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ABSTRACT: In this research, a series of lanthanide
complexes with a low molecular weight hindered amine
have been synthesized for the first time from lanthanide
chloride and bis-(2,2,6,6-tetramethyl-4-piperidinyl)-decane-
dioicacid (L) by simply using a solvent-free solid-state
reaction. Elemental and thermo analysis suggest that the
component of the complexes is LnLCl3 2H2O (Ln ¼ Y,
La, Nd, Sm, Eu, Gd, Dy, Er). Infrared spectra indicate
that the lanthanide ions are coordinated with oxygen
atoms of the carbonyl group in ligand. Polypropylene
films containing the ligand and complexes were pre-
pared by melt blending and compression molding, and
were exposed to UV irradiation before and after ethanol

extraction. The measurements of carbonyl index, thermal
decomposition temperature, and tensile elongation at
break reveal that these complexes have comparable pho-
tostabilizing efficiency and improved extraction resist-
ance compared to the ligand alone. This study suggests
that hindered-amine lanthanide complexes can provide
novel approach to the cheap and efficient light stabil-
izers. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 117:
250–258, 2010
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INTRODUCTION

Polymer products, which are used extensively out-
doors, are susceptible to degradation by ultraviolet
(UV) light. Such kind of photodegradation process
causes many problems, such as cracking, chalking,
discoloration, and failure of physical properties of
polymer.1 A various of light stabilizers, mainly
including UV absorbers and hindered-amine light
stabilizers (HALS), have been developed and suc-
cessfully applied to minimize these unfavorable
effects of the UV light.2 Among these light stabil-
izers, HALS containing piperidine is particularly
interesting because of their higher photostabilizing
efficiency. It has been generally believed that the
dominating stabilization mechanism of HALS is

through the formation of stabilizing species, nitroxyl
radical and related amino ether, and their cyclic
regeneration during scavenging superoxide species.3-5

However, low molecular weight HALS often suffer
from the disadvantages of high volatility at high
processing temperatures and poor extraction resist-
ance towards solvents, resulting in the decrease of
photostabilizing efficiency and the contamination
associated with the migrated stabilizers.6 Earlier
studies suggest that HALS with higher molecular
weight can provide more resistant activity to vola-
tility and solvent extraction by increasing their
molecular weight in the range from 2000 to 3000.7,8

In practical application, many oligomeric or poly-
meric HALS such as Tinuvin 944 and Tinuvin 622
have been prepared and commercialized.9,10 These
products are usually approached by complicated
reactions of multifunctional organic compounds con-
taining hindered amine group, copolymerization of
monomers and HALS containing vinyl group,11,12 or
chemical modification of preformed polymer.13,14

Such kinds of complicated chemical processes
inevitably increase the environmental impact and
preparation cost. Although much progress has been
achieved in the preparation and application of
polymeric HALS, the development of new light
stabilizer with improved migration resistance via
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accessible methods with less environmental impact
remains an essential topic in the polymer additives
research.

Recently, the rare earth compounds have attracted
a great deal of attention owing to their well-defined
coordination geometries, distinctive electrochemical
and photochemical properties.15-17 Some of the rare
earth compounds have demonstrated stability effects
in polymer and medicine field. For example, lantha-
num stearate was used as an effective thermal stabi-
lizer in PVC.18 Cerium oxide nanoparticles were
used to prevent retinal degeneration by scavenging
reactive oxygen intermediates generating during
photo bombardment.19 Some complexes of lantha-
nide with antioxidation drugs, such as quercetin,
chromones and Schiff-base, exhibited higher intrinsic
binding constants with DNA and higher activity in
the suppression of O��

2 and OHl than their ligands
alone. These complexes, which were bound to DNA
by either intercalation or covalent way, exhibited con-
siderable scavenging activity due to the chelation of
organic molecules to rare earth ions and the selective
effects of the rare earth on scavenging radicals of the
system.20-22 We believe that the rare earth complexes
with piperidine-containing HALS ligand will exhibit
effective photostabilizing ability and improved migra-
tion resistance due to their relatively higher molecular
weight and probably chemical interaction with pre-
oxidized polymer chain. Currently, limited researches
on the lanthanide complexes with HALS have been
reported. In this article, we have synthesized a series
of novel lanthanide complexes using a low molecular
weight HALS as ligand for the first time, and used
elemental and thermal analysis methods to character-
ize the chemical structures of these complexes. Their
photostabilizing efficiencies and migration resistant
performance were also investigated. Our results sug-
gest that hindered-amine lanthanide complexes can
provide novel approaches to the cheap and efficient
light stabilizers.

EXPERIMENTAL

Materials

The commercial hindered-amine light stabilizer,
TinuvinVR 770 (Bis-(2,2,6,6-tetramethyl-4-piperidinyl)-
decanedioicacid) (melt pointing ¼ 85�C), was
purchased from Ciba Specialty Chemicals. Polypro-
pylene (PP) (powder form, melt flow rate (MFR) ¼
0.3 g/10 min at 230�C and 2.160 kg) was kindly sup-
plied by Yangzhou Petrochemical Co. (Yangzhou,
Jiangsu province, China). Other chemicals were all
reagent grade and used as received.

TinuvinVR 770 was used as ligand (L) and its chem-
ical structure is shown below:

Synthesis and characterization of the complexes

Lanthanide chlorides were prepared by dissolving
an appropriate weighed amount of the oxides
(99.9%), Ln2O3 (Ln ¼ Y, La, Nd, Sm, Eu, Gd, Dy, Er)
in concentrated hydrochloric acid (d ¼ 1.19 g/mL).
The excess of the acid and water were evaporated
and the residue was collected.
The lanthanide complexes were prepared using

the following procedure: the mixtures of different
lanthanide chloride and ligand L with molar ratio of
1 : 1 were put in a mortar box and ground thor-
oughly for 15 min at room temperature and then
transferred to a 90�C vacuum oven for 120 min, fol-
lowed by another 45 min of grinding at room tem-
perature. The products were subsequently collected
and excessively washed with cyclohexane and anhy-
drous alcohol, respectively, to remove the unreacted
lanthanide chlorides or ligand. The resulting pre-
complexes were dried in vacuum oven at 65�C until
constant weight was achieved. The final complexes
were kept in a desiccator before use. The reaction
process was monitored by recording the endother-
mic melting traces of the reaction mixture using
Mettler-Toledo DSC822e differential scanning calo-
rimetry (DSC) from 30 to 180�C with a heating rate
of 10�C/min under nitrogen atmosphere.
The complexes were characterized by Fourier

transform infrared spectra (FTIR), elemental analysis,
and thermal analysis. A Nicolet Nexus 470 Infrared
Spectrometer was used to collect the IR spectra in
the range of 4000–500 cm�1. All spectra collected
were averages of 32 scans with a 4 cm�1 resolution.
The amounts of C, N, and H were determined with
an Elementar Vario El III Elemental analyzer. The
thermal degradation process was recorded with a
Shimadzu DTG-60 thermogravimetric analyzer
(TGA) in the simultaneous TGA/DTA mode from
20 to 700�C with a heating rate of 20�C/min under
an oxygen flow rate of 50 mL/min.

