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Abstract

Photochromic materials are widely used to achieve fluorescence photoswitching. Understanding the
energy transfer processes occurring in these systems would be an advantage for their use and a better
optimization of their properties. In this scope, we studied a diarylethene-perylenebisimide (DAE-PBI)
dyad that presents a bright red emission and a large ON-OFF contrast, both in solution and in an aqueous
suspension of nanoparticles (NPs). Using ultrafast transient absorption spectroscopy, the excited state
dynamics was characterized for this dyad in THF solution and compared to its behavior in NPs state.
An efficient energy transfer process between the PBI fluorophore and the DAE photochromic unit in its

closed form was demonstrated, occurring in a few hundreds of femtoseconds.
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Introduction

Fluorescent photochromic materials are emerging systems due to their promising applications in several
fields such as bioimaging or super-resolution microscopy.** A common way to prepare these
fluorescent switches is the combination of photochromic and fluorescent moieties within a molecular
dyad.>® Among the photochromic molecules, diarylethenes (DAE) have attracted particular attention
because of their excellent bistability, conversion yield and fatigue resistance.” When a DAE unit is
combined to a suitable fluorophore through a non-conjugated spacer, the fluorescence can be modulated
by means of a Forster resonance energy transfer (FRET).8 In the case of DAE-based dyads, the open
form (OF) is emissive whereas the closed form (CF) is not: the DAE-CF isomer has an absorption band
overlapping the emission band of the fluorophore, thus playing the role of energy acceptor.® Following
this concept, a large number of molecular systems based on controllable fluorescence photoswitching
have been described.>®1%12 Recently, we have reported a molecular dyad composed of a DAE
(photochromic part) and a perylenebisimide (PBI, fluorescent part), showing appealing properties.*®* The
emission is over 600 nm and the energy transfer from the PBI to the DAE-CF is very efficient, estimated
to reach almost unity. Moreover, when the dyads are gathered into nanoparticles (NPs), intermolecular
energy transfer processes are favored, enhancing substantially the photoswitching properties. To better
understand, characterize and compare these energy transfer processes in both solution and suspension
of NPs, probing the dynamics of the excited state by transient absorption spectroscopy is a method of
choice.’*® As PBI and DAE are well-known molecules, their respective dynamics are often described
in the literature.”'"® However, it should be stressed here that ultrafast dynamics studies of organic
nanoparticles are scarce in the literature due to their intrinsic heterogeneity and existence of multi-
excitonic processes.’® Herein, we focus on the DAE-PBI dyad (Figure 1) to unravel the ultrafast
processes, especially FRET, occurring between the PBI donor and the DAE-CF acceptor. We propose a
de-excitation pathway for the solution state, and we highlight the differences between the solution and

the NPs state.
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Results and discussion
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Figure 1. Molecular structures of the DAE photochromic model compound, the PBI model fluorophore,
and the DAE-PBI dyad derivative (OF: open form, CF: closed form).

The DAE photochromic model molecule, the PBI model fluorophore, and the DAE-PBI dyad were
synthesized via previously reported procedures®® and displayed in Figure 1. Absorption and emission
spectra of the three molecules are shown in Figure 2, both in solution (THF) and as a suspension of NPs
in water, prepared by the reprecipitation method as mentioned in the Supporting Information (SI). The
average diameter of the NPs was determined by Dynamic Light Scattering (DLS) to be 110£30 nm (see
SI). Concerning the DAE-PBI dyad in the OF, the absorption spectra are similar in THF solution and in
NPs. The two absorption bands at 400-450 nm and 475-610 nm are related to the Sp—S> and So—S:
electronic transitions of the PBI moiety. In the UV range, the observed band around 300 nm is an overlay
of both the DAE-OF and PBI units. Under UV irradiation at 365 nm, in solution and in the NPs state, a
photostationary state (PSS-365) is reached, corresponding to a mixture of 85% DAE-CF and 15 % DAE-

