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Abstract Two novel metal complexes, namely
[Tba(L)s(H20)4]-(NO3)s-L2(H20)15 (1) and [Hg(L)CLo], (2),
were obtained by the reaction of D-1i-A (D=donor, 7t=conju-
gated spacer, A=acceptor) type pyridinium inner salt dye,
trans-4-[(p-N,N-dimethylamino)styryl]-N-(2-propanoic-acid)
pyridinium (L) with corresponding metal salts. Single crystal
X-ray diffraction analyses reveal that compound 1 possesses
dinuclear motif in which two Tb(III) ions are linked by four
carboxylate groups while complex 2 exhibits 1D chain struc-
ture based on Hg(II) ions bridged by carboxylate groups. The
linear and non-linear optical properties of complexes 1 and 2
have been studied. Both 1 and 2 exhibit intense single-photon
excited fluorescence (SPEF) and two-photon excited fluores-
cence (TPEF) in the red range. Results show that the replace-
ment of central ions from Hg”" to Tb>" influence the two-
photon absorption cross-section significantly through in-
creasing the density of the chromophore. However, the
peak positions of two-photon excited fluorescence are only
slightly affected. Compared with L molecule, complex 1 shows
enhanced two-photon absorption cross-section and decreased
fluorescent lifetime.
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Introduction

Recent years have witnessed the rapidly growing interest on
the design and synthesis of materials with two-photon absorp-
tion (TPA) activity. The motivation arises from their promis-
ing applications in biosensing technology [1], optical data
storage [2,3], optical power limiting [4], two-photon laser
scanning microscopy [5], and up-conversion lasing [6]. In
order to realize these applications, materials with large two-
photon absorption cross-sections (o) are demanded [7].
Research in this field has been focused on the design and
fabrication of new efficient two-photon absorbers, and the
exploration of the relationship between the structures and
properties. To date, several effective design approaches have
been applied to enhance the o value [8—10], and it has been
revealed that the length of 7-conjugated spacer, strength of
donor/acceptor motifs and the molecular planarity, play im-
portant roles in tuning the molecular TPA activity of materials
[11-13]. In particular, it has been found that TPA effect en-
hances with the increase of chromophore number density.
Therefore, efficient two-photon absorbers, such as quadrupo-
lar, octupoles and multi-branched chromophores have been
extensively developed [14—19]. However, although metal ions
can serve as multi-dimensional templates, able to assemble
ligands into multi-branched molecules by providing enough
coordination sites, it is only recently that metal complexes as
potential TPA materials have been investigated [20]. Prasad
et al. demonstrated the enhancement of TPA cross-section
upon coordination to Ni(II) of phenanthrolines with weaker
electron-donating group, while a decrease of the TPA effect
was found when Ni(Il) ions were coordinated to
phenanthrolines possessing strong electron donors [20].
Bharadwaj and co-workers observed that a Schiff base ex-
hibits exceptionally high o values upon binding with Zn(II)
or Cu(I) ions, underlining the importance of the metal ion [21].
Recently, we reported a series of rare earth complexes with
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Table 1 Crystal data for

compounds 1, 2 and L-5H,0 Compound L-5H,0 1 2
Formula C1sH30N207 C144H204N22056 T, Ci5H20ClLHgN,0,
Formula weight 386.44 3457.14 567.85
Crystal system Triclinic Monoclinic Monoclinic
Space group P-1 P2;/n P2;/m
Unit cell dimensions
a(A) 7.1217(6) 21.9340(18) 5.0460(4)
b(A) 12.4646(11) 16.9957(14) 12.1629(11)
c(A) 12.5366(12) 22.083(2) 16.1941(14)
a(®) 106.847(2) 90 90
6(°) 92.2300 102.574(2) 96.3670
() 104.440(2) 90 90

intense TPA and frequency up-conversion emission. In
these complexes, two D-7t-A type chromophores with large
two-photon absorption cross section, trans-4-[(p-N,N-
dimethylamino)styryl]-N-acetic-acid pyridinium and trans-
4-[(p-N-2-hydroxyethyl-N-methylamino)styryl]-N-acetic-acid
pyridinium, were used as ligands. Rare earth ions play an
important role in determining the TPA properties of the com-
plexes by adjusting the density of the chromophores [6].
These studies have highlighted the important roles of both
the central ions and the chromophores to enhance the TPA
responses of such materials.

