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siloxane side-chains on the
photovoltaic performance of a conjugated
polymer†

Gaël H. L. Heintges,ab Koen H. Hendriks,ac Fallon J. M. Colberts,a Mengmeng Li,a

Junyu Lid and René A. J. Janssen *ac

The effect of gradually replacing the branched alkyl side chains of a diketopyrrolopyrrole (DPP) conjugated

polymer by linear side chains containing branched siloxane end groups on the photovoltaic performance of

blends of these polymers with a common fullerene acceptor is investigated. With an increasing proportion

of siloxane side chains, the molecular weight and solubility of the polymers decreases. While the siloxane

containing polymers exhibit a higher hole mobility in field-effect transistors, their performance in solar

cells is less than the polymer with only alkyl sides chains. Using grazing-incidence wide-angle X-ray

scattering, transmission electron microscopy, and fluorescence spectroscopy we identify two main

reasons for the reduced performance of siloxane containing polymers in solar cells. The first one is

a somewhat coarser phase-separated morphology with slightly wider polymer fibers. This is unexpected

as often the fiber width is inversely correlated with polymer solubility. The second one is stronger non-

radiative decay of the pristine polymers containing siloxane side chains.
Introduction

Organic bulk heterojunction (BHJ) solar cells have attracted
attention over the past years as a novel, green energy technology.1,2

An essential parameter inuencing the performance of these solar
cells is the morphology of the BHJ layer, which has been shown to
be directly inuenced by the solubility of the components in the
processing solvents.3–6 In particular, it has been found that in
blends consisting of a polymer donor and a fullerene acceptor, the
polymer should self-organize to achieve a high power conversion
efficiency (PCE). For diketopyrrolopyrrole (DPP) polymers the
most optimal, nely dispersed morphology in combination with
fullerenes has been achieved for polymers with shorter side
chains and higher molecular weights.3,7 This behavior has been
explained by a nucleation-and-growth model applied to brous
networks.3 By using co-solvents in which the DPP polymers are
only sparsely soluble these insights resulted in record high PCEs.8

Following these trends, high PCEs can be obtained by reducing
the solubility, while of course maintaining a high enough level to
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ensure processability. In conjugated polymers, a straightforward
way to inuence the solubility and tendency to aggregate is to alter
the solubilizing side-chains, which strongly inuences the solar
cell performance.6–13 By introducing chemical functionalities
other than alkyl side chains in these polymers, a further ne-
tuning of the aggregation behavior can be achieved.9,11,14–16 Addi-
tionally, by changing the side-chains also the miscibility of the
donor and acceptor17,18 and the packing of the polymer chains can
be affected. These two effects also inuence the morphology of
the layer and the performance of the solar cells.

Siloxane-containing side chains have been investigated in
conjugated polymers for organic eld-effect transistor (OFET)
applications19–24 and have shown to increase the crystallinity
and decrease solubility, therefore directly affecting the charge
mobility of these materials. Also in solar cells siloxane con-
taining polymers have been introduced to increase crystallinity
of the electron donor, inuencing the morphology of the blend
layers.25–28 This has led to highly performance solar cells, with
PCE of 11%, when siloxane side chains were combined with
regular alkyl chains within the same polymer.27 Interestingly, it
was shown that the number average molecular weight (Mn)
decreased with increasing siloxane content, as polymers with
high siloxane content were less soluble and could not reach
high Mn's before becoming insoluble.27

