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ge transfer processes within
singlet fission micelles†

Daniel Malinowski, a Guiying He,bd Bernardo Salcido-Santacruz,cd

Kanad Majumder, ad Junho Kwon,a Matthew Y. Sfeir *bcd and Luis M. Campos *a

Multiexciton (ME) mechanisms hold great promise for enhancing energy conversion efficiency in

optoelectronic and photochemical systems. In singlet fission (SF), the generation of two triplet excitons

from a single photon provides a route to circumvent thermal energy losses and organic systems offer

opportunities to modulate ME dynamics. However, the practical implementation of SF-based materials is

hindered by poor triplet exciton mobility, interfacial recombination losses, and complex dynamics at

heterogeneous interfaces. While studies of interfacial SF dynamics have demonstrated the potential for

efficient charge and exciton transfer, experimental conditions and design of interfaces vary widely. To

address this, we explore polymer-based self-assembled architectures as a tunable platform for studying

mesoscale SF interfacial dynamics of (multi)exciton transfer, as well as electron and hole transfer.

Specifically, we design amphiphilic block copolymers (BCPs) incorporating pendent tetracene moieties that

self-assemble into micellar nanoparticles, placing the tetracenes in the amorphous core. These micelles

provide a controlled environment to systematically introduce “dopants” to investigate interfacial dynamics.

Importantly, the use of solvents within the micelle core can be also applied to impart polymer chain mobility.
Introduction

Multiexciton (ME) mechanisms have garnered signicant
interest due to their potential to amplify photonic, optoelec-
tronic, and photochemical processes. In organic molecules,
singlet ssion (SF) involves the generation of two triplet exci-
tons by absorption of a single photon through a spin-allowed,
energy conserved process to form a bound triplet pair [TT]
multiexciton that is delocalized across two or more chromo-
phores. These molecular ME states can be generated with unity
yield and can rapidly dephase into a set of long-lived individual
triplet excitons, precluding the loss of excess energy as heat. As
a result, SF-based materials provide vast opportunities to be
implemented in efficient energy harvesting devices and
photochemistry.1–3 However, the advantages of molecular mul-
tiexcitons are offset by several key challenges that hinder
fundamental studies of interfacial charge and exciton transfer
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processes that are critical to these emerging concepts. Many of
these challenges stem from the notoriously poor triplet exciton
mobility in these materials, which limits the relevant active area
for ME generation to only the molecules in direct vicinity of
a heterointerface.4 Furthermore, the small relevant active area
coupled with large, delocalized excited state wavefunctions5

facilitate parasitic losses due to singlet charge transfer and
charge carrier annihilation at the interface.6–8 The sensitivity of
SF materials to their topology at heterointerfaces can further
complicate studies of interfacial dynamics (e.g. small mole-
cules, multichromophore-containing polymers, and molecular
crystals; Fig. 1a). Overall, there is a pressing need for strategies
that facilitate systematic studies of how the microenvironment
impacts SF interfacial dynamics, especially between different
classes of materials and amorphous materials.

It has been shown that large variations in interfacial SF
dynamics can be observed due to changes in the nature and
scale of the assembled system. Several chromophores, most
notably anthradithiophene and TIPS-anthracene, appear to
undergo SF in the solid-state but not in molecular
assemblies.9–13 Additional complexity is found when studying
assemblies of two dissimilar SF chromophores, since excited
state charge-transfer processes (e.g., pentacene–per-
ylenediimide and pentacene–peruoropentacene) can domi-
nate over singlet ssion when favored by the energetics and
architecture of the mixed system.14–18 Furthermore, the nature
of the interfacial interactions varies greatly as one moves from
bulk solids to small molecules, resulting in vastly different
Chem. Sci., 2025, 16, 10315–10324 | 10315
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Fig. 1 (a) Conventional architectures comprising two types of singlet
fission chromophores. (b) Examples of solid-state and solution phase
designs to investigate multiexciton generation and exciton/charge
transfer mechanisms at heterointerfaces (bilayers and collisions). (c)
Macromolecular approach to access mesoscale structures (e.g.
micelles) that can be readily doped with solvents to induce chain
mobility of the hydrophobic core, as well as exciton/charge donors
and acceptors.
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singlet ssion mechanisms, transport properties, and decay
dynamics. For example, it has been observed that tetracene
crystals doped with pentacene can exhibit both hetero- and
conventional singlet ssion processes, depending on the rela-
tive fractions of the two materials.6,19–22 In contrast, the unique
and well dened interfacial interactions in diblock copolymers
consisting of tetracene and pentacene do not show major
contributions from heterochromophore singlet ssion (hSF). In
fact, these dynamics are largely independent of their relative
fractions, with interfacial processes dominated by triplet
exciton transfer.23 Yet in the limit of a small molecule hetero-
dimer, extremely efficient intramolecular hSF is observed in
a series of oligoacenes, with more controlled arrangements
showing directed energy ow of triplet pairs to low energy
sites.24–26 In all cases, the decay and transport processes of the
different excited states (singlet, triplet, and triplet pair) must be
considered when designing energy harvesting interfaces.

