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Θ Derivation

First we define the integrated absorption per site as αP for polaron sites and αn for neutral

sites, ∫ 4eV

0eV

APdν = αPNp (S1)

∫ 4eV

0eV

Andν = αnNn (S2)

with NP and Nn representing total polaron and neutral sites respectively. Next, we define

the polaron mole fraction, Θ, as the number of polaron sites over the total sites and equate

to the integrated absorbance.

Θ =
NP

NP +Nn

=
1
αP

∫ 4eV

0eV
APdν

1
αP

∫ 4eV

0eV
APdν + 1

αn

∫ 4eV

0eV
Andν

(S3)

We then condense the expression to obtain Equation S4.

Θ =

∫ 4eV

0eV
APdν∫ 4eV

0eV
APdν + αP

αn

∫ 4eV

0eV
Andν

(S4)

Next we need to obtain αP

αn
to account for differing extinction coefficients for neutral and

polaronic states. We start by defining, ∆̄, as the change in the total neutral and polaron

absorbance integrals normalized by the absorbance of the neutral polymer film.

∆̄ =

∫ 4eV

0eV
APdν +

∫ 4eV

0eV
Andν −

∫ 4eV

0eV
A0
ndν∫ 4eV

0eV
A0
ndν

(S5)

Reorganize Equation S5, and plug in Θ.

∆̄ =
αPNP + αnNn − (NP +Nn)αn

(NP +Nn)αn
=

NP

NP +Nn

· αP − αn
αn

= Θ · αP − αn
αn

(S6)

Now rearrange for αP

αn
.
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αP
αn

=
∆̄

Θ
+ 1 (S7)

Finally insert Equation S7 into Equation S4 and reorganize for Θ.

Θ =

∫ 4eV

0eV
APdν∫ 4eV

0eV
APdν +

(
∆̄
Θ

+ 1
) ∫ 4eV

0eV
Andν

(S8)

Θ =

∫ 4eV

0eV
APdν − ∆̄ ·

∫ 4eV

0eV
Andν∫ 4eV

0eV
APdν +

∫ 4eV

0eV
Andν

=

∫ 4eV

0eV
APdν − η∫ 4eV

0eV
APdν +

∫ 4eV

0eV
Andν

(S9)

Note, if αP

αn
= 1, then ∆̄ = 0. ∆̄ is obtained for a given polymer using a linear fit to

Figure S1. ∆̄ provides a correction factor to account for different extinction coefficients in

polaron vs neutral absorbance spectra.

Figure S1: Change in total absorbance ∆(
∑

(An,Ap))

A0
n

as a function of the uncorrected polaron

mole fraction Θ∗. Dotted lines indicate a linear fit to the data from each polymer (for all
dopants). The slope of this line is the increase in total integrated absorbance with increased
doping level.
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UV-vis-NIR Gaussian Fits

a) b)

2.18 mM CN5/P3HT

c) d)

2.18 mM CN5/pDPP-4T

P3HT

e) f)
2.18 mM CN5/pDPP-3T

g) h)
2.18 mM CN5/pDPP-2T

pDPP-4T pDPP-3T pDPP-2T

Figure S2: Cumulative Gaussian fits to UV-vis-NIR of a) P3HT, b) pDPP-4T, c) pDPP-3T,
and d) pDPP-2T films and e) f) g) h) the same films doped from a 2.18mM CN5/acetonitrile
solution.
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Figure S3: UVvis of P3HT films exposed to various concentrations of CN3 (top), CN4
(middle), CN5 (bottom).
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Figure S4: UVvis of pDPP-4T films exposed to various concentrations of CN3 (top), CN4
(middle), CN5 (bottom).

S7



3 2 1
0 . 0 0

0 . 2 5

0 . 5 0

0 . 7 5
 N e a t  p D P P - 3 T
 0 . 0 3  m g / m L  C N 3
 0 . 1  m g / m L  C N 3
 0 . 3  m g / m L  C N 3
 0 . 6  m g / m L  C N 3

Model GaussMod

Equation
double z = (x-xc)/w - w/t0;

y = y0 + A/t0 * exp(0.5*(w/t0)^2-(x-xc)/t0)*(erf(z/sqrt(2))+1)/2;

Model GaussMod

Equation
double z = (x-xc)/w - w/t0;

y = y0 + A/t0 * exp(0.5*(w/t0)^2-(x-xc)/t0)*(erf(z/sqrt(2))+1)/2;

5 0 0 1 0 0 0 1 5 0 0W a v e l e n g t h  ( n m )

