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A Unified Picture of Aggregate Formation in a Model
Polymer Semiconductor during Solution Processing

Fabian Panzer,* Matthew | Dyson, Hazem Bakr, Stefan Wedler, Konstantin Schétz,
Mihirsinh Chauhan, Paul N Stavrinou, Anna Kohler,* and Natalie Stingelin*

One grand challenge for printed organic electronics is the development of

a knowledge platform that describes how polymer semiconductors assemble
from solution, which requires a unified picture of the complex interplay

of polymer solubility, mass transport, nucleation and, e.g., vitrification.

One crucial aspect, thereby, is aggregate formation, i.e., the development

of electronic coupling between adjacent chain segments. Here, it is shown
that the critical aggregation temperatures in solution (no solvent evaporation
allowed) and during film formation (solvent evaporation occurring)

are excellent pointers to i) establish reliable criteria for polymer assembly into
desired aggregates, and ii) advance mechanistic understanding of the overall
polymer assembly. Indeed, important insights are provided on why aggregation
occurs via a 1- or 2-step process depending on polymer solubility, deposition
temperature and solvent evaporation rate; and the selection of deposition
temperatures for specific scenarios (e.g., good vs bad solvent) is demystified.
Collectively, it is demonstrated that relatively straightforward, concurrent in situ
time-resolved absorbance and photoluminescence spectroscopies to monitor
aggregate formation lead to highly useful and broadly applicable criteria for
processing functional plastics. In turn, improved control over their properties
and device performance can be obtained toward manufacturing sensors,
energy-harvesting devices and, e.g., bioelectronics systems at high yield.

1. Introduction

The very local chain arrangement of poly-
mer semiconductors is, in many cases,
dictating the overall optoelectronic char-
acteristics of this exciting and versatile
class of materials because it determines
whether adjacent chain segments (“chro-
mophores”) are electronically interacting,
i.e., whether they form photophysical ag-
gregates, or not.?l Thereby, the nature
and the quality of the induced aggre-
gates play a decisive role in the mate-
rial’s optical behavior,>! charge-transport
properties,l”] and/or charge-separation ca-
pabilities, influencing device performance
and efficiency.>®! For instance, for the ubig-
uitous poly(3-hexylthiophene) (P3HT), it
was postulated that a balanced intra- ver-
sus inter-molecular excitonic coupling in
higher quality aggregates leads to a high
exciton coherence,l® while excitons extrin-
sically dissociate between aggregates of
different order/quality.l') Vice versa, pro-
ducing films comprised of homogenous
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Figure 1. Absorption and photoluminescence spectra of P3HT in CF acquired during blade coating at T,
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substrate = 5 °C, showing contributions from

aggregated (light blue) and disordered, non-aggregated chains (orange). Subtracting the spectral contribution of the non-aggregated chains leaves a
spectrum that can be attributed predominantly to the aggregated chains (light blue). The 0-0/0-1 peak ratio and peak width ¢ can be determined by
fitting this extracted spectrum (dashed grey lines indicate individual vibronic peaks) using the models described in the discussion of Figure 2.

aggregate quality was shown to result in a narrow trap distribu-
tion and, hence, good transistor performance.!’]

The challenge to date has been that fine-tuning of aggregate
quality and nature (see Ref.[5] for illustrative schematics) typically
can only be achieved via time-consuming and elaborate trial-and-
error procedures, especially when processing from solution.!!!]
Indeed, broadly applicable guidelines toward robust polymer
semiconductor processing that allow reliable selection of process-
ing parameters for targeted materials assembly are still miss-
ing. Here, we show on the prototypical semiconducting P3HT
of a weight-averaged molecular weight M,, = 100 kg mol~' that
knowledge of the critical transition temperatures for aggregate
formation both in solution (no solvent evaporation allowed) as
well as during film formation when solvent is evaporating, per-
mits gaining an understanding of the assembly process. This, in
turn, enables the establishment of precise processing protocols
for the creation of polymer semiconductor thin-film structures of
desired properties. [A P3HT of M, = 100 kg mol~! was selected
because, for concentrations typically used for device fabrication
(10 mg ml™),[') solutions are obtained that are above the critical
concentration of entanglement, ¢, as shown in the Supporting
Information.[?] This is important as higher quality aggregates can
be introduced in films cast from solutions above ¢_, while films
produced with solutions comprising lower molecular weight ma-
terials (or very dilute systems) tend to result in aggregates of high
torsional disorder.]]

