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where R = Q(1 - Q)2
(0P /dy)ry = TV '[%R - (2y/T)(3A%® - B)®]  (A4)

@y /0V)r = {y/V)[%R - 2y /T)(3A% - B)®]}/{}R +
(v/2T)(94% - 2B)® + (s/c)[y In (1 - y) + (1 - y)™)}
(A5)

Differentiation of (A3), (A4), and (A5) gives

(8*P/3V)p, = (T/VOIPV/T + (R/9)(7 - 5Q) X
(1-@)7+ (2y/T)(24A% - 8B)® - (V2/T)OP/dV)1,]
(A8)
(8°P/3Voy)r = [T/ (yVHI[(2y/TH(12A% -
2B)® - %R(1 + (1 - @ - (yV/D@BP/dy)yr] (A7)
(6°P/dy®) 1y =
[T/*W)][(4dy/T)6A% - B)® -~ %R(1 - 5@)(1 - ?[)X_Ii
8
(3% /0VI %R + (y/2T)(9A% - 2B)® +
/)yt In(1-y+Q-yT)=
v/ VAHI(y/2T)(60A% - 12B)® - %R(2 - @)(1 - Q)] +
(1/V)(8y/dV)l(y/2T)(60A® - 4B)® +
%BRO+ QU - +
(1/N8y /dV)r)¥(y/2T)(2TA® - 2B)® -
%R(1+ Q1 -+
(s/a)y'In(1-y»+Q-291-y»7 (A9)

Insertion of the appropriate quantities in (Al) and (A2)
and some further simplification yield eq 9, 11, and 12.
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A Study of Single-Arm Relaxation in a Polystyrene Star Polymer
by Neutron Spin Echo Spectroscopy
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ABSTRACT: We have studied 12-arm polystyrene star molecules by elastic and quasi-elastic small-angle
neutron scattering. Labeling single arms, we accessed the static and dynamic properties of the star constituents
and compared the resuits with those from a fully labeled star. While the collective dynamic response is
characterized by a strong minimum in the reduced relaxation rate, this minimum is absent in the single-arm
response. Consequently, the minimum originates from interarm interactions in accordance with its previous

characterization as a de Gennes type narrowing.

A star polymer is a macromolecule consisting of many
(23) linear homopolymers of nearly identical molecular
weight, chemically linked to a common seed molecule
which extends no more than a few bond lengths. The
presence of the star center implies a strong stretching of
the chains due to the crowding of arms near the center
region and the subsequent relaxation toward the rims.
Thus a star polymer may in a single structure contain
monomer concentrations ranging all the way from that of
the melt to that of a dilute solution. Even though the
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behavior of the linear polymers has been successfully de-
scribed by the scaling theories in general terms, much less
is known concerning the properties of a star polymer of
finite size. Recently, it has been possible to synthesize
monodispersed model star polymers by anionic polymer-
ization. There has been an intense effort in the study of
this new class offvell-characterized polymers. These efforts
include the long-standing theoretical investigations,!? as
well as experimental studies by static and dynamic light
scattering,® small-angle neutron scattering,*’ quasi-elastic
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neutron scattering,® dilute solution viscosity,® and com-
puter simulations.’

In particular, neutron scattering techniques have proved
to be especially suitable for the study of hydrocarbon
systems which include most of the polymers and polymer
solutions. This is partly due to the fact that the wave-
length of the cold neutrons is just of the order of a mo-
nomer size and more specifically due to the large difference
in the coherent scattering length of the hydrogen atom and
its isotope deuterium. By judical substitution of the hy-
drogen by deuterium, either in the polymer molecules or
in the solvents, one can obtain a large contrast for the
scattering process of specific interest.

