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ABSTRACT: Neutron small-angle scattering experiments by tagged polystyrene films hot stretched and subse-
quently quenched are discussed in terms of coil deformation. The parameters which are varied in this experiment
are the extension ratio A, the hot stretch temperature T'j, and in one case a partial recovery between the stretch and
quench phases. The nature of the deformation is examined at different pair correlation distances r, in between R”
the coil size in the stretch direction and [ the step length. Below a length r*, we find deviations to the affine deforma-
tion in the longitudinal direction. This deviation increases, at given A, with the hot stretch temperature and shows
how the loss of molecular orientation observed in birefringence is compatible with a total recovery of the sample after

annealing.

(I) Uniaxial Stretching

In this report we examine the deformation of coils in uni-
axially hot stretched polystyrene films. The samples are films
of lengths Ly ~ 3 cm, made of a mixture of 99% protonated
and 1% deuterated polystyrene (M, = 1.17 X 105). The mo-
lecular weight dispersion22 is M,/M, = 1.1. At a given tem-
perature T'; above the glass transition T'g (~95 °C), they are
stretched with a velocity gradient s(¢) = (1/L(¢t)) dL(¢)/dt,
where L(t) is the length of the film at time t. Upon stretching,
they are quenched at a temperature T3 <« Tg while being
maintained at the fixed end-to-end length L. A neutron
small-angle scattering measurement is then made at room
temperature. One sample, labeled Re, is allowed to relax be-
fore quenching by letting the end-to-end length decrease from
L to L = 0.95L, at the temperature T;. Only thereafter is it
frozen in and measured. The sequence of events is seen in
Figure 1. The figure shows in fact the succession of a stretching
phase in the time interval (0,¢;) and a quench phase in the
interval (¢9,t3). The time necessary to switch from one phase
to the other is (¢2 — t1) and is kept as small as possible. During
the time (¢35 — t1) the sample is kept at the fixed end-to-end
length L at a temperature which decreases from T'; but is still
above Tq. The stress relaxes and therefore (£1,t3) will be called
a stress relaxation phase. For sample Re, the stress relaxation
is preceded by a strain relaxation phase.

Molecular orientation frozen in such samples has been
measured by birefringence experiments??-? and was found to
be dependent upon the stretch ratio A = Lo/L and the tem-
perature T'1. In particular, for a given A, birefringence and
consequently orientation decrease as T'; increases. This ob-
servation is difficult to interpret, because the samples gen-
erally recover their initial length L, when annealed at a tem-
perature greater or equal to T'; after quenching. Thus on the
macroscopic scale, the deformation is purely elastic (this was

not tested on our samples but is inferred3 from earlier hot
stretch experiments with higher molecular weights). On the
microscopic scale, there must on the contrary be a form of
viscous deformation since molecular orientation is increasingly
relaxed as the temperature is raised. We expect thus that the
decomposition of the deformation2P

A=1=N+Aet+Av—3 (1)

into instantaneous, high elastic, and viscous deformations is
not identically the same at different spatial scales. On the scale
L, the last term is negligible with respect to the second and
first terms in our experimental conditions. On the segment
scale, the situation is very different. We expect from the
scattering experiment to cover part of the intermediate sit-
uations because of the possibilitity of exploring reciprocal
space by variation of the scattering angle. We can think of two
types of coil deformation in the hot stretch phase.

(A) The deformation is uniformly affine,* which amounts
to saying that every vector r;; = (x;, ¥ij, 2;;) joining two coil
segments (i,j) is transformed into F; = (Axy, A~2y;,
A~1/2z;:), the x axis being the uniaxial stretch direction. As
a consequence, the average squared orientation of a coil seg-
ment with respect to the x axis (molecular orientation) is®

{cosw2y =% +20-1)/5+... A=1~¢ (2)
In this context, the result is of course totally independent of
molecular weight.

