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A B S T R A C T

Energy transfer and electron transfer are both fundamental mechanisms enabling numerous functional
materials and applications. While most materials systems employ either energy transfer or electron
transfer, the combined effect of energy and electron transfer processes in a single donor/acceptor system
remains largely unexplored. Herein, we demonstrated the energy transfer followed by electron transfer
(ETET) process in a molecular dyad TPE-NBD. Due to energy transfer, the fluorescence of TPE-NBD was
greatly enhanced in non-polar solvents. In contrast, polar solvents activated subsequent electron transfer
and markedly quenched the emission of TPE-NBD. Consequently, ETET endows TPE-NBD with significant
polarity sensitivities. We expect that employing ETET could generate many functional materials with
unprecedented properties, i.e., for single laser powered multicolor fluorescence imaging and sensing.
© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

A deep understanding of photophysical and photochemical
mechanisms is critical for the rational design of optoelectronic
materials [1–3]. Most of these existing mechanisms can be broadly
classified into two categories: (1) energy transfer and (2) charge/
electron transfer [4]. The applications of the respective mecha-
nisms have enabled many useful technologies [5]. Yet, the
combined effects of both energy transfer and electron transfer
in a single donor-acceptor system received far less attention.
Understanding the collective effects of energy and electron
transfers at the molecular level, however, could pave new avenues
for developing unprecedented functional materials.

To date, energy transfer processes have been thoroughly
studied in various materials systems [6,7]. The mechanisms of
energy transfer include both Förster resonance energy transfer
(FRET) [8] and Dexter energy transfer (DET) [9]. FRET takes place
mainly via dipole-dipole interactions between an energy donor (D)

and acceptor (A). The efficiency of FRET critically depends on the
distance and orientation between the donor and the acceptor, as
well as the spectral overlap between the donor’s emission and the
acceptor’s absorption spectra [10]. DET occurs via a double
electron-transfer process: Upon photoexcitation of the donor,
one electron transfers from the donor LUMO to the acceptor LUMO;
the other from the acceptor HOMO to the donor HOMO. The
efficiency of DET strongly depends on the donor-acceptor distance
and the overlap between donor and acceptor orbitals [10]. FRET
usually takes place from 10 Å to 100 Å, while DET typically occurs
within 10 Å [11]. Notably, both FRET and DET have enabled
numerous biophysical and biochemical applications, such as
detecting various biomolecules and ions [12], studying protein
conformational changes [13], sequencing DNAs [14], monitoring
polymerase chain reactions [15], constructed high-resolution
microenvironment mapping [16] and developing fluorogenic dyes
[17].

Photoinduced electron transfer (PET) is another fundamental
photophysical mechanism [18]. During PET, a single electron
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formation of charge-separated bi-radicals, which are highly
reactive and non-emissive [19]. PET strongly depends on the
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nergy levels of the donor and acceptor frontier molecular orbitals,
he distance between the electron donor and acceptor, and solvent
olarity [20]. PET also leads to the creations of many fluorescent
unctional materials. For example, de Silva pioneered the field of
olecular logic gates [21], many of which utilize PET to modulate
uorescent output [22]. Nagano et al. developed highly sensitive
itric oxide [23] and nitrative probes [24]. Our group showed that
ET fluorophores allowed wash-free bioimaging of lipid droplets
nd mitochondria, and provided a new route for constructing
IEgens [20].
Currently, most existing photosystems employ either energy

ransfer or electron transfer [25]. However, research on the
ombined effect of both energy transfer and electron transfer in a
ingle donor-acceptor dyad remains sporadic, especially in purely
rganic compounds [26–29]. In this manuscript, we reported an
nergy transfer followed by electron transfer (ETET) mechanism in
n organic dyad TPE-NBD (Scheme 1a). With the help of
uorescence output to probe the short-lived excited-state
ynamics, our combined experimental and computational studies
rovided unambiguous evidence on the polarity dependent ETET
rocesses. We expect that ETET would empower many useful
pplications, such as bright multicolour fluorescence imaging,
ensing, as well as photodynamic and photothermal therapies.
To investigate the combined effect of energy transfer and

