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ABSTRACT: The optoelectronic landscape of conjugated polymers is intimately




related to their molecular arrangement and packing, with minute changes in local order,

such as chain conformation and torsional backbone order/disorder, frequently having a

substantial effect on macroscopic properties. While many of these local features can be

manipulated via chemical design, the synthesis of a series of compounds is often

required to elucidate correlations between chemical structure and macromolecular

ordering. Here, we show that blending semiconducting polymers with insulating

commodity plastics enables controlled manipulation of the semiconductor backbone

planarity. The key is to create a polarity difference between the semiconductor

backbone and its side chains, while matching the polarity of the side chains and the

additive. We demonstrate the applicability of this approach through judicious comparison of regioregular poly(3-
hexylthiophene) (P3HT) with two of its more polar derivatives, namely the diblock copolymer poly(3-
hexylthiophene)-block-poly(ethylene oxide) (P3HT-b-PEO) and the graft polymer poly[3-but(ethylene
oxide)thiophene] (P3BEOT), as well as their blends with poly(ethylene oxide) (PEO). Proximity between polar side
chains and a similarly polar additive reduces steric hindrance between individual chain segments by essentially
“expelling” the side chains away from the semiconducting backbones. This process, shown to be facilitated via
exposure to polar environments such as humid air/water vapor, facilitates backbone realignment toward specific
chain arrangements and, in particular, planar backbone configurations.

[ nTRODUCTION

In functional polymers, such as semiconducting plastics, chemical substitution with side chains is now a
frequently used strategy to manipulate and control the local macro-
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Figure 1. (a) Schematic showing three distinct types of local conjugated backbone order: lamellae (100) stacking (left),
torsional disorder (center), and m-m (010) stacking (right). Normalized absorption and photoluminescence (PL)
spectra of (b) neat P3HT, P3HT-b-PEO, and P3BEOT cast from solution at 20 °C and (c) 1:1 (weight percent) blends
with PEO cast at 10 °C and dried within a solvent-rich atmosphere. Absorption was determined at room temperature
(solid line), and PL at room temperature (dashed) and 10 K (filled).

molecular arrangement and packing, including torsional back- bone order/disorder, lamellar stacking,
and m-stacking (see

investigated, including blending with a second component, such

1-4
optoelectronic properties, such as charge-carrier transport®’

Figure 1).
This can affect@often strongly@contingent
elegant pathway to expand the functionality of the semi-

conductor, perhaps best exemplified by blends of prototypical



poly(3-hexyl thiophene) (P3HT) with bulk insulating plastics
such as poly(ethylene oxide) (PEO) that can be manipulated to
display drastically different absorption behavior compared to the
neat semiconductor. This difference was tentatively attributed to
or absorption/emission features.

8-10

Originally, alkyl side

chains were introduced to aid solubility and, generally,
processability;!! more recently, polar side chains, such as

those based on oligo(ethylene oxide) groups, have attracted
interest as they render the base material more compatible with

a change in the torsional backbone order of P3HT.

20

so-called “green” solvents.

12,13
Moreover, polymer semiconduc-

Here, we aim at combining these two approachesBchemical
modification and blending@to control the molecular order of
the active material and, thus, functionality. For this, we use
model systems with the same conjugated backbone based on
polythiophene chains@the P3HT homopolymer, the diblock
tors, substituted with polar side chains, are interesting for
bioelectronic applications, for instance, where mixed electron/
ion conduction is required (e.g., in electrochemical transistors
used for biomimetic signal transduction, ion pumps, bioactive

sensing elements), or where high biocompatibility is needed,
14-19
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copolymer poly(3-hexylthiophene)-block-poly(ethylene oxide) 25
including bio-integrated electronics and wearable devices. However, side chains can inhibit backbone

packing and aggregation, and often introduce undesired torsional backbone disorder. Hence, alternative
approaches to control structural (and other) features of polymer semiconductors have been

