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Small-Angle Scattering of the Statistical Structure of Domain

Boundaries

W. Ruland
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D-3550 Marburg/Lahn, F.R.G. Received June 9, 1986

ABSTRACT: The determination of the width of domain boundaries by the SAXS method can contain
substantial errors if the boundary region is not represented by a smooth homogeneous density transition but
by a statistical structure of a certain coarseness. It is shown that these errors lead, in general, to an un-
derestimation of the values of the boundary widths and to a compensation of the expected increase of these
values with temperature in the case of block copolymers. SAXS studies of samples with a high preferred
orientation of the interface planes can be used to minimize the errors and to obtain information on the coarseness

of the statistical structure of the domain boundaries.

Introduction

The width of domain boundaries is an important pa-
rameter for the characterization of microphase separation
in polymers. By use of small-angle X-ray scattering, this
parameter is obtained by measurements in the range of
validity of Porod’s law.}® In this range, the correct sub-
traction of the background is essential for an accurate
determination of the boundary width, especially in the case
of slit-smeared intensities.®

The theory of microphase separation in block co-
polymers® ! predicts the relationship

d, = 2(a)/(6x)"/? oy

where d, is the boundary width, x the Flory-Huggins in-
teraction parameter, and (a) the average length of a mo-

nomer unit. Consequently, measurements of d, as a
function of temperature could, in principle, be used to
determine the temperature dependence of x.

SAXS measurements carried out by Roe, Fishkis, and
Chang® on block copolymer melts did not, however, show
the decrease of the intensity at large scattering angles
predicted by the temperature dependence of d, according
to eq 1. This observation was confirmed by similar mea-
surements carried out in my research group, the details
of which will be reported in a separate paper. Further-
more, the d, values determined for block copolymers at
room temperature were found to be significantly smaller
than the theoretically predicted ones.® The aim of this
paper is to investigate the possibility of an influence of the
statistical structure of the domain boundaries on the de-

0024-9297/87/2220-0087$01.50/0 © 1987 American Chemical Society
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Figure 1. Schematic presentation of the statistical structure of
a domain boundary and its average density profile. d, is the
domain boundary width, ry is the distance perpendicular to the
interface plane, r, and Ar;, are the positions of the local density
transitions, and A is the surface of the shape function Y,

termination of d,, which could explain the differences
between experimental and theoretical values.

Scattering of a Statistical Boundary Structure

Figure 1 shows a scheme of a statistical density distri-
bution at a domain boundary and its relationship to the
boundary profile and to d,. Such a structure can be ap-
proximated by

Ap(r) = (p; - pz)Zpl Y *6(r ~ rp)

where Ap is the electron density distribution, p; and p, are
the electron densities of phases 1 and 2, respectively, and
6 is the Dirac ¢ distribution. The vectors, r,, which are
oriented parallel to the plane of the interface, define a
two-dimensional point distribution of short-range order.
The function Y, describes the local details of the boundary
structure (see f*‘igure 1)

Yp(r) = Yo(r12) sgn (rs - Arayp)/z

where sgn is the sign function, Y, is a shape function de-
fining the coarseness of the interface structure, r is the
position vector with the components r;, = (r;,r;) parallel
and ry perpendicular, respectively, to an ideally plane in-
terface and Ar;, is the local deviation perpendicular to this
plane as a function of r,. The asterisk stands for three-
dimensional convolution. Using the relationship

I(s) = | F (Ap(r))f

where I is the scattering intensity, * stands for three-di-
mensional Fourier transform, and s is the vector in re-
ciprocal space (s = 2 sin 8/)\), one finds, in analogy to the
treatment of substitutional disorder in lattices!?