3 2 1
0 . 0 0

0 . 2 5

0 . 5 0

0 . 7 5
 N e a t  p D P P - 3 T
 0 . 0 3  m g / m L  C N 4
 0 . 1  m g / m L  C N 4
 0 . 3  m g / m L  C N 4
 0 . 6  m g / m L  C N 4

Model GaussMod

Equation
double z = (x-xc)/w - w/t0;

y = y0 + A/t0 * exp(0.5*(w/t0)^2-(x-xc)/t0)*(erf(z/sqrt(2))+1)/2;

Model GaussMod

Equation
double z = (x-xc)/w - w/t0;

y = y0 + A/t0 * exp(0.5*(w/t0)^2-(x-xc)/t0)*(erf(z/sqrt(2))+1)/2;
E n e r g y  ( e V )

Ab
so

rpt
ion

 (a
.u.

)

5 0 0 1 0 0 0 1 5 0 0W a v e l e n g t h  ( n m )

3 2 1
0 . 0 0

0 . 2 5

0 . 5 0

0 . 7 5
 N e a t  p D P P - 3 T
 0 . 0 3  m g / m L  C N 5
 0 . 1  m g / m L  C N 5
 0 . 3  m g / m L  C N 5
 0 . 6  m g / m L  C N 5

E n e r g y  ( e V )

Ab
so

rpt
ion

 (a
.u.

)

5 0 0 1 0 0 0 1 5 0 0W a v e l e n g t h  ( n m )

Figure S5: UVvis of pDPP-3T films exposed to various concentrations of CN3 (top), CN4
(middle), CN5 (bottom).
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Figure S6: UVvis of pDPP-2T films exposed to various concentrations of CN4 (top), CN5
(bottom).

Fitting of the UV-Vis-NIR spectra followed a procedure demonstrated previously for P3HT

doped with F4TCNQ.1 The model and procedure are detailed here and in our 2022 Advanced

Electronic Materials publication.2 An example of a neutral and doped fit spectrum for each

polymer with labeled Gaussian peaks is given in Figure S2.

P3HT is fit with a series of three narrow vibronic peaks labeled N1–N3 (A0−0 − A0−3)

that represent the ordered/crystalline sites in P3HT. A fourth anharmonic peak, labeled N4,

is included as a superposition of higher order harmonic peaks. A broad absorbance centered

at 3.25 eV represents the amorphous sites in P3HT. All of the peaks in P3HT are Gaussian.

All of the DPP polymers were best fit with a series of two narrow harmonic peaks

labeled N1, N2. A third anharmonic peak, labeled N3, is included as a superposition of

higher order harmonic peaks. The pDPP-4T and pDPP-3T polymers also have a broad

absorbance centered around 2.8 eV and 3.0 eV, respectively, that represents absorbance
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from the individual monomeric units on the backbone. The pDPP-2T polymer has peaks at

2.77 eV and 3.35 eV that represent the same A-A and D-D absorbances as in the pDPP-3T

and pDPP-4T samples.

For all four polymers, the polaron spectrum is fit with a series of three peaks. The P1

peak, also known as the “B” peak, is centered at 0.33 eV for all three DPP polymers for

the fitting. The P3HT polymer has the P1 peak at 0.42 eV. For all spectra, the P1 peak is

centered off of the edge of the UV-Vis-NIR spectrum, which complicates fitting. The peak

width of the P1 peak increased with doping level for all four polymers.

The P2 peak is best seen at low doping levels. For many of the 0.03 and 0.1 mg/mL

solution concentrations, there is a pronounced lower energy polaron peak (0.75 eV for DPP-

2T, 0.88 eV for DPP-3T and DPP-4T and 1.37 eV for P3HT). The width of the P2 peak is

fixed throughout.

The P3 peak overlaps the neutral absorbance for every polymer. This peak is centered

at 0.92 for DPP-2T, 1.05 for DPP-3T, 1.05 for DPP-4T, and 1.58 for P3HT. The width of

the P3 peak is fixed throughout.

The dopant anion is fit with a series of two symmetric and one asymmetric Gaussian

peaks. The fit to a solution of CN6-CP−·K+ in ACN is depicted in2. The ratio of the three

anion peaks are fixed for all spectra. The ratio between the sum of the P1, P2, and P3 peak

areas and the anion peak areas are also fixed for each given dopant species.

Spectral Fitting Rules for the DPP polymers:

1. All peaks are Gaussian except N3, which is a superposition of several higher order

vibronic transitions. It is modeled as an asymmetric Gaussian that broadens to the

blue.

