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Abstract

The phase-separated structure and molecular mobility for core-shell type polymer particles composed of poly(butyl acrylate) (PBA) and
poly(methyl methacrylate) (PMMA) have been examined by high-resolution solid-state13C n.m.r. spectroscopy. These types of polymer
particles were prepared by the two-step emulsion polymerization of BA and MMA in the presence or absence of ally methacrylate (AMA) as
a crosslinking agent. The analysis of the1H–13C cross polarization process has revealed that molecular mobility of the main-chain of PBA is
significantly restricted for sample BA2M prepared in the presence of 1.6 wt% AMA.1H spin–lattice relaxation time measurements in the
rotating frame have also revealed that the PBA and PMMA phases are phase-separated in a scale of several nm for the polymer particles.
Furthermore, the1H spin diffusion process, measured by the combined pulse sequence of the Goldman–Shen pulse sequence and the CP
process, has been successfully analyzed in terms of the equation derived by the simple two-spin cross relaxation theory. The time constant
TSD for the1H spin diffusion between two polymers obtained through this analysis has been found to be a useful parameter to elucidate the
phase-separated structure. On the basis of these results, it is concluded that the PBA/PMMA polymer particles have a rather incompletely
phase-separated core-shell type structure but the addition of an appropriate amount of AMA improves such a structure by confining the
distribution of PMMA domains around the surface of the polymer particles probably as a result of the preferential crosslinking in the PBA
phase.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is well known that core-shell type polymer particles,
which are composed of rubbery cores and rigid shells,
improve the impact strength of thermoplastic resins when
they are mixed with the resins [1]. In particular, the core-
shell type polymer particles that are composed of poly(butyl
acrylate) (PBA) cores and poly(methyl methacrylate)
(PMMA) shells are found to be very effective for the
improvement of the impact strength for thermoplastic resins
[2,3] and for the relaxation of the residual stress for
thermosetting resins [4,5]. To further improve the practical
characteristics of these polymer particles, it is very impor-
tant to characterize the core-shell structure in detail.

Until now, many investigations of the core-shell structure
have been performed by using various analytical methods,
such as differential scanning calorimetry (DSC) [6,7],

dynamic mechanical analysis (DMA) [7,8] transmission
electron microscopy (TEM) [9–11], X-ray photoelectron
spectroscopy (XPS) [12], infrared spectroscopy (IR) [13],
nuclear magnetic resonance (n.m.r.) [14], and gel permea-
tion chromatography (GPC) [15]. However, the detailed
core-shell structure and the compatibility in the interphase
between the core and the shell, including the effects of
crosslinking agents, have not been clarified well yet.

High-resolution solid-state13C n.m.r. spectroscopy is
very powerful in characterizing the phase-separated struc-
ture for crystalline polymers [16–21], polyurethanes
[16,22,23], polymer blends [16,24], etc. As for core-shell
type polymer particles, Spiess et al. extensively investigated
their phase-separated structure by one- and two-dimensional
solid-state n.m.r. methods [25–27]. For example, they
clarified the difference in morphology between core-shell
type polymer particles synthesized at high and low tempera-
tures: the low-temperature polymer particles have an inter-
face with a continuous concentration gradient of two
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components mixed on a molecular level, whereas the
interface of the high-temperature particles with almost the
same thickness is composed of micro phase-separated
domains.

In this paper, we have examined the phase-separated
structure and compatibility for core-shell type polymer par-
ticles which were synthesized by the two-step emulsion
polymerization of butyl acrylate (BA) and methyl metha-
crylate (MMA) in the presence or absence of allyl metha-
crylate (AMA) as a crosslinking agent by solid-state13C
n.m.r. spectroscopy. In particular, the effect of the cross-
linking agent on the phase-separated structure has been elu-
cidated by analyzing the1H spin diffusion process.

