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ABSTRACT: Atom transfer radical polymerization (ATRP) of styrene (St) using two initiators with similar struc-

tures, 5-chloromethyl-2-methoxy-benzaldehyde (CMMB) and 5-chloromethyl-2-hydroxyl-benzaldehyde (CMOB),

CuCl/N,N,N0,N00,N00-pentamethyldiethyltriamine (PMDETA) as catalyst were studied in this paper. At the same reac-

tion condition, the ATRP using CMMB was obviously accelerated, the efficiency of the initiator was higher and even

could proceed at relatively lower temperature (40 �C), while ATRP using CMOB as initiator shows obvious slow-

initiation and was under poor-control. It was speculated that, the methoxy group in CMMB has stronger electron-donor

ability and avoid the formation of hydrogen bond, so that the ATRP was promoted. Furthermore, the end group of

obtained PSt can also be turned into Schiff base and form polymeric complex with metal ions, which owns good

film-forming ability and shows visible fluorescence. [doi:10.1295/polymj.PJ2006032]
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Atom transfer radical polymerization (ATRP) is
one of the relatively new and versatile methods for
controlled polymerizations,1–5 which allows polymers
with controlled molecular weights and narrow molec-
ular weight distributions to be prepared, and it is tol-
erant of a certain number of functional initiators such
as block, comb and graft, star, hyperbranched and sur-
face-anchored configurations.6,7 In particular, various
optical and electronical polymers with functional
groups at �-end can be obtained using functional
initiators.8–10 For example, a spirooxazine functional
halo-initiator was capable of initiating an ATRP to
obtain a photochromic material.11 Recently, utilizing
functionalized metal complexes initiators in ATRP
to obtain functional polymeric metal complexes
(PMC) have begun to be reported.12–14 In our lab,
one of our research efforts has focused on the design
and synthesis of various metal-containing polymers
with optical properties such as nonlinear optics and
fluorescence.15–18 In our previous reports, a polysty-
rene with Schiff base at �-end were obtained by
functionalizing �-end of the PSt obtained through
ATRP using 5-chloromethyl-2-hydroxyl-benzalde-
hyde (CMOB) as initiator15,16 and its Zn(II) complex
showed strong green fluorescence assigned to the
MLCT of Zinc ion and the polymeric ligand. Howev-
er, we also mentioned that this ATRP existed obvious
slow-initiation and was under poor control using
CMOB as initiator. We suspected that it may contrib-
ute to the hydrogen bond formation of CMOB. In or-
der to better understand the initiator behavior in such a

polymerization, we synthesized an analogous initiator,
5-chloromethyl-2-methoxy-benzaldehyde (CMMB)
containing stronger electron donor, methoxy group,
to avoid the hydrogen bond formation. As expectedly,
CMMB promotes the polymerization indeed and
shows higher initiation efficiency as CMOB. Further-
more, the end group of obtained PSt can also be
turned into Schiff base and form polymeric complex
with metal ions, which owns good film-forming abil-
ity and shows visible fluorescence.

EXPERIMENTAL

Materials
5-Chloromethyl-2-hydroxy-benzaldehyde (CMOB)

was obtained by chloromethylation of salicylalde-
hyde.15 Light petroleum (analytical reagent, bp 60–
90 �C), was dried with 4 Å molecular sieve. Styrene
(CP, Shanghai chemical Reagent Co. Ltd) was puri-
fied by extracting with 5% sodium hydroxide aqueous
solution, followed by washing with deionized water
and dried with magnesium sulfate anhydrous over-
night, and finally distillated in vacuum. Copper(I)
chloride(CuCl)(AR, Shanghai zhenxin chemical Re-
agent Factory) was dissolved in hydrochloric acid,
precipitated into a large amount of deionized water,
filtered, washed with ethanol absolute, and dried
in vacuum. N,N,N0,N00,N00-pentamethyldiethyltriamine
(PMDETA) (98%, Jiangsu Liyang Jiangdian Chemi-
cal Factory) was dried with 4 Å molecular sieve and
distillated in vacuum. Cyclohexanone(AR) was dried
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with magnesium sulfate overnight and distillated in
vacuum. Other agents were analytic pure and used
without any purification.

