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ABSTRACT: The scattering function was measured for four samples of atactic oligo- and poly(methyl
methacrylate)s (a-PMMA), each with the fraction of racemic diads f, = 0.79, in the range of weight-average
molecular weight My, from 1.10 X 102 to 1.19 X 10% in acetonitrile at 44.0 °C (0) for the magnitude & of the
scattering vector smaller than 1 A-! by the use of a point-focusing small-angle X-ray scattering (SAXS)
camera. Supplementary measurements were also carried out on the sample with M, = 1.19 X 10° in benzene
(good solvent) at 25.0 °C in order to examine the solvent effect. The Kratky plot of the present data for the
high-molecular-weight samples in the © solvent exhibits the first maximum and minimum as observed by
Kirste and Wunderlich for syndiotactic PMMA (with f; =~ 0.9). However, in the range of larger &, the former
exhibits only a slight inflection, while the latter exhibits strong oscillation. A comparison is made of the
present SAXS data with literature data for small-angle neutron scattering for a-PMMA in the bulk. It is
found that the Kratky plots of these two kinds of data are in good agreement with each other in the range
of small k but the latter plot deviates downward from the former for larger & because of the difference in
the distribution of scatterers. A comparison of the present SAXS data with the helical wormlike (HW) chain
theory shows that it may reproduce the data quantitatively in the range of rather small £ but only qualitatively
in the range of large k. A comparison is also made of the present data for a-PMMA with the previous data
for atactic polystyrene in cyclohexane at 34.5 °C (0). It is then found that the HW theory may well explain
the difference in the Kratky plot between the two polymer chains in the range of small k arising from that

in the local conformation.

Introduction

Long ago, Kirste and Wunderlich!? reported the ex-
perimental result that the Kratky plot of the scattering
function P, determined from small-angle X-ray scattering
(SAXS) exhibits remarkable oscillation in the range of
the magnitude k of the scattering vector larger than ca.
0.1 A-1 for syndiotactic poly(methyl methacrylate) (s-
PMMA) (with the fraction of racemic diads f; ~ 0.9) in
dilute solution. Since then there have been several
attempts to give atheoretical explanation of this oscillation,
considering it to reflect the local chain conformation of
s-PMMA.

Kirste himself3* considered that the local conformation
of the s-PMMA chain in dilute solution is just like a “thread
with persistence of curvature”. Subsequently, Flory and
his co-workers®2 made an extensive study of the confor-
mational properties of PMMA chains on the basis of the
rotational isomeric state (RIS) model.? It was then shown
that the characteristic ratios of the atactic (a) PMMA
chain with arather large value of f; and also of the s-PMMA
chain as a function of chain length have a maximums® and
that the Kratky plots for them exhibit oscillation,? as
observed by Kirste and Wunderlich.12 We ourselves also
made a similar study on the basis of the helical wormlike
(HW) chain modell®!! and showed that although the
maximum in the characteristic ratio as predicted by the
RIS model may be reproduced,'? the second maximum
and minimum in the Kratky plot cannot be predicted.!?

Recently, we have reinvestigated P, of the HW chainl4
in order to clarify the reason it cannot reproduce the
experimental results above, examining in some detail the
effect of the discrete distribution of scattering centers on
the chain contour. However, we have predicted only the
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existence of a slight inflection in the Kratky plot in the
range of k where Kirste and Wunderlich found the second
maximum. This disagreement between the HW theory
and experiment for P; is difficult to understand, since in
aseries of our recent experimental work on dilute solution
properties of oligomers and polymers!S it has been shown
that the HW chain model may well mimic the local chain
conformation of real polymers on the bond-length or
somewhat longer scales. Recall that the HW theory may
reproduce completely the dependence on the degree of
polymerization x of the ratio of the mean-square radius
of gyration (S2) tox for a-PMMA with f, = 0.79 (see Figure
6 of ref 16).

On the experimental side, the SAXS measurements by
Kirste and Wunderlich were performed with a Kratky
camera, and necessarily the desmearing procedure was
employed in the determination of P, from raw (smeared)
scattering data. As mentioned in a previous paper,!” this
procedure may be considered inadequate for a determi-
nation of P, in the range of large k under consideration.
Moreover, the second maximum of that kind has not been
observed in the small-angle neutron scattering (SANS)
experiment recently made by Dettenmaier et al.!® Thus
it is very desirable to determine P, experimentally without
desmearing. This may resolve our difficulty.