2. Experimental

2.1. Materials

Table 1 lists monomer compositions of BA, MMA and
AMA for three types of core-shell polymer particles, which
are coded as BM, BA1M and BA2M in this study. Each
emulsion was prepared in the presence of sodium persulfate
as a polymerization initiator and dioctyl sodium sulfosucci-
nate as an emulsifier. The synthesis of core-shell polymer
particles was carried out by the seed emulsion polymeriza-
tion at 708C. At the first step, the seed particles with about
90 nm in diameter were prepared by polymerizing 4 wt% of
the core monomer. The polymerization was continued by
step-wise adding of an appropriate amount of emulsion
which was a mixture of the core monomer, the emulsifier,
and deionized water. At the end of the first-step polymer-
ization, we confirmed the two following points: (1) the
polymerization conversion is more than 99%; (2) the
particle size of the core is not much different from the
value (225 nm) expected in the ideal seed emulsion poly-
merization. The second polymerization was initiated by
adding first the initiator and then by step-wise adding
another emulsion containing the shell monomer. Finally
the polymerization conversion was also confirmed to be
more than 99%. In this study, each polymerization conver-
sion was estimated from the weight of each specimen dried
at 1108C, and the particle size was measured by means of
dynamic light scattering. The core-shell polymer particles
thus prepared were separated from the polymerization
system by the freeze-drying method.

2.2. Solid-state13C n.m.r. measurements

Solid-state13C n.m.r. measurements were performed on a
JEOL JNM-EX270 spectrometer equipped with a variable
temperature MAS system operating at 67.8 MHz under a
static magnetic field of 6.35 T. Each dried sample was
packed into a 6 mm diameter zirconia rotor.1H 908
pulse width was 4.0ms and the CP contact time was
2.0 ms except for measurements of the CP process. The
number of scans was about 500, but it was increased up to
about 2000 in1H spin diffusion experiments. The MAS
rate was set to 5 kHz and the pulse recycle time was 5 s.
Dipolar decoupled/MAS (DD/MAS)13C n.m.r. spectra
were also measured for the rubbery polymer (PBA) by
using thep/4 single pulse sequence instead of the CP
excitation.13C chemical shifts were expressed as values

Table 1
Monomer compositions for the preparation of the different core-shell polymer particles

Sample Core Shell

Monomer Mole fraction Monomer Mole fraction

BM BA 0.8 MMA 0.20
BA1M BA/AMA 0.7984/0.0016 MMA 0.20
BA2M BA/AMA 0.784/0.016 MMA 0.20

Fig. 1. 67.8 MHz13C n.m.r. spectra measured at 308C: (a) and (b) by CP/
MAS, (c) by DD/MAS.
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relative to tetramethylsilane (Me4Si) by using the CH3 line
at 17.36 ppm of hexamethylbenzene crystals as an external
reference.

3. Results and discussion

3.1. CP/MAS and DD/MAS13C n.m.r. spectra

Fig. 1 shows high-resolution solid-state13C n.m.r. spectra
of the core-shell polymer particles BM, PBA homopolymer
and PMMA homopolymer, which were measured at 308C by
CP/MAS or DD/MAS spectroscopy. The assignment of each
resonance line has been made on the basis of the results of the
solution-state spectra as well as the quaternary carbon-
enhanced spectra obtained by the dipolar diphasing method
[28]. As is seen in Fig. 1(a), the resonance lines for the C1
and C2 carbons in the main chain of PBA are very weak
compared with those for the side-chain carbons. Accord-
ingly, we deal with the resonance lines of the side-chain
carbons of PBA for further investigations.

It is found from Fig. 1 that the chemical shifts of the core-
shell polymer particles are not different from those of the
constituent homopolymers. Further, there are also no differ-
ences in line width and chemical shift among samples BM,
BA1M and BA2M. These facts indicate that almost no
information about crosslinking and the phase-separated
structure of the core-shell polymer particles may be obtain-
able from these spectra. Next we have measured several
kinds of magnetic relaxation times.

