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ABSTRACT: Polystyrene incorporating carboxylate group
as a-end was synthesized by using initiator 4-chloromethyl
benzoic acid via atom transfer radical polymerization. Its
x-chlorine end-group was transformed by cumic acid,
diethyl malonate, and thiol, respectively, to form end-
functionalized telechelic polystyrenes. These PSts with
different functionalized x-end group (PSt1, PSt2, and
PSt3) were obtained and characterized by H NMR and
TGA. This type of end-functionalized telechelic poly-
mers can further act as polymeric ligands to form poly-

meric metal complexes. In this study, PSt1 with carboxy-
late group at each end was allowed to react with
Eu(DBM)2Cl�2H2O to afford a new polymeric complex
PSt1-Eu(III) showing significant red-light emission. More-
over, the film of PSt1-Eu shows similar emission pattern
with its DMF solution. � 2008 Wiley Periodicals, Inc. J Appl
Polym Sci 108: 3430–3434, 2008
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INTRODUCTION

Atom Transfer Radical Polymerization (ATRP) has
been successfully used to prepare well designed
polymer with controlled molecular weight and nar-
row molecular weight distribution. The a-end func-
tionalized polymers via ATRP can be synthesized by
selecting various initiators that contain specified
functional groups, while its x-end generally remains
a terminal halide.1–9 Because the terminal C-X bond
is always active, the halogen can be transformed into
other functional groups by some organic procedures
such as nucleophilic displacement groups by nucleo-
philic displacement reaction. For example, Matyjas-
zewski has reported that the halogen end group of
polymer was successfully substituted by azide,10

hydroxyl,11 phosphonium,12 and so on. László

Garamszegi has reported a new method to convert
terminal halogen into thiol13 and Dong Yang has
reported that C60 end-capped polymer had been suc-
cessfully synthesized.14

Our research plan is focused on obtaining dou-
ble-end functionalized telechelic polymers which
can acts polymeric ligands with identified coordi-
nation location and numbers. Furthermore, this
kind of ligand has good film-forming ability and
will provide a novel method to obtain organic/
inorganic film materials. If functional inorganic
complexes are coordinated with the above ligand,
the novel polymeric complex is possible to exhibit
both of their properties and become a new func-
tional material. Our previous research has concen-
trated on the nonlinear optical or fluorescent prop-
erties of polymer and polymeric complexes.15–17

Therefore, we utilize the initiator, 4-(chlorornethyl)-
benzoic acid to initiate the ATRP of styrene to
obtain PSt containing carboxylate group at a-end.
The x-end of this PSt was substituted by cumic
acid, diethyl malonate, and thiol groups, respec-
tively, by organic substitution reaction. The double
end-capped telechelic PSt was characterized by
HNMR and thermal analysis. The PSt1 (polysty-
rene) containing double carboxylate end groups)
was further coordinated with fluorescent complex
Eu(DBM)2Cl�2H2O, and the polymeric Eu (III) com-
plex shows obvious strong red emission which
attributed to the typical excitation of Eu(III) ions.
It’s worthy of noting that the film of PSt1-Eu(III)
keeps the fluorescent property well.
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EXPERIMENTAL

Materials

Cumic acid (Chemical pure, Shanghai Reagent Co. of
China) used without purification. Malonic acid
diethyl ester (Chemical pure Shanghai Reagent Co.
of China) was distillated. 4-(chloromethyl) benzoic
acid (HPLC, 99.6%) was recrystaled by ethanol. Sty-
rene (CP, Shanghai Chemical Reagent, Shanghai,
China) was purified by extracting with a 5% sodium
hydroxide aqueous solution, followed by washing
with deionized water, dried overnight with magne-
sium sulfate anhydrous and finally distillated in vac-
uum. Copper(I) chloride (CuCl, AR, Shanghai Zhen-
xin Chemical Reagent Factory, Shanghai, China) was
dissolved in hydrochloric acid, precipitated into a
large amount of deionized water, filtered, washed
with ethanol absolute, dried in vacuum. Cyclohexa-
none (AR, Shanghai Chemical Reagent) dried over-
night with magnesium sulfate and distillated in vac-
uum. All others reagents and solvents were used
without purification.

