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We have synthesized two new organic salts, trans-4-[p-(N-hydroxyethyl-N-methylamino)styryl]-N-

methylpyridinium toluene-p-sulfonate (abbreviated as HMASPS) and trans-4-[p-(N-hydroxyethyl-N-

ethylamino)styryl]-N-methylpyridinium toluene-p-sulfonate (abbreviated as HEASPS). X-Ray diffraction

analyses reveal that HMASPS crystal belongs to the P21/n space group, with water molecules co-crystallized in

the crystal and forming the monohydrate with the formula of C17H21N2Oz?C7H7O3S2?H2O, while HEASPS

belongs to the P1Åspace group, with no solvent molecules. Pumped by a 1064 nm, 50 ps laser pulse at 2.02 mJ

input energy, an up-conversion lasing of 0.169 mJ output energy can be obtained with 0.05 M HMASPS±DMF

solution, and the output/input ef®ciency is 8.4%. A 0.05 M HEASPS±DMF solution exhibits a lasing ef®ciency

of 9.1% with input and output energy of 1.90 mJ and 0.173 mJ respectively.

Introduction

Two-photon absorption (TPA) is a process by which two
photons are simultaneously absorbed to an excited state in a
medium via a virtual state. TPA intensity is characterized by
the TPA cross section. Materials with a large TPA cross section
have received considerable attention in recent years because of
their interesting frequency up-conversion mechanism and
potential applications in three-dimensional ¯uorescence ima-
ging,1 optical data storage,2±4 lithographic microfabrication,4±6

laser device fabrication7±13 and photodynamic therapy.14 The
two-photon pumped (TPP) up-conversion materials used as
laser media have the advantage that they can be pumped at
longer wavelengths where the organic dyes are relatively
photostable, and semiconductor diode lasers may be used as
pump sources. Moreover when they are pumped at longer
wavelengths, Rayleigh scattering and linear absorption are
greatly reduced. In contrast to second harmonic based
frequency up-conversion, TPA is a third order nonlinear
optical process, based on which the corresponding up-
conversion emission has no limitation on molecular centro-
symmetry, and in principle a wide variety of molecules could be
chosen for luminescence material exploration. There is also no
crystalline centrosymmetry limitation, so TPA based up-
conversion emission can be easily performed in solution and
in various isotropic glass states as well as in anisotropic
crystalline states. TPP up-conversion lasing ef®ciency is one of
the basic criteria in lasing device fabrication, and those
materials with high lasing ef®ciency are now in great
demand. Although quite a large family of TPA active molecules
has been discovered, there are only about a dozen organic
molecules reported to have remarkable TPP up-conversion
lasing properties. Among them, only a few have satisfactorily
high lasing ef®ciencies.

In exploring strong TPA compounds, Albota et al. have
focused on symmetric intramolecular charge transfer organic
molecules,15 and Reinhardt et al. have emphasized the
asymmetric intramolecular charge transfer ones.16 Up till
now, the correlation between structure and TPA properties has
not been well understood, and also very little is known about
the excited state related to TPP up-conversion emission. On the

other hand, as a rule of thumb, most TPP lasing molecules are
large polar p-conjugated systems with excellent planar
molecular con®guration and donor±acceptor substituents.
These structural characteristics are similar to those of second
order nonlinear optically active molecules. Obviously, the
electron delocalization in these molecules contributes to the
enhancement of the TPA cross section; the polarity, we believe,
is also important for TPP up-conversion lasing. He et al. have
reported seven lasing dyes (named as ASPT,7 ASPI,8 M-PPE,9

DHASI,10 DAST,11 APSS12 and Coumarin,13 respectively). All
of them possess high polarity.

Based on the above considerations, we have synthesized two
new organic salts, HMASPS and HEASPS, and the toluene-p-
sulfonate anion has been chosen as counterion because it is also
a planar p-conjugated and highly polar system. X-Ray
structure determinations for both HMASPS and HEASPS
have been carried out. The linear and nonlinear optical
properties including linear absorption, single-photon and
two-photon excited ¯uorescence and two-photon pumped
lasing behavior for HMASPS and HEASPS in solution are
presented in this article.

Experimental

1 Synthesis

Elemental analysis data were obtained using a Heraeus Rapid
CHNO elemental analyzer. Nuclear magnetic resonance
experiments were performed on an INOVA-300 spectrometer.
Infrared spectra were recorded on a Nicolet 20SX FT-IR
spectrometer. Thermal analyses were performed on a Perkin
Elmer TGS-2 thermogravimetric analyzer.

