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ABSTRACT: The evolution of the electronic structure and
optical transition upon n-doping of poly(9,9-dioctylfluorene)
(PFO) films is elucidated with photoelectron spectroscopy, optical
absorption, density functional theory (DFT), and time-dependent
DFT (TD-DFT) calculations. Optical absorption measurements
extending into near infrared show two low-energy absorption
features at low doping ratios and an additional peak at a higher
energy of ∼2.2 eV that disappears with increasing doping ratios. A
gap state (i.e., polaronic state) close to the Fermi level and a
significantly destabilized highest valence band appear in the
experimentally measured ultraviolet photoelectron spectra. These
experimental results are interpreted by the TD-DFT calculations, which show that the lower energy peaks originate from the
excitation from polaronic states to the conduction band, while the higher energy peak mainly originates from the destabilized valence
band to conduction band transitions and only appears at low doping ratios (cred ≤ 50%, 0.5 potassium atom per fluorene monomer).
The DFT calculations further indicate that polaron pairs rather than bipolarons are preferentially formed at high doping ratios.
Comparing the results of doped glassy and β-phase films, we find that the ordered segments in the β-phase film disappear due to the
dopant (potassium) insertion, resulting in a similar polaronic structure.

■ INTRODUCTION

Polarons, i.e., quasi-particles formed upon electron−phonon
coupling, are of the essence in conjugated polymers and are
involved in charge transport and exciton dissociation.1−4

Polarons are localized charge carriers whose energy levels
reside in the forbidden energy gap, and they are affected by the
extent of the charge localization and structure reorganization of
the polymer (“stiff” vs “soft” conjugated backbone), which is
critical to the design of materials for devices.5−8 Chemical
doping creates polarons through charge transfer from oxidants
(p-doping) or reductants (n-doping),9−11 and this process is
utilized in electrochemical devices such as light-emitting
electrochemical cells and organic electrochemical transis-
tors.12−15 Chemically doped organic semiconductors are also
used as transparent electrode materials, PEDOT:PSS being a
widely used example thereof.16,17

To better understand their formation mechanism and optical
properties, polarons were widely investigated both by experi-
ment and theory in the past decades.1,18−26 Occupied polaron
states can be directly detected using ultraviolet photoelectron
spectroscopy (UPS),26−28 and transitions involving polaron
states can be probed by UV−vis−NIR optical absorption
measurements.20−24 The theoretical description of polarons
was initially limited by the semi-empirical approaches
used,18,29,30 but recent work using density functional theory

(DFT) has shed new light on the nature of polaron states in
organic semiconductors and the doping-induced optical
transitions, largely altering the pre-DFT description of both
the electronic structure and optical transitions resulting from
polaron formation.31−33 The p-doping of organic semi-
conductors has been extensively studied, as the p-doped
organic semiconductors typically are air-stable, which enables
easy experimental correlation between UPS data on the
(occupied) electronic structure and UV−vis−NIR absorption
measurements that provide optical transition energies and
indirect data on the unoccupied states.9,33−35 Comprehensive
studies on the electronic structure and optical properties of n-
doped organic semiconductors are rare because they require a
capability for in situ UPS and vis−NIR spectroscopy to keep
the samples in an ultra-high vacuum, water- and oxygen-free
environment during sequential doping and measurements.
In our present work, we investigate the polaronic structures

of K-doped poly(9,9-dioctylfluorene) (PFO) films by UV−
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vis−NIR spectroscopy, X-ray photoelectron spectroscopy
(XPS), and UPS. Time-dependent DFT-based calculations
are used to describe the evolution of absorption peaks with
incrementally increasing doping ratios. By comparing the
experimental and theoretical results, we provide the assign-
ments of the absorption peaks appearing upon doping. We
choose PFO, a common blue polymer used in light-emitting
diodes (LEDs), as it has two well-defined conformations, i.e.,
the disordered glassy phase with an intrachain torsion angle of
135° and the ordered β-phase with an intrachain torsion angle
of around 180°.36 The latter more planar conformation stems
from interchain π−π stacking during the aggregation process in
both films and solutions.37 In addition, the two conformations
enable us to probe the effects of molecular order, if any, on the
doping process and its resulting polaronic structure.

