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Introduction

The optical signatures of molecular-doping
induced polarons in poly(3-hexylthiophene-2,5-
diyl): individual polymer chains versus aggregatest
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Optical absorption spectroscopy is a key method to investigate doped conjugated polymers and to
characterize the doping-induced charge carriers, i.e., polarons. For prototypical poly(3-hexylthiophene-
2,5-diyl) (P3HT), the absorption intensity of molecular dopant induced polarons is widely used to
estimate the carrier density and the doping efficiency, i.e., the number of polarons formed per dopant
molecule. However, the dependence of the polaron-related absorption features on the structure of
doped P3HT, being either aggregates or separated individual chains, is not comprehensively understood
in contrast to the optical absorption features of neutral P3HT. In this work, we unambiguously
differentiate the optical signatures of polarons on individual P3HT chains and aggregates in solution,
notably the latter exhibiting the same shape as aggregates in solid thin films. This is enabled by
employing tris(pentafluorophenyl)borane (BCF) as dopant, as this dopant forms only ion pairs with PZHT
and no charge transfer complexes, and BCF and its anion have no absorption in the spectral region of
P3HT polarons. Polarons on individual chains exhibit absorption peaks at 1.5 eV and 0.6 eV, whereas in
aggregates the high-energy peak is split into a doublet 1.3 eV and 1.65 eV, and the low-energy peak is
shifted below 0.5 eV. The dependence of the fraction of solvated individual chains versus aggregates on
absolute solution concentration, dopant concentration, and temperature is elucidated, and we find
that aggregates predominate in solution under commonly used processing conditions. Aggregates in
BCF-doped P3HT solution can be effectively removed upon simple filtering. From varying the filter pore
size (down to 200 nm) and thin film morphology characterization with scanning force microscopy we
reveal the aggregates’ size dependence on solution absolute concentration and dopant concentration.
Furthermore, X-ray photoelectron spectroscopy shows that the dopant loading in aggregates is higher
than for individual P3HT chains. The results of this study help understanding the impact of solution pre-
aggregation on thin film properties of molecularly doped P3HT, and highlight the importance of
considering such aggregation for other doped conjugated polymers in general.

inorganic semiconductors for several applications, due to
the chemical versatility, mechanical flexibility, and foremost,

Fundamental and applied research on organic semiconductors
continually grows, high-performance photovoltaic devices and
field effect transistors have been demonstrated, and organic
light emitting diodes have already entered the market. Organic
semiconductors are considered a promising alternative to
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solubility of most conjugated polymers and small molecules,
which enables low-cost solution processing methods for thin
films." Nevertheless, the charge transport properties of organic
semiconductors are often not at par with those of their inorganic
counterparts, due to the low intrinsic density of mobile charge
carriers and carrier mobility." As for inorganic semiconductors,
doping of organics is the key for tailoring transport properties to
the needs of applications. Generally, doping proceeds by incor-
porating a small amount of dopants in the semiconductor with
the aim of creating a larger number of mobile charge carriers
via ground state charge transfer. Charge carriers in conjugated
polymers are spatially rather confined, forming polarons due to

This journal is © The Royal Society of Chemistry 2020
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local bond length alterations, which are typically spread
over four monomer units of the polymer."” Polarons feature
electronic states within the energy gap of the pristine material,*
and result in additional optical transitions. These can readily be
observed in the absorption spectra of doped polymers and thus
provide means for characterizing the type of charge carriers,
their density, as well as the fraction of dopants that have
undergone charge transfer.>*® In a one-dimensional polymer
chain model, distinct absorption features comprise two peaks
for the case of positive charge carriers (positive) polarons due
to: (P1) an electronic transitions from the highest occupied
electronic energy level to the lower energy level of the polaron
in the gap, and (P2) a transition from the highest occupied level
to the higher energy level of the polaron.’

A primary prototype conjugated polymer, particularly for
studies relating to charge carriers and doping, is poly(3-hexyl-
thiophene-2,5-diyl) (P3HT). For example, charge carrier induced
optical absorption of the regioregular variant of P3HT (re-P3HT)
in thin films, where most polymer chains are ordered in aggre-
gates, was investigated by photo-induced absorption® and charge
modulation spectroscopy.'®'! In these experiments, notably
without the presence of dopants to induce polarons, two distinct
absorption features for the P2 transition at 1.3 eV and 1.7 eV
were found. In contrast, the P2 transition for individual chains of
re-P3HT encapsulated in a polystyrene matrix exhibited only a
single absorption feature at 1.35 eV.’ Similarly, for thin film
samples of regiorandom P3HT (ra-P3HT), in which coupling
among the chains is weak due to the non-planarity and twisting
of the thiophene units along the chain, the absorption feature P2
showed a single peak at 1.5 eV.’ These apparent differences in
the characteristics of the absorption feature P2 were attributed to
differences in the interaction of the polarons with polymer
chains in ordered aggregates versus individual chains.”'*"?
Furthermore, molecular-scale order of re-P3HT in solution can
be controlled by solubility, via choice of solvents or thermal
treatment," i.e., either ordered aggregates or solvated individual
chains can (co)exist in solution. It has been shown that the
presence of ordered aggregates already in solution significantly
influences the properties of the resulting thin films."™