lectron transfer, we prepared a molecular dyad TPE-NBD along
ith three reference compounds: TPE, NBD, and TPE&NBD (the
ixture of TPE and NBD of equal concentrations (Scheme 1b)). The
ynthesis details can be found in Supporting information. During
ample preparation, we kept the concentrations of all compounds
ow at 10 mmol/L and conducted additional tests to ensure no
ggregate formations (Fig. S3 in Supporting information). Subse-
uently, we measured the UV–vis absorption spectra of these
ompounds (Fig. 1a). The first absorption band of TPE peaked at
07 nm in dioxane, while NBD exhibited two absorption bands
eaked at 452 nm and 322 nm, respectively. As expected, TPE&NBD
howed a superimposed UV–vis spectrum of TPE and NBD. Most
nterestingly, the UV–vis spectrum of TPE-NBD is (almost) identical
o that of TPE&NBD (considering experimental errors). The UV–vis
pectra in other solvents showed the same pattern (Fig. S1 in
upporting information). These identical spectra between
PE&NBD and TPE-NBD led us to conclude that the TPE and
BD fragments in TPE-NBD are spectroscopically independent
nits in the ground state.
To probe the potential energy transfer between TPE and NBD,

e measured the emission spectra of all four compounds by
xciting them at 310 nm (around the peak UV–vis absorption
avelength of the TPE fragment; Fig. 1b). Compound TPE is not
uorescent, due to significant molecular motions and associated
on-radiative decays in the excited state [30,31]. Compounds NBD
nd TPE&NBD emit moderately bright fluorescence. In TPE&NBD,
he intermolecular distance between TPE and NBD seems too large

for efficient intermolecular energy transfer to occur; besides, TPE
in TPE&NBD does not emit. It is thus not surprising that NBD and
TPE&NBD demonstrate similar fluorescence features as NBD is the
only fluorescent component. In contrast, the emission intensities
of TPE-NBD are greatly intensified by �3 times in comparison to
those of NBD and TPE&NBD. The enhanced emission of TPE-NBD
indicated efficient energy transfer from the TPE moiety to the
closely linked NBD fragment. The emission spectra in other non-
polar solvents also revealed such an energy transfer process
(Fig. S2 in Supporting information). Interestingly, these results
show that during the energy transfer process, the energy donor
(such as TPE) does not have to be emissive.

Nonetheless, as the solvent polarity increased, the emission
intensity of TPE-NBD experienced a substantial reduction (Table S1
in Supporting information). For example, when we excited all four
compounds at 300 nm in DMSO, the fluorescence of TPE-NBD
became much weaker than that of NBD and TPE&NBD (Fig. 1c).
These results show that in addition to energy transfer, a quenching
mechanism becomes dominant in polar solvents for TPE-NBD. In
addition, considering that this quenching process is notable only in
TPE-NBD (but not NBD), we conclude that this fluorescence
quenching is related to the interactions between TPE and NBD.
Finally, a comparison of the emission intensities between TPE-NBD
(weak) and TPE&NBD (strong) showed that this quenching process
also depends on the distance between TPE and NBD. That is, a close
distance leads to more effective quenching in polar solvents.

To shed light on the underlying mechanism, we directly excited
the NBD fragment of TPE-NBD at �450 nm. In this way, we avoided
energy transfer from TPE to NBD. The results show that the
emission of the NBD fragments still strongly decreases as the
solvent polarity increases (Fig. 1d and Fig. S4 in Supporting
information). Taking the above observations into account, we
hypothesized that the quenching process was a consequence of
photoinduced electron transfer between TPE and NBD. That is,
energy transfer followed by electron transfer (ETET) in TPE-NBD

Fig. 1. (a) UV–vis absorption spectra of TPE, NBD, TPE&NBD and TPE-NBD in
dioxane. Fluorescence spectra of TPE, NBD, TPE&NBD and TPE-NBD in (b) toluene
excited at 310 nm and (c) DMSO excited at 300 nm. (d) Fluorescence spectra of TPE-
NBD in various solvents excited at the respective peak UV–vis absorption
wavelength. [TPE] = [NBD] = [TPE&NBD] = [TPE-NBD] = 10 mmol/L; all tests are done
at room temperature.
cheme 1. (a) Schematic illustration of the ETET mechanism. (b) Chemical
tructures of TPE, NBD, TPE&NBD, and TPE-NBD.
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takes place in polar solvents.
We also collected the fluorescence excitation spectra and

measured the fluorescence lifetime of TPE-NBD in different
solvents (Fig. S5 and Table S2 in Supporting information). In
agreement with the emission data, the fluorescence excitation
spectra become weak with increasing solvent polarity. Similarly,
38
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the fluorescence lifetime of TPE-NBD dropped from 9.43 ns in
toluene to nearly 0 in DMSO. These data are consistent with the
polarity dependence of PET. That is, high-polarity solvents enhance
PET [20].

