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ABSTRACT: We present a study of the structure and dynamics of long-
chain syndiotactic polypropylene (s-PP) melts by small-angle neutron
scattering (SANS), rheology, neutron backscattering, and neutron spin echo
spectroscopy (NSE). From SANS, we determine the characteristic ratio of
C∞ = 11.5, which is larger than that obtained from previous experiments but
in good agreement with simulation. Concerning dynamics, in the Rouse
regime, neutron backscattering and incoherent NSE revealed Rouse rates
that very well agree with each other, demonstrating the consistency of
measurements in energy and time space. The single-chain dynamic structure
factor was also measured by NSE. As none of the conventional data
evaluation schemes for local reptation were successfully applicable, we used
the novel extended de Gennes dynamic structure factor [Monkenbusch, M.
et al. J. Chem. Phys. 2023, 159, 034902]. We found that s-PP displays a
strongly asymmetric tube with an aspect ratio of about 0.5. Allowing for a small non-Gaussianity improves the fit. The scaling
properties of the Monkenbusch dynamic structure factor are well fulfilled also for s-PP. Contrary to intuition, the tube asymmetry
appears not to be related to chain stiffness at least not in the range of C∞ = 5 (polyisoprene) and 11.5 (s-PP).

I. INTRODUCTION
Long-chain polymer melts exhibit a salient viscoelastic
behavior. The rheological properties stem from topological
confinements: in the melt, the long polymer chains entangle
each other and mutually restrict their lateral segmental
motions. A given chain is then confined to motion along its
own contour. The most successful model to describe this
entangled dynamics is the reptation model,1−3 which describes
the lateral constraints by a virtual tube. At early times within
the tube, the long chains undergo free Rouse motion4 as is the
case for short unentangled chains. When the chains start to feel
the constraints by the others, the motion then can only occur
along a tube-like profile, and the chains “reptate”. The lateral
confinement length, which may be described as a tube
diameter, is thereby identified as the distance between two
entanglements along the chain, which corresponds to the step
length of the tube. The introduction of only one additional
parameter, the tube diameter, is already sufficient to describe
the entangled polymer dynamics.
However, the existence of only one confinement length in

long-chain polymer melts as assumed in the reptation model
has been questioned by mechanical (rheology) and micro-
scopic measurements (neutron spin echo spectroscopy (NSE))
on polyethylene (PE) and poly(ethylene-propylene) (PEP),5

as well as poly(ethylene oxide) (PEO),6 which yielded
different values for the tube diameter. In the theory of
viscoelasticity, the plateau modulus obtained by rheological
measurements is related to the microscopic tube diameter,

which can be determined by NSE investigations. NSE
spectroscopy on a few protonated chains in a deuterated
matrix observes the segmental fluctuations of the chain. For the
different polymers, the value of the tube diameter obtained by
NSE is higher than the rheological value; however, the ratio
drheo/dNSE is about the same. This points to a general feature
that could be explained by the different measuring methods. If
this were true and there would exist only one length scale, their
ratio should be comparable for all polymers.
In a recent paper,7 the dynamic data of 5 different polymers

have been revisited and reanalyzed. As before, they observed
different tube diameters as determined from rheology and
NSE, albeit with a similar ratio between NSE and rheology
results. To analyze the NSE data more thoroughly, the
standard tube model has been extended to incorporate the
Rouse dynamics within the tube and non-Gaussianity effects.
Moreover, a tentative asymmetry factor was introduced to
allow for a difference in lateral and longitudinal tube
dimensions. For the different polymers, there seems to be an
indication of an asymmetric tube, although the asymmetry
factor is relatively close to 1 except for the case of polyisoprene
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(PI). From MD simulations of PE and polybutadiene (PB),8

some larger differences in lateral and longitudinal tube
dimensions were found, with the ratio varying between 0.7
and 0.9.
To rule out the possibility that the systematic difference in

the tube diameter from NSE and rheology is just due to
different measuring and interpretation methods and to further
explore the anisotropic confinement in the NSE data, a
polymer with different properties has to be investigated. The
question arises whether the stiffness of a polymer chain might
induce differences between the longitudinal and lateral tube
dimensions. An ideal candidate is syndiotactic polypropylene
(s-PP), which shows a significantly larger stiffness than the
other investigated polymers and a sufficiently high mobility for
NSE experiments. The underlying notion is that if due to the
high stiffness of s-PP, the ratio of longitudinal confinement and
lateral tube diameter is significantly larger compared to the
other investigated polymers, two independent length scales
determine the restriction of motion in long-chain polymer
melts.
The stiffness parameter C∞ for s-PP is considerably higher

than those for other polymers. Experimentally determined
values from the literature cover a range of C∞ = 6.8 at 448 K9

to C∞ = 9.2 at 463 K,10 all for samples with a polydispersity of
∼2 or higher. In simulations, even higher values were found;
C∞ = 11.7 for MC simulations at 450 K11 and C∞ ≈ 11 for
MD simulations at 473 K.12 Until recently, a narrowly
distributed s-PP was not available. For the underlying work,
fully protonated and deuterated s-PP with a high molecular
weight has been successfully synthesized. The dynamic moduli
and the dynamic structure factors have been measured. The
data were analyzed in terms of standard Rouse and reptation
models as well as with the recently developed method. In
Section II, the models are briefly recapped, and in Section III,
the experimental details are given. The data are analyzed in
Section IV and discussed in Section V, with a summary in
Section VI.

