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Abstract

Block copolymers containing dimethyl siloxane and 2-hydroxyethyl methacrylate
sequences were synthesized by group transfer polymerization (GTP) of 2-
trimethylsilyloxyethyl methacrylate (TMS-HEMA) using silyl ketene acetal
terminated poly(dimethylsiloxane) (PDMS) as macroinitiator, followed by hydrolysis
of TMS-HEMA to HEMA. The block copolymers were obtained with controlled
molecular weight and narrow molecular weight distribution. Trimethylsilyl groups in
the P(TMS-HEMA) block could be selectively hydrolyzed without cleaving Si-O
bond in PDMS block. The block copolymers formed micelles in methanol, the
effective diameters (Rh) of which were in the range of 78 − 110 nm with narrow
distribution by dynamic light scattering (DLS). The TEM image showed micelles with
a spherical shape.

Introduction

Block copolymers composed of hydrophobic and hydrophilic segments show an
interesting morphology, unique surface properties, and an unusual solution behavior
[1-3]. They self-assemble into well-defined structures when placed in a medium that
is a good solvent for one of the segments (the hydrophilic segment) and a poor solvent
for the other segment (the hydrophobic segment) [4-11]. These surfactants are typified
by micelle or more complex aggregates in which the hydrophobic segments form a
core surrounded by a shell of hydrophilic segments that extend into the continuous
phase. The core regions of such micelles are technologically useful, as they are
capable of emulsifying otherwise insoluble materials into a microphase-separated
environment within a preferred continuous solvent phase. This ability may be taken
into account in various separation and drug delivery technology [7-11]. Thus, the
synthesis of hydrophilic-hydrophobic block copolymers with well-defined chain
structure is of importance for understanding the morphology in solution [6].
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While much attention has been attracted to the PHEMA based block copolymers due
to their biomedical applications [12-14], few synthetic methods for PDMS-b-PHEMA
with controlled molecular weight have been published in the literature [15]. Recently,
we reported the synthesis of PDMS-poly[alkyl(meth)acrylate] block copolymers by
GTP using silyl ketene acetal terminated PDMS as macroinitiator [16]. The esters of
alkyl(meth)acrylate were hydrolyzed into corresponding acids to give a novel
amphiphilic polymer of PDMS-b-PMA and PDMS-b-PAA, which were utilized to
stabilize water-in-CO2 emulsions as an ionic surfactant [17]. It is known to be
difficult to prepare the block copolymers of dimethyl siloxane and α,β-unsaturated
esters directly by sequential addition of the monomers due to the limited
copolymerizabilities of both monomers in the anionic polymerization [1]. Therefore,
this polymerization technique could be useful in the synthesis of well-defined block
copolymers of those types.
In this article, we describe the synthesis of PDMS-b-PHEMA with controlled
molecular weight and narrow molecular weight distribution. In addition, the micellar
characteristics of the amphiphilic polymers are investigated by dynamic light
scattering and TEM.

Experimental Section

Materials

Tetrahydrofuran (THF) was distilled from sodium naphthalide under reduced pressure
prior to use. 2-(Trimethylsilyloxy)ethyl methacrylate (TMS-HEMA) (Aldrich) were
first distilled from CaH2, followed by distillation from triethyl aluminium.
The GTP catalyst, tetrabutyl ammonium bibenzoate (TBABB) was synthesized
according to the procedure in the literature [18]. Poly (dimethyl siloxane)
monomethacrylate (Mn = 10K from Aldrich) was degassed under high vacuum for 24
hours before using. Ethyl dimethyl silane (United) and tris (triphenyl phosphine)
rhodium(I)chloride (Wilkinson catalyst) (Aldrich) were used as received.
The GTP macroinitiator, silyl ketene acetal functional PDMS was prepared by
reacting poly (dimethyl siloxane) monomethacrylate with a slightly molar excess of
ethyl dimethyl silane in the presence of Wilkinson catalyst as previously described
[16].