To gain further insights into the ETET mechanism, we collected
transient absorption spectra (TAS) of TPE-NBD. We firstly
conducted the experiments in dioxane, where TPE-NBD is highly
emissive. Upon direct excitation of the NBD fragment at 450 nm,
we observed an excited state absorption (ESA) band from �350 nm
to �420 nm, a ground state bleaching (GSB) band from �420 nm to
�490 nm, and a stimulated emission (SE) band from �490 nm to
�620 nm (Fig. 2a). In particular, the GSB and SE bands perfectly
match the steady-state UV–vis absorption and emission spectra of
TPE-NBD (or its NBD fragment), respectively. We also noted that
ESA/GBS/SE bands of the NBD fragment have a long lifetime of
�8 ns, in good agreement with the bright emission of TPE-NBD
(Fig. 2a inset and Fig. S6 in Supporting information).

When exciting TPE-NBD at 340 nm (by aiming at the TPE
fragment), energy transfer from TPE to NBD was observed (Figs. 2b
and c). We noted a new ESA band peaked at �420 nm and
attributed it to the TPE fragment, due to its similarity to previously
reported data of TPE [30]. The ESA of TPE rapidly decayed with a
lifetime of �1 ps. Following this decay, we noticed the formation of
the ESA/GSB/SE bands of the NBD fragment, indicating energy
transfer from the TPE fragment to the NBD moiety in TPE-NBD.
Indeed, by probing DA dynamics at 550 nm in the SE band, we
observed a rapid intensification with a lifetime of 0.9 ps, followed
by a slow decay (with a lifetime of 10.8 ns; Fig. 2c inset). Similar
slow decays were also noted in the ESA and GSB bands of the NBD
moiety (Fig. S7 in Supporting information).

We next performed the TAS experiments in DMSO, where
TPE-NBD became non-emissive. Upon exciting TPE-NBD at 340 nm,
we again observed the ESA band of the TPE moiety (Fig. S8 in
Supporting information). Interestingly, the peak of this ESA band
continuously evolved, suggesting significant conformational
changes of TPE in polar solvents. This ESA band also experiences
a rapid decay within �2 ps, followed by the formation of the

ESA/GSB/SE bands of the NBD moiety, indicating energy transfer
from TPE to NBD (Fig. 2d).

Notably, the de-excitation rate of the NBD fragment is
significantly enhanced in DMSO. For example, the decay lifetime
of NBD is shortened to 222 ps in DMSO (vs. �10 ns in dioxane),
following the nearly zero quantum yield of TPE-NBD in polar
solvents (Fig. 2d inset and Fig. S9 in Supporting information). The
rapid decay of the NBD fragment suggests the presence of a
significant non-radiative process, i.e., photoinduced electron
transfer (PET). However, in our TAS experiments, we did not
directly observe the formation of the electron-transfer (ET) state,
probably owing to the limited wavelength range covered in our TAS
experiments.

To reveal the fluorescence quenching mechanism, we per-
formed detailed excited-state calculations of TPE-NBD at the
M06�2X/def2SVP level of theory in vacuo (Figs. 3a and b, and
Fig. S10 in Supporting information). Our computational results
showed that by exciting TPE-NBD at short wavelengths, the energy
is largely absorbed by the TPE fragment [in the Franck Condon (FC)
state; highlighted in light purple], and then quickly transfer to the
NBD fragment [the locally-excited (LE) state; highlighted in blue],
as the distance between TPE and NBD moieties is small (7.066 Å;
Fig. S11 in Supporting information) in TPE-NBD. The LE state is
highly emissive with a relatively large oscillator strength (f = 0.18),
corresponding to the emission from the NBD moiety. Moreover, on
the S1 potential energy surface, a low-lying dark electron-transfer
state (f = 0) exists (the ET state; highlighted in green). This ET state
corresponds to electron transfer from the TPE to NBD fragments in
TPE-NBD, thus corroborating our hypothesis of PET as the
quenching mechanism. Besides, this ET state is more stable than
the LE state by 0.493 eV, suggesting a potential PET quenching
even in non-polar environments. Nonetheless, given that TPE-NBD
is highly emissive in non-polar solvents, the energy barrier to
enter this dark ET state via state-crossing should be high. In other
words, only energy transfer occurs in TPE-NBD, while electron
transfer is constrained at a minimal level in non-polar environ-
ments.

