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Abstract

Two novel, triphenylamine derivatives N-(4-(4-(diphenylamino)styryl)phenyl)acetamide and N-(4-(4-(bis-(4-(4-(diphenyl-amino)styryl)phe-
nyl)amino)styryl)phenyl)acetamide were synthesized. The two-photon absorption of N-(4-(4-(bis-(4-(4-(diphenyl-amino)styryl)phenyl)amino)-
styryl)phenyl) was ~ 17-fold greater relative to N-(4-(4-(diphenylamino)styryl)phenyl)acetamide. Linear absorption spectra, steady-fluorescence
and time-resolved fluorescence spectra revealed that electron coupling originating from t-electron delocalization is responsible for the strong
cooperative enhancement of TPA within the compounds. This is confirmed by the Lippert-Mataga equation.

© 2008 Elsevier Ltd. All rights reserved.

Keywords: Two-photon absorption; Two-photon induced fluorescence; Triphenylamine-branching chromophore; Electron coupling; Dipole moment difference;

Excited electron delocalization

1. Introduction

Molecular two-photon absorption (TPA) has gained interest
over recent years owing to the applications in various fields,
including two-photon excited fluorescence microscopy [1],
three-dimensional microfabrication [2—4], high-density opti-
cal data storage [5,43—45], up-converted lasing [6], optical-
limiting [7] and photodynamic therapy [8]. Till now, the
molecular optimization for TPA material has largely focused
on one-dimensional dipolar [9,10], quadrupolar [11—18], oc-
tupolar [19—21] and multibranched chromophores [22—24].
It is known that large TPA cross-section roots in either elec-
tron coupling [25] or vibration coupling [26] within multi-
branched systems. The former effect is much larger than
the latter one with respect to the cooperative enhancement
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of TPA. Therefore, the research of electron coupling effect
upon enhanced TPA is now attracting increasing attention
[27,28]. Herein, two new triphenylamine derivatives N-(4-(4-
(diphenylamino)styryl)phenyl)acetamide (abbreviated as mono-
branch 1) and N-(4-(4-(bis-(4-(4-(diphenylamino)styryl)phenyl)
amino)styryl)phenyl)acetamide (abbreviated as multibranch 2)
have been synthesized and characterized. These dyes possess
the bridge of stilbene flanked on one side by acetamide group
for the purpose of packing metal nanoparticles later. The other
terminal was capped with diphenylamine and bis(4-(4-(diphe-
nylamino)styryl)phenyl)amine, respectively, in order to inves-
tigate the influence of multibranch architecture upon TPA
cooperative enhancement. Linear optical properties including
absorption, steady state fluorescence and time-resolved fluo-
rescence spectra are comparatively studied. Two-photon ab-
sorption (TPA) properties were measured by two-photon
induced fluorescence (TPF) method, using Ti:sapphire femto-
second laser pulse in the range of 700—880 nm. It was found
that relative to monobranch 1, multibranch 2 displays the sig-
nificant increase in two-photon absorption cross-section with
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the concomitance of remarkable bathochromic shift of two-
photon fluorescence (TPF) peak. Optimization conformation
obtained by Hyperchem program shows that multibranch 2
with three triphenylamine units lies in one common plane
and Lippert—Mataga equation confirms that multibranch 2 ex-
hibits much larger dipole moment difference (Aug.) between
the ground and excited states than monobranch 1. This indi-
cates that multibranched system might show larger intramolec-
ular excited charge transfer. The obtained results strongly
support the opinions that multibranch 2 exhibits large m-elec-
tron delocalization and TPA cooperative enhancement owing
to electron coupling effect.

