COMMUNICATION

www.rsc.org/chemcomm | ChemComm

Novel fluorophore based on a multi-substituted olefin skeleton with
enhanced three-photon absorption in the femtosecond regimef
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A new multipolar fluorophore based on a multi-substituted
olefin skeleton that possesses strong three-photon absorption
and optical-limiting properties in the femtosecond regime has
been designed and synthesized; this archetype suggests a new
strategy to further optimize molecular structures toward
enhanced nonlinear absorptivities based on known materials.

In the past fifteen years, two-photon absorption (2PA) has
attracted significant attention due to its variety of potential
applications in the emerging field of photonics and biophotonics
including optical power limiting,' 3D data storage,” frequency up-
converted lasing, 3-D microfabrication,* noninvasive bio-imaging/
tracking,” and two-photon photodynamic therapy.® With the
experience gained from the investigation of two-photon technol-
ogies, several efforts have recently started in studying materials
with various symmetries that possess three-photon absorption
(3PA).”? The 3PA process offers an intriguing possibility for bio-
imaging applications because a longer excitation wavelength in the
near infrared region can be used, thus the scattered light losses and
undesirable linear absorption within the living organism can be
greatly reduced. Moreover, the intrinsic cubic dependence on the
local optical intensity of the 3PA process affords a superior spatial
confinement so that a higher contrast and spatial resolution in
imaging can consequently be achieved. On the other hand, this
higher order nonlinear absorption process can also provide a much
better optical-limiting performance over a broader spectral region
even under the same nonlinear transmission.'® So far, enormous
strides have been made in understanding the relationship between
molecular structure and its 2PA property by investigating various
compounds with different archetypes including quasi-linear,'!
multi-branched,'? and dendritic'® geometries. However, compara-
tively fewer efforts have been addressed in realizing of how
molecular structure connects to 3PA efficiency.”®*“¢ Nevertheless,
it has been suggested that the judicious control of intramolecular
charge-transfer efficiency’” and/or the effective size of the
n-conjugation domain® through molecular design are crucial to
promote the 3PA. Here, we present a new model fluorophore (2)
built from multi-substituted olefin moieties and the initial findings
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of its enhanced 3PA and 3PA-based optical power limiting
properties in the femtosecond regime.

The chemical structures and synthetic routes of the model
chromophore 2 and the reference analogue (1) in the present work
are illustrated in Fig. 1 and Scheme 1, respectively. The skeleton of
the reference compound 1 is simply a three-branched dye structure
with an electron-donor (i.e. triphenylamine) in the center and three
diphenylaminofluorenyl moieties extended outward from it,
whereas the scaffold of compound 2 is constructed by the same
central electron-donor, which has six diphenylaminofluorenyl units
at peripheral positions to form a six-branched dendritic structure.
Hence the overall structure of compound 2 can be seen as
attaching three additional branches to compound 1. Compared to
the reference compound 1, the multi-substituted-olefin-based
structure 2 is expected to show a larger multipolar character and
increased effective m-electron number, which may lead to
promoted nonlinear absorptivities.'* The reference compound 1
was synthesized in 75% yield via a three-fold Heck reaction
between 2-bromo-7-diphenylaminofluorene 3 and a trivinyl
derivative of triphenylamine 4 (Scheme 1). Differently, the
synthesis of compound 2 was accomplished by taking advantage
of a recently developed one-pot catalytic reaction which integrates
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Fig. 1 Chemical structures of the studied model fluorophores.
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Scheme 1 Synthetic routes for the studied compounds 1 and 2. Reagents
and conditions: (a) Heck reaction: 3 (3.3 equiv.), 4 (1 equiv.), Pd(OAc),
(0.06 equiv.), P(o-tolyl); (0.36 equiv.) in NEt;-MeCN, 110 °C, 36 h (75%);
(b) + (c) integrated one-pot catalytic reaction according to ref. 15: 3
(2 equiv.), 5 (1 equiv.), Pd[P(~-Bu)s], (0.05 equiv.), i-Pro,NH (4 equiv.) in
toluene, 90 °C, 24 h then addition of 6 (0.25 equiv.), NaOH (10 equiv),
H,0O (8 equiv.), reflux, 24 h (overall yield ~45%).

the Mizoroki-Heck and cross-coupling reactions (MHR and
CCR)."® Using compound 3, vinylboronate ester 5 and a tribromo
derivative of triphenylamine 6 as the major synthons, compound 2
was obtained in ca. 45% overall yield. Compounds 3, 4 and 6 were
prepared by following the established methods as described in the
ESL7

