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Understanding the evolution of the

Raman spectra of molecularly p-doped
poly(3-hexylthiophene-2,5-diyl): signatures of
polarons and bipolaronsy
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Molecular doping is a key process to increase the density of charge carriers in organic semiconductors.
Doping-induced charges in polymer semiconductors result in the formation of polarons and/or
bipolarons due to the strong electron-vibron coupling in conjugated organic materials. Identifying the
nature of charge carriers in doped polymers is essential to optimize the doping process for applications.
In this work, we use Raman spectroscopy to investigate the formation of charge carriers in molecularly
doped poly(3-hexylthiophene-2,5-diyl) (P3HT) for increasing dopant concentration, with the organic salt
dimesityl borinium tetrakis(penta-fluorophenylborate (Mes,B* [B(CeFs)4l”) and the Lewis acid
tris(pentafluorophenyl)borane [B(CgFs)s]. While the Raman signatures of neutral P3HT and singly charged
P3HT segments (polarons) are known, the Raman spectra of doubly charged P3HT segments
(bipolarons) are not yet sufficiently understood. Combining Raman spectroscopy measurements on
doped P3HT thin films with first-principles calculations on oligomer models, we explain the evolution of
the Raman spectra from neutral P3HT to increasingly doped P3HT featuring polarons and eventually
bipolarons at high doping levels. We identify and explain the origin of the spectral features related to
bipolarons by tracing the Raman signature of the symmetric collective vibrations along the polymer
backbone, which — compared to neutral P3HT - redshifts for polarons and blueshifts for bipolarons.
This is explained by a planarization of the singly charged P3HT segments with polarons and rather high order
in thin films, while the doubly charged segments with bipolarons are located in comparably disordered
regions of the P3HT film due to the high dopant concentration. Furthermore, we identify additional Raman
peaks associated with vibrations in the quinoid doubly charged segments of the polymer. Our results offer
the opportunity for readily identifying the nature of charge carriers in molecularly doped P3HT while taking
advantage of the simplicity, versatility, and non-destructive nature of Raman spectroscopy.

Introduction

The structural versatility of organic semiconductors, in addition to
the feasible tunability of their electronic structure and electrical
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low-cost, flexible, and efficient organic electronic and optoelec-
tronic devices."™ Molecular doping, defined as the process of
adding a small amount of a molecule (dopant) to the organic
semiconductor matrix (host), is key to increasing the density of
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organic semiconductors.>® Consequently, improved electrical
conductivity and favorable interfacial energy level alignment can
be achieved, towards high performance devices."” ' As a result
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structure (electron-vibron coupling) in organic semiconductors,
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doping-induced charges in polymers lead to a geometrical distortion
of the polymer backbone, typically extending over a few monomer
units."” Depending on the number of charges residing in such a
geometrical distortion, the resulting species are classified as
polarons and bipolarons. Polarons comprise one electron (hole)
on the charged segment - equivalent to a radical anion (cation)
of a molecule - and are characterized by the spin quantum
number S = 1. On the other hand, bipolarons comprise two
electrons (holes) on the charged segment - equivalent to a
dianion (dication) of a molecule - and are spinless carriers
(S = 0).">'® The differentiation between polarons and bipolarons
in doped polymers can be achieved using electron paramagnetic
resonance spectroscopy (EPR), which directly probes charge
carriers with S = 1.'*""” The aforementioned local relaxation of
the polymer geometry of a polaron/bipolaron is coupled with a
shift of, likewise localized, electronic energy levels into the
energy gap of the polymer.">"”™"° The energy of electronic
transitions involving these intra-gap electronic states are char-
acteristic of the type of the charge carriers, i.e. polarons or
bipolarons. The electronic transitions can be probed using
optical absorption spectroscopy, which is often used to identify
the type of charge carriers in doped polymers and to quantify the
density of polarons and bipolarons, as well as the ionization
efficiency of the doping process.>*****22  Geometrical
distortions on the charged polymer backbone have additionally
offered means for probing polarons and bipolarons by investi-
gating the associated changes in the charge-sensitive vibrational
modes of doped polymers and oligomers using Raman spectro-
scopy and infrared absorption spectroscopy.>* ™’

Raman spectroscopy is a non-destructive and facile method
that has proven to be highly suitable for studying polymer
backbone structure and conformation.”®”*! This is a result of the
strong electron-vibron coupling and the extended delocalization
of the n-electrons in polymers, which lead to large cross-sections
for Raman scattering and high sensitivity of the vibrational
modes to structural changes.*®?? The distinction of the charge-
sensitive vibrational modes that are associated with polarons
and bipolarons, if known, allows for a straightforward identifi-
cation of the type of charge carriers and provides a tool to
understand their correlation to molecular order and electrical
properties.

