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ABSTRACT: Doped conjugated polymers can present high
electrical conductivity, but their stability against external stimuli
such as heat, moisture, and solvent is often limited. Here, we report
a design approach to render thermally and chemically stable
conductive polymer composites consisting of 3,4-propylenediox-
ythiophene (ProDOT) and ethylenedioxythiophene (EDOT)
based copolymers (CPs) and cross-linkable chlorosilane (C-Si).
Through a sol—gel reaction, chlorosilane precursors form siloxane
networks and simultaneously dope the polymers. Temperature-
dependent in situ UV—vis absorption and conductivity character-
ization show that the conductive C-Si/CPs composites can retain
their doped state at high temperature and in prolonged baking
time. Specifically, the composites’ conductivity remains almost
unchanged after 6 h and only slightly dipping to nearly 80% after

excellent solvent resistance upon dipping into water and chloroform.

systems that can function under harsh conditions.
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24 h of annealing at 80 °C in ambient air. They also exhibit
This work reports a method of designing stable-doped polymer
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1. INTRODUCTION

Doping is a powerful means to improve the electrical
conductivity of conjugated polymers,”” which is widely
practiced in thermoelectrics (OTEs)*™® and transparent
electrodes.””® However, organic doping is typically unstable
under high temperature. For instance, thermal stress often
induces conformational changes of polymer chains, and results
in morphological disorder in conjugated polymer thin films.”
In doped thin films, this process is often accompanied by the
expelling of dopant molecules, causing a decrease of
conductivity and degradation of device performance.'”"!
Molecular dopants such as ferric chloride'*"® or 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-
TCNQ)'*"® enable effective doping of conjugated polymers,
whereas they tend to diffuse at high temperature because of
their relatively small sizes.'®'” To improve thermal stability,
large-sized dopants have been used but usually required
sophisticated syntheses. Also, oversized dopants could heavily
degrade polymer packing and reduce device performance.'*"*
Therefore, a new approach to improve the thermal stability of
doped conjugated polymer is still needed.

We hypothesize that framing a conjugated polymer into a
cross-linked network could stabilize polymer morphology and
thus benefit doping stability.'” We previously showed that
blending semicrystalline conjugated polymers with high glass-
transition temperature ( Tg), insulating polymers at a controlled
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ratio, enabled the formation of a thermally stable thin film.
Highly stable charge transport behaviors have been observed
for the blended thin films at the temperature as high as 220 °C
in transistors.””*' Besides, a cross-linked network has been
proven to stabilize the morphology of conductive polymer film
but there are no reports explicitly using this approach for
improving thermal stability to date. Wang et al. reported that
adding cross-linked polystyrene could improve the environ-
mental stability of FeCly-doped poly(3-octylthiophene)
(P30T) by minimizing the movement of doped polymer
chains.'> Furthermore, silane cross-linkers, for example,
glycidoxy propyltrimethoxysilane (GOPS), are often added
to poly(3,4-ethylenedioxythiophene) polystyrenesulfonate
(PEDOT:PSS) to prevent film delamination and stabilize
film morphology in aqueous environments through the
formation of siloxane networks.”” ** However, the formed
cross-linked networks often lower the conductivity of the thin
films because of their insulating nature. Currently, the insight
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Figure 1. (a) Synthetic route for Prodot-EDOT copolymers P,—P5, in which X = 1, 0.67, and 0.5 are for P, P, and P;, respectively; (b) chemical
structures of different chlorosilanes; (c) conductivities of three chlorosilanes/P; composites with varying percentages of chlorosilanes in the mixed
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Figure 2. Thermal stability of different chlorosilanes/P; composite. (a) Conductivity comparison of different composites before and after annealing
at 373 K for 1 h with the solid color bars indicating the as-casted performance and the transparent bars indicating the performance after annealing;
In situ temperature-dependent UV—vis absorption of (b) C4-Si/Ps, (c) L-Si/P5, and (d) F-Si/P; when increasing temperature from 293 to 453 K;
(e) optical density ratio between 1600 and S00 nm for different chlorosilanes/P; composites at elevating temperature.

into the role of cross-linked networks in the thermal stability of
conductive polymers is lacking.

