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Diffusion of Brønsted Acidic Dopants in Conjugated Polymers 

Phong H. Nguyen,a Michael B. Schmithorst,a Tom Mates,c Rachel A. Segalman a,b,c and Michael L. 
Chabinyc *c 

Many semiconductor devices (e.g., light emitters and photovoltaics) utilize heterojunctions of doped and undoped layers or 

depend on gradients of electronic doping to control charge transport. Understanding of the formation and stability of 

gradients in doping requires an understanding of diffusion of dopants and the complex changes in polymer properties that 

arise during doping. Conjugated polymers can be electrically doped by strong acids, but the details of the reaction 

mechanism and subsequent stability are not understood. Here, we show a clear kinetic isotope effect in the doping of thin 

films of poly(3-hexylthiophene) (P3HT) by bis(trifluoromethane)sulfonimide (HTFSI) from solution indicating that this doping 

process is limited by proton transfer to the polymer. Complementary X-ray photoelectron spectroscopy and DSIMS depth 

profiling of dopant concentrations show definitive evidence of dopant enrichment at the P3HT surface. These surface-limited 

concentration profiles suggest that diffusivity of dopants vary inversely with dopant concentration due to doping-induced 

changes to the structure of the conjugated polymer.

Introduction 

Electrical doping of organic semiconductors requires the 

incorporation of small molecules that chemically oxidize (p-

type) or reduce (n-type) the organic semiconductor to form 

charge carriers. In many cases, dopants are added to solid thin 

films of semiconductors after film-casting (termed sequential 

doping) and consequently, controlled doping requires 

understanding of mass transport of the dopant into the film.1 

Doping induces complex changes to electronic, thermal, and 

mechanical properties alongside changes to crystalline and 

mesoscopic morphology.2,3 Moreover, diffusion of dopants is a 

heterogeneous process owing to their semicrystalline nature 

which results in domains with varying electronic and ionic 

conductivity.4,5 Improved control of doping requires an 

understanding of the reactive and diffusive driving forces for 

dopant transport, suitable approximations for continuum 

models, and consideration for the complex changes to polymer 

properties that arise from doping. 

A common doping method involves either immersion of 

semiconducting polymer films in solutions of the dopant 

(immersion doping) or thermal evaporation/sublimation of the 

dopant into the polymer film (vapor doping). Both methods 

have been used as platforms to control and investigate the mass 

transport of various dopants, including 2,3,5,6-tetrafluoro-

7,7,8,8-tetracyanoquinodimethane (F4TCNQ),6–10 molybdenum 

tris(1-(methoxycarbonyl)-2-(trifluoromethyl)ethane-1,2-

dithiolene) (Mo(tfd-CO2Me)3),11,12 and phosphomolybdic acid 

(PMA).13 Within these studies, diffusion has been quantified in 

the context of: (1) diffusion of the dopant as it is introduced into 

the film and (2)  diffusion of the dopant in the solid state 

following the doping process. Temperature, equilibrium 

between the neutral and ionized dopant, the size and shape of 

the dopant, the degree of solvent swelling, and doping reaction 

mechanism are all likely to affect the degree by which the 

dopant diffuses into the film.7,10,12–15  

The most extensive models of dopant diffusion have 

examined the diffusion coefficients of both the neutral and 

ionized form of two common dopants (F4TCNQ and Mo(tfd-

CO2Me)3), both of which oxidize the conjugated polymer by a 

charge transfer mechanism.6,12,16 A study of diffusion of Mo(tfd-

CO2Me)3 into poly(3-hexylthiophene) (P3HT) thin films and 

found that the surface concentration of Mo(tfd-CO2Me)3
•- 

saturates quickly and is essentially immobilized by coupling with 

the charged P3HT•+.12 A study of the in-plane diffusion of 

F4TCNQ and a larger derivative (F4MCTCNQ) in semiconducting 

polymers, found that the F4TCNQ diffuses approximately 1-2 

orders more quickly than its radical anion.6 Both considered 

dopant adsorption capacity and found that ionized dopants are 

the majority species, transported predominantly through the 

amorphous domains.  

