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Abstract Neutron spin echo spectroscopy (NSE) provides the unique opportunity to unravel
the molecular dynamics of polymer chains in space and time, covering most of the relevant
length and time scales. This article reviews in a comprehensive form recent advances in the
application of NSE to problems in polymer physics and describes in terms of examples
expected future trends. The review commences with a description of NSE covering both the
generic longitudinal field set-up as well as the resonance technique. Then, NSE results for
homopolymers chains are presented, covering all length scales from the verylocal secondary
P-relaxation to large scale reptation. This overview is the core of the review. Thereafter the
dynamics of more complex systems is addressed. Starting from polymer blends, diblock
copolymers, gels, micelles, stars and dendrimers, rubbery electrolytes and biological macro-
molecules are discussed. Wherever possible the review relates the NSE findings to the results
of other techniques, in particular emphasizing computer simulations.

Keywords Neutron spin echo spectroscopy - Polymer dynamics - Reptation -
Glassy relaxation
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1
Introduction

Among the experimental techniques for studying the structure and dynamics
of polymers, neutron scattering plays a unique role for several reasons:

i. The suitability of the length and time scales. These are accessed in particu-
lar by small angle neutron scattering (SANS) and neutron spin echo (NSE)
and allow the exploration of large scale properties - for instance the con-
formation of alarge macromolecule, its diffusion in the embedding medium
and its entropy driven dynamics - as well as features characteristic for more
local scales, e.g. the inter- and intrachain correlations in a glass-forming
polymer and their time evolution, the rotational motion of methyl groups,
the vibrations and so on.

ii. By variation of the contrast between the structural units or molecular groups,
complex systems may be selectively studied. In particular, the large contrast
achieved by isotopic substitution of hydrogen - one of the main components
of polymers - by deuterium constitutes the most powerful tool for deci-
phering complex structures and dynamic processes in these materials.

iii. Neutron reflectometry constitutes a unique technique for the investigation
of surfaces and interfaces in polymeric systems.

iv. The high penetration of neutrons in matter allows the study of the influence
of external fields, e.g. shear or pressure or the evolution of the system under
processing conditions.

v. The space-time resolution of these techniques reveals the molecular mo-
tions leading to the viscoelastic and mechanical properties of polymeric
systems. This knowledge is of great importance for scientific reasons and
is also a basis for the design of tailor-made materials.

The unique power of neutron scattering for revealing essential features in the
field of polymer science can be exemplified by two pioneering experiments that
can already be considered as “classic”. The first is the experimental proof of the
random coil conformation of polymer chains in the melt or in the glassy state,
as proposed in the 1950s by Flory [1]. Its confirmation was only possible in
the 1970s [2] with the development of SANS. Since in the bulk a given macro-
molecule is surrounded by identical units, Flory’s proposition could only be
demonstrated by using contrast variation and deuterating single molecules.
This measurement of a single chain form factor by SANS was one of the first
applications of neutron scattering to polymer science. Its dynamic counterpart
could only be realized 25 years later. Neutron spin echo investigations on
the long time chain dynamics recently allowed the confirmation of de Gennes’
predictions [3] on the mechanism of tube-like confinement and reptation in
polymer melts and dense systems [4].

In this review we will concentrate on the dynamic aspects of the polymer
ensemble and describe as comprehensively as possible what has been achieved



1 Introduction 3

Web of Science count (NSE)
140

120

100

80

60 —

no. of articles

40

20
N B
o W B E
v ] o N A N ] ) Vv O ©
& FF P F T PSS
3 years period

Fig. 1.1 Development of the number of NSE-related articles in 3-year periods from now to
the invention of the method

so far by neutron spin echo spectroscopy. The last major review in this field
appeared in 1997 [5]. Since then, a strong growth of publications on NSE results
may be observed (Fig. 1.1). This figure displays the total number of publications
on neutron spin echo results in three years intervals. It is evident that during
recent years the publication rate on NSE results has increased dramatically. This
increase is due to two reasons. First, apparently more and more scientists are
discovering the power of NSE for facilitating the observation of slow dynam-
ics in condensed matter, and, second, the number of NSE instruments available
for public use has increased significantly over the last 10 years. Table 2.1 in
Chap. 2 gives an overview on the NSE spectrometers that are available today for
neutron users at user facilities worldwide. The table includes e-mail addresses
to provide the reader access to information on these instruments.

Dynamic processes in polymers occur over a wide range of length and time
scales(see Fig. 1.2 and Fig. 1.3). Figure 1.2 relates the dynamic modulus as it
may be observed on a polymer melt with the length and time scales of molec-
ular motion underlying the rheological behaviour. Our example deals with an
amorphous polymer system excluding any crystallization processes. A typical
relaxation map for this kind of systems is that displayed in Fig. 1.3 for the
archetypal polymer polyisoprene. It is clear that we can distinguish several
different regimes:
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Fig. 1.2 Richness of dynamic modulus in a bulk polymer and its molecular origin. The
associated length scales vary from the typical bond length (=A) at low temperatures to inter-
chain distances (=10 A) around the glass transition. In the plateau regime of the modulus
typical scales involve distances between “entanglements” of the order of 50-100 A. In the flow
regime the relevant length scale is determined by the proper chain dimensions
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Fig. 1.3 Relaxation map of polyisoprene: results from dielectric spectroscopy (inverse of
maximum loss frequency full symbols), rheological shift factors (solid line) [7], and neu-
tron scattering: pair correlation (((Q=1.44 A-')) empty square) [8] and self correlation
({((Q=0.88 A-1)) empty circle) [9], methyl group rotation (empty triangle) [10]. The shadowed
area indicates the time scales corresponding to the so-called fast dynamics [11]
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i.

ii.

iii.

iv.

At low temperature the material is in the glassy state and only small ampli-
tude motions like vibrations, short range rotations or secondary relaxations
are possible. Below the glass transition temperature T, the secondary p-re-
laxation as observed by dielectric spectroscopy and the methyl group rota-
tions may be observed. In addition, at high frequencies the vibrational dy-
namics, in particular the so called Boson peak, characterizes the dynamic
behaviour of amorphous polyisoprene. The secondary relaxations cause the
first small step in the dynamic modulus of such a polymer system.

