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ABSTRACT Photoluminescence (PL) of single poly(3-hexylthiophene) (P3HT)

J-aggregate nanofibers (NFs) exhibits strong quenching under intensity-modulated
pulsed excitation. Initial PL intensities (/;) decay to steady-state levels (/ss)
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lss

typically within ~1—10 s, and large quenching depths (lo//ss >2) are observed S
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for ~70% of these NFs. Similar studies of polymorphic, H-aggregate type P3HT NFs

P3HT J-aggregate

show much smaller PL quenching depths (/p/lss <1.2). P3HT chains in J-type NF sz-stacks possess high intrachain order, which has been shown previously to

promote the formation of long-lived, delocalized polarons. We propose that these species recombine nongeminately to triplets on time scales of >1 ns. The

identity of triplets as the dominant PL quenchers was confirmed by subjecting NFs to oxygen, resulting in an instantaneous loss of triplet PL quenching

(lo/lss ~1). The lower intrachain order in H-type NFs, similar to P3HT thin-film aggregates, localizes excitons and polarons, leading to efficient geminate

recombination that suppresses triplet formation at longer time scales. Our results demonstrate the promise of self-assembly strategies to control intrachain

ordering within multichromophoric polymeric aggregate assemblies to tune exciton coupling and interconversion processes between different spin states.
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nderstanding the influence of con-
l | formation and packing on the elec-
tronic properties of conjugated
polymers remains a long-standing chal-
lenge to optimize the performance of these
materials for optoelectronic applications.
In particular, the efficacies of energy and
charge transfer along or through polymer
chains as well as interactions and interconver-
sion between electrically neutral exciton
and charged polaron species are intimately
dependent on the polymer structural attri-
butes, which are usually difficult to control
using conventional material processing
techniques. However, the tendency of some
polymers to assemble into ordered, 7z-stacked
aggregates can lead to efficient multidimen-
sional (i.e, intra- and interchain) charge and
energy transport, which offer researchers
greater opportunities to tune material func-
tionality and improve performance.>*
P3HT is perhaps the most recognized
conjugated polymer system capable of
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forming extended aggregates, which has
made it a benchmark material in solar
cell and field-effect transistor applications.
Following initial reports of efficient multi-
dimensional charge and energy transfer in
P3HT aggregates by Sirringhaus et al. and
Osterbacka et al., respectively, numerous
studies have sought to further exploit ag-
gregates to understand and improve device
performance figures of merit. The develop-
ment of the weakly coupled HJ aggregate
exciton model by Spano and co-workers
has proven a powerful tool in these efforts,
which relates microscopic structure and
ordering information to exciton coupling
characteristics and strength from one-
photon optical spectra.’ This model has
been used extensively in the study of
P3HT aggregate optical and electronic
properties and their dependence on intra-
chain (i.e, monomer coplanarity) and inter-
chain (i.e., packing) order. Exciton coupling
can be determined using the HJ aggregate
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model by comparing the one-photon absorption
strength of the pure electronic origin transition (0—0)
to the first vibronic sideband (0—1).> 0—0/0—1 values
of <1 are found for H-aggregate exciton coupling
(i.e., face-to-face dipole coupling), entailing greater
interchain exciton character in the P3HT z-stack.’
These excitons are most commonly observed in
thin-film P3HT aggregates with low intrachain order
arising from polydispersity-induced stacking faults and
disorder.” On the other hand, 0—0/0—1 ratios of >1
have only recently been reported in P3HT aggregates,
indicating high intrachain order that strongly attenu-
ates interchain coupling (e.g, <kgT) due to ex-
tended intrachain exciton delocalization.? This is the
J-aggregate coupling limit (i.e., head-to-tail coupling)
that arises only in situations when molecular weight
fractionation occurs during the aggregate assembly
leading to very few stacking faults. Because conven-
tional processing methods of P3HT functional forms
(i.e., thin films) typically do not promote fractionation,
this mode of exciton coupling is very rare in P3HT
systems.” Our group has recently demonstrated that
solution-based self-assembly of P3HT aggregate nano-
fibers (NFs, also known as nanofibrils or nanoribbons)
can be used to select H—J exciton couplings through
effective control of aggregate order and sizes as well as
the boundaries between aggregated and amorphous
domains. Importantly, the latter has been proposed
to facilitate conversion of neutral excitons into free
charge carriers (polarons), which makes the under-
standing and control of these features vital for further
maximizing material performance.'® This intrinsic
charge generation mechanism has been demonstrated
in P3HT thin films and has since generated interest in
further understanding the structure—function relation-
ships of this charge generation process.'"'? Autoioni-
zation may also occur in single P3HT chains (typically
within aggregates) either by hot exciton dissociation
or delocalization-induced polaron pair formation.'*'*
In addition to forming charged species, long-lived
triplet states may emerge and, together with polarons,
interact with singlets generated on nearby chromo-
phores via intra- or interchain mechanisms.'®> These
interactions are mediated primarily by the polymer
structural characteristics, but intrinsic nano- to micro-
meter scale morphological features tend to obscure
specific molecular-level structural and conformational
factors regulating triplet generation mechanisms and
interactions.

