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Abstract

Herein is reported the impact of the functionalization of four different semiconducting polymer
structures by a linear siloxane-terminated side-chains. The latter was tetrasiloxane (Sis) or
trisiloxane (Sis) chains, substituted at their extremity to a pentylene linker. The polymer
structure was based on 5,6-difluorobenzothiadiazole comonomer (PF2), a diketopyrrolopyrrole
unit (PDPP-TT), a naphtalediimide unit (PNDI-T2) and a poly[bis(thiophen-2-
ylthieno[3,2,b]thiophene (PBTTT). The properties of these siloxane-functionalized polymers
were scrutinized and compared with the ones of their alkyl-substituted polymer analogues. The
impact of the alkyl-to-siloxane chain substitution clearly depends on the molecular section of
the side-chains. When a branched 2-octyldodecyl chain (C2o) was replaced by a Sis chain of
same molecular section, the greatest impact was the strong increase of the n-stacking overlap
of the polymer backbones. This effect led to a significative enhancement of the charge mobility
values of the polymers. As in-plane and out-of-plane mobility were increased simultaneously,
this m-overlap enhancement effect happens to be preponderant over the polymer orientation
variations. When a linear tetradecyl chain (Ci4) was replaced by a linear Sis chain of twice
larger molecular section, the polymer structure was profoundly affected. While PBTTT-Caa4 is
crystalline and purely edge-on, PBTTT-Sis is mesomorphic and shows a mixed face-on/edge-

on orientation.



1. Introduction

In the state-of-the-art design of semiconducting w-conjugated polymers, side-chain engineering
constitutes one of the key aspects.[1] Side-chains are naturally needed for providing a
satisfactory solubility required for purification and device processing. They also strongly
impact the molecular ordering and thin-film morphology, which ultimately determine device
performances. Alkyl side-chains have been investigated for a long time, and the accumulated
knowledge has become today essential for the design of high-performing polymers used in
electronics, sensors and display technologies, in particular.[1a,2] Thus, an abundant literature
has been produced reporting the important role of the location, length and branching position
of alkyl side-chains on the polymer solubility, backbone conformation and polymer
structure.[1,2]

Alternatively, recent years have witnessed the development of new types of side-chains
containing different functionalities or functional groups.[1a] Actually, this research field has
rapidly emerged to meet the demand i) to ease the solubilization of highly n-stacked polymer
systems,[3] ii) to bring new solubility properties to the materials in order to substitute classically
used harmful halogenated solvents towards eco-friendly ones,[4] or iii) to provide the materials
with special affinity of reactive groups for the targeted devices (as interfacial layers,[5] for layer
immobilization[6]...) or applications (in sensing,[7] bioelectronics,[8] thermoelectricity[8]...).
Clearly, all modifications brought in the nature of the side-chain not only affect the polymer’s
solubility but also a broad range of its physical parameters. Such a global impact makes difficult
the rationalization of the functional side-chain substitution, but this remains essential for the
design of advanced polymers, such as for efficient electronic applications. For instance,
oligo(ethyleneoxide) (EO) side-chain have been used to provide polymers with a hydrophilic
character to improve their solubility in water or polar solvent,[9] and for a purpose of
bioelectronic applications,[10] in particular. The replacement of alkyl by EO side-chains was
found to drastically affect many physical parameters of the polymers, such as the n-stacking
distances and the energy levels of the polymers, and consequently the polymer’s performance
in field effect transistor (OFET) devices.[11] A fine tuning of the EO chains substitution could
also be used to adjust the nanophase segregation in an all-polymer organic photovoltaic (OPV)
device.[12] Fluoroalkyls have also been used as side-chains for its fluorophilic character, which
resulted in a strong lamellar self-organization with the formation of well-defined

microstructures of high mobility.[13] Alternatively, the fluorophobic effect was found to



reduce the miscibility between compounds in mixtures, which facilitated the fabrication of well-
defined bilayer systems for ambipolar OFETSs,[14] but conversely, aggravated the phase
segregation with PCBM in bulk heterojunction (BHJ) solar cells.[15]

(Dimethyl)siloxane segments have also been inserted in side chains of w-conjugated polymers.
Mei et al. first introduced a trisiloxane-terminated side chain (branched pendant through an
alkyl linker) in isoindigo-based polymers.[16] As compared to a branched (2-octyldodecyl)
alkyl chain with a proximal cumbersome ramification, the authors reported a closer n-stacking
distance and larger coherence length, ultimately leading to higher OFET mobility values. Later
on, other authors confirmed in different polymer structures, that hybrid siloxane side chains
allowed the formation of closely n-stacked polymers into large fibrillar structures, leading to
OFET mobilities over 1 cm?/V.s.[17,18] While opposite results were published regarding
solubility, it seems that polymers with trisiloxane (laterally attached) hybrid side chains exhibit
a lower solubility than the one substituted with branched alkyl chains.[17,19-21] It is only with
long linear oligosiloxane chains (average of 10 siloxane units per chain) that a better solubility
was measured by Ohnishi et al.[22] The substitution of alkyl to siloxane hybrid side-chains
was found to favor the formation of face-on polymer orientation,[16,17,21,23,24] although the
nature of the solvent seemed to be determinant.[25,26] Indeed, face-on polymer orientation is
highly favorable for OPV application, however the siloxane functionalization needs to be finely
tuned in order to control the donor-acceptor nanophase separation.[21-24,27] Such a controlled
siloxane functionalization favorably offered promising photovoltaic devices with efficiencies

over 10% with subtly mixed alkyl/siloxane side-chains polymer systems.[19,28-31]

The results obtained so far on siloxane functionalization are very promising for the development
of high performing n-conjugated polymers for electronic applications, indeed. So far, however,
the published studies are essentially based on a single type of siloxane chain, i.e. a branched
heptamethyltrisiloxane, which is connected to alkyl linkers by the central silicon atom. The
unique variable parameter was the length of the alkyl linker.[32,33] Only two reports have
been published by considering a different siloxane side-chain configuration based of an end-
attached siloxane segment. The first one is a linear polydispersed oligosiloxane side-chain
reported by Onishi et al.[22], and the second is a linear hepta(dimethylsiloxane) segment that
was published by Y. Ding et al.[34] during this manuscript preparation. Thus, there is clearly a

need to broaden the scope of the study to linear siloxane side-chains functionalization.



Moreover, such linear siloxane-terminated chain opens up the valuable variation study of the

siloxane chain length.

