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Abstract

scale.

Conjugated polymer (CP) aggregates have been the focus of considerable research, as these mesoscopic entities,
compared with single CP chains, provide environments more analogous to those present in polymer-based
optoelectronics in terms of the complexity of morphology and chain interactions; thereby, such aggregates hold the
potential to provide insights into structure—function relationships highly relevant to optoelectronic device efficiency
and stability. This review article highlights single-aggregate spectroscopy studies of CP aggregates based on a
combination of solvent vapor annealing and single-molecule fluorescence techniques and draws mesoscopic
connections between morphology, electronic coupling, and photophysics in CPs. This molecular-level understanding
will pave the way for the bottom-up control of optoelectronic properties from the molecular to the device-length

Introduction

Conjugated polymers (CPs) have been the subject of con-
siderable research owing to their potential as organic semi-
conductors in optoelectronic devices, such as organic light-
emitting diodes, organic transistors, and solar cells'™'>. The
major advantages of CP usage in such devices include solu-
tion processability, synthetic versatility, mechanical flexibility,
and tunable photophysical properties’®>’. Despite their
exceptional potential in modern optoelectronics, reaching a
fundamental understanding of the relationship between CP
morphology and photophysics remains a critical and chal-
lenging problem due to the inherent complexity of thin-film
device morphology across a wide variety of length scales.
While individual CPs have been studied over the last two to
three decades, CP aggregates have become a more recent
focus of research, facilitating insights into the
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structure—function relationship at the mesoscopic length
scale®® . Such studies are of substantial interest for several
reasons: first, compared with an isolated single chain,
mesoscopic aggregates better replicate the structural and
electronic complexity present in densely packed environ-
ments in which multiple chains coexist in close proximity
and strongly interact with each other; second, the introduc-
tion of a new experimental framework involving the solvent
vapor annealing (SVA) of a host matrix film containing CPs
of interest has enabled the formation of CP aggregates that
are sufficiently isolated from each other, allowing the utili-
zation of established single-molecule techniques to investi-
gate aggregate morphology and photophysics on an
aggregate-to-aggregate basis****,

This review article describes the general relationship
between mesoscopic morphology, electronic coupling, and
photophysics in CPs as established via single-aggregate
spectroscopy of CP aggregates. In the following sections,
we describe the SVA-based methodology for preparing iso-
lated aggregates in thin films, advances in associated tech-
niques, mechanisms contributing to aggregate formation and
growth, the relationship of nanoscale morphology with
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Fig. 1 Design of a multimodal apparatus to study CP aggregates. a Schematic diagram of an SVA system including MFCs, solvent reservoirs, a
sample chamber, and QCM. Reproduced with permission from ref. *’. Copyright 2016 American Institute of Physics (AIP) Publishing. b Schematic
diagram of a custom-built sample chamber with QCM. Reproduced with permission from ref. '?*. Copyright 2022 American Chemical Society.
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intrachain and interchain interactions, factors affecting the
morphological order of aggregates, synthetic strategies for the
tailoring of aggregate morphology, photophysics of aggre-
gates distinct from single chains, and finally, SVA studies of
single polymers and oligomers.

SVA-based methodology for preparing CP
aggregates

In 2011, Barbara and colleagues established a straight-
forward SVA-based methodology to fabricate CP aggre-
gates from single-chain CPs in thin films*’, They prepared
a film composed of single chains of the paradigmatic CP
poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene-viny-
lene) (MEH-PPV) dispersed in an inert host matrix,
poly(methyl methacrylate) (PMMA), with an MEH-PPV
concentration approximately 50 times higher than that
used in typical single-chain studies. For SVA of the film,
an acetone-chloroform solvent vapor mixture was used:
acetone is a poor solvent for the CP, with the
polymer—solvent interaction parameter y being > 0.5,
while y < 0.5 for the host matrix; in contrast, chloroform is
a nonselective good solvent, where y < 0.5 for both the CP
and host matrix*®. The use of this binary mixture is
essential for initiating the aggregation of CPs because the
process relies largely on Ostwald ripening, a process
described further in Section 3. Swelling the MEH-PPV/
PMMA blended film with the acetone—chloroform sol-
vent vapor mixture allowed the diffusion of single CP
chains, triggering the formation and growth of CP
aggregates. Upon film deswelling, the resulting aggregates
were effectively isolated from one another, thereby
enabling them to be interrogated on an individual basis
using established single-particle techniques.

