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A series of new one, two and three-branched two-photon absorption triazine dyes containing triphe-
nylamine with a w-bond and a g-electron pair as a bridge, and different electron-donating groups, have
been synthesized and their photophysical properties have been systematically investigated. These dyes
showed obvious solvatochromic effects, i.e., significant bathochromic shifting of the emission spectra and
larger Stokes shifts were observed in more polar solvents mainly due to intramolecular charge-transfer
(ICT). The two-photon absorption (2PA) cross section values were determined by two-photon excited
fluorescence (TPEF) measurements in DMF. This result further proved that a g-electron pair as a bridge is
an efficient way to transfer charge as well as a 7 bridge to provide a large 2PA cross section, and that their
2PA cross section values (¢) increase with increasing electron-donating strength of the end group and
branch number. In addition, two-photon fluorescence cell imaging of dye 7a in HeLa and MCF-7 cancer
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1. Introduction

The development of materials displaying large two-photon
absorption (2PA) [1,2] has attracted great interest in past decades
due to a variety of potential applications in photonics and opto-
electronics, such as three-dimensional optical data storage, fluo-
rescence imaging, optical limiting, up-converted lasing and
microfabrication [3]. The big advantage of these materials is that
excitation in the lower-energy near-IR region can lead to inherent
higher-energy photophysical properties of the chromophores. It is
important to prevent damage to the materials as a result of higher-
energy photons. Besides, the quadratic dependence of two-photon
absorption on excitation intensity causes photochemistry to occur
in a small focal region, allowing for more control in micro-
fabrication and imaging applications [4]. In the early 1990s, two-
photon fluorescence (2PF) imaging was pioneered by Webb et al.
[5]. Since then it has become the technique of choice for noninva-
sive biological imaging in thick tissue and living animals, due to the
above merits it provides.
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However, most of the currently used one-photon excited bio-
logical fluorophores show low 2PA cross sections (¢) and are thus
limited their use in 2PF imaging. Therefore, there is a pressing need
to synthesize materials with large 2PA cross sections for in vivo
imaging. Some design strategies for the construction of molecules
with large two-photon absorption cross sections (6) have been
studied from both experimental [6,7,14] and theoretical [8,9]
perspectives. The accumulated knowledge and experience from
many research groups to understand the connections between
molecular structure and 2PA properties by testing and modeling
various dye systems since the mid-1990s have revealed that
molecular 2PA is related to a combination of several structural
parameters, such as intramolecular charge-transfer (ICT) efficiency
and/or the effective size of the m-conjugation domain within
a molecule, i.e., the conjugation length and strength of the donor
and acceptor [10,11]. Besides, designing a multi-branched backbone
molecular structure is one of the effective strategies [11,12] to
obtain a large 2PA cross section, as the branched architecture not
only provides a way to incorporate several 2PA-enhancing param-
eters into a single system, but also allows material chemists to
optimize a dye molecule by combining various desired character-
istics together for specific purposes. Cho et al [13—16] reported that
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the m-conjugated core played a major role in the branched octu-
polar molecules’ 2PA properties, and the three-arm octupolar
structure showed significant improvement of the 2PA response in
comparison with singly or doubly branched counterparts [17,18].

On the other hand, the fluorescence quantum yields of
a majority of 2PA materials are found to decrease at high concen-
tration due to the aggregation of molecules, which generally leads
to fluorescence quenching in the solid state. Consequently a special
molecular design for a 2PA material is required not only to ensure
a large two-photon activity, but more importantly, to overcome
fluorescence quenching at high concentration. Very recently, Tian
et al. [19] reported two new AIE (aggregation-induced emission)-
active multi-branched molecules with a 1, 3, 5-triazine core,
which exhibit aggregation-induced emission and a large two-
photon absorption cross section (8629 GM). Hua et al. [20] repor-
ted a series of new multi-branched triazine chromophores con-
taining triphenylamine derivatives and demonstrated that multi-
branched triazine chromophores are a highly suitable class of
two-photon absorbing materials. To date, most of studies about the
two-photon materials have been focused on employing C=C bonds
as the linkage to combine a 1, 3, 5-triazine core with an electron-
donating end group while very little attention has been paid to
the alteration of the acceptor—donor linkage. Recently, spectral,
and photophysical characteristics of some N-triazinyl derivatives
has been reported [21], but 2PA and applications of such materials
are studied rarely. Wang et al. [22] reported a new 2PA-active
compound employing a nitrogen atom as the linkage to combine
a 1, 3, 5-triazine core with substituents. This new strategy can not
only increase the solubility in common organic solutions, but can
also offer the advantages of increasing internal rotation of the
chromophores in the monomer form without causing aggregation
in media, and electron delocalization is favoured. Based on that, we
were motivated to design a series of dyes containing a 1, 3, 5-
triazine unit and investigate their structure—property relation-
ships as 2PA materials.

On the basis of these interesting findings, we intend to connect
two electron-donating groups diphenyl and diethoxyphenyl to one
nitrogen of 1, 2-bis(4-aminophenyl)ethylene, which is connected
to the electron-withdrawing 1, 3, 5-triazine core through a o-
electron pair on the N atom, to build up new octupolar 2PA dyes.
This idea is also based on the following considerations: (1) 1, 3, 5-
triazine-based compounds show good optical and electrical prop-
erties due to high electron affinity and symmetrical structure [23].
In particular, octupolar molecules consisting of a strong triazine
electron-accepting center and an electron-donating end group
linked through a m-conjugated bridge have proved to be excellent
2PA materials, because of high coplanarity of the conjugated
system, strong intramolecular charge-transfer (ICT), and additional
cooperative enhancement between the branches [24]. (2) Triphe-
nylamine has been widely used in opto- and electroactive mate-
rials, due to their good electron-donating and transporting
capabilities, as well as their special propeller starburst molecular
structure [25]. (3) A g-electron pair as a bridge can be used to not
only extend the molecular conjugated system and promote solu-
bility, but also to avoid the aggregation-induced fluorescence
quenching of the strong w—m stacking interaction in these large flat
T-systems.

Here we have strategically designed and presented a similar one-
step method to prepare of a series of new pull-push type octupolar
triazine dyes (7a—7b) and their one-and two-branched dyes
(5a—5b, 6a—6b) by changing the ratio of RNH; and 2, 4, 6-trichloro-
1, 3, 5-triazine, upon incorporating different electron-donating
groups with 1, 3, 5-triazine. Linear photophysical characterization
and investigation of 2PA properties are presented as a basis for
potential applications in two-photon fluorescence imaging.