Studies of donor–acceptor interfaces beyond SF hetero-
chromophores have also faced similar challenges stemming
from the difficulty of engineering efficient interfaces that
10316 | Chem. Sci., 2025, 16, 10315–10324
address the problem of poor triplet transport.27 One promising
approach involves thin SF active layers combined with NIR
semiconductors, such as quantum dots and modied silicon–
acene interfaces (Fig. 1b).28–34 While these studies have sug-
gested that interfacial triplet exciton transfer can occur, net
losses are still observed under practical device conditions and
quantication of key loss pathways is difficult. Another study of
collision interactions between intramolecular singlet ssion
(iSF) chromophores has suggested that direct triplet pair
transfer is both favorable and desirable for avoiding parasitic
recombination processes.7 Mechanistic studies with small
molecules have also revealed that charge transfer, rather than
exciton transfer, is dominant when using appropriate electron
acceptors (e.g., TCNQ and chloranil).35–37 In the realm of
conjugated polymers, all-organic singlet ssion devices have
been fabricated, albeit their power conversion efficiencies were
low.38 While these studies have yielded valuable insights, they
also suffer from limited modularity. Therefore, developing
a platform to systematically vary interfacial interactions using
SF molecules with variable acceptors can lead to a deeper
fundamental understanding of multiexciton transfer.

In order to efficiently screen donor–acceptor interactions for
charge/exciton transfer with SF chromophores, we hypothesized
that polymer assemblies can provide the means to investigate
interfacial dynamics at the mesoscale (i.e. between the length
scale of individual molecules and bulk crystals). Therefore, we
designed a series of amphiphilic diblock copolymers (BCPs) to
take advantage of modular architectures that can be assembled
into nanostructures, driven by hydrophobic/hydrophilic inter-
actions in solution.39 The polymers contained pendant tetra-
cene moieties that serve as the hydrophobic core, alongside
pendent triethylene glycol (TEG) chains to make up the hydro-
philic outer shell of the micelles in water (Fig. 1c). These
materials can self-assemble to effectively create nanoparticles
with an amorphous tetracene core, which can additionally be
swollen with non-polar solvents to impart mobility to the SF
chromophores. The micelles can be further modied with other
non-polar “dopants” that can serve as donors or acceptors when
interfaced within the SF tetracene core. Three types of dopants
were used in this study to understand their impact on SF
dynamics of tetracene-based chromophores. Using a soluble
pentacene derivative, (multi)exciton migration was observed,
from tetracene to the lower energy pentacenes. Importantly, we
also found that both electron and hole transfer processes were
predominant when using tetracyanoquinodimethane (TCNQ as
electron acceptor) and a triarylamine (TAA, as electron donor),
respectively. In all cases, charge transfer only took place when
the core of the micelles was doped, but not through collisional
interactions between the unassembled polymers and the
acceptors in solution. Employing the micelle approach thus
represents a platform for the investigation of a diverse range of
SF-driven photochemistry at heterointerfaces.

Results and discussion

A series of amphiphilic BCPs were synthesized by conventional
methods (see the ESI,† for details). Briey, the hydrophilic block
© 2025 The Author(s). Published by the Royal Society of Chemistry
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was obtained by the polymerization of a triethylene glycol
functionalized norbornene (TEGNo) monomer to an average of
40 repeat units (TEGPNo40). The tetracene-based norbornene
monomer (TeNo) was subsequently added, targeting various
degrees of polymerization, n, relative to the TEG-block to obtain
the desired BCPs, TEGPNo40-b-TePNo[n], where n = 5, 10, 15,
25. The relative block ratios were conrmed by 1H-NMR and size
exclusion chromatography (SEC, see ESI†).