Consequently, implications of the presence of aggregates in
solution of P3HT mixed with a dopant in solution were also
investigated.*™"” The abundance of re-P3HT aggregates in
solution was reported to increase upon addition of molecular
p-type dopants, with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquino-
dimethane (F,TCNQ) being the one most frequently used,
and was ascribed to decreased solubility of the corresponding
ionized species after ion pair (IPA) formation (doping involving
integer electron transfer)."®'® It was shown that aggregation
occurs more readily for solution-mixed doping as compared to
sequential doping of re-P3HT thin films.>* Doping efficiency
(fraction of dopants that become ionized), mechanism, and
kinetics of solution-mixed doped P3HT are influenced by the
regioregularity and molecular-scale order of P3HT in solution
before doping, and accordingly, on the relative presence of
ordered aggregates and solvated individual chains. For example,
Gao et al. showed a distinct difference in the doping efficiency
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of re- and ra-P3HT, where re-P3HT exhibited higher doping
efficiency due to its ability to form ordered aggregates of strongly
interacting planar chains that are supposedly supporting delocali-
zation of the generated polarons. In contrast, ra-P3HT does not
form ordered aggregates and delocalization is inhibited, resulting
in charge transfer complex (CPX) formation instead of IPA, with
much lower doping efficiency."*" Jacobs et al. have recently shown
that modifying the crystalline structure of F,TCNQ doped re-P3HT
thin films can change the doping mechanism from IPA to CPX
formation.'® Furthermore, the doping process was shown to
proceed at different rates for fully solvated individual chains
and ordered aggregates of P3HT in solution, with the later
exhibiting faster reaction kinetics."”

Despite the obvious importance of the molecular-scale order
of re-P3HT chains on the doping process, the optical absorption
signatures of polarons in the two most abundant environments,
i.e., (i) individual chains and (ii) ordered aggregates, are not yet
comprehensively clarified for molecularly doped re-P3HT in
solution. The absorption spectra of the polaron in molecularly
doped re-P3HT thin films found in literature typically show two
features for the P2 transition, ie., P2, at ~1.3 eV and P2, at
~1.65 eV, instead of only one. However, the origin for this has
not been investigated in detail, and they have been only referred
to as the polaron related transition P2, and in some cases they
were attributed to transitions of the bipolaron.®*"*?> Perhaps one
reason for the present ambiguity is that the commonly used
dopant F,TCNQ has its anion absorption peaks in the same
spectral region as the polarons of P3HT.”**** F,TCNQ anions
show two absorption peaks (1.45 eV and 1.6 eV)** that are
imposed on the polaron related absorption, and thus obstruct
a direct observation of its shape.”"*

In this contribution, we clearly differentiate the optical
absorption signatures of P3HT polarons in doped ordered
aggregates on the one hand, and doped individual chains on
the other hand, in solution and solid thin films, for P3HT
solution-doped with the Lewis acid tris(pentafluorophenyl)-
borane (BCF) (chemical structures of BCF and re-P3HT are
shown in Fig. S1, ESIt). We have chosen BCF as the dopant
because the absorption of neutral BCF (~4.1 eV)* and its
anion (~ 2.1 eV)*® after charge transfer do not interfere with the
spectral absorption region of polarons in P3HT below 2.0 eV.’
Furthermore, BCF dopes P3HT exclusively via IPA formation so
that P3HT polarons only can be observed, since indications for
CPX formation for this material pair have not been reported to
date. It should be pointed out that direct IPA formation based
on the frontier energy levels of P3HT and BCF can be ruled out,
since the electron affinity of BCF is by far insufficient for
electron transfer from the valence band top of P3HT (see energy
levels of BCF with thiophene oligomers obtained from density
functional theory calculations in Fig. S2, ESIf). As shown in
Fig. S2a (ESIt), there is no hybridization between the molecular
orbitals of BCF and thiophene oligomers. This is also confirmed
by the corresponding partial charge analysis (see ESIT). Rather, it
was suggested that doping proceeds via initial generation of a
water-BCF complex with substantial Brgnsted acidity, followed
by protonation of a polymer segment. Subsequently, electron
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transfer from a neutral chain segment to the protonated one
(positively charged) occurs, leaving a positive polaron on the
former neutral segment.>” Here, we show that doped re-P3HT
aggregates exhibit a double-peak structure of the P2 transition,
which is virtually identical in solution and in thin films. In
contrast, the polaron P2 transition for doped individual chains
in solution shows a single-peak feature. For solution prepara-
tion conditions commonly used in literature, doped ordered
aggregates dominate, but they can be largely removed via
filtration. Increasing dopant ratio and absolute solution concen-
tration result in increased aggregate size. The yield of IPA
formation for each of the two structures is quantified, implying
that doped ordered aggregates have higher dopant loading as
compared to individual chains.