OF isomers: a band from 600 to 700 nm arises due to the photogenerated CF of the DAE part, as well
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as the appearance of a band at 350-400 nm and a decrease of the band at 300 nm. Concerning the
emission spectra, the OF dyad is fluorescent with an emission spectrum similar to the one of the PBI
model fluorophore in the related state, in the range 580-750 nm in solution and 600-800 nm in NPs. The
fluorescence quantum yield (®nyo) is estimated for DAE-PBI-OF at 0.91+0.09 in solution but 0.09+0.01
in NPs. Similar values of ®qy, were found for the PBI model fluorophore, i.e. 0.93+0.07 in solution and
0.09£0.01 in NPs. This difference of emission quantum vyields between solution and NPs can be
rationalized by the existence of quenching processes due to intermolecular interactions. Another
important difference between THF solution and NPs suspension is observed at the PSS-365, for which
a fluorescence signal remains in solution (Figure 2c, due to the residual DAE-OF molecules) whereas it

is completely quenched (Figure 2f, @y = 0) in the NPs state.
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Figure 2. Absorption (full line) and emission spectra (dotted line, exc = 540 nm) in THF solution for
DAE (a), PBI (b), DAE-PBI (c) and in a water suspension of NPs for DAE (d), PBI (e) and DAE-PBI
(f) in OF (black), CF (blue) and PSS-365 (red).

Fluorescence decays in THF solution are plotted in Figure 3a and fluorescence lifetimes of PBI and

DAE-PBI were determined at 6.51+0.04 ns and 6.00+0.04 ns respectively by means of the time-
correlated single photon counting (TCSPC) technique. At the PSS-365, the fluorescence is totally
guenched in NPs, preventing any decay measurement. However, as the DAE-PBI dyad is still emissive

at PSS-365 in THF solution, fluorescence lifetime can be determined, and remains at 6.00+0.04 ns,
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supporting the presence of extremely efficient energy transfer process. Indeed, such energy transfer from
the PBI to the DAE-CF unit, corresponding to very short decay-time (expected to be < 0.4 ps according
to the Forster theory), and a very limited number of photons, is too fast to be recorded by our TCSPC
instrument (instrumental response function IRF ~23 ps full width at half maximum, FWHM), the
remaining dyads in the DAE-PBI-OF being responsible for the observed fluorescence. In the NPs state,
the fluorescence decays are no longer mono-exponential, as it is observed on Figure 3b. For NPs of PBI,
four fluorescence decay times are determined at 4.97+0.04 ns, 2.31+0.04 ns, 0.44+0.03 ns and
0.04+0.03 ns and are in agreement with the literature.?’ The existence of sub nanosecond components
(about 85%) are in line with the low fluorescence quantum yield. This shortening of the decay time
constants can be explained by different intermolecular interactions and microenvironments of PBI in
the NPs compared to the solvated molecules in THF, such as aggregates or excimer species leading to
some “molecular traps” that increase relaxation probability.?* Therefore, a distribution of decay times is
observed and represent the probability of the exciton to relax in the different energy traps. Concerning
the DAE-PBI-OF dyad, three fluorescence time constants are determined in the NPs state at
5.03+0.04 ns, 0.57£0.03 ns and 0.05+0.03 ns in agreement with a fluorescence quantum yield of 0.09.

All the fluorescence lifetimes are gathered in Table 1.
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Figure 3. Fluorescence decays for PBI (red dots) and DAE-PBI-OF (blue dots) in a) THF solution and
b) water suspension of NPs, measured at Aexc = 490 nm and Aqps = 600 nm, curve fitting (black line), and

instrumental response function (IRF, black dots).
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11/ ns T2/ ns 13/ ns 14/ NS Do

(a, fr) (az, T2) (as, f3) (aa, fa)

PDI (THF) 6.51:£0.04 _ _ _ 0.93
(1.00, 1.00)

DAE-PDI-OF (THF)  6.00+0.04 — - — 0.91
(1.00, 1.00)

PDI (NPs) 4.97+£0.04 2.31+0.04 0.44+0.03 0.04£0.03 0.09
(0.03,0.31) (0.11, 0.52) (0.12, 0.11) (0.74, 0.06)

DAE-PDI-OF (NPs)  5.03+0.04 0.57£0.03 0.05+0.03 - 0.09
(0.37,0.97) (0.03, 0.01) (0.60, 0.02)

Table 1. Decay time constants (Aexe = 490 nm), normalized pre-exponential factors and fractions of
intensity obtained at Aem = 600 nm after global analysis at five emission wavelengths (600, 620, 640,
660, 680 and 700 nm), and emission quantum yields (+10% accuracy) for PBI and DAE-PBI-OF, in
THF solution and in the NPs state.