At the glass transition temperature T, the primary relaxation (a-relaxation)
becomes active allowing the system to flow. The temperature dependence of
its characteristic relaxation time is displayed in Fig. 1.3 combining dielectric,
rheological and neutron scattering experiments. The time range over which
this relaxation takes place easily covers more than ten orders of magnitude.
This implies the necessity to combine different experimental techniques to
fully characterize this process. As shall be demonstrated in this review, the
length scale associated with a-relaxation is the typical interchain distance
between two polymer chains. In the dynamic modulus, the a-relaxation
causes a significant step of typically three orders of magnitude in strength.
The following rubbery plateau in the modulus relates to large scale motions
within a polymer chain. Two aspects stand out. The first is the entropy-dri-
ven relaxation of fluctuations out of equilibrium. Secondly, these relaxations
are limited by confinement effects caused by the mutually interpenetrating
chains. This confinement is modelled most successfully in terms of the rep-
tation model by de Gennes [3] and Doi and Edwards [6]. There, the con-
finement effects are described in terms of a tube following the coarse
grained chain profile. Motion is only allowed along the tube profile leading
to the reptation process - the snake-like motion of a polymer chain.
When a chain has lost the memory of its initial state, rubbery flow sets in.
The associated characteristic relaxation time is displayed in Fig. 1.3 in terms
of the “normal mode” (polyisoprene displays an electric dipole moment in
the direction of the chain) and thus dielectric spectroscopy is able to mea-
sure the relaxation of the end-to-end vector of a given chain. The rubbery
flow passes over to liquid flow, which is characterized by the translational
diffusion coefficient of the chain. Depending on the molecular weight, the
characteristic length scales from the motion of a single bond to the overall
chain diffusion may cover about three orders of magnitude, while the asso-
ciated time scales easily may be stretched over ten or more orders.

In this review we will present the outcome of NSE studies on polymer systems
covering results beyond those reported in an earlier review in Advances in
Polymer Science (5] eight years ago. Table 1.1 shows the chemical structure
and information on the chain dimensions of the systems considered here. In
Chap. 2 we will commence with a brief description of neutron scattering prin-
ciples and a discussion of the two different ways neutron spin echo may be
implemented - the traditional NSE approach with precession coils and the neu-
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Table 1.1 Names, acronyms and structure of the repeat unit of the polymers that appear in
this work. The ratio between the average end-to-end distance (R?), and the molecular weight
M at 413 K is also shown [12]

Common Acronym Structure of the repeat unit (R%)/M
name (A2mol/g)
Poly- PI [-CH,-CH=C(CH,)-CH,-1, 0.625
isoprene

Poly- PDMS [-Si(CH,),-0-1, 0.457
dimethyl

siloxane

Poly- PE [-CH,-CH,-1,, 1.21°
ethylene

Poly(ethyl ~ PEE [-CH-CH,-], 0.507
ethylene) CH,-CH,

Poly- PEP [-CH,-CH,-CH(CH,)-CH,-], 0.834
(ethylene

propylene)®

1,4-Poly- PB [-CH,-CH=CH-CH,-], 0.876
butadiene

Polyiso- PIB [-CH,-C(CH;),-1, 0.570
butylene

Atactic aPP [-CH(CH;)-CH,-1], 0.670
poly-

propylene

Poly- PU CH,-CH,

urethane HO[—CH—CHZ—O],,—(II—[O—CHZ—CH—],,OH

[0-CH,-CH-],OH

Poly(vinyl PVC [-CH,-CCIH-],

chloride

Poly(vinyl PVE [_(I:H_CHZ_]n 0.664¢
ethylene) CH=CH,

Poly(vinyl PVME IO—CH3

methyl

ether) [-CH,-CH-],

Polyethyl- PEMS C}IIZ—CH3

methyl- .

siloxane [=Si(CHy)-0-1,

Poly- PEO [-CH,~CH,-0-], 0.805
(ethylene

oxide)
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Table 1.1 (continued)

Common Acronym Structure of the repeat unit (R?)o/M
name (A2mol/g)
Poly- PPO [~C(CH,)-CH,-0-1, 0.741¢
(propylene ’
oxide)
Poly-(N- PNIPA [-CH,~CH-],
isopropyl- CO-NH-CH(CH,),
acryl-
amide)
Poly- PFS [—Sli(CHa)z‘O‘]n
fluoro-
CH,-CH,-CF
silicone) z Ll
Poly- PS [-CH-CH,-],
styrene
Polyamido- PAMAM [-CH,-CH,-CO-NH-CH,-CH,-N],
amine

2 PE is obtained by anionic polymerization from hydrogenating a precursor 1,4-PB polymer.
Since 1,4-PB contains a small fraction of 1,2-units the PE studied here has two ethylene side
branches per 100 backbone carbons.

b alt-PEP: Essentially alternating poly(ethylene co-1-butene).

¢ T=298 K.

4 T=493 K.

tron spin echo resonance technique. Then, in Chap. 3 we will turn to the stan-
dard model of polymer dynamics, the Rouse model. This model is described in
some detail in order to display the principles of the stochastic dynamics and
the way in which a dynamic structure factor may be calculated from a model
for polymer motion. We will present NSE results both for the self- as well as for
the pair correlation function and compare these space- and time-dependent
neutron data with computer simulation results. Thereafter we will address
confinement effects and discuss reptation and other competing models, com-
pare them with neutron spin echo results, discuss the limiting mechanism for
reptation and, finally, look at computer simulation results for comparison.

Chapter 4 deals with the local dynamics of polymer melts and the glass tran-
sition. NSE results on the self- and the pair correlation function relating to the
primary and secondary relaxation will be discussed. We will show that the
macroscopic flow manifests itself on the nearest neighbour scale and relate the
secondary relaxations to intrachain dynamics. The question of the spatial
heterogeneity of the a-process will be another important issue. NSE observa-
tions demonstrate a sublinear diffusion regime underlying the atomic motions
during the structural a-relaxation.
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Chapter 5 considers the connection between the universal large scale dy-
namics discussed first and the local specific dynamics discussed in the second
step. The dynamics at intermediate length scales bridges the two and we will
address the leading mechanism limiting the universal dynamics in flexible
polymers.