In the previous study,!” we have carried out SAXS
measurements on atactic oligo- and polystyrene (a-PS)
samples with a point-focusing camera instead of a Kratky
camera to determine P, rather accurately in the range of
kE 5 0.5 A-! without desmearing. Thus, in the present
work, with the same point-focusing camera, we determine
P, for well-characterized a-PMMA samples (with f; = 0.79)
in acetonitrile at 44.0 °C () and compare the results with
the HW theory. Recall that for the same system, {S2)
and the intrinsic viscosity [] have already been deter-
mined.161® Now this camera may cover the range of k <
0.5 A-1if the Cu Ka line (of wavelength Ao = 1.54 A) is used
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Table I. Values of My, Xw, Mw/M,, and (82)!/2 for Atactic
Oligo- and Poly(methyl methacrylate)s

sample M, X My/M, (8212, A
OM11e 1.10 X 103 11.0 1.04 7.49°
OM30 2.95 X 102 29.5 1.06 14,
MM1® 1.09 X 104 109 1.06 27.¢
MM12 1.19 X 105 1190 1.09 81.5

¢ My'sof OM11 and OM30 had been determined from LS inacetone
at 25.0 °C.16 b M,’s of MM1 and MM12 had been determined from
LS in acetonitrile at 44.0 °C.16 < All values of (S?)!/2 had been
determined from SAXS in acetonitrile at 44.0 °C.18

as an X-ray source, as in the previous study. For the
present purpose, however, the data in the range of 2 S 1
A-lare needed, since the second maximum and minimum,
if they appear, may be observed at k 2 0.5 A-L, In the
present work, therefore, we use the Mo Ka line (of Ay =
0.711 A) instead of Cu Ka to cover such a range of k.
SAXS measurements are also carried out for a benzene
solution of a-PMMA in order to make a direct comparison
with the data by Kirste and Wunderlich.

Experimental Section

Materials. The four a-PMMA samples used in this work are
the same as those used in the previous studies!é? of (S?) and [#],
i.e., the fractions separated by gel permeation chromatography
and/or fractional precipitation from the original whole samples
prepared by group-transfer polymerization. The values of f; for
these samples are 0.79, as already mentioned. The values of the
weight-average molecular weight M, determined from light
scattering (LS),!¢ the weight-average degree of polymerization
Zw, the ratio of My to the number-average molecular weight M,
and the root-mean-square radius of gyration (S2)!/2 determined
from SAXS in acetonitrile at 44.0 °C (0)€¢ are summarized in
Table .

The solvents acetonitrile and benzene used for SAXS mea-
surements were purified according to standard procedures.

Small-Angle X-ray Scattering. As in the previous SAXS
study,!” all measurements were carried out by the use of a point-
focusing camera of overall length 6 m in the High-Intensity X-ray
Laboratory of Kyoto University. A detailed specification of this
camera has already been given elsewhere,® and a brief description
has been given in the previous paper.!” Thus we here note only
a few points pertinent to the present work.

In this work, the Mo Ka line of A = 0.711 A was used as the
incident beam by eliminating other lines with Zr foil of 50-um
thickness. The distance from a sample cell to a detector (two-
dimensional position-sensitive proportional counter) was ca. 640
mm, as before,!” so that intensity measurements could be carried
out in the range of & up to ca. 1 A-. The temperature of the
sample cell was kept constant at 44.0 £ 0.2 °C for the acetonitrile
solutions and at 25.0 £ 0.1 °C for the benzene solution. The
excess scattering intensity in the range of £ 2 0.5 A-! was very
small. Therefore, in order to diminish statistical errors in this
range, the intensities scattered from each solution and the solvent
were accumulated for ca. 12 and 6 h, respectively. The mea-
surements on the solvent were made before and after every
measurement on the solution.

As in the previous study,!” the two-dimensional data thus
obtained for a solution of solute mass concentration ¢ (in g/cm?)
were first corrected for the detector sensitivity and then averaged
over polar angles in the detector plane to obtain the scattering
intensity In(k, ¢) as a function of k, which is explicitly defined
by

k = (47/\y) 8in(6/2) e8]

with 8 the scattering angle. From the observed intensity I, we
evaluate the reduced intensity In(k, ¢) defined by

Ig(k, ©) = I, (k, )/ A @

where A is the transmittance of a given sample solution and I,
is the intensity of the incident beam monitored by the intensity
scattered from a polyethylene film placed in front of the detector.
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Figure 1. Plots of [c/AIr(0, ¢)1V/2 and [¢/Alg(k, ¢)]22 against
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cand k2, respectively, for sample OM30 in acetonitrile at 44.0 °C.