Richter et al. have recently studied the dynamics of
dilute polyisoprene star polymers in perdeuteriated
benzene employing the neutron spin—echo technique.’ In
these measurements the polymer relaxation function is
measured as a function of the momentum transfer @
during scattering (Q = 47 /X sin 8, where X is the neutron
wavelength and 29 the scattering angle). They found that
compared to that of a linear chain the internal relaxation
rate Q is strongly reduced, if the value of QR, is in the
neighbourhood of 1.5—R,, thereby, denotes the radius of
gyration of the star polymer arms. Since for Zimm re-
laxation of linear polymers Q scales with @, it is convenient
to consider reduced relaxation rates Q/@°®, thus taking out
the ordinary Zimm behavior. This reduced rate was found
to scale with the variable QR,, independent of the mo-
lecular weight of the polymer star. At @R, > 1, from
scaling arguments one finds that Q@ ~ @3, indgependent of
the molecular weight or the branching. It is found that
the reduced rates Q/Q? for both the star-branched poly-
isoprenes (of various degrees of branching) and the linear
polyisoprene tend to the same limit at large @ determined
only by the friction term: T/9 (T is the absolute tem-
perature and 7 is the viscosity of the solvent). For QR,
< 1, one expects all the internal dynamics to disappear
from the quasi-elastic neutron scattering, leaving only the
diffusive modes of the center of mass of the polymer
molecules. Since in this limit, @ ~ RTQX2'/2 + f)/R,f2
Q/Q® scales again with @R,. Apart from numerical factors
the proportionality constant is given by 7'/5 and depends
weakly on f. Thus all line-width measurements at a given
functionality are expected to converge into a universal
curve at low values of §. With increasing functionality also
the f-dependence drops out quickly. In the crossover re-
gime from translational diffusion (@ ~ Q3 to Zimm dy-
namics (@ ~ %), however, the star branched polymer
behavior differs strongly from the behavior of the linear
polymer. The measured reduced line width Q/@?° for the
star polymers exhibits a pronounced minimum before it
reaches the high-Q plateau value. The position of the
minimum is observed near @R, ~ 1.5. This slowing down
of the dynamics occurs in the neighborhood of the maxi-
mum in the Kratky plot of the scaled intensity (where IQ?
is plotted as a function of QR,). This maximum in the
Kratky plot is characteristic for branched polymers but
absent from the scattering of linear polymers. It arises as
a consequence of an enhanced radial monomer distribution
function at a distance r =~ R,. This is the reason why the
minimum in the measured line width of the star polymers
has been associated with a “de Gennes narrowing”-like
process observed in liquids.® There, the so-called de
Gennes narrowing approximates the effect of pairwise
interactions by a normalization of the relaxation rates with
the static structure factor S(§)—correlations which are
preferred by a system live longer. It should be noted,
however, that, unlike to the case of a de Gennes narrowing,
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Table I
Polystyrene Star Molecules Used in the Experiments; the
R, Values Were Obtained from Neutron Small-Angle
Scattering
sample 10*M, R A
PS 412 467 127  toluene!? Guinier regime
PS6-12 149 73  toluene!*!® Guinier regime

70 THF peak in Kratky plot
PS120A 149 63 THF-d Guinier regime

solvent method

for the star polymer solution at the concentration of in-
terest (below the overlap concentration c*), neither the
scattering structure factor arising from mutual interaction
between different stars nor the single-star scattering form
factor show any discernible peak at @R, ~ 1. Thus, the
minimum in the Q/@°® versus @ plot for the dilute star
solution does not arise from the interparticle interaction
but rather from the interactions between the arms in the
same star structure. The mechanism of this rate reduction
is either related to the influence of the center of the star
on fluctuations of the range of Ry, or it is due to enhanced
correlation of monomer densities in the single star over
distances roughly equal to R,.

In order to gain further insight into the physics behind
the minimum in the scaled line width, we have performed
static and dynamic measurements on a single labeled arm
within a 12-arm polystyrene star molecule in dilute solu-
tion. For comparison we studied an identical fully labeled
star. Furthermore the molecular weight scaling behavior
was reinvestigated, studying fully labeled 12-arm stars of
different sizes.

The chemical synthesis of 12-arm PS star molecules has
been described in the literature.®1° It bases an organo-
lithium anionic polymerization using tetrakis(trichloro-
silyl)ethyl)silane as a linking agent. The PS stars with a
single labeled arm were prepared starting the linking re-
action in a 11:1 mixture of deuteriated and protonated
precursor PS chains. From this procedure it is clear that
only on the average one-arm labeled stars were created,
while in reality the number of labeled arms in a star is
distributed according to a binomial distribution. Ac-
cordingly more than 92% of all the stars have either 0 or
1 or 2 arms. All star polystyrenes were fractionated (using
toluene/methanol as the solvent/nonsolvent) in order to
eliminate the remaining linear polymers. Characterization
of the star arms and the fractional stars was done by a
combination of size-exclusion chromatography, low-angle
laser light scattering, and osmometry. The fractionated
samples showed M,/M,, and M, /M, ratios of <1.1. The
polymers used in our experiments are listed in Table I.

