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1 Synthesis and NMR spectroscopy 

Scheme S1. Synthesis of PEDOT-Bu-Phos.  
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Figure S1. 1H-NMR spectrum of EDOT-Bu-OH in CDCl3.  
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Figure S2. 13C-NMR spectrum of EDOT-Bu-OH in CDCl3.  
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Figure S3. 1H-13C HSQC NMR spectrum of EDOT-Bu-OH in CDCl3.  
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Figure S4. 1H-13C HMBC NMR spectrum of EDOT-Bu-OH in CDCl3.     
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Figure S5. 1H-NMR spectrum of EDOT-Bu-Tos in CDCl3.  
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Figure S6. 13C-NMR spectrum of EDOT-Bu-Tos in CDCl3. 
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Figure S7. 1H-13C HSQC NMR spectrum of EDOT-Bu-Tos in CDCl3. 
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Figure S8. 1H-13C HMBC NMR spectrum of EDOT-Bu-Tos in CDCl3.  
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Figure S9. 1H-NMR spectrum of EDOT-Bu-I in CDCl3.  
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Figure S10. 13C-NMR spectrum of EDOT-Bu-I in CDCl3. 
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Figure S11. 1H-13C HSQC NMR spectrum of EDOT-Bu-I in CDCl3. 
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Figure S12. 1H-13C HMBC NMR spectrum of EDOT-Bu-I in CDCl3. 
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Figure S13. 1H-NMR spectrum of EDOT-Bu-Phos in CDCl3.  
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Figure S14. 13C-NMR spectrum of EDOT-Bu-Phos in CDCl3.  
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Figure S15. 31P-NMR spectrum of EDOT-Bu-Phos in CDCl3.  
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Figure S16. 1H{31P}-decoupled NMR spectrum of EDOT-Bu-Phos in CDCl3.  
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Figure S17. 31P{1H}-decoupled NMR spectrum of EDOT-Bu-Phos in CDCl3.  
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Figure S18. 1H-13C HSQC NMR spectrum of EDOT-Bu-Phos in CDCl3. 
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Figure S19. 1H-13C HMBC NMR spectrum of EDOT-Bu-Phos in CDCl3.
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2 FTIR, Raman and XPS characterisation  

 

Figure S20. (A) ATR-FTIR spectrum and (B) Raman spectrum (532 nm) of PEDOT-Bu-Phos 

film on ITO. The chemical structure of PEDOT-Bu-Phos is also shown as an inset of (A) with 

the α- and β-carbon atoms labelled. (C-F) XPS spectra of PEDOT-Bu-Phos film on ITO 

showing the (C) P 2p, (D) S 2p, (E) O 1s and (F) C 1s environments. The phosphonate P 2p 

signal was seen as a spin-split doublet with the P 2p3/2 peak at binding energy 133.2 eV and the 

thiophene sulfur S 2p signal appeared as a doublet with the S 2p3/2 peak at 163.7 eV. The strong 

O 1s signal at 532.6 eV likely corresponds to the ethylenedioxy oxygen atoms, while the smaller 

signal at 530.9 eV likely includes contributions from the oxygen atoms in the phosphonate 
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group. The carbon C 1s peak at 284.8 eV was assigned to thiophene and aliphatic carbon atoms, 

and a weaker peak at 286.6 eV resulted from carbon atoms in the C-P bond with the 

phosphonate group and in C-O bonds in the ethylenedioxy bridge.  

Table S1. Assignment of peaks observed in ATR-FTIR and Raman spectroscopy of PEDOT-

Bu-Phos. Cα and Cβ denote the α- and β-carbon atoms in the structure of PEDOT-Bu-Phos 

shown in Figure S20A.  

