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ABSTRACT: Fluorination is a common method to induce backbone planarity in semiconducting polymers via noncovalent interac-
tions that effectively lock the rotation of single bonds along the backbone. Often explored in dry-state devices, fluorination of isoindigo
polymer backbones in mixed conductors remains relatively unexplored. Herein, we investigated systematic fluorination of a family of
isoindigo-based mixed conducting polymers with hybrid ethylene glycol-based side chains to probe the impact of fluorination on the
resulting assembly and electrochemical performance. Through UV-Vis—NIR, FTIR, Raman spectroscopy, and electrochemical
methods, we showed that fluorination effectively planarizes portions of the backbone depending on the fluorination location, even with
ethylene glycol side chains, and the placement of fluorine atoms along the backbone is crucial toward organic electrochemical transis-
tor (OECT) device performance. Electronic conduction was found to be improved upon fluorinating the isoindigo acceptor unit in
OECTSs, but it came at the cost of decreased volumetric ionic capacitance. Further, fluorinating the bithiophene donor inhibited p-type
conduction in OECTs. As a result, systematic fluorination revealed the importance of understanding the nuanced design requirements
of isoindigo-based mixed conductors for the optimal balance of both modes of conduction in aqueous environments.

H INTRODUCTION considered when designing mixed ionic-electronic conducting
polymers.

Noncovalent interactions between the lone pair of fluorine
atoms and nonbonding orbitals of sulfur atoms in conjugated
backbones have been investigated as a method to “lock” single
bonds, preventing rotation and thus planarizing conjugated

Semiconducting polymers combine chemical tunability and
mechanical deformability, making them attractive for biointerfa-
cing and other soft-electronic applications."™ In particular,
appending hydrophilic side-chains onto conjugated polymer

backbones enables mixed ionic-electronic conduction, allowin o . T
- . . . - o & polymer backbones.'*"> This interaction has been utilized to
intimate interaction with aqueous and ionic species, thus

enabling electronic applications at liquid interfaces in devices des1gr} many polymers f.or operation in dry-state c%ewces (eg,
such as organic electrochemical transistors (OECTs)." organic field-effect transistors (OFETs) and organic solar cells

Designing these materials requires balancing competing trans-

port modes: electronic conduction benefits from tightly packed Received: June 6, 2026
. y
polymer chains and ordered backbones, whereas ionic conduc- Revised:  October 4, 2026
: /]
tion requires free volume for ions and their solvation shells that Accepted:  October 5, 2026

can disrupt the electronic pathways.'!" As a result, parameters
such as backbone planarity, hydrophilicity, and side-chain flexi-
bility, as well as their impact on polymer assembly, must be
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(OSCs)).'*'7 Planarization is favorable for electronic conduc-
tion as it creates favorable charge transport pathways.
Isoindigo-based polymers have been explored for fluorination
studies due to the ease of synthesis and functionalization with
fluorine atoms on the 7 and 7' positions of the benzene rings
and side-chain addition to the lactam.">~'>!7 In addition to pla-
narizing bonds, fluorine’s strong electron-withdrawing character
can alter orbital energy levels, and in some cases, ambipolar or
n-type conduction may be achieved. In these dry-state devices,
electronic charge carrier mobility is often seen to improve upon
fluorination due to increased aggregation, and increased hydro-
phobicity due to fluorination is advantageous for stability in
ambient conditions.

When considering electrochemical applications such as
OECTs, additional considerations are required to apply design
rules from dry-state counterparts. Increased order and aggrega-
tion are still desirable in OECT channel materials to improve
mobility and avoid excessive swelling, which limits operational
stability.'”'®!? Further, hydrophilic side-chains often included
in mixed-conducting polymers, particularly ethylene glycol
units, add further complexity: their flexible ether bonds strongly
influence morphology, yet the interplay between backbone pla-
narity and hydrophilic side-chain ordering is less explored. A
few studies have investigated the impact of backbone fluorina-
tion on OMIEC performance and are often limited to DPP
and thiophene based materials.”>*' In these studies, fluorination
has been shown to alter both crystallinity and energy level, thus
impacting the resulting mixed conduction performance.”” As a
result, systematic fluorination of isoindigo-based polymers with
hybrid hydrophilic side-chains is worth investigating as new
insights that have not been observed in dry-state devices with
only hydrocarbon side-chains or with other backbones may be
gained. Particularly, understanding the tradeoff between
increasing planarity and aggregation due to fluorination with
the ionic conduction imparted by hydrophilic side-chains is
beneficial to enable the application of dry-state design rules to
hydrophilic, mixed conducting polymers.

