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ABSTRACT: Rare earth (RE) complex photoluminescence
films were conventionally prepared by blending. The RE
complexes were unevenly dispersed in the polymer matrix,
thus readily quenching the fluorescence. An improved ap-
proach for preparing photoluminescence films was devel-
oped, in which the chemical or covalent bonding between
the RE complex and polymer was introduced throuféh melt-
grafting polymerization. An RE complex (europium®*-acry-
late-1,10-phenanthroline) [Eu(AA);phen] was synthesized,
and then grafted onto polypropylene (PP) in the melt phase
to render the resin fluorescently active. The complex and the
grafted PP were systematically characterized using various
analytical tools including elemental analysis, TGA, IR DSC,

WAXS, and fluorescence. The results indicated that the com-
plex possessed favorable fluorescence and thermal stability,
and the Eu(AA);phen complex was successfully grafted
onto the PP backbone. The findings from the DSC and
WAXS measurements revealed that the complex acted as a
nucleating agent, increasing the crystallization rate effec-
tively and destroying the integrity of the crystallinity as
well. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 102:
1547-1552, 2006
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INTRODUCTION

Rare earth (RE) polymers generally refers to polymers
with RE ions doped in or bonded on. Wolff and Press-
ley" first studied the fluorescence and laser properties
of europium(thenoyltrifluoroacetone); in poly(methyl
methacrylate) in 1963 and pioneered the research on
RE polymers. Since then, a number of functional RE
polymers have been synthesized and the application
areas of RE polymers are enormous. For instance, RE
polymers have been extensively used as fluorescent,
laser, protective, and optic materials.? There are two
types of RE polymers: one is an RE chemical com-
pound that is uniformly dispersed in monomers and
polymers as a doping agent to produce doping-type
RE polymers; the other is RE ions that are directly
bonded onto the macromolecule chain to obtain bond-
ing-type RE polymers.> Compared with bonding
types, doping-type RE polymers have disadvantages
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in applications because of the poor dispersion of RE
complexes in the polymer matrix. Doping-type RE
polymers also create a concentration quenching effect
among fluorescence molecules, which makes the pro-
portion of effective fluorescence molecules decrease;
thus, the fluorescence intensity weakens and life de-
clines.* In contrast, the preparation of bonding-type
RE polymers with a high RE concentration, high light
transmittance, and desirable properties is readily per-
formed. At present, there are two approaches to syn-
thesize bonding-type RE polymers: first, RE ions co-
ordinate with polymers containing coordination
groups; second, low molecular RE complexes take part
in polymerization as monomers.”

Polypropylene (PP) is a widely used material be-
cause of its outstanding mechanical properties and
low cost. Adding RE complexes to a PP matrix further
extends its applications, rendering PP photolumines-
cent. Previous research®” mainly focused on polymers
doped with RE complexes. However, this type of RE
polymer has limited applications because of the poor
compatibility of RE complexes with polymers,
whereas RE complexes combined with polymers by
chemical bonds can address such a problem. Li et al.?
grafted an RE complex containing acrylic acid (AA)
onto polyethylene films by UV-induced polymeriza-
tion and conferred the RE complex, having incorpo-
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rated polymer materials with chemical bonds. Zhang
et al.” improved the thermal stability and hardness of
poly(vinyl chloride) by grafting RE acrylate onto it in
THF solution. To date, however, PP modification us-
ing the bonding RE complex approach has seldom
been reported. This stimulated our interest in devel-
oping an effective approach to utilize this method for
PP modification. Therefore, the key objectives of the
research presented in this article were to synthesize a
europium®*-AA-1,10-phenanthroline [Eu(AA);phen]
RE complex and then to melt graft the complex onto
the PP backbone to produce a plastic resin emitting
red fluorescence under UV. The modified PP was well
characterized in order to establish the structure-prop-
erty relation for the bonding-type RE polymers.