Polymerization

The group transfer polymerization was carried out under argon atmosphere in a
previously flamed glass reactor. A typical example is as follows: 7 g (7.0x10 -4 mol)
of dried 10K macroinitiator was introduced into the reactor. Then 20 mL of THF and
7 mg TBABB (2 mol % based on silyl ketene acetal functionality) were transferred
into the reactor by means of a cannula. After 5 minutes of stirring, 5 g (2.5x10-2 mol)
of TMS-HEMA was added slowly via syringe and the polymerization proceeded for 2
hrs under argon. The polymerization was quenched with degassed methanol (1 mL).
After an additional half hour of stirring, the THF and methanol were removed by
evaporation. The polymer collected was dried at 10-3 Torr for 24 hrs. For deprotecting
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trimethylsilyl group, to the solution of polymer in 20 mL of THF were added a few
drops of 1.5 N HCl. The solution was stirred for two hours at room temperature, and
precipitated into excess water. The polymer was collected and dried under vacuum.
The unreacted PDMS macroinitiator was extracted with hexane to give 6.4 g of
PDMS-b-PHEMA. The Si-CH3 peak (0.07 ppm) of TMS-HEMA disappeared in 1H
NMR spectrum after deprotection. The molecular weight of PHEMA block was
determined to be 9900 by 1H NMR analysis. To obtain copolymer with different block
ratio, the amount of TMS-HEMA was varied.

Characterization

Size exclusion chromatography (SEC) was carried out with a Waters Alliance GPC
2000 apparatus equipped with two Styragel columns (HR5E and HR4E) with THF as
the eluent. Five standard polystyrene samples with molecular weights between 1060
and 182000 were used to construct the calibration curve. 1H NMR spectra were
obtained using a JNM-ECP 400 (JEOL). 29Si NMR spectra were recorded on a Bruker
AMX-500 in 0.04 M chromium (III) acetyl acetonate solution in CDCl3. IR spectra
were recorded on a Nicolet Avatar 360 FT-IR. The TEM image was obtained using a
Hitachi H-7500 instrument operated at 80 kV. A drop of polymer solution (1 g/L) was
applied onto a copper grid coated with carbon, followed by air-drying. The sample
was stained with OsO4 vapor for 48 hrs. Dynamic laser light scattering (DLS)
measurements on the PDMS-b-PHEMA block copolymer micelles were carried out
using a Brookhaven laser light scattering instrument (Brookhaven instruments
Corporation), with diode laser (24 mV) at a wavelength of 659 nm at 20°C. The
sample solution (1 g/L) was purified by passing through a 0.45 µm filter. The
scattered light of a vertically polarized laser was measured at an angle of 90° and was
collected on a Brookhaven BI 9000 AT autocorrelator. The hydrodynamic diameter
(Rh) was calculated from the measured diffusion constant using the Stokes equation.
The polydispersity of the micelle is given by µ2/Γ

2, where µ2 is the second cumulant of
the decay function and Γ is the average characteristic line width [19].

Results and discussion

The synthesis of amphiphilic PDMS-b-PHEMA copolymers is illustrated in Scheme
1. PDMS macromer (1) was confirmed to have almost quantitative functionality by
comparing the integration of silicone adjacent to the methacryloxy functional
fragment (7.3 ppm) with the silicone adjacent to the terminal butyl fragment (7.5 ppm)
in 29Si NMR [20]. The methacryloxy functional end group of PDMS was transformed
into a silyl ketene acetal (3) by hydrosilation with ethyl dimethyl silane. Confirmation
of the quantitative hydrosilation of PDMS chain end was followed by 1H NMR and
FT-IR. As the hydrosilation proceeds, a shift in the carbonyl band (1725 cm-1 ) is
observed upon o-silylation of the carbonyl oxygen (1705 cm-1). A weak absorption
band at 1740 cm-1 was also appeared, which is attributed to the hydrolysis of the silyl
ketene acetal moiety. This species is estimated to be less than 5 mole % by 1H NMR,
and may have resulted from moisture or protonic impurities in the PDMS. The GTP
proceeded successfully by introducing TMS-HEMA to the macroinitiator (3) to give
well-defined block copolymers with controlled molecular weight and narrow
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molecular weight distribution. The conversions of TMS-HEMA monomer to block
copolymer were calculated to be almost quantitative by either weighing the recovered
products and 1H NMR analysis of the products in CDCl3. Therefore, block copolymers
of PDMS and P(TMS-HEMA) of various lengths could be prepared simply by varying
the ratio of monomer to macroinitiator charged in the polymerization. The TMS
protecting groups attached to the resulting polymer were selectively removed by acid
treatment to afford PDMS-b-PHEMA. The hydrolysis of the ester of PDMS-b-
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P(TMS-HEMA) was carried out under mild conditions [21] in order to avoid
undesirable cleavage of siloxane bond in PDMS block which is susceptible to
hydrolysis in both acidic and alkaline condition [22,23]. The complete removal of the
trimethylsilyl groups was confirmed by the 1H NMR spectrum of the resulting
polymer in CD3OD/CDCl3 (1:2 (v/v)). The peak of trimethylsilyl protons in the
P(TMS-HEMA) block at 0.07 ppm disappeared after hydrolysis. The peak was not
detectable in the 1H NMR spectra of the polymer either in CD3OD or in CDCl3. Thus
the resulting polymer should have been in the form of PDMS-b-PHEMA. The wt % of
PDMS incorporated was less than theoretically predicted, and the macroinitiator
efficiency was calculated in the range of 0.42 ~ 0.47. A similar efficiency was found
before for other (meth)acrylate in our report [15]. The unincorporated homo PDMS
was simply removed by successive hexane extraction from the PDMS-b-PHEMA
copolymer after hydrolysis. All the copolymers have identical 10 K-PDMS blocks
whose Mn was measured as 17900 by GPC using PS standard but different chain
lengths of PHEMA blocks.