(P3HT-b-PEO), and the graft polymer poly[3-but(ethylene oxide)thiophene] (P3BEOT; for chemical
structures see Figure 1b,c insets)@and their blends with PEO. These judicious combinations of chemical
structures and functionalities enable us to explore if blends can be designed from the outset such that

as a commodity plastic.
20-24

This has been shown to provide an

DOI: 10.1021/acs.chemmater.8b05259 Chem. Mater. 2019, 31, 6540-6547
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Figure 2. (a) Normalized resonance Raman spectra with A, = 473 (top) and 532 nm (bottom) of P3HT, P3HT:PEO,
P3BEOT, and P3BEOT:PEO, offset vertically for clarity. Original spectra are overlaid with fits (see Figures S4 and S5).
(b) Extracted parameters for the symmetric CEC stretching mode location (top) (an area weighted average of
underlying peaks, higher values indicate increased torsional disorder) and CEC to symmetric CZC peak area ratio
(bottom) (higher values indicate greater planarity).

the active material’s chain conformation and packing can be controlled by exploiting the different
polarity-dependent compatibilities between certain moieties of the blend components. Indeed, the
question we strive to answer is whether desirable macromolecular arrangements of polymeric
semiconductors can be targeted by careful consideration of specific interactions between the
semiconductor and the insulating polymer “additive”. Utilizing the sensitivity of the optical properties of



polythiophenes and their derivatives to backbone conformation®?” thereby allows their local micro-

structure to be probed with a high degree of insight, providing a platform for future materials selection
and processing criteria.

[ RESULTS AND DISCUSSION

We begin our discussion with the linear absorption and

photoluminescence (PL) spectra of thin films of the three neat polymers: P3HT (molecular weight M, =
100 kg mol ™}, dispersity b = 1.5, regioregularity 99%+), P3HTs;-b-PE03 (M,, = 9.1 kg mol™), and P3BEOT
(M,, = 23 kg mol ™}, P = 1.4, regioregularity 85%+) (Figure 1b,c; films wirebar coated in air from CHCl,

solution with 10 mg mL™* total polymer content). Inmediately apparent from Figure 1b is that the PEO-
block in P3HT-b-PEO has only a small effect on the characteristic optical features of the P3HT moiety. The
0-0/0-1 vibronic peak ratios in both absorption and emission, which are widely used sensitive indicators
of the balance between intra- and interchain coupling,?®?®~3! are essentially identical for P3HT and P3HT-
b-PEO. This is attributed to the P3HT segments in the block copolymer microphase separating from the

PEO segments,*?73° leaving the former virtually unaffected by the latter and, thus, keeping the typical
characteristics of P3HT. In stark contrast, the P3BEOT graft copolymer displays significant spectral differ-

6542

ences to the homopolymer, with only weak vibronic peaks
observed in absorption at 560 and 610 nm. The absorption
maximum is found at 450 nm. This blue shift relative to the
P3HT homopolymer implies that P3BEOT comprises a larger
fraction of non-aggregated, likely more torsionally disordered
chain segments, similar to regiorandom P3HT (see Figure

S1).

36

Support for this view is provided by the PL spectra of the

graft copolymers, recorded at room temperature and 10 K,
where we also observe a clear blue shift in spectral maxima, from
745 nm for the P3HT homopolymer to 595 nm for P3BEOT,
accompanied by a clear loss of vibronic structure. Also
noteworthy is the substantial overlap between absorption and
emission spectra in P3BEOT, further reinforcing the picture that
there is a significantly smaller fraction of torsionally ordered

aggregates (with a smaller band gap) to which excitons can



37

weight PEO (viscosity averaged molecular weight M, = 900 kg

mol™1), following the procedures reported in refs 20 and 38, we
find that adding PEO to the P3HT homopolymer leads to a
substantially enhanced 0-0/0-1 peak ratio in both absorption
and emission, entirely consistent with earlier observations?® and

characteristic of a transition from inter- to intramolecular

coupling;?®??3! similar changes in neat P3HT were previously

attributed to polar solvent induced planarization in solution
39,40

migrate prior to emission.
When blending the three polymers with high molecular

prior to aggregation.