The comparison between the one arm and the fully la-
beled star was performed on the two differently labeled
12-arm PS stars of identical molecular weight (PS120A and
PS6-12). They were dissolved in deuteriated THF (C,D;50)
the scattering length density of which nearly exactly
matches that of deuteriated PS. The neutron small-angle
scattering (SANS) experiments were carried out by using
the small-angle scattering apparatus D17 at the Institut
Laue-Langevin (ILL) in Grenoble. The PS120A star was
investigated at three different monomer concentrations (¢
= 1%, 2%, and 3%), while the fully protonated PS6-12
star was investigated only at ¢ = 1%. The data were
corrected for background and calibrated to a measurement
on a 1-mm water cell. For the single-arm labeled sample
no concentration dependence was observed. Figure 1
presents the data from the fully protonated star in a
Kratky representation. (/Q*vs Q). As a signature of the
star architecture, the data show a pronounced peak oc-
curring at @ = 2.9 102 AL,
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Figure 1. SANS data from the fully protonated 12-arm poly-
styrene star PS6-12 (M,, = 1.49 X 10°) in dilute solution of THF
(¢ = 1%). The data are shown in a Kratky representation (/Q*
vs ). The dashed line displays the prediction of eq 1 adapted
to the maximum.

For a star built from Gaussian chains Benoit has derived
the static form factor P(Q)!!
P@ = 22 - 11 - exp-9) + 211 - explonye
ot 2
49

Here f is the functionality of the star and v = QR,. The
radius of gyration of the whole star R, is related to that
of one arm by

R = (3f-2) /1Ry @

For f = 12, P(@) exhibits a maximum around v = 1.2.
Using the experimental @y, = 2.9 X 1072 A~! we find B,
=170 A, in very good agreement with a value of 73 A ob-
tained from the Guinier regime in toluene. We note that
our data did not allow the extraction of R, from the Guinier
range. Most likely the concentration of 1% caused already
some interstar interferences at the smallest §. While the
predicted position of the maximum in the Kratky plot
agrees well with measured radius of gyration, the experi-
mentally observed line shape disagrees strongly with the
prediction of eq 1 as shown by a dashed line in Figure 1.
While the width of the peak according to eq 1 amounts to
Av =~ 1.5, experimentally we observe about half this value.
This is in contrast to early observations® on high-func-
tionality polyisoprene stars where an agreement with eq
1 also with respect to the line shape was found.

Figure 2 displays the SANS data from the one-arm la-
beled stars (PS120A). In order to demonstrate the as-
ymptotic (large @) behavior, we have plotted both IQ'® and
IQ%® vs @. While the plot of I@'% vs @ achieves a high @
plateauy, such a plateau is not reached for the scaling ap-
propriate for a swollen coil. The observed considerable
deviation toward a lower exponent indicates strongly
stretched arms. This observation finds its counterpart in
recent molecular dynamics simulations on star molecules
which also found stretched configurations with a @ scaling
on the order of @!%7 Finally concerning the radius of
gyration of the labeled arm, in the Guinier regime we
obtain R, ~ 63 A. Applying eq 2 which relates E;and R,
and inserting the measured value for the full star of R, =
70 A,1° we obtain the much smaller value of R, = 43 A.
This large discrepancy may partly result from the stretched
chain conformations. However, since our sample contains
an important admixture of stars with two labeled arms,
an experimentally clear statement on R, for one arm
cannot be made.

The quasi-elastic neutron scattering experiments were
performed on the spin—echo spectrometer IN11 at the ILL.
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Figure 2. SANS data from the 12-arm polystyrene star PS120A
(M, = 1.49 X 10°) where the 11 deuteriated arms where matched
by the solvent THF. In order to demonstrate the asymptotic @
behavior, the data are plotted in a %eneralized Kratky repre-
sentation (/Q* vs @ with « = 1.5 and °/3). The solid line marks
the high-@ plateau.
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Figure 3. Neutron spin—echo spectra obtained from the one-arm
labeled PS star PS120A in deuteriated THF. The solid lines are
a result of a fit with the dynamic structure factor Ppg(Q,t) cal-
culated by Dubois-Violette and de Gennes.!* The above data
repreﬁe}x:t1 the following values of §: 0.026, 0.040, 0.053, 0.079, 0.106,
0.132 A™.