4-(N-Methyl-N-hydroxyethylamino)benzaldehyde (1). Com-
pound 1 and 4-(N-ethyl-N-hydroxyethylamino)benzaldehyde
(2) were synthesized according to reference 17. At room
temperature, compound 1 is a pale yellow solid, and compound
2 is a brown oil. 1,4-Dimethylpyridinium iodide (3) was
synthesized as a white powder according to reference 7 (see
Scheme 1).
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Silver toluene-p-sulfonate (4). 34 g (0.2 mol) silver nitrate
was dissolved in 100 mL distilled water, then mixed with a
solution of 10.6 g (0.1 mol) Na2CO3 in 100 mL water. The as-
formed Ag2CO3 precipitate was washed with water repeatedly
and removed into a beaker containing a stirrer and 200 mL
distilled water. Then 38 g (0.2 mol) of toluene-p-sulfonic acid
monohydrate were added to the beaker in portions with
heating and stirring over the course of 1 h. After removing
some insoluble impurities by ®ltration, the hot transparent
solution was allowed to stand until colorless parallelepiped
crystals were formed in the course of natural cooling and
evaporation. 52.2 g product was obtained in all, yield 93%.

trans-4-[p-(N-Hydroxyethyl-N-methylamino)styryl]-N-
methylpyridinium toluene-p-sulfonate (HMASPS). 4.66 g
(0.026 mol) of compound 1, 6.20 g (0.026 mol) of compound
3, and 100 mL of acetonitrile were added into a 250 mL one-
necked ¯ask ®tted with a stirrer and a condenser. Then four
drops of piperidine were added. The solution was heated to
re¯ux at 80 ³C for four hours to form the trans-4-[p-(N-
hydroxyethyl-N-methylamino)styryl]-N-methylpyridinium
cation. This solution was added into a solution of 7.25 g
(0.026 mol) silver toluene-p-sulfonate in 100 mL acetonitrile
with stirring and heating simultaneously in a one-necked ¯ask,
followed by re¯uxing for about two hours. Then the stirring
was continued at room temperature overnight. The silver
iodide precipitate was ®ltered off. During evaporation of the
clear red solution, shining microcrystals formed. The product
was recrystallized from acetonitrile and purple-red parallele-
piped crystals that could be used for X-ray structure
determination were obtained. The crystal structure analysis
reveals that a water molecule is co-crystallized with the
HMASPS salt. This result has been con®rmed by TGA and

DTA thermal analyses. Calcd for C24H28N2O4S?H2O: C, 62.86;
H, 6.54; N, 6.11. Found: C, 62.87; H, 6.64; N, 5.96%. IR
spectrum (KBr) n/cm21: 1577.8s, 1525.9s, 1384.9m, 1343.1m,
1221.9m, 1172.5s, 1121.2m, 1071.3m, 1034.5m, 1011.1m,
678.9m, 567.8m. 1H NMR (DMSO-d6) (300 MHz; TMS) dH:
2.27 (3H, s), 3.02 (3H, s), 3.36 (1H, s), 3.49 (2H, t, J 5.2 Hz),
3.55 (2H, q, J 5.2 Hz), 6.78 (2H, d, J 8.6 Hz), 7.09 (2H, d, J
7.4 Hz), 7.13 (1H, d, J 14.3 Hz), 7.46 (2H, d, J 7.9 Hz), 7.55
(2H, d, J 8.6 Hz), 7.88 (1H, d, J 15.9 Hz), 8.01 (2H, d, J 6.3 Hz),
8.65 (2H, d, J 6.5 Hz).