Although SVA is a simple technique, precise control of the
degree and time course of film swelling by regulating pro-
cess parameters, such as vapor flow rate and vapor pressure,
has proven challenging. Nevertheless, achieving this is
essential for fabricating CP aggregates with the desired
morphology and properties and ensuring experimental
reproducibility. Kaufman and colleagues developed a mul-
timodal apparatus with an ingenious design, as illustrated in
Fig. 1*. This design incorporates a chamber in which a
sample film is mounted on a quartz crystal microbalance
(QCM), allowing the real-time monitoring of the swelling
degree of the film throughout the SVA process, while
another equivalent film on a glass coverslip is subjected to
single-particle fluorescence microscopy. In addition, a sol-
vent vapor delivery system consisting of a series of mass-
flow controllers (MFCs) allows direct and rapid control of
the process parameters. The authors demonstrated that this
apparatus affords enhanced control over the SVA process
and, in turn, the characteristics of CP aggregates, such as
size, morphology, photophysics, and growth mechanism.

Mechanism of aggregate growth

It was initially proposed that CP aggregate growth
occurred through Ostwald ripening*®*™>'. This is a ther-
modynamically driven, spontaneous process in which
single CP chains preferentially dissolve from smaller
aggregates and redeposit onto larger ones. The minimum
size of stable aggregates is predetermined by the critical
radius R, which can be expressed as follows>%:

20 Cy
RC = <k—T>Vm for Coo< C
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where C is the CP concentration and C.. is the saturation
concentration of the CP regarding the solvent-swollen
host matrix as the solvent. This equation suggests that
aggregate size can be modulated by adjusting C.. while C
remains constant. This can be achieved by altering the
vapor volume ratio of the good—poor-solvent mixture,
V,/ Vps as C., increases with an increase in V,/V,, (Fig. 2a).
Indeed, the SVA of MEH-PPV/PMMA films using
chloroform-acetone solvent mixtures with different V,/V,,
values led to the formation of MEH-PPV aggregates of
different sizes, as assessed by single-aggregate fluores-
cence intensity (Fig. 2b). In particular, the size and
number of aggregates per imaging area were anti-
correlated as a function of V,/V,, (Fig. 2c), which agrees
with predictions indicating Ostwald ripening.

Yang et al. performed in situ real-time observations of
CP aggregate growth, showing that it indeed occurs
through multiple mechanisms®, To track the dynamic
growth of individual aggregates in solvent swollen films,
they performed in situ optical imaging by recording a
series of videos over the course of the SVA of MEH-PPV/
PMMA films. MEH-PPV aggregates exhibited two types
of anti-correlated temporal changes in fluorescence
intensity and diffusivity: growing aggregates gradually
became brighter and slower, whereas dissipating aggre-
gates exhibited the opposite behavior (Fig. 3a). This dual
observation directly evinced Ostwald ripening as an
operative mechanism in aggregate growth. Surprisingly,
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during this aggregate growth process, particular aggre-
gates underwent repetitive approaching—receding events,
and a small portion coalesced to form a single larger
aggregate (Fig. 3b). This previously undescribed process
was responsible for nearly half of the decrease in aggre-
gate number that occurred over the duration of the
videos, while the remainder was attributed to Ostwald
ripening, confirming the importance of both mechanisms
in CP aggregate growth.

