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ABSTRACT: On the basis of self-assembly from the divinylphenyl-
modified Salen-type Schiff-base ligands H2L

1 (N,N′-bis(5-(3′-
vinylphenyl)-3-methoxy-salicylidene)ethylene-1,2-diamine) or
H2L

2 (N,N′-bis(5-(3′-vinylphenyl)-3-methoxy-salicylidene)-
phenylene-1,2-diamine) with Zn(OAc)2·2H2O and Ln(NO3)3·
6H2O in the presence of pyridine (Py), two series of
heterobinuclear Zn−Ln complexes [Zn(Ln)(Py)Ln(NO3)3] (n =
1, Ln = La, 1; Ln = Nd, 2; or Ln = Gd, 3 and n = 2, Ln = La, 4; Ln
= Nd, 5; or Ln = Gd, 6) are obtained, respectively. Further, through
the physical doping and the controlled copolymerization with
methyl methacrylate (MMA), two kinds of PMMA-supported
hybrid materials, doped PMMA/[Zn(Ln)(Py)Ln(NO3)3] and Wolf
Type II Zn2+−Ln3+-containing metallopolymers Poly(MMA-co-
[Zn(Ln)(Py)Ln(NO3)3]), are obtained, respectively. The result of their solid photophysical properties shows the strong and
characteristic near-infrared (NIR) luminescent Nd3+-centered emissions for both PMMA/[Zn(Ln)(Py)Nd(NO3)3] and
Poly(MMA-co-[Zn(Ln)(Py)Nd(NO3)3]), where ethylene-linked hybrid materials endow relatively higher intrinsic quantum
yields due to the sensitization from both 1LC and 3LC of the chromorphore than those from only 1LC in phenylene-linked
hybrid materials, and the concentration self-quenching of Nd3+-based NIR luminescence could be effectively prevented for the
copolymerized hybrid materials in comparison with the doped hybrid materials.

1. INTRODUCTION

Because of the increasing importance on utilization of the near-
infrared (NIR) luminescent emission of Nd3+ ion in organic
light-emitting diodes (OLED),1 laser materials,2 telecommuni-
cation,3 and fluoro-immunoassay,4 there has been a recent
interest in synthesizing new kinds of NIR luminescent Nd3+

optical materials with those potential applications.5 From the
viewpoint of pursuing excellent photophysical properties for the
Nd3+ compounds, although many organic ligands6 and d-block
transition metal complexes7 have been used as antennae or
chromophores for the effective sensitization of NIR lumines-
cence of Nd3+ ion, it remains a real challenge to enhance NIR
quantum efficiency.8 For this purpose, the energy level’s match of
the excited state of the chromophore to the Nd3+ ion’s excited
state should be realized9 besides the complete avoidance or
decrease of the luminescent quenching effect arising from OH-,
NH-, or CH-oscillators around the Nd3+ ions.10 On the other
hand, because of the disadvantage of poor mechanical property

and relatively low stability for Nd3+ complexes, they were usually
applied as the organic−inorganic hybrid materials through
physical doping11 or grafting12 into stable organic or inorganic
matrices. Compared with the difficulty to resolve the high
homogeneity and clustering of emitters for those doped hybrid
materials with weak interactions between, trapping Nd3+

complexes in polymer backbones with covalent bonds should
be a good approach to overcome the problem.
Ln3+-containing metallopolymers,13 as a unique class of

grafted hybrid materials, endow the advantage of the beneficial
properties of both the characteristic luminescence of Ln3+ ions
and the attractive features including mechanical strength,
flexibility, ease of processing, and low cost of organic polymers.
On the basis of the arrangements of Ln3+ ions relative to the
polymer backbone, three types (Type I, Type II, and Type III)
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described by Wolf have also been realized on the soft
metallopolymers,14 in which the Ln3+ metal center is either
tethered to the polymeric backbone by a saturated organic linker,
covalently coupled to the backbone, or directly incorporated into
the polymer backbone, respectively. In contrast to the wide
studies on metallopolymers incorporating transition metal
ions,15 the development and application of Ln3+-containing
metallopolymers have been relatively limited,13 which should be
due to their synthetic difficulties and lack of effective character-
ization methods. To the best of our knowledge, the obtained
Ln3+-containing metallopolymer systems are usually focused on
the mononuclear Ln3+ complexes through coupling,16 ring-
opening polymerization,17 radical polymerization,18 or electro-
polymerization,19 and few systems built from d−f heterometallic
complexes,20 especially no d−f systems with NIR luminescence,
are reported.
As a matter of fact, in our or others recent reports, series of

ZnLn,21 Zn2Ln,
22 Zn2Ln2,

23 Zn2Ln3,
24 or Zn4Ln2 complexes

25

have been obtained from Salen-type Schiff-base ligands, where
the 3d Zn2+ Schiff-base complexes, as the suitable chromophores,
could effectively sensitize the visible or NIR luminescence of the
central 4f Ln3+ ions. Naturally, by introducing new functions (for
example, CC groups) into 3d Zn2+ and 4f Ln3+ heterometallic
complexes, the polymerizable monomeric complexes may be
copolymerized with other CC-containing monomers, such as
methyl methacrylate (MMA), and, thus, new luminescent
metallopolymers based on Zn−Ln heterometallic complexes
could be expected. Herein, by the self-assembly from the
designed divinylphenyl-modified Salen-type Schiff-base ligands
H2L

1 (H2L
1 = N,N′-bis(5-(3′-vinylphenyl)-3-methoxy-

salicylidene)ethylene-1,2-diamine) and H2L
2 (H2L

2 = N,N′-
bis(5-(3′-vinylphenyl)-3-methoxy-salicylidene)phenylene-1,2-
diamine) with Zn(OAc)2·2H2O, Ln(NO3)3·6H2O (Ln = La, Nd,
or Gd), and Py (Py = pyridine), two series of heterobinuclear
Zn−Ln complexes [Zn(L1)(Py)Ln(NO3)3] (Ln = La, 1; Ln =
Nd, 2; or Ln = Gd, 3) and [Zn(L2)(Py)Ln(NO3)3] (Ln = La, 4;
Ln = Nd, 5; or Ln = Gd, 6) are obtained, respectively. The two
series of Zn−Ln complex monomers with terminally functional
divinylphenyl groups could be copolymerized with MMA; thus,
the first example of NIR luminescent Zn−Nd-containing
metallopolymers could be expected. The comparison of their
photophysical properties with PMMA-based doped hybrid
materials is also discussed.

2. EXPERIMENTAL SECTION
2.1. General. High-performance liquid chromatography (HPLC)-

grade tetrahydrofuran (THF) was purchased from Fisher Scientific and
purified over solvent columns. Other solvents were used as received
from Sigma-Aldrich and stored over 3 Å activated molecular sieves.
Methyl methacrylate (MMA) was dried over CaH2, distilled, and stored
under dried N2 prior to use. Azobis(isobutyronitrile) (AIBN) was
purified by recrystallization twice from absolute MeOH prior to use.
Tetrakis(triphenylphosphine)palladium (0) was synthesized according
a well-established literature.26 Other chemicals were commercial
products of reagent grade and were used without further purification.
All manipulations of air- and water-sensitive compounds were carried
out under dry N2 using the standard Schlenk line techniques. Elemental
analyses were performed on a PerkinElmer 240C elemental analyzer.
Infrared spectra were recorded on a Nicolet Nagna-IR 550
spectrophotometer in the region of 4000−400 cm−1 using KBr pellets.
1H NMR spectra were recorded on a JEOL EX 400 spectrometer with
SiMe4 as internal standard in CDCl3 and/or deuterated dimethyl
sulfoxide (DMSO-d6) at room temperature. Electrospray ionization
mass spectrometry (ESI-MS) was performed on a Finnigan LCQDECA