Here, we study chain conformation- and packing-
dependent exciton interconversion, interactions, and
dynamics in P3HT aggregates by self-assembling two
limiting NF structures with well-defined packing and
ordering characteristics. Single NF photoluminescence
(PL) modulation spectroscopy and imaging techniques
are used that have already seen extensive use as
probes for understanding the roles of conformation
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and packing on photophysical outcomes in conjugated
polymers.'® 2?2 Exciton—polaron interactions®>~%> and
singlet—triplet interactions®*?%?’ can also be interro-
gated on sub-100 nm size scales, and we now extend
these studies to single P3HT NF structures by measuring
PL quenching dynamics on ~100 ns to 1 ms time scales.
By carefully controlling the kinetics of nanofiber forma-
tion (i.e., solvent—solute interactions), the intra- and
interchain order and, hence, exciton coupling within
aggregates can be tuned, thus affording more accurate
structure—function information®° To this end, two
types of P3HT NFs are studied that represent the limits
of excitonic degrees of freedom in P3HT aggregates,
namely, (i) highly ordered, crystalline J-aggregates and
(ii) less ordered, polymorphic H-aggregates.®*8

Despite that the HJ aggregate model was originally
developed considering neutral and optically accessible
singlet excitons, its underpinnings can be extended
to understand exciton—polaron interactions and inter-
conversion processes outlined above. Specifically,
intra- and interchain (packing) order and coupling
inferred from singlet-exciton optical transition line
shapes can teach us how these structural factors
influence the branching ratios of S = 1/2 polaron
and S = 1 triplet formation mechanisms and their
interaction with singlets over a broad range of time
scales. 20232930 |n particular, the high sensitivity of
P3HT NF aggregate singlet-chromophore exciton cou-
pling makes PL probes very attractive for elucidating
the dependence of exciton—polaron and singlet—
triplet interactions on chain-ordering characteristics,
which is exceedingly difficult in thin films due to
inhomogeneity effects.?*?* We demonstrate efficient
quenching of J-aggregate NF PL intensities on micro-
second time scales from triplet states generated pri-
marily from nongeminate recombination of long-lived,
intrachain-delocalized polarons generated on earlier
time scales from autoionization of singlet excitons.
This mechanism of triplet formation is not effective in
conventional thin-film aggregates and less ordered
H-type NF structures, because their lower intrachain
order instead localizes excitons or polarons, which
promotes faster relaxation, trapping, and geminate
recombination processes.

RESULTS AND DISCUSSION

P3HT NFs are prepared and characterized using
methods published earlier.®® TEM images of H- and
J-type NFs are shown in Figure 1a,b, respectively.
H-type NFs are typically ~15—20 nm wide and have
a rope-like, segmented appearance that stems from
their rapid formation kinetics in anisole. J-type NF
widths, on the other hand, are ~30—40 nm and have
a more diffuse appearance reducing contrast in their
TEM images, owing to slow self-assembly over several
days in toluene. These conditions promote molecular
weight fractionation, resulting in aggregates with very
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Figure 1. TEM images of H- (a) and J-type (b) P3HT NFs (scale bar = 200 nm). Optical absorption and PL spectra of H- (c) and
J-type (d) P3HT NF dispersions. Arrows indicate excitation wavelengths used to excite PL in single NFs. (e) Scheme of
excitation intensity modulated single-particle PL imaging and spectroscopy on P3HT NFs dispersed in polystyrene (PS)
and sealed with an aluminum overcoating. (f) Representative PL image of single NFs dispersed within the PS host matrix.

