings. The darkened color of the
materials and the larger polymer amounts result in increases
shadowing effects, which in turn leads again to a decrease in
the light penetration. Nevertheless, only a minimal quantity of
the polymer is necessary for the generation of charge carriers
and their transfer from the polymer to TiO,.

An examination of the cumulative amounts of H, (Figure 5f)
reveals a distinct disparity between ratios of 1:8 and 1:2
(33.3wt.-%), with composite materials exhibiting loading ratios
of 1:800 to 1:8, demonstrating a uniform evolution of all three
around 11.43 to 9.66 umol. Ratios of 1:2 and 1:1 exhibit a mere
2.04 to 4.57 umol. In the case of the 1:1 ratio, no increase is ob-
served in comparison to the pristine TiO, sample.

In this instance, the observed trend differs from that observed
with PDPP[T] {TEG}-Flu. The composite materials demonstrate
a greater quantity of H, for those comprising a higher proportion
of polymer, with the influence of the polymer becoming evident
at a ratio of 1:8. Regarding the carbazole copolymer, it can be
observed that the polymer exerts an influence on the production
of hydrogen gas at relatively low concentrations of polymer. The
ratio of 1:8 was identified as the most effective for both compos-
ites, indicating that only a minimal quantity of the composite
material is necessary to enhance H, evolution.

Also, there is an activity difference between the two polymers.
The composite formed with PDPP[T],{TEG}-Flu provides a
higher activity than the composite of PDPP[T],{TEG}-Car. One
possible reason may be the difference in the charge carrier
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FIGURE 5 | (a-c) Results of the photocatalytic activity of the composite materials PDPP[T],{TEG}-Flu-3 and TiO,. The black curves are pristine
TiO,. Dark blue: 1:800 (0.1wt.-%) to light blue: 1:1 (50 wt.-%) ratio. (a) Hydrogen evolution rate of the composite material of PDPP[T] {TEG}-Flu-3 and
TiO,. (b) Cumulated evolved hydrogen other the illumination time of 3h. (c) Accumulated hydrogen evolution plotted against the time. (d-f) Results
of the photocatalytic activity of the composites of PDPP[T] {TEG}-Car-3 and TiO,. Dark red: 1:800 (0.1wt.-%) to light red: 1:1 (50 wt.-%) ratio. (d)
Hydrogen evolution rate of the composite material of PDPP[T] {TEG}-Car-3 and TiO,. (¢) Cumulated evolved hydrogen over the illumination time of

3h. (f) Accumulated hydrogen evolution plotted against the time.

lifetime observed in the fluorescence measurement. For the
carbazole copolymer, the charge carrier lifetime is shorter
(1.72ns) than for the fluorene copolymer with 2.03ns (c.f.
Table S2). Hence, the losses to recombination may be bigger
for PDPP[T],{TEG}-Car-composite materials. Another reason

for the activity difference can be the difference in the surface
bonding between the fluorene comonomer and the carbazole
comonomer. As found for PDPP-Car, photocatalytic activity for
dye degradation increases with better contact between polymer
and TiO, [28]. The carbazole side chain is longer as well as more
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moveable, as the N moiety provides better flexibility at position
9 due to the sp? hybridization of the N.

As the fluorene derivative is more rigid, the interaction with the
TiO, may be more favorable, as the packing order is stabilized
by the rigidity. Experiments, such as GIWAXS characterization,
are necessary to elucidate this further. In general, carbazole is a

different donor molecule than fluorene and provides a different
activity, as the D-A structure is different.

The catalytic activity is derived from the interaction between the
polymers and the inorganic semiconductor. TiO, alone demon-
strated a lower hydrogen evolution rate. In the same manner,
PDPP[T]{TEG}-Flu exhibits no activity toward hydrogen
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evolution in 10 vol.-% ethanol without TiO,. Furthermore, upon
the use of ascorbic acid (6.6g in 150mL, 0.25mol L7}, neutral-
ized with 6mL 1M NaOH) as a sacrificial agent and illumina-
tion for 3h under closed-loop circulation, no hydrogen evolution
is observed for neat PDPP[T],{TEG}-Flu.