The excess reduced scattering intensity Alr(k, ¢) is then obtained
as the reduced scattering intensity from the solution I o (&, ¢)
minus that from the solvent Insy(k) [=IRs0om(k, 0)] as follows:

AIR(ky c)= IR,soln(k’ )~ IR,lolv(k) (3)

Results

We first evaluate the (normalized) scattering function
P, from the values of the reduced scattering intensity
Alp(k, ¢), which were directly obtained from SAXS
measurements, in the same manner as used previously.l?

The quantity Alr(k, ¢) may be written in terms of P, as

Ke _ 1
Alg(k,¢) M_P, (k)

where K is the optical constant, A; is the second virial
coefficient, and @ represents the intermolecular interfer-
ence.?! Note that P; and @ become unity at £ = 0. From
eq 4, we obtain

AIR(kyc) —
KM ~

w

We may then evaluate P, by extrapolating the ratio
Alp(k, ¢)/ KMyc to ¢ = 0 if the value of K is known. In the
limits of & — 0 and ¢ — 0, we have from eq 4

K = [AIR(0, ¢)/cl =/ M, (6)

Thus K may be evaluated experimentally if the value of
[AIR(O, ¢)/clc=o is determined for a sample whose My, is
known.

Inthe present case, we evaluated [AIR(0, ¢)/clc=o for the
sample OM30 in acetonitrile at 44.0 °C by the use of the
Berrysquare-root plot.22 For each solution of this sample,
the plot of (¢/AlIr)!/2 against k2 followed a straight line in
the range of small &, so that the intercept [¢/AIRr(0, ¢)]11/2
at a given ¢ could be unambiguously determined. Sim-
ilarly, in the range of small k, the plot of (¢/ AIg)!/? against
¢ was fitted by a straight line and could be extrapolated
to infinite dilution to evaluate [¢/Al(k, c)]Y% at a given
(small) k. The values of [¢/AIr(0, ¢)]'/2 and
[c/Alg(k, ¢)112 thus determined for the sample OMS30 are
plotted against ¢ and kZ, respectively, in Figure 1. The
two kinds of plots can be extrapolated to obtain the
common intercept [¢/ AI(0,c)12 = 32.4 (g/cm?3)1/2. With
the value of My, for the sample OM30 given in Table I, K
is thus evaluated to be 3.23 X 107 cm¥/g.

Before presenting results for the scattering function,
we here make one remark. From the intercept and initial

+ 24,Q(k)c + O(c?) (4)

P,(k) - 24,M_[P,(k)1?Q(k)c + O(c®) (5)
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Figure 2. Plots of k2AIgr(k, ¢)/Kc against k for sample OM30 in

acetonitrile at 44.0 °C: (0) ¢ = 0.0870 g/cm?; (®) ¢ = 0.0621
g/cm3; (©) ¢ = 0.0416 g/cm?; (@) ¢ = 0.0202 g/cm?.

slope of the plot of [c/Alx(k, ¢)112 against k2 in Figure 1,
we may determine the apparent mean-square radius of
gyration (S2), defined in the equation

P.(k) = 1-(1/3)(S%) k% + O(kY) )

The result for (S2), thus obtained is 203 A2. This value
is in good agreement with the corresponding value 207 A2
determined previously,!® indicating the consistency be-
tween the present and previous determinations of the
scattering intensity in the range of small k. (Note that
(S?), should in general be distinguished from the mean-
square radius of gyration (S?) of the chain contour except
for a long enough chain.16)

Now, Figure 2 shows plots of k2AIr(k, c)/Kc against k
for the sample OM30 in acetonitrile at various c at 44.0
°C. The ordinate quantity corresponds to the (absolute-
scale) Kratky function F,(k) defined by

F,(k) = M E*P,(k) ®)

(at finite concentrations), the above plot being just the
Kratky plot. In the figure, the unfilled, right-half-filled,
left-half-filled, and filled circles represent the values at ¢
= 0.0870, 0.0621, 0.0416, and 0.0202 g/cm?, respectively.
It is seen that the plot is almost independent of ¢ in the
range of k displayed, so that we adopt the values of
AIR(R, ¢)/KMyc at the highest concentration as those of
the scattering function P, for the single polymer chain at
infinite dilution. Note that in the range of small &, the
concentration' dependence is appreciable in the plot
displayed in Figure 1 but cannot be recognized in the
Kratky plot. We must also note that for a-PS in
cyclohexane at 34.5 °C, the Kratky plot depends appre-
ciably on ¢ in the range of k£ 2 0.1 A-L, in contrast to the
present case of a-PMMA.