Experimental methods

Materials, doping and filtration

Re-P3HT (M,, = 60.2 kg mol ™, regioregularity of 97.6%) was
purchased from Merck KGaA (product number: Lisicon®
SP001) and used for all experiments except for the temperature
dependent UV-Vis measurements, re-P3HT (RMI-001EE),
(M,, = 36 kg mol " and 96% regioregularity) was obtained from
Rieke Metals. Ra-P3HT was purchased from Sigma-Aldrich
(Product number: 510823), and BCF was obtained from TCI
Deutschland GmbH (product number: T2313). Anhydrous (99.8%)
chlorobenzene (284513 Sigma-Aldrich) was used as a solvent for
both the host material (P3HT) and the dopant (BCF). All solutions
were prepared in a controlled environment inside a nitrogen glove
box (O, and H,0O < 0.1 ppm).

Doping of P3HT was performed by solution mixing, where
specific volumes of BCF solution and P3HT solution (BCF
added to P3HT) were used to produce a certain dopant ratio.
The dopant ratio (A:B) in this work is defined as the ratio of
BCF molecules (A) to monomer units of P3HT (B). The absolute
concentration of the doped suspension was controlled by
controlling the respective concentration of the P3HT and BCF
solutions before mixing. The mixture was stirred for three days
prior to any characterization or film preparation. Thin films
were prepared by spin-coating at 700 rpm for 60 seconds, on
either solvent cleaned ITO (for XPS and SPM) or glass substrate
(for UV-Vis-NIR).

Filtering of suspensions was carried out using polytetra-
fluoroethylene (PTFE) membranes (¢ 15 mm) from Rotilabo™
with a pore size of either 200 nm (KC94.1) or 450 nm (KC95.1).

Characterization

PerkinElmers Lambda950 UV-Vis-NIR spectrophotometer was
used to collect the optical absorption spectra in dual beam mode.
The spectra were corrected with 100% transmission. Data were
measured with respect to the solvent (in the case of measurements
on solution) or the glass substrate (in the case of thin-films
measurement). All solution measurements were collected without
exposure to air. P3HT solution in dichloromethane (Fig. 1a) was
heated in a sealed cuvette using a hot plate operating at 80 °C.
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Fig. 1 Optical absorption spectra of ordered aggregates and individual
chains of re-P3HT. (a) undoped solutions in CB at room temperature
resembling individual chains (black), DCM at room temperature resembling
ordered aggregates (red), and DCM at 80 °C (blue) also resembling
individual chains. (b) BCF:re-P3HT (doped) highlighting the shape-change
of the polaron absorption feature in ordered aggregates in thin films (navy)
and solution in CB (green), versus for individual chains in filtered solution
(F450) in CB (purple) and non-filtered CB solution (2 mg ml™) at 100 °C.

thin film 1

Temperature dependent UV-Vis-NIR measurements of P3HT
solution in chlorobenzene (Fig. 1b and Fig. S3, ESIf) were
carried out in ambient air, using a Varian Cary 5000 spectro-
photometer fitted with a temperature controlled cuvette holder
TLC 50 by Quantum Northwest. The solutions were contained
in precision quartz cuvettes of 1 mm path length. The sample
was allowed to equilibrate at each temperature for ca. 10 minutes
before starting the measurement. The total time spent at each
temperature was approximately 18 minutes.

Scanning probe microscopy was carried out using a Bruker
Dimension Icon system. Surface topography was measured in
PeakForce-tapping mode using the Scan Assist module, using
ScanAsyst-Air cantilevers. Surface potential was measured using
the PeakForce-KPFM mode (frequency modulated) a lift height
of 60 nm. SCM-PIT cantilevers were used in KPFM measure-
ments. HOPG was used as a reference to estimate the work
function of the tips.

X-ray photoelectron spectroscopy (XPS) was conducted in
UHV (10~° mbar), using a JEOL JPS-9030 system with mono-
chromatic Al Ko radiation (1486.6 eV). S 2p high-resolution
spectra were recorded using a pass energy of 10 eV.

