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plaining the peculiar T'; and T’ values in Table I and in ref 10.
These results can be understood by assuming that the rate of
potential fluctuations decreases with increasing polymer M,,.
Presumably, this would arise from greater impediments to
polymer mobility, impediments that are reflected in an in-
creased solution viscosity and shortened polymer T's values
as M, is increased at constant composition.¢ Qur observation
that T; ~ T's in the low M, polymer solutions would suggest
more rapid potential fluctuations that tend to “symmetrize”
the average potential. As shown in an earlier paper,!4 T is
relatively insensitive to an asymmetric potential. Since it is
only sensitive to the nonsecular high-frequency components
of molecular motion, it is insensitive to molecular weight
changes unless M, < 104,15

So far, nothing was said about particular spin relaxation
mechanisms. Inspection of Table I shows that the proton T's
is shortened by an order of magnitude if we compare low and
high M, solutions whereas the corresponding deuteron T's is
shortened by a factor of 2. Since the deuteron is relaxed by the
purely intramolecular quadrupole relaxation, the large effect
for the proton T’ seems to be dominated by an intermolecular
mechanism. From our earlier study of PMMA-benzene so-
lutions1®16 the inter-benzene—polymer contribuion to the
proton rate 1/T is about 14 of the total rate in 30% PMMA-
benzene solutions. The inter-benzene—polymer contribution
to 1/T2 should be larger and highly M, dependent unless our
measured T's values are influenced by different causes. It
should be noted that the concentration gradient in the high
M., solution gives rise to a distribution of susceptibility shifts
of the larmor frequencies. However, the resulting contribution
to 1/T is very probably not larger than a few hertz and could
only account for part of the short T's. However, the experi-
mental proton T’y values differ in an unsystematic fashion for
different PMMA samples (see Table I, and Figure 5 of ref 10)
that is presently not fully understood.!?
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ABSTRACT: The characteristic parameters of the microdomain structure of alternating lamellae of polystyrene and
polyisoprene A-B type block copolymers were estimated by small-angle x-ray scattering. Especially thickness of the
domain-boundary interphase was quantitatively estimated by analyzing a systematic deviation of the scattering
curves at large angle tail from the Porod’s law. The experimental thicknesses of the domain and domain-boundary
interphase were qualitatively in agreement with those predicted by current theories of statistical mechanics of the
microdomain formation by Meier and Helfand. However, problems are still open to be clarified in quantitative com-
parisons of the experimentally observed thin interphase ranging from 19 to 22 A with the thickness predicted by the
current theories which assume relatively thick interphase or small value of the interaction parameter .

In the previous paper of this series,?2 which will be called
hereafter part 1, the microdomain structures of polystyrene—
polyisoprene A-B type block copolymer films cast from tol-
uene solutions were investigated by means of electron mi-
croscopic and small-angle x-ray scattering (SAXS) methods.
The copolymers studied were those having chemical compo-
sitions giving rise to the domain structure of alternating

lamellae of A and B components. It was demonstrated that
the lamellae are highly oriented with their normals perpen-
dicular to the bulk film surface (see Figures 1 to 3) and pro-
posed that the meridional SAXS intensity distribution, i.e.,
the intensity distribution parallel to the lamellar normal, may
be analyzed in terms of a scattering theory based upon one-
dimensional paracrystal model of Blundell.2?
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Figure 1. Typical electron micrograph of ultrathin section of the
specimens stained by osmium tetroxide and cut normal to the speci-
men surfaces. :

surface
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Figure 2. Small-angle x-ray scattering patterns of the specimens
taken with Huxley—Holmes camera. The patterns were taken with
different exposures and with the incident x-ray beam parallel to the
specimen surfaces as shown in the figure.

The analyses yielded quantitative evaluations of structural
parameters of the domain systems;2 i.e., (a) the mean periodic
distance x of lamellae, (b) the paracrystalline disorder of the
periodic distance ox, and (c) the volume fraction of the re-
spective domains. Some other structural parameters were also
estimated qualitatively. These are the size of the grain parallel
and perpendicular to the lamellar normals N and R, and the
thickness of the domain boundary region t. The parameter
¢ is related to a degree of partial mixing of block chains at the
boundary.

