
lable at ScienceDirect

Dyes and Pigments 88 (2010) 174e179
Contents lists avai
Dyes and Pigments

journal homepage: www.elsevier .com/locate/dyepig
Organic/polyoxometalate hybridization dyes: Crystal structure
and enhanced two-photon absorption

Jieying Wu a,b,*, Guiju Hu a, Peng Wang a, Fuying Hao a, Hongping Zhou a,
Aimin Zhou a, Yupeng Tian a,b,c, Baokang Jin a,b,*

aDepartment of Chemistry, Key Laboratory of Functional Inorganic Materials of Anhui Province, Anhui University, 230039 Hefei, PR China
b State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, PR China
c State Key Laboratory of Coordination Chemistry, Nanjing University, Nanjing 210093, China
a r t i c l e i n f o

Article history:
Received 8 April 2010
Received in revised form
4 June 2010
Accepted 9 June 2010
Available online 16 June 2010

Keywords:
POM Dye
Polyoxometalate
Single crystal
Fluorescence
Two-photon absorption
* Corresponding authors. NO. 3 Fei Xi Road, HeFei
þ86 5515108151; fax: þ86 5515107342.

E-mail addresses: jywu1957@163.com (J. Wu), bkj

0143-7208/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.dyepig.2010.06.004
a b s t r a c t

The structures of four novel organiceinorganic hybrid dyes, namely trans-4-(40-(N,N-Dialkyl-
aminostyryl))-N-Methyl-pyridinium[Mo6O19

2�] [alkyl ¼ Et(POM1), Pr(POM2), n-Bu(POM3) and Me,
hydroxyethyl(POM4)], were characterized by single crystal X-ray diffraction analysis. Hybridization of
the organic chromophores with polyoxometalate enhanced their two-photon absorption cross sections
and thermal stability. The linear optical properties of the hybrid dyes were investigated using absorption
and fluorescence spectra in both the solution and solid states. The two-photon absorption cross section
d and coefficient b were obtained using the Z-scan technique. Correlations between dye structure and
optical property were investigated.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Two-photon absorption (TPA), a third-order nonlinear optical
process in which two photons are simultaneously absorbed to an
excited state in a medium via a virtual state [1], has enjoyed much
attention recently owing to its interesting two-photon pumped
frequency up-conversion (TPP) mechanism and exciting applica-
tions that vary from optical limiting [2e5] to three-dimensional
(3D) fluorescence microscopy [6e9], 3D microfabrication [10,11],
optical data storage [12,13], photoacid generation [14,15], photo-
dynamic therapy [16,17], and bioimaging [18,19]. Recent studies
[20e27] have shown design strategies for efficient TPA molecules
based on systematic investigations of chromophores with various
electron-donor and electron-acceptor moieties, which are attached
symmetrically or asymmetrically to a conjugated linker (p-center).
Interest in dyes over the last 30 years has occurred because many
derivatives possess large second-order molecular hyper-
polarizability [28e36]. However, the synthesis of most organic
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molecules with strong TPA properties is complex and generally
affords compounds in very low yield.

Recently, organiceinorganic hybrids have attracted substantial
attention [37e39]. In comparison with small organic molecules,
organometallic compounds usually show superior secondary (i.e.,
physical, thermal and mechanical) properties, which are important
for material processing and device fabrication. Tian and co-workers
[40e42] reported that pyridinium salts can combine with different
functional inorganic moieties to furnish a series of novel hybrid
dyes bearing higher two-photon across sections compared to those
of the starting materials.