■ EXPERIMENT

Materials. PFO used in this study was obtained from
Cambridge Display Technology (Cambridge, UK). The
solvents such as o-xylene, chloroform, and 1,8-diiodooctane
(DIO) were all purchased from Sigma-Aldrich. All materials
were used as received.
Sample Preparation and Characterization. β-phase-

containing PFO films were made from 5 mg/mL o-xylene
solution mixed with 16 vol % DIO. Glassy PFO films were
made from chloroform solution with a concentration of 5 mg/
mL. All samples were spin-coated on pretreated oxidized
silicon and glass substrates at 3000 rpm for 60 s. The thickness
of all films was about 10 nm.
UPS was performed in a UHV surface analysis system

equipped with a Scienta-200 hemispherical analyzer. The
excitation source for UPS was a standard He-discharge lamp
with HeI 21.22 eV and for XPS was a monochromatized Al Kα
radiation with 1486.6 eV energy. The UV−vis−NIR
absorption spectra were measured in an optical cavity
connected to the UHV system and using the spectrometers
Ocean Optics FLAME-T-VIS-NIR-ES (350−1000 nm) and
NIR QUEST512-2.5 (900−2500 nm). The full-spectrum curve
is a combination of two parts joined at 900 nm. The in situ
doping process was carried out by evaporating potassium from
a SAES getter source in the UHV preparation chamber. After
exposure to the potassium vapor in a controlled step, the
sample was transferred to the analysis chamber and optical
cavity to finish the measurements. The doping ratio, cred (i.e.,
the number of potassium atoms per monomer), is deduced
from the XPS result by integrating the peak areas of K 2p and
C 1s and applying appropriate atomic sensitivity factors.
Theoretical Methodology. We calculated electronic

structures and optical absorption of fluorene oligomers using
the ground-state and the excited-state density functional theory

(DFT), respectively, for the glassy and β-phase. To simulate
the glassy phase, we chose a single PFO chain. Note that
experimentally measured absorption spectra are very similar for
the glassy and β-phase. This strongly suggests that the
crystallinity of the β-phase is low. Therefore, to simulate the
β-phase, we choose two π−π stacked PFO chains as shown in
Figure S1. We choose the chain length of the PFO oligomer to
be sufficiently long, six monomer units (n = 6, F6,
corresponding to 78 C−C bonds in the backbone). For such
a long oligomer, it is expected that its optical absorption
practically does not change with a further increase in the
oligomer length. Note that previous studies demonstrated that
as soon as the backbone of conjugated polymers become
sufficiently long (48−60 C−C bonds), the optical absorption
of the oligomer practically saturates and does not show
changes with a further increase in the chain length.38,39

All DFT calculations were performed in Gaussian 1640

without imposing any constraints on initial structures at the
ωB97X-D/6-31G(d) level of DFT.41,42 The choice of the
function used in this study was discussed in our previous
study.32 We varied the total system charge (Q) on the fluorene
hexamer F6 from 0 to 12, corresponding to the doping ratio cred
from 0 to 200%. All systems were first optimized using ground-
state DFT. Following refs 32 and 33, spin-restricted
calculations were performed for the charge-neutral systems,
i.e., Q = 0, and for the doped systems with an even number of
electrons, i.e., Q = 2, 4, and 6, for the case of the singlet states.
The spin-unrestricted calculations were performed for the
doped systems with an odd number of electrons, i.e., Q = 1, 3,
and 5, and with an even number of electrons for the case of
triplet states. Vis−NIR absorption spectra were simulated by
using time-dependent (TD-) DFT at the same level of theory,
i.e., ωB97XD/6-31G(d), and by applying a similar spin rule.