Sample preparation for accelerated weathering
and solvent-extraction tests

The PP samples were prepared using a two-step
procedure; the ligand L and various complexes at
concentration of 0.5% by weight were compounded
with the PP powders by melt blending using a
PLE 651 Brabender Mixer (Brabender, Germany),
respectively. The temperature was kept at 175�C and
the roller speed was set at 45 rpm. After a constant
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value of torque was obtained, the melted mixtures
were mixed for another 5 min to get a homogeneous
blend. The resulting mixture were subsequently
molded into 0.1-mm-thick film at 190�C in a press
under a pressure of 15 MPa for 5 min and then natu-
rally cooled down to room temperature. Here we
marked the PP samples containing the ligand and the
complexes of Y, La, Nd, Sm, Eu, Gd, Dy, and Er as
PP/L, PP/Y, PP/La, PP/Nd, PP/Eu, PP/Gd, PP/Dy,
and PP/Er, respectively. For comparative purpose,
unstabilized neat PP sample was also subjected to
the same blending and molding procedure so that
it had experienced similar processing history with
the samples containing stabilizers. The morphology
and crystallization behavior of as-prepared samples
were, respectively, studied with wide angle X-ray
diffraction (WAXD, PANalytical, Netherlands) and
DSC using a 10/–10/10�C/min scanning program
between 20 and 210�C.

Evaluation of photostabilization and solvent-extrac-
tion resistance

To comparatively evaluate the photostabilizing effi-
ciency of the complexes and the ligand, accelerated
photodegradation of various PP films was carried
out in a RW-UVC-FD1 Test Chamber (Shenzhen,
China). Ten 25 W mercury lamps with wavelength
range of 315–400 nm were used as the UV source.
Specimens cut from 0.1-mm-thick film with about
50 mm � 20 mm in area, were mounted on racks
positioned at a distance of about 10 cm from the
lamps and the temperature in the cabinet was main-
tained at 30 6 5�C. Irradiated specimens were col-
lected at regular intervals to evaluate the extent of
photodegradation.

Solvent extraction was performed in a Saxhlet dis-
till apparatus. Specimens were cut into pieces of
about 40 mm � 20 mm in area and extracted with
70% ethanol aqueous solution. After distilling for 48
h, the extracted specimens were dried and trans-
ferred to the UV Test Chamber for accelerated
photodegradation.

The structural changes of PP samples with or
without solvent extraction upon UV irradiation were
investigated using FTIR spectroscopy. Carbonyl
index (CI), as determined from FTIR spectra, was
used to characterize the extent of degradation in PP.
It was defined as the area of carbonyl absorption
band related to the area of a reference band: CI ¼
AC/AR, where AC is the area of the carbonyl absorp-
tion band in the range from 1700 to 1800 cm�1,
while AR is the area of reference band in the range
from 2700 to 2750 cm�1 (CH bending and CH3

stretching band). AR used as reference was constant
during the degradation processes.23

In addition to CI, the initial thermal decomposi-
tion temperatures of aged samples were also meas-
ured to evaluate the extent of UV degradation using
DTG-60 TGA instrument under oxygen atmosphere
with a heating rate of 20�C/min from 20 to 400�C.
Moreover, the tensile elongation at break of neat PP,
PP/L, and PP/Nd with various UV accelerated pho-
todegradation durations was tested on a SANS
CMT4104 Tensile Tester (Shenzhen, China) at 23 6
1�C. The tensile specimens were prepared by com-
pression molding of as-prepared samples into 0.4-
mm-thick sheets at 200�C, and then punched to a
dumbbell shape. The narrow portion of the dumb-
bell specimens was 17 mm (length) � 4.2 mm
(width) � 0.40 mm (thickness) in dimension and the
crosshead speed was 10 mm/min. For each sample,
over three specimens were tested and the average
values were used.