(scale bar = 5 um).

few stacking faults. This effect does not occur in H-type
NFs assembled in anisole and instead leads to poly-
morphic structures with poorer aggregate quality.
Consequently, exciton coupling and intrachain order-
ing of P3HT chains comprising these NFs are distinctly
different and can be assessed from optical absorption
and PL spectra (Figure 1c,d) using the HJ aggregate
model. J-type NFs possess high intrachain order that
attenuates interchain coupling®' due to the deloca-
lized nature of singlet excitons. Recent time-resolved
PL polarization anisotropy measurements also re-
vealed that J-type excitons remain intrachain in nature
throughout their entire lifetime.>*** H-type NF exci-
tons are localized from disorder effects resulting in
lower intrachain order and larger interchain coupling
with adjacent chains in the aggregate 7-stack.

Figure Te highlights the experimental approach
used in this study, where NFs are dispersed in an inert
host matrix and interrogated using single-nanoparticle
PL spectroscopy. The PL of individual NFs is excited
using a sequence of laser pulses of varying intensities
spanning the microsecond time scale regime. Samples
are coated with aluminum to prevent unwanted photo-
degradation, and a typical PL image of well-dispersed
NFs is shown in Figure 1f. Figure 2a displays a repre-
sentative excitation intensity-modulated pulse se-
quence (lex) used to pump P3HT NF PL generated by
shaping a CW laser with an acoustic optical modulator
controlled by a function generator. Average excitation
powers used were ~50 nW, corresponding to peak
intensities of approximately 20 W/cm? (1), 95 W/cm? (),
220 W/cm? (lll), and 370 W/cm? (IV), and pulse cycle
periods ranged from 500 us up to 5 ms. Figure 2b,c
show representative excitation intensity-dependent PL
transients from H- and J-type P3HT NFs, respectively, re-
corded by synchronously averaging many pulse cycles
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Figure 2. (a) Typical laser pulse excitation profile generated
from scattered excitation light. See text for characteristic
peak intensities for each pulse. Excitation intensity depen-
dent transients were recorded using a multichannel analyzer
(MCA) that synchronously averaged over many excitation
cycles. (b, c) Representative transients of H-type and J-type
P3HT NFs from over 100 individual particles. Insets show
corresponding PL transients averaged over longer times
(~1—10 ms) with a multichannel scaler. These longer time
transients were used to assess the NF photostability char-
acteristics over the course of the experiment.

using a multichannel analyzer (MCA). Once the laser
turns on, the singlet-exciton PL intensity rises to its
maximum (lp) within the instrument-limited time reso-
lution (~100 ns) usually followed by decay to a steady-
state level (Iss) at later times. Quenching dynamics
time scales are similar between NF types, showing PL
modulation, but quenching depths (ly/lss), however,
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are markedly different depending on the packing and
intrachain order of chains within the NF aggregates.
Excitation intensity-dependent transients were mea-
sured from many NF particles for each type (>100),
including different batches, that show similar behavior
as reported in Figure 2b,c. Polymorphic H-type NFs
show relatively small average quenching depths
(lo/lss <1.2, Figure 2b) for particles displaying any
discernible quenching (~30%) whereas the majority
of particles studied (62%) displayed no PL quenching.
Conversely, J-type NFs exhibit much larger quenching
depths (lo/lss =2) for ~70% of all particles studied,
and PL modulation characteristics were independent
of particle size (brightness, Figure 2¢) as well as the
overall excitation cycle frequency (see Supporting
Information). A small fraction (7%) of all H-type NFs
studied did show larger PL quenching depths, suggest-
ing some of these structures are more J-like in nature.
In a previous study of H-type NFs fabricated in anisole,
PL excitation spectroscopy revealed that line shapes are
dominated by minority, lower energy emitters popu-
lated by energy transfer from nearby higher energy
chromophores.* Upon dispersing NFs in inert hosts,
fragmentation occurs to varying degrees, meaning that
energy transfer pathways are broken, and we propose
the small fraction of H-type NFs displaying large PL
quenching depths reflect these minority emissive traps.
In a similar vein, approximately 20% of J-type NFs
showed lower PL quenching depths (lo/lss <1.5) that
were mostly smaller (ie., less intense) particles. For
comparison, the same experiment was performed on
regioregular P3HT thin films and P3HT nanoparticles
prepared using reprecipiation techniques that, like
most H-type NFs, exhibited no PL quenching regardless
of excitation intensity (see Supporting Information).
The smaller PL quenching response observed in H-type
NFs further demonstrates these morphologies more
closely resemble those of thin films (i.e., smaller aggre-
gates with low intrachain order bordered by interpene-
trating amorphous chains).

