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Two novel ligands containing pyridine-2,6-dicarboxylic acid units, 2,6-bis[2-(2,6-dicarboxypyridin-4-yl)vinyl]pyridine (L,),

elemental analysis, IR spectra and NMR. The fluorescence spectra of Tb(III) complexes in the solid state, in different solvents and at
different pH value solutions were investigated. The results exhibit that the ligand with two pyridine-2,6-dicarboxylic acid units is better
sensitizer to Tb(III) ion, compared with that with simple pyridine-2,6-dicarboxylic acid unit. The fluorescence intensities of the complexes
are strongest in neutral solution and while the less the dipole moment of solvent molecule is, the stronger the fluorescence intensity is.

INTRODUCTION

Europium(III) and terbium(III) complexes have attracted
much attention due to their well-defined luminescence properties,
including hypersensitivity to the coordination environment,
narrow bandwidth and millisecond luminescence decay times
and used as fluorescent probes in biological media, optical
amplification in fiber-optic telecommunications systems and
photoluminescence devices because of their attractive emission
properties such as long lifetime, large stokes shift and line-
like emission'”. In the lanthanide complexes, the organic
ligands that have mt-electrons can efficiently serve as the light
absorbing chromophores. For effective excitation of Ln** ions,
organic chromophore, so-called "antenna", is usually attached
to Ln complex™’. If the excited state of the antenna organic
ligands is energetically high enough and the gathered energy
is transferred to the lanthanide metal ions held nearby, the
characteristic fluorescence would be emitted. Some rare earth
complexes with B-diketone, aromatic carboxylic acid and
heterocyclic carboxylic acid group were under development,
such as benzoyl acetone®, benzoyltrifluoroacetone’, o-thenoyl
trifluoroacetone'’ and pyridine-2,6-dicarboxylic acid''. Since
the lanthanide complexes with pyridine-2,6-dicarboxylic acid
derivatives are chiral, they can get more information about
structure of biological molecule through measurement circularly
polarized luminescence spectra and can be used to tag proteins
in time-resolved fluoroimmunoassay (TR-FIA)'"* ",

‘I
4-vinylpyridine-2,6-dicarboxylic acid (L) and their complexes with Tb(III) have been designed, synthesized and characterized by |
|
Due to their excellent green-emmiter, they could be used as a candidate material in organic light-emitting devices. :
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With an aim to develop novel fluorescence materials and
increase the intensity of the lanthanide fluorescence exploiting
the antenna effect, we synthesized two novel ligands named
2,6-bis[2- (2,6-dicarboxypyridin-4-yl) vinyl]pyridine (L;) and
4-vinylpyridine-2,6-dicarboxylic acid (L,) and their Tb(III)
complexes. The ligand L, has rigid conjugated planar structure,
which would be beneficial to the electronic negotiability'®. Two
pyridine-2,6-dicarboxylic units can coordinate with two terbium
ions, respectively to form a m-extended conjugated netted
structure, which would increase the fluorescence efficiency.
The synthetic route of ligands was given in Fig. 1.

EXPERIMENTAL

The purity of Tb(III) oxide exceeds 99.9 %. Pyridine-
2,6-dimethanol (compound 1) and 4-(hydroxymethyl)pridine-
2,6-dicarboxylate (compound 4) were synthesized as described
in the literatures'®'"”. Other chemicals were of AR grade and
used without further purification.

Melting points were determined on an XRC-1 apparatus
(thermometer uncorrected); elemental analysis was carried out
by a Perkin-Elmer 2400 elemental analyzer; 'H NMR was
measured with a Bruker-400 MHz nuclear magnetic resonance
spectrometer with CDCl; or DMSO as solvent and TMS as
internal reference. Fluorescence properties were recorded on
a Hitich F-4500 spectrometer. The infrared spectra were
obtained in 4000-400 cm™ region by using a Avator-360-FT
spectrophotometer with KBr plates.
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Fig. 1. Synthesis route of ligands (L; and L)

Preparation of ligands

Preparation of 2,6-bis(bromomethyl)pyridine (2):
To a mixture of hydrobromic acid and acetic acid (250 mL),
1.20 g (13.0 mmol) of pyridine-2,6-dimethanol 1 was added
and refluxed for 48 h, then cooled to 0 °C. The solution was
concentrated under reduced pressure and a whitish solid 2 was
obtained. The white precipitate obtained by filtration, then
dissolved in CH,Cl, and washed with an aqueous solution of

NaHCOs. The organic phases were dried over MgSO, and
evaporated to dryness under vacuum, affording 1.63 g of analy-
tically pure compound in 52 % yield. The product is light
sensitive and was stored in a dark brown bottle. "H NMR (400
MHz, CDCls): 8 H 4.45 (s, 4H, CH,), 7.40 (d, 2H, ArH), 7.80
(t, 1H, ArH). EI MS: m/z 265 (M + H*). EA (calcd. for
C;H;NBr,): (%) C 32.03 (31.73), H2.57 (2.66), N 5.23 (5.29).

