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Abstract: Newly designed PS/PEO al-
ternating branched polymacromono-
mers have been obtained by polycon-
densation of �-dicarboxy-functionalized
polystyrene and �-dihydroxy-function-
alized polyethyleneoxide. 4-[3,5-Bis-
(methoxycarbonyl)phenoxymethyl]ben-
zyl bromide was used as atom-transfer
radical polymerization (ATRP) initiator
for the synthesis of �-dicarboxy func-
tionalized polystyrenes. These macro-
monomers possess low polydispersities

and molecular weights in the range of
7000 to 100000, as proved by gel per-
meation chromatography (GPC) and
1H NMR. �-Dihydroxy functionalized
polyethyleneoxide (PEO) was synthe-
sized by treatment of monofunctional-
ized PEO with 3,5-bis(benzyloxy)ben-
zoyl chloride. Polycondensation of the

�-dicarboxy PS with the �-dihydroxy
PEO in solution or in bulk resulted in
alternating PS/PEO polymacromono-
mers, which were effectively purified
from the unreacted macromonomers
and characterized by using 1H NMR,
GPC, thermal analysis, and optical mi-
croscopy. Light-scattering measure-
ments in organic solvents like THF or
dioxane have shown that these polyma-
cromonomers form stable micelles.
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Introduction

A particularly challenging aspect of polymer synthesis
concerns the development of techniques for the preparation
of macromolecular materials with well-defined structures.
Polymacromonomers represent an important class of
branched polymers with interesting molecular and bulk
properties that are associated with the tethered branch chains
around the backbone chain. A large number of studies have
addressed the polymerization of end-functionalized homo-
macromonomers with a terminal group that yield mostly
spherical or star-like architectures.[1] In cases in which high
degrees of polymerization are attained, the interaction
between the side chains forces the polymacromonomer to
gradually adopt a cylindrical shape.[2±3] Various properly end-
functionalized macromonomers have been polymerized and
result in polymacromonomers with a vinylic backbone.[3±8] In
order to control the chain-length homogeneity in polymacro-
monomers, living anionic polymerization has mainly been

used for the macromonomer synthesis.[9±11] Recent reports
have shown that controlled radical polymerization techniques
like atom transfer radical polymerization (ATRP), could be
used for the polymer synthesis; they offer the advantage of
being applicable to a wide range of monomers and result in
polymers with low molecular-weight polydispersity and well-
defined architecture.[12] Additionally, controlled polymeric
structures can be obtained by using proper macroinitia-
tors.[13±14]

Macromonomers composed from amphiphilic block co-
polymers have also been polymerized; this resulted in very
interesting cylindrical structures.[15] The amphiphilic nature of
block copolymers composed of incompatible blocks has long
been recognized and has become a popular research topic
because of the ability of these polymers to aggregate into
micelles in selective solvents[16] and also due to their surface
properties. These two features have been thoroughly inves-
tigated in miscellaneous applications.[17]

Apart from the synthesis of linear amphiphilic structures,
attempts have been made to design new amphiphilic branched
PS/PEO copolymers.[18] This interest emerges from the quite
different behavior observed for these branched polymers
from the linear homologues. The challenge however lies into
controlling both the functionality and the degree of branching
of these copolymers (meaning the compositional and topo-
logical homogeneity), which are critical factors for the better
understanding of the influence of the topology on the
properties of amphiphilic species.[18±19] Recently, novel am-
phiphilic PS/PEO architectures[20] have been reported, the
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study of which will hopefully help to elucidate the effect of
topology on the self-organized properties of these polymers.