Electronic coupling in CP aggregates

Electronic coupling in CP aggregates plays a decisive
role in determining their photophysics®*~°. A theoretical
framework to illustrate coupling mechanisms was con-
structed by Spano et al.*’~*® and is thoroughly outlined in
the introductory section of ref. ®. Briefly, J-type coupling
arises from intrachain interactions between covalently
linked repeat units within a single CP. This coupling
becomes stronger if more repeat units are coupled or if
the coupling strength increases upon backbone planar-
ization. The S;-S, transition is dipole-allowed, and thus, a
J-type-coupled system is expected to exhibit spectroscopic
changes such as spectral redshifts, narrowing of the 0-0
vibronic transition, an increase in the 0-0 to 0-1 vibronic
peak ratio (Iy.g/0.1), and a decrease in fluorescence lifetime
(7g) in comparison to an uncoupled system. In contrast,
H-type coupling mainly arises from interchain interac-
tions between nearby cofacial chains on different CPs.
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Fig. 2 Controlled CP aggregation by SVA. a Schematic illustration of the controlled aggregation of CPs in solvent-swollen host matrix films
through the Ostwald ripening growth mechanism. b Wide-field fluorescence images of MEH-PPV/PMMA blended films before and after SVA with
different processing conditions. The value of Vy/V,, is denoted in parentheses. ¢ The number of MEH-PPV aggregates per imaging area (blue) and
their mean fluorescence intensity (gray) for different SVA conditions. Reproduced with permission from ref. **. Copyright 2011 Springer Nature.
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In principle, the S;—S, transition here is dipole-forbidden,
and thus, the associated spectroscopic changes for an H-
type-coupled system should be opposite to those of a J-
type-coupled system. The described framework based on
J- and H-type coupling highlights the intimate correlation
between electronic coupling and chain morphology in CP
aggregates; high degrees of intrachain and interchain
ordering are respectively required for effective J- and
H-type coupling to occur.

Vogelsang et al. experimentally validated this correla-
tion using poly(para-phenylene-ethynylene-butadiyny-
lene) (PPEB) derivatives with different side chains: PPEB-
1, PPEB-2, and PPEB-3 bore hexyloxy-, 2-ethylhexyloxy-,
and cholestenol-substituted benzyloxy side chains,
respectively (Fig. 4a, b)®°. Single chains of PPEB-1, PPEB-
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2, and PPEB-3 showed no difference in fluorescence in
terms of spectral position and width, Iy o/0.1, or 7F; how-
ever, isolated aggregates thereof prepared via SVA showed
very different behaviors depending on the side chains
(Fig. 4c, d). Specifically, the PPEB-1 aggregates exhibited
spectroscopic characteristics typical of H-type coupling,
including decreased Iy_g,0.1 and enhanced 7y compared to
those for the corresponding single chains. This phenom-
enon was attributed to the well-ordered aggregate mor-
phology as assessed by excitation polarization
fluorescence spectroscopy. The spectral widths of the
PPEB-1 aggregates were broadly distributed, reflecting
different degrees of coupling due to variations in inter-
chain separation within aggregates. In stark contrast, the
PPEB-2 aggregates exhibited a narrowed, redshifted 0-0
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Fig. 3 In situ observation of aggregate growth. a At left, fluorescence intensity (gray), smoothed fluorescence intensity (black), and diffusion
coefficients (blue and red) of growing (top) and dissipating (bottom) MEH-PPV aggregates. Shown at right are the corresponding two-dimensional
trajectories. b Time-lapse fluorescence images showing aggregate coalescence: MEH-PPV aggregates 1 and 2 merge to form aggregate C. Shown
below are the corresponding two-dimensional trajectories (left) and fluorescence intensity trajectories (right). Reproduced with permission from
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Fig. 4 Electronic coupling in CP aggregates. a Structures of PPEB-1, PPEB-2, and PPEB-3. b Types of electronic coupling (H- and J-type or the
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peak, an increased Iy /0.1, and a shortened rr, demon-
strating the emergence of J-type coupling upon CP
aggregation. No electronic coupling occurred in the
PPEB-3 aggregates because of the bulky side chains, as
evidenced by the spectroscopic similarity between single
chains and aggregates of PPEB-3.

