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Understanding Effects of Alkyl Side-Chain Density on
Polaron Formation Via Electrochemical Doping in

Thiophene Polymers
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Polarons exist when charges are injected into organic semiconductors due to
their strong coupling with the lattice phonons, significantly affecting electronic
charge-transport properties. Understanding the formation and (de)localization
of polarons is therefore critical for further developing organic semiconductors
as a future electronics platform. However, there are very few studies reported in
this area. In particular, there is no direct in situ monitoring of polaron formation
and identification of its dependence on molecular structure and impact on elec-
trical properties, limiting further advancement in organic electronics. Herein,
how a minor modification of side-chain density in thiophene-based conjugated
polymers affects the polaron formation via electrochemical doping, changing
the polymers’ electrical response to the surrounding dielectric environment for
gas sensing, is demonstrated. It is found that the reduction in side-chain den-
sity results in a multistep polaron formation, leading to an initial formation of
localized polarons in thiophene units without side chains. Reduced side-chain
density also allows the formation of a high density of polarons with fewer poly-
mer structural changes. More numerous but more localized polarons generate
a stronger analyte response but without the selectivity between polar and non-
polar solvents, which is different from the more delocalized polarons that show
clear selectivity. The results provide important molecular understanding and
design rules for the polaron formation and its impact on electrical properties.

1. Introduction

The design of conjugated polymers for or-
ganic semiconducting device applications
has been largely driven by the potential for
alternative low-cost, solution-processable,
and high-performance devices. There have
been many advances in their functional-
ity and applications, with the fields of or-
ganic light emitting diodes being the first
to achieve widespread commercialization!]
and organic photovoltaics (OPV) heading
toward commercial products.’) One fac-
tor new device applications will need to
consider is the molecular design of the
conjugated polymer systems.I*! This is es-
pecially important for organic biosensors
where high efficiencies are often achieved
with no detailed investigation into under-
standing the sensing responses.l Under-
standing key relationships between molec-
ular design and charge formation for de-
vice operation will be crucial for de-
signing new high-performance materials.

A charge carrier in an organic semicon-
ductor, known as a polaron, is a charge
accompanied by a lattice distortion.®! For

K. Stewart, K. Pagano, E. Tan, |. Luke, J.-S. Kim

Department of Physics and Centre for Processable Electronics
Imperial College London

London SW7 2AZ, UK

E-mail: ji-seon.kim@imperial.ac.uk

M. Daboczi, S. Eslava

Department of Chemical Engineering and Centre for Processable
Electronics

Imperial College London

London SW72AZ, UK

M.Rimmele

Department of Chemistry and Centre for Processable Electronics
Imperial College London

London W12 0BZ, UK

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202211184
© 2023 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adma.202211184

Adv. Mater. 2024, 36, 2211184 2211184 (1 of 15)

example, a hole polaron is formed by the removal of an elec-
tron from the highest occupied molecular orbital (HOMO) cre-
ating a radical cation with localized electronic states within the
bandgap.l®! This is very different to the band transport of inor-
ganic semiconductors where delocalized waveforms are able to
extend over the crystalline lattice.”) During polaron formation in
organic semiconductors, the lattice structural change results in
a redistribution of z-electrons along the main conjugated back-
bone. The reorganization energy (RE) is the energy required to
adapt to the electronic excitation, which limits the charge carrier
injection and mobility.®] Polarons are unable to move freely as
they are strongly coupled to the electronic and geometric features
of the conjugated polymer, which is known as electron—phonon
coupling.[*19 Polaron delocalization is therefore strongly linked
to the structural properties of a conjugated polymer chain, can
spread over several units, and is highly dependent on chemi-
cal structure, conformation, and thin film microstructure.l!!:2]
When designing a charge-transport layer, understanding how
the polymer structure affects polaron formation is important for
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optimizing charge transport; and hence, device performance.
Therefore, a detailed study on various conjugated polymers and
the critical properties for efficient polaron formation is required.

Previous work has demonstrated the potential of solid-state
ionic liquids blended with conjugated polymers as highly sen-
sitive and selective sensors. The specific properties of the ionic
liquid have been explored, revealing the advantage of the solid-
state semi crystalline nature of [C,C,,IM*][PF,~] over amor-
phous ionic liquids ['*) The polymer properties were investigated
in both a high mobility electron donor—electron acceptor (D-A)
conjugated copolymer™ and in the model homopolymer poly(3-
hexylthiophene-2,5-diyl) (P3HT), with the importance of molec-
ular weight and regioregularity being investigated.'>! Using this
conjugated polymer:solid-state ionic liquid blend system, long-
lived stable polarons in the solid-state are formed via electro-
chemical doping. Electrochemical doping describes a bias-driven
doping of a semiconductor system with charge carrier generation
that is facilitated by the surrounding ions.['®!7] Electrochemical
doping is most commonly applied via an electrolyte-gate in an
electrochemical cell where mobile ions are able to penetrate the
organic semiconductor thin film resulting in an organic semicon-
ductor layer containing both charge carriers and counter ions.!8!
Here, we use a solid-state ionic liquid blended with the conju-
gated polymer in solution and cast as a single thin film which
allows interactions between the immobile PF,~ anion and the
polymer backbone to generate more holes in the bulk film.l']
This solid-state electrochemical doping/dedoping process differs
from chemical doping whereby there is no ground state doping,
the doping interaction only occurs under bias and is reversible
with the removal of the applied bias.

Here, we utilize the methods developed in the solid-state ionic
liquid blend system to establish the effect of side-chain density
on polaron formation in conjugated polymers. With the simple
progression from homopolymer P3HT to poly(3,3""’-didodecyl
quaterthiophene) (PQT12), where a less uniform backbone is cre-
ated by reducing the side-chain density, we compare the nature
of polaron formation in the two polymers. Step by step charac-
terization of polarons as they form under real device conditions
enables the study of the molecular structure-dependent polaron
formation to understand the effect of side chain density.

P3HT is an ideal model polymer with extensive research in
literature and many advantages in low-cost device applications,
including solution processability and ready synthesis scalability,
with excellent control over molecular weight (M,,) and regioreg-
ularity (RR).['} PQT12 is also a thiophene-based polymer but
with a reduced side-chain density introducing unsubstituted thio-
phene rings to the polymer backbone.?”! The lower side-chain
density offers enhanced chain ordering and crystallinity,!?!] al-
lowing greater interdigitation of side chains on adjacent back-
bones and helping to promote the formation of highly ordered
lamellae.?2] PQT12 was initially developed for use in field ef-
fect transistors and has since been applied to a variety of op-
toelectronic devices!®®! including sensing applications as it is
highly photosensitive and air stable.[2*?*] Beyond the applications
of P3HT and PQT12, thiophenes are the building blocks of a
vast array of organic semiconducting polymers,?! including as a
common component of the donor unit of high performing D-A
copolymers used in OPV, such as the diketopyrrolopyrrole (DPP)
and isoindigo acceptor-based copolymers.[26:27]
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By comparing these two polymers, which have significant sim-
ilarities in the structure of the conjugated backbone, we aim to
give a detailed insight into the importance of molecular design
rules, such as side-chain density, on electrical characteristics.
While previous studies have reported how the optical bandgap
changes under polaron formation/?®! or introduced strong chem-
ical dopants to visualize polaron delocalization,[?3% we directly
probe the vibrational modes involved in polaron formation us-
ing reversible electrochemical doping under operational condi-
tions. This novel technique enables the study of the individual
vibrational modes involved in polaron formation and the result-
ing charge redistribution, allowing us to gain an understanding
of the effect of side-chain density on the polaron formation path-
way. We show that the reduction of side-chain density enables the
formation of higher polaron density with less structural change
to the conjugated polymer backbone. We then demonstrate how
the mechanism of polaron formation is an important considera-
tion in device applications by comparing the volatile organic com-
pounds (VOC) sensing response of P3HT and PQT12.

