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was observed for radioactively tagged heparin in 0.010 N
Na,SO, with X between 0.10 and 10.0.% Certainly, these
data indicate that counterion condensation does take place
and that the diffusion coefficient of the polyelectrolyte
could be obtained from tracer diffusion studies of con-
densed or bound counterions. A recent review of coun-
terion binding to polyelectrolytes summarizes the exper-
imental evidence for this phenomena.?
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ABSTRACT: A detailed Brillouin scattering study of hydrostatically extruded polypropylene at room
temperature is carried out. The spectra obtained in various scattering configurations are used to determine
the hypersonic velocity and elastic constants of the uniaxially deformed polycrystalline polymer. As poly-
propylene is extruded, Ca3 increases rapidly with increasing extrusion, whereas C,; decreases slightly. This
result reflects the increasing alignment of the polymer chain segment along the direction of extrusion. The
elastic constant C;3 decreases slightly, but Cy, does not undergo significant change as the sample is extruded,
thus indicating that the shear modulus is insensitive to the orientation of chain segments in semicrystalline
polypropylene. Comparison of the Brillouin scattering results with the ultrasonic values indicates that
considerable frequency dispersion in the elastic constants is present. Calculation of the orientation parameter
using Mosely’s theory does not yield correct results. Reasons for the discrepancy are discussed.

Introduction

When a high polymer sample is uniaxially deformed by
extrusion it exhibits anisotropic mechanical properties. It
has been known for some time that the sound velocity
along the draw direction increases progressively with in-
creasing orientation, whereas the sound velocity transverse
to the draw direction may decrease or remain unchanged.
It is the purpose of this paper to investigate the effect of
extrusion on the elastic constants in hydrostatically ex-
truded polypropylene using the Brillouin scattering tech-
nique.

Brillouin scattering is very useful in characterizing both
the equilibrium and dynamic states of polymeric materi-
als.! In Brillouin scattering, light is inelastically scattered
from thermal phonons to produce side bands which are
shifted from the incident frequency by an amount » given

by
v = £(V/n? + n2 - 2nin, cos 6)1/2 (1)

where 4 is the scattering angle, A\, is the wavelength of the
incident light in vacuo, V is the acoustic phonon velocity,
and n; and n, are, respectively, indices of refraction of the
incident and scattering light waves in their respective
directions of propagation.

Most previous Brillouin scattering studies of polymers
deal with liquid or clear solid amorphous samples, due to
the experimental difficulty associated with a very strong
central elastic peak which covers up the much weaker
Brillouin side bands.!? As a result, Brillouin scattering
has not been used extensively in the study of semicrys-
talline polymers. However, recent development of high-
contrast interferometry has alleviated the experimental
difficulty and allows opaque samples to be studied.

In this paper, we report the Brillouin scattering study
of hydrostatically extruded isotactic polypropylene using
a five-pass Fabry-Perot interferometer system. We have
examined the effect of extrusion on the elastic constants
of polycrystalline polypropylene in various deformation
states. This study should complement the results of po-
larized Raman scattering studies which we have reported
previously.?

Experimental Section

The extruded polypropylene samples were kindly provided by
Dr. H. Kanetsuna. The technique of preparation has been de-
scribed previously.* An unextruded sample and samples with
extrusion ratios (R,) equal to 2.7, 3.0, 4.5, and 6.3 are used for
the Brillouin scattering experiment. The extrusion ratio is defined
as the ratio of the cross-sectional area of the original billet to that
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Figure 1. Brillouin spectra of polypropylene obtained in the
backscattering, x(zz)# and 90° scattering, x(yy)z configurations.

of final extrudate. In each sample, three faces parallel to the
extrusion axis are cut at right angles. The faces are carefully
polished with jewlers’ rouge to minimize surface imperfections
which can give rise to polarization scrambling of the scattered
light. The sample clarity changes from opaque in the unextruded
virgin sample to translucent in the R, = 6.3 extruded sample. A
jig which is used to align the polymer rods during cutting and
polishing operations is subsequently used to hold the samples at
fixed angles in the light scattering experiment.

