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Direct Observation of the Transition from Free to Constrained Single-Segment Motion
in Entangled Polymer Melts
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We report a direct determination of the time dependent mean-squared segment displacement of a
polymer chain in the melt covering the transition from free to constraint Rouse relaxation along the
virtual tube of the reptation model. This has been achieved by a neutron spin-echo (NSE) measurement
of the segmental self-correlation function as conveyed by the spin-incoherent scattering from two fully
protonated polymer melts, polyethylene and polyethylene propylene. Within the scenario of de Gennes
reptation model a transition of the time dependence of segmental mean-squared displacements from
x t1/2 to o 11/4 is expected and clearly corroborated by the incoherent NSE results.
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Beyond a certain length polymer chains in a melt are
subject to topological constraints of motion due to entan-
glements. As a consequence in high molecular weight
(M) melts the viscosity 1 becomes proportional to M>*
instead of mp« M for low molecular weights [1].
Furthermore in the viscoelastic properties of the melt at
intermediate frequency w a plateau in the modulus G(w),
i.e., a transient rubbery network is observed [2]. A com-
prehensive recent review on viscoelasticity in entangled
polymers may be found in Ref. [3]. Microscopically the
single chain structure factor S(Q, t) as observed by neu-
tron spin-echo (NSE) spectroscopy on deuterated melts
containing a few h-labeled chains provides clear evidence
for the restriction of motion [4,5] and corrobates all the
features of the de Gennes dynamic structure factor for
local reptation [6—9]. The mean-squared segmental dis-
placements (r*(¢)) in the reptation scenario are given by
an initial entropy driven Rouse motion [{r2(r)) o r'/2] for
t <rt,. At 7, the segmental diffusion slows down due to
the ““contact’” with the “walls” of the virtual tube, fur-
ther motion, termed local reptation, is a quasi-one-
dimensional Rouse relaxation along the contour of the
virtual tube [(r2(¢)) o« ¢'/4][8]. This work presents the first
direct measurements of (?(¢)) in space and time in terms
of the proton self-correlation function of diffusing seg-
ments in long chain polyethylene (PE) and polyethylene
propylene (PEP) melts. The measured self-correlation
function very clearly displays the predicted crossover
from free Rouse motion to local reptation. Considering
the non-Gaussian character of the segment motion along a
1D contorted tube, in the frame of the reptation model
the single chain dynamic structure factor and the self-
correlation function agree quantitatively. The resulting
tube diameter thereby is significantly larger than what
is inferred from rheology [10,11].
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The PE and PEP samples were obtained from parent
1,4-polybutadiene and polyisoprene, respectively, which
were synthesized by anionic polymerization [12]. PE and
PEP were obtained by subsequent hydrogenation (deuter-
ation). For the present investigations PE with a mole-
cular weight M,, = 190 kg/mol and PEP with M, =
80 kg/mol was chosen, both well in the entangled state.

The incoherent NSE experiments have been performed
at the NSE-FRJ2 spectrometer at the DIDO reactor in
Jiilich [13] on fully protonated PE and PEP samples of
0.3...0.4 mm thickness. The polymer layers had a trans-
mission of 60%. There are some disadvantages as well as
virtues of using a conventional NSE spectrometer for the
spectroscopy of spin-incoherent scattering. First of all,
NSE is the only neutron spectroscopic method with suffi-
cient time/energy resolution in the relevant Q range, but
there is an inherent penalty due to the fact that the spin of
the scattered neutron is flipped with a probability of 2/3,
i.e., the remaining net polarization is —1/3 of the original
yielding a sign reversed reduced echo signal on an addi-
tional background amounting to 2/3 of the total scatter-
ing. A virtue of the spin-flip scattering is that multiple
scattering is efficiently suppressed since two subsequent
scattering events only leave 1/9 of the signal and more
events further reduce the contribution to the echo ampli-
tude. The overall intensity is much smaller (10...20
times) than the coherent small angle scattering from
chain labeled samples. Because of the low intensity
very careful background measurements from the sample
container and spectrometer components are necessary.
The total measuring time for each single (Q, ¢) pair (in-
cluding background) was 5 h, requiring for a very high
temporal stability of the instrument. The neutron wave-
length of A = 0.8 nm allowed for a Fourier time range
0.1 ns =t = 22 ns in the normal instrument setup and
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0.01 ns =t = 0.13 ns in a special short time configura-
tion with small precession coils in the sample region. All
data shown stem from an integrated detector area of
615 cm?.

Figure 1 shows the incoherent scattering data from the
hPE sample at 509 K. The background has been sub-
tracted as measured using the measured transmission
ratio, without any further corrections. Note that the short
time behavior follows the Rouse prediction (solid lines),
i.e., without further correction S;,.(Q,7r— 0)— 1 as
expected.