Figure 3 shows plots of Fy(k) against k for all the
a-PMMA samples in acetonitrile at 44.0 °C, where the
data points for the samples OM30, MM1, and MM12 have
been shifted upward by 20, 40, and 60 A-2, respectively,
for convenience. The plot exhibits clearly the first
maximum and minimum for the sample MM1 and a slight
inflection (or bump) at & = 0.5-0.6 A-! for the samples
OM30 through MM12.

Discussion

Kratky Function. Asshown in Figure 3, the data for
the function F; in the range of k S 0.05 A-! could not be
obtained under the present condition of setting the sample-
to-detector distance of the SAXS camera mentioned in
the Experimental Section. (Note that the smallest at-
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Figure3. Plots of Fy(k) against k for all the samples in acetonitrile

at 44,0 °C, the data points for samples OM30, MM1, and MM12
being shifted upward by 20, 40, and 60 A-2, respectively.
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Figure 4. Plotsof F,(k) against k for all the samples in acetonitrile
at 44.0 °C: (0) OM11; (@) OM30; (0) MM1; (&) MM12. The
large and small circles represent the present and previous!® data,
respectively. The solid curve connects smoothly the data points
for each sample.

tainable scattering angle # in the present measurements
is about half that in the previous measurements on a-PS.
This difference is due to the difference in the tuning of
the collimation.) Thus we join the present data to the
previous datal® obtained for F; in the range of small & by
the use of a Kratky camera.

Figure 4 shows plots of the data for F, thus obtained
against k for the four a-PMMA samples in acetonitrile at
44,0°C. Theunfilled, right-half-filled, left-half-filled, and
top-half-filled circles represent the values for the samples
OM11, OM30, MM1, and MM12, respectively, the large
and small circles representing the present and previous
data, respectively. It is seen that the present data may
be smoothly joined to the previous data for the samples
OM11 through MM1, although the two kinds of data points
do not overlap with each other for the sample MM12.
This confirms the appropriateness and accuracy of the
present determination of F; described in the Results. Thus
the solid curve connects smoothly the data points for each
sample.

Itisseen that F, first increases from zero with increasing
k and then exhibits the maximum (and minimum) for My,
2 3 X 103, that F; is larger for larger My at fixed £ 0.1
A-1 (before reaching the maximum), and that the value of
k at which F; has its maximum decreases with increasing
M,,. The existence of this maximum may be considered
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Figure 5. Comparison between the SAXS data obtained with
a point-focusing camera in this work and those with a Kratky
camera with desmearing: (O) present data for sample MM12 in
acetonitrile at 44.0 °C; (@) desmeared data by Kirste and
Wunderlich:22 for an s-PMMA sample with M, = 2.7 X 105in
benzene (see the text). The solid curve connects smoothly the
present data points.

to reflect the local conformation of the a-PMMA chain,
and it is discussed in detail later. On the other hand, the
behavior of F; is rather insensitive to a change of M,, in
the range of k 2 0.4 A-1, although the inflection (or bump)
exists at & = 0.5-0.6 A-! for My, 3 X 103, as mentioned
in the Results. This is in contrast to the case of a-PS for
which F; depends appreciably on My, for My, < 104 in the
range of k 2 0.2 A-1, This implies that the environment
around the a-PMMA chain is independent of My,

Comparison with Desmeared SAXS Data. Now we
make a comparison of the present SAXS data for F; with
the desmeared data obtained by Kirste and Wunderlich.!2
Figure 5 shows plots of F, against k, where the unfilled
and filled circles represent our data for the sample MM12
inacetonitrile at 44.0 °C and theirs for an s-PMMA sample
with My = 2.7 X 10° in benzene, respectively.

The latter plot, which has been reproduced from Figure
8 of the previous paper,!3 requires some remarks. Since
the data for the relative-scale Kratky function had only
been given in their original papers,? we constructed
previously!3 that plot by connecting them with those for
the absolute-scale F, given in the range of k $ 0.3 A-lin
Figure 4 of Kirste et al.’s paper,2® as done by Yoon and
Flory.® Subsequently, however, Kirste and Oberthiir?
used the data of the same source as above to construct a
plot of F;, the absolute intensity for which is ca. 25%
smaller than that for the above plot. We do not know
which of the two plots?32¢ is correct. Then the adoption
of the former plot?3 is only a matter of convenience. Thus
we here do not discuss the absolute intensities themselves
but only the shapes of the plots.