Figure 1 shows the GPC traces of the PDMS macroinitiator and the resulting PDMS-
b-PHEMA block copolymer. The elution volume is shifted towards higher molecular
weight and molecular weight distribution remains narrow. When acid-catalyzed
redistribution reaction has occurred in the PDMS, the molecular weight decreases with
broad molecular weight distribution [16]. In order to confirm that the polymer
backbone is not degraded in this condition, 10K-PDMS was treated with same
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reaction condition. No change in the molecular weight and molecular weight
distribution was observed as determined from GPC. Thus, the trimethylsilyl protective
group could be readily and selectively cleaved without interfering with the Si-O
linkage in the PDMS by above treatment.
The solubility behavior of typical PDMS-b-PHEMA copolymers was investigated
with several solvents. The block copolymer was soluble in polar solvents such as THF
and DMSO, and insoluble in aromatic and aliphatic hydrocarbons. When the
copolymer was dissolved in methanol, the mixture was almost clear with an iridescent
bluish tinge indicative of small colloidal particles. Since methanol is a poor solvent for
PDMS but a good solvent for PHEMA, the block copolymer is expected to form
micelles consisting a core composed of PDMS and a shell of PHEMA swollen by
methanol. The effective diameters of micelles in 0.1 wt % copolymer solutions when
0.45 µm filter is used are in the range of 77 − 104 nm (Table 2). The polydispersity
factors (µ2/Γ

2) of the micelles, estimated by the cumulant method, were fairly low
(0.16 − 0.24), suggesting a narrow size distribution. For the 9.9K and 6.2K-PHEMA
block copolymer, the similar sized micelles were formed. However larger micelles
were observed in the case of shorter PHEMA (4.7K) block copolymer. In previous
reports, micelles with a hydrophilic outer shell are frequently found to form large
aggregates in an aqueous phase [3,9,10]. Eisenberg et al. observed large aggregates
from block copolymer of polycaprolactone and poly(ethylene oxide), and explained
that the aggregates of individual micelles might form due to relatively short PEO
block (~2K) which did not outweigh the hydrophobic-hydrophobic interactions or
van der Waals interactions between the exposed cores of the individual micelles [10].
This explanation might also be applied to the case of PDMS10K-b-PHEMA4.7K which
generated larger micelles resulted from more aggregation between the exposed PDMS

cores. Toluene is a good solvent for PDMS and a poor solvent for PHEMA, in
contrast with methanol. The copolymers were not completely soluble in toluene
producing a turbid suspension. However, a few drops of methanol made the solutions
clear with bluish tinge, and the reversed micelles were observed by DLS (Exp. No. 5,
6, 7 in Table 2). The solutions became clearer with increasing fraction of methanol in
the mixed solvent up to ca. 0.5. No micelle was detected in the range 0.1 ~ 0.5 of
methanol weight fraction in the case of PDMS10K-b-PHEMA6.2K, in which both
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PHEMA and PDMS blocks might be soluble. A further increase of methanol reduced
the solubility of the non-polar chain (PDMS) and the micelles formed again. Similar
behavior has been investigated for the poly (1,1-diethylsilabutane)-b-PHEMA block
copolymer in methanol and methanol/toluene mixed solvents using Small-angle X-ray
scattering (SAXS) technique. The copolymer formed spherical micelles in methanol,
and in the mixed solvent was found to have different morphology depending on the
mixing ratio of the solvent; i.e., micelle-unimer-reversed micelle transition with
increasing toluene content [24].
The micelles of PDMS10K-b-PHEMA6.2K and PDMS10K-b-PHEMA4.7K observed by
TEM were generally spherical as shown in Figure 2. The TEM diameters of the
copolymers are similar to the effective diameters (Rh) from DLS.