trans-4-[p-(N-Hydroxyethyl-N-ethylamino)styryl]-N-methyl-
pyridinium toluene-p-sulfonate (HEASPS). Following the same
procedure as mentioned above, HEASPS was synthesized using
5.0 g (0.026 mol) of compound 2, 6.2 g (0.026 mol) of
compound 3 and 7.25 g (0.026 mol) of silver toluene-p-
sulfonate in 100 mL acetonitrile. The silver iodide precipitate
was ®ltered off from the solution. During the slow evaporation
of the clear red ®ltrate, purple-red parallelepiped crystals were
isolated. Calcd for C25H30N2O4S: C, 66.05; H, 6.60; N, 6.16.
Found: C, 65.65; H, 6.63; N, 5.86%. IR spectrum (KBr) n/
cm21: 1642.3m, 1581.5s, 1521.7s, 1398.7m, 1224.5m, 1170.1s,
1122.5m, 1057.8m, 1029.7m, 1008.4m, 826.7s, 680.0s, 569.6s.
1H NMR(DMSO-d6) (300 MHz; TMS) dH: 1.11 (3H, t, J 6.
8 Hz), 2.29 (3H, s), 3.36 (1H, s), 3.56 (2H, q, J 5.5 Hz), 4.16
(3H, s), 6.78 (2H, d, J 9.2 Hz), 7.11 (2H, d, J 7.7 Hz), 7.14 (1H,
d, J 7.7 Hz), 7.47 (2H, d, J 8.1 Hz), 7.56 (2H, d, J 9.2 Hz), 7.89
(1H, d, J 16.5 Hz), 8.02 (2H, d, J 6.6 Hz), 8.66 (2H, d, J 6.6 Hz).

The TGA curve of HMASPS shows that there is a 3.61%
weight loss in the heating process from 72 ³C to 143 ³C, which
was proved to be the water of hydration by X-ray structure
determination. The DTA curve of HMASPS indicates that the
temperature at which the water of hydration is lost is
126 ³C. The melting point of HMASPS is 186 ³C, and it
decomposes at temperatures above 304 ³C. In the TGA and
DTA experiments, no obvious weight loss was found for
HEASPS before its melting point. HEASPS melts at 198 ³C
and decomposes at 338 ³C. The results of the above thermal
analyses indicate that both compounds are thermally and
chemically stable, and may be photostable enough to undergo
fairly strong laser pulses.

2 Structure determination{

The X-ray diffraction data for HMASPS were collected on a
Rigaku R-AXIS C IP diffractometer by the IP method and
those for HEASPS on a Bruker P4 four-circle diffractometer
(Tables 1 and 2 and Figs. 1±4). By using SHELXL-97
programs, their structures were solved by direct methods and
re®ned by full-matrix least-squares on F2. Anisotropic
displacement parameters were re®ned for all non-hydrogen
atoms. The hydrogen atoms were not included in the structure-
factor calculations.

3 Linear absorption spectra

The UV±visible±near-IR spectra were measured on a Hitachi
U-3500 UV±vis±IR recording spectrophotometer by using
quartz cuvettes of 1 cm path length. Both HMASPS and
HEASPS show excellent solubility in many common solvents
such as water, methanol, ethanol, THF, DMF, acetonitrile,
benzene, toluene, chlorobenzene and benzyl alcohol etc.
Ethanol was chosen as the solvent for recording the spectra
because of its excellent UV transparency. The concentration
for both solutions of HMASPS±ethanol and HEASPS±ethanol
were ®xed to 1.0061025 M.

From Fig. 5, one can see that the absorption behaviors of

Scheme 1

{CCDC reference number 1145/225. See http://www.rsc.org/suppdata/
jm/b0/b001058h/ for crystallographic ®les in .cif format.
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these two compounds are almost the same. The two curves
show that the longest wavelength UV absorption peaks are
located at 483 nm for HMASPS (with the corresponding mole
absorption coef®cient emax~4.06104), and 487 nm for
HEASPS (with the corresponding emax~4.36104). There is
no reasonable linear absorption in the spectral range from 600
to 2000 nm.

Results and discussion

1 Structural features

As mentioned above, HMASPS has been identi®ed as a
monohydrate. The co-crystallized water molecules can be seen

in Fig. 1 (only the oxygen of water is drawn). Various hydrogen
bonds can also be seen in Fig. 1, such as the H¼O bonding
between the hydrogen of the hydroxy group and the oxygen of
the sulfonate group, between the hydrogen of water and the
oxygen of the sulfonate group, and between the hydrogen of
water and the oxygen of the hydroxy group. From Fig. 3, one
can also see that a kind of hydrogen bond between the
hydrogen of the hydroxy group and the oxygen of the sulfonate
group exists in the HEASPS crystal. By comparison, hydrogen
bonding is more abundant in HMASPS than in
HEASPS. Compared to HEASPS, HMASPS possesses super-
ior crystalline habits, such as ease of crystallization from
solution and ease of growing into a large three-dimensional
crystal. This reveals that water related hydrogen bonding plays
an important part in the crystalline process and the crystalline
morphology.