Herein we report, the functionalization of m-conjugated polymers by well-defined linear
siloxane-terminated side-chains. The functionalization has been performed on a series of four
different polymer structures, which can be considered as state-of-the-art polymers for their
optoelectronic properties and more specifically for their excellent charge transport properties:
a diketopyrrolopyrole-based copolymer (PDPP-TT),[35] a 5,6-difluorobenzothiadiazole-based
copolymer (PF2),[36,37] a nathtalenediimide-based polymer (PNDI-T2)[38] and a
poly[bis(thiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT).[39] Two types of linear siloxane
chains have been considered: a trisiloxane (Sis) and a tetrasiloxane (Sis) chain, connected to the
polymer backbone via a pentylene linker. The study clearly aims at rationalizing the role of the
substitution of classical alkyl side-chains to hybrid linear siloxane side-chains on various
properties of the polymers, namely the solubility, energy levels, structure, orientation, and
finally, on charge transport properties. The outcome of this study will help drawing the general
trends in hybrid linear siloxane-terminated side-chain functionalization and more generally, it

will provide insights in the design of siloxane chain-containing polymers for electronics.

2. Results and discussion

2.1. General consideration on dimethylsiloxane chains

Before investigating the impact of the linear hybrid siloxane chain substitution on the physical
properties of the polymer semiconductors, it appears essential to report the main
physicochemical properties of dimethylsiloxane chains (-SiMez-O-) and their distinctive
features as compared to their carbon-based counterparts.[40-43]

As a first general comment, oligodimethylsiloxanes show several characteristics that make
them valuable for their integration into organic materials, such as ease of fabrication,
transparency to UV-visible regions, high thermal stability, low electrical conductivity,
biocompatibility and high fluidity.

To begin, oligodimethylsiloxanes are hydrophobic and lipophilic. For example,
polydimethylsiloxane (PDMS) films grafted onto silicone wafer exhibit contact angles around

115°.[40] The high hydrophobicity of siloxanes was found to be responsible for the enhanced



stability observed in siloxane-functionalized materials used in organic electronics, in
particular.[17,44] Regarding solubility and as a first approximation, the solubility of
oligodimethylsiloxanes is comparable to the ones of alkanes of similar length. Thus, PDMS
exhibits a very low solubility parameter ¢(14.9-15.6 MPa[40]) that is close to the one of liquid
paraffins (16-16.5 MPa[45]). Nevertheless, the presence of weak dipole moments in the
backbone make PDMS soluble and miscible in a larger variety of solvents, having a non-polar
or a weakly polar nature.[40,46] This peculiar feature arises from the extreme flexibility of the
siloxane backbone and pending methyl groups that can readily adjust their conformation (by
masking or uncovering the “polar” oxygen atoms of the backbone) to suit their surrounding

environment.[47]

As mentioned above, dimethylsiloxane chains exhibit a remarkable flexibility, which is
probably the most striking feature of silicone materials. This flexibility far exceeds what can be
found for any alkyl or ether chains, and arises from the peculiar nature of the Si-O bond.[48]
First, the Si-O bond length (1.63 A) is significantly higher than the C-C (1.53 A) and C-O (1.41
A) bonds.[49] Second, the oxygen skeletal atoms are small and unencumbered by side-groups.
Third, the partial double bond character between the silicon and oxygen atoms (due to pr-dx
interaction) results in a large Si-O-Si angle (=150°), as compared to the usual tetrahedral value
(=110°) of C-C-C or C-O-C angles.[48,49] These concomitant effects lead to a drastic
reduction of the energy barrier for the rotation around the Si-O bond and for the rotation of the
methyl groups attached to the silicon atoms. Then, bond angles can easily pass through 180°
and methyl groups can flip almost freely.[48] As a result, PDMS stands among the most
flexible polymers and exhibits a glass transition temperature (Tg) as low as -120°C.[50] PDMS
also hardly crystallizes at very low temperature to give a melting point (mp) at -43°C,[50] when
polyethylene and poly(ethyleneoxide) present a melting usually above 110 and 65°C,
respectively.[51] The great difficulty of PDMS to crystallize also arises from the irregularity
of the cross-section along the chains (due to the succession of -Me,Si- and -O- units of very
different volume), that obstructs their efficient packing.[52] The extreme dynamic mobility of
the dimethylsiloxane chains are also responsible in large part, for many other singular physical
properties such as small change in viscosity with temperature, low cohesion energy density,

low surface tension (21 mN.m™), low dielectric constant and high gas permeability.[40,43]

Segregation constitutes another major feature of dimethylsiloxanes. Actually, siloxanes show a
strong incompatibility with other chemical species, that expresses through their strong affinity



with chains of same nature.[53,54] This characteristic arises, to a first approximation, to their
very low solubility parameter 6. This effect is not as strong as fluorophobic effect of
perfluoroalkyl chains though, but it is powerful enough to drive heavy nanosegregation. This
phenomenon has widely been exploited in block-copolymer systems as well as in liquid
crystals, for which small ratios of siloxane chains were able to generate a wide variety of

nanostructures and mesomorphic structural organizations.[55-58]

Geometrical consideration of dimethylsiloxane chains is the last information of interest to report
here. In a segregated material, the structural organization is naturally controlled by the
difference of molecular areas and volumes of the antagonistic moieties. Thus, the difference of
molecular areas mainly determines the type of organization, while volumes mainly affect the
molecular distances. Then, the cross-sectional areas o at room temperature of a
dimethylsiloxane chain (o= 41 A?) is about twice larger as compared to a linear alkyl or ether
chains (o= 21-22 A?) (see supporting information). That is to say that a linear dimethylsiloxane
chain has a molecular section comparable to the one of two linear alkyl chains or else, of one
ramified alkyl chain, as illustrated in figure 1. The molecular volume v of a dimethylsiloxane
segment at room temperature (v = 127 A3) is also significantly larger than the one of a -CH-
chain (v = 27 A%), meaning -SiMe,O- occupies the same volume than a pentylene -CsHio- chain
(see ESI).

§Ha GHa CHa
Si-0-Si-0-Si----
CH3; CH; CHj

Figure 1. Comparison of the cross-section area (o) at room temperature of a linear

oligo(dimethylsiloxane) chain with the one of a linear and a ramified alkyl chain.

To summarize the characteristic features of siloxane chains, a chart is reported below to
highlight the main differences of oligodimethylsiloxanes with the ones of high molecular
weight n-alkanes (paraffin wax). These differences should naturally have an impact on the
properties of our semiconducting polymers. An influence of the alkyl-to-siloxane chain
substitution is thus to be expected in solubility, thermal properties, structural organization, and

subsequently in charge transport properties, that will be extensively examined in the following.



Chart. Main differences in the properties of oligodimethylsiloxanes with the ones of high

molecular weight n-alkanes.

