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The synthesis of poly[(methyl methacrylate-co-hydroxyethyl methacrylate)-b-isobutylene-b-(methyl methacrylate-co-hydroxyethyl metha-
crylate)] POIMMA-co-HEMA)-b-PIB-b-P(MMA-co-HEMA) triblock copolymers with different HEMA/MMA ratios has been accom-
plished by the combination of living cationic and anionic polymerizations. P(MMA-co-HEMA)-b-PIB-b-P(MMA-co-HEMA) triblock
copolymers with different compositions were prepared by a synthetic methodology involving the transformation from living cationic to
anionic polymerization. First, 1,1-diphenylethylene end-functionalized PIB (DPE-PIB-DPE) was prepared by the reaction of living difunc-
tional PIB and 1,4-bis(1-phenylethenyl)benzene (PDDPE), followed by the methylation of the resulting diphenyl carbenium ion with
dimethylzinc (Zn(CHjs),). The DPE ends were quantitatively metalated with n-butyllithium in tetrahydrofuran, and the resulting macroanion
initiated the polymerization of methacrylates yielding triblock copolymers with high blocking efficiency. Microphase separation of the thus
prepared triblock copolymers was evidenced by the two glass transitions at —64 and +120°C observed by differential scanning calorimetry.
These new block copolymers exhibit typical stress-strain behavior of thermoplastic elastomers. Surface characterization of the samples was
accomplished by angle-resolved X-ray photoelectron spectroscopy (XPS), which revealed that the surface is richer in PIB compared to the
bulk. However, a substantial amount of P(MMA-co-HEMA) remains at the surface. The presence of hydroxyl functionality at the surface

provides an opportunity for further modification.

Keywords: block copolymer; combination of polymerization mechanism; thermoplastic elastomers; surface characterization

1 Introduction

Living polymerization is the most efficient method for the
synthesis of block copolymers since it allows precise
control of molecular weights and molecular weight distri-
butions. Well-defined ABA triblock copolymers consisting
of a rubber center block and glassy or crystalline end
blocks are widely used as thermoplastic elastomers (TPEs),
where hard block domains are dispersed in the continuous
rubbery matrix. TPEs exhibit properties similar to chemically
cross-linked elastomers at room temperature, while at
elevated temperatures they behave as thermoplastics.
Polyisobutylene (PIB) based TPEs have attracted consider-
able attention recently because of their unique properties such

Address correspondence to: Rudolf Faust, Polymer Science
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as biostability and biocompatibility due to the saturated
backbone. For example, poly(styrene-b-isobutylene-b-
styrene) (SIBS) triblock copolymer has been employed as a
drug (paclitaxel, PTx) eluting coating for the TAXUS™
stent (Boston Scientific Corp.). PTx, however, is incompati-
ble with SIBS, and PTx diffusion through SIBS is extremely
slow. Recently, it was found that the polarity of the end
blocks affects the drug-polymer miscibility and allows flexi-
bility in tuning the drug release rate (1). Therefore, recent
research efforts in our laboratory have focused on the syn-
thesis of PIB based block copolymers containing polar end
segments. For instance, replacing styrene in SIBS with acet-
oxystyrene resulted in an increased PTx release rate, while
substitution with p-hydroxystyrene resulted in an initial
burst release followed by a slower sustained release (2).
Triblock copolymers comprised of IB and polar monomers,
such as methacrylates, combine the unique properties of PIB
with the properties of polar polymers. They are also outstand-
ing candidates as a polymer matrix for drug eluting stent
coatings. IB can be polymerized only by cationic methods.



10: 18 24 January 2011

Downl oaded At:

1142

Methacrylates do not undergo cationic polymerization;
however, anionic polymerization provides well-defined
poly(methacrylates) under selected conditions. Therefore,
the combination of cationic and anionic polymerization is
essential for the synthesis of well-defined block copolymers
consisting of PIB and poly(methacrylate). A variety of
methods have already been reported. For instance, Miiller
et al. reported the synthesis of PIB-b-poly(‘butyl methacry-
late) (P'BMA) and poly(methyl methacrylate) (PMMA)-b-
PIB-b-PMMA by metalation of DPE end-capped PIB with
Na/K alloy or cesium followed by anionic polymerization
(3, 4). Another attempt demonstrated by Miiller et al.
involved the preparation of thiophene end-functionalized
PIB and subsequent metalation of the polymer chain end
with an alkyllithium compound, followed by polymerization
of 'BMA with the generated macroanion (5). In a recent pub-
lication, we also reported the synthesis of PIB-6-PMMA by a
novel coupling approach combining living cationic and
anionic polymerization techniques (6). Bromoallyl end-func-
tionalized PIB (PIB-AllylBr) was coupled with living poly(-
methyl methacrylate) anion in THF at —78°C to yield PIB-
b-PMMA diblock copolymer with high coupling efficiency
(>95%).