EXPERIMENTAL
Materials

Eu,05 (99.9 wt %) was purchased from Shanghai Yue-
long Non-Ferrous Metals Limited and used without
further purification. The PP homopolymer used in this
study was PP Y1600 (Shanghai Petrochemical Co.,
Ltd., Shanghai, China). AA was obtained from Shang-
hai Pugiao Chemical Technology Graduate School and
purified before use. Chemical grade diisopropylben-
zene hydroperoxide (DCP), purchased from Shanghai
Gaogiao Petrochemical Co., Ltd., was used as an ini-
tiator. Analytical grade phen was obtained from
Shanghai Chemical Reagent Co. Other analytical
grade organic solvents were purchased from Shanghai
Lingfeng Chemical Reagent Co., Ltd.

Eu-AA-phen

AA (30 mmol) and phen (10 mmol) were dissolved in
70 mL of 95% ethanol aqueous solution. Then, 50 mL
of EuCl; ethanol aqueous solution (10 mmol) was
slowly added dropwise under constant stirring. The
mixture solution was adjusted to pH 6.5 using an
ethanol solution of NaOH (2M) and stirred at 70°C for
4 h. Then, it was filtered and washed repeatedly with
20% ethanol aqueous solution and dried under a vac-
uum at 50°C for 6 h. The complex was slightly soluble
in alcohol, but fairly soluble in DMF and DMSO.

PP-g-Eu(AA);phen

The PP pellets were mixed with Eu(AA);phen, DCP
initiator, and other additives and fed into a Haaks
mixer (Rheocord System 40) where the grafting reac-
tion was conducted in the melt at 170°C. The grafted
PP sample was dissolved in xylene at 140°C and pu-
rified by reprecipitating the solution with DMF. The
purification was repeated twice. The precipitated sam-
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ple was filtrated out and dried at 110°C in a vacuum
oven.

Characterization techniques

The content of Eu®>" in the complex and the polymer
was determined by EDTA titration. The carbon, hy-
drogen, and nitrogen contents were determined using
an elemental analyzer (Elementar Vario EL III). The IR
spectra were recorded on a Nicolet Magna 550 FTIR
spectrophotometer, and the fluorescence spectra were
obtained using a Hitachi F-4 spectrophotometer. TGA
was carried out with a TGA-SDTAS851E thermal ana-
lyzer at a heating rate of 10°C/min in an air atmo-
sphere. DSC measurements were conducted with a
PerkinElmer (DSC 7) thermal analyzer (Foster City,
CA). The samples were heated to 220°C at a rate of
20°C/min under a nitrogen atmosphere and main-
tained at 220°C for 5 min. Afterward the samples were
cooled to room temperature at a rate of 10°C/min and
held at room temperature for 5 min to destroy anisot-
ropy. The samples were measured from room temper-
ature to 220°C at a rate of 20°C/min, held for 5 min,
and then cooled to room temperature at the same rate.
Both melting and crystallization parameters were ob-
tained from the heating and cooling scans. WAXS was
performed using a Rigaku WAXS diffractometer set at
40 kV and 30 mA with Cu Ka radiation (A = 1.54056 A).

RESULTS AND DISCUSSION
Characterization of Eu(AA;)phen
Structure of Eu(AA)s;phen

The C, H, and N contents of the complex determined
by elemental analysis were 46.00, 3.04, and 4.96%,
respectively; the Eu content determined by EDTA ti-
tration was 27.96%. The calculated values for the com-
plex were 46.23% C, 3.127% H, 5.14% N, and 27.89%
Eu. The IR spectrum of the Eu(AA);phen complex
(Fig. 1) shows the stretching vibration of phen at 1650
cm ™' and the bent vibrations at 853 and 738 cm ™!
were shifted to a lower frequency at 1642, 847, and 730
cm™', respectively, indicating that phen has coordi-
nated with the Eu ion. The C=0 and O—H stretching
bands of free AA at 1702 and 930 cm ™' are essentially
absent in the complex. The strong bands at 1542 and
1430 cm ™! correspond to the antisymmetric and sym-
metric stretching vibration of COO™! for AA,'" which
confirms AA has coordinated with the Eu ion. The
experimental results above suggest that Eu(AA);phen
should be the reasonable formula for the complex. The
reaction is inferred as follows:

EuCl;+3HAA +phen—ErONaEu’*(AA);phen+3HCI
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Figure 1 The IR spectra of Eu(AA);phen complexes.