From Fig. 2 and Fig. 4, one can see that the HMASPS cation
and the HEASPS cation are almost perfectly planar. In fact, the
maximum atomic distances to their corresponding molecular
least square planes are no more than 0.1 AÊ . The bond lengths of
the benzene ring and the pyridinium ring in both HMASPS and
HEASPS are all of aromatic character. The bridge bond
lengths of C4±C7±C8±C9 of HEASPS are also highly
conjugated. The planar and the conjugated geometric con®g-
uration reveal that the HEASPS cation has a highly delocalized
p-electron system. The bonds of the HMASPS cation plane are
also conjugated, except that the same bridge linkage of C4±C7±

Table 1 Crystal data, diffraction data, and re®nement data of HMASPS and HEASPS

Compound HMASPS HEASPS

Formula C17H21N2Oz?C7H7O3S2?H2O C18H23N2Oz?C7H7O3S2

Formula weight 458.57 454.58
Crystal system Monoclinic Triclinic
Space group P21/n P1Å

Absorption coef®cient 0.176 mm21 0.173 mm21

Final R indices [Iw2s(I)] R~0.0776, wR~0.2303 R~0.0573, wR~0.1832
a/AÊ 9.929 (2) 9.4237 (8)
b/AÊ 19.549 (4) 9.6976 (8)
c/AÊ 12.100 (2) 13.2841 (9)
a/³ 90 86.655 (6)
b/³ 96.11 (3) 74.064 (5)
c/³ 90 85.891 (7)
Cell volume/AÊ 3 2335.3 (8) 1163.40 (16)
Temperature/K 294 298
Z 4 2
l of Mo-Ka/AÊ 0.71073 0.71073
Measured re¯ections 3581 4929
Independent re¯ections 3581 4111
Rint 0.000 0.023

Table 2 The selected bond lengths (AÊ ) of HMASPS and HEASPS

HMASPS HEASPS

S1±O2 1.4466(11) S1±O1 1.443(3)
S1±O3 1.4360(13) S1±O2 1.450(3)
S1±O4 1.4374(13) S1±O3 1.448(2)
S1±C21 1.7659(15) S1±C23 1.777(3)
N1±C1 1.3515(19) O4±C18 1.391(6)
N1±C15 1.4581(18) C2±C3 1.361(5)
N1±C17 1.451(2) C3±C4 1.393(4)
N2±C11 1.338(2) C4±C7 1.452(4)
N2±C12 1.3478(19) C4±C5 1.397(5)
N2±C14 1.465(2) C5±C6 1.368(5)
O1±C16 1.416(2) C7±C8 1.340(4)
C1±C2 1.4067(19) C8±C9 1.451(4)
C1±C6 1.418(2) C9±C10 1.396(4)
C2±C3 1.346(2) C9±C14 1.390(5)
C3±C4 1.377(3) C10±C11 1.376(4)
C4±C5 1.386(3) C11±C12 1.389(4)
C4±C7 1.665(3) C12±C13 1.412(5)
C5±C6 1.370(2) C13±C14 1.370(5)
C7±C8 1.115(3) C15±C16 1.505(6)
C8±C9 1.674(3) C17±C18 1.542(6)
C9±C10 1.396(3) C19±C20 1.505(5)
C9±C13 1.347(3) C20±C21 1.392(5)
C10±C11 1.397(2) C20±C25 1.375(5)
C12±C13 1.340(2) C21±C22 1.378(4)
C15±C16 1.496(2) C22±C23 1.382(4)
C18±C19 1.370(2) C23±C24 1.393(4)
C18±C23 1.380(2) C24±C25 1.391(4)
C18±C24 1.507(2) N1±C2 1.343(5)
C19±C20 1.391(2) N1±C1 1.482(5)
C20±C21 1.382(2) N1±C6 1.336(5)
C21±C22 1.381(2) N2±C12 1.380(4)
C22±C23 1.386(2) N2±C17 1.455(5)

N2±C15 1.475(5)
Fig. 1 Packing diagram for HMASPS.
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C8±C9 consists of isolated single and double bonds. This
deviation from conjugacy may not be intrinsic because
crystallographic disorder appears in C7 and C8 (see Fig. 2).
In short, both the HMASPS cation and the HEASPS cation are
highly p-conjugated or p-delocalized systems. We consider that
this structural characteristic is a necessary condition for two-
photon absorption and up-conversion emission.