2. Results and Discussion

To obtain initial information, we simultaneously recorded time-
resolved in situ absorption and photoluminescence (PL) spectra
of P3HT wet layers during blade coating at different deposition
(substrate) temperatures and solvent quality, as well as of sealed
solutions, and analyzed them with a modified Franck—-Condon
model. We selected for our study two solvents, chloroform (CF)
and tetrahydrofuran (THF). The reason for this choice is that CF
and THF have similar boiling temperatures (~61 °C for CF; ~66
°C for THF), but they display very different polarities, as can be
deduced from their very different dielectric constants of 4.81 for
CF and 7.58 for THF. Accordingly, P3HT displays a distinctly dif-
ferent solubility in the two solvents; P3HT is more soluble in CF
than in THF —as also reflected by the Hansen solubility param-
eters presented in Table S1 (Supporting Information).!3]

Adv. Funct. Mater. 2024, 34, 2314729 2314729 (2 0f8)

To prepare for the discussion of our results, we start
recalling how distinct signatures for aggregates (shaded in
Figure 1 in pale blue) and non-aggregated chromophores (pale
orange) can be identified in the P3HT absorption and PL spec-
tra. This is important because aggregated and disordered, non-
interacting domains generally coexist in semiconducting poly-
mer thin films; 2] hence, the measured optical spectra are a
superposition of spectral signatures from both contributions.
Thereby, we consider that the electronic coupling within the
aggregates alters the spectral shape and reduces the energy
of the aggregate spectra compared to non-aggregated chain
segments.['*]

To extract the contribution of aggregates from the overall spec-
tra in both absorbance and PL, we measured the spectra in so-
lution at elevated temperatures where only non-aggregated ma-
terial prevails (see Figure S1, Supporting Information). We then
used the spectrum at the lowest possible temperature before ag-
gregation sets in, normalized it to the high energy edge of the
overall spectrum of a P3HT thin film, and subtracted it from
the latter (Figure 1).’) In both absorbance and PL, the resulting
aggregate-only spectra exhibit a clear vibronic progression of the
electronic S; — S, transition, with a peak spacing of 0.175 eV due
to coupling with an effective vibrational mode dominated by the
C = C symmetric stretch.['>1¢] Importantly, fitting the individ-
ual vibronic peaks of such aggregate-only spectra (using Equa-
tion (1), below, for PL or Equation S2, Supporting Information,
for absorption) enables us to extract parameters that character-
ize the material’s optoelectronic properties. For instance, from
the peak width, we deduce the energetic site disorder, ¢ . The
reason is that the absorption- and PL- peak width is dominated
by inhomogeneous broadening caused by a distribution of chro-
mophores that absorb and emit different wavelengths. A nar-
rower absorption/emission peak implies a greater similarity be-
tween aggregates and is hence associated with systems in which
a larger proportion of aggregates have greater translational and
conformational order. From the 0-0/0-1 vibronic peak ratio, the
balance between intra- and interchain excitonic coupling is ob-
tained, which can be interpreted in the framework of the weakly
interacting H-aggregate model developed by Spano et al.,[46:15-18]
often applied to P3HT.>¢151618] [Note: Normalizing the spectra of
non-aggregated areas to the high-energy tail of the overall spec-
trum implicitly assumes that absorption from aggregates is negli-
gible at higher energies, which is not necessarily the case. For the
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Figure 2. a) Top panel: Solutions. Temperature dependent fraction of aggregated P3HT chains in CF (blue dots) and THF (red squares) solutions.
Solid lines guide the eye, with the inflection point (vertical dashed grey lines) corresponding to the critical transition temperature T_ ;| tion-- Bottom
panel: Films. 0-0/0-1 peak ratio and ¢ extracted from absorption spectra fits as a function of T¢pciate- The inflection point corresponds to the critical

temperature T gjn,-

Notably, this differs from T_ ¢, 1ti0n for both CF and THF. b) Aggregate-only PL (color shaded) and absorption spectra of P3HT films

blade-coated from CF (top) and THF (bottom) solution for different substrate temperatures T, pcrate (dashed grey lines show best fits using Equation (1)
for PL and using Equation S2, Supporting Information, for absorption, details in text).

absorption spectra, this method is associated with some uncer-
tainty in the higher energy spectral range.]