In this paper, the most attention is focussed on a quanti-
tative estimation of the parameter ¢ by analyzing the tail of
the SAXS intensity distribution at large scattering angles. The
estimation of the parameter ¢t was performed for a particular
copolymer designated as SI-L in part 1 for which the one-
dimensional analyses of x-ray scattering intensity distribution
were shown to be legitimate with a high accuracy. The esti-
mated value of ¢ will be compared with those expected from
current statistical thermodynamic theories of the interface
between two phases in block copolymers.3-10

Test Specimens

The specimens, styrene—isoprene A-B type block copoly-
mers, were prepared by anionic polymerization according to
the method described in the previous paper.!! The weight
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Figure 3. Microdensitometer scanning of azimuthal angle depen-
dences of the integrated scattered intensity under the third scattering
maximum shown in Figure 2. The meridional direction corresponds
tou =0°.

percent of polystyrene is 59 and the total number-average
molecular weight is 1.05 X 10°. The copolymers were cast into
thin films of about 100 um thickness by pouring 5% toluene
solution onto a glass plate floating on mercury and by evap-
orating the solvent very gradually at 30 °C for a few days. The
film specimens thus formed were further dried in a vacuum
line (10~ mm) for several days until the specimens were at
constant weight. The as-cast films thus prepared were further
annealed at a temperature above the glass transition tem-
perature of polystyrene block, 126 °C, for 24 h under a vacuum
of 10~% mm in a case when effects of annealing on the domain
structure are to be investigated.

Results

Figure 1 shows a typical electron micrograph of an ultrathin
section of the specimens stained by osmium tetroxide. The
dark and bright phases corresponding to the polyisoprene and
polystyrene domains are shown to be arranged regularly and
alternatively. Figure 2 shows a typical small-angle x-ray
scattering pattern taken with a x-ray beam parallel to the film
surfaces. The pattern was taken with a point focussing camera
(No. 1555, Rigaku Denki) composed of a bent mirror as a
horizontal reflector and a bent quartz monochrometer as a
vertical reflector. The camera system is equivalent to a Hux-
ley-Holmes camera. A high brilliancy rotating anode x-ray
generator (Rigaku Denki) was used as a microfocussed x-ray
source. The focal size is 0.1 X 1.0 mm2 and 0.1 X 0.1 mm? in
projection. The pattern was taken with Cu K« radiation and
with a power of 40 kV and 30 mA for various exposure times.
The camera length was set at 280 mm. The pattern corre-
sponding to Figure 2a of ref 2a was taken with a conventional
low-angle x-ray camera (No. 2202, Rigaku Denki).

The SAXS pattern shows that the lamellar microdomains
are highly oriented with their boundaries parallel to the sur-
faces of the film specimens, although there exists a slight
orientation distribution of the lamellae. Figure 3 shows de-
pendence of integrated SAXS: intensities under the third
scattering maximum shown in Figure 4 with azimuthal angles
w as measured by microdensitometer scanning of the patterns
shown in Figure 2, where . = 0° corresponds to the integrated
intensity on the meridian. The result indicates that the lam-
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Figure 4. The meridional small-angle x-ray scattering intensity
distributions for the as-cast and annealed specimens.

ellae can be assumed to orient almost perfectly with the z axis
normal to the film surfaces (see Figure 5) with a good ap-
proximation.

Figure 4 shows the SAXS intensity distributions along the
meridional direction, i.e., direction normal to the film surfaces
for the as-cast and annealed specimens. The intensity distri-
butions were measured with a scintillation counter and a ro-
tating anode x-ray generator (Rotaflex RU-100FL, Rigaku
Denki) with a power of 50 kV and 100 mA and with line fo-
cussing under a similar collimating system as in the previous
paper;2a i.e., the first, the second, and the third slits and the
specimen, the counter, and scattering slits, were placed at 128,
378, 418, 443, 703, and 743 mm from the focal spot, respec-
tively, and the sizes of the focal spot and the first, second,
counter, and scattering slits are 1.5 X 5, 0.1 X 10, 0.1 X 10, 0.1
X 15, and 0.5 X 15 mm?, respectively. The intensity was
measured with Ni-filtered Cu Ko radiation and pulse-height
analyzer and with a step scanning device with a step interval
of 0.6 min, each at a fixed time of 200 s. The film surface is set
parallel to the line source of the x-ray beam, so that the line
becomes parallel to the boundaries between the polystyrene
and polyisoprene microdomains. In this arrangement the
scattered intensity distribution should not be affected much
by the effect of slit-height smearing!3 because of the almost
perfect orientation of lamellar microdomains. Consequently,
the correction for the effect was not performed in the following
analyses.

