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ABSTRACT: Conjugated polymers have been extensively used for
organic electronics applications due to their tunable optical,
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electrical, and mechanical properties. Traditional solution-based ® ® [ ‘;/\CHHZS
processing methods for conjugated polymers often require toxic Unchanged Permanent Conjugated Polymer
solvents and are limited by polymer solubility. In contrast, solid- ° Coaths

state hot pressing offers a straightforward, solvent-free processing
method, but subjecting conjugated polymers to temperatures above
their melting temperatures T, can lead to thermal oxidative
degradation. Here, we investigate the effect of hot-pressing and acid
doping on the crystallinity and electron transport properties of Processing Condition

conjugated polymers with dynamic covalent imine bonds between

quaterthiophene units (DQT-DP) compared to nondynamic analogs (DQT-NP). Polymers were processed at temperatures below
T, and enhanced crystallinity was observed using differential scanning calorimetry (DSC) and wide-angle X-ray scattering (WAXS),
which is attributed to thermally activated dynamic bond exchange promoting polymer subsegment crystallization and flow-induced
interchain 7—7 stacking. In contrast, negligible impacts on crystallinity were observed when hot-pressing the nondynamic polymer
analog DQT-NP. Enhanced crystallinity in hot-pressed DQT-DP led to higher electrical conductivity after iodine vapor doping. Acid
doping was further investigated to catalyze imine bond exchange and was found to promote backbone planarity, leading to enhanced
crystallinity and conductivity. Density functional theory (DFT) calculations showed that protonation of imine bonds significantly
enhances molecular planarity, consistent with experimental observations. Overall, this work shows that dynamic covalent bond
exchange provides a useful strategy to enhance the structural and electronic properties of semiconducting polymers.
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Bl INTRODUCTION layered structures, with processed samples showing larger
crystallites and reduced 7—r stacking distances.

Semiconducting polymers have received considerable attention
Recently, the development of degradable or transient

due to their tunable optical, electrical, and mechanical

properties for applications including organic field-effect conjugated polymers has motivated a demand for sustainable,
transistors (OFETs),' ™ organic photovoltaics (OPVs),*™? environmentally friendly, and self-healing electronic materi-
and sensors.'’™"® A common method for preparing conjugated als.”’ Imine-containing conjugated polymers are particularly
polymer films relies on solution-processing, where polymers promising due to their ease of synthesis and inherent
are dissolved into organic solvents followed by spin-coating,'* degradability of the dynamic covalent bonds in acidic
drop—casting,15 or blade—coating.lé However, these methods conditions.*’ Significant work has focused on understanding
require toxic solvents to dissolve conjugated polymers that are mechanisms of polymer degradability’”™>* rather than
insoluble in more common organic liquids. Solid-state leveraging dynamic bond exchange to modulate crystallinity
Pr.OCESSiIll_; can pr‘oduce films with .thicknesses of a few and conductivity. Prior work from our group showed that
microns * by heating above the melting temperature T, to enhanced crystallinity is achieved via dynamic covalent bond
induce flow. However, many conjugated polymers exhibit high exchange in nonconjugated oligoethylene networks with

T, values, and hot-pressing increases the risk of thermal
oxidative degradation.'” Stingelin and co-workers showed that
hot-pressing can induce flow below T, successfully processing
conjugated polymers into freestanding films.'"® Additionally,
Deng and colleagues showed that hot-pressing below T, )
enhanced the morphology and charge transport properties of Revised:  June 16, 2026
poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PE- Accepted: July 20, 2026
DOT:PSS)."”” Scanning electron microscope (SEM) and X- Published: July 27, 2026
ray diffraction (XRD) characterizations revealed that these

improvements arise from continuous and tightly packed

boronic ester cross-links, with crystallinity evolving slowly
over 30 days at room temperature and ultimately reaching
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Figure 1. Synthesis and chemical structure of dynamic (DQT-DP) and nondynamic conjugated polymer (DQT-NP). DQT-CHO was obtained via
Vilsmeijer—Haack reaction. DQT-DP was synthesized by imine condensation of DQT-CHO with p-phenylene-diamine (PDA). DQT-NP was
purchased commercially. The accompanying photographs show the neat polymers in their as-prepared states, without additional processing.

Table 1. Summary of Polymer Molecular Weight, Dispersity, and Thermal Transition

Polymer M, (kg/mol) M,, (kg/mol) 2) DP* T,” (°C) T..c (°C) T, (°C)
DQT-DP 16.5°/45.4" 95.7 5.8 21 53 237 380
DQT-NP 11.8 29.5 2.5 18 ¢ 49/66 420

“Degree of golymerization (DP) was calculated from M, and M,, obtained by HT-GPC. (1,2,4-trichlorobenzene, 140 °C, relative to polystyrene
standards). “Determined from the second heating DSC curves. “Determined from the first heating DSC curves. “Defined as the temperature at
which the sample retained 95% of its initial mass, based on TGA data. “Estimated from '"H NMR spectra of DQT-DP. fMeasured by HT-GPC.
£Glass transition overlapped with melting.