This paper deals with the synthesis and characterization of
PS/PEO alternating branched polymacromonomers. In par-
ticular, these polymacromonomers are constituted of alter-
nating PS and PEO branches of controlled length, attached as
side moieties to an aromatic polyester backbone. This
amphiphilic architecture was built by polycondensation of a
newly synthesized dicarboxy end-functionalized PS with a
dihydroxy end-functionalized PEO. The dicarboxy end-func-
tionalized PS was synthesized by atom-transfer radical
polymerization of styrene with 4-[3,5-bis(methoxycarbonyl)-
phenoxymethyl]benzyl bromide (1) as initiator, while mono-
hydroxy end-functionalized PEO was prepared by using
hydroxy-terminated PEO. The resulting polymacromonomers
were characterized by 1H NMR, size exclusion chromatog-
raphy, thermal analysis, static light scattering, and optical
microscopy.

Results and Discussion

�-Dicarboxy end-functionalized PS macromonomers were
prepared by using ATRP according to Scheme 1. The
characterization data of dicarboxylic acid methyl ester macro-
monomers are summarized in Table 1. Gel permeation
chromatography (GPC) measurements were used to deter-
mine the molecular weight of the synthesized macromono-
mers. Awide range ofMw was obtained, depending mainly on
the catalytic system used, as shown in Table 1. Although
bipyridine gave lower polydispersities, higher Mw macro-
monomers were obtained with PMDETA N,N,N�,N�,N��-
pentamethyldiethylenetriamine[21] or tris[2-(dimethylami-
no)ethyl]amine (Me6TREN)[22] as ligands. In the cases in
which PMDETA and Me6TREN were used, the polymer-
ization was very fast but with a broad molecular-weight
distribution. The molecular weights of macromonomers vary
between 7000-100000. More information about the molecular
weight of the synthesized macromonomers can be derived
from 1H NMR. A representative 1H NMR spectrum of an
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Scheme 1. i) St, CuBr, Ph2O, 110 �C; ii) 10� KOH, acetone, HCl, 37%;
iii) SOCl2, reflux.

�-dicarboxylic acid methyl ester PS macromonomer with the
assignment of the peaks is depicted in Figure 1. The molecular
weight calculations were based on either the methyl protons
(Ha) at �� 3.9 of the ester before hydrolysis or the signal at
�� 5.1 corresponding to methylene protons (Hd) in the �-
position to the oxygen of the initiator and in the aromatic
region between �� 6.2 ± 7.2 of polystyrene. The aromatic
protons Hc, Hb with an integration ratio of 2:1 are located at
�� 7.8 and 8.3, respectively. The calculated molecular weights
in some cases are in excellent agreement with the results
obtained by GPC, as shown in Table 1. Attempts to determine
the absolute molar mass by MALDI-TOF analysis were
unsuccessful.

The initiation efficiency in this system was further proved
by the absence of the signals at �� 4.4 due to methylene
protons at the active end of the initiator. As shown in Figure 1,
the signals of the methylene protons Hd, He of the initiator are
located at �� 5.1 and 4.4, respectively. The peaks at �� 7.7

Abstract in Greek:

Table 1. Molecular Weight Characteristics of the synthesized PS macro-
monomers

Polymer NMR results GPC results PDI
Mn Mn Mw

PS1
[a] 8700 7700 9600 1.25

PS2
[a] 7400 6100 8100 1.33

PS3
[a] 6900 6700 9200 1.37

PS4
[a] 10800 8700 11800 1.35

PS5
[b] 53200 51500 65500 1.27

PS6
[b] 106200 104700 155900 1.48

PS7
[c] 49000 48000 75800 1.58

Catalytic system used: [a] CuBr, bipy. [b] CuBr, PMDETA. [c] CuBr,
Me6TREN.
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and 8.2 correspond to the aromatic protons Hc and Hb with an
integration ratio of 2:1. Comparison of the NMR spectra of
the initiator and the macromonomer shows that effective
initiation was successful, since the methylene protons (He) on
the active site of the initiator disappeared after polymer-
ization, while all other protons mentioned above are present
in the correct integration rate. Hydrolysis of the �-dicarbox-
ylic acid methyl ester PS macromonomer with KOH (10�)
resulted in �-dicarboxylic acid PS macromonomer. The
1H NMR spectrum of this macromonomer is shown in
Figure 2; here the methyl protons Ha of the carboxy methyl
groups observed at �� 3.95 disappeared after hydrolysis.

