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of Chemistry Electron donor—acceptor (D—A) polymers are emerging as promising candidates for the development of
solid materials with tunable emission. Herein, we investigate the excited-state dynamics of polymers
consisting of a central naphthalenediimide (NDI) acceptor with two polystyrene donor chains and
copolymers with various secondary donors incorporated. We find strong differences in the dynamics
when going from diluted polymer solutions to pure polymer films. In liquids, ultrafast intrachain electron
transfer from a styrenic donor to the excited NDI, followed by sub-nanosecond charge recombination to
the ground state is observed. Because of the tight packing in the film, ultrafast electron transfer occurs
between donors and acceptors of different polymer chains. Emission is found to originate from the most
strongly coupled D—A pairs, for which electron transfer is so fast that it leads to a lifetime broadening of
the NDI absorption band. Because of this, these highly coupled pairs can be photoselected upon red-
edge excitation. The charge-transfer state decays on the tens of ns timescale via radiative and non-

8th 202 radiative charge recombination to the ground state as well as via charge recombination to the triplet
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Accepted 24th November 2025 state of NDI. This latter pathway, which is detrimental to the fluorescence quantum yield, is almost

suppressed with the strongest secondary donor. Finally, we show that excitation of the secondary donor

DOI: 10.1039/d55c07237a instead of the NDI acceptor does not lead to the population of the charge-transfer state and thus does
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1 Introduction

Over the past few years, considerable research effort has been
dedicated to the development of light-emitting materials with
tunable emission wavelength and quantum yield,"* especially
emissive polymers owing to their solution-processability,>® and
synthetic controllability.”® Among them, through-space charge
transfer (CT) polymers with electron donor and acceptor units
incorporated in the polymer backbone or side groups have
attracted great attention due to their strong emission'*** and
versatile tunability.”®® Highly efficient colour tuning of
molecular emission in the solid state was recently demon-
strated with a library of styrenic donor (D;) polymers grown
from a naphthalene diimide (NDI) acceptor (A) by atom-transfer
radical polymerisation."”*®* Continuous blue to red emission
tuning was achieved by combining three different strategies: (i)
variation of D;, (ii) modification of the polymer end with
secondary donor groups, D,, and (iii) variation of the polymer
chain length. As these polymers are based on a non-conjugated
structure, CT emission occurs via through-space interactions
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not contribute to the luminescence of the films.

between A and D, and/or A and D,. This emission is, thus,
similar to that of exciplexes or of excited D-A complexes.">*
The difference between these two excited species is that an
exciplex is formed upon diffusive encounter between a photo-
excited A(D) and a D(A) quencher, whereas CT emission from
a D-A complex usually results from direct optical excitation in
the CT absorption band.>**

While the excited-state properties of conjugated D-A polymers
have been investigated in detail, very little is known about the
photophysics of these emissive non-conjugated CT polymers,
apart from their basic fluorescence properties.”” Understanding
of how the emissive state is populated and knowledge of possible
competing pathways, which could be detrimental to their prop-
erties, are crucial for further development and optimisation of
this type of material. Here, we report on our investigation of the
excited-state dynamics of two NDI-based D-A polymers with
phenyl donors, NDI-psD,, as well as four copolymers with
secondary end donors of varying strength, NDI-coD, (Fig. 1),
using ultrafast transient electronic absorption spectroscopy. We
first compare the photoinduced dynamics of liquid solutions of
(co)polymers with those of spin-coated films and show that inter-
chain interactions are crucial for the occurrence of CT emission.
We also demonstrate that CT emission occurs from strongly
coupled D-A pairs for which electron transfer (ET) is fast enough
to broaden the absorption spectrum of the NDI acceptor. As
a consequence, these pairs can be photoselected upon red-edge
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excitation. Finally, we discuss the behaviour of NDI-coPyr, where
both the NDI acceptor and the Pyr secondary donor are photo-
excited. We show that, in solution, excitation of the secondary
donor opens an additional pathway towards a long-lived CT state.
In films, on the other hand, Pyr acts as an inner filter and its
excitation does not lead to CT emission. These findings should be
very useful for further improvements of the emissive properties of
non-conjugated D-A polymers.

2 Results and discussion
2.1 Liquid solutions vs. films

2.1.1 Stationary spectroscopy. The stationary electronic
absorption spectra of the (co)polymers in DMF solutions and as
films exhibit the characteristic structured S; < S, band of the
NDI acceptor with a maximum at around 380 nm (Fig. 2 and
S1).>* For NDI-coFlu, NDI-coNap, and NDI-coBip, the absorption
below 300 nm can be attributed to the secondary donor. The
absorption spectrum of NDI-coPyr displays a broad band
between 300 and 420 nm due to the overlapping contributions of
both the NDI and pyrene chromophores (Fig. 3b and S1). The
position and shape of the NDI band do not exhibit any significant
dependence on the nature of D; or D,. However, a marked
broadening of this band is observed when going from the solu-
tions to the films, with the onset of the S; < S, band extending to
400 nm (Fig. 2). Given the nature of these molecules, this effect
might arise from a CT band of D-A complexes present in the
films. However, the absorption band maximum of such
complexes is normally located at lower energy than those of the
D-A constituents and shifts to lower energies as the D-A strength
increases,'*?*** contrary to what is observed here. On the other
hand, similar band broadening was reported with NDI-based D-A
and D-A-D molecules with one or two phenyl donors linked to
the imide N atoms.”® This effect was shown to arise from the
strong shortening of the excited-state lifetime of the NDI acceptor
caused by an ultrafast ET occurring in a few tens of fs, a timescale
comparable to that of electronic dephasing.>*®