To this end, we designed a family of isoindigo-based poly-
mers with controlled fluorination: on the bithiophene donor,
then on the isoindigo acceptor, and finally on both, with a non-
fluorinated parent polymer as a control. We chose a hydrophilic
triethylene glycol (TEG) side-chain with a hexyl spacer between
the polymer backbone and the polar termini due to the ability
to retain stability through balancing hydrophobic and hydro-
philic side-chain segments and limiting swelling during ionic
insertion reported in the literature.'®*>~** We probed the poly-
mer series using morphological and electrochemical assess-
ments to evaluate the impact of the location of fluorination
on the resulting polymer assembly and device performance.
We observed strong aggregation upon fluorinating the isoindigo
unit, which improves electronic charge carrier mobility but hin-
ders volumetric capacitance. Further, fluorination of the bithio-
phene unit appears to improve planarity but significantly
hinders OECT performance. This study reveals the nuanced
design of mixed conductors and limitations of applying design
parameters from dry-state devices to electrochemical
applications.

B EXPERIMENTAL SECTION

All starting materials were purchased from commercial sources and
used without further purification. All reactions were carried out using

air-sensitive synthesis methods and conditions adapted from the litera-
ture. "H NMR spectra (Figures S1-S6) were recorded using a Bruker
Avance-III HD Nanobay at 400 MHz and a Bruker Avance Neo at
500 MHz and analyzed using Bruker Topspin and MestReNova soft-
ware. Average molecular weights were determined using 'H NMR
Diffusion Order Spectroscopy (DOSY) in CDCI, at ambient tempera-
ture. DOSY samples were prepared with CDCI, and dried over molec-
ular sieves in a N, filled glovebox to avoid moisture. Differential
scanning calorimetry (DSC) was measured with a TA Instruments
DSC 2500 with a scan rate of 10 °C/min. Thermal gravimetric analysis
(TGA) was carried out on a TA Instruments Discovery 550 TGA with
a scan rate of 10 °C/min. Atomic force microscopy (AFM) images
were obtained on a Bruker Dimension Icon XR SPM and processed
with Gwyddion software. Contact angle and surface energy were eval-
uated on a Rame—Hart Contact Angle Apparatus with DROPimage
software. Polymer films for all characterizations were spin-coated from
S mg/mL solutions in chloroform at 1000 rpm for 40 s and annealed at
120 °C for 30 min in a vacuum oven and cooled for at least 10 min
before testing.

Gel Permeation Chromatography

Gel permeation chromatography (GPC) was performed on a Dionex
Summit equipped with a Thermo Scientific Vanquish variable-
wavelength detector (VWD) using two Varian Polypore columns
(300 X 7.5 mm) connected in series and maintained at 35 °C.
Chloroform containing 0.8% (v/v) triethylamine (TEA) was used as
the eluent at a flow rate of 1.0 mL min ™", and elution was monitored
at 750 nm. The system was calibrated using narrow-dispersity polysty-
rene standards.

DFT Calculations

All density functional theory (DFT) calculations were performed on
the software package Gaussian 16.>° The polymer chains were opti-
mized at the B3LYP[2,3]*%*"/6-31G(d)*® level of theory. Oligomers
of 4 repeat units and methyl groups in place of side chains were used
to reduce the computational time of geometry optimization.
Optimized structures and electron cloud distributions were visualized
using GaussView 6.1.

GIWAXS Measurements

Room temperature grazing incidence wide angle X-ray scattering
(GIWAXS) measurements of thin film samples were carried out using
the Xenocs Xeuss 2.0 SAXS/WAXS beamline. The beamline features a
GeniX 3D copper (Cu) anode source of wavelength 1.54 A at 8.0 keV.
The samples were placed in a vacuum environment to avoid air scatter-
ing. Silver behenate was used as the calibrant to obtain the sample to
detector distance. A beam size of 0.8 mm X 1.2 mm and an incidence
angle of 0.18° were used. The data was reduced using Igor Pro’s Nika
and Irena software.

Temperature dependent GIWAXS measurements were carried out
at the BL1SU beamline of the Shanghai Synchrotron Radiation
Facility (SSRF) in China. The beam grazed the spin-coated film sam-
ples at an incidence angle of 0.15° for 10 s with a beam energy of
18 keV. The distance between the sample and the detector, as well as
the scattering vector were calibrated by lanthanum hexaboride as refer-
ence polycrystalline material.