In this work, siloxane side chains are employed on diketo-
pyrrolopyrrole (DPP) polymers, a class of conjugated polymers
that has shown high promise in solar cell applications.29 In
particular, siloxane side chains were introduced in varying
concentrations on poly[{2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-
This journal is © The Royal Society of Chemistry 2019
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3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl}-alt-{[2,20-(1,4-phenylene)
bisthiophene]-5,50-diyl}] (PDPPTPT),30 in this way nely tuning
the solubility. In previous studies and theories on the
morphology formation in active layers, the effect of solubility
has always been observed and applied holistically. Looking into
detail at the factors determining solubility and aggregation
behavior, two important properties can easily be identied: the
solubility of the monomers or repeat unit, from here on in
called the ‘intrinsic solubility’, and the average molecular
weight of the polymers. Whereas the inuence of molecular
weight has separately been investigated in the past,3,31–37 sepa-
rating the inuence of the intrinsic solubility from the inuence
of the molecular weight has proven difficult. By mixing siloxane
and alkyl side chains however, a series of polymers has been
obtained with varying intrinsic solubility not positively corre-
lated to the molecular weight, hereby providing further insight
in the factors that govern morphology formation and solar cell
performance.
Results and discussion

A series of DPP polymers was designed in which the 2-hexyldecyl
side chains of PDPPTPT are gradually replaced by 6-(1,5-di-tert-
Scheme 1 Synthesis of the monomer adapted from a previously reported
70 �C, (iii) Karstedt's catalyst, toluene, 80 �C, (iv) NBS, chloroform, room

Scheme 2 Synthesis of the polymers. (i) Pd2(dba)3, PPh3, K3PO4 (aq.), to

This journal is © The Royal Society of Chemistry 2019
butyl-1,1,3,5,5-pentamethyltrisiloxan-3-yl)hexyl side chains.
This siloxane side chain with tert-butyl substituents was chosen
to provide enough solubility while moving the branching point
on the side chain far away from the DPP core to encourage p–p
stacking. The siloxane was synthesized and then attached via
a hydrosilylation reaction to a hexene substituted DPP as shown
in Scheme 1, essentially following a procedure previously re-
ported.20,22 The monomer was then brominated in preparation
for the Suzuki polymerization with 1,4-benzenediboronic acid
bis(pinacol) ester (Scheme 2).

By combining different ratios of alkyl and siloxane
substituted DPP monomers with phenylene, a series of copoly-
mers was obtained with similar electronic properties but
different intrinsic solubilities. Aer the synthesis differences in
physical properties could be immediately observed, with the
polymers having a high siloxane content being slightly more
difficult to dissolve and being more brittle in the solid state.

Gel permeation chromatography (GPC) in ortho-dichloro-
benzene (o-DCB) was performed at 140 �C to determine the
molecular weights (Fig. 1). As is seen in Fig. 1, the polymers with
high siloxane content showed two distinct peaks in the gel
permeation chromatogram, with the peak at shorter retention
times decreasing in intensity with diminishing siloxane
route.20,22 (i) K2CO3, 6-bromohexene, DMF, 120 �C, (ii) isopropyl ether,
temperature.

luene, 115 �C.

RSC Adv., 2019, 9, 8740–8747 | 8741
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Fig. 1 Gel permeation chromatograms of the synthesized siloxane
containing PDPPTPT polymers.

Fig. 2 Solid state UV-vis-NIR spectra of the PDPPTPT polymers.
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content. The UV-vis-NIR spectrum of the short retention time
peak (not shown) displayed a distinct red-shied shoulder
which is commonly associated with aggregation of DPP poly-
mers. This coincides with the solubility of the polymers
decreasing with increased siloxane content. The peak at longer
retention times revealed a more blue-shied UV-vis-NIR spec-
trum (not shown) associated with molecularly dissolved poly-
mers and is therefore most likely a better estimate of the true
molecular weight. When considering the peak molecular weight
(Mp) of the main peak (Table 1), a clear trend can be seen of
decreasing Mp with increasing siloxane content, except for the
100% siloxane polymer where aggregation seems to prevail.
This trend indicates that a lower degree of polymerization was
achieved for polymers with higher siloxane content, but that
these nevertheless show a higher tendency for aggregation in o-
DCB at elevated temperature. The difference in degree of poly-
merization could therefore be related to premature aggregation
in the polymerization mixture, thereby inhibiting the reaction,
an effect previously observed by Liu et al.,27 indicating that
polymer solubility during polymerization can have an effect on
molecular weight obtained. This implies that polymers with
a high siloxane content have a low intrinsic and overall
Table 1 Physical properties of the PDPPTPT polymers with different fra

