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DOI: 10.1039/x0xx00000x Since it was first reported in 2008, great attention has been paid to Si-rhodamine (SiR) because of its far-red to near-

infrared (NIR) absorption/fluorescence and suitability for high-resolution in vivo imaging. However, properties of SiR in the
www.rsc.org/ excited state have not been reported, even though they are directly related to its fluorescence. In the present study, the
properties of SiR monomer in the excited states are thoroughly characterized for the first time. Moreover, by replacing a
phenyl moiety of SiR with a 4-(9-anthryl)phenylene group (SiR-An), we prepared H- and J-aggregate of SiR in the aqueous
solution, and succeeded in monitoring exciton formation and annihilation in the aggregates. Interestingly, the relative
exciton population in SiR J-aggregate increases as the excitation power becomes stronger, which is unusual concerning
that the substantial exciton-exciton annihilation process occurs as more excitons are generated. The obtained results in
the present study suggest high versatility of SiR not only as a red fluorophore in the cutting-edge microscopic techniques

but also as a NIR absorber in the light harvesting system.

1. Introduction

Si-rhodamine (SiR) is a family of far-red fluorescent rhodamine
derivatives that replace the oxygen with a silicon atom in the typical
rhodamine dyes such as tetramethylrhodamine (TMR) (Fig. 1). This
interesting attempt was firstly made by Fu et al. in 2008 in order to

introduce extremely low level of lowest unoccupied molecular
orbital (LUMO) and rapid electron mobility that many silico-cyclic
aromatic compounds exhibit." Although silylation is a common
approach in the material development such as luminescent
materials, it brings about new paradigm in fluorescence microscopy
for living matters since Koide et al. presented group 14 rhodamine
series for biological imaging in 2011.%

One of the important properties of SiR as a fluorophore is its far-
red to near-infrared (NIR) absorption and fluorescence due to the
low LUMO level of a silicon atom." 2 Meanwhile, it still keeps

L

SiR-An

properties of original rhodamine dyes such as high fluorescence TMR-An

. e 2 .
quantum vyield (®y = 0.3-0.45) and cell permeability.” In this
Fig. 1 Chemical structures of SiR and TMR derivatives used in the present study. Blue,
yellow, and pink boxes represent chromophore parts of SiR, anthracene, and TMR
derivatives, respectively. Preparation of the compounds can be found in the previous
7,8
reports.”

decade, technology of fluorescence microscopy has incredibly
proceeded, and monitoring fluorescence of a single fluorophore or
visualizing extremely small intracellular target within a few tens nm

3,4 . S
have become possible.™ ™ Since living matters intrinsically possess

. . 5 6
endogenous chromophores resulting in autofluorescence,

9-12

fluorophores which are excited by far-red to NIR photoirradiation
are highly required for cutting-edge microscopic techniques. In this
sense, SiR has received substantial attention and there have been
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great improvement in fluorescence imaging with the aid of SiR.
Fluorescence is one of the relaxation pathways and closely related
to the properties of SiR in the excited state, but it is surprising that
there have been no photophysical study about SiR.
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In addition, the absorption and fluorescence spectra of TMR-
originated SiR are limited to far-red region (Asps, max and Ag may in
methanol are about 650 and 670 nm, respectively). To widen the
usage of SiR from a red fluorophore to NIR absorber in the light
harvesting system, absorption spectrum of SiR requires a further
red shift to absorb light in the NIR region (> 700 nm). In this aspect,
we focus on the aggregation behavior of fluorophore, which often
provides unexpected and interesting properties, such as an abrupt
spectral changes and

in fluorescence or in color

13-17

increase
fluorescence. Very recently, we have reported that replacing a
phenyl group with a 4-(9-anthryl)phenylene group in rhodamine
dyes can lead to the formation of a slipped-stacked self-assembly of
TMR and SiR (TMR-An and SiR-An, respectively) without a help of
additional templates.7 In the presence of halide ion, SiR-An can
undergo a spontaneous transition of the assembly pattern from
parallel-stacked (H-aggregate) to slipped-stacked assemblies (J-
aggregate, Fig. S1). The conversion between H- and J-aggregates is
accompanied by a discoloration of a J-aggregate of SiR-An
originating from a dramatic red shift of absorption maxima from
650 to 745 nm (Fig. S3a). X-ray crystallographic analysis indicated
that rhodamine and anthracene moieties may initially form head-
to-tail dimers, and m-electrons of the C-N bond at both ends of the
rhodamine moieties subsequently stabilize slipped—stacked
rhodamine-rhodamine arrays (Fig. s3c).’