(B) In another version,® which applies to rubber elasticity,
the affine deformation theory holds true only for distances
separating effective cross links. Let r,q be such a vector. Then
Tpg = (Axpg, A\™V2y,0, A"1/22,,), but for all r;; inside rp, the
deformation of the coil is determined by the response of a
brownian chain to the constraint (p,q). As a result, the average
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Figure 1. Schematic time sequence for film length L and hot stretch
temperature T’ in the uniaxial extension of the polystyrene films. The
time scale is approximative and the variations of L and T are only
indicative: (a) normal; (b) with partial recovery in between the stretch
and quench phases.

squared orientation® of the segments is closer to 1% than in
hypothesis A.

(cos?w) =Y+ 2(A2 = 1/A)/(15|p —q]) +. .. (3)
A=1==~¢)

and shows a considerable dependence in (p,g), that is, in the
molecular weight of the segment p,qg. We are inclined to be-
lieve that mechanism A holds true at the onset of all defor-
mations.? As ¢ (and consequently M) increase, fewer cross links
are effective and model B, for which there remains only cross
links at both ends of the coil, is likely to be a better repre-
sentation of the coil deformation. We shall interpret our data
with a closed form model described in section II, which aver-
ages the effects of A and a special form of B, for whichp = 1,
q = N. It would be preferable to construct a model which in-
terpolates between a maximum density of cross links along
the coil (uniform affine deformation) and a minimum density
(nonaffine coil deformation), but we have not yet found a
simple interpolation formula.

(IT) Neutron Scattering by Tagged Samples

The advantage of using nuclear rather than electromagnetic
interaction in a scattering experiment has been reported
earlier.?2 Neutron scattering experiments by deuterated coils
dispersed in a nonoriented protonated matrix have brought
new information in coil statistics. For the problem of uniax-
ially stretched samples discussed in section I, much is to be
gained by the knowledge of the scattering law

N .
Si(q) = N~2 % (eiaTi) (4)
ij
of the coil imbedded in the deformed bulk material (g is the

momentum transfer, equal to (47/u) sin /2, where u is the
neutron wavelength and 6 is the scattering angle). A neutron
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small-angle scattering experiment was therefore made and
scattered intensities I by the tagged samples of section I were
recorded. The determination of Si(gq) from the data is
straightforward when the matrix in which the deuterated coils
are dispersed does not scatter coherently by itself. The scat-
tering law S1(q) is then simply the scattered intensity from
the tagged sample, from which the intensity scattered by an
untagged matrix is subtracted. The result is obtained in the
form of

I(q) = a + bS:1(q) &)

where a is the residual contribution of incoherent scattering
and b is the intensity factor.

The underlying assumption is valid when the matrix is
isotropic bulk material. In the case of a stretched film, there
are, however, sources of coherent scattering by the matrix it-
self which may appear because of alignments of coils and ap-
pearance of voids and cracks. In such situations it is preferable
to subtract from the intensity scattered by tagged stretched
samples the intensity scattered by identically stretched un-
tagged samples. (Even this procedure does not necessarily’
provide the “null matrix” condition.) However, we have not
used such procedures. Instead, we have simply subtracted the
signal of an untagged unstretched sample from the intensity
scattered by the mixed deuterated and protonated coils.

The experiment is conducted in such a way that the scat-
tered intensity is measured for all orientations of the scat-
tering vector g in the plane of the polystyrene films. The
analysis of S1(q) for oriented material was discussed earlier?
and since that time new aspects have been introduced.® In the
first cumulant approximation, we can write the scattering law
eq 4 as

S1(@) = 717 T expl-g? (Ry%)/2)) (6)
12

where (R;;2(§)) is the average squared projection of R;; on
¢ = q/| q|. Quite generally (6) may be written in terms of the
radius of gyration Ego of the unstretched coil

Si(q) =2 fo " du(l = u) exp(—q2Raoawd)  (7)

and of the approximate scaling law f,(u,§), where u = |i —
J|/N, for the stretched sample. We assume, according to ref
6 and 10, this law to be a combination of models A and B,
ie.,

fr(w,d) = Xa2u + (Ag? — 1)u? (8)
for § in the stretch direction (g”’) and
f(u,g) = Aa7tu 9)

for g perpendicular to the stretch direction (gL ). The coeffi-
cients A4 and Ap are respectively the microscopic affine (model
A) and nonaffine (model B) draw ratios. In the Guinier range
of scattering vectors