Having a framework to distinguish between non-aggregated
and aggregated material allows us to quantify the critical tran-
sition temperatures, T, below which polymer aggregation oc-
curs, both in (sealed) solutions and during film formation, i.e.,
upon solvent evaporation.[*! Following the above procedure, we
first discuss aggregate formation in sealed CF and THF solutions
(10 mg ml™?), respectively. While we observe no absorption fea-
tures from aggregated chains at elevated temperatures, they ap-
pear when the solutions are cooled below, respectively, 12 °C (CF)
and 42° (THF), as can be inferred from Figure S1 (Supporting In-
formation). Deducing the fraction of aggregate at different solu-
tion temperatures from this data (Figure 2a, top panel), we find
sigmoidal dependence, with the point of inflection defining T,
solution*

Next, we consider aggregation for films cast at different sub-
strate (i.e., deposition) temperatures, T, e USing solutions
in CF and THF also at a 10 mg ml~! concentration. We define
T, g as the maximum deposition (substrate) temperature that
leads to pronounced aggregate formation in the resulting, dried
films;, i.e., for T, e < Toqim. aggregates form readily, while
in the case of T,y > T.gm DO, O only very limited, aggre-
gation occurs. Figure 2b shows the PL and absorption aggre-
gate spectra of P3HT films where the non-aggregated compo-
nent has been subtracted as outlined in Figure 1 (see Figure S2,
Supporting Information, for non-decomposed spectra). While
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all absorption and PL aggregate spectra show the characteris-
tic Franck-Condon vibronic progression associated with P3HT
aggregates,I>1>16] there is a clear dependence of spectral shape
on Ty independent from which solvent (CF vs THF) films
were deposited from. For CF, there is little variation in spectral
shape between films produced at T, e = 20 °C. In compari-
son, at Ty perae < 15 °C, the 0-0/0-1 vibronic peak ratio increases
and the spectra become more structured in both absorption and
PL, indicating that higher-quality (i.e., more extended) aggregates
only form when using a deposition temperature equal to or be-
low 15 °C. Concomitantly, for T, e = 20 °C, both absorption
and emission spectra show a significant contribution from non-
aggregated chains, while the features from the aggregated chains
dominate the spectra for T,y < 15°C (Figure S2, Supporting
Information). A similar trend can be seen for films coated from
THF solutions, although here, the transition in spectral shape
occurs between 30 and 35 °C, suggesting that T_g . is notably
higher compared to films made from CF.

To quantify the changes of aggregate spectra with sub-
strate temperature and to precisely identify T, g, we fitted the
aggregate-only PL spectra using a modified Frack-Condon pro-
gression with a decoupled 0-0 peak (with the prefactor a),[15! us-

ing the relation:

(E—E)\ ™S} s (E = (B — mEyy))’
P |:aexp<T20 * Z mf!f P 2(6-:)m~A6)b2 1)

m=1
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where E is energy, E, the energetic location of the vibrationless
0-0 peak, m is the peak number, ¢ is the peak width, and E; is
the effective mode energy, with the Huang-Rhys factor S, ¢ being
fixed here to 1.1"% The refractive index is assumed to be constant
in the energy range considered here and, therefore, is omitted.
Following the approach presented by Yamagata et al.,*"! we in-
cluded an additional broadening term m - Ao in Equation (1).
This term accounts for the peak broadening with higher vibronic
transitions m due to the overlap of vibronic modes with similar
energies,?% as is the case for P3HT.[2!] With this relatively sim-
ple modification of the effective-mode Franck—Condon approach,
the quality of fits of Equation (1) to the measured PL spectra im-
proves (Figure S3, Supporting Information), ensuring more re-
liable fitting parameter extraction. [Since the method to extract
the aggregate-only absorption spectrum is associated with some
uncertainty in the higher energy spectral range of the absorption
spectrum, as alluded to above, the reliability of modified Frank
Condon analyses of aggregate absorption spectral®!®l is limited.
This is notably less pronounced when fitting the PL spectra. To
extract the 0-0/0-1 peak ratio and o, relevant in this work, it is
therefore sufficient to use a more simplified approach for the ab-
sorption spectra and to fit Gaussians with equidistant spacing to
the aggregate-only spectra (see Figure S3, Supporting Informa-
tion, for details).]

