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Abstract

We have synthesized a series of block copolymers of poly(2,6-dimethyl-1,4-phenylene oxide) and polystyrene (PPO-b-PS copolymer) by
atom transfer radical polymerization. The PS content in these copolymer systems was determined by using infrared spectroscopy, thermal
gravimetric analysis, and solution and solid-state NMR spectroscopy; good correlations exist between these characterization methods. DSC
analyses indicated that the PPO-b-PS copolymers have higher glass transition temperatures than do their corresponding PPO/PS blends. Our
FTIR and solid-state NMR spectroscopic analyses suggest that the PPO-b-PS copolymers possess stronger specific interactions that are
responsible for the observed relatively higher values of T,. We found one single dynamic relaxation from the dynamic mechanical analysis,
which implies dynamic homogeneity exists in the PPO-b-PS copolymer; this result is consistent with the one single proton spin—lattice
relaxation time observed in the rotating frame [T ,(H)] during solid state NMR spectroscopic analysis. In addition, the 2D FTIR spectroscopy

reveals evidence for the stronger interactions between segments of PPO and PS through the formation of m-cation complexes.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Miscible polymer blends provide a cost-effective method
for developing new materials in polymer science industries
by avoiding the need to develop new polymers. For
example, the well known poly(2,6-dimethyl-1,4-phenylene
oxide)/polystyrene (PPO/PS) miscible blend system has
widespread commercial use in the thermoplastics industry
[1-3]. The glass transition temperature (7,) of a polymer is
an important intrinsic characteristic that influences its
material properties and potential applications. Furthermore,
polymers having high values of 7, are attractive for
industrial applications because of strong economic rewards.
It is well known that the dependence of the value of 7, on
the composition of miscible PPO/PS blends obeys the Fox
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rule. In a previous study [4], we found that the values of T,
of poly(vinylphenol)/poly(vinylpyrrolidone) (PVPh/PVP)
blends are substantially higher than the values predicted
by the Fox rule, and that this phenomenon is due to the
presence of hydrogen bonding interactions. Furthermore,
DSC, FTIR and solid state NMR spectroscopic analyses
suggest that the values of T, and the strength of hydrogen
bonding of PVPh-co-PVP copolymers are both greater than
those of their corresponding PVPh/PVP blends at the same
mole fractions of PVPh [5,6]. Therefore, in an attempt to
raise the value of T, of the miscible PPO/PS blend, in this
study we synthesized the PPO-b-PS copolymer.

The desire to control polymer properties through the
synthesis of block copolymers and complex macromolecu-
lar architectures is a continuing theme throughout polymer
chemistry [7,8]. Block copolymers are remarkable self-
assembling systems that can assume a wide variety of
morphologies, including lamellar, hexagonal-packed
cylindrical, and body-centered cubic micellar structures,
as a result of the presence of two immiscible polymer chains
connected by covalent bonds and depending on the relative
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volume fractions of the blocks [9-12]. The block
copolymers that have well defined structures, such as
known molecular weights, molecular weight distributions,
compositions, architectures, and end group functionalities,
are in high demand. Such block copolymers have been
synthesized in three ways [13]: (1) Sequential monomer
addition, (2) coupling reactions of ‘living’ polymer chains,
and (3) mechanism transformation. The development of
ionic polymerization methods has allowed the preparation
of copolymers with controlled chain-end functionalities and
well-defined blocks and grafts [14-17]. These polymeriz-
ations, however, must be undertaken with nearly complete
exclusion of moisture and often at very low temperatures.
Moreover, only a few types monomers can be polymerized
through these routes, and the use of more-functionalized
monomers may cause undesired side reactions to occur.
Recently, Matyjaszewski and Sawamoto [18] et al. have
reported that atom transfer radical polymerization (ATRP)
allows the synthesis of polymers that have narrow molecular
weight distributions [19] and of well defined block
copolymers [20,21] and star polymers [22,23]. ATRP has
gained tremendous interest lately because it is tolerant of
impurities, adventitious water, and high temperatures. The
ATRP process uses an alkyl halide as initiator, a metal in its
lower oxidation state, and complexing ligands [24-31]. The
process involves the successive transfer of the halide from
the dormant polymer chain to the ligated metal complex,
thus establishing a dynamic equilibrium between the active
and dormant species. This controlled radical polymerization
allows the polymerization of a wide range of monomers,
such as styrenes, acrylates, and methacrylates, as well as a
variety of functional monomers.