Although both of the plots exhibit the first maximum
and minimum, the forms of the maxima, especially those
of the shoulders on their left side, are very different from
each other. However, the excluded-volume effect exists
in the benzene solution, and therefore we cannot directly
compare the shapes of the two plots in the range of small
k.

Now it is seen that the second maximum and minimum
as observed by Kirste and Wunderlich do not exist in the
present data, as already often mentioned; only a slight
inflection can be observed in the latter at & ~ 0.55 A-!
where the second maximum is observed in the former.
Then the difference between the two samples in M, has
no significant effect on that in the behavior of F; in the
range of large k, as seen from Figure 4. Further, their
results for a-PMMA in benzene (as shown in Figure 9 of
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Figure 6. Plot of F,(k) against k for sample MM12 in benzene
at 25.0 °C.

ref 2) also show the strong oscillation in the range of large
k, although there are no data in the range of £ where the
second minimum must be observed. (We donotreproduce
these results since they have not been given on the absolute
scale.) Thus the disagreement in the range of large k
probably is not due to the difference in f; either but to
some other source, for instance, the difference in solvent
or data processing. In order to examine the effect of
solvent, we have therefore carried out supplementary
measurements on a benzene solution of the sample MM12
at ¢ = 0.0263 g/cm?® at 25.0 °C in the range of & = 0.2 A-1,
although the absolute intensity has not been determined.
Its (relative-scale) F; is plotted against & in Figure 6. As
in the case of the acetonitrile solution, only a slight
inflection (or bump) instead of a (second) maximum is
observed. Thus another possible source of the above
disagreement seems to be the desmearing procedure
adopted by them, which we believe is inadequate for large
k. However, we cannot completely reject the effect of the
difference in f; at the present time, and therefore we plan
to carry out SAXS measurements on s-PMMA by the use
of a point-focusing camera in the near future.

Concerning the above second maximum and minimum,
it is pertinent to refer here to the RIS theoretical results.
The scattering function for s-PMMA (with f; = 1) was
first calculated by Yoon and Flory® on the basis of the
two-state RIS model,5 choosing the a carbon atoms as the
scattering centers. Their result for Fy(k) [=F,(k)/ M, with
M, the molecular weight per repeat unit] predicts the
second maximum and minimum as observed by Kirste
and Wunderlich, although the values of k at which the
first and second maxima appear are appreciably smaller
than the observed values. Inthe previousstudy,!4wehave
examined the dependence on f; of F; in the range of large
k on the basis of the two-state RIS model as above and
also of the three-state model recently proposed by
Sundararajan.?’ For both models, the amplitude of the
oscillation in the range of large & becomes small as f; is
decreased (see Figures 3 and 4 of ref 14). For a given f;,
the amplitude for the three-state model is smaller than
that for the two-state one. For the two-state model, the
second maximum and minimum almost disappear for f;
= (.8, although there still remains a remarkable inflection.
As for the three-state model, the inflection becomes very
weak for f; = 0.8, and the form of the Kratky plot then
becomes rather close to the present experimental results.
As pointed out previously,!4 however, the above RIS models
with f; = 0.8 cannot explain the observed maximum1é of
{S?)/x as a function of x. For f; = 0.9 corresponding to
the sample used by Kirste and Wunderlich, both of the
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Figure 7. Comparison between SAXS and SANS data for
a-PMMA with M, = 1.0 X 105-2.5 X 10%: (O) present SAXS data
for sample MM12 in acetonitrile at 44.0 °C; (@) SANS data by
Kirste et al.;% (@) by O’Reilly et al.;28 () by Dettenmaier et al.;8
(©) by Ito et al.?®

two models still predict the second maximum and min-
imum, but the amplitude of the oscillation is smaller than
that in their experimental data. Very recently, Vacatello
et al.?6 calculated F; on the basis of the six-state RIS
model.?” As in the case of the three-state model, the
amplitude of its oscillation seems to become small com-
pared to that for the two-state model. However, we note
that this model also fails to predict the maximum of (S2)/x
observed for f, ~ 0.8, These RIS results are again
referred to later in a comparison of the present data with
the HW theory.