Fluorescence properties of Eu(AA);phen

The excitation spectrum of Eu(AA);phen (Fig. 2)
shows that there were two excitation bands in the UV
range at 295 and 330 nm. Being excited at these bands,
the complexes all exhibit typical fluorescence of Eu®*
ions, which is attributed to the °D,—F; (j = 0, 1, 2, 3,
4) transitions of the Eu®" 4f electron. The emission
peaks are at 579, 592, 616, 650, and 695 nm succes-
sively; of these, the 5D0 — 7F2 emission (about at 616
nm) is the most intense and emits the typical red
fluorescence of Eu®". The f-f transition of free Eu®"
ions belongs to “parity forbidden.” When Eu®" ions
coordinate with phen to form a complex, however,
other parity compositions (such as 5d) are interloaded
in it and the complex symmetry decreases, which
results in the notable increase of the “induced electric
dipole transition” and luminescence intensity. The li-
gand phen absorption band is in the range of 220-350
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Figure 2 The excitation (A.,, = 616 nm) and emission (A,
= 330 nm) spectra of Eu(AA);phen.
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Figure 3 The TGA curve of the Eu(AA);phen complex.

nm whereas Eu®" has weak absorption in this range.
Accordingly, when excited at 295 or 330 nm, the com-
plex obtaining intense fluorescence of Eu®" shows that
the energy of the excitation ray was absorbed by phen
and was transferred to the excitation state energy level
of central Eu®* ions in complex molecules, and then
was reduced to the lowest excitation state energy level
(°Dy) through a nonradiative transition. Afterward,
the 5D0—7F]- transition occurred and generated fluores-
cence. Individual fluorescence and phosphorescence
of ligands cannot be observed in the emission spec-
trum of the complex at room temperature, and the
fluorescent intensity of Eu®* is higher. This demon-
strates the lowest triplet state energy level of ligands
has better matching with the emission one (°D,) of
Eu®"."! The emission spectrum of Eu(AA);phen dif-
fers from that of Eu®*-p-diketone chelates.'> More-
over, its emission peak at 616 nm is narrow and in-
tense compared with that of Eu®*-g-diketone chelates,
which shows that the color purity of Eu(AA);phen is
higher.

Thermal property of RE complex Eu(AA);phen

The TGA results for Eu(AA)s;phen are shown in Figure
3. Note that the decomposition of the complex starts at
230°C and terminates at 590°C. When the temperature
rises to near 285, 375, and 468°C, the weight-loss curve
of the complex has obvious break points that prove
that the decomposition is proceeding step by step. In
the first decomposition temperature interval of 230-
300°C, the mass loss is 13.2%, amounting to losing 1
AA molecule (theoretical mass loss = 12.4%). In the
second decomposition temperature interval of 300-
445°C, the mass loss is 24.3%, amounting to losing 2
AA molecules (theoretical mass loss = 24.8%). In the
third decomposition temperature interval of
445-590°C, the mass loss is 32.1%, amounting to losing
1 phen molecule (theoretical mass loss = 32.0%). At
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Figure 4 The IR spectrum of PP-g-Eu(AA);phen and PP.

the end of the reaction, Eu,0O; was obtained and the
total mass loss was 69.6% (theoretical value = 69.2%).
This analysis further proves Eu(AA);phen as the com-
plex formula. The starting decomposition temperature
of the complex at 230°C is higher than that of the melt
reaction temperature at 170°C. As a result, the com-
plex will no longer decompose in the course of melt
grafting and facilitate the melt grafting reaction with
PP.

