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Abstract

The rotating-frame spin±lattice relaxation time for protons, T1r(1H), was measured indirectly from 13C CP/MAS/DD NMR to probe

possible molecular scales of heterogeneity in the miscible poly(benzyl methacrylate) (PBzMA)/poly(ethylene oxide) (PEO) blend over the

whole composition range. According to the NMR results, only one phase was observed for the blends in which the PEO component is less

than 16% (w/w). This miscible amorphous phase with PBzMA and PEO chains was mixed at the molecular level. Three phases were detected

for the blends with PEO component .16%, containing one miscible homogenous PBzMA-rich phase, one constrained PEO phase and one

crystalline PEO phase. The PEO component asymptotically increases in the miscible homogenous PBzMA-rich phase as the PEO composi-

tion increases. NMR analysis helped resolve the complex phase domains in the PBzMA/PEO blend that is composed of an amorphous

mixture of PBzMA/PEO and crystalline PEO spherulite regions. The intra- and inter-lamellar domains in the PEO spherulites are in¯uenced

and complicated by the surrounding amorphous PBzMA/PEO mixture with varying composition. q 2001 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Solid-state nuclear magnetic resonance (NMR) is a

powerful technique that has been utilized in analyzing

miscibility, phase structure or heterogeneity in polymer

mixtures. It is especially useful in polymer blend systems

containing complex phase structures that may be beyond the

resolution limits of conventional microscopic or thermal

analysis. An interesting example is seen in the blend system

of bisphenol-A polycarbonate (PC) with PMMA, which

exhibits a complex phase behavior and dependence of

heterogeneity on casting, temperature or annealing. Asano

et al. [1] have successfully utilized solid-state NMR to

analyze various heterogeneity scales in this blend system.

Similarly, the NMR technique has been used in interpreting

the compositional dependence of miscibility and phase

structure in blends of poly(vinylphenol) with poly(ethylene

oxide) (PEO), leading to the conclusion that miscibility is

limited to above the 20±30 nm scale [2].

Polymer blends comprising an acrylate and an ether-poly-

mer have attracted extensive studies. A classical miscible

blend system is PEO/PMMA, which is a complex system

containing semicrystalline PEO and amorphous PMMA

components. The phase behavior of this blend system has

been extensively investigated by means of differential scan-

ning calorimetry (DSC) [3±5], small-angle X-ray scattering

(SAXS) [6], and Fourier-transform infrared spectroscopy

(FT-IR) [7±8]. Only a few investigations on PEO/PMMA

blends have been performed with nuclear magnetic reso-

nance (NMR) solid-state spectroscopy [9±11]. Parizel et

al. [10] investigated PEO/PMMA blends over the whole

composition range using 1H spin±lattice relaxation times

in the rotating and laboratory frames. The compositions of

each phase were determined by combining 1H and 13C NMR

methods. The organization of the PEO/PMMA blend

consisted of three parts: a crystalline PEO, constrained

PEO units in the neighborhood of the crystalline lamellae

and a miscible amorphous phase that is PMMA-rich. This

miscible amorphous phase with PMMA and PEO chains

was mixed at the molecular level.

In heterogenous materials, the spin±lattice relaxation
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times in the rotating (T1r (1H)) and laboratory frames

(T1(
1H)) obtained from high-resolution solid-state 13C

CP/MAS/DD (cross-polarization, magic angle spinning,

dipolar decoupling) NMR are very sensitive to the size

of the domain, which makes them powerful tools for

studying miscibility. In recent years, the techniques of

measuring T1r (1H) and T1(
1H) were widely used to inves-

tigate the miscibility, micro heterogenous domain size

and/or phase structure in various blends [1,2,9±18].

Furthermore, it is possible to quantify the scale of hetero-

geneities through the spin-diffusion process [1,16]. The

measurement of spin±lattice relaxation times permits

analysis of domain sizes from a few angstrom to a few

tens of nanometers [19,20], depending on the use of

T1r (1H) or T1(
1H).

Another interesting blend system that is an ideal model

for solid-state NMR studies is the recently discovered misci-

ble poly(benzyl methacrylate) (PBzMA)/PEO blend [21].