» Higher hydrophobicity
» Miscible in a broader range of solvents
» Higher flexibility (room-temperature liquids with Tg < -120°C)

» Higher propensity for microphase separation

> Twice larger molecular cross-section )
N~

2.2. Molecular design and synthesis

The four different investigated polymer structures are depicted in figure 2. Two different
couples of (alkyl/siloxane) side-chains have been studied, depending on the polymer structure.
For the three first polymers (PF2, PDPP-TT and PNDI-T2), whose best semiconducting
properties are achieved with long ramified alkyl chains,[35,36,38,39] the comparison was made
by using 2-octyldodecyl (C20) chain and a linear tetrasiloxane (Sis4) chain, namely 1-n-butyl-
1,1,3,3,5,5,7,7-octamethyltetrasiloxane. For the last polymer (PBTTT), whose highest charge
transport mobilities are obtained with linear alkyl chains,[39] it was synthetized with n-
tetradecyl (Ci4) chain and a short linear trisiloxane (Sis) chain, i.e. 1,1,1,3,3,55-
heptamethyltrisiloxane. For all siloxane chain substitutions, the siloxane segment is connected

to the conjugated monomer by its extremity, via a short pentylene linker (figure 2).

R
s
7\
N S s\\ T s
\ /)
R
N
R
PF2 PNDI-T, PBTTT
N J
Y
Cc
R= \m 20 R= ~o~~~~~~ Cu
or CHy CHy CHy Chy ) or GHy CHy CH; .
A0~ §i-0-81-0-81-C Hy Siy ~o~o~-S-0-si-o-Si-cH;  Si3
CHy CHy &Hy dH, CH; ¢éHy &H,

Figure 2. Structure of the four polymers series substituted with alkyl and siloxane chains.



The synthesis of the alkyl-substituted polymers PF2-C20,[36] PNDI-T2-Cz20,[38] PDPP-TT-
C20[35] and PBTTT-C14[39] has already been reported. The same procedures were used to
prepare their siloxane counterparts (see figure 3 and experimental details in ESI). The key step
was the preparation of the dibromide siloxane-functionalized comonomers which were used for
the last Stille cross-coupling polycondensation step. The siloxane comonomers were prepared
by hydrosilylation of the corresponding w-pentenyl-substituted precursors with the trisiloxane
or tetrasiloxane chain, by using the Karstedt catalyst. In the specific case of PNDI-T2-Si4, the
siloxane-functionalized naphtalenediimide comonomer was obtained by direct imidation of the
naphthalene tetracarboxylic dianhydride with o-tetrasiloxane pentyl-1-amine. The later was
obtained from the cleavage of the corresponding N-substituted phtalimide in mild conditions,
by using methylamine in ethanol (figure 3).[59] This procedure successfully avoided the use
of basic and acid treatment conditions that are detrimental to siloxanes (hydrolysis). While the
trisiloxane chain was commercially available, the tetrasiloxane chain (Si4-H) was prepared in
one pot, by ring opening of cyclohexamethyltrisiloxane with n-Buli, followed by the addition

of chlorodimethylsilane.[60]

The final polymers were characterized by size exclusion chromatography (SEC) in 1,2,4-
trichlorobenzene at 150°C (see plots in figure S2 and data in Table 1) and by elemental analysis.
The PBTTT polymer series which are soluble in chloroform were also characterized by NMR.
The characterization data are in good agreement with the targeted polymers (see ESI). It is
worth to mention that the SEC profiles show monomodal distributions with no trace of residual
monomers. All polymers show Mn in a similar range, except PBT TT-Cu4 that exhibits a slightly
lower molecular weight (Table 1).
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Figure 3. Synthesis of the materials

2.3. Energy levels and absorption

In order to estimate the energy levels of the polymers, cyclic voltammetry (CV) and
photoelectron spectroscopy in air (PESA) on thin films have been performed (see figures S3
and S4, respectively). In CV, all potentials are referred to the saturated calomel electrode that
was calibrated at 0.38 V versus the Fc/Fc* system.[61] The voltammograms for the electron
donor polymers only showed oxidation potentials, while reduction waves could only be
observed for the electron acceptor PNDI-T2 series. In Table 1 are given the data of all
measurements, including the calculated HOMO and LUMO values. The HOMO values
obtained by CV and PESA are in good agreement. For each polymer series, a clear trend can
be observed for the HOMO-LUMO values depending on the chain substitution. When
substituting the alkyl chain by the linear hybrid siloxane side-chains, the calculated energy
levels are slightly destabilized. This observation is in good agreement with previous studies
showing a similar upward trend in HOMO value after alkyl to hybrid siloxane side-chain
substitution.[16,21,24,62]
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The polymer absorption spectra recorded in solution and in thin films are reported in figures S5
(ESI) and in figure 4, respectively. Absorptions in solution were performed in ortho-
dichlorobenzene (0DCB) at temperatures ranging from 25 to 95 °C. These analyses allowed to
investigate the side-chain impact on polymer solubility properties and provided also an early
stage of information regarding the structural organization of the polymers.

To start with the alkylated PF2 polymer (PF2-C2o), a clear transition between two different
states can be observed,[36] i.e. a soluble state at high temperature (above 85°C) and an
aggregated state at lower temperature (see figures S5). The latter exhibits a two bands spectrum,
as commonly observed in D-A polymers.[63] The highest wavelength band is generally
attributed to the intramolecular charge transfer (ICT) between electron rich and electron
deficient units within the conjugated backbone, while the band at highest energy can be
attributed to a n—7* transition. PF2-C20 exhibits an additional feature related to its solid-state
structuration, that is to say a split of the highest wavelength (ICT) band into two peaks, usually
referred as the 0-0 band (lowest energy, centered on 700 nm) and 0-1 band (highest energy,
centered on 640 nm).[36] The 0-0 band is associated to the segregated stacking of polymer
chains on each other’s, while the 0-1 band is related to a lowest ordered structuration (also
called mixed stacking, see figure 5).[64] Under heating, the ICT vibronic band disappears
progressively to give a new broad featureless band, strongly blue shifted and centered at around
550 nm, characteristic of a well-soluble polymer state. In the meantime, the highest energy =-
7* band is also blue shifted from 450 down to 390 nm. The scenario is significantly different
for the hybrid siloxane-based PF2 (PF2-Sis). At low temperature indeed, PF2-Sis naturally
exhibits similar features as for PF2-Czo with the presence of a -n* and a vibronic ICT band.
However, the shape of this vibronic ICT band is different in PF2-Sis, and the absorption ratio
between the 0-1 and 0-0 bands evolve differently by heating. More importantly and unlike PF2-
C2o, the soluble state behavior is never reached in PF2-Sis, even after heating at 95°C. This
observation indicates a lower solubility of PF2-Sis in oDCB, as compared to PF2-Cao. It is
confirmed by additional Hansen solubility parameter measurements done for both polymers
(figure S6 and Table S6). The latter reveal a significant shift in position of the solubility spheres,
leading to a slightly larger relative energy difference (RED) of oDCB (and thus a lower
solubility) for PF2-Sia, in comparison to PF2-Czo. On the other hand, the radius of the solubility
spheres is significantly larger for PF2-Sis (4.9 compared to 4.0 for PF2-C20), indicating a
broader range of potential solvents for PF2-Sia.