Most of the experiments reported so far have been performed on linear
homopolymer systems. In Chap. 6 we discuss what has been achieved so far be-
yond such simple materials. We begin with the discussion of neutron spin echo
data on miscible polymer blends, where the main issue is the “dynamic misci-
bility”. There are two questions: Firstly, on what length and time scales and to
what extent does a heterogeneous material like a blend exhibit homogeneous
dynamics? Secondly, how does it relate to the corresponding homopolymer
properties?

Then we address the dynamics of diblock copolymer melts. There we discuss
the single chain dynamics, the collective dynamics as well as the dynamics of
the interfaces in microphase separated systems. The next degree of complica-
tion is reached when we discuss the dynamic of gels (Chap. 6.3) and that of
polymer aggregates like micelles or polymers with complex architecture such
as stars and dendrimers. Chapter 6.5 addresses the first measurements on a
rubbery electrolyte. Some new results on polymer solutions are discussed in
Chap. 6.6 with particular emphasis on theta solvents and hydrodynamic
screening. Chapter 6.7 finally addresses experiments that have been performed
on biological macromolecules.

Finally, in the conclusion we will give some outlook on future developments
and opportunities.
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2
Neutron Scattering and Neutron Spin Echo

2.1
Neutron Scattering Principles

Thermal and cold neutrons have de Broglie wavelengths from A=0.1-2 nm cor-
responding to velocities of v=4000 m/s down to 200 m/s. The wavelength range
covers that of X-ray and synchrotron radiation diffraction instruments. However,
in contrast to electromagnetic radiation the neutron velocity has the same order
of magnitude as the atomic velocities in the sample, the kinetic energy of the
neutrons - 82 meV down to 0.2 meV in contrast to the typical X-ray energies
of several KeV - compares with the excitation energies of atomic or molecular
motions. Therefore, even the slow relaxational motions in soft condensed mat-
ter are detectable by a velocity change of the neutron. The spatial character of the
motion can be inferred from the angular distribution of the scattered neutrons.

In general, scattering of thermal neutrons yields information on the sample
by measurement and analysis of the double differential cross section:

do(6) _ﬁ i
d0dE k N %(bibj>si,j(Q,w) (2.1)

i.e. the intensity of scattered neutrons with energy E; into a given direction 6.
The energy transfer, i.e. the difference of kinetic energy before and after the
scattering, AE=E;-E; relates to Aiw=AE.

The momentum transfer #Q, respectively the wave vector, is given by Q=
k; -k¢where k; and k¢ are the wave vectors of the incoming and outgoing (scat-
tered) neutrons. They relate to the neutron wavelength k; /=2n/A, 1. The neutron
momenta are p; ;=m,v; ;=fik;;. Therefore:

AE (pj-p)

©=% T 2hmy)

(2.2)

The energy transfer AE and w can be determined by measurement of the
neutron velocities v; and v Note that for all problems discussed in this article
|k;|=|kd and therefore:

= %) ool s
—/\i51n2—|i|31n2 (2.3)

can be assumed. Finally b; denotes the scattering length of atom nucleus “i” and
{...) is the ensemble average.

The unique features of neutrons that render them into the powerful tool for
the investigation of “soft matter” are:
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o
.

The isotope and spin dependence of b;

2. Typical wavelengths of cold and thermal neutrons that match molecular and
atomic distances

3. Even slow motions of molecules cause neutron velocity changes that are

large enough to be detectable, in particular NSE is able to resolve changes

Av of the order of 1075 v;.

To proceed further we introduce the intermediate scattering function as the
Fourier transform of S(Q,w):

S(Q1) = | S(Qw) e deo (2.4)

The intermediate scattering function directly depends on the (time-dependent)
atomic positions:

S;i(Q.t) = <n§'_‘,neia-m:’.(t)-1z{,.(0)l> (2.5)
Note that in general the position of an atom “n” of type “i” Ri(¢) is a quantum
mechanical operator rather than a simple time-dependent coordinate and
$(Q w)=X(Q,w)S(Q,-w), with X(Q,w) taking account for detailed balance and
e.g. recoil effects (see e.g. [13]).

Again for soft matter problems in the (Q,w)-range discussed here ico<kpT,

=250-500 K and E;<E,,4, conditions for which Ri(f) may safely treated as
classical coordinate and S(Q,®)=S(Q,-w).

2.1.1
Coherent and Incoherent Scattering

Considering the ensemble average of Eq. 2.1 we have to observe the fact that
chemically equivalent atoms may have a number of different scattering lengths
that are randomly distributed over the ensemble of all atoms of the same kind
in the sample. Most important in the present context is the variation due to the
spin-dependent component of the proton scattering length. Whereas the aver-
age value (b;) leads to coherent scattering, the fluctuating part b,—(b;) leads to
incoherent scattering that yields an additional contribution of the atom-atom
self-correlation, i.e.

S (Q,8) = <eiQ (Riyo - R;f;,(0>)> (2.6)

Applying the Gaussian approximation, i.e. assuming that the atomic displace-
ment distribution function are Gaussian Eq. 2.6 transforms into:

2
Sself(Q’ t) = exp(— % <R?(t)>> (2.7)

«
r.

where (R}(t)) is the mean-square displacement of atom
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The spin-incoherent scattering (prominent for protons) involves a change of
the spin-state of the scattered neutrons (spin-flip scattering) with a probability
of %/,.

2,1.2
Coherent Scattering and Coarse Graining

Many polymer problems - including those discussed in this article - depend
on structure and dynamics in a mesoscopic regime. Here a description in terms
of individual atom coordinates R is not adequate. Rather a coarse grained de-
scription in terms of scattering length density Ap(r,t) is used. To do so, a mol-
ecular unit of type “j” (e.g. a polymer segment, monomer or a whole smaller
molecule) is selected and the sum of the scattering lengths of the contained
atoms is related to the effective volume V of this unit, p=%,;b;//V. The same has
to be done with the embedding matrix, e.g. the solvent. The scattering in the low
Q-regime only depends on the scattering length density difference, the contrast
Ap(1,8)=Ppolymer—Pmatrix- The proper effective volume corresponds to the volume
increase of the system when one molecular unit is added to it. To yield a valid
description of the scattering the extension of the molecular unit L should be
smaller than L<1/Q,,,,. The related scattering function then is:

S(Q.t) = [{Ap(n.1) - Ap(r’,0)) €2 L) dPr (2.8)

The corresponding small angle neutron scattering (SANS) intensity is propor-
tional to $(Q,t=0).