XPHPLC-MSn mass spectrometer with a mass to charge (m/z) range of

4000 using a standard electrospray ion source and CHCl3 or MeCN as
solvent. Electronic absorption spectra in the UV−visible region were
recorded with a Cary 300 UV spectrophotometer, steady-state visible
fluorescence and PL excitation spectra on a Photon Technology
International (PTI) Alpha scan spectrofluorometer, and visible decay
spectra were recorded on a pico-N2 laser system (PTI Time Master).
The quantum yield of the visible luminescence for each sample was
determined by the relative comparison procedure, using a reference of a
known quantum yield (quinine sulfate in dilute H2SO4 solution; Φem =
0.546). NIR emission and excitation spectra in solution or solid state
were recorded by PTI QM4 spectrofluorometer with a PTI QM4 Near-
Infrared InGaAs detector. Gel permeation chromatography (GPC)
analyses of the polymers were performed using a Waters 1525 binary
pump coupled to a Waters 2414 refractive index detector with HPLC-
grade THF as the eluant on American Polymer Standard 10 μm particle
size, linear mixed-bed packing columns. The GPC was calibrated using
polystyrene standards. X-ray photoelectron spectroscopy (XPS) was
carried out on a PHI 5700 XPS system equipped with a dual Mg X-ray
source and monochromatic Al X-ray source complete with depth profile
and angle-resolved capabilities. The powder X-ray diffraction (PXRD)
patterns were recorded on a D/Max-IIIA diffractometer with graphite-
monochromatized Cu Kα radiation (λ = 1.5418 Å). Thermogravimetric
(TG) analyses were carried out on a NETZSCH TG 209 instrument
under flowing nitrogen by heating the samples from 25 to 600 °C.

2.2. Synthesis of 5-(3′-Vinylphenyl)-3-methoxy-salicylalde-
hyde. To a solution of 5-bromo-2-hydroxy-3-methoxybenzaldehyde
(6.0 g, 26.0 mmol), 3-vinylphenylboronic acid (5.0 g, 33.8 mmol) and
tetrakis(triphenylphosphine)palladium (0) (1.1 g) in absolute toluene
(100 mL), 30 mL of aqueous 2 M Na2CO3 was added, and the resultant
mixture was reacted at 80 °C for 24 h. After cooling to room
temperature, the solvents were removed by evaporation under reduced
pressure, and the residual solid was poured into deionized water (100
mL). The reaction mixture was then extracted with CH2Cl2 (3 × 50
mL). The organic layer was dried over anhydrous Na2SO4. After
evaporation to dryness, the residue was purified by silica column
chromatography using a solvent of mixture of n-hexane and CH2Cl2
(9.5:0.5 v/v) as the eluent to give a pale yellow solid product. Yield: 5.6
g, 84%. Anal. found: C, 75.52; H, 5.62. Calcd for C16H14O3: C, 75.57; H,
5.55%. IR (KBr, cm−1): 3085 (w), 3043 (m), 3010 (m), 2964 (m), 2931
(m), 2854 (m), 1847 (w), 1728 (w), 1649 (s), 1595 (m), 1575 (m),
1473 (vs), 1445 (s), 1421 (m), 1390 (s), 1356 (w), 1331 (s), 1300 (s),
1279 (s), 1265 (s), 1236 (s), 1211 (s), 1177 (m), 1095 (m), 1072 (m),
1049 (w), 997 (m), 960 (s), 921 (m), 895 (m), 864 (w), 827 (w), 808
(m), 785 (s), 750 (s), 731 (s), 715 (vs), 631 (m), 573 (w), 555 (w), 521
(w), 428 (w). 1H NMR (400 MHz, CDCl3): δ (ppm) 11.07 (s, 1H,
−OH), 10.00 (s, 1H, −CHO), 7.56 (s, 1H, −Ph), 7.43 (m, 3H, −Ph),
7.39 (d, 1H,−Ph), 7.33 (d, 1H,−Ph), 6.79 (m, 1H,CH), 5.83 (d, 1H,
CH2), 5.32 (d, 1H, CH2), 4.00 (s, 3H, −OMe). ESI-MS (in
CHCl3) m/z: 253.5 (100%), [M − H]+.

2.3. Synthesis of Divinylphenyl-Modified Salen-Type Schiff-
Base Ligand H2L

1 (H2L
1 = N,N′-Bis(5-(3′-vinylphenyl)-3-

methoxysalicylidene)ethylene-1,2-diamine). To a stirred solution
of 1,2-diaminoethane (0.67 mL, 10.0 mmol) in absolute EtOH (50mL),
5-(3′-vinylphenyl)-3-methoxysalicylaldehyde (5.1 g, 20 mmol) was
added, and the resultant mixture was stirred under N2 atmosphere at
room temperature for 24 h. The insoluble yellow precipitate was filtered
and washed with cold EtOH and petroleum ether. The crude product
was dissolved in CHCl3 (30 mL) and evaporated to dryness to give the
yellow polycrystalline solid. Yield: 4.6 g, 86%. Anal. found: C, 76.75; H,
6.09; N, 5.19. Calcd for C34H32N2O4: C, 76.67; H, 6.06; N, 5.26%. IR
(KBr, cm−1): 3238 (b), 3135 (w), 3070 (w), 2972 (w), 2939 (w), 2843
(w), 2808 (w), 1626 (s), 1609 (m), 1599 (w), 1562 (w), 1535 (w), 1520
(m), 1493 (vs), 1460 (s), 1431 (s), 1385 (m), 1348 (w), 1296 (s), 1248
(s), 1204 (m), 1150 (m), 1115 (w), 1053 (m), 1028 (m), 1002 (m), 961
(w), 914 (m), 868 (m), 851 (w), 818 (m), 738 (w), 768 (m), 745 (m),
685 (m), 633 (w), 617 (w), 582 (w), 561 (w), 546 (w), 517 (m), 461
(w), 438 (w), 415 (w). 1H NMR (400 MHz, CDCl3): δ (ppm) 13.71 (s,
2H, −OH), 8.52 (s, 2H, −CHN), 7.55 (s, 2H, −Ph), 7.40 (m, 6H,
−Ph), 7.14 (d, 2H,−Ph), 7.09 (d, 2H,−Ph), 6.79 (m, 2H,CH), 5.83
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(d, 2H,CH2), 5.32 (d, 2H,CH2), 4.02 (d, 4H,−CH2). 3.99 (d, 6H,
−OMe).
2.4. Synthesis of [Zn(L1)(Py)Ln(NO3)3] (Ln = La, 1; Ln = Nd, 2;

Ln = Gd, 3). To a stirred suspension of H2L
1 (0.160 g, 0.3 mmol) in

absolute MeOH (6 mL), Zn(OAc)2·2H2O (0.066 g, 0.3 mmol) was
added, and the resulting mixture was refluxed under N2 atmosphere for 5
h. A solution of Ln(NO3)3·6H2O (0.3 mmol; Ln = La, 0.130 g; Ln = Nd,
0.132 g; or Ln = Gd, 0.135 g) in absolute EtOH (6 mL) and 0.2 mL of
pyridine were added. Each resultant respective mixture was stirred under
N2 atmosphere at room temperature for 6 h, and the clear pale yellow
solution was filtered. Diethyl ether was allowed to diffuse slowly into the
filtrate at room temperature, and the pale yellow microcrystal products
of 1−3, respectively, were obtained in a few weeks.
For 1: Yield: 0.159 g, 53%. Anal. found: C, 46.80; H, 3.55; N, 8.37.

