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ABSTRACT 

Understanding polaron formation in conjugated polymers is critical for advancing solid-state organic electronics. Here, we 
investigate diketopyrrolopyrrole (DPP)-based polymers with tailored side chains to elucidate the impact of glycolation on 
charge transport and polaron formation. We demonstrate that glycol side chains enhance p-type character and charge carrier 
density, while backbone elongation improves planarity and mobility. Electrochemical doping using a semicrystalline solid-state 
ionic liquid (SSIL) can increase conductivity by four orders of magnitude. In situ field-dependent Raman spectroscopy probes 
polaron formation, showing increased π-electron redistribution in glycolated DPP. Polaron formation of the DPPT-T conjugated 
backbone shows a more localised polaron with structural changes to the thiophene donor unit. Backbone elongation results 
in greater polaron delocalisation with lower reorganisation energy. Finally, ion-gel gated organic synaptic transistors (IGOSTs) 
demonstrate significant performance gains for glycolated polymers with gDPPT-T and gDPPT-TVT exhibiting strong excitatory 
post-synaptic currents. The more facile polaron formation pathway for gDPPT-TVT offers a significant advantage in the dynamics 
of ion migration and retention. This work provides molecular-level insight into the incorporation of glycol side chains to 
high-performance conjugated polymers for solid-state applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Oligoethylene glycol (OEG) side chains can increase the
hydrophilicity, polarity, flexibility and ionic conductivity of
conjugated polymers [ 1 ]. There have been significant advances
in the use of π-conjugated polymers with glycol side chains for
mixed conduction applications [ 2 ]. Polar side chains facilitate
electrolyte permeation into the bulk of the active layer, thereby
enhancing ionic conductivity. This modification increases
the number of ion-accessible sites and promotes ion-polymer
backbone interactions, which can lead to an increase in
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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electronic charge carrier density [ 3 ]. However, in applications
such as organic electrochemical transistors (OECTs), balancing 
the electronic carrier mobility and the volumetric capacitance 
can be difficult as there is often a trade-off between ionic and
electronic mobilities [ 4 ]. The glycol effect on the charge density
of the conjugated backbone is often overlooked [ 5 ], and can
have a significant impact on solid-state packing and energetic
order/disorder on a thin film microscopic scale [ 6 ]. Glycol side
chains have also been shown to increase structural disorder
of conjugated polymers, which can lead to lower electronic
charge mobilities [ 7 ]. Therefore, understanding the effects
its use, distribution and reproduction in any medium, provided the original work is properly 
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of side chain functionalisation in complex environments is
important for the design of high-performance devices. Glycol
side chains are well-reported and investigated for use in aqueous
environments, and the use of glycol side chains in solid-state
applications is increasing in use, for example, to modify dielectric
constants in organic photovoltaics (OPV) [ 6, 8 ]. There needs to
be proper consideration of the effects of glycol side chains on
electrical properties to realise and design better polymers for the
future. 

Ionic, electronic and balanced conduction can be improved
by varying the glycol content and positioning along the side
chain. Increasing the distance between the conjugated polymer
backbone and the oxygen atom of the ethylene glycol unit can
enable the increase of both electronic and ionic conduction
[ 4 ]. Hybrid or amphipathic side chains offer an alternative
strategy to achieve the benefits of glycolation without loss of
electrical characteristics [ 9 ]. The addition of an amphipathic side
chain with an alkylated spacer unit followed by OEG shows
great promise for high electronic conduction while maintaining
the benefits of glycolation. Combining the hydrophobic and
hydrophilic components on the same chain enables both the
enhanced solubility and processability of alkyl side chains,
together with the ionic conduction provided by glycol side
chains [ 10 ]. 

While OECTs have demonstrated excellent mixed conduction
in aqueous environments, their reliance on liquid electrolytes
limits stability, scalability, and integration into solid-state devices.
To overcome these challenges, solid-state electronic and ionic
conductors are emerging as a promising alternative, offering
long-term stability and compatibility with advanced device archi-
tectures. In particular, solid-state ionic liquids (SSILs) enable
electrochemical doping, allowing for controlled modulation of
charge density and polaron formation. Recently, the development
of SSIL with matching surface energy and stable ion diffusion
has been shown to significantly improve device performance
[ 11 ]. Modifying ionic liquids, for example, with alkyl chains,
can increase the melting point to form a solid at room tem-
perature and ordered mesophase structures with semicrystalline
properties [ 12, 13 ]. The properties of ionic liquids are highly
tunable, by varying the cation or anion, and can be favourable
for thin film fabrication, including low volatility, high thermal
and chemical stability, and high ionic conductivity [ 14 ]. This
opens new avenues for applications such as synaptic transistors,
where ion retention and dynamic charge transport are essential
for emulating neuromorphic behaviour [ 15 ]. Our study addresses
this gap by investigating the interplay between conjugated back-
bone structure, side chain polarity, and SSIL doping, providing
important insights into the design of next-generation solid-state
organic semiconductors. 

A semicrystalline SSIL has been used to electrochemically
dope conjugated organic polymers. Under electrical bias, the
SSIL electrostatically interacts with the conjugated polymer
backbone, resulting in a reversible increase in the conduc-
tivity without forming any permanent physical or chemical
interactions. The reversibility of this interaction has been pre-
viously demonstrated using applied voltage-dependent GIXWAS
and Raman spectroscopy [ 16 ]. Impedance measurements of
SSIL blends have confirmed that there is no measurable ionic
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mobility and therefore no ionic motion in the solid state
films [ 17 ]. Blending with SSIL increases the charge density
and conductivity, allowing fundamental studies of polaron 
formation [ 17 ]. 

When blending the SSIL with glycolated side chains, the inter-
actions between the polar dipoles of the oxygen atoms in the
ethylene glycol units and the charged ions must be considered.
In devices, both the polymer and SSIL are in the solid state and
have limited ability to move; however, prior to deposition, the
polymer and SSIL components are in chloroform solution and
able to entangle and aggregate together [ 18 ]. Molecular dynamic
simulations of organic polymers with glycolated side chains and
ions in solution showed that glycol side chains create transport
pathways [ 19 ], funnelling ions toward the conjugated backbone
and allowing for higher ion density around the conjugated
polymer [ 3 ]. In this work, we study diketopyrrolopyrrole (DPP)-
based conjugated polymers with varying side chain compositions.
We compare alkylated and glycolated derivatives of DPPT-T 
and DPPT-TVT to understand how backbone elongation (T to
TVT) and side chain polarity (alkyl to glycol) influence molec-
ular packing, polaron formation and charge transport. Using 
a combination of spectroscopic, electrical, and morphological 
analyses, including in situ Raman spectroscopy and molecu- 
lar simulations, we explore how these structural modifications
affect electrical performance. Our findings provide insight into 
the design of conjugated polymers for solid-state applications, 
highlighting the effects of backbone engineering and side chain
functionalisation. 