2. Results and Discussion

To study the effect on side-chain density, we compared
two thiophene-based conjugated polymers, P3HT and PQT12
(Figure 1a). P3HT is formed of a repeating backbone of thio-
phene rings with a hexyl alkyl chain on the 3-position. In re-
gioregular P3HT, the monomeric unit is connected with pre-
dominantly head to tail linkages. PQT12 consists of the same
thiophene backbone but the side-chain density is reduced to
the first and last ring of a four-ring monomeric unit, and the
side-chain length is increased to a dodecyl alkyl chain. Con-
jugated polymers were blended at a 1:1 ratio with solid-state
ionic liquid, 1-dodecane-3-methylimidazolium hexafluorophos-
phate [C,C,,IM*][PF,~], herein referred to as SSIL, to create a
conjugated polymer:solid-state ionic liquid blend that overcomes
the low conductivity of polymer only chemiresistors. It should be
noted that in previous work, the molecular weight dependence
of P3HT was shown to have a significant impact on the electro-
chemical performance of P3HT:SSIL.["*] Molecular weight stud-
ies with PQT12 are less common with PQT12 due to the step-
growth nature of the polymerization and the limited commer-
cial availability.3!32] Therefore, in this study, comparison will fo-
cus on the optimum P3HT:SSIL blend (58 kg mol™') and PQT12
(14 kg mol™). Figure S1, Supporting Information, shows the
comparison of PQT12 with a range of P3HT molecular weight,
where the electrical performance of PQT12 has been matched
with the high performing P3HT in order to compare the optimal
electrochemical doping in each system.

2.1. Optical and Electrical Characterization

First, the optical properties of P3HT and PQT12 are compared
in Figure 1c. For P3HT, the optical absorption maximum (4,,,,)
is centered at 540 nm with a bandgap of 1.9 eV, whilst PQT12
has a blueshifted 4,,, at 520 nm and a larger optical bandgap
of 2.0 eV. Upon the addition of SSIL, there is no increase in the
sub-gap polaronic absorption band at 800 nm showing there is no
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Figure 1. a) Chemical structures showing four monomer units of P3HT and a monomer of PQT12. b) Diagram of chemiresistor device structure used
for organic polymer:ionic liquid blend characterization with ionic liquid structure (SSIL) [C;C;,IM*][PFg~]. ¢) Normalized absorbance spectra of P3HT
neat, P3HT:SSIL, PQT12 neat, and PQT12:SSIL. d) Driven voltage dependence and e) the fractional change in driven voltage dependence from neat to

blend across L =5 um, W = 2 mm chemiresistor channel.

ground state doping.*¥! This confirms SSIL does not chemically
dope either of the conjugated polymers. In P3HT:SSIL, there is a
significant increase in the shoulder at 600 nm showing that the
SSILincreases the order of packing in P3HT.?* In contrast, there
is no change to peak position or shape for the PQT12:SSIL blend.

The electrical performance was compared using an applied
voltage dependence in chemiresistor devices (Figure 1b). A con-
stant voltage is applied between source and drain electrodes
and the current measured. A chemiresistor is a simple resis-
tive device operating in the bulk conductivity regime so an in-
crease in current at a given voltage is indicative of an increase
in conductivity.l*! Figure 1d shows the mean drain current (Ip,)
measured for a series of applied voltages. Neat P3HT has a rela-
tively high bulk conductivity for a semiconducting polymer mea-
suring an I, of 7 pA at an applied voltage of V, = -2 V. In
contrast, neat PQT12 measures a very low driven voltage depen-
dence, I, = 0.001 pA, showing that the bulk conductivity is much
lower than neat P3HT. There are a number of factors contribut-
ing to the difference in driven voltage dependence of P3HT and
PQT12; the lower conductivity can be attributed to both a lower
number of charge carriers and a lower mobility. The mobility
is extracted from the transfer curve of OFET devices fabricated
under the same conditions as the two terminal chemiresistor,
Figure S2, Supporting Information. The saturated mobility of
PQT12 is several orders of magnitude lower at 9 X 107> cm? V!
s! compared to 0.005 cm? V-1 s7! for P3HT. Mobility contributes
to the speed of charge carriers through the active channel and
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agrees with the lower degree of interchain packing order indi-
cated by the lack of vibronic peaks measured in the PQT12 ab-
sorbance spectrum, Figure 1c. The charge carrier density in neat
PQT12 is also lower, in part due to the deeper HOMO level of
PQT12, creating a larger injection barrier at the gold electrode,
Figure S3, Supporting Information.

Despite the lack of ground state doping observed in the ab-
sorbance spectra, there is a significant enhancement in drain cur-
rent measured when P3HT and PQT12 are blended with SSIL.
Figure le shows the current enhancement from neat to blend
by examining the change in drain current (AI,). P3HT:SSIL I
is increased by an order of magnitude to 42 pA due to the ionic
liquid induced electrochemical doping.!**! The electrical perfor-
mance of PQT12 changes dramatically when blended with SSIL,
increasing by four orders of magnitude to 4 pA at an applied volt-
age of —2 V. Although P3HT’s drain current saturates at —2 V, the
applied voltage dependence of PQT12 increased further achiev-
ing the highest drain current at 65 pA at —3 V. The increase in
current is fully reversible and repeatable, as shown by repeated
cycles of the driven voltage dependence, Figure S4, Supporting
Information, confirming there is no permanent interaction with
the ionic liquid. Previous studies with solid-state ionic liquids
confirm that SSIL is an insulator and an SSIL only device mea-
sures no current.3] The solid-state nature of the ionic liquid in
a solid-state thin film means there is no ion mobility and elec-
trochemical impedance spectroscopy measurements show there
is no ionic contribution to the conductivity increase, Figure S5,
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Supporting Information.l***’! This confirms SSIL as an active
component in the current enhancement through reversible in-
teractions with the polymer under an applied bias. We can there-
fore conclude that SSIL electrochemically dopes both P3HT and
PQT12. The magnitude of current enhancement has been shown
to be related to the OFF current of the neat polymer, where the
maximum current achieved may be linked to the total charge car-
rier density concentration.

2.2. Resonant Raman Spectroscopy

Resonant Raman spectroscopy was used to investigate the molec-
ular level vibrations and probe the polaronic peak signatures of
the two conjugated polymers.['%) The Raman peak assignment is
shown in detail in Figure S6, Supporting Information and sum-
marized in Table S2, Supporting Information. The Raman signal
of P3HT is formed of three main peaks, C=C, the double bonds
of the thiophene rings, at 1446 cm™', the C—C,,,, the single
bond within the thiophene ring, at 1381 cm™!, and C—C, .., the
single interunit bond between two adjoining thiophene rings, at
1210 cm 1.8 In the case of PQT12, these peaks undergo a peak
splitting showing a difference between the vibrational stretch of
each bond in the outer rings with side chains attached (Tg4e.chain)
and the inner rings with no side chain (T,,,.). This splitting be-
tween the two types of rings allows us to examine the effect
of side-chain density on the conjugated backbone, thiophene
rings, and even on individual bonds. When blended with SSIL,
the normalized Raman spectrum of P3HT (Figure S6a, Support-
ing Information) shows no change in peak position or relative
peak intensity, indicating no change in bond length or redistri-
bution of z-electron density occurs with the addition of SSIL. In
PQT12:SSIL (Figure S6b, Supporting Information), the peak po-
sition stays constant while the relative intensity of the C—C sin-
gle bonds increases slightly; in particular, the T4 ain C—Cintra
peak becomes more prominent with a greater separation from
its neighboring peaks. This suggests that in the ground state, a
molecular confirmational change occurs in PTQ12 when blended
with SSIL, likely caused by a difference in environment between
T and T,,,. rings.