The PBzMA/PEO blend is another example of a blend

containing both a semicrystalline (PEO) and an amorphous

(PBzMA) component. This blend was found to be miscible

judging from the DSC and morphological results [21]. In

this continuing study, focus was placed on probing the phase

homogeneity and morphologies in the miscible PBzMA/

PEO blend comparing the analyses of high-resolution

solid-state 13C CP/MAS/DD NMR with the DSC results

over the whole composition range.

2. Experimental

2.1. Materials and sample preparation

PEO was purchased from Aldrich Chem. Co.

(MW� 200,000 g/mol, Tg�2658C). PBzMA was

supplied by Scienti®c Polymer Products (MW� 70,000 g/

mol, Tg� 568C) The molecular weights are the supplier's

data as determined by gel permeation chromatograph

(GPC). The PEO and PBzMA were used without further

puri®cation.

PBzMA/PEO blends were obtained by dissolving the

polymers in benzene (approximately 2 g of sample in

100 ml of benzene) at the desired composition. Subse-

quently, the resulting polymer solution was poured into an

aluminum mold kept at the casting temperature of 508C. The

solvent in the cast ®lm samples was ®rst vaporized under a

hood at controlled temperature, followed by residual solvent

removal in a vacuum oven for 48 days at 808C to ensure

complete removal of benzene solvent. These blend ®lm

samples were prepared by solvent-casting at the proper

temperature (ca. 50±608C), which is the lowest temperature

chosen to make a visually clear ®lm. Casting of sample ®lms

at room temperature (25±308C) usually led to crystallization

of PEO and haziness in the samples. Note that the maximum

casting temperature was limited to the boiling temperature

of the solvent used.

2.2. Apparatus

2.2.1. Nuclear magnetic resonance

High-resolution solid-state 13C NMR experiments using

proton dipolar decoupling (DD), magic angle spinning

(MAS) and cross-polarization (CP) were conducted at

9.4 T of magnetic ®eld strength with a Bruker Avance 400

spectrometer. The rotating-frame spin±lattice relaxation

time for protons, T1r(1H), was measured indirectly from

CP/MAS/DD 13C NMR to achieve a higher spectral resolu-

tion. The experimental scheme with a variable spin-lock

time after the proton signal excitation followed by constant

contact time was used. The contact time was set to 1 ms (for

the amorphous case) or 0.1 ms (for the crystalline part).

Experiments were performed on magic angle spinning

samples contained in rotors. The magic angle (u ) was set

to 54.78, and the spinning speed of the rotors was of the

order of 10 kHz. 400 spectra were accumulated. It must be

noted that the rotor spinning speed needs to be properly set.

Low spinning speeds will result in overlapping between the

spinning side-band of carbon atoms in the phenyl ring and

the bands of carbon atoms in the other functional group,

thereby increasing the dif®culty of analysis.

The laboratory-frame spin±lattice relaxation time for

protons, T1(
1H), was measured from CP/MAS/DD 13C

NMR using the classical inversion-recovery (180±t ±908)
pulse sequence. The experimental scheme with a variable

delay time (t) after the proton signal excitation followed by

constant contact time (1 ms) was used. Two spinning speeds

of 10 and 4 kHz were used for comparison. In these experi-

ments, the 1H magnetization after inversion-recovery was

®rst transferred to 13C and then the resulting 13C signal was

acquired. The intensity of 13C resonance as a function of 1H

recovery time provides the T1 measurement for protons in

the blends.

2.2.2. Differential scanning calorimetry (DSC)

A Perkin Elmer DSC-7 instrument was used with an intra-

cooler, which was routinely calibrated with Indium (In) and

ethyl acetate (two-point calibration method). A stream of

high-purity nitrogen at a ¯ow rate of 20 ml/min was used to

purge the DSC cell. The degree of crystallinity (crystalline

PEO in the blend) and glass transition temperature (Tg) of

the blends were determined by DSC at a heating rate of

108C/min. The degree of crystallinity is de®ned as the

value of DH/DHo
(PEO), where DH refers to the enthalpy of

melting per gram of the blend or neat PEO, and DHo
(PEO) is

the theoretical enthalpy for perfect crystals of PEO (equal to

205 J/g) [22]. Tg was taken as the temperature at the

midpoint of the transition in the DSC trace.