Here, we focus on the transport of a Brønsted acidic dopant, 

bis(trifluoromethane)sulfonimide (HTFSI), introduced into P3HT 

from the solution phase. To understand the individual 

contributions of doping reaction and diffusion to the overall 

process, we first investigated the proposed Brønsted acid 

doping mechanism and find that proton transfer limits the 

overall rate of the doping reaction. By measuring the depth-

dependent dopant concentrations we find that deuterium 

(from a labeled acid dopant) is retained in significant quantities 

and that doping is diffusion-limited in films >100 nm in 

thickness. Complementary surface-sensitive grazing incidence 

X-ray scattering confirms that charge carrier-induced structural 

changes are most concentrated at the surface, likely due to 

doping induced rigidity that impedes further diffusion of 

dopants. 
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Results and Discussion 

Thickness Dependence of Electrical Conductivity 

 
Fig. 1 Schematic of immersion doping process. First, dopants must diffuse 
into the polymer that is a mixture of reacted and unreacted units. Upon 
reaction, the polymer segment and neutral dopant are converted to the 
charge carrier-counterion product.  

 

The thickness dependence of the electrical conductivity of 

P3HT films doped by immersion in a solution of HTFSI suggests 

that diffusion can limit doping. Immersion doping is a diffusive-

reactive process which requires diffusion of dopants past 

regions of reacted polymer (Fig. 1). Upon diffusion to unreacted 

segments, the polymer segment and neutral dopant undergo a 

reaction to produce the charge carrier-counterion product. 

When 10 nm- and 265 nm-thick films of P3HT are immersed in 

a solution of the strong acid HTFSI, their conductivity varies 

inversely with film thickness. Undoped 265 nm thick films of 

P3HT exhibit electrical conductivities around 10-4 S/cm (10 nm 

films were 2 orders more conductive due to background doping, 

see Fig. 2). For any given set of immersion times, the thinner 

films exhibit conductivities approximately an order greater than 

those of the thicker films. The limited conductivity of the thicker 

film is consistent with an estimate that only the surface layer is 

doped. A possible interpretation is that limited diffusion of 

dopants can result in conductivities which vary inversely with 

film thickness.  

 

 
Fig. 2 Conductivity of 10 nm and 265 nm thick P3HT films immersed in 
acidic solutions [148 mM HTFSI (CH3OH)] for varying times in the 
ambient. The fact that a much thicker film exhibits limited conductivity 
suggests a surface-limited doping mechanism. 

 

Model of the Doping Process 

The proposed mechanism of doping by strong Brønsted acids 

differs significantly from that of charge transfer dopants.17–21 While 

charge transfer dopants can directly oxidize p-type conjugated 

polymers due to their high electron affinity, molecular doping via 

Brønsted acids have been suggested to follow a three-step 

mechanism, with the initial proton transfer and interchain oxidation 

mechanism expected to be endergonic and the final 

dehydrogenation step driving the reaction forward (see Fig. 

3).18,19,21–23 We are not aware of studies that have confirmed the 

proposed reaction step of loss of H2 and a number of studies 

comment that the final product is unknown without proposing 

alternatives.24–27 Here we investigate the overall doping reaction to 

first determine the rate limiting step before considering diffusion 

limitations. 

 

 
Fig. 3 Proposed mechanism of Brønsted acid doping. In the first step, the acid 
protonates a polymer segment, generating a charged intermediate. In the 
second step, the protonated intermediate oxidizes a nearby neutral segment, 
generating a polaron and a second hydrogenated radical intermediate. In 
proposed the third step, two radical intermediates react and H2 gas is evolved. 

 

In the first step, the polythiophene backbone (B) is protonated 

by the acid (H+), generating a positive charge delocalized along the 

polymer backbone (HB+), compensated by the counterion (A-) 

(Reaction (1)). 

 

 𝐇+ + 𝑨− + 𝑩 ⇋ 𝐇𝑩+: 𝑨− (1) 

 

In the second step, the HB+ intermediate oxidizes a nearby neutral 

chain (B), resulting in a hydrogenated radical intermediate (HB •) and 

polaron (B•+). Because of charge neutrality the counterion is 

associated with the polaron (Reaction (2)). 

 

 𝐇𝑩+: 𝑨− + 𝑩 ⇋ 𝐇𝑩• + 𝑩•+: 𝑨− (2) 

 

The proposed third dehydrogenation step, where two HB• 

intermediates react and H2 is evolved to regenerate the neutral 
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polythiophene (B), is an exergonic step that drives the overall 

reaction forward (Reaction (3)). 

 
 𝐇𝑩• → 𝑩 + 𝟏 𝟐⁄ 𝐇𝟐 (𝐯) (3) 

 

To model the role of reaction rate on the immersion doping 

process, we consider the doping reaction by a Brønsted acid as 

follows. We model Reactions (1) and (2) with the assumption that the 

forward electron transfer is rapid and irreversible with the overall 

process limited by the forward rate of protonation (abbreviated as 

kpt). With this, the observed rate of reaction is limited by the forward 

rate of proton transfer (kobs ≈ kpt) Equation (4). 

