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Abstract

The electrochemical doping processes of poly(9,9-dioctylfluorene) (PFO) films have been 

studied by a combination of vibrational and electronic spectroscopy with electrochemical methods 

in acetonitrile. This analysis provided a comprehensive understanding of the distinct mechanisms 

governing p- and n-doping and revealed the molecular nature of their respective charge carriers. 

P-doping induces substantial structural and optical transformations, including the formation of 

polaronic and quinoid domains, and is accompanied by strong interactions between the polymer 

and solvent molecules. In contrast, n-doping shows lower solvent interaction, faster charge 

equilibration, and limited structural reorganization. A key finding is that polaron compression 

phenomena occur exclusively under p-doping, due to inter-polaron interactions at higher doping 

levels. These results reveal the asymmetric roles of solvent and charge compensation in the two 

doping regimes and contribute to a deeper understanding of the electronic, structural, and dynamic 

behavior of PFO during reversible electrochemical doping.

Keywords

Electrochemical doping, in situ FTIR spectroscopy, in situ UV-vis spectroscopy, first-cycle effect, 

compressed polaron, bipolaron 
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1. Introduction

Organic conjugated polymers (CPs) have gathered significant attention in the scientific 

community due to their unique combination of physicochemical properties. Most of these 

properties arise from their ability to be chemically doped via mechanisms fundamentally different 

from those in inorganic semiconductors [1]. Doping of CPs can be carried out by either oxidation 

(p-doping) or reduction (n-doping) of the backbone chain. This ability enables their applications 

in charge-storage devices, electrochemically-gated transistors, smart windows or 

(electro)chemical sensors, among others [2–4].

Doping induces localized structural distortions along the polymer backbone, favoring 

transformation from aromatic structures to quinoid configurations, which appear delocalized along 

several monomer units [5]. Electronic charges coupled with conformational lattice deformations 

are known as polarons. At increasing doping levels, polarons interact between themselves 

producing compressed polarons and, finally, bipolaronic moieties. Bipolarons, traditionally 

defined as pairs of like charges, are associated with a pronounced local lattice distortion [6]. 

However, the classical bipolaron model has been challenged [7,8]. Contemporary models 

(particularly those based on the oligomer approach) offer an alternative explanation for the 

behavior of CPs at high doping levels, conceptualizing bipolarons not as distinct entities, but as 

two closely interacting polarons with a singlet ground state, i.e. polaron pairs [9,10].

P-doped polymers are more commonly studied and employed since they offer greater stability 

compared to n-doped [11]. P-doping occurs at relatively low anodic potentials, lying within the 

electrochemical stability window of conventional solvents and those p-polarons have been well-

characterized using spectroelectrochemical techniques [12,13]. In contrast, n-doping remains far 

more challenging. Reduction processes require highly negative potential, often exceeding the 
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cathodic stability of solvents, which can trigger decomposition. Furthermore, n-doped states are 

highly reactive, complicating both experimental analysis and practical applications [14,15]. Recent 

research is focused on stabilizing n-doped CPs through molecular design, air-stable dopants and 

tailored electrolytes to restrain degradation [16–18]. 

Electrochemical doping alters the microstructure and morphology of CPs, since counterions 

(and solvent molecules) are incorporated in the polymer matrix to maintain the electroneutrality 

of the material. The uptake of ionic species and solvent, leads to a volumetric expansion of the 

polymer, known as swelling. In this context, closely associated with the doping process, an 

intriguing phenomenon is observed during the electrochemical charging and discharging of CPs. 

Usually, the first voltammetric cycle for doping differs in shape and peak position from successive. 

This phenomenon is known as slow relaxation or memory effect and has been observed in a wide 

variety of conducting polymers [19,20]. Several mechanisms have been proposed to explain the 

phenomenon, as those described by Malinauskas, Holze or Inzelt, among others [21–23]. One of 

the most accurate models is the Electrochemically Stimulated Conformational Relaxation (ESCR) 

[24], which considers that the charging process leads to chain rearrangement through the 

incorporation of counterions, while undoping results in the expulsion of those counterions from 

already opened channels [25,26], following a slow close of those channels during the removal of 

residual solvent [27].