It is well known that polyoxometalates are extremely versatile
inorganic building blocks for the construction of molecule-based
materials [43e45]. Therefore, we widened our research area based
on the previous work of our group, polyoxometalates metathesis
have been successfully used to prepare four novel inorganic-
organic hybrid dyes as well, POM1, POM2, POM3 and POM4, from
different pyridinium salts. The hybrid dyes exhibit higher stability
that enough to undergo strong laser pulses. The TPA properties of
them in DMF (dimethyl formamide) were studied by Z-scan tech-
nique [46]. Both the TPA coefficient b and TPA cross-section d have
been obtained in order to investigate correlations between
molecular structure and third-order nonlinear property [47].
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Fig. 2. The fluorescent spectra of POMs in DMF with 1 � 10�5 mol/L.
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2. Experimental

2.1. Apparatus and materials

All chemicals and solvents were dried and purified by usual
methods. Elemental analyses were performedwith a PerkineElmer
240C elemental analyzer. IR spectrums were recorded with
a Nicolet FT-IR Nexus 870 instrument in the range 4000e400 cm�1

by using KBr pellets. Fig. 1 shows the typical linear absorption
spectra of the four POMs in DMF with the concentration of
1 �10�5 mol/L, recorded on Perkin Elmer spectrophotometer. Both
solid and solution fluorescence spectra (The concentrations of DMF
is 1 � 10�5 mol/L.) of the four POMs were measured in the same
Perkin Elmer LS50B fluorophotometer. The single excited
maximum is around 460 m, and the single emission is about
640 nm (Figs. 2 and 3, respectively). TPA cross sections were
measured by Z-scan technique with ns-laser source (Fig. 4). The
pump source was a Q-switched and frequency-doubled Nd:YAG
laser (l ¼ 1064 nm) with a 19 ns pulse width (produced by Hefei
Institutes of Physical Science, Chinese Academy of Sciences) and
1 Hz repetition rate. The samples dissolved in DMF at the concen-
tration of 1 � 10�3 mol/L were placed in an optical quartz cuvettes
with a 1 mm path length. Thermogravimetric analysis was per-
formed on the solid sample in the range of 20e600 �C under
nitrogen (Fig. 5).
2.2. Synthesis

All the dyes were synthesized as described previously [48]
(Scheme 1). Dye1, Dye2, Dye3 and Dye4 were converted to POM1,
POM2, POM3 and POM4 almost quantitatively by ion exchanging
between dyes and polyoxometalates.

POM1: 1.16 g (2.45 mmol) of Na2MoO4$2H2O was added to 5 mL
DMF and the solution was heated to 40 �C for 10 min with stirring.
1 mL acetic anhydride was added slowly with stirring over 5 min.
1 mL HNO3 was added very slowly and a bright yellow solution
formed. The ensuing solution was stirred for another 10 min and
filtered. 0.80 g (2 mmol) Dye1 dissolved in 3 mL DMF was added to
the filtrate slowly, forming a gray solid immediately. The solid was
collected by filtration and washed with ethanol and ethyl ether,
yield 1.72 g (96.5%). IR date (KBr discs, cm�1): 3430 (vs), 1646 (m),
1577 (s), 1524 (s), 1406 (w), 1319 (w), 1270 (w), 1177 (vs), 1153 (vs),
956 (vs), 796 (vs). Anal. Calcd for C36H46Mo6N4O19: C, 30.57; H,
3.28; N, 3.96%. Found: C, 30.54; H, 3.27; N, 3.95%.
Fig. 1. The absorption spectra of POMs in DMF with 1 � 10�5 mol/L.
POM2: This was prepared by a procedure similar to POM1
except that Dye1 was replaced by Dye2. IR date (KBr discs, cm�1):
3567 (vs), 2934 (m), 1793(w), 1647 (w), 1577 (m), 1523 (m), 1340
(w), 1177 (vs), 952 (m), 875 (w), 794 (m), Anal. Calcd for
C40H54Mo6N4O19: C, 32.67; H, 3.70; N, 3.81%. Found: C, 32.64; H,
3.69; N, 3.79%.

POM3: This was prepared by a procedure similar to POM1
except that Dye1 was replaced by Dye3. IR date (KBr discs, cm�1):
3566 (vs), 2928 (s), 2366 (w),1793 (w),1647 (m),1577 (m),1541(m),
1523 (m),1508 (m),1458 (v), 1176 (s), 952 (s), 795 (s). Anal. Calcd for
C44H62Mo6N4O19: C, 31.33; H, 3.71; N, 3.32%. Found: C, 31.60; H,
3.52; N, 3.67%.

