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Abstract

Novel p-type semiconducting polymers that can facilitate ion penetration, and operate in
accumulation mode are much desired in bioelectronics. Glycol side chains have proven to be an
efficient method to increase bulk electrochemical doping and optimize aqueous swelling. One
early polymer which exemplifies these design approaches was p(g2T-TT), employing a
bithiophene-co-thienothiophene backbone with glycol side chains in the 3,3’ positions of the
bithiophene repeat unit. In this paper, the analogous regioisomeric polymer, namely pgBTTT, was
synthesized by relocating the glycol side chains position on the bithiophene unit of p(g2T-TT)
from the 3.,3' to the 4,4' positions and compared with the original p(g2T-TT). By changing the
regio-positioning of the side chains, the planarizing effects of the S--O interactions were
redistributed along the backbone, and the influence on the polymer’s microstructure organization

was investigated using grazing-incidence wide-angle x-ray scattering (GIWAXS) measurements.
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The newly designed pgBTTT exhibited lower backbone disorder, closer 7-stacking, and higher
scattering intensity in both the in-plane and out-of-plane (GIWAXS) measurements. The effect of
the improved planarity of pgBTTT manifested as higher hole mobility («) of 3.44 = 0.13 cm? V!
s'!. Scanning tunneling microscopy (STM) was in agreement with the GIWAXS measurements
and demonstrated, for the first time, that glycol side chains can also facilitate intermolecular
interdigitation analogous to that of pBTTT. Electrochemical quartz crystal microbalance with
dissipation of energy (eQCM-D) measurements revealed that pgBTTT maintains a more rigid
structure than p(g2T-TT) during doping, minimizing molecular packing disruption and

maintaining higher hole mobility in operation mode.

INTRODUCTION

Bioelectronics is an interdisciplinary field that involves the fabrication of electronic
devices capable of communicating with biological systems by translating biological signals (e.g.,
ion fluxes), into electronic signals. In the last decade, the field has seen significant growth in the
number of device types employed, and applications thereof, including polymer electrodes for
neural interfacing,! organic electrochemical ion pumps for drug delivery systems,? * and organic
electrochemical transistors (OECTs) for the signal amplification of ionic fluxes and sensing of
molecules and ions,* 3 as well as many others.®® Each of these applications relies on the use of
semiconducting materials that exhibits ‘mixed’ transport,’ i.e., materials that can transport both
ionic and electronic charge carriers.!® Conjugated organic polymeric materials possess weak
intermolecular (van der Waals) interactions, which allow ionic diffusion within the microstructure,
making this type of materials ideal for biological applications.!! At the same time, conjugated
polymers are well-known for exhibiting excellent electronic charge carrier characteristics and have
exceptional synthetic flexibility,'> !* and are thus ideal candidates for creating communication
across the abiotic/biotic interface.

From the many bioelectronic devices developed, OECTs have gained significant interest
in the last decade.!* In contrast to organic field-effect transistors (OFETs), OECTs use (often
aqueous) electrolytes as gate dielectrics, with subsequent ion-charge transport throughout the bulk
of the thin film.'"® Given the predominant use of OECTs to monitor biosignals, the electrolyte
solution in contact with an OECT channel is typically one that mimics biological conditions, e.g.,

an aqueous 100 mM NaCl solution.!> For OECTs to operate efficiently, the organic semiconductor
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in the channel must allow ion transport throughout the bulk of the film enabled upon applying a
bias at the gate electrode.'* As ions coordinate to water molecules, ion motion into the organic
semiconductor is typically accompanied by an ingress of water molecules into the semiconductor
as well, thereby leading to a swelling of the polymer.'® 7 The coupling of these ions with the
electronic charges in the polymer backbone affects the channel conductivity, hence is transduced
as an electrical signal.!’

Currently, the most widely employed channel material in OECTs is the polyelectrolyte
doped conducting polymer poly(3,4-ethylene dioxythiophene)-poly(styrene sulfonate) (PEDOT:
PSS). PEDOT: PSS has been heavily studied as the active semiconducting material in OECTs
because of its intrinsic electrical conductivity of >1000 S cm™!, commercial availability from many
suppliers, and electrochemical stability.!® ' Nonetheless, PEDOT: PSS based OECTs display
some drawbacks, including the requirement of a depletion mode of operation (due to its intrinsic
conductivity) that increases the power consumption of the device, meaning that PEDOT: PSS
based devices are typically ON in the absence of gate bias. Once a bias is applied, cations are
injected into the channel and de-dope PEDOT: PSS, thereby modulating its electrical conductivity
and the drain current recorded. Additionally, the complex structure of PEDOT: PSS limits its use
as a model system to investigate structure-property relations.”’ Moreover, the PSS fraction in
PEDOT: PSS acts as an electrical insulator and limits the volumetric capacitance (C*).2! Added to
that, PEDOT: PSS requires extensive pre- and post-processing treatments to achieve optimum
performance in OECT applications.?? To overcome the limitations posed by PEDOT:PSS, the last
five years have witnessed the development of a new class of organic semiconducting polymers
employing electron rich thiophene backbones grafted with ethylene glycol (EG) based side chains,
whose electronic, morphological and swelling properties can be easily tailored by chemical
design.'* 23-26 These materials have shown considerable promise for bioelectronic applications as
(1) their OECT performance can match or even exceed those of PEDOT: PSS based devices,? 7
(i) OECTs employing these materials typically operate in accumulation mode compatible with
conventional circuits,?> ?® and (iii) they are ideal materials for biosensing due to the flexibility of
customized side chains that offer a wide tuneability of the surface properties.!%2°-3!