 

 
𝒅𝒄𝑩•+:𝑨−

𝒅𝒕
= 𝒌𝐨𝐛𝐬𝒄𝐇+ (4) 

 

Neutral and ionized dopant transport throughout the polymer film is 

modeled using the diffusion-reaction equation (Equation 5).16 

 

 
𝝏𝒄𝒊

𝝏𝒕
= 𝑫𝒊𝛁𝟐𝒄𝒊 + 𝑹𝒊 (5) 

 

In Equation (5), the change in concentration with time and space of 

species i (∂ci/∂t) is related Fickian diffusion (Di∇2ci) and reaction rate 

(Ri). For Reaction (4), Ri is defined for the acid dopant (H+), polymer 

repeat segment (B), and product (B•+:A-)) with Equation (6). 

 
 𝑹𝐇+ = 𝑹𝑩 = −𝑹𝑩•+:𝑨− = −𝒌𝐨𝐛𝐬𝒄𝐇+ (6) 

 

In Equation (6), kobs is the pseudo first-order rate constant of the 

overall reaction and cH+ is the concentration of the acid in solution. 

The immersion doping experiments were controlled for dopant 

concentrations, film thicknesses, and immersion times to test the 

model. Because of the strong acidity of HTFSI (pKa < 0),28 it is leveled 

by the basicity of methanol, the solvent. For all deuterated acid 

solutions used here, 166 mM of HTFSI was dissolved in deuterated 

methanol (148 molecules of CD3OD per HTFSI) which resulted in a 

predominantly deuterated acid, i.e. CD3OD2
+. Both the acid and 

counter ion were tracked by DSIMS using 19F and D (deuterium) as 

atomic labels to access the concentration profile of the dopant 

through the film depth.29,30 For the diffusion-reaction model, the 

concentration of the acid at the film surface was approximated as 

constant owing to the large excess of solution relative to the total 

amount of polymer. The initial concentration of P3HT segments 

(reactant in this scenario) was varied as a fitting parameter and held 

fixed through each iteration. Specifically, the solid-state 

concentration of P3HT repeat units is calculated from its density and 

divided by a stoichiometric parameter to represent the average 

number of repeat units consumed per dopant in a reaction. Lastly, 

we note that the presence of oxygen did not significantly affect the 

doping process overall, with no resolvable differences in the depth 

profiles of the composition (Fig. S4 exposed to air and Fig. S6 entirely 

in N2) using the techniques here. 
 

Reaction Rate Limited Doping 

First, we measured the primary kinetic isotope effect upon D 

exchange of the acidic proton to determine whether the proton 

transfer reaction is rate-limiting in polaron generation as assumed by 

the model.31,32 To determine reaction kinetics from in situ UV-vis 

experiments, film thicknesses were minimized to 10 nm (in contrast 

to the 265 nm films used in depth profiling experiments). This 

ensures that diffusion limitations are minimized and that the changes 

in absorbance are determined primarily by the rate of the overall 

reaction. Later, relative reaction and diffusion rates were analyzed 

for homogeneous diffusive-reactive transport of dopants in thin 

films, showing that reaction kinetics can be reasonably determined 

from 10 nm-thick films. 

 

 
Fig. 4 (a) Time-resolved UV-vis spectra of 10 nm-thick P3HT film doped by 
immersion in a HTFSI solution under a nitrogen atmosphere (left). The polaron 
absorbance and neutral 0-1 vibronic absorbances are tracked at 1.55 and 2.23 
eV, respectively, indicated by vertical dashed lines. The change in absorbance 
(right) reflects conversion the neutral P3HT to charged P3HT•+ with immersion-
doping time and is fit to a pseudo-first order rate law. (b) Time-resolved UV-vis 
spectra of an identically prepared 10 nm-thick P3HT film in DTFSI solution (left) 
and corresponding change in polaron absorbance over time. 

 

Time-resolved UV-vis shows clear differences in the rate of 

polaron generation between films immersed in solutions of 

protonated and deuterated acid, with the DTFSI solution-doped film 

requiring 6 times longer than the HTFSI solution-doped film. To 

extract rate coefficients and assess the kinetic isotope effect, two 

models are employed: (1) a numerical solution to the Equation (5), 

to assess the full model implementation in the limiting case of no 

diffusion limitations, and (2) a simplified model assuming reaction-

controlled kinetics and a pseudo-first order rate law.22,33–35 The 

Damköhler number (Da), defined in Equation (7), describes the 

relative contributions of diffusion and reaction rates from Equation 

(5). 

