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A novel pyridinium salt, 2,4-bis[p-(N,N-dimethylamino)styryl]-N-methyl pyridinium iodide (BMSPI) was syn-
thesized and characterized by TG, 1H NMR spectroscopy and elemental analysis, and the reaction process was 
studied by using ES-MS. When BMSPI was pumped by a pulsed 1064 nm, 50 ps laser beam, it manifests highly ef-
ficient TPA (Two-Photon Absorption) and up-conversion superradiance. The up-conversion efficiency was 6.0% at 
the pump energy of 4 6 mJ and the lifetime of two-photon fluorescence was measured as 59 ps. 
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Introduction 

Materials with a large Two-Photon Absorption (TPA) 
cross section have been gained considerable attention in 
recent years owing to its applications in various fields, 
including optical data storage, lithographic mi-
cro-fabrication, laser device fabrication and photody-
namic therapy.1-5 Among them two-photon-induced 
fluorescence has received the wide popularity in the 
biological community and given rise to the development 
of two-photon laser scanning fluorescence microscopy. 
The molecule excitation by the simultaneous absorption 
of two photons, however, presents several advantages 
including a capacity for a highly confined excitation and 
intrinsic three-dimension resolution, and the possibility 
of imaging at an increased penetration depth in tissue, 
with reduced photo-damage and background fluores-
cence. These potential applications inevitably stimulated 
research on design, synthesis and characterization of 
new molecules with great TPA abilities. One of the 
largest classes of organics with large second-order po-
larizabilities consists of donor-acceptor (abbreviate as D, 
A, respectively) substituted stilbene. Among them, the 
DAMS  [4-{2-(4-dimethylaminophenyl)ethenyl}-1- 
methyl pyridinium cation] has been reported to exhibit 
one of the largest known frequency-doubling capaci-
ties.6-8 But in the experiments, faint TPA was observed 

in DAMS I . In previous work of our research group, 
chromophores with different counterions and different 
side chains, both those changes resulted in highly effi-
cient TPA properties have been synthesized.9-17 And 
then a D-�-A-π-�� ����� ��	��� 
���� [D donor, π
conjugation system, A acceptor] pyridinium salt (BM- 
SPI) was synthesized. It should be pointed out that this 
�� 
����� ��������� ��
�� 
������ ����� ���� ���lity as 
compared with DAMS I , a linear shape molecule with 
similar structure. In this paper, the intensive up-conver- 
sion superradiance and the TPA induced fluorescence of 
the title compound is reported. 

Experimental 

Materials and measurements 

IR spectra were recorded on a Nicolet NEXUS 870 
spectrometer with samples prepared a KBr pellets. The 
UV-visible spectrum was measured on a Hitachi 340 
spectrometer using quartz curettes of 1-cm path length. 
Elemental analysis data were obtained using a 
Perkin-Elmer 240B elemental analyzer. 1H NMR spec-
tra were obtained on a Bruker Advanced/DMX 500 
NMR spectrometer in DMSO-d6 solution (TMS as in-
ternal standard in 1H NMR). Thermal analyses were 
performed on a Perkin Elmer TGS-2 thermogravimetric 
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analyzer. Electrospray mass spectrum (ES-MS) was re-
corded on a Finnigan LCQ mass spectrograph, and the 
concentration of the samples was about 1.0 mmol/mL. 
The diluted solution was electrosprayed at a flow rate of 
5 10 6 L/min with a needle voltage of 4.5 kV. The 
mobile phase was an aqueous solution of methanol (V
V, 1 1). The samples were run in the positive-ion 
mode. Single–photon fluorescence spectrum was meas-
ured using a spectrofluophotometer (Perkin-Elmer 
LS55B). The two-photon fluorescence spectra were re-
corded using a passively mode-locked Nd YAG laser 
(Continuum, PY61C-10) as pump source, and a sin-
gle-scan streak camera (Hamamatsu Model C5680, 2 ps 
resolution) together with a polychromator as a recorder. 
The pulse duration of the Nd YAG laser is 50 ps. The 
pump source was focused into the sample solution in a 
1-cm glass cell by a convex lens (its focus is 15 cm). In 
the measurement of the fluorescence, the position of the 
glass cell was changed back and forward in the direction 
of the pump source until no superradiance could be ob-
served. The fluorescence was collected into the slit of 
the streak camera by two short-focal-length convex 
lenses. 