Results and discussion

At first, we compare the optical absorption of ordered aggre-
gates and solvated individual chains in undoped re-P3HT in
solution, to set the stage for the subsequent doping studies. As
mentioned in the introduction, aggregation of re-P3HT in
solution depends on the choice of solvent and/or temperature.
Accordingly, re-P3HT forms ordered aggregates in poor solvents,

This journal is © The Royal Society of Chemistry 2020
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such as dichloromethane (DCM) at room temperature,”® while it
is well solvated into individual chains in chlorobenzene (CB).>
Fig. 1a shows the corresponding differences in the absorption
spectra of neutral re-P3HT. The absorption of neutral individual
re-P3HT chains exhibits a broad feature centered at ~2.7 eV, as
seen for re-P3HT in CB at room temperature. In contrast, the
absorption spectrum of ordered aggregates in DCM shows well-
resolved peaks at 2.0 eV, 2.2 eV, and 2.4 eV in addition to a tail
towards higher energy. The red shift of the absorption peak
is ascribed to more exciton delocalization that accompanies
planarization of P3HT chains once formed into ordered aggre-
gates, which results in decreasing its energy."*>°* The absorption
fine structure results from the coupling between the electronic and
vibrational transitions in crystalline P3HT, as well as the inter-
chain coupling."*° Increasing the temperature of re-P3HT solution
in poor solvents increases solubility, and the re-P3HT aggregates
transform to individual chains. This can be seen in the spectrum
of re-P3HT in DCM measured at 80 °C in Fig. 1a, which is identical
to that of re-P3HT in CB at room temperature, (except for the
solvent-related shifts in energy position) and no fine structure
is observed due to inhomogeneous broadening,*® confirming
the presence of fully solvated re-P3HT chains.

Having re-iterated the key differences in the optical signatures
of neutral re-P3HT in aggregates and in solvated individual
chains, we compare the absorption spectra of doped re-P3HT in
these two structures. Fig. 1b shows the absorption spectra of
BCF:re-P3HT at a nominal dopant ratio of 1:4 (defined as the
number of BCF molecules per number of P3HT monomers) in
thin film and in CB solution. For both spectra, the region above
2.0 eV shows the absorption fine structure of ordered aggregates
of re-P3HT as seen in Fig. 1a. Re-P3HT thin films have been
reported to comprise aggregates in the form of relatively large
crystalline domains®*** formed during the spin-coating process.'®
Thus the similarity in the optical absorption of the neutral
re-P3HT (thin films and solution) indicates that similar neutral
ordered aggregates exist in BCF-doped re-P3HT solution as well.

Below 2.0 eV, the absorption of polarons in BCF:re-P3HT
(1:4) thin films and solution comprises the following features:
P1 at or even below 0.5 eV, as well as P2, at 1.3 eV and P2,
at 1.65 eV, as indicated in Fig. 1b. To remove the re-P3HT
aggregates from BCF:re-P3HT solution, we passed the solution
through a membrane filter having a pore size of 450 nm (F450)
(details in the experimental section). Aggregates larger than
450 nm are retained in the filter, while allowing the smaller
aggregates and individual chains to pass through with the
solvent; for the experimental conditions used here the solution
comprises predominantly solvated individual chains after fil-
tration. This process is accompanied by a color change of the
solution from black for the non-filtered doped solution to
orange after filtration as shown in Fig. S1 (ESI{). The absorp-
tion spectrum of the filtered solution (Fig. 1b) resembles that of
neutral re-P3HT individual chains above 2.0 eV (compared to
the solution spectra of undoped P3HT in Fig. 1a, both in CB at
room temperature and in DCM at 80 °C). This confirms that the
filtration process in our experiment results in the effective
removal of the aggregates and that individual re-P3HT chains

This journal is © The Royal Society of Chemistry 2020
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dominates in the filtered solution. The absorption of polarons
on the doped individual chains (filtered solutions) shows a
single P2 absorption feature centered at ~1.5 eV, and the P1
absorption feature at ~0.5 eV. This is distinctly different from
the double structured P2 transition (P2,;) observed for the
aggregates in thin films and in solutions, while no changes are
observed for the P1 transition (except for a possible slight
energy shift) due to the limited spectral range of our setup
towards lower energy. To further support the above assignment,
we dissolved the aggregates present in BCF:re-P3HT solution by
increasing the temperature. Absorption spectra of BCF: re-P3HT
(1:100) in CB which was heated up to 100 °C (in steps of 10 °C),
and subsequently during cooling back to room temperature, are
shown in Fig. S3 (ESIT). The solution was allowed to equilibrate
for 10 minutes at the targeted temperature before every measure-
ment step. As the solubility increases with the temperature,
the aggregates progressively transform into individual chains
of re-P3HT. This is evident by the disappearance of the fine
structure in the absorption of the neutral re-P3HT, and the
transformation of the polaron absorption from the P2,
double-features into the single P2 peak, which prevails at
temperatures higher than 70 °C. The latter is virtually identical
with the absorption of the filtered doped solution at room
temperature. The spectrum of BCF:re-P3HT (1:100) in CB
at 100 °C is shown in Fig. 1b for direct comparison. As the
solution cools down to room temperature, the individual chains
assembled into the ordered aggregates, and the typical spectrum
of ordered aggregates (both neutral and doped) is reproduced
(Fig. S3a, EST}).