2. Experimental section
2.1. Materials and physical measurements

IR spectra were recorded with a Nicolet FT-IR NEXUS 870
spectrometer (KBr discs) in the 4000—400 cm™! region. 'H and 3C
NMR spectra were recorded on a 400 or 500 MHz NMR instrument
using CDCl3 or (CD3),CO as solvent. Chemical shifts were reported
in parts per million (ppm) relative to internal TMS (0 ppm) and
coupling constants in Hz. Splitting patterns were described as
singlet (s), doublet (d), triplet (t), quartet (q), or multiplet (m). Mass
spectra were obtained on a Micromass GCI-MS Spectrometer.
MALDI-TOF mass spectra were recorded on a time-of-flight (TOF)
mass spectrometer using a 337 nm nitrogen laser with alpha-
cyano-4-hydroxycinnamic acid as matrix.

2.2. Optical measurements

The one-photon absorption (OPA) spectra were recorded on a UV-
265 spectrophotometer. The one-photon excited fluorescence (OPEF)
spectra measurements were performed using a Hitachi F-7000 fluo-
rescence spectrophotometer. OPA and OPEF of dyes 5a—7a, 5b—7b
were measured in five organic solvents of different polarities with
the concentration of 1.0 x 10~ mol L. The quartz cuvettes used are
of 1 cm path length. The fluorescence quantum yields (¢) were
determined by using coumarin 307 as the reference according to the
literature method [26]. Quantum yields were corrected as follows:
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where the s and r indices designate the sample and reference
samples, respectively, A is the absorbance at Aexc, 7 is the average
refractive index of the appropriate solution, and D is the integrated
area under the corrected emission spectrum [27].

Two-photon absorption (2PA) cross sections () of the samples
were obtained by two-photon excited fluorescence (TPEF) method
[28] at femtosecond laser pulse and Ti: sapphire system
(680—1080 nm, 80 MHz, 140 fs) as the light source. The sample was
dissolved in different solvents at a concentration of 1.0 x 1073
mol L™, The intensities of TPEF spectra of the reference and the
sample were determined at their excitation wavelength. Thus, 2PA
cross section (0) of samples was determined by Eq.:
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Where the ref subscripts stand for the reference molecule (here
coumarin 307 in ethanol solution at concentration of 1.0 x 1073
mol L~! was used as reference). § is the 2PA cross-sectional value, ¢ is
the concentration of the solution, n is the refractive index of the
solution, F is the TPEF integral intensities of the solution emitted at
the exciting wavelength, and @ is the fluorescence quantum yield.
The 6rer value of reference was taken from the literature [29].

2.3. Materials and synthesis

Triphenylamine, 4-iodophenol, and cyanuric chloride were
available commercially, and the solvents were purified as conven-
tional methods before use. These compounds were characterized
by 'H NMR, 3C NMR, FI-IR, and MS spectrometry.

2.3.1. Preparation of 3a
0.6 g (5.4 mmol) t-BuOK was placed into a dry mortar and well
milled into powder, then 1.0 g (2.2 mmol) 1 and 0.5 g (1.8 mmol) 2a
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were added and mixed. The mixture was milled vigorously and
monitored by TLC. The mixture became sticky and was continu-
ously milled for another 10 min. After completion of the reaction,
the mixture was dissolved in 100 mL CH,Cl,. The mixture was
filtered and concentrated. The product was recrystallized from
anhydrous ethanol, to give 0.33 g red arborescent solid. Yield:
47.0%. "H NMR: (400 Hz, (CD3),C0), § (ppm): 8.23 (d, ] = 8.0 Hz, 2H),
7.85 (d, ] = 8.4 Hz, 2H), 7.60 (d, J = 8.0 Hz, 2H), 7.51 (d, ] = 16.4 Hz,
1H), 7.35 (d, ] = 7.8 Hz, 4H), 7.38 (d, ] = 16.4, 1H), 7.13 (d, ] = 7.2 Hz,
6H), 703 (d, J] = 8.0 Hz, 2H). 13C NMR (125 MHz, CDCl3):
0 (ppm) = 148.7, 147.8, 147.4, 146.5, 145.0, 144.5, 133.5, 133.0, 130.0,
129.7, 129.5, 1294, 128.2, 126.7, 126.5, 125.1, 124.8, 124.3, 123.8,
123.6, 122.8, 122.3. IR (KBr, cm™1): 3055, 1680, 1588,1511, 1484,
1439, 1334, 1311, 995, 860, 753, 696. HRMS (GCT-MS) Calcd for
Ca6H20N20,, 392.15; Found, 392.1487.

2.3.2. Preparation of 3b

Black oil 3b was obtained using 2b instead of 2a, with only one
silica gel column chromatography step with petroleum b.p.
60—90 °C/ethyl acetate (20:1 by volume). Yield: 51.0%. 'H NMR:
(400 Hz, (CD3),S0), 6 (ppm): 819 (d, ] = 8.8 Hz, 2H), 7.78 (d,
J=8.8Hz, 2H), 7.47 (d, ] = 8.4 Hz, 2H), 7.04 (t, 5H), 6.91 (t, 5H), 6.74
(d,J = 8.80 Hz, 2H), 4.00 (q,J = 7.1 Hz, 4H), 1.32 (t,] = 6.9 Hz, 6H). 3C
NMR (100 MHz, CDCl3): 6 (ppm) = 155.7, 149.5, 146.2, 144.6, 140.1,
133.2,127.9,127.8,127.1,126.3,124.2,123.1,119.5,115.4, 63.7,14.9. IR
(KBr, cm’l): 2978, 2924, 1580, 1504, 1476, 1391, 1334, 1239, 954,
834. HRMS (GCT-MS) Calcd for CszoHpsN204, 480.20; Found,
480.2026.

2.3.3. Preparation of 4a

A solution of 3.0 g (10 mmol) of 3a dissolved in 150 mL ethanol
was added into a round-bottom flask equipped with a magnetic
stirrer and heated at 80 °C. Then 0.3 g of Pd/C catalyst was added
into the preceding reaction system and a solution of 4.9 mL of 85%
hydrazine hydrate was added dropwise for about 0.5 h. The reac-
tion was monitored by TLC. After the completion of the reaction, the
reaction mixture was filtered immediately and the solution was
cooled to room temperature to give a cream solid. 2.56 g of 4b was
obtained after filtration and drying in vacuo.Yield: 75.0%. 'H NMR:
(400 Hz, (CD3);C0), 6 (ppm): 7.45 (d, ] = 8.8 Hz, 2H), 7.30 (m, 6H),
7.05 (m, 10H), 6.93 (d,J = 16.4 Hz, 1H), 6.68 (d, ] = 8.4 Hz, 2H), 4.78
(s, 2H). 3C NMR (100 MHz, CDCl3): 6 (ppm) = 147.54, 147.50, 147.3,
134.2, 131.3, 129.3, 127.6, 127.5, 127.3, 126.0, 124.5, 123.5, 123.0,
120.1. IR (KBr, cm™1): 3449, 3371, 3023, 1616, 1586, 1515, 1489, 1330,
965, 834, 750, 697. HRMS (GCT-MS) Calcd for CygH22N2, 362.18;
Found, 362.1777.