 

 𝐃𝐚 =
𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧 𝐫𝐚𝐭𝐞

𝐝𝐢𝐟𝐟𝐮𝐬𝐢𝐨𝐧 𝐫𝐚𝐭𝐞
=

𝒌𝐨𝐛𝐬𝒍𝟐

𝑫𝐇+
 (7) 

 

In Equation (7), kobs is the pseudo first-order rate of the overall 

reaction (able to be converted to the second-order rate constant by 

normalizing by the solution concentration of the acidic dopant, cH+,0), 
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l is the film thickness, and DH+ is the acid dopant diffusion coefficient. 

As a ratio of reaction and diffusion rates, Da ≫ 1 indicates a fast 

reaction and diffusion-limited process and Da ≪ 1 indicates the 

opposite. By minimizing the thickness of the film, the relative rate of 

reaction to diffusion can be minimized to allow reaction kinetics to 

control the time-dependent absorbance. We verify this for 10 nm 

P3HT films by fitting a solution to the differential mole balance that 

describes the time-dependent optical absorbance [Equations (8) and 

(9)]. 

 
 𝑨𝑩(𝒕) = 𝜺𝑩𝒍𝒄𝑩[𝐞𝐱𝐩(−𝒌𝐨𝐛𝐬𝒕)] (8) 

 
 𝑨𝑩•+(𝒕) = 𝜺𝑩•+𝒍𝒄𝑩[𝟏 − 𝐞𝐱𝐩(−𝒌𝐨𝐛𝐬𝒕)] (9) 

 

In Equation (8), AB(t) is the time-dependent change in the neutral 

vibronic absorbance of P3HT, εB is the extinction coefficient of P3HT, 

l is the film thickness, cB is the P3HT polymer segment concentration 

(assuming 10 repeat units per segment), kobs is the pseudo first-order 

rate of the overall reaction, and t is the reaction time. Similarly, in 

Equation (9), AB•+(t) is the time-dependent change in polaron 

absorbance and εB•+ is the extinction coefficient of the polaron 

product.  

For the full diffusion-reaction system, the concentration profiles 

are numerically solved assuming DH+ ≫ kptl2 and converted to 

absorbance in the same way. Both fits to the diffusion-reaction 

equation (Equation (5)) and the analytical solutions to the differential 

mole balance (Equations (8) and (9)) result in the same reaction rate 

and when plotted, give overlapping curves that reinforce that doping 

of 10 nm films is suitable for determining reaction rate kinetics (see 

Fig. S1 for comparison of fits). To fit changes in the polaron 

absorbance, 10 P3HT repeat units are assumed to form one reactive 

segment, commensurate with estimates from ENDOR measurements 

in similar systems.23,36 Later, this stoichiometric parameter is varied 

when fitting the experimentally measured dopant concentration 

profiles further justifying that 10 repeat units per reactive segment 

is reasonable.  

Upon fitting the reaction rate from protonated and deuterated 

acid doped films, a primary hydrogen kinetic isotope effect, 

𝒌𝒑𝒕,𝑯/𝒌𝒑𝒕,𝑫 of 6, was observed. While undoped, the P3HT films 

exhibits well-defined vibronic absorbances between 2 eV and 2.5 eV 

owing to the highly aggregated and semicrystalline morphology of 

P3HT in the solid state. Tracking the polaronic absorbance (centered 

at 1.55 eV) and neutral 0-1 vibronic transition (centered at 2.23 eV) 

enables generation of polarons and consumption of the neutral P3HT 

to be monitored. On the right side of Fig. 4, the observed changes in 

polaron and vibronic absorbances are fit to Equation (5) assuming 

DH+ ≫ kptl2 (DH+ = 500 nm2 min-1). The fits closely track the change in 

polaronic and vibronic absorbances for both protonated and 

deuterated acid doped films, differing significantly only in the 

reaction rates (7.8 × 10-3 min-1 and 1.3 × 10-3 min-1, respectively). 

From this, we conclude that the electron transfer step is fast 

compared to the proton transfer step and that the initial proton 

transfer step limits the rate of the overall reaction in the absence of 

limits of mass diffusion. Lastly, we note that change in absorbance 

features follow from the second step, thus the third 

dehydrogenation step is silent in the UV-vis spectra. 