3.2. 13C spin–lattice relaxation times

In order to characterize the solid structure of polymers,
13C spin–lattice relaxation times (T1C) are frequently mea-
sured by means of the high-resolution solid-state n.m.r.
methods. Table 2 listsT1C values of the respective resonance
lines measured for the three samples by the CPT1 pulse
sequence [29]. It is evidently found in Table 2 that the
difference of the structure, which may be produced by the
introduction of crosslinking points composed of AMA resi-
dues, is hardly reflected on theT1C values in these core-shell
type polymer particles.

3.3. Cross polarization process

According to the simple theory for the CP process
[30,31], the 13C magnetizationMc(t) enhanced through
this process is expressed as a function of the contact time
t whenTCH p T1rH , T1rC:

Mc(t) ¼ Me[exp( ¹ t=T1rH) ¹ exp( ¹ t=TCH)] (1)

Here, Me is the 13C equilibrium magnetization obtained
when both spin systems fully contact each other without
any energy exchange with the lattice,TCH is the time con-
stant for the energy exchange between1H and 13C spin
systems, andT1rH andT1rC are the1H and13C spin–lattice
relaxation times in the rotating frames, respectively. This
equation indicates that the13C magnetization appears at the
rate of the order of (TCH)¹1 and disappears at the rate of
(T1rH)¹1.

Fig. 2 shows a semilogarithmic plot of the peak intensity
as a function of the contact timet for the C4 carbon of
sample BM. The solid curve indicates the theoretical result
based on Eq. (1) obtained by the computer-aided least-
squares method. The experimental data seem to be in
good accord with the theoretical curve, although the simple
theory described above may not fully hold in those samples
with complicated phase-separated structures. Similar good

Table 2
T1C values of the respective carbons of different samples measured by the CPT1 pulse sequence at 308C

BM BA1M BA2M

PMMA C9 8.2 8.4 8.5
C11 15.3 15.2 15.6
C12 10.7 10.8 11.2

PBA C4 0.26 0.27 0.26
C5 0.41 0.41 0.40
C6 0.52 0.55 0.53
C7 1.72 1.68 1.75

Fig. 2. CP process for the resonance line of the C4 carbon for sample BM,
measured at 308C. The solid line is the result simulated by Eq. (1).
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accordances could be obtained for the C4, C5 and C9 car-
bons in BM as well as for the corresponding carbons of
BA1M and BA2M. TheTCH andT1rH values thus obtained
are listed in Table 3. As forTCH values for BM and BA1M,
there are almost no differences for the respective carbons
between these two samples.

In contrast, theTCH value of the C4 carbon of BA2M is
markedly shorter than the correspondingTCH values for BM
and BA1M, while theTCH values of the C5 and C9 carbons
are almost the same for these three samples. This fact indi-
cates that the effect of the introduction of crosslinking by
AMA units appears mainly for the C4 carbon, which is the
most neighboring side-chain carbon to the main chain, pos-
sibly as a result of the reduction in molecular mobility of the
main chain by crosslinking. It should be, therefore, noted
that TCH values are very sensitive for crosslinking in the
rubbery state.

3.4. 1H and 13C spin–lattice relaxation times in the rotating
frames

In the characterization of the mixing state in the several
nm scale for polymer blends,T1rH values of the component
polymers are frequently measured because these values
reflect such a mixing state as a result of averaging of the
relaxation through the1H spin diffusion between those poly-
mers during the period corresponding toT1rH. Table 4 lists
the T1rH values of the respective carbons of sample BM,
which were measured at 308 and ¹ 408C by using the
standard pulse sequence forT1rH measurements equipped
in the JEOL n.m.r. system. It should be first noted that the
T1rH values at 308C thus obtained for PBA are significantly
different from the corresponding values in Table 3 obtained

by the analysis of the CP process. The cause of the discor-
dance is not clear at present but theT1rH values indirectly
determined may contain some unknown contribution in the
CP process particularly for the rubbery component. It
seems, therefore, plausible to discuss relative changes in
T1rH instead of the absolute values, as done in the previous
section.