2.3.4. Preparation of 4b

A solution of 1.09 g (2.27 mmol) of 3b dissolved in 25 mL of
ethanol was added into a round-bottom flask equipped with
a magnetic stirrer and heated at 80 °C. Then 0.12 g of Pd/C catalyst
was added into the preceding reaction system and a solution of
1.1 mL of 85% hydrazine hydrate dissolved in 25 mL ethanol was
added dropwise for 0.5 h. The reaction was monitored by TLC. After
the completion of the reaction, the solvent was removed under
reduced pressure. The mixture was washed with water and
extracted with ethyl acetate. The organic phase was dried over
MgSO0y, filtered and concentrated to provide light red oil. Purifica-
tion was carried out by silica gel column chromatography using
petroleum (b.p. 60—90 °C)/ethyl acetate (10:1 by volume) to afford
0.61 g of yellow powder. Yield: 60.0%. '"H NMR(cis-): (400 Hz,
(CD3)2S0), 6 (ppm): 7.10 (d, ] = 8.4, 2H), 6.98 (t,] = 7.0 Hz, 6H), 6.88
(d,J = 8.8 Hz, 4H), 6.63 (d, ] = 8.4 Hz, 2H), 6.44 (d, ] = 8.0 Hz, 2H),
6.28 (d, ] = 12.4 Hz, 1H), 6.19 (d, J = 12.4, 1H), 5.18 (s, 1H), 3.99 (q,
J = 6.9 Hz, 4H), 6 (ppm): 1.31 (t, J = 7.0 Hz, 6H); 'H NMR(trans-):

(400 Hz, (CD3),S0), & (ppm): 7.31 (d, J = 8.0 Hz, 2H), 7.22 (d,
J = 8.0 Hz, 2H), 6.98 (d, ] = 8.8 Hz, 4H), 6.86 (t, 5H), 6.78 (d,
J=16.8 Hz, 1H), 6.74 (d, ] = 8.0 Hz, 2H), 6.55 (d, ] = 8.4 Hz, 2H), 5.24
(s, 2H), 3.99 (q, ] = 6.9 Hz, 4H), 1.32 (t, | = 6.8 Hz, 6H). 13C NMR
(125 MHz, CDCl3): 6 (ppm) = 155.3, 148.0, 143.3, 140.9, 140.8, 130.2,
1275, 127.2, 127.0, 126.6, 126.0, 125.8, 125.5, 120.9, 120.7, 120.5,
116.7,115.4, 63.8,15.1. IR (KBr, cm™!): 3452, 3374, 3028, 2979, 2925,
1607, 1503, 1476, 1392, 1283, 1238, 1046, 962, 827. HRMS (GCT-MS)
Calcd for C3gH3pN20,, 450.23; Found, 450.2336.

2.3.5. Preparation of 5a

A suspension of 1.0 g (5.5 mmol) of cyanuric chloride, 4.8 mL of
N, N-Diisopropylethylamine (DIPEA) dissolved in 20 mL of dry THF
was added into a round-bottom flask equipped with a magnetic
stirrer in an ice-salt bath, and a solution of 2 g (5.5 mmol) of 4a
dissolved in 10 mL dry THF was added dropwise with stirring for
1 h. The reaction was monitored by TLC. After the completion of the
reaction, the solvent was removed under reduced pressure and the
residue was purified by column chromatography with petroleum
(b.p. 60-90 °C)/ethyl acetate (20:1 by volume) to give 1.2 g of yellow
solid. Yield: 43.0%. '"H NMR: (400 Hz, (CD3),CO), é (ppm): 9.89 (s,
1H),7.68 (d,J = 8.4 Hz, 2H), 7.38 (d,] = 8.4 Hz, 2H), 7.31 (t,] = 7.8 Hz,
4H), 7.22 (d, ] = 8.8 Hz, 2H), 7.07 (q, ] = 6.3 Hz, 6H), 691 (d,
J =8.8Hz, 2H), 6.61 (d,] = 12.0 Hz, 1H), 6.57 (d, ] = 12.0 Hz, 1H). 13C
NMR (125 MHz, CO(CDs3),): 6 (ppm) = 169.6, 164.3, 147.6, 147.4,
136.1, 134.8, 131.7, 129.4, 127.9, 127.5, 126.8, 126.2, 124.4, 123.3,
123.2, 121.6. IR (KBr, cm™!): 3285, 3028, 2924, 1591, 1555, 1510,
1492, 1388, 1280, 1228, 1168, 1021, 961, 836, 753, 696. HRMS (GCT-
MS) Calcd for Co9H21Cl3N5, 509.12; Found, 509.1193.

2.3.6. Preparation of 5b

A suspension of 1.0 g (5.4 mmol) of cyanuric chloride, 4.7 mL of
DIPEA dissolved in 10 mL of dry THF was added into a round-
bottom flask equipped with a magnetic stirrer in an ice-salt bath,
and a solution of 2.42 g (5.4 mmol) of 4b dissolved in 10 mL dry THF
was added dropwise for 1 h. The reaction was monitored by TLC.
After the completion of the reaction, the solvent was removed
under reduced pressure and the residue was purified by column
chromatography with petroleum (b.p. 60—90 °C)/ethyl acetate
(20:1 by volume) to give 1.03 g of yellowish-brown solid. Yield:
32.0%. TH NMR: (400 Hz, (CD3),C0), 6 (ppm): 9.90 (s, 1H), 7.73 (d,
J=8.4Hz,2H),761(d,] =8.4Hz, 2H), 741 (d,] = 8.4 Hz,2H), 7.17 (d,
J = 16.4 Hz, 1H), 7.06 (m, 5H), 6.90 (d, ] = 8.8 Hz, 4H), 6.84 (d,
J = 8.4 Hz, 2H), 4.04 (q, ] = 6.8 Hz, 4H), 1.37 (t, ] = 6.8 Hz, 6H). 13C
NMR (100 MHz, CDCl3): ¢ (ppm) = 170.5, 165.2, 156.7, 149.5, 141.3,
136.7, 136.0, 130.3, 129.2, 128.2, 127.7, 127.5, 125.8, 122.5, 120.6,
116.2, 64.2,15.2. IR (KBr, cm™1): 3382, 2977, 2926, 1599, 1545, 1503,
1477, 1390, 1319, 1288, 1046, 1017, 961, 829, 795. HRMS (GCT-MS)
Calcd for C33H29Cl5N505, 597.17; Found, 597.1743.