2. Materials and measurements
2.1. Materials

Both samples possess the characteristics of stilbene as 7t-
bridge end-capped with the same acetamide group as one
terminal, while varying the other terminals such as diphenyl-
amine group for monobranch 1 and multibranched diphenyl-
amine group for multibranch 2. The synthesis routes for
both samples are shown in Scheme 1.
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2.2. Synthesis

2.2.1. N-Phenyl-N-(4-vinylphenyl)benzenamine
(compound 2)

4-(Diphenylamino) benzaldehyde (compound 1) [29]
(3.64 g, 13.3 mmol) and methyl triphenylphosphonium iodide
[42] (10.64 g, 26.3 mmol) were dissolved in 50 mL of dry tet-
rahydrofuran. To this solution was added 2.5 g (105 mmol) of
sodium hydride as strong base at room temperature. The mix-
ture was refluxed for 6 h under the nitrogen atmosphere and
then poured into excess distilled water. The precipitate was re-
crystallized in methanol to give 1.4 g of compound 2 (84%).
Melting point 85—88 °C. Mass spectrum (m/z): 271.1338
(M*, 100%). '"H NMR (400 MHz, CDCls) 6: 5.143, 5.170
(d, 1H, J 10.8 Hz), 5.619, 5.663 (d, 1H, J 17.6 Hz), 6.625—
6.696 (m, 1H), 7.004, 7.025 (d, 2H, J 8.4 Hz), 7.168—7.362
(m, 10H), 7.666, 7.687 (d, 2H, J 8.4 Hz).

2.2.2. N-(4-Bromophenyl)acetamide (compound 4)

A flask fitted with magnetic stirrer and condenser was
charged with 2.0 g (11.6 mmol) 4-bromobenzenamine (com-
pound 3), 5.43 g (5 mL) of acetic anhydride in the presence
of acetic acid (1.35 g, 23 mmol) under nitrogen. The reaction
was refluxed for 10 h and then cooled to room temperature.
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Scheme 1. The synthesis routes of monobranch 1 and multibranch 2.
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The white powder was filtered and recrystallized in acetic an-
hydride to give compound 4 as white crystals with yield 70%.
Melting point 167—168 °C. 'H NMR (CDCl; 400 MHz) 6:
2.143 (s, 3H, CHj), 7.32 (2H, d, J 8.4 Hz), 742 (2H, d,
J 8.4 Hz).

2.2.3. N-(4-(4-(diphenylamino)styryl)phenyl)
acetamide (monobranch 1)

Under the anhydrous and oxygen-free conditions, 1g
(3.7 mmol) of N-phenyl-N-(4-vinylphenyl)benzenamine (com-
pound 2), 0.79 g (3.7 mmol) of N-(4-bromophenyl)acetamide
(compound 4) and a small amount of tris(o-tolyl)phosphine
and palladium acetate in the presence of solvent were stirred
in the flask at 85 °C for 22 h under argon atmosphere. Then
solvent was removed by evaporation and the slurry was puri-
fied through chromolographic column on silica gel by using
pure chloroform as eluent. Pale green powders were obtained
in yield 58% and melting point 240 °C. v (KBr)/cm ™ ': 3440.7
(N—H), 3055.1, 3032.1 (=C—H), 2924.8 (—CHj3;), 2853.3
(—CH;,—), 1659.5 (C=0), 1638.0 (C=C), 1590.4, 1519.0,
1492.1 (Ar—), 821 (trans-CH=CH-—). Mass spectrum (m/z):
404.168 (M, 100%). '"H NMR (CDCls, 400 MHz) 6: 2.206
(s, 3 H), 7.054 (d, 2H, J 8.8 Hz), 7.118 (d, 2H, J 8.0 Hz),
7.276 (m, 10H), 7.369 (s, 1H), 7.390 (s, 1H), 7.456 (d, 2H,
J 8.0 Hz), 7.499 (d, 2H, J 7.6 Hz).

2.24. N-(4-(4-(Bis(4-(4-(diphenylamino)styryl)phenyl)
amino)styryl)phenyl)acetamide (multibranch 2)

By replacing compound 2 with compound 5 [30], multi-
branch 2 can be obtained using the similar method as mono-
branch 1. To get the pure product, repeated chromolographic
column separations have been conducted. Pale green powders
were obtained in yield 41% and melting point 118—120 °C.
v (KBr)/em ': 34454 (N—H), 3061.6, 3030.6 (=C—H),
2961.6, 2925.2 (—CHj;), 2854.3 (—CH,—), 1664.9 (C=0),
1636.5 (C=C), 1595.7, 1535.3, 1507.5 (Ar—), 821 (trans-
CH=CH-—). MS m/z Calcd: 943, Found: 944. '"H NMR
(CDCl3, 400 MHz) 6: 2.194 (s, 3H), 7.018—6.958 (m, 18H),
7.083—7.063 (m, 14H), 7.222—7.203 (m, 10H), 7.302, 7.282
(d, 2H, J 8Hz), 7.317, 7.290 (d, 2H, J 10.8 Hz), 7.366,
7.345 (d, 2H, J 8.4 Hz), 7.405, 7.380 (d, 2H, J 10 Hz).