There is an additional possibility that fragmentation
of NFs upon dilution and dispersion into poly-
styrene hosts can result in the presence of single
P3HT molecules,? which may contribute to unwanted
background signal modulation. However, single P3HT
molecule PL intensities are much lower than NFs, and
measurements of backgrounds showed no evidence of
PL quenching. NF PL transients (insets in Figure 2b,c)
recorded on longer time scales (~1—10 ms dwell
times/channel) with a multichannel scaler show good
photostability when subjected to pulsed excitation,
unlike single molecules, which normally tend to flicker
and degrade much faster. Longer time scale PL tran-
sients from anisole H-type NFs frequently exhibited
small fluctuations between intermediate levels but
usually not much larger than the shot noise, which
probably originates from stochastic switching due to
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Figure 3. (a) Histogram of Iy/Iss values of many J-type P3HT
NF samples and (b) comparison of /y/Iss with decay times
generated from single-exponential fits for a particular laser
excitation intensity (loxc = 350 W/cm?).

energy transfer between distinct domains within the NF
structure. Importantly, quenching depths and dynamics
were dependent on excitation intensity (Figure 2b,c),
revealing key insights into the mechanism(s) of PL
quenching in P3HT NFs (vide infra).

We now focus on J-type P3HT NFs and classify their
PL quenching ratios and decay time scales to identify
the dominant quenching species and their possible
formation mechanism(s). Representative distribu-
tions of ly/lss values and decay times are shown in
Figure 3a,b, respectively, within a particular sample
(loxc = 350 W/cm?). Average lo/lss values for J-type NFs
are ~3.6 for excitation intensities of >250 W/cm?Z.
A single-exponential decay function of the empirical
form

I(t) o< Iy exp(—t/7) + Iss (1

was fitted to excitation intensity-dependent MCA tran-
sients, and quenching time scales (lexc = 350 W/cm?)
were compared to lo/lss values (Figure 3b). Larger lo/Iss
values (>2) correlate with faster quenching dynamics,
a trend noted earlier in intensity-dependent PL
quenching of single polymer molecules,®® but decay
time scales associated with smaller ly/lss values (~1.5
or less) have a broader range (ie, ~1—10 us). The
variation of quenching dynamics and /o//ss with excita-
tion intensities indicates a bimolecular process, prob-
ably involving multiple steps preceding PL quenching
time scales observed here.

On the basis of previous photophysical studies of
P3HT and related polythiophene systems, it is straight-
forward to arrive at two likely candidate PL quencher
species in P3HT NFs, namely, polarons and triplet
states. Polaronic species, such as free charges or loosely
bound, uncorrelated polaron pairs, are often present in
appreciable levels, but their optical cross sections are
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Figure 4. Representative single J-type NF intensity-dependent PL transients and images measured under N, (a, b) and

air (c, d).

generally weak and spectral line shapes are broad and
unresolved. As mentioned briefly in the introduction,
the generation of polarons or polaron pairs in neat
polymers has become an increasingly important topic
for reconciling performance characteristics in optoe-
lectronic devices,'" but it is difficult to reliably control
the yields of polaronic species in conventional thin-
film structures due to morphological inhomogeneity.
Interestingly, embedding single molecules in model
unipolar OLED-type devices has demonstrated that
polaron levels can be controlled with device bias, thus
allowing detailed molecular-level studies of exciton—
polaron interactions.?*

Triplet excitons are relatively long-lived and can
quench emissive singlets by energy transfer.3® Triplets
have received considerable attention for polymer solar
cell applications since population of these low-energy
states can be particularly detrimental because chro-
mophores are effectively removed from photoexcita-
tion cycling into allowed singlet states.?’ Strategies to
either utilize or mitigate triplets have been pursued
that have sought to take advantage of their longer
lifetimes and, hence, larger diffusion lengths, although
some studies suggest similar migration length scales
as singlets.>® The specific structural factors regulating
triplet formation mechanisms and yields in polymers
and related aggregates are still debated, but the
prevailing consensus is that chromophore structural
characteristics, such as intra- and interchain order, play
an important role in determining triplet yields and
dynamics.3® Unfortunately, the subtle aspects of chain
conformational and packing order are often masked in
thin-film and solution spectroscopic studies from en-
semble averaging effects. As demonstrated in Figures 2
and 3, these limitations can be circumvented in
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self-assembled NFs, especially for J-type NFs, owing
to the ability to direct polymer conformation and

packing.