Si(g!) =1 — gI2RGo2(Ma2 + (A\p2 — 1)/2)/3

=1-gql2RIZ)3 (¢RI < 1) (10)
S1(Q‘L) =1- q_LZRGOZAA—l/?)
=1-gl2R12/3 (gRL <1) (1)

In the transverse intermediate range R+ ~1 < g <[~1, where
[ is the step length

Si(gL) =2/(g?R+2+ 1) (12)

For the longitudinal intermediate range R1 -1 < g <[,
the scattering law eq 7 and 8 can be calculated in a closed eq
11 form as a function of q/2 and the parameters Aa, Ag. Values
A > 1 indicate a rodlike behavior for small values of reciprocal
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Table I
Neutron Sample detector Range of |q|,
wavelength, um distance, m A1 Type of detector
Saclay 469+ 0.04 A 2X 10~2t0 2 X 10-1 Two-axis
Au/p = 0.75% “intermediate range” simple counter
ILL 834 20 2.5 X 107310 1.2 X 10~2 Two-dimensional
Au/p = 50%¢ “Guinier range” x,y detector
6A 5 1.2 X 1072t0 6 X 107!
Au/u = 8% “intermediate range”

@ Corrections have been made on the measured intensities according to ref 1 to eliminate the wavelength dispersion effects.

| - :
ST(q) arb units

15

1 1 I

1 t 1 1 | !

of 1 2 3 4 5 6 7 8 9

10 N

q¢ 107° A7?

Figure 2. Inverse scattered intensities in the intermediate momentum
range 3 X 102 < g < 107! A1 along ¢.(S!) and g, (S +). The values
of X are reported on the diagram.

space g/ (high distances in real space) and random coil like
behavior for higher values of reciprocal space ¢! (smaller
distances in real space). The crossover occurs at

g* = (\g? ~ 1)1/2/21/2\\Ro (13)

which measures the relative importances of the effects of
mechanism B to mechanism A. For g/ > g!*, the scattering
law S1(g) was shown in ref 5 to tend asymptotically to the
form

Si(gh) = 2/(q"2Rgo® a2 + 1 + k2Rco%\a?)  (14)
(q\l > qH*)

where x = 612(A\g2 — 1)1/2R50~1. For g! < q!*, 8,(¢!) hasa
rodlike behavior, i.e., ~g/~1. It is important to notice that the

transverse dimensions and correlations are not affected by
mechanism B.

The particular case Ay = 1 and Ag = 1 leads of course to the
Debye formulation of S1(g), which was shown in ref 1 to in-
terpret satisfactorily the data on unstretched tagged sam-
ples.

(IIT) Data Analysis

The scattering experiments were made both in Saclay (EL
III) and in Grenoble (ILL), using the neutron cold source, the
neutron guide, and the detector which are described in more
detail in ref 2a and 9. Two characteristic momentum transfer
ranges were investigated, the small angle Guinier range (g <
Rco™1) and the small angle intermediate range (Rgo™! < ¢
< [71). Two sets of samples were tested, for small elongations
(X £ 1.7) and for higher elongations (A > 2), respectively. The
experimental conditions are summarized in Table I.

Because our main result is obtained in the intermediate
range, we shall first report and discuss the data concerning this
range.

(1) Scattered Intensities in the Intermediate Range.
(a) Small Elongation Samples. For these samples the tem-
perature T'; is 120 °C. The inverse scattering laws S;~1(q) are
shown in Figure 2 as a function of ¢-12 (transverse direction)
and g2 (longitudinal direction) for several values of A < 1.7.
There is no marked deviation from the linear (Debye) de-
pendence in g+2 and ¢!2. The slopes of (S +)~1 decrease with
A, those of (S!)~1 increase with \. These are characteristics of
mechanism A. More precisely, if we consider the products
R:'R;L2/Rso® where R;!2 and R;12 are respectively the
slopes of SI=1vs. g2 and S+ -1 vs. g2, we notice in Table II
that they are not strictly constant as a function of A.