In the literature, block copolymers having self-regular
morphologies have emerged primarily from the investi-
gation of diblock copolymers whose macrophase or
microphase separation has been studied as a function of
their compositions and interaction parameters. In contrast,
we intended to synthesize PPO-b-PS block copolymers
through ATRP, even though the PPO and PS units are well-
known to form a miscible blend system [32-34]. Our
approach was to modify the hydroxyl end group of PPO to
form an a-haloester, which is one type of potential initiator
for atom transfer radical polymerization.

FTIR and NMR spectroscopies are powerful tools for
characterizing the detailed structures of polymers and their
specific interactions because these features affect local
electron densities so that corresponding frequency shifts can
be observed [35-38]. Moreover, the phase behavior and
molecular mobility of polymer blends or copolymers can be
estimated from the proton spin—lattice relaxation time in the
rotating frame (77,) measured by solid state NMR. The
nature of the specific interactions in PPO/PS blends has been
studied extensively. Based on solution NMR and X-ray
photoelectron spectroscopic studies, Porter, Wang, and Goh
have concluded that intermolecular interactions in PPO/PS
blends exist between the methyl groups of PPO and the

phenyl rings of PS [39-41]. In addition, proton spin
diffusion experiments have indicated that PPO and PS
units mix at a molecular level [42]. Recently, generalized
two-dimensional (2D) correlation spectroscopy has been
applied widely in polymer science [43]. This novel method
can allow the specific interactions between polymer chains
to be investigated by treating the spectral fluctuations as a
function of time, temperature, pressure, and composition.
Two-dimensional IR correlation spectroscopy can identify
different intra- and intermolecular interactions through the
analysis of selected bands from the 1D vibration spectrum.
Noda [44] and Painter [45] have reported the 2D correlation
IR spectra of PPO/PS blends. Noda’s results suggest that the
methyl groups of PPO segments in PPO/PS blends play an
important role, but Painter’s analysis of the same system
concluded that the specific interaction between the PPO and
PS chains probably is due to the formation of m-cation
complexes [46,47] between the methyl groups of PPO and
the aromatic rings of PS.

In this study, we have synthesized a series of block
copolymers containing various PPO and PS contents to
compare their glass transition temperatures with those of the
corresponding PPO/PS blends. We have observed a
significant glass transition temperature increase, relative to
those of PPO/PS blends, by thermal analyses and have
investigated the specific interactions present in these PPO-
b-PS copolymers by using solid state NMR and 2D FTIR
spectroscopies.

2. Experimental

2.1. Materials

Styrene was distilled from calcium hydride before use.
Monomers were stored in a freezer. Copper (I) bromide
(CuBr) was stirred in glacial acetic acid overnight, filtered,
and then rinsed with absolute ethanol under a blanket of
argon and dried under vacuum at 80 °C for 3 days. Toluene,
THF, pyridine, and acetonitrile were distilled prior to use. N,
N,N'.,N" N"-pentamethyldiethylenetriamine (PMDETA)
was used as received. PPO was purchased from GE
Company (BLENDEX® HPP857).

2.2. Preparation of PPO/PS blends

Desired composition of PPO (BLENDEX® HPP857) and
commercial PS (M,=45,000 g/mole, T,=100°C) was
dissolved in toluene at a concentration of 5 wt% and stirred
for 6-8 h. These solutions were allowed to evaporate slowly
at 50 °C for 1 day on a teflon plate and dried at 90 °C for
1 day to ensure total elimination of the solvent, and then
further dried under vacuum at 90 °C for 2 days.



9350 S.-W. Kuo et al. / Polymer 46 (2005) 9348-9361

2.3. Preparation of the PPO-Br macroinitiator by the
esterification of PPO

4-(Dimethylamino)pyridine (DMAP, 20 mg) was added to
a stirred suspension of PPO (1.18 g, 5.9 mmol) in pyridine
(1.9 mL, 23.6 mmol) and toluene (12 mL). 2-Bromopropionyl
bromide (4.12 mL, 47.2 mmol) was then added dropwise over
1h at 0°C. The ice bath was removed and stirring was
continued at 50 °C for 5 h. The mixture was then precipitated
into 10-fold 5% H,O/methanol to purify. The small peaks
present at 180 ppm and 1750 cm ™ in the '*C solution NMR
and FTIR spectra, which correspond to the carbonyl group of
the 2-bromopropionyl bromide unit, indicate that the PPO-Br
macroinitiator has been synthesized successfully.