For the synthesis of PMMA-b-PIB-b-PMMA and PHEMA -
b-PIB-b-PHEMA block copolymers a novel site transform-
ation technique from cationic to anionic polymerization has
been recently developed (7). This method involved the prep-
aration of DPE end-functionalized PIB (PIB-DPE), which
could be quantitatively metalated with n-butyllithium
(n-BuLi). The resulting macroanion efficiently initiated the
living polymerization of methacrylate monomers at —78°C
to afford the desired triblock copolymers. The PMMA-b-
PIB-b-PMMA /PTx system exhibited a zero-order drug
release that was somewhat faster than that from SIBS. A sig-
nificant initial burst was observed, on the other hand, from
PHEMA-b-PIB-b-PHEMA /PTx coatings. We hypothesized
that a further optimization in drug delivery can be accom-
plished by synthesizing triblock copolymers containing
P(HEMA-co-MMA) as glassy segments. Introduction of
HEMA in the hard segment may offer an opportunity to
modulate the drug release behavior and provide hydroxyl
functionality for further modifications.

Surface modification methods have been widely used to
improve blood/tissue compatibility. To modify polymer
surfaces, one approach is to incorporate the surface-active
end groups in the backbone of the polymers during synthesis.
The presence of the hydroxyl functionality in these new
triblock copolymers provides an opportunity to attach bio-
active agents on surfaces of these copolymers films. To
accomplish this, it is important to quantify the surface compo-
sition of the copolymer films. X-ray photoelectron spec-
troscopy (XPS) is an excellent technique to evaluate the
surface composition of polymer films (8). It is well known
that the surface composition of a polymer film may be con-
siderably different from the bulk composition since low
surface energy components tend to migrate to the surface to
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minimize the surface free energy. For example, Wen et al.
reported significant enrichment of polydimethylsiloxane
(PDMS) at the surface when PDMS was introduced to
modify the soft segment of polyurethane (9).

The present paper reports the synthesis, characterization
and properties of a series of P(MMA-co-HEMA)-b-PIB-b-
P(MMA-co-HEMA) having varying composition, using
2-[(trimethylsilyl)oxyJethyl methacrylate (TMSIOEMA) as
a precursor of HEMA by the site transformation technique
previously reported for anionic polymerization. Investigation
of the surface composition of the polymer films by angle-
resolved X-ray photoelectron spectroscopy at different
depths is also reported.

2 Experimental

2.1 Materials

2-Chloro-2,4,4-trimethylpentane (TMPCI) and 5-tert-butyl-
1,3-bis(1-chloro-1-methylethyl)benzene (rBuDiCumCl)
were synthesized following the procedures reported else-
where (10, 11). 1,4-Bis(1-phenylethenyl)benzene (PDDPE)
was prepared by using the procedures analogous to those
reported by Tung and Lo (12). 2,6-Di-tert-butylpyridine
(DTBP, Aldrich, 97%), titanium tetrachloride (TiCly,
Aldrich, 99.9%), dimethylzinc (Zn(CHj),, Aldrich, 2.0 M
in toluene), n-butyllithium (n-BuLi, Aldrich, 1.6 M in
hexanes), triethylaluminum (AlEt;, Aldrich, 25 wt% in
toluene), benzoic anhydride (Aldrich, 97%), pyridine
(Aldrich, 97%) and trioctylaluminum (AlOct;, Aldrich,
25 wt% in hexanes) were used as received. The active con-
centration of n-BuLi solution was determined by polymeriz-
ation of styrene. Purification of tetrahydrofuran (THF,
Aldrich, 99+4%), methyl methacrylate (MMA, Aldrich,
99%), 1,1-diphenylethylene (DPE, Aldrich, 97%), 2-[(tri-
methylsilyl)oxyJethyl methacrylate (TMSiOEMA, Gelest,
>95%), hexanes (Hex), methyl chloride (MeCl), methylene
chloride (CH,Cl,), and isobutylene (IB, Airgas) was carried
out as described previously (7). The synthesis and purification
of PIB-DPE and DPE-PIB-DPE have been described else-
where (7, 13).

2.2 Copolymerization of MMA and TMSiOEMA

All polymerizations were carried out under high vacuum con-
ditions (<10 °mbar) in THF at —78°C in a sealed glass
reactor with break-seals. In a typical experiment, to a
100 mL round bottom flask equipped with break-seals were
added DPE (0.081 g, 0.45 mmol) and n-BuLi (1.6 M x
0.6 mL = 0.96 mmol) in hexanes using a dried gas tight
syringe under argon. After evaporating hexanes completely
under high vacuum, THF (50 mL) was added by trap-to-
trap distillation over 1,1-diphenylhexyllithium (DPHLi) at
—78°C. The solution was allowed to stand at —78°C for
10 min and then at 25°C for 2 h to decompose n-BuLi used
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in excess. After degassing the solution at —78°C for 10 min
and heat-sealing the apparatus off-line, an MMA/
TMSiOEMA monomer mixture with predetermined molar
ratio (25/75) in THF was added with vigorous stirring to
start the polymerization. After 1 h, the living polymer was
quenched with methanol (1 mL).

