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Spark Discharge Doping—Achieving Unprecedented
Control over Aggregate Fraction and Backbone Ordering

in Poly(3-hexylthiophene) Solutions

Fabian Eller, Felix A. Wenzel, Richard Hildner, Remco W. A. Havenith,

and Eva M. Herzig*

The properties of semiconducting polymers are strongly influenced by their
aggregation behavior, that is, their aggregate fraction and backbone planarity.
However, tuning these properties, particularly the backbone planarity, is
challenging. This work introduces a novel solution treatment to precisely
control the aggregation of semiconducting polymers, namely current-induced
doping (CID). It utilizes spark discharges between two electrodes immersed
in a polymer solution to create strong electrical currents resulting in tempo-
rary doping of the polymer. Rapid doping-induced aggregation occurs upon
every treatment step for the semiconducting model-polymer poly(3-hexylth-
iophene). Therefore, the aggregate fraction in solution can be precisely tuned
up to a maximum value determined by the solubility of the doped state. A
qualitative model for the dependences of the achievable aggregate fraction
on the CID treatment strength and various solution parameters is presented.
Moreover, the CID treatment can yield an extraordinarily high quality of
backbone order and planarization, expressed in UV-vis absorption spectros-
copy and differential scanning calorimetry measurements. Depending on

the selected parameters, an arbitrarily lower backbone order can be chosen
using the CID treatment, allowing for maximum control of aggregation. This
method may become an elegant pathway to finely tune aggregation and solid-
state morphology for thin-films of semiconducting polymers.

particularly intensive work is done on
polymer aggregation as it paves the way
toward efficient charge transport.'™
Moreover, the altered aggregate absorp-
tion spectrum enables harvesting a
broader spectral range of light. The most
common ways of influencing aggrega-
tion are thermal annealing, solvent vapor
annealing, processing from a mixture of
good solvents with fractions of marginal
or poor solvents, and using other solvent
additives.’®) Some of these methods
are post-treatment steps for the dried
film, while others modify the aggrega-
tion behavior during the drying process.
Complexity further increases moving
from single materials to multi-component
blends. Therefore, it is desirable to obtain
a well-defined aggregation state already in
solution before blending of materials and
further processing.

Poor solvent additives have success-
fully been used to induce pre-aggregation.
However, this pre-aggregation has limited
control, because such additives can have
further effects, like gel formation, and the

1. Introduction

A major branch of organic semiconductor research deals
with understanding and optimizing morphology. In this field,

quality of backbone order is often reduced due to the lower sol-
vent quality.’2l The reason for the associated lower backbone
ordering is linked to the different mechanisms responsible
for the ordering in different molecular directions: backbone
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ordering, side-chain ordering, and 77 stacking.®! Depending
on the driving forces of the aggregation process, different direc-
tions of molecular ordering contribute to a different extent, ena-
bling a higher quality of order in one direction at the cost of the
quality of order in one or both other directions.* As trans-
port properties are mostly influenced by backbone ordering, an
aggregation mechanism leading to a high quality of backbone
order is of interest.

Doping-induced aggregation can lead to pre-aggregation in
solution with the desired high quality of backbone order. Mole-
cular doping results in backbone planarization, which then
transfers to the high quality of backbone order in the produced
aggregates.” Usually, doping is achieved by adding dopant
molecules to the polymer solution, for example, FATCNQ
(2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane). A charge
transfer between the dopant and the polymer occurs, and
the dopant counterions subsequently remain in the solu-
tion and also in produced thin films, permanently doping the
system.[>-1]

In some cases, permanent doping is desired. However, the
most suitable dopant amount for aggregation control and per-
manent doping is not necessarily identical. Thus, decoupling
doping-induced aggregation from permanent doping would be
highly beneficial.

Here, we present an approach to exploit doping-induced
aggregation without permanently doping the material
system. Using this novel current-induced doping (CID)
treatment allows us to achieve temporary doping of the
polymers leading to an accompanying temporary change of
solubility. We demonstrate that this electronic solution treat-
ment works in a wide variety of solvents, including green
solvents, and does not require any chemical additives. The
CID treatment allows for the systematic control of the aggre-
gate fraction as well as the quality of backbone order of the
semiconducting polymer poly(3-hexylthiophene) (P3HT) in
solution.

www.small-journal.com

2. Temporary Doping for Aggregation Control

In general, for aggregation to occur, the backbone of a polymer
needs to straighten before folding or attaching to an existing
aggregate.l?l A doping-induced aggregation pathway known
from the literature occurs according to the steps shown in
Figure 1c: The charge induced by the dopant influences the
rigidity of the backbone and decreases the solubility in non-
polar organic solvents compared to the neutral polymer.16171%]
Hence, after planarization, the chain folds and forms a
single-chain aggregate where the charge is delocalized in the
conjugated system and stabilized via 77 stacking.'! This
single-chain aggregate can act as a nucleating site for neutral
chains stabilizing the charged aggregate further through addi-
tional 77 interactions.[]

In this paper, we actively aim to exploit this mechanism by
temporarily charging some of the backbones electronically.
To achieve a uniform charge distribution on the backbone in
order to examine the general principle of this doping mecha-
nism, we choose a highly investigated conjugated homopol-
ymer, namely the model polymer P3HT. Using simulations,
we demonstrate that doping this backbone results in the pla-
narization step necessary for aggregation. Density functional
theory (DFT) simulations show that dihedral rotation between
two P3HT monomers is suppressed due to a strongly increased
energy barrier when positive charge is added to the mono-
mers (Figure 1a). This results in the planarization of a doped
backbone section.