Comparison with SANS Data. Next we proceed to
make a comparison of the present SAXS data for F; with
SANS data. It is shown in Figure 7, where the unfilled
circles represent the present SAXS data for the sample
MM12 in acetonitrile at 44.0 °C and the other circles the
SANS data for a-PMMA samples in the bulk, all with f,
=~ 0.8 and with M, = 105-2.56 X 105 The filled circles
represent the data by Kirste et al.,8 the right-half-filled
circles the data by O’Reilly et al.,28 the circles with a vertical
line segment the data by Dettenmaier et al.,'8 and the
circles with a horizontal line segment the data by Ito et
al.2? As for the data by O’Reilly et al., we have adopted
those corrected by Vacatello et al.28

Except for the data by Kirste et al. in the range of k 2
0.1A-1,all the SANS data agree well with each other within
experimental errors. The present SAXS data are in good
agreement with the SANS data in the range of k < 0.05
A-1,i.e., on theleft side of the first maximum (or shoulder).
Thisindicates that the conformation of the a-PMMA chain
in the bulk is quite similar to that of the isolated chain in
the O solvent, acetonitrile at 44.0 °C, in conformity with
the common notion. The disagreement between the SAXS
and SANS data in the range of large k may be considered
to arise from the difference between the two kinds of
experiments in the distribution of scatterers. For SAXS,
the scatterers (electrons) may be considered to distribute
inrather small regions around the « carbon atoms and the
ester groups. On the other hand, for SANS, the scatterers
are the hydrogen nuclei. Thus the effective thickness of
the chain is smaller for SAXS than for SANS, so that F,
in the range of large k becomes larger for the former than
for the latter. (A quantitative discussion is given in the
next subsection.)

Comparison with the HW Theory. Now we are in a
position to make a comparison of the present experimental
data for F, with the corresponding theory for the HW
chain. The latter has been developed in the previous
paper,4where the effect of chain thickness [i.e., thickness
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of the distribution of electrons (or hydrogen nuclei) around
the HW chain contour] has been taken into account by
assuming the two simple models for this distribution, i.e.,
the cylinder model and the touched-spheroid model. As
in the case of the previous analysis of the SAXS data for
a-PS,17 we consider here only the former model, for
simplicity.

The scattering function P,(k; L) for the HW chain of
total contour length L is given by eq 25 with eqs 36-41 of
ref 14 and may be written in the form

P,(k; L) = 2L [ (L - )1(k; }IFy(ka)]? +
82 OIF (kd)I*} dt (9)

where I(k; t) is the characteristic funtion, i.e., the Fourier
transform of the distribution function G(R; t) of the end-
to-end vector distance R for the HW chain of contour
length ¢, F,, (n = 0, 1) are the functions given by eqs 40
and 41 of ref 14 representing the effects of the distribution
of electrons (or hydrogen nuclei) within a (flexible) cylinder
of diameter d, and g2° is the angular correlation function®

given by eq 38 of ref 14. The functions I and ggo are
dependent also on the three basic model parameters of
the HW chain: the constant curvature «y and torsion g
of its characteristic helix taken at the minimum zero of its
elastic energy and the static stiffness parameter A-1. We
note that the function / may be evaluated numerically by
the use of the weighting function and ¢ methods,3! so that
the integration over ¢t in eq 9 must be carried out
numerically. In order to compare the theoretical values
of P, as a function of & for given values of L and d with
the experimental values, L may be converted to My, by the
use of the relation

L=M/M, (10)

with M the shift factor as defined as the molecular weight
per unit contour length. The Kratky function F; may then
be calculated theoretically from eq 8 with eq 9. All
numerical work has been done by the use of a Fujitsu
M-1800/30 digital computer in Kyoto University.

In the previous case of a-PS,!” the experimental data
for F,in the range of & 5 0.25 A-1 has been well reproduced
by the theory using the values of the HW model parameters
determined from an analysis®2 of (S?) along with that of
d properly assigned. In the present case for a-PMMA,
however, the agreement between theory and experiment
is not complete even in such a range of small k that the
effet of d may be neglected, if we use the parameter values
Nlko = 4.0, Mlrp = 1.1, A1 = 57.9 A, and M = 36.3 A-!
determined from (S?).16 Thus we redetermine here the
values of A-! and My, so that the theory may well agree
with the experimental results for all four a-PMMA samples
in such a range of small k, keeping the above values of
A-lggand Alrgunchanged. Note thatthe theoretical curve
of (S2)/x as a function of x exhibits a maximum as far as
these two values are unchanged. The former two values
thus redetermined are A-! = 47.0 A and M, = 38.0 A-L
These values are rather close to the results A1 = 45.0 A
and My = 38.6 A-! determined from [7]!® and may be
considered to be within the limits of allowance.