Steady-state absorption spectroscopy of TEGPNo40-b-TePNo
[n] in an organic solvent showed similar features to a TePNo
homopolymer we have previously reported (Fig. S12†).23 The
spectra of these BCPs also display the typical tetracene vibronic
structure, with a peak absorption at 542 nm and no shiing or
broadening relative to the TeNo monomer. These characteris-
tics suggest negligible chromophore aggregation in THF solu-
tion even with the addition of the hydrophilic block. The excited
state dynamics of the tetracene block in the amphiphilic BCPs
are characterized by transient absorption (TA) spectroscopy. We
observe a SF process that extends over multiple timescales,
consistent with variations in chromophore alignment along the
polymer backbone. In TEGPNo40-b-TePNo[n], two time
constants are sufficient to reproduce the ensemble averaged
data and understand its evolution with polymer length. For
example, in a comparison between the shortest and longest
blocks of TEGPNo40-b-TePNo[n] (n = 5 & 25, respectively) in
dilute solution, global analysis indicates that the rate constant
for SF is slower when n = 5, sSF ∼ 45 ps and 1240 ps, compared
to the longest BCP with n = 25, sSF ∼ 28 ps and 720 ps. Inter-
estingly, this process differs slightly from the homopolymer
Fig. 2 (a) Representative absorption spectra of a TeNo monomer, TePN
tative dynamic light scattering measurements of pristine TeM[n] micelle
micelles and selected associated transient spectra. The relevant excited
500 nm, the stimulated emission (SE) near 600 nm, and the broad excited
GSB as a function of time is associated with exciton transport to lower e
occurs. Larger shifts are observed with longer TePNo blocks in pristine sa
dynamics are extracted by subtracting the dynamics at the singlet–triple
from 700–750. Rate constants can be similarly determined from fitting the
[25] are virtually indistinguishable from pristine TeM[25].

© 2025 The Author(s). Published by the Royal Society of Chemistry
TePNo20 previously reported, for which the SF dynamics could
be characterized by a single time constant with sSF ∼ 330 ps.23

Still, we have observed similar length dependent differences in
other tetracene-based BCPs and have attributed this effect to
disruptions in chromophore interactions in diblock architec-
tures, which were found to be less prevalent when increasing
the size of the tetracene block.23 More details on the triplet pair
dynamics in TEGPNo40-b-TePNo[n] can be found in the ESI.†

While these trends in dilute solution are consistent with
previous reports of SF macromolecules,23,40 less is known about
the multiexciton dynamics of self-assembled micellar nano-
structures of amphiphilic BCPs where the core is based on SF
chromophores. Therefore, we prepared a variety of pristine
micelles, labeled TeM[n] (where n is the number of tetracene
repeat units in the originating polymer) to differentiate from the
unassembled BCP, by ash precipitation of TEGPNo40-b-TePNo
[n] from THF to water (ESI†).41 Dynamic light scattering (DLS)
measurements of the resulting micelles show a relatively
monodisperse distribution of particle sizes, with z-average
diameters ranging from 71 nm for TeM[5], to 135 nm for TeM
[25] (Fig. 2b). Transmission electron microscopy imaging of
TeM[25] micelles conrmed the expected spherical morphology
(Fig. S17†). Importantly, the UV-vis absorption spectra of the
micelles were clearly different than that of the BCPs in toluene.
While the tetracene vibronic structure is maintained, the peak
absorption displays a 4 nm bathochromic shi as well as line
broadening. Both these observations are consistent with the
formation of an amorphous aggregated phase (Fig. 2a) charac-
teristic of type-I nanoparticles. Similar results have been
o polymer, and TeM micelle show minimal differences. (b) Represen-
s in water at 25 °C. (c) Representative TA spectra of pristine TeM[25]
state dynamics are extracted from the ground state bleach (GSB) near
state absorption (ESA) feature spanning 675–775 nm. (d) The shift of the
nergy sites in the polymer, where stronger interchromophore ordering
mples and in toluene-swollen micelles of all sizes. (e) The singlet fission
t isosbestic point near 610 nm from the decay of the broad ESA signal
decay of SE signal. We note that the singlet decay of sTeM[5] and sTeM

Chem. Sci., 2025, 16, 10315–10324 | 10317
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previously reported for precipitated pentacene nanoparticles in
the absence of solubilizing additives.42