 

Stability of Protonated Polymers 

To study the fate of the proton from the acidic dopant after 

formation of the charge carrier, we measured the retention of D 

using dynamic secondary ion mass spectrometry (DSIMS) (Fig. 5). In 

the case of complete retention of the acidic deuterium, D is expected 

to be retained in stoichiometric quantities with the TFSI- counterion. 

While the TFSI- concentration can be tracked by complementary XPS 

and DSIMS of fluorine, H/D are not accessible in XPS. Moreover, 

expected concentrations of D added by the labeled acid are low 

considering the expected doping levels and potential loss of D by the 

proposed dehydrogenation step. Assuming that completely doped 

P3HT•+ film contains 1 TFSI- per 10 repeat units, the TFSI- density 

should be ~1020 molecules cm-3. The corresponding expected 

concentration of H and D (at natural abundance) are ~1023 and ~1019 

cm-3, respectively. Thus, D added by the doping process can be 

observed by DSIMS. Thicker P3HT films (265 nm) are used for depth 

profiling because of the resolution of DSIMS (~10 nm).  

 
Fig. 5 Concentration depth profiles of P3HT films immersion doped in DTFSI solution for 2 days, initial (a) and annealed (b) for 4 h at 120 °C. H and D concentrations 
are scaled to expected densities (shown as the dotted blue line) for polystyrene-d8 and polystyrene, respectively. The concentration of D expected at natural 
abundance (150 ppm relative to H) is shown as a reference dashed yellow line. TFSI- concentrations are scaled to quantified XPS depth profiles of the same samples. 
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Concentration depth profiles (Fig. 5) show that the P3HT films 

are doped predominantly at the surface based on the TFSI- 

concentration (additional profiles in Fig. S3). For samples kept at 

ambient temperature, the TFSI- signal peaks upon reaching the P3HT 

layer and then rapidly decays indicating both immediate surface 

enrichment and only very limited diffusion occurring after the initial 

doping treatments (see Fig. S4). We further examined the change 

after thermal annealing at 120 °C for 4 hours. The similarities 

between the initial and annealed TFSI- profiles suggests that TFSI- 

diffusion is slow across a wide temperature range (ambient to 120 

°C). Significant enrichment of TFSI- at the P3HT-substrate interface is 

an artifact of residual fluorine related to silicon wafer production.37–

39 

Our measurements of the depth profile suggest modest D 

enrichment of the P3HT film from reaction with DTFSI. Samples 

doped by DTFSI exhibit D-enrichment as compared to HTFSI-doped 

samples (Fig. S3). After drying (in vacuum of 10-8 torr at ambient 

temperature for 24 h), the total amount of D by integration [(1.8 ± 

0.2) × 1011] throughout the analyzed area and depth of the P3HT film 

exceeds the total amount of TFSI- [(2.3 ± 0.9) × 1010] by an order of 

magnitude (Fig. 5a).  We attribute this initial excess D to residual 

CD3OD; if all the D is attributed to CD3OD, then there are ≈2 

molecules of solvent per TFSI-. The amount of D decreases 

substantially after thermal annealing [(5.4 ± 1.0) × 1010 remaining, 

Fig. 5b]. For comparison, control samples were immersed in CD3OD 

solvent only and otherwise processed identically. While both control 

and DTFSI solution doped samples exhibited D enrichment, the 

control samples contained much less residual CD3OD. This indicates 

that the counterion pair for the doping reaction (CD3OD2
+:TFSI-) and 

doping of P3HT results in greater CD3OD uptake overall. After 

accounting for D enrichment in the control, remaining D in 

equivalently processed DTFSI-doped samples suggest modest D 

enrichment due to the doping reaction (see Fig. S5 and Fig. S6).  

The final proposed step of the doping reaction is the evolution of 

hydrogen, but there is little direct evidence for this step in literature.  