The aim of the present contribution is to investigate the reversible electrochemical doping of 

poly(9,9-dioctylfluorene) (PFO) thin films under both p- and n-doping conditions using in situ 

UV-vis and FTIR spectroscopies. Polyfluorenes constitute a prominent class of conjugated 

polymers, which are widely used in organic light-emitting diodes due to their exceptional 

photoluminescence efficiency, high charge transport capabilities and tunable crystalline structure 
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[28]. The study focuses on understanding the differences in relaxation behavior and charge 

equilibration dynamics between both doping regimes, as well as the structural and electronic 

transformations induced during the doping processes. Spectroelectrochemical techniques are 

employed to elucidate the role of solvent dynamics, polaron and bipolaron formation and changes 

in aromatic and quinoid domains, providing deeper knowledge of the distinct mechanisms 

governing p- and n-doping in PFO.

2. Experimental part

Poly(9,9-dioctylfluorene), PFO, was purchased from American Dye Source-ADS (average Mn 

25000-150000). Anhydrous acetonitrile (≥99.8%), chloroform (≥99.9%), tetrabutylammonium 

hexafluorophosphate (TBA-FP, ≥99%) and ferrocene (Fc, ≥97%) were supplied by Sigma-

Aldrich.

Different working electrodes were employed for electrochemical characterization. Indium Tin 

oxide (ITO)-coated glass substrates (ITO-SOL 30, 25-35 Ω) were provided by SOLEMS. 

Additionally, a transparent Au-glass wafer was fabricated by sputtering gold (conditions: 50 mm 

separation distance to the target, 15 mA, 50 seconds at 0.05 mbar) in a metal vaporization (Balzers 

SCD004). Prior to its use, these electrodes were degreased with acetone under ultrasonic bath for 

15 min.

Additionally, platinum and gold polycrystalline disc electrodes (geometric area 0.8 cm2) were 

used as working electrodes. The cleaning procedure of metallic working electrodes comprises a 

polishing step with 0.05 µm Al2O3 slurry, followed by a rinsing with abundant water and a final 

thermal treatment was performed to homogenize the electrode surface and remove contaminants 
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from the electrode surface. After the cleaning procedure, the working electrodes were modified 

with PFO films obtained by casting 10 µL of 1 mg mL-1 of PFO solution in chloroform onto the 

electrode surface, letting dry the solvent at room temperature.

Electrochemical studies were carried out using an eDAQ Potentiostat (EA163 model) coupled 

to a wave generator (EG&G Parc Model 175) and the data acquisition was done with an eDAQ e-

corder 410 unit (Chart and Scope Software), using a standard three-electrode cell configuration.

The PFO thin films deposited onto working electrodes were immersed in organic electrolyte 

(0.1 M TBA-FP in CH3CN), using a platinum coil-wire as counter electrode (CE) and an Ag wire 

as pseudo-reference electrode, both protected by a glass capillary tube and immersed in the same 

electrolyte employed. The reference electrode was calibrated using the ferrocene/ferrocenium 

redox couple (Fc/Fc+) added in the same solution. Nitrogen flow was maintained during all the 

experiments to avoid interference of O2. 

In situ UV-vis spectra were acquired using an Ocean Optics spectrophotometer (Flame model 

Avantes DH-2000-S and optical fibers Ocean Optics QP100-2-UV/VIS GF052107-101). 

Potentiostatic polarization of the modified PFO thin films were performed using a Dropsens 

potentiostat µSTAT 400 from the semiconductive state to the different doped states of the polymer. 

These experiments were carried out in a 1-cm optical path quartz cuvette making use of a PFO on 

either ITO or transparent Au-glass electrode.

In situ Fourier-transform infrared (FTIR) spectroscopy experiments were performed in a 

Nicolet 5700 spectrometer equipped with a mercury cadmium telluride (MCT) detector cooled 

with liquid nitrogen. The spectroelectrochemical cell with an external reflection configuration [29] 

was provided with a prismatic CaF2 window beveled at 60º. Mirror-polished platinum and gold 

Page 6 of 32Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 9

/2
2/

20
25

 6
:3

7:
19

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CP01933H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp01933h


7

disc electrodes modified with PFO films were employed as working electrodes in these 

experiments and were pressed against the prismatic window to conform the thin-layer 

configuration.

 FTIR spectra were expressed in the usual form as the normalized difference between the sample 

spectrum (collected at the sample potential) and the reference spectrum (collected at the reference 

potential) ∆𝑅/𝑅. In these conditions, the negatively oriented absorption bands (downwards) were 

displayed when vibrational modes appeared or intensified at the sample potential. On the contrary, 

positively oriented absorption bands (upwards) were related to species that disappeared or became 

IR-inactive at the sample potential.

