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SI Section 1. The solvent properties and stepwise ion-exchange doping

Figure S1. The contact angle of (a) HEX, (b) IPA, (c) ACT, (d) ACN, and (e) DMSO on PBTTT films. 

Figure S2. The AFM images of PBTTT films after dipping in HEX, IPA, ACT, ACN, and DMSO for 1 hr. 

The label PBTTT indicates the film surface without the solvent dipping.
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Figure S3. Depth XPS Cl 2p spectra of FeCl3-doped and FeCl3/DBSA(HEX)-doped PBTTT films. FeCl3 

was doped using ACN as the solvent.

Figure S4. GIWAXS patterns of undoped, FeCl3-doped and FeCl3/DBSA-doped with various solvents. 

FeCl3 was doped using ACN as the solvent.
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SI Section 2. Computational analysis of stepwise doping mechanism 

2-1. Density functional theory (DFT) calculation details

DFT calculations were performed on the Gaussian 09 package.[1] The level of theory was B3LYP functional 

with 6-31+G(d,p) basis sets.[2, 3] The effect of solvents were taken into account implicitly through the integral 

equation formalism polarizable continuum model (IEFPCM).[4] In intermolecular binding energy calculations, 

basis set superposition error (BSSE) was corrected by the counterpoise method.[5] We used the convention 

that attractive intermolecular binding energy corresponds to a negative sign according to the formula below:

∆Ebind(AB) = EAB – (EA + EB), (6)

 where EA, EB, and EAB are the calculated system total energies for the monomers of species A, species B, 

and the coexistent A-B dimer, respectively.

 For computational efficiency and circumventing the system energy fluctuations by conformational 

movements of hydrocarbon tailgroups, we used surrogate molecules C0-BTTT monomer (notated as BTTT) 

and benzenesulfonic acid (BSA) to represent the PBTTT polymer and DBSA, respectively (Figure S5 and 

S6). The polaron of PBTTT was modeled as a radical cation [BTTT]+, which possesses one unpaired electron 

and (+1) charge within a truncated BTTT monomer unit.

 The electrostatic potential (ESP) at the vicinity of polaron-dopant anion pairs were calculated by the Gaussian 

09 cubegen utility using the density matrices with optimized geometries in HEX implicit solvent. ESP 

distributions were visualized as a color-coded isosurface at total electron density of 0.01 e bohr-3 in the color 

range from -0.15 to 0.15 atomic units (a.u.).



                                                          

7

Figure S5. Optimized geometries and binding energies of [BTTT]+ (monomer polaron) pairing with 

[FeCl4]- in (a) HEX, (b) IPA, (c) ACT, (d) ACN and (e) DMSO implicit solvents in DFT calculation. 

Interatomic distances are shown by the dotted lines in unit of Å.

 

Figure S6. Optimized geometries and binding energies of [BTTT]+ (monomer polaron) pairing with [BSA]- 

in (a) HEX, (b) IPA, (c) ACT, (d) ACN and (e) DMSO implicit solvents in DFT calculation. Interatomic 

distances are shown by the dotted lines in unit of Å.



                                                          

8

2-2. DFT calculations of stacked BTTT triple layer polaron - dopant anion binding pair

 In our simplest representation in DFT calculations, the BTTT polaron stands alone, potentially allowing the 

dopant anion to approach the flat plane of the ring structures. This binding orientation is forbidden in the real 

system due to the π-stacked structure of PBTTT backbones. To verify that the open space normal to the BTTT 

ring plane in our model does not mislead the dopant anion exchange mechanism, we also performed DFT 

calculations for the binding geometries and energies of the dopant anions on a π-stacked triple layer of BTTT 

with one polaron located in the middle (Figure S7). In these calculations, the BTTT triple layer was generated 

by replicating the optimized BTTT monomer geometry with π-stacking distance of 3.53 Å. The designated 

interlayer spacing is based on our GIWAXS measurement along the qxy direction for the FeCl3-doped PBTTT 

film, indicating a peak at 1.78 Å-1 after 3 minutes of doping. The geometries were optimized with fixing the 

BTTT triple layer and only allowing the dopant anion to move. In HEX, the binding orientations were 

consistent to those predicted with stand-alone BTTT polaron monomer; the dopant anions were located on the 

side of [BTTT]+ thienothiophene ring. The binding energy of [BS]- was more negative than [FeCl4]-, agreeing 

with the trend of binding energies on [BTTT]+ monomer. This supports that the explanations of ion exchange 

mechanism based on the computational results with [BTTT]+ monomer is valid.

Figure S7. Optimized geometries and binding energies of π-stacked [BTTT]3
+ (one polaron in the middle of 

the triple layer) pairing with (a) [FeCl4]- and (b) [BS]- in HEX implicit solvent in DFT calculation in a side 

view.



                                                          

9

2-3. DFT calculations of BTTT trimer polaron – dopant anion binding pair

Our simplest computational model assumed one dopant molecule was bound to one monomer of the 

conjugated polymer (CP), and thereby possessing one charge carrier. If every monomer unit of CP contains 

polaron, we estimated that hypothetical charge carrier density will be n = 8.9  1020 cm-3 regarding the reported 

unit cell parameters[6, 7]. According to our charge carrier density measurements, the assumption of one charge 

carrier per every CP monomer overestimates n, and 3-5 monomers were likely to hold one charge carrier in 

real system. To verify the truncation of CP as monomer was relevant, we examined whether any unvisited 

physical trends exist by incorporating adjacent neutral BTTT monomers connected to the oxidized BTTT 

monomer. Therefore, by DFT calculations, we also examined the binding geometries and energies of polaron-

dopant anion pairs based on BTTT trimers, notated as [tri-BTTT]+ (Figure S8-S10). To mitigate the large 

computational cost, in these BTTT trimer calculations, the polaron-dopant anion pair geometries were 

optimized with constraining [tri-BTTT]+ to their optimized geometry without dopants. The binding motifs and 

qualitative trends in energies with respect to solvent dielectric constants were consistent to those predicted 

with BTTT monomer models, supporting that the computational results with BTTT monomer representations 

were relevant enough to examine the molecular mechanism and solvent effect on ion exchange.
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Figure S8. Energy diagram for the dopant ion exchange in the vicinity of [tri-BTTT]+ (trimer polaron) in 

HEX (black line) and DMSO (red line) predicted by DFT.

Figure S9. Optimized geometries and binding energies of [tri-BTTT]+ (trimer polaron) pairing with [FeCl4]- 

in (a) HEX, (b) IPA, (c) ACT, (d) ACN and (e) DMSO implicit solvents in DFT calculation. Interatomic 

distances are shown by the dotted lines in unit of Å.
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Figure S10. Optimized geometries and binding energies of [tri-BTTT]+ (trimer polaron) pairing with [BS]- 

in (a) HEX, (b) IPA, (c) ACT, (d) ACN and (e) DMSO implicit solvents in DFT calculation. Interatomic 

distances are shown by the dotted lines in unit of Å.
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