To confirm the hypothesis that cross-linked networks could
improve the thermal stability of the doped composites, the
stabilities of different chlorosilane-doped CPs were evaluated.
First, we selected three chlorosilanes precursors, namely 1,6-
bis(trichlorosilyl)hexane (cross-linkable silane; C4-Si), 1,6-
bis(chlorodimethylsilyl)hexane (linear silane; L-Si) and
chlorotriethylsilane (flowable silane; F-Si) and mixed them
with conjugated polymer P;. Cross-linkable chlorosilanes (C-
Si) can readily form siloxane networks and have been used
extensively as precursors for cross-linked inorganic/organic
hybrid materials.”>~>” Besides, previous research demonstrated

several conjugated polymers can be doped by alkyl silanes,
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resulting in enhanced conductivity and improved transistor
performance.”®*® As expected, although all of the chlorosilanes
can dope P3, only C¢-Si can form a cross-linked matrix and
thus its composite demonstrates superior thermal stability
compared to those of its counterparts. Next, we tested the
influence of the rigidity of the matrix on the composite thermal
stability by tuning the structure of the C-Si. Here, the
monosubstituted trichlorosilane (Cy-Si), which forms the
most rigid network, shows the best temperature robustness.
When being baked at 373 K under ambient conditions, the
conductivity of the composites barely changed after 6 h and
maintained nearly 80% of the initial conductivity after 24 h.
The solvent resistance of C—Si/CPs is also confirmed by
dipping the films into water and chloroform. Finally, after
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Figure 3. (a) Chemical structures of cross-linked siloxane network and proposed schematic description of C-Si/P; composites; (b) AFM phase
images of pure P; and C4-Si/P; at 56 wt % of C¢-Si; (c) normalized conductivities of chlorosilane/P; composites (normalized at iime = 0 h) with
different 56 wt % chlorosilane precursors when baked at 353 K under ambient conditions for 6 h.

finding the most stable dopant, we tested the compatibility of
Cy-Si with different Prodot-EDOT copolymers (P}, P, and
P,). The low oxidation onset of these copolymers allows them
to be readily doped and they have shown great potential as
candidates of p-type thermoelectric and electrode material.’
Among these three polymers, P with the highest proportion of
EDOT has the lowest oxidation level. As expected, P; has the
best compatibility with the siloxane network and has the
highest thermal stability among tested CPs.

2. RESULTS AND DISCUSSIONS

2.1. The Thermal Stability of the Doped System with
Cross-Linked Siloxane Network. First, polymer P is mixed
with a cross-linkable chlorosilane (C¢-Si) and two non-cross-
linkable chlorosilanes (L¢-Si, F-Si) (Figure lab). All three
additives, after forming the linked matrix, could dope the
polymer, but the C4-Si outperforms the rest both in terms of
conductivities as well as the thermal stability. Compared with
pristine P; film, the conductivities of all the chlorosilanes/P;
composites greatly increases, and the Cg-Si/P; composite
displays the greatest improvement, by six-orders of magnitude
(Figure 1c, Figure S4) to 2 S/cm. The mechanism of
chlorosilane-induced doping is reportedly associated with the
generation of hydrogen chlorine and silanols during sol—gel
reaction; the former one is a common p-type dopant and the
latter one is well-known as electron traps.”* " With the
increased content of chlorosilanes, the conductivities of all
composites increase and reach the highest value when the
weight percentage of the chlorosilanes in the mixed solution is
56% (Figure 1c). When the percentage of chlorosilanes goes
above 60 wt %, composites’ conductivities start to drop due to
the formation of isolated conducting domains in the systems
(Figure SS). The absorbance spectrum of all three composites
also confirms that chlorosilanes dope the P; polymer, shown by
the wide polaronic absorbance around 900—1000 nm, the
bipolaronic absorbance around the 1600 nm, and the
suppressed neutral peak at 550 nm (Figure S6).