The preparation of the PEO macromonomer was per-
formed by reaction of the monohydroxy terminated PEO as
shown in Scheme 2. In Figure 3 the 1H NMR spectrum of the

�-dibenzyloxy PEO macromo-
nomer is given. The methylene
protons of the ethylene oxide
repeating units appear in the
region �� 3.4 ± 3.8 while the
-OH signal of PEO around
�� 4.5[23] has almost disap-
peared. The new signal that
appeared at �� 4.3 after ester-
ification is due to the methylene
protons Hd in the �-position to
the ester; this is in agreement
with relative structures publish-
ed elsewhere.[14a] The signals
due to the Ha protons � to the
oxygen of the benzyl ether of
the dendritic initiator are locat-
ed at �� 5.1.

Information about the de-
gree of end-group functionali-
zation of PEO-OH, in other
words about the number of
repeated units of PEO attached
to the ester, was obtained from
calculations based on the ratio

of integrated peak intensities in the area around �� 3.6 ± 3.4
that were attributed to the methylene protons of the ethylene
oxide backbone and at �� 5.15 corresponding to the CH2

protons of the benzyl groups. The integral ratio obtained is
very close to the theoretical value related to the number of
repeated units of PEO2000, n� 45.4.

Dihydroxy end-functionalized PEO was prepared by de-
protection of the hydroxyl groups by catalytic hydrogenation.
The effective removal of the benzyl groups of the PEO-
macromonomer was proved by the disappearance of the
signal due to the -CH2- protons of the benzyl groups of the
dendritic initiator at �� 5.1 in the NMR spectrum.

Polycondensation of the �-dicarbonyl chloride PS macro-
monomer obtained after its treatment with thionyl chloride

and the �-dihydroxy PEO mac-
romonomer yields PS/PEO
polymacromonomers as shown
in Scheme 3. Polymerization
experiments were performed
under various experimental
conditions. As reported pre-
viously,[1a, 1b] the degree of poly-
merization of the polymacro-
monomers is controlled by both
the concentration and the mo-
lecular weight of the macromo-
nomers (slow diffusion-control-
led effect). In addition, in our
case, the phase separation of
the two macromonomers is ex-
pected to raise more difficulties
in the reaction between the
�-dicarbonyl chloride and the

Figure 1. 1H NMR spectra of the initiator (1) and the �-dicarboxylic acid methyl ester PS macromonomer (PS3)
with the assignment of the peaks.

Figure 2. 1H NMR spectrum of �-dicarboxylic acid PS macromonomer (PS3) with the assignment of the peaks.
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�-dihydroxy macromonomers. For these reasons, polymer-
izations were performed either in concentrated solutions or in
bulk at high temperatures. The results for the different
conditions are depicted in Table 2.

Purification of the polymacromonomers from the unreact-
ed macromonomers was carried out by selective dissolution of
the respective macromonomers. The polymerization products
were extracted with MeOH for one day in order to remove
possible unreacted PEO. The residues (after being dried in
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vacuo) were purified by extraction with diethyl ether, three or
four times for six days. This purification procedure was
repeated several times until the sharp peak in GPC corre-
sponding to the unreacted PS macromonomer disappeared.
The purified products were dried in vacuo at room temper-
ature. Representative examples are given in Figure 4. Here
the products after the removal of the unreacted PEO-
macromonomer contain a significant amount of the PS-
macromonomer, which was effectively removed after repeat-
ed extraction with diethyl ether.

A representative 1H NMR spectrum of the corresponding
PS/PEO polymacromonomer ((PS-PEO)-PM2) is depicted in
Figure 5. The copolymer compositions, as well as the ratio of
the molecular weights of PS/PEO, were in good agreement

with the calculated ones, since the
PEO molecular weight is accurately
known.