3. Results and discussion

The 13C CP/MAS/DD NMR spectrum of the PBzMA/

PEO blend in the 80/20 composition is shown in Fig. 1.
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The corresponding resonance peaks are assigned to speci-

®ed carbons indicated in the inset structures. In addition, all

assignments of the resonance peaks [23] are summarized in

Table 1. The peak at 70 ppm is assigned to the PEO compo-

nent, while the peaks at 176, 135, 128 and 45 ppm are

assigned to the PBzMA component. These peaks were

employed in determining the spin±lattice relaxation time,

T1r (1H). It should be pointed out that the peak at 27 ppm

(denoted as SSB in Fig. 1) is the spinning side-band of a

quaternary carbon in the phenyl ring when 13C CP/MAS/DD

NMR was carried out. Another spinning side-band of a

protonated aromatic-C at 20 ppm was also found overlap-

ping with the peak of carbon in a-CH3 (16 ppm).

The 13C NMR spectra of various compositions are shown

in Fig. 2. The carbonyl peak (176 ppm) in the various

compositions did not shift obviously as compared with

that peak of neat PBzMA, indicating that the interactions

between PEO and PBzMA molecules are rather weak.

T1r (1H) relaxation behavior was determined to probe the

miscibility of PBzMA/PEO blends because it offers a

probe of heterogeneity on a smaller scale than does T1(
1H)

relaxation. A few T1(
1H) measurements were also

performed to explore the domain sizes of the blends.

3.1. Measurement of T1r(
1H) for individual components

The T1r(
1H) values can be determined by monitoring the

decay of peak intensities using the characteristic assign-

ments in a series of spectra obtained by varying the spin-

lock time (t). Because the T1r(
1H) relaxation process follows

the exponential function ln�M�t�=Mmax� � 2t=T1r; where

Mmax is the maximum magnetization, the T1r(
1H) values

were obtained from the slopes in the plots of logarithmic

[M(t)]/Mmax] against t.

Shown in Fig. 3 are the logarithmic plots of 13C magne-

tization intensity versus spin-lock time using a 1 ms contact

time for neat samples of PBzMA and PEO. Neat PBzMA is

characterized by single-exponential T1r(
1H) relaxation

behavior, consistent with results usually observed on the

amorphous polymer. Neat PEO also exhibits a single-expo-

nential T1r(
1H) relaxation behavior if using a 1 ms contact

time. However, it displays double-exponential T1r(
1H)

relaxation behavior if using a 0.1 ms contact time, indicat-

ing that PEO contains dual morphologies. Essentially, PEO

is a well-known semicrystalline polymer containing an

amorphous phase and a crystalline phase. It should be

noted that crystalline PEO, which has a very short

T1r(
1H), cannot be detected using a 1 ms contact time. The

®tted values of T1r(
1H) are 7.74 ms for neat PbzMA, and

2.72 and 0.2 ms for neat PEO, as listed in Table 2. Accord-

ing to the literature [13], the short T1r(
1H) (0.2 ms) can be

associated with the protons of the crystalline parts of PEO,
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Table 1

Assignments for chemical shifts in the blend of PBzMA and PEO in the

solid-state 13C NMR spectrum

Assignment Chemical shift

(ppm)

Carbon

a 176 carbonyl

b 135 quaternary ring

c 128 protonated ring

d 70 ±O±CH2±(PEO)

e 66 ±O±CH2±(PBzMA)

f 55 ±CH2±

g 45 quaternary carbon

h 16 a-CH3

Fig. 1. 13C CP/MAS/DD NMR spectrum of the PBzMA/PEO blend in 80/20

composition. SSB denotes spinning side-band.

Fig. 2. 13C CP/MAS/DD NMR spectra of the PBzMA/PEO blends in

various compositions: (a) 100/0, (b) 90/10, (c) 80/20, (d) 50/50 and (e)

30/70.



and long T1r(
1H) (2.72 ms) is contributed by the amorphous

phase of PEO.

The degree of crystallinity in neat PEO was calculated

from the enthalpy of melting (DH) obtained from DSC ther-

mograms, and a value of 75% (w/w) was obtained. It should

be noted that the degree of crystallinity obtained from DSC

may be slightly underestimated compared with that from

T1r(
1H) relaxation, probably because some tiny crystals

(,10 nm) are below the detection threshold of DSC.