The above systems exhibit several fascinating aspects worthy of
further photophysical studies. First, through introducing a 4-(9-
anthryl)phenylene group, we could prepare a well-aligned slipped—
stacked rhodamine J-aggregate. This indicates that we can study
and compare the dynamics of exciton generated in several types of
rhodamine self-assemblies, which have not been prepared before
without the help of external templates. Second, the rhodamine J-
aggregate showed decreased fluorescence compared with that of
the monomer (Fig. S3b), whereas most J-aggregates are fluorescent
because the lower exciton level of J-coupling is spin-allowed and
can undergo radiative relaxation. To explain this anomaly, the
excited-state dynamics of these systems should be investigated
further.

Indeed, self-assembly formation and the dynamics of charge and
energy transport through the building blocks are of central
importance in the development of photovoltaics, optoelectronic
devices, and solar cells.”® ™ In nature, the characteristic slipped-
stacked alignments of chlorophylls and bacteriochlorophylls form
efficient  light-harvesting systems for photosynthesis. If
intermolecular and non-covalent interactions between chlorophylls
are disrupted, the dense self-assembly will be affected and ultrafast
energy transfer to the reaction center will no longer be achieved. As
well as in regards to nanodevice development, the formation of
chromophore aggregates is also an intriguing phenomenon for the
design of fluorescence probes based on properties such as
aggregation-induced emission and colorimetric changes.B'lG’ 2022

In the present study, using the femtosecond laser flash photolysis
(fs-LFP), nanosecond laser flash photolysis (ns-LFP), and pulse
radiolysis, we thoroughly examined the excited-state dynamics of a

SiR monomer, H- and J-aggregate. As a result, extinction coefficients
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Fig. 2 (a) Transient absorption spectra of 'Si-Me* (black) in methanol observed at 3 ps
after an excitation pulse measured during the fs-LFP, and Si-Me" (blue) and Si-Me"*
(green) in the deaerated aqueous solutions measured at 5 us after an excitation during
the pulse radiolysis. (b) 3si-Me* in deaerated methanol measured at 20 ps after an
excitation during the ns-LFP in the presence of triplet energy donor, anthracene ([Si-
Me] = 100 uM, [anthracene] = 300 uM), Aex = 355 nm at 5 mJ pulse'l. The detailed
conditions of the spectroscopic measurements are described in the ESI.

Table 1 € of Si-Me in the excited state and radical ions of Si-Me.

Amax e/M*
Species / / 4 Solvent Method
nm cm

'Si-Me* 427 5,000 Methanol fs-LFP

*si-Me* 510 nd.' Methanol ns-LFP

. - Pulse

Si-Me 399 10,900 PBS o
radiolysis

. . . Pulse

Si-Me 512 6,760 MilliQ i .
radiolysis

"n.d.: Not determined.

(&) of various transient species of SiR were determined, and exciton
formation and annihilation in H- and J-aggregates of SiR-An were
successfully monitored. This article is the first report on the SiR
photophysics and direct monitoring of the exciton generated in SiR
J-aggregates. Moreover, increased exciton population in SiR J-
aggregate under the stronger excitation condition suggests a
prospective usage of SiR as a NIR absorber in the light harvesting
system that demands long exciton lifetime rather than a rapid
annihilation process.

This journal is © The Royal Society of Chemistry 20xx
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2. Results and Discussion

2.1. Transient absorption spectra of Si-Me in the excited state

As mentioned above, SiR has recently received considerable
attentions because of their far-red to NIR absorption/fluorescence,
good cell-permeability dependent on the chemical modification,
and suitability for superresolution fluorescence microscopy.g'12
Most of the studies are exploiting emission property of SiR, which
implies the urgent requirement of study on SiR in the excited state.
Herein, owing to study the property of SiR monomer, we prepared
Si-Me (Fig. 1) which is moderately water-soluble.

First of all, transient absorption spectra of Si-Me in the singlet
excited state (1Si-Me*, Fig. S4), the triplet excited state (3Si-Me*),
Si-Me"”, and Si-Me"" were measured by the fs-LFP, ns-LFP, and
pulse radiolysis of the Si-Me monomer, respectively. As shown in
Fig. 2, all of the transient spectra resemble those of previously
reported rhodamine derivatives, such as rhodamine 123, with a red
shift of 20-80 nm.” The & of Si-Me in the excited state are
summarized in Table 1. Since Si-Me represents a monomeric SiR,
we denoted the chromophore part of Si-Me (blue boxes in Fig. 1) as
SiR from the next chapter to avoid confusion.