Spectroscopic Characterization

UV-vis—NIR absorbance was measured using a Perkin Elmer 1050
UV-vis—NIR spectrophotometer. ATR-FTIR spectra were collected
with a Thermo Fisher Nicolet iS50 FTIR microscope, and baseline cor-
rection and peak position assignment were carried out in OMNIC soft-
ware. Raman spectra were collected on a Renishaw Invia Reflex Micro
Raman with a 532 nm source and at low power to avoid damaging the
polymer films.
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Electrochemical Characterization

CV measurements were carried out using a conventional three-
electrode setup with a 4.5 cm wide electrochemical cell to contain
the liquid electrolytes during the measurements. The polymer film
was coated onto ITO to serve as a working electrode, and a spiral Pt
wire was used as a counter electrode vs a Ag/AgCl reference electrode.
Spectroelectrochemical absorption responses were then collected using
a Perkin Elmer 1050 UV-vis—NIR spectrophotometer in combination
with an SP-300 potentiostat (Biologic), using a cuvette to incorporate
the same three-electrode setup. A scan rate of 20 mV/s was used.
Electrochemical impedance spectroscopy was carried out in the same
setup as CV measurements.

OECT Fabrication and Measurement

OECT devices with dimensions of L = 5 pm and W = 400 pm were
fabricated in a cleanroom environment. Source and drain electrodes
were patterned using photolithography with a AZnLOF2020 photore-
sist and a mask-less aligner (Heidelberg MLA 150). A 10 nm layer of
Ti followed by a 100 nm layer of Au was deposited using an e-beam
evaporator (Temescal FC2000). Subsequently, a first layer of
Parylene-C was deposited using a Specialty Coating Systems PDS
2010, employing Silane A 174 (procured from Sigma Aldrich) as an
adhesion promoter. A sacrificial layer of soap was spin-coated onto
the wafer before depositing a second layer of Parylene-C. The channel
and electrode pads were then defined using the same mask-less aligner
with an AZ10XT photoresist and a reactive ion etching process
(SAMCO 230iP). Channels were formed by spin-coating S mg/mL
solutions of polymers in chloroform onto the devices at 1000 rpm
for 40 s via dynamic spin-coating. Following a peel-off step, the devices
were baked inside a glovebox at 120 °C for 30 min and allowed to cool
for at least 1 h before characterization. A PDMS sheet was cut to form a
well and used to contain the electrolyte. The output and transfer char-
acteristics of the OECT devices were then measured with a Ag/AgCl
pellet as the gate using a Keithley 4200A and analyzed using
OriginLab software. A source-drain voltage of 0.6 V was applied with

0.1 M KPF; as the electrolyte. The film thicknesses are included in
the Supporting Information.

B RESULTS AND DISCUSSION

The polymer series was synthesized via palladium-catalyzed Stille
coupling, yielding four dark solids with systematic introduction of
fluorine atoms onto the parent polymer (IID-TT): fluorine
substituted onto bithiophene (IID-TT2F), fluorine substituted
onto isoindigo (FIID-TT), and fluorine substituted onto both
bithiophene and isoindigo (FIID-TT2F) (Figure 1A). The
side-chain and isoindigo monomers were synthesized via modifi-
cations to previously reported methods, while the bithiophene
monomers were obtained from commercial sources.'>*’ Full syn-
thetic details and 'H NMR spectra of the monomers and poly-
mers are included in the Supporting Information. All polymers
were thermally stable with 5% mass loss occurring at or above
350 °C as measured by TGA (Figure S7 and Table S1). To eval-
uate the molecular weights of the studied polymers, we employed
two methods: diffusion ordered NMR spectroscopy (DOSY) and
gel permeation chromatography (GPC) as detailed in Supporting
Information, Section S4. Weight averages of 72.3 kg/mol,
38.4 kg/mol, 23.7 kg/mol, and 26.1 kg/mol were obtained for
IID-TT, IID-TT2F, FIID-TT, and FIID-TT2F, respectively,
from DOSY measurements in dry conditions (Table S2). GPC
measurements resulted in number averages (M,) of 46.7 kg/
mol, 40.7 kg/mol, 87.1 kg/mol, and 44.6 kg/mol with polydisper-
sity values (D) of 1.9, 1.8, 1.8, and 1.5, respectively (Table S3 and
Figure S8). With these dispersity values, we believe that the four
polymers are in a reasonable molecular weight range for compar-
ison of properties, although FIID-TT does have a higher molec-
ular weight (based on GPC values), which may influence its
properties as discussed in later sections.*** Additionally, the
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Figure 1. (A) Structures of the polymer series with systematic fluorination. Dihedral angles A, B, and C are labeled. (B) DFT of the polymer back-
bone showing fluorine-induced planarization. (C) UV—vis—NIR absorption spectra of polymer thin films. (D) AFM height profiles of polymer thin
films (top left, blue — IID-TT, top right, orange — IID-TT2F, bottom left, pink — FIID-TT, bottom right, purple — FIID-TT2F).
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GPC traces show shoulders, particularly for FIID-TT, which is
likely due to solubility limitations in chloroform at 35 °C.