The crystal data for the complex were collected on a 
Siemens SMART CCD area detector diffractometer 
equipped with Mo Kα radiation using ω-scan mode. 
The unit cell parameters were determined using the 
program SMART (Siemens, 1996a). The three sets of 
data collected were reduced by using the program 
SAINT (Siemens, 1996b). The structure was solved with 
direct methods by using the program SHELXTL (Shel-
drick, 1997). All the non-hydrogen atoms were located 
from the trial structure and then refined anisotropically 
with SHELXTL using full-matrix least-squares proce-
dure. The hydrogen atoms were geometrically fixed at 
calculated positions attached to their parent atoms, and 
treated as riding atoms.  

Preparations and characterization 

The reaction steps are shown in Figure 1. 

2,4-Dimethyl-N-methyl pyridinium iodide (DMPI)  

2,4-Dimethyl pyridine (2.14 g, 0.02 mol) was dis-

solved in 10 mL of ethanol, then methyl iodide (4.32 g, 
0.03 mol) was added dropwise into the solution. The 
mixture was heated to reflux at 80  for 40 min to 
give white microcrystals 4.23 g, yield 85%. 1H NMR 
(DMSO-d6, 500 MHz) δ: 2.54 (s, 3H), 2.71 (s, 3H), 4.15 
(s, 3H), 7.71, 7.78 (d, J 6.13 Hz, 1H), 7.89 (s, 1H), 8.8 
(d, J 6.4 Hz, 1H ). Anal. calcd for C8H12NI: C 38.55, 
H 4.85, N 5.62; found C 38.53, H 4.80, N 5.60. 

2-Methyl-4-[p-(N,N-dimethylamino)styryl]-N-methyl 
pyridinium tetraphenylborate (MSPTB) 

DMPI (4.98 g, 0.02 mol), 4-(N,N-dimethylamino)- 
benzaldehyde (3.0 g, 0.02 mol) and 50 mL of ethanol 
were added into a 100 mL-flask with a stirrer and a 
condenser. Then four drops of piperidine were added. 
The solution was heated to reflux for 6 h to form 2- 
methyl-4-[p-(N-methyl-N-methylamino)styryl]-N- 
methylpyridinium iodide (MSPI). Then the solution 
was added into a solution of sodium tetraphenylborate 
(0.02 mol) in 50 mL of ethanol with stirring and heating 
simultaneously. After being refluxed for 4 h, the solu-
tion was cooled to room temperature with stirring. 
Evaporating the red solution yielded shinning micro-
crystals. Recrystallizing from acetonitrile the product 
formed deep-red parallelepiped crystals, which could be 
used for X-ray analysis. MSPI: 1H NMR (DMSO-d6, 
500 MHz) δ: 2.69 (s, 3H), 3.03 (s, 6H), 4.08 (s, 3H), 
6.79 (d, J 7.86 Hz, 4H), 7.84, 7.87 (d, J 16 Hz, 2H), 
7.90 (s, 1H), 8.00 (d, J 6.1 Hz, 1H), 8.68 (d, J 6.69 
Hz, 1H); IR (KBr) ν :  1375 (CH3), 980 (RCH CHR) 
cm 1. Anal. calcd for C41H41BN2: C 86.00, H 7.22, N 
4.89, found C85.79, H 7.11, N 4.95. 

2,4-Bis[p-(N,N-dimethylamino)styryl]-N-methyl 
pyridinium iodide (BMSPI) 

DMPI (4.98 g, 0.02 mol), 4-(N,N-dimethylamino)- 
benzaldehyde (5.97 g, 0.04 mol) and 50 mL of ethanol 
were added into a 100 mL-flask equipped with a stirrer 
and a condenser. Then four drops of piperidine were 
added. The solution was heated to reflux for three days 
to form BMSPI, which was purified by column chroma- 

 