Calcd for C39H35N6O13ZnLa: C, 46.84; H, 3.53; N, 8.40%. IR (KBr,
cm−1): 3055 (w), 3003 (w), 2981 (w), 2945 (w), 2848 (w), 1637 (s),
1611 (m), 1597 (w), 1556 (m), 1463 (vs), 1394 (s), 1339 (w), 1302 (s),
1267 (vs), 1227 (m), 1215 (m), 1176 (w), 1097 (m), 1070 (w), 1029
(m), 989 (w), 968 (m), 924 (w), 912 (w), 866 (w), 842 (w), 816 (w),
804 (m), 769 (m), 757 (m), 737 (w), 702 (w), 679 (w), 647 (w), 613
(w), 570 (w), 507 (w), 450 (w), 420 (w). 1H NMR (400 MHz, DMSO-
d6−CDCl3 (10:1 v/v)): δ (ppm) 8.71 (s, 1H, −Py), 8.59 (t, 2H, −Py),
8.57 (d, 2H, −CHN), 7.80 (m, 2H, −Py), 7.71 (s, 1H, −Ph), 7.62 (t,
1H, −Ph), 7.54 (d, 1H, −Ph), 7.49 (d, 2H, −Ph), 7.45 (d, 2H, −Ph),
7.41 (d, 1H, −Ph), 7.39 (m, 2H, −Ph), 7.38 (t, 1H, −Ph), 7.23 (s, 1H,
−Ph), 7.18 (d, 1H, −Ph), 6.82 (m, 2H,CH), 5.95 (m, 2H,CH2),
5.33 (m, 2H,CH2), 4.12 (s, 3H,−OMe), 4.00 (s, 2H,−CH2), 3.87 (s,
3H, −OMe), 3.78 (s, 2H, −CH2). ESI-MS (in MeCN) m/z: 1001.03
(100%), [M − H]+; 938.02 (8%), [M − NO3]

+.
For 2: Yield: 0.151 g, 50%. Anal. found: C, 46.57; H, 3.58; N, 8.31.

Calcd for C39H35N6O13ZnNd: C, 46.59; H, 3.54; N, 8.36. IR (KBr,
cm−1): 3057 (w), 3005 (w), 2981 (w), 2947 (w), 2848 (w), 1637 (s),
1610 (m), 1597 (w), 1556 (m), 1463 (vs), 1394 (s), 1339 (w), 1302 (s),
1269 (s), 1226 (m), 1215 (m), 1176 (w), 1097 (m), 1072 (w), 1029
(m), 989 (w), 968 (m), 925 (w), 912 (w), 866 (w), 842 (w), 817 (w),
804 (m), 769 (m), 758 (m), 737 (w), 702 (w), 679 (w), 648 (w), 613
(w), 570 (w), 507 (w), 451 (w), 420 (w). ESI-MS (in MeCN) m/z:
1006.37 (100%), [M − H]+; 943.35 (11%), [M − NO3]

+.
For 3: Yield: 0.165 g, 54%. Anal. found: C, 45.95; H, 3.49; N, 8.21.

Calcd for C39H35N6O13ZnGd: C, 46.00; H, 3.46; N, 8.25. IR (KBr,
cm−1): 3058 (w), 3005 (w), 2983 (w), 2946 (w), 2847 (w), 1637 (s),
1610 (m), 1599 (w), 1556 (m), 1461 (vs), 1393 (s), 1339 (w), 1305 (s),
1269 (s), 1225 (m), 1215 (m), 1178 (w), 1097 (m), 1073 (w), 1029
(m), 989 (w), 968 (m), 925 (w), 913 (w), 866 (w), 842 (w), 816 (w),
804 (m), 769 (m), 756 (m), 737 (w), 702 (w), 678 (w), 648 (w), 612
(w), 570 (w), 506 (w), 451 (w), 420 (w). ESI-MS (in MeCN) m/z:
1019.38 (100%), [M − H]+; 956.36 (7%), [M − NO3]

+.
2.5. X-ray Crystallography. Single crystals of [Zn(L1)(Py)Nd-

(NO3)3]·H2O·MeOH (2·H2O·MeOH) and [Zn(L2)(Py)Nd(NO3)3]·
0.5H2O (5·0.5H2O) of suitable dimensions were mounted onto thin
glass fibers. All the intensity data were collected on a Bruker SMART
CCD diffractometer (Mo Kα radiation and λ = 0.710 73 Å) inΦ and ω
scan modes. Structures were solved by direct methods, followed by
difference Fourier syntheses, and then refined by full-matrix least-
squares techniques against F2 using SHELXL-97.27 All other non-
hydrogen atoms were refined with anisotropic thermal parameters.
Absorption corrections were applied using SADABS.28 Hydrogen atoms
were placed in calculated positions and refined isotropically using a
ridingmodel. CCDC reference numbers 971343 and 971344 for 2·H2O·
MeOH and 5·0.5H2O, respectively.
2.6. Synthesis of PMMA Activated with AIBN. The homoge-

neous polymerization of MMA in activation with AIBN for comparison
was carried out in a Fisher−Porter glass reactor and protected by
nitrogen according to the typical procedure.29 To a solution of MMA (2
mL, 19 mmol) in dry 1,2-dichlorobenzene (15 mL), AIBN initiator
(46.0 mg, 1.5 mol % of the monomer) was added, and the resultant
homogeneous solution was purged with N2 for 10 min and sealed under
a reduced N2 atmosphere. The mixture was heated to 80 °C with
continuous stirring for 24 h. The viscous mixture was diluted with dry
1,2-dichlorobenzene (10 mL) and precipitated with absolute diethyl

ether (100 mL) three times. The resulting solid product of PMMA was
collected by filtration and dried at 45 °C under vacuum to constant
weight. Yield: 91%. IR (KBr, cm−1): 3000 (w), 2951 (m), 2843 (w) 1730
(s), 1631 (m), 1602 (m), 1485 (w), 1454 (w), 1433 (w), 1398 (m),
1384 (m), 1337 (w), 1269 (w), 1238 (w), 1138 (vs), 993 (m), 914 (w),
840 (m), 808 (w), 750 (m), 617 (w), 544 (w), 513 (w), 482 (w). 1H
NMR (400 MHz, DMSO-d6−CDCl3 (10:1 v/v)): δ (ppm) = 3.57 (s,
3H, −COOMe), 1.85 (b, 2H, −CH2−), 0.91 (m, 3H, −CH3).

2.7. Synthesis of Doped Hybrid Materials PMMA/[Zn(L1)(Py)-
Ln(NO3)3] (Ln = La, 1; Ln = Nd, 2; Ln = Gd, 3). A mixture of PMMA
obtained from the above homogeneous polymerization of MMA (1 mL,
9.5 mmol) in activation with AIBN (23.0 mg) and [Zn(L1)Ln(Py)-
(NO3)3] (0.095 mmol; Ln = La (1), 95 mg; Ln =Nd (2), 96 mg; or Ln =
Gd (3), 97 mg) was dissolved in dry CHCl3 (20 mL). Each respective
mixture was stirred under a reduced N2 atmosphere at room
temperature for 36 h. After each product was precipitated with absolute
diethyl ether (100 mL) three times, each resulting solid product was
collected by filtration and dried at 45 °C under vacuum to constant
weight.

For PMMA/1 (100:1): Yield: 76%. IR (KBr, cm−1): 3626 (w), 3010
(w), 2947 (w), 2850 (w), 1732 (s), 1636 (m), 1608 (m), 1554 (w), 1464
(vs), 1385 (s), 1304 (s), 1269 (s), 1215 (m), 1176 (w), 1097 (w), 1030
(w), 968 (w), 924 (w), 866 (w), 843 (w), 804 (w), 770 (w), 702 (w),
648 (w), 613 (w), 573 (w), 507 (w). 1H NMR (400 MHz, DMSO-d6−
CDCl3 (v/v = 10:1)): δ (ppm) 8.66 (d, 2H, −CHN), 8.54 (d, 2H,
−Py), 7.73 (t, 1H, −Py), 7.67 (s, 1H, −Ph), 7.61 (s, 1H, −Ph), 7.53 (s,
1H,−Ph), 7.46 (m, 1H,−Py), 7.41 (t, 4H,−Ph), 7.32 (t, 4H,−Ph), 7.12
(m, 2H,−Ph), 6.78 (m, 2H,−CHC), 5.86 (m, 2H,CH2), 5.29 (m,
2H, CH2), 4.10 (s, 3H, −OMe), 4.00 (t, 2H, −CH2), 3.87 (s, 3H,
−OMe), 3.75 (t, 2H, −CH2), 3.55 (s, 182, −COOMe), 1.84 (b, 120,
−CH2−), 0.93 (m, 182, −CH3).