The PS/PEO amphiphilic polyma-
cromonomers obtained have number-
average molar masses between 30000
and 75000 as determined by GPC and
based on calibration with PS stand-
ards. As has been demonstrated,[24]

GPC calibrated with linear standards
severely underestimates the molecular
weight of a branched polymer, espe-
cially at high molecular weights. All
successful experiments were made by
using PS macromonomers with Mn in
the range 5000 ± 9000. PS macromo-
nomers with Mn� 50000 were used
several times for polymerization with-
out success.

Direct determination of the molec-
ular weight of PS/PEO polymacromo-
nomers in THF and dioxane was
attempted by using static light scatter-
ing. Different solvents were used in
order to examine the influence of theFigure 3. 1H NMR spectrum of �-dibenzyloxy PEO macromonomer with the assignment of the peaks.
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Figure 4. GPC traces of the PS macromonomer, of the polymerization
product (PS-PEO)-PM2 polymacromonomer before and after purification
and of the purified (PS-PEO)-PM1 polymacromonomer.

solvent quality on the PS and the PEO units. THF was first
used as a good solvent for both PS and PEO units of the
polymacromonomer in the concentration range 2� 10�5� c�
2� 10�3 gmL�1. In Figure 6, the inverse scattering intensity

Figure 6. Concentration dependence of (Kc/�I)��0 for (PS-PEO)-PM2
polymacromonomer in THF at 25 �C.

extrapolated to zero angle, (Kc/�I)��0 for (PS-PEO)-PM2 is
plotted as a function of concentration. The inverse molecular
weight of the branched polymer is obtained by extrapolation
to zero concentration according to the Equation:

(Kc/�I)��0� 1/(P�*Mw) �2A2c

in whichMw is the apparent molecular weight of the scattering
particles, K is the optical constant, �I the difference between
the scattering intensity of the solution and that of the pure
solvent, P� the particle scattering function, A2 the second
virial coefficient, and c the polymer concentration. At high
concentrations the plot is linear and the presence of micelles is

predominant. At low concen-
trations a sharp decrease in the
inverse scattering intensity is
observed, so the inverse molec-
ular weight of the monomer
cannot be calculated by extrap-
olation to zero concentration.
The order of magnitude of
molecular weights of branched
(PS-PEO)-PM2 is 106, while the
molecular weight obtained by
GPC is Mw� 86000. The same
behavior was also observed for
the PS/PEO sample dissolved
in 1,4-dioxane for almost
the same concentration region
(2� 10�5� c� 2� 10�3 gmL�1).
Additionally, the micelles of
these polymacromonomers re-
main stable even at tempera-
tures up to 60 �C. All of the
above results show that the

Table 2. Experimental conditions used for the preparation of PS/PEO
polymacromonomers

Polymer Mn Mw PS/PEO Temperature
[�C]

Time
[h]

PS3
[a] 6 700 9200 ± ± ±

(PS-PEO)-PM1[b,c] 50000 143000 0.9944 90 144
(PS-PEO)-PM2[d] 30000 86000 1 180 3
(PS-PEO)-PM3[d] 37000 136000 0.9994 180 3
(PS-PEO)-PM4[d] 18500 75000 0.9964 180 22
(PS-PEO)-PM5[b,e] 61000 168000 1 90 96
(PS-PEO)-PM6[d] 75000 285000 1 180 ± 200 2.5

[a] PS-macromonomer used for the polymerizations. [b] solution polymer-
isation. [c] [PS]� 0.1216� (81% w/v). [d] melt polymerisation. [e] [PS]�
0.0895� (60% w/v)

Figure 5. 1H NMR spectrum of the (PS-PEO)-PM2 polymacromonomer.
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critical micellization concentrations lie in lower concentra-
tions that cannot be studied by using this technique.