Previous work has demonstrated the ability to manipulate conjugated polymers through
molecular design in order to enhance their ionic and electronic conductivities by (i) improving

orbital interchain overlapping for better intermolecular charge transport, (ii) increasing 7~



conjugation for intramolecular charge delocalization, (iii) tuning energy levels (the highest
occupied molecular orbital, HOMO, for p-type polymers and the lowest unoccupied molecular
orbital, LUMO, for n-type polymers),?*** (iv) introducing glycol chains to improve ion doping
efficiency and aqueous compatibility.!”> 23 28 35 36 Qo far, the molecular design strategies
investigated to maximize the OECT performance of EG functionalized organic semiconductors
have been focused either on tuning the nature and length of the employed side chains or modifying
the aromatic moieties that constitute the conjugated polymer backbone.!6: 1723, 27, 28, 30,31, 35,36 Of
the numerous EG functionalized organic semiconductors developed for OECT applications,
poly(2-(3,3'-bis(2-(2-(2-methoxy ethoxy)ethoxy)ethoxy)-[2,2’-bithiophen]-5-yl)thieno[3,2-
b]thiophene) (p(g2T-TT)), a polymer whose conjugated backbone consists of alternating 3,3’-
diglycoxy-2,2’-bithiophene and thienothiophene units, has been demonstrated to be one of the
highest performing active channel materials for OECTs, affording a pC* figure of merit up to 261
F cm™! V! s7137 p(g2T-TT)’s high performance in OECTs has been attributed both to its high
volumetric capacitance , which is a result of the polymer’s ability to accept ions extensively
throughout the bulk, and its good electronic mobility (porct), which stems from the relatively high
degree of polymer backbone planarity that arises due to the planarizing sulfur-oxygen interactions
of the head-to-head coupled bithiophene moiety.?* Close examination of the p(g2T-TT) backbone
reveals that the side chains have an isomeric regio-arrangement to the well-known semiconducting
polymer pBTTT, shown in Figure 1, where in this case, the side chains have a head-to-head
regiopositioning. The side chains of p(g2T-TT) have an oxygen atom directly connected to the
thiophene repeat unit, which increases both backbone planarization and electron density. The
regio-positioning of the oxygen atom therefore is likely to have direct consequences on both
parameters.

Herein, we investigate the regiochemical attachment of the solubilizing triethylene glycol
chains (TEG) chains on the 2,2’-bithiophene unit at the 4,4’-positions (tail-to-tail linkage) in
comparison to the 3,3’-positions (head-to-head linkage) in the analogous polymer p(g2T-TT) (see
Figure 1) and discuss the origins of the difference in materials properties. Density functional theory
(DFT) simulations predict that the resulting polymer, poly(2-(4,4'-bis(2-methoxyethoxy)-5'-
methyl-[2,2'-bithiophen]-5-yl)-5-methylthieno[3,2-b]thiophene) (pgBTTT), should have an
increased ratio of planar dihedral angles across the backbone (vide infra), which should improve

the backbone planarity, reducing energetic disorder, and therefore improving the polymer’s charge



carrier mobility. Monomethyl ether capped TEG chains were employed as solubilizing units as
previous investigations into polythiophene based polymers for OECT applications had revealed
that these chains facilitate a good compromise for both poect and C*.3¢ Moreover, the use of TEG
chains also allowed for a more direct and fairer comparison of the resulting polymer with p(g2T-
TT). 2> 2 A detailed comparison between the two isomeric polymers was made using
photoelectron spectroscopy in air (PESA), cyclic voltammetry (CV), spectroelectrochemistry, UV-
Vis, differential scanning calorimetry (DSC), grazing incidence wide angle X-ray scattering
(GIWAXS) and scanning tunneling microcopy (STM), in order to have a full understanding of the
polymers’ physical, structural, and electronic properties. Compared to p(g2T-TT), OECTs
fabricated from pgBTTT showed a much-improved mobility, leading to a record high average uC*
of 502 + 18 Fem! V-1 g1,

pBTTT p(g2T-TT)
Figure 1. pBTTT, p(g2T-TT) and pgBTTT polymer structures

EXPERIMENTAL

Theoretical modelling. To examine the effect of the intramolecular S--O interactions on the
conformation of the backbone, oligomers of pgBTTT and p(g2T-TT) were modeled by DFT
simulations, where TEG chains were truncated to OMe groups for computational efficiency. From
the 4-oligomers’ illustration in Figure 2 it can be seen that some of the dihedral angles become
stabilized by non-covalent S-O interactions resulting in four dihedral angles close to 180° in

p(g2T-TT). In contrast, seven dihedrals were close to 180° in a pgBTTT oligomer of the same



length, showing a higher degree of regularity in dihedral angles across the backbone of pgBTTT
(Figure 2). This reduced fluctuation in dihedral angles is evidence of a more planar backbone,
allowing closer intermolecular - distances and reducing energetic disorder, which should in turn
facilitate charge hopping, and therefore enhance charge carrier mobilities.® The S-O interactions
in p(g2T-TT) are additive, as torsional potential energy surfaces (see SI) show the largest barrier
for rotation, and therefore more stabilization at the planarized minima, for p(g2T-TT) around the

thiophene-thiophene bond.