As seen in Figure 4, the scattering curves for both as-cast
and annealed films contain, at least, ten resolvable scattering
maxima, each of which is associated with a higher order dif-
fraction maximum of a single spacing of 660 A (corresponding
to ca. 8 min in the 20 scattering angle) and 670 A for the as-cast
and annealed specimens, respectively. The number of scat-
tering maxima ranging, at least, up to 10 indicates that the
standard deviation of the fluctuation in repeat distance must
be less than 4% of the average repeat distance X according to
Blundell analysis.? In the previous work, however, the inten-
sity distribution was measured with a counting-rate meter so
that the higher order scattering maxima greater than the ninth
order were not clearly resolved.

In the previous paper?? the effect of annealing the as-cast
specimens below and above the glass transition temperature
of polystyrene block chains was investigated. The results in-
dicated that the annealing at temperatures above the glass
transition thickens the interlamellar spacing as a consequence
of an expansion of each phase. Upon annealing, the spacing
increased from 590 to 660 A, the latter value of which agrees
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Figure 5. The model of alternating lamellar microdomain structure
(a) and the assumed electron density profiles (b).

with those observed in this work both for the as-cast and an-
nealed specimens.

In this work, the lamellar expansion was not essentially
observed and the spacing of the as-cast films was almost
identical with that of the annealed films. We feel, at present,
that the spacings 660 and 670 A of the as-cast and annealed
specimens in this work are closer to that expected in the
equilibrium state than the spacing 590 A observed previously
for the as-cast specimens. The variation of the spacing in as-
cast specimens may be due to the nonequilibrium effect in the
process of solvent evaporation as discussed in the previous
paper. It should be pointed out, however, that the spacing and
the volume fraction of polystyrene domain tend to expand and
decrease, respectively, slightly upon annealing above the glass
transition temperature, the tendencies of which are similar
to those in the previous work.

Hereafter, we analyze the SAXS intensity distribution at
large angle tails for a quantitative analyses of the domain-
boundary structure where the interference function ap-
proaches unity and the scattering solely depends upon each
domain structure.

Theoretical Background on Estimating the Domain-
Boundary Thickness of Lamellar Microdomain
Systems

The system to be considered here is the one which has
one-dimensional electron density fluctuation along a direction
normal to the lamellar interfaces as shown in Figure 5. The
density variation n(z) along the z axis is periodic due to a pe-
riodic and alternating arrangement of polystyrene and poly-
isoprene lamellae. The variation generally deviates from the
variation g(z) of an ideal two-phase system in which the
density variation occurs discontinuously from ppg to op1, pps
and ppj being the electron densities of polystyrene and poly-
isoprene domains, respectively.

The function (z) may have, in general, a variation char-
acteristic for a pseudo-two-phase system in which the density
continuously varies from ppg to ppy or vice versa over a finite
transition region because of partial mixing of the incompatible
block chains at the domain interfaces. Let h(z) be a smoothing
function related to the thickness of the domain boundary re-
gion, then the function n(z) for the pseudo-two-phase system
is given by the one-dimensional convolution product of the
functions g(z) and h(z);

n(2) = g(z)*h(z) = J‘_: gw)h(z —u) du (1)

The structure amplitude of the system F(s) is given by
Fourier transform of the function 7(z);

F(s) = Fin(2)} (2)
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Fin(2)} = J:: n(z) exp(2risz) dz 3)
where
s = 2sin 4/ (4)

where A is the wavelength of the x ray and 26 is the scattering
angle. Here we consider only scattering parallel to the z di-
rection, i.e., meridional scattering. From eq 1 and 2, it follows
that

F(s) = #g(@)}Fih(2)} 6
Thus the scattering intensity /(s) of the system is given by
I(s) = I|F(s)|? = I(s)In(s) (8)

where
I(s) = | Flg(2)}]? (7)
In(s) = | Fth(2)}|? (8)

and /. is the Thomson scattering intensity from an elec-
tron.