2.3 Synthesis of PIB-b-P(MMA-co-HEMA)

The polymerization was carried out in THF at —78°C under
high vacuum (<107° torr) in a sealed glass reactor with
break-seals. In a typical experiment, THF (45 mL) was
added to a 100 mL round bottom flask equipped with break-
seals by trap-to-trap distillation over DPHLi at —78°C. After
degassing the solution at —78°C for 10 min, the apparatus
was cut off from the vacuum line by heat-sealing. 0.42 g of
PIB-DPE (M, 4,200, 0.1 mmol) dissolved in 5mL of
hexanes was then added. Dilute DPHLi solution was added
dropwise to the reactor at room temperature until the color of
the polymer solution turned to yellow, indicating there were
no protic impurities in the polymer solution. Lithiation was
performed by adding 1.5-fold excess n-BuLi (0.15 mmol) at
room temperature for 10 min. Then, the polymer solution
was cooled down to —78°C and MMA/TMSIiOEMA
monomer mixture with predetermined molar ratio (50/50) in
THF was added with vigorous stirring to start the polymeriz-
ation. After completion of the copolymerization of MMA/
TMSIOEMA at —78°C in 1h, a small portion of polymer
solution was taken for GPC measurement. The rest of the
polymer solution was quenched with 1 mL methanol. The
solution was poured into a large amount of water to give a
white solid polymer, which was dried by a freeze-dryer. The
polymer was extracted with hexanes to remove deactivated
PIB precursor at room temperature for 24 h.

2.4 Synthesis of P(MMA-co-HEMA)-b-PIB-b-P(MMA-
co-HEMA)

The synthesis of triblock copolymer was carried out using
DPE-PIB-DPE in a similar manner as that of PIB-b-P(MMA-
co-HEMA). THF (120 mL) and hexanes (30 mL) were added
to a 250 mL round bottom flask equipped with break-seals
by trap-to-trap distillation over DPHLi at —78°C. After degas-
sing the solution at —78°C for 10 min, the apparatus was cut
off from the vacuum line by heat-sealing. 3.0 g of DPE-PIB-
DPE (M, 60,100, 0.05 mmol) dissolved in 20 mL of hexanes
was then added. Dilute DPHLIi solution was added dropwise
to the reactor at room temperature until the color of the
polymer solution turned yellow. Lithiation was performed by
adding 1.5-fold #-BuLi (0.15 mmol) at room temperature for
10 min. The polymer solution was then cooled down to
—78°C, and MMA /TMSiOEMA monomer mixture (molar
ratio = 25/75) in THF was added with vigorous stirring to
start the polymerization. After completion of the copolymeri-
zation of MMA /TMSIOEMA at —78°C in 1 h, the polymer
solution was quenched with methanol (1 mL). The solution

1143

was poured into a large amount of water to give a white
solid polymer, which was freeze-dried for 3 days. The
polymer was purified by the extraction of deactivated PIB pre-
cursor with hexanes for 24 h and then with methanol to remove
hydrolysis residue.

2.5 Benzoylation of PHEMA (14)

0.5 g of HEMA-containing polymer was dissolved in 6 mL of
anhydrous pyridine. Under a nitrogen atmosphere, 4.5 g of
benzoic anhydride was added slowly at 0°C. The reaction
mixture was stirred at room temperature for 48 h. The
reaction solution was then poured into a large amount of
water for precipitation. The polymer was redissolved in
THF and then precipitated into methanol twice.

2.6 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) spectroscopy was carried
out on a Bruker 500 MHz spectrometer using CDCl; as a
solvent. "H NMR spectra of solutions in CDCl; were calibrated
with tetramethylsilane (TMS) as the internal standard (&y
0.00).

2.7 Molecular Weight Characterization

Molecular weights and molecular weight distributions of
polymers were measured at room temperature using a
Waters HPLC system equipped with a model 510 HPLC
pump, model 410 differential refractometer, model 486
UV /visible detector, online multi-angle laser light scattering
(MALLS) detector (MiniDawn, Wyatt Technology Inc.),
model 712 sample processor, and five Waters ultraStyragel®
columns connected in series (500, 10%, 104, 10°, and 100 A).
THF was used as an eluent at a flow rate of 1 mL/min.

2.8 Mechanical Properties

The tensile properties were measured on solution cast
samples according to ASTM D638-02a. Solution cast
samples were prepared by dissolving the polymer in THF
(5 wt%). The polymer solution was poured into a teflon
mold and the solvent was allowed to evaporate slowly for
~5 days at room temperature to avoid bubbles in the
sample. The dried films were annealed at 130°C under
vacuum for 24 h.