The polymer demonstrated stability under repeated light ex-
posure, as evidenced by the GPC characterization and 'H-
NMR, which showed no degradation (Figures S22 and S23).
The UV region beneath 420nm is crucial for hydrogen evo-
lution. Tests conducted with illumination at wavelengths ex-
ceeding 420nm demonstrated the absence of activity toward
hydrogen evolution. The activity of TiO, in the UV region is
necessary for hydrogen evolution. The expansion to the visible
light by the usage of the conjugated polymers increases the
amount of exploited sunlight. Nevertheless, the excitation of
TiO, remains crucial.

The deposition of co-catalysts via photolysis can serve to reduce
the activation energy and overpotential for the HER [48]. Thus,
TiO, was decorated with 0.2 wt.-% platinum by photodeposi-
tion. The formation of composite materials with these inorganic
semiconductors has been observed to result in a higher hydro-
gen evolution rate than that observed in the absence of plat-
inum. None of the composites exhibited a hydrogen evolution
rate that surpassed that of the pristine TiO, with 0.2wt.-% Pt.
The hydrogen evolution of composite materials was enhanced
by the photodeposition of 0.2wt.% Pt, yet it did not reach the
level observed for the pristine TiO, with Pt. These findings sug-
gest that the active site for the HER is the TiO, semiconductor.
The addition of Pt increases the hydrogen evolution rate, but the
activity is slightly decreased when the surface is covered with
organic mass, in comparison to pristine TiO, with 0.2 wt.-% Pt
(see Figure S24).

In addition, one sample of a ratio of 1:83 (11.1wt-%
PDPP[T] {TEG}-Flu) was tested for an illumination time of 8 h.
The hydrogen evolution was found to be constant over the ob-
served time frame, indicating the stability of the composite ma-
terial and the polymer. Post-catalytic characterization confirms
the stability of the bandgap and structural stability of the poly-
mer (see Figure S25; Table S4).

Post-catalytic characterization of the amount of organic mass
on the inorganic substrate shows an increase in loading. The
added sacrificial agent, ethanol, leaves residues on the surface
(c.f. Figure S26).

The post-catalytic characterization, employing absorption
spectroscopy, DRIFT, and solid-state NMR, revealed a reduc-
tion in the absorption of the internal charge transfer band
normalized to the absorption of TiO,. The optical band gap
remained unaltered (Figure 6a,b, for more details, please refer
to Table S4, Figures S27-29). The observed decrease in ab-
sorption can be attributed to the loss of contact between some
of the polymer and the TiO, due to the rigorous stirring pro-
cess, as investigated by 'H MAS NMR spectroscopy shown in
Figure 6¢c. An additional potential cause is the degradation of
the polymer due to illumination. Nevertheless, degradation
would result in a change to the optical band gap. Furthermore,
the post-catalytic characterization of the polymer-only

photocatalysis tests, which demonstrated no activity, revealed
no change in the molecular weight distribution and 'H-NMR
(cf. Figures S22 and S23). It is, therefore, reasonable to deduce
that some of the polymers not in direct contact with the TiO,
may be lost over time through prolonged stirring. This will be
addressed in future work.

The solid-state NMR analysis indicates a reduction in the in-
tensity of the 'H MAS signal at 3.20 ppm, which is attributed to
the triethylene glycol (TEG) side chain (Figure 6c,e). For both
polymers, the signal of the hydrophilic side chain is observed
to decrease. It is possible that the TEG side chain is undergoing
degradation, however, the signals for adsorbed H,O are also pres-
ent in the same region and overlap with this signal. Given that
the signal intensity ratio shifts with the formation of compos-
ite materials, it can be posited that surface-adsorbed THF from
the composite preparation may be influencing the intensity ratio
from 3.20 to 0.73 ppm. Additionally, the observed increase in the
signal at 0.73 ppm may be attributed to the adsorption of oxidized
ethanol or THF on the TiO, surface. In the 13C MAS spectra, the
signal of the TEG chain is observed at 70.9 ppm for the chain and
at 58.7 and 55.6 ppm for the end groups (Figure 6d,f). The stabil-
ity of the TEG chain is indicated by the absence of any change
in both signals. The signals of THF can be incorporated into the
signals of the TEG side chain and the alkyl side chain, which
are observed at 70.9 and 23.5ppm, respectively. In general, the
observed decrease in intensity for the C=0 signal at 161.0 ppm
may be attributed to the inherent limitations of the measurement
setup, which is less optimally suited for the analysis of compos-
ite materials than for pristine polymers. The formation of the
composite material results in the emergence of a second signal at
171.0 ppm, situated within the C=0 region.