The sample density is measured by using a density gradient
column. No detectable volume changes are observed in the
unextruded and extruded samples. The density of all samples
is found to be equal to 0.906.> The crystal modification of the
original material was the monoclinic « form and the orientation
of crystallites was hardly detectable. The melting temperature
of the unextruded sample was determined to be 164 °C with a
Perkin-Elmer Model DSC-2 differential scanning calorimeter. The
hydrostatic extrusion was carried out at 110 °C. The index of
refraction of the sample is measured from the angle of critical
reflectance at the base of a prism. This method gives an index
of refraction equal to 1.49 for all samples and is not sensitive
enough to detect optical birefringence and the slight change of
the index of refraction of polypropylene due to extrusion. Thus,
we shall assume that n; and n, in eq 1 are equal. As a result, the
sound velocity will be accurate only to 3% due to the neglect of
birefringence.®

The Brillouin spectra are obtained with a Fabry—Perot inter-
ferometer operated in five passes. An argon ion laser equipped
with an intracavity etalon tuned to a single frequency at about
4880 A is used for excitation. The free spectral ranges used are
33 and 40 GHz and the overall instrumental finesse is over 60.

The incident laser polarization is selected with or without the
use of a half-wave plate which rotates the laser polarization by
90°. The polarization of the scattered light is analyzed with a
Gran-Thomson prism polarizer. Both 90° and backscattering
(~2180°) scattering geometries are used to obtain the Brillouin
specta.

Results and Discussion

We have obtained Brillouin spectra of hydrostatically
extruded isotactic polypropylene in various scattering
configurations. Representative Brillouin scattering spectra
obtained for the sample with R, = 4.5, using the back-
scattering geometry in the x(zz)% configuration and using
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Table I
Relation of the Change in the Dielectric Tensor to the
Strain Tensor in a Uniaxial System

Sexx=—€1(P,Sxx + P:Syy + P12Sz2)
bexy=—€1"DqeSxy

bexz = —€)€1PssSxz

66}'3’ = wGJ.Z(pmS.ac.’c + pnsyy + pmszz)
8ey; = —€1€(P44Syz

8ezy=—€ (P 8xx + Py3Syy + P33822)

90° geometry in the x(yy)z configuration, are shown in
Figure 1. The cylindrical axis is the axis of extrusion,
which is taken to be the z axis. The x and y axes are
perpendicular to z. Here the Porto notation is used to
denote the scattering configuration.® In the x(zz)% spec-
trum only one peak is observed while two peaks are present
in the x(yy)z spectrum. No detectable difference in the
scattering spectrum is observed by rotating the sample
about the z axis; thus, the hydrostatically extruded poly-
propylene exhibits isotropic mechanical properties across
the transverse plane.

The intensity of the Brillouin spectrum obtained in the
m(ij)n scattering configuration is proportional to the
square of d¢;(q), the change of the dielectric tensor, ¢;(q).
Here the scattering vector, q, is determined by the prop-
agation directions of the incident and scattering light
waves, designated by the indicies m and n, respectively.
The changes in the dielectric tensor are linearly related
to the strain tensor, Sy;, according to the expression (given
in the principal axis system)’

d¢; = -nln? kzlpijklskl (2)

where p;;; are Pockel’s photoelastic constants and both
d¢; and Sy, are functions of q but the q dependence is
omitted in eq 2 for brevity in notation.

The x(22)y spectrum has only one peak and corresponds
to scattering from a longitudinal acoustic phonon propa-
gating in the xy plane. According to eq 2, the intensity
of this peak is proportional to p;1332 (or pys® in the Voigt
notation; the subscripts 1 and 3 refer to both xx and zz
as well as the x and z axes, respectively). The spectra
obtained in the %(z2)¥ configurations yield the same in-
formation as the x(zz)y spectrum due to the transverse
isotropy of the uniaxial system. Here the wavy lines above
x and y refer to any direction perpendicular to z; ¥ and
¥ may not be perpendicular to each other.

