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ABSTRACT: Molecular motion in an interfacial region of microdomains of polystyrene-block-poly(methyl
acrylate) (PS-block-PMA) was studied by electron spin resonance (ESR) technique. The junction points
between the blocks, which are located in the interfacial region, were labeled with stable nitroxide radicals.
Mobility of the spin-labels reflected the dynamic environments in the interfacial region. The transition
temperature of the motion of the spin-labels, Tsomt, at which the extreme separation width due to **N
anisotropic hyperfine splitting is 5.0 mT, was estimated, and it reflects a glass transition of the region
around the labels. The Tsomt 0f the PS-block-PMA labeled at the junction point was almost the mean
value of those of the spin-labeled PS and PMA homopolymers, and the distribution of the motional
correlation times (z;) in the interfacial region was much broader than that in the homopolymers. These
results are considered to be caused by the heterogeneous mixture of the each segment in the interfacial
region at a certain length scale. The molecular weight strongly influenced the interfacial thickness and
the segmental mobility and the width of the distribution of the 7. in the interfacial region as well as on
the glass transition temperatures (Ty's) of the microdomains. It was revealed that the width of the
distribution of the 7. depended on not the interfacial thickness so much as the difference between the
mobilities of the block chains in the microdomains. On the other hand, extremely small effects of the
overall composition and the morphology of the PS-block-PMA on the segmental mobility in the interfacial
region were observed. From these results, it was considered that the dynamic environment in the
interfacial region was strongly affected by the gradient of the segmental concentration in the interfacial

region and the mobility of the block chains in the microdomains.

Introduction

Diblock copolymers with two incompatible block chains
are known to form a variety of microphase-separated
structures such as spheres, cylinders, lamellae, etc.,
depending on their compositions.12 Much interest has
been directed toward the nature of the domain interface
because it is the important key to understanding the
formation and mechanical properties of the microphase-
separated polymer alloys. However, experimental meas-
urements of characteristics of the interfacial region are
difficult because of the extremely small amounts and
the undefined composition of the interfacial region.

Many theories on the microphase separation are
based on the concept of the three-phase system consist-
ing of regions of pure A, pure B, and an interfacial
region of mixed A and B.3~8 Some experimental tech-
niques have been applied to determine the interfacial
thickness. Specular neutron reflectivity (SNR) measure-
ments provide the most reliable information on the
interfacial thickness of the microphase-separated struc-
ture.®~13 Russell et al. reported that an effective thick-
ness of the lamellar interface in polystyrene-block-
poly(methyl methacrylate) (PS-block-PMMA) was evalu-

T Nagoya Institute of Technology.
* Nagoya Keizai University.

§ Institute for Molecular Science.
U Kyoto Institute of Technology.

10.1021/ma035089i CCC: $27.50

ated to be ca. 5 nm, regardless of the molecular weight
of the diblock copolymer.® In other ways, fluorescence
decay measurement,4-16 small-angle X-ray scattering
(SAXS),17 and differential scanning calorimetry (DSC)?8
were utilized to estimate the interfacial thickness.

In the strong segregation limit, junction points of
block copolymers are concentrated in the interfacial
region to minimize the surface area per chain.
Matsushita et al. carried out small-angle neutron scat-
tering (SANS) studies on polystyrene-block-poly(2-
vinylpyridine). They revealed that the part of a block
chain near the junction point was localized strongly near
the interface of the lamellar microdomain, and the
segmental concentration of the both components changed
gradually in the interfacial region.'31° Russell et al. also
reported a strong localization of the junction point of
PS-block-PMMA at the lamellar interface.?0:2!

Electron spin resonance (ESR) with the spin-label
technique is one of the most advantageous methods to
reveal the structure and dynamic behavior of polymer
chains at a particular site or in a particular region.?2-27
Recently, we studied the molecular motions at the
specific sites of polystyrene-block-poly(methyl acrylate)
(PS-block-PMA) with the lamellar morphology using the
ESR spin-label technique.?” In the paper, the PS-block-
PMA was spin-labeled at the chemical junction point
between the blocks, and the segmental mobility of the
interfacial region was studied. The segmental mobility
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in the interfacial region agreed with that of the poly-
(styrene-random-methyl acrylate) with the styrene frac-
tion of 0.5 within experimental uncertainties. This
reflected the random mixture of the both components
in the interfacial region. Smith et al. also studied the
molecular mobility of the junction point of polystyrene-
block-polyisoprene (PS-block-P1) using dynamic infrared
linear dichroism spectroscopy.?® They reported that the
styrene segment near the junction point was localized
near the interface, and it had rubberlike mobility even
at a room temperature. Our result estimated by ESR
agreed well with their result.