2.4 | Polymer Chain Length Variation

Furthermore, the influence of chain length on the photocatalytic
hydrogen evolution of the PDPP copolymers in the PDPP-TiO,
composites was investigated. Figure 7a,b shows the GPC curves
for PDPP copolymers with fluorene as well as carbazole as the
co-monomer from different syntheses. As the Suzuki polymer-
ization process is dependent on the precise quantity of monomer
at the outset, the resulting molecular weight is contingent upon
the amount of monomer that is added. The resulting molecular
weight distributions are presented in Table 2 for reference.

For the formation of composite materials, the best-performing
ratio of 1:8 was used. In this case, the majority of composites
exhibit enhanced activity compared to that of pristine TiO,.
As the chain length increases, the activity toward H, evolution
also increases. The fluorene copolymer displays a higher level
of activity than the carbazole copolymer. For PDPP[T] {TEG}-
Car-1, the amount of evolved hydrogen was found to be lower
compared to pristine TiO, (Figure 7c). This indicates that the
positive effect of adding a second semiconducting absorber is
surpassed by the negative effect of active site inhibition. The
photocatalytic activity of the PDPP[T],{TEG}-Flu composites
was observed to increase from 4.37umol after 3h of illumina-
tion (PDPP[T],{TEG}-Flu-1) to a maximum of 19.01umol for
the best-performing material (PDPP[T],{TEG}-Flu-3). A similar
trend was observed for the PDPP[T] {TEG}-Car, with a notable
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FIGURE 7 | GPC characterization of both polymers in THF containing 0.25wt.-% tetrabutylammonium bromide and PS calibration. (a)
PDPP[T] {TEG}-Flushows for synthesis 1 (light blue) a smaller molecular weight than synthesis 2 (blue) and synthesis 3 (dark blue). (b) PDPP[T],{TEG}-
Car the molecular weight distribution increases similarly to the fluorene copolymer. Batch 1 (light red) has the smallest molecular weight, and the

molecular weight increases with different syntheses. (c) Comparison of the accumulated hydrogen after 3h for different composites with varying

chain lengths. The chain length increases from 1 to 3 and corresponds to the names in Table 2.

TABLE 2 | Comparison of the molecular weight distribution of the different polymer syntheses.

Polymer Synthesis Endcapper M_? (kgmol™) M_ (kgmol™) b
PDPP[T],{TEG}-Flu-1 Oil bath Brombenzene 3.5 11.9 33
PDPP[T] {TEG}-Flu-2 Microwave Brombenzene 25.5 39.7 1.6
PDPP[T] {TEG}-Flu-3 Oil bath Phosphonic acid 23.0 116.2 5.1
PDPP[T] {TEG}-Car-1 Oil bath Phosphonic acid 11.5 47.7 4.4
PDPP[T],{TEG}-Car-2 Oil bath Phosphonic acid 24.2 75.0 3.1
PDPP[T],{TEG}-Car-3 Oil bath Phosphonic acid 42.5 187.2 4.1

increase in activity from 0.10umol (PDPP[T],{TEG}-Car-1) to
11.43pumol (PDPP[T]{TEG}-Car-3). Therefore, it can be con-
cluded that an increased chain length is beneficial for photocat-
alytic activity. All polymers remained soluble in tetrahydrofuran
and chloroform. This opens the opportunity to utilize the poly-
mers out of solution, for example, as thin film or additional layer
in photoelectrodes in the future.

As previously stated, the excitation of the inorganic semiconduc-
tor TiO, is crucial for the hydrogen-evolving activity. The poly-
mer acts as a sensitizing agent with favorable band alignment to
enhance the activity. Both the polymer and TiO, are generating
charge carriers upon illumination, and the active site as a cata-
lyst is the TiO,.

The combination of PDPP and TiO, has been observed to en-
hance the rate of hydrogen evolution as compared to that in
Table 3. It is also possible to achieve the same effect by adding
rare metals such as Pt as cocatalysts. Nevertheless, it has been
demonstrated that the incorporation of organic semiconduc-
tor polymers can yield comparable outcomes, with an eight-
fold enhancement in the hydrogen evolution rate observed
with these earth-abundant polymers. This trend is analogous
to the findings of Yang et al. regarding methyl orange deg-
radation. They also observed a dependence on the molecular
weight of the PDPP chain length [28]. However, the present
study demonstrates for the first time a correlation between the
hydrogen evolution rate and the PDPP chain length in PDPP-
TiO, composites.
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TABLE 3 | Comparison of the best-performing hydrogen evolution of our composite with literature composite materials with TiO,.