Ex situ FTIR spectra were collected with an ATR PRO 4X spectrophotometer equipped with 

an ATR accessory (iQX accessory) with a ZnSe crystal kit single reflection unit.

3. Results and discussion

3.1. Electrochemical characterization 

Fig. 1 shows the stabilized cyclic voltammograms recorded for a PFO thin film cast onto the 

surface of either a platinum electrode (for the p-doping process, anodic branch) or a gold electrode 

(for n-doping, cathodic branch). The gold electrode was avoided for the p-doping due to its 

irreversible oxidation from 0.7 V, which may lead to anodic dissolution of the metal into the 

organic solvent [30]. 
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Figure 1. Stabilized cyclic voltammetry of PFO thin film on platinum (black line) and gold (red 

line) electrodes during p- and n-doping, respectively. Conditions: 0.1 M TBA-FP/CH3CN at 100 

mV s-1 under N2 atmosphere.

Like other organic conjugated semiconductors, a pristine PFO thin film can be reversibly 

switched to a conductive state through the injection of either positive or negative charge carriers 

into the backbone. The right branch of Fig. 1 shows that the oxidation onset occurs at 0.85 V during 

the forward scan. This potential marks the beginning of hole injection (positive charge carrier 

formation) within the PFO structure. The p-doping process proceeds through a well-defined anodic 

peak at 1.33 V, while the extraction of holes (dedoping counterprocess) appears in the reverse 

scan, showing a reduction peak at 1.02 V. Conversely, the left branch in Fig. 1 shows that the n-

doping initiates at a negative potential of –2.20 V. From this onset, the electron injection into the 

polymer backbone continues under a single reduction peak centered at –2.50 V. The application 

of potentials more positive or more negative than the limits shown in the window of Fig. 1 leads 

to unstable voltammetric responses, likely due to polymer degradation. The fraction of oxidized 
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or reduced monomer units, i.e. polymer doping level, can be determined at each potential from the 

integration of the voltammogram. Fig. S1 in the supporting information shows the different doping 

level reached at each potential for both p- and n- doping processes.

Electrochemical doping processes, involving the injection of mobile charges compensated by 

ion migration from the electrolyte solution, significantly modify the chemical, mechanical and 

electronic structure of conjugated polymers. Such processes stimulate conformational changes 

within the polymer backbone, which result in altered optoelectronic properties [27,31,32]. Memory 

effects during the electrochemical doping of PFO were investigated following a specific 

electrochemical program: first, an equilibration period to obtain a stabilized voltammogram for the 

doping/dedoping processes, then a relaxation step involving the application of a constant potential 

in the semiconductive state for 5 min to achieve a fully undoped material and, finally, a 

measurement stage where the potential is swept across the same range as in the initial 

voltammogram. More details on this potential program are given in Scheme S1 in the Supporting 

Information.

The p-doping process is analyzed in Fig. 2A, revealing that the curve corresponding to the first 

scan after the relaxation step at 0.0 V (dashed line) is shifted to higher potentials compared to the 

stabilized voltammogram (black solid curve). The anodic peak, appearing sharper in shape, 

preserves its voltammetric charge and shifts 20 mV towards higher potentials. During the six 

subsequent scans, the voltammogram progressively returns to a shape closely resembling that of 

the stabilized cycle. The positive charge injection during p-doping induces the intercalation of 

hexafluorophosphate anions (PF6
–) to balance the charge, leading to polymer swelling and other 

transient effects through slow relaxation. This first-cycle effect is commonly observed in the 

electrochemical doping of conjugated polymers.

Page 9 of 32 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 9

/2
2/

20
25

 6
:3

7:
19

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CP01933H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp01933h


10

0.0 0.4 0.8 1.2

-0.8

-0.4

0.0

0.4

0.8

1.2

1.6 A

Eonset

 Stabilized cycle
 1st cycle
 6th cycle

C
ur

re
nt

 d
en

si
ty

 [m
A

 c
m

-2
]

Potential [V vs. Fc/Fc+]

Relaxation step

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
-2.0

-1.6

-1.2

-0.8

-0.4

0.0

0.4

0.8

1.2

C
ur

re
nt

 d
en

si
ty

 [m
A

 c
m

-2
]

Potential [V vs. Fc/Fc+]

 Stabilized cycle
 1st cycle
 6th cycle

B
Relaxation step

Eonset

Figure 2. Cyclic voltammograms of the first-cycle analysis for PFO thin films on Pt and Au 
electrodes: A) p-doping and B) n-doping. Conditions: 0.1 M TBA-FP/ CH3CN at 100 mV s-1 

under N2 atmosphere.