Figure 2. Sections of p(g2T-TT) and pgBTTT polymers highlighting S--O interactions (black dashed lines)
leading to planarized dihedrals (bold red with 6 = 177-180°), and sections with twisted dihedrals in the
absence of the S--O interactions (bold black with 8 = 154-156°). The red dashed squares highlight the planar
sections in pgBTTT and p(g2T-TT). Geometries were optimized using ®B97XD/6-31G* where ©=0.1
Bohr!

Ionization potential levels can be affected by both geometric and electronic effects which can be
investigated separately using model systems. In order to analyze the relevance of the geometric
effects, the alkoxy groups of both polymers’ backbones were removed, forming an equivalent
unsubstituted bithiophene-co-thienothiophene model polymer puBTTT. The HOMO level was
estimated by calculation of the oxidation potential in a polarizable continuum, with the fully
optimized unsubstituted polymer puBTTT having a HOMO energy of -5.34 eV with respect to the
vacuum level. Using the p(g2T-TT) derived geometry with the methoxy groups replaced with



protons, results in the HOMO being shallower by 0.1 eV to -5.2 eV. The pgBTTT derived
geometry with methoxy groups replaced by protons gave a HOMO energy of -5.1 eV, as a result
of the substantial increase in the quantity of planar dihedral angles throughout the pgBTTT
backbone.

Generally, reducing torsional disorder in the polymers’ backbone leads to an improvement in
charge carrier mobilities.>® However, charge distribution within the polymer could also have a
substantial effect on charge mobilities. To quantify the charge distribution effect, the polymers
were divided into fragments, and the Hirshfeld charges of each fragment along the polymer chain
were calculated (Figure 3). The charge distribution in pgBTTT is very similar to the puBTTT
polymer, with one-third of the overall charge of the oxidized polymers residing on a TT group near
the middle of the system. In contrast, the charge in p(g2T-TT) is more stabilized on the bithiophene
units than on the TT. Thus, the HOMO energy of p(g2T-TT) is raised more than that of pgBTTT
by the electron donation effects, due to the proximity of OMe substituents to the positive charge.
These are purely electronic effects and not induced by the polymer conformation, as charge
distributions of unsubstituted polymer chains with dihedrals fixed at the pgBTTT or p(g2T-TT)
geometries resemble that of parent puBTTT (see Figure S7). Overall, HOMO levels of both p(g2T-
TT) and pgBTTT are shallowed relative to puBTTT through both geometric and electronic effects,
although the geometric effect is stronger in pgBTTT while the electronic effect is stronger in

p(g2T-TT).
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Figure 3. Hirshfeld charge distribution in oxidized puBTTT, p(g2T-TT), and pgBTTT polymers based on
a fragment analysis of the polymer chain. TT groups shown in grey, 2T or dimethoxy-2T groups shown in
other colors. All optimizations and charge analysis performed with ®B97XD/6-31G*.

Material synthesis and characterization. Although pgBTTT has a very similar chromophore to
that of p(g2T-TT), the synthesis of this polymer has proven to be quite challenging. The
homocoupling step of the thiophenes to generate the bithiophene monomer had to be done via a
CH homocoupling reaction to obtain the correct regio isomeric monomer, while the purification
of that monomer was unexpectedly challenging. The synthesis of pgBTTT commenced with the
transetherification of 3-methoxy-thiophene with triethylene glycol monomethyl ether in toluene
using p-toluene sulfonic acid as a catalyst to form 3-(triethylene glycol monomethyl
ether)thiophene (2) in 60% yield. 3-(triethylene glycol monomethyl ether)thiophene (2) was
subsequently brominated with N-bromosuccinimide in tetrahydrofuran to generate 2-bromo-3-
(triethylene glycol monomethyl ether)thiophene (3). A C-H homocoupling reaction of 2-bromo-3-
(triethylene glycol monomethyl ether)thiophene (3) using silver nitrate, potassium fluoride and
PdCI(PhCN)2 as the catalyst was employed to produce 5,5'-dibromo-4,4'-bis(triethylene glycol
monomethy] ether)-2,2'-bithiophene (4) in 55% yield.*® Finally, polymerization of 5,5'-dibromo-
4,4'-bis(triethylene glycol monomethyl ether)-2,2'-bithiophene (4) with 2,5-bis(trimethyl stannyl)-
thieno[3,2-b]thiophene was performed in a microwave setup using Pd2(dba)s as the catalyst and
P(o-tol)s as the ligand to afford pgBTTT with an Mn of 10 kDa and an Mw of 24 kDa.