Siloxane fraction Mp [kDa] HOMOb [eV] LUMOb [eV] Eg,SW
c [eV

100% 15.1a �5.20 �3.31 1.89
50% 15.9 �5.22 �3.29 1.93
20% 21.4 �5.26 �3.30 1.96
10% 24.4 �5.29 �3.29 1.99
5% 28.7 �5.27 �3.30 1.96
0% 38.5 �5.27 �3.29 1.98

a Estimate based on a Gaussian t to the low-Mp shoulder of un-aggregated
vs. Fc/Fc+, which was set at �4.8 eV vs. vacuum. c Eg,SW is the difference b

8742 | RSC Adv., 2019, 9, 8740–8747
solubility coupled with a low Mp, whereas polymers with a low
siloxane content have higher intrinsic and overall solubilities
coupled with a highMp. In this way this set of polymers provides
a case where solubility is not positively correlated with Mp,
providing a platform to further investigate the effects ofMp and
intrinsic solubility separately.

As can be seen in Fig. 2 the UV-vis-NIR absorption spectra of
all polymers are virtually identical in the solid state. While the
peak position shows no clear trend, the onset of absorption at
long wavelengths shows a small blue shi with increasing
siloxane content, indicating a small increase in optical band
gap (Eg,opt) (Table 1). This is most likely due to differences in
aggregation and packing caused by the more bulky siloxane
groups.

To gain further insight in the aggregation behavior of these
polymers their temperature dependent UV-vis-NIR spectra were
recorded in 1,1,2,2-tetrachloroethane (TCE) (Fig. 3). For the
polymers with a higher siloxane content the peak at 760 nm,
associated with aggregates, decreased less than for the polymers
with low siloxane content with increasing temperature, indi-
cating once again that the polymers with high siloxane content
have a stronger tendency for aggregation.

Square wave voltammetry was performed on the polymers to
determine the oxidation and reduction potentials (Fig. S1 and
ctions of siloxane side chains

] Eg,opt
c [eV]

d-spacing
(TEM) [Å]

d-spacing
(GIWAXS) [Å] Mobility [cm2 V�1 s�1]

1.54 26.2 25.1 8.2 � 10�3

1.53 24.7 24.2 3.1 � 10�2

1.53 21.5 21.9 2.4 � 10�2

1.52 20.6 20.3 1.5 � 10�2

1.52 19.8 19.6 1.3 � 10�2

1.51 18.5 19.2 4.5 � 10�4

polymer chains in the GPC. b Determined with square wave voltammetry
etween HOMO and LUMO energies. Eg,opt is the optical band gap.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Temperature dependent UV-vis-NIR spectra in TCE of the polymers. Percentage siloxane (a) 100%, (b) 50%, (c) 20%, (d) 10%, (e) 5%, (f) 0%.
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S2, ESI†). The polymers were studied as thin lms on a Pt wire
and measured in acetonitrile containing 0.1 M tetrabuty-
lammonium hexauorophosphate as electrolyte. Ferrocene/
ferrocenium (Fc/Fc+) was used as internal standard. The
reduction waves of the six polymers are virtually identical, but
the oxidation potentials slowly decrease with increasing
siloxane content. The resulting HOMO and LUMO levels are
summarized in Table 1.

To evaluate the effects of the side chains on the hole
mobility, eld-effect transistors were fabricated in a bottom-
gate, bottom-contact architecture. The results are collected in
Table 1. As can be seen in Fig. 4, the hole mobility increases by
an order of magnitude upon the introduction of siloxanes and is
comparable for all polymers containing siloxane side chains.
Fig. 4 Hole mobilities for the DPPTPT polymers.