■ RESULTS

Absorption Spectra of Pristine PFO Films. Figure 1a
shows the UV−vis−NIR spectra from glassy and β-phase PFO
thin films. The sample preparation process is described in the
experimental section in detail. As expected, the glassy film
exhibits an unstructured and broadened absorption spectrum,
whereas the β-phase film features a shoulder peak at 2.8 eV
with a clearly resolved vibronic structure, which is attributed to
a planarized chain geometry with an extended π-conjugation.
As a result, the β-phase film presents a narrower optical band
gap with an energy difference of 130 meV compared to the
glassy phase one. In addition, the main band absorption of the
β-phase film redshifts slightly to 3.05 eV due to the appearance
of aggregates.37

The corresponding absorption spectra obtained by TD-DFT
calculations for the fluorene oligomer F6 both for the

Figure 1. (a) Experimental and (b) theoretical UV−vis−NIR absorption spectra for glassy and β-phase PFO films. (c) DFT-calculated orbitals and
band diagrams of neutral oligofluorene with 6 repeated units (F6). (left) amorphous; (right) crystalline. The electron levels in the valence band are
depicted as blue lines and in the conduction band are depicted as red lines. The arrows indicate possible optical transition for two phases.
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amorphous and crystalline conformations are shown in Figure
1b. Figure 1c shows the calculated electronic structure and
HOMO (highest-occupied molecular orbital) and LUMO
(lowest-unoccupied molecular orbital) orbitals. As expected,
the dominant contribution to the absorption peaks of the
pristine systems comes from the transitions from the highest
occupied to the lowest unoccupied orbitals as indicated by
arrows. Note that for the case of two coupled chains
(representing β-phase conformation), the orbitals are extended
over two stacked chains because of the interchain coupling.
Absorption Spectra of K-Doped PFO. A series of

absorption spectra of PFO doped with increasing stoichio-
metric K are presented in Figure 2a,b. The polymer chains are
charged by electrons during the doping-induced chemical
reduction. The doping ratios are derived from the XPS
measurement (see the C 1s spectra in Figure S2). For the
glassy film as shown in Figure 2a, only with trace amounts of
dopants, the neutral absorption (peak A) weakens, and a new
feature B located at around 1.0 eV appears. It indicates that
new states are produced in the band gap by reducing PFO into
anions PFO−·. With the increasing doping ratio, the absorption
of peak B becomes stronger, and a new peak C with a lower
energy of ∼0.7 eV emerges. The latter becomes predominant
when the doping ratio reaches one electron per fluorene
monomer (cred = 100%).
In the latter stages of the doping, the neutral absorption

peak A entirely vanishes, and the absorption peak B is
overlapped by peak C. At the same time, the absorption peak C
shifts to the lower energy gradually when the doping ratio is
higher than 200% and ultimately reaches a plateau with an
energy of 0.54 eV. In addition, another absorption feature D at
around 2.2 eV also appears with a similar evolution as the peak
B (see the amplified spectra in Figure S3), which will be
analyzed through the UPS results and TD-DFT predictions in
the Discussion part. After doping, the sample is exposed to air,
and we measure the absorption again, see Figure S4a. It shows

a similar profile to the pristine film with only a neutral
absorption feature A in the visible region, indicating that the
electronic structure on the polymer chain is largely restored to
its pristine state.
The absorption spectra of the K-doped β-phase film are

shown in Figure 2b. Similar results are obtained as for the
glassy sample except for a slight redshift of the peak C in the β-
phase film (comparison results are shown in Figure S5). It may
be caused by the residual polymer chain aggregations
remaining even after K insertion. When the sample is exposed
to air after doping (see Figure S4b), only the absorption
feature of the pristine glassy phase is reproduced, whereas the
β-phase portion is removed completely. These results indicate
that β-phase chains transform into the glassy phase during K-
doping, producing a more disordered film. According to the
previous studies, the formation of the β-phase is induced by
van der Waals force between interdigitated side chains during
the aggregation of polymer chains.37 The presence of K thus
appears to largely break up these aggregated states, likely
driving the polymer chains to a more twisted conformation to
reduce the spatial steric hindrance.
The optical properties of polarons on PFO chains produced

by chemical and electrochemical doping and photo-/electro-
excitation have been studied extensively. Due to the different
measurement methods and research purposes, the absorption
spectra present in these works vary somewhat. When measured
in solution, PFO−· anions produced by chemical reduction or
electroexcitation show two clear absorption bands: one at the
NIR region (0.5 eV) and the other one at the visible region
(2.07 eV).43 The visible band decreases at high chemical
reduction. The fluorene oligomers also show similar results in
the same experiment.44 PFO films measured in photoinduced
absorption spectroscopy show a much weaker signal near 2.0
eV, partly due to the low polaron yield.45 A low-energy peak
resolved in the β-phase film is assigned to the ordered chains.
Another report based on electrochemical reduction focuses on