Figure 1  Preparative steps of BMSPI. 
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tography (Al2O3, CH2Cl2 C2H5OH 5 1). 1H NMR 
(DMSO-d6, 500 MHz) δ: 3.03 (d, J 8.15 Hz, 12H), 
4.15 (s, 3H), 6.79 (d, J 7.84 Hz, 4H), 7.14 (d, J
15.71 Hz, 2H), 7.56 (d, J 8.75 Hz, 2H), 7.68 (d, J
8.75 Hz, 2H), 7.76 (d, J 5.88 Hz, 1H), 7.84, 7.90 (d,  
J 13 Hz, 2H), 8.34 (s, 1H), 8.52 (d, J 6 Hz, 1H); IR 
(KBr) ν :  1368 (CH3), 970 (RCH CHR) cm 1. Anal. 
calcd for C26H30N3I: C 61.01, H 5.86, N 8.21; found C 
61.03, H 5.89, N 8.01. 

Results and discussion 

Reaction steps of BMSPI 

The molecular shape of BMSPI was designed to be 
�� and it required one molecule of DMPI to react with 
two molecules of 4-(N,N-dimethylamino)benzaldehyde. 
When the mixture of DMPI and aldehyde was heated to 
reflux for 6 h, only MSPI was obtained. By changing 
the counterion from I  to tetraphenylborate, easily 
crystallized MSPTB could be obtained for X-ray struc-
ture determination, but as the reaction time was ex-
tended to 20 h, a mixture of MSPI and BMSPI was 
gotten. The relative new technique of electrospray mass 
spectrometry (ES-MS) allows preexisting ions in solu-
tion to be transferred very gently into the gas phase with 
minimal fragmentation.18 It was used to study the reac-
tion steps. From Figure 2, one can see two the peaks 
located at 253.5 and 384.5, respectively. The first peak 
represents the positive-ion of MSPI, the latter indicates 
that BMSPI had been produced already. Refluxing the 
reaction system for three days only yielded BMSPI as 
shown in Figure 3. So in this reaction, BMSPI was not 
produced by one molecule of DMPI reacting with two 
molecule of aldehyde immediately. In fact, one mole-
cule of DMPI first reacted with one molecule of alde-
hyde, formed 2-methyl-4-[p-(N,N-dimethylamino)- 
styryl]-N-methylpyridinium iodide due to the stereo 
effect. As the reaction was going on, 2-methyl-4-[p-(N, 
N-dimethylamino)styryl]-N-methylpyridinium reacted 
with another aldehyde to form BMSPI, Λ shape mole-
cule. So the reaction time is crucial to the target Mole- 
cule. 

 

Figure 2  ES-MS of the solution in methanol (when reaction 
time was about 20 h in step two). 

 

Figure 3  ES-MS of BMSPI in methanol solution. 

Structure features of MSPTB and BMSPI 

The crystal data and details of the structure determi-
nation for MSPTB are shown in Table 1. The selected 
bond lengths and the angles are listed in Table 2. The 
molecule structure is shown in Figure 4. 

Table 1  Crystal data, diffraction data and refinement data of 
MSPTB 

Compound  MSPTB 

Empirical formula  C41H41BN2 

Formula weight  572.57 

Color Red 

Crystal system, space group  Monoclinic, P21/c 

Temperature/K 293(2)  

Wavelength �/nm 0.071073  

a/nm 1.76291(1)  

b/nm 1.13270(3) 

c/nm 1.73485(4) 

β/(°) 112.428(1) 

Cell volume/nm3  3.2022(11)  

Z 4 

Reflections collected/unique  21574/7770 

[R(int 0.1870] 

Final R indices [I 2�(I)]  R1 0.0861, wR2 0.1838 

Extinction coefficient  0.0109(14) 

Goodness-of-fit on F2 0.828 

From Figure 4, it is easy to find that the molecule is 
of trans-stilben structure. The pyridyl ring makes a di-
hedral angel of 15° to the phenyl ring. The maximum 
deviation for non-H atoms from the mean planes of the 
pyridyl and phenyl rings is 5.3 10 4 nm and 3.9 10 4 

nm, respectively. The anion takes a slightly distorted 
tetrahedral geometry. The bond lengths of the pyridine 
ring and the phenyl ring are all of aromatic character. 
The bond lengths of C(6)—C(9), C(9)—C(10), 
C(10)—C(11) are 0.14567, 0.13294 and 0.14558 nm, 
respectively. These bridge bond lengths are even and
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Table 2  Selected bond length (nm) and bond angels (°) of MSPTB 