A hierarchy was observed in electronic coupling with
regard to the manifestation of spectroscopic char-
acteristics. Isolated aggregates of PPEB-1 initially
exhibited typical spectroscopic characteristics of
H-type coupling in the dried film, later exhibited the
characteristics of J-type coupling after gentle swelling
of the film, and finally recovered their initial char-
acteristics after film deswelling. This observation can
be explained as follows: in the swollen film, aggregate
swelling leads to an increase in interchain separation
within aggregates, thus selectively interrupting inter-
chain H-type coupling and revealing spectroscopic
evidence of intrachain J-type coupling. From this
reversible switching of electronic coupling, it was
suggested that interchain H-type coupling can com-
pletely mask intrachain J-type coupling when the two
types coexist in CP aggregates.

Engineering of aggregate morphology

As described in the previous section, the highly ordered
anisotropic morphology of CP aggregates is essential for
robust intrachain and interchain interactions through J-
and H-type couplings, which can facilitate long-range
exciton transport across mesoscopic length scales. In this
section, we review the factors affecting the morphological
order of CP aggregates and strategies to engineer CP
aggregate morphology for the enhancement of exciton
transport properties.

The most common method for assessing the degree of
morphological order of individual CP aggregates is
polarization modulation depth (M) measurements’’. In
these measurements, the single-aggregate fluorescence
intensity (I) is measured as a function of the polarization
angle (¢) of linearly polarized excitation light. M is
expressed as I(¢) = Io[1 + M{2(¢ — ¢)}], where I and
¢, denote the average intensity and the reference polar-
ization angle corresponding to the maximum intensity,
respectively. An aggregate with highly aligned chromo-
phores will behave as an anisotropic absorber and show
an M value close to 1, whereas disorder in the arrange-
ment of chromophores will lead to M values close to 0.

CP aggregates have been shown to preserve morpho-
logical characteristics templated by single-chain building
blocks”~7?. It is widely accepted that MEH-PPV initially
dissolved in toluene (a poor solvent for the CP) and dis-
persed in inert host matrices adopts a highly ordered
anisotropic conformation at the single-molecule level,
while MEH-PPV initially dissolved in chloroform, a good
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solvent for the CP, adopts a poorly ordered, relatively
isotropic conformation. The Kaufman group showed that
these initial chain conformations remained unchanged
following SVA, as evidenced by the small difference in
median M values before and after SVA (Fig. 5b—i)”®"7.
Consistent with the conformational order of the single-
chain templates, MEH-PPV aggregates of three different
sizes prepared using toluene as the initial dissolving sol-
vent maintained fairly high M values with a median
M=0.67 for the largest aggregates. In contrast, those
prepared using chloroform exhibited a decrease in the
median M value to 0.16 with increasing aggregate size.
This confirmed that single-chain templates play an
essential role in determining the morphological order of
CP aggregates. The two aggregate growth mechanisms
described in Section 3 had a distinct impact on the evo-
lution of the morphological order of the growing aggre-
gates. The growth of MEH-PPV aggregates via Ostwald
ripening preserved the anisotropic morphology templated
on single chains with a collapsed and ordered con-
formation. In contrast, aggregate coalescence primarily
occurred with no preferential direction, although two
coalescing aggregates initially displayed a highly aniso-
tropic morphology, leading to a notable reduction in the
degree of aggregate anisotropy””.