Characterization of grafting PP
Structure of PP-g-Eu(AA);phen

Figure 4 shows the FTIR spectra of the original PP and
the grafted PP. The typical absorption peak of meth-
ylene occurs at 1455 cm ™', whereas the methyl absorp-
tion peak for PP-g-Eu(AA);phen was found to be
shifted to 1372 cm ™" and its intensity was higher than
that of methylene. This shows that the partial methyl-
ene of PP had incorporated with Eu(AA);phen. Mean-
while, compared to original PP, the C=0 stretch vi-
bration peak of the carboxylate in the grafted PP ap-
pears at 1555 cm ™. Moreover, the absorption peaks at
459 and 1642 cm™' represent Eu—O and C=N, re-
spectively, which originate from the Eu(AA);phen
complex. These results provide evidence of the PP
being grafted with the Eu(AA);phen complex.

Fluorescence properties of PP-g-Eu(AA);phen

Figure 5 denotes the fluorescence spectra of the
grafted PP with grafting rates at 1.35, 2.22, 2.90, and
3.54%, which were excited at 270 nm. At this excitation
wavelength the grafted PP emits visible and intense
red fluorescence whereas the original PP cannot emit
any color fluorescence. The modified PPs with differ-
ent amounts of grafting all exhibit typical Eu>" fluo-
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rescence that corresponds to the °D, — 7P]- (G=012,
3, 4) transitions of the Eu®>" 4f electron. Moreover,
their emission peaks at 579, 592, 616, 650, and 695 nm
successively, for which the °D, — “F, emission (about
at 616 nm) is the most intense and emits the typical red
fluorescence of Eu®*."

Figure 5 also shows that the fluorescence intensity
of grafting PP improves as the grafting rate increases
and reaches a maximum at 3.54% without typical
emission concentration quenching. The possible rea-
sons for this are that Eu(AA);phen is uniformly dis-
tributed along the PP chains and the distance between
Eu®" is relatively large, leading to the weak concen-
tration quenching.

Moreover, compared to the Eu(AA);phen complex,
the excitation wavelength of grafting PP was found to
be shifted from 330 to 270 nm, which could be caused
by the change of the coordination environments of the
RE ions. This phenomenon further confirms the fluo-
rescent RE complexes have incorporated with PP by
chemical bonds instead of simply doping with PP.

DSC analysis of PP-g-Eu(AA);phen

The results of the DSC heating and cooling scans for
PP and PP-g-Eu(AA);phen are shown in Figure 6. The
crystallization parameters of the samples obtained
from the heating and cooling scans are given in Table
I. The AH; and AH, values are the melting and crys-
tallization enthalpies per gram of samples, respec-
tively. The crystallization peak temperature T. repre-
sents the temperature at the maximum crystallization
rate. The T, of PP-g-Eu(AA);phen is about 7°C higher
than that of the PP homopolymer. The observed crys-
tallization behavior of PP-g-Eu(AA);phen can be ex-
plained in terms of heterogeneous nucleation. In a
certain range of the grafting process, Eu(AA);phen
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Figure 5 The emission (A, = 270 nm) spectrum of PP-g-
Eu(AA);phen.
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Figure 6 The DSC curves of PP and PP-g-Eu(AA);phen.

functions as a heterogeneous nucleating agent for the
PP homopolymer. The half-crystallization and crystal-
lization induction period of the grafted product were
all shortened, which accelerated the nucleation rate
and allowed the nucleation to occur at a higher tem-
perature. The change in the crystallization peak width
(AT,) represents the variation in the homogeneity of
the crystallization, and a narrower value of AT, means
a faster nucleation rate. The AT, value for PP-g-
Eu(AA);phen is about 5°C narrower than that of the
PP homopolymer (46.2°C), which further proves
Eu(AA)sphen acts as a nucleating agent in the crystal-
lization process and effectively improves the crystal-
lization. The AH, of PP-g-Eu(AA)s;phen almost re-
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mains the same as that of PP (97.3]/g), suggesting that
the crystallinity does not change significantly.