In contrast, blending the block

copolymer P3HT-b-PEO with PEO has a negligible effect on
the optical response of this P3HT copolymer. We again assign

this observation to the tendency of block copolymers to

32-35
“additive” can be expected to form relatively phase-pure

In a blend, the PEO blocks and PEO microdomains, while the P3HT segments assemble in semi-

microphase separate.

DOI: 10.1021/acs.chemmater.8b05259 Chem. Mater. 2019, 31, 6540-6547

Chemistry of Materials

conductor-rich regions. This would drastically limit interactions of the PEO “additive” and/or PEO blocks
with semiconducting chain segments, in agreement with our findings.

An entirely different scenario is observed for the P3BEOT:- PEO blend. For this system, we find the most
significant change in optical behavior upon blending@especially in PL. Unlike the spectrum of the neat
graft copolymer, the blend exhibits clear vibronic structure at 10 K, although the emission spectrum
characteristic of non-aggregated polythiophene segments is still dominant (subtracting this disordered
component reveals a clear similarity with P3HT:PEO, albeit with a lower 0-0/0-1 peak ratio; see Figure
S2). Furthermore, comparison of total luminescence spectra for P3BEOT and P3BEOT:PEO reveals a
substantially higher emission intensity from the aggregated phase in the latter, relative to the non-



aggregated phase (see Figure S3). Since this intensity variation is greater than the difference in absorption
over the equivalent range of excitation wavelengths, this indicates a higher photoluminescent quantum
yield in the blend, indicative of greater torsional order. Together, these changes imply that the high
compatibility between the P3BEOT side chains and PEO via increased enthalpic interactions due to their
mutual polarity leads to the inert component influencing the semiconducting backbone, affecting the
latter’s local assembly and hence its optoelectronic landscape. Notably, unlike the enhanced
intramolecular coupling in P3HT:PEO,?° this process does not require a high-molecular-weight (M,, >
entanglement threshold) semi- conducting component.

Based on the aforementioned findings, the P3BEOT system

was studied in greater detail, comparing it to P3HT and blends

of both with PEO. Focus was placed on changes related to local

ordering that could lead to the observed difference in the

absorption and emission spectra between the neat P3BEOT and

the P3BEOT:PEO binary blend, concentrating on torsional

backbone order as analyzed by resonance Raman spectroscopy.

This technique provides a sensitive probe of local molecular

arrangement and conformation in polymer semiconductors,

with selectivity achieved by exciting either non-aggregated or

aggregated fractions at 473 and 532 nm, respectively. Figure 2a

shows experimental resonance Raman spectra overlaid with

-1
cm . Taken together, these observations reinforce our

interpretation of the absorption spectra (Figure 1b,c), specifically that the neat graft polymer is
substantially more torsionally disordered than P3HT, particularly in the non- aggregated regions, with the
aggregated regions comprising a certain fraction of segments of a similar backbone planarity to that found
in P3HT. These regions are likely to be responsible for the weak vibronic structure shown in the UV-vis
absorption spectrum of P3BEOT.

Moving on to the PEO binary blends, no significant effect on

the symmetric CAC stretching peak location is found when
adding PEO to P3HT regardless of A,,, i.e., independent of
whether aggregated or non-aggregated regions are probed.
However, the CEIC/CRC peak area ratio (see Figure 2b,

bottom panel) increases slightly for the blend compared to neat

P3HT, consistent with the addition of PEO slightly increasing



P3HT backbone planarity. On the contrary, blending has a
striking effect on P3BEOT. Introduction of PEO leads to a
notable decrease in the symmetric CEC stretching mode
frequency of ~5 cm™! when probing aggregated regions (Figure
peak fits corresponding to the CAC (~1380 cm™!), symmetric -1
CEC (~1450-1470 cm ), and asymmetric CAC (~1525

systems.

