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Abstract

Sidechain engineering is a powerful strategy for tailoring the intrinsic properties of
semiconducting polymers, enabling precise modulation of structure-property relationships critical

for organic electronic applications. Breaking symmetry via sidechain engineering—by

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

incorporating two non-identical sidechains onto the conjugated backbone—is an emerging

approach to control molecular stacking and polymer chain interactions. However, the fundamental
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impact of sidechain induced non-symmetry remains underexplored, limiting the full tunability and

(cc)

optimization of this design in soft organic electronics. In this work, we investigate the structure-
property relationships of isoindigo-thienothiophene-based semiconducting polymers, employing a
novel “lego-like” synthetic strategy for non-symmetric condensation of alkylated precursors. This
method significantly enhances specificity, customizability, and reproducibility, facilitating the
development of fully tunable systems. Using this approach, we synthesized a series of non-
symmetric polymers with linear and branched aliphatic sidechains to evaluate their impact on
polymer packing motifs and performance in organic field-effect transistors (OFETs). Multimodal

characterization revealed that these non-symmetric polymers exhibit electronic properties
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comparable to their symmetric counterparts while demonstrating reduced crystallinity and low
Young’s moduli, as shown by atomic force microscopy. Furthermore, increasing the carbon spacer
length from 1 to 4 carbons in the branched chain moiety improved charge transport, achieving
average hole mobilities of up to 0.12 cm?/Vs and 0.10 cm?/Vs for P[(ITT)(C;C;¢C12)(C12)] and
P[(ITT)(C4C19C12)(C12)], respectively. Overall, this work establishes a straightforward and
highly tunable approach for designing a library of non-symmetric isoindigo derivatives through
sidechain engineering, providing precise control over nanoscale polymer structures in thin films

and unlocks new pathways for enhancing the performance of organic electronic materials.

INTRODUCTION

n-Conjugated semiconducting polymers have gained increasing interest for their
applications in organic electronics largely due to their good charge transport properties
(comparable to that of amorphous silicon) and tunable optical, electronic, and mechanical
properties.!~® Among the many design elements that can be synthetically fine-tuned to control their
performance for improved materials, the sidechains play a particularly important role in the
determination of intrinsic properties including molecular stacking, solution processability, and thin
film morphology, all of which contribute directly to the optoelectronic and thermomechanical
properties of the semiconducting polymer.”~!? In addition to including various functional groups
in the sidechains of conjugated polymers, symmetry-breaking via the introduction of non-identical
alkyl sidechains or functional groups at both ends of the isoindigo unit through sidechain
engineering, is a relatively new design strategy to control the molecular stacking pattern and
interactions of the polymer chains.!!:12 For almost all high-performance semiconducting polymers,

sidechains are symmetric, i.e. they are designed to possess the same length and structure across
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the entire chain. While this design strategy is efficient, using sidechain engineering to break the
symmetry of polymer chains is a promising new design approach for controlling their molecular
stacking patterns and interactions. Geometric disparities as a consequence of non-symmetry, has
been shown to be beneficial in modulating the solubility, processability, and morphology of
semiconducting polymers through various sidechain combinations.

Recently, Yen et al. investigated the role of non-symmetry in the modulation of
hydrophilicity in isoindigo-based semiconducting polymers using various functionalized
sidechains including; oligoether, carbosilane-terminated sidechains, and semifluorinated
sidechains.!? Notably the combination of oligoether and carbosilane sidechains resulted in an
average hole mobility (uy,) of 0.56 cm? /Vs, measured in organic field-effect transistors (OFETS),
which was attributed to the favourable intermolecular interactions of the functionalized sidechains
mitigating the steric hindrance between the conjugated backbone and sidechains. The polymer

chain stacking orientation, whether edge-on or face-on dominated, was found to be controlled by