The two-peak spectrum present in the x(yy)z configu-
ration corresponds to scattering from mixed transverse and
longitudinal acoustic phonons. The intensity of the
spectrum is determined by p;; and p;s.

The intensity of the x(yx)y spectrum is weak compared
with that of the x(2z)y spectrum, indicating that pgg is
small compared with p;5. Scattering from x(zx)z is asso-
ciated with p,. In Table I, we summarize the relation of
the change in the dielectric tensor to the strain tensor in
a uniaxial system.

The hypersonic velocities of the longitudinal and
transverse acoustic phonons propagating in various di-
rections are determined from the Brillouin frequency shifts
by using eq 1. The results are shown in Figure 2 as a
function of extrusion ratio. In Figure 2, the letters L. and
T indicate longitudinal and transverse modes, respectively.
QL and QT are mixed modes, indicating quasi-longitudinal
and quasi-transverse modes, respectively. One notes that
while the velocity of the longitudinal phonon propagating
along the extrusion axis increases with increasing extrusion
ratio, the velocity of the longitudinal phonon propagating
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Figure 2. The various hypersonic velocities obtained with dif-
ferent scattering configurations.

in the plane perpendicular to the extrusion axis decreases
slightly when the polymer is extruded to about R, = 6.4.
The velocities of the various acoustic phonons propa-
gating in a uniaxially oriented sample are completely de-
scribed by the elastic constant (stiffness) matrix

Cll ClZ C|3

12 | 13

CU: 13 13 33 (3)

coonn
coconn
coonn
conocoo
ocqnocooo
o i=X==X=X=

where C66 = (Cll - Clz)/z.
The elastic constant matrix relates the stress to strain
tensor by

T;= kz%cijklskl 4)

where T}; is the stress tensor; in the absence of dissipation
the stress tensor is related to the elastic displacement
vector u by
3> ad d
P atQ(u') ;ax,-(T”) jzmaxj(cuktshl) (5)
where i = x, y, 2.

Equations 4 and 5, together with Table I and the
transverse nature of the incident and scattered light waves,
complete the description of the Brillouin scattering spectra
of a uniaxial system.

The sound velocity curves obtained from the z(xx)z and
x(z2)% scattering configurations are used to determine the
elastic constants C,; and Cyy by using the expressions
Vix(z2)%) = (Cu/,o)l}2 and V(z(xx)z) = (Cy43/0)"? respec-
tively. Within the accuracy of the present experiment, the
velocity obtained from the x(z2)y scattering configuration
agrees with that from x(z2z)%, indicating the consistency
of the experimental result with the assumed cylindrical
symmetry for the extruded polypropylene. However, a
weak high-frequency component also appears in the x(zz2)y
spectrum (see Figure 3). The frequency of this component
increases with extrusion ratio but its intensity depends on
scattering angle (it disappears in the x(zz)x spectrum; see
Figure 1). Since this component is not predicted by the
cylindrical symmetry model, it is possible that the ap-
pearance of this peak is associated with the inherent
structure of semicrystalline polypropylene. The presence
of a small concentration of voids may cause the effect;
nevertheless, as the polymer is gradually extruded, one
expects voids to decrease and hence to observe a decrease
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Figure 3. Brillouin scattering spectra obtained in two x(22)¥
configurations. Note the presence of extraneous components
indicated by arrows.

in the intensity of the high-frequency component for the
high-extrusion sample. This is not observed, however.
Thus, this feature is not due to void. Clarification of the
nature of this weak component requires a further detailed
study.