2 Results and Discussion 

2.1 Polymer Properties 

Figure 1a shows the chemical structure of DPP-based polymers,
and polymer properties are shown in Table S1 and detailed
synthetic routes reported in literature [ 3 ]. The polymers are part
of the DPP family that have been widely studied due to their
high mobility and tunability [ 20–22 ]. DPPT-T is copolymerised
with a shorter donor unit consisting of three thiophene rings,
while DPPT-TVT extends the backbone with four thiophenes 
connected by a vinylene. The vinylene group introduces more
flexibility to the system, which has been shown to have a
planarising effect on DPP polymers [ 23 ]. The alkyl polymers
(aDPP) have long branched alkyl side chains to increase solubility.
We use an amphipathic side chain, formed of a C12 alkyl
spacer unit followed by triethylene glycol (gDPP) to maintain
a high electronic conduction while maintaining the benefits of
glycolation. 

2.1.1 Absorption Properties 

We first investigate the changes to polymer chain order and
electronic structure of the DPP polymers. The normalised thin
film absorbance spectra are shown in Figure 1b . The absorbance
spectra consist of a strong intramolecular charge transfer (ICT)
band centred at 800 nm and a much weaker π–π* at 400 nm
[ 24 ]. The π–π* of aDPPT-T peaks at 421 nm, and the elongated
backbone of aDPPT-TVT redshifts the π–π* peak to 485 nm,
Advanced Electronic Materials, 2026



FIGURE 1 a) Chemical structure of DPP polymers, shorter donor unit DPPT-T and elongated backbone with vinylene unit, DPPT-TVT with 
branched alkyl side chains and triethylene glycol side chains with alkyl spacer, and solid state ionic liquid (SSIL) [C1 C12 IM+ ][PF6 − ], b) normalised 
thin film absorbance for DPP polymers. Driven voltage dependence (DVD) across L = 5 µm W = 2 mm two-terminal device for c) neat DPP and d) 
blended DPP:SSIL 1:1, e) Conductivity at VD = − 2 V, comparing bulk conductivity ( σb ) calculated from DVD, and f) thin film energetics, HOMO from 

APS and Fermi level (EF ) from kelvin probe and LUMO extracted from optical band gap with Fermi level HOMO gap (EF -HOMO) shows the change in 
p-type character of polymers by side chain glycolation. 
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indicating an increased effective conjugation length. For the CT
band, aDPPT-T shows a single broad peak at 830 nm, while
extending the conjugated backbone to aDPPT-TVT blueshifts the
λmax to 794 nm; this blueshift suggests the overall ICT strength
weakens as delocalisation over the whole backbone increases [ 25–
27 ]. The aDPPT-TVT CT peak also narrows in full width half
maximum (FWHM), and a shoulder peak emerges at 743 nm
attributed to the 0–1 vibronic peak [ 28 ]. This vibronic shoulder
suggests a greater crystallinity with better ordering and the
introduction of lamella stacking in aDPPT-TVT [ 29 ]. This is
due to the longer conjugation length of the extended backbone,
allowing for a more rigid structure and better interdigitation of
side chains due to wider spacing along the polymer chain [ 30 ].
Advanced Electronic Materials, 2026
When the side chains are glycolated, both gDPPT-T and gDPPT-
VT absorbance broadens, particularly to lower energy, most
prominent in gDPPT-TVT, with the λonset of 1020 nm. Both the
λmax and the λonset red shift are indicative of increased aggregation
[ 29 ]. 

Blending with SSIL has been shown to electrochemically dope
p-type polymers. Interactions with solid-state ions create a con-
ductivity enhancement only under the application of an applied
bias, which is then reversible once the bias has been removed.
As this is an electrochemical process, there is no direct chemical
doping in the ground state. The first step after blending the
DPP polymers at a 1:1 w/w ratio with SSIL is to confirm the
3 of 13
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ground state interaction with absorbance spectroscopy. Evidence
of chemical doping would show as a reduction in intensity of the
neutral absorbance bands at 800 nm and the appearance of the
polaronic band at longer wavelengths, starting > 900 nm [ 29 ]. The
absorbance of the DPP:SSIL blended films is shown in Figure S1a .
It is clear for both alkylated and glycolated polymer blends, there
is no appearance of the polaronic band beyond the neutral λonset .
This confirms there is no permanent chemical doping interaction
between DPP-based polymers and SSIL. 

The absorbance spectra of the DPP:SSIL blends indicate that,
even though there is no chemical doping, there is some minor
morphological changes which differ between the DPP polymers
arising from the entanglement and aggregation in solution [ 18 ].
For DPPT-T, the changes to the neat film order by glycolation
play a prominent role in changing the blending interaction with
SSIL [ 31 ]. The lower crystallinity and greater disorder in aDPPT-
 lead to larger absorption changes. aDPPT-T:SSIL shows a shift
to lower energy for both the λmax and λonset , this is indicative
of increased aggregation in the blended film. The improved
polymer chain order of gDPPT-T is maintained and as such,
gDPPT-T:SSIL shows no change in λmax or FWHM, suggesting
the polymer chain packing order remains largely undisturbed.
There are also clear differences in film morphology observed in
the AFM (Figure S2 ) and on a larger scale in microscope images
(Figure S3 ), aDPPT-T:SSIL forms a mixed morphology, with some
areas of isolated domains indicating poor intermixing of the
polymer and ionic liquid. This is due to the poor ordering and
low density of crystalline domains and suggests that SSIL does not
intercalate into the crystalline domains but remains in an island-
like structure and only the amorphous regions interact strongly
with SSIL [ 32 ]. For the elongated backbone, the overall improved
π stacking and interdigitation is maintained for both DPPT-TVT
polymers and the absorption with SSIL decreases in FWHM,
indicating greater overall packing order. aDPPT-TVT:SSIL has
an increase in relative intensity of the vibronic shoulder and
narrows at low energy, while for gDPPT-TVT:SSIL, there is a
narrowing of both edges and a lowering of the vibronic shoulder.
This change is confirmed by the AFM; there is a change from
fine features to a larger interconnected network for both DPPT-
VT films, yet the topography of the blended networks has a
different structure, attributed to the effect of the glycolated side
chains encouraging intercalation of ions close to the conjugated
backbone. The blending mechanism of SSIL into DPP polymers
is dependent on neat polymer order, which is consistent with
previous studies of electrochemical doping of conjugated organic
polymers with SSIL, where a high crystallinity of both polymer
and solid-state ionic liquid is required to enable electrochemical
doping and increased electrical properties [ 16, 33 ]. 

