#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Exciton structure and dynamics in w-conjugated

i '.) Check for updates ‘
molecular wires

Cite this: Chem. Sci., 2025, 16, 18318

Naresh Duvva,@ Habtom B. Gobeze,@ Isai Barboza-Ramos @
and Kirk S. Schanze @ *

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Exciton and charge transport through m-conjugated oligomers and polymers is critical to the performance
of organic electronic materials and essential for understanding carrier transport mechanisms on the
nanoscale. This study applies photophysical methods to explore exciton structure and transport in -
conjugated molecules consisting of a diblock oligomer with terfluorene (F3) and tetrathiophene (T4)
segments that are capped on either end with a boron dipyrromethene (BDP) unit. Two trichromophores
were the focus of the investigation, F3T4BDP and T4F3BDP, where the sequence of the segments in the
molecules is indicated by the acronyms. The molecules were probed by using steady-state and time-
resolved absorption and fluorescence spectroscopy. Comparison of the absorption spectra of the
trichromophores with model compounds (F3, T4, BDP) reveals that they exhibit absorption bands that
can be assigned to transitions localized on the chromophore elements. Steady-state and time resolved
fluorescence spectroscopy shows that excitation of the trichromophores leads to efficient transport of
the excitation energy (exciton) to the BDP chromophore. By using femtosecond transient absorption
(TA) spectroscopy it is shown that in F3T4BDP where the segments are arranged to allow vectorial
exciton transfer (F3 — T4 — BDP) regardless of excitation wavelength exciton transfer to the BDP
chromophore occurs in <1.5 ps. By contrast in T4F3BDP the energy landscape is more complex, and
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Introduction

7-Conjugated oligomers and polymers have been explored as
“molecular wires” for efficient and long-range transport of
electrons, holes and excitons.'® Early studies explored the effi-
ciency of electron or hole transfer via superexchange mediated
tunneling, which revealed enhanced conductivity of m-conju-
gated bridges relative to fully saturated spacers.®** More recent
work examined charge transport through m-conjugated oligo-
mers and polymers by single molecule conductivity.*'*** These
studies highlight that different t-conjugated electronic systems
display semi-conductive to conductive behavior depending on
their structure, and demonstrate the concept of molecular
rectification.>'® Studies of excited state energy transfer reveal
that t-conjugated electronic systems provide efficient pathways
for singlet and, to a lesser extent, triplet exciton transport over
long distances on fast timescales.»>**' The importance of
these fundamental processes to applications is evident in the
widespread use of m-conjugated oligomers and polymers in
a variety of optoelectronic devices including light emitting
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and the partitioning ratio depends on the excitation wavelength.

diodes,** solar cells,*® photodetectors,** phototransistors®*® and
sensors.*

Donor-bridge-acceptor (D-B-A) compounds represent
a fundamental motif that has been used in the study of charge
and energy transport within molecular systems.*™"*’~¢ In these
architectures, a donor unit is electronically coupled to an
acceptor through a m-conjugated or non-conjugated bridge,
which mediates electronic communication between the
termini.® These systems have been instrumental in exploring
phenomena such as charge separation, recombination, and
excitation energy transfer.*>* The bridge governs the mecha-
nism and dynamics of transport, with m-conjugated bridges
enabling coherent tunneling or hopping depending on their
length and electronic structure.® Importantly, D-B-A frame-
works have provided critical insights into vectorial electron and
exciton transport, which underpin the function of molecular
photodiodes,**” and artificial photosynthetic assemblies.*®

Our laboratory investigates charge and exciton delocaliza-
tion and transport in m-conjugated oligomers and
polymers.>*3*43° These systems differ from previous work on
D-B-A systems in the sense that the 7-conjugated segments
serve as both chromophore and bridge. In several recent
studies, we explored the extent of excited state delocalization in
“diblock oligomers”,**-** which are w-conjugated molecules that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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feature two defined segments with distinct frontier m-orbital
energies and HOMO-LUMO gaps. This work provided evidence
that excitation wavelength photoselection can be used to
control the initial localization of an exciton, even in fully -
conjugated systems.” We established that wavelength photo-
selection could be used to control whether electron or energy
transfer occurs in the same m-conjugated system.>***

The current study examines a set of m-conjugated diblock
oligomers which feature a terfluorene segment linked to
a tetrathiophene segment (F3T4). The F3 and T4 segments have
different frontier orbital energy levels and bandgaps, and thus it
is possible to selectively excite the F3 or T4 m-conjugated
segment. Two regioisomeric diblock oligomers are end func-
tionalized with a boron dipyrromethene (BDP) chromophore
which acts as a fluorescent energy acceptor that is attached to
either end of the diblock oligomer. The objective of this work is
to apply steady-state and femtosecond transient absorption (TA)
spectroscopy to investigate the spatial extent, localization and
dynamics of excitation energy through the fully m-conjugated
molecules following excitation at wavelengths corresponding to
the F3 and T4 segments. The results of the study provide clear
evidence for exciton localization on the wide gap F3 segment at
early times (<1 ps) following photoexcitation. In the oligomer
where the F3, T4 and BDP units are aligned for vectorial energy
transfer, the m-conjugated oligomer acts as a molecular wire,
funneling the excitation energy to the BDP chromophore on an
ultrafast timescale. However, in the regioisomer where the BDP
is attached to the opposite end of the diblock segment, direc-
tional energy flow is interrupted and the results show that the
transport is bifurcated, resulting in a partitioning of the energy
between the two ends of the oligomer. The results provide
unique insights into the electronic structure and dynamics of
exciton localization and transport in fully m-conjugated elec-
tronic systems that are structurally related to conjugated poly-
mers that are widely used in optoelectronic applications.