Synthesis of 5-Chloromethyl-2-methoxy-benzaldehyde
(CMMB)
Chlorine hydride was passed into a well-stirred

mixture of 2-methoxy-benzaldehyde (8.16 g, 0.06
mol), formaldehyde (4.90 g, 0.06mol; 37%), and con-
centrated hydrochloric acid (50mL), kept at 50 �C oil
bath for 45min, then refluxed half an hour. When
cooled to room temperature, the flesh-colored solid
appeared. The solid was filtered and dissolved in
ether. After dried by MgSO4, white crystals were ob-
tained by evaporated of 75 percent ether. The rude
products were recrystallized two times and colorless
needles were obtained and dried under vacuum.
Purity: 95.37%. Anal. Calcd(%): C, 58.54; H, 4.88.

Found: C, 58.67; H, 4.96. 1H NMR: 3.91–3.95 ppm
(–OCH3, 3H), 6.99–7.85 ppm (phenyl protons, 3H),
10.46 ppm (–CHO, 1H), 4.58 ppm (–CH2Cl, 1H).

Polymerization
CuCl (4.8mg, 0.048mmol), PMDETA (8.3mg,

0.048mmol), cyclohexanone (1.05 g, 12.5mmol), sty-
rene (1.00 g, 9.6mmol), initiator CMMB (or CMOB)
were mixed in a round-bottomed flask. The flask
was sealed and cycled between vacuum and N2 for
four times. Then the flask was sealed under N2 and
placed in a preheated oil bath at a pre-determined tem-
perature. Samples were taken at regular intervals for
conversion and molecular weight analysis. The sam-
ples were dissolved in THF and precipitated into a
large amount of methanol/HCl (100/0.5, V/V). The
precipitation was filtrated and dried under vacuum.

Condensation of Aldehyde Group with o-Aminophenol
o-Aminophenol (4mmol) was added to THF (20

mL) solution containing 0.1mmol polystyrene with
aldehyde end group and refluxed for 48 h. The sample
was precipitated in a large amount of methanol, col-
lected by filtration, dissolved in THF and precipitated
in methanol for two times to remove residual o-ami-
nophenol. The precipitation was finally filtrated and
dried in vacuum. Whether the condensation reaction
was finished can be detected by 1H NMR spectrum
of PSt.

Preparation of Polystyrene Metal Complex (PSt-CH2-
MBAP-Zn)
Polystyrene ligand (2� 10�5 mol) was dissolved in

DMF (30mL), Zn(Ac)2.2H2O (4� 10�4mol) was
added in and the mixture was stirred at room temper-
ature. After the reaction, the mixed solution was drop-
ped into a large mount of methanol and polymeric

complex was precipitated, then filtrated, washed with
deionized water and methanol respectively. The poly-
meric complex was soluble in common organic sol-
vents, such as THF, DMF, CH2Cl2, acetone, ether,
etc. ICP result: zinc content is 0.8%.

Characterizations
IR spectrum was measured by Perkin-Elmer 577

FT-IR instrument (KBr pellet). 1H NMR was meas-
ured by INOVA 400MHz NMR instrument, with
CDCl3 as solvent. Element analysis was obtained by
Carlo Erba-MOD1106 instrument. The purity of com-
plex was analyzed by Waters 515 HPLC. Conversion
for monomer was determined by gravimetry. Molecu-
lar weights and the molecular weight distributions of
polystyrene were measured using waters 1515GPC
with THF as a mobile phase at 30 �C. UV-Vis spec-
trum was measured by Perkin-Elmer �-17 UV-Vis
instrument. Emission and excitation spectrums of
polymers were carried out in DMF solvent using
Edinburgh-920 fluorescence spectra photometer at
room temperature. The zinc concentration was meas-
ured by the PLA-SPECI Inductively Coupled Plasma
(ICP).

RESULTS AND DISCUSSION

Synthesis of PSt containing 2-methoxy-benz-
aldehyde as end group, PSt containing Schiff base
(MBAP) as end group and its zinc complex were
depicted in Scheme 1 and 2 respectively.