It is of note that that the energy transfer in TPE-NBD was Dexter
energy transfer (DET), because the distance between TPE and NBD
fragments is less than 10 Å. Moreover, between two types of energy
transfer, the efficiency of FRET depends on the quantum yield of the
Fig. 2. (a) Transient absorption spectra of TPE-NBD in dioxane, upon excitation at
450 nm; the inset shows the corresponding decay dynamics at 550.1 nm and the
single-exponential fitting. Transient absorption spectra of TPE-NBD in dioxane (b)
within 2 ps and (c) from 2 ps to 7718 ps, upon excitation at 340 nm; the inset in (c)
shows the corresponding decay dynamics and the exponential fitting at 550.1 nm.
(d) Transient absorption spectra of TPE-NBD in DMSO from 2.6 ps to 7718 ps, upon
excitation at 340 nm; the inset shows the corresponding decay dynamics and the
single-exponential fitting at 464.8 nm.

Fig. 3. Schematic illustration of the state-crossing from a locally excited to an
electron transfer state and calculated excitation/de-excitation energy (as well as
oscillator strength) of TPE-NBD (a) in vacuo and (c) in DMSO. (b) Optimized
molecular structures of TPE-NBD with the corresponding electron and hole
distributions in vacuo. The energy levels in (a) and (c) were not drawn to scale for
clarity.
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nergy donor (TPE). When the energy donor is non-emissive (with
 quantum yield of 0), the rate of FRET becomes negligible [32]. In
ontrast, DET does not depend on the donor quantum yield, but
nly on the overlap between the normalized donor emission and
ormalized acceptor absorption spectra. Accordingly, even though
PE is not emissive, efficient energy transfer could still take place in
PE-NBD via DET.
As solvent polarity increases, the highly polar ET state should

ecome much more stable resulting in a lower energy barrier for
he state-crossing to occur. This is due to strong dipole-dipole and
nduced dipole interactions with polar solvent molecules. Indeed,
ur calculations show that the energy gap between LE and ET states
nlarged from 0.493 eV in vacuo to 0.550 eV in DMSO (Fig. 3c). The
urther stabilized ET state could substantially activate PET, thus
ignificantly quenching the fluorescence of TPE-NBD in polar
olvents. These theoretical predictions are fully consistent with
xperimental observations.
Interestingly, on the basis that the ET state is more stable than

he LE state in all environments, our calculations predicted that
ompound NBD (without PET) should be brighter than TPE-NBD
with different degrees of PET as solvent polarity increases) in the
bsence of energy transfer (by directly exciting the NBD moieties).
nspired by this prediction, we normalized the emission intensities
f TPE-NBD and NBD to the UV–vis absorbance at the excitation
avelength (to eliminate concentration dependence) and com-
ared the resulted intensities (Fig. S12 in Supporting information).
ur results show that TPE-NBD is indeed less emissive than NBD,
onfirming the presence of a dark state in TPE-NBD. These data
nambiguously show that energy transfer followed by electron
ransfer (ETET) could take place in molecular dyads.

We found that the ETET mechanism was also applicable to many
ther compounds (Fig. S13 in Supporting information) [33]. We
lso expect that ETET has a broad range of applications. For
xample, in multicolour imaging and sensing, several lasers are
ften required to excite various fluorophores with distinct
bsorption and emission bands. With ETET, however, only one
aser that matches the labs of the energy donor is needed, which
ould greatly simplify the optical setup and reduce the cost
Fig. 4a). Moreover, since many fluorophores have a low molar

environmental sensitivities, which are useful for fluorescent
sensing and fluorogenic imaging.

Besides, the linker between the donor and acceptor fragments
served as one additional reaction site for modulating the ETET
process (Fig. 4b). When the donor and the acceptor are very close to
each other, both energy transfer and electron transfer could
happen in polar solvents, thus quenching the emission. When the
linker is cut off via biochemical reactions, ETET becomes inhibited,
with the potential turn-on of dual-colour fluorescence (from the
donor and acceptor fragments, respectively) for ratiometric
imaging. Finally, when ETET is on (with no fluorescence), such
dyads could also serve as useful agents for photothermal and
photodynamic therapies (Fig. 4b).

In summary, through a detailed experimental and theoreti-
cal investigation of the fluorescence characteristics  of a
molecular dyad TPE-NBD, we revealed a distinct photophysical
mechanism: energy transfer followed by electron transfer
(ETET). As a result of the energy transfer, this dyad exhibit
greatly enhanced brightness in non-polar solvents. In contrast,
with the activation of photoinduced electron transfer (after
energy transfer) in polar solvents, this dyad becomes non-
emissive. We expect that the enhanced environmental sensi-
tivity via the combined effects of both energy and electron
transfer endow ETET with a great potential for a wide range of
applications, such as in multicolour bioimaging via a single laser
excitation, ratiometric biosensing, photodynamic and photo-
thermal therapies.
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