Fig. 2 presents the absorption and fluorescence spectra of the
studied dye molecules in chloroform. Both of these two
chromophores show intense absorption around 400 nm. The
shape and spectral position of their absorption bands are almost
identical, but interestingly, the absorption intensity of the six-
branched fluorophore (2) is about twice that of the three-branched
analogue (1). This intriguing feature may imply a design approach
to enhance molecular nonlinear absorption without shifting the
major absorption band, which could be very useful for some
particular applications when large multi-photon absorbing
strength in a specific spectral region is required. Fig. 3 depicts
the 3PA-induced fluorescence spectrum of compound 2 and the
inset curve validates that the 3PA process is responsible for the
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Fig. 2 Linear absorption and fluorescence spectra (see inset) of
compounds 1 and 2 in solution (1 x 107> M in chloroform).
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Fig. 3 Three-photon excited upconversion emission spectra of fluor-
ophore 2 (5 x 1073 M in CHCls). Inset, power dependence of the 3PA-
excited upconversion emission intensity on the input intensity.

observed upconversion emission. The 3PA cross-section values at
several wavelengths of the studied chromophores were initially
probed via the nonlinear transmission technique utilizing femto-
second pulses (see ESIf). Table 1 collects the preliminary
photophysical characteristics of these two fluorophores in chloro-
form. Although the 3PA spectra of these two chromophores are
not entirely revealed at the present stage (such work is being
undertaken), the comparably strong 3PA observed from com-
pound 2 in the NIR region indicates that this highly-branched
structure with doubled peripheral-branches compared to its
octupolar analogue (1) might provide an access for molecular
structural optimization toward enhanced 3PA.

The 3PA-based optical power limiting performance of the
model chromophore 2 was also evaluated in the femtosecond time
domain using 1300 nm as the working wavelength for this
experiment and the result is illustrated in Fig. 4. It is well known
that an ideal optical-limiter is expected to show an intensity-
dependent transmission feature so that the output intensity is
always below a certain maximum value, which makes optical-
limiters useful for protecting human eyes and sensors against
damaging sources of light. Besides, this power limiting phenom-
enon is also important for optical dynamic range compression in
optical signal processing and nonlinear ultra-fast filtering of optical
fiber signals. Among the existing nonlinear processes, using multi-
photon absorption for power-suppression has been pointed out as
one of the effective tools against the dangers of frequency-agile/
ultra-fast laser pulses.'® As presented in Fig. 4, one can see that the
input-output curve starts to deviate from linear transmission
(diagonal dashed-line) at an energy level of ~0.2 pJ, and rapidly
approaches a plateau while the pumping energy levels levels up to
~1.0 . More specifically, when the input energy is increased
from ~0.2 to ~3.4 uJ (~17-fold increase), the transmitted output
only shifts from ~0.2 to 1.2 pJ (~6-fold increase), which fits the
theoretically predicted optical-limiting behavior based on 3PA.

In conclusion, we have synthesized a new conjugated multipolar
dye molecule with six branches attached to a central electron-
donor unit via a catalytic reaction protocol. Current photophysical
properties and the efficient 3PA-based optical-limiting perfor-
mance in femtosecond regime observed from this model
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Table 1 Photophysical properties of compounds 1 and 2 in chloroform
a,}PA 11/10724 cm6 GW72
JIPAChm max/10° M~ em ™! JIPA-FLbCj 1217 nm 1300 nm 1445 nm Dp° NS
1 413 1.15 504 13.4 (£15%) 17.1 (£ 15%) 4.7 (£15%) 0.98 37.6
2 417 2.01 505 21.0 (£ 15%) 22.1 (£ 15%) 7.3 (£15%) 0.45 59.2

“ 1PA stands for one-photon absorption. ” The concentration was 1 x 107> M. ¢ IPA-FL stands for 1PA-induced fluorescence. ¢ The
concentration was 5 x 1073 M for 3PA cross-section measurements; experimental uncertainty +15%. ¢ Fluorescence quantum efficiency at
room temperature was determined with coumarin 153 (@ = 0.38) as the reference.!” / Effective number of n-electrons.'”
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Fig. 4 Measured output energy vs. input energy of 1300 nm laser pulses
based on a 1-cm path solution sample of compound 2 in CHCl; at 0.04 M.
The dash-dotted curve is the theoretical data with a best-fit parameter of
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compound indicate that this structural motif may offer a new
approach in molecular design to optimize chromophore structures
with promoted nonlinear absorptivities in particular spectral
regions based on the vast existing two- and three-photon-active
materials.
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