2.1. Proposed Process
To gain specific aggregation control, we choose a process
that allows us to temporarily dope a fraction of the poly-

mers within a solution. We achieve this with a strong cur-
rent through the polymer solution. As displayed in Figure 1b,
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Figure 1. a) Simulation results of energetic profiles (shifted to minimum energy at 180°) upon rotating the dihedral angle between two 3-methyl-
thiophene monomers. The energetic profiles were obtained with DFTB3 simulations and rescaled with the more precise energy barriers obtained
from DFT simulations (more details in the Experimental Section and Table S1, Supporting Information). The inserted molecular structures
visualize a part of the simulated molecules (consisting of four monomers) at 90° and 180°. b) Schematic diagram of the experimental setup
for CID treatment consisting of two tungsten wires connected to a charged capacitor. The field strength between the wires is increased above
the breakdown field strength for a spark discharge to occur. This spark results in the doping and, hence, planarization of a polymer chain.
) In doping-induced aggregation, the doped chain (red) can fold and act as a nucleating site for neutral chains (black) to form highly ordered

aggregates.['®]
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we approach two tungsten wires within our polymer solution
connected to a charged capacitor. When the distance between
the wires in solution is decreased sufficiently that the elec-
tric field strength between the two electrodes is increased
above the breakdown field strength, a conductive channel
builds up, consisting of ionized solvent and polymer.?!l The
strong current flow locally induces evaporation in a small
volume around the conductive channel due to Joule heating.
This rapid expansion of the evaporating solvent then mixes
the solution. Hence, the charged polymer and other ions
and radicals generated in the conductive channel are spread
across the complete solution. The ion and radical species
depend on the solvent, but they are reliably produced, regard-
less of the solvent. The charged, that is, doped, polymer can
start doping-induced aggregation in the complete volume.
Moreover, certain ions and radicals can act as dopants and
dope further polymer chains increasing the effect. It has to
be noted that there may be more than one charge on some of
the polymer chains. The doping and resulting aggregation are
both demonstrated in the absorption spectra upon CID treat-
ment of P3HT in chloroform (CF). The doped chains give
rise to a polaron signature in the low energy region, and the
aggregation changes the absorption in the visible region, see
Figure Sla, Supporting Information. After the termination
of the current and, therefore, also of the energy input, the
ionization and radical generation are stopped. The remaining
ions and radicals recombine again with counterions and
other radicals to neutral non-reactive products. With time the
excess charge dissipates in the system and, thus, the doping
process and the aggregation stop.

This way, we achieve a fast, temporary, and additive-free
doping-induced aggregation of the prototypical semiconducting
polymer P3HT.

www.small-journal.com

3. Controlled Increase of Aggregate Fraction

To demonstrate the range of control available with the pro-
posed CID, we systematically investigate the aggregation pro-
cess and the resulting aggregates as a function of experimental
parameters.

Carrying out the CID treatment repeatedly, we can demon-
strate a systematic increase in aggregate fraction and analyze
the produced aggregates. Figure 2a shows solution spectra of
12 mg mL™! P3HT in CF solutions with an increasing number
of identical CID treatment steps. Every additional treatment
step leads to an increased aggregate absorption, which can
be clearly identified by the A; and A, peaks in the range of
1.9-2.3 eV (related to the 0-0 and 0-1 vibronic transi-
tions of non-aggregated P3HT). To determine the increasing
aggregate fraction, we used the approach of scaling an amor-
phous spectrum to the high-energy shoulder of the obtained
absorption spectra at 22.6 eV, fitting the A—As peaks to the
remaining fraction of the spectra and considering the different
molar extinction coefficients of the amorphous and aggregated
P3HT (details in Experimental Section).?223] Figure 2b and fur-
ther data in Figure 5 demonstrate that in this experiment, the
aggregate fraction in solution could be tuned between 0% to at
least about 57%, which is a typical value for aggregate fractions
in thin films.?*?! Two references for P3HT without CID treat-
ment are provided, namely, 12 mg mL™ P3HT in CF solutions
were 1) left for 25 days at 20 °C (time-induced aggregation) and
2) cooled for 65 min at —18 °C (temperature-induced aggre-
gation), see Figure 2b, blue and green dots. Both procedures
yielded aggregate fractions of 2.4% and 5.1%, respectively,
which meet the expectations in the good solvent CF.[¢]

The aggregate fraction is further influenced by several dif-
ferent parameters. We systematically studied the effect of
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Figure 2. a) Normalized absorption spectra of 12 mg mL™" P3HT in chloroform (CF) solutions with an increasing number of spark treatment steps
(from yellow (untreated) to purple (highest number of treatment steps); capacitor charged with 300 V). b,c,e) Results of fitting the vibronic structure
(A and A, first two peaks; details in Experimental Section) in spectra from (a) and reference spectra of 12 mg mL™ P3HT: 1) left for 25 days at 20 °C
(time-induced aggregation) and 2) cooled for 65 min at —18 °C (temperature-induced aggregation). b) Minimum aggregate fraction, c) A; peak posi-
tion, and e) ratio between peak amplitudes of the A, to A, peak. d) Thermogram of the first DSC heating cycle of 12 mg mL™ P3HT in CF vacuum-dried
solutions with CID treatment (purple) and reference without treatment (orange).