The (co)polymers in solution are weakly emissive, with the
exception of NDI-coPyr."” The fluorescence spectrum of NDI-
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Fig. 2 Comparison of the electronic absorption spectra of (co)poly-
mers in DMF solution and films.

coPyr solutions exhibits the typical features of the pyrene
monomer as well as a broad shoulder at around 480 nm due to
the excimer (Fig. S1).2° As discussed in detail previously, the (co)
polymer films are all emissive with a broad and structure-less
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Fig. 3 (a) Fluorescence spectra of (co)polymer films and (b)

comparison of the fluorescence excitation and absorption spectra of
NDI-coFlu and NDI-coPyr films.
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(Top) Evolution-associated difference absorption spectra (EADS) and time constants obtained from global analysis of the transient

absorption data measured with NDI-coBip in DMF (left, 380 nm excitation) and as a film (right, 380 nm up to 2 ns, 355 nm after 2 ns) assuming

a series of successive exponential steps (A — B — ...

). (Bottom) Energy-level diagrams illustrating the main processes occurring after photo-

excitation of solutions (left) and films (right). (Middle) Schematic representation of interchain and intrachain electron transfer; the excited
acceptor is depicted in pink, while the primary and secondary donors are in green and purple.

band typical of CT fluorescence (Fig. 3a and S1).”” The band
maximum correlates with the donating strength of the donors
(D, or D,), as expected for exciplex-like emission.’**® The
absence of such a dependence on the donor strength in the
absorption spectrum suggests that band broadening is most
probably due to the occurrence of ultrafast ET in the films
rather than an overlapping CT absorption band.

This hypothesis is supported by the fluorescence excitation
spectra of the films, which exhibit a significant band broadening
compared to the absorption spectra (Fig. 3). Moreover, the exci-
tation spectra do not present any feature that could be assigned
to the CT band of D-A complexes. This difference between the
excitation and absorption spectra implies that emission arises
from a subset of molecules characterised by a broadened
absorption band. Most probably, this sub-ensemble corresponds
to highly coupled D-A pairs which undergo ultrafast ET. Such
coupling implies a significant overlap of the molecular orbitals of
the constituents, which results in a non-negligible transition
dipole for CT emission. However, this dipole is probably too
small to lead to a significant CT absorption band.

2.2 Transient absorption spectroscopy

Ultrafast transient electronic absorption (TA) measurements of
(co)polymer solutions and films were first performed upon local
excitation of the NDI acceptor at 380 nm. The slower dynamics
in the films were investigated using ns to ps TA upon 355 nm
excitation.®* The case of NDI-coPyr, where the secondary Pyr
donor is also excited at 355 nm, will be discussed separately.
The resulting TA data were analysed globally assuming a series
of successive exponential steps (A — B — ...) to obtain
evolution-associated difference absorption spectra (EADS) and
characteristic time constants. These EADS do not necessarily
correspond to a given state or species but reflect the spectral
changes and their timescales.?>?

© 2026 The Author(s). Published by the Royal Society of Chemistry

As illustrated in Fig. 4, S2 and S3, the early TA spectra in both
solutions and films (EADS A) are dominated by a positive band
peaking at around 585 nm, which can be attributed to S,; < S;
excited state absorption (ESA) centred on the NDI acceptor.**>®
The onset of a negative signal due to ground state bleach (GSB)
can also be observed below 390 nm. Finally, the structured S; —
So stimulated emission (SE) band of the NDI acceptor overlaps
with the ESA background but is visible in the 400-440 nm
region. These features of the locally excited (LE) acceptor,
'NDI*, decay in less than 1 ps, and a new spectrum appears
concurrently. Independent of the (co)polymer, this spectrum
(EADS B) exhibits an intense positive band centred at 470 nm
with a weaker one at around 600 nm, both of which can be
attributed to the radical anion NDI"™.%***7% For copolymers with
Bip and Flu as secondary donors, an additional positive band at
around 400 nm is also visible. It is much more intense in the
films than in solution and is the strongest with NDI-coBip
(Fig. 4 and S2). This feature can be attributed to the radical
cation of Bip"* and Flu'", in agreement with the literature.*® For
the other (co)polymers, no clear spectral feature that could be
attributed to the cation can be identified (Fig. S2). This can be
explained by the weak absorbance of the radical cations of
benzene and naphthalene relative to that of NDI'~ within the
spectral window of the experiment.****

Consequently, this first step (A — B) corresponds to an
ultrafast ET to the locally excited NDI. The weak intensity of the
cation band of D, in solution suggests that the hole is mostly
located on a nearby D, donor. As D, is generally situated further
away from the acceptor along the chain compared to D4, proper
folding of the polymer chain is most probably needed to achieve
sufficient coupling with NDI for ET from D, to be competitive
with ET from D;. The sub-ps ET timescale in DMF is much
shorter than that of the diffusional encounter between two
polymer chains;*>** therefore this ET is a through-space

Chem. Sci., 2026, 17, 2119-2127 | 2121
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intrachain process (Fig. 4 middle).***” By contrast, the presence
of the relatively intense cation band of D, in the spectra
measured a few hundreds of fs after excitation of NDI-coBip and
NDI-coFlu films points to an intermolecular ET process from
a D, donor of one chain to a nearby '"NDI* of another polymer
chain. Depending on the folding of the chains in the films,
through-space intrachain ET could also be possible, but should
not be dominant.