2.2. Properties of SiR-An in the ground state and singlet excited
state

SiR-An is the derivative of SiR (Fig. 1) that we recently designed for
the self-assembly formation in the aqueous solution.” SiR-An
exhibits far-red absorption and fluorescence with maxima at A, =
648 nm and Aq = 667 nm in methanol, respectively, similar to other
SiR derivatives.” However, @5 and t;; of SiR-An were 0.05 and 0.75
ns in methanol, respectively (Table S1), which are 6-fold weaker and
five times shorter, respectively, than the same properties of SiR
without an anthracene moiety, si-Me.” A similar phenomenon was
observed for hydroxyphenylfluorone, a dyad of fluorescein and
benzene, which displayed a ®y four times smaller than that of
Tokyo Green, which is a dyad of fluorescein and 2—methy|benzene.24
This is because methyl substitution at the 2-position of the benzene
prohibits rotation between fluorescein and phenyl moieties in
Tokyo Green, whereas this geometric hindrance does not exist in
hydroxyphenylfluorone, resulting in an increased rate of internal
conversion. Therefore, if there is no faster additional relaxation
process apart from fluorescence, the weaker fluorescence of SiR-An
than Si-Me originates from the increased rate of internal
conversion, caused by increased freedom of the ring rotation
between SiR and phenylene moieties. Another plausible quenching
process is photoinduced electron transfer (PET) that occurs from
the anthracene moiety to SiR moiety in the excited state, resulting
in a charge-separated state.

To confirm the occurrence of PET in SiR-An, one should perform
transient absorption measurements to determine whether or not
charge-separated states are formed. In consequence, as illustrated
in Fig. 3a, transient absorption spectra of SiR-An in the shorter
wavelength region closely resemble that of Isi-Me* (black, Fig. 2a).

This journal is © The Royal Society of Chemistry 20xx

0.08

AAbs

500
Wavelength / nm

400 600

AAbs

Wavelength / nm

Fig. 3 (a) Transient absorption spectra monitored at 0.4, 5.2, 17, 53, and 73 ps (black to
red) after a laser pulse during the fs-LFP of the SiR-An monomer in methanol excited at
650 nm. (b) Transient absorption spectra monitored at 0.4, 1.2, 3.0, 5.2, 10.2, and 53 ps
(black to blue) after a laser pulse during the fs-LFP of Si-DMA monomer in methanol
excited at 650 nm.

Meanwhile, radical species of Si-Me (blue and green, Fig. 2a) and
the radical cation of anthracene (An”)25 were not observed in the
transient absorption spectra of SiR-An. In addition, the LUMO and
highest occupied molecular orbital (HOMO) of SiR-An are found to
be located on the SiR moiety based on DFT calculation (Fig. S5),
indicating the electron transfer will not occur among SiR and
anthracene moieties. Taken together, the faster deactivation of
!SiR* and weak fluorescence of SiR-An than those of Si-Me
originates from an increased rate of internal conversion, not PET.
For comparison, we carried out the fs-LFP of Si-DMA (Fig. 1), a
dyad of SiR and dimethylanthracene, which is deactivated by PET
upon the selective excitation of SiR (Fig. S‘;b).8 Although the signal
from An"* was obscured by overlap with considerable ground-state
bleaching, SiR"™ was clearly detected and IsiR* decayed rapidly
(within 50 ps). The Gibbs free energy for PET can be calculated by
Rehm-Weller equation:®> % AGper = (EoyD) = Erea(A)) = Ego — AG,
where E, (D), Eeq(A), lEOO, and AG; indicate the oxidation potential
of the electron donor, reduction potential of the electron acceptor,
singlet excited energy of SiR, and electrostatic work function,
respectively. Using the reported values of the E,(D) of
dimethylanthracene and anthracene (1.05 and 1.19 V vs. SCE,
respectively)27 and E.4(A) of SiR (-0.62 vs. SCE)2 and the

J. Name., 2013, 00, 1-3 | 3
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experimental value of the 1E00 of Si-Me (1.89 eV), the values for
(AGpgr + AG,) of SiR-An and Si-DMA are determined to be —0.08 and
—0.22 eV, respectively. Even without the consideration of AG;,
which is usually small for the dyad that donor and acceptor
moieties are directly connected each other,26 Si-DMA has negative
AGper, Whereas SiR-An has near-zero to slight negative AGper.
Considering the probable deviations in the reported values, the
absence of charge-separated state in SiR-An is reasonable due to
the higher E,,(D) and smaller AG, of SiR-An than those of Si-DMA.