Chemical modification of polymer structures has been
shown to be an effective method for engineering aggre-
gate morphology’® %%, To make the chain backbone more
linear or kinked, Vanden Bout et al. modified the pro-
totypical CP MEH-PPV such that 30% of the monomers
were replaced by backbone-directing para- and ortho-
terphenyl inclusions (Fig. 5j)*°. Compared to aggregates
formed from pristine MEH-PPV, those of para-terphe-
nyl-containing MEH-PPV displayed a more highly
ordered morphology, as indicated by an increase in mean
M from 0.42 to 0.76. In contrast, aggregates of ortho-
terphenyl-containing MEH-PPV displayed a nearly iso-
tropic morphology, with a mean M of 0.18. As an alter-
native strategy for extending the backbone conformation,
Hu et al. introduced fluorine atoms into the chain
backbone of poly(3-ethylhexylthiophene) (P3EHT),
which yielded poly(3-ethylhexyl-4-fluorothiophene) (E-
P3EHT)**. Molecular dynamics simulations and M
measurements of these CP single chains revealed that
backbone fluorination dramatically altered the chain
conformation from random-coil-like for P3EHT to
extended-rod-like for F-P3EHT. Consistent with the
findings of the Kaufman group described above, the
ordered single-chain template of F-P3EHT facilitated the
formation of aggregates with a high degree of morpho-
logical ordering, as evident from the high M values
(Fig. 5k). In addition to backbone tailoring, side chain
substitution has been shown to impact aggregate mor-
phology® 2. Hu et al. prepared three types of aggregates
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Fig. 5 Engineering of aggregate morphology. a Schematic illustration of the polarization modulation depth measurement technique and
definition of modulation depth, M. Reproduced with permission from ref. 3. Copyright 2015 National Academy of Sciences. b-i M-value histograms
of single molecules and aggregates of MEH-PPV prepared using b-e chloroform and f-i toluene as the initial dissolving solvent. Histograms of the
single-molecule M values before (red in b and black in f) and after (black in b and gray in f) SVA. The aggregates become larger from c to d to e and
from g to h to i. The median M values are 0.66, 0.64, 0.63,0.37,0.16, 0.82, 0.91, 0.88, 0.85, and 0.67 for the red and black bars in b-e and black and gray
bars in f-i, respectively. Reproduced with permission from ref. /. Copyright 2019 American Chemical Society. Reproduced with permission from
ref. /. Copyright 2017 American Chemical Society. j M-value histograms of aggregates of pristine (top), 30% para-terpheny! (middle), and 30% ortho-
terphenyl (bottom) MEH-PPV. The mean M values are 042, 0.76, and 0.18, respectively. Reproduced with permission from ref. 83 Copyright 2011
American Chemical Society. k M-value histograms of aggregates of P3EHT (top) and F-P3EHT (bottom). The mean M values are 0.32 and 0.70,
respectively. Reproduced with permission from ref. % Copyright 2017 National Academy of Sciences. I M-value histograms of 100-chain rr-P3HT

aggregates (left), 6-chain rra-P3HT aggregates (middle), and 4-chain POMeOPT aggregates (right). The mean M values are 0.80, 0.33, and 0.61,
respectively. Reproduced with permission from ref. °*. Copyright 2014 American Chemical Society.

comprising poly(3-hexylthiophene) (P3HT) with different
regioregularity and side chain sizes: the CPs were
regioregular P3HT (rr-P3HT), regiorandom P3HT (rra-
P3HT), and poly(3-(2’-methoxy-5'-octylphenyl)thio-
phene) (POMeOPT)”®. Notably, 100-chain rr-P3HT
aggregates exhibited highly ordered interchain packing,
whereas 6-chain rra-P3HT aggregates exhibited dis-
ordered packing, as reflected by mean M values of 0.80
and 0.33 for the former and the latter, respectively. This
highlighted the crucial role that regioregularity plays in
directing aggregate morphology. Moreover, POMeOPT
aggregates consisted only of approximately 4 single
chains and displayed a similar degree of morphological
ordering as that of single chains with median M ~0.61
(Fig. 51). POMeOPT exhibited poor efficiency in assem-
bling into aggregates owing to the bulky side chains and
side-chain-induced twisting of the backbone.

Distinct photophysics of CP aggregates compared
with single-chain CPs

Single CP chains with ordered collapsed conforma-
tions often exhibit fluorescence intermittency, although
they consist of numerous chromophores, indicating
exciton funneling to a single, low-energy trap”*~'%, This
finding from single-chain studies posed a question as to
whether such robust exciton transfer can occur across
length scales, surpassing the physical size of single CP
chains. To address this, Yang et al. fabricated and
investigated a series of CP aggregates with ordered
anisotropic morphology’’. As shown in Fig. 6a—h, MEH-
PPV/PMMA blended films were prepared with different
MEH-PPV concentrations. The SVA of these films with
an acetone-chloroform solvent vapor mixture yielded
MEH-PPV aggregates consisting of 40, 170, and
955 single chains on average. All aggregates exhibited
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discrete changes in fluorescence intensity (Fig. 6i-l).
Notably, the jump size between neighboring intensity
levels was markedly greater in the aggregates than in the
single chains and increased with the size of the aggre-
gates (Fig. 6m—p), confirming efficient exciton diffusion
at the mesoscopic length scale.