Despite the promise of self-assembled NFs to resolve
exciton—polaron interconversion and interactions,
distinguishing either polarons or triplets as singlet-
exciton quenchers in P3HT NF intensity-dependent
transients can be a difficult task because they may
coexist and interact over similar time scales. However,
when triplet energies are >1 eV, the presence of
oxygen quenches triplets by efficient energy transfer,
thus sensitizing singlet oxygen, thereby providing a
valuable diagnostic tool for revealing the presence of
these states in NFs. We now perform single NF imaging
and excitation intensity-dependent transient studies
by regulating the atmosphere over NF solid disper-
sions. Samples for this study were processed without
the aluminum overcoating and placed in a flow cell,
where they were initially kept under a dry N, environ-
ment. Ambient air was then bled into the flow cell, and
NF PL images and transients were recorded to help
uncover the identity of the dominant quenching spe-
cies in J-type NFs. Figure 4 shows representative J-type
single NF spectra and PL images under N, (a, b) and
exposed to air (¢, d) using the same average laser
power (~50 nW).

Unsealed samples recorded under dry N, environ-
ments show the typical efficient intensity-dependent
PL quenching behavior albeit with somewhat lower
signal-to-noise ratios because they lack the metal
overcoating (Figure 4a). PL quenching behavior in
single J-type NFs disappears or is strongly attenuated
almost immediately after samples are exposed to
air (lo/lss ~1), consistent with previously published
oxygen diffusion constants in P3HT.>® Average PL
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intensities initially display small, transient increases,
which is discernible from comparison of the integrated
intensities of transients before and after exposure to
ambient air (Figure 4a,c), but then subsequently de-
crease from irreversible photodegradation processes.
Excitation intensity-dependent transients were also
recorded simultaneously with PL image acquisition
by averaging over all particles in the image field-of-
view that show similar behavior to single NFs in
Figure 4a,c (see Supporting Information). The same
experiments were performed on H-type NFs, and
virtually no change in PL quenching behavior was
observed upon exposure to air, demonstrating a much
smaller amount of oxygen-sensitive quenchers formed
(see Supporting Information).

The strong sensitivity of J-type NF PL quenching
behavior to the presence of oxygen and lack of ex-
tended dark periods in corresponding PL transients
indicate the dominant quenchers are triplet states.
Previous reports of excitation intensity-dependent tri-
plet quenching in single poly(3-octylthiophene) (P30T)
molecules showed similar behavior where average PL
intensities increase substantially upon introduction of
oxygen.>® Schindler et al. performed PL imaging and
transients on single ladder-type, poly(para-phenylene)
molecules (MeLPPP) and were able to induce con-
trolled bursts by introduction of air in the sample.*°
More recently, Steiner et al. used fluorescence correla-
tion spectroscopy (FCS) to measure “on” and “off” times
due to triplet blinking on single P3HT chains of varying
molecular weight.?® These authors found “on” times
ranging from ~5 to 10 us, which are comparable to
PL quenching time scales reported here. Using the
reported bimolecular rate constant of triplet quench-
ing by oxygen in structurally similar P30T (kq = 1.4 X
10° M~" s7)* as an upper limit for P3HT aggregate
triplets, triplet deactivation is expected to be very effi-
cient in J-type NFs assuming high intrachain mobilities.

Further conformation of triplets as the dominant
quenchers in P3HT NFs comes from detailed electron
spin resonance and optically detected magnetic reso-
nance studies of P3HT. Sperlich et al. observed both
reversible and irreversible interactions with oxygen,*?
where the latter proceeds via triplet states. Reversible
interactions with oxygen were shown to involve singlet
excitons that usually manifest as long “off” times in PL
transients of single polymer molecules from charge
transfer complex formation with oxygen.>* The intro-
duction of ambient air into unsealed J-type NF sam-
ples, along with larger peak intensities from pulsed
excitation, accelerates photodegradation and loss
of PL signal due to the highly electrophilic character
of singlet oxygen generated by triplet sensitization,
which is not characteristic of a reversible charge trans-
fer complex interaction.*? Although these types of
interactions with oxygen are possible and commonly
observed in single-molecule spectroscopy of polymers,
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they are probably masked in our data owing to the
multichromophoric nature of NFs.