II. THEORY
II.I. Modeling of Dynamic Structure Factors. Neutron

scattering provides access to the polymer dynamics (and
structure) directly at the level of the chains. In this work, we
have studied both the segment−segment pair-correlation
function within a labeled chain in the melt as well as the
segment self-correlation function (here, we take the monomer
as the chain segment). Studying a labeled chain in the melt
gives rise to coherent scattering monitoring the pair-correlation
function; in terms of the Gaussian approximation for the
intermediate scattering function we get
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The sum runs over all segments m, n at different times t = 0
and t within a given chain, q is the momentum transfer, and N
is the number of monomers or segments within the chain. The
segmental mean-squared displacement (MSD) may then be
calculated, e.g., in the framework of the Rouse dynamics,4

which considers a chain in a heat bath or the local reptation
picture, as provided by de Gennes13 and further developed by
Monkenbusch et al.7

By incoherent scattering, the segment self-correlation is
measured. For a Gaussian chain with Rouse dynamics, the
incoherent scattering function is given by
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l

3
2= is

determined by the segmental friction ξ and the temperature
T; l is the segment length.
The Rouse model applies to short unentangled chains and to

long entangled chains at early times below the entanglement
time τe. The entanglement time is the Rouse time of a chain
with the end-to-end distance Re2 = Nel2, with Ne being the
number of segments between two entanglements. Around that
time scale, the segments start to feel the constraints by the
other chains, which are described in the reptation model by a
virtual tube confining a given chain to a one-dimensional
Rouse motion along the tube profile, so-called local reptation,
and a slow diffusive creep motion out of the tube. In the
standard reptation model by de Gennes, the dynamic structure
factor is then

S q t F q S q t F q S q t( , ) 1 ( ) ( , / ) ( ) ( , / )loc 0 esc d= [ ] +
(3)

with F(q) = exp(−(qd/6)2) usually taken as an approximation
of a tube form factor14 with the lateral tube diameter d
identified with the distance between two entanglements and
equal to the tube step length d N le

2= ; τ0 and τd are the time
scales for local reptation and the terminal time of the reptation
process, respectively. Equation 3 neglects the Rouse motion
lateral to the tube profile. Within the accessible NSE time
window, the creep motion out of the tube is too slow to be
observed, so that Sesc = 1. For shorter chains, reptation limiting
processes such as contour length fluctuations3 might become
visible within the NSE window.15

In a recent paper,7 de Gennes’ reptation model has been
further developed. Besides refining the local reptation
contribution, the Rouse dynamics within the tube has also
been incorporated by introducing a “Rouse blob” of size
R f N le e

2= , with the longest relaxation time τe = Re4/(π2Wl4),
describing the lateral Rouse motion within the tube; f is a
proportionality factor, which, if different from 1, allows for an
assessment of a potential asymmetry of the tube. Based on
previous experimental findings,16,17 non-Gaussian effects were
also included for the Rouse blob motion. In her theoretical
paper, Guenza18 came to the conclusion that the chain
dynamics is non-Gaussian, which she described in terms of a
non-Gaussian parameter α(t). The scattering function for the
Rouse blob then becomes
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Motivated by Guenza’s simulation findings, a logarithmic
Gaussian function for the non-Gaussian parameter α(t) =
α0 exp[−((ln t − ln tmax)2/(2σ2))] has been introduced with
αmax = α0, tmax = τe, and σ, the width of the distribution.
II.II. Modeling of the Static Structure Factor. In small-

angle neutron scattering (SANS), the measured intensity is
proportional to the macroscopic differential scattering cross
section. This is connected through a contrast factor with the
static structure factor S(q, t = 0). As the used samples consist
of a mixture of deuterated and protonated chains, both with a
nearly bimodal molecular weight distribution (see Section
III.I), the random phase approximation (RPA) for a 4-
component system was considered.19,20 As will be shown later,
the specific interactions between deuterated and protonated
segments are unmeasurably small; therefore, the Flory−
Huggins interaction parameter is fixed to zero. The macro-
scopic differential scattering cross section for a 4-component
system of shorter and longer protonated and deuterated chains
(labeled h/H and d/D) is then
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with Δρ2 the scattering contrast between deuterated and
protonated s-PP, and the single static structure factors Sii0(q, l)
= NiφiviPi(q, l) with the number of monomer (= segments) Ni,
volume fractions φi, and monomer volumes vi of the different
components in the mixture. Pi(x) are the Debye functions for
Gaussian chains, P x x( ) (e 1 )i x

x1
2= + with x = q2Rg,i2 , with

the radii of gyration R Nli ig,
2 1

6
2= allowing to determine the

monomeric statistical segment length l.
II.III. Modeling of Dynamic Moduli. The standard model

to describe the dynamic moduli of linear polymers is the
Likhtman−McLeish model.21 It provides basic parameters
such as plateau modulus and entanglement time. Due to the
onset of crystallization of s-PP in the interesting and required
temperature range, however, the accessible frequency window
is quite limited and does not allow a reliable determination of
the different unknown parameters. Therefore, the dynamic
modulus has been described by the empirical BSW model,22

which assumes a continuous relaxation spectrum H(τ) to
describe the storage and loss modulus