2. At a given doping level WN1=WN2=WN3.

3. As the doping level increases WN1=WN2=WN3 increases.
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4. The separation distance (S) between N1 and N2 is equal to twice the width of N1 in

the neat film (SN1−N2 = 2×WN1).

(a) Except: pDPP-2T, SN1−N2 ≈ 2×WN1

5. The separation distance (s) between N2 and N3 is equal to the width of N1 in the neat

film (SN2−N3 = WN1).

6. As the doping level increases, N3 becomes increasingly broadened to the blue.

7. The ratio of the areas of the neutral high energy DD-AA peak(s) (peaks N4 and N5 in

pDPP-2T, peak N4 in pDPP-3T and pDPP-4T) over the sum of the areas of N1, N2,

and N3 is held constant regardless of doping level. ie
∑

(N4,N5)∑
(N1,N2,N3)

= Constant.

8. For every high energy DD-AA peak there exists a high energy polaron peak (peaks P4

and P5 in pDPP-2T, peak P4 in pDPP-3T and pDPP-4T).

9. The width of the high energy DD-AA polaron peak(s) is(are) equal to the width of the

high energy DD-AA peak(s) at a given doping level.

10. The width of the high energy DD-AA neutral and polaron peak(s) increase(s) with

doping level.

11. The high energy DD-AA polaron peak(s) is(are) red shifted from their respective neu-

tral high energy peak(s) by twice the width of the neutral high energy DD-AA peak

in the neat polymer samples.

12. The area of the high energy DD-AA polaron peak(s) is (are) determined by Θ and the

area of the neutral DD-AA peak(s) so that Θ =
∑

(P4,P5)∑
(P4,P5,N4,N5)

13. There are three dopant anion peaks. The three widths and peak centers and the

asymmetry of the third dopant peak are estimated from the fit to CN6-CPK salt and

kept constant across all samples.
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14. The ratios of the dopant peak areas are kept constant across all samples. D1
D2

= 0.8,

D1
D3

= 1.45

15. The ratio of the polaron peak areas over the dopant peak areas is kept constant for a

given dopant species.

(a) CN3:
∑

(P1,P2,P3)
D1

= 80

(b) CN4:
∑

(P1,P2,P3)
D1

= 80

(c) CN5:
∑

(P1,P2,P3)
D1

= 30

Spectral Fitting Rules for P3HT:

1. All peaks are Gaussian, except N4, which is a superposition of several higher order

vibronic transitions. It is modeled as an asymmetric Gaussian that broadens to the

blue.

2. WN1 <WN2=WN3=WN4 <WN5.

3. As the doping level increases WN1 and WN2=WN3=WN4 increases.

4. The separation distance (S) between N1 and N2 is approximately twice the width of

N1 in the neat film (SN1−N2 ≈ 2×WN1).

5. The separation distance (S) between N2 and N3 is equal to twice the width of N2 in

the neat film (SN2−N3 = 2×WN2).

6. The separation distance (S) between N3 and N4 is equal to the width of N2 in the neat

film (SN3−N4 = WN2).

7. As the doping level increases, N4 becomes increasingly broadened to the blue.

8. There exists a large Gaussian neutral amorphous peak (N5).
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9. There are three dopant anion peaks. The three widths and three peak centers and the

asymmetry of the third dopant peak are estimated from the fit to CN6-CPK salt and

kept constant across all samples.

10. The ratios of the dopant peak areas are kept constant across all samples. D1
D2

= 0.8,

D1
D3

= 1.45

11. The ratio of the polaron peak areas over the dopant peak areas is kept constant for a

given dopant species.

(a) CN3:
∑

(P1,P2,P3)
D1

= 100

(b) CN4:
∑

(P1,P2,P3)
D1

= 70

(c) CN5:
∑

(P1,P2,P3)
D1

= 40

Determining the polymer ionization energy

There are two established methods for determining the ionization energy for semiconducting

polymers. Cyclic voltammetry (CV) measures the change in current in an electrochemical cell

as a function of the applied potential. CV provides oxidation and reduction information. For

these samples the CV information was previously published.3 Since it is necessary to measure

CV using a polar solvent (acetonitrile) we were concerned that the solvent environment could

make the determination of the ionization energy less accurate for low doping concentrations.