As positively charged molecules, the HMASP cation and the
HEASP cation possess very large dipole moments. We believe
that the polarity is another important structural factor for up-
conversion lasing. It is known that the TPA cross section is
proportional to the imaginary part of the third-order nonlinear
optical coef®cient Im c (That is why TPA is known as a third-
order nonlinear process). Kogej et al. further divided the Im c
expression into three terms.18 The most dominant one is the
dipolar term which is similar to that of the simpli®ed two-state
expression for b (the second-order nonlinear optical coef®cient)
and is not vanishing only for noncentrosymmetric systems.

The polar toluene-p-sulfonate anions in both crystals adopt a
planar con®guration too. We believe that the toluene-p-
sulfonate anions also make some contribution to TPA. In
HMASPS and HEASPS, the anion plane is almost perpendi-
cular to the cation plane with the dihedral angles of 86.3³ in the
former and of 75.1³ in the latter.

2 Single-photon and two-photon excited ¯uorescence

The two-photon ¯uorescence spectra were recorded by using a
passively mode-locked Nd : YAG laser as pump source, and a
single-scan streak camera (Hamamatsu Model C1587) together
with a polychromator as a recorder. The pulse duration of the
Nd : YAG laser is 50 ps. Single-photon ¯uorescence was excited
by a Hg lamp at 435.8 nm and the corresponding emission
spectra were recorded by the above streak camera. DMF was
used as solvent with concentrations of 7.5361022 M for
HMASPS and 3.7261022 M for HEASPS. As mentioned
above, no linear absorption occurs in the spectral range from
600 nm to 2000 nm, so upon irradiation with the laser pulse at
1064 nm, the sequential stepwise absorption excited emission
can be excluded and the strong frequency up-converted
¯uorescence can be assigned to a simultaneous two-photon
absorption mechanism. From Fig. 6 and Fig. 7, one can see
that single-photon-excited ¯uorescence peaks for HMASPS
and HEASPS are located at 632 nm and 630 nm respectively,
and the two-photon-excited ¯uorescence peaks for HMASPS
and HEASPS are located at 638 nm, which are about 7 nm red-

shifted as compared to those of their single-photon counter-
parts.

3 The TPP lasing spectra and TPP lasing energy conversion
ef®ciency

In TPP lasing experiments, the 1064 nm, 50 ps pulse from a
passively mode-locked Nd : YAG laser was adopted as pump
source. Through a f~7 cm lens, the pump beam was focused
vertically onto the center of a 1 cm path quartz cell that was full
of solution sample. The lasing output beam was dispersed by a
polychromator and the spectra were recorded by a streak
camera (Hamamatsu Model C1587).

Fig. 8 shows the narrow TPP lasing spectra of HMASPS and
HEASPS in DMF solution. The peak positions are at 626 nm
(for HMASPS) and 624 nm (for HEASPS) respectively with a
FWHM of y25 nm. By comparing Fig. 8 with Fig. 6 or Fig. 7,
we can see that the TPP ¯uorescence peaks are red-shifted by
y13 nm compared with their corresponding TPP lasing peak
positions. To identify whether this red-shift is common to other
systems, we have recorded the TPP ¯uorescence spectrum and
lasing spectrum of ASPI19 using the same optical set-up and
have found a similar red-shift of about 17 nm in benzyl alcohol
solution (see Fig. 9). This result is quite different from that
reported in reference 19. From Fig. 9, one can see that the TPP
lasing peak is at a shorter wavelength than the TPP
¯uorescence peak. One may also say the lasing peak is blue-
shifted. To identify which peak is moveable, we have carried
out a series concentration varying experiment and found out
that the lasing peak position was basically ®xed while the
¯uorescence peak position was variable. So the phrase ``red-
shift'' is more rational. This red-shift can be explained by
reabsorption based on the following facts. (1) There exists some

Fig. 2 Molecular structure of HMASPS.

Fig. 3 Packing diagram for HEASPS.

Fig. 4 Molecular structure of HEASPS.
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overlap between the long wavelength side of the absorption
band (see Fig. 5) and the short wavelength side of the
¯uorescence band (see Fig. 6 and 7). The higher the
concentration of the solution, the more intense the absorption,
and indeed a greater red-shift of the TPP ¯uorescence peak has
been observed. (2) All TPP ¯uorescence peaks in Fig. 6, 7 and 9
are asymmetric with their left part seeming to be cut off.