As is clearly seen in Table 4, theT1rH values for PMMA
are greatly different from those for PBA at 308C. This fact
indicates that the1H spin diffusion between the two poly-
mers is very slow compared with the order of (T1rH)¹1. It is,
however, impossible to conclude that this sample is really
phase-separated in a scale of several nm, because the1H
spin diffusion may be simply slow at 308C due to the
enhanced molecular motion in the rubbery state. Therefore,
we have measured theT1rH values at¹ 408C, where PBA is
also in the glassy state (Tg 6 ¹ 308C [32]). TheT1rH values
at ¹ 408C are also shown in Table 4. TheT1rH values for
PMMA are in good agreement with those for PBA. In con-
trast,T1rC values for PMMA and PBA in sample BM, which
were measured by the standard pulse sequence forT1rC

measurements and are also shown in Table 4, are signifi-
cantly different from each other at¹ 408C. The latter fact
indicates that the molecular mobility should be appreciably
different between PMMA and PBA at¹ 408C. This finding
further leads to the interpretation that the agreement ofT1rH

values between PMMA and PBA should be realized through
their efficient1H spin diffusion. It is, therefore, concluded
that most of PMMA and PBA are compatible in sample BM
in a scale of several nm; the PMMA domain with several nm
may be dispersed in the PBA continuous phase. Since simi-
lar agreements of theT1rH values were also obtained at
¹ 408C for samples BA1M and BA2M, it was very difficult

Table 3
Time constants (TCH) for the energy exchange between1H and13C spin systems and1H spin–lattice relaxation times (T1rH) in the rotating frame, which were
obtained by the analysis of the CP process for each sample at 308C

TCH (ms) T1rH (ms)

C4 C5 C9 C4 C5 C9

BM 1.17 0.67 0.38 6.8 . 50 12
BA1M 1.22 0.70 0.36 6.8 . 50 11
BA2M 0.70 0.72 0.40 5.4 43 11

Table 4
T1rH andT1rC values of the respective resonance lines of sample BM, measured at 308 and ¹ 408C

308C ¹ 408C

T1rH (ms) T1rH (ms) T1rC (ms)

PMMA C9 15.4 6.2 20.7
C12 15.7 6.1 21.3

PBA C2 – 6.1 12.8
C4 2.8 6.2 3.9
C5 3.0 6.1 4.9
C6 3.0 6.0 4.5
C7 3.2 6.4 13.3

–Not observed clearly.
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to characterize the difference in phase-separated structure
among these samples by using theseT1rH values.

3.5. 1H spin diffusion measurements

To examine the phase-separated structure for the core-
shell type polymer particles in more detail, the1H spin
diffusion process has been measured at 308C by the pulse
sequence shown in Fig. 3.

This pulse sequence has been prepared by the
combination of the Goldman–Shen pulse sequence [33]
and the CP technique [24]. In this measurement, the
concentration gradient of the1H magnetization should
be produced by using the difference in1H spin–spin
relaxation time (T2H). This condition is fulfilled for the
core-shell polymer particles, since these materials are
composed of the rubbery PBA and glassy PMMA compo-
nents. The detailed descriptions of the pulse sequence are
as follows: in the first step1H, magnetization of PBA is
left as a longT2H component. Next, the1H spin diffusion
and the1H spin–lattice relaxation are allowed to proceed
during thetd period. After that period, the1H magnetiza-
tion in each phase-separated region is transferred to the
corresponding13C spin system through CP and finally the
1H spin diffusion process is detected as the change in13C
magnetization as a function oftd. In this pulse sequence,
the1H magnetization is alternately flipped to thezand ¹ z
axes during thetd period to reduce the effect of the1H
spin–lattice relaxation.