To better understand the relationship between the density
of chromophore and TPA activity, and to explore new ma-
terials with large TPA cross section, we present here one
novel stilbene-pyridinium salt dye, trans-4-[(p-N,N-
dimethylamino)styryl] -N-(2-propanoic-acid) pyridinium (L),
and a dinuclear COInplCX [sz(L)6(H20)4]'(NO3)6'L2‘(H20)18
(1) with high density of L. (chromophore). In order to investi-
gate the role of metal ions in determining the TPA effect, an-
other metal complex, [Hg(L)Cl,], (2), is also reported. All three

Table2  Selected bond lengths (A) and bond angles (°) for compounds
L 5H,O and 1-2

L-5H,0
C(1)-0(1) 1.253(3) C(1)-0(2) 1.233(3)
C(2)-N(1) 1.489(3) C(6)-C(9) 1.459(4)
C(9)-C(10) 1.309(4) C(10)-C(11) 1.460(4)
O(1)-C(1)-0(2)  126.6(3) N(D-C2)-C(1)  110.02)
Complex 1
Tb(1)-O(2A) 2.299(7) Tb(1)-0(3) 2.310(9)
Tb(1)-O(4A) 2.33009) Tb(1)-0(9) 2.335(8)
Tb(1)-O0(10) 2.377(10)  Tb(1)-O(1) 2.402(8)
Tb(1)-0(5) 2.428(8) Tb(1)-0(6) 2.540(10)
Complex 2
Hg(1)-CI(1) 2.311(7) Hg(1)-CI(1A) 2.311(7)
Hg(1)-O(2B) 2.41(3) Hg(1)-0(1) 2.57(2)
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compounds have been fully characterized. The linear absorp-
tion, single-photon excited fluorescence (SPEF) and two-
photon excited fluorescence (TPEF) spectra of these com-
pounds were systematically investigated.

Experimental
Materials and Instruments

All chemicals used in the synthesis are of analytical grade and
used without further purification. Elemental analyses for C, H
and N were carried out on a Vario EL Illanalyzer. Infrared
spectra were recorded using KBr pellets with a Nicolet 510
FT-IR spectrometer in the range of 4000-400 cm '. UV-vis
absorption spectra were performed on a Shimadzu UV3600
UV-vis-NIR spectrophotometer. Single-photon excited fluo-
rescence spectra were measured with a RF-5301PC spectro-
photometer at room temperature.

Synthesis

Synthesis of Trans-4-[(p-N,N-dimethylamino)styryl]
-N-(2-propanoic-acid) Pyridinium (L)

L-5H,0 was synthesized using the literature method [6]
except that 2-bromopropionic acid was used instead. Yield:
25 %. Anal. Calc. for C;gH3oN,O;: C 55.89, H 7.76, N
7.24 %. Found: C 55.91, H 7.75,N 7.27 %. IR (cm '): 3411 s;
1635vs; 1592vs; 1388vs; 1187vs; 807w; 535w.