Apart from the solution concentration, another factor to
in¯uence the position of the TPP lasing peak is the pumping
pulse. At the same concentration in benzyl alcohol, the lasing
peak of ASPI in our ps pulse set-up is at 613 nm, while that of
ASPI by a ns pulse was reported to be at 623 nm.18 This
difference may be also explained by reabsorption. The lasing
peak is very narrow and its overlap with the absorption band is
almost negligible. However, the tendency of reabsorption, if it
exists, should be more effectively overcome by a ps pulse
compared to the case of a ns pulse because shorter pump pulses
possess stronger pump power.

Another mode-locked Nd : YAG laser with a pulse duration
of 50±90 ps was used to measure the lasing output/input
intensity curves for HMASPS and HEASPS at the ®xed
concentration of 5.0061022 M in DMF solution (see Fig. 10).
During the experiment, a laser energy meter (Rj-7200, Laser
Precision Corp.) with double detectors was used. One detector
was used as the monitor for the pump energy and the other was
used to detect the up-conversion lasing energy.

Fig. 11 shows the lasing output/input intensity curves for
HMASPS and HEASPS solutions in DMF. From Fig. 11, one
can see that the output energy of the two samples increases as
the pump level increases. Under exactly the same experimental
conditions, the overall energy conversion ef®ciency is 8.4% for
HMASPS (output/input energy is 0.169 mJ/2.02 mJ), 9.1% for

HEASPS (output/input energy is 0.173 mJ/1.90 mJ). The
pumping energy at the lasing threshold was measured to be
0.24 mJ for both HMASPS and HEASPS. In order to compare
the output/input characters of our samples with the known up-
conversion lasing dye ASPI, the ef®ciency of a 0.05 M ASPI
solution in DMF has also been measured under exactly the
same experimental conditions. The conversion ef®ciency of
ASPI is 7.1% (output/input energy is 0.149 mJ/2.10 mJ). From
the above results, we can draw the following conclusions. (1)
The ef®ciency of HEASPS is higher than that of HMASPS. (2)
The up-conversion ef®ciencies of HMASPS and HEASPS are
higher than that of ASPI. Although the position of TPP lasing
depends on the solution concentration and on the pumping
source as well as the solvent, it does not depend on the anonic
counterion. The counterion in¯uences the FWHM of the TPP
lasing peaks, for the FWHM of ASPI±benzyl alcohol solution
was measured to be 7.7 nm while that of HMASPS±benzyl
alcohol solution is 9.6 nm at the same concentration of
1.561022 M and under the same ps pumping source. The
higher ef®ciency of HMASPS compared with ASPI is
phenomenally related to the broader width of the peak of
TPP lasing. The polar aromatic toluene-p-sulfonate has indeed
some in¯uence on the up-conversion ef®ciency as well as on
some spectroscopic characteristics. The exact role which the

Fig. 5 UV±vis±near-IR absorption spectra of HMASPS and HEASPS
in ethanol with the same concentration of 1.0061025 M.

Fig. 6 Single-photon (of 435.8 nm from a Hg lamp) and two-photon
(of 1064 nm from a mode-locked Nd : YAG laser) excited ¯uorescence
spectra of 7.5361022 M HMASPS in DMF.

Fig. 7 Single-photon (of 435.8 nm from a Hg lamp) and two-photon
(of 1064 nm from a mode-locked Nd : YAG laser) excited ¯uorescence
spectra of 3.7261022 M HEASPS in DMF.

Fig. 8 Two-photon pumped lasing spectra of 7.5361022 M
HMASPS±DMF solution and 3.7261022 M HEASPS±DMF solution.
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counterion plays is still not very clear and is under investiga-
tion.

Conclusion

Two new stable organic salts, HMASPS and HEASPS, have
been synthesized. Their structures have been determined.

Strong two-photon pumped (1064 nm) ¯uorescence and
lasing around 630 nm were found for HMASPS and
HEASPS solution. To our knowledge, HMASPS and
HEASPS are among the few laser dyes with the highest up-
conversion ef®ciency. Comparing HMASPS and HEASPS
with ASPI, the polar aromatic toluene-p-sulfonate anion also
has some in¯uence on the TPA as well as on the TPP up-
conversion emission process.
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Fig. 9 Two-photon (of 1064 nm from a mode-locked Nd : YAG laser)
excited ¯uorescence and lasing spectra of 0.014 M ASPI±benzyl alcohol
solution.

Fig. 10 Experimental set-up for measurement of lasing output/input
energies.

Fig. 11 The output/input curves of HMASPS±DMF and HEASPS±
DMF solutions at the same concentration of 5.0061022 M. For
comparison output/input data of an ASPI±DMF solution of the same
concentration have also been indicated.
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