This journal is © The Royal Society of Chemistry 2019
The higher hole mobility of PDPPTPT with siloxane-terminated
solubilizing groups, is consistent with previous
observations.19,20

The photovoltaic performance of the materials was evaluated
by fabricating solar cells with an ITO/ZnO/active layer/MoO3/Ag
conguration. For the active layer, the polymers were combined
with [6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM) as an
acceptor in a 1 : 2 weight ratio and spin coated from solutions
in chloroform containing 2% diphenyl ether (DPE). These
conditions were found to be optimal in terms of power
conversion efficiency (PCE) for both the 100% siloxane as well as
the 0% siloxane polymer aer an optimization of the solvent
and co-solvent ratio. Fig. 5 shows the current-density – voltage
(J–V) characteristics in dark and under simulated AM1.5G (100
mW cm�2) illumination and external quantum efficiencies
(EQE) of the optimized devices. The photovoltaic parameters are
summarized in Table 2. The short-circuit current density (Jsc)
reduces for polymers with increased siloxane content. Analysis
of the corresponding EQE spectra reveals that the decrease in
current generation is proportional over all wavelengths. As the
electronic and optical properties of all polymers are very similar,
the most likely cause therefore is differences in the morphology
of the blend layers. As can be seen in Table 2, there is no clear
trend in the ll factor (FF). Since the ll factor relates to the
competition between extraction and recombination of free
charges,38 the balance between these two processes appears
similar in all layers. A weak trend between the siloxane content
and the open-circuit voltage (Voc) is observed, with a �40 mV
increase in Voc with 100% siloxane content. Although differ-
ences are small, we note that this trend is opposite to the
change in HOMO levels, where the 100% siloxane polymer has
a �70 meV shallower HOMO level (Table 1), which generally
would provide a lower Voc. Overall the PCE of the PDPPTPT : [70]
RSC Adv., 2019, 9, 8740–8747 | 8743
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Fig. 5 (a) J–V characteristics of the PDPPTPT : [70]PCBM 1 : 2 (w/w) solar cells. (b) EQE spectra.

Table 2 Photovoltaic performance of the PDPPTPT : [70]PCBM 1 : 2 (w/w) blendsa

Siloxane fraction d [nm] Jsc [mA cm�2] Voc [V] FF PCE [%]

100% 125 6.8 (6.7) 0.81 (0.81) 0.58 (0.57) 3.2 (3.1)
50% 98 9.7 (9.6) 0.79 (0.79) 0.62 (0.62) 4.7 (4.7)
20% 123 12.4 (12.1) 0.77 (0.77) 0.54 (0.52) 5.1 (4.9)
10% 99 13.2 (13.4) 0.78 (0.77) 0.65 (0.63) 6.7 (6.6)
5% 100 14.0 (13.9) 0.78 (0.78) 0.63 (0.62) 6.9 (6.7)
0% 143 14.6 (14.6) 0.77 (0.77) 0.59 (0.59) 6.6 (6.6)

a Best cells are shown, numbers between parentheses refer to the average over 4 cells.
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PCBM blends drops by a factor of over 2, going from 0% to 100%
siloxane side chains. A preliminary study on the stability (see
ESI†) revealed that the polymers can be safely stored under
ambient conditions in the dark for >1 year, and that the
photovoltaic devices do not degrade when stored under
protective dry N2 atmosphere for 6 months.

To understand the change in performance with increasing
percentage of siloxane side chains, transmission electron
microscopy (TEM) was performed to analyze the morphology of
the active layers. These are shown in Fig. 6 (le panels) for the
100% and 0% siloxane polymers and in the ESI (Fig. S3†) for the
other blends. All mixtures show a ne ber-like morphology
typical for blends of DPP-based polymers with [70]PCBM.7,39 In
all cases, the ber width is small, making a detailed analysis
difficult, but for the 100% siloxane the bers appear wider than
for the 0% polymer. At high magnication the TEM images
(Fig. S4, ESI†) show lattice fringes that can be associated with
the lamellar packing distance (d-spacing) of the polymers
chains. By performing a Fourier transform of the images in
Fig. S4 (ESI†), an estimate of the d-spacing of the crystalline
domains in the blend could be obtained. A signicant increase
in the d-spacing from 18.5 Å to 26.2 Å was found with increasing
siloxane content (Table 1). This is assigned to the bulky nature
of the siloxane side chains groups that hinder closer lamellar
packing.