As shown in Fig. S6b and S6c, TMR-An (Fig. 1) in the singlet
excited state consequences in the same result to that of SiR-An.
Based on the Rehm-Weller equation (the value of (—E.q(A) — 1Eoo)
for rhodamine B and calculated (AGper + AG) of TMR-An are —1.25
and -0.06 eV, respectively),2 the prevention of PET is caused by the
same reason to those of SiR-An.

2.3. Decay process of SiR-An H-aggregate in the excited state

In aqueous solution, SiR normally forms an H-aggregate in a
similar manner to other rhodamine derivatives such as rhodamine
BE %% 10 study the dynamics of H-aggregate of SiR-An in the
excited state, we could prepare it dissolved in the aqueous solution
without the addition of NaCl (Fig. S3a). Based on the previous
measurement of dynamic light scattering (DLS), the size of SiR-An
H-aggregate is smaller than a few nm, indicating this H-aggregate is
composed of two or a few SiR-An monomers.

Fig. 4 reveals that the shapes of transient absorption spectra of
SiR-An H-aggregates were considerably different from those of
monomeric SiR-An. As for the SiR-An H-aggregate, mainly two
transient species with T = 0.6 and 16.8 ps that showed absorption
maxima at 430 and 510 nm, respectively, were generated following
650-nm excitation (Fig. S7). It is notable that the deactivation
mechanisms of H-aggregates depend on the characteristics of the
chromophore. The most accepted deactivation mechanism for a
rhodamine H-dimer is ultrafast internal conversion between two
exciton bands on the sub-ps to ps-time scale, followed by
intersystem crossing to form a dimer in the triplet excited state,
because a direct transition from the lower exciton state to the

29,30

ground state is forbidden in H-aggregates. Exciton trapping and

excimer formation are also well-known relaxation pathways of H-

31,32 Bacause the transient absorption spectra of the H-

aggregates.
aggregate resemble the superposition of various transient species
of Si-Me (Fig. 2a), here, the transient species with T = 0.6 and 16.8
ps were tentatively assigned to the exciton and ‘intermediate’

states, respectively (Fig. 7).

2.4. Dynamics and power dependence of exciton in SiR-An J-
aggregate

As introduced earlier, SiR-An forms J-aggregates in the aqueous
solution in the presence of halide ion.” The fluorescence of the SiR-
An J-aggregate is negligible (A,4 = 746 nm, indicated by a red

4| J. Name., 2012, 00, 1-3

asterisk in Fig. S?»b).7 This is an unexpected phenomenon
considering that a radiative relaxation process is allowed in J-
aggregates, unlike in H-aggregates.ss’ 34 Indeed, we observed an
increase in the fluorescence intensity of monomer (A4 = 667 nm)
upon endoperoxidation of the anthracene moiety of SiR-An,
indicating the dissociation of J-aggregate induces fluorescence
recovery (preliminary data, which will be published later). Here, the
exciton dynamics formed in the SiR-An J-aggregate were directly
monitored and investigated using the fs-LFP.

0.04

AAbs

500
Wavelength / nm

0.00 (%

AAbs

-0.05

-0.10

600 700
Wavelength / nm

Fig. 4 Transient absorption spectra monitored at 0.4, 2.0, 5.2, 17, 53, and 73 ps (black
to red) measured in the regions of (a) short (380-600 nm) and (b) long wavelengths
(550-780 nm) after a laser pulse during the fs-LFP of the SiR-An H-aggregate in MilliQ
water excited at 650 nm.