RESULTS AND DISCUSSION

Synthesis and characterization of the complex

The new complexes were synthesized by a simply
solid-state reaction of lanthanide chlorides and
ligand L. In contrast with conventional solution reac-
tions, the solvent-free reaction used in this study is
an environmentally friendly process, which gives
high conversion without by-product formation and
do not require recycling.24 It has been reported that
the solid-state reactions were usually carried out by
mixing finely powdered reactants at room tempera-
ture and accelerated by heating, irradiation, or
grinding, etc.25. In this work, heating and grinding
methods were used and the temperature was set at
90�C (a little higher than the melting point of ligand
L). We monitored the progress of reaction by com-
paring the changes in melting peak area of remnant
ligand L or resultant product in the mixtures using
DSC. Figure 1 show one of the examples for the
DSC curves of the reaction mixture of L and samar-
ium chloride (SmCl3 7H2O) at various stages. The
endotherm peak at approximate 85�C is characteris-
tic for the melting of the ligand L, while another
endotherm peak approximately located at 110�C
could be associated with the resulting Sm complex.
As shown in curve G15 in Figure 1, no endotherm
peak of the product complex was observed for the
mixture that was only ground for 15 min at room
temperature. It is generally accepted that in a solid-
state reaction the nucleus formation of product is
essential to the yield of product.24,26 As this process
of nucleation was mainly controlled by temperature,
a heating step is necessary for the reaction. After
heated at 90�C for 120 min, the endothermal peak of
the resultant complex appeared (in the curve
G15H120), indicating that the temperature applied
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favors to the nucleation process. We found that the
time of second grinding process after 120 min heat-
ing treatment is crucial for the reaction. From the
DSC traces of mixture after further grinding 15, 30,
and 45 min (curves G15H120G15, G15H120G30, and
G15H120G45 in Figure 1, respectively), it can be
found that the peak area of ligand L gradually
decreases while the peak of product increases as the
second grinding time increases. L had been nearly
converted into complex when the mixture was
ground for 45 min, as indicated by the absolutely
dominant melting peak for complex and inferior
melting peak for ligand L in the curve G15H120G45.
After purification, the Sm complex was collected at a
yield of 86%. All lanthanide complexes were synthe-
sized using the identical G15H120G45 process with
high yield (> 82%).

These synthesized complexes are insoluble in com-
mon solvents such as chloroform, DMF, DMSO,
ethanol and MeCN. They have been characterized
by elemental analysis, TGA and FTIR. The elemental
analytical data for the complexes, presented in Table
I, indicate that these lanthanide complexes conform
to a 1 : 1 metal-to-ligand stoichiometry together with
2 mol H2O, LnLCl3 2H2O.

The complexes have similar multistage thermal
decomposition behaviors and their TGA results are

summarized in Table II. All the samples have a
weight loss from 90 to 180�C (Table II lists the fastest
thermal decomposition temperature corresponding
to the peak values in DTA endothermic curves). The
weight loss in this temperature range is approxi-
mately equal to two water molecules, which is in
agreement with the results determined by elemental
analyses. The fact that the water molecule lost at a
relatively low temperature (�118�C) suggests that
the water is a crystal hydrate.27 The complexes are
stable up to 220�C and then decompose in the range
between 220 and 700�C. Eventually, all the com-
plexes are decomposed to their corresponding
oxides (Ln2O3). The analysis of the thermogravimet-
ric data supports the formula LnLCl3 2H2O assigned
for complexes on the basis of elemental analysis.
The FTIR spectra for the ligand L and a typical

complex (La complex) are presented in Figure 2,
with the position of their important infrared bands
shown in Table III. Whereas the IR spectra of the
complexes were similar due to their similar coordi-
nation structure, the comparison of these spectra
with that of ligand L shows some important
changes. The stretching vibration of the m(C¼¼O)
shifts from 1720 cm�1 for ligand L to about 1732
cm�1 for the complexes (Dm ¼ 11–12 cm�1), whereas
the stretching vibration of the m(CAOAC) at 1166
and 1218 cm�1 for ligand L remains approximately
unchanged in the complexes. The band at 3320 cm�1

for free ligand assigned to the stretching vibration of
the amine group m(NAH) shifts to 3329–3334 cm�1