The impact of fluorine placement on planarity of polymer
backbones was first evaluated using density functional theory
(DFT) calculations (Figures S9 and S10). The dihedral angles
highlighted in the structure in Figure 1A were evaluated, and
the values are reported in Table 1. The dihedral angles of inter-
est include the angle across the central double bond in the iso-
indigo core (dihedral A), the angle between the isoindigo and
bithiophene (dihedral B), and the angle between the two thio-
phenes (dihedral C). Dihedral angle A remained relatively unaf-
fected by the fluorination, showing a 1° increase when isoindigo
is fluorinated. Dihedral angle B showed a significant decrease
from ~20° in the IID-TT and IID-TT2F polymers to less than
7° in FIID-TT, indicating that the fluorination of isoindigo in
the 7 and 7' positions effectively decreases the rotational free-
dom between the isoindigo and bithiophene units in the poly-
mer backbone. This bond is further restricted by fluorinating
bithiophene in FIID-TT2F as dihedral angle B further
decreased to 2°, indicating that the multifluorination (i.e., fluo-
rinating both isoindigo and bithiophene) is working together to
lock the bonds between the two monomers. Dihedral angle C
decreased from 14.7° in IID-TT to 0.8° in IID-TT2F, indicat-
ing that fluorinating bithiophene effectively eliminates the rota-
tion of the single bond between the two thiophenes, essentially
locking the bithiophene wunit in a planar configuration
(Figure 1B and Figure S9). A similar impact is seen in
FIID-TT and FIID-TT2F, where the fluorination of bithio-
phene decreased dihedral angle C. Interestingly, fluorinating
isoindigo alone also aids in limiting the rotation of the single
bond between the two thiophenes in bithiophene as indicated
in the decreased dihedral angle C in FIID-TT (7°) compared
to the parent polymer (14.7°).

The impact of the planarization induced by fluorination on
solid-state properties can be seen experimentally in UV—Vis—
NIR absorbance spectra of annealed polymer thin films
(Figure 1C). All polymers showed aggregation in dilute solution
with an increase in aggregation upon casting into thin films
(Figure S11). The polymer films in the series showed character-
istic 0—0 and 0—1I vibronic peaks expected of isoindigo poly-
mers.”* Two main findings were concluded from the shifts
associated with these peaks across the polymer series. First,
fluorinating isoindigo gives rise to an increase in the 0—0 peak
intensity, which is attributed to increased intrachain planarity
in the backbones,> and the chain planarity further showed
enhanced local aggregation and n—r stacking. The increase in
intensity was paired with a ~25 nm redshift, further supporting
increased aggregation in the FIID-TT and FIID-TT2F poly-
mers (Table 1). Second, a blueshift occurred when bithiophene
was fluorinated as well as a slight decrease in 0—0 peak intensity

Table 1. Backbone Dihedral Angles and Maximum
Absorbance Wavelengths for Polymer Series

ap o anp o a~ o b b
polymer ‘A, B, (@ Moo, mayy DM Ao, mayp DM

IID-TT 114 20.8 14.7 719 651
IID-TT2F 114 20.5 0.8 714 647
FIID-TT 12.4 6.8 6.8 744 675
FIID-TT2F 12.3 2.3 0.1 738 665

“Calculated with DFT. “Obtained from thin film UV—-vis—=NIR
absorbance.

(Figure 1C and Table 1). We attribute this blueshift to a
decrease in the electron donating ability of the electron-rich
donor bithiophene as a result of appending electron withdraw-
ing fluorine atoms. The impact of bithiophene fluorination will
be further discussed in later sections. The slight decrease in 0-0
peak intensity may hint at some structural disruption caused by
the locked bithiophene unit, which has been reported to create
a more rigid backbone but also disrupt lamellar stacking in
other reports.'®*® Atomic force microscope (AFM) height
images further show the increased aggregation of FIID contain-
ing polymers as IID-TT and IID-TT2F remain relatively fea-
tureless and FIID-TT and FIID-TT2F show increasingly
aggregated and scale-like surface features (Figure 1D).