90%.”* Elevated temperatures led to a crystal-crystal transition B RESULTS AND DISCUSSION
indicating the important role of bond exchanges on
crystallinity. From this view, we posit that dynamic bond
exchange in imine-linked conjugated polymers could similarly
enhance crystallinity, thereby improving electrical conductivity 3,3”-Didodecyl-2,2":5',2":5",2" -quaterthiophene (DQT) was

Synthesis and Characterization of Dynamic (DQT-DP) and
Non-Dynamic (DQT-NP) Conjugated Polymers

compared to nondynamic conjugated polymers. end-functionalized with aldehyde groups through the Vilsme-
Dynamic covalent bond exchange is thermally activated and ier—Haack reaction, yielding DQT-CHO (Figure 1) and
occurs with increased rates at elevated temperatures.”* Acid characterized using 'H nuclear magnetic resonance (NMR)
catalysts can also accelerate imine exchange’®”” and act as p- (Figure Sla). The dynamic conjugated polymer (DQT-DP)
type dopants” ' in conjugated polymers. Therefore, both was synthesized via imine condensation from DQT-CHO and
hot-pressing and acid doping are expected to govern imine p-phenylene-diamine (PDA) (see Experimental Section). The
bond exchange and crystallinity. Although imine-based nondynamic conjugated polymers (DQT-NP) were purchased

conjugated polymers can degrade under acidic conditions, from a commercial chemical vendor (Sigma-Aldrich).
the degradation kinetics depend on the acid pK,, polymer In this work, no acid-catalyst was employed to form the
crystallinity, temperature, and acid concentration.””**~>* imine bonds, in contrast to some previous studies where acid-
In this work, we investigate how solid-state processing catalysts were incorporated to achieve high molecular weight
coupled with acid doping affects crystallinity and electron polymers.""'>** Results from high-temperature gel permeation
transport in dynamic conjugated polymers. Hot pressing chromatography (HT-GPC) in trichlorobenzene indicated that
temperature and differential scanning calorimetry (DSC) and the number-average molecular weight M, of DQT-DP was
wide-angle X-ray scattering (WAXS). Conductivity is enhanced 16500 g/mol relative to polystyrene standards.”"*>** High
by an order of magnitude after hot pressing at 170 °C and dispersity samples (D = 5.9) were obtained due to the inherent
another order of magnitude with acid doping. In contrast, the nature of polycondensation. Solution 'H NMR spectra of
nondynamic analogs show negligible changes in crystallinity or DQT-DP displayed two characteristic peaks (Figure S1b),
conductivity with similar processing. Overall, this work corresponding to imine bonds (HC = N, 8.3 ppm) and
provides insights for designing facile processable conjugated aldehyde end groups (CHO, 9.6 ppm), with an M, value of
polymers with dynamic covalent bonds as a route to enhance 45400 g/mol calculated from the ratio of the integrated peak
their performance. areas in NMR spectra. Although the M, value determined by
9016 https://doi.org/10.1021/acs.macromol.6c00291
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Figure 2. Thermal and X-ray scattering characterization of dynamic (DQT-DP) and nondynamic (DQT-NP) conjugated polymers. Differential
scanning calorimetry (DSC) curves of neat (a) DQT-DP and (b) DQT-NP, recording at heating and cooling rate of 20 °C/min and S °C/min,
respectively. Wide-angle X-ray scattering (WAXS) patterns of neat (c¢) DQT-DP and (d) DQT-NP.

NMR is higher than that measured by HT-GPC (Figure S2),
NMR end-group analysis may be unreliable for high molecular-
weight conjugated polymers due to limited sensitivity and
additional limitations. In addition, we note that a high
molecular weight DQT-DP was successfully obtained without
acid catalyst based on its higher M, relative to previously
reported imine-based conjugated polymers prepared via acid-
catalyzed polymerization.”" In comparison, DQT-NP exhibited
a lower M, than DQT-DP (Table 1). Results from attenuated
total reflectance Fourier transform infrared (ATR-FTIR)
spectra and solid-state *C NMR are consistent with the
formation of imine bonds in DQT-DP (Figures S3 and S4).
The thermal stability of both polymers was evaluated by
thermal gravimetric analysis (TGA) under N, environment.
Both DQT-DP and DQT-NP showed high thermal stability,
with degradation temperatures >350 °C, where the polymers
retained 95% of their initial weights (Figure SS). These results
are summarized in Table 1, which are comparable to other
imine-based conjugated polymers in prior work.***°

Thermal and X-ray Scattering Characterization of DQT-DP
and DQT-NP

Differential scanning calorimetry (DSC) was performed to
characterize the glass transition temperature T, and melting
temperature T, of polymer samples (Figure 2). During the
first heating scan, DQT-DP showed a single T, at 237 °C,
whereas DQT-NP exhibited two peaks at 49 and 66 °C (Figure
2a,2b). The two melting peaks in DQT-NP were attributed to
the melting of alkyl side chains and z—7 stacked domains,
consistent with prior work.”” The T, values were determined
from second heating curves, where subsequent recrystallization

92017

was minimal and produced a clearer step. As expected, DQT-
DP exhibited a higher T, value (53 °C) than DQT-NP (5 °C).
The higher T, and T, values of DQT-DP are attributed to a
more rigid backbone resulting from imine linkages and
aromatic benzene units. Both polymers did not exhibit
characteristic T,, peaks during the second heating scans
compared to the first heating curves, which reflects their slow
crystallization kinetics.