2.4. Preparation of PPO-b-PS by the ATRP of styrene with
PPO-Br macroinitiator

A typical polymerization was carried out as follows:
CuBr (0.4 mmol) was placed in a dry 25-mL round-bottom
flask equipped with a stirrer bar. Degassed toluene (10 mL),
monomer (40 mmol), and ligand (0.4 mmol) were added
sequentially and the solution was stirred for 20 min to form
the Cu complex. The initiator (0.1 mmol) was then added.
The whole process was performed within a nitrogen-filled
dry box. An aliquot of the solution (ca. 0.1 mL) was
removed and then the bulk polymerization proceeded at an
appropriate temperature in an oil bath. The reaction mixture
turned dark green immediately and became progressively
more viscous. Periodically, aliquots (0.1 mL) were removed
for analysis. Typically, exotherms of 2—4 °C were observed,
indicating that polymerization was occurring. Upon com-
pletion of the reaction, the mixture was diluted five-fold
with tetrahydrofuran (THF) and stirred with Amberlite IR-
120 (H form) cation-exchange resin (3-5 g) for 30-60 min
to remove the catalyst. The mixture was then passed
through an alumina column and precipitated into 10%
H,0/methanol (500 mL). This purification protocol resulted
in the loss of up to ca. 5% of the polymer as a result of
adsorption. The resulting polymers were filtered and dried
overnight at 60 °C under vacuum. The chemistry and
structures are summarized as follows:

CH3;CHBrCOBEr, Pyridine

Toluene

Styrene, 110 °C
—_—
CuBr/PMDETA

2.5. Gel permeation chromatography (GPC)

Molecular weights and molecular weight distributions
were determined by gel permeation chromatography (GPC)
using a Waters 510 HPLC—equipped with a 410
Differential Refractometer, a UV detector, and three
Ultrastyragel columns (100, 500, and 10° A) connected in
series in order of increasing pore size—using THF as an
eluent at a flow rate of 0.4 mL/min. The molecular weight
calibration curve was obtained using polystyrene standards.

2.6. Solution NMR spectroscopy

13C NMR spectra were recorded in CDCl5 at 125 MHz
on a Bruker AM 500 Spectrometer with the signal of the
solvent’s carbon atom serving as the internal standard.

2.7. Differential scanning calorimetry (DSC)

The glass transition temperature of the blend was
measured using a DuPont DSC-9000 instrument at a scan
rate of 20 °C/min over a temperature range from 30 to
260 °C. The sample (ca. 5-10 mg) was weighed and sealed
in an aluminum pan. The sample was cooled rapidly to room
temperature from the first scan and then up to 250 °C at a
scan rate of 20 °C/min under a nitrogen atmosphere. The
glass transition temperature is taken as the midpoint of the
heat capacity transition between the upper and lower points
of deviation from the extrapolated glass and liquid lines.

2.8. Thermal gravimetric analysis (TGA)
Thermal gravimetric analyses were conducted on a
DuPont TGA 2950 instrument under an atmosphere of

flowing nitrogen gas at a heating rate of 20 °C/min over a
temperature range from 30 to 800 °C.

2.9. Dynamic mechanical analysis (DMA)

Dynamic mechanical analyses were performed using a
TA Instruments DMA Q800 (DuPont) in a tension mode
over a temperature range from 30 to 250 °C. Data

(T Br

PPO-b-PS
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Fig. 1. GPC traces of PPO-b-PS copolymers having various PS contents.

acquisition and analyses of the storage modulus (E),
loss modulus (E”), and loss tangent (tan ) were
recorded automatically by the system. The heating rate
and frequency were fixed at 2°C/min and 1 Hz,
respectively. Samples for DMA experiments were
prepared by compression molding; the sample’s dimen-
sions were 4X0.8X0.2 cm®.

2.10. Solid state NMR spectroscopy

High-resolution solid state '*C NMR spectroscopy
experiments were performed at room temperature using
a Bruker DSX-400 spectrometer operating at resonance
frequencies of 399.53 and 100.47 MHz for 'H and "°C
nuclei, respectively. The '*C CP/MAS spectra were
measured with a 3.9-us 90° pulse, a 3-s pulse delay
time, a 30-ms acquisition time and 2048 scans were
collected. All NMR spectra were recorded at 300 K
using broad-band proton decoupling and a normal cross-
polarization pulse sequence. A magic-angle sample-
spinning (MAS) rate of 5.4 kHz was used to avoid
absorption overlapping. The proton spin-lattice relax-
ation time in the rotating frame (Tf:,) was determined

indirectly via carbon observation using a 90°—7-spin
lock pulse sequence prior to cross polarization. The data
acquisition was performed through '"H decoupling and
delay times (7) ranging from 0.1 to 12ms with a
contact time of 1.0 ms.