Triplet excitons are closely related to the efficiency of
polymer solar cells because these species are long lived
and detrimentally quench nearby singlet excitons via
singlet—triplet annihilation. Steiner et al. explored the
difference in triplet excitons between single-chain and
mesoscopic multichain aggregates of P3HT'Y’. The latter
consisted of approximately 20 single chains. The authors
compared the single-aggregate fluorescence intensity
under nitrogen and air because molecular oxygen effec-
tively quenches triplets'®®. Upon introducing air into a
nitrogen environment, the intensity of the single-chain
aggregates increased drastically, whereas that of the
multichain aggregates was unchanged (Fig. 7a—d). Ana-
lysis of the intensity cross-correlation function g”(Ar)
revealed an explicit exponential decay for the single-chain
aggregates with a time constant of 18 ps, corresponding to
the typical triplet lifetime of P3HT (Fig. 7e). In contrast,
the multichain aggregates displayed a flat g® (A1) curve
(Fig. 7f), which led to the conclusion that no triplets were

formed in them owing to mesoscale H-type interchain
interactions'%’.

Recently, Wilhelm et al. discovered the structural phase
transition of CPs upon the formation of mesoscopic
aggregates. Blue-emitting poly(9,9-dioctylfluorene) (PFO)
can exist in three different structural phases depending on
the intermonomer torsional angle @ (Fig. 8a)''°. In the a-
phase, @ is randomly distributed at approximately 135°,
whereas in the B- and y-phases, @ lies in the range of
160-180° and 140-160°, respectively’''™''3, In fluores-
cence spectrum measurements, single PFO chains con-
sistently exhibited a 0-0 peak at approximately 411 nm,
characteristic of the a-phase (Fig. 8b). Owing to the
randomness of @ in this phase, each chain exhibited a
different degree of bending in the backbone, as is evident
from the distribution of the 0-1/0-0 peak ratio. Compared
with these single o-phase PFO chains, mesoscopic
aggregates consisting of approximately 34 single chains
exhibited a marked redshift of the 0-0 peak, which cor-
related with a decrease in the 0-1/0-0 peak ratio (Fig. 8c).
This revealed that aggregation induces a phase transition
to more ordered - and y-phases with enhanced intra-
chain coupling. Similar changes in the intrachain mor-
phology of CPs induced by aggregation have been
reported in other studies”®””.
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Beyond prototypical CP experiments

While SVA studies of single chains and aggregates have
focused primarily on prototypical CPs such as MEH-PPV,
P3HT, PFO, and their derivatives, the SVA technique is now
more widely applied to study the relationship between the
conformation and photophysics of conjugated materials at
the single-molecule level''*''*, Specifically, SVA of back-
ground matrix films containing single molecules of interest at
very low concentrations using vapors of a single solvent
allows the molecules of interest to undergo conformational
dynamics. This allows the direct comparison of structural
and photophysical properties before and after SVA for a
variety of single molecules.

Kim et al. directly visualized SVA-induced conforma-
tional changes in individual porphyrin-based polymers
(Zn, n=3, 4, 5, 6, 8, 12, 24, 32, 48, 64, 96, and 128)'*°.
They utilized super-resolution localization microscopy, in
which a series of emission centroid positions of a single
Zn molecule determined as a function of consecutive
photobleaching and photoblinking events allowed the
determination of polymer conformation at the nanometer
length scale. A typical example is that of a single Z96
molecule embedded in a PMMA film; the distribution of
its emission centroid positions was initially constrained to
a very small region. However, it became significantly
elongated after SVA (Fig. 9), demonstrating the con-
formational transition of the molecule from a coiled to a
more stretched conformation.