Figure 8 shows plots of F; against k for the a-PMMA
sample MMI1 in acetonitrile at 44.0 °C. The unfilled
circles represent the experimental values and the solid
curves the corresponding HW theoretical values (for L =
267 A) calculated from eq 8 with eq 9 with the values of
the model parameters mentioned above and those of Ad
indicated. It is seen that the theory may well reproduce
the experimental data in the range of £ < 0.1 A- but fails
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Figure 8. Comparison of the observed values of F, for sample
MM1 with the HW theoretical values: (O) data in acetonitrile
at 44.0 °C; (solid curves) HW theoretical values.
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Figure9. Comparison of the observed values of F, with the HW
theoretical values: (O) datain acetonitrile at 44.0 °C; (solid curves)
best-fit HW theoretical values. The data points and theoretical
curves for samples OM30, MM1, and MM12 are shifted upward
by 40, 80, and 120 A-2, respectively.

for larger k and that the theoretical values of k at which
F; takes its maximum and minimum are always smaller
than the observed values. Thus a theoretical curve such
that in the range of large k its form is close to the
experimental one is adopted as the “best-fit” theoretical
curve, for convenience. In this case, the curve with \d =
0.06 is the best-fit one that may qualitatively reproduce
Zhe concave downward curvature observed at & ~ 0.55

-1

As for the observed curvature (or inflection) mentioned
above, it is pertinent to here refer to the previous
theoretical results! presented in order to examine the
effect of the discrete distribution of scattering centers,
which has been evaluated on the basis of the HW Monte
Carlo chain.!® For the chain with the discrete scattering
centers distributed along the contour corresponding to
the a-carbon atoms, F; has been shown to exhibit a small
inflection at & = 0.35 A-1, which seems to correspond to
the observed inflection (see Figure 1 of ref 14). As
mentioned in the last subsection, the inflection that the
RIS model predicts becomes weak as the number of
rotational states is increased. Thus in the (continuous)
limit of the infinitely large number of states, it may also
predict the weak inflection as observed experimentally.

Now, Figure 9 shows plots of F, against & for all the
a-PMMA samples in acetonitrile at 44.0 °C. The unfilled
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Figure 10, Effect of the distribution of scatterers: (O) present
SAXS data forsample MM12 in acetonitrile at 44.0 °C; (@) SANS
data by Dettenmaier et al.;!¢ (solid curves) respective best-fit
I-llw theoretical values with Ad = 0.06 (upper) and A\d = 0.24
(lower).

circles and solid curves represent the experimental data
and the best-fit HW theoretical values calculated from eq
8 with eq 9 with the values of the model parameters
mentioned above and with Ad = 0.08, respectively. Inthe
figure, the data points and theoretical curves for the
samples OM30, MM1, and MM12 have been shifted
upward by 40, 80, and 120 A-2, respectively. The theory
may well reproduce the experimental data in the range of
k 5 0.1 A-! for the sample OM11, & < 0.2 A-! for OM30,
E $0.1 A-t for MM1, and k < 0.05 A-1 for MM12. In the
range of larger k, the theory explains qualitatively the
behavior of the data, especially the concave downward
curvatureatk =~ 0.55A-1. Inthe present case fora-PMMA,
the agreement between theory and experiment is only
qualitative (or semiquantitative) as a whole, so that the
precise determination of d as in the previous case of a-PS
cannot be made. We only note that its value evaluated
from the above values of A\d and A-1is 2.8 A, which is small,
as expected.

It is interesting to here compare also the SANS data
with the HW theory in order to examine the effect of the
distribution of scatterers. The SANS data by Dettenmaier
et al.18 for the a-PMMA sample in Figure 7 have been
reproduced in Figure 10 (filled circles), along with the
present SAXS data for the sample MM 12 (unfilled circles)
and the corresponding HW theoretical values (upper solid
curve with Ad =0.06) from Figure 9. The lower solid curve
represents the HW theoretical values with Ad = 0.24
corresponding to the SANS data. This value of Ad has
been chosen so that the theoretical curve may qualitatively
explain the behavior of the SANS data, and we then obtain
the value 11.3 A of d. It is remarkably larger than the
above value 2.8 A evaluated from the SAXS data, as
expected from the discussion in the last subsection. We
note that the former value of d from SANS is rather close
to the value 8.2 A of the chain diameter evaluated from
the partial specific volume!® and also 7.2 A of the
hydrodynamic bead diameter evaluated from [4].