2.3. Measurements

IR spectra were measured by Nicolet FT-IR 5DX instru-
ment. Electron impact (Mode laser) mass spectra were ob-
tained on 4700 Proteome Analyzer (MALDI-TOF-TOF)
produced by ABI Company. And EI mass spectra were ob-
tained on HP 5989 mass spectra instruments. Nuclear mag-
netic resonance spectra were determined on GCT-TOF NMR
spectrometer.

Linear absorption measurements have been measured by
a Hitachi U-3500 spectra-photometer with 2-nm resolution.
The influences from the quartz liquid cell and the solvent
have been subtracted. One-photon fluorescence spectra includ-
ing steady state fluorescence spectra and time-resolved decay

curves were measured by an Edinburgh FLS 920 fluoropho-
tometer in a 1-cm path length cell.

Two-photon absorption (TPA) cross-sections (O1pa) of sam-
ples (in THF at 1.0 x 10~* mol dm ) were obtained by two-
photon fluorescence (TPF) method [31] at femtosecond laser
pulse using Ti:sapphire system (700—880nm, 80 MHz,
<130 fs) as the light source, according to Eq. (1),

D Fnc,

1
O F . nec, (1)

Orpa = Orpa (ref)

[TPS L)

where the subscripts “s” and “r’ represent sample and refer-
ence (here fluorescein in sodium hydroxide aqueous solution
at concentration of 1.0 x 10”* moldm > was used as refer-
ence), respectively. F is the overall TPF signal collected by
the fiber spectra meter. @, n and c are the OPF quantum yield,
refractive index of solvent and the concentration of solution,
respectively. Since The TPF quantum yield (®rpr) measure-
ment is far more difficult and the luminescence behaviors on
OPF and TPF are similar, i.e., the emission from the first ex-
cited state (S;) to the ground state (Sy) [32], one might sup-
pose that &rpr = @;. The OPF quantum yield (&) of two
samples were measured using fluorescein (in 0.1 mol dm
aqueous NaOH) as a standard and presented in Table 1.

3. Results and discussion
3.1. Linear photophysical properties

Linear absorption and one-photon fluorescence (OPF) spec-
tra of two samples in different solvents are shown in Fig. 1. As
can be seen that the maximum absorption peaks show about
14-nm red-shift from monobranch 1 (A** = 366 nm, THF)

max

to multibranch 2 (A7) = 380 nm, THF). At the same time,
the OPF peak shows 22-nm of red-shift from monobranch
1 (X, = 438nm, THF) to multibranch 2 (A =
460 nm, THF) under the excitation with respective maximum
absorption wavelength. It is found that monobranch 1 pos-
sesses much higher fluorescence intensity than multibranch
2; moreover, monobranch 1 gives stronger fluorescence emis-
sion in polar solvents (i.e., DMF, ethyl acetate and THF) than
that in apolar solvent (i.e., toluene). On the contrary, the fluo-
rescence intensities of multibranch 2 gradually decrease with
increasing solvent polarity from toluene to THF, ethyl acetate,
and DMF. These results indicate that monobranch 1 displays
similar to symmetric chromophore [32], while multibranch 2
shows the asymmetric chromophore’s behavior [33].
Optimized conformations of monobranch 1 and multi-
branch 2, obtained by Hyperchem program, display the stil-
bene subunits in both samples being planar (see Fig. 2).

Table 1
One-photon and two-photon property of samples in THF

O am A% nm @ 7, ns APF am - 6, GM
Monobranch 1 366 438 033 1.67 440 91
Multibranch 2 380 460 031 1.56, 6.47 487 1562
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Fig. 1. Linear absorption (a) and one-photon fluorescence (b) spectra of two

samples in different solvents at 1 x 10~ mol dm~>.