Small 2023, 19, 2207537 2207537 (3 of 10)

© 2023 The Authors. Small published by Wiley-VCH GmbH

85UB01 7 SUOLUWIOD aA11e81D) 3|qeoldde ay) Aq peuenob aJe sooiLe VO '8sn JO Son. 1oy Aleid1T8UIIUQ AB]1AA UO (SUONIPUO-PUR-SWUIB)ALIOD™ A8 | 1M Afe.d|Bul [UO//STIY) SUORIPUOD pue SWie 1 84} 88S *[£202/50/0€] Uo Akeiqiauliuo AB|Im 1eyseANSy [k Xeeuiolqig Aq 2£5202202 IWS/200T OT/I0p/wodAe | Ake.q i pul|uo//:sdiy woiy papeojumoq ‘Tz ‘€202 ‘62898T9T



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

Temperature
(b) 40°C

i
20 |

60 T n

0 — .
0 25 0 50 0 25
Number of CID steps

Aggregate fraction [%]

Treatment strength

p 60 T @300V | 450v | 600V

S ! !

g 401 | P ki
© i i

s LS

() ; :

S | | .

< 0 50 100 150 200

Number of CID steps

Figure 3. Fit results from associated UV-vis measurements: aggregate frac-
tion in dependency of the number of spark treatment steps for 2 mg mL™
P3HT in tetrahydrofuran (THF) solutions; a—c) with fixed treatment
strength (capacitor charged with 600 V), but different temperatures:
a) 50 °C, b) 40 °C, and c) 30 °C; d) with the same temperature (40 °C)
but consecutively increasing voltage for charging the capacitor from 300
(yellow) to 450 V (pink) and finally 600 V (purple).

temperature, polymer concentration, solvent, poor solvent addi-
tion, and CID treatment strength on the achievable aggregate
fraction. In Figure 3a-c, the aggregate fractions upon CID
treatments with 600 V discharges at three different tempera-
tures of 2 mg mL™! P3HT in tetrahydrofuran (THF) solutions
are displayed. At all three temperatures, we observe the same
general trend. The first CID steps result in a rapid increase in
the aggregate fraction. However, the effect due to further CID
steps is getting weaker, and a constant value for the aggregate
fraction is approached, which we will refer to as the maximum
achievable aggregate fraction under a specific set of conditions.
This maximum value increases with decreasing temperature.
At 30 °C, an aggregate fraction of up to 53% can be achieved,
while it is 39% at 40 °C and only 27% at 50 °C. In other words,
an aggregate fraction below 27% can be achieved with all three
tested temperatures by adjusting the number of treatment
steps. However, a lower temperature must be chosen to reach
higher aggregate fractions.

Moreover, we increase the treatment strength in a 2 mg mL™!
P3HT in THF solution at 40 °C by increasing the voltage for
charging the capacitor. With a higher charging voltage, more
charge is stored on the capacitor for the spark discharge, and
the breakdown field strength is already reached at a larger dis-
tance between the two wires. In Figure 3d, the capacitor was at
first charged with a voltage of 300 V, resulting in the aggregate
fraction leveling off at only 12%. Increasing the voltage to 450 V,
the stronger treatment strength increases the achievable aggre-

Small 2023, 19, 2207537 2207537 (4 of 10)

www.small-journal.com

gate fraction up to 36%. Still on the same solution, the voltage
was further increased to 600 V, yielding another increase in
the achievable aggregate fraction of up to 46%. Apart from this
consecutively increased treatment strength, it is also possible to
use one fixed treatment strength (600 V in Figure 3b), resulting
in a systematic but not identical increase in aggregate fraction.

We also tested the impact of the polymer concentration and
the poor solvent content (see Figure S2, Supporting Informa-
tion) on the achievable aggregate fractions. The maximum
value increases with the polymer concentration and the content
of the poor solvent.

4. Quality and Tunability of Backbone Order

While the aggregate fractions can be tuned over a wide range
using consecutively increasing as well as a fixed treatment
strength, the quality of backbone order is also of great interest
in organic electronics. From the absorption spectroscopy data,
we can extract information on aggregate properties. The peak
positions of the A; absorption and the peak ratios between
the A; and A, peaks of the aggregates (obtained from the cor-
responding fits) reveal information on the quality of backbone
order. Compared to the reference samples, the peak positions
of the A; peak (lower energy peak) show a clear redshift by
>10 meV (Figure 2c). This shift can be attributed to a higher
conjugation length and, thus, to a more planar polymer back-
bone within the aggregates.[’~2

The conclusion on the higher backbone ordering for CID
aggregates is further supported by the relative changes of the
peak ratios between the A; and A, peaks, where the CID aggre-
gation leads to the highest peak ratios of up to 1.16, Figure 2e.
A higher peak ratio results from smaller inter-chain electronic
couplings, which result from larger conjugation lengths,
and, thus, more planar backbones of the n-stacked polymer
chains.[#:30-32

For subsequent CID steps, the peak ratios between the A,
and A, peaks show a decay with increasing treatment strength.
This indicates that the quality of backbone order is slightly
decreasing with an increasing number of treatment steps.