Figure 2. Experimental (top) and theoretical (bottom) UV−vis−NIR absorption spectra of glassy (a,c) and β-phase (b,d) PFO with incremental
doping ratios. The neutral (A) and polaronic (B, C, and D) absorptions are labeled in the figure. The color bar shows the doping ratio derived from
XPS (number of K atoms per fluorene monomer).
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the visible region, showing the evolution of the neutral
absorption and the newly generated absorption feature around
2.0 eV as the doping level increases.46 The comparison of these
spectra enables us to better understand our results. First, both
for the glassy and β-phase films, we can still see the absorption
peak B as a shoulder of peak C at high doping ratios, which
looks similar to the high doping spectra of PFO chemically
reduced in solution. Second, similar to the photoinduced
absorptions in films, the peak D in our spectra is much weaker
than the peaks B and C, while the chemically doped PFO in
solution shows a much stronger peak D. This may be caused
by the nature of the polaron in the film. Third, the β-phase
peak at 2.8 eV bleaches together with the glassy phase peak,
showing a different evolution process compared to the
electrochemical reduction, in which the bleaching of glassy
phase absorption starts after the β-phase has vanished.
UPS Spectra of Pristine and K-Doped PFO. Figure 3

displays the UPS spectra of glassy and β-phase films with

increasing K doping. The full spectra (Figure 3a,c) are aligned
to the Fermi level (EF = 0 eV), and the enlarged valence band
spectra (Figure 3b,d) are aligned to the vacuum level (Evac = 0
eV). The main doping ratios are marked in the full spectra.
Similar to the absorption results, the two conformations show
consistent UPS evolution and also agree with those previous
reports.47−49 Both pristine samples show two peaks at the
valence band region, i.e., Ha and Hb. The ionization potentials
(IP) of the glassy and β-phase PFO are 5.86 ± 0.10 eV. With
the first step of K deposition, the secondary electron cutoff
sharply moves to higher binding energy due to the electron
transfer to the PFO chains and evolves slowly until the dopants
penetrate to the UPS detection depth of ∼3−5 nm. Then, it
changes very little when increasing the doping ratio further.
The K content increases at the surface and diffuses into deeper

layers through a concentration gradient, as determined by
angle-resolved XPS (see Figure S6a). With 10 min annealing,
more K atoms diffuse to the bottom layers and exhibit a weaker
intensity in the XPS spectra, as shown in Figure S6b.
Similar to the evolution of the secondary electron cutoff, the

peaks Ha and Hb of the neutral polymer gradually move away
from the Fermi level with a decreased intensity and sharpness,
disappearing altogether when the doping ratio reaches 50%.
The change is consistent with the peak A in the absorption
spectra described above. At the same time, two new features,
i.e., Hc and G, emerge near the Fermi level and become
stronger with increasing doping ratios, see the amplified
spectra in Figure 3b,d. The peak G corresponding to the
polaronic states was discussed in previous reports.26−28,50

However, Hc usually seen as the dispersion of the peak Ha is
redefined here. We consider it as a new valence band feature of
charged PFO. When the spectra are enlarged further, another
destabilized peak Hd can be also distinguished between Hc and
G in the initial stages of doping, as shown in Figure S7. Here,
“destabilized” means decreased binding energy, i.e., moves
closer to the vacuum level. To our knowledge, we are the first
to report this feature, and it is attributed to the miniband lying
at the top of the valence band.