G H

G H
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2 2 2 2

2 2
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The spectrum combines entangled and glassy regime in the
form of H(τ) = Heτne + Hgτ−ng for τ0 < τ < τmax and H(τ) = 0
outside this range, with He = neGN

0 τmax
−ne and Hg = ngGN

0 τ0
ng. The

spectrum is thus limited to the range between a minimum time
τ0 and maximum time τmax, the latter related to thedisentangle-
ment time τd. ne and ng are the slopes in the respective regimes.
The Rouse/glassy regime at high frequencies was not
accessible in our experiment, but nevertheless, from the low-
frequency entangled regime, the plateau modulus GN

0 can be
obtained. From the pure reptation model, ne = 1/2 is expected
but crosses over to ne = 1/4 if contour length fluctuations relax
the chains faster than reptation out of the tube does. It changes
the effective slope of the high-frequency wing of the terminal
loss peak for not too long polymers. The Likhtman−McLeish
model provided the physical background for the alleged
universal value for ne = 1/4. The plateau modulus contains the
length scale of tube confinement G RT

MN
0

e
= with Me the

entanglement molecular weight and ρ the density.

III. EXPERIMENTAL METHODS
III.I. Sample Preparation. Syndiotactic polypropylene has been

synthesized by highly syndiospecific living olefin polymerization.23

Three different samples were prepared: For the SANS and coherent
NSE experiments, a set of protonated and deuterated s-PP was
synthesized, with the protonated sample also being used for the
backscattering spectroscopy. For the incoherent NSE measurement, a
second fully protonated sample has been synthesized. The procedure
for the first set of samples (protonated resp. deuterated) is as follows:
In a glovebox, a 6 oz Lab-Crest pressure reaction vessel (Andrews
Glass) equipped with a magnetic stir bar was charged with dried
PMAO (Albemarle; 435 mg, 7.5 mmol Al) and toluene (150 mL).
The reaction vessel was brought out of the glovebox and cooled to
−78 °C in a dry ice/acetone bath. The reactor atmosphere was
exchanged with propylene resp. propylene-d6 three times, and then
the solution was saturated under pressure (40 psi). The reactor was
then closed to propylene and warmed to 0 °C. The titanium catalyst
(bis[2,4-bis(1,1-dimethylethyl)-6-[[(2,3,4,5,6-pentafluorophenyl)-
imino-κN]methyl]phenolato-κO]dichlorotitanium;23 46 mg, 0.050
mmol) was dissolved in toluene (4 mL) at room temperature under
nitrogen, and the solution was added to the reactor via a gastight
syringe to initiate the polymerization. The polymerization was allowed
to proceed for 20 h or 16.5 h at 0 °C. The reactor was vented, and the
polymerization was quenched by addition of methanol (MeOH). The
polymer was precipitated in 5% HCl/MeOH, filtered, washed with
MeOH, and then dried in vacuo to a constant weight. The procedure
for the second protonated s-PP was the same except for the amount of
dried PMAO (870 mg, 15.0 mmol Al) and titanium catalyst (91.5 mg,
0.100 mmol, dissolved in 8 mL of toluene), and the reaction vessel
was cooled down to only 0 °C in an ice bath, and the polymerization
proceeded for 24 h.
All samples have been characterized by absolute gel permeation

chromatography (GPC) measurements with both light-scattering
detection and refractometer (filtered with 0.45 μm filter in
trichlorobenzene, 135 °C, Dow, Benelux) (see the Supporting
Information (SI)). This revealed a skewed or bimodal distribution
for the first protonated and deuterated samples. The molecular weight
was estimated to be about 45% 105 kg/mol and 55% 200 kg/mol for
the deuterated s-PP and about 40% 105 kg/mol and 60% 174 kg/mol
for the protonated component. The overall polydispersity index was
Mw/Mn ∼ 1.37−1.39. For the second protonated s-PP sample (for the
incoherent NSE measurements), the absolute GPC measurement
gave a molecular weight of 109 kg/mol with comparable
polydispersity of 1.4.
For the different measurements, the samples have been stabilized

with dibutylhydroxytoluene (BHT) as the antioxidant. For the SANS
measurements, a mixture of 1, 2, and 3 mass% deuterated s-PP in
protonated s-PP was compression-molded under vacuum and filled
into quartz sandwich cells with a copper frame, where the 2% mixture
has also been used for the rheological measurements. For the
coherent NSE measurement, a mixture of 10% protonated chains in a
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deuterated matrix has been used, sealed under an inert atmosphere in
a standard niobium container. For the backscattering and incoherent
NSE measurements, pure protonated samples have been used in
sealed aluminum containers.
III.II. Rheological Measurements. The linear viscoelastic