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

altering the hydrophilicity through various non-symmetric sidechain combinations. Additionally,

the intermolecular interactions between the sidechain combinations influenced the stretchability
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and overall ductility of the polymers by creating uniformly distributed amorphous domains while
maintaining long range crystallinity. In another work, Lin ef al. investigated the effect of side chain
non-symmetry on the stretchability of semiconducting polymers and related OFETs devices using
carbosilane and siloxane terminated sidechains in conjunction with backbone fluorination in
poly(isoindigo-bithiophene) polymers.!'4 Each sidechain combination was shown to impart distinct
influences on the molecular stacking and orientation with variations in device performances and
stretchability owed to the differences in carbon units after the branching point, with average hole

mobility maxima of up to 3.49 cm?/Vs.
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Building from these prior works, our group recently investigated a novel family of non-
symmetric polyisoindigos bearing aliphatic sidechains combined with a hydroxy-terminated
sidechain.!> Notably the new materials were found to possess favourable electronic and solid-state
properties, and improved solubility in non-halogenated solvents. An non-symmetric amphiphilic
system incorporating oligo(ethylene glycol) in combination with a solubilizing alkyl chain was
also investigated for potential applications as mixed ion-electron conductors in organic
electrochemical transistors.!®!” However, despite these unique properties, this design strategy
possesses significant limitations, suffering from low synthetic yields and difficult control of the
non-symmetric synthesis of materials, thus making large-scale production of these novel polymers
a challenge.

A ‘one-pot’ alkylation method, where both sidechains are added simultaneously, has
commonly been reported as the method of choice for non-symmetric sidechain alkylation.!!-14.15.17
Despite successfully obtaining the targeted non-symmetric monomer, this synthetic method has
been shown to possess significant limitations, including the generation of multiple products
leading to a significantly lower yield of the desired non-symmetric product. Additional problems
occur when the sidechains are of similar polarities, for example the use of common branched and
linear alkyl chains, increasing the difficulty of purification of the non-symmetric monomer.
Considering the need for large quantity of organic semiconducting polymers for large-scale
manufacturing, and for exploring new structure-property relationships in electronic materials, this
synthetic approach is, therefore, not viable.

To overcome these significant limitations and develop an efficient, simple, and fully
tunable design strategy for achieving non-symmetric semiconducting polymers, herein, we

introduce a novel synthetic method for the development of non-symmetric isoindigo-based
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polymers. Using this approach, we systematically varied the branching point of one of the
sidechains to study its impact on the solid-state, thermomechanical, and electronic properties of
the resulting materials. Drawing on the stepwise synthesis of isoindigo, the synthetic approach
follows a sequential basic alkylation of the isoindigo monomer, and then is customized further
using a non-symmetric condensation of two alkylated precursors in a “lego-like” strategy. The new
approach leads to drastically increased overall specificity, customizability, and reproducibility of
the synthesis allowing for a fully tunable system. The non-symmetric isoindigo monomers
achieved synthetically through this novel method afforded good yields, ranging between 41% to
76%.

Although non-symmetric designs are attracting attention in current literature, the impact of
sidechain non-symmetry at a fundamental level is not fully understood, preventing a complete
tunability of the system and its optimization towards more efficient soft organic electronics.

Therefore, toward getting further insights into this design and its impact on the properties of the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

semiconducting polymers, this work investigates a poly(isoindigo-co-thienothiophene) system

utilizing only linear and branched aliphatic sidechains to determine how they affect the polymers
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packing motifs and overall performance in OFET devices. Overall, increasing the carbon spacer
length from 1 to 4 carbons before the branching point was found to have a favourable effect on
charge transport with the C,C,C, sidechain series, with average hole mobilities of up to 0.12
cm?/Vs and 0.10 cm?/Vs obtained for P[(ITT)(C{C9C12)(C12)] and P[GITT)(C4C9C10)(C12)]
respectively. Overall, this work allows for a simple yet completely tunable approach for the
development of a library of non-symmetric isoindigo derivatives through sidechain engineering,
enabling precise control of nanoscale polymer structure in thin films and enabling new pathways

to enhance the performance of these materials in emerging organic electronic devices.
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RESULTS AND DISCUSSION