1539

The doped composite with a cross-linked siloxane network
exhibits superior thermal stability compared to its counterparts.
After annealing at 373 K for 1 h, C4-Si/P; maintains nearly
90% of their original electrical conductivity while the
conductivities of L¢-Si/P; and F-Si/P; drop over one order
(Figure 2a). In situ temperature-dependent UV—vis absorption
spectra of the three composites (Figure 2b—d) also confirm
the superior doping stability of Cg-Si/P; composites. As
temperature increases, the bipolaron peak (~1600 nm)
gradually drops and the neutral peak (~S50 nm) increases in
all three composites, indicating the dedoping process at high
temperature. However, polaron peaks in L4-Si/P; and F-Si/P;
composites monotonically decrease, indicating that the
composites quickly dedope to neutral states. While the polaron
peak of C¢-Si/P; composites increases and then slightly falls
only when temperature is above 413 K, indicating the
transformation from bipolarons to polarons occurs from 293
to 393 K. Since the films’ optical density (OD) of a different
wavelength directly reflects the conductivities of the
composites, the ratio between the bipolaronic signal (~1600
nm) and neutral signal (~550 nm) is used to indicate the
conductivity change of the composites at elevated temperature.
Cq-Si has the highest optical density ratio (1600 nm/550 nm)
at high temperature, indicating a large portion of C4-Si/P; is
still doped even at 450 K (Figure 2e).

2.2, Effect of Cross-Linked Siloxane Network on the
Thermal Stability of Doped System. The distinct differ-
ence between C4-Si/P; and the other two systems, Lg-Si/P;
and F-Si/P5, is attributed to the ability to form a cross-linked
network by sol—gel reactions among the precursors. During
film processing, C4-Si precursors cross-link with each other via
the reaction at the terminal trichlorosilyl groups and from a
cross-linked siloxane network in the composites; CPs are
doped during the sol—gel reaction and expectedly confined by
the network (Figure 3a).”> The C4-Si/P; composites show
phase separation (Figure 3b, Figure S7), and the formation of
cross-linked network in the C4Si/P; composites is further
confirmed by the appearance of Si—O—Si stretching vibrations
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at 1050 and 1150 cm™' in the Fourier transform infrared
(FTIR) spectroscopic analysis (Figure S8a).”"** Besides, the
Si—O—Si characteristic bands appear at room temperature and
barely show any changes after thermal annealing, indicating the
cross-linked siloxane network formation completes at room
temperature (Figure S8b). On the contrary, without
trichlorosilyl groups L-Si and F-Si cannot form cross-linked
siloxane networks. They formed different matrices during sol—
gel reaction, which are named linear matrix and flowable
matrix, respectively. Ls-Si/P; and F-Si/P; composites maintain
a similar smooth surface morphology as pure P film (Figure
S9) and show much lower Si—O—Si stretching vibrations
bands in the FTIR spectra. On the basis of all of the
observations, we proposed that the presence of the cross-linked
siloxane network greatly enhances thermal stability of the
composites as the cross-linked network effectively stabilizes
film microscale morphology and prevents a dedoping process.

As a cross-linked network is demonstrated to improve the
composite’s stability, now we look for the best chlorosilanes
available. We hypothesize that with a smaller number of spacer
carbons, the network will be more rigid and thus could further
improve the composites thermal stability.””** Here, three
cross-linkale chlorosilanes, hexyltrichlorosilane with monotri-
chlorosilyl (Cy-Si) and 1,10-bis(tricholorosilyl)decane with 10
spacers (C,o-Si) (Figure 1b), confirmed forming a cross-linked
network (Figure S10, Figure S11), are compared with the
previous used C4-Si and Lg-Si/P; composites in a thermal
stress test at 353 K in open air (Figure 3c). The Cy-Si
composite with the most rigid cross-linked network without
flexible spacers in the cross-linkers shows the highest thermal
stability. In the first hour, the electrical conductivity of the
linear L¢-Si/P5 composites dropped over one order, as a result
of lacking the cross-linked siloxane network. Conversely, all of
the cross-linked C-Si/P; composites showed slightly increased
conductivity, which is attributed to further condensation
between active chlorosilane precursors induced by thermal
stress. After 6 h, the C4-Si/P; and C,(-Si/P; composites with
flexible spacers in the siloxane network drop to about 60% of
their as-spun conductivities, whereas Cy-Si/P; composites
could maintain their original conductivity (Figure 3c).