In the present paper, the dynamic environment in the
interfacial region of microdomains was further investi-
gated using the ESR technique. Some authors demon-
strated the gradient of the segmental concentration in
the interfacial region.1319-21 On the other hand, the
dynamic heterogeneity in the interfacial region was
suggested in our previous paper.?’” The relationship
between the structure and the dynamic environment in
the interfacial region is still unclear although the
correlation is expected. Effects of the molecular weight,
composition, and morphology of the PS-block-PMA on
the dynamic environment in the interfacial region were
examined. This was instructive for understanding the
cause of the dynamic heterogeneity in the interfacial
region. In particular, the molecular weight remarkably
affected the interfacial thickness and the dynamic
environment in the interfacial region. These results
should clarify the relationship between the structure
and the dynamic environment in the interfacial region.

Experimental Section

Materials. Styrene (ST, Extra Pure Reagent, Nacalai
Tesque Co., Ltd.), methyl acrylate (MA, Extra Pure Reagent,
Nacalai Tesque), tert-butyl acrylate (tBA, Extra Pure Reagent,
Tokyo Chemical Co., Ltd.), and toluene (Extra Pure Reagent,
Nacalai Tesque) were distilled under reduced pressure.
N,N,N’,N',N"-Pentamethyldiethylenetriamine (PMDETA, 99%,
Aldrich Chemical Co., Ltd.), 1-phenylethyl bromide (1-PEBTr,
95%, Tokyo Chemical), methyl 2-bromopropionate (MBrP,
98%, Aldrich), CuBr (98%, Aldrich), dithranol (97%, Aldrich),
and 2,2,6,6-tetramethyl-4-aminopiperidine-1-oxyl (4-amino-
TEMPO, 99%, Aldrich) were used as received. Tetrahydrofuran
(THF), cyclohexane, and methanol were obtained from Nacalai
Tesque Co., Ltd. (Extra Pure Reagent), and used without
further purification.

Sample Preparation. Spin-labeled PS-block-PMA and PS
and PMA homopolymers were synthesized by the atom trans-
fer radical polymerization (ATRP) technique as described
previously.?” The PS-block-PMA was spin-labeled at the junc-
tion point, and the PS and PMA homopolymers were labeled
at the inside of the chain.

Molecular weights of the PS, the PS-block-PMA, and the
high molecular weight (more than ca. 10K) PMA were deter-
mined by gel permeation chromatography (GPC) calibrated
with PS standards. Matrix-assisted laser desorption ionization,
time-of-flight mass spectrometry (MALDI-TOF—-MS) was
used to determine the molecular weight of the low molecular
weight PMA 2930

The spin-labeled PS-block-PMA and PS and PMA homo-
polymers were dissolved into toluene at 5 wt %. These solutions
were dried slowly at a room temperature on a Teflon plate.
After the films were dried for a week, the PS-block-PMA and
PS films were annealed in a vacuum at 393 K for 24 h. The
PMA film was annealed in a vacuum at 353 K for 24 h.

Measurements. Small-angle X-ray scattering (SAXS)
measurement was performed at beamline BL-9C and 15A in
Photon Factory (PF) of the High Energy Accelerator Research
Organization (KEK) in Tsukuba, Japan, and at beamline
BL40B2 in SPring 8 in Hyogo, Japan. White radiation from
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Figure 1. Chemical structures and illustrations of sym-
metrical PS-block-PMA spin-labeled at the junction point.

the source was monochromatized using a double monochro-
mator of Si(111) crystal to give an intense beam of 1 = 0.1499
nm X-rays. The detector was a one-dimensional position-
sensitive proportional counter (PSPC) located at a distance of
1.0 m (BL-9C) and 2.3 m (BL-15A) from the sample position.
At BL40B2, the imaging plate (Rigaku R-AXIS) was used as
a detector and located at a distance of 1.0 m. Collagen (chicken
tendon) was used as a standard specimen to calibrate the
SAXS detector. The experimental data were corrected for the
background scattering and sample absorption.

The M, and M,/M, of the samples were determined by the
GPC in THF (1 mL/min) at 313 K on four polystyrene gel
columns (Tosoh TSK gel GMH (beads size is 7 um), G4000H,
G2000H, and G1000H (5 um)) that were connected to a Tosoh
CCPE (Tosoh) pump and an ERC-7522 RI refractive index
detector (ERMA Inc.). The columns were calibrated against
standard polystyrene (Tosoh) samples.

The MALDI-TOF—MS spectra (in linear mode) were ob-
tained using a PreSeptive Biosystems Voyager DE-STR in-
strument, equipped with a N, laser at 337 nm to determine
the M, of PMA. Dithranol, 0.1 M in THF, doped with Na®,
was used as the matrix solution.

Nuclear magnetic resonance (NMR) was performed on a
Bruker AVANCE 200 spectrometer using deuterated chloro-
form at 298 K with tetramethylsilane as an internal reference.

The each sample was contained in a quartz tube and the
tube was depressurized to a pressure of 107 Torr and sealed
before the ESR measurement. ESR spectra at 77 K and higher
temperatures were observed at low microwave power level to
avoid power saturation and with 100 kHz fielded modulation
using JEOL JES-FE3XG and JES-RE1XG spectrometers (X
band) coupled to microcomputers (NEC PC-9801). The signal
of 1,1-diphenyl-2-picrylhydrazyl (DPPH) was used as a g tensor
standard. The magnetic field was calibrated with the well-
known splitting constants of Mn?*.