Elastic constant C,, is determined directly from the
x(zx)y spectrum, as the velocity associated with the
Brillouin peak is equal to (Cy/p)*/%. Knowing Cy;, Cs3, and
Cy4, we have determined Cy; from Vg, and Vi obtained
from the x(yy)z scattering spectrum, as shown in Figure
2, with the help of the expressions (+ for QL and — for QT)

pV.l=
[%(Cyy + Cg3) + Cyg] % [Y4(Cry — Cgp)? + (Crg + Cyp)?)*/2
(6)

The results for the various elastic constants as a function
of the extrusion ratio are given in Figure 4. The elastic
constant Cgg (or C;o) is not shown due to the fact that for
cylindrical symmetry the acoustic wave associated with the
elastic constant Cg (or Cy,) is not active in Brillouin
scattering.

One notes that at R, = 1, Cy; is equal to Ca;. This result
is consistent with the fact that unextruded samples have
isotropic mechanical properties. One further notes that
the elastic constants associated with the longitudinal wave
(Cy; and C33) are higher than those associated with the
transverse wave (C;; and Cy). This is easily understood
from the fact that the intrachain covalent bond is stronger
than the interchain van der Waals interaction, and the
restoring forces for shear motion are much lower than those
for compression. As the sample is extruded, Cy; increases
sharply, and C;; decreases gradually. The sharp rise of Cg3
and the accompanying gradual decrease of C;; reflect the
increasing alignment of the chain segments along the
symmetry axis as the sample is extruded. The elastic
constant C,; decreases slightly, but Cy, does not undergo
significant change as the sample is extruded, thus sug-
gesting that shear modulus is insensitive to the orientation
of chain segments. C,; does not display the sharp increase
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Figure 4. The various elastic constants of polypropylene de-
termined by Brillouin scattering as a function of extrusion ratio.

at R, = 3.5 as reported in the ultrasonic study.?

It is useful to compare the C;; and Cg; values obtained
by Brillouin scattering with the corresponding quantities
obtained by the ultrasonic technique at 10 MHz.® The
ultrasonic measurements at 190 K show that Cy; (or Cg3)
for the unextruded sample is about equal to 5.8 X 10'° dyn
cm™2 This value is slightly smaller than the Brillouin
scattering value (~6.2 X 10'° dyn cm™) obtained at room
temperature (~294 K). At R, = 6.4, the ultrasonic value
at 190 K for Ca3 is 12.4 X 10 dyn cm? and that for Cy,
is 3.5 X 10 dyn cm™, in contrast to the room-temperature
Brillouin scattering values of 15.8 X 101 dyn em™ for Cg;
and 5.2 X 10 dyn em™ for Cy;. Over the entire R, = 1-6.4
range, the Brillouin scattering results for C;; and Cy3 at
room temperature are consistently higher than the ultra-
sonic values at 190 K. Since the glass transition temper-
ature for polypropylene is about 250 K, the amorphous
phase at 190 K is in the glass state and at 294 K it is in
the rubber state. The temperature-dependent ultrasonic
studies reported in ref 8 show that over the 190-270 K
range, the velocity of the longitudinal acoustic wave
propagating along the extrusion direction decreases slightly
with increasing temperature. This is consistent with the
fact that the restoring force decreases with increasing
temperature. Thus, in the absence of other mechanisms,
the elastic constants at 190 K should be greater than those
at 294 K and one should observe larger values for elastic
constants at lower temperature, in contrast to the exper-
imental results mentioned above. Hence, that larger elastic
constants were observed in Brillouin scattering than in the
ultrasonic study is an indication of the effect of dispersion
in the frequency range between 10 MHz and 10 GHz.
Since Brillouin scattering monitors acoustic phonons at
a frequency considerably higher (about 3 orders of mag-
nitude higher) than the ultrasonic one, it appears that in
polypropylene the dispersion effect causing the velocity
increase outweighs the softening effect due to the tem-
perature increase. For polypropylene, the intercrystalline
tie molecules are known to show a greater restoring effect
when the amorphous region is in the rubber state.>'® That
the observed elastic constants are larger in Brillouin
scattering than in the ultrasonic study apparently indicates
that the average relaxation frequency of the elastic
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modulus associated with the tie molecules lies lower than
10 GHz. Thus in the hypersonic frequency range the tie
molecules respond adiabatically to the external pertur-
bation and polypropylene shows the limiting high-fre-
quency response.