Description ATR-FTIR (cm-1) Raman (cm-1) References 

Aliphatic CH2 stretch --- 3018 [1,2] 

Aliphatic CH2/CH3 stretch 2962 2952 [1,2] 

Aliphatic CH2/CH3
 stretch 2927 2872 [1,2] 

Aliphatic CH2 stretch 2868 2824 [1,2] 

Aliphatic CH2 bend --- 1561 [2] 

Asymmetric Cα=Cβ stretch 1512 1514 [1,2] 

Aliphatic CH2 bend 1464 --- [3] 

Symmetric Cα=Cβ(-O) stretch 1439 1437 [1] 

Thiophene Cβ–Cβ stretch --- 1387 [1,2] 

Aliphatic CH2 twist 1302 1338 [2] 

Cα=Cα’ inter-ring stretch 1259 1264 [1,4] 

Phosphonate P=O stretch 1175 --- [5] 

Cα=Cα’ inter-ring stretch --- 1231 [1] 

Phosphonate O-P-O stretch + 

C-O-C deform 

1067 1101 [1,5,6]  

Phosphonate (P-)O-C stretch 1035 --- [6] 

Phosphonate P-O(-C) stretch + 

C-O stretch 

1005 --- [2,5,6] 

Ethylenedioxy ring deform --- 992 [2] 

Phosphonate (P-)O-C stretch 962 --- [2,5,6] 

Phosphonate (C-)P-O stretch 887 --- [5,6] 

Ethylenedioxy ring deform 792 --- [1,2] 

Ethylenedioxy CH2 rocking 693 --- [2] 

Symmetric C-S-C deform 683 694 [2] 

Ethylenedioxy ring deform --- 584 [1,2] 

C-O-C deform --- 451 [1,2] 
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3 Morphological characterisation 

 

Figure S21. (A-B) DSC heating curves of (A) PEDOT-Bu-Phos and (B) PEDOT-Phos.  

 

Table S2. Summary of peak positions observed in the integrated GIWAXS data for both 

polymers, before and after CV.  

PEDOT-Phos (nm-1 / Å) PEDOT-Bu-Phos (nm-1 / Å) 

Before CV After CV Before CV After CV 

3.29 / 19.1 3.31 / 19.0 2.73 / 23.0 2.91 / 21.6 

--- / ---a --- / ---a 5.17 / 12.2 5.13 / 12.2 

--- / ---a --- / ---a 14.1 / 4.46 14.2 / 4.42 

14.7 / 4.27 --- / ---a  14.4 / 4.36 14.4 / 4.36 

15.2 / 4.13 15.2 / 4.13 15.2 / 4.13 15.2 / 4.13 

--- / ---a --- / ---a 16.1 / 3.90 16.1 / 3.90 

16.9 / 3.72 16.9 / 3.72 16.9 / 3.72 16.9 / 3.72 
a Peak was not observed. 
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4 Optical and electrochemical characterisation 

 

Figure S22. Optical and electrochemical characterisation: (A) Tauc plot of a pristine PEDOT-

Bu-Phos film, with the optical band gap energy indicated. (B) Cyclic voltammetry of PEDOT-

Bu-Phos on ITO in aqueous NaCl (0.1 M), over the potential range from –0.6 V to +0.8 V. (C-

D) EIS of PEDOT-Bu-Phos on an IDME at various applied potentials: (C) Bode impedance and 

(D) phase plots.  
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Figure S23. Spectroelectrochemical characterisation: (A-B) In-situ UV-vis-NIR 

spectroelectrochemistry of PEDOT-Bu-Phos on ITO in NaCl (0.1 M in deionised water), with 

(A) increasing and (B) decreasing potential. The potentials were recorded vs. Ag wire and are 

reported here relative to Ag/AgCl (= Ag wire – 0.34 V). Counter-electrode: Pt wire.  (C) 

Electrochromic stability: Transient absorbance profile of PEDOT-Bu-Phos on ITO in aqueous 

NaCl (0.1 M) during in-situ double-step spectrochronoamperometry cycling between reduced 

(–0.6 V) and oxidised (+0.8 V) states. 
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Figure S24. Geometry-optimised molecular models of PEDOT-Bu-Phos as a single molecule. 