POM4: The same synthesis procedure as for POM1 was used
except that Dye1 was replaced by Dye4. IR date (KBr discs, cm�1):
3448 (vs), 2920 (m), 2851 (m), 1644(w), 1576(vs), 1524 (vs), 1459
(w), 1382(m), 1315(m), 1171(vs), 958 (vs), 795 (vs), 600 (w). Anal.
Calcd for C34H42Mo6N4O21: C, 28.79; H, 2.98; N, 3.95%. Found: C,
28.75; H, 2.99; N, 3.96%.

2.3. X-ray crystallography

Date collections were performed using Siemens SMART CCD
area detector diffractometer with MoKa radiation with an u-scan
Fig. 3. The fluorescent spectra of POMs in solid state.



Fig. 4. Z-scan data for POM2 at 1064 nm.

Fig. 5. TGA-TG curve for the POM1. The solid curves are theoretical fits of the
experimental data.

Table 1
Crystallographic data and structure refinement for compounds POM1, POM2 and
POM4.

Compound POM1 POM2 POM4

Chemical formula C36H46Mo6N4O19 C40H54Mo6N4O19 C34H42Mo6N4O21

Formula weight 1414.41 1470.51 1418.36
Crystal system Monoclinic Triclinic Monoclinic
Space group P21/c P � 1 P21/c
a (Å) 8.1819(1) 13.3330(4) 8.1431(1)
b (Å) 18.3024(2) 13.5313(4) 18.3901(3)
c (Å) 15.5081(2) 13.9416(5) 15.2426(2)
a (�) 90 87.419(1) 90
b (�) 103.225(1) 76.318(1) 103.378(1)
g (�) 90 89.415(1) 90
V (Å3) 2260.72(5) 2441.39(14) 2220.68(5)
Z 2 2 2
M (mm�1) 1.693 2.000 2.115
Reflections collected 13 615 15 019 13 287
Reflections [I � 2s (I)] 5481 11 280 5352
R1, wR2 [I � 2s (I)] 0.0500, 0.1087 0.0645, 0.1558 0.0680, 0.1205
R1, wR2 [all data] 0.0744, 0.1151 0.0903, 0.1892 0.0680, 0.1205
Goodess-of-fit on F2 0.945 0.935 1.029
Largest peak and

hole (e Å3)
1.073, �1.941 1.633, �2.428 1.179, �2.029
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mode (l ¼ 0.71073 Å). The structures were solved with direct
methods using the SHELXTL program and refined anisotropically
with SHELXTL using full-matrix least squares procedure [49]. All
non-hydrogen atoms were refined anisotropically. The crystallo-
graphic data for compounds POM1, POM2 and POM4 are listed in
Table 1 (in supporting information) (Fig. 6 shows the plot of the unit
of POM1, POM2 and POM4). Selected bond lengths and angles for
POM1, POM2 and POM4 are presented in Table 2. CCDC No. 618508
for POM1, No. 618510 for POM2 and No. 618509 for POM4.
3. Results and discussion

Both single crystals of POM1 and POM2 were prepared by
diffusing isopropanol into DMF solution. For POM4, crystals
Scheme 1. Synthesis of POM1,
suitable for X-ray diffraction analysis were obtained by diffusing
ethanol into concentrated DMF solution. ORTEP views for the three
crystal structures were shown in Fig. 1. From Table 2, the bond
lengths of C (6)eC(7) for POM1, C(6)eC(7) for POM2 and C(7)eC(8)
for POM4 are 1.340, 1.355 and 1.340, respectively, indicating that
the cations possess conjugated configuration, which is favourable
to molecule hyperpolarizabilities according to the idea of Marder
et al. [50].

All the structures have similar characters, the cations contact
with the anions not only by electrostatic attraction, but also by
CeH/O hydrogen bonds and the intermolecular interaction
between the cations involves pep stacking interactions.