Comprehensive understanding of the Raman spectra of
poly(3-hexylthiophene-2,5-diyl) (P3HT) (shown in Fig. 1) and
its related oligothiophene family has been established.?**%3%3
The characteristic peaks of vibrational modes involving the
carbon atoms in the thiophene ring (C,: atoms adjacent to the
sulfur atom, and Cg: atoms not bonded to the sulfur atom)
appear at frequencies in the range of 1300 cm™* to 1600 cm ™.
The vibrational mode involving the Cg-Cg bond is typically
observed at ~1350 cm ™. C,—Cg related vibrational modes are
collective modes, in which several adjacent thiophene rings
vibrate either in-phase or out-of-phase, and are strongly Raman
active.® These modes include: (1) the symmetric vibration
[Co—Cplsym at ~1450 cm ™', and (2) the asymmetric vibration
[Co—Cplasym at ~1500 cm ™. Dispersion of the Raman peaks was
observed with the length of oligomers (corresponding to the
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2833 1n the case of

effective conjugation length in polymers).
oligothiophenes, when increasing the length of the oligomer,
the modes [C,~Cplsym and [C,~Cglasym shift to lower energies,
and, in addition, [C,~Cplasym decreases in intensity. In P3HT,
the [C,~CgJasym mode is often only detectable as a tiny shoulder
next to the more intense [C,~Cglsym.>

Polaron formation in electrochemically and molecularly
doped P3HT has been associated with a redshift of the [C,~Cplsym
peak,>*?** similar to the shifts observed once a radical cation is
formed in doped pentathiophene (5T)*® and doped sexithiophene
(6T).”” Nightingale et al. have identified the vibrational modes
associated with polarons in P3HT by performing a comprehensive
analysis of the Raman spectra in electrochemically doped P3HT.>*
The peak associated to the [C,~Cglym mode was deconvoluted
into four contributing species: (1) ordered neutral chains,
(2) disordered neutral chains, (3) ordered charged chains with
polarons, and (4) disordered charged chains with polarons.
Changes in the Raman spectrum associated with bipolaron
formation were reported for FeCl; vapor-doped P3HT, which were
characterized by an apparent blueshift and broadening of the
[C,~Cplsym mode.>* However, the vibrational modes associated
with bipolarons were not distinctively identified. In addition,
detailed understanding of the evolution of the Raman spectrum
of pristine P3HT upon increasing molecular dopant concentration
with initial polaron- and subsequent bipolaron-formation is not
yet available.

Recently, it was demonstrated that the organic salt dimesityl
borinium tetrakis(penta-fluorophenyl)borate (Mes,B* [B(CeFs)4] ")
(shown in Fig. 1) is a potent p-dopant for P3HT, capable of
forming both polarons and bipolarons depending on dopant
concentration.”® The underlying doping mechanism was identi-
fied to proceed through an electron transfer to the Mes,B", which
then leaves the sample, while the [B(CgFs)4|  acts as the counter-
ion that stabilizes both polarons and bipolarons. With increasing
dopant concentration, the majority charge carrier type was
identified as polaron up to moderate dopant concentration, but
beyond ca. 20% dopant concentration bipolarons were also
formed as long as samples were kept in an inert environment."

Herein, we investigate (Mes,B" [B(CcFs)s]”) doped P3HT to
identify the vibrational modes associated with bipolaron for-
mation. We probe the evolution of the Raman spectrum of
molecularly doped P3HT, as it transitions from a nominally
neutral polymer to a p-doped polymer with mainly polarons,
and finally to a highly doped polymer containing mainly
bipolarons. We compare the evolution of the Raman spectrum
of the aforementioned stages with the situation when doping of
P3HT is performed with the Lewis acid tris(pentafluorophenyl)
borane [B(C¢Fs)s] (see Fig. 1), which is known to support the
formation of polarons only.">"'®?>3%37 This seems to be related
to the doping mechanism via proton transfer*® and follow up
equilibration.?® In this analysis, Raman spectra for molecularly
doped P3HT are measured as a function of dopant concen-
tration, covering the range of both polaron and bipolaron
formation. First-principles calculations based on density-
functional theory are performed on model oligothiophenes
with increasing length (nT, where n is the number of thiophene
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Fig. 1 Chemical structure of the materials employed in this work. The carbon atoms in P3HT are labeled according to their coordination: C, are adjacent
to a sulfur atom, while Cg are connected only to hydrogen and other carbon atoms.