2.1.2 Electrical Properties and Energetics 

Adding glycol side chains has been shown to increase inter-
actions with ions and generate more electronic charge carriers
in mixed conductor devices. However, the influence of gly-
colation on electronic-only conduction is often ignored. Here
we compare the bulk conductivity in the simple two-terminal
device architecture—a single-layer planar device with the DPP
polymer film between gold source and drain electrodes. As a
4 of 13
type of conductometric sensor, the two-terminal device works 
as a chemiresistor to measure the resistance at a constant
applied voltage with ideal behaviour showing a high and stable
current at low voltage, enabling low power operation [ 34 ]. The
bulk conductivity of the DPP polymers was investigated using
the driven voltage dependence (DVD), a constant voltage (VD )
applied across the source and drain electrodes and the current (ID )
measured (Figure 1c ). 

Both aDPPT-T and aDPPT-TVT exhibit no current modulation 
with increasing voltage, this suggests limited use in chemiresistor
devices, despite the high field effect mobilities achieved in field
effect transistors, 0.055 and 0.102 cm2 /Vs respectively (Figure S4 )
[ 3 ]. This low DVD highlights the importance of understanding the
specifics of device applications and demonstrates that while the
intrinsic mobility is high, especially in aDPPT-TVT, the number
of charge carriers without a field effect is too low to achieve usable
conductivity levels for chemiresistor applications. In contrast, 
gDPP polymers show a significant current enhancement with 
increasing VD . gDPPT-T initially measures a steadily increasing 
current with applied voltage reaching a maximum current of
13 nA at − 10 V. gDPPT-TVT increases sharply with VD , with a
current of 77 nA at just − 1 V, this is of particular interest as increas-
ing the current at low voltage is beneficial in creating low power
devices [ 35 ]. As VD further increases, gDPPT-TVT increases
in current at a greater gradient than gDPPT-T, indicating the
elongated backbone allows for faster charge transport at a lower
electrical power. This agrees with field effect mobilities of gDPPT-
 = 0.076 cm2 /Vs and gDPPT-TVT = 0.091 cm2 /Vs respectively.
The bulk conductivity ( σb ) is compared at VD = -2 V, to examine
the conductance of charges at low voltage but above the threshold
for efficient charge transport (Figure 1e ). Alkylated DPP polymers
have a σb in the order of 10− 7 S cm− 1 and switching to glycolated
side chains increases the bulk conductivity by 1–2 orders of
magnitude, demonstrating changes to electrical properties even 
without the introduction of mixed conduction through ions. This
increase in σb suggests that glycol side chains increase the number
of charge carriers even in the solid-state. The absorbance spectra
indicate that there is an increase in aggregation and areas of
increased packing order with the addition of glycol side chains,
however, the morphological changes observed are too minor to
attribute the increased conductivity to increased mobility alone. 

To investigate any energetic changes associated with side chain
glycolation, ambient photoemission spectroscopy (APS) and 
Kelvin probe were used to measure the highest occupied molec-
ular orbital (HOMO) and Fermi levels (EF ) for the glycolated
DPP polymers (Figure 1f ). The HOMO levels of the alkylated
polymers are similar, aDPPT-T − 5.12 eV and aDPPT-TVT − 5.18 eV.
Upon glycolation, there is a HOMO level shallowing to − 4.95
and − 4.89 eV, respectively, enabling the ease of hole injection
and transport. The Fermi level of all four polymers remains
nearly unchanged between − 4.58 and − 4.66 eV. This can have a
strong effect on the density of states and p-type character of the
glycolated DPP polymers. The optical band gap (Eopt ) is ∼ 1.25 eV
for all polymers; however, the EF -HOMO decreases from 0.5 to
0.3 eV with the addition of glycol side chains. Thus, glycol side
chains seem to introduce a kind of self-doping where the Fermi
level gets closer to the HOMO. This increase in p-type character
can account for the increase in conductivity measured for neat
gDPPT-T and gDPPT-TVT films. 
Advanced Electronic Materials, 2026



FIGURE 2 Normalised Raman spectroscopy at 488 nm excitation for a) DPPT-T and b) DPPT-TVT, c) structure diagram showing peak assignment 
with arrows indicating the more localised assignment of peaks 2 and 4, d) percentage change in relative peak intensity between alkylated and glycolated 
side chains. 
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Blending all four polymers with SSIL results in an enhance-
ment of the current measured in the DVD (Figure 1d ). Neat
SSIL is insulating and does not transport charges (Figure S5 )
[ 16, 36 ], therefore, the strong increase in current in DPP:SSIL
blends shows that there is a beneficial interaction between
SSIL and the polymer conjugated backbone. aDPPT-T:SSIL has
a small increase in current of nearly two orders of magni-
tude, showing current modulation by increased applied voltage.
aDPPT-TVT:SSIL is significantly enhanced, reaching currents of
3 µA and a σb increase of > 4 orders of magnitude at VD =
− 2 V. This indicates aDPPT-TVT’s highly ordered polymer chain
packing enables strong and favourable interactions with the SSIL
to increase charge carrier density and therefore conductivity.
When the glycolated polymers are blended with SSIL, the σb 
exceeds that of the equivalent alkyl side chains and currents
> 1 mA at VD = − 10 V were measured for both gDPPT-T
and gDPPT-TVT, indicating a favourable interaction between
the polymers with glycol side chains and the SSIL. This is
in part due to the shallowing of the HOMO level, which can
enable increased charge injection from the gold electrodes and
increase the charge density. Blending with SSIL has a stronger
impact on gDPPT-T than gDPPT-TVT in terms of current; the
increase from neat to blend is four orders of magnitude for
gDPPT-T compared to three orders of magnitude for gDPPT-
VT. Additionally, the absolute currents measured are higher for
gDPPT-T:SSIL at low voltage, resulting in the highest σb of 2.9
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× 10− 3 S cm− 1 at VD = − 2 V. We used the field effect properties
to calculate an estimate of charge carrier density from the field
effect conductivity ( σE ) and saturated mobility (Figure S6 ) [ 37 ].
This demonstrates that despite the lower mobility, gDPPT-T 
measures the highest σE, also indicating a higher charge carrier
density. 