The fluorination-enhanced crystallinity was corroborated by
grazing incidence wide-angle X-ray scattering (GIWAXS) mea-
surements on annealed polymer thin films. As shown in
Figure 2A, all four polymers exhibit a predominantly edge-on
orientation, characteristic of isoindigo polymers.34 Upon fluori-
nation, the diffraction patterns and corresponding linecuts
revealed stronger lamellar-stacking peaks in the out-of-plane
direction and the appearance of a bright n—r stacking peak in
the in-plane direction around 1.8 A™, most prominent in the
FIID-TT and FIID-TT2F polymers. Scherrer analysis was car-
ried out using the 1D line cut peak positions and full widths at
half-maximum (FWHM) of the (010) and (200) peaks to calcu-
late the d-spacing and coherence length in the lamellar and n—nt
stacking directions (Figure 2B—D). 1D line cuts and calculation
details are included in the Supporting Information (Figure S12
and Table S4). An important note is based on this analysis: the
coherence length obtained is related to, but not exactly, the
crystalline domain size.’” However, the trend proves useful to
evaluate differences in this polymer series, measured under the
same conditions. The d-spacing in the lamellar direction
decreases slightly upon fluorination (Figure 2C); however, the
n—7 d-spacing remains relatively unchanged (Figure 2D), indi-
cating that the distance between the polymer chains is relatively
unchanged. The coherence length in the lamellar direction
shows little change upon fluorinating the bithiophene in
IID-TT2F compared to the parent polymer IID-TT.
However, fluorination of isoindigo in FIID-TT and
FIID-TT2F showed an increase in lamellar coherence length,
indicating larger ordered domains, consistent with the scale-
like features revealed in AFM. In the n—x direction, fluorination
of either bithiophene or isoindigo led to an increase in coher-
ence length, indicating improved order and m—m stacking in
the fluorinated polymers. While larger than the parent polymer,
the coherence length of FIID-TT2F decreased both the lamel-
lar and m—7 directions compared to FIID-TT, indicating that
some disruption may be occurring in the fully fluorinated poly-
mer, which is similar to other reported polymer systems.'®>¢ A
similar trend is observed in the paracrystalline disorder parame-
ter, indicating that the increase in the coherence length is likely
due to decreased disorder in the polymer domains as a result of
planarization through fluorination, particularly when IID is fluo-
rinated compared to the parent polymer (Figure S13).
Compared to isoindigo-based analogues with hydrocarbon
side-chains, similar d-spacing and coherence lengths are
obtained in both directions for this polymer series."* This
suggests that fluorination remains a successful design handle
for improving aggregation and order even with the more flexible
ethylene glycol side-chains, which have been shown to disrupt
backbone order in other reports.®?>*2%38 1t is likely that the

https://doi.org/10.1021/acs.macromol.6c01586
Macromolecules XXXX, XXX, XXX-XXX

9202 1990J0Q 1 U0 J8sn ADOTONHOIL 40 LSNI SLLIISNHOVSSYI Aq Jpd 4985 10-9202-BW/67Z75889/98S | 099 [oWwoIoBW SOE/L.Z0 | "0 L/10p/4Pd-8joile/xqowew/Bi10°soe sqnd wouj papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6c01586/suppl_file/ma6c01586_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6c01586/suppl_file/ma6c01586_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6c01586/suppl_file/ma6c01586_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6c01586/suppl_file/ma6c01586_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6c01586/suppl_file/ma6c01586_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6c01586/suppl_file/ma6c01586_si_001.pdf
http://pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.6c01586

Macromolecules

pubs.acs.org/Macromolecules

A) 2.0 ]

B)
~ Lamellar
coherence length

<
&

00 05 10 15 2.0

& FIID TT2F

O

~ m-m coherence 19.8
length

e
)

e
-

Lamellar d-spacing, A
5 =
-] "~

18.8

Lamellar coherence length, A

60
ID-TT IHID-TI2F FID-TT FID-TT2F

ot e E F)
4.0 90 25
A ~—a—IID-TT —~u—TD-TT
< 24| —o—IID-TT2F — 80 |—e— ID-TT2F e

38 ’ 0 \ 85 5 < —A—FIID-TT - = I,~1717T
< 4 N > | & 3| —%—FIOD-TTF £
b d h 80 = ¢ )
236 4 % 2z s =
o » e S22 - -
:' < .\'/'\. IER-T < cooling
? & =21 =
- 34 / z = =
© , 02 2 . z T,~173T
D bl
3 / e E 20 L N St 7 A = h ?

32 / B3 —— '/A>< g

. 65 & _— X £ A 4 i A—a

/ ® k" B M"—*—k
d Zo | oamme
30 60 18 heating
IDTT IDTI2F FIDTT FIDTT2F 20 40 60 80 100 120 "0 160 1$o ’(IJO 250
Temperature, °C > > = =3
P ’ Temperature, °C

Figure 2. (A) 2D diffraction images obtained from polymer films. (B) Scheme of the edge-on polymer crystalline domain indicating relevant lengths
including d-spacing and coherence lengths in both lamellar and n—n directions. (C) Lamellar d-spacing and coherence length and (D) n—7 d-spacing
and coherence lengths obtained from 1D diffraction line cuts. (E) Lamellar d-spacing over the annealing temperature range. (F) DSC of polymer
solids indicating crystalline domain melt and crystallization in IID-TT and IID-TT2F at the tested scan rate.