(Dm ¼ 9–14 cm�1) in the complexes. Generally, coor-
dinating to lanthanide ion should lengthen the C¼¼O
bond and shift the vibration m(C¼¼O) to a low fre-
quency (Dm ¼ �10 � 30 cm�1),28 which is opposite
to the results observed in this work. We believe that
this abnormal phenomenon is contributed from the
hydrogen bonds formed between C¼¼O and N�H
group in free ligand, which will weaken the force
constant of these bonds. This hydrogen bonds is
thought to be broken in the coordination reaction,
resulting in the blue shift of the band of m(C¼¼O) (Dm
¼ 40–60 cm�1) and m(NAH) to a higher frequency.
Subsequently, after the C¼¼O group coordinated to
lanthanide ions, the m(C¼¼O) absorption band might

Figure 1 DSC curves of reaction mixture in different
stages of solid-state reaction.

TABLE I
Elemental Analytical Data of the Lanthanide Complexes (%)

Complex C found (calc.) H found (calc.) N found (calc.) Ln found (calc.)

YLCl3�2H2O 46.73 (47.16) 8.30 (7.90) 3.81 (3.93) 12.90 (12.56)
LaLCl3�2H2O 46.10 (44.32) 7.56 (7.38) 3.72 (3.68) 18.22 (18.33)
NdLCl3�2H2O 42.99 (43.78) 7.44 (7.33) 3.42 (3.65) 18.42 (18.89)
SmLCl3�2H2O 42.32 (43.42) 7.93 (7.27) 3.47 (3.62) 20.52 (19.53)
EuLCl3�2H2O 42.47 (43.33) 8.02 (7.26) 3.46 (3.61) 19.18 (19.70)
GdLCl3�2H2O 42.42 (43.03) 7.92 (7.21) 3.44 (3.58) 19.41 (20.21)
DyLCl3�2H2O 41.63 (42.75) 7.74 (7.16) 3.41 (3.56) 20.35 (20.78)
ErLCl3�2H2O 41.92 (42.49) 7.77 (7.12) 3.57 (3.54) 20.61 (21.26)
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shift to a lower frequency, which is even higher than
its counterpart in the ligand.

In addition, some new bands appear in the spectra
of the complexes. The band at 1600 cm�1 is related
to the formation of the cheated ring >C¼¼O���LnAO
or the N�H bending vibration. Furthermore, the
broad band at about 3400 cm�1 can be attributed to
the overlap of the asymmetric and symmetric
HAOAH stretching vibrations in the water and the
double multiple absorption of C¼¼O and NAH.29

The bands in the range of 540 to 595 cm�1 in differ-
ent spectra of the complexes are also observed,
which are associated with the LnAO stretching
vibrations.30 These results together with the elemen-
tal and TGA data suggest that the Ln is most prob-
ably coordinated by two oxygen atoms at the car-
bonyl group in ligand L.

Photostabilizing efficiency

The photostabilizing efficiency of synthesized com-
plexes and ligand L in PP was studied using FTIR
and TGA. The main photodegradation products of
PP include hydroperoxides and carbonyls, such as
carboxylic acids, ketones, and lactones, which show
apparent absorption between 1700 and 1800 cm�1 in
FTIR spectra of aged PP films. Therefore, the photo-
degradation extent of PP can be easily characterized

by CI calculated as the area of carbonyl absorption
band related to the area of a reference band at 2700
to 2750 cm�1.23 Figure 3(a) shows the CI values of
unstabilized PP film, PP films stabilized with ligand
L and various lanthanide complexes at different UV
irradiation time. It should be noted that CI changes
for all these samples have similar tendency. The CI
values are already evident after a short (6–8 days)
irradiation and are gradually enhanced with the ex-
posure time increasing. However, the CI curves of
the stabilized samples, which overlap more or less
in a narrow region without distinct difference, are
evidently lower than that of unstabilized PP at pro-
longed irradiation time (i.e. 8 days later). These
results suggest that the lanthanide complexes have
comparable photostabilizing efficiency compared to
the HALS ligand L.
To compare the photostabilizing efficiency of

ligand L and the complexes, we calculated the dif-
ferences (DCI) between the CI of stabilized samples
and that of unstabilized PP at the same UV irradia-
tion time. The results are shown in Figure 3(b). It
could be found that the photostabilizing efficiency of
the complexes are dependent on the kind of lantha-
nide iron: the Nd, Dy, Er, and Sm complexes are
more effective than ligand L, while the Gd, La, Y,
and Eu complexes are not as effective as ligand L.
Among these complexes, the Nd complexes have the