Results
Design and synthesis

This study explored the series of fully m-conjugated molecules
shown in Chart 1. These molecules feature the three chromo-
phoric units, terfluorene (F3), tetrathiophene (T4) and boron
dipyrromethene (BDP). The two key molecules of interest
feature all three of the units (F3T4BDP and T4F3BDP) with
different connectivity (regioisomers), along with three model
chromophores that contain two of the three units (F3T4, F3BDP
and T4BDP).

The objective of this study was to apply steady-state and
ultrafast time-resolved spectroscopy to study exciton structure,
delocalization and energy transport dynamics in fully w-conju-
gated chromophore systems. Towards that end, we designed the
diblock oligomer F3T4 which features tert-fluorene (F3) and
tetra-thiophene (T4) segments (chromophores) that are linked
to enable full w-conjugation between the segments. As will be
delineated in more detail below, these two segments have
distinct HOMO-LUMO gaps, with F3 absorbing in the near-UV
region and T4 in the blue region of the visible. Then we utilized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the boron dipyrromethene (BDP) as a third chromophore
element, attached to either end of the F3T4 unit. BDP has
a lower HOMO-LUMO gap compared to either F3 or T4, and
a distinct emission spectrum and high fluorescence quantum
yield; therefore, it acts as an energy acceptor and “signaling
chromophore”. The goal was to understand the dynamics of
exciton localization and transport through the fully conjugated
molecule and how it depends on the structure, e.g. whether the
BDP signaling chromophore is attached to the T4 terminus or
the F3 terminus, e.g. Scheme 1.

All molecules were synthesized by using sequential Pd-
catalyzed coupling reactions, first building the suitably end-
functionalized F3, T4 and BDP units and then linking them
using another round of Pd-coupling reactions. Complete
details, including synthetic schemes, descriptions and spec-
troscopic characterization data are provided in the SI.

Absorption and fluorescence properties

Absorption spectra were obtained for the full suite of molecules
shown in Chart 1 in toluene solution. The set of normalized
absorption spectra are shown in Fig. 1, and the spectra plotted
on a molar absorptivity scale (¢, M 'ecm™') are shown in
Fig. S46. First, Fig. 1a displays absorption spectra of the indi-
vidual chromophores with well-defined bands for F3 at Anax
~350 nm, T4 with A,.x ~378 nm and BDP with A, ~502 nm.
Second, Fig. 1b compares spectra of diblock oligomer F3T4 and
the bichromophores F3BDP and T4BDP which contain the
individual m-conjugated oligomers linked to BDP.

In the diblock oligomer F3T4 two absorption maxima are
distinguished at Apa.x ~366 nm and 421 nm. These bands
correspond approximately to transitions arising from the F3
and T4 segments, respectively. However, it is evident that both
band maxima are red-shifted compared to the individual units
(Fig. 1a) which is attributed to the interactions (delocalization)
between the F3 and T4 conjugated segments. This notion is
supported by time-dependent density functional theory (TD-
DFT) calculations (see SI, Fig. S58, Tables S3 and S4) which
reveal that the absorption bands correspond to transitions
between frontier orbitals that are localized primarily on the
respective  m-conjugated segments, but with some
delocalization/interaction between them. Taken together, the
experimental and computational data reveal that excitation of
F3T4 into the short wavelength absorption (~360 nm) gives rise
to an excited state that is predominantly localized on the F3
segment, but has a degree of delocalization into the T4
segment. By contrast, excitation of F3T4 into the longer wave-
length absorption feature (~420 nm) directly accesses the
lowest excited state of the chromophore, which is mainly
localized on the T4 segment, but has some delocalization in to
the F3 segment.

The bichromophoric molecules F3BDP and T4BDP display
absorption bands associated with the m-conjugated F3 or T4
segments, along with a narrow absorption band with peak at
505 nm due to BDP (Fig. 1b). Fig. 1c compares the normalized
absorption spectra of the trichromophores F3T4BDP and
T4F3BDP. The spectra of these molecules are generally similar,
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Chart 1 Chemical structures of the oligomers studied.

with broad absorption features that can be ascribed to F3 at A
~355-375 nm range, T4 at A ~420-425 nm and BDP at 1
~505 nm. It is notable that the absorption attributed to the T4
segment is red shifted in F3T4BDP, suggesting that in this
configuration the T4 localized transitions are at a slightly lower
energy compared to T4F3BDP.

The fluorescence emission of the monomers, di- and tri-
chromophores were measured in toluene solution, and the
spectra are collected in Fig. 2. The fluorescence spectra were
collected at different excitation wavelengths (355 nm, 400 nm,
and 490 nm), allowing excitation of the various subunits of the
di- and tri-chromophores. Table 1 contains a summary of the

18320 | Chem. Sci,, 2025, 16, 18318-18331

photophysical properties of the compounds, including fluores-
cence quantum yields (@q) and lifetimes (zq). Fig. 2a compares
the spectra of F3, F3T4 and F3BDP with excitation at 355 nm,
which corresponds to the absorption of the F3 unit. Note that F3
displays an emission with a peak at 395 nm that is associated
with the 'mt,7c* state of the F3 chromophore. The diblock olig-
omer F3T4 displays a weak, broad emission at ~420 nm corre-
sponding to F3, and a stronger, structured emission with two
maxima at 521 and 552 nm that is believed to arise from the T4
segment in F3T4. The emission of F3BDP is a single narrow
band with A,,x = 517 nm, that corresponds to emission from
the BDP unit (compare with Fig. 2c). The latter result

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Diagram of exciton transport in the oligomers.

demonstrates that F3 to BDP energy transfer is highly efficient
in F3BDP (vide infra).