In fact they decrease slightly as A increases. Also, as A be-
comes equal to 1.7, the intercept « of S1-1 with the ¢2 axis is
seen in Figure 2 to be nonzero. In terms of Ag (eq 4) we have
AB = 1.3. According to ref 5, a finite value of « is determined
by a finite value of the average orientation (cos w}, which in
this case is about 0.1. These facts indicate that, although
mechanism A is dominant at small elongations, one cannot
completely eliminate the presence of mechanism B.

(b) Higher Elongation Samples. These samples have been
drawn at a constant velocity gradient s = 0.18 s~! and the
extension ratios A were measured from lines marked on the
sample in the vicinity of the neutron scattering area.

Thickness and neutron transmission of the samples are
reported in Table IIIL.

Inverse scattering laws are shown in Figure 3 for A = 3 at two
temperatures T, respectively 110 and 130 °C. The scattering
laws in Figure 4 correspond to A = 4.5 and T; = 120 °C, with
a partial recovery L = 0.95L for one sample (Re) and no re-
covery for the other.

The main difference with respect to the previous case
(Figure 2) is the deviation of S~ from the linear behavior in
q2, for a squared momentum range in which the transverse



measured values. The continuous lines are calculated scattered in-
tensities according to (5), (7), and (8) in the longitudinal direction.
The broken lines are linear interpolations of the transverse data. The
experimental points are normalized according to the procedure de-
scribed in ref 1. The continuous straight line is the transverse inverse
scattering law for 7'y = 110 °C normallzed to the data of T'; = 130 °C
according to eq 11.

correlations S+ -1 are strictly linear.

This range extends from 3.6 X 10™4 A-2t0 4 X 10-3 A-2, as
compared respectively to 6.6 X 1074 A=2and 1.1 X 10-2 A2
in Figure 27 Equations 5, 7, and 8 were fitted to the data of
Figure 3 observed in the longitudinal direction, with the op-
timization procedure described in ref 12. The best fit values
of the parameters are given in Table IV: The results are es-
sentially the temperature dependences of A\s and Ag. Thus at
T, = 110 °C, A4 is greater than Ag, and the deformation is
essentially affine. For a higher temperature T, = 130 °C, the
longitudinal deformation of the coil is still as important as in
the case of the deformation nearer to the glass temperature
TG, but A4 is smaller than Ag. It is nonaffine in the sense of
mechanism B, which means that the chain is deformed by
end-to-end stretching. All this is summiarized in the fact that
g* as defined in eq 13 increases with 7T';.
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] Table II
Characteristic Data Obtained from the Scattering Experiments by the Small-Elongation Samples
Extension |
ratio A RiIR;+2/Rgo8 Rl A R+ A RIRL2/Rq08 RI/R;! RL/R;L
1 1 86.5 86 1
1.1 1.05 90.5 83.5 0.97 0.62 0.7
1.22 1.05 91.5 80.5 0.91 0.58 0.69
1.35 0.95 95.5 78.5 0.90 0.57 0.7
1.57 106.5 73.5 0.89
1.7 0.95 128 68 0.91 0.8 0.69
Table II1
Neutron Trans_missions of the High-Extension Samples
Purely 1% delterated
protonated A=23, A =3, N =4.5,
Sample polystyrene A=1 T, =110°C T,=130°C Ty =120°C
Tickness t, mm 0.97 0.93 1.19 14 0.97
Neutron transmlssmn 0.669 0.686 0.662 0.638 0.70
Intensity 1 889
scattered at ¢ = 1A 1 889 851 986 1090 772
in arbitrary units
I/t arbitrary units 1.36 1.33 1.25 1.22 1.13
x4 x4 .
) o , ° ° e
) =]
L A=3 1,5 L R -] =]
10°Cs o ©
-]
3 0© * e * e 4
o o * ®
) 130°C# I
mM°C L °o.* &1
0°CL oy Pt
. U A =45
! ) ”,;/23" T . 10eC
e lax
S s
n 1 L ~
1 2 3 Lo @k? X
Figure 3. Inverse scattenﬁg intensities for two temperatures 7’1 in
the intermediate momentum range 1.1 X 10-2 < ¢ < 107! along N ) ) . N
g, 2(S") and ¢,%(S+). Draw ratio A = 3. The dots and circles are 1 2 3 ix03 q2&T

Figure 4. Inverse scattered intensities as in Figure 3. Draw ratio A =
4.5. Hot stretch temperature T, = 120 °C. The two sets of curves il-
lustrate the effect of partial recovery between stretch and quench
phases: (0) without partial recovery; (®) with partial recovery.