MDSC (MDSC 2920) manufactured by TA Instruments was
used. A modulation amplitude of 1.5 K and a period of 60 s
were used at a heating rate of 2 K/min. The calorimeter was
calibrated with an indium standard.

Results and Discussion

1. Effect of Molecular Weight on Structure and
Mobility of Symmetrical PS-block-PMA. 1.1. Mor-
phological Analysis of Symmetrical PS-block-
PMA. The chemical structure and illustration of the
spin-labeled PS-block-PMA are shown in Figure 1. The
symmetrical PS-block-PMA’s (¢pma = 0.5) with different
molecular weights were prepared. Important molecular
characteristics of the samples are listed in Table 1.

The morphologies of the PS-block-PMA’s were deter-
mined by the SAXS measurement. A plot of SAXS
intensity vs scattering vector, g, for the PS-block-PMA’s
measured at a room temperature is shown in Figure 2.
The scattering vectors of the peaks occurring at integral
multiples of g* for SM5.5, SM6.1, SM7.8, SM8.9 and
SM30 obviously indicate lamellar morphologies. Here,
g* is the scattering vector of the primary scattering
peak. The 2g* diminished for SM6.1 and SM8.9 due to
the disappearance rule of even number reflections for
symmetric diblock copolymers. A disorder state was
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Table 1. Molecular Characteristics of Samples

polymer code  spin-label Mp2 x 1073 My/Mp@ Mpps? x 1072 ¢pma? morphology® Tg19(K) Tg29(K) ACp2d (I K1g?
PS-block-PMA  SM1.5 3.2 1.07 15 0.52 disorder
PS-block-PMA SM3.0  junction 6.3 1.08 3.0 0.48 lamella?® 292 319 0.04
PS-block-PMA  SM4.5  junction 115 1.05 45 0.50 lamella?® 288 323 0.08
PS-block-PMA  SM5.5  junction 14.3 1.08 5.5 0.54 lamella 284 327 0.08
PS-block-PMA  SM6.1  junction 15.6 1.05 6.1 0.51 lamella 288 338 0.09
PS-block-PMA  SM7.8  junction 14.9 1.04 7.8 0.52 lamella 283 336 0.09
PS-block-PMA  SM8.9  junction 19.0 1.08 8.9 0.49 lamella 287 344 0.10
PS-block-PMA  SM30 junction 56.3 1.19 30 0.51 lamella 285 367 0.20
PS S31 inside 31.0 1.12 31.0 0 370f 0.249
PMA M29 inside 28.9 1.09 1.00 283h
PS-block-PMA  ASM30 junction 40.2 1.14 30 0.30 cylinder 285 368
PS-block-PMA  ASM56  junction 65.1 1.45 30 0.56 lamella 283 369
PS-block-PMA  ASM65  junction 80.3 1.25 30 0.65 lamella 284 365

a By GPC columns calibrated with PS standards. P By *H NMR. ¢ By SAXS. 4 By MDSC. ¢ Predicted by symmetrical volume fraction of

PS-block-PMA. ng,ps. 9 Acp,ps. h Tg,pMA.
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Figure 2. Intensity profile of SAXS for PS-block-PMA ob-
served at room temperature.
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observed for the SM1.5, SM3.0, and SM4.5 from the
SAXS measurements. However, the two distinct glass
transitions were observed on the MDSC curves (see
Figure 4) regardless of the observation from the broad
single reflection of the SAXS for the SM3.0 and SM4.5.
This might indicate that the MDSC is more sensitive
than the SAXS, and the lamellar morphologies can be
predicted from the symmetrical volume fraction of the
SM3.0 and SM4.5 although the morphologies were
unable to be determined from the scattering profile. For
the SM1.5, the SAXS profile showed the broad peak,
and the single glass transition was observed on the
MDSC curve due to the disordered state.

The logarithm of a spacing (log D) of the PS-block-
PMA obtained by the SAXS primary peak is plotted as

LogD

0-5 ‘ 2 ' 3
LogP
Figure 3. Double-logarithmic plot of spacing (D) and degree
of polymerization (P) of PS-block-PMA. A power of 0.62 was
obtained by best fitting using least-squares method. Spacing
of SM1.5 is shown with open symbol.
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1 1 ]
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Figure 4. MDSC curves of PS-block-PMA’s at 2 K/min with
modulation amplitude of 1.5 K and 60 s period.
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250

a function of the logarithm of the degree of polymeri-
zation (log P) in Figure 3. The lamellar domain spacing
D is proportional to the P%, and the power estimated
from the slope, o = 0.62, of double logarithmic plot of D
vs P is significantly larger than that (oo = 0.5) predicted
for ideal Gaussian coils. On the other hand, for the
strongly segregated symmetrical diblock copolymers, o
= 0.67 was obtained by experiments®3! and theory.32
The a = 0.62 of the PS-block-PMA is smaller than the
o 0.67, which indicates the weaker segregation



3710 Miwa et al.

T T T
(@) o |
— [ ]
= 150 1
e )
A Y
. J
05 1 1 1
T T T
04+ (b) ]
Q L © d
& 02 ©°f J
L ® o A
% 2 4 6 8
P [x10%]

Figure 5. Width of the interface (t;) (®) between PS and PMA
lamellar microdomains and the volume fraction of specimen
occupied by interface (2ti/D) (O) as a function of P of PS-block-
PMA.

between the PS and PMA than that in the strong
segregation limit.