Fig. 2b compares the fluorescence of T4, F3T4 and T4BDP
with excitation at 400 nm, which corresponds to the T4 unit's
absorption. This comparison reveals several important features.
First, it is evident that the fluorescence of F3T4 is red shifted
~60 nm compared to that of T4. This clearly indicates that the
energy of the lowest excited state in F3T4 is lower compared to
T4, suggesting that even though the 'mt,7c* excitation is mainly
localized in the T4 unit in F3T4, the excited state is stabilized by
delocalization into F3. Second, the emission of T4ABDP is similar
to that of BDP and F3BDP, which reveals that T4 to BDP energy
transfer is highly efficient (vide infra).>

Fig. 2d-f compare the fluorescence of the tri-chromophores
F3T4BDP and T4F3BDP with excitation wavelengths of
355 nm, 400 nm and 490 nm, corresponding to the F3, T4 and
BDP units, respectively. Notably, in each case the fluorescence is
dominated by the BDP chromophore with A, ~515 nm,
regardless of excitation wavelength. This finding suggests that
in the trichromophores, energy transfer occurs efficiently to the
lowest energy state localized on the BDP chromophore (vide
infra). However, there is a noteworthy feature that is present in
the fluorescence of F3T4BDP, namely a broad, tailing emission

© 2025 The Author(s). Published by the Royal Society of Chemistry

extending from the peak of the BDP feature to 700 nm. This
feature is believed to arise from the T4 localized emission in the
F3T4 unit that is linked to BDP. Interestingly, this feature is not
apparent in T4F3BDP, which suggests that it requires the T4
and BDP chromophores to be adjacent. This point will be di-
scussed further below.

Further insights into the photophysics of the poly-
chromophores comes from analysis of the fluorescence quantum
yield and lifetime data in Table 1. First, it is seen that the lifetime
of F3T4 is intermediate between the lifetimes of F3 and T4.
Second, for all polychromophores that contain a BDP unit, the
fluorescence lifetimes are substantially longer, ranging from 1.75
ns (T4F3BDP) to 3.28 ns (BDP). This is consistent with the fluo-
rescence emanating from a singlet excited state that is localized
on the BDP chromophore (Table 1). However, it is noteworthy
that in every case of the polychromophores that contain the BDP
unit the lifetimes and quantum yields are lower compared to the
reference chromophore (BDP, T = 3.28 ns). This observation
suggests that there are additional non-radiative decay channels
active in the polychromophores that reduce the lifetime of the
BDP localized excited state. As discussed in more detail below,
this is believed to be due in part to quenching by photoinduced
charge transfer from the m-conjugated units to BDP.

Chem. Sci., 2025, 16, 18318-18331 | 18321
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Fig. 1 Normalized absorption spectra in toluene solution. (a) F3, T4
and BDP. (b) F3BDP, F3T4 and T4BDP. (c) F3T4BDP and T4F3BDP.

Excitation spectra were collected for the trichromophores
F3T4BDP and T4F3BDP monitoring the emission from the BDP
chromophore at 517 nm. The excitation spectra are compared to
the normalized absorption spectra in Fig. 3. Here it can be seen
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that the shapes of the excitation spectra generally mirror the
absorption for both molecules; this result indicates regardless
of the excitation wavelength energy transfer to the BDP signal-
ling chromophore is efficient. Nevertheless, it is noteworthy
that for both F3T4BDP and T4F3BDP the excitation spectrum
amplitude is lower than the absorption by 15-20% at wave-
lengths <475 nm. This reveals an inefficiency in the BDP fluo-
rescence when excitation is at shorter wavelengths; as discussed
below it is believed that this may be due to photoinduced
electron transfer (ET) pathways that competes with energy
transfer.

Electrochemistry

As noted above, photoinduced ET may be involved in the pho-
tophysics of the polychromophores. As such we carried out
electrochemical analysis of the molecules to understand their
redox properties. This information is used below to calculate
the relative energetics of various charge transfer excited states.
The electrochemical studies were carried out using cyclic vol-
tammetry (CV) in dichloromethane solution at a glassy carbon
electrode, and the potentials are listed vs. ferrocene/
ferrocenium (Fc/Fc', internal standard). Fig. S49 shows the
cyclic voltammograms of the molecules and Table S1 summa-
rizes the electrochemical potentials data along with the esti-
mated HOMO and LUMO energy levels. The electrochemical
data show that model compounds F3, T4, and BDP have first
oxidation potentials at 0.78, 0.52, and 0.74 V, respectively and
the reduction of BDP was at —1.71 V (potentials vs. Fc/Fc"

reference, Fc = ferrocene). Under similar experimental
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Fig.2 Normalized fluorescence spectra of oligomers in toluene solution. (a) F3, F3T4 and F3BDP, Ao, = 355 nm. (b) T4, F3T4 and T4BDP, Aex =
400 nm. (c) F3BDP, T4BDP and BDP, s, = 490 nm. (d) F3T4BDP and T4F3BDP, A, = 355 nm. (e) F3T4BDP and T4F3BDP, Ae, = 400 nm. (f)

F3T4BDP and T4F3BDP, Acx = 490 nm.
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Table 1 Photophysical properties of oligomers®
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d

Compound ADbS Apa/nm €2/10* mol lem™* FL Apa/nm Dq ™ ns
F3 350 13.5 395, 416 0.96 0.64°
T4 378 2.69 456, 485 0.31 0.32
BDP 502 16.6 514 0.56° 3.28%
F3T4 366, 421 7.9 (366), 5.4 (421) 423, 521, 552 0.54 0.52°
F3BDP 364, 505 13.3 (364), 10.5 (505) 517 0.39° 2.81°
T4BDP 395, 505 6.2 (395), 14.4 (505) 517 0.36° 2.07
F3T4BDP 374, 420, 504 11.5 (374), 10.5 (420), 12.6 (504) 517 0.25° 1.8°