If we recall the relations between segment orientation and
extension ratio (eq 2)

Ao~ Y+

and (eq 14)

5% (cos? w) Aa—=1~¢)

Ap = 1+ 3N((cos w))? (AB—1~¢)
then the result of Figure 3 can be described as follows.

(1) The disorientation of the segments (i.e., the proximity
of (cos? w) to the random orientation value 1) increases with
T. This is the well-known result observed from birefringence
experiments2? but could not easily be understood since,
whatever the disorientation, there is full recovery of the initial
sample length when the sample is heated above T'; dfter the
quench phase.

(2) A plausible interpretation is now given by the observa-
tion of (cos w). This average cannot be observed by optical
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Table IV
Characteristic Values of the Microscopic Elongation Ratios Obtained from the Interpretation of Figure 3 with
Equations 5, 7, and 8

A T:°C Rgo a b AA AB g* (Aa+2(Ag2 — 1)/2)1/2
3 110 86 A 25X1072+10-4 03+01 25201 115+01 5%103+1x10-3 6.451/2
3 130 86A 25%x102+10~¢ 03+04 0.81+03 31+4 34X1072+£1X10°2 4.891/2
‘ L] L]
R"/RY of
R‘/R"a I (#1)

] 1 |
1 2 3 4 A

Figure 5. Radii measured in the longitudinal and transverse direction
as a function of A. The continuous lines correspond to the purely affine
deformation (A = As). The broken line corresponds to the nonaffine
deformation model (A = Ag).

methods and its determination is a characteristic result of the
neutron scattering technique. The ¢! dependence of S, indi-
cates that Ap, therefore® (cos w), increases with T';. Thus while
{cos w?) tends toward 14 (which is called disorientation), the
coil elongation is maintained by the increase of the average
value (cos w).

Tt was shown in section II that the model function S;(g!)
could be seen as succession of a rodlike behavior at large dis-
tances (or small values of reciprocal space ¢ < ¢!*) and a
coillike behavior at smaller distances (or larger values of re-
ciprocal space g > 1*). The longitudinal data indicate that the
range of reciprocal space in which the coil can be seen as a rod
is greater at T; = 130 °C than at T; = 110 °C.

The transverse correlations S; -+ ~1in Figure 3 are interpo-
lated from the observed data as a linear function of ¢12. The
abscissa of the extrapolation to S11 ! = 0 is seen to decrease
with temperature, which indicates according to eq 12 that the
contribution of mechanism A to the deformation decreases
with T'; as noted in the longitudinal case. The values obtained
for A4 in the transverse case are however found to be twice as
great as in Table IV.

Consistency between transverse and longitudinal interpo-
lated parameters of eq 5, 7, and 8 is not satisfactory. Espe-
cially, the normalization constants b which are found to be
identically the same in the longitudinal and transverse func-
tions for Ty = 130 °C differ by a factor 2 for T'; = 110 °C. This

10-5 2x10-5 5x105 1,:10-‘2 )
q y max qx max
o2
A

Figure 6. Guinier plot of the inverse scattering law for the sample A
=3, T =110 °C. For comparison, the straigth lines obtained with a
hypothetical coil affinely deformed are given in the lower part of the
figure (1,).

indicates a failure in the model to interpret correctly the data.
A possible improvement consists in replacing the interpolation
between the two extreme cases of a maximum and a minimum
density of effective crosslinks along the chain (respectively
models A and B) by a model function which includes all in-
termediate cases.

The partial recovery experiment (Figure 4) shows an in-
teresting difference with respect to Figure 3. The transverse
correlations are hardly affected by the recovery, which indi-
cates in terms of A and B that the contribution of A to the coil
deformation has not changed. Thus the considerable change
observed on the longitudinal correlations only reflects de-
crease of Ag. The material recovers by decrease of the end-
to-end distances, rather than by disorientation of the seg-
ments.