From Fig. 3, thermogravimetric analyses (TGA) show that POM1
lost 2.64% of the total weigh at 324 �C, corresponding to the loss ofe
C2H5 group per formula. Further heating leads to another eC2H5
group loss in mass of about 9.99%. For comparison, the decomposed
temperatures of the corresponding iodides were also listed in
Table 3.[49] It is clearly to see that almost all the polyoxometalates
are more stable than iodides. The ionic interactions between the
methylpyridinium cations and their corresponding anions are
almost the same in the two materials, it is hydrogen bonds
(CeH/O interaction) that plays an important role in enhancement
of thermal stability. Although the CeH/O interaction is very weak
in the crystal, but the same methylpyridinium cation interacts with
different anions through four or more, so the enhancement of the
decomposed temperature is easily to be understood. Table 4 shows
us the detailed information of hydrogen bonds in the crystal of
POM1, POM2 and POM4.
POM2, POM3 and POM4.



Fig. 6. (a) ORTEP plot of the unit of POM1. (b) ORTEP plot of the unit of POM2. (c) ORTEP plot of the unit of POM4 (Crystallographic numbering).

J. Wu et al. / Dyes and Pigments 88 (2010) 174e179 177
Table 5 shows the absorption peaks at 483 nm for POM1 (with
the corresponding mole absorption coeffient 3 ¼ 8.74 � 104),
484 nm for POM2 (3 ¼ 9.10 � 104), 485 nm for POM3
(3¼ 1.14�105), and 474 nm for POM4 (3¼ 8.62� 104), respectively.
Table 2
Selected bond lengths (Å) and angles (�) for POM1, POM2 and POM4.

POM1
C(5)eC(6) 1.451(6) C(9)eC(8)eC(7) 122.6(5)
C(6)eC(7) 1.340(7) C(6)eC(7)eC(8) 126.6(5)
C(7)eC(8) 1.446(6) C(7)eC(6)eC(5) 125.9(5)
C(1)eC(2) 1.355(7) C(1)eC(5)eC(6) 124.1(5)
N(1)eC(2) 1.349(6) C(2)eC(1)eC(5) 120.9(5)
N(1)eC(3) 1.361(6) N(1)eC(2)eC(1) 121.5(4)
C(3)eC(4) 1.349(7) C(2)eN(1)eC(3) 119.1(4)
C(4)eC(5) 1.404(7) C(4)eC(3)eN(1) 121.2(5)
C(1)eC(5) 1.400(6) C(3)eC(4)eC(5) 121.2(5)

C(1)eC(5)eC(4) 116.1(5)

POM2
C(4)eC(7) 1.445(5) C(8)eC(7)eC(4) 125.2(4)
C(7)eC(8) 1.339(5) C(7)eC(8)eC(9) 126.7(4)
C(8)eC(9) 1.453(5) C(10)eC(9)eC(8) 120.1(4)
N(1)eC(2) 1.354(6) C(3)eC(4)eC(7) 119.5(4)
C(2)eC(3) 1.369(6) C(2)eC(3)eC(4) 120.5(4)
C(3)eC(4) 1.406(5) N(1)eC(2)eC(3) 120.9(4)
C(4)eC(5) 1.397(6) C(6)eN(1)eC(2) 119.9(4)
C(5)eC(6) 1.361(6) N(1)eC(6)eC(5) 121.2(4)
N(1)eC(6) 1.343(5) C(6)eC(5)eC(4) 121.0(4)

C(5)eC(4)eC(3) 116.5(4)