The reference p(g2T-TT) polymer was synthesized following a previously reported
literature procedure.!” p(g2T-TT) was obtained with an Mn of 7 kDa and an Mw of 20 kDa,
comparable to those of pgBTTT, thus allowing for a fair comparison between the two polymers.

UV-vis spectroscopy was carried out on polymer films while applying a -0.3 V bias to
ensure that each polymer was in its fully discharged state. As can be seen from Figure S15,
changing the regiochemistry of the solubilizing EG side chains on the conjugated polymer
backbone did not have a significant impact on the optical properties, with pgBTTT and p(g2T-TT)
exhibiting a maximum wavelength Amaxfim (wavelength at which the polymer has its strongest
photon absorption) of 596 and 597 nm and an optical band gap Egopt of 1.73 and 1.74 eV,
respectively. The main absorption feature in both polymers was ascribed to a w-n* optical

transition. Both polymers also featured a low energy shoulder around 650 nm, which was attributed



to a 0-0 vibronic transition. This 0-0 vibronic transition was better resolved in pgBTTT than p(g2T-
TT), hence suggesting increased ordering in the solid state in pgBTTT compared to p(g2T-TT),
which is in agreement with the reduced torsional disorder of the pgBTTT backbone as
demonstrated with the DFT calculations and is further confirmed by GIWAXS measurements (vide
infra).

The polymers’ electrochemical properties were evaluated through a combination of
techniques, including PESA, UV-vis spectroscopy, and CV, see supporting information for details
concerning the experimental set-up and sample preparation. The polymers’ optical and electronic
properties, including their onset of oxidation in organic media (Eox.org), aqueous media (Eox.aq), IPs
(measured using PESA), maximum absorption wavelength in the solid state (Amax.fim) and optical
gap (Egopt) are summarized in Table 1. The IP of pgBTTT was estimated to be 4.73 eV compared
to p(g2T-TT) IP of 4.55 eV. As the thin films are exposed to an aqueous 100 mM NaCl electrolyte
solution in operation, measuring the IP of these polymers with cyclic voltammetry should give a
more explicit description of the expected IPs, as thin-film CV can be performed in aqueous
electrolyte and organic electrolyte environments. The cyclic voltammograms recorded for
pgBTTT and p(g2T-TT) are shown in Figure S17. Both polymers can be doped reversibly
employing both an aqueous and an organic supporting electrolyte. The IP of pgBTTT with CV in
organic electrolytes (TBAPFs in acetonitrile) was measured to be 4.63 eV, similar to p(g2T-TT)’s
IP of 4.61 eV. However, pgBTTT thin films exhibited a shift in the onset of oxidation in both
organic (from -0.09 V to -0.07 V vs Ag/AgCl) and aqueous media (from -0.14 V to -0.04 V vs
Ag/AgCl) to more positive potentials, whereby a more pronounced shift was observed when

employing an aqueous electrolyte.

Table 1. Summary of the optical and electronic properties of the polymers under investigation.

Polymer Eoxorg® (V)  Eoxag® (V) IP¢ (eV) IPY(eV) Amax,film Eg,opt
(nm)* (eV)

pgBTTT -0.07 -0.04 4.63 4.73 596 1.73

p(@2T-TT) -0.09 -0.14 4.61 4.55 597 1.74

Determined employing a) a 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile
solution; b) a 0.1 M sodium chloride in deionized water solution as the supporting electrolyte.

¢) Calculated from IP (eV) = (on,org — Egc + 5.1), where Erc is the half-wave potential of the
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ferrocene/ferrocenium (Fc/Fc®) redox couple. d) determined using photoelectron spectroscopy
in air. ) Value obtained while applying a potential of -0.3 V vs. an Ag/AgCl reference electrode.

f) Determined from the onset of absorption.

Spectroelectrochemistry was employed to gain insights into the doping mechanism of the
polymers. As can be seen from Figures S15 and S16, no significant differences were observed in
the recorded spectroelectrochemistry data when conducting the measurements in an aqueous or
organic electrolyte. Figure S15 and Figure S16 show that both pgBTTT and p(g2T-TT) were doped
under ambient conditions, thus requiring the application of a negative bias (-0.3 V) to fully dedope
the polymers. As already suggested by the CV data, the larger IP of pgBTTT resulted in a lower
extent of doping under ambient conditions compared to p(g2T-TT), thus explaining the slightly
higher normalized absorbance of its m-n* transition under 0.0 V compared to p(g2T-TT).
Progressive increments in the applied bias up to +0.5 V vs Ag/AgCl resulted in a gradual
depression of the pgBTTT and p(g2T-TT) n-n* transitions with a concomitant appearance of a
lower energy absorption band around 900 nm, which was ascribed to the formation of the
polymers’ polaronic species. Further increasing the applied bias to +0.8 V resulted in the
depression of this more extended absorption feature. In parallel, a new, lower energy absorption
feature emerged around 1110 nm, which was related to the formation of polaronic/bipolaronic
forms of the polymers. To test the reversibility of the doping process, the applied potential was
reversed to -0.5 V. The complete restoration of the optical signature of the fully de-doped polymer
species of the two polymers under investigation suggests that both polymers can be discharged
stably and reversibly in both aqueous and organic media without showing any significant signs of

degradation in the specified potential window.