2.1.3
Contrast Variation

The above description implies that contrast variation and matching can be em-
ployed to enhance or suppress the contribution of a relaxation signal from se-
lected subunits of a system. Only the motion of those structures that contribute
to the SANS intensity are seen in the corresponding NSE experiment. However,
for NSE a few restrictions are to be observed:

1. The majority of the sample should be deuterated to optimize the intensity
to background ratio, in particular at Q>1-2 nm™! where for typical soft
matter samples the coherent intensity drops below the incoherent contri-
bution

2. If solvents consisting of larger organic molecules such as e.g. dodecane are
used, h/d-mixing (h, d refer to protonated and deuterated systems, respec-
tively) leads to a sizeable additional scattering due to isotope incoherence.
If d- and h-solvents are mixed the scattering length within the individual
molecules - containing either only H or D atoms - add and the isotopic mix-
ture effectively consists of these units. As a consequence, the inelastic signal
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will contain the solvent diffusion which may extend into the time range of
a few ns.

Prominent examples of successful application of contrast variation are the in-
vestigations of the single chain dynamics of polymers in melts. Here a mixture
of about 10% h-polymer in a matrix of d-polymer is used. Further details are
obtained by investigating d-polymers that contain only a h-labelled section,
i.e. at the ends, at branching points or at its centre in a fully deuterated matrix.

2.2
The Neutron Spin-Echo Method

Relaxation motions at mesoscopic scale as encountered in polymer samples
yield energy transfers of peV and less which cannot be analysed at any reason-
able intensity level by direct filtering. The neutron spin-echo (NSE) method fills
the gap between dynamic light scattering and “conventional” neutron spec-
troscopy and aims at much slower processes with typical times up to several
100 ns! as they occur in polymer samples on mesoscopic length scales. A reso-
lution necessary to observe processes at time scales of 100 ns and above requires
the detection of neutron velocity changes of 1 in 10* to 1 in 10°. Preparation of
a suitable incoming beam with Av/v<10->would only be possible by removing
all neutrons with unwanted directions and velocities leaving only a few 10° neu-
trons/cm?s at the sample, from which only a tiny fraction will be scattered to a
final momentum passing into the detector.

The essence of the NSE techniques consists of a method to decouple the
detectability of tiny velocity changes caused by the scattering process from the
width of the incoming velocity distribution. NSE instruments at reactors rou-
tinely run with 10-20% width of the velocity distribution. This yields about 10*
times more neutrons in the primary beam than a direct selection of neutrons
with velocities within a band of 10~ relative width. Basically the NSE trick con-
sists of replacing the velocity filter transmitting only one extremely narrow
band by a filter with a cosine modulated transmission. A velocity increment
Av, of 10~° between adjacent maxima and minima of such a filter enables the
detection of a 107 velocity change, whereas the number of neutrons in a ve-
locity band that is several 10°-10* times wider than the detected velocity
increment ensures high intensity. The complete information on the distribu-
tion of velocity changes during scattering - here as its Fourier transform - is
obtained by scanning a parameter that controls the period of the cosine filter.
Any reference to the neutron spin and its motion relates only to the above
described velocity filter. The spin quoted in the name of the method only refers

! Such long times usually appear when the observed objects are large compared to single
atoms, but are still mesoscopic, e.g. polymer molecules or aggregates of smaller molecules,
or when dynamic processes at all length scales slow down in the vicinity of phase transi-
tions or due to a glass transition.
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Fig. 2.1 Spin history leading to the formation of the spin-echo. Longitudinally polarized
neutrons enter from the left. Upper part spin motion. Lower part NSE setup, n/2-flipper
between belonging current rings, primary main precession solenoid a; with symmetry scan
windings in the middle and stray-field compensating loops (as used in the FZ-Jiilich design)
at both ends, n-flipper near the sample S, symmetric arrangement on the secondary side
followed by analyser An and detector Det. The arrows indicate the strength of the longitu-
dinal field. (Reprinted with permission from [18]. Copyright 1997 Elsevier)

to an ingenious monochromatization method and not at all to the phenomena
to be investigated by the NSE instrument. However, the neutron spin is the key
element in realizing the filter function. The basic NSE instrument invented by
F. Mezei [14] works as follows (see Fig. 2.1).

A beam of longitudinally polarized neutrons, i.e. neutrons with spins point-
ing into the beam direction, enters the instrument and traverses a 1/2-flipper
located in a low longitudinal magnetic field. During the passage of this flipper
the neutron spins are rotated by 90°=n/2 and are then perpendicular to the
beam, e.g. the spins are all pointing upwards. Immediately after leaving the flip-
per they start to precess around the longitudinal field generated by the primary
precession solenoid. As they proceed into the precession coil the Larmor fre-
quency @y, which is proportional to the field, increases up to several MHz (i.e.
about one turn per 0.1 mm length of path) in the middle of the solenoid. The
field and w; decrease to low values again on the way to the sample. Arriving at
the sample the neutron may have performed a total of up to several ten to hun-
dred thousand precessions, however, different neutrons with different velocities
from the incoming 10-20% distribution have total precession angles that differ
proportionally. For that reason the ensemble of neutron spins at the sample
contains any spin direction on a disc perpendicular to the longitudinal field
with virtual equal probability. Nevertheless each single neutron has a tag of its
velocity by the individual precession angle (modulo 2m) of its spin — which may
be viewed as the neutron’s own stopwatch. Now at (i.e. near) the sample posi-
tion there is a n-flipper turning the spins during neutron passage by 180°=n
around an e.g. upward pointing axis. Thereby transforming a spin with pre-
cession angle a mod 2n to —~a mod 2n=-a mod (-2n), effectively reversing the
sense of the “spin-clocks”. Then the neutrons enter the secondary part of the
spectrometer, which is symmetric to the primary part. During the passage of
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the second main solenoid each spin - provided the sample did not change the
neutron’s velocity - undergoes exactly the same number of precessions as in
the primary part. Due to the reversing action of the m-flipper this leads to the
result that all neutron spins arrive with the same precession angle, pointing
upwards, at the second 1i/2-flipper, irrespective of their individual velocity. This
effect is called the spin-echo in analogy to similar phenomena in conventional
nuclear resonance experiments. The 1i/2-flipper turns these spins by 90° into
the longitudinal direction, thereby freezing the acquired longitudinal spin po-
larization.