and for comparison P3HT, P3HT:PEO, and PEO, are shown in Figure S6, along with their scattered peak
intensity along the out-of-plane (Q,) direction. The neat P3BEOT graft polymer lacks pronounced lamellar
scattering peaks, typical for systems with limited long-range order; despite this, weak features are evident
at low momentum transfer (Q, < 1 A7), indicating that a small proportion of chain segments display some
propensity for translational order. Observations are very different for the blend, with P3BEOT:PEO
showing a series of intense scattering peaks at low momentum transfer that cannot be attributed to PEO.
Three scattering peaks can be seen at Q, = 0.24, 0.48, and 0.72 A1 with an interval of ~0.24 A~1, which we
assign to the (100), (200), and (300) diffractions of the semiconductor. Accordingly, we infer a lamellar
stacking distance of ~2.61 nm. This is larger than for the P3HT homopolymer, neat or blended with PEO,
where the (100) diffraction is found at Q, = 0.39 A~! (lamellae stacking distance ~1.61 nm), and can be

attributed to the longer side chains of P3BEOT compared to P3HT. Indeed, this distance is close to those of
poly(alkyl thiophene)s with similar side-chain lengths to P3BEOT, such as poly(3-dodecyl thiophene)
(P3DDT), with a Q, peak at ~0.25 A~! (lamellae

DOI: 10.1021/acs.chemmater.8b05259 Chem. Mater. 2019, 31, 6540-6547

cm™) stretching modes (see Figures S4 and S5 for fitting and
residuals following excitation at 473 and 532 nm, respec-
Scattering patterns for P3BEOT and P3BEOT:PEO,

tively).

41,42

Increased intensity of the CEC stretch relative to

the dominant symmetric C2C mode, and a shift of the
symmetric CEC band to lower frequencies, have previously
been correlated with increased planarity between monomer

units due to enhanced m-electron delocalization.

41,42
Therefore,

the frequency of the symmetric CEC band and the CEC/C&



C intensity ratio was followed to assess the torsional order of the
polythiophene backbones in our systems, expecting CZC
stretching vibrations for torsionally disordered chains to be

around 1470 cm™!and those for planar chains around 1450
-1
. Turning attention to the neat materials (i.e., P3BEOT and P3HT), when exciting their non-aggregated

regions (A= 473 nm), the symmetric CAC stretching band (an area-weighted average of two underlying

peaks) appears at ~1465 and ~1454 cm™! for P3BEOT and P3HT, respectively (see Figure 2b, top panel;
fits are presented in Figures S1 and S2). Probing more aggregated domains (A., = 532 nm), the symmetric

CEC stretching mode was observed at ~1456 cm™~ ! for P3BEOT, while in P3HT this mode remains almost
unchanged at ~1453

6543
cm

2b, top panel), resulting in a peak at ~1451 cm

-1

. This frequency

is slightly (~2 cm™1) lower than found for neat P3HT and its
blends with PEO, indicating that the addition of PEO to the graft
polymer substantially increases the fraction of chain segments
with increased backbone planarity, especially in aggregated
regions, often beyond that achievable in neat or blended P3HT.
This conclusion is supported by the CEC/CEC peak area

ratio on probing aggregated regions (A, = 532 nm); for
P3BEOT:PEQ, it is somewhat higher than for both P3HT and
41,42

exciting the aggregated fraction.
Since the increased backbone planarity does not necessarily

imply increased aggregation or even long-range order (but will
play a role in determining the balance between inter- and
intrachain coupling within aggregates),”®3! grazing-incidence

wide-angle X-ray scattering (GIWAXS) was performed to probe



the crystalline ordering and orientation in the polymer

43

In contrast, blending has a far less pronounced effect on the non-aggregated fraction (A., = 473 nm), with

the reduction in symmetric CEC location being comparatively negligible at ~1 cm™!, and a smaller increase
in CAC/CHEC peak ratio found than when

P3HT:PEO (Figure 2b, bottom panel).
Chemistry of Materials

stacking distance ~2.51 nm)**@although the addition of PEO may also contribute to the observed effect.
Our observations clearly show that, in addition to affecting backbone planarity and smaller-scale
aggregation, blending P3BEOT with PEO induces long-range packing that can be revealed by X-ray
scattering@ specifically, clear orientational order with P3BEOT lamellae stacking predominantly out-of-
plane ((h00) peaks are only found along Q,).