(2) Scattered Intensity in the Guinier Range. (a) Small
Elongation Samples. The Zimm plot analysis along g2 and
g 12 gives the radii reported in Table II and drawn on Figure
5. The affine deformation radii derived from eq 10 and 11 for
Aa = A are also drawn in this figure. The discrepancy probably
reflects the fact that the indicated draw ratio A was measured
from the film end-to-end distance, which is somewhat greater
than the draw ratio in the scattering area because of end ef-
fects.

The ratios R'R 4+ 2/Rao? decrease slightly as A increases.
The ratios R!/R;! are seen to be constant. As in the previous
section, it is concluded that the deformation on the radius of
gyration scale is essentially affine with a small contribution
of mechanism B as A = 1.7.

(b) High-Elongation Sample. The Guinier plot of the
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Figure 7. Lines of constant scattered intensities in the q,, ¢, plane.
DrawratioA =3, T; = 110°C. Thearea 4 =5 X 5 X 10~6 A2 ¢cen-
tered at the origin of the ellipses is the cross section of the direct beam
(the origin of the g., g, system is the center of the ellipses).

scattered intensities for the sample A = 3, T; = 110 °C is
shown in Figure 2. In contradistinction to the smaller elon-
gations, the data show a nonlinear behavior in ¢!l and g 12 of
the scattered intensity in this representation. Thus we cannot
measure a radius of gyration. This behavior can be explained
by the presence of voids or cracks which appear as the material
is stretched. As ¢!l reaches the value 10~ A-1 in Figure 6, a
slope emerges from the graph, which is comparable to what
a purely affine deformed coil would give.

Lines of constant scattered intensities in the g, g, plane
are shown in Figure 7. These lines have been fitted to ellipses.
The ellipticity (ratio of great axis to small axis minus one) is
found to be e = 4.1, for g+ = 10~2 A-1. The draw ratio asso-
ciated to these ellipses in the hypothesis of a purely affine
deformation is A = (e + 1)2/3 = 2.9. This value is reported in
Figure 7.

(IV) Conclusion

Our main result is the observation of the coil asymptotic
scattering law in the intermediate momentum range in rela-
tion to draw ratio, hot stretch temperature, and partial re-
covery. At the onset of the uniaxial stretching, the inverse
scattering laws are linear in g2, both in the transverse and in
the longitudinal direction. For higher elongations (A = 2), this
function is still perfectly linear in g2 in the transverse direc-
tion, whereas it shows a distinct curvature in the longitudinal
direction. The curvature is particularly noticeable for the
smaller values g of the intermediate momentum range. The
shape of this function is extremely sensitive upon the values
of \, T, and partial recovery. The slopes of the inverse scat-
tering law in the transverse direction decrease with A and in-
crease with T';.

A model was fitted to the observed longitudinal data which
combines affine and nonaffine deformation of the coil. The
temperatures show that:

(1) For a given draw ratio (A = 3), the contribution of the
purely affine mechanism to the coil deformation decreases
with temperature. This means that the molecular orientation
decreases, in the sense that the average squared segment
orientation {cos? w) tends to its random value %. This result
was already known from birefringence experiments.

(2) The contribution of the nonaffine mechanism increases
with temperature. The scattering law dependence on mo-
mentum transfer g shows how the loss of this segment orien-
tation is compensated by a long-range correlation implying
a finite value of (cos w). This is new information provided by
the neutron scattering experiments.
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These mechanisms are perhaps not the most appropriate
ones for the description of such viscoelastic deformations. A
better starting point would be the evaluation of a reciprocal
space size ¢* below which the deformation is affine and above
which the deformation is no more affine.* Such a calculation
is given in the Appendix for a particular situation.
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Appendix. Neutron Elastic Scattering from a Rouse
Chain in a Longitudinal Velocity Gradient

In this section we study the internal conformations of an
isolated flexible polymer in the presence of a longitudinal
velocity gradient of the solvent. In order to attempt to make
some contact with the situation of polymer melt which is the
subject of this experimental investigation, we neglect both
excluded volume and hydrodynamic interactions which are
strongly screened out in concentrated systems.® The equation
of motion for the nth monomer at position r, is written.

r, = v(r,) + B¢, (A.1)

where v(r,) is the velocity field at the nth monomer which we
take to be

(A.2)

where s is the velocity gradient which is longitudinal along the
x direction. The second term represents the response to the
total force ¢, experienced by the nth monomer, where B is the
microscopic monomer mobility which in principle should be
self-consistently determined in a melt. We shall assume it here
to be constant.