2.3.7. Preparation of 6a

A suspension of 0.12 g (0.65 mmol) of cyanuric chloride, 1.2 mL
of DIPEA, 0.25 g (0.65 mmol) of 4a and 10 mL of dry THF was added
into a round-bottom flask equipped with a magnetic stirrer .The
mixture was stirred at room temperature for 4 h and refluxed at
70 °C for 8 h. Another molar amount of 4a (0.25 g, 0.65 mmol) was
added into the preceding reaction system. The reaction was
refluxed and monitored by TLC. After the completion of the reac-
tion, appropriate amount of CH,Cl, was added and the solution was
washed with water. The organic phase was dried with anhydrous
MgSO4, filtered, concentrated and recrystallized with ethanol to
give 017 g of yellow solid. Yield: 52.7%. 'H NMR: (400 Hz,
(CD3)2S0), 6 (ppm): 9.93 (s, 1H), 7.64 (d, ] = 8.0 Hz, 2H), 7.52 (d,
J=8.0Hz, 2H), 7.32 (t,] = 7.4 Hz, 4H), 7.22 (d, ] = 16.4 Hz, 1H), 7.15
(d,J = 16.4 Hz,1H), 7.08 (t,J = 8.8 Hz, 6H), 7.01 (d, ] = 8.0 Hz, 2H). 3C
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NMR (125 MHz, CDCl3): ¢ (ppm) = 168.4, 164.1, 148.3, 136.6, 135.2,
132.1, 130.1, 128.7, 128.1, 127.5, 126.8, 125.2, 124.2, 123.8, 122.2. IR
(KB, cm! ): 3385, 3025,1591,1570, 1493, 1414, 1278,1075, 961, 831,
753, 695. MALDI-TOF Calcd for Cs5H4,CIN7, 835.32; Found, 836.1.

2.3.8. Preparation of 6b

A suspension of 0.61 g (3.33 mmol) of cyanuric chloride, 2.9 mL
of N,N-Diisopropylethylamine, 1.5 g (3.33 mmol) of 4b and 25 mL of
dry THF was added into a round-bottom flask equipped with
a magnetic stirrer.The mixture was stirred at room temperature for
4 h. Another molar amount of 4b (1.5 g, 3.33 mmol) was added into
the preceding reaction system. Then the reaction mixture was
refluxed at 70 °C for 8 h and monitored by TLC. After the completion
of the reaction, appropriate amount of ethanol was added with
stirring and the solution was filtered to give a yellow solid. The
residue was purified by column chromatography with petroleum
(b.p. 60—90 °C)/ethyl acetate (6:1 by volume) to give 1.7 g of yellow
solid. Yield: 51.4%. '"H NMR: (400 Hz, (CD3),S0), é (ppm): 10.33 (s,
1H), 7.62 (d,] = 8.4 Hz, 2H), 7.51 (d,] = 8.0 Hz, 2H), 7.37 (d,] = 7.2 Hz,
2H), 713 (d, ] = 16.4 Hz, 1H), 7.00 (m, 5H), 6.89 (d, ] = 8.4 Hz, 4H),
6.74(d,] = 7.6 Hz, 2H), 3.99 (q,] = 6.7 Hz, 4H), 1.32 (t,] = 7.0 Hz, 6H).
13C NMR (125 MHz, CDCl3): 6 (ppm) = 169.1, 164.9, 156.2, 148.9,
140.9, 138.4, 134.2, 130.6, 130.2, 129.7, 128.4, 127.8, 127.5, 127.0,
126.3, 122.5, 120.4, 116.5, 64.3, 15.9. IR (KBr, cm~'): 3383, 3028,
2976, 2925, 1599, 1559, 1503, 1413, 1391, 1237, 1045, 827, 723.
MALDI-TOF Calcd for Cg3H58CIN7Og4, 1011.42; Found, 1011.7.

2.3.9. Preparation of 7a

A suspension of 0.35 g (1.9 mmol) of cyanuric chloride, 2.08 g
(5.7 mmol) of intermediate 4a, 1.6 mL of DIPEA and 10 mL of THF
under nitrogen was added into a three-necked flask equipped with
amagnetic stirrer, a reflux condenser, and a nitrogen input tube. The
mixture was heated to 70 °C and 1.0 g (9.5 mmol) of Na;CO3 and
5 mL of DMF were added. The reaction was heated to 140 °C after
30 min and then 0.06 g (5 mol %) Pd(PPh3)4 was added into the flask.
The reaction mixture was refluxed under nitrogen about 30 h and
monitored by TLC. Then appropriate amount of CH,Cl, was added
and the solution was washed with water. The organic phase was
dried with anhydrous MgSQy, filtered and concentrated. The yellow
product was purified by column chromatography with petroleum
b.p. 60—90 °C/ethyl acetate (8:1 by volume) as eluent to yield 0.89 g
of yellow solid. Yield:41.2%. 'TH NMR: (400 Hz, (CD3),S0), 6 (ppm):
9.40 (s, 1H), 7.83 (s, 4H), 7.51 (t,] = 7.8 Hz, 8H), 7.32 (t,] = 8.2 Hz, 8H),
7.7 (m, 16H), 6.96 (d, ] = 8.4 Hz, 4H). 13C NMR (125 MHz, CDCl5):
0 (ppm) = 163.5, 148.2, 147.6, 132.8, 130.8, 128.6, 128.4, 128.1, 127.7,
1271, 126.6, 125.2, 125.0, 124.3, 121.9, 120.8. IR (KBr, cm™~'): 3393,
3025, 1685, 1590, 1513, 1489, 1414, 1279, 1075, 961, 833, 753, 696.
MALDI-TOF Calcd for Cg1Hg3Ng, 1161.52; Found, 1162.3.