Electrical characterisation of the DPP polymers has shown the
importance of elongating the conjugated backbone to increase the
mobility, however the most critical step in increasing conductivity
is the increase in charge carrier density enabled by glycol side
chains. This is achieved by adding glycol side chains and blending
with SSIL. Our results demonstrate that glycolating DPPT-TVT 
has a stronger effect on increasing conductivity, while blending
gDPPT-T with ionic liquid has greater enhancement, leading 
to an overall higher performance. We show that changing the
thin film morphology from ordered, closely packed domains to a
less ordered but more interconnected network of polymer chains
in close proximity to the ions of the SSIL, helps to increase
polaron generation and therefore conductivity. For electrochem- 
ical doping with SSIL, the high blending ratio has been shown
to be beneficial; in this work, a 1:1 blending ratio was used,
resulting in an SSIL density of approximately three anio per
monomeric unit. Previous results have shown that very high
blending concentrations of up to 1:10 DPPT-TT:SSIL continue to
enhance conductivity [ 36 ]. This is a particularly high doping ratio
5 of 13
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in comparison to chemical doping levels of fractions of a per cent
of the host polymer [ 38 ]. This displays a significant difference
to the effect of crystallinity on chemical doping, which has been
shown to be highly dependent on doping ratio, with a high doping
ratio resulting in disorder and poor conductivity enhancement
[ 39 ]. 

2.1.3 Raman Spectroscopy 

Elongating the conjugated backbone and adding glycolated
side chains has enhanced the electrical performance through
increased mobility and increased charge density, respectively.
To understand the origin of these changes, Raman spectroscopy
was used to probe the electron-phonon coupling and investigate
molecular conformational change across DPP modification and
blending [ 29 ]. Raman spectroscopy is a versatile technique that
can be used to examine the effect of changes to the chemical
environment down to the individual bond vibrations. Raman
spectra give information about vibrational modes, which can then
be used to understand molecular conformation and morphology
[ 40 ]. 

The main conjugated backbone peaks for DPPT-T and DPPT-
VT polymers are shown in Figure 2a and b , respectively. Raman
excitation at 488 nm is in resonance with the π–π* absorption
band, while excitation at 785 nm is in resonance with the CT
absorption band, this shows fewer peaks with less variation in
Raman signature between the polymers, Figure S7 . The peaks are
assigned by DFT, and with reference to literature [ 3, 16, 29 ], a sum-
mary of the peak assignment is shown in Figure 2c and in detail in
Figure S8 . DPPT-T and DPPT-TVT share many of the same Raman
peak assignments; however, extending the backbone has a few
noticeable changes. Most prominently there is the introduction of
the vinylene (V) C ═ C stretch at 1604 cm− 1 (Peak 1), the splitting of
the DPP and thiophene (T) C ═ C peak from one broad peak at 1520
cm− 1 (3) with small shoulder to two distinct peaks at 1514 cm− 1 

(3) and 1536 cm− 1 (2). This peak splitting suggests the elongated
backbone has more distinct differences in the environment of the
thiophene ring double bonds. There is also a significant difference
in the relative peak intensities, with a much greater peak intensity
on the delocalised C ─C stretch (5) across the backbone, indicating
a greater degree of delocalisation present along the elongated
TVT backbone. This correlates well with the DFT simulations
showing a greater planarity in DPPT-TVT oligomers, where
the mean dihedral angle is 2.67∘ for DPPT-T and 1.44∘ for
DPPT-TVT. 

When the alkyl side chains are switched for glycols, there are
noticeable changes to the steady state Raman (Figure 2d ). In the
case of gDPPT-T, there is a significant relative intensity increase of
the C − Cintra localised thiophene peak (4) with respect to the more
delocalised C − C vibration (5) across the whole backbone. This
shows the glycol side chains increase the resonance of the donor
thiophene unit, indicating a greater distribution of π-electron
density on the donor unit. For gDPPT-TVT, upon glycolation,
there is a relative intensity reduction of the C = C peaks,
stronger for the more delocalised C ═ C mode (3), which includes
the DPP unit and correlates with the percentage reduction of
the DPP mode (6). This indicates a differentiation between the
peaks with stronger DPP resonance decreasing relative to the
6 of 13
peaks resonant with the thiophene donor unit, suggesting a
redistribution of π-electron density to the donor unit in the
ground state. Glycolation of the two polymers has different
effects on relative Raman intensity; gDPPT-T has an increase
in peak intensity relative to the whole backbone, indicating
less π-electron delocalisation, whereas gDPPT-TVT measures a 
decrease in relative intensity, suggesting greater delocalisation. 
This links to the change in packing conformation induced by the
change of the side chain. The transition from bimodal ‘face-on’
dominant orientation to more ordered ‘edge-on’ in gDPPT-T can
lead to increased close packing, resulting in increased intramolec-
ular rigidity, increasing the localisation along the backbone 
[ 3 ]. In contrast, DPPT-TVT shows minor molecular packing
changes from alkylated to glycolated, with a slightly increased
π spacing for gDPPT-TVT, allowing for increased planarity and 
delocalisation. 

Raman spectroscopy is used to confirm the effects of blending
the conjugated polymer with SSIL. SSIL does not absorb in the
visible spectrum and has no Raman active modes, so it does not
introduce any new Raman peaks. Any changes to the Raman
spectra are hence due to changes to the polymer conformation
upon SSIL blending, not the ionic liquid itself. In DPP:SSIL,
the majority of Raman features are maintained for all four DPP
polymers, confirming the conjugated backbone conformation is 
largely unaffected in the ground state, Figure S1b . There are some
very small changes in relative intensity occurring around the
C ═ C (DPPT-T 3 and DPPT-TVT 2) and C ─C (4) modes relating
to the thiophene rings. This suggests SSIL interaction with the
conjugated backbone is focused around the thiophene units, in
agreement with the interaction of SSIL occurring preferentially 
with the donor unit [ 16 ]. 