According to global analysis, ET (A — B step) in the copolymer
films is faster than in the polymer films that lack D, and is also
faster than in all solutions, independent of the presence of
a secondary donor (Fig. 4 and S3). No clear dependence on the
nature of D, of the dynamics is observed. The faster ET in
copolymer films can be accounted for by a larger driving force,
—AGgr, With D, compared to that with the phenyl D; donors
(Table S2). 'NDI* is such a strong acceptor that ET with weak
donors like benzene derivatives can occur on a sub-ps time-
scale,®>*® competing with ISC to the triplet state, °NDI*, which is
located about 1.3 eV below 'NDI*.* The faster ET in films
compared to DMF is more surprising considering that the weak
polarity of the polymer medium (¢ = 3 for polystyrene) compared
to DMF (e = 36.7) should result in a significantly smaller AGgr in
the film and, thus, to a slower ET.* The faster ET in the films can
be accounted for by a stronger electronic coupling favoured by
the short D-A distance. As shown previously, intermolecular ET
quenching between strongly coupled reactants can be as fast in
non-polar as in highly-polar solvents.*>*

After the initial ET step (A — B), the dynamics in DMF and in
films differ considerably. In DMF solutions, all spectral features
decay entirely within a few ns. This decay occurs on several
timescales with 5-10 ps, 100-200 ps and 1-2 ns components
and can be attributed to charge recombination (CR) back to the
neutral ground state. These multiple timescales point to
a distribution of CR rate constants originating from a distribu-
tion of polymer conformations and a broad range of electronic
coupling strengths. Additionally, given the large number of
donors in the styrenic chains, the hole can, in principle, hop
from its initial position to a nearby donor, thereby increasing
the distance from the NDI'~ and slowing down CR.

In contrast to DMF solutions, much slower CR is observed in
the films. Typically, half of the amplitude of the ion bands
decays on a few ns timescale, whereas the decay of the
remainder is about ten times as slow (Fig. 4, S2 and S3).
Furthermore, the decay of the ion bands is accompanied by the
concurrent rise of a structured band with a maximum at around
480 nm (EADS E), which can be assigned to the triplet state of
the NDI acceptor.*** This band and the residual GSB decay
entirely in a few tens of us.

Like in DMF, CR in the films occurs on multiple timescales,
again most probably due to a distribution of electronic coupling
strengths. The pronounced slowing down of CR relative to DMF
can be accounted for by the polarity of the environment, which
is strongly reduced when going from DMF to the films. Because
of the difference in solvation energy, the CT state is at higher
energy in the films than in DMF. This, in turn, leads to
a correspondingly larger CR driving force, —AGgg, in the films,
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and, thus, to a significantly slower CR, as expected from Marcus
theory for ET in the inverted region.>*’

The CR timescales are qualitatively similar to those reported
previously for the CT fluorescence of the films,”” with no clear
dependence on D; and D,. On one hand, the ultrafast decay of the
INDI* ESA band indicates that the entire S; state population
undergoes ET. On the other hand, the difference between the
absorption and fluorescence excitation spectra implies that only
a sub-ensemble of the CT state population is fluorescent. These
observations are also consistent with a distribution of D-A
conformations and coupling strengths. The most coupled D-A
pairs undergo ultrafast ET to an emissive CT state, and thus have
a broadened absorption band. This emissive state can be viewed as
a highly coupled ion pair, with overlapping molecular orbitals.”>*
This allows for a non-negligible transition dipole moment for CT
emission, like in exciplexes. For the remaining pairs, which are
less coupled, ET is slower and results in a non-emissive CT state.
The latter corresponds to a less coupled ion pair, with little overlap
of the MOs and, thus, negligible emission dipole moment.

The higher energy and, consequently, longer lifetime of the
CT state in the films compared to DMF can also account for the
presence of *NDI* in the late TA spectra. This triplet state is
located 2.05 eV above the ground state,*” and is probably well
below the CT state in the films, making CR to *NDI* energetically
feasible, with small to moderate driving force, i.e., far from the
inverted region (Fig. 4 bottom). Therefore, from a pure energetic
point of view, CR to the triplet state should be much faster than
the highly exergonic recombination to the ground state.

In principle, triplet recombination is forbidden because of
the change in spin multiplicity. However, several mechanisms
can enable this process: the heavy-atom effect,’®** hyperfine
coupling,®>** and spin-orbit charge-transfer (SOCT) ISC.***®
The first mechanism can be safely excluded because of the
absence of heavy atoms near the donors and the acceptor. The
hyperfine coupling mechanism requires the electron and hole
to be sufficiently far apart for the singlet and triplet CT states to
be degenerate. The exciplex-like nature of the CT state in the
films results from a strong coupling of the ions and, therefore,
points to non-degenerate singlet and triplet CT states. Conse-
quently, the hyperfine coupling mechanism should not be
operative here. SOCT ISC involves the motion of an electron
between two orthogonal orbitals.®*=*® The resulting change in
orbital angular momentum can compensate for a change in
spin. A non-coplanar mutual orientation of the molecular
planes of the donor radical cation and NDI'™ is quite probable
in the films and should, thus, enable triplet CR via this mech-
anism. Given that triplet CR occurs on the tens of ns timescale
in the films, its absence in DMF can also be accounted for by the
much faster singlet CR, independent of whether the CT state in
DMF is above or below *NDI*.