Preparation of polystyrene via ATRP

CuCl, 2,20-bipyridyl, cyclohexanone, initiator, and sty-
rene were added to a tube. The tube was sealed and

cycled between vacuum and high-purity nitrogen for
four times. Then the tube was sealed under N2 and
placed in a thermostatically controlled oil bath. Samples
were taken periodically for conversion and molecular
weight analysis. The samples was dissolved in THF
and precipitated into a large amount of methanol/HCl
(100/0.5, V/V), then filtrated and dried under vacuum.

Preparation of PSt with x-end functionalized
by cumic acid (PSt1), diethyl malonate (Pst2)
and thiol (Pst3)

PSt with cumic acid x-end group (PSt1) was
obtained as following procedures: the mixture of ex-
cessive tert-butyl alcohol and sodium was added
into a 100 mL round-bottom flask and refluxed at
928C till sodium disappears, then the excessive tert-
butyl alcohol was evaporated. 1,4-dioxane solution
of PSt obtained (in the previous section) was added
in and refluxed at 1048C for 2 days. Product was
precipitated into a large amount of methanol,
washed by 100 mL water, and dried under vacuum
at 408C until its constant weight. It was added into a
100 mL round-bottom flask with excessive cumic
acid. Then the mixture was heated to 3008C under
nitrogen atmosphere for 6 h. The excess cumic acid
was solved with methanol. The residue was solved
with THF, precipitated into a large amount of meth-
anol, and dried under vacuum at 408C until its con-
stant weight.

PSt with diethyl malonate end group (PSt2) was
obtained from reaction of PSt (1 g) in cyclohexanone
(10 mL), tetraethyl ammonium bromide (0.4 g),
diethyl malonate (3 g), and KOH (6 g) in H2O (6
mL). The mixture was refluxed in a 100 mL round-
bottom flask at 1508C for 5 days. Then polymer was
precipitated into a large amount of methanol and

Scheme 1 Speculated structures of PSt1-Eu (left) and
PSt4-Eu (right).

Scheme 2 Synthesis of PSt1–4.
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dried under vacuum at 408C until its weight was
constant.

The polymer with thiol end-group (PSt3) was syn-
thesized following the literature.13 All PSt were char-
acterized by 1H NMR and thermal behavior.

Preparation of polymeric Eu(III) complexes

Excessive amount of Eu(DBM)2Cl � 2H2O
18,19 was

dissolved in hot ethanol and added dropwise into a
THF solution of PSt [a series of PSt contains PSt
without any functional end group (PSt), PSt with
only benzoic acid at a-end (PSt-Cl) and PSt with
cumic acid x-end group (PSt1)]. The mixture was
stirred under reflux for 2 h, NaOH (2M) aqueous so-
lution was added to adjust the pH value to 10. After
refluxed for another 10 h, polymer was precipitated
in a large amount of methanol. The obtained poly-
meric complex was collected by filtration, washed by
methanol under reflux for 10 h and by deionized
water for five times to remove the excessive inor-
ganic compounds. The obtained polymeric com-
plexes (PSt1-Eu, PSt-Cl-Eu, PSt-Eu) were finally
dried at 508C under vacuum for another 10 h. ICP
results: the content of Eu(III) ion is about 11% for
PSt1-Eu (Mn of PSt1 is 2797), 6% PSt-Cl-Eu (Mn of
PSt-Cl is 2700), 4% for PSt-Eu(Mn of PSt is 3047),
respectively.

The speculated structures of PSt1-Eu and PSt-Cl-
Eu are shown in Scheme 1.