The incident neutron wavelength was A = 8.3 A with a
fwhm of approximately 16.5%. In a quasi-elastic neutron
scattering experiment the dynamics of the scattering
system are obtained from the probability of detecting a
scattered neutron with a given energy change. (For neu-
trons, the energy change is related to a velocity change.)
The neutron spin—echo measurements determine directly
the change of velocity of each individual neutron involved
in the scattering process. This is achieved by measuring
the difference of the phase angle of the neutron spin
processing in a homogenous guide field H before and after
the individual scattering events. The measured final
neutron polarization P(Q,H), thereby, is apart from reso-
lution effects directly given by the real part of the nor-
malized intermediate scattering function P(Q,t)/P(Q,0),
the time being proportional to H.*

In Figure 3 we present selected neutron spin—-echo
spectra obtained from the one-arm labeled PS star
(PS120A) in 5% solution in deuteriated THF. The data
were corrected for solvent scattering and resolution. The
solid lines fitted to the measured points are calculated by
using an expression for the dynamic form factor Ppg(Q,t)
derived by Dubois-Violette and de Gennes for linear
polymers in dilute solution.’® The line shape observed for
the star polymer apparently agrees well with the theory.
From the fit with Ppg(@,t) we obtain a relaxation rate Q
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Figure 4. Reduced relaxation rates /@ for the fully protonated

(®) and the one-arm labeled star (®) as a function of . The
lines are guides to the eye.

for each scattering angle. In Figure 4 we show a com-
parison between the reduced rate Q/Q® obtained for the
whole star (closed circles) and that for the single proton-
ated arm in an otherwise deuteriated star in the matching
deuteriated solvent. We emphasize the following features
in Figure 4: First, there exists a minimum of the reduced
rate in the 12-arm star, but the minimum is absent for the
one-arm labeled sample. Otherwise, the limiting behavior
Q/Q? for the two systems is the same. Second, the min-
imum appears to be much narrower (AQR, ~ 0.6) than
that observed in the polyisoprene systems (IAQRg e 1.5).
Third, the crossover of Q from the @? to Q° dependence
for the labeled arm in the star architecture is apparently
much more gentle than that observed for an unattached
linear polystyrene chain. We shall devote the remainder
of this paper to a discussion of these features.

The Minimum in the Reduced Rate

It is ciear from the results obtained from star polymers
containing one labeled arm that the Q/Q?® curve exhibits
no minimum. We thus conclude that the slowing down
of the star dynamics in the crossover regime is due to the
collective motions of the arms at the length scale of R,.
This should be viewed as a consequence of the star
structure, namely, that an enhanced monomer-monomer
correlation exists at a distance of separation ~R,. This
enhancement in turn causes a peak in the Kratky plot of
the static form factor Q2P(Q) at @ ~ 1/R, and an increase
of the osmotic compressibility of the monomers corre-
sponding to a wavevector @ ~ 1/R,.!® This enhancement
is mainly due to interarm correlations. Consequently, it
effects primarily the collective dynamic response. In fact,
as we have remarked earlier, the single-arm dynamics in
the crossover regime shows just the opposite effect; i.e.,
the relaxation of the labeled arm is faster than that of a
comparable free linear chain in the range @ ~ 1/R,.

The Narrowness of the Minimum

The minimum of the reduced rate observed for the
polystyrene star appears to be significantly narrower than
that of the polyisoprene system. Furthermore, the scaling
behavior with respect to the radius of gyration is absent
for the polystyrene stars. Figure 5 displays the reduced
rate 2/Q° for the 12-arm polystyrene stars of different
molecular weight (PS6-12 and PS4-12) as a function of the
scaling variable v. The larger molecular weight star was
studied in toluene at 100 °C. In order to make the results
for the two stars comparable, the magnitudes of Q/Q°® at
large @ were adjusted to each other (multiplication of the
PS6-12 results by 2.8). It is obvious that the decrease in
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Figure 5. Reduced relaxation rates Q/Q® for two PS stars at
different molecular weights (( ) M,, = 1.44 X 10% (®) M, = 5.09