2.9 Differential Scanning Calorimetry (DSC)

The glass transition temperatures (7,s) of the triblock copoly-
mers were determined by a DuPont 910 differential scanning
calorimeter calibrated with indium for onset temperature and
enthalpy change. The samples were heated to 150°C at
20°C/min, held isothermal for 5 min, and then cooled to —
100°C at 20°C/min. Thermograms were recorded during the
second heating cycle from —100°C to 150°C at 20°C/min.
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2.10 X-Ray Photoelectron Spectroscopy (XPS)

Surface analysis of the polymer films was performed with
XPS using a Vacuum Generators ESCALAB MKII instru-
ment under ultrahigh vacuum (<10~° Torr) using MgKa
X-rays (1253.6eV). The photoelectrons were energy-
analyzed with a concentric hemispherical analyzer in fixed
analyzer transmission mode using a pass energy of 20 eV.
All specimens for surface analysis were prepared by spin
coating from chloroform solutions (5 wt%) onto steel alloy
disks. No corrections for surface charging (which results in
the XPS peaks shifting to higher binding energies) have
been made. To a first approximation, all peaks and peak com-
ponents shift by the same amount due to this effect. Data pro-
cessing and curve fitting were performed using Avantage
software for surface chemical analysis.

XPS spectra were recorded at two different take-off angles
(90° and 30°). Note that the take-off angle (TOA) has been
defined in different ways; here it refers to the angle
between the plane of the sample and the normal to the
entrance of the electron energy analyzer. Detection depth
depends on the TOA (6) and the inelastic mean free path
(A) of the escaping photoelectrons, with 95% of the photo-
electron signal originating from a depth of 3A sin6 (ref. 8,
page 36). Cls electrons ejected by MgKa X-rays have
kinetic energy of ca. 970 eV, which corresponds to a mean
free path (A) of approximately 24 A for electrons traversing
through organic material (ref. 8, page 39). Therefore, for
90° and 30° TOAs, 95% of the XPS signal originates from
less than ca. 7 and 4 nm, respectively. Note that this is an
approximate depth since the mean free path is material depen-
dent, with mean free path values in the range of 30 A also
commonly reported for organic films (15, 16).

3 Results and Discussions

PIB-DPE and DPE-PIB-DPE. Control of chain-end function-
ality is a key process for the site transformation technique.
The detailed synthetic procedure of PIB-DPE was described
in a previous paper (7). Figure 1 shows the 'H-NMR
spectra of the obtained PIB-DPE. The resonances at 7.42—
7.20 and 5.48—5.43 ppm were assigned to protons on the
phenyl ring and vinyl group after the capping reaction. The
number average degree of polymerization can be obtained
by the integration ratio of the signals for vinyl protons and
the methylene protons in the PIB main chain. By using the
ratio of M, (GPC)/M, (NMR), (4200/4000), the DPE
functionality was quantitative within experimental error.
The absence of resonances at 3.07 ppm, corresponding to
the methoxy group, indicates complete methylation.

3.1 Anionic Copolymerization of MMA/TMSIOEMA

The reactivity of most methacrylic esters is independent of
the nature of the alkoxy group, as has been shown for
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Fig. 1. '"H-NMR spectrum of PIB-DPE.

MMA /glycidyl methacrylates pair (17). Unfortunately, little
information is available in the literature on the anionic copo-
lymerization of MMA /TMSiOEMA. Ruckestein and Zhang
reported the synthesis of P(MMA-co-HEMA) containing
<15 wt% HEMA by anionic copolymerization of MMA/
TMSIOEMA followed by hydrolysis, due to poor solubility
of the resulting copolymer in THF (18). However, no detail
was given on the monomer sequence distribution. The
present study investigated the anionic copolymerization of
MMA /TMSIOEMA at a wide composition range from 25—
75 (mol)% MMA (Table 1). The bulky initiator was
prepared in situ by reacting DPE with n-BuLi. Anionic copo-
lymerization was performed at —78°C in THF by feeding a
prechilled monomer mixture.

During workup, the trimethylsilyl group was spon-
taneously cleaved to form HEMA. The visually complete
hydrolysis is confirmed by a negligible amount of silane
found by 'H-NMR spectroscopy (Figure 2). Since PHEMA
is insoluble in THF, to determine the molecular weight
and molecular weight distribution by GPC in THF, the
polymers were reacted with benzoic anhydride in pyridine
to afford poly[2-(benzoyloxy)ethyl methacrylate], which is
soluble in THF. Because of the living nature of copolymer-
ization, the determined molecular weight is close to the cal-
culated value and the molecular weight distribution is
narrow. As shown in Figure 3, the GPC refractive index
(RI) trace of a representative copolymer exhibited a single
sharp peak. The yield of copolymers is quantitative in all
cases. This is further confirmed by the agreement of the
compositions in the comonomer mixture and in the

