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(R BRI AR T SRR 45 1) . FeClL B4 T 20
F2: HUP3HT SR WL 20 uL ¥R 7E 1.5 cm x
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Fig. 1 (a) Chemical structures of P3HT, FATCNQ, FeCl; and corresponding energy level diagrams; (b) Schematic of the

sequential dual-doping process.
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Fig. 2 (a) 2D GIWAXS patterns of pristine P3HT film; (b) 2D GIWAXS patterns of FeCl;-doped P3HT film; (c) 2D GIWAXS
patterns of FATCNQ-doped P3HT film; (d) 2D GIWAXS patterns of sequentially dual-doped P3HT film; (e) Out-of-plane and
(f) in-plane line-cut profiles of pristine, FeCl;-doped, FATCNQ-doped, and sequentially dual-doped P3HT films; The (100)
and (010) diffraction peaks correspond to lamellar spacing (¢(100)) and z-x stacking distance (d(010)), respectively.
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Fig. 3 (a) Lamellar spacing d(100) and (b) z-z stacking distance d(010) of pristine, FeCl;-doped, FATCNQ-doped, and sequentially
dual-doped P3HT films; (c¢) Coherence length extracted from (100) diffraction peaks; (d) Pole figures extracted from (100)
reflections; (e) Relative degree of crystallinity (rDoC) and (f) face-on/edge-on fraction ratios obtained from pole figure analysis.
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Fig. 4 (a) AFM height images, (b) AFM phase diagrams, and (c) TEM images of pristine P3HT, FeCl;-doped, FATCNQ-doped,

and sequentially dual-doped P3HT films.
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Fig. 5 (a) UV-Vis-NIR absorption spectra of pristine, FeCl;-doped, FATCNQ-doped, and sequentially dual-doped P3HT films;
(b) Raman spectra showing C—C (about 1380 cm™") and C=C (about 1450 cm™") vibrational modes; (c) Intensity ratio of C=C
to C—C bonds (Ic—¢/Ic—¢), and (d) Raman peak positions of C—C and C=C bonds for pristine, FeCl;-doped, FATCNQ-doped,
and sequentially dual-doped P3HT films.
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Fig. 6 Schematic illustration of the structural evolution of sequentially dual-doped P3HT films.
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Fig. 7 (a) Magnetic field-dependent ESR spectra, (b) g-factor-
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Sequential Dual-doping Strategy: Synergistically Boosting the Electrical
Conductivity of Conjugated Polymers

Duo Liu'2, Zhong-xiang Peng!*, Yan-chun Han'-?*
(!State Key Laboratory of Polymer Science and Technology, Changchun Institute of Applied Chemistry,
Chinese Academy of Sciences, Changchun 130022)
(?School of Applied Chemistry and Engineering, University of Science and Technology of China, Hefei 230026)

Abstract Conjugated polymers exhibit broad application prospects in fields such as thermoelectric conversion
and flexible electronics due to their advantages of light weight, flexibility, and solution processability, with
doping being a key strategy for achieving high electrical conductivity. However, single molecular doping often
struggles to simultaneously balance carrier concentration and structural order. In this work, we proposed a
sequential dual-doping strategy using poly(3-hexylthiophene-2,5-diyl) (P3HT) as a model system. F4ATCNQ was
first introduced into the polymer, followed by deep redox doping with FeCl;. The results showed that FATCNQ
pre-doping expanded the alkyl side-chain spacing while maintaining structural order, thereby constructing favorable
channels for subsequent FeCl; diffusion and charge transfer. During the secondary doping step, the stronger
oxidizing agent FeCl; partially replaced FATCNQ, while the sequentially dual-doped film maintained high
crystalline order along with a more compact 7-7 stacking distance and stable molecular orientation. Sequential
dual-doping promotes the transition tendency from polarons to bipolarons, reduces spin concentration, and achieves
higher carrier concentration and mobility compared to single-doping systems. Under optimal conditions, the
sequentially dual-doped P3HT film achieved an electrical conductivity of 595.9 S/cm, which was 10.6-fold and
9.4-fold higher than those of films doped with FeCl; alone and FATCNQ alone, respectively. The “structure
optimization first, deep doping second” strategy proposed in this study provides an effective route toward high
electrical conductivity in conjugated polymers.
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