The melting temperature (T,,) of PP-g-Eu(AA);phen
is lower than that of PP (167.6°C), which is due to the
fact that the melt grafting destroyed the regularity of
the PP crystal an chain degradation occurred in the PP
in the process of melt grafting. Moreover, the AH;and
the melting peak width (AT,) of PP-¢g-Eu(AA);phen
are slightly higher than that of the PP homopolymer,
which is likely attributable to the heterogeneous nu-
cleation of Eu(AA);phen for PP crystallization having
the advantages of accelerating crystallization and in-
creasing the amount of spherulites per volume of the
sample. These results indicate that the crystallites in
the PP-g-Eu(AA)s;phen are less perfect than those in
the PP homopolymer.'*

WAXS analysis of PP-¢g-Eu(AA);phen

The crystallite size (D) vertical to the lattice plane (fki)

can be obtained by the Scherrer equation'”:

D =kA/B cosf (1)

where k is the factor of the crystal figure, assuming k

= 0.89; A is the wavelength of the X-ray (A = 1.54056
A, assuming A = 57.3); 0 is the diffraction angle; and
B is equal to (B* — b3)'/2, where B is the width at
half-height of the diffraction peak and b, is the broad-
ening factor of the instrument. If we take no account of
the lattice distortion, the equation can be simplified as
follows:

D = KA/B cos 6=0.89 X 1.54056 X 57.3/B cos 6
(2)

The WAXS results for PP and PP-g-Eu(AA);phen are
shown in Table II and Figure 7. In Table II, I is the
relative intensity of the crystalline peaks, B is the peak
width at half-height, and d,; is the space between
lattice planes (hkl). As shown in Table II and Figure 7,
both curves exhibit scattering angles at 26 = 13.920,
16.660, and 18.400, indicating an a-phase monoclinic
structure.' The d of the grafted PP has a slight change
whereas D decreases. The results can be explained by
the heterogeneous nucleation of Eu(AA);phen for PP
crystallization. This process accelerates the crystalliza-

TABLE I
Crystallization and Melting Parameters of PP and PP-g-Eu(AA),phen Obtained from DSC
TC ATC AHC T"l ATYI‘Z
Eu(AA);phen content (%) (°C) (°C) J/g) (°C) (°C) AH, (J/g)
0 108.7 46.2 97.3 167.6 69.0 92.3
29 115.2 41.2 98.3 161.9 71.0 97.6
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TABLE 1I
Crystal Parameters of PP and PP-g-Eu(AA);phen from WAXS

Eu(AA),phen content (%) hik1 26 dyy (A) 1 (%) B (°) D (A)
0 110 14.10 6.28 100.0 0.43 181.7
040 16.90 524 44.1 0.37 209.0
130 18.56 4.78 31.9 0.39 203.7
2.90 110 14.04 6.30 42.0 0.63 124.8
040 16.80 527 100.0 0.56 142.1
130 18.50 4.79 174 0.57 139.2

tion in which the growth of grains is restricted because CONCLUSIONS

they crush each other in the course of growing. That
indicates the crystallization of PP-g-Eu(AA);phen is
less perfect than that of the PP homopolymer. As
mentioned previously, the overdosing of Eu(AA);phen
onto the backbones of PP tends to decrease the crys-
tallinity as well as the perfectibility of spherulites. In
addition, the WAXS diffractogram of grafted PP
changed with respect to that of PP. This could be
because the acting force is not used uniformly during
the process of preparing films and it changed the
orientation peaks of the molecules.
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Figure 7 A WAXS diffractogram of PP and PP-g-
Eu(AA);phen.

An Eu(AA);phen RE complex was synthesized that
possessed favorable fluorescence and heat stability.
The complex was successfully grafted onto the back-
bones of PP in the presence of the radical initiator DCP
through melt-grafting polymerization. As a result, a
novel bonding-type RE polymer material, emitting red
fluorescence under UV and containing favorable
workability, was created. This material possesses de-
sirable fluorescence intensity, color purity, low cost,
and facile preparation. Thus, it has great potential as
an anti-fogery film, photoluminescence display mate-
rial, lighting transformation agricultural film, and so
forth. The DSC and WAXS characterization results
demonstrated that the functional groups introduced
into PP also acted as nucleating agents that promoted
the crystallization of PP and destroyed the integrity of
the crystalline phase simultaneously.
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