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Abstract

The one- and two-photon properties of linear (M2) and tri-branched (M3) copolymers with triphenylamine and cyano groups in the main
chain were experimentally investigated. Open-aperture z-scan experiments were performed with 1 kHz, 120 fs, and 800 nm Ti:sapphire laser
pulses to measure the two-photon absorption cross sections. The two-photon cross sections of M2 and M3 were determined to be 0.304 and
1.441 X 102° cm*/Gw per repeating unit, respectively. In a CHCI5 solution, M2 and M3 emit strong frequency up-converted fluorescence
under the excitation of 120 fs pulses at 800 nm with the peaks located at 561 and 542 nm.
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1. Introduction

Two-photon absorption (TPA) and two-photon fluor-
escence (TPF) materials have been receiving considerable
attention due to their potential usage in two-photon laser
scanning fluorescence microscopy, three-dimensional opti-
cal data storage, frequency upconverted lasing, and optical
power limiting [1—4]. Some of these applications are further
based on the fluorescence properties of two-photon excited
molecules. The full utility of two-photon materials depends
on the development of highly efficient materials with large
TPA cross section. Several design strategies have success-
fully been used to improve the TPA cross section [5S—14].
One strategy is to introduce donor and acceptor
symmetrically or unsymmetrically to the end groups of
the m-conjugated bridge [S—9]. The electron-donating or
electron-accepting strength and the conjugation length of the
molecules have great effect on TPA cross section. Another
strategy is to design and synthesize multi-branched
molecules to increase the chromophore number intensity
without causing any aggregation [10—12]. Besides, den-
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drimers functionalized with TPA chromphores have been
synthesized to further increase TPA cross section [13,14].

Although a lot of molecules with large TPA cross section
have been synthesized, they have to be incorporated into
polymer to form thin films for many practical applications
[2]. In this case the disperse concentration of TPA materials
in the matrix is limited and the phase segregation would
easily happen under a strong laser irradiation. So it is of
great interest to develop polymers with large TPA cross
section. A few polymers have been synthesized as two-
photon materials, but their TPA cross section is relatively
small compared to the molecular materials [15—17]. In this
paper, the TPA and fluorescence properties of linear and tri-
branched copolymers (Fig. 1) with triphenylamine and
cyano groups in the main chains are described. Tripheny-
lamine is used as electron donor and cyano groups as
electron acceptor and they form D—m—A conjugation along
the extended polyvinylene mw-bridge systems. The bulkiness
of triphenylamine inhibits aggregation of polymer chains
and therefore effectively decreases possible inter-chain
quenching. This structural feature restricts the close packing
of the polymer chains, resulting in a more highly soluble
amorphous polymer. Therefore the TPA cross sections of
these polymers were improved.
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Fig. 1. Chemical structure of the copolymers.

2. Experimental

The preparation of the linear (M2) and tri-branched (M3)
copolymers as well as their structural data has been reported
elsewhere [18]. UV—Vis spectra were recorded on Varian
Cary 500. Photoluminescent spectra were recorded on
Varian Cary Eclipse.

TPA cross section of polymer M2 and M3 were
measured by open-aperture z-scan technique [19]. The
incident laser pulses with pulse energy of 8 w] were
generated by a regenerator amplifier (Spitfire, Spectra
Physics). The repetition rate of the pulse is 1 kHz, the
duration is 120 fs and the wavelength is 800 nm. After
passing through an attenuator (with transmission rate
0.0012), the incident laser beam was focused by a 10 cm
lens, transmitted through a 1 mm thick quartz sample cell,
collimated and detected by a photodiode. The differential
transmission was recorded as the function of sample
position when the sample was moved along the propagation
direction (z-axis) of the focused beam. The beam’s radius at
the focus is ca. 13 wm, and the intensity is 151 Gw/cm?.

The normalized transmission (i.e. I(z)/I(c0), with I(c0)
being the linearly transmitted intensity far from the focal
position) of open-aperture z-scan signal is fitted by the
following equation:[19]

T(z) = In[1 + go(z, 0)exp(—7)]dT

1 (o)
ﬁqO(Z’ 0) J*w
where ¢o(z,0) = BlyLeg/(1 + 22/23), B is the TPA coeffi-
cient, I is the intensity at the focus, and L. is effective
sample length. L. is defined by L.y = (1 — exp(—al))/a,
where a is linear absorption coefficient, L is sample length.
Since there is no linear absorption at 800 nm, L. = L.