Characterization

Conversion for monomer is determined by gravime-
try. Molecular weights and molecular weight distri-
butions relative to polystyrene were measured using
a Waters 1515GPC (Waters Corporation, Milford,
MA) with THF as a mobile phase and with a column
temperature of 308C. 1H NMR spectrum was meas-
ured by an INOVA 400 MHz NMR instrument
(Varian Company, San Francisco, CA), with CDCl3
as a solvent, and tetramethylsilane as internal refer-
ence. Thermal gravimetric (TG) analysis was
conducted on a Universal V3.7A TA instrument
in flowing N2 with a heating rate of 108C/min21.

Fluorescence spectrums were performed on an Edin-
burgh-920 fluorescence spectra photometer.

RESULTS AND DISCUSSION

Confirmation of the living/controllable
polymerization

Preparation of PSt1–PSt3 is illustrated in Scheme 2.
The ATRP of styrene is prepared according to the
previous reports. The H NMR, the first-order semi
logarithmic kinetic plot, relationship of the molecular
weights with conversion and narrow polydispersities
are all verified the free radical polymerization. The
detailed description was provided in supplemental
information.

Confirmation of PSt with double end
functional groups

The H NMR of PSt obtained via above ATRP was
shown in Figure 1. According to the Figure 1, singles
at 4.30 ppm assign to the methine proton of
��CH2C(Ph)H��Cl at x-end. It is different from
other methine, due to the effect of electron with-
drawing from Cl atom. To better verify the removal
of the x-chlorine of PSt, the PSt without x-chlorine
was also prepared for comparison, and no peak at
4.30 ppm shows in 1H NMR spectrum (Fig. 2).

The 1H NMR spectrum (Fig. 3) of PSt1 which x-
chlorine was replaced by cumic acid shows a new
peak at 1.26 ppm assigned to the proton (H1) of the
methyl group of cumic acid, the peak at 7.91 ppm
indicative of aromatic protons (H2) from the initiator
and the peak at 8.02 ppm assigned to the aromatic
proton (H3) from cumic acid. Compared with Figure
3, obvious decrease of the peak at 4.3 ppm

Figure 1 1H NMR spectrum of PSt-Cl.

Figure 2 1H NMR spectrum of PSt without x-chlorine at
the chain end (PSt).

Figure 3 1H NMR spectrum of PSt1.
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confirmed that the chlorine has been substituted by
cumic acid successfully. The conversion of substitu-
tion reaction is about 80% according to the ratio of
proton of the initiator (at 7.91 ppm) and cumic acid
(at 8.02).

Figure 4 shows the 1H NMR spectrum of PSt2
which x-chlorine was substituted by diethyl malo-
nate. The peaks at 1.26 ppm is assigned to the pro-
ton (H1, H2) of the methyl group from diethyl malo-
nate, peaks at 3.42 and 4.38 ppm are assigned to the
proton of the methine group and those of the meth-
ane group, respectively. Figure 5 shows the 1H NMR
spectrum of PSt3 which x-chlorine was substituted
by thiol group. Because the methine proton close to
the chloride chain end has a chemical shift of 4.30
ppm in Figure 1, the peak shifts quantitatively to
3.0–3.3 ppm, which is indicative of thiol formation.13

The thermal stability of different
end-functionalized polymer

Table I shows the thermal stability of these telechelic
PSt1-3. When the end group of polystyrene was
replaced by cumic acid or diethyl malonate, their
thermal stability was improved because the instable
C��Cl bond at the end of the polymer chain was
replaced by more stable C��C bond. On the con-
trary, after the instable C��Cl bond at the end of the
polymer chain was substituted by the more instable
C��S bond, the thermal stability of PSt3 was weak-

ened remarkably. The results are also testified the
formation of new telechelic PSt.

Application of the functional polymer

These telechelic PSts can act as polymeric ligand to
form PMC with inorganic metal compounds. In this
study we choose PSt1 as ligand and Eu(DBM)2
Cl � 2H2O as metal center. The obtained PSt1-Eu(II)
complex shows significant red fluorescence at 615
nm which is assigned to characteristic bands of
Eu(III) complex (ascribe to the excitation of 5D0?