The rise of Cjz3 with increasing extrusion as poly-
propylene is extruded from R, = 1 to R, = 6.4 is about a
factor of 2.6 in Brillouin scattering, in contrast to a factor
of 2.1 in the ultrasonic study. This result is consistent with
that obtained previously®® and again indicates that the
reinforcing effect of the intercrystalline tie molecules in
the amorphous region of polypropylene is more effective
in the rubber state than in the glass state.

As mentioned above, the hydrostatic extrusion does not
change the density of the extrudate. The sample density,
in a two-phase model, corresponds to about 55% crys-
talline fraction in volume. In general, the elastic constants
(or the Young’s modulus) are affected by the molecular
orientation and the degree of crystallinity. Moreover, the
presence of voids may also affect the values of elastic
constant; however, as pointed out previously, we do not
expect the voids to play a significant role as the polymer
is increasingly extruded. The fact that the deformation
of polypropylene does not change significantly the degree
of crystallinity indicates the increase in Cy3, as well as the
decrease in Cyy, is affected by the enhanced chain segment
orientation.

Since orientation of polymer chain segments can occur
in both the crystalline and amorphous regions, deduction
of the orientation function in a semicrystalline sample
using the sonic data presents some difficulty. Moreover,
wide-angle X-ray data indicate that about 90% crystalline
orientation has occurred during deformation up to R, =
4.5; it is clear that the rapid increase in Cs; with increasing
extrusion reflects both crystalline and amorphous orien-
tations. Further increase in Cy3 above R, = 5 is thus due
to the chain segment orientation in the amorphous region.

Moseley has related the sonic velocity of oriented
polymers to Hermann’s orientation parameter o by the
simple expression'!

a=Y%(3cos?0-1)=1-(V,/V)2=1-Cy'/Cqy (7)

where V, is the longitudinal velocity of an unoriented
sample and V is the corresponding velocity of sound
propagating along the direction of orientation in an or-
iented sample. 6 is the angle between the polymer chain
axis and the direction of sound propagation, which coin-
cides with the direction of alignment. Cs° is the elastic
constant of the unoriented sample.

While eq 7 has been shown to be useful for obtaining
the orientation parameter in the amorphous phase of
poly(ethylene terephthalate),'? it is not expected to have
a general applicability, due to drastic approximations in-
troduced in deriving eq 7.1! Since we have determined Cj;
as a function of extrusion ratio, it is a simple matter to
compute the quantity 1 — C33°/C;s. The calculated result
is labeled as Brillouin in Figure 5; also shown for com-
parison is the Hermann orientation function obtained by
Raman scattering.

The Hermann function was obtained from the Raman
intensity measurements of the band at 1256 cm™, assigned
to be a CH, twisting mode with A symmetry. Since the
1256-cm™ band arises from the mixture of crystalline and
amorphous regions,'® the Hermann orientation parameter,
labeled as Raman in Figure 5, represents the combined
crystalline and amorphous orientations. The Raman result
is accurate and is in fact in agreement with the orientation
parameter deduced from the birefringence data. The
discrepancy between the Brillouin and Raman results
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Figure 5. The orientation parameter for polypropylene as a
function of extrusion ratio as deduced from Raman (ref 3) and
Brillouin scattering (this work). Note the difference at high
extrusion ratio.

shown in Figure 5 is believed to be due to invalidity of eq
7 for polypropylene.