The analyser transmits only neutrons with spin components parallel (or
antiparallel) to the axis, thus the spin projection to the axis determines the
probability that the neutrons reach the detector. If the neutrons now undergo
a velocity change Av; in the course of the scattering by the sample, the final spin
direction is no longer upwards. Spins pointing downwards are rotated to the
axially anti-parallel direction by the n/2-flipper, and are therefore blocked by
the analyser and do not reach the detector, i.e. the echo signal is reduced. The
cosine of the final precession angle determines the analyser transmission,
which finally leads a cosine modulating filter. The filter period Av, is controlled
by the magnetic field inside the main precession solenoids. The influence of the
sample on the neutrons is described in terms of the scattering function $(Q, ).
The frequency w is proportional to the energy transfer between neutron and
sample

2 T s (v AR 2.9)
m 2n . WA ’

For the very small Av, values under consideration the above expression may
be linearized, w~Av,. Due to the cosine modulating filter function the NSE
instrument measures the cosine transform of S(Q,w). The detector output of

the (ideal) NSE instrument at exact symmetry is:
m;,

2mh?

1
Ipe o< 3 {S(Q) + _[cos (]/13]( a)) S(Q,a))dw] (2.10)
where J=| path |B|dl is the integral of the magnetic induction along the flight path
of the neutron from m/2-flipper to the sample, and y=1.83033x10® radian/sT.
The sign of the integral depends on the type of analyser and on a choice of the

sign of the flipping angle of the secondary m/2-flipper. The time parameter is

2
n

2nh
which J is (approximately) proportional. Note that the maximum achievable
time ¢, e.g. the resolution, depends linearly on the (maximum) field integral and
on the cube of the neutron wavelength A*! The fact that the instrument signal
represents the intermediate scattering function S(Q,¢) directly and not S(Q,w)
makes it especially useful for relaxation type scattering because:

t=JA%y > - It may be easily scanned by varying the main solenoid current to
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1. The relaxation function is measured directly as a function of time. There-
fore, any instrumental resolution correction consists of a simple point by
point division by the result of a measurement of a resolution sample, instead
of a tedious deconvolution that would be required for S(Q,w) measured at
a real - finite resolution - instrument.

2. The large dynamic range - for a neutron instrument - of up to 1:1000 with
one instrumental setting plus another two orders of magnitude if the wave-
length is changed.

2.2.1
Limitations

In contrast to direct spectral filtering where only those neutrons with a well-
defined energy E/~E;+h®=dE reach the detector, the Fourier transformation
property of the measuring principle implies that at any spectrometer setting
virtually 50% of the neutrons that are scattered into the detector direction are
counted. As a consequence weak spectral features are buried under the count-
ing noise caused by the w-integrated neutron flux. Reasonable performance is
expected only for relaxation type scattering contributing at least several per-
cent of the total scattering in the considered direction (Q-value).

The NSE principle - as described above - only works if the neutron spin
is not affected by the scattering process (some exceptions like complete spin-
flip could be tolerated and would just replace the n-flipper). A related prob-
lem occurs if the scattering nuclei have a non-zero spin and their scattering
power depends significantly on the relative orientation of nuclear and neutron
spin.

A prominent example is the so-called incoherent scattering from hydrogen,
which has a very large cross section and is often used to measure the proton
one-particle self-correlation function using other types of neutron spectro-
scopy. This type of scattering consists of %/, spin-flip and '/; non-flip processes.
The average signal left is therefore only !/, with reversed polarization on top
of 2/; of the intensity being converted to background, which renders this type
of investigations difficult and time consuming, but not impossible. A virtue
of the spin-flip scattering is that multiple scattering is efficiently suppressed
since two subsequent scattering events only leave !/, of the signal and more
events further reduce the contribution to the echo amplitude, i.e. multiple scat-
tering has a strong tendency to become depolarized and thereby only in-
creases the background which is - except for the size of statistical errors — neu-
tral to the extraction of the desired scattering functions. The overall intensity
is much smaller (10-20 times) than the coherent small angle scattering (SANS)
from chain-labelled samples. Due to the low intensity, background scattering
from the sample container and spectrometer components contribute signifi-
cantly to the spin-echo signal. The latter effect is especially severe at low Q,
i.e.low scattering angles require very careful studies of the experimental back-
ground.
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2.2.2
Technical Principles

The NSE instruments are operated at a neutron beam emerging from a cold
source (liquid H, or D, or other hydrogenous materials held at temperatures in
the 20 K region) located near the core of a research reactor. The neutrons prop-
agate through a neutron guide (an evacuated channel with walls that totally
reflect neutrons that hit them at a low angle) over a distance of several 10 m
to the instrument. Polarization is performed by reflection at (transmission
through) magnetic multilayer mirrors [16]. The preparation of the 10-20%
velocity band is done by a mechanical velocity selector (helically bent channels
on the circumference of a rotating cylinder give free passage for neutrons with
velocities equal to the speed of the open channel position along the rotation
axis). These elements are located somewhere in the neutron guide track. As soon
as the neutron beam is polarized it needs a guide field 1-2 orders of magnitude
higher than any stray fields to prevent the latter from turning the aligned spins
in an undefined manner.?

All the spin manipulations are done by a tailored magnetic field that the
neutron spin feels during its passage through the instrument. The motion of
the expectation value of the neutron spin (s) obeys the Bloch equation:

E_ B 2.11
ekt YB{x(t)} (2.11)

x(t) being the position of the neutron. At constant B this equation implies the
precession of (s) around an axis parallel B, with a frequency @, =y|B| at fixed
angle between (s) and B, e.g. (s) describes a cone around B.The field felt by the
neutron spin depends implicitly on time due to the position-dependence of B
along the neutron path, B(t) = B{x(1)}.If e, > rotation speed of the direction of
B(t), the angle of the precession cone, angle (s, B), remains virtually unchanged.
The design and operation of an NSE instrument has to ensure this so-called
adiabatic condition everywhere outside the flippers.

