New quadrupolar fluorophores with high two-photon excited fluorescence
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New quadrupolar fluorophores that exhibit enhanced two-
photon excited fluorescence were designed according to a
molecular engineering approach based on push-push and
pull-pull elongated molecules built from a rigid conjugated
core (either dihydrophenanthrene or dithienothiophene).

Molecular two-photon absorption (TPA)! has found many
applications over recent years, including optical power limita-
tion,2 three-dimensional optical data storage,® microfabrica
tion,4 up-conversion,5 etc. Applicationsthat specifically require
excited state fluorescence include two-photon excited fluores-
cence (TPEF) microscopy,® which has gained widespread
popularity in the biology community owing to its ability to
image at an increased penetration depth in tissue with reduced
photodamage. Key ingredientsfor efficient molecular TPEF are
a large two-photon absorption cross section o, and a high
fluorescence quantum yield @. In most cases, TPEF microscopy
applications have relied on molecules originally designed for
one-photon fluorescence.” It has become increasingly clear,
however, that molecules specifically engineered for TPEF may
significantly outperform these more conventional molecules.8
To this end, we have designed, synthesised and characterised
new quadrupolar molecules which exhibit enhanced TPEF.

It has been recently observedsa that symmetrical phenylene—
vinylene oligomers bearing electron-releasing (or electron-
withdrawing) groups can display very large o,, seemingly
correlated to a symmetrical quadrupolar charge redistribution
occurring between the edges and the centre of the molecule.
Following some of these observations, our goal was to achieve
significant two-photon absorption while maintaining high
fluorescence quantum yields by the symmetrical grafting of two
semi-rigid conjugated rods bearing either donor or acceptor
terminal substituents onto a rigid conjugated central building
block. The central conjugated block is designed to alow
electronic conjugation and high fluorescence yield, and may
assist quadrupolar charge redistribution. The dihydrophenan-
threne (DHP) and dithienothiophene (DTT) systems, which
permit electronic delocalisation and possess decreased rota-
tional degree of freedoms (due to the fused rings in the case of
DTT and to the presence of the bis(methylene) bridgein the case
of DHP), appeared to be appropriate central moieties. Styrene
moieties were selected as conjugated rods.

Based on the above strategy, we have prepared molecules 1-4
that possess an extended conjugated system® (approximately
22-24 A long) and either donor (push-push molecules 1, 3) or
acceptor (pull-pull molecules 2, 4) terminal groups (Scheme 1).
Molecules derived from DHP can be prepared via a double
Wittig condensation from symmetrical bisfunctional reagents
derived from DHP. Wittig reaction under liquid-liquidi® or
solid-liquid phase transfer conditions!! of 2.1 equiv. of
phosphonium salt W112 with bisaldehyde A13 afforded push-
push molecule 1 in 60% yield after purification by column
chromatography on silicagel. Conversely, pull-pull molecule 2
was prepared in 90% yield by reaction of bisphosphonium W2
with 2 equiv. of commercially available aldehyde B , followed
by acidic deprotection. The key reagent W2 was obtained from
DHP according to a two step procedure in 50% overall yield.
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Scheme 1 Reagents and conditions: i, (CH,0)s, HBr, H3POy, 24 h, 90 °C;
i, NaHCO3, DMSO, 4 h, 115 °C; iii, W1 (2.1 equiv.), CH,Cl,, 50% NaOH,
5 h, room temp.; iv, P(Ph)s (2 equiv.), CHCl,, 24 h, room temp.; v, B (2
equiv.) CH.Cl,, 50% NaOH, 24 h, room temp.; vi, 10% HCI, THF, 1 h,
room temp.; vii, BuLi, THF, —78 °C; viii, DMF, —78 °C; ix, W1 (2.1
equiv.), KOBuW, CH,Cl,, 5 h, room temp.; x, W3 (2.2 equiv.), NaH, THF,
24 h, room temp.
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Table 1 One and two-photon absorption and fluorescence properties of fluorophores 1-4. The experimental uncertainty is estimated to be +15% for TPEF

measurements and +5% for fluorescence quantum yield determinations.

0,®P/10-0 cm# s 05/10—-50 cm# s

Amax(@bs)/nm Amax(€M)/NM [ A max(TPA)/nm  photon—1 photon—1
1 421 540 0.77 765 930 1200
2 397 513 0.83 <730 >260 a >320
3 465 582 0.63 795 340 530
4 424 510 0.44 <730 > 802 >180

a g,® values measured at 730 nm, the TPA maximum being blue-shifted in the case of fluorophores 2 and 4.

The same methodology was implemented for the synthesis of
molecules 3 and 4 derived from DTT which were prepared in
80-90% yield by reacting bisaldehyde C14 under solid-liquid
phase transfer conditions!! with 2.2 equiv. of either phosphon-
ium salt W1 or phosphonate W 3. Molecules 1-4 were isolated
as pure al-E compounds after crystallisation as established by
NMR, elemental analyses and/or high resolution mass spec-
trometry.

The two-photon excitation cross sections were determined by
comparing the TPEF of molecules 1-4 to that of fluorescein
using a mode-locked Ti : sapphire laser operating between 730
and 970 nm and delivering linearly-polarised ~80 fs pulses at
80 MHz. Thisexperimental protocol isdescribedin detail by Xu
and Webb? and provides the TPEF cross section c>®. The
corresponding o, values can then be derived by determining the
fluorescence quantum yield @ from fluorescence measure-
ments.

The experimental data are collected in Table 1. We conclude
from these data that fluorophores 1-4 indeed combine very large
two-photon absorption cross-sections and high fluorescence
guantum yields. In particular fluorophores 1 and 3 display o>
values more than two orders of magnitude larger than p-bis[o-
methylstyryl]benzene,” a shorter generic molecule that lacks
donor or acceptor end groups. Thisdemonstratestheimportance
of the donor (or acceptor) end groups and of the length and
electronic function of the central moiety, both of which govern
quadrupolar charge redistribution. We note that fluorophores 1
and 3 exhibit very large TPEF cross sections over a wide
spectral range (Fig. 1) spanning the visible red to the near IR
(700970 nm). This spectral window is particularly advanta-
geous for imaging in biological tissues.'> Both fluorophores 1
and 3 have a TPEF cross section about an order of magnitude
larger than conventional fluorophores such as fluorescein or
rhodamine. Push-push fluorophores 1 and 3 appear to lead to
larger TPA cross-sections than corresponding pull-pull deriva
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Fig. 1 TPEF excitation spectra of fluorophores (a) 1 and (b) 3 dissolvedin
DMSO (104 M).
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tives 2 and 4, concomitant with a red-shift of both one-photon
absorption and TPA maxima. Fluorophores 2 and 4 which
maintain large TPA cross-sections and display excellent
transparency in awide range of the visible region are promising
candidates for optical power limitation applications.

In summary, we have demonstrated a successful strategy for
the design of fluorophoresthat combines very large two-photon
absorption cross sections and high fluorescence quantum yields.
This opens interesting prospects for severa applications,
particularly in the fields of two-photon microscopy and optical
power limitation.
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