The function Ig(s) corresponds to the scattering intensity
from the ideal two-phase system, which is given for isotropic
systems according to Porod’s law!4 or to the calculation of
Debye-Anderson-Brumberger!® as

Ig6)=Cyis™4 (9)
where C| is a constant related to (ppg — pp1)2 and the total area
of the interface S,

C1 = Ielpps — pp1)2S/(27)3 (10)

However, if the lamellar domains are perfectly oriented in a
manner as described above, one should modify eq 9, as indi-

cated in the Appendix, as follows:
I (s) = Cos™2 1
If the smoothing function h(z) is given by a step function,

as given by Vonk,16
1/t <z=
hz) = / for0<z <t (12)
0 forz >t

then the electron density variation #(z) is given by a trapezium
profiles, as shown in Figure 5b. In this case, I},(s) is readily
obtained from eq 8 and 12,16

In(s) = sin? (wst)/(wst)2 = 1 — (wst)2/3 + O[(nst)?] (13)

On the other hand, if the function h(2) is given by a Gaussian
function,

h(z) = (2re2)~1/2 exp{—22/20?) (14)

with a standard deviation o, the electron density varies sig-
moidally from one phase to another, as shown in Figure 5b.
From eq 8 and 14, it follows that

I(s) = exp(—4n202s2) = 1 — 4720252 + O[(7os)?] (15)

Therefore, the observed meridional SAXS intensity dis-
tribution I(s) for the pseudo-two-phase system is given by

I(s) = (constant)s~2[1 — (x2t2/3)s2 + O[(nst)*] (16a)
or

I(s) = (constant)s~2[1 — (472¢2)s2 + @[(wos)4] (16b)
If ¢ or o is small compared with the size of the lamellar domain,
the higher order terms in the last terms of eq 16a and 16b are
negligible.2¢ Consequently, a plot of I(s) against s~2 gives a

straight line, the slope and intercept of the line at s72 = 0
giving rise to a parameter ¢ or ¢ which characterizes the do-
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main-boundary thickness. It should be noted that the scat-
tered intensity distribution at the large angle tail for a system
with sigmoidally varying electron density profile at the tran-
sition region is identical with that for a system with linearly
varying density profile at the transition region, provided that
a following relationship is applicable between ¢ and o,

t = 2(3)12¢ (16¢)

Experimental Analyses of the Interfacial Thickness ¢

Figure 5b shows assumed electron density profiles at the
interphase, i.e., the interfacial region. A series of sigmoidal
profiles is given by varying ¢ in the Gaussian smoothing
function, eq 14, and a straight line profile is given by using eq
12. It is obvious that the density transition at the interphase
becomes diffuse with increasing ¢ and ¢t.

Figure 6 shows the SAXS intensity distributions of the
specimens, at even larger scattering angles than those in
Figure 4. It is seen that the scattered intensity increases with
increasing the scattering angle due to an increasing contri-
bution of amorphous scattering of polystyrene block.2> We
subtracted the background scattering Iy, arising from the
amorphous order and thermal density fluctuation from the
total scattered intensity. This is purely an empirical proce-
dure. The background scattering was assumed to be given by
a straight line as shown in the figure. It should be noted that
one can choose a curved background scattering as in Vonk’s
work.16 However, the manner of subtracting the background
scattering did not much affect the final value of ¢ or ¢t (the
difference was less than 10%).

Now from eq 16a or 16b, it follows that for small values of
toro,

I(s) = (constant)[s—2 — (w2t%/3)] (16d)

or

I(s) = (constant)[s—2 — 472¢2] (16e)

Figure 7 shows the plots of I(s) against s™2 X 1073 for the
as-cast and annealed specimens. It is obvious from the figure
that there exists the domain-boundary region of a finite
thickness. The thickness t estimated on the basis of eq 16d
turned out to be 19 and 22 A for the annealed and as-cast
films, respectively. The overall volume fraction of the do-
main-boundary region is 5.7 and 6.7% for the annealed and
as-cast films, respectively. Therefore, the annealing tends to
decrease slightly the volume fraction of the mixed region.