hexyl spacer region improves the backbone order and limits dis-
ruption by extending the more flexible EG region from the
backbone. Molecular dynamics simulations were carried out
based on the spacing obtained from GIWAXS and supported
the increase in planarity and n—n stacking (Figure S14).
Thermal analysis further suggests increased aggregation
across the fluorinated polymer series observable in temperature
dependent GIWAXS and differential scanning calorimetry
(DSC) of polymer solids. Upon heating the parent polymer
thin film, an increase in lamellar d-spacing is seen at tempera-
tures above 100 °C (Figure 2E and Figure S15). The fluori-
nated polymers do not show an expansion indicating that the
increased aggregation due to fluorination likely contributes to
decreased thermal expansion and retention of lamellar structure
at elevated temperatures. Further, in DSC of polymer solids,
melting and crystallization temperatures are observed in
IID-TT and IID-TT2F but not in FIID-TT and FIID-TT2F,
indicating that within the temperature range and rate tested,
melting may be suppressed in the backbone region due to
increased aggregation strength when isoindigo is fluorinated.
To further unveil the impact of fluorination on the polymer
backbone and side-chain assembly, we used attenuated total
reflectance Fourier transform infrared (ATR-FTIR) and
Raman spectroscopy. As shown in Figure 3A, regions of interest
include C=C/C-C stretching and C=O stretching
(1400-1700 cm™) to elucidate backbone behavior and C-O—
C, C-N, and C-H stretching and bending (1000-1200 cm™)
and CH, stretching (28003000 cm ™) regions to probe side-
chain behavior. ATR-FTIR spectra were obtained using

polymer solids, and Raman spectra were obtained using
annealed polymer films on glass. DFT was used to assist in
assigning the peaks for both ATR-FTIR and Raman spectros-
copy. The predicted traces and vibrational modes are included
in the Supporting Information (Figures $16-S20).

FTIR peaks between 1600 cm™ and 1700 cm™ were
observed for all polymers due to the benzene and carbonyl
stretching modes in the isoindigo units. Full spectra and peak
assignments are included in the Supporting Information
(Figures S15-S18). The C=C band occurs at 1605 cm™" for
IID-TT, with a 1 cm™" shift to 1606 cm™ upon fluorinating
the bithiophene in IID-TT2F. A 13 cm™ shift occurs upon
fluorinating the isoindigo with the C=C band occurring at
1692 cm™! and 1693 cm™' for FIID-TT and FIID-TT2F,
respectively. These increased shifts arise from increased stiffness
and planarity imparted by fluorination, supporting increased
aggregation as isoindigo is fluorinated.

Raman spectroscopy was used to probe chain aggregation and
order in polymer thin films due to its sensitivity to delocalization
and local order."”***' Increased delocalization in conjugated
polymers causes an effective softening of the polymer bonds, caus-
ing a downshift in Raman spectra.”’42 Thus, Raman shifts can be
used to infer the impact of fluorination on conjugation, revealing
two prominent effects in this polymer series: (1) increased planar-
ization due to fluorination extends the conjugation and delocaliza-
tion, and (2) when appending electron withdrawing fluorine
atoms to the donor thiophene units, there is a negative impact
on charge delocalization. In IID-TT, IID-TT2F, FIID-TT, and
FIID-TT2F polymer thin films, the Raman active C=C/C-C
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Figure 3. Spectroscopy of polymer solid and films indicating backbone order and side-chain assembly. (A) Polymer structure with relevant Raman
shifts and FTIR absorption wavelengths assigned from literature. (B) ATR-FTIR spectra of solids showing the C=0 and C=C stretching regions of
the isoindigo core. (C) Raman spectra of C=C/C—C backbone stretching. (D) ATR-FTIR of the CH, stretching region associated with the alkyl
spacer region of the side chain. (E) Raman spectra of side-chain related peaks. (F) Side-chain structure with the proposed assembly scheme.

stretching region revealed 3 main groups of peaks observed across
the polymer series (Figure 3C). We assigned the peaks following
literature references and DFT calculations (Figures S18-520) as
follows: C=C/C—C backbone stretching localized on the thio-
phene units at 1431-1452 em™L* C=C/C~C backbone stretch-
ing across thiophene and isoindigo at 1459 cm™,'” and C=C
stretching of the center double bond of isoindigo at 1529-
1561 cm™.** The Raman spectra of thin films support increased
aggregation upon fluorinating isoindigo as seen by downshifts in
the thiophene stretching between the parent polymer
(1437 cm™) and FID-TT (1431 cm™) (Figure 3C).
Additionally, the second C=C/C-C stretching peak present in
IID-TT and IID-TT2F shifts and merges with the lower shift
peak in both FIID-TT and FIID-TT2F, indicating a stiffening
of the isoindigo and backbone vibrations. Despite increasing pla-
narity, both IID-TT2F and FIID-TT2F show a significant upshift
compared to the polymers containing unfluorinated bithiophene,
IID-TT and FIID-TT, which hints that the electron withdrawing
effects of the fluorine atoms appended to bithiophene may have
negative effects on the overall polymer conjugation.