RESULTS AND DISCUSSION

Microstructure. GIWAXS was carried out to investigate the structural effects of oligoethylene
glycol side chain regio-positioning. Both pgBTTT and p(g2T-TT) films display an oriented
microstructure(more so than their unannealed alkylated counterpart),*® with two orders of
scattering from in-plane 7-stacked lamella, (h00), occurring out of plane and a corresponding

lamellar spacing of 16.5 A and 15.5 A for pgBTTT and p(g2T-TT), respectively (see Table 2).
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Faint first order in-plane lamellar scattering was observed in pgBTTT but was completely absent
in p(g2T-TT) (See Figure 4). Scattering from 7-stacking, (010), was not isotropic but shows
pronounced intensity in- and out-of-plane for both polymers, indicating a mix of edge-on and
face-on crystallites. In the case of pgBTTT, (010) peak intensity was stronger than p(g2T-TT),
especially out-of-plane. This suggests that pgBTTT crystallites were more evenly mixed between
edge-on and face-on, while p(g2T-TT) crystallites were majority edge-on. The lack of clear in-
plane lamellar peaks indicates that though the face-on crystallites were ordered in the z-stacking
direction, they did not have corresponding lamellar ordering. On the whole, while nominally
identical thickness films were analyzed for both polymers, pgBTTT produced five times the
scattering intensity as p(g2T-TT), implying a higher fraction of ordered polymers (i.e. more

scattering events) in pgBTTT.

q, (A"

-1 -0.5 [+] 05 25 -2 -15 -1 05 0 05
q, (A" q, (K"

2.5 -2 -1.5

Figure 4. Two-dimensional grazing incidence X-ray q,-q, scattering map of (a) pgBTTT and (b) p(g2T-
TT) thin films.

The in-plane pgBTTT d-spacing in the z-stack direction, (010), was calculated to be
marginally smaller than the corresponding one for p(g2T-TT), while the out-of-plane d-spacings
in the z-stack direction were identical, Table 2. More conspicuously, the out-of-plane pgBTTT
lamellar spacing was calculated to be 1.0 A larger than p(g2T-TT). In addition to higher pgBTTT
scattering intensity, implying a higher density of crystallites, the pgBTTT coherence lengths (Lc)
of the (010) n-stack scattering peaks estimated by the Scherrer equation were 11% and 31% larger
than for p(g2T-TT), in and out of plane, respectively (Table S1). This increase in the number of

crystallites and coherence lengths is mirrored in improved electronic charge transport.
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In-plane, pgBTTT shows a peak at 1.42 A-! while p(g2T-TT) shows a peak at 0.97 A-! both
of which have been tentatively indexed as (001) (see Figure S12). The 1.42 A-! pgBTTT peak was
similar to one observed in alkylated pBTTT.*! In the alkylated case, though, this peak was indexed
as (003) due to the presence of higher order peaks roughly following multiples of 0.47 A-!, relating
these peaks to the estimated repeat unit length of 13.3 A% However, in the case of pgBTTT,
higher order multiples are absent. Additionally, it was not immediately clear what selection rules
only allow reflections of order n+2. Therefore, in the case of pgBTTT we were hesitant to ascribe
this peak position to reflections arising from the repeat unit length along the direction of the
polymer backbone. Interestingly, the calculated d-spacing of 4.43 A is similar to the expected
spacing between oligoethylene glycol helices.*? Out-of-plane there existed a broad mid q peak
(~1.4 A"y for both polymers, also roughly consistent with the spacing between oligoethylene
glycol helices.

Table 2. GIWAXS fit peak centers and calculated d-spacing

In-plane Out-of-plane

Index pgBTTT | p(g2T-TT) pgBTTT | p(g2T-TT)

g (A -- -- 0.381 0.406
(100)

d(A) -- -- 16.5 15.5

g (A 1.775 1.753 1.746 1.744
(010)

d(A) 3.54 3.58 3.60 3.60

g (A 1.416 0.973 -- --
(001)

d(A) 4.43 6.46 - --
broad | g (A1) -- -- 1.377 1.365
mid-

q d(A) -- -- 4.56 4.60

peak

For p(g2T-TT), the in-plane (001) peak was shifted to lower q giving a calculated d-spacing
of 6.46 A, roughly half the polymer repeat unit, which was consistent with alternating cofacial
registration of the bithiophene and thienothiophene repeat units, similar to that observed in

naphthalenedicarboximide bithiophene alternating copolymers.**** As side chain placement has
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been previously shown to direct cofacial registration, it is plausible that the p(g2T-TT) head-to-
head side-chain arrangement could force a particular cofacial registration while the pgBTTT tail-
to-tail side-chain arrangement would not.