The equivalent cyclic voltammetry experiments recorded for PFO during n-doping (Fig. 2B) 

show no significant differences among the stabilized cycle, the first cycle after the relaxation step, 

and subsequent cycles. This observation is unexpected, considering that the doping process should 
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produce negatively charged species in the polymer backbone, which would typically induce the 

intercalation of tetrabutylammonium cations (TBA+) from the electrolyte. The lack of clear 

relaxation effects in PFO voltammograms reveals a significantly faster equilibration process for n-

doping than for p-doping. This observation suggests that the solvent, or the doping ions, play 

different roles in the two types of doping processes.

3.2. Spectroelectrochemical characterization

Vibrational spectroscopy has been often employed for the characterization of conducting 

polymers, offering a more comprehensive understanding of the molecular transformations 

underlying the doping processes. Specifically, the analysis of PFO doping by in situ Fourier-

Transform Infrared Spectroscopy (FTIRS) is expected to provide more detailed information about 

the chemical changes occurring in the polymer backbone and to shed more light on the effect of 

the solvent in relaxation processes. The first aim is to elucidate possible structural transformations 

in PFO associated with the application of positive potentials prior to the onset of p-doping. To 

achieve this, a reference spectrum was collected at 0.15 V to ensure that PFO was in its undoped 

state. Subsequently, several sample spectra were acquired at incrementally increasing potentials 

and, finally, these spectra were normalized to and subtracted from the reference spectrum, 

following the conventional form ∆𝑅/𝑅 [33].

Fig. 3 presents two spectra obtained at sample potentials lower than the doping onset (0.45 V 

and 0.75 V). These spectra reveal several absorption bands related to changes occurring at the 

electrode-electrolyte interface.
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1500200025003000

2248

2294

1631

0.75V

Wavenumbers / cm-1

0.45V

1488

1373
2942

3024

(R/R)=0.3%

Figure 3. In situ FTIR spectra for the predoping regime of a PFO thin film deposited on a Pt 
disk electrode in 0.1 M TBA-FP/CH3CN. Reference potential: 0.15 V vs. Fc/Fc+. Sample 

potentials are labeled for each spectrum. 100 interferograms at each potential.

These changes are observed in the absence of polymer redox processes, suggesting they are 

primarily due to modifications in the solvent-electrolyte structure, but not to the PFO itself. 

Specifically, negative-going bands at 1488 cm-1 and 3024 cm-1 are assigned to CH3 group 

vibrational modes of acetonitrile solvent (asymmetric deformation and symmetric stretching, 

respectively) and positive bands at 1373 and 2942 cm-1 are attributed to CH3 symmetric 

deformation and asymmetric stretching, respectively. The pair of intense overlapping bands 

emerging at 2248 cm-1 (upward component) and 2294 cm-1 (downward component) corresponds 

to CN stretching and some combination modes, respectively. Some of the detected bands 
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(specifically that at 1631 cm-1) may indicate the presence of water impurities in the solvent used. 

These assignments are summarized in Table 1. 

Table 1. Proposed assignments for the in situ FTIR bands appearing during predoping and 
doping processes of PFO in CH3CN solvent.

Frequency/ cm-1 Assignment Refs.
1373 CH3 sym. def.
1488 CH3 asym. def.
2248 CN str.
2294  CH3 def. + CC str
2942 CH3 sym str.

Predoping 
absorptions

3024 CH3 asym str.

[34–36]

1219 C-H bend in quinoid rings [37]
1346 C-C modes quinoid-benzenoid [38]
1469 Aromatic ring C-C str. [39,40]

1531-1547 C=C str. in quinoid rings [37,41]
1608 Aromatic ring C-C bend. [40,42]

p-doping 
bands

2923 C-H str in alkyl side chains [39]

1176 C-H bend in quinoid rings, C-C interring str 
bipolaron [42–44]

1377 CH3 sym. def. (CH3CN) [34–36]
n-doping 

bands
1546 C=C str. in quinoid rings [37,41]

It is noteworthy that the intensity of all absorption bands increases proportionally with applied 

potential. The positive or negative character of these absorptions strongly suggests that solvent 

molecules undergo potential-induced diffusion or reorientation processes within the thin layer of 

electrolyte between the electrode surface and the CaF2 window probed by the IR signal, facilitating 

the reorganization of the electrical double-layer as the potential increases. In this way, to minimize 

spectral interference arising from uncompensated solvent absorptions during the electrochemical 
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injection of charge into PFO, the reference spectrum for studying the p-doping process should be 

acquired at the highest possible potential below the oxidation onset.