POM4
N(1)eC(1) 1.345(8) C(1)eN(1)eC(5) 119.6(5)
N(1)eC(5) 1.365(7) N(1)eC(5)eC(4) 120.3(6)
C(1)eC(2) 1.374(9) C(5)eC(4)eC(3) 121.6(6)
C(2)eC(3) 1.401(8) C(4)eC(3)eC(2) 116.5(6)
C(3)eC(4) 1.391(9) C(1)eC(2)eC(3) 120.7(6)
C(4)eC(5) 1.373(8) N(1)eC(1)eC(2) 121.4(6)
C(3)eC(6) 1.444(8) C(4)eC(3)eC(6) 122.9(5)
C(6)eC(7) 1.354(8) C(7)eC(6)eC(3) 123.2(6)
C(7)eC(8) 1.446(8) C(6)eC(7)eC(8) 128.7(6)
All the molecules are of DepeA structures, those absorption bands
could be safely attributed to CT (charge transfer). [51] There is no
reasonable linear absorption in the spectral range from 600 to
1200 nm. Therefore, any absorption induced by excitation in this
spectral range is due to a multi-photons process. From Table 5, we
could easily obtain the information that the different alkyl chain
attached to amino groups have influence on the absorption spectra,
lmax, which of the molecule with a long alkyl chain attached to
amino groups exhibit more red-shift than one with a short, indi-
cating that amino group with longer alkyl possess a little stronger
electron-donating abilities than short one. With a little stronger
electron-donating amino group, the lmax become red-shift and 3

become larger. But for the POM4, lmax and 3 is smallest among the
four POMs. It can be easily understood that the hydroxyethyl group
is a weaker donor than the alkyl group, for the strong electron-
withdrawing abilities of the oxygen atom. And such order is also
observed from the fluorescence data of the four POMs in solution
shown in Table 5. But it is difficult to get the exact wavelength for
that some peaks are widened. The trend of the relative intensity of
Table 3
TGA data of POM1, POM2, POM3 and POM4.

Tempa (�C) Lost
mass (%)

Theoretical
calculation (%)

Tempb (�C)

POM1 324 2.64 4.08 eC2H5 264.7
360 9.54 8.15 eC4H10 (ref[10])

POM2 309 0.73 5.82 eC3H7

350 4.10 11.63 eC6H17

POM3 308 9.00 2.94 eC4H9

394 15.00 5.06 eC8H18

POM4 290 3.30 2.21 eCH3 286.7
430 10.20 8.40 eC3H8O (ref[10])

a Decomposition temperature of the POMs.
b Decomposition temperature of the corresponding iodide dyes.



Table 4
Information of the hydrogen bonds.

DonoreH/Acceptora DeH[Å] H/A[Å] D/A[Å] DeH/A[�]

POM1
C2eH2A/O1#3 0.93 2.53 3.333 145
C3eH3A/O7#4 0.93 2.5 3.2594 139
C4eH4A/O8 0.93 2.41 3.2838 156
C10eH10A/O2#1 0.93 2.53 3.2243 132
C12eH12B/O5#2 0.97 2.51 3.331 142
C18eH18B/O1#3 0.96 2.41 3.3065 155

POM2
C1eH1A/O18#1 0.93 2.37 3.1436 141
C5eH5B/O7#2 0.93 2.59 3.2016 124
C7eH7B/O9#3 0.93 2.59 3.5064 167
C10eH10A/O8 0.93 2.59 3.2037 124
C25eH25A/O10 0.93 2.31 3.0472 136

POM4
O18eH18A/O7#1 0.96 1.89 2.8135 162
C1eH1A/O8#3 0.96 2.53 3.3848 149
C2eH2A/O6 0.93 2.52 3.3213 145
C3eH3A/O4 0.93 2.49 3.3014 146
C5eH5B/O2#2 0.93 2.57 3.2614 131
C6eH6B/O8#3 0.93 2.59 3.3264 137
C8eH8A/O5#2 0.93 2.57 3.4534 159

a For POM1, #1: �x, 1 � y, 1 � z; #2: �1 þ x, 0.5 � y, �0.5 þ z; #3: �1 þ x, 0.5�y,
�0.5 þ z; #4: �1 þ x, y, z. For POM2, #1: 2 � x, 1 � y, 1 � z; #2: 2 � x, 1 � y, �z; #3:
�1 þ x, y, z. For POM4, #1: �2 þ x, y, �1 þ y; #2: �1 þ x, 0.5 � y, �0.5 þ z; #3: �x,
�0.5 þ y, 1.5 � z; #4: �1 þ x, y, z.
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the four POMs is the same as that of their absorption spectra, which
is 2Bu>2Pr>2Et > Me þ CH2CH2OH, and consistent with their
electron donating abilities.