I(s) = (p1 = p)’[nIBP) ~ K®IP) + KBIPAZP] (2)

provided that no correlation exists between the local de-
viations Ar,, and the vectors r,.
The function ®,(s) is the Fourier transform of Y, (r)
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Qp(s) = 4’0(512) i exp(27l'iAr3ypS3)/(27l'S3)

where 8,, and s; are the components of the vector s parallel
and perpendicular, respectively, to the interface plane and
&, is the Fourier transform of Y,

The average (®) is taken over all lattice sites, and n is
the total number of sites. This leads to

(@ ) (s) = ‘I’o(slg) i(exp(21riAr3,ps3) ) / (21I'S3)
The average on the right-hand side of this equation is given
by
(exp(27idry ) =

f “h(Ary) exp(2miArgss) dAr, = H(ss)

where h(Ar;) is the probability density of Ar; and H(ss)
its Fourier transform. These two functions are identical
with those already defined in the earlier papers.}¢ If h is
taken to be Gaussian, H is represented by

H(sy) = exp[-7(d,s3)%]
If the density profile is taken to be a tanh function,®!! h
is given by
h(Ars) = sech? (2Ar5/4d,) /d,
Consequently
H(sg) = n%d,s; csch (n%d,s,/2) /2

In both cases, d, is defined as the integral width of k. Its
relationship to the variance ¢,% of h is

d, = (277)1/20'2
for a Gaussian and
d, = 4(8Y%e, /7

for sech.?
Equation 2 indicates that the scattering intensity is the
sum of two components

I=1I+1Ig
where
I, = (p1 = p*n((|®P) - [(2)P)
Is = (o1 — p2*(®)PIZ

We consider first the component Ig. The function |Z? is
given by

1Z? = I%}[?(r -l

Assuming that the short-range order is based on first-
neighbor distances in the range of the side-by-side packing
distances of chain segments, the predominant contribution
of |Z]? to the small-angle scattering is given by

|Z|2 = lq>s(512)|2/Ao2

where &g is the Fourier transform of the shape function
of the total interface S and A, is the area of the cross
section of the shape function Y, parallel to the interface
plane. Since S is, in general, very large compared to A,
|Z]? can be approximated by

|Z|? =~ S&(s13) / Ao®
for s;5 larger than S'/2, and one obtains
Is(s) = (p; ~ pg) SH(s5)6(81,) / (27s3)? 3

since |®o|%(0) = Ay>
Averaging I over all directions in reciprocal space (solid
angle w) results in



Macromolecules, Vol. 20, No. 1, 1987

Is = (Is), = (py - po)*SH?(s) / (87%*)

which is Porod’s law corrected for finite boundary width.

This expression is equivalent to that already derived in
the earlier paper.! It is representative for the scattering
of a two-phase structure with a smooth boundary profile
of finite width

I s = IidH2
where 4 is the scattering of the same two-phase structure
with infinitely sharp boundaries.
The component I, represents the scattering due to the

local fluctuation of the concentration of phase 1 and phase
2 within the domain boundary. Since

|8l = |@o(812)7/ (2755)" = (|B[*)
and n = S/A,, one obtains
I,(8) = (py - p2)2S|By(812)P[1 ~ H*(s5)] /[Ao(2785)Y]  (4)

Random Orientation

For a comparison of I, and Iy we consider first a two-
phase structure with a random orientation of the interface
boundary. This leads to

I, =(L,),
= (py - p2)23(|¢0(s12)|2[1 - Hz(sa)]/[A0(21rs3)2])w

where ( ), stands for averaging over the solid angle w. To
simplify the calculations we assume ®; to be a radially
symmetrical Gaussian distribution

|®of* > Ay exp[~(mRos12)%]
where A, = rR% and furthermore
H(s3) ~ exp[-2(w0,53)*]

When polar coordinates sy, = s sin ¢ and s3 = s cos ¢ are
used, the spherical averaging leads to the expression

L(s) = (p; — p)*SA¢0.*G(s)
where
1

G,(s) = exp(—a)j; (1/62?) exp(az?)[1 - exp(-bz?)] dz
with @ = (7Rs)?%, b = (270,5)%, and z = cos ¢.

The integral results in
G, = lexp(~b) - 1 + 2 exp(~a) X

[a'/? Exfi (a*/?) + (b - a)'/2 Exf (b - a)V/9)]}/b

where

Exf (x) = j;x exp(-t?) dt

Erfi (x) = _j; “exp(t) dt

For small values of s, G, is approximated by
G, ~1-2x%%*R?+ 0,9/3
i.e., the radius of gyration is
R2=(R?+ 0,2 /2
Figure 2 shows plots of G, vs. g, for various ratios Ry/o,.
In order to assess the influence of I, on the determination

of d,, we consider a lamellar two-phase system with Iy
given by

Iy =
S(pl - p2)2 Re [(1 - Hl)(l - H2)/(1 - Hle)]/(8ﬂ'384)
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Figure 2. SAXS of the statistical structure of a domain boundary,
scattering function G, of the spherical average calculated for
various ratios R,/ g, plotted vs. g,s.
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Figure 3. SAXS of a lamellar two-phase system with a statistical
structure of the domain boundaries, random orientation, pinhole
collimation, o, = 5 A, and R, from 0 (lower curve) to 5 A (upper
curve) in steps of 1 A.