Mechanisms of Triplet Formation in J-Aggregate P3HT Nano-
fibers. Despite apparent efficient triplet generation and
quenching in J-type P3HT NFs, it is noteworthy that
previous transient absorption spectroscopic studies of
regioregular P3HT thin films instead showed preferen-
tial polaron generation.'>'® This situation changes
dramatically in P3HT solutions, where appreciable
triplet populations were reported in P3HT chains with
significant dynamic conformational disorder.** From
comparison of intensity-dependent PL transient trends
from H- and J-type NFs, the stark contrast in apparent
triplet—polaron branching ratios in these P3HT forms
can most readily be traced to differences in chain con-
formational and packing order. Similar dependences
were reported earlier from photophysical studies
of amorphous (glassy) and crystalline (5-phase) poly-
(9,9-di-n-octylfluorenyl-2,7-diyl) thin films, which show
much lower triplet populations for the planar S-phase
due to efficient polaron generation.**

The expected low triplet yields observed in polymer
thin-film aggregates raise questions regarding the
mechanisms in effect for efficient triplet generation
in J-type NFs. It is first important to point out that the
structural qualities of these aggregates are significantly
different from those typically encountered in conven-
tional polymer thin films and solution phase conforma-
tions. We propose that the unusually high intrachain
order and packing integrity of these aggregates play
key roles in determining the photophysical outcomes
resulting in triplet formation, and we now consider
several candidate triplet mechanisms known to be
operative in conjugated organic molecules, namely,
(i) singlet fission; (i) intersystem crossing (ISC); and (iii)
nongeminate polaron recombination to triplets.

Singlet exciton fission has received a great deal of
attention lately for its potential to increase yields of
photogenerated charge carriers in solar cells.' This
process involves conversion of optically allowed sing-
let states into two spin-forbidden triplets on neighbor-
ing chromophores promptly following photoexcita-
tion.*> However, singlet excitation energies must be
at least 2 times larger than the lowest energy triplet
(Es; = 2Er), making singlet fission more efficient
in chromophores with large exchange energies and
S;—T, energy gaps (AEs_1).*> Although singlet fission
was shown to generate triplets on ultrafast time scales
in P3HT solutions,® we rule it out as a likely mechanism
of PL quenching by triplets on microsecond time scales
(Figures 2 and 3) since high intrachain order in J-type
NFs and persistent, delocalized intrachain exciton
character over its entire lifetime should result in lower
exchange energies and AEs_1.*® Moreover, the excita-
tion energy used to excite PL (568 nm, 2.18 eV) is not far
above the optical gap, which would further reduce
singlet fission efficiency.
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Excited-state spin crossover on conjugated organic
chromophores is more commonly reported on longer
time scales (>1 ns), which typically corresponds to
ISC events requiring sufficient spin—orbit coupling.*®
Bredas and co-workers calculated the ISC rate constant
for planar oligothiophenes (idealized C,;, point group
symmetry) and predicted very small triplet yields
since spin—orbit mixing of the lowest energy excited
singlet ('B,) and triplet (3B,) is possible only for the
z-component (Ay) of the spin—orbit coupling.*” This
mechanism requires an out-of-plane backbone dis-
tortion in order to achieve nonzero spin—orbit S;—T;,
mixing, which is better realized in solution-like, P3HT
chain conformations with dynamic conformational
disorder.*” The stringent symmetry factors imposed
by relatively planar P3HT chains in J-type NFs could
possibly be circumvented by the expected lower ex-
change energies mentioned above. Consequently,
smaller AEs_t values could result in an increase of
the ISC rate constant, although spin—orbit mixing
of singlets and triplets is small.*® Previous studies of
exchange energies in a variety of polymers show a near
constant value (~0.7 eV) in addition to similar AEs_t
values.®® It is important to stress these studies were
performed in solution and solid thin films with non-
fractionated samples, which could potentially mask
contributions from minority chains with high intra-
chain order common to J-type NFs. A comparison of
heavy atom effects in z-stacked aggregates with high
conformational order could perhaps better assess I1SC
yields, but such materials are not presently available for
this study.*

Another intriguing ISC pathway involves coupling
S, to higher energy triplet states (T,,) in closer energetic
proximity to S; with favorable symmetry followed
by rapid internal conversion to the lowest energy
triplet, T;. This multistep process essentially mimics
lowering exchange energies, but triplet—triplet ab-
sorption spectra of P3HT and related polymer systems
show no evidence of higher energy triplet states in
the energetic vicinity of the S, state.® At this stage, it is
not possible to definitively rule out ISC as a viable
mechanism for efficient generation of triplets in J-type
NFs. Nonetheless, the structural and symmetry factors
responsible for the dominant J-aggregate exciton cou-
pling conflict with established literature trends relating
structural factors and AEs_t indicating that ISC should
not be efficient.