The efficiency of the triplet recombination could not be
determined precisely because of the strong spectral overlap of the
different transients and the non-exponential dynamics. Never-
theless, triplet yields of the order of 20% could be estimated (Table
S3). Given that the fluorescence quantum yield of these (co)poly-
mers ranges from 3 to 10% (Table S3), one can conclude that non-
radiative CR to the ground-state is the main decay pathway of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CT state. Slowing down these CR pathways could significantly
enhance the emissive properties of these materials.

2.3 Photoselection of strongly coupled D-A pairs

The difference between the absorption and excitation spectra of
the films suggests that the spectral broadening observed upon
going from DMF solution to the film arise from the strongly
coupled D-A pairs which undergo ultrafast ET. The existence of D-
A pairs with different absorption spectra results in a inhomoge-
neous broadening of the NDI absorption band and this opens the
possibility to photoselect distinct subpopulations.®”** The above-
described TA experiments were performed with pump pulses at
380 or 355 nm, exciting D-A pairs with a broad range of coupling
strengths. However, excitation at the red edge of the NDI band
should allow for the photoselection of the most coupled pairs, i.e.,
those with the broadened spectrum. To test this hypothesis, we
performed TA measurements upon 400 nm excitation, where no
significant absorption is observed in DMF solutions (Fig. 2).

As illustrated in Fig. 5 with a NDI-coFlu film, the early TA
spectra (EADS A) differ considerably from those measured upon
380 nm excitation, and do not exhibit the ESA band of 'NDI* at
585 nm. Instead, they resemble the spectra of the CT state
recorded at later times upon 380 nm excitation and dominated
by the NDI'™ band at 490 nm. Very little dynamics are observed
within 0-2 ns, the time window of the experiment, in agreement
with relatively slow CR dynamics discussed above. Similar
spectra were observed with the other copolymers with Nap and
Bip as secondary donors (Fig. S4). In the case of the NDI-psD,
polymers, the absorbance of the films at 400 nm was too low to
obtain good TA signals.

NDI-coFlu Film
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Fig. 5 Evolution-associated difference absorption spectra and time
constants obtained from a global analysis of the transient absorption
data measured upon photoexcitation of a NDI-coFlu film at 380 nm
(NDI band maximum, top) and 400 nm (red edge, bottom) assuming
a series of three successive exponential steps (A - B — C —).
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These data are consistent with photoinduced ET occurring in
a few tens of fs as expected for strongly coupled D-A pairs.”>*®
This is too fast to be resolved here with the 100-200 fs response
function of the TA setup, and therefore the 585 nm band of
'NDI* is not visible. Of course, these strongly coupled pairs also
absorb at 380 nm, but their relative population is too small to
contribute significantly to the TA signal. This is why no clear
spectral feature of the CT state can be identified in the early
spectra. Further TA measurements upon 355 nm excitation, ie.
on the blue side of the NDI band, were performed to find out
whether different distributions of D-A pairs are photoselected.
As illustrated in Fig. S4 and S5, the early TA spectra resemble
those recorded upon 380 nm excitation, with the spectral
features of "NDI*. However, the relative amplitude of the "NDI*
band is weaker and the background signal in the 450-550 nm
region could possibly be due to the presence of the NDI'~ band.
Consequently, although the populations excited at 355 nm are
not very different than those excited at 380 nm, a higher
contribution of strongly coupled pairs cannot be excluded.

2.4 Pyrene copolymer: exciting both the acceptor and the
secondary donor

Because of the relatively low energy of the S, state of Pyr, we can use
NDI-coPyr to investigate the excited-state dynamics upon excitation
of D,. According to the electronic absorption spectrum of NDI-
coPyr, both NDI and Pyr should be photoexcited at 355 nm, while
light at 380 nm should mostly interact with NDI (Fig. 2).

The TA spectra recorded upon 380 nm excitation of NDI-
coPyr in DMF indicate that the excited-state dynamics are very
similar to those of the other (co)polymers in DMF, namely,
ultrafast ET followed by complete CR within a few ns (Fig. S6).
Significantly more complex dynamics are observed upon
355 nm excitation and a series of not less than six consecutive
exponential steps had to be used to reproduce the TA data
(Fig. 6). The early spectra (EADS A) show the '"NDI* ESA band at
585 nm as well as a band peaking at ~490 nm that is broader
and more intense than that when excited at 380 nm (Fig. S6).
This feature is most probably due to multiple contributions,
such as 'NDI*, NDI'~ and 'Pyr*, known to absorb in the 450-
510 nm range.”®”* This early spectrum evolves in <1 ps to
a spectrum dominated by the NDI'~ bands at 470 and 600 nm
(EADS B). However, a shoulder at around 500 nm, most prob-
ably due to 'Pyr*, is also present. The NDI'~ bands decay almost
entirely during the next few hundreds of ps, whereas the
intensity at around 500 nm does not change much. Conse-
quently, the 'Pyr* 500 nm shoulder becomes a well-defined
band (steps B — C — D). The latter transforms in about 30
ns to a band at around 420 nm (D — E), which is consistent
with the triplet state of pyrene, *Pyr*.”> The decay of this band in
5 us (E — F) is accompanied by the reappearance of the NDI'™
bands, which finally decay in about 100 ps.