1.2. Interfacial Thickness. MDSC data also pro-
vided information on the microphase separation. MDSC
curves of the PS-block-PMA’s are shown in Figure 4.
Two distinct glass transitions on the MDSC curve were
exhibited for the SM3.0, SM4.5, SM5.5, SM6.1, SM7.8,
SM8.9, SM9.7, and SM30, which indicated the micro-
phase separation. On the other hand, a single glass
transition brought from the disordered state was ob-
served for the SM1.5. The increment of the heat capac-
ity, AC,, associated at the glass transition of the each
phase in the PS-block-PMA was evaluated from the
difference between the extrapolated baselines before and
after the transition. The T, was taken as the temper-
ature corresponding to the half-height of the baseline
shift. This was drawn with the broken lines in Figure
4,

The losses of the ACy's at the two distinct transitions
of the PS-block-PMA are observed, and the loss is caused
by the existence of the mixed interfacial region in the
microphase separation. The glass transition of the
mixed interfacial region is considered to distribute over
a wide range of temperature between the glass transi-
tions of the both components because of the undefined
composition in the interfacial region. On the basis of
this idea, Morése-Séguéla et al. derived the following
equation!® to determine the interfacial thickness of
lamellar microdomains of PS-block-PI using the DSC.

= (t/2)[1 — (AC,/AC, po)] (1)

Here, tj and ts are the thickness of the interfacial region
and the PS lamellar domain, respectively. The value of
the ts was calculated from the D determined by the
SAXS measurement and the volume fraction of the PS
component. The values of AC,» associated with the PS
phase of the PS-block-PMA are listed in Table 1. Here,
the value of the ACy, was the increment of the heat
capacity per gram of the PS component in the PS-block-
PMA. The AC,ps is the increment of the heat capacity
at the glass transition of the PS homopolymer. We
ignored the molecular weight dependence of the AC, of
the PS homopolymer, which is much small for the M,
more than 3K.32 Therefore, the ACpps Was given to be
0.24 J K~1g~1. The t; was plotted against the degree of
polymerization (P) of the PS-block-PMA in Figure 5a,
and the volume fraction of the region occupied by the
interface, 2ti/D, is plotted against the P in Figure 5b.
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The ti's were estimated to be ca. 0.5—-2 nm and
decreased with the increase in the P in the low molec-
ular weight range. Moreéese-Séguéla et al. also reported
that the t; of the PS-block-PI estimated by the DSC
technique decreased with the increase in the molecular
weight.18 The t; of the PS-block-PMA having the weaker
segregation was larger than that of the PS-block-PI. On
the other hand, Russell et al. estimated the t; of
symmetrical PS-block-PMMA to be ca. 5 nm using SNR?
and reported that the t; was independent of the molec-
ular weight within experimental uncertainties in the
range 30K—300K. Semenov studied the influence of the
molecular weight on the t; of strongly segregated diblock
copolymers using the mean field theory and supported
Russell’s result.® In his study, the effects of chain ends
and fluctuation in the position of the interface on the
effective thickness of the interface were evaluated
analytically, and it was demonstrated that the chain end
correction for the interfacial thickness decreased with
the increase in the molecular weight. On the other hand,
the correction of the fluctuation was an increasing
function of the molecular weight. Therefore, the inter-
facial thickness of the PS-block-PMMA was almost
constant with increasing the molecular weight in the
range 30K—300K. However, the chain end effect is
expected to be remarkable in the range of the low
molecular weight,® and the fluctuation effect is not
taken into account for the t; estimated by the DSC
technique because it is estimated from the loss of the
Cyp at the glass transition. Therefore, the increase in the
t; of the PS-block-PMA with the decrease in the P is
considered to be caused by the chain end effect sug-
gested by Semenov.® The volume fraction of the region
occupied by the interface, 2ti/D, asymptotically de-
creased with the increase in the P (Figure 5). This is
consistent with a diblock copolymer going from the weak
to strong segregation limit with increasing molecular
weight.

1.3. Molecular Weight Dependence on Tg's of
Microdomains. The values of Ty 1 associated with the
PMA phase, together with that of Ty associated with
the PS phase of the PS-block-PMA, are listed in Table
1.

In general, Ty's are plotted against the M, to estimate
its molecular weight dependence.34-36 However, this is
probably inappropriate to compare the molecular weight
dependent Tg's of different polymers. Inoue and Osaki
showed via a combination of rheological and rheo-
optical measurements that the “rubbery” relaxation
spectrum terminates with a fastest Rouse mode that,
for many polymers, corresponds well to the Kuhn
length.3” The Kuhn length, i, is defined as Ix = Ca.l,
where C., and | are the characteristic ratio and a length
of the average backbone bond, respectively. Therefore,
the Ty was estimated as a function of the number of
segments (Ns) in this work.