2.11. FTIR spectroscopy

FTIR spectra were obtained from a NaCl disk using a
Nicolet Avatar 320 FTIR spectrometer, with 32 scans
collected at a resolution of 1cm™'. A THF solution
containing the sample was cast onto an NaCl disk and
dried under conditions similar to those used in the bulk
preparations. The sample chamber was purged with nitrogen
to maintain the film’s dryness. Two-dimensional correlation
analysis was performed using ‘Vertor 3D’ software supplied
by Bruker Instrument Co. All the spectra applied to the 2D
correlation analysis were normalized and classified into two
sets: A and B. The spectra in set A are those of PPO-b-PS
copolymers; Al8 refers to the copolymer having a PS
content of 18 wt%. The spectra in set B are those of PPO/PS
blends; B50 refers to the sample of PPO/PS=50/50.
Negative intensities of auto peaks or cross peaks in 2D

Table 1

The PPO-b-PS copolymer used in this study

Copolymer Conditions [M]y/[I]o/ Yield (%) M, PDI T,
[CuBr]o/[PMDETA],

Pure PPO - - 3200 2.10 163

20PS 100/1/1/1 41.0 6800 1.76 156

30PS 100/1/1/1 50.0 7700 1.81 153

43PS 200/1/1/1 51.8 11,000 1.85 142

70PS 200/1/1/1 59.4 14,120 1.94 125




9352 S.-W. Kuo et al. / Polymer 46 (2005) 9348-9361

(a) Pure PPO
1
3
2
3 4
L
(b) 20PS
‘ |
. | !
) L )
w e e s T . 120 T == oo TG e TR
(c) 30PS
i~ wl‘.,J Jh’- , ,“ 7 ) - ’ J
(d) 43PS
\
| '
(e) 70PS

[1:] 180 160 140 20 ppm
(f) Pure PS
9,10
I ’ &
' i
! {. 7
Tt > / JU i - et el 1.
- e e e L M s o
Fig. 2. Solution-phase '*C NMR spectra of pure PPO, pure PS, and various PPO-b-PS copolymers.
correlation spectra are indicated by shaded regions; positive 3. Results and discussion
intensities are indicated by unshaded regions. Synchronous
2D spectra were used to study the specific interactions 3.1. Characterization of PPO-b-PS copolymers
between PPO and PS in the blend; asynchronous 2D IR
spectra were used to separate the bands of PPO from the GPC is a useful technique for determining the average

spectra of PS in the blends or copolymers. molecular weights of polymers and it provides information
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Scheme 1. Chemical structures of PPO and PS and their atom schemes in
solution '*C NMR.

on the structural integrity of the molecule. As shown in
Fig. 1, block copolymers prepared from the PPO macro-
initiator resulted in having high symmetry and monomodal
GPC traces. The absence of the PPO macroinitiator peak
supports the formation of PPO-b-PS block copolymers.
Table 1 lists the average molecular weights and values of T,
determined for these synthesized PPO-b-PS copolymers.
Various molecular weights of PPO-b-PS block copolymers
were obtained, and for these block copolymers the
polydispersity (PDI) did not exceed 2.1, which was
originating from the PPO macroinitiator. Namely, block
copolymerization of styrene gave relatively lower poly-
dispersity due to the well-controlled procedure. The '*C
spectra of the pure PPO, pure PS, and various PPO-b-PS
copolymers are presented in Fig. 2. The pure PPO and pure
PS exhibit five and six signals (Scheme 1), respectively. The
spectrum of the PPO-b-PS copolymer clearly displays peaks
related to the resonance of pure PPO, a methylene group at
40 ppm, and aromatic carbon atoms at 128 ppm for pure PS.
As a result, we confirm that the styrene monomer has indeed
been incorporated into the PPO main chain. To determine
the PS content in these PPO-b-PS copolymers, it is
convenient to monitor the FTIR spectroscopic absorptions
at 700 cm ' (C-H out-of-plane bending vibration of the

aromatic rings of PS) and 856 cm™ ' (C-H bending of PPO).
For convenience, we turn our attention on the infrared
spectra of pure PPO, pure PS, and various PPO/PS blends
measured at room temperature in the range from 650 to
900 cm ™' [Fig. 3(a)]. Clearly, the absorptions at 856 and
700 cm ! can be assigned as the PPO and PS, respectively.
For the PPO/PS blend system, we obtained a calibration
curve of the intensity of PS at 700 cm ™' plotted against the
weight percent of PS as shown in Fig. 4; using this curve, we
can readily determine the composition of the PPO-b-PS
copolymer, as indicated in Fig. 4(b). Fig. 5 displays the
thermal gravimetric curves of pure PPO, pure PS, and
various PPO-b-PS copolymers. Clearly, pure PPO is more
thermally stable than is PS, and the TGA curves for the
copolymers are situated between those of pure PPO and pure
PS. The PS content of these copolymer systems also can be
determined by their char yields relative to that of pure PPO.
Table 2 summarizes the PS contents of these block
copolymer systems determined by using infrared spec-
troscopy, thermal gravimetric analysis, and solution and
solid state NMR spectroscopy; good correlations exists
among these characterization methods.