C12
)

Fig. 1 Molecular structure of compound L



J Fluoresc (2015) 25:473-479

475

Fig. 2 Packing diagram for
compound L
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Synthesis of [Th>(L)s(H20)4]-(NO3)s-L>+(H>0) 5 (1)

Tb(NO5)3:6H,0 (0.136 g, 0.3 mmol) and L (0.296 g, 1 mmol)
were dissolved in 20 mL ethanol and refluxed at 70 °C for 8 h,
then naturally cooled to room temperature. Dark red crystals
suitable for X-ray diffraction of 1 were obtained by slow evap-
oration of the mother liquid. Yield: 55 %. Anal. Calc. for
C144H204N25056Thy: C 49.98, H 5.90, N 8.91 %. Found: C
50.01,H 5.86, N 8.93 %. IR (crnfl): 3391vs; 1645vs; 1587vs;
1381vs; 1177vs; 821w; 536w.

Synthesis of [Hg(L)Cl,], (2)

The mixture of HgCl, (0.136 g, 0.5 mmol) and L (0.296 g,
1 mmol) was dissolved in 20 mL ethanol and refluxed at 70 °C
for 5 h, and then cooled to room temperature slowly. Dark red
crystals of 2 were isolated by slow evaporation of the mother
liquid. Yield: 75 %. Anal. Calc. for C;3H,oN,O,Cl,Hg: C
38.04, H 3.52, N 4.93 %. Found: C 38.01, H 3.56, N
4.95 %. IR (cmﬁl): 1642vs; 1587vs; 1381vs; 1182vs; 812w;
539w.

Structure Determination

Single crystal X-ray diffraction data of L, 1 and 2 were col-
lected on a Bruker SMART APEX CCD diffractometer with
graphite monochromated Mo K radiation (A=0.71073 A) at
298 K using w-scan technique. The structures were solved by
direct method and refined using the SHELXL-97 program
[22]. All of the non-hydrogen atoms were refined with aniso-
tropic temperature factors and hydrogen atoms were added

Fig. 3 The coordination
environment for Tb(III) centres in
complex 1

geometrically. Crystallographic data for three compounds are
summarized in Table 1, selected bond lengths and angles are
listed in Table 2.

Results and Discussion
Structural Features

As depicted in Fig. 1 for compound L, the total angles around
N2 (C18-N2-C17, 116.8(3)°; C18-N2-C14, 121.3(3)°; Cl14-
N2-C17, 121.1(3)°) are close to 360° (359.4°), therefore the
trigonal NC; is perfectly coplanar. Actually, the whole aniline
section is almost coplanar. This conformation of the N-based
donor set suggests that the lone pair of electrons can be easily
delocalized into the 7-center. The least-square plane calcula-
tions indicate that the pyridinium and benzene rings are twist-
ed by 22.9°. The C-C bond distances of benzene and
pyridinium rings fall into the range of C-C single bond
(1.54 A) and C=C double bond (1.34 A). The spacers between
the benzene and pyridinium rings are highly conjugated with
bond lengths of C6-C9 and C10-C11 are 1.459(4) A and
1.460(4) A, respectively. These structural characters suggest
that L possesses highly 7t-conjugated systems, leading to the
charge transfer from donor to acceptor, making L. molecule a
promising candidate for TPA materials [23].

Prasad et al. have proposed that the inner salt molecule
prefers to interact with adjacent ones in head-to-tail, side-by-
side or chain-like fashions to reach a favorable configuration.
As shown in Fig. 2, L. molecules are stacked in chain-like
oligomer configuration, confirming the hypothesis of Prasad.
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Fig. 4 The coordination environment for Hg(II) centres in 2