Flipping is performed by exposing the neutron spin to an abrupt (non-adi-
abatic) change of the direction of B. Technically this is realized by a pair of cur-
rent sheets, being the broad sides of a one layer coil of a neutron transparent
wire (Al) wound around a rectangular cross section. They are oriented such
that the neutron beam points perpendicular to the broad sides and enters and
leaves the flipper through them, see Fig. 2.2. The spin keeps its orientation dur-
ing the infinitesimal short passage time through the current sheet, then starts
precession around the “new” field inside the flipper. There it performs a certain

? A true zero field region would also work, however, is much more difficult to realize. To
avoid significant spin rotation an upper field limit of about 10-® T must be observed and
much attention must be paid to the transition from field- to zero-field-regions. The zero-
field or resonance NSE instruments work with corresponding flight paths [17].
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Fig. 2.2 A m/2-flipper effecively rotating the spin direction from longitudinal (S) (S, to
perpendicular to the path and to the external field. The vertical field B, generated inside
the flipper adds to the embedding external field B,

rotation angle until it leaves the flipper through the second sheet. The executed
rotation is the flipping action, of which the magnitude depends on the flipper
thickness, the neutron velocity and the value of the inner field.

The key elements of the instrument are the two main precession solenoids
providing a high field along the neutron path. They represent rotation devices
for spins perpendicular to the field with a total precession angle inversely pro-
portional to the individual neutron velocity. The primary and secondary parts
have to be perfectly symmetric, which is ensured by identical construction and
by electrical operation of the coils in series. The maximum Fourier time de-
pends on the path integral of the field depending on the length as well as on the
average inner field of the solenoid.

The spin-echo signal is lost if neutrons taking different paths through the
solenoids show precession angle dephasing of more than 180°. To prevent this,
|'|B| dl along all paths within the neutron beam of finite width and divergence
have to be equal within about 1:(10xmaximum number of precessions), e.g.
=~1:10°-10° for state-of-the-art instruments. The corresponding ratio for a
plain solenoid and a neutron beam both with reasonable parameters is about
1:10%. The required homogeneity of | | B| dI can only be achieved by insertion of
correction elements, so-called “Fresnel-coils” [14, 18]. Flippers need a defined
embedding field, typically about 10~ T, irrespective of the field in the main
solenoids. For this purpose, axial coils are used to compensate or enhance the
stray field of the main solenoids at the flipper positions. The lower the exter-
nal flipper (sample) fields are chosen the less sensitive | |B| dl is on the flipper
position and sample size. Beyond the second n/2-flipper the neutrons enter an
analyser composed of magnetic multilayer mirrors. Only neutrons of one lon-
gitudinal spin direction are transmitted to the detector. The secondary part of
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the instrument may be rotated around the sample position in order to allow for
a variation of the momentum transfer Q.

The measurement of the echo signal at given (Q,) requires scanning of one
of the precession fields around the symmetry point by varying the current
through some extra turns wound on top of the corresponding solenoid. If an
echo is present this scanning rotates the spin ensemble in front of the second
1t/2-flipper around the longitudinal axis and results in a cosine modulated
intensity output of the detector. The modulation amplitude is ~S(Q,t) whereas
the average value is ~S(Q,0)

2

1
I, Ao [S(Q) + 1 fcos (]/13}' 2:;2 ®+AJy

my,

h

/1) S(Q,w)da)] (2.12)

Assuming that $(Q,@)=5(Q,-) and accounting for the finite width wavelength
distribution w(A) this leads to:

IDet U’ A]] o<
m;,
2nth?

1
2 jw(A)[S(Q) + ncos (A]y% /\) jcos (]/13]( a)) S(Q,w) dw]dA (2.13)

where n=n(J,Q,4)=0.5-1.0 accounts for resolution effects of the spectrometer.
mn .
The main effect of a small asymmetry is the cos (A ]YT modulation of the

contribution ~nS(Q,t). Therefore a symmetry scan across at least one half
period of the modulation allows for the extraction of nS(Q,t) in terms of the
oscillation amplitude.

Under the assumption that A=[cos(t[A] @)S(Q[A],w)dw depends only weakly
on A, the intensity variation as function of the asymmetry AJ is I~A Jw(A)

cos (A]A Y;ln” )dA. The resulting cosine modulation is indicated in Fig. 2.3. The

period depends on the nominal wavelength and the width of the envelope is
inversely proportional to the width of the incoming wavelength band. The
symmetry scan is used to extract the amplitude A which carries the desired
information of S(Q,t).

2.2.3
Zero Field Spin-Echo Technique

The most “expensive” parts of a conventional NSE instrument are the main
solenoids providing the precession field. A closer look at Bloch’s equation of
motion for the spins (Eq. 2.11) shows that in a coordinate system that rotates
with the precession frequency around B, the spin is stationary, the coordinate
system rotation is equivalent to the addition of - B, to all magnetic fields. By
this means the large precession field inside the main coils may be transformed
to zero (—zero field spin-echo). The flippers are viewed as elements rotating
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Detector Intensily

Symmetry

Fig. 2.3 Oscillation of detected intensity as function of the symmetry reveals the echo
amplitude. At least three points must be measured to determine the exact symmetry point
and the amplitude. However, a more complete symmetry scan is more robust against exter-
nal disturbances

with the precession frequency. Consequently the NSE described above can be re-
placed by a zero field flight path limited by flippers. Their inner field, previously
very low, needs to be transformed to a value comparable to the old precession
field.

Whereas the above argument yields a rough idea of how to realize a zero-
field or resonance NSE instrument, only a somewhat different technical real-
ization makes it feasible [17]. All magnetic fields are transverse and confined
in the flippers that are used to code the time of neutron passage in terms of a
time varying spin rotation angle. In a first pair of flippers separated by a zero
field region of length L the neutron time of flight is coded into a net spin rota-

tion angle A'P=.(2% (depending on the type of flipper Q=nw; with n=2,4).