In principle, ultraviolet photo-emission spectroscopy (UPS) provides a more accurate

measurement of the ionization energy for a polymer film. Figure S7 shows the intensity vs

energy for all four polymers on ITO substrates. Here we find that there is little difference

between the ionization energies for the four polymers compared to the CV measurements and

in addition UPS indicates a much lower ionization energy for the DPP polymers. Wegner

et. al. recently published an article detailing that for simulation of doping experiments, CV

measurements are more accurate than UPS because UPS measurements are very sensitive
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to molecular orientation.4 We report the same finding here. P3HT and pDPP-4T have both

been reported to stack predominantly end-on we respect to the polymer substrate, meaning

that photoelectrons are ejected through the side chains of the polymer. By comparison,

pDPP-2D has been reported to orient predominantly face-on to the substrate, which signif-

icantly alters the surface dipole and thereby reduces the effective ionization potential with

respect to a polymer that is oriented end-on. For these reasons, only the CV data is con-

sidered for determination of the ionization energies in this publication. The UPS data is

included here for completeness.
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Figure S7: Ultraviolet photo-emission Spectroscopy of a) P3HT, b) pDPP-4T, c) pDPP-3T,
and d) pDPP-4T films. Ionization Energy of each of the films is obtained through linear
extrapolation of the highest molecular orbital in a P3HT film.
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Maximum Charge Density Calculation

Figure 1 of the main text makes a calculation of the maximum possible polaron and later

bipolaron density. This section details how that calculation was made. First the total number

of sites per volume for each undoped polymer is calculated using:

sites

volume
=
ρṄA

MW

(S10)

where ρ is the polymer density estimated to be 1.1 g
cm−3 , NAis Avogadro’s number and

MW is the molecular weight of the polymer. Table 1 of the main text lists the polaronic

maximum as this site density. This calculation assumes that every site on the polymer con-

tains one polaron and the anion has no volume. The same table determines the bipolaronic

maximum with the assumption that every polymer site contains two polarons (or one bipo-

laron) and the counter ion has not volume. Clearly this ideal maximum cannot be reached

and literature claiming higher charged densities should be discounted.

To determine a more realistic upper limit, it is necessary to make an estimate of the

volume increase for a single site that includes the anion. Here we use ChemAxon MarvinS-

ketch to estimate the Van der Waal volumes of the polymer sites and anions (Table S1).

Admittedly this is a crude estimate of molar volume since the polymers and dopants assume

a variety of molecular geometries. However, for simplicity, we assumed that the density of

the samples were fixed at 1.1 g
cm−3 for all samples. We hope that future publications will

make careful measurements of density change with doping level for different polymers to

reduce the uncertainty in this calculation. Figure 1c shows the percentage change in site vol-

ume assuming a 1:1 ratio of polymer sites to dopants, yielding a 25-40% increase in volume.

Figure 1d shows the upper estimates of polaron density for a zero volume anion and for each

of the three molecular dopants. Figure SS8 shows both the polaronic and bipolaronic limits.

The bipolaron calculation assumes that there are two holes and that there are two dopant

counterions for each polymer site. This calculation shows that even assuming that every site
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on the polymer is doubly charged, it is not possible to reach a hole density of 1×10−21 g
cm−3

using these dopants because site density decreases due to volume expansion.

Polymer Site or Dopant Van der Waal Volume (Å3)
P3HT 666.62

pDPP-4T 894.25
pDPP-3T 834.35
pDPP-2T 771.95

CN3 261.80
CN4 233.21
CN5 221.40
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Figure S8: Estimates of the maximum polaronic and bipolaronic carrier densities for P3HT,
pDPP-4T, pDPP-3T and pDPP-2T. Volume corrected maximum carrier densities for po-
larons and bipolarons assuming that the bipolaron occupies the same site as a polaron and
accounting for the volume of a single or double counterion respectively.
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Figure S9: Estimates of the maximum polaronic carrier densities for P3HT, with respect to
the site size (ie. delocalization length of the polaron).

S17



Table S1: Predicted doping level at saturation from the occupation of the density of states.

System θ
2T CN4 0.50813
2T CN5 0.79936
3T CN3 0.31641
3T CN4 0.55332
3T CN5 0.84773
4T CN3 0.53622
4T CN4 0.81052
4T CN5 0.93859

P3HT CN3 0.53147
P3HT CN4 0.73378
P3HT CN5 0.89341

Saturated doping levels from the Gaussian DOS model

Langmuir Isotherm Fits
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Figure S10: Experimental saturated polaron mole fraction and Gibbs Free Energy obtained
from the Langmuir Isotherm Fit.
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Supplemental Conductivity and Mobility
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Figure S11: Conductivity and Mobility data from Figure 5 c and d plotted on a linear scale.
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