For PDPP-TT polymer series, a completely different behavior is observed: both alkyl and
siloxane chain substitution lead to a quite similar absorption spectra in solution (figures S5).
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The polymers essentially show a broad band at around 830 nm, which slightly drift
hypsochromically by heating. The two PDPP-TT polymers thus show a similar good solubility
in oDCB at room temperature.

For the PNDI-T2 polymers, the behavior looks like the ones of PF2 series but the effect of the
side-chain substitution is even more pronounced. Although, both polymers are aggregated at
room temperature, their absorption spectra in oDCB exhibit a quite different shape, essentially
regarding their ICT bands (figures S5). Actually, PNDI-T2-C20 presents at 25°C a rather
featureless ICT band, in which two peaks can nevertheless be distinguished, at ca 650 and 710
nm. At same conditions PNDI-T2-Sis exhibits a highly structured ICT band with three different
vibronic peaks, at approximately 630, 720 and 810 nm. The PNDI-T2-Sis ICT band is thus
showing one additional band at low energy, thus expanding the bathochromic absorption over
100 nm (up to 900 nm). As similarly discussed for PF2 polymers, it has been clearly shown
that, using specific process conditions, PNDI-T2-C2o polymer could adopt two different
stacking configurations, mixed and segregated, also called as form 1 and form 2, respectively
(figures 5). The former was characterized by the emergence of a low-energy band, at around
810 nm.[65] As a consequence, the much higher ordering observed in solution at 25°C for
PNDI-T2-Si4, as compared to PNDI-T2-Czo, strongly suggests a higher segregated stack
polymer fraction (Form 1) in the siloxane-substituted PNDI-T2-Sis polymer. Under heating
moreover, the absorption spectra of the two polymers are also found to evolve differently. For
PNDI-T2-Czo, the initial ICT band rapidly disappears (above 75°C) to exhibit a new broad,
featureless and blue-shifted band centered at around 600 nm, characteristic of a soluble state.
For PNDI-T2-Sis at contrary, the vibronic ICT band only decreases in intensity without
vanishing totally, in favor of the emergence of a new broad band at ca 620 nm. Although PNDI-
T2-Si4 gains in solubility by heating, it remains irremediably aggregated at high temperature,
yet.

Finally, the PBTTT series reveals a different behavior as the previous ones. The replacement
of a linear alkyl (Ci4) chain by a linear (though bulky) linear siloxane (Sis) chain, leads to
different absorption properties at low temperatures (figures S5). The room-temperature
PBTTT-Cis absorption spectrum exhibits a broad band centered at 485 nm, including a
shoulder at lower energies at around 600 nm. This vibronic structure is a sign of crystallinity
and already reflects an incomplete PBTTT-Ca4 dissolution.[66] Upon heating, this vibronic
structure rapidly fades away to give a featureless broad band centered at around 475 nm. Such
a vibronic band is already absent at low temperature in the PBTTT-Sis absorption,

demonstrating either a higher solubility and/or a lower polymer chain ordering. This siloxane
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derivative only exhibits a broad band centered at 480 nm, which remains almost unchanged by

heating.

At this stage, a partial conclusion can already be drawn from the absorption in solution as a
function of the side-chain substitution. Actually, two opposite behaviors can be noticed
depending on whether the initial alkylated polymers are carrying branched alkyl chains or linear
ones. When branched alkyl C2o chains are substituted by linear siloxane (Sis) chain (of similar
molecular section, as illustrated in figure 1), the polymer shows a slightly reduced solubility in
oDCB, and seems to present a better solid-state ordering in its aggregated form. At the contrary
for PBTTT, the replacement of the linear C14 chain by a bulkier Sis chain leads to a significantly

better solubility and/or else, a decrease of a polymer chain ordering.

Solid-state absorption can also provide valuable information regarding the impact of the alkyl-
to-siloxane chain substitution on the solid-state polymer ordering (figure 4). To start with the
PF2 series, both polymers exhibit similar thin film absorption profiles at first sight. However,
a slightly higher 0-0/0-1 intensity ratio is observed for PF2-Sis, which suggests for the siloxane-
functionalized polymer a higher polymer ordering with a higher proportion of segregated
stacked polymer chains. Along the PNDI-T>2 series, the trend is even more pronounced. Indeed,
if both polymers present similar UV-vis absorption profiles, PNDI-T2-Sis exhibits a clear
bathochromic shift with a very well defined vibronic structure, including a new peak at about
800 nm. As previously discussed, this peak is strongly related to the existence of segregated
stacks (form 1, see figure 5) in PNDI-T2-Sis, indicating a much higher ordering level, as
compared to the alkylated PNDI-T2-C20 polymer. The two polymers of the PDPP-TT series
exhibit in solid-state, as in solution, a quite similar absorption spectrum. Finally, the PBTTT
series exhibits a distinctive behavior. Indeed, PBTTT-Cu4 exhibits a standard UV-visible
absorption spectrum (for as-cast polymer film) with a slight vibronic feature in the form of a
shoulder at longer wavelengths. PBTTT-Sis shows a similar shoulder at higher wavelengths,
but it shows more distinctly a new vibronic peak at high energy (at ca 480 nm). The latter could
likely be explained by the appearance of H-aggregates in PBTTT-Sis, arising from the

bulkiness of the hybrid linear siloxane side-chain.

To sum up the thin film absorption results, all polymer series (with the exception of PDPP-TT)
show some changes in the absorption spectrum as a function of the side-chain substitution, that
reflects slight variations in the molecular packing. This latter aspect will be widely discussed

in the following sections. At this stage however, the differences in the absorption spectra do not
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impact the polymer optical band gaps, as a similar absorption edge is reported within each

polymer series.
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Figure 4. Comparison of the thin film absorption spectra of the four polymers structures as a

function of their (alkyl versus siloxane) chain substitution.

Segregated stacking Mixed stacking

Figure 5. Schematic illustration of the segregated stacking (form 1) and of the mixed stacking
(form 2) of lamellar organization of conjugated polymer backbones. In segregated stacking, the
polymer backbones are piled up with a superimposition of same adjacent polymer sub-units,

while in mixed stacking the polymer backbones are randomly piled up.

14



Table 1. Collected data from SEC analysis, absorption spectroscopy, cyclic voltammetry (CV) and photoelectron spectroscopy (PESA)
measurements. Calculated HOMO and LUMO levels of the polymers.