Strangely, the triphenylamine subunit on the terminal of
monobranch 1 adopts the propeller-shaped, while the three
of triphenylamine subunits in multibranch 2 lie in one com-
mon plane that is in agreement with the crystallographic
data in BDPAS (E-4,4’-bis(diphenylamino)stilbene) [34] and
in triphenylamine [35,36]. This can be explained by the sp*
hybridization of nitrogen and resulting effective electron delo-
calization within entire molecular skeleton [37]. As a result,
linear absorption spectra of multibranch 2 exhibit the obvious
red-shift, as presented in Fig. 1(b). On the other hand, al-
though multibranch 2 shows the planar configuration, its fluo-
rescence intensity is dramatically decreased relative to
monobranch 1, strongly suggesting that the skeleton of multi-
branch 2 is flexible and easy to twist, which might consume
more excited energy and reduces the fluorescence intensity.
On the other hand, the flexible and twisted multibranch 2 be-
haves similar to asymmetric chromophore and shows the cor-
responding solvent effects.

3.2. Nonlinear photophysical properties

Two-photon fluorescence (TPF) spectra of two samples at
different pumped powers are presented in Fig. 3. As shown
in the inset of Fig. 3, when the pumped powers are increased
from 36 to 97 mW, the values 1.65—1.75 of the logarithmic
plots of the fluorescence integral versus pumped powers are
away from 2, which suggests some kind of saturation exis-
tence. In order to eliminate saturation photophysical processes
and ensure the two-photon excited fluorescence intensity
being quadratically dependent on excitation intensity, the
excitation powers in our TPA cross-section measurements
are limited below 45 mW. Thus, the slopes of ~1.9 for

Fig. 2. Optimized geometry of monobranch 1 and multibranch 2.
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Fig. 3. Two-photon excited fluorescence spectra of samples under different
pumped powers at 800 nm (1 x 10~* mol dm >, THF).

monobranch 1 and multibranch 2 are obtained in the logarith-
mic plots of the fluorescence integral versus excitation inten-
sity (shown in Fig. 3, inset), which is in agreement with the
theoretical value [31]. One can notice that the wavelengths
of two-photon fluorescence peaks are at 440 nm for mono-
branch 1 and at 487 nm for multibranch 2. The red-shift of
TPF peak is due to the reabsorption of relatively concentrated
solution (1 x 107*moldm ™) used in two-photon fluores-
cence (TPF) measurements, compared to dilute solution
(1 x 10 or 1 x 10 mol dm ) used in one-photon fluores-
cence (OPF) measurements. Additionally, the TPF spectra in
structured form suggest that OPF and TPF emissions are
from the different vibrational states at the first excited electron
state (S;). Comparing Fig. 1 with Fig. 3, one can notice that
from monobranch 1 to multibranch 2, the one-photon fluores-
cence gives 22-nm of red-shift, while two-photon fluorescence
exhibits 47-nm of red-shift (see Table 1). This fact suggests
that the ultrafast laser induces the excited state of multibranch
2 to be more stable; meanwhile, strong 7t-electron delocaliza-
tion and resulting the electron coupling within entire conju-
gated system might occurs [23,36]. The TPF intensity of

multibranch 2 shows almost three times as strong as that of
monobranch 1 at the same pumped power (see Fig. 3), imply-
ing that multibranch 2 with 7t-electron delocalization and the
electron coupling has effective contribution to enhance two-
photon process.