Amount of Amount of Added Hydrogen Sacrificial
Polymer polymer photocatalyst  cocatalysts evolution agent Ref.
B-BT-1,4-E 16.7% 30mg None 220.4umolh~! TEOA [24]
n-IEP-20@T-10 10wt.-% 25mg Residual Pd 81 umolh! Methanol [25]
TiO, -P3 (PB2T-TEG) 3wt.-% 1mg 0.62wt% 35.7umolh~! TEOA [26]
DPP dye 0.05pumol 2.5mg Pt 8.4umolh~! AA [27]
PDPP-Car 2wt% 100mg Residual Pd MO degradation — [28]
BFBA 4% 30mg Residual Pd 220.2umolh~! TEOA [49]
Poly(benzothiadiazole) BBT 6.7wt.-% 30mg 0.5wt% Pt 178 umolh~! TEOA [50]
PDPP[T] {TEG}-Flu-3 11.1wt.-% 60mg None 8.06 umol h™! Ethanol This

work

3 | Conclusion

This study investigated the hydrogen evolution of composite
materials of PDPP and TiO,. Two different polymers were syn-
thesized and characterized thoroughly. The DPP core is mod-
ified with a hydrophilic side chain to increase its solubility.
Fluorene and carbazole are polymerized with the DPP core as
donor monomers. The UPS results show a suitable band align-
ment in terms of photocatalytic hydrogen evolution in combi-
nation with TiO,. The addition of different ratios of polymer
to TiO, results in various composite materials. UV-Vis results
indicate the addition of the absorption of the polymer to the
TiO, and a shift toward the visible light, thus a wider part of
the solar spectrum is utilized. Photocatalytic hydrogen evolu-
tion activity tests show an increase in activity up to a polymer-
TiO, ratio of 1:8 (11.1wt.-% polymer). Higher amounts of
polymer do not show any further increase. Nevertheless, a
dependence of the hydrogen evolution activity on the chain
length of the added polymer is found. A longer polymer chain
results in increased hydrogen evolution rates. These results
provide detailed insights into the formation of composite ma-
terials between PDPP polymers and TiO, and the need to char-
acterize the chain length carefully as it influences the activity
of such composites strongly.

4 | Experimental Section/Methods
4.1 | Materials and Methods

All reagents were used without further purification unless oth-
erwise noted.

1,4-Benzenediboronic acid bis (pinacol) (97%), Aliquat 336,
Diethyl succinate (>99%), N-Bromsuccinimid (99%), Potassium
phosphate tribasic (98%), triphenylphosphine (for synthesis),
Tris(dibenzylideneacetone)dipalladium (0) (97%), triethylene
glycol monomethyl ester (95%) were purchased from Sigma
Aldrich chemistry. 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-y1)-9,9-dihexylfluorene (98%), 2-Cyanothiophene (98%),
(4-Bromophenyl)phosphonic ~ (98%)  9-(9-Heptadecanyl)-2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)carbazole  (97%),
Sodium tert-pentoxid (>97%) were bought from TCI. Hombikat

N100 anatase was received from Sachtleben. Ethanol, hexane, ace-
tone, tetrahydrofuran, toluene (extra dry 99.85%), and chloroform
were received from VWR and Fisher Scientific.

Microwave reactions were conducted in sealed vials using
an Anton Paar Monowave 400. The polymer syntheses and
characterization are described in detail in the Supporting
Information. For the composite materials, 100mg of TiO,
(anatase, <100nm) were stirred overnight together with the
corresponding amount of polymer in 10mL tetrahydrofu-
ran (THF) (analytical grade). After mixing the solution of
PDPP[T]{TEG}-Flu and TiO,, the solid contents were sepa-
rated by centrifugation. The powders were washed with THF
and ultrapure water and dried in a drying oven at 80°C.

'H-NMR spectra (300 MHz) were performed using a Bruker AC
300 spectrometer and calibrated according to the solvent reso-
nance signal.