In order to get a better understanding of the intermolecular interactions and the assembly
of pgBTTT and p(g2T-TT), the two polymers were transferred by electrospray deposition (ESD)
onto a Au(111) surface and analyzed in ultrahigh vacuum by means of low temperature scanning
tunneling microscopy (LT-STM). This technique has recently been shown to provide valuable
information about the sequence, defects and microstructure of conjugated polymers.*%4° Both
polymers adsorb on the Au(111) substrate face-on, forming two-dimensional (2D) islands where
individual backbones can be recognized as bright, elongated structures with occasional bends
(Figures 5a and 5b). Although the high-degree of order reported for conjugated polymers with
alkylated side chains is not achieved by either of these two glycolated polymers,* 3% 3! at high
molecular coverages both polymers tend to organize into extended, compact structures with locally
parallel backbones, as seen in Figures 5c and 5d. Measurements of the inter-strand distances in
these regular areas give a distribution of values of 15+2 A (average + standard deviation) for both
pgBTTT and p(g2T-TT). Since this distance is the 2D equivalent of the lamellar spacing, the fact
that the STM values are compatible with the GIWAXS results (Table 2), suggests that the polymers
adopt an overall planar geometry also in the locally crystallites of 3D thin films.
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Figure 5. STM images of high coverage areas of (a) pgBTTT and (b) p(g2T-TT) deposited in vacuum by
ESD on a Au(111) substrate. Smaller scale (15x15 nm?) STM images for (¢) pgBTTT and (d) p(g2T-TT)
show locally parallel backbones separated by regularly spaced features that are ascribed to the triethylene
glycol side chains. (e) and (f) show geometry-optimized molecular models of pairwise interdigitated
polymers derived from the STM results for pgBTTT and p(g2T-TT), respectively. All images were acquired
at —196 °C. Scale bars in (a) and (b) correspond to 10 nm, in (c) and (d) to 3 nm. Scanning parameters: (a)
sample bias —1.4 V, setpoint current 75 pA; (b) +1.5 V, 80 pA; (¢) —0.8 V, 190 pA; (d) +1.2 V, 80 pA.

Smaller scale STM images (see for example Figure Sc and 5d for pgBTTT and p(g2T-TT),
respectively) show bright features periodically arranged in between the backbones of neighboring
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polymers. In the case of pgBTTT it was possible to achieve a higher resolution, revealing a series
of double dots that appear on both sides of the backbones (Figure 5c). The measured separation
between successive pairs of double dots on the same side of a backbone is 13.5£0.5 A, matching
well with the expected pgBTTT repeat unit length (13.75 A, see Figure S13). The separation
between successive pairs of double dots on opposite sides of the backbones (6.5+0.5 A) is also
consistent with the calculated distance between the 2- and 4-positions of two successive thiophenes
(6.42 A). This analysis strongly indicates that the pairs of double dots can be attributed to the
triethylene glycol side chains of neighboring polymers interacting with one another, suggesting
that the on-surface assembly of pgBTTT is driven by side chain interdigitation. While side chain
interdigitation has been amply demonstrated for various types of alkylated polymers,*! 4632 to the
best of our knowledge, no direct evidence of interdigitation for glycol side chains has yet been
reported in the literature. The interaction between the triethylene glycol side chains is expected to
mimic that of crystalline oligoethylene glycol anti-parallel helices*?, thereby supporting the
interpretation of the GIWAXS results for pgBTTT (vide supra). The analysis of the STM images
further implies a pairing of the triethylene glycol chains, rather than the fully interdigitated and
equispaced sequence of side chains typically observed for alkylated polymers. This arrangement
is expected to be a direct consequence of the spacing between the triethylene glycol chains along
the backbone (side chain attachment density), i.e. of the polymer structure itself.

Figure Se displays a molecular model of the interaction between neighboring pgBTTT
strands (individually optimized with the MMFF94s force field of the Avogadro molecular editor)
that summarizes the previous observations. Scaled versions of this model show a good agreement
with the STM images, with both backbones and side-chains being well described (see Figure S14).
An analogous model is shown p(g2T-TT) in Figure 5f. While it was not possible to directly derive
this model from the analysis of the STM data acquired for p(g2T-TT) (because of their lower
resolution), its superposition on scaled images displays a good agreement with all the visible
features (see Figure S14). Finally, it should be noted that the interaction of the polymers’
backbones with the Au(l111) surface will have a significant planarizing effect on their
conformation, likely to be stronger than the calculated torsional energy barriers. As a consequence,
we do not expect the STM measurements to reveal any major difference in the backbone

conformation suggested by the DFT calculations.
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Although a well-ordered interdigitation (as observed by STM) cannot be conclusively
deduced from the GIWAXS patterns collected, since it would require GIWAXS patterns with
multiple orders of mixed index peaks that allow enough scattering features to model the unit cell,
the GIWAXS measurements do report a (100) d-spacing of 16.5 A and 15.5 A for pgBTTT and
p(g2T-TT), respectively (see Table 2). On the other hand, the STM measurements report a distance
between the interdigitated polymers of 15+2 A (measured perpendicularly from backbone to
backbone) for both pgBTTT and p(g2T-TT). These two values are consistent, and hence, we
interpret this as an indication that the polymers adopt an overall planar geometry also in the locally
ordered crystallites of 3D thin films. Such a small distance is only compatible with a certain degree
of interdigitation of the side-chains. We can see this directly in the STM images, but a signature
of this is also present in the GIWAXS data, particularly in the (001) d-spacing of pgBTTT, which
is compatible with the expected spacing between anti-parallel crystalline oligoethylene glycol

helices.