Yet, to further substantiate our assignment, we measured
the optical absorption of BCF:ra-P3HT (1:4), where no aggre-
gate formation in solution is expected due to the randomly
linked hexyl side chains along the polymer (low percentage of
head-to-tail linkage).*** In Fig. S4a (ESIt), the optical absorp-
tion spectrum of BCF: ra-P3HT (1: 4) in solution shows a single
P2 absorption feature at 1.5 eV in addition to the P1 absorption
feature at 0.6 eV in agreement with our observation in the
absorption of individual chains of doped re-P3HT. The blue
shift of the P1 transition, as compared to re-P3HT, is most
likely due to the different electronic structure of these two
regioregularities of P3HT."” Furthermore, filtering the solution
of BCF:ra-P3HT did not change the absorption spectrum, as
shown in Fig. S4b (ESIf), ie., all individual chains (with
dopants) could pass through the filter.

The effect of the dopant ratio and absolute solution concen-
tration on aggregates for BCF : re-P3HT solutions is discussed next.
Fig. 2a shows the optical absorption spectra of BCF : re-P3HT in CB
as a function of dopant ratio, at a constant absolute concentration
of 1 mg ml~". Upon adding BCF solution to re-P3HT solution, an
intensity increase of the peaks at 2.0 eV and 2.2 eV (attributed
neutral ordered aggregates) is observed, accompanied with a
decrease of the peak at 2.7 eV (solvated neutral individual
chains)."”?%** Simultaneously, the polaron absorption grows in
intensity with increasing dopant ratio, and in all cases it comprises
P2, (1.3 eV) and P2, (1.65 eV), as well as P1 below 0.5 eV. These
spectral changes can be seen as a color change from clear
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Fig. 2 Optical absorption spectra of BCF:re-P3HT in CB at (a) different dopant ratios at an absolute concentration of 1 mg ml™%, and (b) different
absolute concentration at a dopant ratio 1:4. In (b), all spectra are normalized to the neutral P3HT absorption at 2.7 eV.

orange - characteristic of well dissolved re-P3HT - to brown,
and eventually black at high dopant ratios (higher than 1:40),
as shown in Fig. S1 (ESIt). These observations indicate that
doping-induced aggregation significantly increases the amount
of neutral as well as charged aggregates in solution, both
increasing with increasing dopant ratio. The simultaneous
increase in the absorption of the neutral aggregates (2.0 eV
and 2.2 eV) and of the doped aggregates (1.3 eV and 1.65 eV)
indicates that both charged and neutral phases co-exist. Fig. 2b
shows the optical absorption spectra of BCF:re-P3HT in CB at
constant dopant ratio (1:4) as a function of absolute concen-
tration. For all, similar absorption features are observed, with
characteristic aggregate features of both neutral and positively
charged re-P3HT. Notably, the only slight overall spectral
dependence on solution concentration indicates that the rela-
tive amounts of ordered aggregates (both neutral and positively
charged) compared to neutral solvated chains is constant in
this concentration range, and that this ratio is solely deter-
mined by the dopant ratio (compare Fig. 2a in the spectral
region above 2 eV).