side-chain

2.3. Electric Field Dependent Raman Spectroscopy

In order to track polaron formation and its associated polymer
structure changes in a conjugated polymer:SSIL blend, in situ
electric field dependent Raman spectroscopy (EFDRS) is used.
The Raman peak changes of the active channel under applied
drain voltage were used to probe the appearance of polaronic
signals and understand the evolution of long-lived stable po-
larons in the film.[**] Electrochemical doping with solid-state
ionic liquid increases the density of long-lived polarons, facil-
itating the spectral visualization of polaron formation in thin
films. This has many advantages over using in situ electro-
chemical resonant Raman spectroscopy in an electrochemical
cell as the bias conditions are more consistent with solid-state
device operational conditions. Therefore, we will focus on the
polaron formation in blended films; and then, link to the neat
EFDRS.
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Figure 2a shows the EFDRS of P3HT:SSIL; the neutral peaks
remain broadly constant as the Vj, is increased from 0 to —1.0 V.
At —1.5V, there is a dramatic change in peak position and in-
tensity. The overall Raman peak intensity increases as the po-
larons form in the channel as they are more resonant with
the excitation wavelength (785 nm) than the neutral state. With
polaron formation, the C=C peak shifts to lower wavenumber
(1412 cm™) indicating an increase in bond length of the dou-
ble bond. The relative peak intensity of the C—C,,,,, and C—C,,.,
peaks increases with respect to the C=C peak as the z-electron
density redistributes from double to single bonds under polaron
formation. After —1.5 V, there is a drop in overall intensity and
a slight further downshift of the C=C peak to 1407 cm™!. The
decrease in intensity may be indicative of bipolaron formation
as the polaronic resonance with the excitation laser is reduced as
the bipolaron band in the mid IR increases.l®l Beyond —1.5V, fur-
ther voltage application does not induce any more changes to the
peak positions or relative intensities suggesting no further struc-
tural changes occur. The in situ current (Figure 2d) also shows
an increase by six orders of magnitude going from 0 to —1.5 V. At
applied voltages greater than —1.5 'V, the drain current saturates,
which is consistent with the unchanging Raman spectra and in-
dicating no further structural change occurs.

Both P3HT and PQT12 show many similarities in the ab-
sorbance bands (Figure S7, Supporting Information) and Raman
signatures (Figure S6, Supporting Information). Thus, PQT12
can be probed by EFDRS under the same conditions as P3HT;
this allows a detailed investigation of the effect of side-chain
density on polaron formation. Figure 2b shows the EFDRS for
PQT12:SSIL. While the peak changes follow the same principal
shifts from neutral to polaronic, the details show an incredible
difference from P3HT. There is the same shift from the neu-
tral Raman signature, with z-electron density focused on the
C=C peak, to the polaronic signature, where C—C peaks increase
in relative intensity. Contrary to the peak signature changes in
P3HT, the C=C does not shift to lower wavenumber but stays
constant at 1460 cm™!. The greatest difference between the EF-
DRS of PQT12 and P3HT is the saturation of peak changes.
While P3HT remains at constant wavenumber and intensity at
applied voltages above —2 V, PQT12 peaks continue to increase
in intensity even up to —10 V. The in situ current (Figure 2d) in-
crease occurs in distinct regimes; initially the current increases
linearly in line with Ohm’s law; at —2 V, there is an increase in
gradient with a strong current injection up to —4.5 V before slow-
ing again and eventually saturating around —6 V. The threshold
voltage for polaron formation is correlated with the onset of oxi-
dation in CV measurements but also has contributions from the
device architecture and experimental conditions. PQT12 mea-
sures a slightly higher threshold voltage in line with the deeper
HOMO level and oxidation onset vs Ag, Figure S7, Supporting
Information. The much higher applied voltage for saturation of
current and Raman peak changes indicates a significant increase
in the number of polarons generated and delocalized in PQT12
(—4.5 V) compared to P3HT (-2 V).

The degree of polaronic signature in PQT12 can be compared
by tracking the change in intensity between the C—C, ., peak and
C=C peak over the applied voltages, I_/I._ (Figure 2¢).38 In
the neutral state, the C=C is by far the most intense peak, with
an initial intensity ratio of 0.4, comparable to P3HT at 0.3. While
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Figure 2. In situ electric field-dependent Raman spectroscopy (EFDRS) with 785 nm excitation for P3HT:SSIL (a), PQT12:SSIL (b), and PQT12:SSIL SVA
(c). d) Current measured during EFDRS. e) Raman peak intensity ratio between C—C;,;,, and C=C (I_c/lc=c). f) Peak position of the C=C peak (top)

and C—C;

intra Peak (bottom) as a function of applied voltage.

P3HT increases to 0.8 and then levels offat —1.5 V, PQT12 contin-
ues to rise with the intensity of the C—C,,,,, peak increasing with
voltage. At =10V, the I_ /I is 3.4 showing a very strong rear-
rangement of z-electron density to the C—C,,,,, bonds. Another
contrasting signature to P3HT is the changes in peak position
(Figure 2f), where P3HT shows a 40 cm™! shift in C=C peak posi-
tion and slightlowering of the C—C,,,,..; PQT12 shows an increase
in C—C,,,., peak position by 9 cm~" while the C=C peak main-
tains the same position as a small shoulder to the much more
intense C—C,,,, peak. The shift in C—C, ., indicates a change in

intra
environment of the T,,,. and T, C—C,, s, bonds to become

side-chain
more alike as the polaron forms, suggestive of a greater degree of

delocalization along the backbone compared to the neutral. The
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lack of C=C peak shift implies there is less reorganization of z-
electron density and lower bond length change in PQT12 com-
pared to P3HT.

Based on the significantly different EFDRS characteristics be-
tween PQT12:SSIL and P3HT:SSIL, we can elucidate a differ-
ent mechanism of polaron formation in these two solid-state
chemiresistor blends. Introducing different environments of the
thiophene rings through lowering the side-chain density induces
changes in the way polarons form and localize along the PQT12
conjugated backbone. The larger changes in relative peak inten-
sities show that there is more significant redistribution in z-
electron density in PQT12, suggesting a higher density of po-
larons is present within the channel. The preservation of the
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peak position indicates there are considerably less bond length
changes; and hence, less structure changes upon polaron forma-
tion in PQT12.

The EFDRS of neat P3HT and PQT12 are shown in Figure S8,
Supporting Information. Due to the lower conductivity and num-
ber of charge carriers, neat polymers have a much lower polaron
density, which is more difficult to visualize in EFDRS. We can ex-
amine the initial steps in polaron formation between 0 and —5 V.
Neat P3HT shows no peak changes or relative peak intensity
changes as the applied bias increases and the current increases
only one order of magnitude as the V/, is increased from —0.5 to
—5 V. This is consistent with a large structural change required to
form a polaron and suggests that the high population of minority
charge carriers shown in Figure 1d is responsible for the flow of
charges through the film. Neat PQT12 shows the same initial in-
crease in the C—C,,,,, peaks present in the PQT12:SSIL EFDRS;
the I._ /I increases and the current increases by three orders
of magnitude. This indicates that formation of initially localized
polarons with minimal structural change is a polymer property
of PQT12.