Table 1. Anionic copolymerization of HEMA and TMSiOEMA

MMA/ M,

TMSIOEMA —————————

(mol /mol) Caled  Obsd®  My/My*  Wunma/Whema”
74/26 13200 14700 1.08 68/32
48/52 9300 10200 1.10 44/56
25/75 11400 12900 1.12 20/80

“Determined by GPC before hydrolysis.
"Determined by 'H-NMR of benzoylated samples.
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Fig. 2. 'H-NMR spectrum of benzoylated P(MMA-co-HEMA).
copolymer determined by "H-NMR spectroscopy. In the 'H-
NMR spectrum (Figure 2) of a representative sample, the
methoxy protons show broad and multiple peaks, suggesting
random distribution of the comonomers. *C-NMR spec-
troscopy in the carbonyl region is usually used to investigate
the tacticity of poly(methacrylates) (19). Figure 4 shows the
I3C-NMR spectra in the carbonyl region for PMMA, ben-
zoylated PHEMA and benzoylated P(MMA-co-HEMA).
The '*C-NMR resonance was recorded in the region of
176—179 ppm with respect to the central peak of CDCl; at
77.2 ppm. Both PMMA and PHEMA prepared by anionic
polymerization are highly syndiotactic. The broad peaks of
P(MMA-co-BOEMA) indicate the loss of syndiotactic struc-
ture. Moreover, the carbonyl signals of benzoylated
P(MMA-co-HEMA) appeared intermediate between the res-
onances of homopolymers. This observation further con-
firmed the randomness of the copolymerization.

3.2 Synthesis of PIB-b-P(MMA-co-HEMA)

The macroinitiator for anionic polymerization was
obtained by the reaction of PIB-DPE with 1.5-fold
n-BuLi, and then at —78°C the pre-chilled monomer
mixture was fed to start anionic copolymerization
(Scheme 1). To avoid termination of PIB macroanion by

30 32 34 36 38 40 42 44 46
Elution Volume (mL)

Fig.3. GPCRI traces of POMMA-co-HEMA) with MMA /HEMA
mole ratio of 75/25 after benzoylation.
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Fig. 4. 'C-NMR spectra of carbonyl group at (A) PMMA, (B)
benzoylated PHEMA and (C) benzoylated P(IMMA-co-HEMA).

possible protic impurities present in the polymer, a dilute
DPHLi solution was added drop-wise to the polymer
solution until a light red color persisted before the lithia-
tion. The application of DPHLi cleansing agent solution
eliminated the need for a critical purification of the PIB-
DPE precursor. Upon the addition of n-BuLi, a deep red
color developed immediately, indicating the formation of
PIB diphenyl carbanion. It has been shown that the lithia-
tion of PIB-DPE is quantitative in 1min (7). It is
presumed that a slight excess #n-BuLi (<107> M) is decom-
posed by THF in 10 min at room temperature.

A small amount of polymer solution was taken out for GPC
characterization before quenching the reaction with
methanol. The GPC traces of the resulting polymer are
bimodal. The peak in the low molecular region appears
exactly at the same elution volume as the PIB precursor, cor-
responding to deactivated PIB (Figure 5). Since the UV
detector only detects the aromatic group of PIB-DPE, the
blocking efficiency (B.g) can be calculated from the UV
trace according to the following equation:

Befr = Aplock/(ApiB + Aplock) X 100%

where Ayjoek 18 the peak area corresponding to the diblock
copolymer, and App is the peak area corresponding to deac-
tivated PIB precursor obtained by peak deconvolution.

(I:H3 ?HL\ 3

ﬁH2 n-BulLi 1.5 equiv. | |5 "
PIB—CH;C—CH;C—@—C—@ ———— = PIB-CHj C CH2 C—@—
| THF / RT { 510 min
CH, '

MMNTMS-HEMA] -78°C

\Hydrolysis
PIB-b-P{(MMA-co-HEMAY}

Sch. 1. Synthetic route of PIB-5-P(MMA-co-HEMA) copolymer.
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Fig. 5. GPC traces of PIB-DPE (M, 4,200, M,,/M, 1.08) and
PIB-b-P(MMA-co-TMSIOEMA)  diblock copolymer before
hydrolysis. (a) RI trace of diblock copolymer; (b) UV trace of
diblock copolymer; (c) RI trace of PIB-DPE.

Table 2 summarizes the blocking efficiencies at two different
MMA /TMSIiOEMA ratios. Representative samples were also
analyzed by selective solvent extraction of deactivated PIB
using hexanes. By comparing the mass of extracted PIB
with the original amount of PIB precursor used, the
blocking efficiency can also be calculated. The results
agreed well with the blocking efficiencies calculated from
the GPC UV traces. Since double bonds could not be
detected in the 'H-NMR spectrum of homoPIB extracted by
hexanes, lithiation was quantitative. Therefore, the presence
of homoPIB suggests that the PIB-DPE macroinitiator was
deactivated during MMA polymerization.