Preparation of 2,6-bis(triphenylphosphonium bromide)
pyridine (3): A solution of triphenyl phosphine (6.6 g, 25.0
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mmol) and compound 2 (2.7 g, 10.0 mmol) in DMF (8 mL)
was refluxed for 6 h, then cooled to the room temperature. To
the above solution, the anhydrous benzene (15 mL) was added
and refluxed for 1.5 h. The reaction mixture was filtered to
obtain the colourless solid 3 (65 g). Yield: 82.7 %.

Preparation of 4-formylpyridine-2,6-dicarboxylate (5):
To the solution of compound 4 (22.4 g, 0.10 mol) in dry
dichloromethane (100 mL), pyridinium chlorochromate (PCC,
22.5 g,0.15 mol) was added at room temperature. After stirring
for 5 h, 60 % solvent was removed and ethyl acetate (160 mL)
was added, then the reaction mixture was washed with water
(140 mL), sodium bicarbonate (5 %, 100 mL x 2) and saturated
brine (100 mL) sequentially. The organic layer was collected
and dried over Na,SOy4 and then evaporated under reduced
pressure. The crude solid product was purified by recrystallization
(ethyl acetate/chloroform, 3:1) to give compound 5 as whitish
solid (19.5 g). The yield was 87.0 %, m.p. 152-154 °C.

IR (KB, Vinax, cm™): 3045, 2971, 2866, 1735, 1702, 1359,
1210, 975, 780. MS m/z: 193. '"H NMR (400 MHz, CDCls)
8:10.05 (s, 1H, CHO), 6.62 (s, 2H, Py-H ), 4.10 (s, 6H, OCH3).
EA (calcd. for CoHoNOs): (%) C 53.62 (53.82), H4.11 (4.06),
N 6.23 (6.28).

Preparation of 2,6-bis(2-(2,6-dimethoxycarbonyl-
pyridine-4-yl)vinyl)pyridine (6): To the absolute methanol
(60 mL) solution of compound 3 (3.9 g, 5.0 mmol) and
compound 5 (2.4 g, 10.0 mmol), the solution of sodium
methanolate (0.8 g, 12.0 mmol) in 50 mL absolute methanol
was added dropwise and stirred up to 1 h under nitrogen
atmosphere at -25 °C and kept it overnight with stirring at
room temperature. The solution was concentrated under
reduced pressure and a whitish solid 6 was obtained by flash
chromatography eluting from ethyl acetate, petroleum ether
and chloroform (1:1:1, v/v). Yield: 81.4 %; m.p. 216-218 °C.
IR (KBTr, Vi, cm™): 3420, 2962, 1728, 1679, 1594, 1433,
1392, 1246, 990, 728. '"H NMR (CDCl;) 8: 6.97 (d, 2H, =HC-
Py-CH=), 7.13 (d, 2H, Py-CH=), 7.76 (s, 1H, Py-H). 7.90 (d,
2H, Py-H), 8.05 (s, 4H, Py-H), 3.98 (s, 6H, OCH3;). EA (calcd.
for C»7H2N305): (%) C 62.71 (62.67), H 4.59 (4.48), N 8.02
(8.12).

Preparation of 2,6-bis[2-(2,6-dicarboxypyridin-4-
ylvinyl]pyridine (L): A solution of NaOH (30 %, 10.0 g)
was added into 6 (3.1 g, 6.0 mmol) in methanol (50 mL) and
the mixture was stirred at room temperature for 36 h. Then
the solvent was completely removed under reduced pressure
and used the HCI (3 mol/L) to adjust the pH to 4. The whitish
solid 6 (1.6 g) was obtained. Yield: 95.7 %; m.p. 289-291 °C.
IR (KBr, Vinax, cm™): 3460, 2921, 1742, 1633, 1590, 1396,1254,
981, 692. 'H NMR (DMSO-ds) 8: 6.95 (d, 2H, =HC-Py-CH=),
7.11 (d, 2H, Py-CH=), 7.72 (s, 1H, Py-H). 7.90 (d, 2H,
Py-H), 8.21 (s, 4H, Py-H ), 12.50 (s, H, COOH).