TPA cross section is calculated by the following equation
[20]:

oy = BI(NAd X 1073%) (in cm*/Gw)

where B (in cm/Gw) is the TPA coefficient, N, is the
Avogadro constant (6.02 X 103 ), and d is the concentration
of the polymer (in mol/l).

TPF of M2 and M3 was excited by laser pulses at
800 nm. TPF emitted from a 1 mm thick quartz cell was

collected at the direction perpendicular to the excitation
beam by 500-Pi spectrometer with CCD detector. The
excitation with various intensities was employed to measure
the dependence of TPF intensity on the excitation intensity.

For both open-aperture z-scan and TPF measurement, the
molecular concentration of M2 and M3 are 5.46 mmol/l
(23 mg/10 ml) and 2.19 mmol/l (17 mg/10 ml) in repeating
unit, respectively. The solvent is chloroform.

3. Results and discussion

The number-average (M,) and weight-average (M,,)
molecular weights of the copolymers were determined by
gel permeation chromatography (GPC) using polystyrene as
the standard and the data including the one- and two-photon
properties are shown in Table 1. Figs. 2 and 3 show the
linear absorption and fluorescence of M2 and M3 in
chloroform. The one photon absorption peaks correspond-
ing to w-conjugated structure are at 467 nm for M2 and
436 nm for M3. No absorption was observed at longer
wavelengths (>550 nm). The maximum absorption wave-
length of M2 is red shifted 31 nm from that of M3. The
reason may be that M2 is a linear structure and has more co-
planarity therefore has longer conjugation length than M3.
Polymers M2 and M3 emit yellowish green fluorescence
with peaks at 542 and 535 nm, respectively. The Stokes
shifts are 75 and 99 nm for M2 and M3, respectively. From
Figs. 2 and 3, we can see that the polymer M2 and M3 emit
strong orange—red fluorescence in the solid state and no
excimer/aggregate emission can be observed, which indi-
cating that these polymers have low tendency to aggregate
in the solid state and the formation of excimers is efficiently
suppressed.

Figs. 4 and 5 show the open-aperture z-scan data of M2
and M3 and TPA coefficient B8 got by data fitting. The
valleys of the experimental data in Figs. 4 and 5 are a little
bit wider than those of theoretic fitted data, which can be
attributed to the linear absorption of two-photon excited
states. The respective values of TPA cross section for M2
and M3 (Table 1) are 0.304 and 1.441 x 10~ 2° cm*/Gw per
repeating unit. These values are much larger than those

Table 1
The properties of the copolymers

Mn Mw )‘max )‘max Tg o )‘max

(abs) (1) CC) (107P em*/GW)°  (TPF)?
(mm)*  (nm)°

M2 4596 13,240 467 542 193 0.304 561
M3 3748 5089 436 535 176 1.441 542

? The maximum one photon absorption in chloroform.

® The maximum one photon fluorescence in chloroform excited at the one
photon absorption maximum.

¢ Two-photon absorption (TPA) cross section (o per repeating unit)
excited at 800 nm (120 fs).

4 The maximum two-photon fluorescence (TPF) excited at 800 nm.
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Fig. 2. The one-photon absorption and fluorescence spectra of M2 in CHCl5
and solid state.

previously reported for polymers [15-17]. Alternating
electron donors (triphenylamine) and electron acceptors
(cyano groups) form D-m—A conjugation along the
extended polyvinylene m-bridge systems and the effective
conjugated units repeat themselves in the whole polymer
chain. When simultaneously absorbing two photons, the
charge transferred from the donors to acceptors and
redistributed in the whole polymer. The bulkiness of
triphenylamine inhibits aggregation of polymer chains and
therefore effectively decreases possible inter-chain quench-
ing. These structural characteristics lead to polymers with
exceptional thermal stability (high 7, as shown in Table 1)
and the ability to make good optical-quality thin films [21].