Wide-angle X-ray scattering (WAXS) measurements were
performed to analyze the crystallinity prior to additional
processing (Figure 2¢,2d). WAXS measurements for DQT-NP
samples were performed using a quartz tube substrate with
negligible background (Figure S6). Scattering peaks observed
at 2.5 nm™' and 5.2 nm™' in DQT-NP correspond to lamellar
periodicity (a00) of alkyl side chain spacing in the out-of-plane

direction. A scattering peak at 14.9 nm™"

was assigned to the
periodicity of the polymer backbone, (0b0) in the in-plane
direction. Similarly, DQT-DP showed lamellar stacking peaks
of side chains at 3.2 nm™ and 8.1 nm™". Interestingly, DQT-
DP displayed two 7—x stacking (010) peaks at 13.7 nm™' and
14.6 nm™', suggesting two different 7—7 stacking spacings. A
similar feature was reported in random poly(3-hexylthiophene-
thiophene) copolymers, attributed to two coexisting 7—7
stacking modes due to its intermediate backbone regularity.*®
Although DQT-DP is not a copolymer, we attributed this
observation to configurational isomerism arising from imine
bonds connecting quaterthiophene and benzene units.

https://doi.org/10.1021/acs.macromol.6c00291
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Figure 3. Solid-state processing of dynamic (DQT-DP) and permanent (DQT-PP) conjugated polymers via hot-pressing. (a) Illustrative scheme of
solid-state processing. (b, c) Thermal and (d, e) morphological characterization of the polymers after solid-state processing via DSC and WAXS,

respectively.

Enhanced Crystallinity and Electrical Conductivity in
Dynamic Conjugated Polymer (DQT-DP) via Hot-Pressing
Induced Dynamic Covalent Bond Exchange

Solution-phase processing of conjugated polymers generally
requires sufficient solubility (>S5 mg/mL) of polymers in
organic solvents. We attempted to dissolve DQT-DP into
various organic solvents including tetrahydrofuran, N,N-
dimethylformamide, dimethyl sulfoxide, dichloromethane,
and chloroform, but none of the solvents could dissolve
DQT-DP at a concentration of at least 2 mg/mL with elevated
temperatures (Figure S7). Among several chlorinated aromatic

solvents including chlorobenzene, 1,2-dichlorobenzene, 1,2,4-
trichlorobenzene, and 1-chloronaphthalene, only 1-chloro-
naphthalene successfully dissolved DQT-DP up to 10 mg/
mL. Nevertheless, the high boiling point of this solvent (259
°C) complicates processing (e.g., spin coater with temperature
control). Alternatively, solid-state processing methods preclude
the use of potentially toxic organic solvents and the need for
solvent evaporation.”” Likewise, DQT-NP showed poor
solubility in common organic solvents, but they were found
to completely dissolve in chlorinated aromatic solvents. In this
work, hot-pressing with controlled temperature and pressure

92018 https://doi.org/10.1021/acs.macromol.6c00291
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was used to produce freestanding micron-thick films (Figure
3a).

Prior work investigated imine bond exchange in small
molecules in various solvents. The time scale for the exchange
process of small molecules was a few minutes in deuterated
solvents.”® However, our polymers are prepared and
characterized in the solid state, where the exchange rate is
expected to be significantly slower due to restricted chain
mobility. As a result, elevated temperatures are necessary to
thermally activate and promote dynamic imine exchange.”””*
Previous work demonstrated that imine bond exchange in the
solid state can be activated above 100 °C with a time scale of
several hours.” Similarly, dynamic imine exchange in DQT-
DP is expected to occur during thermal annealing or hot-
pressing under these conditions, enhancing crystallinity and
charge transport, whereas DQT-NP is expected to be less
affected by similar processing. All hot-pressed samples were
quenched to room-temperature to kinetically trap the
polymers. Processing temperature (above T,, and three
temperatures below T, but above Tg), processing force (1—4
tons), and time (0.5—12 h) were varied systematically. First,
the effect of temperature on crystallinity in DQT-DP was
investigated by comparing T, and the enthalpy of fusion (peak
area). As the hot-pressing temperature increased, the T
increased from 222 to 236 °C whereas the enthalpy increased
from 30.5 J/g to 41.4 J/g (Figure 3b), indicating enhanced
crystallinity.*”** The increase in the enthalpy of fusion is
attributed to facilitated dynamic bond exchange promoted by
higher thermal energy. Hot-pressing at 170 °C for 12 h did not
significantly degrade the polymer as indicated by unchanged
ATR-FTIR spectra (Figure S8). However, processing the
sample at the melting transition at 230 °C resulted in severe
thermal oxidative degradation. Thus, the hot-pressing duration
at this temperature was limited to 2 h. Even with this relatively
short processing time, no crystallinity was observed as
indicated by the absence of a melting peak.

To understand the role of dynamic covalent bond exchange
relative to flow-induced crystallinity, DQT-NP was processed
below T,, and showed noticeable shifts in the two T, peaks
depending on temperature (Figure 3c). The higher T,, peak
value increased but not the peak area. When the hot-pressing
temperature exceeded T, only a single low temperature peak
was observed. In this regime, cooling profiles significantly
influence polymer morphology. Because all samples were
rapidly quenched, DQT-NP showed reduced enthalpy
compared to the neat polymer. Nevertheless, different pressing
temperatures led to either more ordered domains (processing
at 70 °C, higher T,,) or uniform domains (processing at 100
°C, single T,,).