3.2. Measurement of T1r(
1H)

Fig. 4 shows the logarithmic plot of 13C magnetization

intensity versus spin-lock time using a 1 ms contact time for

as-cast samples of PBzMA/PEO blend in the 80/20 compo-

sition. The logarithmic plots of 13C magnetization intensity

versus spin-lock time for the other composition (90/10, 50/

50 and 30/70) are not shown here for brevity. The ®tted

values of T1r(
1H) are summarized in Table 2. PBzMA

components in the blends were observed to exhibit single-

exponential T1r(
1H) relaxation behavior through all the

cases of different compositions, indicating that the

PBzMA component always exhibits a homogenous phase

within the blends at various compositions. This homoge-

nous phase is not pure PBzMA, because the values of

T1r(
1H) for the PBzMA component are not identical to

that in the neat PBzMA system (7.74 ms). In spite of the

PEO content in the blend, the PBzMA component always

predominates in the miscible amorphous phase because the

T1r(
1H) values in this phase are always closer to that of the

neat PBzMA component (7.74 ms) and far way from that of

the neat amorphous PEO component (2.72 ms). That indi-

cates a miscible homogenous PBzMA-rich phase at a nanos-

cale level in the blends. Besides, those values of T1r(
1H) for

the PBzMA component slightly decrease (approaching the

value of neat PEO) as the PEO component in the blend

increases, suggesting that the PEO component in this misci-

ble homogenous phase is presumably enhanced in a gradual

way. Another possibility for the reduction in the T1r(
1H) of

this miscible homogenous phase is that there is a very

modest spin diffusion contribution from the amorphous

PEO phase, but it is not so for this case because the same
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Fig. 3. T1r(
1H) decays obtained in the nuclei of (a) neat PBzMA and (b) neat

PEO, contact time� 1 ms.

Table 2

T1r(
1H) relaxation times for the neat PBzMA, neat PEO, and respective constituent polymers in PBzMA/PEO blends of several compositions studied (contact

time: 1ms)

PBzMA/PEO

blend (w/w)

PBzMA component

T1r(
1H) (ms)

PEO component

T1r(
1H) (ms)

100/0 7.74 ±

90/10 6.27 6.33 ±

80/20 6.03 6.02, 2.76

50/50 5.72 5.70 2.77

30/70 5.34 5.40 2.73

0/100 ± 2.72 0.2a

a Obtained using a contact time of 0.1 ms.

Fig. 4. T1r(
1H) decays obtained in the PBzMA/PEO (80/20) blend, contact

time� 1 ms.



spinning frequency was used for various compositions and

the high spinning frequency of 10 kHz used may effectively

quench spin diffusion between the amorphous PEO and

PBzMA phases. Meanwhile, for each blend the T1r(
1H)

values for PBzMA (6.27, 6.03, 5.72 and 5.34 ms) are even-

tually identical to the long T1r(
1H) of the PEO component.

This indicates those miscible homogenous phases with

PBzMA and PEO chains mixed at the molecular level.

On the other hand, double-exponential T1r(
1H) relaxation

behavior of the PEO component in various compositions of

blends except 90/10 (PBzMA/PEO) were clearly observed

by the slope change in the 70 ppm signal in the logarithmic

plot of 13C magnetization intensity. The long T1r(
1H) of the

PEO component was virtually the same as the T1r(
1H) of

PBzMA in the PBzMA-rich domain for each composition of

blend, whereas all the short T1r(
1H)s of the PEO component

in each blend were of the same value (about 2.75 ms) and

identical with that of the amorphous phase of neat PEO.

This suggests that the amorphous PEO component in each

blend is distributed unevenly into two separated phase

domains on a T1r(
1H) relaxation scale. These two phase-

separated domains are the amorphous PBzMA-rich phase

domain with complete homogeneity (hereafter called the

miscible homogenous PBzMA-rich phase) and the amor-

phous PEO-rich phase domain. If this amorphous PEO-

rich phase contained the PBzMA component, the value of

the short T1r(
1H) of the PEO component should lie between

7.74 ms (neat amorphous PBzMA) and 2.70 ms (amorphous

PEO). However, the fact that they have the same values of

T1r(
1H) as the amorphous phase of neat PEO suggests that

they do not contain any PBzMA component. If this amor-

phous phase in neat PEO did contain some `rigid' PEO units

(referred to as the constrained PEO [10]) at the front of the

PEO crystals, the value of the short T1r(
1H) of the PEO

component should lie between those of the amorphous

(2.72 ms) and crystalline phases (0.2 ms). In fact, no

evidence of the presence of rigid PEO units was found in

this amorphous phase of neat PEO (i.e. it is not blended).