Polymer Molecular weight? | Absorption data Redox potentials (CV) © | Energy levels ©
Mn (da) / B Amax solution ? | Amax film Aedge film Eg (optical) | Eox Ered HOMO (CV)/ |LUMO (CV)
(nm) (nm) (nm) (eV) V) V) HOMO (PESA) | (eV)
(eV)

PF2 Sia 41000/ 2.4 647°¢ 449, 635, 698 | 748 1.66 0.85 - -5.25/-5.07

C2 |38000/3.9 5461 439, 646, 700 | 756 1.64 0.95 - -5.35/-5.13
PDPP-TT |Sia 61000/ 3.0 831 470, 811 1008 1.23 0.60 - -5.00/-5.07

C2 |45000/6.0 818 481, 819 1019 1.21 0.80 - -5.20/-5.12
PNDI-T2 |Sisa |61000/3.0 623 ¢ 398, 712, 776 | 865 1.43 - -0.71 - [/-570 |-3.71

C20 |55000/3.9 605 ¢ 395, 702 832 1.49 - -0.58 - [-578 |-3.82
PBTTT Siz  |37000/1.6 478 537 640 1.94 0.62 - -5.02/-4.94

Caa 17000/ 2.9 484 551 652 1.90 0.70 - -5.10/-4.81

& Average molecular weight per number (Mn) and dispersity (D) measured by high-temperature size exclusion chromatography (SEC) at 150°C
using 1,2,4-trichlorobenzene as an eluent and calibrated with narrow polystyrene standards; ® in oDCB at room temperature otherwise mentioned;
¢ still aggregated at 95°C in oDCB; ¢ soluble at 95°C in 0-DCB ; © thin film measurements by cyclic voltammetry (CV) or by photoelectron
spectroscopy (PESA).
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2.4. Thermal and structural properties

The thermal stability of the polymers in nitrogen atmosphere was examined by
thermogravimetric analysis (TGA) (figure S7a) and revealed similar stability data for all
backbones and almost no influence of the side-chain nature. These materials are stable up to
230-280°C; weight loss from degradation is detected at higher temperature and rapid
decomposition occurs above 350°C. The investigation of the phase behavior by differential
scanning calorimetry (DSC) and polarizing optical microscopy (POM) confirmed the similarity
of the polymers with siloxane and branched alkyl side-chains (figure S7b). All polymers display
a frozen mesomorphic solid state that gradually flows to a fluid and birefringent mesophase on
heating (figures S8). The mesophase extends to temperatures above 300°C until the transition
to isotropic liquid state (Tiso) for two of the branched alkyl side-chain polymers, while the third
one (PDPP-TT-C20) and the three siloxane-based polymer analogues decompose before
passing a transition (Table S7). Both PBTTT polymers also exhibit a fluid mesophase, with
somewhat reduced Tiso close to 250°C. However, the siloxane and linear alkyl side-chain
polymers have different phase behaviors at low-temperature: PBTTT-Sis freezes the
mesophase in solid state, while PBTTT-Caua4 is in a crystallized state at room temperature and

melts to mesophase around 40°C.

The polymer self-assemblies were further investigated in bulk state at room and higher
temperature by small- and wide-angle X-ray scattering (SWAXS) (figure S9). In fluid
mesophase and in mesomorphic solid state, patterns contain a broad scattering signal from
lateral distances between siloxane chains (hsi, maximum around 7 A) or molten alkyl chains
(hen, maximum around 4.5-4.7 A) together with half-broad signal from r-stacking of backbones
(hz, maximum between 3.5 and 4.1 A) and with a series of sharp reflections (h00) of a lamellar
periodicity. These signals are indicative of a smectic-like lamellar mesophase Lam(M),
characterized by the alternation of stacked backbones and molten chain layers. PF2 and PNDI-
T2 polymers further exhibit sharp (00I) reflections implying the superimposition of same
polymer backbone sub-units. This feature obviously results from the contribution of C-F bonds
to lateral interactions between backbones in PF2[36] and from the strong n-m interaction
between stacked NDI sub-units in PNDI-T2.[67] This observation is in perfect agreement with
the segregated stacking mode (form 1) as illustrated in figure 5, previously deduced from UV-
vis results analysis. On the contrary, PDPP-TT patterns present no sign of sub-unit segregation,

in line with previous results on PDPP-TT-C20[35] and observations made in UV-vis
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measurements pointing at a preferential mixed stacking (figure 5).[68] In addition to signals of
lamellar and in-plane structures, one notices the appearance of secondary maximums on the
wide-angle wing of hx for PF2-Si4 and PDPP-TT-Sis, which was attributed to (h2l) reflections
of an emerging three-dimensional structure. Regarding PBTTT-Ci4, the pattern at high
temperature has the features of the Lam(M) phase, but at room temperature, hch signal gets a
narrow shape and shifts to 4.4 A, revealing the stiffening of molten chains in a compact

crystalline conformation.

To elucidate the self-assembly, one needs to combine information from the patterns and the
geometric characteristics of the repeat unit segments (table S9 and figure 6). Branched alkyl
and siloxane chains have equivalent cross-sections och (see figure 1) which represent only 60
to 80% of the space requirement of the backbone repeat unit, as given by the product of repeat
unit length Ly and stacking distance hx. For all polymers except PBTTT-Cu4, the conjugated
repeat unit determines the degree of lateral expansion of lamellae with an average backbone
spacing hy equal to hx (or slightly larger due to fluctuations), while molten chains adopt folded
conformations to adjust their degree of lateral expansion to repeat unit area An. In the specific
case of PBTTT-Caa4 (the only polymer substituted with linear alkyl chain), ocn is much reduced
and only represents 45% of L,xhx product. This discrepancy is hence, primarily compensated
by the interdigitation of chains and secondarily by a conformation change. Moreover, the linear
chains crystallize at room temperature into compact layers which in turn constrains the self-
assembly of backbone rings, resulting in tilted structures with modified n-stacking distance and
lamellar spacing.[69] Conversely, alkyl to siloxane chain substitution has a large impact on
self-assembly of PBTTT, with in particular 16-19% lateral expansion of lamellae and 5%

increase of hx.
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Figure 6. (Left) Schematic representation of lamellar system formed by conjugated polymers
and definition of geometrical parameters diam, L, Arv and hry. (Middle and right) View of the
polymer lamellae along backbone, geometrical parameters and stacking distance h.. Backbone

planes are essentially vertical, leading to close hy, and hx values (see text and table 2).