Figure 2a, bottom panel, shows the 0-0/0-1 peak ratios and the
peak widths, o, extracted from the absorption spectra of films
produced at different substrate temperatures (i.e., different de-
position temperatures). Both show a sigmoidal dependence with
T, bstrater With a step-like increase in 0-0/0-1 ratio at lower T, e
from =0.5 to ~0.8 observed for films made from either CF and
THF, and ¢ decreasing similarly from 65 to 50 meV for CF and
from 70 to 55 meV for THF. Crucially, the inflection points in this
sigmoidal behavior yields T, g, the critical transition tempera-
ture associated with aggregate formation. We deduce T_g,,, (CF)
~ 18 °Cand T, g, (THF) = 33 °C, indicated in Figure 2b, bottom
panel, with dashed lines. Clearly, the lower solubility of P3HT in
THF compared to CF leads to aggregation at higher temperatures
during film formation.

Itis interesting to compare T, g, and T 0, (Figure S1, Sup-
porting Information). We find, intriguingly, that T, ;o (CF) &
7 °C, i.e, lower than T_g . (CF). In contrast, T, .o, (THF) =
37 °C is higher than T4, (THF) (Figure 2a). We suggest that
this finding reflects the different interactions in the systems.
In a good solvent, such as CF, one can expect solvent-polymer
interactions to dominate, preventing aggregation till low tem-
peratures are reached; however, during film casting, where the
solvent evaporates, the polymer concentration increases rapidly,
leading to aggregate formation at a higher temperature. Vice
versa, in a poor solvent, polymer-polymer interactions are al-
ready prominent, leading to early aggregation in a sealed solution
(that is, aggregation at high temperatures, i.e., high T_  0n)-
If solvent evaporation is allowed, such aggregates can lead to
rapid gelation,!??] hindering mass transport and, thereby, limit-
ing aggregate formation, resulting in a T, g, that is lower than
T, soution- Accordingly, simple criteria can be set for solvent selec-
tion which can be anticipated to become a useful tool to under-
stand less studied polymer/solvent combinations.

In order to test this view and gain further insights into the dif-
ference between polymer aggregation in a good versus a poor sol-

Adv. Funct. Mater. 2024, 34, 2314729 2314729 (4 0f8)
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Figure 3. Absorption (left) and PL (right) spectra as measured in situ dur-
ing blade coating P3HT in CF at T,petrate = 5 °C (top) and 25 °C (bottom).

vent, we continued to record the temporal evolution of the optical
properties of the P3HT wet layers throughout the film formation
process. For this purpose, we performed concurrent in situ ab-
sorption and PL measurements during blade coating of P3HT
solutions at different substrate temperatures (see the Experimen-
tal Section in Supporting Information for details).[?*] We start by
discussing P3HT solutions in CF, cast at T, g = 5 °C (i-€., <<
T fims) a0d Ty e = 25 °C (Le, >> T, g,,). Figure 3 shows the
absorption spectra along the corresponding PL spectra taken at
different times during blade coating, with t = 0 s referring to the
onset of the blade-coating (the moment the glass blade moves
over the local area where we record the spectra; see Experimental
Section for details).

We observe a clear transition in the spectral line shapes dur-
ing film drying at both substrate temperatures. Broad spectral
features dominate the initial spectra at early times of the coating
process at ~2.7 eV in absorption and ~2.1 eV in PL. These are
characteristic of non-aggregated P3HT. At later times, the casting
temperatures have a substantial impact. When using T qrae =
5°C, the spectra show features that indicate aggregate formation,
including well-resolved and intense 0-0 peaks observed at lower
energies (2.0 eV in absorption and 1.9 eV in PL), leading to a
clear vibronic structure and a high 0-0/0-1 intensity ratio. In com-
parison, for T, e = 25 °C, the vibronic structure is less pro-
nounced and a relatively low 0-0/0-1 intensity ratio is recorded.