T4F3BDP 354, 420, 504 11.8 (354), 6.9 (420),12.4 (504) 515 0.33° 2.8°

“ Measured in toluene solution. ? Values in parenthesis are the wavelengths (nm) at which the molar extinction coefficient is reported. ¢ Reported
quantum yields are for BDP fluorescence at 490 nm. ? Lifetimes are essentially independent of excitation wavelength, see Fig. $51-853 for full decays
and analysis. ¢ Excitation at 350 nm./ Excitation at 400 nm. ¢ Excitation at 490 nm.
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Fig. 3 Overlay of excitation (solid, red — Ex) and absorption (dash dot,
black — Abs) spectra of (a) T4F3BDP and (b) F3T4BDP in toluene (Aem =
517 nm). The excitation spectra were corrected for the instrument
response function and were normalized with respect to the absorption
spectra at 517 nm.

conditions, the bichromophores exhibit first oxidation poten-
tials at 0.37 V (F3T4), 0.74 V (F3BDP), and 0.43 V (T4BDP), and
the trichromophores T4F3BDP at 0.51 V and F3T4BDP at 0.52 V.
In all cases of compounds that contain the T4 unit, the first
oxidation potential is within ~75 mV of 0.45 V, and as such it is
associated with that conjugated segment.

Ultrafast transient absorption spectroscopy. 1.
bichromophores

To explore the structure and dynamics of the excited states
produced by excitation of the polychromophores, we applied
femtosecond transient absorption (TA) spectroscopy with probe
in the near-UV, visible and near-infrared (NIR) regions. These
studies were carried out with the conjugated oligomers di-
ssolved in toluene solution using excitation wavelengths tuned
to selectively excite the different m-conjugated chromophores.
In the main text below, we focus on the time-evolving TA spectra
and kinetics at specific wavelengths, as we believe this approach
provides greater clarity for the reader.

© 2025 The Author(s). Published by the Royal Society of Chemistry

First, we focus on the TA data for the T4BDP bichromophore
excited at 420 nm shown in Fig. 4. For this compound, excita-
tion at 420 nm selectively excites the T4 unit (see absorption
spectrum in Fig. 1b). As seen in Fig. 4a, at ~1 ps after excitation
the TA spectrum is dominated by a narrow, negative absorption
at 505 nm and a positive excited state absorption (ESA) in the
red/near-IR, with a peak at ~750 nm and a shoulder at
~1000 nm. The 750 nm ESA is due to the singlet excited state of
the T4 segment ('T4*, see Fig. S$54), and the negative feature at
505 is due to the ground state bleach (GSB) of the BDP chro-
mophore. Within a few ps, the 750 nm ESA due to the 'T4*
decays, and it is replaced by a broader and weaker, red-shifted
near-IR band at 1000 nm, accompanied by the GSB of the
BDP chromophore. Fig. 4b shows the TA kinetics monitored at
841 nm in the near-IR near the ESA peak associated with the
excited state 'T4*. This shows that there is an ultrafast decay
with © ~300 fs followed by a slower relaxation with bi-
exponential kinetics (316 ps and 1.6 ns). These data can be
explained by the following processes (refer to eqn (1) and (2)
below). First, 420 nm excitation generates the singlet excited
state that is mainly localized on the T4 segment, eqn (1). Then
this state decays via two competing pathways:

T4BDP + /(420 nm) — ('T4*)BDP 1)
(!T4*)BDP — T4('‘BDP*) — T4BDP + /w + A (2a)
('T4*)BDP — (T4")(BDP~) — T4BDP + A (2b)

One pathway involves energy transfer to the BDP chromophore
(2a),”® and the other involves photoinduced electron transfer to
produce a charge separated state (2b). Evidence for pathway 2b
comes from the appearance of the NIR absorption feature at
1000 nm that is prominent at 10 ps delay and longer which can
be assigned to the T4-cation radical (T4").>* This charge sepa-
rated state is likely the origin of the intermediate decay time
that comes from the kinetic fit in Fig. 4b (316 ps). The driving
force for the photoinduced charge transfer process in eqn (2b)
can be estimated from the electrochemical and photophysical
data in Tables 1 and S1 and is —0.50 eV.

Transient absorption of the F3BDP bichromophore (Fig. S57)
with excitation at 363 nm corresponding to the F3 segment

Chem. Sci., 2025, 16, 18318-18331 | 18323
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Fig.4 Femtosecond TA difference spectra of T4ABDP in toluene solution with excitation at 420 nm. (a) Visible-near-infrared spectra as a function
of delay time ranging from 500 fs to 7.5 ns. (b) TA kinetics at 841 nm, symbols show the experimental data and solid line is fit with parameters
shown in inset. Evolution associated difference spectra (EADS) obtained from global analysis of data is provided in Fig. S59 in SI.

absorption reveals that there is ultrafast excitation transfer
(~500 fs) to produce the BDP localized singlet excited state,

eqn (3).
F3BDP + /(363 nm) — ("F3*)BDP — F3('BDP*) (3)

Taken together, the results on the two bichromophores that
contain either T4 or F3 linked to the BDP chromophore reveal
that the predominant pathway is energy transfer with a time
constant < 500 fs to produce the BDP localized singlet excited
state. This finding is in accord with a previous study of a bi-
chromophore featuring T4 linked to BDP underwent T4 to BDP
energy transfer with t ~120 fs (k ~8 x 10" s~ ").%

The diblock oligomer F3T4 features two distinct m-conju-
gated segments, one based on the terfluorene (F3) unit and the
second based on the tetrathiophene (T4) unit. As noted above,
the HOMO-LUMO gaps of the F3 and T4 segments are distinct,
with F3 displaying absorption at 350 nm, and T4 at 378 nm
(Fig. 1a). The ground state absorption spectrum of the diblock
oligomer F3T4 (Fig. 1b) displays absorption features that can be
attributed to the F3 and T4 segments. Although the two -
conjugated segments are w-conjugated via a C-C bond, we
hypothesized that at very early times following near-UV excita-
tion, it may be possible to distinguish an excited state that is
predominantly localized on the F3 segment following excitation
into the F3 absorption in the near-UV region.