2.4. Molecular Weight Impact on Polaron Formation

An important consideration is the molecular weight dependence
of conjugated polymers. The effect of molecular weight (M,,) on
P3HT electrical and morphological characteristics has been ex-
tensively studied.[***] In particular, the microstructure is highly
dependent on M. At low M., the short chains tend to form
poorly connected chain extended crystals.[*l Beyond a critical M,
(34 kgmol),I*?] the longer chains entangle in solution resulting
in a thin film microstructure containing crystalline domains in-
terconnected by tie chains through amorphous regions.[*! The
effect of M,, on the conjugated polymer:SSIL blend has previ-
ously been shown to be consistent with the chain packing behav-
ior of the neat polymer.'! As the electrochemical doping by SSIL
is only able to enhance the charge carrier characteristics of the
polymer, a well interconnected network of polymer chains and
sufficient percolation of the ionic liquid into the polymer chain
packing structure is required for efficient charge transport and
polymer-SSIL interaction. Figures S1 and S9, Supporting Infor-
mation show that low M, P3HT:SSIL blends result in isolated
domains of P3HT surrounded by a matrix of SSIL, resulting in
limited interaction between the two components and poor en-
hancement of electrical characteristics.

Despite the lower M,, of PQT12 (14 kg mol™'), the PQT12:SSIL
blend shows a comparable topography to that of high M,
P3HT:SSIL, where a high surface roughness and large domain
pattern indicate blending and intercalation of the ionicliquid into
the polymer chain packing, unlike the segregation of low M,
P3HT:SSIL.This difference in blending morphology is also ap-
parent in the electrical characterization of the PQT12:SSIL blend,
where the electrochemical doping and current enhancement of
PQT12 by SSIL does not follow the trend set by P3HT:SSIL of
equivalent M,,. Figure S1, Supporting Information, shows the
largest current values are achieved with PQT12:SSIL (65 pA) with
an increase of several orders of magnitude over neat PQT12, indi-
cating a strong electrochemical doping interaction with SSIL. For
comparable M, of P3HT, the current enhancement after blend-
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ing with SSIL is minimal due to the poor intermixing. At 10 kg
mol™, the driven voltage dependence decreases from neat to the
SSIL blend and at P3HT 20 kg mol~?, there is a small increase in
current, reaching a maximum of 2 pA. Thus, the intermixed mor-
phology of PQT12:SSIL results in strong signatures for electro-
chemical doping and enhanced current levels relative to the neat
films, akin to the high M, P3HT:SSIL. As the high M, P3HT and
low M,, PQT12 blends exhibit the strongest electrochemical dop-
ing effects, they are best suited for the detailed analysis of polaron
formation detailed below.

To examine the M,, dependence on polaron formation, EFDRS
was measured over a variety of M,, of P3HT between 0 and -2 V.
Figure S10, Supporting Information, compares the EFDRS of the
high performing P3HT used in this study (58 kgmol~!) to a range
of molecular weights. Above the critical M,, (34 kg mol~1,[42] EF-
DRS shows a single step jump from neutral to polaronic Raman
signature, indicating a shift from benzoidal to quinoidal within
a 0.1 V region. Below the critical M,,, the change from neutral
to polaronic Raman signature is slower. At —1 V, the polaronic
C=C peak at 1412 cm™! starts to appear as a shoulder of the neu-
tral peak and gradually increases in intensity until it becomes the
highest intensity peak and relative peak changes saturate before
—2 V. This can be attributed to the presence of unconnected chain
extended crystallites in low M,, P3HT; each isolated domain will
have a slightly different threshold for polaron formation and the
Raman signal contains a mix of domains where polarons have
formed and structural change has occurred as well as domains
that remain neutral.

In summary, the Raman signature changes indicative of po-
laron formation in P3HT are consistent across a wide range of
M,, and microstructures. The degree of polaron formation, mea-
sured by the I_./I._. ratio (Figure S10f, Supporting Informa-
tion) saturates at 0.8-0.9 for all P3HT M,, showing that the to-
tal redistribution of z-electron density is consistent across signif-
icantly different chain packing and charge-transport behaviors.
In addition, the shift of the C=C (Figure S10g, Supporting In-
formation) from neutral to polaronic is consistently between 30
and 40 cm™, indicating the required lattice distortion to accom-
modate the polaron is uniform regardless of molecular weight.
Such distinctive polaron-induced structural changes that are in-
dependent of P3HT M,, confirm that the lack of C=C structural
changes observed in PTQ12 are not due to different M,, but due
to the different side-chain density. The polaronic Raman signa-
tures of PQT12 are notably different to P3HT. The C=C peak does
not shift, indicating a reduced structural change; and therefore,
lower lattice distortion upon polaron formation. The I /I
increases dramatically to seven times the neutral ratio, indicating
a much higher density of polarons can be generated in PQT12.
These observations confirm that the polaron formation is primar-
ily dependent on the intrinsic molecular structure of the polymer,
not M.

2.5. Morphological Impact on Polaron Formation
To further study the effect of morphology on the conjugated poly-
mer backbone, solvent vapor annealing (SVA) was performed on

the chemiresistor films. SVA can increase the degree of chain
packing; and therefore, charge-transport properties of solution
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processed polymer films.[*”] PQT12 has been shown to be a
highly orderable material under a variety of pre and post process-
ing techniques including SVA.*$-1 In particular, SVA has been
shown to change the packing conformation and side-chain align-
ment, creating a more uniform film with improved mobility.>"]
This can be useful as a low temperature annealing process due to
the low transition point of SSIL.*?] In this study, mild SVA (40 °C
with CHCI;) was used to enhance the thin film packing without
damaging the semicrystalline properties of SSIL. In this study,
we aimed to utilize the enhancement in packing conformation of
PQT12 via SVA to understand the differences observed between
Tidechain a0d Ty, in polaron formation.

The effects of SVA were first characterized to confirm
that the electrical properties and electrochemical doping were
not damaged by prolonged exposure to solvent and to quan-
tify the changes in molecular order. The absorbance spectra
(Figure S12a, Supporting Information) for both P3HT and
P3HT:SSIL showed a relative increase in the 600 nm shoul-
der, indicating an increase in aggregation.>3] In addition, there
is a decrease in the vibronic 0-1 peak at 525 nm with re-
spect to the 0-0 peak at 540 nm, resulting in an increase in
the ratio of (A, ,/A,;), indicating increased ordering within
the aggregates.>* Microscopy imaging (Figure S13b, Support-
ing Information) shows the formation of fibrous clusters in the
P3HT:SSIL film; however, there is little change in morphology
for the surrounding regions with respect to the as cast film,
confirmed by AFM (Figure S9c, Supporting Information). These
clusters are likely the root of the increased ordering observed in
the absorbance as P3HT is known to undergo segregation and
fibril formation under SVA.[>>>¢1 The segregation visualized in
the microscopy images correlates with the reduced I;, measured
in the driven voltage dependence, Figure S12b, Supporting Infor-
mation. While there are areas of greater chain ordering, the in-
terconnected network of polymer chains is disturbed, which lim-
its charge transport through the film. Consequently, the EFDRS
of P3HT:SSIL SVA shows no difference from the as cast (Figure
S12¢,d, Supporting Information), indicative of no changes in the
nature of polaron formation and delocalization after SVA.