Atom Transfer Radical Polymerization of St Initiated
by CMMB
According to an ideal mechanism of atom transfer

radical polymerization, groups of initiator should be
incorporated at one end of the polymer chain, while
the other end remains a terminal halide. We firstly tes-
tified the obtained polymer by 1H NMR spectrum in
order to better understand the ATRP mechanism.
Figure 1 shows the 1H NMR spectrum of PSt initi-

ated by CMMB. The signal at 4.31 ppm assigns to the
methine proton of –CH2C(Ph)H–Cl at ! end, while
signals at 10.40–10.44 ppm, 3.86–3.88 ppm are attrib-
uted to the protons of –CHO, –OCH3 respectively.
According to the ratio of proton of –OCH3 (at 3.86–
3.88 ppm) and phenyl group from monomer (at 6.47–
7.25 ppm), the molecular weight determined by
1H NMR spectrum Mn(NMR) is 5100, much close
to that obtained from GPC(Mn(GPC) ¼ 5500 and
Mw=Mn ¼ 1:29).
Through the analysis for terminal group, it is

proved that the polymerization of St initiated by
CMMB is accorded with the mechanism of ATRP.
As shown in Figure 2, Ln ([M]0/[M]) increases lin-
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early with the polymerization time and passes the ori-
gin with CMMB as initiator. This indicates the poly-
merization is first order kinetics and the concentration
of growing radical is a constant, different from the
ATRP of CMOB as initiator. When using CMOB as
initiator, Ln([M]0/[M]) does not pass the origin, and
there is an obvious induction period at the early stage
of polymerization, which contributes to the slow-ini-
tiation of phenolic group because of the formation
of hydrogen bond. However, when phenolic hydroxyl

group was replaced by methoxy group, the polymer-
ization rate is obviously accelerated.
As shown in Figure 3, Mn(GPC) of PSt increases

linearly with the conversation and the PDI is less than
1.5 in CMMB initiation system. It is interesting that
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Figure 2. Kinetic plots for the polymerization of St with

CMOB and CMMB as initiators in cyclohexanone solu-

tion (50%v/v) at 110 �C. [St]/[initiator]/[CuCl]/[PMDETA] =

200:1:1:1.
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Mn(GPC) are much close to the theoretical values, so
the efficiencies of the initiator (f) calculated from
Mn(th)/Mn(GPC) are high and almost reach to 1.0.
However, when using CMOB as initiator, Mn(GPC)
are higher than their theoretical values (see Figure 4).
So the ATRP of styrene is under better control by us-
ing CMMB than CMOB as initiator.

Effects of Reaction Conditions
The effects of reaction conditions such as reaction

temperature, concentration of initiator and different
substituting group in initiator in ATRP are discussed.
Table I shows yield, molecular weight, initiation

efficiency and polydispersity index of the PSt as
a function of reaction temperature. Whether using
CMOB or CMMB as initiator, product yield, molecu-
lar weights (Mn) and the efficiencies all increase with
the elevation of temperature. At the same temperature,
the monomer conversion in CMMB initiation system
is obviously higher than that in CMOB system. More-
over, due to the Mn(GPC) are all accorded with their
theoretical values, the efficiencies of the initiator
CMMB are close to 1.0 no matter how the tempera-
ture change.

Table II shows the effects of monomer to initiator
mole ratio on percentage yield, molecular weight, ini-
tiation efficiency and PDI of PSt. With the concentra-
tion of initiator CMMB increasing, the polymerization
is still under good control with Mn(GPC) decreasing
and the polydispersity indexes of PSt changing little.
The initiation efficiencies reduce probably due to the
bimolecular termination at the early stage of polymer-
ization.19

But, with the concentration of initiator CMOB in-
creasing, it seems that the polymerization is under
poor control because Mn(GPC) does not decrease, ef-
ficiencies of the initiator reduce rapidly and the PDI
become widen. Compared with that of CMMB, the re-
ducing degree of efficiencies of CMOB is obviously.
These indicate that existence of phenol group is pos-
sible a main reason for the wide polydispersity index
and low initiation efficiency. The result coincides with
our previous report about ATRP of styrene using ben-
zyl chloride and equal mole salicylaldehyde as initia-
tor under the same reaction conditions15 and may be
caused by the formation of hydrogen bond of CMOB.
As shown in Table III, the polymerization of St in-

itiated by CMMB can proceed with the high initiation
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Figure 3. Evolution of Mn with conversion for the polymer-

ization of St in cyclohexanone solution (50%v/v) at 110 �C.