GPC measurements were measured using a Waters 515
HPLC pump and a column setup comprising a guard column
(Agilent PLgel Guard MIXED-C, 5x0.75cm?, particle size
5um) and two separation columns (Agilent PLgel MIXED-C,
30%0.75cm?, particle size 5um). THF with 0.25wt% tetra-
butylammonium fluoride (TBAF) was used as an eluent.
Polymer size distributions were monitored with a Waters 998
photodiode array detector. Narrowly distributed polystyrene
standards were used for calibration and 1,2-dichlorobenzene
as an internal reference. The samples were prepared by the ad-
dition of THF to 0.5-1mg of the polymer and the solvation of
the aforementioned. The syringe-filtered solution was trans-
ferred into a GPC vial. Molecular weights were given accord-
ing to the PS calibration.

DRIFT spectra were measured on a Bruker Alpha IT with the soft-
ware OPUS. The resolution was set to 4cm™! with a sample scan
time of 40 scans. Data were measured from 4000 to 350cm™.

Cyclic voltammetry measurements were conducted using
a Gamry Interface 1010 Potentiostat/Galvanostat, using a
three-electrode setup and measured in acetonitrile with tetra-
butylammonium hexafluorophosphate (TBAPF,) (0.1M) as
electrolyte for the band gap determination. The substrates
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were polymer thin-films spin-coated (1000 min~%, 60s, 40 uL)
on ITO substrates from THF (5mgmL~'). As a counter elec-
trode, a Pt electrode was used in combination with a standard
Ag/AgNO, reference electrode in acetonitrile. The electro-
lytes were degassed with nitrogen for 5min before the mea-
surements. The scans were recorded at a scan rate of 50 or
100mV s~!, with a step size of 2mV. The values were corrected
versus the ferrocene (Fc/Fct) redox couple as a reference. The
IP and EA values were calculated considering the solvent ef-
fects as published [41].

UV-Vis-NIR measurements on thin films were performed by
a Jasco V-670 spectrometer. Thin films were prepared by spin-
coating from THF (5mgmL~) on cleaned Menzel glass slides
(1000min~!, 60s, 40uL). The glass was cleaned with ultrasoni-
cation in Hellmanex (2 wt%), water, acetone, and isopropanol for
15min each and dried with a nitrogen jet. Before spin-coating,
the slides were treated in an ozone oven (FHR). The measure-
ments were recorded with a Menzel slide as a reference between
300nm and 2000nm. The Menzel slides were irradiated for 1
to 2.5h under an Oriel sun simulator (AM 1.5, 1000 W m- 2) for
light stability tests and measured again.

Solid-state and solution absorption measurements were per-
formed with a Perkin Elmer Lambda 750 device. Solid powder
samples were characterized between 2000 to 200nm. The step
width was 1nm. For solid samples, a Praying Mantis (Harrick)
was employed. As a white standard, Spectralon was used. The
polymers in the solution were measured at a concentration of
0.01mg/mL.

XRD measurements on powder samples were performed on a
PANalytical Empyrean with a Bragg-Brentano geometry. The
device was equipped with a Cu tube for Ka irradiation (1.5406 A)
and a fixed anti-scatter slit of 1°. The powder was measured on a
spinning sample holder with a PixCel detector between 10.016°
and 80.000°. The step size was 0.066°.

Scanning electron microscope images were recorded on a
Zeiss Leo 1530 with an acceleration voltage of 3kV. The ap-
erture size was 30.0um. As a detector, an InLens or an SE2
detector was used. The samples were sputtered with platinum
to prevent charge accumulation (Cressington Sputter Coater
208HR).

For TEM measurements, a 200kV JEOL-JEM-2100 was used.
The setup is equipped with a Schottky FEG and an omega in-
column energy filter. For lattice structure and interface thick-
ness evaluation, ImageJ was used.

DSC measurements were performed with a Mettler Toledo
TGA/DSC 3+ instrument operating under air atmosphere from
25°C to 750°C with a heating rate of 10K min~'. To eliminate
water content, the sample was heated up to 120°C for 15min.
After cooldown to 25°C, the probe was heated up to 750°C with
a heating rate of 10K min=*.

XPS measurements were performed with a PHI 5000 VersaProbe
11T system with an Al K source (1486.6€V) and a dual neutral-
izer (electron gun and Ar*) at 10mbar. The survey and high-
resolution spectra were observed from a 5x 5cm? area, selected

by secondary electron imaging technique (SXI), and an x-ray
source diameter of 100 mm. The evaluation was executed with a
Multipak software from the manufacturer.