The vibrational analysis of p-doping process is presented in Fig. 4. The reference spectrum was 

acquired previously at 0.8 V and the sample spectra were then collected at increasing potentials 

beyond the oxidation onset. Fig. 4 shows in the spectrum obtained at 0.9 V, the bipolar band 

corresponding to the CN stretching vibration (centered around 2250 cm-1) appears inverted 

compared to the band observed in the predoping regime. This inversion can be interpreted in terms 

of the net balance of solvent molecules at doping potentials. When PFO is electrochemically 

oxidized, the generated positive charge is compensated by the incorporation of PF6
– anions into 

the polymer film. Simultaneously, there is an associated counter-flow of TBA⁺ cations out of the 

electrical double layer. Both processes, which involve the movement of ions dragging a significant 

number of solvent molecules, dramatically modify the structure of the thin layer probed by the IR 

beam. In addition, the possibility of new interactions between the oxidized polymer and 

acetonitrile molecules cannot be ruled out. This interpretation is supported by the appearance of 

negative absorptions at 2942 and 1377 (both bands presented an opposite character in Fig. 3) which 

confirms a modification in the local concentration or orientation of acetonitrile molecules during 

p-doping.
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(R/R)=1%

2923 2854

1531

1.10V

1.0 V

1.05V

0.9 V

(R/R)=0.5%

1547

Figure 4. In situ FTIR spectra collected during the p-doping process of a PFO thin film 
deposited on a Pt disk electrode in 0.1 M TBA-FP/ CH3CN. Reference potential: 0.85 V vs. 
Fc/Fc+. Sample potential labeled for each spectrum. 100 interferograms at each potential.

Regarding PFO absorption bands, Fig. 4 clearly illustrates the spectral changes as the doping 

level increases. First, a significant baseline deformation is observed at higher wavenumbers 

(>2500 cm-1), which can be attributed to the appearance of broad absorption bands associated with 

the formation of polaronic moieties along the conjugated chains (tail of optical transition bands). 

On the other hand, in the lower wavenumber region, several new bands appear, revealing the 

formation and breaking of bonds within the polymer structure. Particularly interesting is the 

positive-going band at 1469 cm-1 which, arising at moderate potentials (0.9 V, doping level 0.005), 

reveals the disappearance of aromatic C-C stretching modes in fluorene units as the doping level 

increases. Simultaneously, the two overlapped negative-going features at 1531-1547 cm-1, 
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attributed to six-membered quinoid ring C=C vibrations, are commonly observed for other 

conducting polymers when aromatic modes transform into quinoid structures. The formation of 

quinoid domains can also be detected by a negative-going absorption at 1219 cm-1, which is related 

to C-H bending in quinoid rings, and an additional negative feature at 1346 cm-1, which, according 

to literature data, could be attributed to C-C modes linking phenyl units in the boundary fragment 

between benzenoid and quinoid structures. Such an absorption appears partially overlapped by 

uncompensated solvent CH absorptions. It is important to acknowledge the uncertainty 

surrounding the assignment of the absorption band at 1423 cm-1. This ambiguity arises from the 

fact that multiple components in the system (namely, the solvent, electrolyte and polymer) all 

exhibit ex situ FTIR bands within this specific frequency range (see Figs. S2 to S4 in the 

Supporting Information). Consequently, attributing this absorption to a single vibrational mode 

becomes challenging without complementary analytical techniques. 

An additional set of experiments was conducted to study the absorption bands generated during 

the sweep towards more negative potential (n-doping), with results shown in Fig.5. In this case, 

the reference spectrum was acquired at –1.7 V where no faradaic response of the polymer layer 

occurs. Before reaching the n-doped state of the polymer (at sample potentials of –2.0 and –2.1 V, 

doping level 0.002 and 0.004, respectively) a series of positive-going features appear. 
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Figure 5. In situ FTIR spectra collected during the n-doping of PFO thin film deposited on 
Au disk electrode in 0.1 M TBA-FP/ CH3CN. Reference potential: –1.7 V vs. Fc/Fc+. Sample 

potential labeled for each spectrum. 100 interferograms at each potential.