properties of the syndiotactic polypropylene were measured on an
ARES rheometer (Rheometric Sci) using a 2K FRNT transducer in
oscillatory shear in parallel plate geometry with a diameter of 8 mm.
Isothermal frequency sweeps between 0.01 and 100 rad/s and
temperatures varying from 160 to 120 °C in steps of 10 °C were
performed on a sample of about 1 mm thickness. A liquid nitrogen
blanket prevented accidental oxidation during the measurements.
Master curves at the reference temperature T0 = 160 °C were
generated by a two-dimensional shifting algorithm using the
instrument software. Average C1 and C2 factors from the limited
number of temperatures were determined from fitting the WLF
equation log aT = −C1(T − T0)/(C2 + (T − T0)) to the temperature-
dependent shift factor aT.
III.III. Neutron Scattering. The use of neutron scattering allows

access to the structure and dynamics of the polymer chains directly on
a molecular level. Protons and deuterons have different neutron
scattering lengths, providing contrast to measure the coherent
(dynamic) structure factor. For fully protonated samples, one
measures the incoherent dynamic structure factor, i.e., the self-
correlation function of the segments. The momentum transfer q in the
(quasi-) elastic case relates to the neutron wavelength λ as q = (4π/
λ)sin(Θ/2), with Θ being the scattering angle.

(i) Small-angle neutron scattering (SANS): For the determination
of the statistical segment length and stiffness parameter, the
static structure factors for three different concentrations (1, 2,
3%) of deuterated chains in a protonated matrix and three
temperatures (463, 473, 483 K) have been measured. Samples
were contained in copper−quartz cells and placed in an
electrical furnace under vacuum. The experiments have been
performed at the KWS-1 instrument at the Jülich research
reactor FRJ-2. The measurements have been done at 3
detector distances (2, 8, 20 m) at a neutron wavelength of 7 Å
with 20% dispersion covering a q-range of about 0.002−0.2
Å−1.

(ii) Neutron backscattering spectroscopy (BSS): For the inde-
pendent determination of the Rouse rate, a fully protonated s-

PP melt was studied by neutron backscattering using the
neutron backscattering spectrometer BSS at the Jülich research
reactor FRJ-2. The quasi-elastic spectra were measured for
three different temperatures (463, 473, and 483 K) at a
neutron wavelength of 6.2 Å covering a q-range of 0.2−1.9 Å−1.
The instrumental resolution is mainly determined by the
monochromator/analyzer crystals (Si111) and is about 1 μeV
(fwhm), as measured with a standard vanadium sample. By
motion of the monochromator, a Doppler shift of the incoming
neutron wavelength is achieved, providing a dynamic range of
±17 μeV. The data were normalized and corrected for
background from an empty sample holder.

(iii) Neutron spin echo spectroscopy (NSE): NSE spectroscopy
yields the intermediate scattering function S(q,t)/S(q). To
measure the segmental and chain dynamics, two different NSE
experiments have been performed. For 10% protonated chains
in a deuterated matrix, the single-chain dynamic structure
factor is measured, revealing the segment−segment pair
correlations within the labeled polymer. This was measured
with the IN15 NSE spectrometer at the Institut Laue-Langevin
at a temperature of 473 K and a wavelength of 15 Å, covering a
q-range of 0.03 to 0.115 Å−1 and a time range up to 170 ns.
The data were corrected for resolution and background; the
latter was obtained from a fully deuterated sample.
For a fully protonated sample, the incoherent dynamic

structure factor is observed, which yields the segment self-
correlation. The incoherent NSE measurements were
performed at the J-NSE operated by JCNS at the Heinz
Maier-Leibnitz Zentrum (MLZ) in Garching,24 at a temper-
ature of 473 K. A set of 3 q-values (0.1−0.15 Å−1) at a
wavelength of 8 Å was measured up to ∼40 ns. To further
extend the accessible time range up to about 120 ns, an
experiment at 12.8 Å for a q-value of 0.07 Å−1 has been done.
The data were corrected for resolution and background; the
latter was obtained from an empty sample holder.

IV. RESULTS
IV.I. SANS. For all of the samples in the temperature range

of 453−473 K, the SANS pattern did not depend on
temperature. At low q-values, all samples displayed a strong