The enhanced backbone planarization is further supported
by the strong stability of the aggregates revealed by differential
scanning calorimetry (DSC) measurements on vacuum-dried
polymer solutions. The thermogram of the first heating cycle
(Figure 2d) reveals the melting peak of the material with CID
treatment at 248.7 °C. This melting peak is with 8.8 °C signifi-
cantly higher than the melting peak of the untreated reference
material at 239.9 °C, which was processed identically except for
the CID steps. A peak at 248.7 °C is a surprisingly high value
for P3HT. Usually, from the position of the melting peaks,
it is possible to calculate £, the number of repeating units
of the polymer along the chain axis, based on the following
relationship®*!

a-T?
= m 1
¢ T 10 1

T is the melting temperature of a P3HT crystal of infinite size
and ais an experimentally derived constant. Snyder etal. obtained
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from their study of short P3HT chains without chain folding
and oligomers T, = (545 + 6) K (272 °C) and a = 5.4 £ 0.5.133
Using these values and setting the results in relation to litera-
ture values of lamellar widths, we can assume an increase in
lamellar width of at least 309.3*3% This indicates that the pla-
narized parts of the involved backbones need to be significantly
longer for the CID-treated P3HT.

Similar results can be achieved by investigating solutions of
CID-treated and reference P3HT in CF. Upon heating, the ref-
erence P3HT dissolves in CF at around 40 °C, while the P3HT
with CID treatment can only be entirely dissolved in CF under
sealed conditions at about 80 °C (see Supporting Information).

Re-dissolved P3HT solutions with CID treatment possess
a nearly identical molecular weight distribution compared to
untreated solutions (Figure S3, Supporting Information). In
addition, the second heating curves of the CID-treated sample
and the reference feature an almost identical melting peak
(Figure S4, Supporting Information). Furthermore, the fact that
the CID-treated P3HT can be completely re-dissolved demon-
strates the reversibility of the CID treatment. This treatment
only forms improved aggregates but does not significantly alter
the chemical structure of the polymers permanently.

4.1. Role of Treatment Protocol

Evaluating the absorption spectroscopy data of the experiments
with variation in treatment protocol from Figure 3 reveals
further information on the formation process. The results in
Figure 4a show the general tendency that after a range of rela-
tively constant quality of backbone order, that is, constant A,
peak position, at intermediate aggregate fractions, the quality of
backbone order decreases at high aggregate fractions, reflected

> (a)consecutive:: 300V=+e450V->e600V
2, k2 fixed strength: 600V -
c ioi
:g 202519 & _-.;qﬁ =
7] e
9 W =
Q -k, - B m
x [ ] m - - L -%W - -'--
§ 2.020 - Loduet s
Q.
<‘_ T T T T
1.1
(b)
1.0 { e RS T m e,
f %"**“ o '="-1.

0 10 20 30 40
Aggregate fraction [%]

Figure 4. Fit results from associated UV-vis measurements: a) A; peak
position and b) peak amplitude ratio between A; peak and A, peak
obtained from fitting the vibronic structure from the spectra of the experi-
ments in Figure 3b,d (same color code used).
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in the blueshift of the A; peak. This decrease is more pro-
nounced and sets in at lower aggregate fractions for the treat-
ment with consecutively increasing strength. At low aggregate
fractions, a higher quality of backbone order can be achieved
with lower treatment strength (300 V treatment vs 600 V treat-
ment). The values for the A, to A, peak ratio in Figure 4b, with
an initial plateau and a decreasing trend for higher aggregate
fractions, support the same conclusion for the impact of the
consecutively increasing and fixed treatment strength on the
backbone ordering.

Therefore, we can conclude that a lower treatment strength
is beneficial at low aggregate fractions, however, limiting the
achievable range of aggregate fractions. For high aggregate frac-
tions, a higher fixed treatment strength yields a better aggregate
quality than the consecutively increasing treatment strength.

4.2. Role of Solvent

The CID treatment allows inducing aggregation in various sol-
vents, including green solvents. We examined the CID treat-
ment in the following solvents: chloroform (CF), toluene (TOL),
o-xylene (OX), tetrahydrofuran (THF), and various mixing ratios
of OX and the poor solvent acetonitrile (ACN). For all tested sol-
vents, control over the aggregate fraction can be realized. The
main changes between the solvents are systematic differences in
the quality of the backbone order. In Figure 5a,b, we summarize

CF oTOL «OX eTHF eOX + ACN mixtures

2.04 - (3) T m
by - - g AP
e, 1 g ot i,
2.02 A 2k, s
R il

2.00 A

A, peak position [eV]

Aggregate fraction [%]