3.2. Thermal properties of PPO-b-PS copolymers

Generally, it is believed that only a single glass transition
temperature can be observed if the component polymers are
thermodynamically miscible. Differential scanning calori-
metry (DSC) is a convenient method for observing the
thermal characteristics that arise from the different
interactions of miscible copolymers and polymer blends.
Fig. 6, which presents the DSC thermograms of various
PPO/PS blends and PPO-b-PS copolymers having varying
PS contents, reveals that all of the PPO/PS blends and PPO-
b-PS copolymers have only a single glass transition
temperature; this finding suggests strongly that these blends

PPO/PS Blend
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8

[0} (e)30/70
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(b)90/10
(a) pure PPO

PPO-b-PS Copolymer

(d)43PS
(c)30PS
(b)20P

(a) pure PPO

— T T T T T T T T
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— T T T T T T T T
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Fig. 3. FTIR spectra in the region 650-900 cm ™' for (a) PPO/PS blends and (b) PPO-b-PS copolymers.
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Fig. 4. Calibration curve for determining component contents of PS using the area ratios of absorption bands of PS at 700 cm ™', and PPO at 856 cm ™.

and copolymers are fully miscible and exist in a
homogeneous amorphous phase. Meanwhile, the single
values of T, are observed between those of the mother
polymers and the values of 7, in both the blend and
copolymer systems increase upon increasing the PPO
content, as is expected. Fig. 7 displays the glass transition
temperatures and 7, breadths of PPO/PS blends and PPO-b-
PS copolymers. Clearly, the values of 7, of PPO-b-PS

100+
90
80
70
60 -
* i
5
2 504
= J
40
30
(a) Pure PPO
| (b) 20PS
20 (c) 30PS
1 (d) 43PS
104 (e) 70PS
0 (f) pure PS
— T ———

T
100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. 5. TGA thermograms of pure PPO, pure PS, and PPO-b-PS copolymers
having various PS contents.

copolymers are substantially and consistently higher than
those of the PPO/PS blends over the entire range of
compositions. It is worth noting that the dependence of the
values of T, on the composition of the PPO/PS blends is
predicted by the Fox rule, while those of the PPO-b-PS
copolymers are significantly higher than the predicted
values. Fortunately, a more suitable equation, which is
applicable to polymer blends or copolymers that feature
specific interactions, is the Kwei equation [48]:

_ W\Ty + kW, Ty,

+ gW W, 1
g W, + kW, qwiws (D

where W, and W, are component weight fractions, T,; and
T,, represent the corresponding glass transition tempera-
tures, and k and ¢ are fitting constants. We obtain the values
k=1 and ¢ =30 for the PPO-b-PS copolymers and k=1 and
g=—30 for the PPO/PS blends. The parameter g
corresponds to the strength of the specific interaction in a
copolymer or polymer blend. Therefore, the difference in ¢
that we observe between the two systems can be interpreted
as indicating that the strength of the specific interactions
within the PPO-b-PS copolymers is greater than that in the
corresponding PPO/PS blend, which is consistent with the
differences in the glass transition temperatures observed for
the PPO-b-PS copolymer and the PPO/PS blend. It is worth

Table 2
The PS content in the PPO-b-PS copolymers determined using various
methods of characterization

Copolymer 13C Solution  '3C Solid- FTIR TGA
NMR state NMR

Pure PPO - - - -

20PS 154 22.0 20.3 17.9

30PS 31.7 32.8 31.0 29.6

43PS 455 47.0 42.6 48.0

70PS 74.8 78.0 70.0 72.2
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Fig. 6. DSC traces recorded from (a) PPO/PS blends and (b) PPO-b-PS copolymers.

noting that the value of T, of the PPO-b-PS copolymer
having a PS content of 70 wt% is about the same as that of
the PPO/PS = 50/50 blend. Thus, at an identical value of T,
the PPO-b-PS copolymer is cheaper (in terms of having a
lower PPO content) and easier to process (higher PS
content) than is the PPO/PS blend. Here, we must emphasize
that the pure PPO employed in this study has a lower glass
transition temperature (163 °C; M,,=4000) than that used in
a previous study [33] (210 °C; M,, =11,000) because of
their different molecular weights, as has been discussed
widely [49]. The lower-molecular-weight PPO is more
easily converted to its PPO-Br macroinitiator by esterifica-
tion of is high-weight PPO. The related results for high-
molecular-weight PPO-b-PS copolymers will be reported
later.