The time-resolved TA spectra for F3T4 following 363 nm
excitation (corresponding to the F3-localized absorption
feature, Fig. 1b) are shown in Fig. 5a. The spectra are dominated
by negative absorption at 420 nm corresponding to the GSB of
the T4 absorption feature, a second negative feature ranging
from 500-575 nm corresponding to stimulated emission (SE),
and a strong, broad absorption in the near-IR with a peak at
910 nm. All these features can be associated with a '7,7t* exci-
tation that is mainly on the T4 segment, but with some

18324 | Chem. Sci., 2025, 16, 18318-1833]

delocalization into the F3 unit. Note that the 420 nm GSB
feature corresponds to the long wavelength absorption attrib-
uted to T4, and the near-IR absorption is similar, but red-
shifted, from that observed for the T4 model compound
(Fig. S54). To probe the dynamics of the excited state following
excitation, we plotted the TA kinetics at 919 nm in Fig. 5b. This
plot compares the evolution of the TA at 919 nm for samples
with excitation at 363 nm (F3 absorption) and 420 nm (T4
absorption) (the full set of TA spectra for 420 nm excitation is in
Fig. S56). Fig. 5b shows that the near-IR absorption grows
rapidly with both excitation wavelengths. The kinetic fits
suggest a slightly faster risetime (500 fs) for excitation at 420 nm
corresponding to the T4 segment absorption, compared with
the risetime (900 fs) for excitation into the F3 absorption band
at 363 nm. While the difference in rise times is small, the slower
rise of the near-IR band with 363 nm excitation is consistent
with the notion that there may be some initial localization of the
exciton on the F3 segment.

Ultrafast transient absorption spectroscopy. 2.
trichromophores

Transient absorption was applied to the two trichromophores,
F3T4BDP and T4F3BDP, with the aim to investigate the rela-
tionship between the oligomer structure and excitation wave-
length on the exciton localization, transport and dynamics.
Note that the key difference in the two oligomers is the location
of the BDP chromophore with respect to the F3T4 diblock
oligomer. In F3T4BDP, the BDP unit is attached to the T4 “end”,
whereas in T4AF3BDP, the BDP is attached to the F3 “end”. As
shown below, the orientation has a substantial effect on the
exciton dynamics and transport within the trichromophores.
Fig. 6 provides a summary of the transient absorption
spectra and dynamics of F3T4BDP with excitation at 350 nm
(Fig. 6a—-c) and 420 nm (Fig. 6d-f). Qualitatively, the spectra and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) Femtosecond TA spectra of F3T4 in toluene solvent with excitation at 363 nm. Delay times range from 440 fs to 7.5 ns, see legend inset
for time labels. (b) TA kinetics at 919 nm for T4 (Aex = 420 nm), F3T4 (Ao, = 363 nm) and F3T4 (Ao, = 420 nm). Evolution associated difference

spectra (EADS) obtained from global analysis of data is provided in Fig.

dynamics are similar for the two different excitation wave-
lengths, suggesting that photoselection within the T4F3 diblock
oligomer does not have a significant effect. For each excitation
wavelength, the spectra feature two negative absorptions in the
visible, namely at 425 nm corresponding to F3T4 GSB and
507 nm due to BDP GSB. The early time spectra also feature the
prominent near-IR absorption bands (905 and 1020 nm)

S60 in Sl

associated with the F3T4 excited state that is mainly localized
on the T4 segment. The dynamics of the visible GSB attributed
to BDP (507 nm) and the near-IR absorption attributed to the
F3T4 excited state (905 nm) are shown in panels on the right-
hand side of Fig. 6 and are revealing as to the excited state
dynamics. First, it is evident that the 507 nm GSB feature rises
within 400-500 fs regardless of excitation wavelength. This
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Fig. 6 Femtosecond TA spectra of F3T4BDP in toluene solution. (a) 2ex = 350 nm. (d) Aex = 420 nm. Note that in (a) and (d) upper panels show
early delay times and lower panels show longer delay times. (b) TA kinetics at 507 nm, Aex = 350 nm. (c) TA kinetics at 905 nm, Ae, = 350 nm. (e) TA
kinetics at 507 nm, Aex = 420 nm. (f) TA kinetics at 905 nm, Ao, = 420 nm. Evolution associated difference spectra (EADS) obtained from global

analysis of visible region data is provided in Fig. S61 in SI.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2025, 16, 18318-18331 | 18325