units ranging from 2 to 6) to identify the vibrational normal
modes in their radical cations and dications. Guided by the
theoretical results, the experimental spectra are fitted to
identify the vibrational modes associated with neutral chains,
polarons, and bipolarons in P3HT, as well as their evolution as a
function of dopant concentration. The changes of the Raman
peak originating from the vibrational mode [C,~Cglsym in P3HT
chain segments containing either a polaron or a bipolaron are
identified. Compared to the spectra of the neutral polymer,
polarons result in a redshift of the Raman peak, while bipolarons
result in a blueshift. These shifts are correlated to the effective
conjugation lengths in the polymer within the framework of the
effective conjugation coordinate model.*® Our analysis reveals that
charged P3HT chains with bipolarons exhibit a comparably short
effective conjugation length due to the increased disorder in the
film at high doping levels. This is in contrast to the case of
charged P3HT chains with polarons, which appears to exhibit a

P3HT : B(C¢Fs5)s
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larger effective conjugated length. Furthermore, we identify
collective vibrational modes in charged P3HT associated with
the concomitant quinoid structure (along the Cp-Cg and inter-
ring bonds), which significantly contribute to the broadening of
main Raman peak [C,~Cglym in doped P3HT.

Results and discussion

Fig. 2 shows the changes in the Raman spectrum of P3HT thin
film upon increasing dopant concentration with either B(CgFs);
(Fig. 2a) or Mes,B" [B(CcF5)4]~ (Fig. 2b). The dopant concentration
is defined as the percentage of the number of dopant molecules
to the number of monomer units of P3HT in the mixed solution.
The Raman spectrum of as-prepared P3HT comprises two
characteristic peaks, corresponding to the Cpg-Cg vibration at
~1374 ecm™ ' and to the [C,~Cglym vibration at ~1439 cm™ .

P3HT : Mes,B* [B(C¢Fs),]"
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Fig. 2 Raman spectra of P3HT doped with (a) B(CsFs)s and (b) Mes,B* [B(CgFs)sl~, as a function of the dopant concentration specified on each
spectrum. The 0% indicates the as-prepared P3HT sample. Vertical dashed lines are introduced to guide the eyes in following the changes of the
[C,—Cglsym and Cp—Cg vibrations, while the vertical dotted line is referred to the [C,—Cglasym vibration.
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We note that the presence of charged segments in the as-prepared
P3HT film due to oxygen doping cannot be ruled out.**"*°

First, we trace the changes of the Raman spectra of B(C¢Fs);-
doped P3HT (Fig. 2a), in which polarons are the main charge
carriers.">'®?>3¢ Ag the amount of B(CgF;s); increases, the peak
associated with the [C,~Cglsym mode progressively broadens
and shifts towards lower energy, down to ~1429 cm™ ' at 25%
dopant concentration. The broadening of the [C,~Cgleym peak
with increased dopant concentration results from the presence
of differently ordered and charged P3HT chains in the film.>®
The redshift of the [C,~Cglsym mode has been attributed to the
increase of the bond length between C,-Cg in doped P3HT,
which subsequently leads to a reduction of the force constant of
the collective vibration according to the effective conjugation
coordinate model**?® and is characteristic to polaron for-
mation, in agreement with previous reports on chemically
doped P3HT with FeCl;,”** and electrochemically doped
P3HT.”**® On the other hand, the peak associated with the
Cp—Cg vibration shows a negligible change, which agrees with
previous reports on molecularly doped P3HT.*° This can be
attributed to the low charge-sensitivity of the Cg-Cg vibration -
as compared to the collective C,~Cg vibration - to the changes
in the (effective) conjugation length in (P3HT) oligothiophenes,
which is the origin of the shifts in vibrational modes in charged
polymers.