2.3.10. Preparation of 7b

A suspension of 0.12 g (0.66 mmol) of cyanuric chloride, 1.2 mL
of DIPEA, 0.89 g (1.98 mmol) of 4b and 10 mL of THF under nitrogen
was added into a three-necked flask equipped with a magnetic
stirrer, a reflux condenser, and a nitrogen input tube. The mixture
was heated to 70 °C and 0.7 g (9.5 mmol) of NapCO3 and 10 mL of
DMF were added. The reaction was heated to 140 °C after 30 min
and then a catalytic amount of Pd(PPhs)4 was added into the flask.
The reaction mixture was refluxed under nitrogen about 30 h and
monitored by TLC. Appropriate amount of ethyl acetate was added
and the solution was washed with water. The organic phase was
dried with anhydrous MgSQy, filtered and concentrated. The crude
product was purified by column chromatography with petroleum
(b.p. 60—90 °C)/ethyl acetate (10:1 by volume) as eluent to yield
0.21 g of yellow solid. Yield: 22.7%. "TH NMR: (400 Hz, (CD3),S0),
0 (ppm): 9.30 (s, 2H), 7.75 (d,] = 5.2 Hz, 4H), 7.44 (d, ] = 8.0 Hz, 4H),

7.34 (d, ] = 8.0 Hz, 4H), 6.95 (d, ] = 8.4 Hz, 12H), 6.85 (d, | = 8.4 Hz,
8H), 6.71 (d, J = 8.0 Hz, 4H), 3.95 (q, ] = 6.7 Hz, 8H), 1.28 (t,
J = 6.8 Hz, 12H). 3C NMR (125 MHz, CDCl5): 6 (ppm) = 165.1,156.2,
148.8, 141.0, 140.2, 132.5, 130.5, 128.3, 127.8, 127.4, 126.7, 121.5,
120.5,116.5, 64.3,15.9. IR (KBr, cm™~!): 3397, 3026, 2977, 2925,1599,
1569, 1504, 1413, 1317, 1238, 1046, 961, 828. MALDI-TOF Calcd for
C93H37N906, 1425.68; Found, 1426.17.

2.3.11. Cell culture and incubation

MCF-7 (human breast cancer cell line) cells were seed and
plated on a T75 Flask and cultured in RPMI-1640 Media
(Sigma—Aldrich) supplemented with 10% fetal bovine serum
(Sigma), 1% L-glutamine, 1% penicillin, and 1% streptomycin, at 37 °C
in a humid atmosphere with 5% CO, and 95% air for 2 h incubation,
and then MCF-7 cells were seeded in BD Falcon™ Clear 96-well
Microtest™ Plate at a density of 1 x 10% cells per well and incu-
bated at the same conditions as indicated above until 80—90%
confluency was reached. Stock solutions of dye 7a dissolved in
DMSO were prepared at concentrations of 1 uM in PBS. For live cell
imaging, cell cultures were incubated with complex dye 7a solution
at and maintained at 37 °C in an atmosphere of 5% CO, and 95% air
for 2 h incubation. The cells were washed with PBS buffer
(2 x 200 ul per well). Costaining was performed using 2 uM SYTO9®
(Aex = 488, lem = 500—530 nm) and 10 uM PI (dex = 543,
Aem = 560—580 nm) for 10 min in PBS then cells were washed with
PBS buffer (2 x 200 ul per well) and 200 ul of PBS was added to each
well, and the cells were taken to a two-photon microscope for
imaging without fixation.

2.3.12. Two-photon fluorescence imaging

The cells were imaged in a tissue culture chamber (5% CO-,
37 °C) and through a Zeiss 510 LSM (upright configuration) confocal
microscope with a femtosecond-pulsed Ti:Sapphire laser. The
excitation beam produced by the fs laser, was tunable from 720 to
900 nm, (4ex = 720 nm, ~1 mW), which was passed through an
LSM 510 microscope with HFT 650 dichroic and focused onto the
cover-slip adherent cells using a 40x water immersion objective.

2.3.13. Cytotoxicity tests [MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
tetrazolium bromide) assays]

To ascertain the cytotoxic effect of dyes 6a—7a, 6b—7b treatment
over a 24 h period, the MTT assay was performed. MCF-7 cells were
passed and plated to 80 %—90% confluence in 24-well plates 24 h
before treatment. Prior to dyes 6a—7a, 6b—7b treatment, the RPMI
was removed and replaced with fresh media, and then aliquots of
dyes 6a—7a, 6b—7b stock solutions (500 uM in DMSO) were added
to obtain final concentrations of 1, 5 and 10 uM. The treated cells
were incubated for 24 h at 37 °C and under 5% CO,. Subsequently,
the cells were treated with 5 mg/mL MTT (1 mL/well) and incubated
for an additional 1 h (37 °C, 5% CO,). Then DMEM was removed, the
cells were dissolved in DMSO (400 mL/well), and the excitation
wavelengths were recorded. The cell viability (%) was calculated
according to the following equation: Cell viability % ODs70(sample)/
ODs70(control) x 100, where ODs7qisample) represents the optical
density of the wells treated with various concentration of dyes
6a—7a, 6b—7b and ODs7g(control) represents that of the wells treated
with DMEM + 10% FCS. Three independent trials were conducted,
and the average and standard deviations are reported. The reported
percent cell survival values are relative to untreated control cells.

3. Results and discussion
The targeted dyes (5a—5b, 6a—6b and 7a—7b) were synthesized

according to Scheme 1. On the one hand, the ethyoxyl chains on the
triphenylamine moieties in these model chromophores were
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Scheme 1. Synthetic routes to target dyes 5a—5b, 6a—6b and 7a—7b.
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Table 1
The linear and Two-photon absorption properties of dyes 5a—5b, 6a—6b and 7a—7b.

Solvents Amax £max’ Emax/MWE Amax Ave 9f Amax® o o/MW!
5a Benzene 382 4.15 429 2868 0.071

THF 379 4.55 437 3502 0.132

Ethanol 377 4.51 437 3642 0.092

Acetonitrile 374 432 453 4663 0.056

DMF 376 4.44 (1.0) 0.0087 (1.0) 448 4274 0.558 (5.3) 490 34 0.0668 (1.0)
6a Benzene 379 9.77 428 3021 0.310

THF 376 10.64 438 3765 0.294

Ethanol 373 10.63 442 4185 0.078

Acetonitrile 372 9.41 453 4807 0.114

DMF 378 10.96(2.5) 0.0131 (1.5) 448 4134 0.134 (1.3) 484 143 0.1713 (2.6)
7a Benzene 378 10.04 429 3145 0.171

THF 376 11.59 439 3817 0.221

Ethanol 373 7.67 443 4236 0.090

Acetonitrile 372 5.56 453 4807 0.148

DMF 377 11.80 (2.7) 0.0102 (1.2) 450 4303 0.106(1.0) 490 186 0.1601 (2.4)
5b Benzene 394 3.99 466 3921 0.109

THF 389 445 479 4830 0.163

Ethanol 386 414 491 5540 0.066

Acetonitrile 384 3.87 513 6548 0.027

DMF 384 4.17(1.0) 0.0070 (1.0) 503 6161 0.233 (2.6) 530 103 0.1725 (1.0)
6b Benzene 388 8.08 464 4221 0.270

THF 386 8.97 482 5160 0.226

Ethanol 382 7.70 497 6057 0.104

Acetonitrile 383 4.54 514 6654 0.020

DMF 386 8.24(2.0) 0.0081 (1.2) 505 6105 0.127 (1.4) 530 286 0.2828 (1.6)
7b Benzene 390 12.32 459 3855 0.178

THF 388 13.36 471 4542 0.152

Ethanol 383 12.77 491 5743 0.100

Acetonitrile 382 12.84 508 6493 0.067

DMF 389 13.60 (3.3) 0.0095 (1.4) 500 5707 0.091(1.0) 523 1018 0.7140 (4.2)

a
b

Absorption peak position in nm (1 x 107> mol L™').