Preparation of dimethoxy-4-vinylpyridine-2,6-
dicarboxylate: Triphenylphosphine (6.6 g, 25.0 mmol) was
added into a solution of compound 7 (4.9 g, 20.0 mmol) in

DMF (8 mL), the reaction mixture was stirred under reflux
for 2 h and filtered. The filtrate was refluxed in dry benzene
(15 mL) to obtain the crude product 2,6-dimethoxy-carbonyl-
4-triphenylphosphonium-methylpyridine (compound 8)
(8.6 g) as the colourless solid.

18 mL of a 15 % strength solution of sodium methylate
in methanol were added to 24 g of 2,6-dimethoxycarbonyl-4-
triphenylphosphonium-methylpyridine chloride and 5.5 g of
30 % strength formaldehyde solution in 150 mL mthanol. The
mixture was stirred for 1 h at -20 °C. Kept it stirring at room
temperature for 12 h. The solution was concentrated under
reduced pressure and a whitish solid 6 was obtained. Yield:
85.3 %; m.p. 166-168 °C. IR (KBr, Vuax, cm™): 3415, 2958,
1722, 1675, 1590, 1435, 1396, 1251, 992, 729. 'H NMR
(DMSO-ds) 8: 6.56 (t, H,=HC-Py), 5.46, 5.92 (d, 2H, C=CH.,),
3.71 (s, 6H, -CHs), 7.72 (s, 1H, Py-H). 8.89 (s, 2H, Py-H). EA
(calcd. for C1H;1NOy): (%) C 59.91 (59.73), H4.92 (5.01),N
6.30 (6.33).

Preparation of 4-vinylpyridine-2,6-dicarboxylic acid
(L2): A solution of NaOH (30 %, 10.0 g) was added into
compound 9 (3.1 g, 5.0 mmol) in methanol (50 mL) and the
mixture was stirred at room temperature for 36 h. Then the
solvent was removed completely under reduced pressure and
used the HCI (3 mol/L) to adjust the pH to 4. The whitish
solid 6 (1.6 g) was obtained. Yield: 96.5 %; m.p. 239-241 °C.
IR (KBr, Vi, cm™): 3460, 2948, 1720, 1673, 1594, 1391,
1257, 994, 729. 'H NMR (DMSO-ds) 8: 6.56 (t, H, =HC-Py),
5.46, 5.92 (d, 2H, C=CH,), 7.72 (s, 1H, Py-H). 7.72 (s, 1H,
Py-H). 8.89 (s, 2H, Py-H ), 12.43 (s, 2H, COOH ).

Preparation of complexes of Th(III): The solution of
TbCl; (0.4610 mol/L) was prepared according to the literature
method'®. To a hot solution of L (L = L, L,) in distilled water
and ethanol, a two-third molar amount of TbCl; was added
and stirred for 5 h at 60 °C. The pH value of the solution was
adjusted to 7.0 by dropwise addition of aqueous NaOH (0.01
mol/L). The precipitate obtained on concentration was filtered,
washed thoroughly with alcohol and chloroform mixture (1:1,
v/v) and air-dried.

RESULTS AND DISCUSSION

Properties of the complexes: The results of elemental
analysis (Table-1) indicated that the composition of the comp-
lexes conforms to NagTb,(L;);-18H,O and Na;Tb(L,);-9H,0.
The complexes are faint yellow coloured and stable. They are
soluble in H,O, DMF, CH;CN and DMSO, slightly soluble in
ethanol and acetone and insoluble in benzene, diethyl ether
and tetrahydrofuran.

IR spectra: In the IR spectra of compound 6, the strong
and sharp bands at 975 cm™ is assigned to 6 (=C-H) and the
medium intensity and wide bands at 1669 cm™ attributed to
v(C=C), which was characterized as trans-configuration with
double bonds.

TABLE-1
ELEMENTAL ANALYTICAL DATA FOR THE COMPLEXES
Complex Tb (%) found (calcd.) C (%) found (calcd.) H (%) found (calcd.) N (%) found (calcd.)
NagTb,(L,);-18H,0 14.52 (14.78) 38.32 (38.05) 3.87 (3.21) 5.63(5.86)
Na;Tb(L,);-9H,0 16.15 (16.41) 33.29 (33.43) 4.26 (4.02) 3.94(4.33)
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TABLE-2
DIAGNOSTIC IR BANDS (cm™) OF THE LIGAND AND ITS Tb(IIl) COMPLEXES
Compound v(C=0) V(OH) Py'N’ 8(=C-H) v,(COO") Vv(COO")
L, 1742 2921 1590 981 - -
L, 1723 2948 1597 974 - -
Na,Tb,(L,), 18H,0 - - 1426 1017 1614 1447
Na,Tb(L,);-9H,0 - - 1422 983 1625 1458