For PMMA/2 (50:1, 100:1, or 200:1): Yield: 83% (200:1); 80%
(100:1); 75% (50:1). IR (KBr, cm−1): 3624 (w), 3010 (w), 2945 (w),
2850 (w), 1732 (s), 1638 (m), 1604 (m), 1554 (w), 1463 (vs), 1385 (s),
1304 (s), 1269 (s), 1215 (m), 1176 (w), 1095 (w), 1030 (w), 968 (w),
922 (w), 866 (w), 842 (w), 804 (w), 772 (w), 702 (w), 648 (w), 611
(w), 573 (w), 508 (w).

For PMMA/3 (100:1): Yield: 73%. IR (KBr, cm−1): 3623 (w), 3010
(w), 2945 (w), 2852 (w), 1732 (s), 1638 (m), 1605 (m), 1554 (w), 1464
(vs), 1383 (s), 1304 (s), 1267 (s), 1215 (m), 1174 (w), 1097 (w), 1031
(w), 968 (w), 923 (w), 866 (w), 843 (w), 802 (w), 770 (w), 702 (w),
646 (w), 613 (w), 573 (w), 505 (w).

2.8. Synthesis of CopolymerizedHybridMaterials Poly(MMA-
co-[Zn(L1)(Py)Ln(NO3)3] (Ln = La, 1; Ln = Nd, 2; Ln = Gd, 3). The
homogeneous copolymerization of MMA and each of the hetero-
binuclear complexes 1−3 in activation with AIBN was carried out in a
Fisher−Porter glass reactor and protected by nitrogen. To a solution of
complexes [Zn(L1)(Py)Ln(NO3)3] (0.095 mmol; Ln = La (1), 95 mg;
Ln = Nd (2), 96 mg; or Ln = Gd (3), 97 mg) in dry 1,2-dichlorobenzene
(15 mL), MMA (9.5 mmol, 1 mL) and AIBN (23.0 mg, 1.5 mol % of
MMA) were added, and the resultant homogeneous solution was
purged with N2 for 10 min and sealed under a reduced N2 atmosphere.
The mixture was heated to 80 °C with continuous stirring for 24 h. The
viscous mixture was diluted with dry 1,2-dichlorobenzene (10 mL) and
precipitated with absolute diethyl ether (100 mL) three times. The
respective resulting solid products of Poly(MMA-co-[Zn(L1)(Py)Ln-
(NO3)3]) were collected by filtration and dried at 45 °C under vacuum
to constant weight.

For Poly(MMA-co-1) (100:1): Yield: 71%. IR (KBr, cm−1): 3630
(w), 3568 (w), 3447 (w), 2995 (w), 2951 (w), 2845 (w), 1732 (vs),
1638 (w), 1616 (w), 1558 (w), 1485 (m), 1450 (m), 1437 (m), 1389
(m), 1270 (m), 1242 (m), 1194 (m), 1148 (vs), 1065 (w), 1036 (w),
988 (m), 966 (m), 912 (w), 843 (w), 810 (w), 750 (m), 710 (w), 650
(w), 617 (w), 482 (w). 1H NMR (400 MHz, DMSO-d6−CDCl3 (10:1
v/v)): δ (ppm) 8.69 (d, 2H,−CHN), 8.57 (d, 2H, −Py), 7.77 (t, 1H,
−Py), 7.65 (s, 1H, −Py), 7.62 (s, 1H, −Ph), 7.54 (s, 1H, −Py), 7.49 (d,
1H, −Py), 7.45 (d, 2H, −Ph), 7.41 (d, 1H, −Ph), 7.39 (m, 3H, −Ph),
7.28 (m, 2H, −Ph), 7.15 (m, 2H, −Ph), 4.11 (s, 3H, −OMe), 4.00 (s,
2H, −CH2), 3.86 (s, 3H, −OMe), 3.74 (s, 2H, −CH2). 3.56 (s, 243H,
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−COOMe), 2.92 (m, 2H,−CH), 1.84 (b, 162H,−CH2−), 1.57 (m, 4H,
−CH2), 0.93 (m, 243H, −CH3).
For Poly(MMA-co-2) (50:1, 100:1, or 200:1): Yield: 75% (50:1);

79% (100:1); 81% (200:1). FT-IR (KBr, cm−1): 3632 (w), 3568 (w),
3447 (w), 2993 (w), 2951 (w), 2845 (w), 1731 (vs), 1638 (w), 1616
(w), 1558 (w), 1489 (m), 1450 (m), 1439 (m), 1389 (m), 1271 (m),
1245 (m), 1190 (m), 1146 (s), 1065 (w), 1031 (w), 986 (m), 966 (m),
910 (w), 843 (w), 810 (w), 750 (m), 712 (w), 650 (w), 617 (w), 484
(w).
For Poly(MMA-co-3) (100:1): Yield: 78%. FT-IR (KBr, cm−1): 3631

(w), 3568 (w), 3445 (w), 2999 (w), 2954 (w), 2843 (w), 1732 (vs),
1638 (w), 1614 (w), 1556 (w), 1485 (m), 1454 (m), 1437 (m), 1389
(m), 1270 (m), 1242 (m), 1194 (m), 1145 (s), 1065 (w), 1034 (w), 988
(m), 966 (m), 910 (w), 843 (w), 811 (w), 750 (m), 711 (w), 650 (w),
619 (w), 482 (w).

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of Two Series of

Heterobinuclear Zn−Ln Complexes 1−3 and 4−6. As
shown in Scheme 1, the divinylphenyl-modified Salen-type

Schiff-base ligand H2L
1 or H2L

2 was obtained from the
condensation reaction of 1,2-diaminoethane or 1,2-diaminoben-
zene, respectively, and 5-(3′-vinylphenyl)-3-methoxysalicylalde-
hyde, which was synthesized by the Suzuki coupling reaction of
3-vinylphenylboronic acid with 5-bromo-2-hydroxy-3-methox-
ybenzaldehyde. Further, through the reaction of equimolar
amounts of the deprotonated Salen-type Schiff-base (L1)2− or
(L2)2− ligand, Zn(OAc)2·2H2O, and Ln(NO3)3·6H2O (Ln = La,
Nd, or Gd) in the presence of Py, two series of heterobinuclear
Zn−Ln complexes [Zn(L1)(Py)Ln(NO3)3] (Ln = La, 1; Ln =
Nd, 2 and Ln = Gd, 3) and [Zn(L2)(Py)Ln(NO3)3] (Ln = La, 4;
Ln = Nd, 5; and Ln = Gd, 6) were obtained as yellow
microcrystalline solids, respectively.
The two divinylphenyl-modified Salen-type Schiff-base ligands

H2L
1, H2L

2 and the two series of heterobinuclear Zn−Ln (Ln =
La, Nd, or Gd) complexes 1−3 and 4−6 were well-characterized
by EA, FT-IR, 1H NMR, and ESI-MS. In the FT-IR spectra, the
characteristic strong absorptions of the ν(CN) vibration at
1637−1639 cm−1 for complexes 1−3 or 1652−1660 cm−1 for 4−
6 are slightly blue-shifted by the range of 11−13 or 21−29 cm−1

relative to that of the free Salen-type Schiff-base ligand H2L
1

(1626 cm−1) orH2L
2 (1631 cm−1) upon the coordination of the

Zn2+ and Ln3+ ions. Moreover, similar to the characteristic
absorption of the νas(CC) vibration at 1609 or 1614 cm−1 for
the two terminal vinylphenyl groups of the two ligandsH2L

1 and
H2L

2, the absorptions at 1610−1616 cm−1 for complexes 1−3
and 1614−1617 cm−1 for complexes 4−6 are also observed,
respectively, which shows that the active terminal vinyl (CH2
CH−) groups in complexes 1−6 are kept upon the coordination
of metal ions. For complexes 1−6, two additional strong
characteristic absorptions at 1461−1467 and 1301−1305 cm−1

for complexes 1−3 and 1450−1467 and 1303−1306 cm−1 for
complexes 4−6 were observed, which are tentatively attributed
to the νas vibration and the νs vibration of bidentate NO3

− anions,
respectively. As to the room-temperature 1H NMR spectra of the
two Zn−La complexes 1 and 4 shown in Figure 1 and Supporting