N(1)—C(3)  0.1386(7) C(6)—C(7) 0.1359(10) 

N(1)—C(1) 0.1446(7) C(6)—C(9) 0.14567(10) 

N(1)—C(2) 0.1459(7) C(7)—C(8) 0.1378(9) 

N(2)—C(14) 0.1366(7) C(9)—C(10) 0.13294(10) 

N(2)—C(13) 0.1365(6) C(10)—C(11) 0.14558(10) 

N(2)—C(17) 0.1490(6) C(11)—C(12) 0.1348(8) 

B(1)—C(24) 0.1652(7) C(11)—C(15) 0.1334(8) 

C(3)—C(4)  0.1405(7) C(12)—C(13) 0.1360(7) 

C(3)—C(8) 0.1403(8) C(13)—C(16) 0.1470(7) 

C(4)—C(5) 0.1367(8) C(14)—C(15) 0.1340(8) 

C(3)-N(1)-C(1) 121.4(5) C(9)-C(10)-C(11) 129.7(8) 

C(3)-N(1)-C(2) 119.5(5) C(15)-C(11)-C(12) 120.3(6) 

C(1)-N(1)-C(2) 117.9(5) C(15)-C(11)-C(10) 107.6(7) 

C(13)-N(2)-C(14) 119.5(5) C(12)-C(11)-C(10) 132.0(8) 

C(13)-N(2)-C(17) 122.0(5) C(11)-C(12)-C(13) 122.3(6) 

C(14)-N(2)-C(17) 118.5(6) C(12)-C(13)-N(2) 117.2(5) 

N(1)-C(3)-C(8) 122.2(6) C(12)-C(13)-C(16) 125.3(6) 

N(1)-C(3)-C(4) 120.5(6) N(2)-C(13)-C(16) 117.5(5) 

C(8)-C(3)-C(4) 117.3(6) C(15)-C(14)-N(2) 121.9(6) 

C(5)-C(4)-C(3) 119.6(6) C(11)-C(15)-C(14) 118.8(6) 

C(6)-C(5)-C(4) 123.9(7) C(36)-B(1)-C(18) 107.5(4) 

C(7)-C(6)-C(5) 116.2(7) C(36)-B(1)-C(24) 108.3(4) 

C(7)-C(6)-C(9) 136.1(10) C(18)-B(1)-C(24) 111.2(4) 

C(5)-C(6)-C(9) 107.3(9) C(36)-B(1)-C(30) 109.6(4) 

C(6)-C(7)-C(8) 123.5(7) C(18)-B(1)-C(30) 110.7(3) 

C(7)-C(8)-C(3) 119.6(6) C(24)-B(1)-C(30) 109.4(4) 

 

between typical single and double-bond length, indicat-
ing that MSPTBs are highly conjugated. The conju-
gated geometric configuration reveals that the cation has 
a highly delocalized π-electron system, which is a nec-
essary condition for nonlinear optical response. 

 

Figure 4  Molecular structure of MSPTB. 

On the other hand, the trans-stilbene structure for 
MSPTB is also proved by its 1H NMR spectral data [�: 
7.84, 7.87 (d, J 16 Hz, 2H)]. The further product, the 
title compound (BMSPI), posses a trans-stilbene deri-
vation [�: 7.09, 7.19 (d, J 15.71 Hz, 2H); 7.84, 7.90 (d, 

J 13.00 Hz, 2H)], but Λ shape. It has a larger delocal-
ized π-electron system as compared with MSPTB, 
which may be the origin of TPA response. 

TGA analysis of BMSPI 

The TGA curve showed BMSPI had good thermo-
stability. It would not lose weight until the temperature 
was up to 267 . There was an 8.33% weight loss in 
the heating process from 266.7  to 282 . It was 
proved to be a loss of a dimethylamino, and from 341.7 

 to 387.9  there was 35.07% loss of its weight, 
indicating that it lost iodide, another dimethylamino and 
the methyl bonded to the atom N of pyridine. 