Comparison with the Theories of the Microphase
Separation

Meier has developed a statistical thermodynamic theory
of the microphase separation,®5 and Meier-Inoue have ex-
tended the theory to the system composed of the mixture of
block copolymer with homopolymers.® In their theory of the
interface in block copolymers®€ it was assumed that the block
copolymer is a single A-B type with chains of both blocks
having equal bulk densities, equal molecular weights, equal
unperturbed statistical segment length, and following the
random-flight statistics.28 Figure 8 shows the assumed
structure of the interfacial region (interphase) in which the
relative densities of segments of the A and B block chains
smoothly change from zero to unity in the interphase of
thickness Apm. Special functions were assumed for the volume
fractions of A and B segments in the interphase, respectively,
as follows;>6

oalz) = sin? (7z2/2\pm)
¢B(z) = cos? (rz/2xm) (17)
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Figure 6. The small-angle x-ray scattering intensity distribution of
the specimens at larger angles than those in Figure 4.

Free energy of the system was calculated by taking into
account (i) the interfacial contact energy AE based upon
Cahn-Hilliard formulation for nonuniform system

AE = XaBhT  oadm + AUo)ep7 o/ dv (1)
VA

where AFE is the interfacial contact energy per unit area of the
interphase relative to the pure components, xap is Flory-
Huggins interaction parameter between A and B components,
U; is the molecular volume of the ith component, and tp is
Debye’s interaction range parameter being assumed as about
8 &; (ii) the placement entropy ASyp, an entropy loss involved
in restricting the A-B junction point within the interphase

AS, = Nkin(AAy/V) (19)

where A is the cross-sectional area of the interface, and N is
the number of block copolymers within the total volume V of
the system; and (iii) the entropy of constrain volume AS,,
additional entropy loss encountered by restricting A and B
segments in their respective domains. This entropy was de-
rived by solving a diffusion equation on a probability function
P, (2,2”) under a proper boundary (absorptive boundary) and
initial conditions and by obtaining the probability density of
P(Ta,Tg,AMm) as follows;

P, (z,2")/dn = (12/6)V2P,(z,2") (20)

where P, (2,2’) is a probability of the chain having n statistical
segments of length [ with one end at z and the other end at 2’,
and P(Ta,Tp,AMm) is the probability that the junction point
of the A-B block is in the interphase of thickness Ay and all
segments of A and B blocks are within their proper domains
of thickness Ta and T'g. The constrained volume entropy is
then given by

ASV = kNln[P(TA,TB,AM)] (21)

The free energy of the microdomain formation of the block
copolymers has been finally given by®

AG4 _ xaBMM 3
NET - ar, _ POW/Ta)

=2n ¥ {(=1)m+3/2m exp(~72m2/12a2) + (constant)

m=1

(odd) (22)
where the last term of the right-hand side of eq 22, a constant,
is a term independent of Ay and chain expansion coefficient
a (=ap = ag). Equation 22 is a limiting case of the free energy
of microdomain formation of a system composed of a mixture
of block copolymer with corresponding homopolymers in
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Figure 7. The plots of I(s) against s™2 X 1073 for the as-cast and
annealed specimens to obtain the thickness ¢ of the interphase.
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Figure 8. The assumed structure of the interphase in the statistical
mechanical calculations.

which each fraction of homopolymer added is extrapolated
to zero. Equation 22 is based on the assumption that the in-
terphase is thick enough compared with ¢p so that the second
term of eq 18 is neglected. In the case of t p being not negligi-
ble, the first term of the right-hand side of eq 22 should be
replaced with®

A A
X_AB f M [¢adp + (1/6)tp2 (d¢a/dz)?] dz
Nvp Jo
_ xaB(BAm® + T2tp?)
= 24T Adm

It should be noted that the segment density distribution
within a domain can be calculated on the basis of P, as a
function of the ratio of domain size T'5 to chain dimension
(nal®)12. The requirement that the segment density within
the domains must be uniform yielded the following relation-
ship;*

Ta=Tg=T=14(nl?2 = 1.4a(nl?),!/2 = 1.4aKM/?
(24)

(23)

where K is an experimental constant relating the unperturbed
chain dimension (n!2)y!/2 to molecular weight M.