Calculated Electronic Structure and Optical Transi-
tions. Figure 2c,d shows the calculated optical transitions of
amorphous F6 where chains are charged by electrons from Q =
0 to 12 (cred = 0−200%). As mentioned above, the calculated
spectrum of the pristine F6 shows one absorption peak at 3.9
eV (peak A), corresponding to the excitations from the highest
occupied to the lowest unoccupied orbitals. Once the oligomer
becomes charged, the peak A disappears, and two new peaks
appear, a weaker peak at higher energy (E ≈ 2.75 eV) and a
more pronounced one at lower energy (E ≈ 0.75−1 eV). The
higher energy peak is present in the spectra for Q = 1, 2, and 3
(cred = 17, 33, and 50%). When the doping ratio is increased
above Q = 3 (cred > 50%), this peak disappears, and the spectra
are dominated by one or several closely spaced overlapping
peaks at lower energies E ≈ 0.75−1 eV.
In order to understand the evolution of the absorption

spectra, let us consider how the electronic structure changes
when the doping ratio is varied. Figure 4 shows the electronic
structure for several representative doping ratios Q = 1, 2, and
6 (cred = 17, 33, and 100%). (Note that Q = 1 and 2
correspond to the case of lower doping when the spectra
exhibit two peaks at E ≈ 2.75 eV and E ≈ 0.75−1 eV, whereas
Q = 6 corresponds to the case of higher doping with one peak
(or several closely overlapping peaks) at E ≈ 0.75−1 eV. Note
also that the electronic structure of F6 for the remaining doping
ratio is shown in Figure S8.)
Let us start with the case Q = 1 (cred = 17%) illustrated in the

left panel of Figure 4a. When the chain becomes charged, the
spin degeneracy is lifted, and a new occupied spin-resolved
energy level appears in the gap. This energy level is occupied
by an electron, which corresponds to a singly polaronic state of
the spin S = 1/2 in the chain. The polaron is localized over ∼3
monomer units, see a corresponding wave function in Figure
4a. Remarkably, at the top of the valence band, there is a
miniband separated by a small gap from the deeper lying states.
It appears at low doping ratios and is completely consistent
with the observed peak Hd in the UPS spectra. The right panel
of Figure 4a shows the absorption peaks where the dominant
transitions between the energy levels corresponding to the
largest configuration interaction coefficients as calculated using

Figure 3. Evolution of UPS spectra with increasing K doping ratios
for glassy (a) and β-phase (c) films. (b,d) Enlarged spectra in the
valence band region after aligning to the vacuum level.
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TD-DFT are indicated. The higher energy peak (E ≈ 2.75 eV)
originates from the excitation from the highest occupied level
in the top of the valence band to lower lying unoccupied levels
in the conduction band. The lower energy peak (E ≈ 0.75 eV)
is due to the excitation from the polaronic state to lower lying
unoccupied levels in the conduction band. These transitions
are marked by “TV” and “TP”, respectively. Note that the
higher energy peak also includes a transition from the occupied
levels in both valence and polaronic bands to lower lying
unoccupied levels in the conduction band. These transitions
are marked as “TP+V”. It is noteworthy that the origin of the
peaks in the present polymer (i.e., the nature of the transitions
“TV”, “TP”, and “TP+V”) is rather generic and is the same as the
one in another n-doped conducting polymer.32

Upon further doping, Q = 2 (cred = 33%), the second
electron fills in the orbital with the same spin and slightly
higher energy than the first electron, resulting in a triplet state
(S = 1) corresponding to a formation of a polaron pair, see the

left panel of Figure 4b. Note that the total energy of this state
is lower than the bipolaron state (i.e., when two electrons
occupy the spin degenerate orbitals of the opposite spins).
This can be explained by the Hund’s rule that the maximum
spin multiplicity is preferential in the ground state of a multi-
electron system due to the lowest total energy. Note that the
formation of polaron pairs instead of bipolarons was also
predicted by the DFT calculations for the cases of both p-
doped33 and n-doped polymers.32 The spin multiplicities of the
ground state for different doping ratios are summarized in
Table S1. For the case Q = 2 (as well as for the case Q = 3), the
origin of the two absorption peaks is the same as for the case Q
= 1, i.e., TV transitions for the higher energy peak (with some
contribution of TP+V transitions) and TP transitions for the
lower energy peak, see the right panel of Figure 4b and Figure
S8.
On further doping, more orbitals appear in the gap, with the