To have access to the energy transfer rate between the DAE and PBI moieties within the DAE-PBI
dyad, transient femtosecond absorption measurements were carried out, first on the two model
compounds (PBI, DAE) and then on the dyad. For the PBI in THF solution upon 435 nm excitation,
after an ultrafast internal conversion of S, to S; (time constant about 120 fs), a characteristic time
constant of 4.6 ps is found for the relaxation of the hot S; formed (bathochromic shift of the extremum
of the negative band) before the long-lived emissive cold state S;, finally decaying with a lifetime of
6.5 ns (Figure SI-1 and SI-2). Concerning the DAE-CF excited at 570 nm, the evolution of transient
spectra is described by three time-constants: the conversion of the 1B state to 2A state occurs in 440 fs,
then the 2A state relaxes in 1.9 ps followed by the internal conversion to the ground state trough the
conical intersection in 8 ps with 3% of cycloreversion (Figure SI-3 and Sl-4). The dynamics of the
excited state of molecules similar to those of PBI and DAE-CF model compounds have been already
reported in close experimental conditions and are in agreements with our results.!”® The evolution of
transient absorption spectra and decay associated spectra (DAS) corresponding to the two compounds

are shown in the Supporting Information (Figure SI-1 to SI-4).
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Figure 4. Femtosecond transient difference absorption spectra for DAE-PBI-OF in a) THF solution
and b) NPs at different pump-to-probe time-intervals (pump beam at 435 nm with an energy of 1.15 pJ
per pulse). The three frames show the evolution of the spectra over different time ranges: (i) -1 fs to
300 fs, (ii) 400 fs to 10 ps and (iii) 20 ps to 2000 ps. Stimulated Raman amplification signals from the

solvent (*) are observed between 500 and 520 nm at time delays shorter than 300 fs.

To investigate the dynamics of the excited states of DAE-PBI, especially the energy transfer process
between the PBI fluorophore and the DAE moiety, experiments were first conducted on the DAE-PBI-
OF dyad in THF solution. The evolution of difference absorption spectra under excitation at 435 nm are
displayed Figure 4a. The DAE moiety does not absorb at 435 nm, therefore only the PBI molecular
fragment is excited. The measured spectra are comparable to those obtained for the PBI molecule
(Supporting Information, Figure SI-1). Within the excitation pulse (instrumental response function
110 fs FWHM), the difference absorption spectra grow from 0 to 300 fs time delay. During this time,
the rising of the Franck Condon S; excited state and its ultrafast internal conversion to S; occur (Figure
4a-i). At 300 fs, the transient spectrum is characterized by a broad negative band corresponding to the
depopulation of the ground state and the stimulated emission of excited states, which extends from 500
to 670 nm, and a positive band corresponding to the absorption of the hot excited state S; (> 650 nm). A
bathochromic shift of the extremum of the negative band is observed within 2 ps (from 580 nm to 590-

600 nm, Figure 4a-ii), as it was also observed for the model PBI (Figure SI-1), can be attributable to the

7115



vibrational relaxation of the hot S;. Beyond 20 ps, all bands fade simultaneously (Figure 4a-iii). As for
PBI, the de-excitation process to the ground state is not complete after 2000 ps, which is in accordance
with the fluorescence lifetime of the DAE-PBI dyad, estimated to be 6.00+0.04 ns by TCSPC in
solution. A numerical fitting is performed globally, using a sum of two exponentials convoluted with a
Gaussian pulse of 110 fs (FWHM) and an offset for the long-lived emissive relaxed S; state (6.00 ns)
that provides characteristic time constants of 120 fs and 5.4 ps, corresponding respectively to the rising
of the signal mixed with internal conversion (convolved by instrumental response function) and
vibrational relaxation of the hot S; state (Supporting Information, Figure SI-5). These relaxation decay-

times are comparable to the ones determined for the PBI model compound.