Interestingly, the lem exhibit different order, as shown in Figs. 2
and 3, owing to different their molecular configurations both in
solid state and dilute solution. In the solution the interaction
between the methylpyridinium cations and the polyoxometalate
anions is so small that the energy of the excited spectra depends on
the donor of the methylpyridinium cations. The stronger abilities
the donors possess, the lower energy the excited state and the
stronger intensity the emission band, and this is consistent with the
results discussed above.

However, in the solid state, a broad red-shifted band fluores-
cence with maxima of 640, 645, 631 and 655 nm, respectively,
indicates that the emission arises from the p-stacked aggregates
[52e54]. The fluorescence spectrum of the POM3 shows only
a small red-shifted when compared to the POM1 and POM2,
resulting from the largest interchain distance due to the long
n-butyl chain of methylpyridinium cations. While the POM4 is
Table 5
The linear and nonlinear spectra of POM1, POM2, POM3 and POM4.

POM1 POM2 POM3 POM4

Absorption spectra lmax (nm) 483 484 485 474
A 0.87414 0.91087 1.14696 0.86215
3 (10�5) 8.7414 9.1087 11.4696 8.6215

Solution fluorescence lex (nm) 474 473a 471a 463
lem (nm) 607 606 609 607
Intensity 290 310 350 240

Solid fluorescence lex (nm) 462 460 456 473
lem (nm) 640 645 631 655

Nonlinear optical
propertiesb

(b)c Cm/GW 0.2654 0.2503 0.2443 0.2789
(s)c 8233.28 7764.90 7578.64 8961.19
(s)d 7533.16 7233.34 7033.78 8033.46

a Widen peak.
b 10�50 cm4s/photon.
c POM.
d Corresponding iodide.
quite different from the others, it interacts with polyoxometalate by
a strong hydrogen bond that is O18eH18A/O7#1, which is the
strongest in all the three crystals. The distance between O18 and O7
is 2.8135 Å. The hydrogen-bonding formation will influence on the
whole electron density distribution in the molecule, which is
observed through its luminescent way [55]. And this strong
hydrogen-bonding not only takes effect on the luminescence, but
also on the TPA cross sections of the hybrid materials.

It is well known to all that the TPA cross section d value increases
as the donor strength and conjugation length increases. At present
work, the TPA cross section d values of the different hybrid dyes
were obtained by using Z-scan technique, those demonstrate the
order Meþ CH2CH2OH> 2Bu> 2Pr > 2Et, as shown in Table 5. And
the corresponding iodides are also listed in the Table 5 to compare
with the polyoxometalates (Mo6O19

2�), a similar trend, indicating
that the TPA cross sections of the polyoxometalates are larger than
those of the corresponding iodide analogues.

4. Conclusions

Four high thermal stable hybrid inorganic-organic materials
were obtained by means of metathesis approach from reaction of
the four organic dyes with polyoxometalates in high yield, and
characterized by single crystal X-ray diffraction analysis.

In dilute solutions, the wavelengths and fluorescent intensity of
the different hybrids could be ordered according to their different
substituted amino group. The longer are the alkyl group, the
stronger ability the donor at our present work. However, the donor
ability does not play the crucial role for the properties in solid or
high concentrations. Sometimes, hydrogen bonds take drastic
influence on their properties. Hybridization of polyoxometalate
with organic dye leads to enhancement of thermal stability and TPA
cross sections. We expect that the results can offer a reference in
designing and synthesizing novel kinds of TPA materials

Supplementary material

Crystallographic date reported in this paper has been deposited
with the Cambridge Crystallographic Date Center, CCDC No. 618508
for POM1, No. 618510 for POM2 andNo. 618509 for POM4. Copies of
these informationmay be obtained free of charge from the Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: þ44-1223/
336-033; e-mail: deposit@ccdc.cam.ac.uk).
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