Figure 5. Fit results from associated UV—vis measurements: a) A; peak
position and b) ratio of the peak amplitudes between the A, peak and the
A, peak obtained from fitting the vibronic structure from more than 600
individual spectra obtained in more than 30 independent CID treatments
series. The data are categorized by the used solvents: chloroform (CF,
black), toluene (TOL, blue), o-xylene (OX, orange), tetrahydrofuran (THF,
red), and various mixing ratios of o-xylene and acetonitrile (OX + ACN
mixtures, purple).
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the results of fitting more than 600 spectra obtained in more than
30 independent CID treatment series, mainly using various non-
chlorinated solvents. All datasets from one solvent are shown in
a single color. The A; peak position, as well as the peak ratios
of the absorption spectroscopy data, shows the same systematic
tendencies: The quality of the backbone order is decreasing at
high aggregate fractions after relatively constant values at inter-
mediate and low aggregate fractions. Aggregates in CF possess
an exceptionally high quality of backbone order. For the other
solvents, the overall quality of backbone order can be corre-
lated with the polarity of the solvents. A high Hansen polarity
parameter g, indicates a high solvent polarity. While o-xylene
(0 = 1.0 MPa) and toluene (4, = 1.4 MPa) have the lowest polarity,
they show the highest backbone ordering, THF (g, = 5.7 MPa)
shows a lower backbone ordering.* The ACN (8, = 18.0 MPa)
admixture to OX further boosts the solvent polarity and results in
the lowest quality of backbone order.B®!

5. Discussion

5.1. Aggregate Formation

Examining CID in CF (see Figures 2 and 5), we showed that
direct control of the aggregate fraction between 0% and at
least about 57% could be achieved with the CID treatment.
The extracted information on backbone ordering supports our
assumed model for aggregate formation because high-quality
aggregates are formed particularly for the initial CID steps,
which is shown in a clear redshift of the A; peak, a high A; to A,
peak ratio, and the strong shift to higher melting temperatures
in DSC (Figure 2c—e). Combined with the apparent polaron
absorption (Figure S1, Supporting Information), we conclude
that the backbone’s planarization occurs due to doping. Those
more planar chains are then incorporated into aggregates,
explaining the high planarity in the aggregates. Moreover, the
increased backbone stiffness upon doping observed in the
simulations in Figure la supports suppressed chain folding
resulting in a more extended lamellar width.

In general, each CID step results in further aggregation
events. Initially, mainly the long and defect-free chains aggre-
gate.'037-39 Subsequent treatment steps induce aggregates with
lower quality, gradually decreasing the observed average quality
of backbone order since more and more chain-ends and regio-
defects must be incorporated, which causes torsional disorder
along P3HT backbones within aggregates.

5.2. Tunability of Aggregate Fraction

The simplest way to control the aggregate fraction is by moni-
toring the aggregate fraction with UV-vis absorption spec-
troscopy and stopping the spark treatment when the desired
aggregate fraction is achieved. In our measurements, we always
observe the same characteristic dependence of the aggregate
fraction on the number of treatment steps: the initial sub-
stantial increase of aggregate fraction is slowed down until it
reaches a plateau at a specific constant aggregate fraction (Fig-
ures 2 and 3). Assuming that under fixed processing condi-

Small 2023, 19, 2207537 2207537 (6 of 10)

www.small-journal.com

tions with a fixed CID treatment strength, a specific fraction of
the polymer can be aggregated, this general tendency can be
explained purely statistically. A certain portion of the polymer
chains gets doped upon a CID treatment step. A fraction of
these doped chains starts to aggregate, while another fraction
does not aggregate because it cannot form aggregates under
the chosen conditions (e.g., defects hampering the aggrega-
tion or tie-chains between aggregates). A third fraction of the
doped chains does not aggregate because it is already aggre-
gated. With increasing aggregate fraction, the third fraction
of the already aggregated chains grows at the cost of the first
fraction of chains that can be aggregated. Thus, the aggregation
rate decreases with every treatment step until it is 0 because all
chains that can be aggregated under the given conditions are
already aggregated.

In Figure 3 as well as in Figure S2, Supporting Information,
we could demonstrate that by carrying out CID for selected
solution parameters (temperature, concentration, and poor sol-
vent additive), we reach a specific achievable aggregate fraction,
that is, the level of the plateau reached after sufficient treat-
ment steps. However, the plateau does depend on the treatment
strength. To explain the dependencies of the achievable aggre-
gate fraction using CID treatment, we extend the literature
models for disorder—order transitions of neutral polymers by a
further dimension.

Temperature-induced disorder-order transitions in semicon-
ducting polymers are widely studied.?%340-5] When the tem-
perature of a polymer solution is decreased, the solvent quality
decreases, and thus the polymer’s solubility decreases accord-
ingly. Upon reducing the temperature, P3HT undergoes a dis-
order—order transition from a random coil via a planarized coil
and a disordered aggregate to a planarized aggregate and pos-
sibly a crystallized aggregate.?”! The temperature acts as a para-
meter controlling the solubility, where for lower solubility, less
material is in an amorphous random coil phase and increas-
ingly more material in an aggregated phase.l?>/l Other param-
eters, such as, for example, poor solvent content and polymer
concentration, can have a similar effect, and also other poly-
mers undergo similar disorder—order transitions.10-12:2040-46]
In the following, we will refer to the parameters influencing the
solubility, like the polymer concentration, poor solvent concen-
tration, and temperature as solubility parameters.