For weak deformations, the force ¢, may be taken to be
simply the entropic Hookean term

on = (g‘kBT/az)(an —ap-1)

v(r,) = sx,0

(A.3)
with
(A.4)

a,=Ip+1 —Ip

The drift term may be combined with elastic force to give an
effective total force ¢,

bn = ¢ + (s/B)x,, 1

which may be derived from the potential energy

V = (3kpT/2a%) 3 (a,% — 0x,?)

(A.5)

(A.6)

with ¢ = sa2/3kgTB = s7/3N?2, where v—1 = BT/(Na)2 is the
Ronse relaxation time (roughly the time for the coil to diffuse
one diameter). In the continuum approximation a, = dr,,/d,,
and assuming free ends ag = a, = 0, we “Fourier” transform
the potential energy to obtain

V = (3NkpT/4a?) % (R2rp? — axp2) (A7)

where

r, =Y rpcoskn (A.8)
k

and k = px/N,p =1,2,..., N. The equipartition theorem
immediately gives the thermodynamic averages of the Fourier
amplitudes

r, = 0
{yr2) = (Zp?) = 2a2/3Nk2
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(x£2) = (2a2/3N) (k%2 - o)1 (A.9)

In this linear regime, the transverse dimensions are essentially
unmodified, while the longitudinal response exhibits a di-
vergence when s.7 =~ 372, This is the “coil stretch” transition
discussed in more detail by de Gennes.!3 When s = s., we must
include nonlinear elastic terms. Restricting our attention to
the linear regime s < s, the Fourier intensities (A.9) may be
used to compute conformational properties. For example, the
mean-square end-to-end component along the velocity gra-
dient is

2
(v =x0)?) =4 X <xp2>z(§“ﬁ) (k2= o)t

~ (8/372)Na2(1 — s/s¢)"! (A.10)

This result implies that in the presence of a longitudinal
gradient, the coil becomes ellipsoidal with the major axis
parallel to the velocity gradient. In the neighborhood of s the
system jumps to a new strongly stretched state.13:14

The neutron scattering structure factor is given by

Si(q) = X (efalri=ri)) (A.11)
ij
which for stochastic coils may be approximated as
S1(q) = 3 e~ 1/2eB{bi=b)D) (A.12)

ij
where b; is the component of r; along q. For the scattering
vector perpendicular to the velocity gradient we therefore find
the familiar Debye g~2 law which may be demonstrated as
follows. The average square separation between two mono-
mers (say the y direction) is

{((yi —¥))?) = (2a3/3N) ; k=2(cos ki — cos kj)2 (A.13)
(i =)

= (2a%/3N) %: k~2|cos ki(1 — cos kA) — sin ki sin kA]2

where A = | — j|. In order to simplify the calculation and

eliminate end effects, we average over i to give (for A/N «
1)

Macromolecules

({3 =3)%) = (a%/3N) £ k=2 sin2k7A - ha?A  (A14)

which when substituted into (A.12) gives ST(g) = 12/a%g?, the
usual Debye law for the intermediate range.
Along the direction of the velocity gradient

{(x; — x7)%)

= %haA +

a2A2 e 1+ (s/s;)1/2
N (/s In <1 —(s/s )12

This is of the form of a stretched chain (cf. eq 8)

) (A.15)

N
((x; —x)?) =~ Y%Ba?A + A%gl= Eai’u + N2g2u2 (A.16)
where @ is the mean monomer separation. There is then a
transition between the Debye regime at short wavelength and
a rigid rod behavior (S ~ ¢~1) at long wavelengths with the
crossover occurring at ¢* (g*a ~ @/a), which for our case is

1+ (s/sc)1/2>
1 = (s/sc)t/2

Thus the rigid rodlike intermediate regime occurs only for
gradients in the vicinity of s.

(q*Ro)? = Y(s/50) 2 In ( (A1T)
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