IR spectral bands, useful for mode of coordination of
ligands are listed in Table-2. The uncoordinated ligands show
the bands of medium intensity at 2921 cm™ (L) and 2948 cm
(L,) attributed to free VOH of COOH and strong and sharp
bands at 1742 cm™ (L) and 1723 cm™ (L) assignable to C=0.
The bands at 1590 cm™ (L) and 1597 cm™ (L,) were assigned
to pyridine ring stretching [V(C=N)]'"®. In the complexes, the
band for v(C=N) of pyridine ring shows a shift to a lower
frequency about 170 cm™ as a result of the coordination through
metal-nitrogen bond. The bands (C=0) in free ligands dis-
appear and the new bands appear at 1614, 1447 cm™ and 1625,
1458 cm™ assignable to [V,(COO") + vs(COO")]. The asymme-
tric stretching vibration frequencies (V,) of -COO™ in complexes
show a shift to a lower frequency about 110 cm™; mean while
the symmetric stretching vibration frequencies (Vi) of COO~
show a shift to a higher frequency about 45 cm™, which
indicates the ligand coordinates the Tb(III) ions through their
carboxyl.

These above suggest that each terbium(IIl) ion coordinates
with three double-chelated pyridine rings which have three
nitrogen atoms and six oxygen atoms forming a contorted three
coronary triangle prism polyhedral structure'**’. So the coordi-
nation numbers of Tb(III) is nine. A broad band at 3350-3420
cm and a peak between 920 and 935 cm™ in the complexes
indicates the presence of lattice water molecules'. The non-
ligand bands observed in the region about 430 and 525 cm’!
are assigned to the v(Tb-O) and (Tb-N) bands'®*.

Fluorescence properties of complexes: The fluorescence
spectra of the ligands and their Tb(IIT) complexes was carried
out in solid and different solutions at room temperature.

Fluorescence properties of Th(III) complexes in solid:
The emission intensities of Tb(II) complexes along with their
assignments in the solid state are showed in the Table-3, Figs.
2 and 3. Fluorescence spectra for the Tb(III) complexes were
measured at the drive voltage of 400 V.

TABLE-3
FLUORESCENCE PROPERTIES OF
Tb(III) COMPLEX IN SOLID
}\‘ex }\‘em * 1
Complex (nm) (nm) RFI Assignment
490 3484  °D,—F;
544 9247 °D, — 'F;
Na,Tb,(L,); 18,0 268 A o Dy o> F,
620 287 D, - 'F,
491 1843 °D, — 'Fg
546 3248 D, — 'F;
Na,Tb(L,);-9H,0 280 585 343 D, - F,
623 110 D, — F,

The width of emission slit and excitation slit were 2.5 nm, the
voltage of photomultiplier tube was 400 V.
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Fig. 2. Excitation (left) and emission (right) spectra of NasTb,(L;)3-18H,O
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Fig. 3. Excitation (left) and emission (right) spectra of Na;Tb(L.);-9H.O

In the spectra of Figs. 2 and 3. The maximum excitation
wavelengths (L) of the NagTbhy(L;);-18H,O and
Na;Tb(L,)3;-9H,O complexes were 268 and 280 nm, respec-
tively. The wavelengths of emission correspond to the D, —
7F5, 5D4 —> 7F5, 5D4 —> 7F4, 5D4 —> 7F3 transition. The 5D4 —> 7F(,
translation at 490 and 491 nm is moderately strong and is
known to be sensitive to ligand environment. It has a strong
magnetic dipole character. The Dy — ’F, transition at 583
and 585 nm is of moderate intensity. The component at 620
and 623 nm is assigned to the Dy — F; transition. The stron-
gest is Dy — "Fs among them. It is because the lanthanide
ions have the 5s*5p° electronic shell, which surrounds the
electronic shell of 4f, the affection of ligand field to the 4f
electronic energy level is very week, so when the ligand
changed, the wavelength of emission almost is unchanged.
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The typical narrow emission bands of Tb(III) ions can be
detected upon excitation of the ligand-centered absorption band
and the ligand-fluorescence is completely suppressed, indica-
ting that the ligand is a comparative good organic chelator to
absorb energy and transfer them to Tb(III) ion. It can be
explained the giving of energy (ligand) is much more than the
accepted (Tb(IID)) and the intersystem crossing (S; — T;) from
the first singlet excited state of ligand to the excited triplet
state of ligand is increased. The intensity ratio of the two lines
(°D4 — "Fs/°D, — "Fe) is about 2.0, which indicates that the
Tb(III) ion is at the center of an asymmetric coordination
field***. The D, — "Fs peak of Tb(III) complexes is sharp
and strong, showing higher colour purity and emission
intensity*.