These complicated dynamics can be rationalised by consid-
ering that they correspond to the superposition of two parallel
photocycles, associated with the excitation of NDI and Pyr (Fig. 6).
The dynamics following the excitation of NDI should be quali-
tatively the same as those observed with 380 nm pump pulses,
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Fig. 6 (Top) Evolution-associated difference absorption spectra and

time constants obtained from a global analysis of the transient
absorption data measured upon 355 nm excitation of NDI-coPyr in
DMF solution, assuming a series of six successive exponential steps (A
— F —). (Bottom) Energy-level diagrams with the most
relevant processes.

- B - ...

with the ultrafast population of the CT state, with the hole most
probably on a D; donor, followed by CR within a few ns.

Photoexcitation of Pyr leads to the population of "Pyr* with
an ESA band at around 500 nm.”®”* "Pyr* decays in a few tens of
ns via fluorescence and internal conversion to the ground state
as well as via ISC to *Pyr*. This decay is faster than that reported
for Pyr in solution,” and could also involve excimer formation,
in agreement with the presence of the Pyr excimer band in the
fluorescence spectrum, as well as ET with NDI. Unfortunately,
both the Pyr excimer and Pyr'" are also characterised by an
absorption band at around 500 nm,**’*”* and, therefore, their
presence cannot be established with certainty. In any case, only
*pyr* is significantly populated on the few hundreds of ns
timescale. The transformation of the *Pyr* band to the NDI'~
band in 5 ps (E — F) can be interpreted as an ET from *Pyr* to
NDI. CR of the resulting triplet CT state to the ground state is
spin forbidden and is thus much slower than CR of the singlet
CT state populated after photoexcitation of NDI.

The relatively weak intensity of the late NDI'~ band and its
very slow increase point to a low efficiency of the ET from *Pyr*.
The driving force of this process, estimated to be around 0.25 eV
(Table S1), is too large to explain a ps ET time constant. The
inefficiency of this process can rather be explained by the large
distance between the NDI acceptor and the Pyr secondary
donors. Most probably, structural fluctuations of the polymer
chains and/or hopping of the triplet energy are required to bring
*pyr* and NDI to ET distances. Finally, the triplet CT state
should be about 0.2 eV below *NDI* and, therefore, spin-
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allowed CR to *NDI* is not possible. Consequently, the triplet
CT state can only recombine non-radiatively to the ground state.

Simpler dynamics are observed upon 355 nm excitation of
NDI-coPyr films (Fig. 7). Apart from the 585 nm ESA band of
'NDI* visible during the first few hundreds of fs, the TA spectra
are dominated by a band peaking at 470 nm, which is signifi-
cantly broader than that upon 380 nm excitation, suggesting the
contributions of Pyr transients, such as "Pyr* and the excimer,
overlapping with the NDI'~ band. Excimer formation is
consistent with the presence of the excimer band in the
stationary fluorescence spectrum of the film. This broad TA
band decays on multiple timescales to a weak residual spec-
trum, exhibiting the *NDI* band and decaying on the 30 ps
timescale. Given that various transients could contribute to this
broad band, the interpretation of the TA dynamics is not
obvious. Overall, the observed dynamics are not largely different
from those measured with the other (co)polymer films. No
evidence of *Pyr* can be detected here. Most probably, direct
excitation of Pyr results mainly in the formation of excimers,
which decay radiatively and non-radiatively to the ground state.
Such excimer formation in the films is probably favoured by the
interchain interactions that are less probable in solution.
Although ET from 'Pyr* cannot be ruled out, it should be noted
that, given the composition of this copolymer, an excited Pyr
subunit is statistically more likely to form an excimer with
a nearby non-excited Pyr than to undergo ET with a less abun-
dant NDI acceptor.

A major difference with the other (co)polymer films is the
much smaller amplitude of the *NDI* band. Apart from fact that
direct Pyr excitation does not result in the population of the CT
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Fig. 7 (Top) Evolution-associated difference absorption spectra and

time constants obtained from a global analysis of the transient absorption
data measured upon 355 nm excitation of a NDI-coPyr film, assuming
a series of five successive exponential steps (A — B — ...
(Bottom) Energy-level diagrams with the most relevant processes.

— E —).
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state, this smaller triplet yield could be due to the better elec-
tron donating ability of Pyr compared to the other donors.
Because of this, CR to the ground state should be less in the
inverted region and, thus, be faster, in agreement with the
shorter fluorescence lifetime reported previously.'” Further-
more, triplet recombination to *NDI* should become more
weakly exergonic and, thus, slower.

These results reveal that direct excitation of the secondary
donor is detrimental to the CT emission yield of these films. The
highest efficiency is obtained on directly exciting the NDI
acceptor. The secondary donors act like internal filters and,
upon excitation, decay along pathways that do not lead to the
population of the emissive CT state.