Further analysis of the blend morphology was done using
two-dimensional grazing incidence wide angle X-ray scattering
(2D GIWAXS) (Fig. S5, ESI†). The 2D GIWAXS shows diffuse
8744 | RSC Adv., 2019, 9, 8740–8747
halos at q z 0.7 Å�1 and q z 1.4 Å�1 that can be attributed to
[70]PCBM clusters.40,41 The diffraction around q ¼ 0.25 Å�1 is
associated with the lamellar d-spacing of the polymer and
values for the different polymers are in accordance with the data
obtained from the TEM (Table 1). The 2D GIWAXS and the
corresponding in-plane and out-of-plane line cuts (Fig. S6, ESI†)
indicate a change in orientation of the polymer chains on the
surface with increasing siloxane content. The orientation
changes from relatively mostly edge-on for the polymers with
low percentages of siloxane, via a mixed edge-on/face-on
orientation for the 50% siloxane polymer, to relatively the
most face-on for the 100% siloxane polymer. This was further
conrmed by a pole gure analysis (see Discussion and Fig. S7,
S8 in ESI†). Generally, a face-on orientation, in which the p-face
lies in the plane of the substrate, is benecial for solar cell
performance as it favors vertical inter-chain charge transport
and may even inhibit charge recombination.42 For the siloxane
containing polymers however we see an opposite trend in the
solar cell performance and, hence, the difference in polymer
orientation does not explain the differences in photovoltaic
performance.

To gain further insight in the morphology a ltering was
performed on the TEM images: in the Fourier transform image
all information pertaining to features larger than 100 nm was
cut out and stored separately. Next, the two images were inverse
Fourier transformed resulting in two ltered images, one con-
taining only features larger than 100 nm and one with only
smaller features (Fig. 6, middle and right panels). In the large-
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Unfiltered (left), Fourier-filtered (>100 nm, middle), and Fourier-filtered (<100 nm, right) TEM images of the PDDPPTPT : [70]PCBM
polymer blends. (top) With 100% siloxane side chains. (bottom) With 0% siloxane side chains.

Fig. 7 Fluorescence spectra of the pristine polymers (solid lines) and
their blends with [70]PCBM (dashed lines), corrected for the absorption
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feature images a blurred pattern of dark and light domains can
be seen with a distance of 300 to 400 nm, most likely associated
with coarse phase separation over these larger length scales. All
blends show a very similar distribution of these light and dark
regions. In the small-feature images the brous structure of the
polymers is nowmore clearly visible. The small size of the bers
still prohibits further formal characterization of the domain
sizes, however, a clearer difference between the blends can now
be seen. This difference lies mainly in the distances between
bers or ber-clusters, with the blend of the 100% siloxane
polymer showing the roughest structure and the bers
becoming gradually more nely dispersed with decreasing
siloxane content. This difference is most clear when comparing
the 100%, 50% and 0% siloxane polymer blends. Among the
0%, 5%, 10% and 20% polymer blends the differences are only
very subtle. A ner brous morphology is known to provide
higher quantum efficiencies for charge generation. For thicker
bers, typical exciton diffusion lengths are smaller than the
ber width, causing excitons to decay before charges can be
generated at the interface with [70]PCBM.3,7,8,39 Whereas this is
a clear trend in the morphology of these layers, the differences
remain subtle, and might not fully explain the trend seen in the
EQE spectra.

To further investigate the diminishing Jsc with higher
siloxane content, uorescence spectra of pristine polymer layers
and their blends with [70]PCBM were measured. The
This journal is © The Royal Society of Chemistry 2019
uorescence intensity was corrected for the absorption intensity
of the layers at 750 nm, which was the wavelength used for
excitation. As can be seen in Fig. 7, a similar, broad, uores-
cence spectrum was measured for all polymers. The uores-
cence intensity of the pristine layers is comparable for the 0%,
at 750 nm.