Transient absorption (TA) spectroscopy conrms that all
TeM[n] micelles undergo SF upon excitation. The relevant
exciton dynamics are readily determined from the analysis of
three key spectral regions from which we are able to extract
information about chromophore–chromophore interactions,
exciton migration, and triplet pair formation. For example,
a ground state bleach (GSB) feature corresponding to the
vibrationally excited singlet state, S1, is prominent near 505 nm
and appears as a sharp dip in a strong relatively featureless
singlet excited state absorption (Fig. 2a). We nd that the GSB
minimum red-shis over time, consistent with the picture of
a heterogeneous material for which signicant exciton migra-
tion occurs.43 In the micelles, the magnitude of the shi is
found to increase with increasing tetracene block length
(Fig. 2b, compare solid lines for n = 5 and 25). Additional TA
data for the TeM[n] (n = 5, 10, 15) micelles are provided in the
ESI.† As this heterogeneity results in dynamic peak shis and
multiple rate constants, standard global analysis techniques are
not appropriate for obtaining deconvoluted spectra and accu-
rate rate constants. Instead, we quantify this effect by
comparing the position of the peak minima for TeM[n] (n = 5,
10, 15, 25) at select times ranging from 200 fs to 20 ps. Over this
window, the n= 5 micelle shows the least spectral evolution (∼1
nm), the n = 10 (∼3 nm) and n = 15 (∼4 nm) micelles show
intermediate shis, and the n = 25 micelle exhibits the largest
shi, ∼5 nm (Fig. S3†). We ascribe this behavior to exciton
migration to lower energy sites with stronger interchromophore
coupling within the micelle and deduce that increasing the size
of TePNo block increases the level of interchromophore
ordering.

Additionally, we can correlate these spectral shis to the
singlet ssion dynamics of the micelles. The decay kinetics
associated with the singlet state can be readily obtained from
inspection of the stimulated emission (SE) feature near 600 nm
as well as the strong singlet excited state absorption (ESA)
spanning the NIR from 675–800 nm. As the triplet exciton also
exhibits an overlapping broad featureless absorption in the NIR,
we isolate the singlet dynamics by taking the difference between
the extracted kinetics of the SE or ESA and the kinetics associ-
ated with the singlet–triplet isosbestic point near 610 nm
(Fig. 2a). The latter provides information on the excited state
population dynamics alone, independent of the (multi)exciton
spin characteristics. A version of this analysis based on the ESA
is shown in Fig. 2c and allows us to readily observe the decay of
singlet excitons. Similar to the polymers, we apply a multi-
exponential t to the extracted kinetics to account for variations
in the chromophore alignment. We nd that the time constants
of the primary singlet decay components are signicantly faster
in TeM[25] compared to TeM[5] (∼2 and 13 ps versus 5 and 51
ps, respectively). As singlets evolve rapidly into a species with
the well-characterized triplet exciton spectra, we conclude that
the TeM[n] micelles indeed undergo SF with rates that are 40–
60× faster than that of the associated unassembled free poly-
mers in solution (Table S2†). Overall, we nd the larger spectral
shis of the GSB are correlated to an enhanced SF rate,
10318 | Chem. Sci., 2025, 16, 10315–10324
consistent with stronger interchromophore coupling in larger
tetracene blocks. These data are reminiscent of dendritic
systems for which the emergence of locally ordered hot spots
was correlated to an increase in the system size.44 It is worth
emphasizing that the polymer backbone and the greasy solu-
bilizing alkyl groups on the chromophores did not play a major
role in the exciton dynamics of SF. Instead, such architectural
motifs played an essential role in the formation of micelles and
providing a new modality to investigate SF in mesoscale
systems.

The dependence of the singlet ssion dynamics on the
interchromophore coupling strength in pristine micelles
suggests that this process can be manipulated by modifying its
local microenvironment within their core. To explore this in
more detail, we sought to introduce non-polar solvents in the
core, as well as electron-rich/-decient small molecule additives
to alter the excited state dynamics of the TeM[n] micelles. First,
we hypothesized that swelling the core using toluene can induce
mobility of the tetracene chains, akin to the known character-
istics of solvent-annealed BCPs.45 Swollen micelles, labeled
sTeM[n], were prepared by addition of a small volume of the
toluene to the bulk aqueous phase, then ash-precipitating
TEGPNo40-b-TePNo[n]. DLS measurement conrmed the
increase in particle diameters by approximately 50 nm via this
procedure as compared to the unswollen micelles (Table S7†).
The effect of toluene on the interchromophore coupling in
swollen micelles was determined using TA spectroscopy and the
same analysis procedure discussed above.