Next, we discuss the changes in the Raman spectra of Mes,B"
[B(CeFs)s]” doped P3HT (Fig. 2b). Similar variations to the signals
of the as-prepared samples as those described for B(C4F5); doped
P3HT are observed for low dopant concentrations of 1% and 5%.
The [C,~Cgleym vibration redshifts to ~1429 cm™" at 5% dopant
concentration, indicating that the introduced charge carriers are
mainly polarons at this doping level. As the dopant concentration
increases further, the Raman spectrum drastically changes and
broadens with an apparent blueshift of the [C,~Cgsm vibration
towards ~1460 cm '. In addition, a peak assigned to the
[C,~Cplasym mode appears at 1500 cm™'. It is not observed in
the neutral P3HT and charged P3HT with mainly polaron, as
shown by the vertical dotted line in Fig. 2.*® Recently, we have
conclusively confirmed the formation of bipolarons in Mes,B"
[B(C6Fs)s]~ doped P3HT at dopant concentrations higher than
20% using EPR, optical absorption spectroscopy and photoemis-
sion spectroscopy.'® Accordingly, we attribute the changes in the
Raman spectra of Mes,B" [B(C4¢Fs)s]~ doped P3HT at dopant
concentrations of 20% and 35% to bipolaron formation. Similar
Raman signals compared to those shown in Fig. 2b (dopant
concentration >20%) were also observed in FeCl; vapor doped
P3HT, in which the blueshifted peak at 1470 cm ™" was considered
as signature of bipolaron formation.>* In addition, the observed
broadening of the peak indicates the presence of differently
structured and charged P3HT chains.

As a first step towards explaining the observed changes in
the Raman spectra of doped P3HT, we compute the frequency
of the [C,~Cglsym and [C,~Cglasym vibrational modes of the
neutral oligothiophenes (2T, 3T, 4T, 5T and 6T) and identify
the Raman active ones (see details in Table S1, ESIf). By
increasing the oligomer length, the calculated vibrational
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frequencies for both [C,~Cgleym and [C,—Cglasym decrease
(see Fig. S1, ESIt), in agreement with previous experimental
and theoretical results.”®*****" We also checked that the
Raman spectrum computed for the neutral 6T oligomer is in
good agreement with previous results obtained from density-
functional theory (b3lyp/6-31G*).>>*° The redshift of the C,-Cg
modes from 2T to 6T is explained by the effective conjugation
coordinate model: the force constant of the collective vibrations
along the backbone of a conjugated oligomer/polymer
decreases as the effective conjugation length increases.”*?%73>
This implies that the increasing oligomer length (or conforma-
tional order in polymer chains) results in lower energies for the
vibrations along the backbone.

The calculated vibrational modes of the oligothiophene in
the charged states exhibit clear differences as compared to the
neutral case. For the considered oligothiophenes (2T, 4T and 6T)
a distinct change in the structure is observed once the radical
cations and dications are formed: the aromatic structure in the
neutral state progressively turns into quinoid structure in the
doubly-charged system, as shown in Fig. S2 (ESIt). We focus our
subsequent discussion on the 6T oligomer since it more closely
resembles the effective conjugation length in P3HT chains.
Furthermore, considering the longer oligomer, there is a larger
number of vibrational modes to be assigned. The assignment of
the vibrational modes was based on the atomic displacements®®
and calculated Raman activity, which are detailed in the ESI,}
see Table S2 and Fig. S5.

Focusing on the energy range of the experimental Raman
fingerprints of P3HT, we compute the Raman spectra of 6T,
6T*" and 6T>" shown in Fig. 3. The [C,~Cplyym vibration of 6T
gives rise to the intense peak at 1435 cm ™, which redshifts to
1428 cm ™' in the spectrum of the radical cation, and blueshifts
to 1440 cm ' in the one of the dication. Furthermore, two
additional Raman-active modes appear in the spectra of the
charged 6T oligomers, namely, at 1408 cm ™ * and at 1425 cm ™ *
for 67", and at 1409 cm ' and 1429 cm ™' for 6T>" (shown in
Fig. S7, ESI). Note that in Fig. 3, only the mode at ~ 1409 cm ™"
in both 6T*" and 6T>" is included, while the higher energy peak
is excluded since it obstructed the direct comparison of the
changes in the [C,~Cglsym vibrational mode. These results are in
line with previously reported experimental data for 6T, in which
the [C,—Cplsym mode in the tetrafluoroborate-anion (BF4™)
doped 6T shifts to a lower energy of 1440 cm ™" as compared
to the neutral 6T (1456 cm ') in the case of 6T**, with an
obvious broadening towards the low energy in the range of
1400 cm™* to 1430 cm™'.%” Once the dication is formed, the
peak shifts towards higher energy at 1448 cm ' with new
peaks appearing at 1419 cm ' and 1405 cm .?’ The new
Raman-active peaks appearing in the calculated and experimental
spectra of the charged oligomers and of doped P3HT (in the range
1400 cm™ " to 1430 cm ™) (Fig. S7, ESIT), seem to originate from
stretching vibrations along the double bonds in quinoid structure
(i.e., along the Cz-Cg and inter-ring bonds, see Fig. S6, ESI{).