Measurements of the intrinsic viscosity [�] in THF resulted
in very small values, about 0.1 dLg�1; this indicated that these
polymacromonomers have very compact dimensions in sol-
ution.[25] It should be noted that the viscosity values expected
for linear polystyrene with the same molecular weight is much
higher.

Optical examinations under cross polars of a 2.2% solution
of (PS-PEO)-PM2 in dichloroethane are shown in Figure 7.
Despite the relatively low Mw of this sample (Mw� 86000)
relative to other polymacromonomers, lyotropic behavior was
observed; this showed that the immiscibility of the two block
probably enables the formation of a mesomorphic phase.
Lyotropic behavior has previously been observed for poly-
styrene polymacromonomers[26±27] with significantly higher
molecular weights.

Figure 7. Two subsequent polarization micrographs of 2.2% dichloro-
ethane solution of (PS-PEO)-PM2 polymacromonomer.

Samples cast from the same solution were examined by
using differential scanning calorimetry (DSC) and the results
for the first heating, the cooling, and the second heating scans
are presented in Figure 8. In the first heating scan two
endotherms are observed. The first one at 47 �C is attributed
to the PEOmelting; the second at 140 �C compares well with a
transition observed for other polymacromonomers,[27] al-
though in our case polymacromonomers with completely
different main-chain structure have been synthesized. �-
Dicarboxylic acid PS macromonomer shows a Tg at 95 �C in

Figure 8. DSC thermograms of the solution cast (PS-PEO)-PM2 poly-
macromonomer.

the first heating scan. During the cooling scan for the
polymacromonomer, two well-resolved exotherms were ob-
tained, and this behavior was observed for the subsequent
cooling scans. The second heating scan showed a weak double
endotherm in the range in which the PEO crystallizes, while the
higher temperature endotherm shifts to lower temperatures.

Conclusion

The combination of ATRP for the synthesis of PS macro-
monomer with polyesterification for the main chain structure
was exploited to engineer alternating branched PS/PEO
polymacromonomers. New �-dicarboxy-functionalized PS
macromonomers have been synthesized by using the ATRP
technique. Polycondensation of these macromonomers with
PEO macromonomer, suitably end functionalized with two
hydroxy groups, resulted in novel amphiphilic PS/PEO
polymacromonomers. These polymacromonomers have been
characterized by means of GPC, 1H NMR spectroscopy, light
scattering, DSC, and optical microscopy. The formation of
lyotropic liquid crystals was detected by polarized-light
microscopy. These amphiphilic species have a tendency to
form stable micelles in THF or dioxane, as revealed by light
scattering measurements.

Experimental Section

Materials : Triethylamine was heated under reflux with p-toluenesulfonyl
chloride and distilled twice before use. Dichloroethane (DCE) was treated
with P2O5 and distilled twice. PEG-2000 (Aldrich) was treated with toluene
to remove water by azeotropic distillation and dried under vacuum. Styrene
was treated over CaH2 and vacuum distilled before polymerization.
Me6TREN was easily prepared in a one-step synthesis from commercially
available tris-(2-aminoethyl)amine by following the literature procedure.[28]

4-[3,5-Bis(methoxycarbonyl)phenoxymethyl]benzyl bromide (1)[29] and
3,5-bis(benzyloxy)benzoic acid methyl ester (2)[30] were synthesized
according to known procedures. Hydrolysis of (2) in ethanol resulted in
(3). All other reagents were obtained from Aldrich and used without
further purification.
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Synthesis of dicarboxy end-functionalized polystyrene by using ATRP : A
round-bottom flask equipped with a U-tube, a rubber septum, a magnetic
stirrer, and a gas inlet/outlet was flamed under vacuum. 4-[3,5-Bis(meth-
oxycarbonyl)phenoxymethyl]benzyl bromide (1) (0.1964 g, 0.5 mmol) was
added to the flask containing CuBr (0.0717 g, 0.5 mmol) and bipyridine
(0.234 g, 1.5 mmol). The system was degassed four times and flushed with
argon. Equal volumes of the solvent and the monomer were transferred to
the flask through a syringe. The reaction mixture was then immersed in an
oil bath and heated at 110 �C for 24 h. After cooling to room temperature,
THF (5 ± 10 mL) was added to the reaction mixture to dissolve the polymer,
then the solution was filtered in order to remove the catalyst and
precipitated in a large excess of methanol. The obtained polymers were
dried under vacuum at room temperature. These polymers were hydro-
lyzed with KOH 10� in acetone and acidified with HCl (37%) in order to
obtain the dicarboxy end-functionalized PS. The polymers were charac-
terized by 1H NMR and GPC; the results are given in Table 1.