TABLE II
Thermo Analytical Data of the Lanthanide Complexes

Complex
The fastest H2O
loss temp. (�C)

Mass loss of H2O
(%) Residue (%)

Residue
productFound Caculated Found Caculated

YLCl3 2H2O 120.3 4.82 5.05 16.39 15.86 Y2O3

LaLCl3 2H2O 118.0 5.67 4.72 21.38 21.38 La2O3

NdLCl3 2H2O 117.6 4.32 4.69 21.49 21.89 Nd2O3

SmLCl3 2H2O 115.8 4.75 4.75 23.80 22.53 Sm2O3

EuLCl3 2H2O 113.0 5.02 4.64 22.21 22.69 Eu2O3

GdLCl3 2H2O 118.1 4.74 4.61 22.37 23.21 Gd2O3

DyLCl3 2H2O 116.8 5.09 4.58 23.35 23.73 Dy2O3

ErLCl3 2H2O 120.1 4.31 4.56 23.57 24.19 Er2O3

Figure 2 The FTIR spectra of ligand L and La complex.

TABLE III
Position of Some Main IR Bands of the Ligand L and its

Complexes (cm21)

Compounds m(C¼¼O) m(CAOAC) m(NAH) m(LnAO)

L 1720 1166, 1218 3320
YLCl3�2H2O 1732 1169, 1215 3330 542
LaLCl3�2H2O 1732 1169, 1216 3332 545
NdLCl3�2H2O 1732 1172, 1215 3329 566
SmLCl3�2H2O 1731 1173, 1214 3333 576
EuLCl3�2H2O 1732 1172, 1215 3331 584
GdLCl3�2H2O 1732 1168, 1215 3334 546
DyLCl3�2H2O 1731 1169, 1216 3333 565
ErLCl3�2H2O 1732 1169, 1215 3332 541
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best photostabilizing performance. After 23 days of
UV irradiation, the CI value for PP/Nd is 9.7, which
is much lower than that for PP/L of 11.7 or unstabi-
lized PP of 13.9, respectively.

It has been reported that thermal decomposition
temperatures of PP samples can be reduced under
UV irradiation due to photodegradation.31 Thus,
thermal stability of irradiated samples can be used
to evaluate the effect of stabilizer on sample photo-
stability. In this contribution, the temperatures at 5%
weight loss (T�5%) were determined from the TGA
curves (Fig. 4) of unstabilized and stabilized PP sam-
ples after 25 days UV irradiation and used to com-
pare the stability of various PP samples, as listed in
Table IV. After 25 days UV irradiation, the T�5% val-
ues of the stabilized samples are about 8.0–25.6�C
higher than unstabilized PP. For these stabilized
samples, decomposition onset for UV-PP/L occurs
later than UV-PP/Gd, UV-PP/La, UV-PP/Y, and
UV-PP/Eu, but earlier than UV-PP/Nd, UV-PP/Sm,