Our attempts to determine the overall reaction product via NMR 

were inconclusive (see Fig. S7). The increased amount of D in the 

doped samples relative to our undoped control samples could either 

be caused by residual CD3OD, or by reaction products where the 

deuteron remains in the film.  The D concentration profile is relatively 

higher than TFSI- through the film depth.  This suggests it is possible 

that the proposed HB• intermediate (Fig. 3) leads to mobile H• 

radicals that react through the thickness of the film. Given that any 

residual CD3OD cannot be separated from alternative reaction 

products, we cannot make a conclusive determination of the final 

products. We also note that any reaction products with the polymer 

could also be accompanied by side reactions due to residual trace 

metal species in the polymer from synthesis. For example, it has 

recently been shown that Pd/Ni nanoparticles impurities from 

synthesis in conjugated polymers can act as hydrogen evolution 

catalysts in other situations.40,41 While hydrogen evolution cannot be 

completely ruled out, our results suggest that other reaction 

products may contribute and the overall reaction could be more 

complex than shown in Fig. 3. We note that other semiconducting 

polymers with different backbone and sidechain designs can be 

doped by acids suggesting that the reaction products may vary 

depending on the specific material.18,23,42–44  

 

Diffusion-Reaction Limited Doping 

As shown in Fig. 6, a much slower polaron generation rate is 

observed for thicker films. The absorbance of the neutral polymer for 

265 nm films nearly saturates the detector, thus only the polaron 

absorbance is tracked. Extracting the polaron absorbance at 1.55 eV 

shows that the reaction continues past 3,800 minutes, as compared 

to the 10 nm-film which saturated around 1,000 minutes. The in situ 

UV-vis spectra shows a square-like polaron absorbance, indicative of 

localized polarons in low concentration.23 Using the reaction rate fit 

to the thinner film, we find the diffusion of the TFSI- to be significantly 

slower than the neutral dopant owing to its coupling with P3HT•+. As 

a result, assuming diffusion of only the neutral dopant results in a 

best-fit diffusion coefficient of 1.0 nm2 min-1 (1.7 × 10-16 cm2 s-1) that 

approximately matches the observed rate of polaron generation. 

Other studies of diffusion in the solid state report the diffusion 

coefficient of neutral F4TCNQ (25 °C),6 neutral I2 (ambient 

temperature),
33 and PCBM (50 °C)45 around 10-11 cm2 s-1 with other 

studies reporting similar values.6,33,34,45,46 A study of diffusion of the 

dopant, Mo(tfd-CO2Me)3, considered a similar diffusion-reaction 

equation (Equation (5)) and reported a diffusion coefficient between 

10-15 – 10-16 cm2 s-1 and a reaction rate constant of 1.5 × 10-2 min-1 (as 

compared to 7.8 × 10-3 min-1 here).12 We note that the dopant here 

is effectively the large methanoic acid-counterion pair (CH3OH2
+:TFSI-

) that results from the leveling effect and likely contributes to the 

slow diffusion observed.  

 
Fig. 6 (a) In situ UV-vis of 265 nm-thick P3HT immersion-doped in HTFSI solution. (b) Change in polaron absorbance over time fit to the diffusion-reaction model 

(Equation (5)), holding the same reaction rate as for the 10 nm film. (c) Predicted concentration profile from the diffusion-reaction model after 3,800 minutes (the 

latest data point shown in (b)).  
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Despite diffusion coefficient values similar those reported in 

literature for large dopant molecules,6,12,33,34,45,46 our model 

overestimates polaron absorbance at short times and underpredicts 

at long times suggesting that additional considerations are needed 

to accurately model the rate of polaron generation. Moreover, the 

predicted concentration profile depicts a diffusion-limited process 

with a dopant saturated layer of approximately 40 nm thickness 

above an undoped P3HT layer (Fig. 6c). Because optical spectroscopy 

measures the through plane average concentration, some 

possibilities (e.g., concentration-dependent dopant diffusivities) are 

not observable and may manifest in an apparent lower diffusion 

coefficient. To consider limiting factors, we assess the dopant 

concentration through the film depth in the context of the diffusion-

reaction model. 

Dopant Transport Limitations from Concentration Depth Profiles 

 
Fig. 7 (a) Depth profile of a 265 nm-thick P3HT film immersion-doped in HTFSI 
solution for 2 days while exposed to air. The depth profile can be fit by 
separating the top 20 nm (surface, blue-highlighted region) region and the 
remainder of the film (bulk, pink-highlighted region, 50 to 220 nm). (b) The 
experimentally measured total TFSI- uptake in 265 nm thick P3HT films for 
varying immersion times in acid solutions (blue and green squares for HTFSI 
and DTFSI solutions, respectively) are shown alongside theoretical dopant 
uptake results obtained from fitting time-resolved UV-vis spectra (dotted line), 
the surface layer (dash-dot line), and the bulk region (dashed line). The data 
point at 0 minutes is a reference for the background fluorine observed in an 
undoped P3HT film. Details on integration and model scaling are provided in 
the Supplementary Information.  