Since the Hermann orientation parameter is the average
of the local orientation function of polymer chain segments,
whereas the sound velocity (or the elastic constant) is a
collective property, we do not expect eq 7 to be adequate
for approximating the Hermann orientation parameter.
Moreover, according to eq 7, the orientation parameter «
depends only on the ratio of elastic constants; thus, a
material with a given a can have a range of C;3. More
important, the pair correlation effect which is ignored in
Moseley’s simple model is expected to present a major
drawback in the theory. To illustrate this point, we write,
following Born and Huang,” the crystalline part of the
elastic constant, Cy¢, to be

Css° = P<5,(1/mkmkl)l/zzld’zzkk/(n,l)[Z(ﬁ) -z()1H)  ®

where ¢,,**(n,l) = 8%9/3[z(}) - z(;)]%o, ¢ being the po-
tential energy the crystal. m, is the mass of the kth seg-
ment in the nth unit cell. p is the number density of
segments in a unit cell, and the angular brackets represent
the ensemble average. z(}) is the projection of the segment
k in the nth unit cell along the orientation axis. If we
represent the orientation angle of (}) segment with respect
to the orientation axis by 8,,, and write 2(}) = r, . cos 0,
then eq 8 becomes

033c = P(kzk,(]-/mkmk’)l/zzl‘bzzkk,(n’l) x

[rox® cos? 8,5 + rip? cos? 64 — 2r, ks €OS 0,5 COS 6)4])
9

In eq 9 the first two terms represent the single-particle
orientation functions and the second term represents the
pair angular correlation. If the orientation and segment
length are statistically independent,!* we can average the
segment length r, , and orientation angle separately and
eq 9 reduces to

Cys® = p{A{cos? 8) — A’{cos 8, cos 85)} (10)

where A and A’ result from the average over the segment
lengths. The quantities 6, and 6, represent the orientation
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angles with respect to the orientation axis. 6; and 6, are
the orientation angles of the two segments which are
correlated orientationally. The A’ is positive, the pair
correlation term will decrease Cy3¢. Clearly, the second
term on the right-hand side of eq 10 is expected to make
a contribution to the elastic constants on polycrystalline
polypropylene; unfortunately, at present, there is no in-
formation about the magnitude of its contribution. The
wide-angle X-ray diffraction study of polycrystalline po-
lypropylene with different degrees of crystallinity is ex-
pected to provide data that can be used to evaluate the
single-particle and pair-correlation orientational functions.
It is hoped that data of this type will become available in
the future.

In the above, we consider only the contribution due to
the crystalline portion. To obtain the total elastic constant,
the amorphous portion must be added so that the effect
of deformation on the elastic constants of a semicrystalline
solid can be accounted for. However, the microscopic
expression for the elastic constants for the amorphous
material has not been developed. Except under a favorable
circumstance (such as the case of a bulk amorphous
polymer well represented by a random chain statistics) it
is evident from eq 9 that Mosley’s model, albeit only
qualitative, is inadequate. In a general semicrystalline
polymer system, the elastic constants depend significantly
on the detailed feature of micromorphology in the sample.
Not only the local orientation factors of chain segments
in the amorphous and crystalline regions are important,
but couplings between segments of chains in each region
as well as between amorphous and crystalline regions are
expected to play an important role. Comparison of the
local average orientation factor as obtained by Raman
scattering with the present Brillouin results, as shown in
Figure 5, clearly demonstrates that even in an ideal system
such as polypropylene, the sonic velocities and the elastic
constants are not related to the segment orientation factor
in a simple way. It is our hope in the future work that a
proper microscopic model will be developed such that the
hypersonic velocity data will be related to segment orien-
tation and information regarding the micromorphology of
amorphous and semicrystalline polymers can be quanti-
tatively obtained by Brillouin scattering.

Summary and Conclusion

We have carried out a detailed Brillouin scattering study
of hydrostatically extruded polypropylene at room tem-
perature. The spectra obtained in various scattering
configurations are used to determine the hypersonic ve-
locities and elastic constants of the uniaxially deformed
semicrystalline polymer. For the unextruded sample, Cy;
and Cs; are equal, but as the polymer is extruded, the Cs,
increases rapidly, accompanied by a mild decrease of Cy;,
thus reflecting the increasing alignment of the polymer
chain segments along the direction of extrusion. The
elastic constant C,g decreases slightly, but C,, does not
undergo significant change as the sample is extruded,
thereby suggesting that the shear modulus is insensitive
to the orientation of chain segment in polypropylene.