3.3 Synthesis of P(MMA-co-HEMA)-b-PIB-b-P(MMA-
co-HEMA)

DPE-PIB-DPE with high molecular weight was prepared
using BuDiCumCl as initiator (20). The capping agent
PDDPE solution in CH,Cl, was added into the living PIB
solution. Because of a locally high concentration of living
PIB, the obtained difunctional PIB precursor showed a
small shoulder on the high molecular weight side (Figure 6,
dotted line). The amount (~5 mole%) of coupled PIB precur-
sor can be determined from deconvolution results of GPC UV
traces since only the phenyl ring is detected by UV detector.

Feng et al.
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Fig. 6. GPC RI traces of DPE-PIB-DPE (dotted line) and the tri-
block copolymer (solid line) (A) ABA2 and (B) ABAS after
benzoylation.

Fortunately, this coupled PIB is still active for site transform-
ation. As high molecular weight PIB is insoluble in THF at
—78°C, a THF/Hex 70/30 (v/v) mixture was used for the
triblock synthesis. First, the PIB precursor was titrated with
a dilute DPHLi solution to remove protic impurities. The
a,w-dimacroanion for anionic polymerization was obtained
by complete metalation of DPE-PIB-DPE with 1.5-fold
excess n-Buli at room temperature. The anionic copolymer-
ization was performed at —78°C. The polymer solution was
then poured into a large amount of water to isolate the
polymer. A series of triblock copolymers containing PIB
center blocks and end blocks with varying MMA/
TMSIiOEMA ratio were synthesized. The characterization
of samples is summarized in Table 3.

Benzoylated samples were used to determine M,, and PDI
for ABA4 and ABAS by GPC since these samples were inso-
luble in THF. The molecular weights for ABA4 and ABAS,
shown in Table 3, are calculated based on the composition
and molecular weight of the benzoylated samples. Typical
GPC traces are shown in Figure 6. As expected, the molecular
weights are close to the theoretical value.

Samples ABA1, ABA2 and ABA3 were soluble in CDCl3;,
however, ABA4 and ABAS only swelled in CDCl3. There-
fore, the benzoylated samples of ABA4 and ABAS were
used for NMR characterization. Figure 7 shows the 'H-
NMR spectra of ABA2 and benzoylated ABAS. The methyl-
ene protons of HEMA units in ABA2 show resonances at 3.9
and 4.1 ppm. After benzoylation, the methylene protons of

Table 2. Blocking efficiencies (B.g) of PIB-b-P(MMA-co-TMSiOEMA) copolymers

MMA/ PIB-DPE Block copolymer Beir (%)”
TMSiOEMA

(mol/mol) M, M,,/M, M, M,,/M, GPC UV Extraction
75/25 4200 1.08 32,400 1.17 81 82
50/50 4200 1.08 34,800 1.11 84 86

“PIB block: M, 4,200, M,/M,, 1.08.

PDetermined by the area of PIB precursor in the GPC UV trace (254 nm).
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Table 3. P(MMA-co-HEMA)-b-PIB-b-P(MMA-co-HEMA) with different compositions
MMA/HEMA Composition (wt)”
Samples (mol/mol) M, M,,/M, IB/MMA/HEMA Deactivated PIB (%)’
ABALl 100/0 99,700 1.10 66.0/34.0/0 0.4
ABA2 75/25 110,800 1.21 55.5/29.8/14.7 22
ABA3 50/50 96,000 1.19 63.9/15.0/21.1 3.8
ABA4° 25/75 98,400 1.22 61.5/7.8/30.7 3.5
ABA5“ 0/100 101,300 1.19 62.6/0/37.4 3.0

“Determined by 'H-NMR.
Hexanes soluble part.
“Based on NMR and GPC of the benzoylated polymer.

HEMA are slightly shifted to 4.1 and 4.3 ppm. The absence
of the peak at 3.9 ppm verifies quantitative benzoylation.
Peaks were not observed at 0.15 ppm, indicating quantitat-
ive hydrolysis of TMS:OEMA to HEMA. The composition
of the triblock copolymer was calculated by comparing
the integration value for methoxy protons in PMMA,
pendant methylene protons in PHEMA and methylene
protons of PIB.

The crude product was extracted with hexanes for 24 h to
isolate deactivated PIB precursor from the block copolymer.
According to 'H-NMR measurements, the extracted
polymer was homoPIB, and since vinyl protons were not
detected, lithiation is quantitative.