Similar to previous studies of autoionization pro-
cesses in regioregular P3HT thin films, Martin et al.
measured ultrafast transient absorption spectra for
H- and J-type P3HT NF dispersions and found no
distinct triplet signatures appearing on time scales
ranging from ~200 fs up to ~1 ns.3* On the other
hand, delocalized polarons (DP) and intrachain polaron
pairs (PP)*® were reported with significantly longer
lifetimes in J-type NFs compared to their H-type
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counterparts.3* At early time scales (<200 fs) the PP:
DP change in optical density (AOD) signal ratio was
10:1 for J-type NFs compared to a value of 1.5:1 found
in anisole-assembled H-type NFs.* This result high-
lighted the stark contrast of intrachain order in both NF
types, which serves to delocalize excitons and increase
electron—electron correlation lengths. Although PP
relaxation times were similar for both NFs,*' DP species
showed much slower relaxation dynamics (z > 2 ns)
in J-type NFs since they are more sensitive to inter-
chain coupling,®* which is virtually absent in these
aggregates.

The long-lived nature of uncorrelated intrachain
DP species potentially sets the stage for nongeminate
recombination at later times when these populations
become significantly larger than earlier time scales
probed by ultrafast spectroscopy. According to simple
spin statistics, recombination of uncorrelated polarons
to triplet vs singlet states should have a 3:1 branching
ratio, respectively. Similar triplet generation mechan-
isms were proposed in para-hexaphenyl®' and poly-
(phenylene—vinylene),'® although the ordering and
size of these chromophores are probably lower than
in J-type P3HT NFs. Because PP and DP species tend to
recombine geminately on much faster time scales in
H-type NFs due to the more localized character and
larger interchain coupling, triplet recombination yields
in these aggregates are expected to be small, resulting
in much lower or no PL quenching on microsecond
time scales, as shown in Figure 2b. This result is also
consistent with previously reported low triplet yields in
P3HT thin films owing to the morphological similarities
between films and H-type NFs.

It is also noteworthy that several groups have
demonstrated that polaron recombination does not
always follow simple spin statistics. For example, in-
creasing conjugation lengths (e.g., regioregular aggre-
gated P3HT vs regiorandom amorphous P3HT) tends
to favor increased recombination to singlets, which is
consistent with smaller AEs_1.>>>3 While our present
results do not enable us to quantitatively estimate the
triplet populations from PP/DP recombination, the
longer triplet lifetime and expected diffusion lengths
still result in effective PL quenching of singlet excitons,
even at lower populations than predicted from spin
recombination statistics. On the basis of these consid-
erations, we attribute triplet formation on >1 ns time
scales in J-type NFs largely to nongeminate recombi-
nation of polarons generated on earlier time scales.

Regardless of the specific mechanism of formation,
the spin-forbidden, nonradiative relaxation back to the
ground electronic state (So) of triplets occurs by reverse
ISC and should be similar to values reported from other
P3HT forms (i.e., thin films, nanoparticles, and single
molecules). We use a sequence of two excitation pulses
delayed with respect to each other that reveal triplet
quencher relaxation time scales via reverse ISC and
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Figure 5. (a, b) Variable pulse time gap single NF PL experiment on sealed NF samples. Pulses of the same intensity and
duration are delayed on time scales of ~5—100 us. (c) Reverse ISC process probed by the variable time delay pulsed excitation
PL experiment. (d) Comparison of initial intensities (/o) for each pulse and their respective time delays (At) for a single NF (solid
squares) and ensemble averaged NFs acquired from many individual particles for each time delay.

compare the results to established literature trends.
A steady-state triplet population is generated by the
first PL excitation pulse that subsequently decays to S
in the dark by reverse ISC once the pulse shuts off.
By delaying the second pulse to excite the NF particle
within the expected triplet lifetime, the ratio of initial
intensities generated from both pulses (/o[11//o[2]) with
respect to the pulse time delay (At) exposes the
presence of unrelaxed triplets apparent from quench-
ing of Iy[2] levels.

Figure 5 shows representative J-type NF spectra
generated in samples with aluminum overcoatings at
short (a, 5 us) and long (b, 40 us) delays. Io[11/lo[2]
values are plotted with their respective delay time, At,
for a single NF and average over ~30 particles col-
lected over various delay times. A single-exponential
fit to these curves produces an average time constant
of ~9 us, which we assign to reverse ISC back to the
ground S, state (Figure 5d). This value is within a factor
of 2 of reverse ISC rate constant estimates determined
from single P30T molecules (kisc' ~16 us) using a
coupled photodynamic model in addition to average
“off” times of 18 us determined from FCS measure-
ments of single P3HT molecules.?® The faster triplet
relaxation time scales found in NFs are consistent with
observations from previous studies of size-dependent
energy transfer and polaron dynamics in conjugated
polymer nanostructures.'® While increasing At in these
experiments does increase peak excitation intensities,
taking the ratio of /, values from both pulses removes
this dependence, allowing for comparison of triplet
relaxation between various pulse delay times. More-
over, quenching dynamics time scales were always
within the range reported earlier in Figure 3. PL rise

METHODS

NFs are assembled using regioregular P3HT (Plextronics; M,, =
65 kDa, PDI = 1.3), then dispersed in inert hosts and probed
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times for both pulses were also identical and showed
no variation with the delay time of the second pulse
(see Supporting Information).