Concerning the NPs state, the transient absorption spectra for PBI and DAE-PBI-OF upon 435 nm
excitation are displayed in Figure SI-6 and Figure 4b, respectively. Transient spectra and time constants
are comparable, as expected from their similar fluorescence quantum yields and lifetimes (Table 1). As
for the THF solution, the broad negative band of DAE-PBI-OF NPs related to the depopulation of
ground state and stimulated emission of excited states is observed, as well as the positive one
corresponding to the S; absorption. However, after 2000 ps, the excited states of the dyads relax entirely.
In agreement with the time-resolved fluorescence analysis (Table 1), the decay is multiexponential with
almost 70% recovery in few tens of picoseconds (see depopulation recovery, comparing the transient
spectra at 10 ps vs. 0.4 ps in Figure 4b-ii). A global numerical fitting using four exponentials convoluted
with a Gaussian pulse of 110 fs (FWHM) and an offset for the long-lived emission (averaged
fluorescence decay times > 100 ps determined by single photon counting, weighted by their pre-
exponential coefficients) provides four characteristic times for DAE-PBI-OF and PBI in the NPs state,
at 110 fs (rising component), 190 fs, 2.8 ps, 52.3 ps and 70 fs (rising component), 310 fs, 2.6 ps, 41.3 ps,
respectively. The first characteristic time constant around 100 fs is attributed to the internal conversion
to hot S; of the PBI moiety (Supporting Information, Figure SI-7 and SI-8). The three other characteristic
times, few hundreds of femtoseconds, few picoseconds and few tens of picoseconds are related to
nonradiative deactivation paths from the S; state to the ground state, the few tens of picosecond time

constant being consistent with the short decay time-constant determined by TCSPC (0.04 ns and 0.05 ns,
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vide supra). The kinetics of femtosecond transient spectra showed that, compared to PBI in solution,
there are two extra short decays that rationalized the low fluorescence quantum yield in NPs. As pointed
above, these decays could be assigned to the existence of different PBI trap species (dark aggregates),
however contribution from multi-exciton processes such as singlet-singlet annihilation cannot be
discarded and will be studied in the future (see Supporting Information for a detailed calculation of the
average number of molecules excited per NP during one laser pulse).?? Indeed, such processes could
lead to enhanced redox properties of PBI moieties in the excited state?® as well as improved
photoreactivity of photochromic derivatives?* especially in the case of DAE.?® The next step is to
characterize the energy transfer characteristic time constant taking place between the PBI fluorophores

and the DAE moieties in the CF, therefore experiments at the PSS-365 are required.
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Figure 5. Femtosecond transient difference absorption spectra for DAE-PBI at the PSS-365 in a) THF
solution and b) the NPs state at different pump-to-probe time-intervals (pump beam at 435 nm with an
energy of 1.15 pJ per pulse). The four frames show the evolution of the spectra over different time
ranges: (i) -1 fs to 300 fs, (ii) 350 fs to 1 ps, (iii) 1.1 ps to 10 ps and (iv) 14 ps to 2000 ps. Stimulated
Raman amplification signals from the solvent (*) are observed between 500 and 520 nm at time delays
shorter than 300 fs.