WAXS experiments were further used to support the results
from thermal characterization. As the hot-pressing temperature
increased, the normalized intensity of 7—x stacking peaks in
DQT-DP became stronger, indicating enhanced crystallinity
resulting from faster imine bond exchange at elevated
temperatures (Figure 3d). In contrast, the lamellar stacking
peaks showed no clear trend either in peak width or
normalized intensity, which is likely due to high sensitivity of
low-q lamellar reflection on sample thickness and surface
roughness.””** As a result, the size and separation of
crystallites associated with the side-chain morphology could
not be quantitatively determined. On the other hand, 7—x
stacking regions are less sensitive to these factors. The peak
positions remained almost unchanged after processing,

9019

indicating that neither solid-state processing nor dynamic
covalent bond exchange significantly altered the spacing
between polymer chains. The selective enhancement of 7—n
stacking peaks may arise from bond exchange occurring only
along conjugated backbones. DQT-NP exhibited negligible
variations in WAXS spectra under different hot-pressing
conditions, attributed to the absence of dynamic covalent
bonds (Figure 3e). Overall, these results show that increased
hot-pressing temperatures enhance the crystallinity of DQT-
DP samples, which is attributed to faster dynamic covalent
bond exchange. Hot-pressing led to different distributions of
crystallites in DQT-NP, but no increases in the enthalpy of
melting. Additional processing parameters such as pressure and
duration were also varied at a fixed temperature, but their
effects on crystallinity were weaker compared to the influence
of temperature (Figures S10 and S11). For example, DQT-DP
was held at 170 °C in nitrogen for 12 h without applied
pressure and the enthalpy increased from 30.6 J/g to 36.3 J/g
indicating enhanced crystallinity; however, a processing force
of 4 tons led to a higher enthalpy of 41.4 J/g (Figure S12).
These results imply that pressure facilitates dynamic covalent
bond exchange between polymer backbones by inducing flow.
It is worth noting that only z—x stacking peaks become more
pronounced with sharper and higher normalized intensity
WAXS peaks attributed to bond exchange primarily occurring
along polymer backbones.

Enhanced n—r stacking or increased crystallinity in
conjugated polymers leads to improved electron transport,
assuming that intermolecular electron hopping is the rate-
limiting step rather than intramolecular transport along
polymer backbones.” Due to the inherently low electrical
conductivity of DQT-DP, iodine (I,) vapor doping was applied
to enhance electronic conductivity determined using four-point
probe characterization (detailed procedures are described in
the Experimental Section and Figure S13a). Iodine doping is a
facile and effective method for doping for many p-type
conjugated polymers.*>*” Doping was visually confirmed by a
color change to dark purple (Figure 4a). Electrical conductivity
was measured in at least 3 different locations to account for
heterogeneities in surface roughness and defects. The
conductivity of DQT-DP at room temperature was comparable
to a prior study with selenophene-based polyimines using an
identical doping method.*® As the hot-pressing temperature
increased from room temperature to 170 °C, the conductivity
of DQT-DP improved by more than an order of magnitude
(Figure 4b), which is attributed to the improved crystallinity
through dynamic bond exchanges, supported by DSC and
WAXS results. In contrast, DQT-NP did not show
conductivity improvements unless processed above T,
(Table 2). It should be noted that the intrinsic electrical
conductivity of DQT-DP is 7—8 orders of magnitude less
conductive than DQT-NP, which is likely due to the loss of
heteroaromatic structure and the presence of configurational
isomers.*”** Given this low electronic conductivity of DQT-
DP, these polymers, as prepared, should not be viewed as
direct substitutes for DQT-NP in applications requiring high
electronic conductivity. Although introducing imine linkages
into conjugated polymers leads to a diminished electrical
conductivity, dynamic covalent bond exchange plays an
important role in enhancing morphology and improving
charge transport with sub-T,, processing, strategies that can
be leveraged in future applications. In prior work, imine and
vinyl linkages were introduced into the same conjugated
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Figure 4. (a) Photos before and after iodine (I,) vapor doping of
dynamic (DQT-DP) and nondynamic (DQT-NP) conjugated
polymers. The color of the samples changed from brown to dark
purple, confirming successful iodine doping. (b) Electrical con-
ductivity of dynamic conjugated polymers (DQT-DP) as a function of
hot-pressing temperatures.

backbones. Although the hole mobility of imine polymers was
lower than vinyl polymers, the difference was a factor of 5
rather than several orders of magnitude.”” This comparison
suggests that the severe conductivity loss observed in DQT-DP
is not necessarily intrinsic to all imine-linked conjugated
polymers but instead depends strongly on backbone design
and structure. Therefore, future efforts could focus on imine-
containing structures that preserve backbone planarity,
suppress linkage disorder, and maintain stronger electronic
coupling. Beyond these considerations, mixed ionic/electronic
conduction may provide an alternative strategy for mitigating
the drawbacks associated with reduced electronic conductivity

of dynamic polymer (DQT-DP). Recent studies have reported
the successful synthesis of imine-based conjugated polymers
where ionic contributions can promote charge compensation
and enhance hole moblhty compared to related materials
lacking ionic transport.® 5,36

Improved Crystallinity and Electrical Conductivity in
Dynamic Conjugated Polymers (DQT-DP) via
Acid-Catalyzed Imine Bond Exchange and
Protonation-Induced Planarity