Figure 1. Measured SANS intensity in dependence of q. (A) Simultaneous fit (lines) to all temperatures (black 453 K, red 463 K, blue 473 K) and
concentrations (circles 1%, squares 2%, diamonds 3%). (B) Simultaneous fit (line) to all temperatures (black circles, 453, red squares, 463, blue
diamonds, 473 K) for the 3% sample only.
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forward scattering. There, the scattered intensity follows
approximately a ∼q−4 dependence, indicating that it might
stem from surface or Porod scattering from microscopic voids
within the sample, overlaid by the polymer form factor. After
subtracting the different incoherent background levels, the
concentration-dependent scattering intensity can be accounted
for by normalizing the resulting data with the corresponding
volume fraction ϕ(1 − ϕ) for each sample. Then, all data
overlap, except for the excess forward scattering at low q due to
the randomness in the origin of parasitic scattering. We do not
observe any influence from a Flory−Huggins parameter
between hydrogenated and deuterated species, and a common
RPA-function can be fitted for all three samples simulta-
neously.
Considering the bimodal molecular weight distribution of

both deuterated and protonated chains, a 4-component RPA
model is used (eq 5) to fit the data. Including the incoherent
background and the forward scattering, the full fit function is
then I(q) = I0IRPA(q, l) + I1q−4 + I2 with Ii intensity factors.
The resulting simultaneous fits are very good and result in a

monomer length of l = 7 Å (Figure 1A). Fitting additionally
the exponent of the forward scattering improves the fits only
marginally but then yields l = 7.2 Å. Since for the two lower
concentrations the fits are slightly but visibly worse than for the
3% sample, where the least parasitic scattering is observed and
the polymer contribution at low q is the highest, we limited the
fit to the highest concentration (Figure 1B). This yields a
segment length of l = 7.43 Å, which also does not vary so
strongly anymore with the exponent of the forward scattering:
if the exponent of the power law is fitted (yielding −4.3), the
variation of l to 7.48 Å is within the accuracy of determination.
The fitting error is smaller than 0.5%, but the systematic error,
e.g., due to uncertainties in molecular weight distribution, is
larger (on the order of few %). This value is also close to the
literature value of 7.6 ± 0.3 Å.25

The stiffness parameter C∞ can be determined from the
relation l2 = C∞nl02 with n the average number of main-chain
bonds per monomer (2) and l0 the average bond length (1.54
Å). With l = 7.4 Å, the stiffness parameter C∞ becomes 11.5,

somewhat larger than the literature value of 9.210 and in line
with findings from simulation, where, dependent on the
method, C∞ is in the range of ∼11 (MD)−11.7 (MC).11,12

Knowing the length l, the ratio of the end-to-end distance to
m o l e c u l a r w e i g h t c a n a l s o b e c a l c u l a t e d :

g1.3 Å mol/R
M

Nl
M

2e
2 2

= = . With that, the packing length26,27

can be obtained: p M
R Ne

2
A

= , with ρ the density and NA the

Avogadro constant, resulting in p = 1.68 Å. Compared to other
polymers, s-PP is quite stiff (large C∞), but the packing length,
which is the ratio of the occupied chain volume to chain
dimension, is small.
IV.II. Rheology. As syndiotactic polypropylene crystallizes,

it was not possible to measure the full modulus, only the
terminal flow regime was covered, showing the characteristic
loss peak of G″(ω). Although the sample has a close to
bimodal molecular weight distribution, the distribution for
each component is quite narrow. The peak molecular weights
differ roughly by a factor of 2, so that the terminal times should
be well separated by at least a factor of ∼23 = 8 on the
frequency axis. Therefore, a fit of the data with the BSW ansatz
was possible; fixing the slope ne to 1/4 results in a modulus of
1.15 MPa at 433 K (see Figure 2). With G RT

MN
0

e
= and a

density of 0.76 g/cm3, the entanglement molecular weight is
then ∼2.4 kg/mol. In the literature, a value of GN

0 = 1.35 MPa
at 463 K with then Me = 2.2 kg/mol is reported.28 Liu et al.29

argued that the value of the plateau modulus is overestimated
due to the used extrapolation. They determined the plateau
modulus with different methods, obtaining an average value of
GN
0 = 0.87 MPa at 463 K with then Me = 3.37 kg/mol.

Combining our result with the result from SANS for

g1.3 Å mol/R
M

2e
2

= , the rheological tube diameter can be

determined from d
M

R
M

2

e

e
2

= as d = 56 Å.

IV.III. BSS. Neutron backscattering spectroscopy was used
to observe the local segmental motion. In principle, the methyl
groups of the polymer also contribute to the dynamics, but at

Figure 2. Measured storage (red squares) and loss (blue circles) modulus for the 2% mixture for a reference temperature of 433 K. Lines are a fit
with the BSW model.
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elevated temperatures, where the measurements were
performed, the methyl group rotation is too fast for the
accessible dynamic window. After the subtraction of the empty
cell, no elastic contribution remains. Hence, the observed
quasi-elastic broadening can be described by one stretched

exponential function (KWW)
Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ( )S q t( , ) exp t= with the

stretching exponent β = 0.5 (Rouse expectation). The
measured scattering intensity is a convolution of the polymer
scattering function with instrumental resolution. The measured
instrumental resolution is fitted with a sum of Gaussian
functions, which then gives easy analytic access to the Fourier
transform time domain resolution. The convolution with the
resolution is then performed by multiplying the time-
dependent model function with the Fourier transform of the