X 10%) as a function of the scaling variable v. The lines are guides
to the eye.
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Q/@° commences at larger values of v for the high M, star.
Because of the higher molecular weight (and thus large R,),
the NSE spectrometer was not able to access a low enough
€ range to see the full minimum of the reduced rate for
the larger star. We relate this deviation from scaling to
the existence of an additional length in the dynamics of
polystyrene, which is important in the spatial range ac-
cessed by neutron spin—echo. As has been pointed out in
the literature,”® polystyrene has a rather low flexibility.
Consequently, the influence of intramolecular steric hin-
drances or the intramolecular potential extends to rather
long distances, thus introducing another length scale in the
spatial range covered by NSE. On the other hand, for the
flexible PIP® within the NSE range, universal behavior is
already reached. We also remark that the peak in the
Kratky plot for the PS star (Figure 1) is distinctly sharper
than that for the PIP star.® In fact, if we measure the
width of the Kratky peak halfway between the peak and
the high-Q plateau value in units of (AQR,), we find that
this width of the maximum for the polystyrene system is
roughly one-half of that of the polyisoprene system. It is
thus interesting to note that the width of the minimum
of the scaled line width for the polystyrene stars is also
just about one-half of that of the polyisoprene stars. Again
this strongly suggests the connection between the Kratky
peak and the slowing down of the relaxation rate, as one
would expect from a de Gennes narrowing process.

The Wide Crossover Regime Observed for the
Labeled Arm

The crossover of Q from a @? to a @ dependence for
linear polystyrene has been studied by Nicholson et al.?
It was observed that this crossover regime was very narrow,
as it was the case for the four-arm polyisoprene star
measured by Richter et al.> However, if we replot the data
for the one-arm labeled star of Figure 4 in terms of Q/Q?
vs @ (Figure 6), we realize that the crossover regime is very
broad. At first sight, it is surprising that Q/Q? increases
above the high-Q value before translational diffusion is
reached. Intuitively one could have reasoned that beyond
approximately R, also the internal relaxation of a single
arm should be retarded compared to that of a linear
polymer, since beyond R, the mean-square displacement
of a given segment has to pull behind the whole star.
However, on the other hand, as was seen in the SANS data
(Figure 2), the single arm is considerably stretched com-
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Figure 6. Reduced relaxation rates Q/@* obtained from the
one-arm labeled star (PS120A) as a function of @ and v. The solid
line represents the asymptotic @ behavior due to internal Zimm
modes. The dashed line indicates the slow crossover to trans-
lational diffusion.

pared to a linear polymer (I ~ @'® instead of I ~ @5/3),
Perhaps this gives rise to effectively stiffer segments as 1/Q
increases beyond a few bond lengths. The larger 1/Q, the
stiffer the mean segment, and the higher the characteristic
frequency until 1/@ > R,. Then the center of mass dif-
fusion dominates again.

In spite of the simple geometry of the multiarmed star
branched polymer, the dynamics and structure of a finite
size star polymer appear to be interesting and rich in
physics. Through the advances in the modern synthetic
chemistry, monodispersed star polymers with specific la-
beling by deuterium substitution can be produced. This
allows the neutron scattering technique to probe not only
the relation between structure and dynamics of the whole
molecule but also any of the designated parts. We have
learned that the characteristic minimum in the scaled line
width of the collective relaxation of star polymers does not
appear in the dynamics of a single-labeled arm in the star

structure. Furthermore, the polystyrene star does not seem
to obey the scaling behavior observed in the polyisoprene
systems. Nevertheless, the static form factors of the
polystyrene star and its labeled arms reflect the anomaly
of the observed dynamics. A more fundamental theoretical
approach to these observations should prove useful for the
understanding of not only the star polymers but also other
branched system, including polymer networks.

Registry No. Neutron, 12586-31-1; polystyrene, 9003-53-6.
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ABSTRACT: A previously presented mean-field lattice theory (Macromolecules 1986, 19, 2420) is extended
to treat chain stiffness. The effect of bending energy on the configurational properties of chains at semicrystalline
interfaces is analyzed. The width of the interfacial region and the degree of adjacent reentry are presented
as a function of chain stiffness. A comparison with the case of chains bounded by a hard wall is given.

Introduction

The configurations of long-chain molecules at the
crystal/amorphous interface in semicrystalline polymeric
materials has been actively debated for a number of
years.”® A melt of long-chain molecules when cooled forms
a series of lamellar crystals which are separated by

amorphous regions. The chains can be many times longer
than the width of these lamellae and thus they may pos-
sibly traverse the crystal and amorphous regions many
times.

A large number of the chains which exit the crystal must
reenter it so as to avoid an anomolously high density in
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