This angle is preserved in the zero field region around the sample. In a sym-
metric flight path between two RF-flippers (RF: radio frequency) in the scat-

L
tering arm a rotation angle A¥Y=Q A is acquired and the final polarization
v+Av

is detected by an analyser - as in the conventional NSE. The symmetry scan is
performed by mechanical movement of one of the flippers (L,=L,+AL), the
zero field regions are realized with the help of p-metal screens around the flight
paths. The flippers have to combine a confined static magnetic field with a
RF-field with magnitude equivalent to the flipper fields in a conventional NSE
instrument. The static field has the same magnitude as the main solenoid field
in a conventional NSE spectrometer divided by n. The resonance RF-frequency
corresponds to the Larmor frequency w; of neutrons in the DC-field. Due to
a geometry as shown in Fig. 2.4 the resulting spin coding rotation Q is 2cwy.
A “sandwich” of two such flippers in a so-called bootstrap combination even
yields Q=4 [19].
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Fig. 2.4 Spin coding in a RF-flipper of thickness d as used in zero field NSE. Before the neu-
tron enters the flipper, e.g. at #;, it moves in a zero field region and the spin (arrow) keeps its
direction. Inside the flipper a DC field B-dc perpendicular to the drawing plane is present
inside the flipper. It causes the neutron spins to precess with wy, as a smaller RF-field B-rf
with frequency @y acts in the plane. The RF-field may be decomposed into two counter ro-
tating fields, B-rf=B-rf,+B-rf_only the + component moves synchronously with the neutron
spins in the DC-field and thereby can change its state (resonance). The time coding is now
affected by the phase (field rotation angle of B-rf,) at t, when the neutron enters the flipper,
i.e. Y=+ t,. Inside the flipper the neutron spin rotates with B-rf, and the magnitude of
the RF-field is adjusted such that at ¢, the spin is rotated by m around the B-rf,. The effect is
an extra rotation angle of 2% outside the flipper. At ¢, the field is again zero and the
acquired spin state is preserved. An analogous second flipper, placed after a distance L but
fed with the same RF-current, serves as an effective readout of the time delay between cod-
ing and decoding (in terms of spin orientation)

The complete instrument consists of two flippers with distance L before the
sample and a symmetric set of two flippers after the sample. All flight paths
between the first and the fourth (last) flipper are surrounded by magnetic shield-
ing to yield the zero field condition that preserves the spin orientation. All RF
flippers are operated synchronously, i.e. with the same current. Their field di-
rection (i.e. rotation) is +, -, -, +. A neutron that enters the first flipper at a time
t} suffers a spin rotation of Qt}. If the other flippers are passed by the neutron at
£3, £} and 4, the net spin rotation is ®=Q[t}-£2-}+{]=Q[(t}-2)-(£+1})], i.e. the
time difference the neutron needs to travel the first distance between flippers and
that to travel the second distance. At perfect symmetry both distances are equal
to L and the time difference is zero, except for a velocity change of the neutron.
At=L/v,-L/v,=L/(v+Av)-Ll{v=(L/v)xAv/v and therefore the final net spin rotation
®=0Q(L/v)XAv/v. This implies that QL directly corresponds to the field integral
J in normal NSE. After the final polarization analysis and detection the signals are
analogous, the symmetry scan is performed by translation of the flippers.

An interesting variant of the resonance NSE is the so-called MIEZE technique
[19]. Using two RF-flippers that operate at different frequencies a neutron beam
is prepared such that a special correlation between a time varying spin rotation
w=(£,-Q,) and the velocity of the neutrons is achieved. An analyser after the
second RF-flipper translates the spin rotation into an intensity modulation. The



2 Neutron Scattering and Neutron Spin Echo 21

correlation of spin rotation (i.e. analyser transmission) with the velocity is such
that, after a distance Lp,=LQ,/(£2,-£,) behind the second RF-flipper, the inten-
sity modulation for all incoming neutron velocities is in phase and a detector
at that position with time-of-flight (TOF) channels synchronized to the mod-
ulation frequency reveals the RF-intensity modulation. If the velocities are
changed during scattering at the sample the contrast of the modulation is
reduced analogous to the echo amplitude reduction in the other NSE methods.
For high resolution, however, the flight paths must be very well defined in
length. This means that one needs very thin samples in a special geometry, a
detector with a very thin detecting depth and a beam divergence that is rather
narrow. The benefit of this method is the decoupling of the spin-analysis from
the influence the sample has on the neutrons spin state. For instance, spin-in-
coherent scattering will not lead to signal reduction and sign reversal of the
echo signal as in the normal NSE spectrometers.

There are some technical limitations that currently prevent the zero field
NSE techniques from reaching the highest resolution and high effective inten-
sity by the use of large solid angles. These are the difficulties in creating the
large DC-field inside the RF-flippers and simultaneously keeping the neutron
transmission and the mechanical accuracy high. Also, except for untested
propositions [19, 20], there is no working scheme to correct for path length
differences in a divergent beam.

224
Accessible High Resolution NSE Spectrometers

Currently worldwide six conventional (generic IN11 type) high resolution
instruments are in operation and one is under construction. Two zero-field
instruments that are suitable for polymer investigation are available. In addi-
tion, several installations for other purposes such as large angle scattering or
phonon line width analysis exist (see Table 2.1 for more details).

2,25
Related Methods: Pulsed Field Gradient NMR and Dynamic Light Scattering

Pulsed field gradient NMR (PFGNMR) and dynamic light scattering (DLS) are
methods that yield information that is related to or similar to the NSE data but
on larger length and time scale. PEGNMR is analogous to incoherent neutron
scattering, whereas DLS corresponds to coherent scattering with the index of
refraction replacing the scattering length density.