Effect of pH on fluorescence properties: H,O was used
to dissolve the ten complexes then solutions of the complexes
with concentrations of 0.01 mol/L. were obtained. The effect
of pH value on the fluorescence intensity of complexes is
shown in the Fig. 4.

—=—Na,Tb,(L),
—e—Na,Th(L,),

5000

4000

3000

2000

Fluorescence intensity

1000

pH value
Fig. 4. Changes of fluorescence Intensities of Tb(III) complexes in different
pH environment

At pH 7, the fluorescence intensity of the Tb(III) com-
plexes would get to the maximum, which can be explained
that carboxylate anions is easy to be protonated in the acidic
aqueous solution; while the terbium ions can coordinate with
hydroxyl in the alkaline aqueous solution, which lead preci-
pitation to be produced as the pH increases gradually. The
result is similar to the literature reported by Xian-Hong Yin''
about the relationships between the pH and the fluorescence
intensity of terbium complexes of other pyridine 2,6-dicarbo-
xylic acid derivatives.

Effect of different solvents on fluorescence properties:
The fluorescence intensity of Tb(IIT) complexes in H,O, DMF,
CH;CN and DMSO are listed in Table-4. Each solution was
diluted to 1.0 x 10° mol/L.

TABLE-4
EFFECT OF DIFFERENT SOLVENTS
ON FLUORESCENCE INTENSITY

Fluorescence intensity

Complex
HO DMF CHCN DMSO
10? Dipole moment/C m 1.85 3.82 3.92 3.96
NagTb,(L,)» 18H,0 14686 874 614 5.85
Na,Tb(L,),9H,0 8625 1251 537 454

The spectra shows that the fluorescence intensity of the
complexes in solution are weaker than that in solid, which can
be due to the excited state of the terbium ions is efficiently
quenched by interactions with high-energy vibrations groups
of the organic solvent”. At the same concentration, the fluore-
scence intensity order of the complexes in different solvents
is H,O > DMF > CH;CN > DMSO, but the order of solvent
dipole moment is contrary. Samy*® had brought forward a
theory to explain the phenomenon: the Franck-Condon excites
state exists in the system of fluorescent molecules. The solvent
which has lower dipole moment can stabilize the ground state
that corresponds to the Franck-Condon excited state. This
effect results in that the triplet states of T, (n-7t*) exchanges
with those of T, (t-*) in ligand, thus, the transition S (n-7*)
— T, (m-t*) becomes possible. And the probability of inter-
system crossing (Kiso) from the singlet state to the triplet state
of ligand increases. The fluorescent mechanism of the ligand-
Tb(HI) (kem =543 nm) is So — Sh — S] —->T—- 5])4 —> 7F5 and
the increasing of Kiso causes the enhancement of emissive
probability *D, — "Fs in Tb(III), thus, the less the dipole
moment of solvent molecule is, the stronger the fluorescence
intensity is”’. It is similar to the literature reported by Guo-
Liang Gu® in earlier work.

Conclusion

We have successfully synthesized two novel ligands (L,
and L) and shown that they can form stable complexes with
Tb** ion. Differences in the IR spectra of the free ligands and
the metal complexes indicate that coordination of each of the
ligands was occurring at the oxygen atoms of the carbonyl
and the nitrogen atoms of the pyridine ring. As expected, the
ligand and the complexes have the planar structure, therefore
has a suitable conjugated m-electron system to efficiently
sensitize Tb(III) ion fluorescence. The complexes each
exhibited characteristic fluorescence and the fluorescence
intensities of NagTby(L)s:-18H,O are twice as strong as those
of Na;Tb(L,);-9H,0, which indicated the ligand with two
pyridine-2,6-dicarboxylic acid units is the excellent sensitizer
to lanthanide fluorescence over the ligand with single pyridine-
2,6-dicarboxylic acid unit. The fluorescence intensity of the
complexes in solid is stronger than that in H,O, DMF, CH;CN
or DMSO solvents and effect of pH value shows the fluore-
scence intensity of complexes in neutral solution is stronger
than that in acidic or basic solution. The complex with ligand
(L) is a good green luminescent material that could be used
as a candidate material in organic light-emitting devices.
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