Fig. 4 shows13C n.m.r. spectra of BM in the frequency
range of 0–90 ppm, which were measured by the pulse
sequence shown in Fig. 3. Attd ¼ 1 four resonance lines
assignable to the side-group carbons of PBA are clearly
observed as a result of the suppression of the contribution
from PMMA. However, with increasingtd value, the reso-
nance lines are abruptly increased in intensity and finally
tend to disappear, indicating the real occurrence of the1H
spin diffusion from the PBA domains to the PMMA
domains in concomitance with the1H spin–lattice relaxa-
tion. In addition, all resonance lines ascribed to PMMA or
PBA are respectively increased or decreased at the same
rate, suggesting that the1H spin diffusion in each domain
is very rapid compared with the1H spin diffusion between

the PMMA and PBA domains. In Fig. 5 the logarithmic
peak intensities for the resonance line of the C12 carbon
shown in Fig. 4 are plotted against the diffusion timetd as
a representative example. The steep initial increase will be
due to the1H spin diffusion from the PBA domains, while
the relatively slow decay may be ascribed to the1H spin–
lattice relaxation process.

To analyze such a change of the1H magnetization in this
system, we assume the energy exchange process associated
with 1H spins as shown in Fig. 6. Here,1H spin systems for
PBA and PMMA are connected with each other through the
1H spin diffusion with the time constantTSD. The PBA and
PMMA spin systems are also connected with the lattice with
the spin–lattice relaxation timesT1HR and T1HG, respec-
tively. As confirmed experimentally (cf. Fig. 4), the1H
magnetization is homogeneous in each spin system due to
the rapid1H spin diffusion there. Under this situation, the

Fig. 3. Pulse sequence combined with the Goldman–Shen pulse sequence and the cross polarization technique.

Fig. 4.1H spin diffusion process from the rubbery component (PBA) to the
glassy component (PMMA) measured for BM at 308C by the pulse
sequence shown in Fig. 3.
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time changes of the magnetizationsMR andMG for PBA and
PMMA are respectively given by simultaneous linear dif-
ferential equations on the basis of the treatment of the two-
spin system as follows:

dMR=dt ¼ (MR ¹ MReq); T1HR ¹ (MR ¹ MG)=TSD (2)

dMG=dt ¼ (MG ¹ MGeq); T1HG þ (MR ¹ MG)=TSD (3)

Here,MReq andMGeq are the thermal equilibrium magneti-
zations of the corresponding components. Under the usual
experimental conditionTSD is assumed to be much shorter
thanT1HR andT1HG.

Moreover, it is also assumed thatT1HR andT1HG are the
same as a result of the rapid spin diffusion;T1HR ¼ T1HG ¼

T1H. When these equations are solved under the initial con-
dition of MR ¼ MR0 and MG ¼ MG0 at t ¼ 0, the 1H
magnetization of the PMMA domains is described as
follows:

MG ¼ (MR0 þ MG0)exp( ¹ t=T1H)

¹ (MR0 ¹ MG0)exp( ¹ 2t=TSD) ð4Þ

This equation is very similar to Eq. (1) describing the CP
process. The solid line shown in Fig. 5 is the result simu-
lated by Eq. (4). The experimental points agree well with the
simulated curve obtained by the computer-aided least

squares method. Similar good fitting was also obtained for
samples BA1M and BA2M.

Table 5 lists the parameters appearing in Eq. (4) deter-
mined for the three samples. Since the1H magnetization of
PMMA was suppressed by using the Goldman–Shen pulse
sequence,MG0 is much smaller thanMR0. As is clearly seen,
theTSD value significantly depends on the concentration of
the crosslinking agent; theTSD value is the maximum for the
BA1M. Since the larger TSD value represents the slower
spin-diffusion, sample BA1M has smaller contact areas
between PBA and PMMA domains. This fact suggests
that the better phase-separated core-shell type structure
may be formed in sample BA1M.