Comparison with the a-PS Chain. Finally, we
compare the present SAXS data for a-PMMA with the
previous data for a-PS.17 The data for the a-PMMA
sample MM1 in acetonitrile at 44.0 °C (unfilled circles)
along with the corresponding HW theoretical curve in
Figure 9 have been reproduced in Figure 11. It includes
the results reproduced from Figure 7 of ref 17 for an a-PS
sample (F1-2) with M,, = 1.01 X 10*in cyclohexane at 34.5
°C (0) (filled circles) along with the corresponding HW
theoretical curve calculated with A-ixy = 3.0, X179 = 6.0,
A1 =225A, My = 36.7 A1, and \d = 0.61.
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Figure 11. Comparison of the data for a-PMMA with those for
a-PS: (O) present data for sample MM1 in acetonitrile at 44.0
°C; (@) previous data for an a-PS sample (F1-2) with M, = 1.01
X 104 in cyclohexane at 34.5 °C;!7 (solid curves) respective best-
fit HW theoretical values.

The values of (S2),/2 determined in the previous
studies?®32 for the above a-PMMA and a-PS samples in
their respective O solvents are 27.sand 27.5 &, respectively,
and happen to be very close to each other. Reflecting this
fact, the data for F, for the two polymer samples are in
excellent agreement with each other in the range of £
0.05 A-1, We note that the values of (S2)!/2 for these
a-PMMA and a-PS samples are 27.¢ and 27.; A,16:32
respectively, and are very close to the respective values of
(S%),!/2, 30 that we need not distinguish (S2), from (S2)
for My, 2 104

The observed and also calculated heights of the so-called
plateau in the Kratky plot, which strictly cannot be
observed for a-PMMA, are seen to be larger for a-PMMA
than for a-PS. The behavior of F, in this range of & (from
ca. 0.05 to ca 0.2 A-1) may be considered to reflect the local
chain conformation, since the effect of the electron
distribution is rather small for & < 0.2. Thus it may be
concluded that the HW theory may well explain in fact
the observed difference in F; between the two chains in
such a range of k.

As for the plateau, however, we must note that a certain
inconsistency occurs if the above SAXS data for the two
polymers are analyzed on the basis of the Gaussian chain
model. As is well known, F| for this model is given by the
Debye scattering function3® and the height of its plateau
is proportional to the ratio My/(S?), thus leading to the
conclusion that (S?) is smaller for the a-PMMA chain
than for the a-PS chain, the two chains having almost the
same M. Thisis inconsistent with the above-mentioned
fact that they have almost the same (S2). Thus the
Gaussian chain model is not valid for an analysis of SAXS
datain this range, for which we must adopt a more realistic
model, for instance, the HW chain model that may describe
the local conformations.

The data for F, in the range of & 2 0.2 A-! are strongly
affected by the electron distribution. The difference
between a-PMMA and a-PS in F, there may be regarded
as arising mainly from the fact that the thickness of the
electron distribution around the chain contour is larger
for a-PS than for a-PMMA. We note that for the letter,
the effective thickness is so small that the shape of the
Kratky plot is close to that for the chain with vanishing
d.

Concluding Remarks

The scattering function P, and therefore the Kratky
function F; for the unperturbed a-PMMA chains with
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various molecular weights, including the oligomers, each
with the fraction of racemic diads f; = 0.79, have been
determined accurately in the range of & < 1 A-1 by the use
of a point-focusing SAXS camera in the High-Intensity
X-ray Laboratory of Kyoto University. The Kratky plot
of the data for the high-molecular-weight samples exhibits
the first maximum and minimum as observed by Kirste
and Wunderlich!2 for s-PMMA (with f, =~ 0.9) in benzene
(good solvent). However, the former exhibits only a slight
inflection in the range of large k, while the latter exhibits
strong oscillation. Although on the basis of the RIS
model®1426 the behavior of F, in the range of large & has
been shown to depend in general on f;, the difference
between their and our data in such a range of k cannot be
regarded as arising mainly from the difference in f, between
the PMMA samples used since their data for a-PMMA?
also exhibit strong oscillation. A main source of the above
disagreement may probably be due to the difference
between their and our SAXS apparatuses and also that
between the data processing procedures. For the confir-
mation of this conjecture, we plan to carry out SAXS
measurements on s-PMMA samples with a point-focusing
camera.

It has been shown that the HW theory may explain the
experimental data quantitatively in the range of rather
small & but only qualitatively in the range of large k. The
reason for this disagreement between theory and exper-
iment in the range of large % is not clear; at the present
time, we have no idea for resolving this difficulty within
the framework of the HW theory. However, it must be
emphasized that the theory may give an explanation of
the difference between the a-PMMA and a-PS chains in
the behavior of F; arising from that in the local confor-
mation.
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