Qualitatively, we found that the dynamics of the swollen
micelles are similar to unswollen, pristine micelles featuring
a rapid singlet ssion process that is followed by exciton
migration to local sites with well-ordered chromophores.
However, in contrast to pristine micelles (TeM[n]) we observed
that both the singlet decay kinetics and the shi of the GSB
feature are independent for all values of n in swollen micelles of
sTeM[n]. In fact, the exciton dynamics of the sTeM[n] nano-
particles are nearly indistinguishable from pristine TeM[25]
(Fig. 2b and c), with GSB shis of∼5 nm and picosecond singlet
decay processes. Taken together, we conclude that swelling with
toluene facilitates the formation of sites with well-ordered
chromophores for all block lengths and that this enhanced
ordering in the micelle core results in faster rates of SF. Such
characteristics provide insights into the inuence of ordering
within mesoscale structures from a single family of macromo-
lecular SF chromophores, lending tunability of the exciton
dynamics within the microenvironment of the micelles. In turn,
nanoscale assemblies provide advantages to understand the
vast differences in multiexciton dynamics relative to bulk crys-
tals and isolated small molecules.

The micellar structures developed for this study also provide
opportunities to encapsulate hydrophobic guests within the
core, protected by the hydrophilic corona. This level of control
thus enables the facile inclusion of additives that provide
opportunities to investigate the behavior of SF chromophores at
heterointerfaces, akin to systems shown in Fig. 1a and b. For
example, co-assemblies of tetracene and pentacene represent
a canonical system for studying exciton migration in SF
© 2025 The Author(s). Published by the Royal Society of Chemistry
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dynamics, and it has been found that the nature of their excited
state interactions are dictated by their relative concentrations
varied in bulk solids and small molecules.22,23 In a similar
fashion, hydrophobic pentacene (Pen) additives can be added to
the tetracene core, varying the concentration without altering
the chemical structure of the amphiphilic BCP micelles.
Therefore, micelles were prepared by ash precipitation from
polymer solutions doped with 5% or 10% Pen (relative to tet-
racene concentration). The linear absorption spectra of TeM[n]/
Pen micelles suggest that signicant electronic interactions
occur between the tetracene and pentacene chromophores
(Fig. S13†). In THF solution, the spectra of TEGPNo40-b-TePNo
[n] with co-dissolved TIPS-Pen molecules are identical to the
sum of the individual components, with no observed peak shis
or line broadening. In doped TeM[n]/Pen micelles, however, the
characteristic absorption peaks of both components are red-
shied and broadened, conrming successful incorporation
of pentacene into the micelle core, where signicant through-
space electronic coupling occurs.

Due to the lower triplet energy of pentacene as compared to
tetracene, we hypothesized that the excitons generated from
photoexcitation of the micelle assembly would funnel to the low
energy Pen sites. To identify key interfacial energy transfer
processes, TA spectroscopy on TeM[n]/Pen micelles (n = 5 & 25)
was performed using selective excitation wavelengths corre-
sponding to either the tetracene (lex = 480 nm) or pentacene (lex
= 600 nm) components (Fig. 3a and d). For tetracene-centered
Fig. 3 Excitation wavelength-dependent comparison of TA data of T
Transient absorption data for tetracene-centered excitation at 480 nm
followed by energy transfer to pentacene. (c) All triplets are rapidly funne
an individual, isolated triplet exciton. Here a kinetic cut of the data at 5
Transient absorption data for pentacene-centered excitations at 600 nm
fission (hSF) between pentacene and tetracene produces (f) long-lived i

© 2025 The Author(s). Published by the Royal Society of Chemistry
excitation at 480 nm, where minimal pentacene absorption is
present, we clearly identify a fast-decaying tetracene singlet with
a lifetime sSF < 10 ps, similar to what is observed in the TeM[n]
micelles. This suggests the triplet pair formation in the micelle is
minimally disturbed by the presence of the pentacene additive.
However, new dynamics are observed on intermediate time scales,
during which both tetracene- and pentacene-localized triplets are
found to co-exist for hundreds of ps (Fig. 3a and b). Furthermore,
a long-lived pentacene triplet signal is observed that persists for
approximately 30 ms (Fig. 3b and c), consistent with its natural
lifetime in dilute solution. The decay of the pentacene triplet is
independent of both TePNo block size and pentacene doping
percentage (Fig. 3c), suggesting that it results from an immobile,
localized triplet exciton. These dynamics are consistent with rapid
triplet exciton transfer from high energy tetracene sites to low
energy pentacene sites, resulting in localized triplets.22,23,26