[ concLusions

Blending with insulating polymers can be an efficient tool to manipulate the local, and to a certain extent
long-range, arrangement of polymeric semiconductors. Microphase separa- tion, as found in block
copolymers (neat and in blends), has been shown to have little effect on local molecular ordering, whereas
considerable structural changes can be induced in blends with graft polymers as the active component.
For this to occur, it appears that two criteria must be satisfied: (i) there must be a strong contrast in
polarity between the semiconductor backbone and its side chains, and (ii) there must be a strong affinity
between the semiconductor side chains and the insulating polymer “additive”. Such a scenario creates an
enthalpic driving force that “draws” the polar side chains away from the active material’s backbone
toward the second blend component, reducing the side-chain disorder and, possibly, the steric hindrance
that normally would lead to torsional disorder and reduced aggregation, especially in materials with
relatively bulky side chains. These enthalpic interactions overcome the plasticizing effect of PEO, which
lowers the fictive temperature (an experimentally accessible substitute for the glass transition
temperature, Tg)45 of P3BEOT in the blends by ~9 °C compared to the neat system (see Figure S7; with
additional data for neat P3BEOT shown in Figure S8). In the absence of a polarity contrast, such a
depression of the glass transition temperature leads to more rapid segmental backbone relaxation, which
in turn can be expected to lead to increased torsional backbone disorder. In contrast, in the case of high-
polarity blends, the increased backbone mobility may assist in adopting a more planar backbone
conformation, facilitating backbone re- arrangement.

The polarity contrast between backbone and side chains/
additive can, of course, be manipulated in a rather straightfor-
ward fashion. For instance, herein insulating polymer “additives”
were selected that are structurally similar to PEO but have
different Hansen solubility parameters and, therefore, have

different interactions with the P3BEOT side chains@i.e., a

46-49
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different polarity contrast (Figure 3a and SI).

increasing the polarity of the “additive polymer” leads to more pronounced vibronic structures in the PL
of the blend when probing aggregated species (A, = 580 nm; Figure 3b), and to a lower-frequency
symmetric CEC band and correspondingly higher CBC/CEC peak ratio in resonant Raman spectroscopy
(Aex= 532 nm; Figure 3c, spectra in Figure S9). These findings substantiate our interpretation that
interactions between polar side chains and a similarly polar insulating “additive” promote planarization of
the semiconducting backbone by drawing away side chains and, thus, reducing steric hindrance. Polarity
contrast is clearly critical. Examples of blends with strong affinity between the side chain and additive but
with no polarity contrast between side chains/additive and the conjugated backbone of the main
component, such as binary blends of poly[3-(2'-ethyl)- hexylthiophene] (P3EHT),*’ comprising a
poly(thiophene) backbone with branched alkyl side chains, and ultra-low-density

6544

Figure 3. (a) Insulating polymers with different polar §,and hydrogen- bonding &, Hansen solubility parameters. (b)
10 K PL of P3BEOT:PEO, P3BEOT:PTHF, and P3BEOT:PP (A.,= 580 nm) shows an increase in vibronic structure with
insulator polarity. (c) Resonance Raman symmetric CEIC peak location decreases and CEl C/CEC peak area ratio (A, =
532 nm) increases with insulator polarity (distance from origin in (a)), indicating reduced torsional disorder (spectra,
fits, and residuals in Figure S9).



polyethylene (ULDPE), a highly branched version of poly- ethylene, show that blending has little effect on
local order of the semiconductor (Figure S10).