Nevertheless, this amorphous neat PEO phase is still

referred to as the `constrained PEO', because PEO crystals

are typically surrounded by this amorphous PEO; hence, the

presence of the embedded PEO crystals provides some

constraint for the surrounding amorphous PEO. The crystal-

line PEO, which has a very short T1r(
1H), was not detected

using a 1 ms contact time. Usually, the amount of

constrained PEO was less than that of crystalline PEO (to

be calculated later).

The PEO component in the blend of 90/10 (PBzMA/

PEO) composition still exhibits a single-exponential

T1r(
1H) relaxation behavior (6.33 ms). This single value of

T1r(
1H) for the PEO component is virtually the same as that

of the PBzMA component, indicating that this blend is

completely homogenous PBzMA-rich phase without

constrained PEO and crystalline PEO. Crystalline PEO

usually coexists with constrained PEO, because the crystal-

line PEO crystallizes out of the originally amorphous PEO

domain. Thus, the non-crystallizable portion is referred to

the `constrained PEO' region. This inference illustrates that

only one phase is present for this blend (90/10), which will

be veri®ed later in more detail.

A morphologic illustration for blends whose PEO compo-

nent is .20% is drawn and shown in Fig. 5. Fig. 5a illus-

trates the morphology of the blends with large contents of

PBzMA, consisting of a continuous phase of the miscible

homogenous PBzMA-rich domain and a dispersed phase in

which the crystalline PEO is surrounded by the constrained

PEO. Fig. 5b illustrates the schematic morphology of the

blends with large contents of PEO, consisting of a contin-

uous phase of amorphous pure PEO (i.e. constrained PEO)

and two dispersed phases involving one crystalline PEO

phase and one miscible homogenous PBzMA-rich phase.

The crystalline PEO in this morphology is, of course, also

surrounded by the constrained PEO. In these illustrated

morphologies, the PEO component is distributed into

three domains: the miscible homogenous PBzMA-rich

domain, the constrained PEO domain and the crystalline

PEO domain. The crystalline PEO domain forms during

crystallizing out of the amorphous pure PEO phase when

cooled to room temperature from the casting temperature. It

should be mentioned that the domain sizes in this illustrated

morphology will be discussed later. We proved the presence

of crystalline PEO by simply shortening the CP contact

time. Then, it is possible to detect the presence of both

crystalline PEO and constrained PEO.

3.3. Evidence of crystalline PEO in various blend

compositions

By using the 13C CP/MAS/DD NMR analysis of PEO,

Dechter et al. [13] identi®ed two components in the

complex 13C peak shape. A narrow component was

observed superimposed on a broad component. Fine-tuning

the contact time of the rotating-frame can discriminate

between the narrow component and the broad component.

For short contact times, the superimposed broad and narrow

components are obtained, while for long contact time, the

narrow component is predominately obtained. Thus, the
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Fig. 5. Proposed schematic morphology illustrated for the PBzMA/PEO

blends: (a) for low PEO compositions (but $20%) and (b) for high PEO

compositions.



broad component is associated with a faster rotating-frame

relaxation rate (i.e. the short T1r(
1H)). The short T1r(

1H) was

further identi®ed with the protons of the crystalline parts of

the PEO. Fig. 6 shows the effect of contact time on the

characteristic peak shape (70 ppm) for the PEO component

in various compositions of PBzMA/PEO blends. The

contact times were set at 1 and 0.1 ms, respectively. Using

the 0.1 ms contact time of the rotating-frames, a broader

superimposed peak was observed in each blend except for

the 90/10 and 80/20 blends. It becomes more apparent as the

PEO composition in the PBzMA/PEO blend increases. The

results demonstrate the existence of crystalline PEO in the

blends with PEO contents .20% (presumably aggregating

in the constrained PEO domain), and also indicate that the

amount of crystalline PEO in the PBzMA/PEO blends

increases with the PEO content in the blend. More precisely,

the amounts of crystalline PEO and constrained PEO in the

PBzMA/PEO blends simultaneously increase as the compo-

sition of PEO in the PBzMA/PEO blends increases. This is

because the PEO components in the miscible homogenous

PBzMA-rich phases are enhanced only a small amount as

the composition of PEO in PBzMA/PEO blends increases.