2.2 Probing Polaron Formation 

2.2.1 Electric Field Dependent Raman Spectroscopy 

To understand the polymer structure dependence on polaron 
formation, we employed in situ monitoring using electric 
field-dependent Raman spectroscopy (EFDRS). EFDRS utilises 
electrochemical doping to induce a high density of polarons
within the polymer thin film and allows monitoring of
polaron formation. We correlate the experimental results 
with geometry simulations of simplified single strands in the gas
state. 

When a conjugated polymer is charged, a polaron forms, resulting
in a lattice distortion and structural change. The structural
change includes a redistribution of π-electron density, which can
be visualised as a change in relative peak intensity and a change
in bond length, shown by a change in peak position in Raman
spectra. While it is sometimes possible to probe the polaron
formation in OFET devices, the density of polaronic species is
incredibly low and difficult to monitor. This is because only the
first few monolayers in the active layer form the charge transport
channel in an OFET [ 41 ]. The field effect tends to be confined to
the interfacial region between the semiconducting channel and 
the dielectric layer and can be thought off as 2D [ 42 ]. Therefore,
bulk conductance methods of examining polaron formation tend 
to be required. 
Advanced Electronic Materials, 2026



FIGURE 3 a) In situ electric field-dependent Raman spectroscopy (EFDRS) with 488 nm excitation for DPP:SSIL polymers under applied bias 
b) change in total integrated Raman area showing the change from VD = 0 V and c) change in C ─C peak ratio I4 /I5 showing the relative change of 
π-electron distribution between the whole backbone and thiophene donor unit. 
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Spectroelectroabsorbance was used to understand the changes in
resonant Raman spectroscopy observed as charges are formed
and the lattice distortion affects the energetic transitions of the
polymer. In all DPP polymers, there is a strong quenching of
the main absorbance band at 800 nm, Figure S9 . However, at
488 nm, the low energy onset of the π–π* absorbance band, there
are changes between the two conjugated backbones: for DPPT-
VT, the π–π* quenches, but for DPPT-T, there is a quenching
and broadening, resulting in an increase in absorbance at 488 nm,
Figure S9c . This change in absorbance spectra with applied
voltage indicates a rearrangement of molecular orbitals, shifting
the energetics of optical transitions in the DPPT-T polymers as
charges are formed. 

The EFDRS of the four DPP blends is measured under a 488 nm
Raman probe. This excitation is in resonance with the edge
of the π–π* absorbance band and provides detailed in situ
characterisation of the π conjugated backbone under polaron
formation. A source drain bias is applied across a 5 µm channel
varying from 0 to − 5 V. Figure 3a shows the Raman spectra
averaged along the chemiresistor channel at each applied voltage.
The normalised spectra and neat films are shown in Figures S10
and S11 . The change in total integrated area (Figure 3b ) is used
to quantify the strength of the Raman signal and the changes
in resonance at 488 nm excitation over the applied bias range.
Advanced Electronic Materials, 2026
Here, the change in Raman peak area is an estimation of the
change in Raman cross section and indicates an increase or
decrease in the overall concentration of resonant molecules. This
is highly linked to the absorbance at the excitation wavelength.
When probing the neutral band under bias, it is expected that
the neutral resonant Raman intensity will decrease in line
with the respective absorbance band decreasing. The change 
in resonance is small for the alkylated DPP polymers. Coupled
with the low current measured for aDPPT-T (Figure 1d ), this
suggests poor interaction with ions in the SSIL and low polaron
formation. When glycolated, there is an increase in resonance
for gDPPT-T and a decrease for gDPPT-TVT, following the
change in absolute spectroelectroabsorbance (Figure S9c ). This
further suggests the critical role glycolated side chains perform
in ensuring strong ion-polymer interaction even in the solid
state. 

The change in relative peak intensity and shifts in peak position
can be used to probe changes to the backbone confirmation
and molecular structure as polarons form on the polymer chain.
Figure 3c shows the relative peak intensity ratio between the
two C ─C peaks, ( I4 / I5 ), which shows the change in π-electron
distribution between the backbone as a whole and concentrated
to the thiophene donor unit. aDPPT-T shows no change in peak
position and relative intensity as the drain voltage increases. This
7 of 13
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indicates there is little conformational change induced, indicating
there is no measurable lattice distortion to stabilise charge. This
suggests there is a higher energy barrier to stabilise and transport
charges, which correlates with the four orders of magnitude
lower in situ current measured (Figure S11b ) and the reduced
current and conductivity shown in Figure 1 . The other three DPP
polymers show a relative increase in the C ─C thiophene mode,
confirming an increase in concentration of π-electrons around
the donor unit as hole polarons form. This increase is strongest
in gDPPT-T, where there is an increase in spectroelectroab-
sorbance (Figure S9c ) and an increase in overall Raman signal
(Figure 3b ). 

The degree of change measured in EFDRS can be explained
with reference to density functional theory (DFT) simulations of
hole polaron formation on isolated DPP trimers in the gas state.
Reorganisation energy (RE) is the energy required to stabilise
a charge during polaron formation, due to the strong phonon-
electron coupling and lattice distortion; energy is required to
redistribute the charge [ 43 ]. Figure S12a shows a larger simulated
inner RE for aDPPT-T (0.143 eV) and gDPPT-T (0.146 eV)
than for the elongated backbone DPPT-TVT ( < 0.1 eV). This
confirms the change in EFDRS, where a greater degree of
structural change is expected for DPPT-T as a larger lattice
distortion is required to stabilise the charge. In gDPPT-T, the
larger simulated RE correlates with the high reorganisation of
π-electron density shown in the experimental in situ Raman.
While aDPPT-T shows that the higher simulated reorgani-
sation energy coupled with the low polymer-ion interaction
creates a limiting step, preventing polaron formation and result-
ing in a low current and no experimental Raman signatures
measured. 

Furthermore, gDPPT-T EFDRS also shows other significant
peak-to-peak changes upon polaron formation. As well as the
significant increase in C ─C ratio (Figure 3c ), there is simulta-
neously shifting of the peak centre by 3 cm− 1 and an increase
of the FWHM, indicating a stronger π-electron density and
a greater distribution of energetic states. The peak shift rises
sharply at VD = -3 V, in conjunction with the current increasing
from 0.2 to 1.5 µA (Figure S11b ). This increase in peak position
signifies the C ─C bonds of the thiophene units shortening
with increased voltage, indicating a shift to more double-bond-
like character. Additionally, the relative peak intensity of the
DPP mode (6) and the DPP and thiophene C ═ C mode (3)
decreases with respect to the delocalised backbone mode (5),
indicating a reduction in π-electron density about these bonds.
Thus, the EFDRS shows a π-electron decrease over the DPP
unit. 