3 Conclusions

This work is the first detailed study of the photophysical prop-
erties of this new type of non-conjugated D-A polymer,
providing unequivocal insights into the origin of their tunable
fluorescence. Our results reveal that the excited-state dynamics
depend strongly on whether these (co)polymers are diluted in
solution or prepared as films, i.e., whether interchain interac-
tions are present. In both cases, ultrafast electron transfer to the
initially photoexcited acceptor is taking place. We show that, in
solution, this electron transfer is an intrachain process and
occurs with a nearby styrenic donor. By contrast, electron
transfer in films is an interchain process and can take place
with the stronger secondary donors, which are located far away
from the acceptor along the chain. We found that the charge-
transfer emission of the films originated from strongly
coupled donor-acceptor pairs for which ET is fast enough to
broaden the absorption band of the acceptor. Photoselection of
these highly coupled pairs upon red-edge excitation was
demonstrated.

The charge-transfer state is strongly stabilised in polar
solution and, thus, undergoes sub-ns charge recombination to
the ground state. By contrast, it is at higher energy in the films
and its recombination occurs on the tens of ns timescale. We
found that a significant fraction of the charge-transfer state
population recombines to the triplet state of the acceptor. This
triplet recombination competes with the radiative recombina-
tion and is detrimental to the fluorescence quantum yield of
these materials. This unwanted decay pathway can be signifi-
cantly reduced when using a strong secondary donor. However,
this approach automatically leads to low-energy emission.
Another strategy would be to use an acceptor with a higher
triplet energy.

Finally, we found that direct photoexcitation of the donor is
prejudicial to the fluorescence quantum yield, because, as an
excited donor has high probability to be situated far from an
acceptor, it can decay without undergoing electron transfer.

In addition to elucidating the origin of the luminescence of
these (co)polymers, our work contributes to a deeper under-
standing of the photodynamics of electron donor-acceptor
polymers, which should be useful for further improvements as
well as for the development of new photoactive polymeric
materials with specific properties.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Author contributions

E. Sucre-Rosales designed and performed the spectroscopic
experiments, analysed the data and wrote the initial draft. S. Ye
synthesised the compounds and prepared the polymer films
under the supervision of Y. Bao. E. Vauthey supervised the
spectroscopic study and wrote the final version with the help of
all authors.

Conflicts of interest

There are no conflicts to declare.

Data availability

All data can be downloaded from https://doi.org/10.26037/
yareta:vhpfezelunby7k52hflhmezele.

Supplementary information (SI) is available. See DOLI: https://
doi.org/10.1039/d5sc07237a.

Acknowledgements

Financial support from the University of Geneva, the Fondation
Claude et Giuliana (research project no. 1-005137) and the Swiss
National Science Foundation (Spark Grant 190313) is
acknowledged.

Notes and references

1 Y. Hong, J. W. Y. Lam and B. Z. Tang, Chem. Soc. Rev., 2011,
40, 5361-5388.

2 H. Uoyama, K. Goushi, K. Shizu, H. Nomura and C. Adachi,
Nature, 2012, 492, 234-238.

3 ]J. Mei, N. L. C. Leung, R. T. K. Kwok, J. W. Y. Lam and
B. Z. Tang, Chem. Rev., 2015, 115, 11718-11940.

4]. M. Dos Santos, D. Hall, B. Basumatary, M. Bryden,
D. Chen, P. Choudhary, T. Comerford, E. Crovini,
A. Danos, ]J. De, S. Diesing, M. Fatahi, M. Griffin,
A. K. Gupta, H. Hafeez, L. Hiammerling, E. Hanover,
J. Haug, T. Heil, D. Karthik, S. Kumar, O. Lee, H. Li,
F. Lucas, C. F. R. Mackenzie, A. Mariko, T. Matulaitis,
F. Millward, Y. Olivier, Q. Qi, I. D. W. Samuel, N. Sharma,
C. Si, L. Spierling, P. Sudhakar, D. Sun, E. Tankeleviciut,
M. Duarte Tonet, J. Wang, T. Wang, S. Wu, Y. Xu, L. Zhang
and E. Zysman-Colman, Chem. Rev., 2024, 124, 13736-14110.

5 Z.Zhang, K. Guo, Y. Li, X. Li, G. Guan, H. Li, Y. Luo, F. Zhao,
Q. Zhang, B. Wei, Q. Pei and H. Peng, Nat. Photonics, 2015, 9,
233-238.

6 T. Wang, Y. Cheng and C. Yang, Prog. Polym. Sci., 2024, 158,
101892.

7 R. Hu, A. Qin and B. Z. Tang, Prog. Polym. Sci., 2020, 100,
101176.

8 N. K. S. Teo, B. Fan, A. Ardana and S. H. Thang, Aggregate,
2024, 5, e414.

9 S. Ye and Y. Bao, Chem. Mater., 2024, 36, 5878-5896.

10 S. Shao, J. Hu, X. Wang, L. Wang, X. Jing and F. Wang, J. Am.
Chem. Soc., 2017, 139, 17739-17742.

Chem. Sci., 2026, 17, 2119-2127 | 2125


https://doi.org/10.26037/yareta:vhpfezelunby7k52hflhmezele
https://doi.org/10.26037/yareta:vhpfezelunby7k52hflhmezele
https://doi.org/10.1039/d5sc07237a
https://doi.org/10.1039/d5sc07237a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc07237a

Open Access Article. Published on 25 November 2025. Downloaded on 3/14/2026 7:50:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

11 J. Hu, Q. Li, X. Wang, S. Shao, L. Wang, X. Jing and F. Wang,
Angew. Chem., Int. Ed., 2019, 58, 8405-8409.

12 Y. Xin, Y. Zhu, R. Chi, C. Duan, P. Yan, C. Han and H. Xu,
Adv. Mater., 2023, 35, 2304103.

13 C. M. Tonge and Z. M. Hudson, J. Am. Chem. Soc., 2019, 141,
13970-13976.

14 J. Poisson, C. M. Tonge, N. R. Paisley, E. R. Sauvé,
H. McMillan, S. V. Halldorson and Z. M. Hudson,
Macromolecules, 2021, 54, 2466-2476.