[St]/[CMMB]/[CuCl]/[PMDETA] = 200:1:1:1.
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Figure 4. Evolution of Mn with conversion for the polymer-

ization of St in cyclohexanone solution (50%v/v) at 110 �C.

[St]/[CMOB]/[CuCl]/[PMDETA] = 200:1:1:1.

Table I. Effects of reaction temperature on percentage yield, molecular weight, initiation efficiency

and polydispersity index of synthesized PSt([St]/[initiator]/[CuCl]/[PMDETA] = 200:1:1:1)

Temperature
(�C)

Polymerization
(h)

Conversion
(%)

Mn(th) Mn(GPC) Mw=Mn f

CMOB 120 7 85.0 17700 22100 1.55 0.80

110 7 60.5 12600 19200 1.40 0.65

100 7 58.4 12100 18500 1.28 0.65

90 7 26.9 5600 9000 1.25 0.62

CMMB 120 6 99.0 20600 21700 1.58 1.07

110 6 83.0 17200 15800 1.47 1.09

100 6 67.0 13900 12900 1.41 1.08

90 6 72.0 14900 13500 1.35 1.10

80 6 46.0 9500 9800 1.30 0.98
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efficiencies when temperature decreases from 70 to
40 �C but the polydispersity index expands slightly
(less than 1.5). However, the similar polymerization
can not proceed by using CMOB as initiator.
Two kinds of initiator have the similar structures

which were composed by one electron withdrawing
group (aldehyde group) and one electron donor group,
in which the electron donor group is methoxy group in
CMMB and phenol group in CMOB, but their initia-
tion efficiency is obviously different. Compared both
initiators, CMMB with stronger electron donor group
has better initiation behavior while phenol group in
CMOB with formation of hydrogen bond shows
slow-initiation of ATRP and ATRP is under poor con-
trol which was proved by the low polymerization rate,
the long induction period at the early stage and the
low initiation efficiency.

Characterizations of Metal Complex (PSt-CH2-
MBAP-Zn) and Fluorescent Property
The PSt with methanoxy-benzaldehyde end group

is reacted with o-aminophenol to afford polymeric li-
gand, PSt containing Schiff base as end group, PSt-
CH2-MBAP. The new polymer and its zinc complex
were characterized and their fluorescence was also
studied.

Characterizations of PSt Ligand (PSt-CH2-MBAP)
According to the 1H NMR spectrum of PSt-CH2-

MBAP, the signal at 10.40 ppm decreases greatly
and new signal at 7.79 ppm appears which assign to
the methine proton of –CH=N–. As shown in the

FT-IR spectrum of PSt-CH2-MBAP (Figure 6), the
�(C=O) band at 1683 cm�1 disappears and the ab-
sorption band of the �(C=N) bond is observed at
1667 cm�1. Therefore, the end group of PSt is proved
to 2-[2-Methoxy-polystyryl-Benzylidene]-Amino]-
phenol (Scheme 2).