This packing fashion results in conformational rigidity and
provides an entropically favorable state of the inner salt mol-
ecules, which would enhance the TPA effect [24].
Compound 1 consists of two Tb(III) ions, six coordinated
L ligands and four coordinated H,O, six NO; anions, two
uncoordinated L molecules and eighteen lattice H,O. As
shown in Fig. 3, the Tb(III) is eight-coordinated by six oxygen
atoms from five independent L ligands, the other coordinated
sites are completed by two oxygen atoms from two water
molecules. The Tb-O distances are close to those of corre-
sponding Tb(IIT) complexes [25]. Eight L. molecules in 1
can be divided into three types: four L. molecules with their
carboxyl groups acting as bridges, link two Tb(II) atoms to
form a novel [Tb,L,4] unit with Tb ---Tb separation of 4.195 A,
which is comparable with that in analogous complex [26];
another two L ligands are chelated to the Tb(III) atom, while
the other two L molecules crystallize as lattice molecules.
Complex 2 adopts one-dimensional (1D) chain structure.
As shown in Fig. 4, each Hg(Il) atom lies in a distorted tetra-
hedron coordination geometry, which is completed by two CI™
anions and two carboxyl oxygen atoms from two L ligands.
The bond angles around Hg(Il) atom are in the range of
89.1(8)-151.4(4)° and Hg-Cl, Hg-O bond lengths are
2.311(7) A and 2.41(3) A, respectively. The Hg-O distance
found here is significantly shorter than that observed in
Cu(2-pyrazinecarboxylate),HgCl, (2.736(4) A) [27], while
the Hg-Cl distance is comparable to those found in related
Hg(I) complexes [27]. The carboxyl group of L ligand

Fig.5 The 1D chain formed by L
ligands and Hg(II) ions in 2
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Table3  Linear and non-linear optical properties of L and complexes 1-2

compound A (abs)/ Anax (SPEF) Anax (TPEF) o lifetime/
nm nm nm GM* ps

L 457 579 613 69.5 112
460 582 622 211.6 65

2 460 579 615 65.8 86

2The TPA cross section: IGM=10"" c¢m* s photon™!

possesses bidentate bridging coordination mode, linking
symmetry-related Hg(II) atoms, giving rise to the formation
of a 1D [Hg(COO),] chain along b axis. The L ligands are
parallel attached to the chain, as shown in Fig. 5.

It should be pointed out that after coordinated to the metal
ions, the bond lengths, angles and the planarity of L are almost
identical to that of the free L ligands, which indicates that
metal ions have few influence on the electron distribution in
the ligands. In addition, Tb>" ions possess higher coordination
number than Hg?" ion. As a result, Tb>" ion can be assembled
with more chromophores; in fact, there are eight L ligands in
1, whereas only one L ligand exists in 2. The increased density
of chromophore is important for the enhancement of TPA
cross section.

Linear Absorption and Single-Photon Excited Fluorescence

Linear absorption spectra of complexes 1, 2 and L were per-
formed on a Shimadzu UV3600 UV-vis-NIR spectrophotom-
eter using dilute solutions (10~ mol/L in DMF). Their absorp-
tion maxima are 457, 460 and 460 nm, for L, 1 and 2, respec-
tively (Table 3). A representative linear absorption spectrum
of complex 1 is depicted in Fig. 6. The similarity of the ab-
sorption indicates that the linear absorption can be attributed
to the L ligands, and the metal ions almost have no influence
on the energy gap between the ground state and the first
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zj_ rom excited state of L. molecule, which are associated with their

06 ] complex 1 structural characters as discussed above [6]. The absorbance

5 values follow the order: 1>2~=L, the increased density of

< 051 chromophore in 1 (density of the chromophore is 8 per

g 041 molecule) may be responsible for the largest absorbance

g 034 value compared to those of 2 and L. Notably, no absorption in

024 the spectral range from 600 to 1200 nm was observed. Then,

0.1+ any emission at this region can be assigned to a simultaneous
0.0 4 two-photon absorption process.