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03704b

Open Access Article. Published on 28 August 2025. Downloaded on 3/8/2026 7:32:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

suggests that energy transfer from the F3T4 segment to the BDP
chromophore is ultrafast, and is not strongly dependent on the
excitation wavelength. The GSB feature at 507 nm due to BDP
decays on the nanosecond timescale with a lifetime of approx-
imately 1.5-1.6 ns, closely matching the fluorescence lifetime of
F3T4BDP (Table 1, © ~1.7 ns). Next, the near-IR absorption
feature that is due to the F3T4 chromophore displays an ultra-
fast decay (t ~1.7 ps) followed by a much slower decay lifetime t
~1.5 ns that is like that for the BDP GSB. Taken together, these
results suggest that for F3T4BDP excitation of the F3T4 olig-
omer segment is followed by ultrafast transfer of the excitation
to the BDP chromophore. The existence of the short-lived,
prominent near-IR absorption suggests that some energy
remains localized in the T4 segment, but that it funnels into the
BDP unit on the 1.7 ps timescale (k ~6 x 10™ s"). Also of note
is the fact that the slow decay component in the near-IR
absorption suggests that some excitation energy remains on
the F3T4 unit on a timescale similar to the lifetime of the BDP
chromophore. As noted below, we believe that this feature arises
due to the establishment of an excited state equilibrium, which
is established between 'BDP* and '(F3T4)*.

The femtosecond TA spectra for TAF3BDP in which the BDP
chromophore is linked to the F3 end of the F3T4 oligomer is
substantially different compared to that for the regioisomer
F3T4BDP. Specifically, as shown in Fig. 7, the TA spectra of
T4F3BDP are distinct and they reveal a subtle excitation wave-
length dependence that indicates that there is some photo-
selection that occurs depending on which segment within the

View Article Online

Edge Article

F3T4 oligomer is initially photoexcited. First, inspection of
Fig. 7a-c shows that when the oligomer is excited at 350 nm, the
TA spectra reveal two negative absorptions in the visible,
namely at ~400 nm corresponding to F3T4 GSB and 507 nm due
to BDP GSB. Importantly, the negative absorption that peaks at
507 nm is broader on the long wavelength side compared to its
appearance in F3T4BDP (cf. Fig. 6a). This broadening is due to
the strong stimulated emission (SE) arising from the F3T4
segment. The spectra also exhibit the prominent near-IR band
at 905 nm which is associated with excitation of the F3T4 olig-
omer. Remarkably, this near-IR absorption feature for TAF3BDP
lives much longer than in F3T4BDP; as seen in Fig. 7c, the
absorption at 905 nm exhibits a decay lifetime of 245 ps. This
result clearly shows that some fraction of the excitation remains
on the F3T4 oligomer at long times following excitation.
Nevertheless, some fraction of the excitation energy arrives at
the BDP chromophore, as illustrated by the GSB at 507 nm,
which decays with the relatively longer lifetime of 2.8 ns in
agreement with the fluorescence lifetime (Table 1).

When T4F3BDP is excited at 420 nm, corresponding to the
T4 absorption band, several differences emerge compared to
350 nm excitation (compare Fig. 7a and c). Most notably, the
negative absorption feature attributed to ground-state bleach
(GSB) of the BDP chromophore and stimulated emission (SE)
from the F3T4 oligomer is even broader and red-shifted (~530
nm). This indicates that the dominant contribution to the
negative signal now comes from F3T4 SE rather than BDP GSB.
The positive TA band in the near-IR, associated with F3T4,
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Fig.7 Femtosecond TA spectra of T4F3BDP in toluene solution. (a) Aex = 350 Nnm. (d) Aex = 420 nm. Note that in (a) and (d) upper panels show
early delay times and lower panels show longer delay times. (b) TA kinetics at 507 nm, Aex = 350 nm. (c) TA kinetics at 905 nm, Aex = 350 nm. (e) TA
kinetics at 507 nm, Aex = 420 nm. (f) TA kinetics at 905 nm, Ao, = 420 nm. Evolution associated difference spectra (EADS) obtained from global

analysis of visible region data is provided in Fig. S62 in SI.
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decays with a 252 ps lifetime, similar to that observed under
350 nm excitation. However, at 507 nm, the visible-region decay
is more complex under 420 nm excitation, exhibiting tri-
exponential kinetics with two longer components of 251 ps and
3.2 ns. The 251 ps component matches the near-IR decay life-
time, supporting the interpretation that part of the visible-
region negative signal arises from F3T4 SE.

The effect of wavelength photoselection on the TA spectra is
more apparent by inspection of the EADS from global analysis
(Fig. S62). Here it is seen that the GSB due to the BDP chro-
mophore (3.2 ns component) is more pronounced (larger
amplitude) with 350 nm compared to 420 nm excitation. Addi-
tionally, the broad negative component associated with SE from
F3T4 (240 ps component) is by far the dominant component
with 420 nm excitation.

Taken together, the femtosecond TA studies of the two tri-
chromophores reveal divergent photophysical behavior. In
F3T4BDP, the orientation of the chromophores provides for
a vectorial transfer of the excitation energy (e.g. Scheme 1) and
the TA spectra and dynamics support the notion that excitation
leads to very rapid and efficient transfer of the excitation to the
BDP chromophore. By contrast, in T4F3BDP, the spectroscopy
and dynamics are more complex, and they suggest that there is
a partitioning of the energy between the T4 segment of the F3T4
oligomer and the BDP chromophore. Importantly, the results
also suggest that the efficiency of the partitioning varies with
excitation wavelength, reinforcing the hypothesis that the
structure of the Franck-Condon excited state in the F3T4 di-
block oligomer depends on the excitation wavelength.

Discussion

The investigation explored the photophysics of a series of fully
m-conjugated “molecular wires” that feature distinct m-conju-
gated segments with distinct frontier orbital levels and HOMO-
LUMO gaps. One aim of the work is to examine the dynamics of
excited state (exciton) migration within the m-conjugated
structures, and to explore how it depends on the structure and
relative orientation of the -conjugated segments. A second aim
is to seek evidence for localization of the excited state that is
initially formed by photoexcitation (i.e., the Franck-Condon
state) in the F3T4 diblock oligomer. The results from a series of
ultrafast spectroscopy provide clear insight regarding each of
these aims, as well as other interesting and unexpected findings
as outlined below.