The Ty1 and Ty are plotted against the Ns of the PMA
and PS blocks, respectively (Figure 6). The Ns was
defined as the following equation:

N, =M, /(C.M,,) 2

Here, My, is a molecular weight of the respective repeat
unit, and the C.'s of the PMA and PS at the condition
of a Gaussian coiled chain are 8 and 10, respectively.38
The glass transition temperatures of the PMA (Tgpma)
and PS (Tgps) homopolymers are also plotted against
the Ns in Figure 6. In general, the number of free ends
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Figure 6. Plots of Ty (@), Ty (M), Tgpma (O), and Typs (O) as

a function of Ns. Single Ty of SM1.5 (4) is also plotted.
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Figure 7. Ns dependence of Ty1 (@), Tg. (M), Tgpma (O), Tgps
(O), and single T4 of SM1.5 (a). Lines were drawn by eq 3 for
all data. Respective constants are listed in Table 2.

for one chain is an important factor to estimate the
molecular weight dependence of the T4. For example,
the Tg4 of a multiarm polymer is lower than that of the
linear polymer having the same molecular weight.3° In
the present work, the homopolymer has two free ends,
but each block of the PS-block-PMA has only one free
end. Therefore, twice the value of M, of each block of
the PS-block-PMA should be substituted in eq 2 to
adjust the number of free ends with that of the homo-
polymer. The Ns dependence of the Tg's of the both
components of the PS-block-PMA was much different
from those of the PS and PMA homopolymers. A
reduction of M, increases the number of mobile chain
ends per unit volume. Therefore, the Ty generally
decreases with the reduction of the molecular
weight.?6:34-36:40 However, the Ty, increased with the
decrease in the Ns. On the other hand, the Ns de-
pendence of the Ty was stronger than that of the Ty ps.
In Figure 7, the inverse of the Typs, Tgpma, Tg1, and
Ty is plotted as a function of reciprocal of the Ns
following the Ueberreiter—Kanig equation:3®

UTy = 1UT,,+ AN, 3)

Here, Ty is a value of the Ty at the infinite molecular
weight and A is a constant. The Ty %'s showed the linear
relation against the Ns 1. The Ty.'s and A’s of respective
glass transitions are listed in Table 2.

It is well-known that the glass transitions of block
copolymers demonstrate a different molecular weight
dependence from those of homopolymers.1841-48 The Ty,
and Ty, showed the Ueberreiter—Kanig relation as well
as the Tgpma and Tgps. However, the Ty4: and Tg»
demonstrated the different molecular weight depend-
ence from those of the Tgpma and Tgps, respectively.

Polystyrene-block-poly(methyl acrylate) 3711

Table 2. Constants of the Ueberreiter—Kanig Relation

Tg (K) A x 10°
Tg, PvA 285 0.7
Tg ps 375 05
Tos 283 ~0.8
Tg 2 370 31

This is considered to be caused by the effects of the
counter components.

The Az (= ca. 3.1 x 1073) was roughly 6 times larger
than the Aps (= ca. 0.5 x 1073), which indicated the
stronger molecular weight dependence of the T than
that of the Typs. It is considered that the mobility of
the PS component was enhanced by the mobile PMA
component. On the other hand, the mobility of the PMA
component was restricted by the rigid PS component.
In general, the T4 reduces with a decrease in the
molecular weight,26:34=36 and the constant, A, in the
Ueberreiter—Kanig equation is positive. However, the
Ty increased with the decrease in the Ns, and the A;
(= —0.8 x 1073) was negative. In this case, the restric-
tion on the mobility of the PMA component by the rigid
PS component was considered to be stronger than the
relaxing effect by the mobile PMA chain ends with the
reduction of the molecular weight of the PMA block. As
shown in Figure 3, the lamellar spacing decreased with
the reduction of the molecular weight. This implies that
the ratio of the interfacial area per unit volume of the
PS-block-PMA, in other words, the effect by the counter
components, increases with the reduction of the molec-
ular weight. In fact, the Ty of the SM3.0 was the
highest in those copolymers, and the Ty, 1 (= ca. 283
K) and Ty, (= ca. 370 K) roughly agreed with the
Tgewpma (= ca. 285 K) and Tgwps (= ca. 375 K), respec-
tively. This result indicates that the influence by the
counter components is negligible at the infinite molec-
ular weight. When the Ns™1 is larger than the cross point
of the extrapolated lines of the Ueberreiter—Kanig
relations of the Ty:1 and Tgyo, phase separation is
unexpected. In fact, the single glass transition come
from the disordered state was observed for the SM1.5,
as shown in Figure 4. Morése-Séguéla et al. also
reported the same behavior on the Ty's of rigid and soft
components of PS-block-P1.18

1.4. Molecular Motion of Junction Point be-
tween PS and PMA Blocks in the Interfacial
Region. Broad Distribution of 7. in the Interfacial
Region. Temperature-dependent ESR spectra of the
S31, M29, SM3.0, SM8.9, and SM30 are compared with
each other in the temperature range 77—453 K in Figure
8. The temperature dependence of the spectra is due to
the change of the motional correlation time z.. The main
triplet spectrum was induced by hyperfine coupling with
a nitrogen nucleus. The outermost splitting of the triplet
spectrum narrows with an increase in mobility of the
radicals because of motional averaging of the anisotropic
interaction between an electron and a nucleus. The
complete averaging gives rise to the isotropic narrowed
spectrum.