where the real part Re of the expression in square brackets
corresponds to the interference function of a one-dimen-
sional short-range order'® in the lamellar stacking. H; and
H, are the Fourier transforms of the thickness distributions
of the lamellae of phases 1 and 2, respectively.
Pinhole Collimation. Figures 3-5 show theoretical
SAXS curves in the appropriate plots for pinhole colli-
mation, In s*I(s) vs. s%, for a lamellar system with the
average period L = 200 A, volume concentration ¢, = 0.3,
and a statistical variation of the thicknesses of the lamellae
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Figure 4. SAXS of a lamellar two-phase system with a statistical
structure of the domain boundaries, random orientation, pinhole
collimation, s, = 10 A, and R, from 0 (lower curve) to 5 A (upper
curve) in steps of 1 A.
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Figure 5. SAXS of a lamellar two-phase system with a statistical
structure of the domain boundaries, random orientation, pinhole
collimation, ¢, = 15 A, and R, from 0 (lower curve) to 5 A (upper
curve) in steps of 1 A.

large enough to suppress the interference maxima of higher
order. o, values were chosen to correspond approximately
to the theoretical values for styrene—butadiene block co-
polymers in the temperature range 25-300 °C. R, is varied
from 0 to 5 A. The curves are normalized such that
lim s/, id = 1
§—>co
An inspection of these curves shows clearly that the sta-
tistical structure of the domain boundaries causes sys-
tematic deviations from the expected linear relationship
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Figure 6. SAXS of a lamellar two-phase system with a statistical
structure of the domain boundaries, random orientation, slit
smearing, ¢, = 5 A, and R, from 0 (lower curve) to 5 A (upper
curve) in steps of 1 A.
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Figure 7. SAXS of a lamellar two-phase system with a statistical
structure of the domain boundaries, random orientation, slit
smearing ¢, = 10 A, and R, from 0 (lower curve) to 5 A (upper

curve) in steps of 1 A.

in the In s*I vs. s? plots and that these deviations tend to
compensate the effect of increasing o,.

Slit Collimation. SAXS curves are very often mea-
sured with a slit collimation (e.g., Kratky camera), which
results in “smeared” intensity distributions. Since Ig is
decreasing more steeply with s than is I, the effect of I,
on the determination of d, is expected to be enhanced by
slit smearing. This is shown in Figures 6-8 where the
slit-smeared intensities J/(s) corresponding to those used
for the calculation of the curves in Figures 3-5 are shown
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Figure 8. SAXS of a lamellar two-phase system with a statistical
structure of the domain boundaries, random orientation, slit
smearing o, = 15 A, and R, from 0 (lower curve) to 5 A (upper
curve) in steps of 1 A.

in In s3J vs. s18! plots. The functions J(s) are calculated
by using the integral

J6) =2 f “IIGs? + )V W) dy

For W(y), the slit transmission function, experimental
values for standard Kratky cameras were used. The ex-
ponent 1.81 has been proposed by Koberstein, Morra, and
Stein? as an approximation for the effect of slit smearing
on the function H? in the range of validity of Porod’s law.
The curves show the expected increase of the influence of
the statistical structure of the domain boundaries on the
determination of d, as a result of slit smearing.

Preferred Orientation

Special methods of sample preparation result in a pre-
ferred orientation of lamellar or cylindrical two-phase
systems.31415 Such samples improve, in general, the in-
terpretation of SAXS curves and the accuracy of the de-
termination of structural parameters. For lamellar two-
phase systems, the most favorable case is an arrangement
of the lamellae parallel to a given plane of the sample, i.e.,
a preferred orientation of the perpendiculars of the la-
mellae in the direction of the principal axis of a system
of cylindrical symmetry.