To determine whether improved crystallinity and electrical
conductivity of DQT-DP originate from dynamic bond
exchange or from flow-induced chain alignment, acid doping
was used to accelerate bond exchange kinetics. Protons
catalyze imine exchange by reducing the activation energy”®”’
and function as p-type dopants by protonating conjugated
polymer backbones.”* ™' Imine bonds can also be protonated
depending on the acid concentration.” Although imine-based
conjugated polymers may degrade under ac1d1c conditions, the
degradation kinetics depend on acid pK,, mer morphology,
temperature, and acid concentration. Here, p-toluene
sulfonic acid (PTSA) was selected for acid-doping (Exper-
imental Section, Figures Sa and S13b). To minimize polymer
degradation, ethanol was chosen as the solvent due to its
limited solubility for conjugated polymers. After acid doping, a
new peak at 1635 cm™' emerged, and the peak at 1593 cm™*
shifted to 1580 cm ™" in ATR-FTIR spectra (Figure Sb), similar
to prior reports.”’”*>*" In addition, acid treated DQT-DP did
not show an aldehyde peak which would result from potential
degradation to DQT-CHO. These results suggest that
protonation of imine bonds occurred without significant
polymer degradation. The chemical structures of DQT-DP
upon acid doping and protonation are shown in Figure Sc.
The effect of protonated imine bonds on crystallinity was
analyzed using DSC and WAXS. Protonation resulted in higher
T, compared to pristine samples, but the corresponding
enthalpy of fusion decreased with increased acid concentration
(Figure 6a). This observation indicates the formation of fewer,
yet more ordered crystallites, as reported previously.”” WAXS
patterns show that the intensity ratio between peaks at 13.5
nm™' and 14.5 nm™' changed with increasing acid concen-
trations (Figure 6b). The relative intensity of the peak at 13.5
nm™" gradually increased, eventually becoming similar to the
peak at 14.5 nm™, which likely occurs due to acid-catalyzed
isomerization of trans—trans to cis—cis isomers. The trans—
trans isomers are thermodynamically favored and dominant in

2, 2,3

Table 2. Electrical Conductivity of Dynamic (DQT-DP) and Non-Dynamic (DQT-NP) Conjugated Polymers, Measured by

Four-Point Probes at Room Temperatures”

Hot- pressm$
temperature 22 °C 70 °C 120 °C 170 °C
DQT-DP¢ 44x107°+312x10°S/cm 85X 10°+ 618X 10°S/em 47 X 107° + 1.62 X 107°S/ecm 3.5 X 1075 + 1.06 X 10~ S/cm
Acid concentration® 0 w/v% 1 w/v% 2.5 w/v% S w/v%
DQT-DP* 12X 1075 + 1.89 X 1075 S/em 62X 1075 + 1.26 X 1075 S/em 3.6 X 107 £ 7.12 X 1076 S/cm 1.4 X 107* + 2.98 X 1075 S/cm

Hot-pressing temperatureb 22 °C
DQT-NP® 112 + 10.1 S/cm
Acid concentration”

DQT-NP®

35°C 70 °C
114 + 27.1 S/cm 168 + 20.6 S/cm

0 w/v% S w/v%
128 + 14.6 S/cm

119 + 12.9 S/cm

“Three different locations were measured and obtained values were averaged to reflect the surface roughness and defects of the samples

Parameters including pressing force and duration were fixed at 4 tons and 12 h. “Four-point probes measurements were performed after I, vapor
dopmg p-toluenesulfonic acid (PTSA) was used for acid doping. “Acid doping was followed by the subsequent I, vapor doping. The conductivity
of the iodine-doped samples decreased upon aging due to iodine sublimation.
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Figure S. (a) Photos before and after acid doping of dynamic (DQT-DP) and nondynamic (DQT-NP) conjugated polymers. (b) ATR-FTIR
spectra of monomer (DQT-CHO), pristine, and acid-doped DQT-DP, confirming the successful protonation of imine bonds without significant
degradation. (c) Neutral aromatic, acid-protonated, and quinoidal resonance structures for DQT-DP, leading to more planar structures.

the pristine undoped sample, but acid can alter the equilibrium
between cis and trans isomers. McAllister and colleagues
investigated acid-catalyzed Z/E isomerization in imine
compounds, and results from this prior study are consistent
with this interpretation.*”

Acid doping did not significantly affect lamellar structures
derived from side chains because imine bonds are confined to
the conjugated backbones. A series of experiments was
performed with hot pressing before or after acid doping, as
well as acid doping with thermal annealing and no pressure,
followed by DSC and WAXS analysis (Figure 6c,d). We
hypothesized that hot-pressing after acid doping would lead to
a large enhancement in crystallinity due to accelerated bond
exchange. Indeed, only the polymer sample subjected to hot-
pressing after acid doping exhibited changes in the ratio of two
m—n stacking intensities, suggesting that these changes arise
mainly from imine bond exchange rather than acid doping
alone (Figure 6d). However, a peak at 17.7 nm™' appeared
regardless of the processing sequence, indicating protonated
imine bonds promote closer 7—n spacing due to enhanced
backbone planarity.”> As expected, acid doping had no
significant effect on the morphology of DQT-NP before and
after acid doping (Figure S13).