Interestingly, there is a significant change to the film mor-
phology when PQT12:SSIL undergoes SVA. Optical microscopy
images (Figure S13c,d, Supporting Information) show a smaller
but consistent change across the whole film, with the blue re-
gions transitioning from small angular domains to larger more
rounded domains. Correlation with AFM imaging confirms the
presence of the large flat domains above the mean film height,
Figure S9f, Supporting Information. We propose that these fea-
tures are unmixed SSIL domains that have grown under SVA.["%]
However, absorbance spectra of PQT12 and PQT12:SSIL showed
no relative peak changes, Figure S12a, Supporting Information,
suggesting there is no change to the polymer chain ordering after
SVA. This suggests that while there are significant macroscopic
changes to the film morphology, polymer conformation and pack-
ing is unaffected. The most significant change after SVA is in the
driven voltage dependence; PQT12:SSIL SVA increases by an or-
der of magnitude above as cast to 155 pA, (Figure S12b, Support-
ing Information). This further enhancement of current indicates
that the strength of electrochemical doping has increased, sug-
gesting that the nanoscale changes in the film have strengthened
the interaction between SSIL and the conjugated polymer. This
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indicates there is no change in conformational order for PQT12
polymer chains but the interaction with the ionic liquid increases.
It is likely that the SVA allows the SSIL to redissolve and bet-
ter permeate the polymer chain packing, allowing for a stronger
ionic liquid:polymer backbone interaction.

The aim of SVA is to enhance the chain packing behavior of
PQT12, enhancing the distinction between thiophene ring envi-
ronments under more crystalline conditions; and therefore, bet-
ter visualize the changes between Ty, .in and Tj,. under po-
laron formation. Despite the lack of changes to absorption, the
steady state Raman is more sensitive to small changes in molec-
ular conformation®’] and confirms SVA has brought about en-
vironmental changes to the Tyy.. i, and Ty, peaks. After the
SVA of PQT12:SSIL (Figure S6c, Supporting Information), the
relative peak intensity of the C—C, ., peaks increase compared
to the as cast device and the separation between the two peaks is
more prominent. Interestingly, there is also the appearance of a
shoulder peak on the C=C vibration at 1446 cm™!; this additional
shoulder is not present in the as cast PQT12:SSIL but aligns with
the C=C vibration of P3HT. The increased ordering has created
a greater distinction and peak splitting of the double bonds be-
tween substituted and unsubstituted thiophene rings in addition
to the single carbon—carbon bonds seen in as cast films. This can
be seen in previous studies where the different processing meth-
ods used to improve polymer chain alignment of PQT12 films
have enhanced the shoulder at 1446 cm~1.[5158]

The EFDRS of PQT12:SSIL SVA can be seen in Figure 2c. The
overall peak changes are consistent with the changes seen with as
cast PQT12:SSIL; however, they occur at a lower applied voltage
confirming it is easier to form polarons as the polymer is more
ordered. The first regime of polaron formation occurs between
0 and —3 V, where there is a rapid increase in current accom-
panied by an increase in peak ratio and shift in peak position,
after which all three of these parameters saturate and remain rel-
atively constant with voltage. We can follow the process of po-
laron formation in the nonuniform backbone of PQT12 using de-
tailed analysis of the spectral changes of the two ring types. Due
to the increased order and better separation of Raman peaks be-
tween Ty chain a0d Tp,,e, the EFDRS of PQT12:SSIL SVA allows
a clearer picture of the changes to vibrational environments as
the different rings undergo polaron formation. Figure 3a shows
the EFDRS of PQT12:SSIL SVA normalized to the maximum in-
tensity peak, the C—C,,,,, of T,,.. at 1398 cm~'. Here, the rel-
ative peak intensity of the four in-plane ring skeleton modes
(Figure 3b) can be tracked as they change with voltage.

As polarons form in the polymer, the peak intensity ratio of
each mode is tracked for the thiophenes without side chains
(Tyare) to the thiophenes with side chains (Tg4e. i), Shown in
Figure 3c. This allows comparison of rates of change for the
two different environments of C=C and C—C. At 0 V, the Ra-
man peak intensity of the T,,,. C=C peak was higher than that
Of Tdechains SUEEeSting a greater distribution of z-electron den-
sity was localized to the double bonds of the bare rings in the
ground state. As the applied voltage was increased, there was a
rapid decrease in peak intensity ratio from 1.2 at 0 V to 0.8 at
3 V. This indicates the redistribution of electron density upon po-
laron formation starts with the Ty,,. C=C bonds loosing double
bond character. The C—C,,,,, intensity ratio gradually increases

intra
as the electron density redistributes to the T, C—C,,,, at a

intra
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greater rate than to the Ty ain C—Cinna- The peak ratio can be
further examined by looking at the relative intensity of the sin-
gle to double bonds in more detail, differentiating between ring
type instead of simply the maximum intensity (Figure 3d). In
addition to the ratio of the intra C—C bonds to C=C, we will
also examine the interunit bonds creating two different ratios
Iecintral Ic=c and Ic_cinger/Io=c- The Ic_cinya/Ic=c starts off lower
for Ty, than Tgy. g.in at 0 V and then increases from 1.1 to 3.2
by Vp = =3 Vwhile Ty, iai, 0nly reaches 2.4. This indicates that
the charge redistribution and polaron formation occur faster on
the unsubstituted thiophenes. Similarly, by the same applied volt-
age, Ic_cinter/ Ic—c was higher for T, than Ty, 4., allowing for
more z-electron delocalization on the interunit bond between the
two inner thiophene rings than the interunit bonds flanking the
thiophenes with side chains. These results demonstrate the role
of side chains on the polaron formation, where the polaron for-
mation on unsubstituted thiophenes occurs first with less struc-
tural change and greater z-electron redistribution.

2.6. Proposed Polaron Formation

We use the experimental polaronic progression from EFDRS to
propose a model of polaron formation, Figure 3e. The electro-
chemical doping of the conjugated polymer by the solid-state
ionic liquid allows us to examine the stages of polaron forma-
tion through changes to the vibrational modes of the polymers.
For P3HT, there is a simultaneous shift in C=C and change in
I_c/Ic—c ratio, suggesting that P3HT requires large geometry
change and lattice distortion to allow polaron formation and z-
electron delocalization in one step. The PQT12 spectra, on the
other hand, undergoes a progression of structural changes to-
ward polaronic signatures; hence, indicating that polaron forma-
tion and delocalization along the backbone occur over a series of
stages. A simplified schematic diagram of the proposed polaron
formation process is shown in Figure 3e and outlined below.

Step 1 is the initial localization of charge on T,,,. rings. From
the EFDRS in Figure 3¢, the C=C bond of the T, rings is the
first to lose z-electron density and show a drop in Raman peak
intensity; this is closely followed by the gain in intensity of in-
tra C—C bond on the same ring. This suggests that localized
polaron formation first occurs on the T, . rings where no side
chains are attached to thiophene rings. Further support comes
from the peak intensity ratios where the I._c; ./ Ic—c of Ty, in-
creases faster than that of Ty, 4., showing the redistribution
of m-electron density within the ring is faster and easier on the
inner thiophenes, further indicating that polarons initially form
with more localization to unsubstituted thiophene rings.

Step 2 is the delocalization to the interunit bond between
the two T,,. rings. This is indicated by the delayed increase in
Tiare Ie—cinter/ Ic=c compared to Ty, Ic_cinga/Ic=c. While the in-
tra peak ratio started to increase almost immediately after volt-
age was applied, the ratio for the interunit bond initially re-
mained steady until —1 V (Figure 3d); suggesting that polarons

www.advmat.de

initially form inside the T, rings as more localized polarons
and only once the 7-electron density on the T, ring has built
up does delocalization along the backbone occur. Then compar-
ing Ie_cinter/Ic=c Of Tiope to that of Ty i, Shows that the next
step of delocalization is preferentially to the interunit C—C,,,,,
bond between the Tj,,. rings. This is likely due to the lower bar-
rier of steric hinderance between the two bare rings than those
with side chains.