We consider such a lamellar system in which the ori-
entation of the perpendiculars is defined by the distribu-
tion g(¢), where ¢ is the angle between a perpendicular and
the principal axis. For perfect orientation, Ig and 7, are
given by eq 3 and 4, respectively. Since Ig and I, are
cylindrically symmetrical about the s; direction, we can
use polar coordinates (s,¢’) to define s.

The intensity distribution for a given g(¢) is obtained
by the integral transformation'®

/2 .
Iis,9) = f " Io(s,6")F(9,¢") sin ¢’ dg’

where [ is the intensity distribution for perfect orientation
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Figure 9. Schematic presentation of the two-dimensional SAXS
intensity distribution for a lamellar two-phase system with pre-
ferred orientation and statistical structure of the domain
boundaries.

and the kernel F(¢,¢’) can be calculated from g(¢).!”
For Ig, this transformation results in

Is(s,0) = (p; — po)SH?(s)g(¢) / (8n3s*)
if g(¢) is normalized such that

/2 .
J; g(p)singpdg =1

For I, the result of the transformation is more complicated
in the general case. One can, however, show that I,(s,¢=0)
can be approximated by

L(s,0) =
(o1 = p)2SA([1 - H*(s)]/[(2ms)(1 + n(R,B,s)?)]

if B,, the integral width of g(¢), is small.

Figure 9 shows a schematic presentation of the intensity
distribution in a section in reciprocal space containing the
principal axis of orientation s;. The interference maxima
centered on the s; axis represent the maxima in Is. Their
broadening perpendicular to the s, axis is due to the ori-
entation distribution g(¢). The broad intensity distribu-
tion centered on the origin of reciprocal space represents
I,. An inspection of this intensity distribution shows that,
in measurements with a pinhole collimation along the s,
direction, the contribution of I is predominant, whereas
measurements along the s;, direction are, except for very
small angles, only determined by I,. In fact, a Guinier plot
of the intensity measured along s;, should lead to the
determination of R,

Figures 10 and 11 show plots of In s*I(s,0) vs. s? for a o,
value of 15 A, R, values ranging from 0 to 5 A, and B,
values of 20° and 40°. The curves show clearly that the
contribution of I, is considerably reduced and the error
in the determination of d, is small.

Calculations of SAXS curves obtainable by measure-
ments in the s; direction with a slit system oriented parallel
to s are shown in Figures 12 and 13 for the same struc-
tural parameters as those used in Figures 10 and 11. In
this case, the appropriate plot is In s° vs. s%2. These curves
demonstrate that the effect of slit smearing is much less
pronounced for samples with sufficiently high preferred
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Figure 10. SAXS of a lamellar two-phase system with a statistical
structure of the domain boundaries, preferred orientation, ori-
entation half-width 20, pinhole collimation, measurement along
principal axis of orientation, s, = 15 A, and R, from O (lower curve)
to 5 A {upper curve) in steps of 1 A,

1lns‘~I(s,<))

-4

Figure 11. SAXS of a lamellar two-phase system with a statistical
structure of the domain boundaries, preferred orientation, ori-
entation half-width 40, pinhole collimation, measurement along
princig)al axis of orientation, ¢, = 15 A, and R, from 0 (lower curve)
to 5 A (upper curve) in steps of 1 A.

orientation than for samples with random orientation, but
the errors in the determination of d, are still appreciable.

Conclusions

If the finite width of domain boundaries is due to a
statistical structure of the boundaries instead of a smooth
homogeneous density transition, the determination of the
boundary width by SAXS methods can contain substantial
errors. These errors are minimized by the study of samples
with high preferred orientation of the interface planes.
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Figure 12, SAXS of a lamellar two-phase system with a statistical
structure of the domain boundaries, preferred orientation, ori-
entation half-width 20, slit smearing, measurement along principal
axis of orientation, o, = 15 A, and R, from 0 (lower curve) to 5
A (upper curve) in steps of 1 A,
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Figure 13. SAXS of a lamellar two-phase system with a statistical
structure of the domain boundaries, preferred orientation, ori-
entation half-width 40, slit smearing, measurement along principal
axis of orientation, o, = 15 A, and R, from 0 (lower curve) to 5
A (upper curve) in steps of 1 A.

Direction-dependent intensity measurements of such
samples can be used to obtain information on the
coarseness of the boundary structure.