Next, we turn to the measured Raman spectra of molecularly
doped P3HT aiming to understand the spectral contributions of
neutral and charged chain segments with either polarons or

This journal is © the Owner Societies 2022
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Fig. 3 Raman spectra calculated for sexithiophene oligomer in the neutral
state (6T), in the radical cation (6T**), and in the dication (6T2%). A Gaussian
broadening of 10 cm~is applied to all spectra. The quinoid structure related
vibration at 1429 cm™! was excluded in the simulation of the Raman spectra
to clearly compare the shifts in the [C,—Cglsym peak. See Fig. S7 (ESIT) for
comparison of the quinoid structure related vibrations. The vertical dashed
line traces the [C,~Cglsym peak.

bipolarons. We consider the frequency range between 1350 cm™ '~

1550 em™ ', which includes both the [C,~Cg] and [Cp-Cj] vibration
modes, and focus only on the [C,~Cglym vibrations. The experi-
mental Raman spectrum (see Fig. 4) comprises several modes
related to chains of different effective conjugation lengths
and charged states. In the following peak fitting analysis, we
consider neutral P3HT and P3HT chain segments containing
polarons to be composed of two components for each charged
state: (a) ordered chains, which exhibit longer effective con-
jugation lengths, and (b) disordered chains, characterized by
shorter effective conjugation lengths. This assignment is

P3HT : B(C¢Fs)s P3HT

View Article Online
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justified by the fact the spin-coated regioregular P3HT results
in semicrystalline films comprised of crystalline phases
embedded in amorphous phases.*?

Doping of both crystalline and amorphous phases have been
reported in previous works.'®*>?*%3% In the case of polymer
chains containing bipolarons, we consider a single peak to
trace the [C,-Cplsym vibrations, since bipolarons formation
occurs at a high dopant concentration which typically results
in increased amount of disordered regions in the film.>"

The Raman spectra of as-prepared and charged P3HT with
mainly polarons are fitted with four Gaussian peaks to model
each of the charged states of P3HT (neutral and polarons) in
either ordered or disordered chains, following the same procedure
proposed by Nightingale et al.>® and guided by our first-principles
results (see Fig. 3). As shown in Fig. 4a, the peak associated to the
[Cs~Cglsym vibration in as-prepared P3HT is deconvoluted to
four main components: (1) neutral ordered chains, (2) neutral
disordered chains, (3) charged ordered chain segments with
polarons, and (4) charged disordered chain segments with
polarons. The peak related to the neutral ordered chains appears
at lower energy compared to the neutral disordered chains. This
trend can be explained by the effective conjugation coordinate
model, as mentioned earlier,” and it is further supported by our
calculations, in which the [C,~Cg]sym vibration progressively shifts
to lower energy as the oligomer lengths increases (see Fig. S1,
ESIt). Additionally, the Raman peaks ascribed to P3HT chains
containing polarons appears at lower energy in the as-prepared
film: it is ascribed to oxygen doping, which is typically observed in
as-prepared P3HT.>*”*° Upon doping with B(CeFs)s, the peak due
to the formation of polarons in disordered chains grows in
intensity, which appears at a lower energy as compared to
polarons in ordered chains as explained by Nightingale et al.*®
Inspecting the fittings shown in Fig. 4a, one can notice the
progressively increasing intensity of the signatures of polaron-
associated vibrations with increased dopant concentration at the
cost of the decreasing intensity of the vibrations related to the

: Mes,B* [B(C4Fs). I

" 25%

" 35%

= cx perimental

fitting

R —— neutral ordered
34 - - = neutral disordered
—— polaron ordered

- = = polaron disordered

o] == bipolaron
------- C,,-C,3 and inter-ring (quinoid)

1400 1450 1500 1350

Raman shift (cm™)