 

Upon analyzing the calibrated dopant concentration profile for 

the most highly doped sample (2 days of immersion in HTFSI solution 

with air exposure, Fig. 7a), it is apparent that no combination of 

constant diffusion coefficients can produce the experimentally 

observed TFSI- profile. Fitting the surface region (highlighted in blue) 

requires approximately 5 P3HT repeat units per TFSI-, reflecting the 

high concentration of dopants in this region. Compared to the results 

from fitting the change in polaron absorbance for a similarly 

processed UV-vis sample (Fig. 6), the acid dopant diffusion 

coefficient (DH+, previously assumed responsible for all of the dopant 

uptake) is reduced from 1.0 to 0.1 nm2 min-1. This decrease in DH+ is 

accounted for with DB•+:A- increased to 0.2 nm2 min-1 (previously 

assumed negligible). In contrast, when the region deeper within the 

film is considered (highlighted in pink), the ratio of P3HT repeat units 

to TFSI- ions is increased from 5 to 11, consistent with lower TFSI- 

concentration in this region. DH+ and DB•+:A- are also increased from 

0.1 to 0.5 nm2 min-1 and 0.2 to 1.8 nm2 min-1, respectively. 

Altogether, differences in the fits between the surface and bulk 

regions suggest that regions of lower dopant concentration exhibit 

higher dopant diffusivity. 

Comparing the model-predicted curves for the varying fit 

diffusivities in Fig. 7b to the experimentally measured dopant uptake 

show that concentration-dependent diffusion coefficients are 

needed to accurately describe dopant uptake. Earlier than 3 hours, 

the experimentally measured dopant uptake is much faster and 

drops off rapidly as compared to the model prediction. The apparent 

high diffusivity at short immersion doping times and apparent 

saturation with increasing immersion time suggest that dopant 

diffusivity has an inverse relationship with increasing dopant 

concentration. Lastly, the total TFSI- uptake between HTFSI and DTFSI 

solution-doped films at longer times appears to vary linearly in 

agreement with differences their reaction rate. This is suggestive of 

a process where solutes must diffuse through reacted layers of 

increasing thickness before reaching reactive sites.47 Altogether, 

these results are also consistent with recent studies which found that 

molecular doping nominally increases the modulus of conjugated 

polymers, including P3HT with a variety of dopants.2,48,49 We propose 

that the immersion doping process rapidly forms a doped layer at the 

film surface whose rigidity limits further diffusion of the dopant and 

thus restricts the reaction predominantly to the top 30 nm of the 

film.  

 

Doping-Induced Structural Changes Limited to Sample Surfaces 

Evidence of surface-limited doped layers were further 

corroborated by angle resolved grazing incidence wide angle X-ray 

scattering (GIWAXS) measurements which show distinct doping-

induced structural changes as a function of film depth. To evaluate 

the changes in structure of the doped films, known interplanar 

scattering features for pristine and doped P3HT were considered. 

More specifically, P3HT crystallizes with adjacent π-faces stacking in-

plane and alkyl side chains stacking in the out-of-plane direction 

relative to the substrate.50 For pristine P3HT, this results in scattering 

from the (020) and (h00) planes near 3.7 Å and 16.5 Å, respectively. 

Upon doping with HTFSI from the vapor phase, the alkyl chain 

stacking distance expands by about 1 Å from 16.5 Å and adjacent 𝜋-

𝜋 stacking distances are reduced by 0.1 Å from 3.79 Å (see Fig. S7). 

Similar doping-induced structural changes have been observed for 

other conjugated polymers molecularly doped with TFSI-.42,51,52 This 

is consistent with other reports using a variety of different dopants 

where the increase in the alkyl stacking distance is attributed to 

dopant counterion incorporation between inter-alkyl side chains.50,59 

The reduction in 𝜋-𝜋 stacking distance upon doping follows from 

polaron-induced attractive forces that assist in delocalizing polarons 

and helps to accommodate dopant counterions.53 Because depth 

profiling measurements indicate a highly doped surface layer, 

differences in the structure at varying depths are expected using 

surface-sensitive angle resolved GIWAXS.54–56 

Differences in the 𝜋-𝜋 stacking distance, attributed to polaron 

formation, were observed predominantly at the surfaces of all films. 