fitted resolution function and then back-transformed to the
frequency domain by numerical Fourier transformation.30 The
relaxation time has been fitted for each q-value independently
(see Figure 3A). At higher q-values, the quasi-elastic signal is
too broad for the limited dynamic range to be fitted. At low q,
the relaxation times follow a q−4 dependence, as expected for
Rouse dynamics: τ = 9π/(Wl4)·q−4 (see Figure 3B). Limiting
the fit to q < 0.5 Å−1 where this relation is fulfilled, the Rouse
parameter Wl4 can be extracted. Only a weak temperature
dependence was observed; for the explored temperature range,
Wl4 varies from about 10700 to 15900 Å4/ns. At 473 K where
the NSE measurements have been performed, the Rouse
parameter is Wl4 = 12620 ± 1160 Å4/ns.
IV.IV. Incoherent NSE: Dynamic Self-Correlation. On a

hydrogenated sample, the NSE experiment measures the

Figure 3. (A) Example of backscattering data for T = 473 K and q = 0.16 Å−1 (symbols) with the KWW fit (line). (B) log−log plot of fitted time
scale vs q (symbols) for the 3 different temperatures with linear fits (solid lines) for the first 4 q-values.

Figure 4. (A) Incoherent NSE data for T = 473 K and q = 0.07, 0.1, 0.13, and 0.15 Å−1 (symbols top to bottom) with a fit of the incoherent Rouse
function (lines). (B) Extracted mean-squared displacement for the same data with the Rouse expectation (solid line ∼t1/2) and fitted power law for
the smallest q-value (dotted line ∼t0.34).
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incoherent dynamic structure factor in the time regime. As for
the case of the backscattering measurements at lower q, the
data is well described by the Rouse function for self-correlation
in the explored q and t range (Figure 4A). Only at longer times
(only measured for the smallest q) does there seem to be some
deviation. Taking the segment length from SANS (l = 7.4 Å)
and fitting the Rouse parameter for times t < 40 ns result in a
value of Wl4 = 11525 ± 195 Å4/ns, close to the result from
backscattering spectroscopy, demonstrating the consistency of
measurements in energy and time space. The mean-squared
displacement r S q t S qln( ( , )/ ( , 0))

q
2 6

2= extracted from the

measured dynamic structure factor displays a time dependence
∼t1/2 over most of the accessible time range, as expected for
Rouse dynamics (Figure 4B). Only the last few points seem to
deviate from this power law. When the segments reach the
tube confinement at the entanglement time τe, a change in
slope to a power law ∼t1/4 is expected. As was already seen for
other polymers, this crossover in the MSD signifying τe from
incoherent NSE data appears at much lower time values than
determined from coherent NSE data.5 But a good fit with a
slope of 1/4 for the last points could not be achieved. In order
to find a trend, we fitted only the lowest q data covering the
time range ∼5−120 ns. There, a power law ∼t0.34±0.04 is found,
which crosses the Rouse line at about 20 ns (dotted line Figure
4B). Although no clear ∼t1/4 range was found, taking the
observed deviation as a crossover from Rouse dynamics to
local reptation seems to be in agreement with the findings from
the coherent NSE measurements with τe on the order of 100
ns (see Section IV.V).
IV.V. Coherent NSE: Dynamic Pair Correlation. The

coherent NSE experiment measures the single-chain dynamic
structure factor. Neither the Rouse model at early times (with

the Rouse rate from incoherent NSE) nor the commonly used
de Gennes reptation model (with tube diameter fitted) at
longer times describes the data at all (Figure 5). Also, limiting
the reptation fit to times >80 ns does not yield a satisfactory
description of the “plateau” levels; the fitted tube diameter
changes from 61 to 63 Å. Fitting the plain Rouse model for
times <15 ns gives a too large Rouse parameter of about 31000
Å4/ns without describing the data beyond the fit range (except
for the smallest q-value). Fitting both tube diameter (141 Å)
and Rouse rate (1710 Å4/ns, way too small) in the reptation
model gives the best fit results but still no satisfactory
description of the data. Also, considering contour length
fluctuations (CLF)15 does not improve the fits.
In a next step, the data has been fitted with the extended de

Gennes model:7 In order to reduce the number of parameters,
as many parameters as possible were fixed: the segment length
to 7.4 Å from SANS, the Rouse parameter to 11525 Å4/ns
from the incoherent NSE measurement, and the number of
segments = monomers ∼2500. The bimodal molecular weight
distribution does not play an important role here: using the
number of segments of the longer chain does not markedly
change the fit results. The model considers a generalized local
reptation with a Rouse blob and CLF contribution. The effect
of CLF here is marginal, as the chains are long and only
contribute at large times. Additional non-Gaussianity con-
tributions are included, with τmax = τe and σ = 1 if not noted
otherwise. In order to obtain a good description of the data an
asymmetry factor f between the tube step length d l Ne= and
the lateral tube dimension characterized by the end-to-end
distance of the Rouse blob R fl Ne e= was also considered. In
the standard tube model, f = 1, with the tube diameter
corresponding to the tube step length. With an asymmetry