The impact of stabilising the charge is confirmed in simulation
by investigating the bond length alternation (BLA), the average
difference between the length of the C ─C and C ═ C [ 44 ] which
can be used to assess the benzoidal or quinoidal behaviour
of a conjugated backbone, Figure S12b . Overall, DPPT-T has
a larger change in BLA ( ΔBLA), showing that the change in
structure required to accommodate the charge is higher. The
major change comes from the polaronic geometry optimisation,
which shows that there is a significantly lower BLA for charged
DPPT-T compared to charged DPPT-TVT. This means that the
energetic cost to stabilise the charge as greater impact across the
8 of 13
bonds of DPPT-T, while the charge is stabilised over the extended
conjugated backbone with lower disruption to the benzoidal 
character for DPPT-TVT. 

When the backbone donor unit is elongated to DPPT-TVT, the in
situ current is increased, confirming the higher charge mobility
and conductivity. The EFDRS of aDPPT-TVT shows minimal 
peak changes, with no changes in peak position or peak width.
There is a relative peak intensity increase for the C ─C peak
ratio (Figure 3c ) concurrent with a decrease in both C ═ C modes.
Indicating a shift from a highly benzoidal structure toward a
more equal distribution of π-electron density as polarons form
along the highly planar backbone. As with aDPPT-TVT, there
is no significant deviation of peak position or width in gDPPT-
VT. gDPPT- TVT EFDRS quenches as VD is increased (Figure 3b ),
in agreement with the decrease in absorbance measured in the
electrochemical cell (Figure S9c ). In addition to showing a strong
quenching under increased bias, gDPPT-TVT also demonstrates 
a selective quenching of the delocalised C ─C mode (5), resulting
in a relative increase of all other peaks. The ratio of the localised
thiophene C ─C (4) (Figure 3c ) to the delocalised C ─C increases
while the overall Raman signal decreases (Figure 3a,b ). This
indicates that while the neutral resonance is decreasing, there is a
concentration of π-electron density around the thiophene donor 
unit. 

DFT simulations of individual bond lengths (Figure S12c ) show
that bond length changes across DPPT-T and DPPT-TVT are
similar, but with a slightly lower magnitude of bond length
change across all bond types for DPPT-TVT. This indicates that
it is not the inclusion of one particular unit that decreases the
required lattice distortion, but a greater stabilisation across the
whole backbone due to the longer conjugation length. Another
factor in charge delocalisation is the planarity of the conjugated
backbone; planarising or locking units can significantly increase 
charge delocalisation [ 45 ]. Simulation of the dihedral angles
along a trimer confirms that DPPT-TVT is significantly more pla-
nar, with the highest torsion angle between adjoining thiophene
units measuring only 2.8◦, compared to 5.8◦ in DPPT-T. When a
charge is added, there is rearrangement and delocalisation along
the backbone, which leads to a change in the dihedral angles
(Figure S12d ), this can account for a significant proportion of
the reorganisation energy required. Dihedral angle simulations 
show that the more planar DPPT-TVT requires less change to the
dihedral angle as a charge is added, contributing to a lower RE. 

The peak signatures upon polaron formation for the DPPT-
 polymers show a number of key differences to DPPT-TVT.
DPPT-T polaron formation is more localised, with greater lattice
distortion and a higher reorganisation energy, which limits
polaron formation, so that aDPPT-T is unable to overcome the
energetic barrier and measures low currents. The shallowing of
the HOMO and increase of long-range order in gDPPT-T enable
polaron formation and can be probed by EFDRS to identify the
localisation of π-electron density and bond length changes to the
thiophene donor unit. EFDRS shows the transition from isolated
localised polarons in DPPT-T to the delocalised extended polaron
wavefunction of DPPT-TVT. Both aDPPT-TVT and gDPPT-TVT 
show small peak signature shifts and measure high currents,
indicating a greater distribution of the lattice distortion across the
backbone. 
Advanced Electronic Materials, 2026
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2.2.2 Synaptic Ion Interactions 

To examine the change in polaron formation and retention,
the DPP polymers were tested in ion-gel gated organic synaptic
transistors (IGOSTs). Organic synaptic transistors (OST) emulate
the pulse and memory effect of biological synapses, where the
synaptic electrical spike is passed from the gate electrode through
a solid-state ionic gel layer [ 46 ]. This causes the migration of ions
into the organic semiconductor layer and induces a postsynaptic
response. OSTs share similarities with blending with SSIL due to
the solid-state nature of the device but also with OECTs, where
ion penetration plays an important role. DPP-based OSTs have
proven to be difficult to electrochemically dope and result in short
retention times, however recent research has used molecular
engineering to improve synaptic retention. Current amplitudes
and retention times have been improved by including an alkyl
spacer between the backbone and the branched side chain [ 47 ],
adding glycolated side chains [ 48 ]. and blending alkylated and
glycolated polymers [ 49 ]. The DPP polymers in this work have
a C6 and C12 spacer for alkylated and glycolated side chains and
show a variety of polymer chain order properties depending on
the conjugated backbone and side chain combination. Solid-state
chemiresistor measurements and in situ Raman spectroscopy
have shown that the electrical properties can be tuned by
interaction with ions. We demonstrate how understanding of
polaron formation can explain changes in IGOST. 

The IGOST transfer curves (Figure S 13a ) show classic hysteresis
behaviour, confirming the ion doping and dedoping process
through the ion gel. We used a single gate pulse to compare
the interaction of dynamic ionic behaviour to our results from
static SSIL blends. A single pulse was chosen in order to probe
ion infiltration and back diffusion processes, which enables
comparison with the molecular structural change required for
the transition from neutral to polaronic. The application of a
single gate pulse works to push ions from the ion gel into the
active polymer layer, resulting in an increase in the drain current.
Figure 4a shows a representative of the drain current measured
for each polymer at VG = − 3 V with a 2 s pulse duration. The
OFF current is similar for the four transistors, below 10− 7 A. Upon
the application of the gate pulse, there is no change in current
for aDPPT-TVT and a small current increase for aDPPT-T, which
immediately drops once the synaptic pulse is complete. Hence,
neither alkylated DPP polymers show synaptic behaviour under
these conditions. In contrast, gDPPT-T and gDPPT-TVT increase
dramatically in current and then show a retention of the current
enhancement long after the synaptic pulse. This shows there is
significant ion retention and memory effect for the glycolated
polymers. 