In Fig. 8, a complete angle resolved GIWAXS data set is shown for the 

most highly doped sample (a 265 nm P3HT film immersion doped in 

HTFSI solution for 2 days with air exposure), varying the grazing 

incidence angle from 0.05° to 0.13° in increments of 0.0025°. At 

angles less than the critical angle (0.10° for P3HT), the X-ray 

penetration depth is only a few nanometers, rapidly increasing to a 

few microns past the critical angle (Fig. 8a).57 As the incidence angle 

varies, the resultant scattering represents depth-weighted 

contributions of aggregates up to the X-ray penetration depth. 
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Across all samples, an average difference of 0.2 Å between the (100) 

distance is observed at the shallowest and steepest angles, 

respectively (see Table S1). The modest increase in the dominant 

alkyl side chain stacking distance [(h00)] suggests that light doping 

throughout the film is sufficient to induce a majority of the 

observable inter-alkyl side chain expansion. In contrast, two 𝜋-𝜋 

stacking peaks centered at 1.68 Å-1 and 1.75 Å-1, respectively, are 

evident at the surface of all immersion-doped samples (Fig. S9). We 

attribute the feature at 1.68 Å-1 [labeled (020)] to a lightly doped 

aggregate population and the feature at 1.75 Å-1 [(020)’] to more 

heavily doped aggregates. Changes to the (020) 𝜋-𝜋 stacking distance 

vary distinctly at this doping regime, with the (020)’ feature 

predominant at the highly doped film surface and giving way to the 

(020) feature past the critical angle. This is reflected in Fig. 8b by the 

relative intensity of peaks fit to each feature that vary consistently 

with decreasing doping levels as X-ray penetration depth increases. 

Similar shifts were observed during operando doping of P3HT in an 

organic electrochemical transistor with TFSI- as the counterion.52 

 
Fig. 8 Angle-dependent GIWAXS of a 265 nm-thick P3HT film immersion doped 

in HTFSI solution for 2 days. (a) X-ray penetration depth varies with grazing 

incidence angle, scattering from the top few nanometers at shallow angles to 

the entirety of the film thickness at greater incidence angles (top). Black dots 

correspond to angles at which grazing incidence measurements were taken. 

Surface plot of radially integrated scattering intensity versus magnitude of the 

scattering vector, q, and grazing incidence angle (bottom). (b) Radially 

integrated scattering intensity at the shallowest angle (0.05°, c.a. 5 nm), critical 

angle (0.10°, c.a. 60 nm), and deepest angle measured (0.13°, entire film), 

showing differences in unit cell dimensions induced by doping at the surface. 

 

Lastly, we note that the structure of the acid doped P3HT is not 

significantly affected relative to other dopants. While NMR 

experiments were inconclusive in determining any chemical changes 

during doping, X-ray scattering suggests that it is unlikely to occur 

along the polymer backbone within ordered regions. For 

polythiophenes, trigonal sp2 bonding results in a planar backbone 

geometry that helps facilitate 𝜋-𝜋 stacking along the (020) direction. 

The doping-induced addition of a backbone proton bond would 

result in tetragonal sp3 bonding that disrupts 𝜋-𝜋 stacking structure. 

Instead, scattering from the acid-doped P3HT displays changes 

similar to those observed by other non-acidic dopants, e.g., F4TCNQ.8 

We suggest that within the doping regime here (1019 to 1020 cm-3), 

doping in the bulk of the film takes place predominantly within 

disordered regions and near the disordered-ordered interfaces 

based on comparison with operando measurements of P3HT 

electrochemically gated with TFSI- counterions.52  

Conclusions 

Sequential doping of conjugated polymer films is a complex 

process due to doping-induced changes in the polymer that 

concomitantly affect the transport of dopants. Here we found a 

significant kinetic isotope effect with Brønsted acid-based 

doping demonstrating that proton transfer limits the rate of 

polaron generation in the absence of limitations of diffusion. 

Modest amounts of acidic deuterium are retained in doped 

films suggesting other possible reactions than H2 evolution 

proposed in the literature. Using thicker P3HT films, we 

consider both reaction and diffusion processes, finding that the 

doping process is diffusion limited in this system. Detailed 

measurements of the dopant concentration profile show that 

the dopants are predominantly confined to the P3HT surface, 

suggesting an inverse relationship between doping level and 

dopant diffusivity. These limitations manifest in limited 

conductivity of thick P3HT films (as compared to uniformly 

doped films) as well as surface-confined doping induced 

structural changes. This work demonstrates that both reactive 

and diffusive driving forces are important for understanding the 

efficiency of doping processes. 
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