Samples were measured with a spectrometer Bruker Avance
III 40 0 (Magnetic Field 9.4 T). They were spun at 12.5kHz in a
3.2mm MAS triple resonance probe (also Bruker).

The 3C NMR MAS spectra were obtained using a ramped
cross-polarization (CP) experiment, where the nutation fre-
quency on the proton channel was varied linearly by 50%. The
corresponding nutation frequency on the 13C channel and the
contact time were adjusted to 60kHz and 1ms, respectively.
During acquisition, proton broadband decoupling was ap-
plied using a spinal-64 sequence with a nutation frequency of
60kHz. The 13C spectra are referenced indirectly with respect
to tetramethylsilane (TMS) using adamantane as a secondary
reference.

For 'H NMR we used a one pulse—experiment, where the 90°
pulse length was set to 2.6 us and the recycle delays were chosen
long enough to have quantitative results (4s).

The 'H spectra are referenced using adamantane as a second-
ary reference (o(iso) = 1.8 ppm) with respect to tetramethylsilane
(TMS) (o(is0) = 0.0 ppm).

Organic field-effect transistor devices with a bottom-gate
bottom-contact geometry were obtained from Fraunhofer
IPMS. The transistors consist of n-doped silicon oxide wafers
with patterned interdigitated gold electrodes with a width of
10nm and a length of 2.5, 5, 10, or 20 um. The channel mate-
rial was spin-coated (1000 min~t, 60s, 40uL) from a 1 wt.-%
solution in THF. The substrates were treated by ultrasoni-
cation in acetone and isopropanol to remove the photoresist
layer and afterward for 15 min at 50°C in the ozone oven. The
devices were treated for 2h with HMDS at 140°C. The sub-
strates were washed with isopropanol and dried with a nitro-
gen jet. The channel material was spin-coated (1000 min~!,
60s, 40uL) from a 1 wt.-% solution in THF. I-V characteris-
tics were measured using an Agilent Technologies B1500A
Semiconductor Device Analyzer. The samples were annealed
at 180°C for 10 min. The charge carrier mobility was extracted
from the slope of the transfer characteristics (I, ; vs. Vg) using
Equation (1)

0.5

w

I, ~—
Y2

Ci”(vg_VT)2 €Y

with I, as the drain current, W as the channel width, L as the
channel length, C, as the capacitance, V,as the gate voltage, and
V, as the threshold voltage.

Time-dependent fluorescence measurements were conducted
on a PicoQuant FluoTime 300 spectrometer with a VisUV-Laser
(532nm) and a 300W Xenon lamp. The measurements were
made in a 0.01 mg mL~" polymer solution of THF and CHCI,.

UPS measurements were carried out on a PHI 5000 VersaProbe
III system. A He discharge light source provided stable and con-
tinuous He I and He II lines. The measurement was conducted
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under ultrahigh vacuum (10~7 mbar). Polymer samples were pre-
pared by spin-coating from THF (5mgmL~) on clean ITO sub-
strates. They were cleaned with ultrasonication in Hellmanex
(2wt%), water, acetone, and isopropanol for 15min each and
dried with a nitrogen jet. Before spin-coating, they were treated
for 15min in an ozone oven (FHR).

The photocatalytic hydrogen evolution reaction was performed
under simulated solar light irradiation under continuous argon
flow. 60mg of the powder sample was dispersed ultrasonically
in about 20mL of water for 10min. The dispersion was trans-
ferred into a glass reactor and water was added until 135mL was
reached. 15mL of ethanol (analytical grade, VWR chemicals)
was added and a total concentration of 10vol% ethanol in water
was achieved. To remove air, argon was bubbled through the
reactor for 40min at 100mLmin~! or overnight at 25mLmin~"
(Bronkhorst mass flow controller). The reactor temperature was
kept at 20°C (10°C for overnight bubbling) by a LAUDA cryo-
stat. For the hydrogen evolution reaction, the gas stream was
set to 25mLmin~! and the stirred reactor was irradiated for 3h
with a 300 W Xe lamp (LOT QuantumDesign) with an AM 1.5G
filter. The H, evolution was detected with a gas chromatograph
(Shimadzu GC-2014). Wavelength-dependent measurements
were conducted by adding a filter for wavelengths cutting off
the wavelengths beneath 420nm on top of the glass reactor
(Schott-GG420). After the photocatalytic experiment, the sam-
ples were collected by centrifugation, separated by centrifuga-
tion from the reaction solution, and dried at 80°C.
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