As shown in Fig. 5, negative transient absorption appearing at
730-750 nm and positive transient absorption appearing at shorter
wavelengths than 730 nm were observed upon selective J-band
excitation of SiR-An J-aggregate at 740 nm. The negative transient
absorption at 730-750 nm reflects ground state bleaching of the
SiR-An J-aggregate and a scattering signal induced by 740-nm
excitation. The positive transient absorption appearing at shorter
wavelengths than 730 nm is designated to the exciton formed in
the SiR-An J-aggregate. Similar phenomena were observed for
TMR-An J-aggregate (Fig. 6). Spectral shapes and decay profiles well
resemble those of pseudoisocyanine J-aggregate,as'37
photophysics has been substantially studied for several decades.

which

This journal is © The Royal Society of Chemistry 20xx
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Interestingly, the spectral shape and decay profile of the positive
transient absorption were significantly affected by the excitation
power (insets of Fig. 5). In the case of a high density of the
excitation energy (15 pulse'l, Fig. 5a), the spectral shape of

0.0
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600 700
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Time / ps
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Fig. 5 Transient absorption spectra monitored at 0.4, 0.6, 0.8, 2.0, 5.0, and 10 ps (black
to red) after a laser pulse during the fs-LFP of the SiR-An J-aggregates in the aqueous
solution excited at 740 nm, near to the maximum of the J-band, at (a) 15 wJ pulse'1 and
(b) 40 nJ pulse™. (inset) Time profile of positive transient absorption of SiR-An J-
aggregates (open circles) and the fitting results (green line) using three-exponential
function to guide the decay profile.

positive transient absorption is rather broad and shows 10-nm red-
shift during the initial 1 ps. Similar phenomena has been reported
previously for J-aggregate systems based on cyanine or porphyrin

¥3% The short-lived state is

derivatives under strong excitation.
assigned to be a two-exciton which is generated through the
(EEA)

characteristic phenomena were more evident as excitation power

exciton-exciton annihilation process (Fig. 7). This
increases (Fig. 5 and S8), which further supports that the spectral
red-shift is due to the presence of higher excited states.

On the other hand, approximately 380 times smaller excitation
intensity (40 nJ pulse'l) induced a rapid decay of the exciton
population within the initial 10 ps, but with less spectral change in a
shape (Fig. 5b). In J-aggregate, it is expected that the EEA occurs,
leading to the rapid reduction of the exciton population. However,
we could not fit the time profile using the one- and three-

This journal is © The Royal Society of Chemistry 20xx

042 The previous reports pointed

dimensional EEA model (Fig. S10).
out that the deviation happens when aggregates are small and EEA
is determined by the static rate of equilibrated excitons.*> ¥ DLS
measurement of SiR-An J-aggregate revealed that there are two
types of J-aggregate in a size, a few hundred nanometers and larger
than a few micrometers.” Thus, the size of smaller aggregate was
around 200-600 nm that probably contains more than 100
monomers based on the X-ray crystallographic data (Fig. S3c).
However, the full width at half maximum of absorption band of SiR-
An monomer and J-aggregate is approximately two-fold different
(807 and 476 cm'l, respectively), indicating the effective coherence
length (N) of SiR-An J-aggregate is much shorter in the aqueous
solution (Ngg = (AUZ/3(|\/|)/AU2/3(P))2 = 3.15 for SiR-An J-aggregate
where Au,;3(M) and Auy3(P) are the width at 2/3 maximum of the
absorption band of monomer and J-aggregate, respectively)43 than
the ideally aligned nanocrystal. Taken together, it is reasonable that
the standard model of EEA in film or crystal does not match well
with SiR-An J-aggregate in the solution, which is caused by a
probable presence of defects in the assembly.

As shown in Fig. 5a, the deviation from the standard EEA model
becomes larger under the high excitation intensity. This is probably
because of the generation of the additional state, which is long-
lived (> 1 ns), followed by the EEA process (a rise shown at around
10 ps after a pulse in the inset of Fig. 5a). This result is opposite to
the common characteristic of the EEA process; as excitation
becomes stronger, the population of one-exciton decreases faster.
Thus, we tentatively assume that the additionally generated species
is a kind of the secondary-formed species such as vibrationally
excited one-exciton state in addition to two-exciton state’ or

32,45,46

slipped-stacked excimer. Complete assignment of this species

generated under the strong excitation requires further
investigations.
0.00
)
Q
5 -0.02
-0.04 1
500 550 600 650
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Fig. 6 Transient absorption spectra monitored at 0.4, 0.6, 0.8, 1.0, 2.0, and 5.0 ps (black
to red) after a laser pulse during the fs-LFP of the TMR-An J-aggregates in the aqueous
solution excited at 605 nm, near to the maximum of the J-band (2.0 uJ pulse™).
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Fig. 7 Plausible relaxation pathways and time constants of the SiR-An monomer, H- and
J-aggregate. Orange and red arrows indicate 650- and 740-nm excitations, respectively.
The rates of radiative and non-radiative relaxation (k.q and k.., respectively, as shown
above) of Si-Me and SiR-An are summarized in Table S1. The intermediate state for H-
aggregate relaxation may be either the triplet excited state or excimer state. In the
case of J-aggregate, this pathway is only reasonable under the weak excitation power
(40 nJ pulse'l, Fig. 5b), because the strong excitation induces the formation of the
additional species in the excited state (Fig. 5a). Two lifetimes of one-exciton state of
SiR-An J-aggregate, 0.5 and 1.9 ns, were obtained by an exponential fitting of the decay
profile in the range of 32-120 ps and 100-730 ps, respectively. We tentatively assume
that the one-exciton lifetime strongly depends on the molecular alignment and
excitation power.