For the very long PE and PEP chains studied here
virtually all of the scattering intensity stems from ‘‘in-
ner’”’ segments. These should exhibit identical segmental
diffusion and if the assumption of a Gaussian shape of the
diffusive displacement probability distribution would
hold for all times the scattering function could be written
as

Swl@ 0 =ex| ~c W] W

allowing to extract the mean-squared segment displace-
ment directly from —61n[S;,.(Q, 1)]/Q* = (r*(1)). Fig-
ure 2 displays the hPE data in this representation.

As predicted by the standard Rouse theory [8] as well
as by a number of computer simulations [14—17] segment
diffusion is described by the mean-squared displacement

[18]
(PP(t)) = 2yWI*/ar 12, (2)

Inserting the previously determined value for the
Rouse rate W(509K)/* =7 = 0.7nm*/ns [19] from the
analysis of the single chain structure factor of low mo-
lecular PE melts, Eq. (2) is quantitatively corroborated.
Also a transition to a regime with a different power law
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FIG. 1. NSE data obtained from the incoherent scattering

from a fully protonated PE melt. At the range boundaries
(gray bar) of the two spectrometer configurations (short or
normal, see text) the data quality is worse than the bulk of the
data points as seen by the sizes of the error bars. Lines see text.
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compatible with o /4 is clearly visible. However, the
crossover occurs at about 7, = 1 ns which is much less
than the textbook value [8] derived as [7,]pg = d*7/
(36W1*) ~ 7 ns, where the elementary step length of the
Gaussion contorted virtual tube is identified with the tube
diameter (d = 4.8 nm [7,9]). Following Refs. [8,18] the
mean-squared segment displacement due to local repta-
tion has been approximated as

(PR = @\/2/3(Wi*t /m)"/*, 3)

Inserting d = 4.8 nm leads to the dotted line in Fig. 2,
its intersection with the = ¢'/2 line defines 7, = [7,|pg,
however the value of 7 ns is grossly wrong; fitting the data
with d as a free parameter rather yields d = 3 nm.

Applying the same evaluation procedure as described
above, the mean-squared displacements of h-PEP were
obtained. Figure 3 displays the results.

Again a deviation from (r2(¢)) o /2 is clearly visible
for + = 10 ns and Eq. (2) is corroborated for ¢ < 10 ns.
Using W(492K)[* = 3.26 nm*/ns [19], the data were fit-
ted with Egs. (2) and (3), yielding a crossover time of
7, =84 ns and a tube diameter of about 4.3 nm. To
compare this result with the tube diameter obtained
from the single chain dynamic structure factor of PEP, a
measurement on a sample with 10% protonated PEP in a
matrix of deuterated PEP has been performed at the
ultrahigh resolution spin-echo spectrometer IN15 in
Grenoble, France.

Figure 4 shows the result. The coherent dynamic struc-
ture factor in the framework of the reptation model is
given by the expression of de Gennes [6]

S(Q,
;(QQ)I) =[1—-F(Q)] exp(q_i0 )erfc(\/t/ro)
+ F(Q)Sescape(Td; Q» [); (4)
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FIG. 2. Same data as shown in Fig. 1 in a representation of
—61n[S;,.(0, )]/ 03, i.e., the mean squared displacement (r(¢))
as long as the Gaussian approximation holds. Solid lines
describe the asymptotic power laws (r2(r)) = '/2, (/4.
Dashed and dotted lines: see text.
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FIG. 3. Data of h-PEP in the representation of

—61n[S;,.(Q, )]/ Q% vs time for T = 492 K. Solid lines de-
scribe the asymptotic power laws. Dotted and dashed lines:
see text.

where F(Q) = exp[—(Qd/6)?] is the (cross-sectional)
form factor of the tube. The two time scales in Eq. (4)
are givenby 7, = 36/(WI*Q*) for the local reptation due
to Rouse type segment diffusion along the tube and 7, =
3N312/(7m*Wd?) for the reptation type escape of the chain
from the tube. Here, N « M, is the number of segments
per chain (N = 2860). In the accessible NSE time range
the tube escape term is virtually constant for the high M,
PEP. The solid lines in Fig. 4 represent a fit with Eq. (4)
simultaneoulsy to all Q values. The tube diameter d was
varied as the only free parameter, yielding d = 6 nm, i.e.,
[7.]oe = 40 ns (see dotted line in Fig. 3), again in contra-
diction to d = 4.3 nm and 7, = 8.4 ns, obtained from an
interpretation of the incoherent data in terms of the
Gaussian approximation.