This will be further justi®ed by the following calculations.

3.4. Composition of different phases in the PBzMA/PEO

blends

Miscibility may enhance or retard polymer backbone

mobility in a homogenous phase depending on the interac-

tions between the constituents. Mobility more often broad-

ens CP/MAS peakwidths, especially if there is a contrast

between crystalline-rigid and non-crystalline-mobile

chains. Mobility for amorphous chains can either broaden

or narrow resonances depending on the frequency of

motion. A decrease in the composition of PMMA seems

to narrow the peakwidth of the a-CH3 carbon in the

PMMA component in the solid 13C CP/MAS/DD NMR

spectra of the PMMA/PEO blends [9]. In the solid 13C

CP/MAS/DD NMR spectra of the PBzMA/PEO blends,

the peakwidths of all the characteristic bands of the

PBzMA components became narrower as the PEO compo-

sition in the blends increased. Fig. 7 is a representative peak

showing the change in peakshape of the a-CH3 carbon in
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Fig. 6. Effect of contact time on the PEO resonance (70 ppm) in the normal-

ized 13C CP/MAS/DD NMR spectra: (a) blend PBzMA/PEO 90/10, (b)

blend PBzMA/PEO 80/20, (c) blend PBzMA/PEO 50/50 and (d) neat

PEO (- - -) contact time� 0.1 ms, (Ð) contact time� 1 ms. (It should be

pointed out that the peak of 66 ppm is an assignment of PBzMA.)

Fig. 7. Chemical shifts of the PBzMA a-CH3 band in the various composi-

tions of the PBzMA/PEO blend in the 13C CP/MAS/DD NMR spectra.



PBzMA. The largest effect was observed for the peakshape

of this carbon due to the fact that it has less steric-hindrance.

The peakwidth gradually decreased up to 20% PEO content

but at higher PEO content the peakwidth did not further

change. This indicates that the PEO component has an

asymptotic value in the miscible homogenous PBzMA-

rich domain, consistent with the observation in the measure-

ment of T1r(
1H) (as previously described) and with the

calculated results (as shown later).

The composition of each component in the miscible

homogenous PBzMA-rich domain can be quantitatively

estimated by the Dickinson equation [24]. In a miscible

blend of two polymers A and B, the T1r(
1H) of the blend

can be written as

1

T1r�1H�AB

� NAMA

NT1r�1H�A

 !
1

NBMB

NT1r�1H�B

 !

where T1r(
1H)A and T1r(

1H)B refer to the relaxation times of

the neat components A and B, MA and MB are the molar

fractions of each polymer, NA and NB are the numbers of

protons contained in each polymer, and N � NAMA 1
NBMB: The relative amounts of PBzMA and PEO in the

miscible homogenous PBzMA-rich domain were obtained

from the Dickinson equation. The amount of PBzMA in this

miscible homogenous PBzMA-rich phase was given due to

the fact that the PBzMA components were all distributed in

this PBzMA-rich phase. Accordingly, the amount of PEO in

this miscible homogenous PBzMA-rich phase can be calcu-

lated from the relative amount to PBzMA. Consequently,

the amounts of the other phases can be obtained. Results of

calculated MA, MB and the corresponding weight fractions

are given in Table 3. Degrees of crystallinity of the blends

were calculated from the enthalpy of melting (DH) obtained

from DSC thermograms. This table shows the composition

of the different phases of the PBzMA/PEO semicrystalline

blend. For blends below 20% PEO content (more precisely

below 16% or so), the same values of T1r(
1H) for the

PBzMA and PEO components were obtained, and only

one glass-transition temperature and no melting peak was

observed on the DSC thermograms; only one phase was

present in this region: it is the miscible homogenous

PBzMA-rich phase. The PEO component was completely

miscible with the PBzMA component at the molecular

level. However, when the PEO content is over 16%, three

phases containing one miscible homogenous PBzMA-rich

phase, one constrained PEO phase and one crystalline PEO

phase were found (as proposed in Fig. 5). Two different

values of T1r(
1H) were measured at the 1 ms contact time.