Absorptions at 2291 and 2252 cm-1 related to CN stretching, were already visible. Besides, two 

more positive bands appear at 2946 and 1631 cm-1, attributed to acetonitrile methyl modes and the 

presence of minor water impurities, respectively. In this case, it seems that the solvent molecules 

are expelled when the electrode is polarized negatively.

Upon reaching the n-doping potential (–2.2 V, doping level 0.013), it is noteworthy that solvent-

related bands remain unmodified, in contrast to the observations during p-doping. This suggests 

that the n-doped polymer does not significantly alter the orientation or distribution of solvent 

molecules at the electrode interface. Spectral changes directly related to n-doping include the 

emergence of a prominent negative-going band at 1546 cm-1, revealing the formation of quinoid 
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domains from –2.2 V (Fig. 5). The broad negative absorption at 1176 cm-1 is attributed to the 

formation of bipolaronic units within the polymer structure, which could be related to the baseline 

alteration recorded at frequencies above 2400 cm-1, in parallel with what is observed during p-

doping. The assignment of the 1222 cm-1 positive band at high n-doping levels remains uncertain. 

While clearly associated with the PFO structure, this band exclusively appears during negative-

going potential excursions. A reasonable explanation involves the disappearance of a specific 

aromatic vibrational mode during n-bipolaron formation.

At highly negative potentials, particularly beyond –2.3 V (doping level 0.12), a new negative-

going feature appears at 2117 cm-1, which is tentatively attributed to CN stretching modes in 

cyanide species arising from the electrochemically-induced degradation of acetonitrile solvent. In 

addition, the positive peak at 1377 cm⁻¹ may indicate the uncompensated absorption of solvent 

molecules resulting from polymer swelling during the n-doping process. In summary, 

spectroscopic results confirm that p-doping occurs mainly through the oxidation of aromatic rings, 

which leads to the formation of radical cations, as discussed in Fig. 4. These species can be then 

delocalized along adjacent rings, giving rise to quinoid structures. The formation of quinoid 

domains is also observed during the n-doping process. 

In situ FTIR spectroscopy also reveals that the interaction between doped PFO and solvent 

molecules differs significantly when comparing p-doped and n-doped states. The polymer doped 

with positive polarons undergoes a solvation process stimulated by the interaction between its 

positive charge and solvent molecules, which results in a detectable change in the orientation of 

their active dipole moment. On the contrary, at n-doping potentials, no significant modifications 

in acetonitrile bands are observed, indicating negligible interaction between solvent molecules and 

the n-doped polymer. This minor interaction is consistent with the absence of first-cycle effects in 
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Fig. 2B. It also reveals that, while the entry and exit of ions is driven by the electric field established 

by charges on the polymer chains, the movement of solvent molecules is slow and primarily 

governed by polymer-solvent interactions.

A deeper understanding of the transition processes in PFO from semiconductive to conductive 

states can be obtained using in situ UV-vis coupled to the electrochemical set-up. This 

spectroelectrochemical technique provides a real-time observation of the doping process, as new 

energy levels emerge in the optical bandgap when the applied potential is swept. Fig. 6 shows the 

recorded spectra for PFO films submitted to p- or n-doping. 

400 500 600400 500 600

A -2.50 V

-2.40 V

Wavelength /nm

-2.20 V

605

A=0.05

B

401

+1.26 V

+1.14 V

Wavelength / nm

+1.18 V

417

A=0.05

585

550

Figure 6. In situ UV-vis spectra of PFO thin films recorded in 0.1 M TBA-FP/CH3CN at 
different overpotentials during (A) p-doping and (B) n-doping. The initial UV-vis spectrum of 

PFO on ITO electrode appears in Fig. S5 in Supporting Information.
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The application of a potential higher than 0.85 V, the oxidation onset, to the PFO-modified 

electrode does not induce clear absorptions up to +1.15 V (doping level 0.22), as seen in Fig. 6A. 