2.3. Improved Solvent Resistance in the Cross-Linked
Composites. Besides improving thermal stability, the cross-
linked siloxane network in C-Si/P; composites also signifi-
cantly increases the composite solvent robustness. Reportedly,
introducing cross-linked siloxane networks is commonly
utilized to prepare ultrathin, chemically robust polymer
dielectric layers® and pattern polymer semiconductors
through photolithography.”> First, the Cy-Si/P; shows
excellent water-resistance. After being immersed for 1 h, it
maintains over 95% of its original conductivity (Figure 4a).
The UV—vis absorption spectrum of Cy-Si/P; composites
overlaps with the original one after being dipped in water, and
their in situ UV—vis absorption at 600 nm remains unchanged
over 2000 s in water (Figure 4b, Figure S14). The superior
water resistance of the polymer composites is due to the
increased polymer chain entanglement.”® Besides, the highly
hydrophobic nature of cross-linked siloxane network can
prevent the permeation of water molecules. Additionally, the
Cy-Si/P; composites exhibit greatly improved robustness to
chloroform, which is the original solvent of chlorosilanes and
CPs. On the one hand, the pure P; film is easily redissolved in
CHCl,, shown by a clear color change (Figure S15b) and the
greatly dropped absorption intensity after dipping in CHCI;
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Figure 4. Solvent resistance of 56 wt % C,-Si/P5 composites. (a) I-V
curve for the samples before and after being immersed in water for 1
h; (b) UV—vis absorptions of 56 wt % Cy-Si/P; composites before
and after being dipped in water and CHCI,.

(Figure S1S5a). On the other hand, Cy-Si/P; composite
samples barely show any color change. Although the intensities
of polaronic (~550 nm) and bipolaronic (~1600 nm) peaks
slightly drop, the composite remains heavily doped (Figure
4b).

2.4. Influence of Conjugated Polymers on the
Thermal Stability of the Composite. After finding the
most robust cross-linker, we tested the effect of the
compatibility of Cy-Si with different Prodot-EDOT copoly-
mers on the performance of the composites. Here, we used a
random direct arylation polymerization (DArP) strategy in
which the ratio of EDOT and ProDOT can be tuned in the
CPs; the large side chains can improve the solubility of the
ProDOT-EDOT copolymers. The oxidation potential of CPs
reduces from P, to P, as the proportion of the electron rich
unit EDOT increases (Figure S16). Therefore, P, and P; are
most likely to be doped and form the most stable composite
compared to P,. After doping, the P; composite observes the
highest increase in conductivity. The conductivities of Cy-Si/
P,, C\-Si/P,, and Cy-Si/P; increased by one order, five orders,
and six orders of magnitude (Figure S17) from 107 S/cm of
their pure polymers, respectively. In the thermal stability test,
Cy-Si/P, and Cy-Si/P; show better thermal stability than Cy-
Si/P,. After being baked at 353 K for 24 h, Cy-Si/P, and Cy-
Si/P; maintained nearly 80% of their original conductivity
while Cy-Si/P, lost over 90% (Figure Sa, Figure S18).
Additionally, Cy-Si/P, and Cy-Si/P; show much higher
polaronic absorption and a smaller drop of bipolaronic
absorption compared to Cy-Si/P; under high temperature
(Figure Sb—d).