UV-PP/Er, and UV-PP/Dy. Among all the samples,
UV-PP/Nd has the highest T�5% value of 239.6�C.
These results match well with CI tendency measured
with FTIR.
Figure 5 shows the changes in elongation at break

of neat PP, PP/770, and PP/Nd samples with UV
irradiation times. It should be noted that the elonga-
tion for all samples have similar tendency of sharply
decrease with increasing of irradiation times. With-
out UV irradiation, they have similar initial values
of elongation at break: 21.7, 21.1, and 22.4% for neat
PP, PP/770, and PP/Nd respectively, which sug-
gests that the introduction of ligand L and Nd com-
plex has negligible effect on the initial tensile prop-
erties of PP. However, after UV irradiated for 48 h,
the elongation at break decreased to 3.7% for neat
PP, while that value became 5.4% and 9.9% for
PP/770 and PP/Nd, respectively. The tensile results
indicate that the Nd complex has improved photo-
stabilizing performance than ligand L, which is

Figure 3 The plots of carbonyl index (a) and DCI (b) ver-
sus irradiation time for various PP samples (PP/770 and
PP/Ln represent PP samples containing 0.5 wt % of ligand
L and Ln complex, respectively).

Figure 4 TG trace of the PP samples after 25 days of UV
irradiation (PP/770 and PP/Ln represent PP samples con-
taining 0.5 wt % of ligand L and Ln complex, respectively).

TABLE IV
T25% of Various PP Films Underwent 25 Days UV

irradiation, as well as Underwent 48 h Extraction and
18 Days UV Irradiation (�C)

Samples
25 Days UV
irradiation

48 h Extraction and
18 days UV irradiation

PP 214.0 238.0
PP/L 228.3 242.3
PP/Y 227.2 245.2
PP/La 224.2 251.3
PP/Nd 239.6 259.0
PP/Sm 234.0 253.6
PP/Eu 222.0 254.2
PP/Gd 228.9 252.6
PP/Dy 229.3 246.9
PP/Er 232.5 248.4
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consistent with the measurements of carbonyl index
and thermal decomposition temperature.

The ligand L is an effective commercial photosta-
bilizer for polymers. Therefore it is easily presumed
that L-based complexes have effective photostabiliz-
ing efficiency as well. In addition, it can be sug-
gested that lanthanide ions also act important roles
in the photostabilization process, which is associated
with the fact that the efficiency of the complexes
depend on the kind of rare earth. It has been
reported that some lanthanide complexes were bet-
ter inhibitor for O��

2 than that of the nitroxyl tempo
>NO�, which is the functional derivative of >NH,
and had significant scavenging activity of superox-
ide radical.20 At this stage of our research the
detailed mechanism of lanthanide complexes in sta-
bilizing polymer is completely unknown. On the
other hand, as proposed by Audouin32 and Kotek,33

the crystalline morphology of a semicrystalline poly-
propylene greatly affects its photodegradation
behavior. However, by carefully investigating using
WAXD and DSC, we found that there is no obvious
difference in the crystallization behavior and
phase morphology among these samples of pristine
PP, PP/L, and various PP/Ln. Therefore, the L or
Ln complexes addition favors the photostabilizing
of PP by changing its crystalline morphology should
not be an important contributory mechanism.
The detailed mechanism is worthy for further
investigation.

Solvent-extraction resistance

A stabilizer loses its efficiency in polymer mainly
due to oxidation and migration. The loss of stabilizer
by physical migration is even significantly larger
than the fraction lost by oxidation in some case.34

Therefore, in addition to the photostabilizing effi-

ciency, the solvent-extraction resistance is also a
very desirable property in practical applications of a
stabilizer. As potential light stabilizers, the extraction
resistance of these lanthanide complexes was deter-
mined by ethanol extraction. PP samples were
extracted with ethanol solution and subsequently
irradiated by UV light. Figure 6(a,b) show the plots
of CI and DCI values versus the irradiation time,
respectively, for ethanol extracted samples. After
extraction, the CI values of PP samples rise quickly,
which may be due to the loss of stabilizers during
solvent extraction. For example, after 15 days of UV
irradiation, CI values of unextracted PP/L and
PP/Nd are 4.2 and 3.6, respectively (Fig. 3), while
the CI values of the corresponding extracted samples
become 10.2 and 8.2, respectively (Fig. 6). It is also
observed that those extracted samples become com-
pletely fragile after only 18 days of photo-oxidation,
which is much earlier than unextracted samples
(25 days).