ATR-FTIR and Raman spectroscopy can also be used to
evaluate the effects of backbone planarity on side-chain
behavior. We first monitored the hexyl spacer region of the side
chain focusing on the differences between the all-trans crystal-
line and the disordered, liquid-like states. The CH, stretching
region corresponding to the alkyl groups appears between
2700 cm™! and 3000 cm™ in the FTIR. In this region, all four
polymer solids exhibit two peaks assigned to the symmetric
stretching at 2857 cm™' and asymmetric stretching between

2916 cm™! and 2927 cm™' (Figure 3D). As observed in oli-
go(ethylene-glycol) monolayer literature, the asymmetric
stretching peak at 2917 cm™" corresponds to a crystalline, all-
trans state of an alkyl region and the peak at 2925 cm™" indi-
cates a more disordered and liquid-like state.***> IID-TT and
IID-TT2F have peaks occurring at 2925 cm™" and 2927 cm™,
respectively, indicating a disordered alkyl spacer region.
FIID-TT and FIID-TT2F show peaks at 2919 cm™' and
2916 cm™, indicating the presence of more ordered alkyl
regions of the side chain. This led us to propose that the
increased aggregation and planarity induced by fluorinating iso-
indigo can extend to the neighboring alkyl chain, resulting in
more ordered hexyl regions of the side chain. The ethylene gly-
col region of the side chain is expected to also produce peaks in
the CH,, stretching region, but they are likely masked by the
stronger alkyl spacer region stretching peaks.**

We extracted further insight into the ethylene glycol portion
of the side chain from the 1000 cm™ to 1200 cm ™" region of the
thin film Raman spectra. Raman peaks in this region are attrib-
uted to contributions from the side chains in other conjugated
polymer systems.'®'® This region includes absorbances from
the C—O—C stretching of the ethylene glycol portion of the side
chain, the C-N stretching from the side-chain attachment to
the IID core, and the CH; stretching of the methyl terminus.
A peak around 1100 cm™ occurs in all four of the polymers
with a distinct shift when the IID core is fluorinated
(Figure 3E). IID-TT and IID-TT2F both exhibit sharp peaks
centered around 1120 cm™’, whereas the same peak broadens
and is shifted by 20 cm™ to 1100 cm™ for both FIID-TT
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and FIID-TT2F. We hypothesize that this shift is due to disor-
der in the EG side-chain due to both the downshift and broad-
ening observed in the Raman spectra.*®*” Additionally, a
shoulder appears in the C-O-C stretching region of the
ATR-FTIR spectra of both FIID-TT and FIID-TT2F, which
could arise due to the gauche defects in the ethylene glycol
region (Figure $19).***° We propose that the rigid alkyl spacer
unit seen in FIID-TT and FIID-TT2F limits the ordering of the
ethylene glycol region, causing increased defects and disorder,
whereas the less ordered alkyl spacer region of IID-TT and
IID-TT2F allows the ethylene glycol region to order more
independently (Figure 3F).

To investigate how backbone fluorination influenced mixed
ionic-electronic performance, the polymer series was evaluated
using cyclic voltammetry (CV) and OECT devices using KPF,
as an aqueous electrolyte, chosen based on previous reports of
high performance.” All electrochemical devices were fabricated
by spin coating polymer films onto the respective substrates from
chloroform solutions and annealing under vacuum, identical to
the films prepared for structural analysis. We anticipated two fac-
tors to govern mixed conduction: (1) fluorination of the isoin-
digo unit strengthens its acceptor character, while fluorination
of bithiophene reduces its donor strength and likely suppresses
electronic transport, and (2) the fluorinated polymers are more
crystalline and ordered, which is optimal for more efficient charge
carrier transport but causes a tradeoff with bulk ionic uptake.
Optimal fluorination is thus needed to maximize D-A character
and maintain mixed conduction.