Characterizations of Metal Complex Polystyrene
(PSt-CH2-MBAP-Zn)
The IR spectra of polystyrene ligand and its

Zn(II) complex are shown in Figure 6. The band
at 1667 cm�1 (�(C=N)) and 3450 cm�1 (�(–OH)) shift
to 1660 cm�1 and 3442 cm�1 respectively. These indi-
cate that the –CH=N, –OH are coordinated with the
Zn(II).16,20,21

Table III. Effects of reaction temperature on percentage yield, molecular weight, initiation efficiency

and polydispersity index of synthesized PSt([St]/[CMMB]/[CuCl]/[PMDETA] = 200:1:1:1)

Temperature
(�C)

Polymerization
time (h)

Conversion
(%)

Mn(th) Mn(GPC) Mw=Mn f

CMMB 70 12 51.0 10600 10400 1.43 1.02

60 12 55.0 11400 8800 1.44 1.30

50 12 34.6 7200 8400 1.56 0.86

40 12 32.2 6700 8900 1.59 0.75

Figure 5. 1H NMR spectra of PSt-CH2-MB and PSt-CH2-

MBAP (Mn(GPC) ¼ 5500, PDI = 1.36).

Table II. Effects of monomer to initiator mole ratio on percentage yield, molecular weight, initiation

efficiency and polydispersity index of synthesized PSt([initiator]/[CuCl]/[PMDETA] = 1:1:1, at 110 �C)

St/initiator
Polymerization

(h)
Conversion

(%)
Mn(th) Mn(GPC) Mw=Mn f

CMOB 200:1 7 58.4 12100 18500 1.28 0.66

100:1 7 61.3 6300 18600 1.32 0.34

200:3 7 72.5 5000 19700 1.45 0.26

200:5 7 50.3 2000 26600 1.54 0.08

CMMB 200:1 6 83.0 17200 15800 1.47 1.09

100:1 6 93.0 9600 11200 1.42 0.83

200:3 6 95.0 6500 8500 1.37 0.71

200:5 6 98.0 4000 6500 1.31 0.58
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The UV-Vis spectra of polystyrene ligand and its
Zn(II) complex are shown in Figure 7. The �-�� tran-
sition occurs at 310, 375, 390 nm for the pure ligand,
PSt-MBAP. When coordinated with Zn(II), the band
at 390 nm disappears and a new band at 425 nm ap-
pears, which can be assigned to the charge transfers
between central zinc atom and coordinated atoms.16

Fluorescent Property of Metal Complex Polystyrene
The fluorescent emission spectra of PSt-CH2-

MBAP and PSt-CH2-MBAP-Zn are shown in
Figure 8. The main emission bands at 380 nm for
PSt-CH2-MBAP-Zn and 410 nm for PSt-CH2-MBAP
are assigned to the polymeric ligand-centered with
�ex ¼ 330 nm. The obvious blue-shifted and the
stronger intensity of emission of PSt-CH2-MBAP-Zn
can be probably caused by the formation of interaction
of N–Zn and O–Zn, which changes the emission ener-
gy of the polymeric ligand by the lowering of the en-
ergy gap between � and �� owing to the enlarged con-
jugation and enhance of electron flow. In addition,

there’s a small side-band at 570 nm which may be as-
signed to the MLCT of zinc and ligand, but the inten-
sity of emission band is much weaker than that of PSt-
CH2-SMOA-Zn.16 It’s probably caused by the weak
coordination of zinc and hydroxy group in complex
PSt-CH2-MBAP-Zn, which may result in the decrease
of electron flow between metal ion and the ligand.

CONCLUSION

The polymerization of St using 5-chloromethyl-2-
methoxy-benzaldehyde (CMMB) as initiator, CuCl
as catalyst and PMDETA as ligand accorded with
atom transfer radical polymerization with the high in-
itiation efficiency. At the same polymerization condi-
tion, CMMB with stronger electron donor group
(methoxy group) has better initiation behavior, and
ATRP is under well control, while the similar initia-
tor, 5-chloromethyl-2-hydroxy-benzaldehyde (CMOB)
shows obvious slow-initiation and was under poor
control because of the formation of hydrogen bond.
Therefore, CMMB was considered as a better initiator
for ATRP than CMOB.
In addition, when the aldehyde group in CMMB

was turned into Schiff base and coordinated with
Zn(II), the fluorescent emission of polymer PSt-CH2-
MBAP was strengthened while the coordination didn’t
improve the intensity of emission of zinc ions obvi-
ously. The further study of designing new initiator
which can both improve the initiation of polymeriza-
tion and the optical property of polymer is ongoing in
our lab.
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