Isoindigo derivatives are initially formed through the condensation of two precursors: an
isatin and oxindole derivative allowing for additional functionalization and customization of the
isoindigo monomer through nucleophilic substitution with an alkyl halide.'® This synthetic
approach is common in literature, typically achieving alkylated and soluble isoindigo derivatives
in moderate yields. As shown in Scheme S1, a typical one-pot non-symmetric alkylation of
isoindigo can generate the non-symmetric alkylated monomer, but also two symmetric derivatives.
The yield of the desired non-symmetric product is low, primarily due to side-products formation,
but also due to difficulty in purification of the crude mixture after alkylation via column
chromatography. This is to be expected given the structural similarities between all products,
leading to similar polarity and affinity for the stationary phase in column chromatography. This
synthetic challenge can be minimized by the utilization of alkyl halides with drastically different
polarities, however, this synthetic route still remains challenging and low yielding. As a
representative reaction, a one-pot alkylation of the isoindigo monomer with 1-bromododecane and
I-iodo-2-decyltetradecane was performed as shown in Scheme S1. In addition to the desired
product, additional side products including the symmetrically alkylated il(C;;) monomer was also
observed in the crude mixture. Notably, separation via both column chromatography on silica gel
and preparative thin-layer chromatography on silica were challenging, due to the similar polarities
and coelution of each respective product.

To circumvent the issues with the commonly used one-pot alkylation route and to improve
the overall synthetic route towards non-symmetric semiconducting polymers, a novel “lego-like”
approach to synthesize non-symmetric isoindigo derivatives was established (Scheme 1). In this

method, 6-bromoisatin and 6-bromooxindole, the precursors to isoindigo, are alkylated with a
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branched alkyl sidechain and a linear alkyl sidechain, respectively. The process is completed with
an aldol condensation, producing the non-symmetric isoindigo monomer with high selectivity. The
complete synthetic details are included in Supporting Information. Briefly, 6-bromooxindole
was first reacted with 1-bromodocane and potassium carbonate in dimethylformamide under
nitrogen atmosphere. However, after examination by NMR, it was determined that a disubstituted
symmetric isoindigo monomer had been formed in one step, instead of an alkylated oxindole
derivative. A similar observation was noted by Zhao et al.; an alkylated thiophene fused isoindigo
was produced in one step using excess potassium carbonate and 1-bromooctane under aerobic
conditions.!® It was proposed that the thiophene-fused oxindole underwent alkylation and
oxidation under aerobic basic conditions to produce the alkylated dione. The dione, would then
condense with an unoxidized oxindole to produce the disubstituted symmetric isoindigo monomer,
compound 14. An alternative method to synthesize the alkylated oxindole was then utilized as

illustrated in Scheme 1. A Wolf-Kishner type reduction was then carried out to reduce the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

alkylated dione with a dodecyl side chain (compound 1) to an oxindole, (compound 2). The

alkylated oxindole was then condensed with an isatin derivative under acidic conditions
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(compounds 3 to 7), bearing various branched alkyl chains, to produce the non-symmetric

il(C,CCy)(Cy2) monomers compounds 8 to 12 in good yields.
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Scheme 1. Synthetic pathway to asymmetric isoindigo il(C,CC,)(C{;) monomers,

compounds 8 to 12.

An alternate strategy was also investigated to through successive alkylation, as shown in
Scheme S3. First, a monoalkylated isoindigo monomer is synthesized, which then undergoes a
second alkylation to achieve the desired non-symmetric monomer. This approach was explored
for the synthesis of compound 8 as detailed in Supporting Information. The formation of the
monoalkylated monomer compound 13 is performed through acid-catalysed aldol-condensation
between compound 3 and the commercially available 6-bromoisatin to afford compound 13 in
good yield (54%). The second alkylation was carried out using standard conditions with 1-
iodododecane and potassium carbonate in DMF to generate compound 8 in 67% yield, compared
to the previous 76% yield obtain in the approach described previously. Notably, while this alternate
method increased the specificity of reaction to generate the targeted non-symmetric isoindigo
monomer, the purification of the final products was significantly more tedious, and was primarily
limited by the solubility of the monoalkylated intermediate. The new “lego-like” synthetic strategy
described in Scheme 1 is therefore the most suitable approach to achieve the non-symmetric