More details are obtained from time-resolved, aggregate-only
absorption and PL spectral maps, provided in Figure 4, top panel,
for films produced from CF, cast at 5 and 25 °C. Also shown are
the normalized intensities, calculated from peak integrals of the
aggregate-only spectra and indicative of the aggregate fraction
within the wet layer/dried film; the 0-0/0-1 ratio; as well as the
Gaussian peak width, o, determined by fitting Equation (1) and
Equation S2 (Supporting Information) (see Figures S4,S5 (Sup-
porting Information) for exemplary fits and residuals for films
cast at T, qae = 5 °C) and providing information on the degree
of aggregate disorder (Figure 4, bottom panel).

At T e = 5 °C, iee., at Tpgrae << Tegim, absorption and
emission signatures for aggregated chains are observed starting

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85UB017 SUOWIWOD SAEa1D) 3|(dedl|dde auyy Aq peueob ae Sapile WO ‘8sN J0 S8|nJ Joj Akeiqi8uljuQ AB]1/W UO (SUONIPUO-PUR-SLLBIW0D A8 | 1M ARe.d1jBul [UO//SdNL) SUOIPUOD pue WS 1 81 88S *[5202/20/02] Uo Ariqiauliuo A8iM 89 1 AQ 62.7TE202 WiPe/Z00T 0T/10p/uoo" A3 1M Aeiqpuljuo peoueApe;//Sdny wouj pepeojumod ‘05 ‘vZ0Z ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Q

5 °C (CF)

(eV)

PL Energy Abs. Energy
(eV)

b 25 °C (CF)

3
52
£
S £
zZ
o 08 — T
=8 r - |
o 06— — ‘
(ID_\L - -
o§ 0.4 - - _
B - I
02} - T
5 60| C L =
E C IR §
o - | | -
o}
ol n \ B
1 lllllllullllllllll
0 2 4 6 8 0 1 2 3 4
Time (s) Time (s)

Figure 4. Evolution of absorption and PL spectra during blade coating P3HT from CF solution at T, perate = 5 °C (a) and 25 °C (b). Top panels show 2D
heat maps of aggregate-only absorption and PL spectra. Bottom panels show the normalized intensity, 0-0/0-1 peak ratio and o extracted from absorption
(black) and PL (blue) spectra. Characteristic times are assigned when the normalized absorption intensity of the aggregates exceeds 3% (t,) of the
final film value, when there is a kink in the evolution of optical parameters (t.jiq), and when the absorption normalized intensity (i.e., aggregate fraction)
reaches unity (tg,, ). Colored shading indicates periods between these characteristic times. Red tangents in (a), bottom panels, assist in identifying tg,;.

at t ~ 1.0 s (Figure 4a, top panel). Thereby, the aggregate ab-
sorption intensity increases continuously till ¢ ~ 6.4 s. In par-
allel, the aggregate PL intensity rises to a maximum after only
3.0 s, after which it decreases before levelling off ~6.4 s. We
attribute this to the greater photoluminescence quantum yield
(PLQY) of the polymer aggregates that form within the solu-
tion at this T .., Where intra-aggregate interactions and hence
photoluminescence quenching are reduced. This interpretation
is supported by the PL intensity reaching a maximum midway
through the initial aggregation phase (from tg, to t.;q4) for the
5 °C sample—which we infer to be a sweet spot in aggregate con-
centration that maximizes the number of emissive aggregates but
minimizes inter-aggregate interactions.

When blade-coating well above T g (Topsrae = 25 °C;
Figure 4b, top panel), aggregate PL sets in at a later stage (after
1.5 s), with a very sharp, rapid increase in the aggregate absorp-
tion intensity that saturates around ¢ ~ 1.9 s. We note that for both
temperatures, some PL from the aggregates can be identified be-
fore characteristic features appear in the absorption spectra (i.e.,
before 1.0 s at 5 °C and before 1.5 s at 25 °C). We interpret this as
an indication of excimer-like pre-aggregation features, i.e., chro-
mophores that can interact in the (usually more planar) excited
state geometry while no such interaction occurs in the ground
state geometry.