The short T1r(
1H) is associated with the protons of the

constrained PEO, and the long T1r(
1H) (actually two values)

is associated with the protons of both components (PEO and

PBzMA) in the miscible homogenous PBzMA-rich phase,

whereas the crystalline PEO phase was not detected by 13C

CP/MAS/DD NMR using a 1 ms contact time of the rotating-

frame. The broader peakwidth with the contact time of

0.1 ms and the melting peak on the DSC thermogram provide

evidence of the presence of crystalline PEO. From Table 3, it

demonstrates that the crystalline PEO is always accompanied

by the constrained PEO and that the amount of constrained

PEO is always much less than that of crystalline PEO.

The average domain sizes in the linear dimension can be

estimated using the formula for the maximum diffusion path

length [1,16], L � �6DTi�1=2; where D is the spin-diffusion

coef®cient and Ti is either T1r(
1H) or T1(

1H) according to the

relaxation experiment. The spin-diffusion coef®cient D was

estimated to have values of the order of 8.0 £ 10216 and

1:0 £ 10216 m2
=s from the PMMA/PS blend [25] and

PMMA/PEO blend [9], respectively. Based on analogy to

the structure, a value of 1:0 £ 10216 m2
=s is probably a

reasonable estimate for the PBzMA/PEO blends. Using

the measured T1r(
1H) values and the estimated spin-diffu-

sion coef®cient D � 1:0 £ 10216 m2
=s we obtained the

linear domain sizes L� 1.8±2.2 and 1.3 nm for the miscible

homogenous PBzMA-rich phase and the constrained PEO

phase in the pseudodomain sense, respectively. Since we
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Table 3

Composition of the different phases of the PBzMA/PEO semicrystalline blend

PBzMA/PEO

blend (%) (w/w)

PBzMA in the

blend (%) (w/w)a

PEO repartition (%) (w/w) Degree of

crystallinity (%)b

Constrained PEO

(%) (w/w)

in miscible phasea Ð

(PBzMA-rich domain)

crystalline and

constrained

100/0 100 0 0 0 0

90/10 90 (90.0) 10 (10.0) 0 0 0

80/20 80 (86.5) 12.5 (13.5) 7.5 5.5 2.0

50/50 50 (83.2) 10.1 (16.8) 39.9 30.0 9.9

30/70 30 (79.5) 7.7 (20.5) 62.3 46.8 15.5

0/100 0 0 100 75.0 25.0

a Calculated by the Dickinson equation, where PBzMA� 70,000 g/mol; NA� 4772.7 protons for each PBzMA polymer; PEO� 200,000 g/mol;

NB� 18,182 protons for each PEO polymer. The values within parentheses were based on the total amount of miscible homogenous phase (PBzMA-rich

domain). Weight fractions were transferred from the mole fraction calculated from the Dickinson equation.
b Degree of crystallinity� DH/DHo

(PEO), where DH refers to enthalpies of melting per gram of blend or neat PEO; DHo
(PEO)� 205 J/g, theoretical enthalpy of

melting for perfect crystal of PEO.



have demonstrated no spin diffusion between these two

domains, these calculations only present a lower limit on

the domain size. Domain sizes may be much larger than

these values and could be additionally estimated from the

T1(
1H) values. For the cases using a spinning speed of

10 kHz, the T1(
1H) values for the PBzMA component and

amorphous PEO in the miscible homogenous PBzMA-rich

phase lie between 0.15 s (in the 90/10, PBzMA/PEO blend)

and 0.31 s (in the 30/70 blend). The T1(
1H) values for the

constrained PEO in the blends are about 0.70 s. Using the

measured T1(
1H) values and the estimated spin-diffusion

coef®cient, we obtained the maximum average sizes of

PBzMA-rich domain as 9.5±14 nm and the constrained

PEO domain size as 20 nm. The T1(
1H) values for each

phase increased by 0.9±13% when using a spinning speed

of 4 kHz. Consequently, the estimated maximum average

sizes for each phase correspondingly increased by 4.5±

6.5%.