Taken together, fluorescence quenching upon J-aggregate
formation is considered to originate from efficient EEA even
induced by the weak excitation power (40 nJ pulse'l) and probable
intermolecular interactions between SiR and anthracene moieties
because of the decreased interchromophore distance upon J-
aggregate formation.”” As excitation intensity becomes stronger (>
0.3 nJ pulse'l), however, a deviation from the standard EEA model
becomes larger, indicating the formation of secondary species,
which is long-lived. We believe this is an important finding since the
strong excitation is often considered to cause a rapid reduction of
exciton population through the efficient EEA process. The obtained
results in the present study are summarized in Fig. 7. Furthermore,
TMR-An monomer and its aggregate in the excited states seem to

have similar properties (Fig. S6 and Fig. 6).

3. Conclusions

In the present study, we comprehensively investigated the
excited-state dynamics of the SiR monomer, H- and J-aggregate for
the first time using the fs-LFP, ns-LFP, and pulse radiolysis. As a
result, we monitored the absorption spectra of various transient
species of SiR and determined each €. When SiR is substituted by
anthracene derivatives, PET from anthracene to SiR in the singlet

6 | J. Name., 2012, 00, 1-3

monomer

H-aggregate

excited state occurred only when the anthracene derivative is
directly connected to the chromophore of SiR (Si-DMA). If
anthracene and SiR is separated by a phenylene group (SiR-An), the
singlet excited state of SiR-An deactivates through the same
pathway of that of SiR monomer, but in a faster manner because of
the increased rate of internal conversion (Fig. 7 and Table S1).

Furthermore, based on all experimental results about H- and J-
aggregate of SiR-An in the excited state, we concluded that (1)
exciton is generated both in H- and J- aggregates of SiR-An; (2) the
lifetime of one-exciton in SiR-An J-aggregate is approximately in the
range of 0.5-1.9 ns, but most of them are easily quenched by EEA;
(3) the relative number of exciton is proportional to the excitation
power, which originates from the efficient EEA process and
subsequent generation of additional states only under a high
density of excitation photons. Finally, we tentatively suggest the
weak fluorescence of SiR-An J-aggregate is due to substantial EEA
occurring in a short coherent J-aggregate (n = 3-4) that composes a
large J-aggregate (a few hundred nm). The obtained experimental
results also implicate that kinds of excited states and their fates
the self-assembly and excitation conditions.

It is intriguing that the shape of the absorption spectra of TMR-
An and SiR-An exciton in J-aggregate are similar to those of
previously reported porphyrin and cyanine derivatives. Considering
porphyrin and cyanine derivatives are famous building blocks in the
natural light harvesting system and the artificial energy transport
wire in practice, this resemblance in the excited state and high
molecular € of SiR-An J-aggregate in the NIR region (> 10° M cm™
at around 740 nm as shown in Fig. S3) indicates the potential of
rhodamine derivatives in the similar applications. Additionally, the
relative population of exciton in SiR-An J-aggregate rather increases
as the excitation power becomes stronger, which makes SiR-An
further appropriate because long exciton lifetime is related to more
participation into the photochemical reaction in the photosynthetic
system.

This journal is © The Royal Society of Chemistry 20xx
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Finally, we strongly believe the dyad composed of rhodamine and
anthracene moiety holds great potential because both moieties
have been substantially investigated for various important light-
related phenomena and applications: bioimaging, dye laser, and
photosensitizer of photocatalyst for rhodamine; singlet fission,
triplet-triplet annihilation, exciton/charge transfer, and photo-
induced dimerization for anthracene. H- and J-aggregate formation
of rhodamine and anthracene dyad implies that the listed
phenomenon and applications above can be converged together
through supramolecular structure, resulting in surprising properties.
We are currently carrying out subsequent studies to develop
rational design of rhodamine and anthracene dyads to control their
photophysical properties.
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