9021

Enhanced 7—7 interactions are expected to improve
electrical conductivity. The electrical conductivity of DQT-
DP samples doped with acid was measured after subsequent I,
vapor doping (Figure 7). Notably, the DQT-DP sample with
the largest acid doping exhibited nearly an order of magnitude
higher conductivity compared to the pristine sample due to its
enhanced crystallinity arising from protonation-induced
planarity and acid-catalyzed imine bond exchange. In contrast,
the electrical conductivity of DQT-NP remains unchanged
after acid doping and I, vapor doping (Table 2), supported by
no significant differences in DSC and WAXS spectra.

DFT Simulations of Protonation-Induced Planarity and
ni—n Stacking in DQT-DP Isomers

Density functional theory (DFT) calculations were performed
to elucidate the effect of protonation on the DQT-DP
backbones, using methods consistent with prior literature.””
Six representative model compounds corresponding to the
cis—cis, cis—trans, and trans—trans conformers of DQT-DP in
both neutral and protonated forms were fully optimized
(Figure 8). For computational simplicity, dodecyl alkyl chains
were replaced with methyl groups. Geometry optimizations
were carried out using the ®wB97x-3¢ composite method, and
implicit solvation was modeled using the conductor-like
polarizable continuum model (CPCM) with a dielectric
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Figure 7. Electrical conductivity of dynamic conjugated polymers
(DQT-DP) as a function of p-toluene sulfonic acid (PTSA)
concentration, followed by I, vapor doping. The conductivity
increased an order of magnitude higher than the control sample
where no acid dopant was introduced.

constant (¢ = 4) to approximate the effects of neighboring
polymer molecules (Figure S15).

Bond-length alternation (BLA) was calculated as the
difference between the average lengths of single and double
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bonds along the conjugated backbone for all DQT-DP
structures. Taking the trans—trans conformer as an example,
the BLA decreases from 0.073 A in the neutral state to 0.049 A
upon protonation, indicating a more quinoidal backbone. The
increased quinoidal character upon protonation promotes
greater backbone rigidity and planarity, consistent with
increased double-bond character in the linker C—C bonds
connecting the aromatic rings. When the analysis is restricted
to the benzene, imine, and the innermost thiophene units—
excluding the outer thiophenes due to their weak electronic
coupling to the imine—the decrease in BLA is more
pronounced, from 0.069 A in the neutral state to 0.023 A
upon protonation. Similar decreases in BLA upon protonation
are observed for the cis—cis and cis—trans conformers (Figure
S16).

To quantify molecular coplanarity, the plane of best fit
(PBF) was calculated for each structure, where smaller PBF
values correspond to more planar geometries (PBF ~ 0 for
highly planar structures, ~0.2—1.0 for moderately distorted
backbones, and >1.0 for strongly nonplanar conformations).”*
To estimate robust statistical ensembles and associated
uncertainties, conformational ensembles were generated from
the DFT-optimized geometries of each compound using Open
Babel (~50 conformers per configuration) via MMFF94-based
DiverseConfGen conformer generation (energy window =
1000 kcal mol™'; RMSD cutoff during generation = 0.1 A), and
only structures within a prescribed RMSD-to-reference thresh-
old (RMSD < 3 A after alignment to the DFT minimum) were
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Figure 8. Model compounds representing the neutral and protonated polymers as cis—cis, cis—trans, and trans—trans conformers.

retained to sample local distortions around the optimized
minimum; each retained conformer was then optimized with
GFN2-xTB, and the resulting geometries were used to
compute PBF.

For the trans—trans configuration, the PBF value decreases
from 0.75 + 0.33 in the neutral state to 0.24 + 0.13 upon
protonation, indicating that protonation significantly enhances
backbone coplanarity (Table 3). Similarly, the PBF for the

Table 3. Plane of Best Fit (PBF) Values for Neutral and
Protonated Forms of cis—cis, cis-trans, and trans—trans
Conformers of DQT-DP Model Compounds

Isomer State Plane of Best Fit (PBF)
cis—cis Neutral 0.70 + 0.23
Protonated 0.60 + 0.29
cis—trans Neutral 0.86 + 0.24
Protonated 0.81 + 0.11
trans—trans Neutral 0.75 + 0.33
Protonated 0.24 + 0.13

cis—cis configuration decreased from 0.70 + 0.23 in the neutral
state to 0.60 + 0.29 after protonation. The substantially lower
PBF value of the protonated trans—trans conformer (0.24 +
0.13) compared to the protonated cis—cis conformer (0.60 +
0.29) indicates that protonation preferentially stabilizes a
planar backbone in the trans—trans configuration, while the
cis—cis configuration remains significantly more distorted.

In addition to PBF values, dihedral angles between the
(hetero)aryl rings and the imine linkages were calculated for
each structure (Figure S17 and Table S1). Across all
conformers, protonation leads to an average increase in the
dihedral angles of approximately 6°, indicating a modest
increase in backbone planarity. Notably, for the dihedral angle
between the imine linkage and the benzene ring, the cis imine
bond exhibits a value of 93.9°, whereas the trans imine bond
displays a substantially larger dihedral angle of 148.2°, further
supporting that the trans—trans conformer adopts a more
planar backbone geometry than the cis—cis conformer.