The structure and morphology of the polymers deposited as thin films in conditions of device
fabrication were examined by GIWAXS (figure 7). All patterns display same structures as bulk
polymers with equivalent self-assembly parameters (table 2). These structures are well aligned,
with backbones and c-axis oriented parallel to surface. Scattering hsi’/hch 0of molten chains appear
as a continuous broad ring, while the stiff and interdigitated chains of PBTTT-Cu4 give a
narrow hen arc centered in the lamellar plane. Intensity of h. and reflections (h00) distribute
within arcs or rings, with two preferential orientations: hx direction rather parallel to film for
edge-on oriented domains and hr direction rather normal to film for face-on oriented ones. The
alkyl side-chain polymer films have comparable morphologies as in previous studies, consisting
in equilibrated face-on/edge-on proportion for PF2-Cz20,[36] predominance of edge-on for
PDPP-TT-Ca20,[65] essentially face-on for PNDI-T2-C20,[70] and essentially edge-on for
PBTTT-Ci4.[71] The analogue siloxane side-chain polymers give same overall film
morphologies, with the noticeable exception of PBTTT-Sis giving a mixed face-on/edge-on
orientation. Again, PBTTT-Cu4 stands out from the polymer series due to the compact layers
of stiff, interdigitated chains that promote another alignment as the disentangled molten chain
layers of PBTTT-Sis.

Due to their strong propensity to nanosegregate from other molecular segments (see section
2.1), siloxane side-chains form well-defined intermediate layers that improve the cohesion of
the whole lamellar sequence, as otherwise confirmed by the extension of the Lam(M) range to
higher (unreachable) temperatures (see figure S7b and table S7). This peculiarity is naturally
expected to affect w-stacking interaction of backbones. One parameter of interaction strength
consists in the average distance of n-stacked rings deduced from hx peak position. Actually, the
impact of siloxane on hx turned out to be rather small: variation at the limit of significance for
PF2 and slight decrease of 2-4% (i.e. 0.1-0.15 A) for PDPP-TT and PNDI-T2 (see tables 2 and
figure S9). The larger hx value in the alkyl polymers PDPP-TT-Cz0 and PNDI-T2-Czo is due
to the proximal cumbersome branching point of the alkyl side-chain indeed, as evidenced by
Lei et al.[72] and Han et al.[17] However, this effect is not observed in PF2-C2o, that is

attributed to the strong intermolecular coulombic dipole-dipole interactions provided by
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fluorine atoms maintaining a close w-stacking distance between polymer backbones whatever
the side-chain nature is.[27,36,73] Another aspect of interaction strength is the degree of
overlapping of facing backbones, which is in first approximation reproduced by the intensity of
hr peak.[71] Intensity of (100) peak is a relevant reference since electronic densities of siloxane
and alkyl chains coincide within 1-2% and only the overall chain layer thickness needs to be
considered: if n-stacking was not affected by siloxane chains, their introduction would reduce
[(hz)/1(100) ratios by roughly 20%. The experimental ratios as well as the accurate face-
on/edge-on proportions were obtained from renormalized ring profiles (figure S10c). It turned
out that ratios are not reduced, but increased by 100% for PF2, 80% for PDPP-TT and 60% for
PNDI-Tz, revealing a substantial amplification of the w-stacking scattering. On the one hand,
the greatly enhanced w-overlap of the polymer backbones induced by siloxane functionalization
constitutes here an outcome of primary importance. On the other hand, film morphologies are
also impacted since siloxane side-chain polymers gave systematically lower face-on
proportions than branched alkyl analogues, although changes were only of 2 to 9%. This
observation likely arises from a side effect of the improved backbone overlap: intuitively, flatter
layers should prefer contact to substrates favoring in-plane lamellar orientation. It has to be
noted that opposite tendency (i.e. promotion of side-on lamellar orientation) was observed when
laterally-attached trisiloxane side-chains were used.[16,17,21,23,24] In these latter cases
however, the large volume variation caused by the branched siloxane segment should induce
different polymer packing and lamellae configuration, ultimately leading to opposite polymer

orientation trend.

Correlation length, as measured in the stacking direction (&ara) and in the lamellae direction
(&erp) constitute another point to discuss, as variable tendencies have already been published as
a function of the alkyl-to-siloxane substitution.[16,24,28,31,74] For semiconducting polymers,
indeed, &arais the most pertinent parameter, as it corresponds to the crystallite sizes as measured
in the w-stacking planes. &erp is also a meaningful value in lamellar mesomorphic polymers, as
it reflects the regularity of the lamellar layers on top of each other. Indeed, &ara and Gperp are
accessible from (0kO) and (100) peaks, respectively, and by using Scherrer equation. In this
work, the variation of &ara and &erp as a function of the alkyl-to-siloxane substitution gives
variable results for the three polymer structures PF2, PDPP-TT and PNDI-Tz2. Interestingly,
both values evolve in the same direction for PBTTT. Thus, &araand &erp are found to decrease
in PF2-Sia, be comparable for PNDI-T2-Sis or else, increase in PDPP-TT-Sia. In case of
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PBTTT polymer series, both correlation lengths are larger in PBTTT-Cu4, in agreement with
its enhanced cohesive structure due to its crystallinity and interdigitated side-chains. It is
interesting to notice that the n-stacking overlap enhancement, as observed in our siloxane
systems, does not lead to a uniform increase of &£ values, but depends on the very nature of
polymer backbone. A possible explanation for the specific decrease of &values in PF2-Sis
likely arises from the competing effect provided by the fluorine atoms and the siloxane
sublayers which seek to impose their own polymer backbone stacking configuration, from
dipolar interactions and segregation effects, respectively. In any case, it is worth mentioning
that the correlation length values in mesomorphic polymers are naturally well below the range
of interactions that typically lay in the micrometer scale, as evidenced by the polymer
birefringence (figures S8).

In summary, siloxane side-chain polymers retain the overall structure and morphology of the
branched alkyl side-chain analogues with only subtle variations of self-assembly parameters
and domain orientations, whatever the nature of the bottom layer film. Although subtle but of
utmost importance, one of these variations is the strong increase of the n-stacking overlap
between conjugated backbones. As illustrated in figure 8, this behavior obviously arises from
the highly fluid and nanosegregated siloxane sublayers that drive the lateral packing of the
polymer backbones. Such polymer packing optimization is naturally expected to foster the
efficiency of conduction pathways. Regarding the PBTTT polymer series, structural features
are different and both materials are not comparable. Nevertheless, one notices that the
crystallized and interdigitated alkyl chains of PBTTT-Cu4 lead to neat edge-on orientation and
the molten siloxane chains of PBTT T-Sis to mixed face-on/edge-on orientation. Such modified
alignment behavior is not a surprise considering the change of structure type (semi-crystalline
vs. mesomorphous) and of layer configuration, but its explanation would require other polymer
couples investigation. At this stage, it is demonstrated that ramified alkyl chains can be replaced
by siloxane chains with low impact on structure and morphology, which is not true for linear

alkyl chains.
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Figure 7. GIWAXS patterns of thin films of the 4 polymers with siloxane side-chains (top) and

their alkyl side-chains counterparts (bottom), deposited on top of Si wafer with PEDOT:PSS
bottom layer (PF2, PDPP-TT and PBTTT) or ZnO bottom layer (PNDI-T2). Polymers orient

with backbone parallel to substrate (black labels) and various proportions of lamellae oriented

rather parallel (blue labels for edge-on) and rather orthogonal to substrate (green labels for face-

on). Reflections spots/arcs are pointed by Miller index labels (hkl); scattering rings/arcs from

stacking of backbones and from packing of siloxane and alkyl chains are respectively pointed

by hr, hsi and hen labels; scattering ring from PEDOT:PSS bottom layer is also indicated.