400 500 800 1000 1200 Figure 7 gives the single-photon excited fluorescence spectra

Wavelength (nm) (SPEF) of 10° mol/L solution of compounds 1, 2 and L in

Fig. 6 Linear absorption spectrum of complex 1 in DMF DMF. We can see that SPEF peaks are located at 582 nm for

1, 579 nm for 2 and 579 nm for L, respectively.

| complex 2 Two-photon Absorption Properties
Two-photon excited fluorescence (TPEF) of the as-synthesized
compounds were measured in 10> mol/L DMF solution with a
2 :
Z 1064 nm laser beam as excited source, and a streak camera
2 (Hamamatsu model 5680) as a recorder. The picosecond Nd:
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Fig.7 Single- and two-photon excited fluorescence spectra of compounds Fig. 8 Two-photon-excited fluorescence lifetimes of 0.01 mol/L
1,2 and L in DMF compounds 1, 2 and L in DMF
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YAG laser has a pulse duration of 40 ps with repletion rate of
10 Hz. As shown in Fig. 7 and Table 3, L exhibits intense TPEF
emission at 613 nm, which is close to that of complex 2, while
that for complex 1 is red-shifted about 9 nm. The peak positions
of TPEF spectra are red-shifted 3440 nm compared to those of
the corresponding SPEF spectra. This phenomenon can be ex-
plained by the so-called “reabsorption effect”. Comparing
Fig. 6 with Fig. 7, it can be found that there is an overlap
between the red side of the absorption spectra and blue side
of the fluorescence spectra. This overlap enlarges with the in-
crease of the concentration. As for the single-photon excited
fluorescence, dilute solutions were used and the reabsorption
effect could be neglected, while the TPEF experiments were
performed with concentrated solution, causing remarkable
reabsorption.

The TPA cross-sections of complexes 1, 2 and L were
measured by open aperture Z-scan experiments with a fs-
laser and the samples were dissolved in DMF. From Table 3,
we can find that complex 1 shows a larger TPA cross-section
value (211.6 GM) compared with L (69.5 GM). The enhanced
TPA cross-section may arise from the high density of chromo-
phore in complex 1. The results further highlight the principle
that increasing the chromophore density would lead to an
enhancement of the TPA activity [28]. Additionally, the TPA
cross-section value of complex 1 is 3.0 times that of L, not
increasing proportionally to the chromophore density, which
suggests that no strong cooperative enhancements occur be-
tween chromophores in such environment. In this respect, com-
plex 1 can be regarded as a new type of non-conjugated den-
drimer with Tb(III) as cores, being different from the conjugat-
ed dendrimers with pyridine-, imidazole- or phenylamine-cores
[28-32]. On the other hand, complex 1 shows much larger TPA
cross section than complex 2, indicating that the TPA cross
section of complexes can be easily tuned by varying the central
metal ions for specific applications.

Figure 8 shows the fluorescence delay curves of 1, 2 and LL
in DMF with concentration of 0.01 mol/L. The lifetimes are
65, 86, and 112 ps for 1, 2 and L, respectively. The relatively
long two-photon fluorescent lifetime of L can be explained by
the TICT (twisted intramolecular charge transfer) model.
When the molecules are induced to the excited state, the
charge is transferred from the donor moiety through the 7t-
bridge to the acceptor moiety, leading to the enhancement of
charge density on the acceptor group. As discussed above, L
molecules are self-assembled in a head-to-tail fashion, which
offers an energy favorable manner and rigid structure.
Therefore, the gap between the ICT and TICT might be en-
larged, which in turn stabilizes the excited state of L. mole-
cules and enlarge the fluorescent lifetime [33]. Upon coordi-
nated to the metal ions, the head-to-tail fashion of L ligands
disappear, resulting in the decrease of barrier between the ICT
and TICT states. Thus, the fluorescent lifetimes of complexes
1 and 2 decrease rapidly.

@ Springer

Conclusions

This work has demonstrated a facile synthesis of two-photon
absorption materials through conventional coordination of
metal ions with chromophore. This approach offers a conve-
nient procedure to synthesize two-photon absorbing materials
with large cross section. The number density of chromophore
can be adjusted by varying central metal ions, and the physical
properties of materials can be finely modulated for specific
application by using different chromophores. Modifications
of the chromophores and metal ions to achieve large TPA
cross section for these complexes and their potential applica-
tion for two-photon-pumped lasing are currently underway.
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