As also indicated in Fig. 7, the T, breadth displays a
positive deviation in PPO/PS blends. In general, a miscible
polymer blend generally provides a broader DSC transition.
In contrast, the PPO-b-PS copolymer exhibits a narrower T
breadth than that of the PPO/PS blend, which implies that
the block copolymer has better homogeneity at the
molecular scale than does the polymer blend. Dynamic
mechanical analysis (DMA) allows the molecular relaxation
behavior of small chain segments to be detected and, thus,
the phase heterogeneity can be detected on smaller scales
than they can be by DSC. We performed DMA measure-
ments to further investigate the miscibility of the PPO-b-PS
copolymers. The apparently contradictory result between
DSC and DMA in terms of 7, may be understood by
considering the different experimental probe sizes. DMA is
capable of identifying compositional heterogeneity at the
ca. 5-nm scale, whereas DSC is sensitive only to
heterogeneity on a scale >20 nm; heterogeneities smaller
than this will be averaged out by this larger probe size [50].
A single value of T, is observed in the DSC analysis of the

PPO/PS blends, but the T, breadth is broad. Fig. 8 displays a
plot of tan 6 of the PPO-b-PS copolymer (43PS) as a
function of temperature. Clearly, only one sharp tan ¢ peak
is located at ca. 160 °C, between the values observed for
pure PS (120 °C) and pure PPO (180 °C), which indicates
that the PPO-b-PS copolymer is miscible on the molecular
scale (<5 nm), which is similar PPO/PS blend system [51].

30
O o5 o __
Z i L
T 20 -
©
o 1 L
S 15- B
()] 1 [e) C-) = Q
10 O " -
o ]
5 | " | " [l " [l " [l " [l
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= (PPO-b-PS)
160- o (PPO/PS) gy
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Fig. 7. Plots of the value and breadth of 7, versus the PPO content of
PPO/PS blends and PPO-b-PS copolymers.
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3.3. Solid state NMR spectra of PPO-b-PS copolymers

Evidence for the specific interactions that exist in
polymer blends and copolymers can be determined from
changes in chemical shifts or line shapes in solid state NMR
spectra. Moreover, the molecular mobility of a polymer
blend or a copolymer can be estimated from the proton
spin—lattice relaxation times in the rotating frame (Tl};),
measured by solid state NMR spectroscopy. Fig. 9 presents
the '*C CP/MAS spectra of pure PPO, pure PS, various
PPO/PS blends, and their PPO-b-PS copolymers, with peak
assignments indicated in Scheme 2. The chemical shift of

solid state NMR is different from the solution NMR since
the conformation of PPO has the dihedral angles [52].
Table 3 summarizes the values of the chemical shifts
observed in the '*C CP/MAS NMR spectra of PPO/PS
blends and PPO-b-PS copolymers. Compared with the '*C
CP/MAS NMR spectra of the pure PPO, the spectra of the
PPO/PS blends and PPO-b-PS copolymers display signifi-
cant changes, especially for the resonances of the carbon
atoms that are involved in intermolecular interactions.
Clearly, the signal of the methyl group of PPO shifts
downfield upon increasing the PS content in both the blend
and copolymer systems. This result is consistent with those

PPO/PS Blend

1,1

Intensity (a.u.)

PPO-b-PS

(a) pure PPO

(b) 20PS

(c) 30PS

(d) 43PS

(e) 70PS

(f) pure PS

— T T T T T
180 150 120 90 30

——
0 180 150

T T T T T
120 90 60 30 O

Chemical Shift (ppm)

Fig. 9. 13C CPMAS spectra recorded at room temperature for (a) PPO/PS blends and (b) PPO-b-PS copolymers.
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CH3

Scheme 2. Chemical structures of PPO and PS and their atom schemes in solid-state '*C NMR [52].

of previous studies that have suggested that the specific
interactions between PPO and PS units exist between the
methyl groups of PPO and the phenyl rings of PS.
Interestingly, Fig. 10 indicates that the chemical shifts of
the methyl groups in the PPO-b-PS copolymer are greater
than those of the corresponding PPO/PS blend, which
suggests that the specific interactions are stronger within the
PPO-b-PS copolymer than they are in the corresponding
PPO/PS blend. This result is also consistent with the
observed differences in the glass transition temperatures
between the PPO-b-PS copolymer and PPO/PS blend.