The clear polaron signature in Figure Sla, Supporting Infor-
mation, suggests that the strong current flow induced by the
CID treatment leads to doping (charging) of the polymer.
The solubility of charged polymers is lower compared to the
corresponding neutral polymers in the nonpolar organic sol-
vents generally used for semiconducting polymers.1®7% Also,
increasing the doping ratio further reduces the polymer’s
solubility.'® With a stronger CID treatment, more current is
flowing, and we can expect on the one hand a higher number
of doped chains and on the other hand higher doping ratios
of single chains. Thus, more chains can be aggregated and
there is a lower solubility. Therefore, the solubility during CID
processing is a) a function of solubility parameters discussed
in the previous paragraph and b) a function of the treat-
ment strength. For simplicity, we consider only one solubility
parameter in the following, but more could be considered
analogously.
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Figure 6. a) Sketch of a qualitative 2D parameter space map displaying the achievable aggregate fraction (plateau reached after sufficient treatment
steps) color-coded from yellow (fully amorphous/no aggregation achievable) to purple (high aggregate fraction achievable) as a function of the treat-
ment strength and a solubility parameter. b) Exemplary jumps for spark treatments from Figure 3a—c) with the same treatment strength (capacitor
charged with 600 V) at different temperatures (30 °C, 40 °C, and 50 °C) and c) from Figure 3d at the same temperature (40 °C), but consecutively
increasing treatment strength (capacitor charged with 300 V, then increased to 450 and 600 V).

Using the solubility parameter as one dimension and the
treatment strength as a further dimension, we draw a qualita-
tive 2D parameter space map (scale of solubility and treatment
strength qualitative). In this 2D parameter space, the achievable
aggregate fraction (plateau reached after sufficient treatment
steps) can be displayed as a measure of solubility. The lower
the solubility is, the higher the achievable aggregate fraction.
In Figure 6a, such a 2D map is sketched. The achievable aggre-
gate fraction is color coded from yellow (fully amorphous/
no aggregation achievable) to purple (high aggregate frac-
tion achievable). The polymer is nearly fully amorphous with
a high solubility parameter and low treatment strength.*! By
decreasing the solubility parameter and/or increasing the treat-
ment strength, an increasing aggregate fraction is achievable.

On this basis, the measurements in Figure 3 can be discussed.
Without CID treatment, the accessible parameter space is the
ordinate at 0 treatment strength. Conducting the CID treatment
temporarily charging the polymer leads to a temporary, horizontal
shift in the qualitative 2D map from 0 treatment strength to a
specific treatment strength. These jumps in parameter space are
sketched in Figure 6b for three different temperatures (=at three
different solubility parameters) representing the measurements
in Figure 3a—c. With identical treatment strength, there is always
the same horizontal jump. In the example here (Figure 6b), the
starting point of the transition is vertically shifted due to car-
rying out the treatment at different solubility parameters (by
using different temperatures). Only minimal aggregation occurs
at the starting point for all three sketched temperatures (e.g.,
first absorption spectrum in Figure 2a). However, with the CID
treatment, the now charged polymer temporarily experiences an
environment with higher aggregation tendency leading to signifi-
cant aggregate fractions for repeated CID treatments. The largest
aggregate fractions from Figure 3a—c are achieved at 30 °C, fol-
lowed by 40 °C, and the lowest at 50 °C, because the jump occurs
into a region with larger (30 °C) or smaller (50 °C) aggregation
tendency as seen from the 2D parameter space maps. The aggre-
gates are still stable at the initial condition since only the forma-
tion is suppressed at that condition and not the final state.
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Analogous 2D maps of the achievable aggregate fraction with
the spark treatment can also be drawn in dependence on other
solubility parameters as, for example, poor solvent content or
polymer concentration, as shown in Figure S5, Supporting
Information. It is important to note that there are also condi-
tions where no aggregation occurs upon CID treatment (e.g., in
Figure S2c, Supporting Information).

The 2D parameter space maps also explain the aggregation
behavior if the solubility parameter is kept constant and the
treatment strength is adjusted. Figure 6¢ shows the induced
jumps in parameter space with different CID treatment
strengths (data in Figure 3d). The jump for 300 V is still parallel
to the treatment strength axis but shorter than in Figure 6b
with 600 V. With the consecutive increase of voltage, the overall
jump depth is increased, allowing for an increased achievable
aggregate fraction.

Thus, the qualitative model presented here can explain a
large variety of results of the achievable aggregate fraction and,
therefore, can be used as a guide to choose experimental con-
ditions to achieve the desired aggregate fractions for various
material systems.

The different results obtained by increasing the CID treat-
ment strength consecutively up to a specific strength compared
to a treatment with the same fixed treatment strength are due
to the different starting point of the 600 V treatment. From
Figure 4 it is clear that the aggregate properties after the 450 V
treatment are different to the aggregate properties at the same
aggregate fraction with a fixed treatment strength of 600 V.
This will be discussed in more detail in the following section.
Depending on the properties of the already existing aggregates
and the remaining amorphous chains different fractions of the
involved material are accessible for aggregation.