Figure 5. Measured single-chain dynamic structure factor for T = 473 K and q = 0.03, 0.05, 0.077, 0.096, 0.115 Å−1 (symbols top to bottom),
including a fit of the Rouse model (dashed lines) and standard de Gennes model (local reptation) (solid lines).
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factor different from 1, an effective tube diameter may be

calculated: d d R l N f( 2 ) (1 2 )eff
1
3

2
e
2 1

3 e
2= + = + . For f =

Re/d < 1, the tube is narrower in the lateral direction.
Already with the plain extended de Gennes model, an

improved fit is obtained but still deviations, in particular, of the
q-dependence are visible (Figure 6A). The only fitting
parameter is d, yielding a value of d = 58 Å; all other
parameters are fixed. In line with previous findings,7 the
influence of non-Gaussian (NG) effects was tested: allowing
additionally for a finite amplitude α0 in the fitting, only a
marginal improvement is obtained (Figure 6B). The NG
correction is small but leads to an unphysical “bump” at large q
and long times around τmax due to the neglect of unknown

q( )4 terms in eq 4. Fitting additionally the width of the NG
contribution and/or lowering τmax does not improve the
consistency of the fit (see the SI). A good description of the
data with reasonable parameters is only obtained when the
asymmetry factor f between lateral and longitudinal tube
dimensions is also allowed. The fitted tube step length is then d
= 106 Å, and the asymmetry factor f = 0.51, with only a very
small contribution of NG (Figure 6C). Nevertheless, some
deviations at intermediate times are still visible. Setting τmax =
0.3τe and fitting d, α0, and f, a very good description of the data
is obtained (Figure 6D). The NG contribution is increased,
but the other parameters are hardly changed. The asymmetry
factor is quite high, and the effective tube diameter is then 78
Å. Fitting also τmax results in a value of 0.25τe without

Figure 6. Coherent NSE data for T = 473 K and q = 0.03, 0.05, 0.077, 0.096, 0.115 Å−1 (symbols top to bottom) with a fit of the Monkenbusch
model (s. text). (A) Plain fit, (B) NG α0 fitted, (C) additional asymmetry factor f fitted, and (D) same as part (C) but with τmax set to 0.3τe.
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significantly changing the fit quality or parameters (see the SI).
The fit results are summarized in Table 1.

V. DISCUSSION
Syndiotactic polypropylene is one of the cases where the
dynamic structure factor for long entangled chains cannot be
well described with the standard de Gennes model for local
reptation. In particular, the q-dependence in the “plateau
regime” is off; therefore, a direct comparison of the extracted
tube diameter from the standard reptation model to the
rheological value is moot. Applying the Monkenbusch model
for the dynamic structure factor achieves a good description of
the data, when also an asymmetry between longitudinal step
length and lateral tube dimension is considered. The
Monkenbusch model applied to a number of different
polymers gave comparable results for the tube diameter as
obtained from the standard reptation model, with the notable
exception of polyisoprene (PI).7 For all of the investigated
polymers, there was an indication of an asymmetric tube, but
only for PI, the asymmetry factor was considerably smaller
than 1. The notion that s-PP features a more asymmetric tube
as a result of its stiffness does not concur with the observation
that the asymmetry for both s-PP and PI is about the same.
Both polymers show a remarkably similar behavior in terms of
the parameters obtained in the refined reptation model�the
best fits are obtained when f ∼ 0.5 resp. 0.4 and τmax ∼ 0.3τe.
The characteristic ratio for s-PP is more than a factor of 2
larger than that for PI (see Table 2). In consequence, the

stiffness seems not to be the decisive factor for an asymmetric
tube confinement. Also, the packing lengths p for the two
polymers are nearly a factor 2 apart.
The calculated effective tube diameter accounts for the

observed asymmetry (Table 1). Comparing the thus micro-
scopically obtained effective confinement length with the
rheological value for all investigated polymers, the latter value
is always smaller than the NSE result (see Table 2). This is in
line with the earlier similar observation with microscopic tube
diameters obtained from the standard de Gennes reptation
model.7 The ratio of the rheological tube diameter to the
effective tube diameter for all of the different polymers varies

between ∼0.6 and 0.8. The effective microscopic confinement
length seems to be systematically larger than the tube diameter
determined from the rheology. Looking at the ratio for
longitudinal and lateral tube confinement, it is noticeable that
only for s-PP and PI (where the asymmetry is largest) the
rheological value is close to the Rouse blob dimension,
whereas for the other polymers, this ratio also varies between
0.6 and 0.8.
In order to directly compare the different polymers,

Monkenbusch et al. scaled the different spectra onto each
other by using the previously determined plain model
parameters of one polymer and rescaling its length and time
scales to match the second polymer. They found that the q-
scaling factor pertains to the ratio of the corresponding tube
diameters and the time scaling to the ratio of the entanglement
times. This scaling approach leaves aside any subtle NG-effects,
which seem to be rather more polymer-specific.
To compare now the s-PP spectra with PE as reference data,

the q-scaling factor is fitted and the time scaling factor is
calculated from that tscale = τe/τe,ref = (Wlref4 /Wl4)·qscale4 . The
comparison is shown in Figure 7A, and the fitted q-scaling
factor is 1.21. With the scaling factors, the obtained tube
diameter for s-PP from the PE reference values is 59 Å and τe =
106 ns, very close to the values obtained with the plain model
fit. Thus, s-PP also follows the same scaling relation, but
deviations are also visible, in particular, in the q-dependence.
This is probably due to the highly asymmetric tube for s-PP,
whereas the asymmetry factor for PE is close to 1. The
deviations are similar in the case of PI compared to PE.
Thus, a comparison to PI might be useful. For PI,