number of the orbitals being equal to the number of excess

Figure 4. (a−c) (right panel) DFT-calculated orbitals and band diagrams of amorphous F6 for representative doping ratios Q = 1, 2, and 6 (cred =
17, 33, and 100%). (left panel) Calculated absorption spectra and contributions of the corresponding excitations.
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electrons. Figure 4c shows the case of Q = 6 extra electrons on
a chain (cred = 100%). These six electrons occupy six spin-
resolved orbitals, four of one spin (say, spin-up) and two of the
opposite spin (spin-down). This results in the total spin of S =
1, i.e., the triplet ground state. All peaks in the absorption
spectrum correspond to the transitions TP, i.e., the excitations
from the polaronic states to the lowest unoccupied levels in the
conduction band, see the right panel of the figure. Note that
this assignment of the peaks in the absorption spectra (i.e.,
transitions TP) holds for all other doping ratios Q > 4 (cred >
67%).
Let us now turn our attention to the case β-phase PFO

shown in Figure 5 for representative doping ratios Q = 1, 2,
and 6 (cred = 17, 33, and 100%) (see also Figure S9 for all
doping ratios Q = 1−6). A comparison of Figures 4 and 5 (see
also Figures S8 and S9 for all doping ratios Q = 1−6) shows
that the evolution of the electronic structure as a function of
the doping ratio and the assignment of the peaks are practically

the same as for the glassy (amorphous) film. This is not
surprising because the interchain electron interaction is much
weaker than the intrachain one, and therefore, the electronic
and optical properties of the π−π stacked chains are still
primarily determined by those of individual chains. However,
the peak positions of the β-phase film move slightly toward
lower energy in total due to the presence of such interaction.

■ DISCUSSION
Let us now analyze the observed absorption spectra of glassy
and β-phase PFO films and their evolution with incremental
doping using the results of the DFT calculations. We start with
a discussion of the accuracy of the DFT calculations. During
the past decades, the DFT approach has de facto become the
method of choice for quantum chemistry and computational
material science. However, the DFT method has its limitations,
and in many cases, the predictions based on this method are
not exact but have a rather semi-quantitative character.

Figure 5. (a−c) (right panel) DFT-calculated orbitals and band diagrams of the β-phase for representative doping ratios Q = 1, 2, and 6 (cred = 17,
33, and 100%). (left panel) Calculated absorption spectra and contributions of the corresponding excitations.
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Recently, one of the present authors reported the comparative
theoretical and experimental studies of UV to IR absorption of
molecularly p-doped polythiophenes.39 The structure of the
calculated spectra (a number of peaks and their relative
positions) was found to be in good agreement with
experimental ones; however, the calculated peaks were shifted
with respect to the corresponding experimental ones as much
as 0.75 eV. Moreover, different DFT exchange-energy
functionals used in the DFT calculations (ωB97XD and
B3LYP) resulted in the spectra that showed a similar structure
but were also substantially shifted with respect to each other.
Therefore, it is expected that the DFT calculations are in a
position to provide the semi-quantitative description of the
evolution of the spectra but not necessarily the absolute peak
positions. This is also the case for the present system where,
for example, the absorption of the pristine film has a peak
centered at ∼3.1 eV, whereas the DFT calculation gives a peak
position at ∼4 eV. Nevertheless, the structure of the spectra
including the number of peaks, their relative positions, and the
evolution with the doping ratios are in a good agreement
between the calculated and experimental results, both for the
glassy and β-phase, see Figure 2a,b and Figure 2c,d. This
agreement leads us to the following assignment of the observed
peaks.
As already mentioned in the result part, peak A corresponds