5.3. Tunability of Aggregate Properties

Our 2D parameter space maps only allow a statement about the
achievable aggregate fraction, while the aggregate properties
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(e.g., quality of molecular ordering and aggregate size) must
be considered separately and will highly depend on the chosen
processing path. With the results from UV-vis spectroscopy, we
mainly access the quality of backbone order, which is of great
importance for charge transport.

Considering the basics leading to the 2D parameter space
map for the achievable aggregate fraction can also explain the
differences observed in the backbone ordering. A low treat-
ment strength only achieves aggregation of long and defect-
free polymer chains.%¥-3 Defect-free chains naturally have
a higher quality of packing. Therefore, high-quality backbone
ordering can be expected for the low voltage (=low treatment
strength). When in contrast, a stronger treatment strength is
used, it is likely that already in the first treatment steps, shorter
and defective chains are among the aggregated material. There-
fore, the average order is lower, supporting the results in the
low aggregate fraction range in Figure 4. An increasing doping
ratio due to a stronger treatment strength leads to a stronger
planarization of the polymer chains prior to chain folding.
This can translate to an increased backbone ordering in the
aggregates, which we observe in Figure 4 at higher aggregate
fractions.

Comparing the different solvents in Figure 5, the backbone
ordering upon CID treatment appears to be correlated with sol-
vent polarity (for the tested non-chlorinated solvents). Taking
selective backbone and sidechain solubility into consideration,
our hypothesis is that the polarity of the solvent compared to
the sidechains and the charged backbone is decisive.*¥! While
the hexyl sidechains are nonpolar (note, n-hexane, chemically
similar to the sidechains, has a vanishing Hansen polarity
parameter of &, = 0 MPa), the polymer backbones charged by
the CID treatment are polar.’®! The polarity of all used solvents
can be expected to lie between the polarity of the sidechain and
the charged backbone. Considering a very nonpolar solvent, the
aggregation would be expected to be driven by the stacking of
the charged backbones leading to a strong backbone ordering.
With increasing polarity of the solvent, the affinity between the
sidechains is increasingly contributing to the driving forces of
the aggregation. In this case, sidechain ordering and backbone
ordering are both contributing, and the quality of the backbone
order suffers in a more polar solvent.[314

Compared with the non-chlorinated solvents, CID treatment
in CF leads to exceptionally high backbone ordering despite
possessing a higher polarity (6, = 3.1 MPa) than o-xylene and
toluene.?®) One reason causing an increased planarization
during the CID treatment could be an exceptionally high and
sufficiently long-lived doping ratio achieved in CF. For a more
strongly charged backbone, the backbone aggregation domi-
nates the side chain aggregation stronger than if less charged.
If the doping is strong enough, this can then compensate for
the slightly higher solvent polarity. In contrast to other solvents,
we observed a characteristic polaron absorption in CF solu-
tions upon CID treatment (Figure S1, Supporting Information),
which supports the hypothesis of a high doping ratio.**-5? This
strong doping is probably possible due to several factors. Due
to the intrinsic instability of CF and its function as a Lewis acid,
P3HT chains in CF are, on average, slightly positively charged
even without spark treatment.’>> We already demonstrated
this property in a previous work by the positive electrophoretic
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mobility of P3HT in CF and used it to move P3HT in a wet thin
film driven by an electric field.’S] If P3HT is further positively
charged beyond this intrinsic effect, that is, further electrons
are transferred from P3HT to CF, charge remains localized on
the P3HT for a longer time. The reason is that the CF~ anion
is unstable, and a ClI~ anion splits off upon charging a CF mol-
ecule negatively.’*=%1 A HCL,C" radical is left behind, and the
Cl™ anion forms a quite stable and long-lived cluster anion with
a neutral CF molecule stabilizing the doped P3HT.%] With
this slower decay of the P3HT doping ratio, a stronger and
more ordered aggregation can be achieved in CF compared to
the other (non-chlorinated) solvents, explaining the exceptional
role of the solvent CF we observe in Figure 5. This longer life-
time is also in line with the possibility to observe the polaron
absorption in CF, but not in other solvents (Figure S1, Sup-
porting Information).

6. Conclusion

We developed a novel solution treatment for controlled polymer
aggregation. CID utilizes spark discharges between two tung-
sten electrodes immersed in a polymer solution. This treatment
induces a fast subsequent aggregation process, which we mon-
itor for every treatment step by absorption spectroscopy. We
show that the aggregation process is a special form of doping-
induced aggregation, where strong electric currents through
the solution can be used to quickly switch on and off doping.

Our newly presented CID treatment aims to achieve max-
imum control over the polymer aggregation process in sev-
eral ways. We demonstrated a stepwise control for setting the
aggregate fraction in various solvents. Moreover, we intro-
duced a qualitative model describing the achievable aggregate
fraction as a function of solubility parameters (e.g., tempera-
ture, polymer concentration, or poor solvent content) and the
treatment strength. The tunability of the achievable aggregate
fraction proposed by our model is in good agreement with
numerous experiments examining various solubility param-
eters (temperature, polymer concentration, and poor solvent
content) and experimental settings (CID treatment strength).