Comparison of the Brillouin scattering results with the
ultrasonic values indicates that considerable dispersion is
present; the average relaxation frequency associated with
the dispersion mechanism is slow compared with the hy-
personic frequency; thus the elastic constants at the gi-
gahertz frequency represent the high-frequency limiting
values. The present Brillouin study supports the earlier
result that extrusion has a greater effect on the elastic
response of the intercrystalline tie molecules in the rubber
state than in the glass state of polypropylene. Comparison
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of the orientation parameter determined by the hypersonic
velocity obtained from the Brillouin scattering with that
obtained from Raman scattering and birefringence indi-
cates the inadequacy of Moseley’s model, which relates the
sonic velocity with the orientation parameter. We have
discussed the effect of crystallinity and chain segment
orientation as well as the effect of pair orientation corre-
lation on the elastic constants. The pair correlation effect
is left out in Moseley’s model. Further experimental work
together with theory is needed to develop a reliable mi-
croscopic model for the determination of the orientation
parameter from Brillouin scattering for the deformed
semicrystalline polymer.
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ABSTRACT: Polymethylene chains in which the chain atom at one end is attached to an impenetrable interface
have been studied by using a rotational isomeric state model which accurately reproduces configuration-
dependent physical properties of the unperturbed chain in free solution. Properties investigated are the
mean-square radius of gyration, asymmetry of the distribution of chain atoms, and the probability of observing
a particular rotational state at bonds near the site of attachment to the impenetrable interface. Limiting
behavior of infinitely long chains was characterized by studying finite chains with up to 1000 bonds. Attachment
of the chain to an impenetrable interface produces only a small expansion in the mean-square radius of gyration.
The mean-square end-to-end distance, in contrast, increases significantly due to the perturbation produced
by the impenetrable interface. Nonidentity of the effect of the interface on the mean-square end-to-end distance
and radius of gyration should be kept in mind in any experimental characterization of the thickness of an
attached polymer layer. The increase in the mean-square radius of gyration is not isotropic. It serves to change
the symmetry of the average distribution of chain atoms about the first two bonds in the chain from spherical
to that of a prolate ellipsoid. Individual configurations become, on the average, more asymmetric. The probability
for observation of a trans placement is not changed when a long polymethylene chain is attached to an
impenetrable interface. End effects on the probability for a particular placement extend only about 20 bonds
into the chain. The maximum disturbance of this probability is only slightly greater than that seen with an
unperturbed chain in free solution.

If bond lengths and bond angles in the chain molecule
are considered to be constant, its configuration becomes
a function solely of the rotational state occupied by internal
bonds in the chain. One means of characterizing the ro-
tational state occupancy is through p,, the first-order a
priori probability that an internal bond will occupy rota-
tional state n.! For an unperturbed simple linear chain
(e.g., polymethylene) containing a large number of bonds,
p, should be identical with the a priori probability for
occupancy of rotational state n by bond i (denoted p,,) for
most {. Exceptions are provided only by bonds sufficiently
close to either end of the chain so that they are influenced
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by end effects. A measure of the importance of end effects
is therefore given by the dependence of p,; on i. End
effects are found to be small in the case of unperturbed
polymethylene.! If the number of bonds, n, is large, p

differs significantly from p,; only for ¢ less than five and
i greater than n - 4. Similar behavior is exhibited by the
second-order a priori probabilities, p,, and p;,;. Here p;,;
denotes the a priori probability that bond : is in rotational
state , with bond ¢ — 1 simultaneously in rotational state

In the spirit of first- and second-order a priori proba-
bilities, p, and p;,, we can also define (n - 2)-order a priori
probabilities, which equate to the probability for obser-
vation of a specified chain configuration. Perturbation of
the chain will reduce certain of the (n — 2)-order a priori
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