In contrast, the dynamics of the system for pentacene exci-
tation at 600 nm show a different triplet formation mechanism
involving interfacial hSF. Upon photoexcitation, we observed
a pentacene-localized singlet that evolves into a long-lived
pentacene triplet signal on timescales of 100–200 ps (Fig. 3d).
This lifetime implicates SF as the primary mechanism for triplet
formation, since inter-system crossing is weak in TIPS-
pentacene and occurs on timescales exceeding 10 ns.46 Impor-
tantly, the decay of the pentacene triplet proceeds in a mono-
exponential fashion without contributions from geminate
triplet–triplet annihilation. This behavior is similar to what is
EGPNo40-b-TePNo25, co-assembled with 10 mol% pentacene. (a)
. (b) Analysis of the dynamics indicates that SF occurs in the micelle
led to pentacene where they decay with the characteristic behavior of
03 nm is used to illustrate the pentacene triplet decay dynamics. (d)
and (e) the resulting analysis indicating that heterochromophore singlet
solated pentacene triplets.
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observed for 480 nm excitation, for which triplet exciton
transfer to pentacene occurs, and suggests that triplet excitons
are relatively isolated. We can thus rule out pentacene–penta-
cene SF as a substantial contributor to the observed dynamics.
From these data, we infer a model for the excited state dynamics
that includes hSF between the pentacene additives and the
tetracene from the BCP. The absence of readily identiable
excited tetracene signatures in our data is attributed to the
much lower triplet absorption cross-sections of TIPS-tetracene
relative to TIPS-pentacene47 along with the fast migration of
photogenerated triplets to lower energy pentacene sites.

Similar to what was observed in pristine micelles, the
swollen core promotes inter-chromophore coupling between
the polymeric tetracene and the Pen additives. For example, we
observe a concentration dependence for pentacene singlet
decay in pristine TeM[n]/Pen micelles, with the rate of singlet
decay attributed to pentacene becoming faster by approximately
20% as the pentacene concentration is increased from 5% to
10%. However, in Pen-doped swollen micelles sTeM[n]/Pen the
singlet decay is enhanced relative to pristine, un-swollen
micelles and the signal remains relatively constant over the
range of concentrations measured. Additionally, the triplet
decays independently of micelle composition with a lifetime of
∼30 ms (Fig. 3f and Table S4†) as observed in all studied
assemblies. We attribute these changes in hSF dynamics to
a higher probability of favorable chromophore alignment when
either the pentacene concentration is increased or when a good
solvent is present within the core. It is notable that swelling
promotes strong interchromophore interactions along the
backbone and imparts mobility to small molecule additives,
allowing stronger intermolecular interactions.