The bichromophores T4BDP and F3BDP clearly demonstrate
rapid excitation energy transfer from the w-conjugated oligomer
segment to the BDP chromophore (e.g., eqn (2a) and (3)). For
T4BDP, well-resolved dynamics (Fig. 4b) indicate a transfer rate
of ~3 x 10" s~'. Additionally, there is some evidence for
photoinduced charge transfer from T4 to BDP in T4BDP (eqn
(2b)), supported by the emergence of a second near-IR band at
1000 nm shortly after excitation, likely corresponding to the
cation radical T4". Combined electrochemical and photo-
physical data indicate that the electron transfer process in (eqn
(2b)) is exothermic by approximately 0.5 eV.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The fsTA study of diblock oligomer F3T4 explored the early
time spectra and dynamics to seek evidence for fast spectral
changes that could be attributed to exciton relaxation on the T4
segment. First, the absorption spectrum of F3T4 has two bands
located at 366 and 421 nm, which are associated with transi-
tions mainly localized on the F3 and T4 segments. These
assignments are supported by the TDDFT calculations (Tables
S3 and S4) which identify transitions between orbitals mainly
localized on T4 at 445 nm ((406) HOMO — (407) LUMO) and on
F3 at 348 nm ((405) HOMO—1 — (408) LUMO+1). The fluores-
cence of F3T4 shows a weak band that is close to the F3 fluo-
rescence, and a stronger band that is slightly red shifted, but
shows similar vibronic structure to T4. This result shows that
the relaxed exciton state that is responsible for the fluorescence
is localized on T4 but is stabilized by delocalization into the F3
segment (Note that this effect is exciton delocalization, not
charge transfer). Taken together, these results suggest that
excitation of F3T4 at a wavelength corresponding to the F3
segment (~360 nm) could initially form an exciton that is
mainly localized on F3. This exciton state would then undergo
relaxation into the state where the exciton is mainly localized on
the T4 segment (Fig. 8).

The fsTA spectra of F3T4 obtained with excitation at 363 nm
corresponding to the F3-localized absorption transition are
shown in Fig. 5. Here it is seen that within 13 ps the spectrum
displays features that are definitively associated with the state
where the exciton is localized on T4. Specifically, there are
negative bands associated with the ground state bleach (GSB) of
the T4 absorption and stimulated emission (SE) of T4 at 425 and
540 nm, and the prominent near-IR band due to T4 excited state
absorption (ESA) at 910 nm. Interestingly, the SE and ESA
signals from the T4 segment grow-in on a timescale of a few
picoseconds, which is longer than the instrument rise-time.
Fitting of the dominant rise component of the signal associ-
ated with the T4 ESA at 919 nm suggests that the F3 — T4
exciton relaxation occurs with t ~500 fs (k ~2 x 10'*s™"). Taken
together, we conclude as shown in Fig. 8 that excitation at
~360 nm allows photoselection of an initial exciton state that is

It =OWME =k

*F3 T4
500 fs w
S - o Eihine,
. F3*T4

+hv

360 nm
+hv
420 nm

Fig. 8 Excited state scheme for F3T4. Highlights represent exciton
localization.
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mainly localized on the F3 segment, and this state relaxes into
the state where the exciton is localized on T4 within 500 fs.

Now we turn to consider the trichromophores F3T4BDP and
T4F3BDP. As noted previously, these oligomers are regio-
isomers that differ in the “orientation” of the BDP chromophore
relative to the diblock oligomer segment. Since the BDP excited
state is lower in energy compared to the F3 or T4 localized
exciton states, excitation transfer within F3T4BDP can be ex-
pected to be “vectorial” in nature, with an energy driven cascade
of exciton transfer in the sequence F3 — T4 — BDP (Scheme 1).
Thus, for this molecule, we do not expect significant effects of
excitation wavelength (photoselection). By contrast for
T4F3BDP vectorial exciton transfer is not possible, and we
anticipated that the ultrafast exciton dynamics may be more
complicated and exhibit photoselection.

View Article Online
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As expected, the fsTA spectra and dynamics for F3T4BDP do
not depend on excitation wavelength, and they indicate that
rapidly following excitation the exciton is localized on the BDP
chromophore. Thus, as shown in Fig. 9a, excitation of the F3T4
diblock oligomer at 360 or 420 nm leads to ultrafast localization
of the excitation on the T4 segment, followed by transfer to the
BDP chromophore. The last step is clearly resolved in the
dynamics at 905 nm where the decay of the T4 localized exciton
occurs with t ~1.7 ps (k ~6 x 10" s71).

Although the overall rapid vectorial movement of the exciton
in F3T4BDP was expected, the experimental results revealed
a complication that was unexpected. Inspection of the dynamics
of the T4 localized exciton at 905 nm (Fig. 6¢ and f) reveals that
in addition to the fast decay, there is a longer-lived component
with a lifetime that corresponds to that of the final BDP

+ hv
360 nm
+ hv
420 nm
2hecatrsuje
4 F
\F
520 nr +hv Mol hv
420 nm 360 nm :

Fig. 9 Excited state schemes. Highlights represent exciton localization. (a) F3T4BDP. (b) T4F3BDP.
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localized state (t ~1.5 ns). We interpret this observation to
indicate that following the initial ultrafast transfer of the
exciton to BDP, an equilibrium is established between the BDP
and F3T4 localized exciton states. This occurs because the two
excited states are very close in energy (compare the fluorescence
of TABDP and F3T4 in Fig. 2a—c).