3.4 Differential Scanning Calorimetry (DSC)

DSC is a useful technique to study phase separation in block
copolymers with two immiscible segments. As shown in
Figure 8, two T,’s are observed in the DSC thermograms
for all five samples indicating phase separation. The T,
for the PIB segment is around —64°C, which is similar to
that previously reported for poly(a-methylstyrene)-PIB-
poly(a-methylstyrene) (21). The T, for P(MMA-co-
HEMA) was observed at around 120°C. However, the T,
for PHEMA block is higher than the one reported in the

S

ABAS after benzoylation

A

ABA 2

-
-

Fig. 7. 'H-NMR characterization of triblock copolymers ABA2
and benzolated ABAS.

' /JU

5 3

previous paper (7). The reason for this difference is
unknown at present but may be due to the slightly different
thermal history.

3.5 Stress-Strain Behavior

The tensile properties of the five samples with different
MMA /HEMA ratios were measured on solution-cast films.
The stress-strain curves are plotted in Figure 9, and the
results are summarized in Table 4. All samples showed
characteristic properties of TPEs.

The highest tensile strength for PIB-based TPEs may
reach 24 MPa, the value reported for poly(styrene)-PIB-
poly(styrene), hereafter referred to as PS-PIB-PS, and also
for vulcanized butyl rubber (13, 22). It is known that a
small amount of diblock contamination results in a rather
large decrease in tensile strength. As reported by Morton
(23) for PS-polybutadiene-PS and Hadjikyriacou et al. (24)
for poly(a-methylstyrene)-PIB-poly(a-methylstyrene), 5%
of diblock contamination decreases the tensile strength by
~30%. Therefore, the tensile strength listed in Table 4,
ranging from 14.0 to 16.8 MPa, may indicate 5—10%
diblock contamination.

ABA1
118.5

Ty pisC)

M2 116 120 124 128

ABA1

ABAZ

Heat Flow

ABA3

ABA4

ABAS

T T T T T T
-120 -80 -40 0 40 80 120 160 200

Temperature {°C}

Fig. 8. DSC thermograms of P(MMA-co-HEMA)-b-PIB-b-
P(MMA-co-HEMA) with different compositions.
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Fig. 9. Stress-strain plot for P(MMA-co-HEMA)-b-PIB-b-

P(MMA-co-HEMA) triblock copolymer.

3.6 Surface Composition

The surface elemental compositions of the copolymer films
were calculated from the Cls and Ols XPS peak areas
using appropriate sensitivity factors, and the results are sum-
marized in Table 5. Figures 10 and 11 show Cls and Ols
spectra, respectively, of polymers ABA1, ABA2 and ABA3
at a 90° take-off angle. These polymers differ in their
MMA/HEMA molar ratios. Deconvolution of the Cls
spectra indicates that there are three distinct peaks present
corresponding to three different carbon species in the
polymers. In increasing order of binding energy, these

Feng et al.
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Fig. 10. Mga Cls XPS spectra of ABA1, ABA2 and ABA3 poly-
mer films acquired at a 90° TOA. The results of deconvoultion of the
spectra into component peaks are shown as dashed lines. The
locations of the C-H, C-O, and C=0 component peaks are indi-
cated. The spectra have not been corrected for surface charging.

peaks may be assigned to carbon bonded to hydrogen
(C-H), to carbon single-bonded to oxygen (C-O), and to
carbon double-bonded to oxygen (C=O) at observed
binding energies of 287.3, 288.8 and 291.5 eV, respectively.
Because no corrections have been made for surface
charging, these peaks appear at higher binding energies
than those reported in the literature for PMMA and

Table 4. Mechanical properties of P(IMMA-co-HEMA)-b-PIB-b-P(MMA-co-HEMA)
M,
Samples PIB% PIB P(MMA-co-HEMA) Tensile strength (MPa) Elongation (%)
ABAI 66.0 65100 17300 16.8 560
ABA2 55.5 60500 25100 15.6 390
ABA3 63.9 60500 17700 15.8 400
ABA4 61.5 60500 18900 14.2 450
ABAS 62.6 60500 20400 14.0 490
Table 5. Surface composition of ABA1, ABA2, and ABA3 films determined by XPS measurements
C/0 ratio PIB wt%

Code TOA Unannealed Annealed” Bulk Unannealed Annealed
ABAL1 90° 93.3/6.7 95.8/4.2 66.0 76.1 84.9

30° 95.8/4.2 96.3/3.7 85.1 86.9
ABA2 90° 91.5/8.5 95.6/4.4 55.5 71.4 85.1

30° 93.6/6.4 96.1/3.9 78.4 86.8
ABA3 90° 91.4/8.6 63.9 72.0

30° 92.4/7.6 75.1

“Annealing was performed at 130°C for 24 h.
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Fig. 11. MgKa Ols XPS spectra of ABA1, ABA2 and ABA3
polymer films acquired at a 90° TOA. As indicated, photoelectrons
originating from C-O-C oxygen atoms appear at higher binding
energy than those originating from C-O-H or C=O0 species. The
spectra have not been corrected for surface charging.