Maximum molar absorbance in 10* mol~' L cm™".

C
a
€ Stokes shift in cm~".

The reduced emax, i.e. the value of enax divided by the molecular weight, the numbers in parentheses are relative values by assigning that of 5a and 5b as 1.
Peak position of SPEF in nm (1.0 x 107> mol L™1), excited at the absorption maximum.

f Quantun yields determined by using coumarin 307 (1.0 x 10~ mol L") as the standard.
& TPEF peak position in nm pumped by femtosecond laser pulses at 800 mw at their maximum excitation wavelength.

" 2PA cross section in GM.

I Reduced cross section, i.e., 2PA cross section divided by molecular weight. The numbers in parentheses are relative values.

expected to enhance their solubility in common organic solvents,
which is another important parameter to be considered in the
molecular design of dyes for use in experimental studies and in
potential. On the other hand, generally, T—m aggregation in the
solid state could quench the emission of organic luminophores due
to the formation of detrimental excimers, i.e., the degree of fluo-
rescence quenching would increase with the stronger w— stacking
of the luminophores molecules. To avoid fluorescence quenching,
we adopt conjugated systems of a fused ¢ and w-electron moieties
as bridges to replace the mw-conjugated bridge.

3.1. Synthesis

Synthetic routes of these series of dyes 5a—5b, 6a—6b and 7a—7b
and their intermediates are depicted in Scheme 1. The intermediate
1, aldehyde 2a and 2b were synthesized efficiently according to the
literature [30,31]. The yield of 2a was 92%, while it is 40% for 2b.
Similarly, 3a and 3b were produced by the Wittig reaction between
the Wittig reagent and the corresponding aldehyde in the solid
phase with t-BuOK as base. 4a and 4b were prepared by the
hydrazine hydrate reduction method in the presence of Pd/C catalyst
in ethanol medium. The targeted dyes (5a—5b, 6a—6b and 7a—7b)
were obtained by the palladium-catalyzed C—N coupling strategy.

3.2. One-photon absorption and emission properties

The photophysical data of dyes 5a—5b, 6a—6b and 7a—7b are
listed in Table 1. The one-photon absorption (OPA) and one-photon

excited fluorescence (OPEF) were measured in five solvents of
different polarities at a concentration ¢ = 1 x 10~ mol L. To
further investigate the spectra relationship of the compounds, the
one-photon absorption and the one-photon excited fluorescence
data of dyes 5a—5b, 6a—6b and 7a—7b are restricted to DMF.
Representative spectra of dye 7b are shown in Fig. 1, while the
others are included in the Supporting Information (Fig. S1).

3.2.1. The linear optical properties of dyes 5a—5b, 6a—6b, 7a—7b in
various solvents

As shown in Fig. 1 and Fig. S1, dyes 5a—5b, 6a—6b and 7a—7b
exhibit two major absorption bands: the peak at about 305 nm is
attributed to the absorption of the triphenylamine moiety and
remains almost unchanged for all the one-, two-, and three-
branched dyes, while the other peak at about 372—394 nm,
indicating considerable charge-transfer = character. Upon
increasing the solvent polarity, an obvious blue shift in absorption
of dyes 5a—5b, 6a—6b and 7a—7b was observed while the OPEF
peak position Amax showed an increasing tendency for the six
dyes as the solvent polarity increased following the order:
benzene < THF < ethanol < acetonitrile, except in DMF. There may
be great changes in the molecular geometry of the excited states
before fluorescence emission. The fluorescence deviation in solu-
tion can be attributed to the interaction of the solute with the local
molecular environment including solvent molecules and other
surrounding solute molecules. The Stokes shift also showed
monotonically increasing tendency with the increase of solvent
polarity except in DMF. One can see that the quantum yields (@) of
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Fig. 1. Linear absorption and fluorescence of dye 7b in five organic solvents of different polarities with a concentration of 1 x 107> mol L™,

dyes 6b—7b decreased consistently and significantly as the polarity
of solvent increases except in DMF, and were especially highly
quenched in acetonitrile (Fig. 1 and Fig. S1). These can be explained
by the stronger solute/solvent interaction at the excited state
comparing with that at the ground state, which indicates that the
increasing polarity of the excited state increases. The energy level
can be lowered greatly by increasing dipole—dipole interaction
between the solute and solvent. These photophysical data indicate
that dyes can exhibit ICT phenomena between the fluorophore
center and the amino or ethoxylated group.

3.2.2. The linear optical properties of different branches

As listed in Table 1 and Fig. 2, from dye 5b to dye 7b (5a—7a), the
one-photon absorption maxima in DMF show regular red shifts as
the branch number increases and the spectral intensities also vary
regularly, the absorption coefficients (¢max) of the maxima increase
consistently and significantly as the branch number increases. Note
that the emax of dyes 5a—7a and 5b—7b are of the order of 10* and
they increase in the ratios 1.0:2.5:2.7, 1.0:2.0:3.3 with the number
of chromophores. These can be assigned to the extended m-delo-
calization and a certain coupling between the branches in dyes 6a,
7a and 6b, 7b. The enhancement can be more clearly seen by
revealing the reduced molar absorbance &pax/MW which is defined
as emax divided by the molecular weight. The emnax/MW values
increase with a ratio of 1.0:1.5:1.2 for dyes 5a—7a and 1.0:1.2:1.4 for
dyes 5b—7b. This means that the unit molecular weight leads to
larger emax by incorporating more branches into the central triazine
ring.
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The OPEF maxima were obtained at their maxima excitation
wavelengths in DMF. From dye 5a to dye 7a, OPEF spectra show
regular red shifts as the branch number increases (see Fig. 2). These
red shifts may be ascribed to charge redistribution and extended
delocalization. However, as indicated by Table 1, Fig. 2, a slight red
shift in OPEF spectra is apparent in comparing dye 5b to dye 6b,
while it is found to be obviously blue-shifted for dye 7b relative to
dyes 5b and 6b, respectively. It is interesting that the Stokes shift of
each system shows the same increasing tendency with the OPEF as
the branch number increases. This may be due to the electron-
donating ability of 4-ethoxy-N-(4-ethoxyphenyl)-N-phenylaniline
is higher than triphenylamine. Besides, the ICT effect should be
taken into account considering the existence of an electron acceptor
and chromophore served by 1, 3, 5-triazine and styryl, respectively,
including the above-mentioned electron donors. The ICT state of
molecules with D-m-A structures has a high photoluminescence
(PL) emission ability; hence, the single peak in the PL emission
spectra manifests that the state responsible for the PL emission is
not the localized excited state but the ICT state. Thus, the different
dipole moments of the ICT state and the ground state lead to the
shift in PL spectra [24c]. Note that the fluorescence quantum yields
(@) of dyes 5a—7a and 5b—7b reduce with the ratios of 5.3:1.3:1.0
and 2.6:1.4:1.0, respectively, as the branch number increases. This
indicates that these dyes employed the nitrogen atom as the linkage
allowing internal rotation in the monomer form in organic solvents,
whereby the fluorescence was reduced. This can be ascribed to the
partial conjugation structure resulting from the delocalization of
the lone pair electrons on nitrogen.
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Fig. 2. OPA spectra (left) and OPEF spectra (right) of dyes 5a—7a and 5b—7b in DMF with a concentration of 1 x 10~ mol L™,
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3.2.3. The linear optical properties of different electron-donating
group