15 S. Ye, D. Fuiglistaller, T. Tian, A. Manian, S. Kumar, C. Nardo,
A. ]. Christofferson, S. P. Russo, C.-J. Shih, J.-C. Leroux and
Y. Bao, Sci. China: Chem., 2024, 67, 4218-4233.

16 Y. Bao, Langmuir, 2024, 40, 3275-3282.

17 S. Ye, T. Tian, A. J. Christofferson, S. Erikson, J. Jagielski,
Z. Luo, S. Kumar, C.-]. Shih, J.-C. Leroux and Y. Bao, Sci.
Adv., 2021, 7, eabd1794.

18 S. Ye, N. Meftahi, I. Lyskov, T. Tian, R. Whitfield, S. Kumar,
A. J. Christofferson, D. A. Winkler, C.-J. Shih, S. Russo,
J.-C. Leroux and Y. Bao, Chem, 2023, 9, 924-947.

19 I. R. Gould, R. H. Young, L. J. Mueller, A. C. Albrecht and
S. Farid, J. Am. Chem. Soc., 1994, 116, 8188-8199.

20 N. Mataga and H. Miyasaka, Adv. Chem. Phys., 1999, 107,
431-496.

21 F. Brouwer, in Structural Aspects of Exciplex Formation, ed. ]J.
Waluk, Wiley-VCH, New York, 2000, p. 177.

22 E. Vauthey, J. Phys. Chem. B, 2022, 126, 778-788.

23 T. C. Barros, S. Brochsztain, V. G. Toscano, P. Berci Filho and
M. ]. Politi, J. Photochem. Photobiol., A, 1997, 111, 97-104.

24 R. Foster, J. Phys. Chem., 1980, 84, 2135-2141.

25 A. Aster, A.-B. Bornhof, N. Sakai, S. Matile and E. Vauthey, J.
Phys. Chem. Lett., 2021, 12, 1052-1057.

26 T. Joo and A. C. Albrecht, Chem. Phys., 1993, 176, 233.

27 W. P. de Boeij, M. S. Pshenichnikov and D. A. Wiersma,
Chem. Phys. Lett., 1995, 238, 1-8.

28 Y. Nagasawa, J. Photochem. Photobiol., C, 2011, 12, 31-45.

29 T. Forster and K. Kasper, Zeitschrift fiir Elektrochemie und
Berichte der Bunsengesellschaft fiir Physikalische Chemie,
1955, 59, 976-980.

30 A. Weller, Zeitschrift fiir Physikalische Chemie, 1982, 133, 93—
98.

31 B. Lang, S. Mosquera-Vazquez, D. Lovy, P. Sherin,
V. Markovic and E. Vauthey, Rev. Sci. Instrum., 2013, 84,
73107.

32 I. H. M. van Stokkum, D. S. Larsen and R. van Grondelle,
Biochim. Biophys. Acta, Bioenerg., 2004, 1657, 82-104.

33 J. S. Beckwith, C. A. Rumble and E. Vauthey, Int. Rev. Phys.
Chem., 2020, 39, 135-216.

34 P. Ganesan, J. Baggerman, H. Zhang, E. J. R. Sudholter and
H. Zuilhof, J. Phys. Chem. A, 2007, 111, 6151-6156.

35 F. Zieschang, M. H. Schreck, A. Schmiedel, M. Holzapfel,
J. H. Klein, C. Walter, B. Engels and C. Lambert, J. Phys.
Chem. C, 2014, 118, 27698-27714.

36 O. Yushchenko, G. Licari, S. Mosquera-Vazquez, N. Sakai,
S. Matile and E. Vauthey, J. Phys. Chem. Lett., 2015, 6,
2096-2100.

37 B. M. Aveline, S. Matsugo and R. W. Redmond, J. Am. Chem.
Soc., 1997, 119, 11785-11795.

2126 | Chem. Sci, 2026, 17, 2119-2127

View Article Online

Edge Article

38 D. Gosztola, M. P. Niemczik, W. Svec, A. S. Lukas and
M. R. Wasielewski, J. Phys. Chem. A, 2000, 104, 6545-6551.

39 T. Shida, Electronic Absorption Spectra of Radical Ions,
Elsevier, 1988.

40 R. Gschwind and E. Haselbach, Helv. Chim. Acta, 1979, 62,
941.

41 Y. Kodera and T. Hikida, Spectrosc. Lett., 1989, 22, 1229-
1239.

42 A. 1. Burshtein, Adv. Chem. Phys., 2004, 129, 105-418.

43 G. Angulo and A. Rosspeintner, J. Chem. Phys., 2020, 153,
040902.

44 C. C. Moser, C. C. Page, R. Farid and P. L. Dutton, J. Bioenerg.
Biomembr., 1995, 27, 263-274.

45 J. Zyss, 1. Ledoux, S. Volkov, V. Chernyak, S. Mukamel,
G. P. Bartholomew and G. C. Bazan, J. Am. Chem. Soc.,
2000, 122, 11956-11962.