OECTs. Incorporating pgBTTT as the channel material in organic electrochemical transistors
(OECTs) produces high performing accumulation mode devices, the results of which are
summarized in Table 3. OECTs with channel depth (d) of 108 £ 1 nm and a channel aspect ratio
(W/L) of 10, display threshold voltages (V7)) of -242.9 £ 4.9 mV, with ON currents reaching ~4
mA at a gate voltage (V) of -600 mV, and ON/OFF ratios of ~103, Figure 6a, 6b and S10. This
large modulation of channel current over a small voltage range leads to an exceptional gate
transconductance (g») which captures a devices ability to amplify an input (gm = dl/dV;) and, in
the case of pgBTTT devices, exceeds 20 mS at Vg =-0.6 V. In the saturation regime, gn depends
on device dimensions (d and W/L), 1, and applied V' following the relation:

wd
Im = TﬂC*(VT — V)
Thus, gm 1s a device property and gm values for different materials are not necessarily directly
comparable. However, the mobility-capacitance product (uC”) represents a universally comparable
material figure of merit for organic mixed ionic-electronic conductors.’” Given the device
dimensions and V;, a uC* 0of 502 + 18 F cm™! V! s”! was calculated. Alternatively, calculating this
figure of merit from the C* as determined by electrochemical impedance spectroscopy (EIS) and

172

the saturation mobility (usar) extracted from the slope of 1s'“ vs Vg plots, yields a value of 563 +
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33 F em! V! s, confirming this extremely high figure of merit. Investigating the constitutive
elements of £C” reveals that the main source of this large uC" for pgBTTT was u. The pgBTTT C*
was not especially high (164 + 7 F cm) while the us: was quite large (3.44 £ 0.13 cm? V-!' s71).
The pgBTTT 14/ vs Vg plots displays linear behavior with no kinks, Figure S10, indicating ideal
saturation and a high confidence in the extracted usa values.’*->° These results were reproducible,
with ideal saturation, V, gm, extracted usar, and record high uC” consistent across all devices tested,
reflected in the low uncertainties in Table 3 and the raw /- curves in Figure S10.

A p(g2T-TT) based OECT fabricated in an identical manner, with identical W/L, similar
channel depth and comparable molecular weight, gave a mobility, capacitance, and uC”* figure of
meritof 0.41 £0.14 cm? V-'s!, 244 £ 51 Fem3,and 90 £ 6 F cm™! V- 57!, respectively. Comparing
the two materials (Figure 6 and Table 3), the pgBTTT usar was over eight times greater than that
of p(g2T-TT); pgBTTT’s C* was one third less than that of p(g2T-TT), and pgBTTT uC”
represented a six-fold improvement over that of p(g2T-TT). In addition to the improved xs.r and
uC” figure of merit, the negative shifted V: of pgBTTT OECTs (due to a combination of larger IP
and shallower subthreshold slope) was an added benefit as the low V: of p(g2T-TT) undermines
the stability of the device’s OFF state.3?

Table 3. OECT parameters and material figures of merit.

8m d Vi Msat (o Hsar X c H c
(mS)* (nm) (mV)° (cm?V'sH* | (Fem?®)* | (Fem?! V's?) | (Fem! V7'sh)?
pgBTTT | 21.0£0.7 | 108+1 | -2429+49 | 3.44£0.13 164 £7 563 £33 502 £18
p(g2T-TT) | 6.2+0.6 | 111+10 | 147+ 16.1 0.41£0.14 | 244 +51 90+6 93+ 13
“Maximum transconductance and uC" extracted from the slope of saturated transfer curves at -0.6 V.

"Threshold voltage and saturation mobility extracted from fits of 1,/

vs Vg plots. “Average volumetric

capacitance beyond threshold voltage determined by electrochemical impedance spectroscopy. Reported