Information, Figure S1, respectively, besides the disappearance
of the typically intramolecular resonance-assisted hydrogen
bonded (RAHB) O−H···N proton resonances (vide supra, δ =
13.71 for H2L

1 or 13.43 ppm for H2L
2) of the two Salen-type

Schiff-base ligands, due to the coordination of the metal ions,
slightly spread shifts (δ from 8.71 to 3.78 ppm for 1 and 9.20 to
3.91 ppm for 4) of the proton resonances of the coordinated
ligands for the two complexes in relative to those of the two free
ligands (δ from 8.52 to 3.99 ppm forH2L

1 and 8.69 to 3.92 ppm
for H2L

2) are observed, respectively. The ESI-MS spectra of the
two series of complexes 1−3 and 4−6 in MeCN display the
respective similar patterns and exhibit the strong mass peak atm/
z 1001.03 (1), 1006.37 (2), or 1019.38 (3) and 1049.08 (4),
1054.41 (5), or 1067.42 (6) assigned to the major species
{[Zn(L1)(Py)Ln(NO3)3]−H}+ of complexes 1−3 and {[Zn-
(L2)(Py)Ln(NO3)3]−H}+ of complexes 4−6, respectively.
These observations further indicate that the respective discrete

Scheme 1. Reaction Scheme for the Syntheses of Two
Divinylphenyl-Modified Salen-Type Schiff-Base Ligands H2L

1

and H2L
2 and Two Series of Heterobinuclear Zn−Ln (Ln =

La, Nd, or Gd) Complexes 1−3 and 4−6

Figure 1. 1H NMR spectra for PMMA, 1, PMMA/1, and Poly(MMA-
co-1) in DMSO-d6−CDCl3 (10:1 v/v) at room temperature.
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heterobinuclear Zn−Ln (Ln = La, Nd, or Gd) unit retains in the
respective dilute MeCN solution.
The solid-state structure of 2·H2O·MeOH or 5·0.5H2O as the

respective representative of complexes 1−3 and 4−6 was
determined by single-crystal X-ray diffraction analysis. Crystallo-
graphic data for the two complexes are presented in Table 1, and

selected bond lengths and angles are given in Supporting
Information, Table S1. Complex 2·H2O·MeOH crystallizes in
the monoclinic space group P21. For complex 2·H2O·MeOH, the
structural unit is composed of one neutral [Zn(L1)(Py)Nd-
(NO3)3] part, one solvate H2O, and one solvate MeOH. As
shown in Figure 2, for the [Zn(L1)(Py)Nd(NO3)3] part, the
relatively soft Zn2+ (Zn1) ion in the inner cis-N2O2 core and the
hard Nd3+ (Nd1) ion in the outer O2O2 moiety of the
vinylphenyl-modified Salen-type Schiff-base ligand (L1)2− are
bridged by two μ-O phenoxide atoms (O2 and O3) of the ligand
(L1)2−, resulting in the formation of the typical heterobinuclear
host structure. The Zn2+ (Zn1) ion has a common five-

coordinate environment and adopts a distorted square pyramidal
geometry, as shown by the τ value of 0.185, composed of the
inner cis-N2O2 core from the ligand (L1)2− as the base plane and
one N (N3) atom from the coordinated Py at the apical position.
As to the Nd3+ (Nd1) ion, it is 10-coordinate: in addition to four
O atoms from the outer O2O2 moiety of the ligand (L1)2−,
another six O atoms are contributed from three bidentate NO3

−

anions. The 10 Nd−O bond lengths (2.398(8)−2.710(8) Å)
depend on the nature of the O atoms, where the bond lengths
from six O atoms of three NO3

− anions (2.490(10)−2.597(10)
Å) are shorter than those (2.652(8)−2.710(8) Å) from two O
atoms (O1 and O4) of two −OMe groups while longer than
those (2.398(8)−2.453(8) Å) from two phenoxide O atoms.
The solvates MeOH and H2O molecules of complex 2·MeOH·
H2O are not bound to the framework, and they also exhibit no
observed interactions with the host structure.
The change of linker group from ethylene to phenylene (H2L

1

to H2L
2) does not lead to a significant change of the host

heterobinuclear structure of complex 5·0.5H2O shown in
Supporting Information, Figure S2, while it endows the extended
conjugation with relatively shorter Zn···Nd separation of
3.510(2) Å than that (3.553(2) Å) in complex 2·H2O·MeOH.
It is worth noting that although the comparable axial occupations
of the Zn2+ ion from neutral Py in the two complexes to those
from Py or bipyridyl in heterobinuclear,21b heterotrinuclear,22a or
heterotetranuclear complexes23a based on typical Salen-type
Schiff-base ligands with the outer O2O2 moiety or not are
observed, from which it effectively avoids the further
coordination of oscillators-containing bridges or solvates around
the Nd3+ ions, the introduction of two functional terminal
vinylphenyl groups (with the typical CC bond lengths of
1.315(17)−1.332(15) Å with the trans mode in 2·H2O·MeOH
or 1.246(16)−1.309(15) Å with the cis mode in 5·0.5H2O for the
vinyl groups) in the two complexes should be active in the
following copolymerization.

3.2. Photophysical Properties of Two Series of
Heterobinuclear Zn−Ln Complexes 2−3 and 5−6 in
Solution. The photophysical properties of ligands H2L

1 and
H2L

2 and complexes 2−3 and 5−6 were examined in dilute
MeCN solution at room temperature or 77 K and summarized in
Table 2, Figures 3 and 4, and Supporting Information, Figure S3.
As shown in Figure 3, similar ligand-centered solution absorption
spectra of complexes 2 and 3 (256 and 356−357 nm) in the UV−
visible region are observed, respectively, red-shifted upon
coordination to metal ions as compared to that (248 and 330
nm) of the free divinylphenyl-modified Salen-type Schiff-base
ligand H2L

1. For complex 2, very weak visible emission (λem =
501 nm, τ < 1.0 ns, and ϕem < 10−5) is observed in dilute MeCN
solution at room temperature, which can be assigned to the π−π*
transition of the ligand. In addition to the weak residual visible
emission, as shown in Figure 4, photoexcitation of the antenna in
the range of 250−450 nm (λex = 370 nm) gives rise to the
characteristic ligand-field splitting emissions of the Nd3+ ion
(4F3/2→

4IJ/2, J = 9, 11, 13) in the NIR range, respectively, where
the emissions at 907, 1064, and 1324 nm can be assigned to 4F3/2
→ 4I9/2,

4F3/2 →
4I11/2, and

4F3/2 →
4I13/2 transitions of the Nd

3+

ion, respectively. The free ligandH2L
1 and its Zn−Gd complex 3

do not exhibit NIR luminescence under the same conditions, but
they do display the typical strong luminescent emissions (shown
in Supporting Information, Figure S3) of the Schiff-base ligand in
the visible region. Moreover, for complex 2, the excitation
spectrum monitored at the “hypersensitive” NIR emission peak
(λem = 1064 nm) is similar to that monitored at the weak residual

Table 1. Crystal Data and Structure Refinement for
Complexes 2·H2O·MeOH and 5·0.5H2O

compound 2·H2O·MeOH 5·0.5H2O

formula C40H41N6O15ZnNd C43H36N6O13.5ZnNd
fw 1055.40 1062.39
size, mm 0.33 × 0.28 × 0.20 0.31 × 0.27 × 0.23
T, K 296(2) 296(2)
cryst syst monoclinic monoclinic
space group P21 P21(n)
a, Å 12.009(3) 12.3057(12)
b, Å 15.962(3) 14.6933(14)
c, Å 13.365(3) 24.791(2)
α, deg 90 90
β, deg 112.938(4) 90.430(2)
γ, deg 90 90
V, Å3 2359.3(9) 4482.4(7)
Z 2 4
ρ, g cm−3 1.486 1.574
μ, mm−1 1.666 1.752
F(000) 1066 2136
data/restraints/parameters 7900/1068/551 9326/1087/586
quality-of-fit indicator 1.047 1.107
final R indices [I > 2σ(I)] R1 = 0.0806 R1 = 0.0796