GIWAX patterns with other bottom layers, as well as the patterns of the bare and bottom layer

covered substrates are shown in ESI.
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Table 2. Structure and morphology of polymer thin films studied by GIWAXS, as obtained

from patterns and analyses presented in figures 7 and S10a,c.

Polymer Phase? | diam (&erp)? | Gen(Nehl)® | hr (&oara)® | I(h2)/I(100)e | face-on (%)f
PF; Sis Lam(M) | 30.2(120) | 1.52(2) 3.54 (35) 559 499

Co | Lam(M) | 23.7 (190) | 1.48(2) 3.51 (45) 279 589
PDPP-TT | Sis Lam(M) | 27.2(150) | 1.67(2) 3.60 (50) 53/55/480 | 14/14/11h

Co | Lam(M) | 20.3(105) |1.71(2) 3.75 (35) 29/32/280 | 16/16/18N
PNDI-T2 | Sis Lam(M) | 32.1(215) | 1.43(2) 3.80 (35) 23/211 87/911

Co | Lam(M) | 25.4(190) | 1.38(2) 3.90 (35) 14/14i 95/961
PBTTT Sis Lam(M) | 25.2(120) | 1.29(2) 3.78 (45) 329 189

Ci | Lam(Cr) | 21.9(185) | 1.14(1) 3.67 (70) 449 1.69

dLam(M): lamellar structure with molten side-chain; Lam(Cr): lamellar structure with
crystallized side-chains. °diam: lamellar periodicity from (h00) reflection series, and &Gem:
correlation length from (100) reflection width and Scherrer equation with shape factor K = 0.9
(A). Sgen = (NenL/2)xAndoen: chain packing ratio (i.e. ratio of layer area and cross-sectional area
per chain), with ncn. = 1 for monolayers of interdigitated chains and nch. = 2 for bilayers of
disentangled chains. %h,: n-stacking distance of backbones (A), and &ara: correlation length of
stacking from Scherrer equation with K = 0.9 (A). ®% I(hx)/I(100) intensity ratio of h and
reflection (100) (figure S10c). "% face-on is the proportion of face-on domains, defined as those
whose 7-stacking direction is tilted by less than 45° from film normal (figure S10c); %deposited
on PEDOT:PSS bottom layer; "deposited either on PEDOT:PSS bottom layer, on bare substrate
with native SiO; layer or on HMDS bottom layer; 'deposited either on ZnO or on HMDS bottom
layer.

Molten alkyl chains

Figure 8. Illustration of the role of the linear siloxane hybrid side-chains in the =n-stacking

)
Backbones’ n-overlap
enhancement
’\ Alkyl spacers

Molten siloxane chains Alkyl tails

Alkyl spacers
Molten siloxane chains

overlap enhancement of the conjugated polymer backbones (here drawn to scale for PF2
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polymer series). The strong segregation propensity of siloxanes associated to their remarkable

fluidity improve the lateral packing efficiency of the conjugated backbones.

2.5. Charge transport properties

In organic semiconducting polymers, charge transport properties are not only strongly related
to the frontier molecular orbitals (HOMO and LUMO, respectively), but also to the solid-state
structural properties and the polymer backbone orientation as regards to the substrates. In this
respect, given the significant structural variations noted in the previous analyses, alkyl and

siloxanes polymers are expected to exhibit different charge transport properties.

Charge carrier mobilities have been determined in the different polymers using two types of
devices. The mobility in the substrate plane was estimated from the transfer characteristics of
bottom-gate/bottom contact (BG/BC) organic field-effect transistors (OFETS). The charge-
carrier mobility in the direction perpendicular to the substrate was extracted from the (I-V)
characteristics of hole-only or electron-only diodes showing space-charge limited current
(SCLC). The detailed elaboration and characterization procedure for each type of device can be
found in the supporting information. While a strong evolution of the charge-carrier mobility
was observed between as-cast devices and devices annealed at 120°C for 15 minutes, almost
no evolution was observed after a subsequent isochronal annealing at 150°C. Consequently,
hole and electron mobilities measured after a thermal annealing at 120°C for 15 minutes (see
table 3 and figure 9) will be discussed in the following.

Table 3. OFET and SCLC charge carrier mobility.

Polymers Uorer (cm?/V.s) x1073 Uscic (cm?/V.s) x1073
PF2 Sig 90+10 6.910.2

Cxo 3043 4.1+0.5
PDPP-TT Sig 500+100 1241

Cao 230130 5.910.6
PNDI-T; Sia 23+3* 1.2+0.1*

Cao 13+1* 0.19+0.01*
PBTTT Si3 2.4+0.3 6.4+0.9

Cua 160£20 0.47+0.08

* corresponds to electron mobility
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As evidenced in table 3 and figure 9, the substitution of branched alkyl chains (Czo) by linear
siloxane chains (Sis) leads to a systematic increase of OFET and SCLC mobility. Thus, the hole
OFET mobility is multiplied by 2 to 3 when going from PF2-Cz to PF2-Sis or from PDPP-
TT-C20 to PDPP-TT-Sis. The same holds for the electron OFET mobility which is multiplied
by almost 2 when going from PNDI-T2-Cz2o to PNDI-T2-Si4. The very same trend is observed
for the SCLC mobility. In the saturation regime, OFET hole mobility as high as 101 cm?/V.s
and 5x10t cm?/V.s were measured on PF2-Sis and PDPP-TT-Sis OFETS, respectively. Such
values together with an electron mobility of 2.3x102 cm?/V.s for PNDI-T2-Si4 are remarkably
high for simple (BG/BC) OFETSs.