The above observations allow us to identify characteristic times
within the solidification process, using information on the time

Adv. Funct. Mater. 2024, 34, 2314729 2314729 (5 0f8)

evolution of the normalized intensities, 0-0/0-1 peak ratios, and
o (Figure 4, bottom panels). For this purpose, we define the onset
of aggregate formation t,,,, as the time when the spectrally inte-
grated aggregate absorbance exceeds 3% of its maximum value;
the time at which all three parameters display a distinct change
in their dependence with time (observed as a change in slope, in-
dicated with red tangents in Figure 4a, bottom panels), we assign
to the moment when most solvent is evaporated (i.e., t;4);*"!
and, the time where no further changes to the aggregate spec-
tra occur within a 5% experimental error range is tg, . Accord-
ingly, at T, prate = 5°C, toae ® 1.0'8, tpq ®5.4 s, and g, =~ 6.4 s
(Figure 4a, bottom panel). From this, we conclude that aggrega-
tion occurs via a two-step process; at t, ,, aggregates begin form-
ing in solution until ;4 is reached (light blue shaded area). Since
this is a scenario where the polymer chains evidently must have
high molecular mobility and high mass transport, provided by
the solvent-rich environment, aggregates are induced that are of
relatively low torsional disorder (low o) and lead to comparatively
strong intra-molecular excitonic coupling (high 0-0/0-1 peak ra-
tio). From t ;4 to tg,, (pale orange region), these aggregates un-
dergo some disordering, as deduced from the slight increase in
o and the reduced 0-0/0-1 peak ratio, especially in PL, indicative
of a reduced intra-chain excitonic coupling.

This picture changes when casting above T_g .., at Ty perae
= 25°C (Figure 4b, bottom panel). Here, solidification occurs
via a one-step process, with the onset of aggregation essentially

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85UB017 SUOWIWOD SAEa1D) 3|(dedl|dde auyy Aq peueob ae Sapile WO ‘8sN J0 S8|nJ Joj Akeiqi8uljuQ AB]1/W UO (SUONIPUO-PUR-SLLBIW0D A8 | 1M ARe.d1jBul [UO//SdNL) SUOIPUOD pue WS 1 81 88S *[5202/20/02] Uo Ariqiauliuo A8iM 89 1 AQ 62.7TE202 WiPe/Z00T 0T/10p/uoo" A3 1M Aeiqpuljuo peoueApe;//Sdny wouj pepeojumod ‘05 ‘vZ0Z ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

>
>
8"‘
w3
“=
Q
<
>
S
53 1
_l i3
o i
[
| 'ﬁnal 'slart Isolld 'ﬁnal
- 1 0 | [ R I [l LI I 1T 1T T 1T ]I I T TT ] T T L L I ¥ 5 F X vI I’ T l T
o ® — o | 0000%0¢ — " e o]
82 L T =t me | | © Soge Abs | | | o1 **Abs]
T2 e 00000000000000004l °
€ S 051 I I I pL— | |leedeqe
5 - | I 4 F - L PL.J
Z oo ] P .
2 0.8 - I - Iasiia ]
T ® 5 1r 1 R
o 06— | -1 C Lo
o x o o o -
o'§ 04 ! - %on”
- ] - | | =
0.2 N —+ —1 11 ] P + - PR ] -z.‘. P N PSSt : PR WY - ‘i [ + . .
I z ‘ = wesesi
£ C g .‘ 1L b.’ounuunnu.uu: i % d
~ - 1T | e | | | |
° 40 I | ar ! ar I 7
U T W N T M A L1 N T T T N T T T W W A PR SN S T N T T T T T A Y
0 1 2 30 2 30 1 2 3
Time (s) Time (s) Time (s)

Figure 5. Evolution of absorption and PL spectra during blade coating P3HT from CF at T, petrate = 15 °C (a), from THF at Tg,pcirate = 35 °C (b), and THF

atT

substrate

=35 °Cwith a reduced evaporation rate (c). Top panels show 2D heat maps of aggregate-only absorption and PL spectra. Bottom panels show

the normalized intensity, 0-0/0-1 peak ratio and o extracted from absorption (black) and PL (blue) spectra. Characteristic times are assigned similarly to

Figure 4. Red tangents in (a,c), bottom panels, assist in identifying tg,,.