Equilibrium values of Ay and « are obtained by minimizing
the free energy,

HAG 4/NRT)/da = 0
AGG/NET)/dAMm =0 (25)
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Equations 22 and 25 give
a = ap =ap = 21/2 (26)
Am = (6T'a/xaB) + [(6Ta/xaB)? + (1/6)72tp?]/2 (27)

In order to compare the interfacial thickness Ay with that
calculated by Helfand®!0 and with that estimated from
small-angle x-ray scattering experiment (¢), the thickness Apm
should be transformed to the thickness Ay as shown in Figure
8. Obviously, the following relationship is obtained;

AM’ = 0.6366Am (28)

A similar but more elaborate theory has been developed by
Helfand.”-10 He has started with a modified diffusion equation
with the term U, (or Up) associated with the work needed to
transfer a segment of A (or B) from pure A (or B) to a region
with B (or A) content,

0Qalz,nz’) _
on

Ual(2)
kT
where Q4 corresponds to P, in Meier’s equation, and n and
ba in eq 29 are number and length of the Kuhn statistical
segment, respectively. In his mean field approximation, the
field Ua is generated by the other molecules and by other
parts of itself and is composed of two terms; (i) the term re-
lated to interaction with B and thus having a form propor-
tional to x and the local volume fraction of B, and (ii) the term
arising from the cohesive forces which tend to maintain the
overall density to be uniform as pg (number of segments per

unit volume) and thus having a form of

kT¢[pa(r) + pa(r) — pol/po
¢ = (pokTx)!

where « is the compressibility. The quantity x is the interac-
tion parameter defined by

x = (6a = 6B)%/pokT

where 84 and &g are solubility parameters of the respective
block chains. The x parameter defined by Helfand!? is related
to xaB defined by Meier as

[(bA2/6)V2 - ]QA(z,n;Z’) (29)

(30a)

(30b)

where Z 5 (=Zg = Z) is the degree of polymerization of A and
B block chains.

The modified diffusion equation is solved for a symmetric
AB block copolymer, yielding the density distribution, pa(Z)
and pp(Z), and the free energy.

More recently Helfand and Wasserman!920 have solved the
equations in an approximate fashion, appropriate when the
interphase is narrow compared with the width of the domain.
They conclude that the density across the interphase ap-
proaches that between the corresponding homopolymers, as
described by Helfand and Tagami!® for a symmetric pair of
polymers, and by Helfand and Sapse!8 for an unsymmetric
pair. An explicit formula for the domain size has been ob-
tained, which predicts a domain repeat distance of 550 A for
the block copolymer studied in this report.

Helfand’s full solution and narrow interphase approxima-
tion have been contrasted2® for a symmetric block copolymer
and for the explicit xZ values of 37 and 10, where Z is the
degree of polymerization of each block as defined above. For
small xZ, interpenetration of A and B is quite extensive. For
xZ = 10 significant excess interpenetration was shown to
occur for the block copolymers compared with the homo-
polymer blends. However, with increasing value of xZ, up to
37, the interphases of block copolymers and homopolymer
blends were shown to be very similar. The block copolymer

XAB = XZA
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studied in this paper is diblock polystyrene-polyisoprene
having molecular weight of 6.1 X 104 and 4.4 X 104, respec-
tively, corresponding to an average® Z of 615. If the x value of
polystyrene—polyisoprene interaction is 0.142, as employed
by Helfand,? then xZ = 87, so the interphase of the block co-
polymer should be quite close to that between semiinfinite
phases of homopolymer blends. Helfand and Tagamil® have
shown that for a small value of x a characteristic interfacial
width AT of the homopolymer blend is given by

Ant , 2b/(6x)1/2 (31)

where b is Kuhn’s statistical segment length. The value of b
was chosen to be 6.6 A by Helfand? for the SI block copolymer,
80 as to obtain correspondence with formulas appropriate to
unsymmetric interfaces.18 It should be noted that the thick-
ness Ayt corresponds to the thickness Ay’

From eq 31, Ay turns out to be 14.3 Aforx =0.142and b
= 6.6 A, for which the value of x was again adopted from a
paper by Helfand.? The experimental value of the interphase
thickness (19 A to 22 A) is a little higher than the Ayt value,
which is reasonable since Ayt in eq 31 should give the lower
limit expected for infinitely large molecular weights of the
copolymers.