Figure 5 The plots of elongation at break versus irradia-
tion time for PP, PP/770, and PP/Nd (PP/770 and PP/Nd
represent PP samples containing 0.5 wt% of ligand L and
Nd complex, respectively).

Figure 6 The plots of carbonyl index (a) and DCI (b) ver-
sus irradiation time for extracted PP samples (PP/770 and
PP/Ln represent PP samples containing 0.5 wt % of ligand
L and Ln complex, respectively).
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As has been demonstrated in section of 3.2 that,
among these complexes, the Nd, Dy, Er, and Sm
complexes were more effective, whereas the Gd, La,
Y, and Eu complexes were not as effective as ligand
L in PP photostabilization efficiency. Interestingly,
for these extracted samples, all the complexes-stabi-
lized PP films, as revealed in Figure 6(b), clearly
show lower CI values than PP/L after a long period
of UV irradiation (more than 12 days). These results
reveal that lanthanide complexes-stabilized PP sam-
ples are more stable than ligand L-stabilized sample
during solvent extraction, which suggests that these
complexes have better extraction resistance than
ligand L.

The values of T�5% for the extracted samples after
18 days of UV irradiation are also measured and
listed in Table IV. All of the stabilized samples have
higher T�5% values than the unstabilized PP. The
T�5% value of PP/L is 4.3�C higher than that of
unstabilized PP. In contrast, the T�5% values are
improved remarkably for the complexes-stabilized
samples, which are 7.2–21.0�C higher. Among these
complexes-stabilized samples, the PP/Nd has the
highest T�5% of 259.0�C, which is 21.0�C and 16.7�C
higher than that of unstabilized PP and PP/L,
respectively. These thermal analysis results also
reveal that the complexes-stabilized samples are
more stable than ligand L-stabilized sample at long-
term photodegradation after extraction.

The accurate reason why solvent-extraction resist-
ance of ligand L is improved by forming its com-
plexes with lanthanide ions is still unclear. It might
be related to higher molecular weight of the com-
plexes as well as possible interaction between lan-
thanide ions and the preoxidized polymer chains.
It is well known that the volatility and diffusion
rate of light stabilizers would be simultaneously
decreased with the increasing of the molecular
weight.7 In the complexes with stoichiometry for-
mula of LnLCl3 2H2O, lanthanide irons act as
bridge to connect ligand molecules, which increases
the molecular weight and consequently improves
the migration resistance. Moreover, it is possible
that lanthanide ions interact with carbonyl prod-
ucts and acyl macroradicals on polymer chain,
which are generated during the photo-oxidation of
PP.

CONCLUSIONS

We have succeeded in preparing a series of lan-
thanide complexes (Nd, Dy, Er, Sm, Gd, La, Y,
and Eu) with a low molecular weight HALS
Tinuvin 770 for the first time via a simply sol-
vent-free solid-state reaction. In the complexes,
lanthanide ions are coordinated with C¼¼O oxy-
gen atoms of the ligand L. These complexes have

better solvent-extraction resistance than ligand L
and their photostabilizing efficiencies are depend-
ent on the kind of lanthanide ions: the Nd, Dy,
Er, and Sm complexes are more efficient than
ligand L. Although the detailed mechanism of
lanthanide complexes in stabilizing polymer needs
further investigation, our preliminary results sug-
gest that it is possible to prepare lanthanide com-
plexes with simultaneously improved photostabi-
lizing efficiency and extraction resistance by
optimizing specific lanthanide ions and HALS
ligands. Considering the simple solvent-free syn-
thesis process and the fact that most of light rare
earth compounds are much cheaper than common
HALS, this study suggests a potential environ-
mental-friendly technique for achieving cheap and
efficient light stabilizers for polymer.
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