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Figure 1. Hydrodynamic radius, (1/R,),™, and radius of gyration,
(Sg)l:l/ 2, for linear, nearly monodisperse polystyrene in 9 solvents.
Data sources: Curve A: (¢) ref 4; (v) ref 10; (@) ref 11; (a)
ref 3; (m) ref 12. Curve B: (O) ref 15; (®m) ref 19; (@®) ref 20;
(+) ref 13; (X) ref 17; (©) ref 16; (M) ref 4; (v) ref 18; (A) ref
14; (v) ref 21; (a) ref 22.

plicitly not taken fully into account in the Kirkwood for-
mulation) and amounting to only 1.7%. The data, as we
now show, differ from the above numbers by a considerably
larger amount. Figure 1, curve A, exhibits the diffusion
data reported by many different investigators.®*!%12 They
are well correlated by the expression

(1/Ry)™" = 0.0229M,1/2  (£1.7%) (nm) (5)

For radii of gyration®*1*?2 we have limited consideration
to measurements since 1970, thus taking proper account
of improvements in technique, and find (curve B)*'*17 the
result

(.5'2)21/2 = 0.0290Mw1/2
Thus we obtain
olexptl) = 1.27 + 0.06 (7

which is seen to be about 15% lower than the theoretical
values quoted above. Similar results have been obtained
recently with PMMA in a 6 solvent, where a value of p =
1.16 was found.?

No rigorous analytical expression has yet been derived
for flexible chains with full unpreaveraged hydrodynamic
interactions. A very recent Monte Carlo study by Zimm?
avoids preaveraging and indeed leads to the result P = 6.0,
p = 1.28, in close agreement with the experiments. Un-
fortunately there is reason® to question one aspect of
Zimm’s procedure; and a different approach, via Brownian
dynamical simulation, so far suggests® that the Kirkwood
formula is within 3% of the right answer for the given
model. One may thus be forced to conclude that defi-
ciencies in the model itself (e.g., Oseen perturbation for-
mula treating chain elements as point centers of hydro-
dynamic resistance, assumed additivity of these interac-
tions, possibility of singularities,?® etc.) may have to be
explored further.

(+2.5%) (nm) (6)
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Structure of Noncrystalline Isotactic Poly(methyl
methacrylate). Evidence against Double Helices
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The proposal made in 1976! that the molecules of
crystallized isotactic poly(methyl methacrylate) (i-PMMA)
are double helices was the first indication that a nonbio-
logical polymer molecule could exhibit a double-strand
structure. To date it still stands as the only example of
such behavior. However, examination of the wide-angle
X-ray scattering (WAXS) patterns of i-PMMA in its
noncrystalline form (as a glass), using both isotropic and
oriented specimens, shows that the molecules in this form
are neither paired nor regularly intertwined.

Most of the recent conformational energy calculations
for i-PMMA have shown that conformations near to all-
trans have the lowest energies.2® Such conformations
(based on bond rotation sequences ...¢;, ¢, @1, Go... with
¢, and ¢, both near zero) will form sinuous helices (except
where ¢; = —¢, where rings are formed). They are thus
unlikely to occur in crystal structures unless paired into
double helices.

The crystalline conformation of i-PMMA is, however,
still the subject of disagreement. Early suggestions were
of a 5/2 helix” and a 5/1 helix.2%1® More recently, Ta-
dokoro and co-workers® have reinterpreted the fiber pat-
tern of crystalline i-PMMA in terms of double helices, each
strand of which is a sinuous 10/1 helix (¢; = 32°, ¢, = 1°)
but this conclusion has been contested.!!

Figure 1 shows the WAXS from quenched, and thus
noncrystalline, i-PMMA compared with that from syn-
diotactic and atactic PMMA (s-PMMA and a-PMMA). It
can be seen that there is considerable similarity between
the three curves, particularly at high s. The scattering
from i-PMMA differs from that from s-PMMA in that the
first peak (at s = 0.95 A for all three polymers) is sym-
metrical. WAXS from a- and s-PMMAs oriented by
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Figure 1. Uncorrected diffracted intensity from (—) quenched
i-PMMA, (---) quenched s-PMMA, and (-+) a-PMMA. All
specimens were unoriented. s = (47 sin 6)/\.
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Figure 2. Uncorrected intensity from oriented noncrystalline
i-PMMA: (—) equatorial scan; (-—-) meridional scan.

plastic deformation'? shows that, although the first peak
for a- and s-PMMAs is predominantly equatorial, there
is an off-axis component at s =~ 1.2 A, which leads to the
asymmetry of the peak. For i-PMMA, however, the first
peak of the oriented polymer is almost entirely equatorial
with no evidence of another component (Figure 2).

The position of the equatorial peak gives a measure of
the predominant distance between chains. This distance
is most easily determined by transforming suitably cor-
rected scattering data to obtain the radial distribution
function (RDF). The sharp equatorial peak in the scat-
tering transforms into a slowly damped oscillation in the
RDF. This form of the RDF is generally found for highly
disordered structures in which the nearest-neighbor dis-
tance is well-defined. Examples of such structures are
liquid argon,'* liquid neopentane,® and randomly packed
spheres or disks (both real models!®!” and computer sim-
ulationsi819),

For a-PMMA, the first broad peak in the RDF has two
sharper intrachain peaks superimposed on it.? However,
a cylindrical distribution function derived from oriented
a-PMMA separates these features?! to show a broad in-
terchain peak centered on 8.2 A. The similarity in position
and peak height of the equatorial scattering from i-PMMA
means that the predominant interchain distance is also
about 8 A in the quenched, isotactic polymer. This value
is typical for an unpaired PMMA molecule in a near-all-
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trans conformation, whereas the double helix proposed for
the crystalline material has a diameter of at least 12 A (see
Figures 1 and 3 of ref 1). In addition there is no suggestion
of a peak in our data near s = 0.7 A~! which would indicate
the presence of 12-A-diameter molecules.

The conclusion is that the molecular diameters for the
different isomers of PMMA are similar at around 8 A.
Thus, for quenched or molten i-PMMA, there is no evi-
dence that the molecules are paired as double helices. If
double helices are present in the crystal (as has been
proposed by Tadokoro and co-workers!), then their com-
ponent molecules would need to pair and regularly in-
tertwine as a part of the crystallization process.
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Introduction

Recently we compared the composition-structure—
properties of two series of polyether poly(urethaneureas)
by various physicochemical techniques and careful me-
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