Next, we investigate the effect of the dopant ratio and
absolute concentration on the apparent size of the aggregates
in solution. BCF : re-P3HT in CB - prepared with different dopant
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ratio and absolute solution concentration - was filtered sequen-
tially with two filters of decreasing pore size, namely 450 nm
(F450) and 200 nm (F200). Accordingly, the aggregates could
be classified based on their size into (i) larger than 450 nm,
(ii) between 450 nm and 200 nm (passing through F450 but
retained in F200), and (iii) smaller than 200 nm. Fig. 3a
compares the absorption spectra of BCF:re-P3HT (1:4 and
3 mg ml™ ') before and after filtration. Passing the solution
through F450 results in effective removal of the aggregates as
indicated by the disappearance of the peaks at 2.0 eV and
2.2 eV, and the change of the polaron absorption features from
the two peaks P2, , to the single peak P2. This indicates that in
such solutions the aggregates are mostly larger than 450 nm. In
contrast, for solutions with 1:10 dopant ratio and 3 mg ml™*
concentration, as well as 1:4 and 1 mg ml ™', the signatures
of the aggregates persist after filtering with F450, yet their
intensity is reduced, as seen in Fig. 3b and c, respectively.
Subsequent filtration with F200 leads to very effective removal
of aggregates, as apparent from the disappearance of the
neutral aggregates’ features and the P2, ;, polaron double peak.
This shows that the aggregates in BCF:re-P3HT solution pre-
pared at these conditions are mostly smaller than 450 nm but
larger than 200 nm. For lower dopant ratio at lower concentration,
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Fig. 3 Changes of optical absorption spectra of BCF : re-P3HT in CB upon filtration for absolute concentration of 3 mg ml~* and dopant ratios of (a) 1: 4
and (b) 1:10; and absolute concentration of 1 mg ml~* and dopant ratios of (c) 1:4 and (d) 1:10. All spectra are normalized to the absorption at 2.7 eV.
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the absorption features of aggregates persist even after using
the F200 filter, as seen in Fig. 3d for the dopant ratio 1:10, and
in Fig. S5 (ESIf) for 1:40 and 1:100 at an absolute concen-
tration of 1 mg ml™'. This indicates that a significant fraction
of aggregates is smaller than 200 nm. Accordingly, dopant
induced aggregates in BCF:re-P3HT solutions increase in size
with increasing the dopant ratio and/or the absolute concen-
tration. Furthermore, it was possible to induce aggregation
in the filtered solution again, upon adding more dopant (see
Fig. S6b, ESIY). Recalling that aggregation of re-P3HT in
solution is driven by lowering the solubility as discussed earlier,
we note that the average size of the aggregates increases with
both the dopant ratio and absolute concentration, due to the
doping induced decrease of solubility as the absolute amount
of charged re-P3HT chains/segments increases.

We attempted to dissolve the aggregates by diluting a
BCF: re-P3HT solution (initially 1:4 dopant ratio and 3 mg ml™"
concentration) by a factor of 1000. However, aggregates persisted
in solution, as shown in Fig. S7 (ESIf). The absorption
of polarons after dilution still showed the characteristic P2,,
features, but with decreased intensity, while the absorption from
re-P3HT indicated an increase of neutral individual chains as
compared to neutral aggregates. Yet, the presence of the
dopants in re-P3HT aggregates enhances aggregate stability
in solution. Comparing this to the effect of temperature
on BCF:re-P3HT solutions in CB (up to 100 °C) presented in
Fig. S3a (ESIT), we recall that polaron absorption changed from
the double P2, features to a single P2 peak already at 70 °C.
This was accompanied by a reduction of the neutral re-P3HT
aggregate signature, and was ascribed to improved solvation of
doped re-P3HT at elevated temperature.® The difference in
the observed behavior between increasing the solubility via
dilution and heating can be ascribed to the different depen-
dency of solubility on absolute concentration on one hand, or
temperature on the other hand. In addition, we speculate that
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12.0
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4.0
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0.0
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de-doping of the BCF:re-P3HT system at elevated temperature
may play a role, by acting as a pathway to dissolve the doped
aggregates followed by dopants binding to isolated chains in
solution, which can then re-aggregate once the solution cools
down to room temperature. Fig. S3b (ESIT) shows conductivity
measurements on BCF:re-P3HT thin films as a function of
temperature. Conductivity decreases for all dopant ratio at
80 °C, and is attributed to the de-doping of P3HT at this point.
The temperature at which de-doping occurs roughly agrees with
the temperature at which the double P2, }, polaron absorption
feature changes to a single P2 peak (Fig. S3a, ESIt). To assess
the impact of aggregates in solution on solution-processed thin
films, we compared the morphology obtained from scanning
force microscopy of BCF:re-P3HT (1:4) thin films prepared
from solutions with different absolute concentration, before
and after filtration (the concentration after filtration is certainly
lower than that of the pristine solution). The top row of Fig. 4
shows that the aggregates can already be observed in thin films
spin coated from solution with the lowest absolute concen-
tration (0.1 mg ml™ ). The apparent aggregates have the form of
~2 pm long and ~30 nm wide fibrils. When the absolute
concentration of the solution is increased to 1 mg ml™", we
observe an increased density of the aggregates (similar size to
the previous case), appearing as an interconnected network
of the fibrils. Further increasing the absolute concentration to
3 mg ml ™' results in a rather corrugated surface, where it is
hardly possible to discern individual fibrils. Overall features
seem around ~ 100 nm wide and they cover the entire surface,
which could be understood as many fibrils with arbitrary
orientation (now including the third dimension, ie., film
thickness) forming a dense network. The morphology of thin
films prepared from filtered solution using F450 is shown in
the bottom row of Fig. 4. Thin films prepared from 0.1 mg ml ™"
(F450) solution still show some aggregates in the form of fibrils,
but also smaller dot-like aggregates, in agreement with our