Step 3 is the delocalization to outer Ty, g, rings. Figure 3d
shows that both Ic_ciyya/Ic=c and Ic_cinwer/Ie=c Of Tiige.chain -
creases at greater applied voltage than those of Ty, .. This indi-
cates that the process of z-electron distribution from double to
single bond in the T4, pai, rings occurs after that of T,,... In ad-
dition, the Ty o Tatios saturate at a lower value than T, also
implying that the degree of polarization is less for the rings with
side chains. Unlike in P3HT, PQT12 retains some of the C=C
character even under the fully delocalized polaron as the bond
length change is smaller and the vibrational C=C peak does not
change in wavenumber.

Above V, of =3V, there is no further increase in current;
Figure 2d and the change in relative peak intensities levels off,
Figure 3d. This indicates that the major geometry changes have
occurred and no further polarons are formed. Understanding of
the multistep polaron formation process also offers insight into
the electrochemical doping mechanism of SSIL. The solid-state
ionic liquid intercalates more easily into the conjugated units in
the backbone when no side chains exist, preferentially interacting
with the T,,,. rings on PQT12 polymer backbone. This is likely
due to a combination of the lower steric hinderance and the lower
energetic barrier to polaron formation for the rings with no side
chains.

2.7. Simulated Lattice Rearrangement

To understand the Raman spectral changes in EFDRS and con-
firm the model for polaron formation, we used density func-
tional theory (DFT) to simulate the geometry changes upon po-
laron formation. DFT simulations are carried out on a single iso-
lated polymer chain in the gas state with optimized geometries
at the minima of the potential energy surface. There are signif-
icant differences between optimized simulated molecules and
the real experimental conditions. DFT calculations are particu-
larly beneficial in correlation with Raman spectroscopic analy-
sis as Raman measures changes to the intrachain z-electrons.>!
Here, we use comparison between simulated P3HT and sim-
ulated PQT12 oligomers to decouple the intramolecular struc-
ture induced effects from interchain properties of solid-state thin
films.

Reorganization energy (RE) is the energy required for lattice
distortion upon polaron formation.!®*l The inner RE corresponds
to the sum of the geometry relaxation energies required for the
structural relaxation of the molecule to accommodate the injected
charge.l°%2] The outer RE is typically several orders of magnitude

Figure 3. a) Normalized EFDRS for PQT12:SSIL SVA. b) Raman peak assignment showing a peak splitting between thiophene rings with (Tgige.chain)
and without (Ty,,.) side chains attached. c) Peak splitting ratio (Tyare/ Tside-chain) for the C=C and C—Cj,,;,, peaks. d) Raman peak intensity ratio between
C—C and C=C (Ic_¢/lc=c) for C=Cia (top) and C—C;, e, (bottom) split for T ge.chain and Tp,,e as a function of applied voltage. e) Schematic diagram
of the charge distribution and bond rearrangement during polaron formation.
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Figure 4. DFT Simulations. a) Reorganization energy as a function of side-chain length for P3HT and PQT12 oligomer of 16 thiophenes in length. Change
in geometric properties from neutral to polaronic (+1) for oligomer of 16 thiophenes long with propyl side chains. b) Change in bond length alternation
(BLA) with insert as BLA. c) Change in bond length. d) Hirshfeld charges of each ring in simulated backbone with PQT12 side-chain positions marked

by shaded areas.

lower than the inner component and is derived from rearrange-
ment of the surrounding medium;[®*¢* this will not be discussed
here in the comparison of initial polaron formation on a single
polymer chain.[®] Figure 4a shows the simulated inner RE cal-
culated for a series of side-chain lengths. RE initially increases
with an increase in side-chain length showing the importance
of computational accuracy in simulations. For longer side-chain
lengths, RE levels off, maintaining a 0.08 eV energy gap between
P3HT and PQT12. The lower RE confirms the energy required
for structural change to form a polaron is lower and therefore
more favorable in PQT12, consistent with the smaller structural
changes observed experimentally. To understand how the differ-
ence in structural factors contribute to the lower RE, further DFT
analysis was carried out to simulate the lattice distortion under
polaron formation.[®4]

To support the RE calculations, bond length alternation (BLA)
was calculated. The BLA is the average difference between the
length of the C—C and C=C[®>%¢] and the change to BLA (ABLA)
upon adding a charge can be used to assess the lattice distor-
tion upon polaron formation, (Figure 4b). The ABLA is higher
for P3HT (0.024) compared to PQT12 (0.020), which confirms
that a larger structural change is required in P3HT upon polaron
formation, which correlates with its higher RE. Table S3, Support-
ing Information, shows that P3HT starts with an initially twisted
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backbone in comparison to PQT12, which will contribute to the
RE required to planarize upon polaron formation.

DFT simulation of the neutral and polaronic states gives the fi-
nal optimized geometry for the oligomer in the gas state. This al-
lows detailed comparison of the observed experimental changes
with the changes to individual bonds from the neutral state to
their final state under a stable fully delocalized charge. We can
look at the mean bond length change to each bond type to un-
derstand the effect of side-chain density on lattice distortion
(Figure 4c). In both P3HT and PQT12 Ty, 4., the C=C, with
side chain attached, increases by a greater magnitude than C=C,
on the opposite side of the same ring with no side chain. This in-
dicates that the side chain induces a greater lattice distortion to
accommodate the polaron. In PQT12 T, .., both C=C bonds have
no side chain attached and the overall change in bond length
is lower than in P3HT. Similarly, the single bond lengths also
indicate that rings without side chains undergo less structural
change. Specifically, for T,,,., the C—C,,,., bond length change
is significantly lower, indicating that less lattice reorganization
is required to stabilize the charge between the inner rings. The
simulated geometry changes confirm that to stabilize a charge in
PQT12, significantly less structural change is required across all
geometry metrics. This correlates with the lower magnitude Ra-
man peak shifts measured experimentally for PQT12, confirming
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that a lower degree of structural change occurs upon polaron for-
mation.

The charge of each thiophene ring along the chain was cal-
culated by summing the atomic charge of each atom in the
ring calculated by Hirshfeld population analysis (Figure 4d).[57:6]
Neutral and polaronic P3HT show uniform charge distribution
across the backbone, which suggests full polaron delocalization
across the oligomer length. In contrast, neutral PQT12 has un-
even charge distribution on the T, rings with a higher mag-
nitude of Hirschfeld charge. The charge distribution profile is
maintained upon the addition of positive charge; therefore, the
polaron is also non-uniformly delocalized. The higher magnitude
Hirshfeld charge supports the proposal that the partial charges
tend to reside on the Ty, . rings and remain there even after po-
laron delocalization.[*]

Overall, DFT simulation has been used to confirm that charg-
ing P3HT results in greater structural reorganization, with larger
RE and changes in geometry upon polaron formation compared
to PQT12. This correlates well with the single step polaron forma-
tion seen in EFDRS, with a critical input voltage being required
to give sufficient energy to initiate polaron formation and lat-
tice distortion. In contrast, the geometry changes in PQT12 are
smaller and require less energy. Comparing Ty cnain a0d Tiare
of PQT12 shows that a lower structural change is required for
the thiophene rings without side chains indicating that polarons
form on T,,,. first and then delocalize along the backbone. This
creates the unique mechanism of polaron formation measured
in EFDRS where the stages of polaron delocalization can be ob-
served.