In contrast with a single spectral component of the
temperature-dependent ESR spectra of the S31, M29,
and SM3.0, two spectral components, a “first” and a
“slow” component, were remarkably observed for the
SM8.9 and SM30. The slow component with large
outermost splitting width and the fast component with
small outermost splitting width and narrow line width
are considered be attributed to radicals in rigid and
mobile regions, respectively. In general, the two spectral
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Figure 8. Temperature-dependent ESR spectra of S31, M29, SM3.0, SM8.9, and SM30. Sample codes are shown in the figure.
The separation between arrows shows the extreme separation width.

components are observed for crystalline polymers, poly-
mer blends, block and graft copolymers, etc.,2527.33:49-54
and those are not observed for amorphous homopoly-
mers?6 and random copolymers.?” Some ESR spin-label
studies suggested that the scale of the region explored
by the label is of the order of ca. 5—10 monomeric units,
which depends on the structure of polymers.2526.40
Therefore, it is considered that the two spectral com-
ponents are the reflection of a broad distribution of the
7 arising from heterogeneous structures over the higher
order of the scale than that explored by the spin-
labels.5% For instance, the heterogeneity of the seg-
mental concentration, the segmental density, and the
free volume around the spin-labels can originate the
distribution of the ..

In the present work, the spin-labels at the junction
points of the PS-block-PMA are considered to be con-
centrated in the interfacial region. In fact, some authors
demonstrated that the junction points of diblock copoly-
mers strongly localized at the interface,’319-2! and the
mobility of the spin-labels also suggested that the labels
were concentrated in the interfacial region. Two char-
acteristic temperatures, Tt and Ts, were estimated for
the PS-block-PMA labeled at the junction point in our
previous paper.2” Here, the T; was where the fast
component appeared, while the Ts was where the slow
component completely disappeared.>” The Ts and T
roughly agreed with transition temperatures, Tsomt'S
(see below), of the PS and PMA homopolymers, respec-
tively. From these results, the heterogeneous structure
(the concentration heterogeneity of the each segment)
in the interfacial region is considered to cause two
spectral components of the PS-block-PMA labeled at the
junction point.

Here, one question is arising. Does the 7. have a broad
continuous distribution or a bimodal distribution in the
interfacial region? As Cameron et al. pointed out, the
two spectral components are brought from not only the
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Figure 9. Relationship between ATsomt (= Ts — Tr) and ATy

(: Tz - Tl).

bimodal distribution but also the broad continuous
distribution of the 7. around the labels.>> Many experi-
ments®121321.22 and theories’3? suggested that the
gradient of the each segmental concentration in the
interfacial region was continuous, and the mobility of
the spin-labels is expected to be affected by the local
segmental concentration around the labels in the in-
terfacial region. In fact, we previously demonstrated
that the mobility of the spin-labels was dependent on
the composition in miscible random copolymhers.?”
Therefore, we consider that the distribution of the z; in
the interfacial region might be continuous.%®

The relation of ATsomt (the difference between the
Tr and the Ts) to ATy (the difference between the Ty 1
and Ty ) of SM samples is shown in Figure 9. The width
of the distribution of the 7. in the interfacial region was
considered to relate to ATsomt, and it increased with
the increase in the difference between the mobilities of
the block chains in the microdomains. For the SM3.0,
the single spectral component was observed as well as
the S31 and M29. The single spectral component is the
reflection of the relatively narrow distribution of the 7,
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Figure 10. Temperature dependence of extreme separation
width. Tsomt are 431, 367, and 398 K for S31 (@), M29 (O),
and SM30 (a), respectively.

around the spin-labels. Although the SM3.0 was spin-
labeled at the junction point, the Ty's of the PS and PMA
microdomains were considerably close to each other (see
Figure 4). Therefore, it was considered that the distri-
bution of the 7. in the interfacial region of the SM3.0
was narrow, and the single spectral component was
observed. On the other hand, as shown in Figure 5, the
interfacial thickness increased with the reduction of the
molecular weight. One expects that the dynamic het-
erogeneity is enhanced by the increase in the thickness
of the interfacial region. However, the result in Figure
9 indicated that the distribution of the 7. in the
interfacial region decreased with the reduction of the
molecular weight. The dynamic heterogeneity in the
interfacial region looks not to be as a function of the
interfacial thickness. In this case, it is considered that
the difference between the segmental mobility’s of the
block chains in the microdomain had a larger influence
than the interfacial thickness on the dynamic hetero-
geneity in the interfacial region.