In addition to polymer conformation, Vogelsang et al.
showed that the position and orientation of individual
macrocyclic oligomers in PMMA films could be
manipulated via SVA'*'. Following SVA, the macrocycles
accumulated preferentially at the PMMA /air interface, as
indicated by the disappearance of the single-molecule
intensity cross-correlation signal. This was due to triplet
state quenching by molecular oxygen, which was more
accessible at the interface than deep within the film
(Fig. 10b). Furthermore, the macrocycles primarily adop-
ted an orientation parallel to the substrate surface at the
interface. This was evidenced by the fact that the M value
distribution peaked at approximately 0.1 (Fig. 10c).
Owing to ring symmetry, macrocycles lying parallel to the
surface exhibited isotropic absorption and yielded M
values near 0.

In conventional single-molecule approaches, the con-
formational dynamics of individual CPs are unavoidably
constrained in solvent-swollen host matrices and semi-
liquid media, such as liquid crystals and viscous solutions.
To circumvent interference from the surrounding envir-
onment, Penedo et al. introduced glass surface anchoring
of polymer chains via triethoxysilane (TES) functionali-
zation of one end of the polymer (Fig. 11a)'**>. This
approach impedes polymer diffusion in organic solvent
environments while ensuring conformational flexibility.
Single surface-anchored P3HT chains in good (o-
dichlorobenzene, 0-DCB) and poor (DMSO) solvents
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displayed chain-to-chain conformational heterogeneity, as
indicated by the diversity of the single-molecule fluores-
cence intensity profiles (Fig. 11b). Real-time solvent
exchange experiments showed that single surface-
anchored P3HT chains dynamically reorganize their
conformation on a subsecond time scale in response to
sudden changes in solvent quality (Fig. 11c, d).

Conclusions

This review has provided an overview of single-aggregate
spectroscopic studies on CP aggregates. The SVA techni-
que offers a unique opportunity for the bottom-up pre-
paration and structural characterization and control of
mesoscopic aggregates of CPs. These entities, compared to
single CPs, provide environments more analogous to those
present in thin-film devices in terms of complexity of
morphology and chain interactions; thus, such aggregates
hold the potential to provide information that is more
relevant to optoelectronic device function. From a tech-
nical perspective, SVA for the formation of CP aggregates
in swollen films requires the following two conditions to
be satisfied: (1) the CP concentration must be at least an
order of magnitude higher than that typical of single-chain
studies, and (2) a good—poor-solvent mixture with an
appropriate vapor volume ratio must be used. These
conditions arise from the prediction that CP aggregate
formation and growth rely on Ostwald ripening. This is
partially true, but aggregate growth is more complex and
occurs through multiple mechanisms: Ostwald ripening, as
predicted, and aggregate coalescence. One study showed
that these two mechanisms contribute to aggregate growth
to similar extents; however, they have a distinctive impact
on aggregate morphology, particularly in terms of the

\.

15000

b

10000

Ar

Intensity (a.u.)

5000

Ar; E
Ar 0

796 :
20+
ﬁ . Al E 10- X
1. Lol o B |l £ S
ol TR b
1 u‘ 2 0] 3T,
! LV@ >?m

-204

0

20000

20

796 after SVA

60 80 100 120

Time (s)

40 140 "20 do 0 10

X position (nm)

20

Ar

_| n2

u.)

3 15000

Ar E
Ar
Ar = 3,5-dioctyloxyphenyl

Zn (n=3,4,5, ..., 96, 128) 10000}

Intensity (a

5000

0

(b

:
: Tw-'-evm.-ff T

P

Y position (nm)

[}

Fig. 9 SVA-induced conformational changes in porphyrin-based polymers. a Molecular structure of meso-meso directly linked porphyrin arrays
(Zn). b, ¢ Color-coded fluorescence intensity trajectories (left) and emission centroid positions (middle) of a single Z96 molecule b before and ¢ after
SVA. Shown at right are illustrative molecular conformations corresponding to the distributions of the centroid positions. Reproduced with

permission from ref. '*°. Copyright 2018 American Chemical Society.