Conclusions

Well defined PDMS-b-p(TMS-HEMA) copolymers were successfully synthesized by
GTP using silyl ketene acetal terminated PDMS as initiator. The TMS protecting
groups were almost quantitatively hydrolyzed to give a novel amphiphilic polymer of
PDMS-b-PHEMA. DLS measurements were performed for these copolymers in
methanol and toluene. They might form micelles in methanol and reverse micelles in
toluene, which corresponds to the previous report [24]. No micelle structure was
detected in the solvent mixture of 0.1 ~ 0.5 weight percent of methanol with toluene.

Acknowledgements. This work was supported by grant (20015-308-01-2) and grant (2000-1-
30700-001-3) from the Basic Research Program of the Korea Science and Engineering
Foundation



142

References

1. Noshay A, McGrath JE (1977) Block Copolymers: Overview and Critical Survey
Academic Press, New York

2. Senshu K, Yamashita S, Ito M, Hirao A, Nakahama S (1995) Langmuir 11:2293
3. Nakano M, Deguchi M, Endo H, Matsumoto K, Matsuoka H, Yamaoka H (1999)

Macromolecules 32:6088
4. Webber SE (1998) J Phys Chem B 102:2618
5. Kim C, Lee SC, Shin JH, Yoon JS, Kwon IC, Jeong SY (2000) Macromolecules 33:7448
6. Scibiorek M, Gladkova NK, Chojnowski J (2000) Polym Bull 44:377
7. Hurter PN, Hatton TA, (1992) Langmuir 8:1291
8. Gref R, Domb B, Quellec P, Blunk T, Muller RH, Verbavatz JM, Langer R (1994) Adv

Drug Del Rev 16:215
9. La SB, Okano T, Kataoka K (1996) J Pharm Sci 85:85
10. Allen C, Yu Y, Maysinger D, Eisenberg A (1998) Bioconjugate Chem 9:564
11. Jeong YI, Choen JR, Kim SH, Nah JW, Lee YM, Sung YK, Akaike T, Cho CS (1998) J

Control Rel 51:169
12. Okano T, Aoyagi T, Kataoka K, Abe K, Sakurai Y, Shimada M, Shinohara I (1986) J

Biomed Mater Res 20:919
13. Ito E, Suzuki K, Yamato M, Yokoyama M, Sakurai Y, Okano T (1998) J Biomed Mater

Res 42:148
14. Sugiyama K, Tanigawa N, Shiraishi K (1998) Nippon Kagaku Kaishi 8:551
15. Shimada M, Miyahara M, Tahara H, Shinohora I, Okano T, Kataoka K, Sakurai Y (1983)

Polymer J 15:649
16. Lim KT, Webber SE, Johnston KP (1999) Macromolecules 32:2811
17. Psathas P, da Rocha SRP, Lee CT, Johnston KP, Lim KT, Webber S (2000) Ind Eng

Chem Res 39:2655
18. Dicker IB, Cohen GM, Farnhan WB, Hertler WR, Laganis ED, Sogah DY (1990)

Macromolecules 23:3893
19. Harada A, Kataoka K (1998) Macromolecules 31:288
20. Hellstern, A. M. (1989) Ph. D. Dissertation, Virginia Polytechnic Institute and State

University
21. Mori H, Wakisaka O, Hirao A, Nakahama S (1994) Macromol Chem Phys 195:3213
22. Gruning B, Koerner G (1989) Tenside Surf Det 26:312
23. Knoche M, Tamura H, Bukovac MJ (1991) J Agric Food Chem 39:202
24. Nakano M, Deguchi M, Matsumoto K, Matsuoka H, Yamaoka H (1999) Macromolecules

32:7437