Transition Temperature. A temperature depend-
ence of the extreme separation width between the
arrows in Figure 8 is shown in Figure 10. The extreme
separation width gradually decreases and steeply drops
with an increase in temperature. The steep drop
is caused by a micro-Brownian-type molecular mo-
tion.26:58-60 A transition temperature of molecular mo-
tion, TsomT, at which the extreme separation width is
equal to 5.0 mT was estimated. The Tsont's of the S31
and M29 are 431 and 367 K, respectively. The SM30
showed the two spectral components due to the broad
distribution of the z.. Therefore, the Ts omt 0of the SM30
was defined to be the temperature where the extreme
separation width of the major spectral component was
equal to 5.0 mT. It is shown in Figure 10 and estimated
to be 398 K. The TsomT includes +£2.5 K of experimental
uncertainties.

In general, the Tsomt appears at higher than a glass
transition temperature, T4, obtained by the DSC be-
cause of the higher frequency of the ESR.26:58-60 |n our
previous paper, we compared the Tsomt With the Ty in
detail for the PS and PMMA homopolymers.2640 The
Tsomt reduced to the Ty using the time—temperature
superposition of the WLF equation.6? Moreover, the
Tsomt's showed the molecular weight dependence as
well as the Ty's of the PS and PMMA. These results
demonstrated that the Tsomt reflected the glass transi-
tion of the region around the spin-labels at the fre-
quency of the ESR. Note that the spin-labels are
covalently connected to a side group tethered to the
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Figure 11. Plot of Tsomr ! of PS-block-PMA labeled at
junction point vs Ns~*. Line was drawn by eq 3.

main chain. However, the cooperative motion with
neighboring segments is necessary to undergo a rota-
tional relaxation at the glass transition,%? and the size
of the spin-label was roughly comparable to those of the
styrene and methyl acrylate monomers. Therefore, the
spin-labels might move cooperatively with repeat units.
As a consequence, it is considered that the motion of
the spin-labels reflected the glass transition.

The Tsomt Of the SM30 was almost the mean value
of those of the S31 and M29, and our previous paper
reported that the Tsomt of the SM30 was comparable
to that of the spin-labeled poly(styrene-random-methyl
acrylate) (poly(ST-random-MA)) with the styrene frac-
tion of 0.5. These results are suggestive for understand-
ing the dynamic environment in the interfacial region.
The structural analyses by other authors suggested that
the both components were mixing in the interfacial
region. Hence, we also consider that the chain in the
interfacial region might be as mobile as that in miscible
polymer blends.?12:13.21.22

The segmental dynamics of miscible polymer blends
have been the focus of recent research. The two con-
stituents sometimes appear to experience different
average dynamic environments even in the macroscopi-
cally miscible blends. It has been suggested that these
results can be attributed to concentration fluctuations
coupled to chain connectivity effects.63 Lodge and
McLeish showed that the self-concentration of each
segment in the effective volume brought from the chain
connectivity was important for the local dynamics of
miscible polymer blends.®4 In the case of the junction
point, the self-concentration effect of the each segment
brought from the chain connectivity around the junction
point is considered to be comparable to each other.
Therefore, the estimated average mobility of the junc-
tion in the interfacial region was roughly mean between
those of the PS and PMA. However, in contrast with
the single spectral components of the spin-labeled poly-
(ST-random-MA), the PS-block-PMA labeled at the
junction point obviously showed the two spectral com-
ponents which reflected the concentration heterogeneity
in the interfacial region. In other words, the mobility
of the junctions in the interfacial region was strongly
affected by the segmental concentration and its hetero-
geneity in the interfacial region.

Molecular Weight Dependence on Mobility of
Junction Points in the Interfacial Region. The
inverse of the Tsomt Was plotted as a function of the
reciprocal of the Ns following the Ueberreiter—Kanig
relation in Figure 11. Here, the N for the Tsomt Was
defined as the sum of the N¢'s of the PS and PMA blocks.
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The linear relation of the Tsomt ! vs Ns~! was observed
as well as the other Tg's. The Tsomte and A were ca.
399 K and 1.0 x 1073, respectively. This indicates that
the mobility of the junction points in the interfacial
region depended on the M, in other words, the chain
ends fraction of the PS-block-PMA. In general, the
decrease in the Ty with the reduction of the M, is
interpreted in terms of the increase in the mobile chain
end fraction. However, as Matsushita et al. and Russell
et al. demonstrated, the free chain ends of the diblock
copolymer with the lamellar morphology were concen-
trated on the center of the microdomain with a fairly
wide distribution, and the population of the chain ends
at the interface was small. Therefore, the influence of
the mobile chain ends on the mobility in the interfacial
region is expected to be negligible.

As described above, the mobility of the block chains
in the microdomains has influenced remarkably that in
the interfacial region. Therefore, the Tsomt Was plotted
against the mean mobility of the microdomains assumed
to be (Tg1 + Tgy2)/2 in Figure 12. The linear relation
between the Tsomt and the (Tg1 + Tg2)/2 was obtained,
and the slope was close to be unity within the experi-
mental uncertainties. This result suggested that seg-
mental mobility in the interfacial region was comparable
to the mean mobility of the block chains in the micro-
domains, and the molecular weight dependence on the
segmental mobility in the interfacial region was inter-
preted in terms of the segmental mobility of the block
chains in the microdomains.