Overall, the computational results demonstrate that
protonation induces a pronounced decrease in bond-length
alternation, directly indicating stabilization of a more
quinoidal, rigid, and planar DQT-DP backbone. This
protonation-induced increase in planarity is supported by
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decreased PBF values and increased inter-ring dihedral angles
across all conformers and is consistent with the emergence of
the 7—x stacking peak at 17.7 nm™' in the WAXS patterns
upon PTSA treatment. (Figure 6b), reflecting closer
intermolecular packing enabled by protonation. A more
detailed understanding of the z—x stacking features at 13.5
and 14.5 nm™" in the WAXS patterns will require future
molecular dynamics simulations to directly estimate inter-
molecular 7—7x stacking distances for the cis—cis and trans—
trans conformations.

B CONCLUSIONS

In this work, we show that solid-state processing combined
with acid doping significantly improves crystallinity and
electrical conductivity of dynamic imine-based conjugated
polymers (DQT-DP) relative to nondynamic analogues
(DQT-NP). Hot-pressing of DQT-DP below its melting
point T, effectively facilitates dynamic imine bond exchanges,
resulting in increased melting peak enthalpy and tighter 7—x
stacking as the pressing temperature increased. The electrical
conductivity of DQT-DP, after iodine (I,) vapor doping,
increased up to ~107° S/cm, which is attributed to
morphological improvement. Acid doping using p-toluene
sulfonic acid (PTSA) further promoted polymer planarity and
crystallinity via proton-catalyzed exchange, leading to another
order of magnitude enhancement in electrical conductivity
(~107* S/cm) upon subsequent I, vapor doping. In contrast,
the nondynamic polymer DQT-NP exhibited minimal
morphological or conductivity changes after hot-pressing and
acid doping. Results from density functional theory (DFT)
simulations showed that protonation of imine bonds
substantially increased backbone planarity, which supports
our experimental observations of enhanced 7—7 stacking and
conductivity. Overall, our results suggest that leveraging
dynamic covalent bond exchanges through controlled solid-
state processing and acid doping offers a versatile route to
tailor morphology and charge transport properties in
conjugated polymers.

B EXPERIMENTAL SECTION

Materials

3,3”-didodecyl-2,2":5,2”:5",2" -quartherthiophene (DQT, 95%) was
purchased from Ambeed. p-phenylene-diamine (PDA, 99'%),
anhydrous toluene (>99.8%, DriSolv), hexane (HPLC grade), and

https://doi.org/10.1021/acs.macromol.6c00291
Macromolecules 2026, 59, 9015—9026

920z ¥1snbny gz uo Jasn NOIVJINVYHO-YNVEYN SIONITTI AINN Aq Jpd° | 620009"|0Ww0I0BW SOB/9Z L. 8299/S L 06/91/6G/4Pd-8]0IHE/XqoWwewWw/B10°s0e"sqnd wouj papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6c00291/suppl_file/ma6c00291_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.6c00291?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.6c00291?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.6c00291?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.6c00291?fig=fig8&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.6c00291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

dichloromethane (DCM, ACS reagent) were obtained from Fisher
Scientific. Anhydrous sodium sulfate (N2,SO,, >99%) was purchased
from Thermo Scientific. PQT-12 (DQT-NP), p-toluene sulfonic acid
monohydrate (ACS regent, 98.5%), anhydrous ethyl alcohol
(>99.5%), iodine flakes (>99%), and anhydrous 1,2-dichloroethane
(99.8%) were purchased from Sigma-Aldrich. Phosphorus(V) oxy-
chloride was obtained from Oakwood Chemical, and 1,2,4-
trichlorobenzene-d; (98%) from 10X Chem LLC. Methanol (ACS
grade), sodium hydroxide (NaOH, ACS grade), sodium chloride
(NaCl, ACS grade), and anhydrous calcium chloride (ACS grade)
were purchased from VWR Chemicals. Anhydrous N,N-dimethylfor-
mamide (DMF) was prepared from a solvent purification system. All
chemicals were used as received without further purification.

Synthetic Procedures

Functionalization of DQT (DQT-CHO). To prepare a Vilsmeier
reagent, anhydrous DMF (10 equiv, 15 mmol) was added into an
oven-dried 100 mL round-bottom flask containing a stir bar, and the
mixture was cooled to 0 °C. POCl; (10 equiv, 15 mmol) was then
added dropwise at 0 °C, and the reaction mixture was stirred for 15
min. In a separate flask, QTH (1 equiv, 1.5 mmol) was prepared
followed by the addition of anhydrous 1,2-dichloroethane. Then, the
reaction solution was vigorously mixed until complete dissolution.
The freshly prepared Vilsmeier reagent was transferred into the
QTH/1,2-dichloroethane mixture by dropwise addition at room
temperature. After stirring for 15 min, the reaction mixture was
refluxed overnight at 100 °C. All procedures were conducted under a
nitrogen atmosphere unless otherwise noted. The reaction was
quenched with 2 M NaOH and extracted with DCM and brine. The
collected organic layer was dried over Na,SO, and filtered. The crude
product was purified using an automated flash chromatography
system (Biotage) with a 9:1 mixture of DCM and hexane.

'H NMR (500 MHz, dichloromethane-d,): §9.76 (s, 2H), §7.54 (s,
2H), 67.24 (m, 4H), 62.77 (m, 4H), 61.62 (m, 4H), 61.31 (m, 36H),
50.80 (t, 6H)

Dynamic Conjugated Polymers (DQT-DP) Synthesis. The
prepared DQT-CHO (1 equiv, 1.38 mmol) was added to an oven-
dried round-bottom flask with a stir bar. Then, PDA (1 equiv, 1.38
mmol) and anhydrous toluene were added. The mixture was
vigorously stirred at 70 °C under ambient air conditions until
complete dissolution. Oven-dried CaCl, (150 mg) was introduced as
a drying agent. The reaction mixture was then refluxed at 130 °C for
24 h under a nitrogen atmosphere. Upon completion, the flask was
removed from the oil bath and allowed to cool to room temperature.
The resulting mixture was concentrated using a rotary evaporator and
further dried under vacuum at 130 °C overnight. Red solids were
obtained as the final products without further purification.