In the derivation of Eq. (3) the Gaussian width after a
diffusion time ¢ of the single segment distribution along
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FIG. 4. Single chain dynamic structure factor S(Q, t)/S(Q)
from a M,, = 200kg/mol PEP melt at T = 492K for the
scattering wave vectors: Q =03 nm~ ', 0 =0.5nm™ !, Q =
0.68 nm™!', 0 =0.77nm™!, 0 =09 nm~!, 0 =1.15nm™!,
from above. Solid lines represent a fit with Eq. (4).
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the 1D tube contour path coordinate, s, is taken for the
time dependent displacement. Projecting this on the
Gaussian contorted tube again corresponds to a Gauss-
ian sublinear diffusion in real space [Eq. (3)]. However,
the real process has to be modeled by projecting the
segment probability distribution due to curvilinear
Rouse motion on the linear coordinate s onto the random
walk like contour path of the contorted tube leading to a
non-Gaussian probability distribution of the segment at
times ¢ > 7,. The necessity to perform the proper averag-
ing has first been shown by Fatkullin and Kimmich [20]
in the context of interpretation of field-gradient NMR
diffusometry data [21] which yield results that are analo-
gous to the incoherent neutron scattering functions, how-
ever in another time and space regime covering mainly
the regime 7, <t < 7,. Their result

QLW [ £ 0]

Sinc(Q: t> Te) = exp[ 72 3 6\/§ 3

(&)

invalidates the Gaussian approximation for times above
7,. We note that Eq. (5) is strictly valid only for t > 7,
when (r%(1)) > d*. The effect on the scattering function
is that if (wrongly) interpreted in terms of the Gaussian
approximation the crossover to local reptation appears to
occur at significant lower values of 7,.

Figsures 1-3, show a comparison of the scattering
function S;,.(Q, ?) as predicted by Egs. (1) and (5) (dashed
lines) with the incoherent NSE data. The parameters Wi*
and d were fixed to the values taken from the coherent
single chain structure factor measurements. For PE and
Q = 1 nm™! the free Rouse regime (¢ < 7,) as well as the
local reptation regime is well reproduced by a combina-
tion of Egs. (1) and (5). For Q = 1.5 nm™! in the case of
PE and for Q = 1 nm™! for PEP the prediction of Eq. (5)
lies slightly outside the error band of the data points
(lower dashed line). With increasing Q values the spatial
resolution increases. Agreement with theory may be ex-
pected only for Q values <27r/d. For the tube diameter
of 4.8 nm in PE the “limiting” wave vector would be
1.3nm~!' which may explain why at Q = 1.5nm™! devi-
ations become visible. The same holds for PEP, where with
d = 6 nm, the typical wave vector would be about Q =
1 nm~!. Since Eq. (5) is strictly valid only when the
segment displacement is large compared to the tube di-
ameter, in the transition regime an unknown crossover
function may modify its detailed behavior. Thus, whereas
some questions remain on the validity of the limiting
expression for S;,.(Q, f) in the transition regime around
7,, deviations from the Gaussian approximation well
above 7, must be assumed. Besides the theoretical argu-
ment [20] the observed value of the crossover time 7,
provides strong evidence for this.

The above described behavior renders a direct com-
parison with published computer simulation results
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[14,16,22,23] difficult as soon as the pure Rouse regime is
left, since these are expressed in terms of mean-squared
displacements/distances of various chain elements as a
function of time. The simulations generally show a less
pronounced transition from the ¢'/2 to the t"~!/* regime
than the present experimental results. The inferred ex-
ponent p is somewhat larger than 1/4, e.g., (p = 0.36)
[16], or approaches 1/4 [23]. To improve the comparison
of incoherent scattering with the dynamic structure factor
and computer simulation, S;,.(Q, t) should be extracted
from simulation results—with negligible extra effort—
where often only the mean-squared displacements are
computed. These results could then be immediately com-
pared with the neutron spectroscopic data in the short
time range and versus field-gradient NMR at longer times.
Finally, we note that the dimensions of local confinement
observed at the proper mesoscopic scales are significantly
larger than what is deduced from rheological tube diame-
ter determination: d*F = 4.8 nm vs d*F = 3.2 nm (rheol-
ogy) [10] and dE? = 6 nm vs d"*F = 4.3 nm (rheology)
[11]. Obviously the local freedom for segmental motion is
larger than anticipated so far from rheology.

In conclusion incoherent neutron spin-echo spectros-
copy has for the first time enabled a direct measurement
of the crossover from single segment Rouse motion to
local reptation. Applying the proper corrections for non-
Gaussianity effects the self-motion of a segment quanti-
tatively agrees with the expectation of a tube model with
parameters as obtained from the coherent single chain
structure factor [9].
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