36.0 nm
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9.0 nm
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Fig. 4 Scanning force microscopy images of BCF : re-P3HT (1: 4) thin films spin coated from as-prepared (non-filtered) solutions with varying absolute

concentrations (top row), and after filtration using F450 (bottom row).
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findings from absorption spectra that smaller-sized aggregates
could pass through F450 (see Fig. S6a, ESIT). Thin films prepared
from filtered solutions with absolute concentrations of 1 mg ml™*
and 3 mg ml ' exhibit a comparably homogenous morphology
and smooth surfaces, albeit with some pinholes probably due to
the decreased concentration after filtration. Some protruding
features can be observed in films prepared from 1 mg ml "
(F450) solution, attributed to possible agglomeration of smaller
aggregates that could pass through F450 (Fig. Séa, ESIt).

The gradual appearance of the aggregates in thin films,
forming larger networks and followed by agglomeration
with the increase of absolute concentration of the solution, is
in line with our findings discussed for Fig. 3 and Fig. S6a (ESIT),
in which we found a direct dependency of the aggregate size
on absolute concentration of the BCF:re-P3HT solution. The
morphology of thin films prepared from filtered BCF:re-P3HT
solutions (bottom row in Fig. 4) reveales that the aggregates
observed in thin films prepared from non-filtered solution (top
row in Fig. 4) are primarily not due to aggregation during drying
of the film formation process, but predominantly from aggre-
gates that already existed in the solution prior to spin coating.

Having established the clear differentiation of aggregates
and individual chains in doped re-P3HT from optical absorp-
tion spectroscopy, we turn towards the effectiveness of doping
for these two different structures, here assessed through X-ray
photoelectron spectroscopy (XPS). We define the degree of
doping as the ratio of sulfur atoms experiencing the positive
charge (polaron) to the total number of sulfur atoms in P3HT.
Thin films (~10 nm) were coated on indium tin oxide (ITO)
substrates from non-filtered and filtered solutions (F200). Two
different dopant ratios are compared: (i) 1:4 (1 mg ml™") for
which filtration results in dominantly doped individual chains
in solution as established by optical absorption (Fig. 3c), and
(ii) 1:40 (1 mg ml™") in which doped aggregates still dominate
the solution after filtration according to the optical absorption
spectrum in Fig. S5a (ESIt). High-resolution scans of S 2p
energy region were collected and deconvoluted with two com-
ponents (each comprising the doublet of S 2p;z,, and S 2p,,).
The neutral sulfur component is centered at ~163.3 eV (S 2p3/,)
while the sulfur atoms with positive charge (within a polaron)
are shifted by 0.6 eV towards higher binding energy.***” Details
of the peak fitting are given in the ESI,T and the fitting parameters
are summarized in Table S1 (ESIT). Fig. 5 shows the accordingly
deconvoluted S 2p spectra along with the computed degree of
doping. Thin films coated from non-filtered BCF:re-P3HT (1:4),
exhibit a degree of doping of 17%. In contrast, thin films prepared
from the filtered solution, which contains mainly doped indivi-
dual chains, shows a degree of doping of 6% (~ 65% reduction of
positively charged sulfur). Apparently, the degree of doping is
significantly higher in ordered aggregates as compared to indivi-
dual chains of doped re-P3HT, which indicates that aggregates
should contribute more doping-induced charge carriers, in agree-
ment with previous art." For the lower dopant ratio of 1: 40, thin
films prepared from non-filtered and filtered solution show no
significant change in the degree of doping, since the aggregates
persist after filtration due to their smaller size. However, it is
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Fig. 5 XPS high-resolution S 2p spectra and the computed degree of
doping in BCF: re-P3HT thin films prepared from 1 mg ml~* solutions at
the indicated dopant ratios, before and after filtration using F200. All peak
maxima (S 2psz,) are set to zero for comparison. All films were prepared by
spin coating except for 1:4 F200, which was drop casted, since obtaining
films of sufficient coverage was not possible with spin coating.

expected that some of the aggregates are of larger size and thus
are removed by F200 as shown in Fig. S5 (ESIt). Thus, the fact
that the degree of doping barely changed upon filtering the
1:40 solution indicates that the dopant loading in the aggre-
gates is independent of their size. Furthermore, we observed a
lower work function (obtained from the measured contact
potential difference by Kelvin-probe force microscopy) for thin
films without aggregates compared to those with aggregates
(see Fig. S8, ESIt). This observation is fully in line with the
lower degree of doping of individual chains.