ATR-FTIR. A Bruker a FT-IR spectrometer with a platinum-ATR
QuickSnap sampling module was used to obtain infrared spectra. The
scanning range was from 4000 cm™" to 400 cm™ with 32 scans and 4
cm™ resolution.

Solution-Phase NMR. A Carver BS00 Bruker Advance III HD
(500 MHz) NMR spectrometer with BBFO CryoProbe was used to
obtain 'H spectra. Monomers were dissolved in DCM-d, under
ambient conditions. The polymer sample was dissolved in 1,2,4-
trichlorobenzene-d; by heating 140 °C overnight in an argon-filled
glovebox.

Solid-State NMR. A Carver Bruker SOOWB (500 MHz) NMR
spectrometer with Phoenix HXY MAS probe was used to obtain *C
spectra at 25 and 100 °C. The sample was packed into a 6 mm rotor
inside an argon glovebox. Adamantane was used as the external '*C
chemical shift reference.

Differential Scanning Calorimetry (DSC). DSC curves were
taken on a TA Instruments DSC 2500. Samples were prepared in
Tzero aluminum pans and subjected to a heat/cool/heat cycle in a
temperature range from —100 to 100 °C at 20 °C/min for heating
and S °C/min for cooling for all samples.

Thermogravimetric Analysis (TGA). The thermal stability of the
polymer samples was characterized by a TA Instruments QS0. Each
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sample was heated at a rate of 10 °C/min under N, from 30 to 600
°C.

High Temperature-Gel Permeation Chromatography (HT-
GPC). Number-average molecular weight (M,), weight-average
molecular weight (M,,), and dispersity (P) for dynamic conjugated
polymers (DQT-DP) were characterized by high temperature-gel
permeation chromatography (HT-GPC) on Toshoh EcoSEC
(model) with a refractive index detector. HPLC (high-performance
liquid chromatography) grade 1,2,4-trichlorobenzene containing 500
ppm BHT (butylated hydroxytoluene) stabilizer was used as the
eluent at 140 °C with a flow rate of 0.6 mL/min. The system was
calibrated with polystyrene standards. All samples were prepared with
a concentration of 2 mg/mL using the same solvent. The samples
were stirred for 2 h at 140 °C before loading on the instrument.

Solid-State Processing (Hot Press). Each polymer was placed
between two stainless steel plates and pressed at 22, 35, 45, 70, 130,
170, or 230 °C for 0.5, 2, or 12 h under 1, 2, or 4 tons pressure,
depending on their thermal transition temperatures (T, and Ty,). The
resulting film thickness ranged from 20 to 300 xm, depending on the
processing conditions.

Wide-Angle X-ray Scattering (WAXS). The crystallinity of
polymers was examined using a Xenocs GeniX3D Cu Ka X-ray source
(1.54 A) with a Pilatus 2D detector. A road beam stop is located in
front of the detector to dampen the primary beam. A silver behenate
powder was used to calibrate the sample-to-detector distance. Raw
samples were packed in a 1 mm thick quartz capillary tube and sealed
with marine epoxy (Devcon, home $ min Epoxy) for ease of sample
loading. All measurements were conducted under ambient conditions
with a 30 min exposure time. FIT2D software was used to process2D
diffraction data into plots of intensity versus scattering vector.

lodine Vapor Doping. Iodine flakes were weighed and added to a
2 mL vial. The vial was inserted into a 20 mL vial, which was heated at
70 °C for 1S min in an oven. Each polymer sample, prepared using
the solid-state processing method, was promptly added, resealed, and
returned to the preheated oven at 70 °C. After 2 h, the vial was
removed and allowed to cool to room temperature.

Acid Doping. Acid doping solutions (0, 1, 2.5, and 5 w/v%) were
prepared by dissolving p-toluene sulfonic acid (PTSA) into 2 mL of
anhydrous ethanol. Each polymer sample was fully immersed in the
solution. After 12 h, the sample was removed, washed with ethanol,
and subsequently dried under a nitrogen flow at room temperature for
another 12 h.

Electrical Conductivity Measurements (Four-Point Probes).
Electrical conductivity was measured using a Jandel 4-point probe
system (RM3-AR) at room temperature under ambient conditions.
The electrode spacing was 1.59 mm. Three different points on both
the front and back sides of each sample were measured to reflect
rough surface morphology after solid-state processing.

Computational Details—Density Functional Theory (DFT)
Simulations. Geometry optimizations were performed using density
functional theory (DFT) with the Orca software suite using the
following composite functional and solvent model: wB97x-3c
CPCM(¢ = 4). Conformational ensembles were generated from the
DFT-optimized geometries using Open Babel’s Confab search (~50
conformers per configuration each within 3 A root mean squared
distance from the DFT optimized geometry), sampling local
distortions around the optimized minimum. Each conformer was
subsequently optimized using the GFN2-xTB ALPB(¢ = 4).
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