Two-photon absorption (TPA) excited spectra, shown in
Fig. 4, were obtained by Ti:sapphire femtosecond laser system
according to two-photon fluorescence method [31]. In our TPA
cross-section measurement, the low frequency (1 kHz) femto-
second laser pulses were used as excitation source and the ex-
citation powers were limited below 45 mW. The experimental
uncertainty for the calculation of the TPA cross-section is es-
timated to be about 10%, by the comparison of the TPA cross-
section of fluorescein between our measurement and reported
data [31]. Due to the limitation of our detecting equipment, we
cannot observe the two-photon absorption (TPA) peaks of both
samples but expect that their strong TPA peaks may exist
shorter than 700 nm, as can be seen in Fig. 4. And mono-
branch 1 possesses the TPA cross-section less than 100 GM
(1GM =1 x10""cm*sphoton") in the range of 700—
880 nm, while multibranch 2 possesses the maximum TPA
cross-section as high as 1562 GM, showing about 17-fold in-
crease relative to monobranch 1. Evidently, the electron delo-
calization (electron coupling) through planar and flexible
configuration results in strong cooperative enhancement of
two-photon absorption in branching structure. This coopera-
tive enhancement effect can also be confirmed by time-re-
solved fluorescence decay curves, presented in Fig. 5,
wherein monobranch 1 gives rise to quasi-monoexponential
fit and exhibits the lifetime of 1.67 ns, which is close to the
BDPAS lifetime [38]. Meanwhile, multibranch 2 gives rise
to dual exponential fit and exhibits the dual lifetimes of 1.56
and 6.47 ns. The presence of the faster component (content
of 64%) is comparable to the decay time of BDPAS [38],
while the presence of a slow decay component (content of
36%) is clear evidence of the presence of interactions (i.e.,
electron coupling) among the individual branch segments.
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Fig. 4. Two-photon excited spectra of samples, pumped by femtosecond laser
pulse at 700—840 nm (1 x 10~* mol dm~—, THF).
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Fig. 5. Decay curves of samples in which the solid lines are the fitting results
of the corresponding lifetime.

The fact that the long time component appears with concom-
itance of short time component decreasing implies the exis-
tence of more delocalized relaxed state or interaction state
between individual branches. Such electron coupling and exci-
tation delocalization contribute to a significant hindrance to
conformation relaxation processes thus leading to elongation
of the fluorescence decay time [39—41].

Generally, electron coupling interaction responds to large
excitation delocalization and presents larger dipole moment
difference (Auge = pe — fg) between the ground and excited
state. According to Lippert—Mataga equation, Stokes shift
(Av) is direct ratio of the dipole moment difference (Apge)
of sample and the orientation polarizability (Af) of solvents,
and is inverse ratio of the cavity radius («) of sample, as
shown in Eq. (2):

Au?
Av=—LAf+C 2
= A+ (2)
with

e—1 n?—-1
Nf=———— —
f 2e4+1 2n*+1

In this equation, c is the light speed and % is Plank’s con-
stant divided by 27t. And ¢ and n are the dielectric constant
and the refractive index of solvent, respectively. Thus, the re-
lationship between Stoke’s shift (Av) and orientation polariz-
ability (Af) of two samples are plotted in Fig. 6. One can
see that line 1 (represented for monobranch 1) and line 2 (rep-
resented for multibranch 2) are parallel to each other, which
implies that both of them have the same slopes, namely, the
same values of A,uée / cha, as shown in Eq. (2). Therefore,
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Fig. 6. The relationship between Stoke’s shift (Av) and orientation polarizabil-
ity (Af) of solvents for two samples.

we can deduce that multibranch 2 possesses much larger di-
pole moment difference (Au,.) than monobranch 1 because
multibranch 2 shows much bigger size, i.e., much larger the
cavity radius («) in comparison with monobranch 1. Clearly,
multibranch 2 undergoes much larger excited charge redistri-
bution leading to strong electron coupling and excited electron
delocalization.

4. Conclusions

Two new triphenylamine derivatives, (N-(4-(4-(diphenyla-
mino)styryl)phenyl)acetamide) (monobranch 1) and (N-(4-(4-
(bis(4-(4-(diphenylamino)styryl)phenyl)amino)styryl)phenyl)
acetamide) (multibranch 2) have been synthesized to investi-
gate the influence of branching structure upon TPA proper-
ties. It is interesting to find that multibranch 2 has larger
TPA cross-section as high as 1562 GM, showing 17-fold in-
crease in comparison with monobranch 1 (91 GM). Strong
electron coupling effect within individual branches, derived
from planar and flexible configuration of molecular skeleton,
has significant contribution to the cooperative enhancement
TPA, which is confirmed by Lippert—Mataga equation and
linear optical properties including absorption, stead-fluores-
cence and time-resolved fluorescence spectra.
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