WR2 = 0.1861 WR2 = 0.2189

R indices (all data) R1 = 0.1374 R1 = 0.1517

WR2 = 0.2294 WR2 = 0.2583

Figure 2. Perspective drawing of the host heterobinuclear structure in 2·
H2O·MeOH; H atoms and solvates are omitted for clarity.
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visible emission peak (λem = 501 nm), which demonstrates that
both the NIR and visible emissions are originated from the same
the π−π* transitions of the Schiff-base ligand of H2L

1. This,
together with the distinctive decrease of visible emission of
complex 2 relative to its Zn−Gd complex 3, suggests that the
energy transfer from the antenna to Nd3+ ion takes place
efficiently in complex 2.30 Further, on the basis of the time-

resolved luminescent experiment for NIR luminescent complex
2, the luminescent decay curve can be fitted monoexponentially
with lifetime of 2.81 μs, indicating the presence of only one
emissive Nd3+ ion center. The intrinsic quantum yield (1.12%) of
the Nd3+ ion emission for complex 2 may be estimated by ϕNd =
τobs/τ0,

31 where τobs is the observed emission lifetime and τ0 is the
“neutral lifetime” of 0.25 ms for the Nd3+ ion. As the suitable
reference compound, the Zn−Gd complex 3 allows the study of
the antenna luminescence in the absence of energy transfer,

Table 2. Photophysical Properties of Ligands H2L
1 and H2L

2 and Complexes 2−3 and 5−6 at 1 × 10−5 M in Absolute MeCN
Solution or Solid State, PMMA/[Zn(Ln)(Py)Ln(NO3)3] and Poly(MMA-co-[Zn(Ln)(Py)Ln(NO3)3]) (n = 1 or 2; Ln = Nd or Gd)
in Solid State at Room Temperature or 77 K

absorption excitation emission

compound λab, nm [log(ε, dm3 mol−1 cm−1)] λex, nm λem, nm (τ, Φ × 103)

H2L
1 248 (0.43), 330 (0.06) 309 384 (s, 1.36 ns, 0.47)

2a 256 (1.16), 356 (0.09) 316 (sh), 370 501 (w, <1 ns, <10−2); 907 (sp), 1064 (2.81 μs), 1324
2b 282, 370, 580, 742, 800, 874 393 503 (<1 ns), 906 (sp), 1062 (2.76 μs), 1326
3a 256 (1.13), 357 (0.13) 313, 373 502 (m, 1.14 ns, 0.024)

495 (s, 2.26 ns, 77 K), 548 (5.78 ms, 77 K)
3b 283, 372 393 505 (m, 1.12, 0.018)

4.93 (s, 2.12 ns, 77 K), 534 (7.8 ms, 77 K)
H2L

2 250 (0.30), 283 (0.20), 336 (0.09) 350 508 (1.81 ns, 0.72)
5a 256 (0.61), 288 (0.63), 344 (0.28), 406 (0.09) 358, 412 (sh) 536 (m, 1.22 ns, 0.012), 908 (sp), 1067 (1.67 μs), 1340
5b 292, 354, 412, 582, 738, 798, 870 414 904 (sp), 1066 (1.62 μs), 1332
6a 256 (0.65), 288 (0.68), 346 (0.31), 408 (0.12) 361, 403 534 (s, 5.42 ns, 0.066)

521 (s, 9.14 ns, 77K)
6b 293, 353, 413 410 541 (s, 4.56 ns, 0.068)

529 (s, 7.57 ns, 77 K)
PMMA/2 282, 370, 580, 740, 800, 872 398 496 (<1 ns, <10−2), 882 (sp), 1066 (2.72 μs), 1322
PMMA/3 283, 370 323 (sh), 371 498 (m, 1.17 ns, 0.009)

492 (2.10 ns, 77 K), 532 (8.2 ms, 77 K)
PMMA/5 291, 352, 412, 581, 740, 802, 870 418 535 (m, 1.13 ns, 0.014), 878 (sp), 1062 (1.65 μs), 1328
PMMA/6 292, 370, 412 355, 405 (sh) 538 (s, 4.65 ns, 0.074)

525(s, 7.82 ns, 77 K)
Poly(MMA-co-2) 296, 376, 582, 740, 798, 870 394 513(vw, <1 ns, <10−2), 882(sp), 1066(3.01 μs), 1324
Poly(MMA-co-3) 295, 374 331(sh), 375 510(w, 0.82 ns, 0.73)

504 (2.41 ns, 77 K), 567 (12.3 ms, 77 K)
Poly(MMA-co-5) 302, 356, 418, 582, 742, 800, 870 412 554 (w, 0.74 ns, 0.057), 881 (sp), 1066 (1.89 μs), 1334
Poly(MMA-co-6) 300, 358, 416 356, 414 (sh) 558 (m, 7.85 ns, 0.057)

545 (s, 14.52 ns, 77K)
aIn absolute MeCN solution. bIn solid state.

Figure 3. UV−visible absorption spectra of the ligands H2L
1 and H2L

2

and complexes 2−3 and 5−6 in absolute MeCN solution at 1 × 10−5 M
at room temperature.

Figure 4. NIR emission and excitation spectra of complexes 2 and 5 in
absolute MeCN solution at 1 × 10−5 M at room temperature.
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because the Gd3+ ion has no energy levels below 32 150 cm−1

and, therefore, cannot accept any energy from the corresponding
antenna excited state.32 If the antenna luminescence lifetime of
complex 3 is to represent the excited-state lifetime in the absence
of the energy transfer, the energy transfer rate (kET) in complex 3
can, thus, be calculated from kET = 1/τq − 1/τu,

33 where τq is the
residual lifetime of the luminescent emission undergoing
quenching by the respective Nd3+ ion, and τu is the unquenched
lifetime in the reference complex 3, so the energy transfer rate for
the Nd3+ ion in complex 2 may be estimated to be above 1.2 ×
108 s−1, which could well imply the reason for the effective energy
transfer for complex 2. Through further investigation on the
emission of the reference complex 3, especially at 77 K, the
stronger fluorescence (λem = 495 nm and τ = 2.26 ns) than that
(λem = 502 nm and τ = 1.14 ns) at room temperature and the
typical phosphorescence (λem = 548 nm and τ = 5.78 ms) are
both observed, which shows that the sensitization of the NIR
luminescence in complex 2 should arise from both the 1LC and
the 3LC excited states (Supporting Information, Figure S4) of
the ligand H2L

1 at low temperature.
By extension of the conjugation through changing the linker

from ethylene to phenylene (H2L
1 to H2L

2), the similar
photophysical properties, also shown in Table 2, Figures 3 and
4, and Supporting Information, Figure S3, are observed. The
typical decay profile for NIR luminescent complex 5 also reveals
the single exponential function with the observed lifetime of 1.67
μs and the estimated intrinsic quantum yield of 0.67%. As to the
phenylene-linked Zn−Gd complex 6 from H2L

2, time-resolved
spectra show that the visible emissions at both room temperature
and 77 K correspond to 1LC emission with lifetimes of 5.42 and
9.14 ns, respectively. The relatively larger energy gap between the
only 1LC but no 3LC for complex 5 (Supporting Information,
Figure S4, ΔE1 = 7937 cm−1) than that (ΔE3 = 6991 cm−1) of
both 3LC and 1LC for complex 2 and the excited state 4F3/2
(11257 cm−1) of Nd3+ ion, should be attributed to the relatively
higher estimated intrinsic quantum yield of complex 2 than that
of complex 5.22a Moreover, when comparing the relative
intensities, using solutions with their concentrations adjusted
to give the same absorbance values at 337 nm, the 1.6 times

greater emission intensity of complex 2 at 1060 nm relative to
that of complex 5 further indicates more efficient energy transfer
for ethylene-linked complex 2.