1350 1550

1400
Raman shift (cm™)

1450 1500, 1550

Fig. 4 Peak fitting analysis of the Raman spectra of doped P3HT with either (a) B(CgFs)s or (b) Mes,B™ [B(CsFs)4l~, with increasing dopant concentration.
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neutral P3HT chains. Moreover, a shoulder can be observed at
higher energy (~1465 cm™ '), which increases in intensity with
the dopant concentration. This behavior can be ascribed to the
[Co~Cplasym vibrations, which are known to appear in the Raman
spectra in oligothiophenes with an intensity and a frequency that
are inversely proportional to the number of monomer units.*®
Accordingly, this shoulder is very small and close to the [Co~Cglsym
peak in the case of P3HT.”**** The increasing intensity of this
shoulder with the dopant concentration indicates the increase of
disorder, as evident by the relative growth of the peak intensities
related to disordered chains in both neutral chains and polaron-
containing chain segments. This implies the incrementing
amount of polymer segments with shorter effective conjugation
length, as the amount of dopant increases.

In the Raman spectra measured for Mes,B" [B(CeFs)a]”
doped P3HT, similar fitting procedures (number of peaks
and their positions and widths) are adopted for the dopant
concentration of 5% where mostly polaron formation has been
observed."® For the dopant concentrations of 20% and 35%, we
extend the model by adding additional peaks to account for the
formation of bipolarons (see Fig. 4b). The peak at ~1466 cm™"
is due to the [C,~Cglsym vibration of the chain segments
containing bipolarons. The blueshift of the peak compared to
that in the neutral case (~1438 cm ™) agrees with the trend in
the calculated Raman spectra of 6T>" (Fig. 3). Furthermore, an
additional peak is used to account for the broadening of Raman
spectrum at around 1400 cm™ ', which is observed as a strong
peak in the theoretical calculations of 6T>*. Our calculations
demonstrate the existence of two strong symmetric vibrations
along the Cg—-Cg and inter-ring bonds as shown in Fig. S6 (ESIt)
(at 1409 cm ™" and 1429 cm ™), which can be attributed to the
formation of the quinoid structure in the doubly charged
segments as discussed earlier (see Fig. S2, ESIt). We have
excluded the quinoid structure related vibration at 1429 cm™*
in the peak fitting, as it coincides with the position of
the vibration related to charged segments with polarons in
disordered chains. The peak fitting analysis of the Mes,B"
[B(CgF5)4]~ doped P3HT at 20% and 35% dopant concentrations
shows that the increase of the amount of the bipolarons is
accompanied by a decrease of the amount of the polarons in
the doped film as compared with doped films with mostly
polarons (dopant concentration 5%). Implying that at higher
dopant concentrations, charged segments with polarons become
closer to each other, as well as, the ability of the Mes,B" cation to
remove electrons directly from a polaron favoring the formation
of bipolarons.’>** Additionally, the amount of disorder in neu-
tral chains and charged chain segments with polarons increases,
as concluded from the increase in their respective fitted peaks
(see Fig. 4). It is worth noting that the calculated vibrations
indicate moderately active Raman modes at the frequency of the
peak related to polarons in disordered chains (around 1424 cm ™)
that are due to asymmetrical vibrations along the Cp—Cp and the
inter-ring bonds in the quinoid structure in bipolarons. Thus, the
peak ascribed to polarons in disordered chains can be interpreted
a superposition of the new peaks, due to asymmetrical vibrations
in the doubly charged quinoid segments, and the typically
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observed peak for polarons in disordered chains. Comparing
the changes in the Raman spectrum between the dopant
concentrations 20% and 35%, an apparent redshift around the
C,~Cg vibration can be observed. However, our peak fitting
analysis suggests that the peak positions do not change, while
the changing proportion of the peaks results in this apparent
redshift. Increasing the dopant concentration from 20% to 35%
results in an increase in the area of the peaks related polarons in
both ordered and disordered segments. This indicates that further
formation of polarons at higher dopant loadings is possible as
well as the ability of the dopants to further dope disordered P3HT
chains due to the strength of the dopant. However, we would like
point out again that the peak related to the charged disordered
segments with polarons coincides with the peak related to the
quinoid structure vibrations at 1429 cm ', which seems to
increase as inferred from the peak at 1409 cm™'. A quantitative
analysis of the type of charge carriers using our peak fitting
analysis is not straightforward, and we stress that our analysis
represents a qualitative description of the changes in the Raman
spectra of P3HT with molecular doping.