PHEMA (25, 26). Correction (i.e., shifting) of the C-H peak
to 285.0 eV would place the C-O and C=0 peaks at 286.5
and 289.2 eV, respectively, in agreement with the literature.
Ols spectra of these polymers show components at (uncor-
rected) binding energies of 534.9 and 536.4 eV. Correction
for surface charging, by shifting the peaks the same amount
to align the C-H peaks to 285.0 eV, would yield binding
energies of 532.6 and 534.1 eV, respectively. In the case of
ABAI, the lower binding energy component originates
from the C=O0 oxygen species, while the higher binding
energy one is due to the C-O-C group, consistent with the lit-
erature values (ref. 8, page 71). The known binding energy of
C-OH oxygen atoms is ca. 532.9 eV (ref. 8, page 71), and the
shapes of the Ols spectra for the three copolymers differ
because of changes in the ratios of the peaks. For example,
in the case of ABAI, the only source of oxygen is the
PMMA blocks containing equal numbers of C-O-C and
C=0 groups, and a double-humped peak (with equal inten-
sity in each hump) is observed. For ABA2, and even more
so for ABA3, which contain C-O-H species in addition to
C-O-C ones, the lower binding energy C=0 and C-OH com-
ponents dominate the C=O0 one.

XPS has been performed on PS-PIB-PS films (not shown)
as a control experiment to determine the contribution of
oxygen due to surface contamination. Only a trace amount
of oxygen (<1 at.%) is detected, confirming that, in
general, the polymer surfaces are virtually free from contami-
nation. Also included in Table 5 are results of variable take-
off angle studies performed to investigate surface segregation
of the PIB block. Such studies are possible because PIB does
not contain oxygen, in contrast to the MMA and HEMA
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blocks. Based on the measured C/O ratios, it is concluded
from the more surface sensitive 30° TOA data that there is
significant surface enrichment in PIB. This is expected
since the surface tension of PIB (33.6 dyn/cm) is lower
than that of PMMA (41.1 dyn/cm) and PHEMA (37.0 dyn/
cm) (27). For all three samples, a composition gradient was
observed. For example, ABAIl contains 66.0, 76.1 and
80.1 wt% PIB in the bulk, at 7 nm and at 4 nm detection
depths, respectively. The bulk values are based on the
known compositions of the polymers (from Table 3).

Figure 12 shows Cls spectra for ABA1 before and after
annealing at two different take-off angles. After annealing,
the higher binding energy peak due to C=0 decreases in
intensity relative to the main peak. This is consistent with
attenuation of photoelectrons originating from the C=0
groups present in PMMA due to blocking by surface PIB.
This is due to PIB enrichment at the topmost surface of
the polymer films after annealing; during annealing the
free volume increases, and the PIB blocks with lower
surface free energy diffuse to the surface. Quantitatively,
the wt% of PIB at the surface (calculated based on the
C/O atomic ratios) increases from 85 to 87% in the case
of ABAI and from 78 to 87% in the case of ABA2 after
annealing. This surface enrichment in the PIB block may
be due to slow segmental motion of the high molecular
weight PIB segment (M,,pig = 60.5 k). In the case of
ABA3, after annealing ca. 2% of Si accumulates at the
surface, which is attributed to traces of hexamethyldisilox-
ane, a hydrolysis by-product. This makes it difficult to cal-
culate the PIB content of the ABA3 film using C/O ratios
since oxygen present in hexamethyldisiloxane complicates

Photoelectron Counts

PR | T R R M PRl
296 294 292 290 288 286 284 282 280
Binding Energy (eV)

Fig. 12. MgKa Cls XPS spectra of the ABA1 polymer film at two
different TOAs before and after annealing: a) 90° TOA before
annealing, b) 30° TOA before annealing, ¢) 90° TOA after anneal-
ing, and d) 30° TOA after annealing. The spectra have not been cor-
rected for surface charging.
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the calculations. This annealing study shows that although
surfaces of all three triblock copolymer films are rich in
PIB, there is a considerable amount PMMA /P(MMA-co-
HEMA) still present at the surfaces which has the
hydroxyl functionality. Therefore, this study confirms
that these block copolymer surfaces have the functionality
required for subsequent surface modification.

4 Conclusions

The synthesis of PIB-b-P(MMA-co-HEMA) diblock and
P(MMA-co-HEMA)-b-PIB-b-P(MMA-co-HEMA)  triblock
copolymers with varied MMA /HEMA compositions could
be accomplished by site transformation from living cationic
to anionic polymerization. All triblock copolymers exhibit
thermoplastic elastomeric properties. The introduction of
HEMA units in the hard segment may provide an opportunity
to modulate the drug release behavior. In addition, XPS has
shown that the hydroxyl functionalities are present on
surfaces of the polymer films even after annealing, which
provide an opportunity for further surface modification.
Research on attaching bioactive agents to these new
triblock copolymers is in progress.
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