20

40 60 80

Time (s)

100 120 140

-10 0
X position (nm)

10




Kim et al. NPG Asia Materials (2023) 15:32 Page 10 of 13

Without solvent vapor annealing

Without solvent vapor annealing

}=50nm

Occurrence

b 4 | Cross- At
correlation +
21 —>
0.' Ly -*.--,n'- tt..’um'm-‘-n-ntmc.n

1, =85+12ps
Ty =406 ps

10 10° 10 10° 00 02 04 06 08 10
At (ps) Excitation polarization modulation depth, M

Fig. 10 Rearrangement of macrocyclic oligomers in a polymer film by SVA. a Molecular structure of a shape-persistent spoked-wheel molecule.
b g'?(AT) curves for 39 and 254 macrocycles exhibiting high and low single-molecule fluorescence intensities. ¢ M-value histograms of macrocycles
dispersed in a 250 nm-thick PMMA film without (top) and with (bottom) SVA and in a 50 nm-thick PMMA film without SVA (middle). The black dots
represent a simulated M distribution for macrocycles with random orientations in three dimensions. The black bars represent the instrument
response measured using isotropic fluorescent beads. Reproduced with permission from ref. '?'. Copyright 2016 American Chemical Society.

'd \
a - C -
x S & N .
H= g% T 30
E 28 =
52 gd TES-P3HT < 20+
Brass chamber = 7 =
Surface-immobilized 2 1 0 7
- T P3HT 9
PTFE ring 2 c 0 -1
Incubated Si(EtO]
s a‘i— hy(li(ro‘ly)sgis o Tl\o
) — (7
Microscope H,0 CH, (
objective r evaporation CH, s
CW laser excitation .
[ 250
o-DCB
b ol Class! 4 Classl Class Ill W injection
4
P ~0.5
=10 E 2 WW = 2 m L_, Zemin :
o =9 2 0p— = ~1-2s T o 1%
0 5 wiin, EER
%5 22 WWW B 2 MM
20 % 0] ; B SR o0 d
= 5‘ B :m =3 @, gxend® Photop,
' 2 \apse A A eache
d 0 gy MR p colet gl PL intensity d
0 60 120 180 0 60 120 180 0 60 120 180 Time C e——
Time (s) Time (s) Time (s) DMSO o-DCB

Fig. 11 Conformation dynamics of CPs in organic solvents. a Schematic of the strategy for studying single P3HT chains in 100% organic solvents.
b Three different classes of fluorescence intensity trajectories of surface-anchored TES-P3HT-L chains. ¢ Fluorescence intensity trajectory of a single
TES-P3HT-S chain showing a sudden change in intensity upon switching from the poor solvent (DMSO) to the good solvent (0-DCB) at ~31's and
corresponding fluorescence images taken at t=0, 35, and 70s. d Schematic illustrating the collapsed-to-extended conformational change that

occurred during the in situ solvent-exchange experiment shown in c. Reproduced with permission from ref. '?°. Copyright 2018 American
Association for the Advancement of Science.




Kim et al. NPG Asia Materials (2023) 15:32

degree of mesoscopic order. The morphological order of
CP aggregates plays a key role in determining the type and
extent of electronic coupling and photophysics: intrachain
and interchain ordering lead to J- and H-type coupling,
respectively, causing the aggregates to exhibit the asso-
ciated spectroscopic and photophysical properties. Clearly,
an ordered morphology ensures robust chain interactions,
which are crucial for achieving long-range exciton diffu-
sion, which is required for bulk heterojunction solar cell
applications. In most cases, the degree of order in the
aggregate morphology is already templated at the single-
molecule level; that is, highly ordered anisotropic aggre-
gates are formed primarily by the assembly of single CPs
with collapsed, ordered conformations. As such, a multi-
tude of studies have been devoted to tailoring the chain
backbone and side chains to attain order over single CPs
and, in turn, aggregates thereof. These studies have col-
lectively shown that ordered CP aggregates exhibit
designed properties such as enlarged exciton domains and
exciton transfers over tens of nanometers.

In summary, this review and the literature referred to
herein shed light on the mesoscopic connections between
morphology, chain interactions, and photophysics in CPs.
This understanding, in conjunction with that established
at the single-molecule level, will facilitate the bottom-up
control of optoelectronic properties from the molecular to
the device-length scale.
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