The structural model used for the calculations limits the
applicability of the results to boundary widths corre-
sponding to the lengths of a few Kuhn segments. For
larger boundary widths, the flexibility of the chains has
to be taken into account, and a more involved model for
the fluctuation of the segment density in the boundary
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region has to be developed. This is expected to lead to
somewhat different values for the additional intensity
component I, but will not change the general effect of this
component on the SAXS curves.
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Light Scattering Characterization of an Alternating Copolymer of
Ethylene and Tetrafluoroethylene. 1. Static and Dynamic

Properties
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ABSTRACT: Laser light scattering, including the angular dependence of the absolute integrated scattered
intensity and its spectral distribution, has been used successfully to characterize, for the first time, an alternating
copolymer of ethylene and tetrafluoroethylene, (CH,CH,CF,CF}),-, in diisobutyl adipate at 240 °C. In order
to carry out experiments at high temperatures, we developed a new filtration apparatus and a new light scattering
spectrometer capable of refractive index increment measurements. The results show that over the molecular
weight range 5 X 10° to 1.2 X 106, our copolymer samples obey the scaling relations (R,%),}/? = 1.68 X 101M,, 0%

and DO

= 3.35 X 10™*M, %, with (R,%),/%, M, and D;° being the z-average root-mean- -square radius of gyration

(A), the weight-average molecular welght and the translational diffusion coefficient at infinite dilution (cm?/s),
respectively. Furthermore, the variance (u,/T?) of the photoelectron count time correlation function shows
a small value (~0.1), suggesting surprisingly narrow molecualr weight distributions for our copolymer samples.

I. Introduction

Laser light scattering (LLS) has been used to charac-
terize a variety of polymers, including poly(1,4-phenylene
terephthalamide) (PPTA)'® and polyethylenes (PE).%7
The advantages of LLS are numerous. It is noninvasive.
It has a wide dynamic range covering sizes from tens of
angstroms to microns. The technique also permits de-
termination of polydispersity in terms of molecular weight
distributions, especially for unimodal functions of arbitrary
shapes, without an a priori assumption on the form of the
distribution function. In particular, LLS has been effective
in characterizing polymer solutions at high temperatures,’
e.g., at more than 200 °C for poly(dichlorophosphazene)
in hexachlorotriphosphazene®), and polyelectrolytes
(PPTA) in concentrated sulfuric acid, with and without
added salt.!® Thus, a natural extension and challenge in
the application of LLS to polymer solution characterization
is to examine static and dynamic properties of fluorocarbon
polymers that defy characterization, simply because they
are essentially insoluble in any ordinary solvents. Although
our ultimate aim is to characterize poly(tetrafluoro-
ethylene), —(CF,CF,),—, commercially known as Teflon (a
registered trademark of Du Pont), we have to approach
the characterization of poly(tetrafluoroethylene) (PTFE)
slightly differently in view of the structural complexities
associated with the solvent and plan to report our findings
on PTFE later. In this (1) and a subsequent article (2),
we report details of the characterization of a Teflon co-

polymer, an alternating copolymer of ethylene and tetra-
fluoroethylene (PETFE), -(CF,CF;CH,CH,),~. An outline
of our procedures has already appeared in a preliminary
publication.® Our report on the PETFE characterization
can be divided into two parts. In this article (1), we shall
be concerned with experiments on static and dynamic
properties of PETFE in diisobutyl adipate at 240 °C, in-
cluding a description of our new high-temperature light
scattering spectrometer, adaptation for use as a high-tem-
perature differential refractometer, and the development
of a new high-temperature filtration apparatus for polymer
solution clarification. In the subsequent article (2), we shall
consider the determination of the molecular weight dis-
tribution (MWD) of PETFE from precise time correlation
function measurements using experimentally determined

. scaling relations between the translational diffusion

coefficient and the molecular weight and three different
algorithms for the Laplace inversion. We report the details
of our analysis in a separate article (2) because MWD can
be determined only by means of LLS. At the present time,
there is no other known technique that can provide an
absolute determination of MWD of PETFE.

II. Experimental Methods

1. Materials. Diisobutyl adipate was obtained from Hatco
Industries and was purified by passage through a column of
activated silica gel to remove acidic and basic impurities. The
resulting material was 99.5% pure by vapor phase chromatog-
raphy. The polymers (courtesy of W. Buck, Polymer Products
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