46 E. A. Weiss, L. E. Sinks, A. S. Lukas, E. T. Chernick,
M. A. Ratner and M. R. Wasielewski, J. Phys. Chem. B,
2004, 108, 10309-10316.

47 1. Ciofini, T. Le Bahers, C. Adamo, F. Odobel and
D. Jacquemin, J. Phys. Chem. C, 2012, 116, 11946-11955.

48 A. Aster, C. Rumble, A.-B. Bornhof, H.-H. Huang, N. Sakai,
T. Solomek, S. Matile and E. Vauthey, Chem. Sci., 2021, 12,
4908-4915.

49 S. Green and M. A. Fox, J. Phys. Chem., 1995, 99, 14752—
14757.

50 D. Rehm and A. Weller, Isr. J. Chem., 1970, 8, 259-271.

51 S. Murata and M. Tachiya, J. Phys. Chem. A, 2007, 111, 9240-
9248.

52 M. Tachiya and K. Seki, J. Phys. Chem. A, 2007, 111, 9553-
9559.

53 M. Liang, A. Kaintz, G. A. Baker and M. Maroncelli, J. Phys.
Chem. B, 2012, 116, 1370-1384.

54 C. Nancoz, C. Rumble, A. Rosspeintner and E. Vauthey, J.
Chem. Phys., 2020, 152, 244501.

55 R. A. Marcus and N. Sutin, Biochim. Biophys. Acta, 1985, 811,
265-322.

56 G. Closs and ]J. Miller, Science, 1988, 240, 440.

57 E. Vauthey, J. Phys. Chem. A, 2001, 105, 340-348.

58 R. E. Foll, H. E. A. Kramer and U. E. Steiner, J. Phys. Chem.,
1990, 94, 2476-2487.

59 K. Kikuchi, M. Hoshi, T. Niwa, Y. Takahashi and T. Miyashi,
J. Phys. Chem., 1991, 95, 38-42.

60 O. Nicolet and E. Vauthey, J. Phys. Chem. A, 2003, 107, 5894-
5902.

61 U. E. Steiner and T. Ulrich, Chem. Rev., 1989, 89, 51-147.

62 D. Kattnig, A. Rosspeintner and G. Grampp, Angew. Chem.,
Int. Ed., 2008, 47, 960-962.

63 T. Nishimura, N. Nakashima and N. Mataga, Chem. Phys.
Lett., 1977, 46, 334-338.

64 M. R. Wasielewski, D. G. Johnson, W. A. Svec, K. M. Kersey
and D. W. Minsek, J. Am. Chem. Soc., 1988, 110, 7219-7221.

65 Y. Dong, A. A. Sukhanov, J. Zhao, A. Elmali, X. Li, B. Dick,
A. Karatay and V. K. Voronkova, J. Phys. Chem. C, 2019,
123, 22793-22811.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc07237a

Open Access Article. Published on 25 November 2025. Downloaded on 3/14/2026 7:50:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

66 D. Liu, A. M. El-Zohry, M. Taddei, C. Matt, L. Bussotti,
Z. Wang, J. Zhao, O. F. Mohammed, M. Di Donato and
S. Weber, Angew. Chem., Int. Ed., 2020, 59, 11591-11599.

67 K. Roy, S. Kayal, V. Ravi Kumar, A. Beeby, F. Ariese and
S. Umapathy, J. Phys. Chem. A, 2017, 121, 6538-6546.

68 I. Fureraj, D. S. Budkina and E. Vauthey, Phys. Chem. Chem.
Phys., 2022, 24, 25979-25989.

69 R. Ringstrom, F. Edhborg, Z. W. Schroeder, L. Chen,
M. J. Ferguson, R. R. Tykwinski and B. Albinsson, Chem.
Sci., 2022, 13, 4944-4954.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

70 P. Foggi, L. Pettini, I. Santa, R. Righini and S. Califano, J.
Phys. Chem., 1995, 99, 7439.

71 F.V.R. Neuwahl and P. Foggi, Laser Chem., 1999, 19, 037692.

72 T. G. Pavlopoulos, J. Chem. Phys., 1970, 52, 3307-3308.

73 J. B. Birks, D. J. Dyson, I. H. Munro and B. H. Flowers, Proc. R.
Soc. London, Ser. A, 1963, 275, 575-588.

74 C. R. Goldschmidt and M. Ottolenghi, J. Phys. Chem., 1970,
74, 2041-2042.

75 J. Wega, K.-F. Zhang, J. Lacour and E. Vauthey, J. Phys. Chem.
Lett., 2024, 15, 2834-2840.

Chem. Sci., 2026, 17, 2119-2127 | 2127


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc07237a

	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers
	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers
	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers
	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers
	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers
	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers
	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers
	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers

	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers
	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers
	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers
	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers
	Photoinduced charge-transfer dynamics in fluorescent electron donortnqh_x2013acceptor polymers