Now let us compare our results with those predicted by
Meier. From eq 24 and 26, we can estimate the equilibrium
periodic distance 2T of the alternating domain structure,
ie.,

2T = 4KM1/2 (32)
Assuming K = 7.5 X 10~1 A, as Meier did,*5 then
2T = 4 X 7.5 X 1071 X (10.5 X 104/2)/2 = 687 &

The value of 687 A is in good agreement with the observed
periodic distances of 660 and 670 A for the as-cast and an-
nealed specimens. From eq 27, we can estimate the thickness
of the interphase predicted from Meier’s theory. It should be
noted that xap in eq 22, 23, and 27 is related to x defined by
Helfand and Tagami as in eq 30b. In our block copolymer, Z
= 615, and assuming x to be 0.142 and tp to be 0, then Ay and
A’ turned out to be 47.2 and 30.1 A, respectively. If t is 8 A,
as Meier assumed, then Ay and Ap’ must be 49.3 and 31.4 A,
respectively. The estimated values of Ay’ are again in fairly
good agreement with the observed values, though the esti-
mated values are, in contrast, a little higher than the observed
values of 22 and 19 A for the as-cast and annealed specimens,
respectively. Table I summarizes the experimental and the-
oretical results.

It should be noted that Meier and Helfand assumed that
the interphase is thin enough so that there are domains of
essentially pure A and B components but, at the same time,
thick enough so that the Debye interaction range parameter
tp is small compared with the thickness of the interphase (see
eq 18 by Meier) or the x parameter is relatively small to give
eq 31 by Helfand and Tagami. The experimentally observed
values ranging from 19 to 22 A are fairly small, i.e., onlyca. 2.5
times the Debye interaction range parameter?” or only ca. 3
times the statistical segment length. Therefore, it may be open
to criticism to compare in a quantitative manner such thin
interphase with the interphase predicted from the current
theories.

Figure 9 shows a proposed microdomain structure of the
annealed block copolymer films where relative electron den-
sity profile along the z direction is shown in A scale. The
phases with high and low densities correspond to those of
polystyrene and polyisoprene domains, respectively. The
volume fraction of polystyrene domain, 0.545, was obtained
from the previous analyses.?2 Figure 9a shows the density
variation at the interphase calculated from eq 1, 14, and 16c
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Table I
Comparison of Theoretical and Experimental Results¢

Periodic distance, &

Characteristic interfacial thickness, A

Obsd Meier® Helfand® Obsd ¢ AM € AaT?
670 687 550 19 31.4 14.3
(660) (22)

a Caleulated based upon eq 32. # Reference 19. ¢ Calculated from eq 27 by assuming ¢tp = 8 A and x = 0.142 (Meier). ¢ Calculated
from eq 31 by assuming b = 6.6 A and x = 0.142 (Helfand and Tagami). ¢ The values in parentheses are the observed ones for as-cast

specimen.
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Figure 9. The proposed microdomain structure of annealed speci-
mens where relative electron density profile along the z direction is
shown in the A scale.

with ¢t = 19 A. The thickness of the interphase corresponding
to Ay in Figure 8 is 30 A as shown in the figure. Figure 9b
shows the relative electron density variation across the poly-
styrene and polyisoprene domains.
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Appendix. The s~2 Dependence of Low-Angle X-Ray
Scattering Intensity Distribution at Large Scattering
Angle Tail for the Ideal Two-Phase Structure Composed
of Completely Oriented Lamellar Microdomains

In general scattered intensity for any system is given by

IS=Ie<n2>Vf~/(r) expli(h- )] dr (A1)

where mean square electron density fluctuation (52} is given
for the ideal two-phase system by

(n2) = (p1 = p2)2d102 (A2)

where p; and ¢; are electron density and volume fraction of
ith phase. The function v(r) is the correlation function of the
density fluctuation which is a function of |¥| only for an iso-
tropic system. The variable h is a scattering vector defined as
(27/X) (89 — s8”) where the unit vectors sg and s’ correspond to
the propagation directions of the incident and scattered rays,

respectively, and the magnitude of it is given by h = (47/A)
sin § where 26 is the scattering angle. V is irradiated volume
by x ray.

For an isotropic and ideal two-phase system, it follows from
eq A-1 and A-2 that

I = IVip1 = p2)%1 fo " y(r)(sin Ar/hrdnrtdr  (A3)

The function v(r) at small r is given by Debye-Anderson-
Brumbergeri5 as

¥r)y=1- (Ssp/4¢l¢2)r + ... (A4)

where S, is specific surface of the system which is defined as
a ratio of total area of the interfaces S of the two phases to the
total volume of specimen, i.e., the irradiated volume of spec-
imen V. From eqs A-3 and A-4, it follows that

lim I, = I(po; — p2)227nSh—* (A5)
h—w
Thus, at large scattering angle, so-called Porod’s law of h—*
or s~4is valid, where s is defined by 2 sin 6/A.