The results of T1r(
1H) and T1(

1H) experiments demon-

strated that the domain sizes were all in the range of a few

tens of nanometers. 13C CP/MAS/DD NMR can discrimi-

nate between the miscible homogenous PBzMA-rich phase

and the constrained PEO phase in these ranges of domain

sizes, while DSC analysis cannot tell the difference in

phases (only one Tg obtained), presumably because the

domain sizes or amounts of the constrained PEO are too

small and below the detection threshold of DSC.

Variation of the actual PEO content in the miscible homo-

genous PBzMA-rich phase with the apparent PEO composi-

tion in the blends is shown in Fig. 8. This illustrates that the

PEO component has an asymptotic value in the miscible

homogenous PBzMA-rich domain, consistent with the

observation in the changes in the peakwidth of the

PBzMA a-CH3 carbon. The PEO component in the miscible

amorphous phase sharply increased up to 16% PEO content,

and gradually leveled off beyond 20% PEO content. This

may be related to the difference between the glass-transition

temperature (Tg) of each blend and the crystallization

temperature of PEO (308C).

Fig. 9 shows the change of Tg of the blends with the

composition of PEO. The Tgs of the blends with less than

10% PEO content were higher than the crystallization

temperature of PEO (308C). In this case, the polymer chains

of the PEO component are not mobile enough to fold to

form lamellae crystals. That is why they appear in an amor-

phous state and subsequently merge homogenously in the

domain of the PBzMA component. At higher PEO compo-

sition, the blend Tg becomes much lower than 308C, which

provides a mechanism to pack into crystals from a kinetic

point of view. From a thermodynamic view, it is also of

interest to note that the relative amount of crystalline PEO

versus constrained PEO depends on the annealing time at

room temperature. It is supposed that the blend sample

annealed at room temperature for 4 days has reached ther-

modynamic equilibrium between the amorphous and crys-

talline domains. The calculated amounts of crystalline PEO

shown in Table 3 are for the blends reaching a thermody-

namic equilibrium. These calculated results exhibit that the

amount of crystalline PEO increases with increasing PEO

composition in the blend. Within the experimental uncer-

tainty of Tg, the critical composition for forming crystalline

PEO from a mixed phase whose Tg , 308C lies in the vici-

nity of 16% PEO content (as shown in Fig. 9), consistent

with all observations as previously mentioned.

4. Conclusions

Although it has been earlier determined that some

PBzMA/PEO blends are miscible in the amorphous domain,

the various scales of heterogeneity in the amorphous domain

as well as in the crystalline domains have yet to be under-

stood. The spin±lattice relaxation times in the rotating

(T1r(
1H)) obtained from high-resolution solid-state CP/

MAS/DD 13C NMR can further discriminate the constrained

PEO phase from the miscible homogenous PBzMA-rich

phase in this amorphous domain.

Only one phase was observed for the blend containing a
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Fig. 8. Change of the actual PEO content in this miscible amorphous phase

with the apparent PEO composition in the blends.

Fig. 9. Change of Tg of the blends with the apparent composition of PEO in

the blends.



PEO component ,16%, whereas three phases were detected

for the blends whose PEO fraction was .16%, containing

one miscible homogenous PBzMA-rich phase, one

constraint PEO phase and one crystalline PEO phase.

T1r(
1H) values have been interpreted in terms of varying

composition in the different phases of the PBzMA/PEO

blends; moreover a morphologic picture for the three-

phased blends was proposed. This morphology is somewhat

like the PMMA/PEO system described by Parizel et al. [10],

probably due to the similarity in the PMMA and PBzMA

structure.

The PEO component has an asymptotic value in the

miscible homogenous PBzMA-rich domain in the

PBzMA/PEO blend. We speculate that different miscible

blends containing a PEO component have different asymp-

totic values, presumably due to relatively low crystallization

temperature and the relative ease of PEO crystallization in

the blend and/or different interaction strength. In this three-

phase case, the PEO component is distributed into the misci-

ble homogenous phase, the constrained PEO phase, and the

crystalline PEO phase. The amount of crystalline PEO in

such blends depends on whether or not the blend has

reached thermodynamic equilibrium.
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