Atoms are C (grey), H (white), O (red), P (orange), S (yellow).  

 

Figure S25. Geometry-optimised molecular models of PEDOT-Bu-Phos as a crystalline solid. 

Atoms are C (grey), H (white), O (red), P (orange), S (yellow). 
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Figure S26. DFT characterisation of PEDOT-Bu-Phos. (A-B) Band structures of (A) an 

isolated molecule and (B) a crystal, close to the Fermi level (EF = 0 eV). The indicated high-

symmetry points are  = (0, 0, 0), Z = (0, 0, 0.5), T = (0, 0.5, 0.5), Y = (0, 0.5, 0), X = (0.5, 0, 

0). The theoretical direct bandgap is taken from the band structure as Eg = 0.88 eV. (C) 

Calculation of effective masses of charge carriers at the conduction and valence band edges in 

the isolated molecule. The conduction and valence bands were each fitted to a parabola in the 

region close to zero k-point distance, according to the equation 𝐸 = (ℏ2 2𝑚∗⁄ )𝑘2 + 𝐸0 where 

𝐸 = energy, 𝐸0 = energy at zero k-point distance, ℏ = Planck’s constant, 𝑚∗ = effective mass 

of holes (valence band) or electrons (conduction band), and 𝑘 = the k-point distance. The 

calculated effective masses are indicated on the figure: mh*/m0 = 0.119, me*/m0 = 0.131. For 

PEDOT-Phos[7], the corresponding values are: mh*/m0 = 0.111, me*/m0 = 0.121.  
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5 OECT characterisation 

 

Figure S27. OECT characterisation: (A) Output curves of a representative PEDOT-Bu-Phos 

OECT in aqueous NaCl at several gate potentials. (B) Calculation of threshold voltage of 

PEDOT-Bu-Phos in a representative aqueous OECT. (C) Capacitance as a function of 

frequency of PEDOT-Bu-Phos on an IDME in 0.1 M NaCl at various applied potentials during 

EIS.  
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Table S3. Summary of device performance parameters for PEDOT-Bu-Phos OECTs in aqueous NaCl (0.1 M). The channel dimensions are 10 m 

(length) × 50 cm (width). d = film thickness; gm,max = maximum transconductance; gm,max/d = thickness-normalised maximum transconductance; 

VG,max = gate voltage at the maximum transconductance; VTH = threshold voltage; d = film thickness from profilometry; ION/IOFF = on/off current ratio 

at VDS = –0.6 V, comparing IDS at –0.8 V (ON) and 0 V (OFF) from the transfer curve; C = capacitance from EIS spectroscopy at +0.4 V; C* = 

volumetric capacitance; OECT = charge carrier mobility; μC* = product of mobility and volumetric capacitance.  

Device d  

(nm) 

gm,max  

(mS) 

gm,max/d  

(S cm-1) 

VG,max  

(V) 

VTH  

(mV) 

ION/IOFF C  

(mF) 

C*  

(F cm-3) 

OECT × 107 

(cm2 V-1 s-1) 

 C* × 105 

(F cm-1 V-1 s-1)

1 1457 ± 323 1.7 11.7 –0.66 –182 229 0.57 40 ± 9 1.62 0.66 

2 1794 ± 214 2.3 12.6 –0.78 –178 117 0.81 47 ± 6 3.39 1.60 

3 1873 ± 289 2.9 15.2 –0.44 –194 148 1.09 61 ± 9 2.47 1.50 

Avg. ± Err.a 1708 ± 161 2.3 ± 0.6 13.2 ± 1.8 –0.63 ± 0.17 –185 ± 8 165 ± 58 0.82 ± 0.26 49 ± 5 2.49 ± 0.88 1.25 ± 0.19 

a The overall average values of d, C, and C* are given as average ± error calculated using error propagation. All other values with uncertainties are 

given as average ± standard deviation. 
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