The examples above allow us to benchmark how the multi-
exciton dynamics vary within micellar architectures. Thus, we
conjecture that themodularity to include dopants within the core
leads to an unconventional framework to probe intermolecular
donor–acceptor interactions with SF chromophores, which are
generally challenging to tune in bulk crystalline/amorphous
solids and in solution.29,35,38 Therefore, we introduced both
a strong donor or strong acceptor as dopants within the core of
the micelle. Analogous to the procedure introducing Pen to the
core of the micelle, a one-to-one ratio of dopant relative to tet-
racene was incorporated by ash precipitation. In one case tri-
arylamine 4-[bis(4-methoxyphenyl)amino]phenol (TAA) was used
as an electron donor, and in another 7,7,8,8-tetracyanoquinodi-
methane (TCNQ) served as the electron acceptor. Although the
onset of absorption of TAA is in the UV and overlaps signicantly
with tetracene, we can still conrm that tetracene vibronic bands
in the visible are comparable to those obtained from pristine
micelles, suggesting TAA does not interfere with self-assembly
(Fig. S14†). The TCNQ absorption near 400 nm is more readily
discernible in mixed solutions and assemblies. Similar to TAA, it
has a negligible effect on the spectral region corresponding to
tetracene absorption. Interestingly, the strength of the TCNQ
absorption peak in TeM[n]/TCNQ assemblies is suppressed
compared to the mixed solution (Fig. S15†), suggesting that
electronic interaction between the TCNQ and tetracene chro-
mophores does occur in the core.
10320 | Chem. Sci., 2025, 16, 10315–10324
While most efforts aimed at extracting charge from triplet
excitons from SF have been mainly driven by using electron
acceptors (hole transfer to the SF chromophore), we posited that
electron donors (e.g., TAA) can also be used to “inject” charge to
the SF chromophores. To test the hypothesis, we rst carried
out TA spectroscopy on unassembled BCP mixed with excess
TAA in solution and observed that its singlet ssion dynamics
were identical to a solution of the BCP alone. However, in 1
molar equivalent TAA-doped n = 25 micelles (TeM[25]/TAA),
marked changes in the transient spectra were clearly evident
compared to solution and the TeM[25] micelle (Fig. 4a and b),
suggesting a modied excited state process. As in pristine
micelles, singlets are identied by their strong stimulated
emission signal near 600 nm and are impulsively generated
upon excitation. However, the singlet exciton of tetracene in the
TAA co-assembly is more rapidly quenched (Fig. 4d). Further-
more, following the decay of the singlet, a new ESA feature is
observed with a maximum near 750 nm, which is absent in the
pristine micelle (Fig. 4b and e). By comparison to spectroelec-
trochemistry measurements of small molecule tetracene-TAA
dimers (dashed blue line in Fig. 4e), we identify this species
as the oxidized TAAc+ (Fig. 4e). This conrms the presence of
TAA within the core of the micelle and its efficient charge
transfer interactions with the tetracene chromophores in the
micelle. Electron transfer with TAA occurs on timescales < 100
ps in competition with SF and produces a transient charge
transfer (CT) state. The cation signature from TAAc+ decays with
a lifetime of ∼10 ns, attributed to back electron transfer (BET).
The small remaining population of tetracene free triplets decays
with a lifetime of ∼30 ms (Fig. 4b). When the proportion of
doped TAA was reduced to 0.1 molar equivalents, no identi-
able TAA cation was observed.

In order to investigate SF core interactions with electron
acceptors, we doped micelles with 1 molar equivalent of TCNQ.
Akin to the donor dopant micelle system above, similar
dynamics are observed in TeM[25]/TCNQ co-assemblies
(Fig. 4c). The photoexcited singlet decays more rapidly than in
pristine micelles, suggesting a new exciton quenching mecha-
nism (Fig. 4d). At intermediate delay times (>100 ps) we observe
a new NIR absorption signal that is absent in the pristine
micelle solution (Fig. 4f). This feature is identied as TCNQc−

that is formed due to electron transfer from the photoexcited
tetracene to the TCNQ electron acceptor. This feature is less
prominent than in the TAA-doped micelles, consistent with the
expectation that the instantaneous population of TCNQc− is
expected to be small due to its short lifetime, as compared to its
formation. This is due to the well-known instability of the TCNQ
ion relative to other species.48,49 To better isolate the anion
spectra in the TA data, we use an analysis procedure in which we
subtract the long delay time transient spectra for which we
expect only triplets to be present (>4000 ps) from an interme-
diate time spectra that is a mix of tetracene triplets and charge
separated species (∼150 ps). We can readily see a contribution
that is a good match to the TCNQc− spectra obtained by spec-
troelectrochemistry (Fig. 4f, inset). We emphasize again that
unlike in studies where charge transfer occurs sequentially aer
SF,35 in these doped micelles where signicant interfacial
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01479d