2.8. Polaron Formation Influence on Electrical Properties

An in-depth understanding of the polaron formation mechanism
allows a better interpretation of the origins of electrical proper-
ties. Improving both charge injection and charge transport is vital
to increase the performance of organic electronic devices. There
has been great success in increasing interchain charge transport
in organic semiconductors, with record mobilities for conjugated
polymers >10 cm? V-1 s7L.170 This is due to detailed investiga-
tions into polymer chain packing, thin film microstructure, and
charge hopping behavior.”] Charge-injection behavior of conju-
gated polymers can be improved with a better understanding of
polaron formation and delocalization along the backbone. This
is crucial as charge injection is significantly more challenging
in organic semiconductors as the contact resistance (R.) is typi-
cally much higher than in inorganic metal-oxide-semiconductor
field-effect transistors (MOSFETS).”!] While there are many de-
vice architecture methods to reduce R and increase the charge
injection from modified electrodes,”?! it is equally important to
understand the charge formation mechanism of the polymer
structure as efficient delocalization and bandgap tuning can be
achieved by careful molecular design.!”3]

Conjugated polymers are promising candidates for use as or-
ganic thermoelectric materials. However, the current limitations
of conjugated polymers stem from the lack of understanding of
the structure property relationship.[#7°] Detailed understanding
of polaron formation and delocalization can help to elucidate
the polymer structure units that contribute to increased electri-
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cal conductivity. In addition, the increased conductivity and hole
polaron density of electrochemically doped PQT12:SSIL may be
of particular benefit to thermoelectric energy conversion devices
as there is minimal effect on the doping levels in comparison
to chemically doped polymers.[>7¢] Increasing the conductivity
without reducing the Seebeck coefficient (S) is essential for in-
creasing the power factor (PF = ¢5?).[77]

As an example, we now turn to demonstrating how these dif-
ferent polaron formation mechanisms and associated polymer
structural changes affect VOC gas sensors. Chemiresistor sen-
sors are a conductometric device where small fluctuations in the
conductivity are used to create a simple, easy to read signal of
the presence of the analyte.l”8] A higher conductivity of the sens-
ing material is desired for the realization of low-cost portable
sensors!”’! as the greater signal to noise ratio, the greater the sen-
sitivity and lower the detection limit.[®%! The SSIL blend has been
shown to form highly sensitive and selective organic gas sensors
with the ability to distinguish between polar and non-polar or-
ganic solvents.['*1°] Here, we demonstrate gas sensing at an ap-
plied bias of —4 V and use the Raman probe to understand how
the side-chain density and nature of polaron formation affect the
sensing capabilities of the ionic liquid blend.

Figure 5 shows the gas sensing performance and in situ
Raman probe of the P3HT:SSIL and PQT12:SSIL blends. The
change in resistance over the baseline resistance (AR/R,) gives a
value for percentage change, which can be used to compare de-
vices with different absolute current measurements, Figure S14,
Supporting Information. When P3HT:SSIL is exposed to ace-
tone, there is a decrease in conductivity and an increase in the po-
laronic Raman intensity. As polaronic Raman signal is a good ap-
proximation of the number of polarons; this suggests that there is
a greater density of polarons present in the channel.'%) However,
the reduction in conductivity indicates charge transport has de-
creased; it is likely that the interaction between the strong dipole
of polar solvent and the polar SSIL increases charge trapping and
prevents the flow of holes through the film. Under toluene ex-
posure, P3HT:SSIL measures an increase in conductivity with a
much faster recovery. The polaronic Raman signal decreases in
full width half maximum (FWHM), indicative of a greater order-
ing and planarity of the polymer.*®] This suggests that as toluene
adsorbs, the electrochemical doping interaction between SSIL
and polymer backbone increases, which in turn increases the po-
laron delocalization and planarity of the polymer chains. Given
the P3HT:SSIL blend morphology, Figure S9, Supporting Infor-
mation, where an ordered polymer network is surrounded by a
porous, amorphous ionic liquid rich matrix, it is likely that the
non-polar solvent molecules absorb in to the porous domains.!**]
This causes a swelling of the SSIL domains, pushing the SSIL
closer to the polymer backbone, increasing the strength of the
electrochemical doping interaction and increasing the conductiv-
ity. An increase in polymer ordering is observed, by the reduction
of the FWHM, as the stronger interaction leads to more uniform
delocalized polarons which have a planarizing effect on the poly-
mer backbone.

The PQT12:SSIL blend has the same thiophene-based back-
bone; so, it could be expected to react to VOC exposure under
the same mechanism as P3HT. However, the sensing response
shows that there is no selectivity between polar and non-polar
solvents; Figure 5c. PQT12:SSIL reacts to acetone and toluene by
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Figure 5. a,b) Percentage change in electronic resistance under acetone and toluene exposure for P3HT:SSIL (a) and PQT12:SSIL (b) under an applied
Vp = —4 V. ¢,d) In situ Raman spectroscopy under VOC gas exposure for P3HT:SSIL (c) and PQT12:SSIL (d). e) Schematic diagram showing the changes

in conductivity with gas exposure.

the same mechanism, the conductivity increases, and the pola-
ronic Raman intensity increases. This suggests the number of po-
larons present increases whilst charge-transport levels are main-
tained or increased, unlike P3HT. The closer interchain packing
of PQT12 has been well reported in literature;2181-83 this could
suggest that the denser packing structure both strengthens the
interaction with SSIL, which has been intercalated in solution,
and prevents electrostatic interactions with solvent molecules
under gas exposure. The AFM of the conjugated polymer:SSIL
blends (Figure S9, Supporting Information) shows the formation
of a 3D porous network structure where there are areas of closely
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packed polymer chains surrounded by amorphous areas of pre-
dominantly ionic liquid. Itis believed that the physical adsorption
of solvents will be largely into the amorphous regions. Support
for this proposed mechanism comes from the higher magnitude
of response to acetone exposure; as acetone is a polar solvent, the
hydrophobic alkyl side chains will retract further from the polar
stimuli,!®¥ causing a greater entrapping of the SSIL within the
polymer domains with a greater increase in electrochemical dop-
ing strength.

The difference in polaron formation mechanism can explain
the non-selectivity of PQT12. As polaron formation occurs in
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steps, starting with the localized polaron formation of the inner
T Tings, it is expected that the main interaction of the SSIL
PF,~ anions will be with the T, rings. The interaction between
the Tj,,. rings and SSIL has been shown to be stronger due to
the greater degree of polarization (Figure 3d), lower reorganiza-
tion energy (Figure 4a), and reduced steric hinderance of Ty,
(Table S3, Supporting Information). When under a solvent at-
mosphere, the strength of interaction between T,,,. and SSIL and
steric hinderance of the longer alkyl side chains will likely prevent
any chemical interaction between SSIL and the solvent molecules
as it will be less energetically favorable even for highly polar
solvents.