3.3. Synthesis and Characterization of Doped Hybrid
Materials PMMA/[Zn(Ln)Ln(Py)(NO3)3] and Copolymer-
ized Hybrid Materials Poly(MMA-co-[Zn(Ln)Ln(Py)-
(NO3)3]). In consideration of the excellent performance of
PMMA as one of the popular polymermatrices with low cost, low
optical absorbance, and good mechanical property,34 two kinds
of PMMA-supported doped hybrid materials PMMA/[Zn(Ln)-
Ln(Py)(NO3)3] (n = 1−2, Ln = La, Nd, or Gd) and
copolymerized hybrid materials Poly(MMA-co-[Zn(Ln)Ln-
(Py)(NO3)3]) are obtained from complexes 1−6, respectively,
as shown in Scheme 2. The doped hybrid materials PMMA/
[Zn(Ln)Ln(Py)(NO3)3] based on complexes 1−3 and 4−6 are
well-verified by FT-IR spectra, where the characteristic
absorptions of the νas(CC) vibration of vinyl groups at
1604−1616 cm−1 for complexes 1−6 and the characteristic
absorptions of the ν(CN) vibration at 1636−1638 cm−1 for
complexes 1−3 or 1650−1651 cm−1 for complexes 4−6 are well
kept, and the intense absorption band at 1732 or 1737 cm−1

assigned to the ν(CO) vibration of PMMA appears. Especially
based on the room-temperature 1H NMR spectra of two hybrid
materials PMMA/1 (shown in Figure 1) and PMMA/4 (shown
in Supporting Information, Figure S1), the combination of
almost no shifted proton resonances of the coordinated Salen-
type Schiff-base ligand (L1)2− or (L2)2− in comparison with those
of the respective complex 1 or 4 and the appearance of typical
proton resonances of PMMA are observed. Both indicate that
two series of heterobinuclear Zn−Ln complexes (1−6) are just
being physically doped into the PMMA polymer matrices. It is
worth noting that for the doped hybrid material PMMA/1 or
PMMA/4, 1H NMR analysis (Figure 1 and Supporting
Information, Figure S1) further shows the lower molar ratio of
60:1 or 75:1 than the initial feed molar ratio of 100:1, which
should be due to the loss of MMA from polymerization
incompleteness and oligomeric PMMA.
In contrast to the doping, two series of binuclear Zn−Ln

complexes (1−6) with two active terminal vinyl groups can be

Scheme 2. Reaction Scheme for the Synthesis of Doped Hybrid Materials PMMA/[Zn(Ln)(Py)Ln(NO3)3] and Copolymerized
Hybrid Materials Poly(MMA-co-[Zn(Ln)(Py)Ln(NO3)3]) (n = 1 or 2, Ln = La, Nd, or Gd)
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further copolymerized with MMA in the presence of AIBN
through the classic free-radical mechanism, resulting in the
obtainment of the copolymerized hybrid materials Poly(MMA-
co-[Zn(Ln)Ln(Py)(NO3)3]). As expected, each of the Zn−Ln
units is coupled to the polymer backbone; thus, the only Wolf
Type II metallopolymers based on the heterobinuclear units are
constructed to date. The obtained metallopolymers with Wolf
Type II fashion are also well-characterized by FT-IR and 1H
NMR. As to Poly(MMA-co-1) or Poly(MMA-co-4) based on
Zn−La unit, the 1H NMR spectrum analysis (shown in Figure 1
or Supporting Information, Figure S1) shows that the combined
photon resonances (δ = 8.69 to 0.93 ppm for Poly(MMA-co-1)
or δ = 9.20 to 0.94 ppm for Poly(MMA-co-4)) of the
polymerized Schiff-base ligand and MMA are observed, where
the photon resonances of the characteristic vinyl groups
disappears, while the new up-shifted photon resonances (δ =
2.92 and 1.57 ppm or 2.95 and 1.57 ppm) of the−CH and−CH2
groups are observed, and the lower molar ratio of 81:1 or 61:1
than the initial feed molar ratio of 100:1 is also shown. The
relatively higher molar ratio of 81:1 for Poly(MMA-co-1) should
be due to the flexibility of ethylene linker in complex 1, but it
proves that the copolymerization is more complete than that
from complex 4. As shown in Table 3, the GPC results show that

all the polydispersity indexes (PDI = Mw/Mn) of these
metallopolymers are in the relatively narrow range of 1.19−
1.30 due to the radical copolymerization as compared to
homopolymerization of MMA using AIBN as an initiator.
However, the number-average molecular weights (Mn 11 630−
11 904 g/mol) of copolymerized products based on ethylene-
linked complexes 1−3 are slightly larger than those (Mn 8130−
9229 g/mol) from phenylene-linked complexes 4−6 on the same
copolymerization conditions, indicating the presence of a small
difference in reactivity among the two series of complex
monomers. Moreover, as to three different copolymerizations
carried out with MMA to complex 2 ratios of 50:1, 100:1, and
200:1, an almost linear relationship between the molecular
weight (Mn) versus MMA to complex 2 molar ratio suggests a
random distribution of MMA along the polymer backbone.
PXRD patterns of [Zn(Ln)(Py)Nd(NO3)3]-containing doped

and copolymerized PMMA hybrid materials (Supporting
Information, Figure S5) show only amorphous peaks of pure
PMMA, suggesting that in each of the hybrid materials, the
heterobinuclear complex molecule is homogeneously distributed
in the PMMA matrix and that the crystalline peaks of the
complex are not detected due to the lower concentration.
Moreover, TG analysis of the two kinds of PMMA-supported

hybrid materials shows a slight increase of 21 °C for the Tonset in
comparison with the pure PMMA (Supporting Information,
Figure S6), and the decomposition with maxima around the
higher temperature interval (394−400 °C) than that (290−307
°C) of complexes 2 and 5, which suggests that the thermal
stabilities of two kinds of PMMA-supported hybrid materials are
essentially improved by doping or copolymerization. Further-
more, the XPS data are used to determine the representative
[Zn(Ln)(Py)Ln(NO3)3]-containing (Ln = Nd or Gd) doped or
copolymerized hybrid material composition and metal coordi-
nation environment (Figure 5), in which the Zn2+ 2p3/2 and

2p1/2

peaks at 1021.1 and 1044.4 eV and the Ln3+ (Ln = Nd or Gd)
3d5/2 and

3d3/2 peaks corresponding well to the expected binding
energy values for Ln3+ bound to oxygen at 982.2 and 1004.9 eV,
1189.5 and 1219.3 eV, respectively,35 are observed. The further
quantitative XPS analyses reveal that the definite molar ratio of
1:1 of Zn2+ and Ln3+ in the two kinds of hybrid materials is
observed, and the metal contents of 1.7 mol % for doping and 1.3
mol % for copolymerization are 60−81% of the theoretical values
with the feed molar ratio of 100:1, while they are well in
accordance with the 1H NMR analysis results of their
corresponding [Zn(Ln)(Py)La(NO3)3]-containing hybrid ma-
terials.

3.4. Photophysical Properties of [Zn(Ln)(Py)Ln(NO3)3],
DopedHybridMaterials PMMA/[Zn(Ln)(Py)Ln(NO3)3], and
Copolymerized Hybrid Materails Poly(MMA-co-[Zn(Ln)-
(Py)Ln(NO3)3]) in Solid State. For complexes [Zn(Ln)(Py)-
Ln(NO3)3] (Ln = Nd or Gd; n = 1 or 2), the doped hybrid
materials PMMA/[Zn(Ln)(Py)Ln(NO3)3], and copolymerized
hybrid materails Poly(MMA-co-[Zn(Ln)(Py)Ln(NO3)3]), their
photophysical properties in solid state at room temperature or 77
K were examined and also summarized in Table 2, Figures 6−9,
and Supporting Information, Figures S7−13. As shown in Figure
6, the diffuse reflectance (DR) spectra of the PMMA-supported
doped hybrid materials from 2−3 and 5−6 exhibit two relatively
broader absorption bands than those of complexes 2−3 and 5−6
(Supporting Information, Figure S7), where one in the UV
region can be assigned to electronic transitions from the organic
moieties of PMMA and coordinated Schiff-base ligands, and the
other in the visible to NIR region is attributed to the

Table 3. GPC Data of the Samples of PMMA and
Metallopolymers Poly(MMA-co-[Zn(Ln)(Py)Ln(NO3)3]

sample monomer MMA/monomer Mn
a g·mol PDIb

PMMA MMA 45 255 1.15
Poly(MMA-co-1) MMA and 1 100:1 11 904 1.21
Poly(MMA-co-2) MMA and 2 50:1 7149 1.30
Poly(MMA-co-2) MMA and 2 100:1 11 829 1.23
Poly(MMA-co-2) MMA and 2 200:1 13 824 1.19
Poly(MMA-co-3) MMA and 3 100:1 11 630 1.24
Poly(MMA-co-4) MMA and 4 100:1 9229 1.28
Poly(MMA-co-5) MMA and 5 100:1 8130 1.26
Poly(MMA-co-6) MMA and 6 100:1 9145 1.27

aMn is the number molecular weight.
bPDI = Mw/Mn, where Mw is the

weight molecular weight.