3.4. Proton spin—lattice relaxation time in the rotating
frame analyses

To better understand the differences between the glass
transition temperature of the PPO-b-PS copolymers and the

PPO/PS blends, we determined the molecular mobility of
these systems based on their values of spin—lattice
relaxation times in the rotating frame (771,), which we
obtained from solid state NMR spectra. The values of TIPL
allow the molecular mobility and homogeneity of the PPO-
b-PS copolymer and PPO/PS blends to be measured on
the molecular scale. To determine the values of TE,,
we monitored the low-field resonance at 154 ppm of
the aromatic quarternary carbon atom of PPO and that of the
backbone carbon atom of PS at 40 ppm and treated the
results according to first-order kinetics. The Tﬂ) relaxation
behavior of each blend and block copolymer is presented in
Table 4 (PPO, 154 ppm; PS, 40 ppm), which reveals that
both the PPO-b-PS copolymers and the PPO/PS blends
exhibit only a single relaxation throughout all their
compositions. This finding indicates that good miscibility
and dynamic homogeneity exists in all of the copolymers

Table 3
Chemical shifts (ppm) observed in the '>*C CP/MAS/DD NMR spectra of PPO and PS units in their block copolymers and polymer blends
PPO/PS blend PPO
C-1 C-2 C-3 C-4 C-5 C-6

Pure PPO 16.5 111.5 116.8 1324 145.2 155.1
70/30 16.6 111.6 116.8 132.2 1453 155.2
50/50 16.7 111.4 116.9 132.0 1453 155.2
30/70 16.8 111.5 116.7 131.7 145.7 155.2

PS

C-7 C-8 C-9, C-10 and C-11 C-12
70/30 40.6 - 128.0 145.3
50/50 40.4 - 128.1 145.3
30/70 40.5 - 128.1 145.7
Pure PS 40.7 - 128.2 146.1
PPO-b-PS PPO
copolymer

C-1 c-2/ C-2 C-3 C-4 C-5

20PS 16.6 112.0 117.0 132.7 145.6 1553
30PS 16.7 111.8 117.1 1325 145.5 155.3
43PS 16.9 111.8 117.2 1323 145.6 155.4
70PS 17.4 1124 116.7 132.5 145.7 155.4

PS

C-6 C-7 C-8, C-9 and C-10 C-11
20PS 40.2 - 127.8 145.6
30PS 40.5 - 128.1 145.5
43PS 40.8 - 128.0 145.6
70PS 40.8 - 128.1 145.7
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Fig. 10. The chemical shift of the methyl group of PPO as a function of the
PS content in PPO/PS blends and PPO-b-PS copolymers.

and blends, which is consistent with the results of the DMA
analysis. The single value of Tl};, obtained for each PPO-b-
PS copolymer in all its compositions is higher than that for
each corresponding PPO/PS blend. This observation
suggests that retardation of the PPO-b-PS copolymers’
mobility is relatively greater than that of the blend, which
reflects the more-rigid character of the PPO-b-PS copoly-
mer. Therefore, the glass transition temperatures of the

Table 4
Relaxation parameters for PPO/PS blends and PPO-b-PS copolymers
PPO/PS blends T1,(H) (us)

At 40 ppm At 154 ppm
Pure PPO - 22.83
70/30 10.74 14.58
50/50 8.77 17.79
30/70 6.33 9.34
Pure PS 4.92
PPO-b-PS Ty,(H) (us)
28 PS 17.86 12.94
30 PS 14.74 15.61
43 PS 8.90 29.49
70 PS 7.53 20.35

PPO-b-PS copolymers are higher than their corresponding
PPO/PS blends, which is consistent with the values of TE,
determined by these solid state NMR analyses.

3.5. Two-dimensional FTIR analyses of PPO-b-PS
copolymers

PPO/PS blends have been studied for many years and are
classified as miscible blends, but the mechanism by which
the chains interact has remained a point of contention. Many
reports [15,16,18,19] have pointed out that the methyl
groups of PPO take part in specific interactions with the
aromatic groups of PS through the formation of m-cation
complexes. Fig. 11 presents routine FTIR spectra of the
PPO/PS blends and PPO-b-PS copolymers recorded at
different compositions, and Table 5 lists detailed peak
assignments of the PPO and PS segments. Fig. 12 displays
synchronous 2D correlation maps of the PPO/PS blend in
the range from 3200 to 2500 cm ™ '; strong auto and cross

PPO/PS Blend

(f) pure PS

(e)30/70

Absorbance (a.u.)
é‘
8

(a) pure PPO

PPO-b-PS Copolymer

(f) pure PS

(e)70PS

(d)43PS

(c)30PS

M b)20PS \ \ |
a) pure PPO W

3000 2500 2000 1500 1000

3000 2500 2000 1500 1000

Wavenumber (cm=1)