9/15



The difference absorption spectra for the DAE-PBI dyad at PSS-365 in THF solution under excitation
at 435 nm are displayed in Figure 5a. As mentioned previously, the PSS-365 is a mixture of 15% DAE-
PBI-OF and 85% DAE-PBI-CF. Both absorb light and contribute to the observed dynamics. As for the
dyad in OF, the CF of the DAE part does not absorb at 435 nm, only the PBI is excited by the pump
laser beam. Thus, right after excitation, at 300 fs time delay, the transient spectra are characteristic of
the S; hot state of the PBI fluorophore. As for DAE-PBI-OF, we observe the negative band attributable
to the ground state depopulation and the stimulated emission of excited states (500-670 nm), as well as
the positive bands corresponding to the excited states absorption (> 670 nm). However, over the 400 fs
- 1.5 ps time range, while for DAE-PBI-OF a band shift was observed for the vibrational relaxation of
the hot Sy, the evolution of the signals is different for DAE-PBI-CF. A one-third decrease in the negative
band is observed during this time interval, while the positive band extending beyond 670 nm increases
and a positive band at 470 nm appears. These features are clearly assigned to the formation of the excited
DAE-CF. The DAE-CF thus becomes excited over a time interval corresponding to the rapid
depopulation band decrease centered at 570 nm, characteristic of the PBI fragment. This concomitant
deactivation of the PBI excited state and appearance of the excited DAE-CF is a clear signature of the
energy transfer process occurring from the PBI (donor) to the DAE-CF (acceptor). The evolution after
1.5 ps is an overlay of the dynamics of (i) PBI excited in DAE-PBI-OF and (ii) DAE-CF excited after
FRET in DAE-PBI-CF. DAE-CF dynamics is finished after few tens of picoseconds, therefore beyond
20 ps, the transient difference spectra correspond solely to PBI excited in DAE-PBI-OF. As for PBI
and DAE-PBI-OF, the de-excitation process is not complete after 2000 ps since the lifetime of the S;

excited state of the PBI unit is 6.0 ns.

Four exponentials were required to describe the evolution of the transient spectra, determined at 70 fs,
210 fs, 3.5 ps and 25.4 ps and the DAS are shown in Figure SI-9. The 210 fs DAS is assigned to the
FRET process, indeed a decay of stimulated emission and ground state depopulation band of the PBI
excited state, concomitant with the formation of the 470 nm band of the DAE-CF excited state.
Moreover, the negative part from 630 to 700 nm confirms the formation of the 2A state of DAE-CF

whose absorption band is located in this wavelength range. These observations combined to our results
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describe above, underline that the 210 fs component is characteristic of FRET from PBI to DAE-CF and
internal conversion of 1B to 2A of the DAE-CF, while the 3.5 ps time-constant involves the vibrational

relaxation of the hot S; state of PBI and the DAE-CF relaxation from its 2A state.

Finally, the longest time of 25 ps is attributed to the de-excitation of the 2A state of the DAE by crossing
the potential energy barrier and passing to the ground state via a conical intersection and some relaxation
from the hot ground state. The DAS corresponding to these two characteristic times show the same
profile as those obtained for the DAE-CF model compound (see Figure SI-9) and confirm their

assignment to the relaxation dynamics of DAE-CF.

Finally, Figure 6 presents the mechanistic scheme of the DAE-PBI dyad in THF solution at the PSS-
365. For dyads that are in the CF, after excitation at 435 nm, the PBI fluorophore is promoted to the S,
state. This is followed by an internal conversion to the S; state of PBI, then a relaxation of the hot S;
state and a resonant energy transfer, leading to the 1B excited state of the DAE-CF which relaxes to the
2A excited state. These steps all proceed within the same time-interval, corresponding to the
characteristic time of 210 fs. In the following steps, the excited 2A state of DAE-CF evolves towards
the relaxed 2A state in 3.5 ps which can then overcome the potential energy barrier to reach the conical
intersection and the ground state in 25.4 ps. Regarding the remaining DAE-PBI dyads in the OF, the

same de-excitation scheme as the one presented in Supporting Information (Figure SI-5) remains valid.
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Figure 6. Proposed mechanism for the de-excitation of DAE-PBI at the PSS-365 in THF solution after