Synthesis of dihydroxy end-functionalized PEO : Compound 3 (1.69 g,
5.06 mmol) was dissolved in thionyl chloride (30 mL) and heated under
reflux at 85 �C under argon for 20 h. The solution was evaporated and dried
under vacuum in order to remove any traces of thionyl chloride. PEG-OH-
2000 (7.5 g, 3.75 mmol) was added to the same flask under argon, followed
by introduction of Et3N (0.52 mL, 3.75 mmol) and distilled dichloroethane
(40 mL). The mixture was heated under reflux under argon for 22 h. It was
filtered to remove the triethyl ammonium chloride, treated with MeOH
(15 mL), and concentrated under reduced pressure. The obtained liquid
was dissolved in toluene (25 mL), filtered, and precipitated in hexane
(250 mL). The purified product 4 was dried under vacuum at room
temperature. Hydrogenation of 4 in methanol solution with Pd on activated
carbon gave the desired dihydroxy end-functionalized PEO. In Figure 2
shows the 1H NMR spectrum of the PEO-macromonomer. The same
procedure was adopted for the preparation of the PEO-5000 macro-
monomer.

Polymerization of dicarboxy-functionalized PS with dihydroxy-functional-
ized PEO-2000 : The PS-PEO polymacromonomers were synthesized by
either melt or solution polymerization. In a typical solution polymerization,
a round bottom flask with dicarbonyl chloride PS (0.163 g, 0.0243 mmol)
under argon was charged with dihydroxy PEO (52.6 mg, 0.0244 mmol) and
distilled DCE (0.2 mL). The mixture was stirred for about 1 h, and then one
drop of distilled Et3N was added. The extremely viscous solution was
refluxed at 85 �C for 5 days. In the case of melt polymerization, the mixture
of macromonomers was heated at 180 �C for 2 h under argon.

Measurements : (DSC) thermograms were obtained by using an SP plus
calorimeter equipped with the autocool accessory from Rheometrics
Scientific Ltd. The heating rate was 20 �Cmin�1 and the thermograms
covered the range from �50 �C to 200 �C. 1H NMR spectra were recorded
with a Brucker Avance DPX400 MHz spectrometer, by using CDCl3 and
[D6]DMSO as solvents.

The number-average Mn and weight-average Mw molecular weights of the
polymers were determined by using gel permeation chromatography
apparatus (Polymer Lab, Series II Marathon) equipped with a Fasma500
UV/Vis detector and with two Ultrastyragel columns (104 and 500 ä pore
size). Measurements were performed in THF, and calibration was based on
polystyrene standards.

Light scattering experiments were carried out by using a thermally
regulated (�0.1 �C) spectrogoniometer model SEM RD (Sematech,
France) equipped with a He ±Ne laser (633 nm). Prior to measurements
the polymer solutions were made free from foreign particles by filtration
and centrifugation with 0.5 �m filters. The refractive index increment dn/dc
required for the light scattering measurements, was obtained by means of a
Chromatic KMX-16 differential refractometer operating at 633 nm. The
refractive index of PS/PEO polymacromonomer in 1,4-dioxane was found
to be 0.1111.
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