To understand how the change to backbone and side chains
affects the interaction of ions and, therefore, polaron formation,
the maximum excitatory postsynaptic current (EPSC) can be used
to quantify the current induced under a short synaptic pulse.
Figure 4b shows the maximum EPSC as a function of pulse ampli-
tude to quantify the spiking voltage-dependent plasticity (SVDP).
Spiking time-dependent plasticity (STDP) is shown in Figure
S13b . Alkylated DPP show no increase in current with pulse
amplitude, indicating the penetration of ions into the material
from the ion gel is low and does not induce a beneficial interaction
with the conjugated backbone. This differs from blending aDPP
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with SSIL in solution, where there is an opportunity in solution
for the intercalation of ions into the polymer chain packing,
allowing for current enhancement under sustained drain voltage 
application. This indicates that ions cannot easily migrate into
the alkylated polymer domains and the low EPSC correlates with
the lack of current enhancement measured in neat chemiresistor
DVD (Figure 1c ). In contrast to SSIL electrical characterisation
shown in Figure 1d , IGOST aDPPT-T performs slightly better
than aDPPT-TVT, showing a small EPSC increase at VG = − 3 V
and greater. This is likely due to the changes in crystallinity of
the neat film, whereby aDPPT-T is more disordered and ‘face-
on’ in orientation [ 3 ] allowing more amorphous domains and
boundaries for polymer-ion interaction. Instead, glycolation of 
the side chains has a much stronger, highly beneficial effect
on the synaptic behaviour, demonstrating the benefits for ion
permeation. The maximum EPSC for gDPPT-T increases from 

VG = − 3 V, reaching 0.9 mA. gDPPT-TVT increases from a lower
pulse amplitude and saturates at − 3.5 V with a maximum EPSC
of 4 mA. Comparing the IGOST current with DVD current, EPSC
shows a three order of magnitude increase on application of a 2 s
− 3 V pulse, comparable to the four order of magnitude increase
for − 3 V in DPP:SSIL blends (Figure 1d ) and far exceeds the
current enhancement of the neat DPP DVD (Figure 1c ). Thus, ion
migration into the gDPPT-T and gDPPT-TVT films is shown to be
fast and efficient. 

The retention of ions is important for the memory behaviour
of synaptic devices. The memory retention (R) is measured as
the percentage of the maximum EPCS induced (Figure S13c ).
In this work, the single VG pulse induces a low but measurable
increase in EPSC over 60 s after the synaptic pulse in both gDPPT-
 and gDPPT- TVT. The retention is higher for gDPPT-TVT VG =

− 3.5 V, showing an R60 of 3.5%, compared to just 0.7% for gDPPT-
. This suggests the retention of ions is enhanced by the higher
crystallinity of the elongated backbone, whereby ions penetrate 
and form interactions with more highly ordered conjugated 
backbones. The lower reorganisation energy and higher mobility 
of gDPPT-TVT enable increased ion interaction and reduced ion
back diffusion [ 50 ]. 

The shape of the EPSC during the VG pulse shows the changes in
ion permeation. Figure 4c shows the normalised EPSC over the
duration of the gate pulse as the VG is increased. gDPPT-T shows a
constant current increase rate with a high linearity with a 10–90%
rise time of 1.38 s for VG = − 3.0 and − 3.5 V. The turn on indicates
a steady rate of ion migration into the polymer layer, resulting
in an increase in EPSC over the pulse period. For gDDPT-TVT,
the turn on dynamics increase over the range of voltage applied,
starting at 1.59 s at VG = − 2.0 V and decreasing to 1.37 s for VG =
− 3.0 V. There is a dramatic shift at VG = − 3.5 V, where the turn
on is nonlinear, with a rise time of only 0.68 s, twice as fast as
gDPPT-T under the same conditions. The increasing EPSC rate
indicates a change in ion migration, whereby a threshold voltage
has been overcome to induce a higher density of ion infiltration
and interaction with the gDPPT-TVT backbone. It is likely this
onset for gDPPT-TVT is linked to the lower reorganisation energy
(Figure S12a ) and decreased molecular structural change required
to induce polaron formation (Figure 3c ) than for gDPPT-T. 

IGOST measurements rely on dynamic ions moving in and out of
the conjugated polymer under the influence of synaptic pulses.
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FIGURE 4 IGOST Device Characteristics a) Synaptic pulse measurement showing the application of a -3 V gate pulse for 2 s, b) Spike voltage 
dependent plasticity (SVDP), the maximum excitatory postsynaptic current (EPSC) measured as a function of pulse amplitude, c) EPSC for SVDP 
normalised over pulse duration for gDPPT-T and gDPPT-TVT and d) rise time for SVDP from 10% to 90% of pulse height. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This differs highly from the static blended properties of SSIL
blends, where anions must intercalate with conjugated polymers
in solution before being cast. In SSIL blends, the neat polymer
order is disrupted by the active anions and the bulky cations
as they are blended to form an interconnected network [ 33 ]. A
balance of high crystallinity and flexibility to accommodate ions
is required to electrochemically dope the polymer and enhance
conductivity. In this work, we have shown that the impact
of glycolation on packing order and shallowing the HOMO
level allows for greater electrochemical enhancement of gDPP
polymers, with the magnitude of enhancement being greater for
gDPPT-T. In synaptic measurements, the DPP polymer order
is of the neat film packing and ions must infiltrate into the
bulk, sharing many dynamics of OECTs without the swelling
by the electrolyte. Our results show a significant increase in
EPSC induced for gDPPT-TVT over gDPPT-T, this is likely to be
due to the increased polymer order, longer backbone length and
greater spacing between side chains. The combination of glycol
side chains to encourage ion distribution close to the backbone
and the strong ion-polymer interaction with the extended planar
donor unit works to increase the rate of ion migration during the
synaptic pulse, increasing the rise time and the maximum EPSC.
After the synaptic pulse, the higher ion retention in gDPPT-TVT
is linked to a higher density of ions with strong ion-polymer
interactions due to lower reorganisation energy and the capability
to form and delocalise more polarons. 