It should be noted that the polarity of the local environment can also be affected by small-molecular
additives. This can be exemplified by experiments involving the controlled exposure of neat P3BEOT and
its blend with PEO to water vapor. Water will increase the polarity contrast between backbone and side
chains/PEO; it also will act as a plasticizer,*”*' lowering the T, of the neat P3BEOT and P3BEOT:PEO, as
confirmed by fast differential scanning calorimetry measurements (DSC, Figure S11). Intuitively, one
would assume plasticization should increase the torsional backbone disorder of P3BEOT (as discussed
above) leading to less electronic coupling between semiconducting chains and, hence, weaker vibronic
structure in

DOI: 10.1021/acs.chemmater.8b05259 Chem. Mater. 2019, 31, 6540-6547

Reassuringly,

Chemistry of Materials

UV-vis absorption and PL spectra. However, after incorporat- ing water into P3BEOT and P3BEOT:PEO
blends via exposure to water vapor, both systems display a more pronounced vibronic structure both in
absorption and PL (see Figure S12), from which we infer that also this treatment leads to higher torsional
backbone order, with the effect being notably stronger for the blends.

The effect of small-molecular additives is, however, not necessarily stable. This is reflected by the
structural evolution of P3BEOT and its blends with PEO directly after casting and drying@a process where
humidity is trapped in the resulting thin films@and after aging over a period of 4 months in ambient
conditions, as followed by resonance Raman spectroscopy. For the neat graft copolymer, when exciting
aggregated regions (A, = 532 nm), the frequency of its symmetric CAC stretching mode initially is,

intriguingly, very low (~1447 cm™!) and comparable to that of P3BEOT:PEO (~1444 cm™, Figure S13; fits
shown in Figure S14). This implies that, initially, the neat graft copolymer comprises a high fraction of
planar chain segments. However, this dominant mode shifts over time to higher frequencies until
“saturating” after 4 months at ~1456 cm™}, accompanied by a noticeable reduction in CEC/CHAC peak area
ratio. In stark contrast, the polymer blend is markedly more stable over time with respect to structure. A
change in peak frequency in the blend is observed over time, but one that is drastically smaller than that
observed for the neat graft polymer, with aged samples featuring a symmetric CEC stretching mode at
~1450 cm™accompanied by a slight decrease in CAC/CE C peak ratio. This CAC stretching mode
frequency is still slightly smaller than what is found for neat P3HT, while the C& C/CEC peak ratio is
higher, which shows that in P3BEOT:PEO blends, the P3BEOT backbone segments remain more planar
than in P3HT and P3HT:PEO binary blends, also when aged for 4 months (Figure S13b). We attribute the
instability of the planarization effect of water/humidity in neat P3BEOT to the relatively rapid release of
water from this system. In contrast, water molecules retained in the P3BEOT:PEO binary blends due to the
hydrophilic PEO°%°3 stay trapped, contributing to the polarity contrast and assisting in planarizing the
semiconductor backbone. This is supported by UV-vis and PL spectroscopy (see S|, Figure S12) and
highlights the benefit of blending with polymeric matrices.

The moisture dependence of P3BEOT and its blends with PEO further emphasizes the strong correlation
between local environment and backbone ordering (and consequently, optical response), and hence the
wide applicability via selection of side- chain polarity, polarity of blend component, as well as small-
molecular additives, such as water, that further affect the polarity contrast between backbone and
environment. Our findings, thus, open a simple alternative pathway to structural control without the need
to realize all functionality exclusively via (often complex) chemical design. This approach will be
particularly important in fields where materials comprising bulky side chains are used@for instance,
bioelectronics where more polar moieties are frequently added to the active material to increase



biocompatibility, increase water-induced swelling, and enhance ion flow. In these scenarios, blending
should allow for control of local ordering and packing, while side-chain substitution can be used to
introduce other desired functionalities.
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