Fig. 11. One-dimensional FTIR spectra of (a) PPO/PS blends and (b) PPO-b-PS copolymers.
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Fig. 12. Synchronous 2D correlation maps of PPO/PS blends.

peaks appear at wavenumbers >3000cm ™' Fig. 12(a)
presents the synchronous 2D correlation maps of the PPO-b-
PS copolymer in the range from 3200 to 2500 cm ', In this
spectral range, the bands for PS appear at 30023100 cm ™!
(due to C-H stretching vibrations of the aromatic rings), at
2924 cm ™' (C-H asymmetric stretching vibrations), and at
2850 cm ™~ ' (C—H symmetric stretching vibrations); those
for PPO appear at 3002-3102cm ' (C-H stretching
vibrations of the aromatic rings), 2925 em™ ! (C-H
asymmetric stretching vibrations), and 2856 cm ™' (C-H
symmetric stretching vibrations). In Fig. 13(a), many
positive auto peaks and cross peaks appear at wavenumbers
<3000 cm ™" as a result of contributions from the same
chains, but no auto or cross peaks appear at wavenumbers
>3000 cm 1, which indicates that the aromatic rings of PS
and PPO have less rotational freedom relative to those same
units in PPO/PS blends.

Fig. 13(b) displays the asynchronous 2D correlation map
of the PPO-b-PS copolymer’s spectra in the range from
3200 to 2500 cmfl; we observe cross peaks having the
opposite order of intensity. As mentioned in the Section 2,
the asynchronous map is used to separate the bands of PPO
from the spectra of PS in the blends or copolymers. Let us
consider the reduced cross-correlation function, X(7),
defined by Noda [43]:

X(1) = &(vy,vy)cos(wT) + W (v, vy)sin(wT) 2)

In Eq. (2), the terms, ®(vy, v,) and ¥ (vy, v,) are regarded
as the real and imaginary parts of the function and are
referenced as the cross peak intensities in the asynchronous
and synchronous correlation maps. The term w is the
external perturbation angular frequency. In the case where
w=180, cos(wf) equals zero and sin(wt) equals —1.0 and,

therefore, we would obtain the weakest cross-peak intensity
in the synchronous correlation maps. From a molecular
level point of view, all of the aromatic rings would exist in
vertical direction against that of the IR radiation. In another
words, the PS segments exist in a regular rearrangement in
the copolymers. As indicated in Fig. 7, the value of T,
displays a maximum for PPO-b-PS copolymers. This
phenomenon, i.e. the higher value of T, for the PPO-b-PS
copolymers than for the PPO/PS blends, probably is caused
by the regular rearrangement as the content of PS increases
in the copolymers. Because the regular rearrangement is not

Table 5
Frequencies and assignments of the FTIR bands of pure PS and pure PPO
PS PPO Assignments
3002-3103  3002-3103  C-H aromatic stretching
2925 C-H asymmetrical stretching
2924 C-H asymmetrical stretching
2856 C-H symmetrical stretching
2850 C-H symmetrical stretching
1610 C—C stretching frequency of ring in plane
1601 C-C stretching frequency of ring in plane
1583 C—H stretching vibration of ring in plane
1493 C—C stretching frequency of ring in plane
1472 C—C aromatic stretching
1452 C-H deformation of CH,
1190 Asymmetric C—O-C stretching
1069 C-H bending vibration of ring in plane
1030 C—H rocking vibration
1028 C-H bending vibration of ring in plane
1020 C-H rocking vibration
856 C-H bending
756 C-H out of plane bending vibration of ring
698 C-H out of plane bending vibration of ring
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Fig. 13. Two dimensional correlation maps of the PPO-b-PS copolymer; (a) synchronous, (b) asynchronous.

so clearly formed in PPO/PS blends, the values of T, in
these cases exist as a linear combination of those of the two
original components.

4. Conclusions

All of the thermal and spectroscopic methods of
characterization we have employed in this study provide
positive evidence that we have successfully synthesized
block copolymers of PPO with PS. From DSC analyses, we
observed higher glass transition temperatures for PPO-b-PS
copolymers relative to their corresponding PPO/PS blends
as a result of stronger specific interactions existing in the
PPO-b-PS copolymer system. FTIR and solid state NMR
spectroscopic analyses provided evidence that the specific

interaction in the PPO-b-PS copolymer arises from the
methyl group of PPO interacting with the aromatic rings of
PS, similar to that observed for the PPO/PS blend system.
We believe that this study provides an alternative novel
approach to the creation of higher-T, materials through the
copolymerization of PPO and PS and that this method has
the potential economically to replace classical miscible
PPO/PS blend systems.
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