Beyond the control over the aggregate fraction, we can also
control the backbone ordering with the CID treatment. This
is partially possible by choosing an appropriate treatment
strength, but the highest control is possible by choice of sol-
vent. Particularly the solvent polarity appears to be an essential
factor where nonpolar solvents can yield the highest backbone
order among the tested non-chlorinated solvents. The highest
backbone order among all tested solvents could be achieved
with CF. The other extreme case of the lowest backbone order
could be achieved by admixtures of the highly polar solvent
ACN. Therefore, a broad spectrum of backbone ordering can
be achieved with the CID treatment by rationally choosing the
solvent.

We demonstrated that our approach of exploiting the CID
treatment can be successfully employed to control the aggre-
gation state of P3HT in solution before further processing.
Therefore, this method may become an elegant pathway to
finely tune aggregation and solid-state morphology for thin-
films of semiconducting polymers, especially if employed for
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multi-component systems, like binary donor-acceptor mix-
tures. We further anticipate that this CID treatment can also be
transferred to other semiconducting polymers to control their
aggregation in solution. These solutions can be further pro-
cessed to dried films and will be investigated next.

7. Experimental Section

Materials: P3HT with a regioregularity of 96% was purchased from
Rieke Metals (size exclusion chromatography (SEC) data on molecular
weight in Figure S3, Supporting Information), chloroform from Sigma-
Aldrich, THF from Fisher Chemical, o-xylene from Alfa Aesar and
toluene as well as ACN from VWR Chemicals. All materials were used
as received.

CID Treatment: The untreated P3HT solutions were prepared by
dissolving P3HT in the specified solvent at 50 °C for 20 min. Prior to
the CID treatment, the solutions were kept for 15 min at the desired
temperature to allow for proper equilibration. This temperature was also
kept constant throughout the complete CID treatment. As seen in the
schematic diagram of the setup for the CID treatment in Figure 1b, a
capacitor (WIMA MKS 4, 3.3 uF) was charged to the specified voltage
and subsequently connected to two tungsten wires separated by several
millimeters and immersed into the P3HT solution. These two tungsten
wires were then approached until a spark discharge occurred below
a separation of 1 mm before the wires are brought into contact. This
procedure of charging the capacitor, connecting, and approaching the
tungsten wires was repeated until the desired number of CID treatment
steps was achieved. A photograph of the comparison between an
untreated solution and a solution with CID treatment is displayed in
Figure S6, Supporting Information. A safety evaluation for each solvent
was carried out prior to the start of experiments.

UV-Vis Absorption Spectroscopy: For acquiring the UV-vis absorption
measurements, a combined deuterium and halogen white light
source from Ocean Optics and an AvaSpec-HSC1024 x 58 TEC-EVO
spectrometer from Avantes were used to measure the absorption of the
solutions. Short optical path lengths in the range of 100 um and less were
realized by time-resolved measurements of wet thin films with a time
resolution of 6 ms. Spectra were evaluated before any drying dynamics
occurred. Amorphous spectra measured at the same concentration
and temperature in the same solvent were scaled to the high-energy
shoulder of the absorption spectrum at >2.6 eV.?223 This rescaled
amorphous spectrum was subsequently subtracted from the absorption
spectrum, which was then fitted by the sum of five equidistant (distance
of 0.17 eV between peaks) gaussian peaks for the A, to As peaks.[?223]
While an identical peak width was fitted for the A, to As peaks, a smaller
peak width was fitted for the A, peak.’®¢% The minimum aggregate
fraction was calculated using the area below the fits and below the
rescaled amorphous spectrum considering the different molar extinction
coefficients of the amorphous and aggregated P3HT described by Clark
et al.lZ%l This procedure yields an estimate for the minimum aggregate
fraction as higher optical transitions of the aggregate can contribute to
the high energy shoulder leading to an overestimation of the amorphous
absorption.

Simulations: The energy barriers upon dihedral rotation of the backbone
of poly(3-methylthiophene) oligomers including four monomers without
charge and with a charge of +1e were simulated using the Amsterdam
Modeling Suite (AMS). In AMS, potential energy scans of the S—C—C—S
dihedral angle were used exploiting DFTB3, an extension of the self-
consistent-charge density-functional tight-binding method./®"%2 To obtain
more precise results, we also conducted DFT simulations for the syn
(0°), transition state (90°), and anti (180°) conformation with AMS using
B3LYP/TZ2P.5367] While the minima at 0° and 180° were fully optimized,
for the transition state, a constrained optimization was performed with
the S—C—C—S dihedral angle fixed to 90°. The DFTB3 PES scans were
rescaled to fit the energy difference between the transition state and the
anti-conformation obtained with DFT.
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Differential Scanning Calorimetry: DSC was performed using a Mettler
Toledo DSC 3+. For the preparation of solid samples, differently treated
solutions of P3HT were prepared, and the solvent was removed entirely
under vacuum overnight. About 3-10 mg of the dried samples was
weighed into DSC pans, which were then closed with a cover lid. All
samples were heated from 50 to 300 °C under nitrogen. The cooling and
heating rates were always 10 K min~". The reported melting temperatures
refer to peak temperatures in the DSC thermograms. The DSC data were
corrected by a baseline correction.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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