Lastly, we explain the peaks appearing above 1500 cm™*,
which appear with large intensity only when bipolarons are
present in the sample. These peaks are ascribed to [C~Cpglasym
vibrations in line with the calculated Raman spectra shown in
Fig. 3 (see the assignments in Table S2 and Fig. S5, ESIY).
The peak associated with the [C;-Cglasym mode increases in
intensity as the effective conjugation length decreases.®
The large intensity of the peaks ~1500 cm™ "' in the case of
bipolarons implies that charges are localized on shorter chain
segments within the polymer.?®>* The fact that such peaks are
not visible in the spectrum of charged P3HT segments with
polarons but are visible in the charged P3HT segments with
bipolarons can be explained by the increased disorder in the
latter system.

The presented results provide distinct signatures to differ-
entiate P3HT neutral chains, chains with polarons, and chains
with bipolarons using Raman spectroscopy. The strong peak
associated to the [C,~Cglsym mode in the spectrum of neutral
chains redshifts in the case of charged chains with mainly
polarons. This implies an increased effective conjugation
length in charged P3HT with polarons accompanied by the
planarization of the thiophene rings. Furthermore, doping of
ordered regions of P3HT films is more energetically favorable
as compared to doping of the disordered regions (see Fig. S8,
ESIT)."®?*%® This agrees with the progressive increase in the
area of the peak related to polarons in ordered chain segments
with increasing dopant concentration, while the peak related to
polarons in disordered chain segments appears at higher
dopant loadings (Fig. 4a), implying the possibility of doping
the disordered domains in P3HT. In fact, Neelamraju et al. have
demonstrated the possibility of integer charge transfer in
FATCNQ doped regiorandom P3HT.*®

In the case of charged chains with bipolarons, the [C,~Cglsym
peak shifts to higher energy as compared to neutral and
charged chains with polarons. This indicates that the effective
conjugation length decreases in the charged polymer chains
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with bipolarons. It is expected that bipolarons occur by further
oxidation of the charged P3HT segments with polarons and
thus converting them into charged segments with bipolarons.
This is in general agreement with the changes in the EPR signal
as the dopant concentration increases, which shows a decrease
in the intensity of spin carrying carriers (polarons)."> The
observed blueshift of the vibration related to charged segments
with bipolarons, and thus shorter effective conjugation length,
is in contrast to the observed planarization in the calculated
6T>" (see Fig. S4, ESI). We explain this behavior by the
larger amount of disorder in the film due to the increased
presence of the counterions (which is not accounted for in the
calculations),*” as well as, the aggregation in the solution phase
of mixed dopant-polymer solution. It has been demonstrated
that heavily charged segments of the polymer chains lead to
chain twisting and hence to significant bond length variations,
as recently revealed in bipolaron charged P3HT oligomer
model using time-dependent DFT and molecular dynamic
simulations.”® In previous work, we resolved different
signatures in the optical absorption spectra of doped P3HT
with polarons in ordered P3HT chains, and with polarons in
isolated/disordered P3HT chains.*” We notice that the high-
energy polaron peak in the optical absorption spectra of
ordered aggregates splits into two peaks at 1.3 eV and
1.65 eV, while in isolated charged chains it appears as a single
peak at 1.5 eV. Using B(C¢Fs); as dopant for P3HT, the
transition from these split peaks in ordered and charged
P3HT towards the single peak in isolated and disordered chains
occurs at a dopant loading of 80%. On the other hand, the same
transition occurs at 10% concentration in the case of the
organic salt Mes,B" [B(C¢Fs),]” is used as dopant, as demon-
strated by Wegner et al.'® This suggests that molecularly doped
P3HT with Mes,B" [B(C4¢Fs)4]~ is more prone to disorder and
thus results in shorter effective conjugation length than
charged P3HT with mainly polarons.