As can be seen in Fig. 3, the OPA maxima and the OPEF maxima
of dyes 5a—5b, 6a—6b and 7a—7b in DMF all show obvious bath-
ochromic shifts from a to b, respectively. They are all in agreement
with the order of the extension of the w-systems: 4-ethoxy-N-(4-
ethoxyphenyl)-N-phenylaniline > triphenylamine. Note that the
maximum molar absorbance (emax) and the fluorescence quantum
yield (@) of the dyes have to follow some rules. The maximum
molar absorbance (¢pax) of dyes 5a—5b and 6a—6b show the same
sequence of emax(5a) > €max(sb) aNd £max(6a) > Emax(6b), While dyes
7a—7b show a different sequence of emax(7b) > £max(7a). While the
fluorescence quantum yield () of dyes 5a—5b, 6a—6b and 7a—7b
all show the same sequence of @5,y > P5p), Pea) > Peb) and
P(7a) > P(7p). Interestingly, the @ value of dyes 5b—7b is depressed
in comparison with dyes 5a—7a, suggesting that although the
flexible 4-ethoxy-N-(4-ethoxyphenyl)-N-phenylaniline chains
function as solubilizing groups, it also enhances the nonradiative
decay pathways. Therefore, we draw a conclusion that the dyes
with triphenylamine as the donating end-groups appear to have
high @ and e values compared with the dyes with 4-ethoxy-N-
(4-ethoxyphenyl)-N-phenylaniline as the donating end-groups.

3.3. Two-photon properties

The two-photon excited fluorescence spectra (TPEF) of six dyes
in DMF were recorded at their maximum excitation wavelength
with a pulse duration of 140 fs under 800 mw (milliwatt). The 2PA
excited fluorescence spectra (TPEF) data of dyes 5a—7a and 5b—7b
are described in Table 1, which were measured in DMF
(c =1 x 1072 mol L™1). Representative TPEF spectra of dye 7b are
shown in Fig. 4a and b, while the others are included in the Sup-
porting Information (Figs. S2 and S3).
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Two-photon fluorescence spectra of dye 7b in DMF pumped by
femtosecond laser pulses at 800 mw at different excitation wave-
lengths are presented in Fig. 4a (others are found in Fig. S2). Fig. 4b
shows 2PF spectra of dye 7b under different pump intensities
(others are found in Fig. S3), and the insets show logarithmic plots
of the fluorescence integral versus pumped powers with a slope of
1.93 when the input laser power is increasing, suggesting a two-
photon excitation mechanism. As no linear absorption was
observed in the range from 500 nm to 2000 nm, so the emission
excited by 790 nm laser wavelength can be attributed to the TPEF
mechanism. As shown in Fig. 4c, all the six dyes display 2PA activity
in the range of 720—880 nm in DMF.

It can be seen from Table 1 that the fluorescence peak wave-
lengths are evidently red-shifted by 23—42 nm by comparing with
those of OPEF in DMF, which can be explained by the reabsorption
effect. For one-photon induced emission measurements, we used
dilute solutions (1 x 107> mol L"), thus the reabsorption of the
fluorescence within the samples is negligible. In the case of two-
photon excitation, concentrated solutions (1 x 10~ mol L~!) were
used. Since the 790 nm laser beam can pass through the whole
solution without linear depletion, the fluorescence emission is not
only from the surface layer, but also from inside the solution sample.
As a result, the reabsorption of the shorter wavelength fluorescence
by the concentrated sample can no longer be neglected. The short
wavelength side of the two-photon fluorescence was reabsorbed by
the solution and red shifts of the fluorescence spectra were readily
observed [17]. As shown in Fig. 5, the intensities of TPEF of dyes
5b—7b exhibit the sequence of 5b < 6b << 7b. These similarities
between TPEF and OPEF indicate that both the emissions for a given
dye are from the same excited state, though their initial
Frank—Condon states may be different. The difference between
TPEF and OPEF is mainly during the excitation process: two-photon
absorption vs single-photon absorption.
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Fig. 3. OPA spectra (left) and OPEF spectra (right) of dyes 5a—5b, 6a—6b and 7a—7b in DMF with a concentration of 1 x 10~ mol L™,
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Fig. 4. (a) Two-photon fluorescence spectra of dye 7b in DMF pumped by femtosecond laser pulses at 800 mw at different excitation wavelength. (b) 2PF spectra of dye 7b in DMF
under different pumped powers at 790 nm, insert contains the logarithmic plots of the fluorescence integral of chromophores versus different excitation intensities. (c) Two-photon

absorption cross sections of dyes 5a—7a and 5b—7b in 720—880 nm regions.

As shown in Table 1 and Fig. 5, the 2PA cross section values (o)
increases obviously as the branch number increases in the series of
dyes 5a—7a and 5b—7b. The reduced 2PA cross section /MW, which
is defined as ¢ divided by the molecular weight, varies in a propor-
tion of 1.0:2.6:2.4 for dyes 5a—7a and 1.0:1.6:4.2 for dyes 5b—7b,
respectively. This means that the unit molecular weight enables
enhanced 2PA cross section values as the branch number increases.
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This leads to the indication of some interactions between branches
in the molecule, thus resulting in charge redistribution and
extended delocalization. Consequently, the enhancement effect
works in both linear and non-linear 2PA processes for dyes 5a—7a
and 5b—7b. Note that the non-linear spectroscopic behavior of dye
6b resembles that of dye 5b, but does not resemble that of dye 7b. It
is different from dye 5a—7a that dye 6a resembles that of dye 7a.
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Fig. 5. The two-photon fluorescence spectra of dyes 5a—7a and 5b—7b in DMF (c = 1 x 10~ mol L™1).
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Fig. 6. The two-photon fluorescence spectra of dyes 5a—5b, 6a—6b and 7a—7b in DMF (c = 1 x 10> mol L™').