The increase in charge-carrier mobility is fully consistent with GIWAXS measurements.
Indeed, on the one hand, the substitution of branched alkyl chain by linear siloxane chains leads
to a significant increase in the n-overlap of the conjugated polymer backbone stacks (figure 8).
On the other hand, the overall film morphology (edge-on/face-on ratio) is rather unaffected by
this side-chain modification. The improved charge transport measured in both device
configurations and for the three backbone types is therefore explained by a better efficiency of
conduction pathways that follows the increased n-overlap. In the specific case of PNDI polymer
series, one notices a relatively low SCLC mobility (especially for PNDI-T2-C20) despite its
high ratio of side-on orientation. This result can also be explained by the low r-stacking overlap
(see Table 2). A possible reason for such low overlap could be that although the polymer
stacking is segregated (see figure 5), it should be notably shifted along the backbone to adjust
the packing of the two comonomers of quite different size. The PBTTT polymer series has to
be commented separately as different side-chains are inserted, i.e. a linear alkyl chain (PBTTT-
Ci4) and a short linear siloxane chain (PBTTT-Sis3). Inevitably, the large molecular section
discrepancy of these chains (see figure 1) results in a significant change in lamellar
configuration and solid-state morphology. As seen in previous section 2.4, PBTTT-Cu4 stands
out from the polymer series with its crystalline state (with interdigitated chains), a better
backbone mt-overlap and a neat edge-on polymer orientation, while PBTTT-Sis is mesomorphic
and adopts a mixed edge-on/face-on orientation. For charge carrier properties, we thus observe
a much smaller OFET hole mobility for PBTTT-Sis than for PBTTT-Cu4 (divided by more
than 60), following the concomitant loss of crystallinity, reduction of r-stacking overlap and

edge-on destabilization in PBTTT-Sis.
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As SCLC diodes probe the charge-carrier transport in the direction perpendicular to the
substrate, the hole SCLC mobility in PBTTT-Caa is particularly low as this polymer is purely
edge-on in the solid-state. The very large OFET to SCLC mobility ratio (over 300) observed
for PBTTT-Cu4 contrasts with the rather equilibrated in-plane and out-of-plane mobility of
PBTTT-Sis. This latter polymer, that exhibits a moderate but higher perpendicular hole
mobility, might then constitute a good candidate to be used as a high bandgap electron donor
component for organic photovoltaics.
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Figure 9. Comparison of charge carrier mobility of the polymers, as measured on OFETSs (left)
or SCLC diodes (right) after annealing at 120°C for 15 minutes.

3. Conclusion

Four different n-conjugated polymer structures have been functionalized by linear siloxane
hybrid side-chains. The latter was a tetrasiloxane (Sis) or a trisiloxane (Sis) linear segment
connected via its extremity to a pentylene linker. The polymer structures were selected for their
excellent charge carrier transport properties, i.e. based on a 5,6-difluorobenzothiadiazole unit
(PF2), a diketopyrrolopyrrole unit (PDPP-TT), a naphtalediimide unit (PNDI-T2) and a
poly[bis(thiophen-2-yl)thieno[3,2,b]thiophene (PBTTT). The properties of these siloxane-
functionalized polymers were scrutinized and compared with the ones of their alkyl-substituted
polymer analogues.

The impact of the alkyl-to-siloxane chain substitution clearly depends on the molecular section
of the side-chains. When ramified alkyl chains (2-octyldodecyl: C20) were replaced by linear

siloxane chains of equivalent cross section (Sis), the structure and film morphology were
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essentially preserved, which was not true when alkyl and siloxane chains were both linear and
thus had different cross-sections (Ci4 and Sis). In this latter case, layer configurations, domain
orientations and even structure types (semi-crystalline vs. smectic-like) were changed,
rendering any comparison senseless. The other siloxane side-chain polymers differed from
analogue alkylated polymers (i.e. of similar molecular section) by a considerable enhancement
of charge transport properties, in accordance with findings reported for previous polymers. In
contradiction with speculative explanations given in literature, morphology obviously played
no significant role since it was essentially maintained and since charge transport was improved
for both, out-of-plane and in-plane conductions. Explanations based on a reduced n-stacking
distance reinforcing the interactions are also unrealistic, since we found a small or even an
insignificant distance change. On the contrary, we observed for the first time an effect on the
scattering intensity from m-stacking, as the scattering was considerably amplified by 60 to
100%. This reveals a substantially higher overlapping of conjugated backbones which clearly
contributes to the n-stacking interactions strength and to the conduction pathways efficiency.
Consequently, the improved charge transport mainly originates from this higher w-overlap,
what we believe was also true but overlooked for previous siloxane side-chain polymers. Our
conviction relies on the particular architecture of these polymers and on the intrinsic propensity
of siloxane for segregation. Siloxane chains were indeed always connected to backbones by
short alkyl spacers and the formation of the well-segregated, flat siloxane layers inevitably

drove the lateral packing of the backbones toward a higher overlap.

To sum up, this study provides a complete description of the alkyl-to siloxane chain substitution
effect scenario on the properties of semiconducting polymers. Provided that the molecular areas
of the side-chains are comparable, the impact of siloxane chains becomes intimately linked to
their unique chemical nature. In the main, oligodimethylsiloxanes exhibit a remarkable fluidity,
very hardly crystallize even at very low temperature, and show a strong propensity for
segregation. As a result, siloxane-functionalized conjugated polymers exhibit a well-defined
lamellar mesomorphic organization that is stabilized over a very broad temperature range (both
on the very low and very high temperature sides). The lamellar structure is endowed with a
relative fluidity, and the lamellae formed by the polymer stacks are allowed to glide the one on
the others. As revealed in the present study, the siloxane layers also drive the packing of the
polymers by imposing a better facing of the polymer backbones: the n-stacking polymer overlap
is significantly enhanced. This brings a clear demonstration of the impact of the side-chain

nature on the degree of n-stacking of conjugated cores. Such effect is obviously of tremendous
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importance for charge carrier mobility, that is actually found to increase significantly (both in
the plane and out of the plane) in siloxane-functionalized polymers. These results pave the way
to the future development of linear siloxane substituted polymers and of new highly-efficient

semiconducting materials by controlled-siloxane functionalization.

Experimental Section

Supporting information provide the details of the synthesis and the characterization data,
including all plots obtained by size exclusion chromatography (SEC), temperature-dependence
absorption spectroscopy, cyclic voltammetry (CV), thermogravimetry (TGA), differential
scanning calorimetry (DSC), polarized optical microscopy (POM), photoelectron spectroscopy
(PESA), X-ray scattering (SWAXS and GIWAXS), OFET and SCLC measurements, NMR and
mass spectrometry.
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The origin of the enhanced charge transport properties in siloxane-functionalized n-
conjugated polymers was demonstrated. By scrutinizing the fine structural organization
induced by linear siloxane and ramified alkyl side-chains of same molecular section, it was
observed that the unique fluidity and segregation propensity of siloxane chains drove the

siloxane-functionalized polymers to a considerable increase of the w-stacking backbone
overlap.
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