to the pristine systems and originates from HOMO-LUMO
transitions. Peak D is present for relatively low doping ratios
and mainly originates from the excitation from the highest
occupied levels in the valence band to the lowest unoccupied
levels in the conduction band (transitions marked “TV” in
Figures 4 and 5). The new assignment is well-supported by
UPS results. The onset of the observed peak Hd in the valence
band is ∼1.6 eV larger than the onset of the gap state G,
corresponding to the energy difference between “TV” and “TP”.
Such values qualitatively match the energy difference between
the cutoff of the two absorption peaks, i.e., D and C. This is
different from previous consensus assigning the peak D to the
excitation from the valence band to the polaronic state.43 As
the doping ratio increases to 2/3 electrons per monomer, this
peak is no longer present in the spectra. Due to the uneven
distribution of K atoms from the film surface to the substrate,
each of the experimental spectra shown in Figure 2a,b is a
result of the accumulation of several doping ratios. That is why
the peak D can still be seen in the spectra with doping ratios
higher than 50%.
Peaks B and C are assigned to the excitations from the

occupied polaronic levels to the lowest unoccupied levels in
the conduction band (transitions marked “TP” in Figures 4 and
5). It can be noted that the DFT calculations do not reproduce
a systematic shift of the peaks B and C toward lower energies
with the increase in the doping ratio observed in the
experiment. Nevertheless, there is some qualitative corre-
spondence between the experiment and simulations because
DFT calculations predict typically two or more overlapping
peaks at high doping ratios (see Figure 2c,d). It is not clear
whether this discrepancy is due to the general limitations of
DFT as discussed above or due to factors not accounted for in
the calculations. For example, our present DFT calculations do
not explicitly include the presence of dopants. The Coulomb
interactions between the polarons and the dopants can affect
the electronic structure and therefore the peak positions
especially at high doping ratios. We plan to study this aspect in
more details in the future investigations.

However, we can try to give a reasonable explanation
through the experimental data. According to the previous
report, only one NIR absorption located at ∼0.5 eV has been
observed at low doping ratios in solution, and some new
features with higher energy (E ≈ 0.5−1 eV) emerge at high
doping ratios.43 By contrast, we find that the only difference in
the film is the additionally generated peak B at low doping
ratios. Because the distance between the polarons and K+ ions
in the film is much shorter than that in solution at low doping
ratios, the electrostatic interaction should be considered in the
film. This interaction changes the polaron orbitals and lowers
their energy, which is not taken into account in the DFT
calculations. As a result, the excitation energy from polaronic
states to the lowest conduction band becomes larger, and a
new, blueshifted peak emerges. This explanation is supported
by the calculations of p-doped P3HT films that the polaron
transforms from “free” to “bound” by shortening the distance
between counterions and polymer chains, resulting in a
blueshifted mid-IR absorption spectrum.7 From the XPS
spectra shown in Figure S2, we can see a shoulder peak in
the C 1s core level spectra upon doping. Since the new feature
locates at the low binding energy side of the alkyl carbon, it
cannot be caused by oxygen, and we attribute it to the K+

interactions. For high doping ratios, K+ ions show a weakened
effect on polarons due to the screening of the cations deposited
before, resulting in a decrease of peak B and a redshift of B and
C. However, based on the DFT results, the low-energy peaks
of TP at high doping ratios also contribute to the feature B. As
a result, feature B can be observed all the time in the film.

■ CONCLUSION
In summary, we investigate the electronic structures of
polarons in K-doped glassy and β-phase PFO films by UV−
vis−NIR absorption and photoelectron spectroscopy. DFT-
based calculations are used to describe the evolution of
absorption peaks in doped polymers with increasing doping
ratios. In contrast to the reduction in solution, both films
exhibit two NIR absorption peaks (B and C) originating from
the excitation from polaronic states to the conduction band.
The peak B with higher energy (∼1.0 eV) dominating at low
doping ratios is attributed to the influence of K cations. The
other peak D located at the visible region is assigned to the
excitation from the destabilized valence band to the
conduction band, where the destabilized valence band is
predicted as a miniband at low doping ratios by DFT
calculations. Our computations have described the presence
of unpaired electrons and polaron pairs during the whole
reduction process from Q = 1 to 12 (cred = 0−200%).
Comparing the spectra of the two conformations, we find that
their polaron features are almost identical, which is consistent
with the calculation results. We believe that our studies can
help to better understand the formation of polarons in PFO
films.
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