isoindigo-based monomers with desired synthetic yields and versatility.
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Following the preparation of the various non-symmetric isoindigo monomers, co-
polymerization with 2,5-bis(trimethylstannyl)thieno[ 3,2-b]thiophene through palladium-catalyzed
Stille cross-coupling afforded the P[(iITT)(C,C«C,)(C;,)] series. The crude polymer mixtures
were then purified via Soxhlet extractions successively using methanol, acetone, hexanes, and
chloroform. The chloroform fractions were collected and precipitated in methanol and then dried
under vacuum. The complete synthetic procedure and structural characterization of the new
polymers are detailed in Supporting Information. All polymers were obtained in moderate yields,
which may be attributed, at least in part, to the limited solubility of the growing polymer chains.
Upon synthesis of the semiconducting polymers, high-temperature gel permeation
chromatography in 1,2,4-trichlorobenzene at 180 °C against monodisperse polystyrene standards
was performed on the P[(IITT)(C,C\C,)(Ci,)] series with results summarized in Table 1. All
polymers were shown to possess a number-average molecular weight around 15 kDa and degree

of polymerization above 10. Only P[(ITT)(C,C;¢C1)(C12)] showed a smaller molecular weight.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

UV-vis spectroscopy was subsequently performed to evaluate the optical properties of the
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polymers, as shown in Figure 1. The materials were characterized either in solution (CHCl3) or as
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thin films, which were prepared by drop casting to achieve better control over film thickness and
spectral quality. In both solution and solid state, the polymers showed dual-band absorption
typically associated with donor-acceptor type polymers. The absorption spectra of the polymers in
solid state also revealed significant differences in aggregation patterns based on the position of the
sidechain branching point. Specifically, a progressive reduction in the (0-1)/(0-0) vibrational peaks
ratio was observed as the carbon spacer length before the branch point increased from 1 to 4
carbons.?’ This reduction in the (0-0) vibrational peak suggests decreased polymer chain

aggregation, attributed to J-type aggregation, as the branching point moves further from the
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polymer backbone—a trend consistent with previous literature.?>2 The absorption maxima
exhibited a hypsochromic shift, from 737 nm for one-carbon spacers to 716 nm for four-carbon
spacers, further indicating a reduction in J-aggregates as the spacer length increases. Cyclic
voltammetry (CV) was then performed in addition to UV-Vis spectroscopy to determine the optical
band gap and highest occupied molecular orbital (HOMO) levels of the polymer series (Figure
S3). The lowest molecular orbital (LUMO) was then calculated by subtracting the optical bandgap
value from the determined HOMO energy level. As indicated in Table 1, all polymers show
relatively similar HOMO/LUMO levels, confirming the minimal influence of the sidechain
structures on the polymers’ energetic levels. Thermogravimetric analysis (TGA) was then
performed in order to determine the thermal stability of the new polymers, with results summarized
in Figure S4. All polymers show a thermal decomposition (5% weight loss) above 380 °C, thus

confirming their high thermal stability.

Table 1. Synthesis of P[GITT)(C,CCy)(Ci2)] polymers and their physical and optoelectronic

properties.

S
Me:‘)Sh—Q\/\[E\>~SnMe3
S

Pd,(dba)s, P(o-tolyl)s,
PhBr, PhSnMes, PhCl,

il(C,CxCy)(C12) P[IITT(C,C,Cy)(C12)]
Egopt Eg opt
Mll >"maxﬁ1m )\'rnaxsoln HOMO LUMO Td

Polymer b} X (film) (soln)
(kDa)* (nm)?  (nm)? (eV) eV (O

(eV):  (eV)*
P[(ITT)(C;C¢C12)(Cy2)] 17.1 29 19 737 727 140 158 -549 -4.09 397
P[(ITT)(C;C1¢C19)(C12)] 12.2 24 14 737 723 1.45 1.59 -549 -4.04 382
P[(ITT)(C,C1¢C10)(C12)] 7.2 2.3 8 718 728 1.59 1.58 -5.51 -3.93 389
P[(ITT)(C;5C1¢C19)(C12)] 16.0 23 18 718 723 1.57 1.58 -5.23 -3.66 387
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P[GITT)(C4C1yC10)(Cr2)] 246 3.6 23 716 736 158 157  -5.20 363 393

INumber-average molecular weight estimated by high-temperature gel permeation chromatography in 1,2,4-
trichlorobenzene at 180 °C using a polystyrene standard. *Dispersity defined as M,/M,. ‘Degree of polymerization
defined as M,/M,, where M, is the molecular weight of the repeat unit of each polymer. YAbsorption maxima.
°Calculated by the following equation: gap = 1240/Aoyser. ‘Calculated from cyclic voltammetry (Potentials vs. Ag/AgCl)
using 0.1 M TBAPF; in CH;CN as electrolyte where Eyomo=-4.38 €V-(OXonser). 8Estimated from calculated E, and
HOMO. "Estimated from thermogravimetry analysis (TGA) at 5% mass loss (Figure S4).