Linear absorption spectrum of BMSPI 

Ethanol was chosen as the solvent for recording the 
spectra because of its excellent UV transparency. There 
are two absorption peaks located at 475 nm (with the 
corresponding mole absorption coefficient lg � 3.92) 
and 544 nm (lg � 4.77). There is no reasonable linear 
absorption in the spectral range from 600 nm to 1500 
nm. From the linear absorption spectrum, one can image 
that TPA process might be expected in the wavelength 
range of 800 1200 nm. So the 1064 nm-pulsed laser 
was used as the pump source.9,17,19 
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Single and two-photon excited fluorescence of BMS- 
PI 

Figure 5 shows the single (a) and two-photon (b) 
fluorescence spectra of BMSPI solution in methanol. 
The peak position with a half highness is 617.6 nm with 
52.4 nm (for single-photon fluorescence) and 623.5 nm 
with 52.7 nm (for two-photon fluorescence), respec-
tively. From the figure, it can be seen that single and 
two-photon excited emissions come from the same en-
ergy level, but there is about 6 nm red shift for the peak 
position of TPA fluorescence (623.5 nm) compared with 
that of single-photon absorption fluorescence. This is 
due to the re-absorption effect of BMSPI solution at 
high concentration. The higher the concentration is, the 
more the re-absorption, and then the larger the red shift 
of the peak. 

 
Figure 5  Single-photon and two-photon (of 1064 nm from 
mode-locked Nd YAG laser) excited fluorescence spectra of 
BMSPI. 

Two-photon up-conversion superradiance and up- 

conversion efficiency of BMSPI 

When a 1 cm-path BMSPI solution in DMF at 0.01 
mol/L concentration was pumped by focused (its focus 
is 15 cm) picosecond 1064 nm laser beam, intense TPA 
fluorescence and superradiance can be observed, as 
shown in Figure 6, which shows the narrow intensive 
superradiance, and the peak position was at 625.3 nm 
with the bandwidth of 15.38 nm. It is obvious that the 
superradiance spectral width is much narrower than the 
fluorescence spectral width even without using any in-
tracavity dispersion elements.  

The up-conversion superradiance efficiency was 
measured by a two-channel energy meter (EPM-2000), 
and the pump energy transmitted into the sample was 
filtered by an IR-cut filter. Two Glan-Taylor polarizers 
were used to change the pump energy continuously. 
Figure 7 shows that the efficiency increased as the pump 
energy enlarged. The maximum of the efficiency could 
be as high as 6.2% when the input energy got to 4 mJ. 
However, in spite of the increased energies, the effi-
ciency was stagnated by the saturation absorption of the 
pump energy.19It can be deduced that BMSPI has a po-
tential application as an up-conversion laser dye, as ef-
ficient as the known one, ASPI (6.7% under the ex-

periment setup, 0.05 mol/L solution in DMF, the out-
put/input energy was 0.14 mJ/2.1 mJ). 

The lifetime of two-photon-excited fluorescence was 
also measured by the streak camera equipped with a 
delay unit. A deconvolution procedure was applied 
based on a global optimization algorithm to fit the ex-
perimental results of the fluorescence decay curves. The 
influence of the pump laser was excluded by a computer 
program. In Figure 8 the scatter curve is the measured 
data and the solid curve is the fitted curve. The lifetime 
was measured to be 59 ps, almost as short as the pulse 
interval. It is indicated that the best pump source for this 
short lifetime laser dye should be a picosecond laser. 

 
Figure 6  TPA fluorescence and up-conversion superradiance 
for BMSPI. 

 
Figure 7  Up-conversion efficiencies of TPA superradiance at 
different pump energy at 1064 nm of BMSPI (The pump laser 
beam was produced by a mode-locked Nd YAG laser). 

 

Figure 8  Lifetime of two-photon induced fluorescence of 
BMSPI solution in DMF (0.01 mol/L). 
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Conclusions 

MSPI has a very weak TPA ability, which is similar 
to DAMS I . However, by changing the normal pyri- 
dinium salt with a D-π-�� 
�	����	�� ����� ���� 
����� ��	�
D-π-A-π-D) molecule (BMSPI), it displays strong TPA 
excited fluorescence and up-conversion superadiance. 
So it could be deduced that changing the shape of a 
molecule is another way to get the compounds with 
strong TPA response. 
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