excitation at 435 nm. The conical intersection is represented by a cross.
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Considering the NPs state, the differential absorption spectra of the DAE-PBI dyad at PSS-365 are
displayed in Figure 5b. On the time range from 0 to 0.3 ps, the negative band attributable to the
depopulation of the ground state and the stimulated emission of excited states appears (500-650 nm), as
well as the positive band corresponding to the absorption of excited states (> 670 nm). As for the dyad
at the PSS-365 in THF solution, on the time range from 0.4 to 1 ps, a positive band appears in the 470-
500 nm region while the other bands fade. Moreover, after 1 ps all the bands decay simultaneously.
Kinetics curve fitting were carried out using four exponentials convoluted with a Gaussian pulse of
110 fs (FWHM) and an offset for the long-lived emission (4.7 ns average of the two long fluorescence
decay times determined previously, weighted by their pre-exponential coefficients) providing
characteristic times of 80 fs, 135 fs, 1.1 ps and 11.4 ps. The 135 fs DAS are similar to the one observed
for DAE-PBI-CF, i.e. within this time constant FRET occurs with the formation of the excited DAE-
CF band. However, it is difficult to determine precisely the FRET time constant and analyze the different
DAS since the transient spectra evolution is mixed, with a multiexponential decay as for DAE-PBI-OF

NPs (Supporting Information, Figure SI-10).

However, a simple comparison between difference absorption spectra of the DAE-PBI dyad at PSS-365
in THF solution and NPs state is possible. First, we can notice that the depopulation band decays much
faster in NPs than in solution (decrease of AA by 80% in 10 ps in NPs, compared to 50% in 10 ps in
solution), the stimulated emission totally disappears in NPs, and after 1 ns no more excited species can
be observed in NPs. All these observations underline that in addition to intramolecular FRET, additional
intermolecular relaxation processes can exist in NPs, such as multi-excitonic processes and energy

transfer to traps.

In brief, the spectroscopic investigation of DAE, PBI and DAE-PBI compounds in solution has allowed
us to highlight that the FRET-type energy transfer from PBI to DAE-CF within the DAE-PBI-CF dyad
takes place with a time-constant of ca. 210 fs in THF solution. It is possible to compare this experimental
value with that calculated applying the Forster theory, given a Forster radius of Ro = 71 A, as it was
reported in our previous study.®® The energy transfer rate-constant estimated at ker = 2.38x10? st

provides a characteristic energy transfer time of 420 fs. These two values are rather consistent with each
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other. Moreover, we did not observe any characteristic band of cationic species (sharp signals located
between 300 and 400 nm) or anionic species, supporting the hypothesis of an absence of photoinduced

electron transfer in the DAE-PBI dyad.

Conclusion

In this work, photochromic and fluorescence properties of the DAE-PBI dyad were explored, especially
the energy transfer processes that take place between the PBI fluorophore (donor) and the DAE-CF
photochromic unit (acceptor). Energy transfer is too fast to be detected by time-resolved fluorescence
(TCSPC), and the measured fluorescence lifetime of the DAE-PBI dyad in THF solution is 6.00+£0.04 ns
before and after irradiation in the UV when the photostationary state at 365 nm is reached, corresponding
to the remaining DAE-PBI in the OF. Multiscale deactivation processes are recorded when the dyads
are gathered into NPs and rationalized their low fluorescence quantum yield, due to the distribution of
microenvironments of the PBI fluorophores in the NPs. To estimate the energy transfer rate,
femtosecond transient absorption spectroscopy experiments were conducted. The dynamics of the
excited state of the dyad at PSS-365 after excitation at 435 nm (PBI is excited through it Sp—S>
electronic transition) provided us important information concerning the mechanistic scheme in the
excited state with interplays between the PBI and DAE-CF units: the PBI in its excited state is at the
origin of an ultrafast energy transfer process towards the DAE-CF part, leading to the appearance of a
characteristic band of the DAE-CF excited state in 210 fs (in THF solution). Such a time-constant is
established as the FRET characteristic time, which is consistent with the expected value at 420 fs derived
from the Forster equations. Moreover, the experiments conducted for the DAE-PBI dyad in suspension
of NPs highlight that efficient FRET processes occur in competition with other deactivation processes
in the NPs state. Further detailed studies will be continued in the future to untangle the complex excited

state dynamics in NPs.
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