PIITT)(C,C,,C,oHC,)]|
——P[(ilTT)(C,C,,C,)NC,,)]
— PIITT)(C,C,,C, NC, ) b
—— P[(ilTT)(C,C,,C,)(C,,)]
——P[(ilTT)(C,C,,C,NC,)]

PLGITT)(C,C,C,)C ]
— P[(iITT)(C,C,,C MC,,)]

—
X}
)

Q
~

PIITT)(C,C,,C,n)(C.2)]
—— PIITT)(C,C,,C,)(C,,)]
—— P[(iITT)(C,C,,C,)(C,,)]

\

T T T T T J
600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)

Figure 1. Comparative UV-Vis spectra of P[((ITT)(C,C«C,)(C2)] polymers a) solution in CHCI;,
and b) drop-casted thin film.
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To gain insight into the solid-state properties of these materials in thin films, we

investigated the non-symmetric semiconducting polymers using atomic force microscopy (AFM),

Open Access Article. Published on 29 April 2025. Downloaded on 5/2/2025 6:06:42 AM.

as shown in Figures S6 to S9. Notably, at the nanoscale, all polymers displayed a relatively smooth

(cc)

surface with no distinctive morphological patterns as observed by AFM height images. Surface
root mean square roughness (R,) values ranged from 0.98 to 3.99 nm, consistent with isoindigo-
based semiconducting polymers. These findings suggest that side-chain structure has minimal
influence on the polymers' aggregation properties, contributing to their uniform nanoscale
morphology in the solid state. AFM measurements of the film height profiles (Figure S8) revealed
thicknesses ranging from 10 to 36 nm. The observed variation between polymer films is likely

attributed to differences in the viscosity of the polymer solutions in chlorobenzene.
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Following the characterization of the solid-state morphology, the electronic properties of
the P[(AITT)(C,C,C,)(C12)] polymers were investigated through the fabrication of OFETs with a
bottom-gate top-contact architecture. The detailed fabrication procedure can be found in
Supporting Information. Briefly, devices were prepared by spin-coating solutions of 5 mg/mL in
chlorobenzene onto octyltrimethoxysilane (OTS) functionalized Si/Si0,.?* Source and drain
electrodes were then deposited through physical vapour deposition. All devices showed good
output characteristics and transfer behavior. Figure 2 shows representative output and transfer
curves of the devices prepared from P[(iITT)(C,C«C,)(Ci,)] series using chlorobenzene. Linear
fitting of Ipg"? vs. Vs from the transfer curves in the saturation regime was used to extract charge
carrier mobility ([1s,) using the following equation: Ipg sy = (WC/2L) psar (Vo — Vin)%, where Ipg
is drain current, W and L are channel width and length, C is the dielectric constant of SiO,, Vg is
gate voltage and Vy, is threshold voltage. As shown in Table 2, the performance of the materials
in OFETs prepared from chlorobenzene solutions was, as expected, significantly influenced by the
chemical design of the asymmetric polymer. The polymer P[(HITT)(C{C19C12)(Cy2)], Which
combines a linear side chain with an asymmetrical branched side chain, demonstrated an average
mobility of 0.12 cm?/Vs. This value aligns with previously reported mobilities for traditional
symmetric isoindigo derivatives, indicating that the presence of a linear chain on one end of the
isoindigo moiety does not detrimentally impact charge transport.?* When the C,C;,C,, side chain
was replaced with a C;C(C;y sidechain in P[(iITT)(C;C1¢C10)(C12)], the charge mobility
decreased by an order of magnitude, with an average value of 0.036 cm?/Vs. Shifting the branching
point progressively further from the m-conjugated backbone led to a gradual increase in average
charge mobility, from 0.036 cm?/Vs with the C,C;(C;( side chain to 0.053 cm?/Vs with the