uncertainties are one standard deviation, with n = 6 devices.
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Figure 6. OECT Performance: (a) Transfer curves (I4 vs V,) and voltage dependent transconductance (gm)
of representative pgBTTT and p(g2T-TT) devices, and output curves (I4 vs Vq) of the same (b) pgBTTT
and (¢) p(g2T-TT) devices.
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Electrochemical quartz crystal microbalance with dissipation of energy (eQCM-D)
measurements. Polymer solutions were cast directly on the eQCM-D sensors. The resultant thin
film thicknesses in both air and NaCl (aq.) 0.1 M were calculated, as described in detail in the
experimental section and Figure S18. The sensors in air were exposed to NaCl (aq.) 0.1 M, and
the QCM-D signals (frequency and dissipation shifts) stabilized, indicating that the system was in
equilibrium, and no more ion exchange was taking place between the electrolyte and the polymer.
pgBTTT was found to swell 16% when immersed in NaCl (aq.) 0.1 M, similar to p(g2T-TT)’s
swelling of 12%, in line with our previously published study.!” After the passive swelling
measurements, we applied a doping potential at 0.5 V vs Ag/AgCl for 60 seconds in the case of
both polymers while monitoring the changes in QCM-D signals. Figure 7 shows an increase in
frequency and a decrease in dissipation, suggesting that both polymers exhibit significant mass
uptake when charged at 0.5 V. We found that pgBTTT increased its mass by 3290 ng (46 wt%
swelling) while p(g2T-TT) mass’ increased by 3695 ng (65 wt% swelling) due to ions and water
drifting in the polymer during doping. Simultaneously, we recorded the current produced by each
polymer film (Figure S19). Using the current-time and mass-time profiles, we calculated the
number of charges injected into the films (i.e., the volumetric capacitance), as well as the water
density loaded in the polymer film.!” The charge density calculated by integrating the current vs.
time curves (Figure S19) was 4.58x10"* C/cm? and 7.72x10** C/cm? for pgBTTT and p(g2T-TT),
respectively. These values correspond to 141 F/em? and 266 F/cm? for pgBTTT and p(g2T-TT),
respectively, in line with the values calculated from EIS measurements. By correlating the mass
uptake to the charge loaded in the films, we found the water density within the polymer films upon
doping to be 2.05x10?? H20 molecules/cm?® and 2.85x10%? H20 molecules/cm? for pgBTTT and
p(g2T-TT), respectively. These numbers suggest that both polymers take up water during charging,
while the active hydration of p(g2T-TT) is higher. p(g2T-TT) also exhibits substantial dissipation
shifts and their distribution among different overtones compared to pgBTTT (Figure 7 middle
row). These results suggest that the pgBTTT film is more rigid during charging compared to
p(g2T-TT), most possibly because of the lower water uptake during charging. We have previously
shown an inverse relation between the hole mobility and water uptake in polymer mixed
conductors with EG side chains.!”- 3¢ The lower water density accumulating in pgBTTT during
doping can help the polymer maintain a more rigid structure, minimizing molecular packing

disruption, and maintaining higher hole mobility.
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Figure 7. Frequency shifts (Af, top row), dissipation of energy (AD, mid row) and calculated mass shifts for
a) pgBTTT and b) p(g2T-TT) polymer films cast on Au coated sensors, recorded in NaClq) 0.1 M when a
60 s doping pulse at V = 0.5 V vs Vc is applied. The overtones shown and chosen for the analysis are the
31 5% and 7'; black, red and green solid lines, respectively.

Conclusion

In conclusion, we have synthesized the glycol chain analogue of pBTTT and evaluated its
molecular conformation, thin film morphology, and performance in an organic electrochemical

transistor. The polymer combines the backbone planarity, intermolecular assembly and charge
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carrier transport properties of pBTTT with the bulk ion doping ability of p(g2T-TT). We have
demonstrated that regiochemistry plays an important role in not only the polymer conformation,
but its subsequent self-assembly, thin film morphology, and electronic properties. DFT
calculations were performed to explain the improved planarity of the pgBTTT polymer, arising
from spreading the S—O planarizing interactions across a wider section of the polymer. The
polymer microstructure change was confirmed using GIWAXS, with pgBTTT showing a higher
ordered fraction, with beam scattering being five times more intense than that of p(g2T-TT). The
presence of significant in- and out-of-plane m-stacking in pgBTTT (versus mostly in-plane n-
stacking in p(g2T-TT)) likely improves the three-dimensional percolation necessary for electronic
charge transport. STM measurements showed that the intermolecular interactions of both pgBTTT
and p(g2T-TT) are stabilized by interdigitation of their triethylene glycol side chains. Moreover,
the excellent agreement between the measured 2D molecular separation and the GIWAXS-
determined lamellar spacing, suggests an overall planar geometry of the polymers in the crystalline
regions of the 3D thin films. eQCM-D measurements indicated a similar water uptake for pgBTTT
and p(g2T-TT), 16% and 12%, respectively, in the absence of a voltage (passive swelling).
However, at 0.5 V, pgBTTT water uptake was lesser than that of p(g2T-TT) with swelling of 46
wt% for pgBTTT compared to 65 wt% for p(g2T-TT). As aresult, pgBTTT maintains a more rigid
structure during doping, minimizing molecular packing disruption and therefore maintaining
higher hole mobility. The figure of merit used to evaluate channel materials in OECT devices,
namely the mobility-capacitance product (uC*) of pgBTTT, was 502 + 18 F cm™ V! s7!, a
consequence of its high mobility (usar) 0of 3.44 £0.13 cm? V- 571,

Supporting Information

The Supporting Information is available free of charge.

The Synthesis of pgBTTT is reported. 'H and "C{'H} NMR spectra, GC-MS and HR-MS
measurements, DFT calculations (Variation in dihedral angle, Torsional potential energy surface,
Hirshfeld charge distribution), TGA and DSC traces, OECT devices and EIS measurements,
GIWAXS line cuts, spectroelectrochemistry, cyclic voltammetry, and eQCM-D measurements can be
found in the supporting information.
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