3. CONCLUSION

In conclusion, we demonstrated the thermally stable and
solvent-resistant conductive polymer composite by simply
mixing cross-linkable chlorosilanes with dioxythiophene
polymers. By introducing cross-linkable chlorosilanes, doping
and the cross-link process occur simultaneously with the
electrical conductivity of the composites increasing by up to six
orders of magnitude compared with pure polymers. The
presence of cross-linked siloxane network stabilizes the
morphology of C-Si/CPs, which can effectively prevent the
dedoping process at high temperature. With the most rigid
cross-linked siloxane network, the Cy-Si/P; composites exhibit
the highest thermal stability, showing high polaronic
absorption at 453 K and maintaining nearly 80% of the
original conductivities after 24 h at 353 K in ambient
conditions. Also, C-Si/CPs composites show promising solvent
robustness. The results show that the combination of dopant
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Figure S. (a) Conductivities of 56 wt % Cy-Si/CPs composites with different CPs when baked at 353 K under ambient conditions after 24 h; in
situ temperature-dependent UV—vis absorption comparison with varying chlorosilanes (b) 56 wt % Cy-Si/Py, (c) 56 wt % Cy-Si/P,, and (d) 56 wt

% Cy-Si/P, when increasing temperature from 293 to 453 K.

and rigid cross-linked network could stabilize the film
morphology and thus improve doping stability at harsh
conditions.

4. EXPERIMENTAL SECTION

Materials. All the chlorosilanes precursors, 1,6-bis(trichlorosilyl)-
hexane (Crosslinable Silane; C6-Si), 1,6-bis(chlorodimethylsilyl)-
hexane (Linear Silane; Lg-Si), chlorotriethylsilane (Flowable Silane;
F-Si), hexytrichlorosilane (Cy-Si), and 1,10-bis(trichlorosilyl)dacane
(Cy¢-Si) are purchased from Gelest and used as received. P;, P,, and
P; are synthesized and the details of the polymer synthesis can be
found in Supporting Information. All of the solvents used in the
experiments were purchased from Sigma and used as received.

Sample Preparation and Characterization. All of the
processing, doping, and characterization of composites are performed
in ambient conditions. CPs are dissolved in chloroform with a
concentration of 25 mg/L at 40 °C, and the chlorosilane solutions are
prepared in chloroform with concentrations of 320, 160, 80, and 40
mg/mL. Chlorosilane solutions (200 L) are added into 1 mL of CP
solutions and the mixed solutions can be stored for 1—2 days before
film processing. After 2 days, the solution will become too viscous,
making it much harder to be used. Chlorosilanes/CP composites are
deposited on the prepatterned substrate by spin-coating with a speed
of 1500 rpm for 60 s with the thickness dependent on the content of
chlorosilanes. All of the substrates are successively rinsed with DI
water, soap, ethanol, acetone, and chloroform and dried by nitrogen
before processing. After spin coating, the composites are dried in the
oven for 10 min at 60 °C to enhance the formation of siloxane
matrices and remove residual solvent.

Morphology Analysis. The thickness of films, height, and phase
images are obtained using Cypher Asylum AFM and processed
through Gwyddion Software.

Electrical Conductivity Measurement. The electrical con-
ductivity was measured with two-probe and four-probe methods by
Keithley 4200 under ambient environment. The conductivities
obtained from two-probe method are similar to those measured by
four-probe method, and the trend is overall the same. Films for two-
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probe measurements were measured based on the bottom contact
OFET configuration by applying a bias from —1 V to 1 V. Channel
width (W) and length (L) used for all the two-probe measurements
were 1000 and 100 pm, respectively. Four-probe method was also
utilized to compare thermal stability of different samples during long-
term baking tests. In the four-probe measurements, four gold contacts
(with the inner two electrodes of W/L = 4) were deposited on the
clean SiO, substrates through a prepatterned shadow mask at a rate of
0.8 A/s to a final thickness of 30 nm. Films were processed as
described in Sample Preparation and Characterization.

In Situ Temperature-Dependent Measurements. To control
the thermal conditions both for electrical conductivity and UV—vis
absorption measurements, the HFS600E-PB4 Linkam stage was used
with the heating and cooling rates maintained at 10 °C/min. The
devices were allowed to reach thermal equilibrium.
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