RSC Adv., 2019, 9, 8740–8747 | 8745
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5% and 10% polymers, and shows a downward trend with
increasing siloxane content. The lower uorescence intensity
for the polymers with a high percentage of siloxane side chains
indicates a lower uorescence quantum yield. As the radiative
lifetime is not expected to change with the change in side
chains, the most likely cause is an increased non-radiative
decay. The underlying cause for this trend is not fully under-
stood at present, but could be related to the packing of the
polymer chains inuencing the amount of non-radiative decay.
The uorescence intensity of the blend layers with [70]PCBM is
much lower and comparable for all polymers, except for the
100% polymer which shows a higher intensity. The uorescence
quenching is caused by photoinduced electron transfer between
the PDPPTPT polymers and [70]PCBM. The uorescence
quenching is signicantly lower for the 50% and 100% poly-
mers compared to the other PDPPTPT polymers. This indicates
a lower tendency of charge generation, which is in line with the
lower Jsc obtained from these polymers.

In summary, we have identied several effects that explain
the lower Jsc of solar cells fabricated from polymers with high
siloxane content. The (Fourier-ltered) TEM results point to the
differences in ber morphology, where a larger spatial distri-
bution of wider bers inhibits efficient charge separation.
Moreover, the siloxane side chains give rise to a low uores-
cence intensity, which is attributed to more efficient non-
radiative exciton decay, causing a reduced excited-state life-
time and hence an intrinsic lower chance to generate charges
from the corresponding polymers. While we have presented
some evidence for the above two mechanisms, other factors
may also contribute to the lower Jsc. Exciton mobility, e.g., could
be affected by the increased d-spacing of the siloxane contain-
ing polymers, further hindering exciton dissociation at the
donor–acceptor interface.

Conclusion

A varying ratio of siloxane and alkyl side chains was introduced
on PDPPTPT to tune the molecular weight and solubility and
investigate the effect of these two parameters on the perfor-
mance of bulk heterojunction solar cells with a common
fullerene acceptor. Increasing the siloxane to alkyl side chain
ratio resulted in a reduced peakmolecular weight and a reduced
solubility. The short-circuit current density and power conver-
sion efficiency of the solar cells were lower with increasing
percentage of siloxane. Fourier-ltered transmission electron
microscopy and two-dimensional grazing incidence wide angle
X-ray scattering revealed a brous morphology in which the
bers become wider and the chains are more face-oriented for
higher siloxane content. Fluorescence spectroscopy indicated
less uorescence quenching with more siloxane side chains.
The conclusion that emerges is that the siloxane side chains
give rise to less charge generation due to a coarser morphology
with slightly wider polymer bers and increased non-radiative
decay of the pristine polymers.

It has repeatedly been demonstrated that enhancing the
tendency to aggregate of DPP polymers by reducing the solu-
bility, leads to a better morphology with narrow bers and
8746 | RSC Adv., 2019, 9, 8740–8747
higher PCEs.3,7,39,43 Because an increase of the molecular weight
of a polymer generally reduces its solubility, high molecular
weight can be important for obtaining high PCEs. In the present
example of PDPPTPT polymers, partly substituted with siloxane
side chains, we have managed to decouple the solubility of the
polymer from the molecular weight by using monomers with an
intrinsic lower solubility and have made a series of polymers
where the trend in solubility is opposite of the trend in molec-
ular weight (Mp). The remarkable result is that in this case the
lower solubility does not result in a ner ber morphology of
the bulk heterojunction blend, but rather in one that is similar
or even slightly coarser. The fact that the PCE now decreases
with decreasing solubility is related to two reasons. The rst one
is the slight increase in ber width and coarser morphology; the
second one is the intrinsically lower uorescence of the siloxane
containing polymers, which results in a less effective charge
generation. It remains an interesting question why the ber
width of the siloxane containing PDPPTPT polymers is not
reversely correlated with the solubility.
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