Monkenbusch et al. also found a similar asymmetric tube
with an asymmetry parameter f = 0.41 compared to f = 0.51 for
s-PP under the same fitting conditions (D). Scaling s-PP to PI,
we kept the non-Gaussianity in the spectra rescaled from PI;
Figure 7B presents the result. Considering both asymmetry
and non-Gaussianity in the calculation of the rescaled PI-
spectra leads to a nearly perfect agreement between both data.
With this approach for s-PP from the fitted q-scaling factor, we
obtain a tube step length of d = dPI·0.86 = 129 Å and a lateral
dimension of Re = 53 Å, the corresponding time scaling
yielding τe = 69 ns. We note that allowing for a slight deviation
of the t-scaling from the τe ratio would further improve the
perfection of the match. This may reflect the uncertainty in the
determination ofWl4 in the case of PI. Both values for the tube
dimensions deviate somewhat from the results from the direct
fits of s-PP (see Table 1), which might also be due to the
slightly different asymmetry factors. Nevertheless, despite the
quite different characteristic ratios, the two polymers can be
well scaled to each other, again indicating that the polymer
stiffness seems not to determine the observed asymmetry and
that the suggested scaling properties7 are fulfilled.

Table 1. Fit Results and Resulting Parametersa

fit Ne α0 f d [Å] Re [Å] deff [Å] τe [ns] ssq

A: plain 62 0 1 58 58 58 100 13.4
B: +NG α0 75 0.11 1 64 64 64 147 10.9
C: +NG + asym f 204 0.04 0.51 106 54 75 76 4.7
D: C with τmax = 0.3τe 217 0.13 0.51 109 56 78 82 2.5

aNe: number of monomers in an entanglement strand, α0: strength of non-Gaussian correction, f: asymmetry factor, d: tube diameter, Re: Rouse
blob size, deff: effective tube diameter, τe: entanglement time, and ssq: χ2 of the fit.

Table 2. Comparison of Characteristics and Tube Ratios for
Different Polymers

polymer C∞ p [Å] f drheo/d drheo/Re drheo/deff
aPEO 4.8 1.94 0.81 0.58 0.72 0.66
aPI 5 3.2 0.41 0.40 0.98 0.60
aPB 5.3 2.29 0.9 0.72 0.81 0.78
aPEP 6.4 2.52 0.88 0.67 0.75 0.72
aPE 7.3 1.75 1 0.63 0.62 0.63
s-PP 11.5 1.68 0.51 0.51 1.0 0.72

aValues from ref 7.
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VI. CONCLUSIONS
We have studied the structure and dynamics of long-chain
syndiotactic polypropylene melts by SANS, rheology, neutron
backscattering, and NSE. The investigations were performed in
order to establish (i) the existence of asymmetric reptation
tubes, where the step length differs from the lateral dimension
and (ii) to scrutinize the hypothesis that chain stiffness
generates asymmetric tubes. The following results were
obtained.

• From SANS, we obtained the monomer length of s-PP l
= 7.4 Å leading to characteristic ratio of C∞ = 11.5,
which is larger than that obtained from previous
experiment but in good agreement with simulation.

• In the Rouse regime, neutron backscattering spectros-
copy revealed that the obtained Rouse rate Wl4 = 12620
± 1160 Å4/ns is in very good agreement with the
corresponding result from incoherent NSE Wl4 = 11525
± 195 Å4/ns.

• Incoherent NSE directly reveals the segmental MSD: for
times up to about 40 ns, the MSD(t) follows the Rouse
type t1/2 power law, while for longer times, a crossover to
a weaker power law exponent is visible.

• The single-chain dynamic structure factor was measured
by coherent NSE. As none of the conventional data
evaluation schemes based solely on de Gennes’ local
reptation in combination with a lateral tube form factor
yielded a good and comprehensive description, we used
the novel Monkenbusch dynamic structure factor. We
found that s-PP displays a strongly asymmetric tube with
an aspect ratio of about 0.5. The fits improved, allowing
for a small Non-Gaussianity of the Rouse blob dynamics.

• The tube dimension obtained from rheology is smaller
than the effective tube diameter obtained from the
dynamic pair-correlation function, with the correspond-
ing ratio similar to that from other polymers, although
C∞ is considerably larger for s-PP.

• The scaling properties of the Monkenbusch dynamic
structure factor are well fulfilled also for s-PP. Perfect

scaling to PI that displays similar asymmetry is achieved.
Finally, we note that counterintuitively the tube
asymmetry appears not to be related to the chain
stiffness, at least not in the range of C∞ = 5 (PI) and
11.5 (s-PP).
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Forschungszentrum Jülich GmbH, 85748 Garching,
Germany; orcid.org/0000-0002-3930-3602
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