CONCLUSIONS

We have shown that high intrachain order in J-type
P3HT NFs facilitates delocalization of excitons, leading
to the eventual formation of triplets from nongeminate
recombination of delocalized polaron species. These
mobile triplets interact with emissive singlet excitons
and lead to efficient PL quenching on microsecond
time scales. The identity of triplets as the dominant
quenching species was confirmed from the strong
sensitivity of PL modulation depths, lo/lss, to the pre-
sence of oxygen. By comparing excitation intensity-
dependent PL quenching responses from J-type and
less-ordered H-type NFs, previously reported low tri-
plet yields encountered in thin films can be explained
in terms of P3HT chain ordering within the aggregate.
Namely, lower intrachain order in H-type P3HT aggre-
gates localizes excitons and polarons, making non-
geminate polaron recombination to triplets inefficient
due to the dominance of faster geminate recombina-
tion processes. Overall, our results demonstrate the
potential of self-assembled polymer nanostructures to
understand and, ultimately, control the photophysics
responsible for populating various spin states over a
wide range of time scales. We further propose that
reliable control of polymer intrachain order within
coupled, multichromophore systems might eventually
prove useful for manipulating spin populations and
transporting these species over larger distance scales
than what is currently possible in conventional poly-
mer functional forms.

individually by intensity-modulated single-nanoparticle PL spec-
troscopy and imaging. The complete description of the fabrica-
tion as well as structural and photophysical characterization of
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these NFs can be found in refs 8 and 34. Briefly, J-type NFs
were formed by controlled self-assembly for >24 h in toluene

High-Mobility Conjugated Polymers. Nature 1999, 401,
685-688.

solutions, resulting in well-ordered s-stacked structures with 4. Osterbacka, R; An, C. P.; Jiang, X. M,; Vardeny, Z. V. Two-
high molecular weight fractionation and intrachain order.? Dimensional Electronic Excitations in Self-Assembled
Mixed H-type NFs formed rapidly in anisole are composed of Conjugated Polymer Nanocrystals. Science 2000, 287,
kinetically trapped conformations and aggregate packing ar- 839-842.

rangements, giving rise to polymorphic domains within the NF 5. Spano, F. C. The Spectral Signatures of Frenkel Polarons in
due to the highly inclusive manner of assembly (i.e., no molecular H- and J-Aggregates. Acc. Chem. Res. 2010, 43, 429-439.
weight fractionation).>* 6. Yamagata, H.; Spano, F. C. Interplay between Intrachain

Following formation and subsequent purification steps, both and Interchain Interactions in Semiconducting Polymer

NF types were dispersed in an inert host matrix (polystyrene Assemblies: The HJ-Aggregate Model. J. Chem. Phys. 2012,
GPC standard, M,, = 70 kDa) and spin-coated onto rigorously 136, 184901/1-184901/14.
cleaned glass coverslips inside a nitrogen-circulating glovebox. 7. Clark, J; Silva, C; Friend, R. H,; Spano, F. C. Role of
To prevent oxygen- and water-induced photoch.emistry and Intermolecular Coupling in the Photophysics of Disordered
shotog(l)eachln?;fgfr;ple; V\;ere g'acled _under hlg:l vacq:rz Organic Semiconductors: Aggregate Emission in Regiore-
or ~60 min mbar), and aluminum was deposite ular Polythiophene. Phys. Rev. Lett. 2007, 98, 206406/1-
by thermal evaporation on top of the NF solid dispersions 306406/4Y P Y
(~150—200 nm). Excitation intensity-dependent single- 8. Niles, E. T Roehling, J. D; Yamagata, H; Wise, A. J;
nanoparticle spectroscopy and imaging was then used to study Spano, F. C; Moulé, A. J; Grey, J. K. J-Aggregate Behavior
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ion laser (Melles-Griot) serves as the excitation source corre- 9. Roehling, J. D; Arslan, I; Moule, A. J. Controlling Micro-
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indicated by arrows in Figures 1c,d). The laser was modulated Chem. C 2012, 22, 2498-2506.
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