Finally, we discuss the possible origin of the double-peak
features P2, , in doped aggregates of re-P3HT as contrasted to
the single absorption feature P2 found in doped individual
chains. The absorption of neutral individual chains of re-P3HT
features a broad peak at ~2.7 eV, stemming from the first
n — n* electronic transition, coupled with vibrational excita-
tions, which remain spectrally unresolved due to conforma-
tional disorder. Similarly, we observed the absorption of the
polarons on doped individual chains to comprise a single broad
feature at ~ 1.5 eV, originating from the electronic transition P2.
In contrast, the absorption of neutral aggregates of re-P3HT
shows a fine structure of well-resolved peaks, at 2.0 eV, 2.2 eV,
and 2.4 eV, resulting from the fundamental electronic transition
in coupled chains and coupled to vibrations. Doped aggregates
exhibit two absorption features P2, (1.3 eV) and P2;, (1.65 eV),
which plausibly could also involve inter-chain coupling and/or
coupling to a dominant vibration. However, we observe that
the separation between P2, and P2, (~350 meV) is rather
large compared to the aromatic vibrations of thiophene®®

This journal is © The Royal Society of Chemistry 2020
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(<200 meV), making it unlikely that this splitting is due to
vibrational progression only. Additionally, we exclude the possibility
of assigning these features to electronic transitions related to the
formation of bipolarons. Our XPS quantitative analysis, indicates
that for films prepared from non-filtered doped BCF: P3HT solution
(1:4), one polaron exists per ca. 24 monomer units (Table S2, ESIT).
At such low density of polarons, the formation of stable bipolarons is
unlikely since it requires two polarons to form on a chain shorter
than seven monomer units.**® Furthermore, bipolarons are
accompanied with electronic states deeper in the band gap of
P3HT as compared to polarons, due to larger geometric relaxa-
tion in the polymer chain.* Accordingly, optical absorption peaks
due to bipolarons are expected to be red shifted as compared to
those of polaron related absorption. Indeed, this has been
experimentally observed in chemically*® and electrochemically®
doped P3HT. In addition, it was confirmed that BCF doped
P3HT forms mainly polarons using electron paramagnetic reso-
nance spectroscopy, where the optical absorption spectra have
shown both of the two absorption features, P2, and P2,.® We
may thus consider Davydov splitting as the origin of the observed
splitting. Here, the interaction of adjacent polymer chains in
ordered crystals where the unit cell is comprised of dimers,
could indeed result in a double-peak in the absorption spectrum.
Previous studies on the crystalline structure of undoped P3HT
revealed unit cells comprised of two P3HT chains.**™** Structural
studies on FATCNQ doped re-P3HT have shown that the n-n
packing distance decreases in a mixed crystalline phase.'®**
Jacobs et al. recently reported that the lamellar packing distance
also decreases along with the n-n packing distance upon doping
under certain processing conditions, in unit cells containing two
doped P3HT chains. These structural studies, despite being done
on different doped systems, support the possibility of Davydov
splitting in the ordered aggregates of doped re-P3HT. Calculations
of the Davydov splitting in oligothiophene molecular crystals were
reported to be in the range of 0.3-0.6 eV, depending on the number
of the monomers, as well as the size of the aggregates.* "
Accordingly, we suggest that the absorption features P2, and P2,
in the aggregates could originate from Davydov splitting of high-
energy polaron transition P2 in re-P3HT.

Conclusion

In conclusion, we reveal that doping of re-P3HT with BCF in
solution results in the formation of a suspension, in which
doped ordered aggregates and doped individual chains coexist,
but aggregates predominate at commonly employed processing
conditions. The optical signatures of polarons in these two
structures were identified by physical separation using filtra-
tion. Polarons in aggregates of re-P3HT, both in thin films and
solution, exhibit three absorption peaks, namely, P2, at 1.3 eV
and P2, at 1.65 eV, in addition to P1 below 0.5 eV. In contrast,
polarons on individual P3HT chains show only two absorption
peaks, ie., P2 at 1.5 eV and P1 at ca. 0.5 eV. The presence of
dopants enhances the stability of the aggregates in solution,
which increase in size with both dopant concentration and the

This journal is © The Royal Society of Chemistry 2020
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absolute solution concentration. Solution heating dissolves
aggregates, but they re-form upon cooling to room temperature.
Ordered aggregates are shown to have higher affinity to doping
as compared to individual chains. The presented study provides
a reliable basis for spectroscopic characterization of the struc-
ture of doped P3HT in solution, a fundamental understanding
of the dopant induced aggregation process, and the influence
of the solution preparation conditions. This insight is essential
for controlling the size of aggregates along with the doping
efficiency in thin films as used in devices. Understanding
solution aggregation of doped conjugated polymers and its
impact on thin film properties is thus generally essential, when
optimized performance and highest reproducibility are aimed at.
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