C,C1oCpside chain in P[AITT)(C,C1¢C19)(C12)]. Interestingly, when the C5C;(C; sidechain was
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used alongside a linear sidechain in P[(iITT)(C;C19C10)(C12)], the average charge mobility
decreased slightly to 0.024 cm?/Vs. However, extending the branching to the C4 position in
P[GITT)(C4C19C10)(C12)] significantly improved the average mobility to 0.10 cm?/Vs,
comparable to the C;C;(C;, non-symmetric counterpart. Several key insights emerged from
analyzing these trends. First, shifting from the asymmetric C,;C,(C,; to the symmetric C,C;,C;,
sidechain is detrimental to charge mobility, likely due to suboptimal sidechain interdigitation.
Additionally, pushing the branching point from C1 spacer to C4 in the C,(C,, sidechain series
generally increases charge mobility, likely due to reduced steric hindrance along the n-conjugated
backbone, which promotes better n-n stacking between polymer chains and enhances charge
mobility. This phenomenon has been previously reported for similar semiconducting polymer
systems.?>?7 Generally, polymers with branched sidechains featuring an even number of carbon
spacers exhibited improved charge mobility compared to those with odd-numbered spacers, except

in the case of the non-symmetric C,C;(C;, which exhibited the overall highest charge mobility,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

possibly due to the asymmetric branched chain allowing for increased sidechain interdigitation.

This observation agrees with the typical odd-even effect seen in such semiconducting polymers,

Open Access Article. Published on 29 April 2025. Downloaded on 5/2/2025 6:06:42 AM.
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where even spacers usually yield better performance.?82°
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Figure 2. Representative output characteristics (left) and transfer curves (right) of
P[GITT)(CaCxCy)(Cra)] series; a) PIGITT)(C1C19Ci12)(Ci2)l, b) PIGITT)(C1C19Cr0)(C2)l; ©)
P[GITT)(C2C10C10)(C12)]; d) PIGITT)(C3C19C10)(Cr2)], and e) PIGITT)(C4C19Cr0)(Cr2)l. All
measurements have been performed on thin films prepared via spin coating of a chlorobenzene
solution of selected polymer (5mg/ml). All OFET devices have been fabricated after thermal

annealing for 1 hour at hour at 150°C, Vps=-80V.

Considering the significant impact of thin film conditions and the solvent on polymer chain
self-assembly, we also investigated the electronic properties of the new polymers in CHCl3. Due
to its lower boiling point, chloroform often produces films with a distinct nanostructure compared
to solvents with higher boiling points, especially after thermal annealing. While predicting the
effects of solvent substitution is challenging, it provides an opportunity to further assess the

influence of chemical design on the electronic properties of the materials. As with the devices

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

prepared from chlorobenzene, all devices fabricated with chloroform exhibited good output and

Open Access Article. Published on 29 April 2025. Downloaded on 5/2/2025 6:06:42 AM.

transfer OFET characteristics. Figures S12 and S13 show representative output and transfer curves

(cc)

for the P[(GITT)(C,CsCy)(Cy2)] series processed from CHCls, with key results summarized in
Table S2. Notably, all chloroform-prepared devices demonstrated a lower charge carrier mobility,
regardless of the polymer used. Charge mobility decreased by approximately an order of
magnitude across all polymers, though a similar trend related to side-chain design and its impact
on electronic properties, consistent with that observed in chlorobenzene, was observed. The
polymer P[(AITT)(C;C1¢C12)(Cy2)], featuring a combination of a linear and an asymmetric
branched sidechain, exhibited an average mobility of 0.062 cm*Vs. Replacing the C,C;¢C;

sidechain with a C,C;(Cy sidechain in P[HITT)(C1C;9C19)(C12)] slightly reduced the mobility,

15
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with an average value of 0.010 cm?*Vs. Unlike the behavior observed in devices prepared from
chlorobenzene, progressively shifting the branching point away from the n-conjugated backbone
did not significantly increase the average charge mobility, which remained stable at 0.018 cm?/V's
when transitioning from a C,C;(C;y to a C,CioCyo side chain in P[HITT)(C,C;¢yC19)(C12)].
Notably, similar to the trend observed in chlorobenzene, using the C;C,(,C; sidechain with a linear
sidechain in P[(AITT)(C3C;¢C1)(C12)] reduced the average charge mobility to 0.0015 cm?/Vs for
devices prepared from CHCl;. However, extending the carbon spacers to the C4 position in
P[GITT)(C4C1¢C19)(C12)] markedly improved mobility to 0.050 cm?/Vs, once again aligning it
with the non-symmetric C,C;,C;, counterpart. Overall, the results obtained by processing the
polymers in CHCIl; confirm that the disruption of symmetry in the isoindigo core, achieved through
a combination of linear and branched sidechains, does not significantly alter the polymers
electronic properties, which remain consistent with previously reported values for symmetric

isoindigo-based polymers.