As shown in Fig. 6, by comparing dye 5a and dye 5b, dye 6a and
dye 6b, dye 7a and dye 7b, respectively, introducing an ethoxy
terminal groups results in an obvious red-shift in two-photon
fluorescence maxima and showing increased TPEF intensity from
b to c. The possible reason is that the ethoxy group increases the
electron-donating strength of the end group and also extends the
conjugation length of the system. In addition, it was found that dye
7b has a larger ¢ value of 1018 GM than the other five dyes because
of the introduction of the ethoxy group.

According to Beljonne’s exciton model [18], the extra enhance-
ment in 2PA response for octupolar dyes can be achieved when the
core allows significant electronic coupling between the individual
branches. With respect to our system, a nitrogen atom as the
linkage was adopted to combine 1, 3, 5-triazine core with substit-
uents to accomplish a large 2PA cross section (1018 GM) which
indicates that the lone pair electrons on the amino nitrogen atom of
dye 7b (also in 5b and 6b) may have delocalized onto the conju-
gated system of the molecule and this may increase intramolecular
charge-transfer. Moreover, these well-conjugated structures allow
sufficient electronic coupling between the branches, which has also
been experimentally confirmed by the above-mentioned linear and
non-linear photophysical data.

3.4. Cytotoxicity tests (MTT assay)
Considering their application in 2PF imaging, the MTT assay was

performed to ascertain the cytotoxic effect of dyes 6a—7a, 6b—7b
against MCF-7 cells over a 24 h period. Cytotoxicity is a potential

side effect of dyes that must be controlled when dealing with living
cells or tissues. Fig. 7 shows the cell viability for MCF-7 cells treated
with dyes 6a—7a, 6b—7b at different concentrations for 24 h. The
results clearly indicated that MCF-7 cells incubated with concen-
tration of 1 pm of dye 7a remained almost 100% viable after 24 h of
feeding time, demonstrating the superior biocompatibility of the
compound dye 7a. This is also supported by live/dead co-staining
studies. Besides, it was found that high concentration only leads
to a gradual decrease of viable cells as shown in Fig. 7. As a result,
cytotoxicity tests definitely indicate that the low-micromolar
concentrations of dye 7a would not give rise to obvious toxic
effects on living cells over a period of 24 h, and dye 7a is indeed has
great potentials for further biological studies.

Viability of the compounds treated MCF-7 cells

Cell Viability (%)

Compounds Concentrations (uM)

Fig. 7. MTT assay of MCF-7 cells treated with dyes 6a—7a, 6b—7b at different
concentrations for 24 h.
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Fig. 8. (A) Bright-field image of the MCF-7 cells stained with dye 7a (1 um) for 2 h at 37 °C. (B) Two-photon fluorescence microscopy (2PFM) image of the same cells with excitation

at 720—750 nm. (C) Merged image.

Fig. 9. (A) 2PFM image of the MCF-7 cells stained with dye 7a (excitation at 720—750 nm). (B) Labeling of MCF-7 cells with SYTO-9® (Aex = 488 nm, Aem = 500—530 nm) and (C) PI
(Aex = 543 nm, Aem = 560—580 nm) for 10 min after stained with dye 7a. (D) Merged image.

3.5. Two-photon microscopy bio-imaging application of dye 7a

To evaluate the performance of dye 7a in living cells, a two-
photon fluorescence microscopy (2PFM) imaging, live/dead cos-
taning was performed using 2 pM SYTO9® (live) and 10 uM PI
(dead) and a cytotoxicity analysis were conducted. MCF-7 cells
(human breast cancer cell line) were the testing candidates and
were cultured and stained with dye 7a. A bright-field image
(Fig. 8A) of each cell was taken immediately prior to the 2PFM
imaging. The 2PFM image and the merged image show that after
2 h incubation with MCF-7 cells (Fig. 8B,C), the complex went
through the membrane and just localized uniformly in the cyto-
plasm. The intense fluorescence is mainly from dye 7a internalized
in the MCF-7 cell cytoplasm and the distribution in the nucleolus is
significantly lower, suggesting that the cell cytoplasm can only be
labeled by dye 7a.

In order to observe the cell viability of the MCF-7 cells after
stained with dye 7a, costaining was performed using 2 pM SYTO-9®
(Aex = 488 nm, Aey = 500—530 nm) and 10 puM PI (Aex = 543 nm,
Aem = 560—580 nm) for 10 min after staining with dye 7a in PBS
(Fig. 9A). When SYTO-9® dye and propidium iodide (PI) are used in
combination, intact cells are labeled green and cells with damaged
membranes are labeled red. CLSM (Confocal Laser Scanning
Microscope) images showed the appearance of both green (Fig. 9B)
and red (Fig. 9C) cells, representing live and dead cells, respectively.
Because SYTO-9® dye is able to penetrate all the cells and colour
them green, the red cells represented dead cells which are
permeable to PI as well, whose bound SYTO-9® stain was displaced
by PI due to its high affinity for DNA [32], leaving the cells red. Most
of the MCF-7 cells were mainly green, indicating a larger number of

live cells (Fig. 9D) than dead cells. These results demonstrate the
bio-imaging application of dye 7a by labeling MCF-7 cells and also
its low toxicity for living cells (also supported by MTT).

4. Conclusions

We have reported one-step syntheses of a series of multi-
branched two-photon absorbing triazine dyes by changing the
ratio of RNH; and 2, 4, 6-trichloro-1, 3, 5-triazine. The studies further
demonstrated that having a g-electron pair as bridge is an efficient
way to transfer charge as well as a 7 bridge to induce a large 2PA
cross section, and their 2PA cross section values (¢) increase with
increasing electron-donating strength of the end-groups and branch
number. Among the nine dyes, dye 7b was found to exhibit a large
2PA across section values (1018 GM) as measured by the two-photon
induced fluorescence methods, and low-micromolar concentrations
of dye 7a were tested showing no obvious toxic effect in imaging
MCE-7 cells. Moreover, we also demonstrated that dye 7a offers
a potential application in two-photon fluorescence imaging due to
its excellent biocompatibility and low toxicity. We believe that the
design method and fabrication strategy are potentially applicable to
the derivatization of analogous two-photon absorption dyes.
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