7F2,
Fig. 6).20 However, it’s well known that the struc-
tures of PMCs are always difficult to be character-
ized. To confirm the obtained PMC is our aim prod-
uct, i.e., the metal is coordinated with two end
groups of PSt1. For better comparison, a series of
corresponding PSts with similar Mn are utilized: PSt
without any functional end group (PSt), PSt with
only benzoic acid at a-end (PSt4) and PSt1. Their
Eu(III) complexes (PSt-Cl-Eu, and PSt1-Eu) and the
mixture of PSt-Eu are obtained under the same reac-
tion, respectively. Probably, due to the simple
mixture of PSt and Eu(III) complex in PSt-Eu, the
emission spectrum of the mixture shows that the
emission is weak and shows different pattern from
those of PSt-Cl-Eu and PSt1-Eu. In pattern of

Figure 4 1H NMR spectrum of PSt2.

Figure 5 1H NMR spectrum of PSt3.

TABLE I
The Thermal Stability of Different End-Functionalized

Telechelic Polymers

Polymer Mn PDI Bond at the chain end Tonset (8C)

PSt-Cl 2700 1.27 C��Cl bond 368.9
PSt1 2797 1.30 C��C bond 379.6
PSt2 2850 1.29 C��C bond 374.6
PSt3 2733 1.27 C��S bond 336.4

Figure 6 Fluorescent emission of PSt-Cl-Eu (A) and PSt1-
Eu (B) in DMF solution (kex 5 336 nm, Mn (PSt1) 5 2797;
PDI:1.30; Mn (PSt-Cl) 5 2700; PDI : 1.27, concentration:
1 g/mL).
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complex PSt-Eu, the emission band of PSt is pre-
served and the characteristic bands of Eu(III) ion at
about 615 nm is relatively weak, whereas in the
spectra of complexes PSt-Cl-Eu and PSt1-Eu, the
characteristic bands of Eu(III) ion are acutely
increased and the emission band of PSt is negligible.
It’s also indicative that Eu(III) is linked with PSt1 (or
PSt-Cl) by coordination interaction. Figure 6 shows
emission spectra of complexes PSt-Cl-Eu (curve A)
and PSt1-Eu (curve B). According to Figure 6, the
complex PSt1-Eu shows obviously stronger emission
intensity than PSt-Cl-Eu, which may be ascribed that
two coordination sites (carboxylate groups) in PSt1
coordinate more Eu(III) ions accordingly and result
in stronger emission. In addition, emission of the
film of PSt1-Eu shows similar pattern with that of
complex PSt1-Eu in DMF solution (Fig. 7) and the
red fluorescence is strong enough to be observed
under ultraviolet radiation directly. Therefore, the
Eu(III) complexes using functionalized telechelic PSt
ligand will not only perverse good ability of film
forming of PSt but also good fluorescence of Eu(III)
ions, which may provide a novel method to produce
organic/inorganic fluorescent film materials.

CONLUSIONS

Polystyrene (PSt-Cl) with benzoic acid at a-end was
synthesized by using initiator 4-chloromethyl ben-
zoic acid via atom transfer radical polymerization

(ATRP). Its x-chlorine end-group was substituted by
cumic acid, diethyl malonate and thiol, respectively,
and therefore, telechelic PSt1, PSt2, and PSt3 with
different functionalized x-end group were obtained
and characterized by IR, H NMR and thermal behav-
ior. PSt1 with carboxylate group at the double ends
was further reacted with Eu(DBM)2Cl � 2H2O to
afford a novel polymeric complex PSt1-Eu(III). This
complex shows significant red fluorescence, which is
stronger than PSt-Cl-Eu(III). However, this type of
end-functionalized telechelic polymers can coordi-
nate with various functional metal complexes to
form functional polymeric metal complexes. To-
gether with the good film forming of PSt, such
PMCs can become a new series of organic/inorganic
film materials, and this job is ongoing in our lab.
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