Conclusion

In conclusion, we investigated the changes in the Raman
spectrum of molecularly doped P3HT as it transitions from
nominally neutral to doped with the presence of polarons only
and to highly doped with bipolarons, as function of the dopant
Mes,B" [B(CoFs),]” concentration. The proposed analysis of the
measured spectra agrees with calculated Raman spectra of the
oligomers 6T, 6T*", and 6T>". We demonstrated that the main
Raman peak associated with the [C,—Cglsym vibrations in
neutral P3HT shifts to lower energy for P3HT with polarons,
and to higher energy in presence of bipolarons. This implies
that polaron formation results in a higher effective conjugation
length and in good planarization of the charged chain
segments, in contrast to bipolaron formation where a decrease
of the effective conjugation length of charged chain segments
occurs due to the increased amount of disorder. Furthermore,
we identified two additional Raman active modes that are
present for both polarons and bipolarons, originating from
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symmetrical and asymmetrical vibrations along the Cg-Cg and
inter-ring bonds in the quinoid structure of charged P3HT
segments. Our results offer guidelines for investigating the
presence of polarons and bipolarons in doped P3HT using
Raman spectroscopy, and to understand the associated geo-
metrical distortions. Even if the present results are for P3HT only,
the discussion might stimulate the improved characterization of
polarons and bipolarons in other polymers. Such knowledge
combined with the versatility of Raman spectroscopy, for example
via in situ measurements and nano-scale mapping, will aid in the
future investigations and optimizations of molecular doping of
polymers both in the solid state and in solution.

Experimental section

Materials and sample preparation

Two batches of P3HT were used in this study: (1) for doping
with Mes,B[B(CcFs)s]”, P3HT (weight average molecular
weight M,, of 50-100 kg mol ', regioregularity >90%) from
Sigma-Aldrich GmbH was used. (2) For doping studies with
B(CeFs)s, P3HT (M,, = 60.2 kg mol ", regioregularity of 97.6%)
from Merck KGaA was used. B(C4Fs); was obtained from TCI
Deutschland GmbH, while Mes,B'[B(C¢F5)4] ) was synthesized
as previously described.*®*® Anhydrous chlorobenzene (CB)
and 1,2-dichlorobenzene (0-DCB) were purchased from Sigma-
Aldrich GmbH (>99.9% purity, inhibitor-free), and were
further degassed via three freeze-pump-thaw cycles before
using in solution preparation.

The doping technique used in this work is solution-mixed
doping: (1) separate stock solutions of P3HT and the dopants were
prepared inside a glovebox (<0.1 ppm H,0O, <0.1 ppm O,), and
stirred overnight. Mes,B'[B(CoFs)y]~ was dissolved in o0-DCB,
whereas CB was used as solvent for the doping with B(CeFs)s.
(2) The dopant solution and P3HT solution were mixed in a
predefined volume proportions to control the dopant concentration.

Thin films were prepared via spin-coating using standard
laboratory spin-coaters at various speeds (1000-6000 rpm) and
times (1-2 min).

First-principles calculations

We performed first-principles calculations based on density
functional perturbation theory (DFPT) to identify the vibrational
modes in thiophene oligomers, commonly adopted as model
systems for P3HT. A series of oligothiophenes (nT, where n is the
number of thiophene units ranging from 2 to 6) is investigated to
this end. For the calculation of Raman spectra, we do not
consider the alkylation of the chains, since it has been demon-
strated that alkyl chains do not substantially alter the electronic
and optical properties of the thiophene backbones.>**%*° The
optimized geometries and the vibrational modes of the neutral
molecules are obtained in a spin-restricted formalism, while
those of their radical cations (nT*") associated to polarons, and
their dications (nT>") associated to bipolarons are obtained in a
unrestricted framework. We calculate both equilibrium geo-
metries and vibrational force fields of all oligomers in the
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ground and charged (+1 and +2) states.”>** In all calculations,
the Perdew-Burke-Ernzerhof (PBE) exchange correlation func-
tional®® is adopted, in light of good results delivered by this
approximation for organic crystals,> whereby also anharmonic
effects were considered, and for hybrid organic/inorganic inter-
faces.>® Light basis sets as implemented in FHI-aims package are
adopted.”>>> We checked that with these parameters lead to
differences up to 4 cm™ " in the vibrational frequencies of the
C-C modes. The calculated frequencies are reported without any
scaling factor.

Raman spectroscopy

Raman spectra were obtained using an XploRA Plus Raman
microscope (Horiba, Inc), using a 638 nm laser excitation,
focused with a 100 x objective. The laser intensity was attenuated
to 1% of the initial laser intensity using optical filters, to prevent
damage to the samples during measurements. The scattered
signal was dispersed using 600 mm ' grating, and was finally
collected with cooled (—70 °C) Andor CCD detector.

P3HT doped with Mes,B'[B(C¢Fs)4]~ samples were measured
without exposure to air, using a special encapsulation setup,
with a Mica window to allow for Raman measurements.
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