It is interesting to point out that the employment of an
appropriate amount of the crosslinking agent seems to pro-
mote the core-shell type phase separation in this reaction
system. This is not a strange thing in this system, because
crosslinking is thought to preferentially occur at the first
polymerization step of the core monomer at a rather low
concentration of the crosslinking agent AMA and this
leads to the reduction in the extent of the mixing of PBA
with PMMA. In contrast, with increasing AMA concentra-
tion, some unreacted ally groups of AMA may be associated
with the second polymerization of MMA, resulting in the
higher extent of mixing between PBA and PMMA due to
the crosslinking between them through the AMA residues.
The formation of the better phase-separated structure in
sample BA1M is also supported by the separate experimen-
tal result that this sample has the highest addition effect on
the improvement of the impact strength for thermoplastic
resins [32].

On the basis of these results, schematic structure models
for the core-shell type polymer particles are shown in Fig. 7.
As is shown in this figure, the polymer particles used in this
work have not a typical core-shell type structure, but a rather
incompletely phase-separated structure in which smaller
PMMA domains are dispersed in the continuous PBA
phase. The addition of an appropriate amount of the cross-
linking agent AMA will confirm the distribution of the dis-
persed PMMA domains around the surface of the particles,
probably by the preferential occurrence of crosslinking in
the PBA phase as described above. Somewhat different
structural models were also proposed for core-shell type
polymer particles on the basis of detailed solid-state13C
n.m.r. analyses [25–27]. It is, however, difficult to compare

Fig. 5. Semilogaridimic plot for the peak intensity of the C12 resonance line
shown in Fig. 4 as a function of the spin diffusion timetd. The solid line is
the result simulated by Eq. (4).

Fig. 6. Schematic representation for the energy exchange process in the1H
spin systems of PBA and PMMA including the lattice.

Table 5
Time constants (TSD) for the 1H spin diffusion between the core and shell
components,1H spin–lattice relaxation times (T1H), and coefficients (MR0

andMG0) appearing in Eq. (4) for the C12 carbon of PMMA, measured at
308C

BM BA1M BA2M

MR0 5.7 4.6 2.3
MG0 0.39 0.51 0.30
TSD (ms) 25 32 28
T1H (ms) 900 960 1000
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our results with those previous results at present because the
polymerization conditions are considerably different from
each other.

4. Conclusions

The phase-separated structure for the core-shell type
polymer particles, prepared by the two-step emulsion poly-
merization of BA and MMA in the presence or absence of
the crosslinking agent AMA has been characterized by high-
resolution solid-state13C n.m.r. spectroscopy and the fol-
lowing conclusions have been obtained:

1. The time constantTCH for the cross polarization between
1H and13C spin systems is found to be very sensitive for
molecular mobility of crosslinked PBA in the rubbery
state, whereas the spin-lattice relaxation timesT1C are
almost insensitive for the crosslinking in those polymer
particles. Sample BA2M, including 1.6 wt% AMA, is
significantly restricted in molecular motion for the
main-chain carbons of PBA and the side-chain carbon
most closely connected to them.

2. The1H spin–lattice relaxation times (T1rH) and the13C
spin–lattice relaxation times (T1rC) in the rotating frame
measured at¹ 408C have revealed that the PBA and
PMMA phases are phase-separated in a scale of several
nm instead of the typical core-shell type structure.

3. The1H spin diffusion process, which was measured for
each sample at 308C by the pulse sequence composed of
the Goldman–Shen pulse sequence and the CP process,
has been analyzed in terms of the equation derived by the
simple two-spin cross relaxation theory. As a result, the
time constantTSD, which determines the1H spin diffu-
sion rate between two polymer components, has been
obtained for each sample. It has been found that this
parameter is useful for the characterization of the phase
separation of core-shell type polymer particles.

4. The polymer particles examined in this work do not have
a typical core-shell type phase-separated structure but a
rather incompletely phase-separated structure in which
small PMMA domains are dispersed in the continuous

PBA phase. However, the addition of an appropriate
amount of the crosslinking agent AMA improves such
a phase-separated structure by confining the distribution
of the PMMA domains around the surface of the polymer
particles probably as a result of the preferential cross-
linking in the PBA phase.
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