coinciding with complete solvent evaporation (i.e., ty,., & byjiq &
1.5 s) and rapidly reaching saturation of aggregate formation at
tona = 1.9 s. This means that, when using T, ;e > Te i, NO
solution aggregation occurs; instead, aggregation occurs within
0.4 s when an environment that is highly enriched in polymer is
reached, leading to vitrification due to drastic decreases in mass
transport and molecular mobility. This leads to aggregates of low
torsional order and high energetic site disorder (high o) and, in
turn, to a comparatively low intra-chain excitonic coupling (low
0-0/0-1 peak ratio).[>619-24]

Holistically, our results imply that by knowing T g, and
T pstrate> the aggregate formation mechanism of polymer semi-
conductors processed from solution can be manipulated. This
view is supported by the observations made on films produced
from THF, which behave rather similar to films deposited from
CF (Figure S6, Supporting Information). Casting at Ty g <
T, g1 including 20, 25, and 30 °C, clear aggregate formation in
solution is recorded, while aggregates develop in a 1-step pro-
cess when using substrate temperatures of 35, 40, and 45 °C (i.e.,
Toubsiate > Teim)- Most importantly, even better control can be
achieved considering also T, 0, Indeed, we can use knowl-
edge of T, 0 to seed aggregates. For instance, if P3HT solu-
tions in CF are castat 15 °C where T_ 1, ion < Toubstrate < Le.lm» SO-
lution aggregation is limited, but aggregate seeds are formed be-
cause the solution is just above T, ,,,- Consequently, aggrega-

tion essentially follows a 1-step process, with a minimal and short

Adv. Funct. Mater. 2024, 34, 2314729 2314729 (6 Ofs)

solution aggregation step but, nevertheless, capable of inducing
high-quality aggregates (Figure 5a, compare also to Figure 2a
for the spectra). Unambiguously, using longer seeding proce-
dures, e.g., in a sealed solution prior to casting, or use of higher-
boiling-temperature solvents, should assist in further increasing
aggregate order and, hence, improving the electronic coupling
between chromophores. Seeding also helps to minimize vitrifica-
tion when processing from a poor solvent such as THF. Relatively
well-pronounced aggregation can be obtained provided the as-
sembly kinetics are carefully controlled. For instance, at Ty e
= 35°C where T_g < Typeuae < Tesoluions the €vaporation rate
has to be limited to allow seeding to take place. This is shown
in Figure 5b,c. If solvent is permitted to evaporate unhindered, a
typical 1-step process dominated by solidification-induced aggre-
gation occurs, leading to poorly defined aggregates (high o, low
0-0/0-1 peak ratio; Figure 5b, bottom panel). Yet, if the films are
cast in a solvent-rich environment limiting the solvent evapora-
tion, a short solution-aggregation step is induced through seed-
ing, resulting in aggregates of relatively high torsional order and,
better electronic coupling (higher 0-0/0-1 peak ratios).

3. Conclusion

Similar to the solidification of bulk commodity polymers or small
molecular semiconductors, the selection of the casting tempera-
ture (determined by T, ,.c) Dased on thermodynamic (T,

c,solution)

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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and kinetic considerations (reflected by T g,,,) allows establishing
rather precise guidelines for polymer aggregate formation, inde-
pendent whether a good or a poor solvent is used. Since our crite-
ria can be selected based on the knowledge of T_ ), on a0d T, g1,
we expect our “recipes” to be broadly applicable. This will be
particularly important for the next generation of polymer semi-
conductors, where the phase behavior is dictated by the back-
bone assembly and often complex side-chain substituents. Adap-
tion of our approach and findings to these more complex poly-
mers, including donor-acceptor materials used in photovoltaic
devices!'>?>26] and doped macromolecules,?’] can be expected
to be straight-forward because various studies have already ap-
plied spectroscopic probing of aggregate structure to them, with
promising results. Overall, our work promises reduced trial and
error. Indeed, with a few relatively straight-forward in situ mea-
surements of optical parameters in sealed solutions as well as
drying films, clear and very precise casting conditions can be se-
lected, promising faster materials discovery and accelerated and
more robust processing of a broad range of devices, including
thin-film transistors, diodes, photodetectors, sensors, and with
impact on the broader organic energy harvesting and energy stor-
age field.

Supporting Information

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