However, from 1.15 V onwards, a negative band appears at 417 nm, corresponding to the bleaching 

of the characteristic ππ* absorption band of the PFO neutral state, in accordance with data reported 

for several conjugated polymers [45,46]. Simultaneously, a positive adsorption band appears in 

the yellow-orange region (~585 nm) correlated with the transitions of the electrochemically 

generated polaron species. The position associated to the ππ* vibronic feature of the neutral 

bleached blue shifts with the potential biasing until the saturation of the chromophores is reached 

at 1.26 V (doping level 0.44). Furthermore, the polaron band at ca 550 nm is hipsochromically 

shifted to higher energy, a phenomenon that was associated by Takeda [47] to the confining of 

polaronic species and their compression in the PFO chains or to the formation of associated 

polarons [45]. Deeper doping levels produce an overoxidation of the PFO structure, reducing the 

intensity of the predominant absorption of the polaron due to the formation of bipolaronic species 

[47]. 

During the n-doping process (Fig. 6B), features associated with the bleaching band of neutral 

PFO emerge near 400 nm starting from –2.20 V (doping level 0.013). The intensity of this 

bleaching band increases as more negative potential is applied to the polymer film. Unlike p-

doping, the band position remains constant, reaching maximum intensity at –2.50 V (doping level 

0.6). Applying potentials more negative than –2.50 V leads to irreversible degradation of the 

polymer film. In parallel to the bleaching band, a positive-going band appears at 605 nm, which 

can be attributed to the optical transitions of negative polarons. The intensity of this band increases 

as the potential is made more negative.
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The blue-shift of the ππ* absorption observed during p-doping contrasts with the fixed position 

during n-doping. This observation strongly suggests distinct behaviors of the respective polaronic 

species. At low p-doping levels, the emerging positive polarons behave as nearly independent, 

non-interacting entities (See Scheme 1A). 
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Scheme 1. Models for the p-doping and the n-doping processes in PFO compatible with the in 
situ FTIR and UV-vis spectroscopy. Delocalization of injected charge will form quinoid 

structures in both cases. (A) p-doping: undoped backbone → polaron → multiple (compressed) 
polarons (B) n-doping: undoped backbone → polaron →bipolaron.
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However, at high doping levels increased p-polaron density enhances Coulomb-mediated 

interactions between adjacent charge carriers [48]. Such an interference leads to compression 

phenomena [10] which should precede any potential bipolaron generation, if it occurs. Conversely, 

the absence of a shift in the ππ* absorption suggests that emerging n-polarons (or n-bipolarons) do 

not undergo further evolution (Scheme 1B), which would be consistent with a lack of polaron 

compression at increasing doping levels [8,10]. In this context, the different role played by the 

solvent should not be excluded as a contributing factor.

4. Conclusions

PFO thin films can be reversibly switched to a conductive state through the injection of either 

positive or negative charge carriers. The electrochemical bandgap for PFO was determined to be 

3.4 eV, which agrees with the optical bandgap reported in the literature. Cyclic voltammetry 

analysis revealed distinct relaxation behaviors for the p- and n-doping processes. The p-doping 

process exhibited a first-cycle effect (slow relaxation), whereas n-doping showed no significant 

differences between the stabilized cycle, the first cycle after the relaxation stage and subsequent 

cycles, suggesting faster equilibration.

In situ FTIR spectroscopy confirmed that solvent molecules undergo potential-induced 

diffusion processes during the predoping regime, affecting the reorganization of the 

electrochemical double layer. During p-doping, significant spectral changes were observed, 

including a distortion of the baseline, which is associated with the formation of polarons and the 

transformation of aromatic structures into quinoid domains. The spectral changes associated with 

n-doping were less pronounced, with the main features being the formation of quinoid domains 
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and bipolaronic moieties. In addition, the orientation or distribution of solvent molecules at the 

electrode interface is not significantly altered under n-doping conditions, which is consistent with 

the absence of relaxation effects.

In situ UV-vis spectroscopy revealed the bleaching of aromatic ππ* transitions and new polaron 

intraband absorptions during doping, with different behavior under p- and n-doping conditions. 

Polaron compression as the p-doping level increases seems at the origin of the progressive band 

shift towards higher energies. In contrast, n-doping exhibits a more stable polaron band position 

throughout the doping process, which seems related to the formation of smaller effective length 

polarons due to the occurrence of bipolaronic moieties. The different roles played by the solvent 

in p-doping and n-doping processes may contribute to these differences.
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