2. Influence of Composition and Morphology of
PS-block-PMA on Mobility in the Interfacial Re-
gion. 2.1. Morphological Analysis. Asymmetrical PS-
block-PMA'’s were prepared via the ATRP technique,
and the molecular characteristics of the samples are
listed in Table 1.

The morphologies of the PS-block-PMA’s were deter-
mined by the SAXS. The SAXS profiles measured at a
room temperature are shown in Figure 13. The mor-
phologies of the samples were indicated by multiple
reflections. The scattering vectors of the peaks occurring
at integral multiples of g* indicate the lamellar mor-
phologies for the ASM56 and the ASM65. For the
ASM30, the g./g* ratio of 1, v/3, v/4, and +/7 indicates
the hexagonal cylinder morphologies.

2.2. Mobility of Junction Points in the Inter-
facial Region. Effects of the composition and the
morphology of the PS-block-PMA on the mobility of the
junction points are studied. Curved interfaces are
expected for the sphere and cylinder morphologies in
contrast with a flat interface of the lamella. It is known
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Figure 13. SAXS intensity of asymmetrical PS-block-PMA
as a function of g at room temperature.

that the lamellar morphology brings the chain confor-
mation relatively extended to the perpendicular direc-
tion against the interface.5% In fact, as shown in Figure
3, the a = 0.62 estimated from the double-logarithmic
plot of D vs P for the symmetrical PS-block-PMA with
lamella morphology was significantly larger than that
(oo = 0.5) predicted for ideal Gaussian coils. This implied
that the relatively extended conformation of the PS-
block-PMA to the perpendicular direction against the
interface. On the other hand, smaller a’s than that of
the lamella are expected for the sphere and cylinder
morphologies because the extension on the chain con-
formation might be reduced by the curvature of the
interface. Namely, the different chain conformations are
expected to be induced by the different morphologies.

Temperature-dependent ESR spectra of the ASM30,
ASM56, and ASM65 are shown in Figure 14. Two
spectral components were observed for the all samples.
This is considered to reflect the heterogeneity of the
segmental concentration in the interfacial region as
mentioned above.

The TsomT's of the ASM30, ASM56, and ASM65 were
compared with that of the SM30 to consider the effects
of the composition and morphology on the mobility of
the junction points. From the result of the above section,
the molecular weight effect on the mobility of the
junctions can be ignored for these samples because those
molecular weights are sufficiently large. The Ts omt’s of
the ASM30, ASM56, and ASM65 were estimated to be
397, 399, and 396 K, respectively. These values agreed
well with the Tsomt 0f the SM30 (=398 K). This result
obviously demonstrated that effects of the composition
and morphology of the PS-block-PMA on the segmental
mobility in the interfacial region were extremely small.
As described above, the region explored by the label is
considered to be ca. 5—10 monomeric units around the
label 252640 The scale of the morphology change and the
increase in the D is much larger than that of the region
explored by the spin-labels. This is considered to be the
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Figure 14. Temperature-dependent ESR spectra of asym-
metrical PS-block-PMA labeled at the junction point. Sample
codes are shown in the figure.

cause of this result. Moreover, the Tg1's and Tg2's of the
ASM30, ASM56, and ASM65 were almost equal to those
of the SM30 (Table 1). Therefore, the mobility in the
interfacial region of the ASM30, ASM56, ASM65, and
SM30 almost agreed with each other. As a result, it was
revealed that the overall composition and morphology
of the PS-block-PMA had extremely small effects on the
segmental mobility in the interfacial region.

Conclusion

The dynamic heterogeneities in the interfacial region
of the microphase-separated PS-block-PMA were re-
vealed by the ESR spin-label technique. The Tsomt Of
the PS-block-PMA labeled at the junction point was
roughly mean of those of the spin-labeled PS and PMA
homopolymers. On the other hand, the broad distribu-
tion of the 7. in the interfacial region was observed.
These results reflected the heterogeneous mixture of the
both components in the interfacial region. It was
revealed that the segmental mobility and the distribu-
tion of the 7 in the interfacial region were strongly
affected by the Ty's of the microdomains. On the other
hand, extremely small effects of the interfacial thick-
ness, the overall composition, and morphology of the PS-
block-PMA on the segmental mobility in the interfacial
region were observed. This result implied that the scale
of the segmental motion explored by the spin-labels was
much smaller than those of the interfacial thickness,
the overall composition, and the morphology of the PS-
block-PMA, and the effects of the interfacial thickness,
the overall composition, and the morphology on the
segmental concentration in the interfacial region were
negligible. In conclusion, it is considered that the
dynamic heterogeneities in the interfacial region were
due to the gradient of the segmental concentration in
the interfacial region, and the dynamic environment in
the interfacial region was strongly influenced by the
mobility of the block chains in the microdomains.
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