The TPA cross section of these polymer is comparable
with previously reported materials [5,10,16]. The TPA cross
section of M3 is nearly four times larger than that of M2,
due to M3’s unique multi-branched structure. The triphe-
nylamine in polymer M3 connects the conjugated moieties
via a tri-branched network, which serves as a spacer and a
conjugated interrupt, thus effectively controlling the
conjugation length of polymer M3. This structural feature
restricts the close packing of the polymer chains, resulting in
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Fig. 3. The one-photon absorption and fluorescence spectra of M3 in CHCl;
and solid state.
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Fig. 4. Open-aperture z-scan trace of M2: scattered circle represents the
experimental data, while the solid line is the theoretically fitted result.
B =0.01 cm/Gw, o, = 0.304 cm*/Gw.

a highly soluble amorphous polymer, in which the tendency
to form aggregate/excimers would be suppressed. In
particularly, the octopus-like or octupolar molecular
structure of M3 results in a very large TPA cross section,
which was suggested theoretically by Cho et al. [17,22] as a
promising direction for further development of novel TPA
materials.

Under the excitation of 120 fs, 800 nm pulses, M2 and
M3 in CHCI; solution emit strong frequency up-converted
fluorescence. The yellow—green fluorescence can be
observed under excitation of unfocused pulses with energy
of several pJ. TPF spectra of M2 and M3 with various
excitation intensities are shown in Figs. 6 and 7. The insets
in Figs. 6 and 7 show the relation of the TPF intensity at the
peak of TPF spectra with the excitation intensity. Linear
dependence of fluorescence intensity on square of the
excitation intensity confirms that TPA is the main excitation
mechanism of the intense fluorescence emission. Strong
TPF was even observed at the excitation intensity of
2.65 Gw/cm? for polymer M3 and M2, indicating that two
polymers have large TPA cross section and high fluor-
escence quantum yields. This is an important prerequisite
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Fig. 5. Open-aperture z-scan trace of M3: scattered circle represents the
experimental data, while the solid line is the theoretically fitted result.
B=10.019 cm/Gw, 0, = 1.441 cm*/Gw.
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Fig. 6. Two-photon fluorescence spectra of M2 in CHCl;.

for TPA-based applications such as fluorescence
microscopy and upconverted lasing. The maximum wave-
lengths of two-photon induced fluorescence for M2 and M3
are 561 and 542 nm. Compared with the one photon
fluorescence, the peaks of TPF are red shifted 19 and
7 nm for M2 and M3, respectively. The red shift of TPF
spectrum can be explained by reabsorption effect. Since the
absorption and the emission spectra of M2 and M3 are
overlapped, part of the light emitted from the solution will
be reabsorbed by the solution again. The one-photon
excitation beam has much shorter penetrating length in the
sample than that of two-photon excitation laser beam due to
the strong linear absorption of one-photon excitation beam.
Thus, one-photon induced fluorescence emits from the
surface of the sample and the reabsorption affects the
fluorescence spectra slightly. While the two-photon exci-
tation laser beam at 800 nm can penetrate the sample
deeply. So the reabsorption effect of two-photon induced
fluorescence is greater that of one photon excited fluor-
escence. The small shift of M3 might be M3 has smaller
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Fig. 7. Two-photon fluorescence spectra of M3 in CHCl;.

overlap between the absorption and emission spectra than
that of M2; therefore the reabsorption effect is smaller.

It should be pointed out that the TPA measurements of
these copolymers had been carried out at the non-optimized
wavelength, which was chosen because it is the optimum
wavelength as imaging tool for non-destructive evaluation
of aircraft paint. Generally, at the wavelength that is twice
of that for one-photon absorption peak, TPA effect might be
expected, but not all the materials can possess large TPA
cross section. A significant enhancement of TPA cross
section values is expected at optimized wavelength, the
experiments with varying excitation wavelength are being
carried out. In addition, for z-scan experiment, the used
chopping frequency is certainly different from the laser
pulse repetition rate. Though the chopping blade would
change the spatial profile of the pulse, long time constant
(300 ms used in the experiment) and the lock-in amplifier
would have an average effect on the signal. We changed the
chopping frequency from 500 to 1000 Hz in femtosecond
pump-probe experiment and z-scan experiment, and we did
not observe obvious influence on the results. In that case, the
difference between the laser repetition rate and the chopping
frequency would not cause the big effect on the open-
aperture data and hence the TPA cross section.

4. Conclusions

TPA and fluorescence properties of linear and tri-
branched copolymers with triphenylamine and cyano
groups in main chain were studied by femtosecond z-scan
technique. The octopus-like or octupolar molecular struc-
ture of M3 results in a TPA cross section as large as
1.44 x 1072 cm*/Gw per repeat unit. These copolymers
exhibit strong two-photon induced frequency up-converted
fluorescence under the excitation of 120 fs pulses at 800 nm.
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