Table 2. Average and maximum hole mobilities (u, »¢, u, ™), 1,./I« current ratios, and threshold
voltages (V,,) for OFETs prepared from chlorobenzene solutions after thermal annealing for 1 hour

at 150°C. Results averaged from 10 devices.

Thickness Pnve/ py M2 V'
Polymer W/L Ton/Tops™*

(nm)? [cm2V-1s1] [V]
PGITT)(C,C1Cr2)(Cra) 36 1000/150  0.12+0.02/0.12 10° 15
PGITT)(C;C10C10)(Cr2) 8 1000/150  0.036 + 0.005/ 0.042 10° -9
PGITT)(C2C16C10)(Cr2) 16 1000/150  0.053  0.005/ 0.060 10! 11
PGITT)(C3C10C10)(C12) 12 1000/150  0.024 + 0.007/ 0.033 102 -10
PGITT)(CsC10C10)(C12) 20 1000/150  0.10+0.03/0.13 103 19

aThickness confirmed by AFM (Figure S8)
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To further get insights on the impact of sidechain structure, and the non-symmetry of the
isoindigo moiety induced by the presence of a linear dodecyl sidechain on electronic properties,
characterization of the nanoscale microstructure was performed by grazing incidence wide-angle
X-ray scattering (GIWAXS). This analysis was performed directly on representative OFET
devices built from the non-symmetric isoindigo-based polymers, with results summarized in
Figure 3 and Table S1. Overall, the introduction of asymmetry on the isoindigo core and branched
sidechain structure was found to influence the polymer chain packing in the solid-state. GIWAXS
analysis revealed long range organization for all polymers with strong out-of-plane diffraction
peaks (n00) along the g, plane representing lamellar packing. The presence of strong (400)
reflections were observed for the non-symmetric polymer series. In-plane diffraction peaks (010)
along the gy axis represent n-m stacking of the conjugated backbone, and remain consistent for the
P[GITT)(CyCxCy)(C12)] series (q ~1.81A™"). Interestingly, the alkyl spacer length before the

branching point showed minimal impact on the d-spacing, calculated to be 22.51A for

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

P[GITT)(C;C10C10)(C12)], and 23.00A for P[GITT)(C4C10C10)(Ci2)]. The d-spacing showed an

Open Access Article. Published on 29 April 2025. Downloaded on 5/2/2025 6:06:42 AM.

increasing trend as the carbon spacer was increased from one to three carbons for the C,C,C,

(cc)

series. Similarly, as the branching point was moved progressively further from the backbone, the
n-m stacking of the conjugated backbone decreased from 3.47A for P[GITT)(C;C10C12)(C12)] to
3.44A for P[(iITT)(C4C19C10)(C12)]. Notably, the m-m stacking distance slightly increased to
3.49A for P[GITT)(C3C10C10)(C12)]. Although the d-spacing and m-m stacking was not
significantly influenced by the branching point of the asymmetric sidechain, 2D GIWAXS analysis
indicates variations in polymer ordering within thin films as evidenced by differences in intensity
and ordering of the (#00) diffraction peaks. In contrast to traditional symmetric polymers, the

presence of a linear dodecyl sidechain most likely plays an important role in molecular packing

17
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the solid-state, thus reducing the impact of the branching point spacer and branched chain

interdigitation.
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Figure 3. Grazing incident wide-angle X-ray scattering (GIWAXS) 2D patterns of a)

P[GITT)(C,C10C12)(C2)l; b) PIGITT)(C1CroCro)(Cr2)]:

¢) P[GITT)(C2C10Cio)(Cr2)l; d)