All four polymers exhibit redox behavior at positive and nega-
tive voltages in the —0.8 V to 0.8 V testing window and main-
tained activity upon cycling (Figure 4A and Figure S20). As

expected, fluorination increases the oxidation onset potential
and alters the HOMO and LUMO levels depending on the loca-
tion of the fluorine atoms (Figure 4B and Figure S21).'* In
OECT devices, all polymers exhibited dominantly p-type charac-
teristics under the conditions investigated here. Although no
appreciable n-type behavior was observed under our measure-
ment conditions, the electronic structure of the IID series and
the increase in reductive current observed from CV suggest that
these materials may still have potential for n-type operation. We
believe that a more dedicated characterization under carefully
controlled inert conditions is warranted to properly assess this
behavior. Nonetheless, the measured transfer curves revealed
the importance of the location of fluorine atoms on the resulting
transistor performance (Figure 4C and Supporting Information,
Section S9). When on bithiophene, fluorination significantly hin-
ders p-type conduction, likely due to limiting conjugation and
delocalization as seen by lower currents obtained in these devices.
IID-TT shows the highest current reached within the tested gate
voltage range, but the continued rise in the current in the case of
FIID-TT indicates that higher currents may be obtained at
higher gate voltage, due to the shifted threshold voltage upon
fluorinating the isoindigo core (Figure 4C and Supporting
Information Section S9).

The mixed conduction term, pC*, was extracted from the trans-
fer curves to evaluate the impact of fluorination on mixed conduc-
tion (Figure 4D and Supporting Information Section S9). Due to
the low current obtained in the devices, it is not surprising that
IID-TT2F and FIID-TT2F both underperform in pC* as well.
FIID-TT shows a slightly higher pC* (743 + 18 F em™' V!
s7!) than IID-TT (60.2 + 24 F cm™' V™! s7!), but the increase
in performance is not significant. Differences in performance
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Figure 4. Electrochemical performance in 0.1 M KPF,. (A) Cyclic voltammetry of polymer films on ITO glass. (B) Extracted oxidation onset in
KPFy. (C) Representative transfer curves of OECTs in 0.1 M KPF, with dimensions W: 400 pm, L: S pm, D: 3060 nm. (D) Mixed conduction
parameter extracted from OECT transfer curves. (E) Volumetric capacitance (filled) extracted from CV and OECT charge carrier mobility (hollow)
calculated from pC* and C*. (F) Water contact angles of polymer thin films.
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become evident when separating the electronic and ionic compo-
nents of the mixed conduction term into OECT charge carrier
mobility and volumetric capacitance components (Figure 4E).
Volumetric capacitance is extracted from cyclic voltammetry, and
OECT charge carrier mobility is obtained by dividing the mixed
conduction term by volumetric capacitance (Supporting
Information Section S9). By isolating these terms, we can see that
the charge carrier mobility is highest in FIID-TT, reaching 3 times
the parent polymer mobility, indicating that the planarization due
to fluorination of the isoindigo unit favorably enhances crystallinity
and therefore electronic conduction. Inversely, there is a decrease
in volumetric capacitance upon fluorination due to the increase
in crystallinity limiting ion uptake. Interestingly, despite fluorina-
tion, the IID films in this series remain hydrophilic with water con-
tact angles between 50° and 70°, which is different from literature
reports where fluorination increases the contact angle of the result-
ing polymer film* (Figure 4F). Both IID-TT2F and FIID-TT2F
create more hydrophilic thin films; however, this does not directly
translate to a higher volumetric capacitance or transistor perfor-
mance. Note that electrochemical characterizations and OECT
measurements were also carried out using an ionic liquid,
EMIM:TES], and revealed similar trends as the aqueous electrolyte
(Figure S28). These results thus underscore that it is important to
consider both electronic and ionic conduction when using fluori-
nation as a method to engineer mixed conductors, especially
isoindigo-based ones. The new insights garnered here further
expand on previous fluorination studies that show enhanced per-
formance in dry-state devices and reveal the nuanced design of
mixed conductors compared to their purely electronic conducting
counterparts.

Bl CONCLUSIONS

Fluorination was used to tune backbone planarity of polymers
flanked with hybrid side-chains, and we investigated the resulting
impact on film morphology, backbone and side-chain assembly,
and electrochemical performance. We used computational and
solid-state spectroscopy and X-ray diffraction to uncover the
impact of fluorination on backbone planarity and the resulting
increased aggregation and order, particularly when the isoindigo
unit is fluorinated at the 7 and 7’ positions. Further insight was
gained from spectroscopic methods into the increased order in
the polymers due to fluorination as well as some evidence that
side-chain ordering is impacted by backbone order. Finally, we
evaluated the electrochemical response of the polymer series
and found that, while fluorinating bithiophene hindered transis-
tor performance, fluorinating isoindigo improved electronic
charge carrier mobility but hindered ionic capacitance. Overall,
this study was able to expand understanding of backbone order
in isoindigo systems in electrochemical environments, applying
a design principle from dry-state device literature to a wet state
environment. Here, both electronic conduction and ionic con-
duction need to be considered, thus leading to nuanced material
design principles and balancing order and disorder and charge
delocalization in channel materials.
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