3 Conclusion 

In this work, we have investigated the molecular structure-
property relationship of DPP polymers to understand the effect
of backbone elongation and side chain substitution on polaron
formation and charge transport. We demonstrate that backbone
10 of 13
elongation reduces molecular structural change upon polaron 
formation through increased planarity and greater delocalisation, 
thus increasing the charge transport and conductivity. Glycola- 
tion can have a profound effect on polymer properties, especially
in the case of lower mobility, higher disorder DPPT-T. Adding
glycol side chains increases the p-type character of the DPP
polymers, increasing conductivity and reducing the barrier to 
lattice distortion. 

The conductivity of the DDP polymers can be improved by
electrochemical doping with SSIL. Solid-state electrochemical 
doping could be used to overcome difficulties in achieving high
charge carrier densities with commercially available molecular 
dopants due to the deep HOMO of DPP polymers. We show
that the SSIL interaction is stronger for glycolated DPP polymers
and enables a high density of polarons. Using EFDRS as an
in situ Raman probe, we are able to determine the difference
in polaron formation mechanism and confirm with simulation.
DPPT-T has a larger molecular structural change, creating more
localised polarons concentrated over the thiophene donor unit. 
DPPT-TVT enables more polaron delocalisation, decreasing the 
molecular structural change required. In IGOSTs, the lower 
energy lattice distortion and greater delocalisation of polarons of
gDPPT-TVT allow for faster polaron formation and longer ion
retention. 

4 Experimental Section/Methods 

4.1 Materials 

DPP-based polymers were synthesised by Y.H. Kim group and
summarised in Table S1 [ 3 ]. Solid state ionic liquid 1-dodecane-
3-methylimidazolium hexafluorophosphate ([C1 C12 IM+ ] [PF6 − ]), 
Advanced Electronic Materials, 2026
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was synthesised through a conventional method described else-
where [ 36 ]. 

4.2 Film Preparation 

DPP neat and blended with SSIL were dissolved in chloroform
at a 5 mg/mL − 1 and stirred at 40◦C, before being spin coated
on to cleaned substrates at 2000 rpm/40 s. Chemiresistor and
bottom-gate bottom contact OFET devices were fabricated using
Fraunhofer silicon wafers with a silicon dioxide layer, and the
source and drain electrodes (W = 2 mm L = 5 µm) formed of a
10 nm ITO adhesion layer and topped with 30 nm of gold and
thin films were spun on quartz, ITO and FTO substrates under
the same conditions. Films were dried in a desiccator overnight
and stored in N2 . 

4.3 Absorbance and Energetics 

The absorption of thin films on quartz was measured Shimadzu
UV-2600 UV/visible spectrophotometer with an 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. Spectroelectrochemical absorbance mea-
surements were measured of neat DPP polymers on FTO-coated
glass substrates. A custom electrochemical cell was used with Pt
counter electrode, Ag/AgCl reference electrode and acetonitrile
electrolyte (0.1 M TBAPF6 ). Oxidising potential was applied using
an Autolab potentiostat PGSTAT101, and transmission spectra
were collected in reference to a blank FTO substrate in the
electrochemical cell. 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 an Ag reference sample. Thin films were spun
onto cleaned ITO substrates and kept in the dark in N2 prior
to measurement. 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. The LUMO was estimated from
the optical energy gap, the onset of absorbance, and the HOMO
level by APS. 

4.4 Electrical Characterisation 

Chemiresistor performance was measured using Driven Voltage
Dependence (DVD) measurement on a probe station in a nitrogen
glovebox. A drain voltage is held between the source and drain
electrode for 10 s, and the drain current is measured. The mean
current for each applied voltage is extracted to evaluate the
device performance, and bulk conductivity ( σb ) is calculated
from the current, taking into account the channel dimensions.
OFET transfer and output curves were measured, VD = − 10
and − 60 V and VG sweep = + 20 to − 60 V and field effect
conductivities extracted using the transfer line method [ 51 ].
IGOST measurements were carried out using the same device
architecture as a chemiresistor with the application of an ion gel,
drop cast from 1:4:11 [EMIM][TFSI]:PVDF-HFP:acetone with a
micro-positioner probe as the gate electrode. OST transfer sweeps
were measured at VD = − 0.5 and − 1 V with VG sweeps from + 3.5
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to − 3.5 V, synaptic pulse measurements were taken with a single
pulse of duration 0.5 to 2 s at VD = − 1 V and varying VG from − 0.5
to − 4.0 V. 

4.5 DFT Simulation 

Raman peak assignment and geometry analysis were simulated 
using density functional theory (DFT) on the Imperial College
High-Performance Computing service using GAUSSAIN09 soft- 
ware [ 52 ]. All simulations were performed on single molecules
in the gas phase using the B3LYP level of theory and basis
set 6–31G(d.p) [ 53–55 ]. DPP polymers were simulated for with
donor unit end groups for dimers (D-A-D-A-D) and trimers (D-
-D- A-D- A-D) with hexyl side chains (-C6 H13 ) for alkyl DPP

and methoxybutane (-(CH2 )4 OCH3 ) to simulate glycol. The fre- 
quency of vibrations was identified from simulations of Raman
spectra using an empirical scaling factor of 0.97 [ 56 ], and peak
assignments were visualised using GaussView 6.0.16 software 
[ 57 ]. Geometry data and Hirshfeld charges were extracted from
the optimisation calculations, and the reorganisation energy was 
calculated. Simulated neutral and polaronic states give the final
optimised geometry for the oligomer in the gas state, allowing
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 delocalised charge. 

4.6 Atomic Force Microscope 

Thin film topography was measured on a Park NX10 AFM system
using true non-contact mode with an NCM-NHCR tip. AFM
Z height images were processed and analysed using Gwyddion
software. 

4.7 Raman Spectroscopy 

A Renishaw in Via Raman microscope was used to collect Raman
spectra, with a 50x objective in a backscattering configuration.
Spectra were collected using a 488 nm and 514 nm argon-ion laser
and a 785 nm diode laser with laser power, acquisition time and
defocus optimised to enable the best spectra and minimum laser
degradation. Calibration of the filter and grating was performed
using the well-defined 520 cm− 1 peaks of a Si reference. For in situ
Field Dependent Raman Spectroscopy (EFDRS), the same Raman 
protocols were used. The sample was contained in a Linkam
HFS600E-PB4 sample chamber, and a drain voltage was applied
across the source-drain electrodes. A constant VD was applied 
and held for 2 min before Raman measurements were taken; 20
positions down the 5 µm channel were probed at each applied
voltage. 
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