For an oriented system, one must start with eq Al instead
of eq A3. For the sake of simplicity, let us first consider an
isolated lamellar domain with no transition zone (domain
boundary zone) perfectly oriented with its normal along the
z axis. The meridional scattered intensity of the system, i.e.,
the intensity scattered along the z axis, I(hs) is then given
by

Lhg) = IVplor =22 [ {7 [ voleye)
X explithaz) dx dy dz (A6)

where h3 is a component of scattering vector h along the z axis,
and p; and ps are the electron densities of the lamella and its
surrounding medium, respectively. V, is the volume of the
lamella. The function v4(x,y,2) is the correlation function of
the lamellar domain with constant density p; within it. From
eq A8, it follows that

I(hg) = [Vp(p1 — p2)? j: v1(2) exp(ihsz) dz (A7)

where

yi(2) = f_w volx,y,2) dx dy

The one-dimensional correlation function v;(z) is given
by
Sp(1—|z{/c)/2 for |z] < ¢
0 for [z2] > ¢
where ¢ is the dimension of the lamella along the z axis, and

the total surface area normal to the scattering vector S, can
be defined by

i) = | (A8)

Sp = (2/c)V, (A9)

If the shape of the domain is more complex than the lamella,
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then there should be higher terms of z in the function v;(2).
Now from eq A7 through A9, it follows that at large scattering
angles

h:}izloo Iha) = I(p1 — p2)2Sp%hs~2 (A10)
For the two-phase system composed of N perfectly oriented
lamellae, S in eq A10 should be replaced with S given by

S=NS, (A11)

where S is the total surface area of the lamellar microphase
system normal to the z axis. Therefore, the scattered intensity
at large angle tail for the completely oriented ideal two-phase
structure is given by

h;i_lem I(hg) = Io(p1 — p2)2S2%hs™2 (A12)
Equation A12 corresponds to eq A5 for the isotropic and ideal
two-phase structure. The reduced scattering angle h3 in eq

A12 also corresponds to the variable 27s in the text, so that
eq A12 can be rewritten by

lim I = [I(py — p2)?S%/4n?]s 2

s>

(A13)
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ABSTRACT: The dipolar-decoupled, natural abundance Fourier transform and cross-polarization '3C NMR spectra
of seven glassy polymers have been obtained at 22.6 MHz, both with and without 3-kHz mechanical spinning at the
magic angle. The 100-Hz resolution achieved by the spinning produces spectra of the solids almost as detailed as the
standard spectra of the same polymers in solution. This kind of resolution allows individual lines to be assigned to
chemically unique carbons both in the side and main chains of the polymers. Spin-lattice, nuclear-Overhauser, rotat-
ing-frame, and cross-polarization relaxation parameters have been measured for individual carbon lines at room tem-
perature. The 13C rotating frame relaxation times (T'y,) at 32 kHz can be shown to be dominated by spin-lattice pro-
cesses rather than spin-spin processes. This means that the T1,’s contain information about the motions of the poly-
mers in the 10-50 kHz region, while the cross-polarization relaxation times (Tcy) contain information about the near
static interactions. The spin-lattice and nuclear-Overhauser relaxation parameters contain information about the
motions in the 5-30-MHz regions. Interpretation of the T'1,’s of these polymers emphasizes the dynamic heterogene-
ity of the glassy state. Details of the relaxation processes establish the short-range nature of certain low-frequency
side-group motions, while clearly defining the long-range cooperative nature of some of the main-chain motions, the
latter not consistent with a local-mode interpretation of motion. These motions involve cooperative torsional oscilla-
tions within conformations rather than jumps from one conformation to another. The ratio of Tcy to 7'y, for proton-
ated carbons in the main chain of each polymer is found to have a direct correlation with the toughness or impact
strength for all seven polymers. This empirical correlation is rationalized in terms of energy dissipation for chains
in the amorphous state in which low-frequency cooperative motions (and ultimately flow) are determined by the
same inter- and intra-chain steric interactions which influence the NMR relaxation parameters.

1. Introduction

We have three objectives in this paper. First, we will show
that the rotating-frame 13C relaxation parameters obtained

from high-resolution 3C NMR spectra of glassy polymers can
be interpreted unambiguously in terms of the side- and
main-chain motions of the polymers in the solid state (sections
IV-VI). Second, we will show that an understanding of the