Fig. 4 (a) TA data for pristine TeM[25] micelles showing triplet pair formation from the singlet, (b) micelles co-assembled with TAA electron
donors that show the emergence of a TAA cation signal, and (c) micelles co-assembled with TCNQ electron acceptors that show the emergence
of a TCNQ anion signal. (d) Kinetic traces corresponding the stimulated emission signal near 600 nm show more rapid singlet quenching in co-
assemblies with electron donors or acceptors. (e) The transient spectra at key delay times allow us to identify the TAA cation by comparison to
spectroelectrochemistry measurements (blue dotted) line. The singlet exciton is populated at early times (0.5 ps) and is identified by its strong
stimulated emission signal (black). The characteristic ESA signal associated with TAA+ (blue) emerges following the decay of the singlet (>100 ps).
(f) A similar analysis is performed to identify TCNQ− formation. Since the TCNQ− lifetime is relatively short, we take the difference between
intermediate delay times (∼150 ps) and long delay times (∼4000 ps) to isolate its contribution and compare it to spectroelectrochemistry
measurements (inset).
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interactions are present between the SF chromophore and the
dopant, charge transfer is competitive with SF. These data
highlight the exibility of the micelle architecture in engi-
neering a variety of excited state behaviors, showing that the
same micelle can exhibit efficient singlet ssion, electron
transfer, or hole transfer depending upon the microenviron-
ment of the core.
Experimental
Transient absorption spectroscopy

Instrumentation. A resonant pump pulse of ∼100 fs was
generated with a 1 kHz amplied Ti:sapphire system with an
optical parametric amplier. A femtosecond supercontinuum
probe in a thin sapphire plate is also generated from the laser.
The delay in the probe is controlled mechanically. A ber laser
(Leukos) is used to generate a nanosecond supercontinuum
probe pulse. Longer delay times are measured using an elec-
tronically delayed conguration. In the two probe measure-
ments, the pump pulse is the same. All sample solution
concentrations were below 500 mM. All details can be found in
the ESI.†
Synthetic methods

General. Chemicals were purchased from Ambeed Inc, Sigma-
Aldrich, Strem, TCI America, and Thermo Fisher Scientic, and
were used as received without further purication. Anhydrous
tetrahydrofuran (THF), dichloromethane (DCM) and N,N-
© 2025 The Author(s). Published by the Royal Society of Chemistry
dimethylformamide (DMF) were obtained from a Schlenk
manifold with purication columns packed with activated
alumina and supported copper catalyst (Glass Contour, Irvine,
CA). Deionized water was degassed with argon for a minimum of
30 minutes when used as a reaction solvent. All reactions were
conducted in oven-dried glassware under argon atmosphere. 2-
Bromo-6,11-bis(n-octyldiisopropylsilyl-ethynyl)tetracene (1)50 and
rel-(3aR,4R,7S,7aS)-1,3,3a,4,7,7a-hexahydro-1,3-dioxo-4,7-meth-
ano-2H-isoindole-2-octanoic acid (3)40 were synthesized accord-
ing to literature procedures. The polymerization catalyst
(IMesH2)(Cl)2(C5H5N)2Ru = CHPh (Grubbs III)51 was synthesized
according to literature procedure. Small molecule dopants 6,13-
bis(triisopropylsilylethynyl)-pentacene (Pen)52 and 4-[bis(4-
methoxyphenyl)amino]phenol (TAA)53 were synthesized accord-
ing to literature procedures. All details can be found in the ESI.†
Conclusions

In summary, we have designed a modular platform to study
donor–acceptor interactions with tetracene-based singlet
ssion chromophores in mesoscale environments by using
amphiphilic diblock copolymers that can self-assemble into
nanoscale micelles. We unveil a design to impart chain mobility
that renders order and favorably affects triplet pair generation
and various interactions within the core. This work illustrates
that SF yield is not a sufficient gure of merit for designing SF-
based devices. In different media, interfacial interactions,
including charge and energy transfer, can occur on ultrafast
timescales and compete with triplet pair interactions. Here, we
Chem. Sci., 2025, 16, 10315–10324 | 10321
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illustrate this effect with nanoparticles that can encapsulate
various small molecules and interact with the tetracene exci-
tons. While the intrinsic SF yields of the polymers and micelles
are high (>180%), doped micelles exhibit complex exciton
transport, as well as hole and electron transfer mechanisms.
These interactions depend intimately on the nature of the
medium, as hole transfer was only observed when a triaryl
amine was co-assembled in the core, but no interactions were
found when the BCPs were homogeneously mixed with the
donor in non-polar solvents. Given the sustained interest in
singlet ssion for light harvesting technologies and photo-
chemistry, this platform offers a convenient means to screen
various additives for energy extraction. The constituent TeNo
monomer can also be facilely adapted to incorporate different
SF chromophores in place of tetracene. Block copolymers also
have potential to undergo self-assembly in the solid state, and
varying compositions may lead to various morphologies. We
envision such future studies will allow us to explore singlet
ssion dynamics in different mesoscale morphologies.54
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