P[(iITT)(C3C10C10)(C12)], and C) P[(iITT)(C4C10C]0)(C]2)], f) Summary of chain distances (d-

spacing and n-m stacking) and hole mobility versus branching point; g) Out-of-plane and h) in-

plane 1D GIWAXS patterns. All measurements have been performed on thin films prepared from

chlorobenzene solutions (10 mg/mL) after thermal annealing at 150°C.
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Following the characterization of the nanostructure of the materials upon non-symmetric
sidechain engineering, AFM quantitative nanomechanical analysis was used to probe for the
mechanical properties of the new materials by providing insights on the deformation of the thin
film upon nanoindentation.!” Derjaguin-Muller-Toporov (DMT) modulus was determined for the
P[GITT)(C,CCy)(C12)] series and suggested that the branching point of the sidechain did not
significantly affect the ductility of the polymers as indicated in Figure 4. Overall, the elastic
moduli for the new polymers ranged between 1.58 GPa for P[(iITT)(C,C1¢C10)(C12)] to 2.25 GPa
for P[AITT)(C{C1¢C10)(C12)]. These values agree with our previous work and other reports on
similar semiconducting polymers based on diketopyrrolopyrrole.3*32 Notably, the elastic moduli
measured are slightly higher than that measured for other isoindigo-based polymers which were
reported to range between 0.2-0.8 GPa. This difference can potentially be attributed to the presence
of fused ring systems within the conjugated backbone of the polymers, which likely increase the

rigidity of the conjugated backbone.’?3* Sidechain interdigitation, directly impacting van der

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Waals interactions and crystallinity, can also impact elastic moduli.
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Figure 4. Influence of sidechains on elastic modulus. Nanomechanical mapping of a)
P[GITT)(C,C1oC12)(C1)l; b) P[GITT)(C1C10C10)(Cr2)]; ©) P[GITT)(C2C19Cr0)(Cr2)l; d)
P[GITT)(C3C19C10)(C12)], and  e) P[GITT)(CsC1oCro)(Cr2)l; ) DMT  moduli  of
P[GITT)(C,CCy)(C2)] taken using nanoindentation, scale bar of 400 nm. All samples are thin

films prepared from chlorobenzene solutions (5 mg/mL) after thermal annealing at 150°C.

CONCLUSION

In conclusion, a novel synthetic strategy was developed to access isoindigo-based semiconducting
polymers with two non-identical sidechains, so-called non-symmetric polymers. This modular,
“lego-like” approach overcame key challenges associated with traditional one-pot alkylation
methods used to prepare these materials, such as low yields and difficult purification, providing a
tunable and efficient pathway to non-symmetric semiconducting polymers. Using this method, a
series of five non-symmetric isoindigo-based polymers with the general structure

P[GITT)(C,CCy)(C12)] were synthesized and systematically characterized. A combination of
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optical spectroscopy, X-ray scattering, and AFM analyses revealed the effects of branching point
asymmetry on their mechanical and optoelectronic properties. Additionally, top-contact, bottom-
gate OFET devices were fabricated to explore how non-symmetry influenced charge transport in
organic electronics. Notably, fixing one sidechain as linear dodecyl and varying the branching
point from a C1 spacer to a C4 spacer in the branched sidechain moieties resulted in an increase
in charge mobility. P[ITT)(C4C19C10)(C12)] exhibited an average mobility of 0.10 cm?/Vs,
comparable to its symmetric counterparts. Furthermore, P[((ITT)(C{C19C12)(C12)], containing an
asymmetric C;C;(C, branched chain, achieved an average mobility of 0.12 cm?*/Vs, attributed to
more optimal sidechain interdigitation. Interestingly, while the branching point had a minimal
effect on optical bandgaps and thin-film morphology, as evidenced by AFM, nanomechanical
analysis, and GIWAXS, the linear dodecyl sidechain likely played a crucial role in molecular
packing within the solid-state. This reduced the influence of the branching point spacer and

interdigitation on overall polymer performance, distinguishing these non-symmetric polymers

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

from their symmetric counterparts. These findings highlight the potential of sidechain non-

Open Access Article. Published on 29 April 2025. Downloaded on 5/2/2025 6:06:42 AM.

symmetry as a design parameter to tune polymer properties without compromising solid-state

(cc)

packing or charge transport. This approach not only expands the toolkit for polymer design but
also paves the way for the development of next-generation materials for organic electronic

applications.
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Representative output characteristics of P[(iITT)(C,CCy)(Ci2)] series; Transfer characteristics
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