Figure 5. Representative XPS data of two series of hybrid materials
PMMA/[Zn(Ln)(Py)Ln(NO3)3] and Poly(MMA-co-[Zn(Ln)(Py)Ln-
(NO3)3]) (L

n = L1 or L2; Ln = Nd or Gd).
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characteristic transitions levels of the corresponding Nd3+ ion
from the ground level 2G7/2,

4F7/2,
4F5/2, or

4F3/2 to the higher
energy levels. Because of the characteristic absorption bands of
Gd3+ ion commonly appearing above 1000 nm, they are not
discerned in the corresponding samples. Upon excitation of the
chromophore’s absorption band (λex = 398 nm for PMMA/2 or
λex = 418 nm for PMMA/5), for both PMMA/2 and PMMA/5
in solid state, the weak visible emissions and the similar
characteristic NIR emissions of the Nd3+ ion (4F3/2→

4IJ/2, J = 9,
11, 13; shown in Figure 7) to those of the complex 2 or 5 in both
solution (Figure 4) and solid state (Supporting Information,
Figure S8) are observed. Unlike the observed NIR emissions of
complex 2 or 5 and doped hybrid materials from 2 or 5, both
complexes 3 and 6 and the doped hybrid materials from 3 and 6
just display the typical visible emissions, as shown in Supporting
Information, Figures S9−10, respectively. It is worth noting that
the maximum excitation positions (λex = 398 or 418 nm) of the
spectra for the doped hybrid materials are both red-shifted as
compared to the solution or solid spectra of complexes 2 and 5,
which can be attributed to the enhanced light absorption of the
PMMA matrix.36 On the basis of the typical time-resolved
luminescent experiment for NIR luminescent PMMA/2 or
PMMA/5, their luminescent decay curves can also be fitted
monoexponentially with lifetime of 2.72 or 1.65 μs, respectively.
These values, together with the calculated intrinsic quantum
yields (1.09% or 0.66%), are almost in accordance with those
found for complex 2 or 5 in solution and solid, showing that the
host PMMA matrix does not interact with the complex and has
no influence on the sensitization process of the Nd3+ ion.37

Although the luminescence intensity of the Nd3+ emissions
increase with increasing Nd3+ content for PMMA/2, as shown in
Supporting Information, Figure 11S, the concentration self-
quenching effect begins at a doped monomer feeding molar ratio
of 50:1.
As to the copolymerized hybrid materials based on complexes

2, 3, 5, and 6, as shown in Supporting Information, Figures S12
and S13, besides the similar broad absorption in the visible to
NIR region assigned to the characteristic transition levels of the
corresponding Ln3+ ion, a relatively broader absorption band in
the UV region than those of the PMMA-supported doped hybrid
materials is observed from their DR spectra in solid state. This
should be due to the increased molecular conjugation for the
metallopolymers.38 Photoexcitation of the corresponding
chromophore in the rigion of 220−510 nm (λex = 396 nm for

Figure 6. DR spectra of PMMA/2, PMMA/3, PMMA/5, and PMMA/
6 from the monomer feeding molar ratio of 100:1 in solid state at room
temperature.

Figure 7.NIR emission and excitation spectra of doped hybrid materials
PMMA/2 and PMMA/5 from the monomer feeding molar ratio of
100:1 in solid state at room temperature.

Figure 8. NIR emission and excitation spectra of copolymerized hybrid
materials Poly(MMA-co-2) and Poly(MMA-co-5) from the monomer
feeding molar ratio of 100:1 in solid state at room temperature.

Figure 9. NIR emission and excitation spectra of copolymerized hybrid
materials Poly(MMA-co-2) from different monomer feeding molar
ratios (50:1, 100:1, or 200:1) in solid state at room temperature.
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Poly(MMA-co-2) or λex = 412 nm for Poly(MMA-co-5) also
gives rise to characteristic ligand-field splitting emissions of the
Nd3+ (4F3/2 →

4IJ/2, J = 9, 11, 13; shown in Figure 8) in the NIR
region, while the residual visible emissions, especially from
complex 2, are almost completely quenched. These results,
together with the similar red shift of the maximum excitation
positions, suggest that more efficient energy transfer of the two
extended metallopolymers takes place from a localized excited
state.39 The typical luminescent decay curves for the excited Nd3+

ion at the 4F3/2 state in the two metallopolymers are also fitted
well by a single-exponential function in agreement with those of
the complexes and the doped hybrid materials. However, the
slight increase of lifetimes (3.01 μs for Poly(MMA-co-2) and
1.89 μs for Poly(MMA-co-5)) of the two NIR luminescent
metallopolymers, after being grafted into the PMMA matrix,
increases the intrinsic quantum yield (1.21% or 0.76%) of the
Nd3+ emission more than that of the corresponding complex
(1.10−1.12% or 0.65−0.67%) or the corresponding hybrid
material in solid state (1.09% or 0.66%), which should be due to
the molecular extension of the two metallopolymers.40 From the
viewpoint of energy level’s match, the extension gives the smaller
energy gap (ΔE3 = 6380 cm−1 orΔE1 = 7092 cm−1) between the
excited state of the chromorphore to the Nd3+ ion excitied state
(4F3/2) than that in corresponding complex or corresponding
doped hybrid materials, resulting in the lower nonradiative
energy loss during the energy transfer. As to the relatively higher
NIR insintric quantum yield of Poly(MMA-co-2) than that of
Poly(MMA-co-5), it should also be attributed to the combined
1LC and 3LC, while not only 1LC for Poly(MMA-co-5). Of
particular note is to observe an almost linear relationship (shown
in Figure 9) between the NIR emission intensity and
concentration (50:1, 100:1, and 200:1) of complex 2 for
Poly(MMA-co-2) metallopolymers, which shows the concen-
tration self-quenching in Ln3+-based doped hybrid materials11 is
prevented from the formation of uniform copolymerized hybrid
materials even in solid state.

4. CONCLUSIONS

Two kinds of heterobinuclear Zn−Ln complexes [Zn(Ln)(Py)-
Ln(NO3)3] (n = 1 or 2, Ln = La, Nd, or Gd), based on the
divinylphenyl-modified Salen-type Schiff-base ligands with
different linkers as the optical emitters, were introduced into
the PMMA matrix to obtain PMMA-supported doped hybrid
materials PMMA/[Zn(Ln)(Py)Ln(NO3)3] and Wolf Type II
Zn2+−Ln3+-containing metallopolymers Poly(MMA-co-[Zn-
(Ln)(Py)Ln(NO3)3]), respectively. The physically doped and
controllable copolymerized hybrid materials from [Zn(Ln)(Py)-
Nd(NO3)3] all show similar NIR luminescent properties
compared with the complexes, while the grafted metallopolymer,
especially from ethylene-linked Zn−Nd complex, endows the
largest intrinsic quantum yield of the Nd3+ emission, and the
concentration self-quenching of Nd3+-based materials could be
effectively prevented for the copolymerized hybrid materials in
comparison with the doped hybrid materials. This result suggests
that PMMA-supported Wolf Type II Zn2+−Ln3+-containing
metallopolymers represent a new class of optical materials, which
can be used in the pursuit of creating high color purity NIR
polymer-based OLEDs.
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