Unsurprisingly, the spectral evolution and dynamics of
T4F3BDP are the most complex. First, excitation of T4F3BDP at
360 nm corresponding to the F3 segment turns on a “bifurca-
tion” in the exciton transport — some fraction relaxes towards
the T4 segment, while another fraction transfers to the BDP
chromophore (Fig. 9b) (It is not possible to estimate the energy
partitioning fraction, since we do not know the A¢ values for the
BDP GSB and T4 ESA). Each of these states can be identified in
Fig. 7a by their spectral signatures, i.e., the BDP GSB at 507 nm
and the T4 ESA at 905 nm. Interestingly, these two states are not
in equilibrium as confirmed by their different decay lifetimes
(T4 @905 nm, T = 245 ps and BDP @507 nm, t = 2.8 ns). This is
likely due to the F3 segment that serves as a spacer to isolate the
T4 and BDP chromophores.

Clear evidence for photoselection in the F3T4 diblock olig-
omer comes by comparison of the T4F3BDP fsTA spectra with
excitation at 420 nm corresponding to the T4 segment with that
at 350 nm corresponding to F3 (Fig. 7a and d). There are
significant differences in the spectra and dynamics when
T4F3BDP is excited at 420 nm that strongly suggest that under
these conditions the exciton partitioning favors T4 over BDP.
This is most evident by comparing the negative band between
500 and 600 nm for the two excitation wavelengths (Fig. 7a and
d). Notably, the negative signal is distinctly broader under
420 nm excitation (Fig. 7d), which reflects a greater contribution
of the T4 SE to the signal than the BDP GSB which is narrower in
bandwidth. The contribution of the T4 SE to the total negative
signal is also underscored by the fact that the kinetic fit at
507 nm shows a substantial lifetime component with t =251 ps.

In summary, in the F3T4BDP polychromophore in which the
segments are arranged to promote vectorial exciton transport,
the results show that the system behaves as a molecular wire,
with vectorial, highly efficient energy transfer taking place in
less than 2 ps over a distance of 5 nm. By contrast, in TAF3BDP
a “fork in the road” is introduced into the energy landscape that
drives a bifurcation of the excitation energy between the two
ends of the chromophore. This leads to formation of two
distinct excited states that are not in equilibrium, displaying
distinct decay rates characteristic of the localized exciton states.

A key question concerns the mechanism of exciton transport
in the various molecular wires that are the focus of this study.
Possible mechanisms include transport involving direct elec-
tronic coupling between the donor and (BDP) acceptor sites (i.e.,
Dexter exchange coupling),”” or direct “through-space” Forster
transfer mediated by dipole-dipole coupling (FRET).”® In order
to probe the possibility for the FRET mechanism, we conducted
calculations using the Forster equation for the four key struc-
tures, F3BDP, T4BDP, F3T4BDP and T4F3BDP. The calculations
and a summary of transfer rates are provided in the supporting
information section. In particular, Table S2 lists the calculated
Forster overlap integrals (J), along with the calculated FRET

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transfer rates for a range of dipole-dipole orientations. For
T4BDP and F3T4BDP, the calculated FRET rates are >10'* s~ 7,
which is generally consistent with the observed rates (e.g. Fig. 4
and 6). By contrast, for F3BDP, the FRET calculation reveals
a range of 5-30 x 10" s™; this is noticably slower than is
experimentally observed where the rate is clearly >10'* s™*
(Fig. S57 and 58). Finally, most interesting is the calculation for
T4F3BDP, which gives a rate for FRET in the range 1-8 x 10°
s~', which corresponds to a transfer lifetime of 130-760 ps.
Quite interestingly, this calculation is in good agreement with
the experimentally observed rate for the 250 ps decay compo-
nent in T4F3BDP (Fig. 7). Taken together, the results indicate
that for T4BDP and F3T4BDP the mechanism underlying the
observed ultrafast transport cannot be unambiguously deter-
mined; it may involve FRET, direct coupling, or a combination
of both. However, in F3BDP the observed rate is faster than
predicted for FRET, suggesting that direct electronic coupling
may dominate. Interestingly in TAF3BDP, the observed transfer
rate is consistent with a mechanism involving through space
FRET transfer from the T4 localized exciton donor to the BDP
acceptor.

Conclusions

This study explored the photophysics of a series of fully -
conjugated molecules consisting of a diblock oligomer with F3
and T4 segments that are linked on either end with a boron
dipyrromethene (BDP) chromophore. The aim of the study was
to explore the structure and dynamics of the excitons produced
by excitation, with an emphasis on providing evidence for the
ability to use excitation wavelength (photoselection) to influ-
ence the outcome of the exciton as it relaxes. The results find
that regiochemistry of the oligomer structure influences the
excited state dynamics. When the units are arranged to allow
a vectorial energy landscape, the molecules act as “molecular
wires”, giving rise to rapid and relatively efficient energy
transport to the BDP chromophore. By contrast, when the
structure is inverted, vectorial transport is interrupted, and the
molecules display a partitioning of the energy between the BDP
chromophore and the T4 segment of the diblock oligomer. In
addition, the results provide clear evidence for photoselection
in the partitioning, and this is evidence that the Franck Condon
excited state in the F3T4 oligomer features some degree of
localization, either on the F3 segment for near-UV excitation, or
on the T4 segment with blue-violet excitation. While previous
studies have explored photophysical and photochemical
outcomes of fully w-conjugated polychromophores,***?**”2° this
study is among the first to directly probe the exciton dynamics
and structure in these systems on an ultrafast timescale.
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