3. Conclusion

We have compared the mechanisms of polaron formation in
P3HT (100% side chain) and PQT12 (50% side chain). This study
focused on two devices that achieve similar current levels to make
a fair comparison of the mechanism of polaron formation. The
reduction in side-chain density has a significant effect on the
EFDRS signatures as the PQT12:SSIL blend system is probed
under applied voltage. P3HT shows a one-step polaron forma-
tion and delocalization process where there are large peak sig-
nature changes as the whole polymer chain becomes polaronic
together with a large degree of structural change. In contrast,
PQT12 shows a multistep process to becoming fully charged and
delocalized, with a strong z-electron distribution to the C—C but
without the change to C=C length signified by the change in
peak position. Simulations suggest this is likely due to the inho-
mogeneity of the PQT12 backbone; the unsubstituted T,,. thio-
phene rings are able to induce an initially more localized polaron
with less delocalization along the backbone. The lower reorgani-
zation energy and smaller simulated geometry changes point to
polaron formation being easier in PQT12 due to the lower de-
gree of structural change required. The polaron formation pro-
cess starts on the inner T, .. rings but the lack of driving force to
create a lower energy delocalized polaron could mean that it takes
greater applied voltages to produce the same level of delocalized
charge as in P3HT.

We have demonstrated that blending PQT12 with SSIL results
in strong electrochemical doping and greater current enhance-
ment than when blended with P3HT. Therefore, it is suggested
that the PQT12:SSIL blend would be an improved chemiresis-
tor device where high conductivities are required. However, we
have shown that high electrical performance is not the critical fac-
tor for some device applications such as VOC gas sensors where
the sensor selectivity is more important. While PQT12:SSIL mea-
sured a stronger sensing response, the selectivity between polar
and non-polar solvents was only seen in P3HT:SSIL. This shows
the polaron formation and the electrochemical doping mecha-
nism determines the sensing mechanism and selectivity. This
work importantly elucidates the polaron formation mechanisms
and how it changes device operational properties is essential for
designing future high-performance optoelectronic devices.

4. Experimental Section

Materials:  Poly(3-hexylthiophene-2,5-diyl) (P3HT) was purchased
from 1M ata M,, = 58 kg mol~', M,, = 28 kg mol~', regioregularity 96%,
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and polydispersity 2.1. Full details of all P3HT samples used in M,, study
can be found in Table S1, Supporting Information. Poly(3,3""’-didodecyl
quaterthiophene) (PQT12) was purchased from Solarmer and measured
by GPC, M,, = 14 kg mol~" M,, = 7 kg mol~" and polydispersity 2.0. Solid-
state ionic liquid T-dodecane-3-methylimidazolium hexafluorophosphate
(IC4C4,IM*] [PFg7]), was synthesized through a conventional method de-
scribed elsewhere.

Film Preparation: P3HT and PQT12 blends with SSIL were dissolved
in chloroform at a 5 mg mL™" and stirred at 40 °C. The solutions were
filtered at 0.45 pm and left for 24 h before being spin coated on to cleaned
substrates at 2000 rpm 40 s~'. A film thickness of 40 nm and 100 nm was
deposited for the neat and blend respectively. Chemiresistor and OFET de-
vices were fabricated using Fraunhofer silicon wafers with a silicon dioxide
layer and the source and drain electrodes (W =2 mm L =5 um) formed
of a 10 nm ITO adhesion layer and topped with 30 nm of gold. Deposited
films were dried in a desiccator overnight and stored in N,. Film thick-
nesses were measured on a Bruker DektakXT at 240 nm for neat films
and 2100 nm for SSIL blended films. Thin films on quartz for optical mea-
surements where prepared in the same way.

Solvent Vapor Anneal:  For solvent vapor anneal P3HT and PQT12 neat
and blended films were prepared from the same solution as the as cast
films. Immediately after spin coating, films where sealed in a chloroform
vapor at 40 °C overnight before being placed in a desiccator to remove
any residual solvent. SVA films were then stored in N, before and between
measurements.

Absorbance: The absorption of thin films on quartz was measured on
Shimadzu UV-2600 UV/visible spectrophotometer with integrating sphere
attachment. Air was used as a baseline reference and the thin film samples
were corrected to the transmission of a clean blank quartz substrate.

Electrical Characterization: Chemiresistor performance was measured
using driven voltage dependence measurement on a probe station in a
nitrogen glovebox. A drain voltage was held between the source and drain
electrode for 10 s and the drain current measured. The mean current for
each applied voltage was extracted to evaluate the device performance.
OFET transfer curves were measured on the same probe station, Vp =
—10Vand —60V and V sweep = +20 V to —60 V.

Electrochemical Impedance Spectroscopy:  Electrochemical impedance
spectroscopy measurements were performed using a ModulLab XM sys-
tem (Solartron Analytical) at different applied DC potentials (0 and —2 V
between the source and drain electrodes) applying an AC amplitude of
10 mV in the frequency range of 100 kHz to 1 Hz. The complex impedance
data was fitted applying an R (R,||C) equivalent circuit, where R; is the re-
sistance of the external circuit, R, the bulk resistance of the polymer film,
and Cis its capacitance.

Energetics: The HOMO energy level of the neat films was measured
by ambient photoemission spectroscopy (APS) with an APS04 from KP
Technology. The Au tip was calibrated by calculating the absolute tip work
function with respect to the vacuum using a Ag reference sample. The
cube root of the photoemission signal was linearly fitted to calculate the
HOMO of the sample and the mean of three measurements was taken.

Cyclic Voltammetry:  Spectroelectrochemical measurements were
measured of neat PQT12 on FTO coated glass substrates. A custom
electrochemical cell was used with Pt counter electrode, Ag/AgCl refer-
ence electrode, and acetonitrile electrolyte (0.1 m TBAPFg). Oxidizing
potential was applied using an Autolab potentiostat PGSTAT101, CV
sweep forward, and backward from —0.1 to 1.2 V at a scan rate of
0.02Vs~'.

Raman Spectroscopy: A Renishaw inVia Raman microscope with In-
GaAs detector was used to collect Raman spectra and with a 50x objective
in a backscattering configuration. Spectra were collected using a 785 nm
diode laser at 9.0 mW power and the laser probe was defocused to ~5 um.
Calibration of the filter and grating was performed using the well-defined
520 cm™! peaks of a Si reference. For in situ field dependent Raman spec-
troscopy (EFDRS), the same Raman protocols were used. The sample was
contained in Linkam HFS600E-PB4 sample chamber and a drain voltage
applied across the source drain electrodes. A constant V, was applied
and held for 2 min before Raman measurements were taken; 20 positions
down the 5 pm channel were probed at each applied voltage. In situ gas
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exposure under EFDRS was applied at high gas concentration in order to
test analyze the changes in Raman signatures. The chamber was held un-
der a N, flow of 1000 sccm and 0.2 mL was injected into chamber prior to
the sample stage. The current was measured for the duration of gas expo-
sure and Raman spectra taken at various points to probe the effects of gas
exposure. This allowed measurement of the direction of current modula-
tion and observation of vibrational mode changes but did not give a true
indication of response time or concentration gradients.

DFT Simulation: Raman peak assignment and geometry analysis were
simulated using density functional theory (DFT) on the Imperial College
High-Performance Computing service using GAUSSAINO9 software.[3%]
All simulations were performed on single molecules in the gas phase using
B3LYP level of theory and basis set 6-31G (d.p).[8¢-%8] Oligomer length was
simulated at 4, 8, 12, 16, and 20 thiophenes long with methyl side chains
and 16T (tetramer of PQT12) was chosen as the base measurement due as
the polaron delocalized along the full length of the simulated molecule at
this length. The effect of side chains was investigated by simulating the 16T
with no side chain, methyl, ethyl, propyl, and butyl side chains for P3HT
and PQT12. Frequency of vibrations were identified from simulations of
Raman spectra using empirical scaling factor of 0.97,8°] and peak assign-
ments were visualized using GaussView 6.0.16 software. Geometry data
and Hirshfeld charges were extracted from the optimization calculations
of all 16T simulations and compared for the effect of side-chain density
and length.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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