PFGNMR measures the ratio ¥ of an NMR spin-echo signal A, which is ob-
served after two field gradient pulses g are applied in a pulse sequence n/2-g-
T/2,compared to the signal A, from the same sequence without gradient pulses:

Y= Ai = [ P(1,) [ P(1,| .A) exp(-iybglr - 1,]) dV dV, (2.14)
0
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Table 2.1 Existing high resolution NSE instruments that are open for neutron users

Instrument  Type Facility Ref.
IN11 Generic ILL, Grenoble, [14, 21]
IN11 France
IN15 Generic ILL/FZ]/HMI [22,23]
IN11
FRJ2-NSE Generic FZ-Jiilich, [18]
IN11 Germany
NIST-NSE Generic NIST, Gaithers- [24]
IN11 burg,USA
MESS Generic LLB, Saclay, www.llb.cea.fr/spectros/spectros_e.html
IN11 France
C2-2 Generic JAERI, Tokai, [25]
IN11 Japan
SNS-NSE Generic SNS, Oak Ridge, under construction [26]
IN11 USA/FZ]
MUSES Zero-field LLB, Saclay, [27]
France
RESEDA Zero-field FRM2, TUM, www.frm2.tu-muenchen.de
Munich,
Germany

The gradient gis applied during a short time interval § and with a time delay
A between both pulses, yis the gyromagnetic ratio of the observed nuclei. The
combination y§ghas the same meaning as the momentum transfer vector Q in
a scattering experiment. P(r,) denotes the probability to find a nuclear spin at
1o and P(ry|r.t) is the conditional probability to find the spin which was at r, at
position r after time ¢ which is analogous to the self-correlation of positions
of the spin carrying nuclei [28, 29]. Thus ¥=S§;, (Q=ydg, t=A) if longitudinal
spin-relaxation effects can be neglected. The maximum value of Q is in the
order of 102 nm™,i.e. about 1-2 orders of magnitude smaller than the smallest
Q-values of NSE experiments. The time parameter A ranges in the order of ms
to seconds.

This effective Q,t-range overlaps with that of DLS. DLS measures the dy-
namics of density or concentration fluctuations by autocorrelation of the
scattered laser light intensity in time. The intensity fluctuations result from a
change of the random interference pattern (speckle) from a small observation
volume. The size of the observation volume and the width of the detector open-
ing determine the contrast factor C of the fluctuations (coherence factor). The
normalized intensity autocorrelation function g*(Q,¢) relates to the field ampli-
tude correlation function g'(Q,?) in a simple way: g*()=1+C| g!(¢)|* if Gaussian
statistics holds [30]. g'(Q,t) represents the correlation function of the fluctuat-
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inglocal index of refraction as $(Q,)/S(Q) measures the scattering length den-
sity correlation in the NSE case. For solutions this is analogous to a NSE spec-
trum from a molecule with a sizeable scattering contrast to the solvent, if there
is also a sizeable difference of refraction index between solvent and molecule
in the case of DLS. Isotopic labelling is not possible, i.e. single chain scattering
function from melts are inaccessible by DLS. The time range of DLS ranges
from fractions of a ps to seconds, and Q=10 to 0.02 nm..

The extension of DLS into the X-ray regime (X-ray photon correlation spec-
troscopy, XPS) has become available with the third generation synchrotron
sources. The contrast is that of X-ray scattering and therefore sets strict limita-
tion on the correlation functions that can be obtained from polymer samples.
In particular, neither isotopic labelling nor the equivalent of incoherent scat-
tering is accessible. However, block-copolymers or polymer blends, for example,
may provide enough contrast between A and B polymer-rich domains that yield
a detectable scattering signal, as is shown in [31] with a shortest correlation time
of 5 s. The signal intensity determines the shortest correlation time that can be
measured before shot-noise sets a limitation. For low scattering samples highly
efficient counting is achieved by area detection with a CCD device, the short-
est time then is in the range of ms [32]. The coherence factor may stay in the
10% region. It has also to be observed that radiation damage of the sample
starts to become an issue. Only extremely intense scattering (e.g. as nearly spec-
ular reflections from free standing films [33]) enables the extension down to
the ns regime. In cases where the contrast is appropriate and radiation damage
can be limited XPS offers a Q-range that corresponds to NSE at much larger
correlation times - comparable to those of DLS.

Both methods yield the time information directly from a real time applied
in the experiment, namely the time A between gradient pulses or the time shift
in the correlator. PFGNMR uses a coding scheme (similar to that used in NSE
to code velocity) to encode displacements of individual nuclei and thereby gen-
erates spatial information, whereas DLS acts as any scattering method and
yields a scattering angle-dependent value of Q. Where contrast allows, these
methods enable the extension of incoherent and coherent scattering functions
as obtained by NSE into the macroscopic regime.
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3
Large Scale Dynamics of Homopolymers

In general, flexible long chain polymers easily form rotational isomers at the
bonds of the chain along the backbone. Therefore such polymers possess a very
large number of internal degrees of freedom, which contribute importantly to
the entropy part of the molecular free energy. At length scales somewhat larger
than the size of the monomer the detailed chemical structure of the chain
building blocks is not important so that the very general properties determined
by statistical mechanics of the chain prevail, e.g. the conformational entropy
follows from the number of possible arrangements of chain sequences in space.
According to the central limit theorem the most probable arrangement is that
of a Gaussian colil, i.e. the polymer chain performs a random walk in space. If
pieces of a chain perform fluctuations out of equilibrium, an entropic force
arising from the derivative of the free energy acts on these segments endeav-
ouring to restore them to the most probable contorted state. Such forces are the
basis of rubber elasticity [34-37]. This is the content of the so-called Rouse
model [38], which is discussed in the first part of this chapter. We derive the
conformational free energy and go through the derivation of the Rouse model
in detail, including calculation of the appropriate dynamic structure factors [6].
Then we present NSE results on Rouse chains, discussing both the single chain
dynamic structure factor as well as the self-motion. We compare the NSE rhe-
ological results with atomistic molecular dynamic simulations. This last com-
parison tells us about the limitations of the Rouse approach at short length
scales.

Apart from entropic forces, the confinement of long chains due to their mu-
tual interpenetration in the melt determines their dynamic behaviour to a large
extent. It is well known that the dynamic modulus of long chain linear polymer
melts displays a plateau regime that expands with growing chain length [6].In
this plateau region the stress is proportional to strain - although liquid, the
polymer melt reacts elastically. The material yields for a long time and viscous
behaviour takes over.

In the second part of this chapter we address the confinement effects and in
particular discuss the reptation model of de Gennes [3, 37], which pictures this
confinement as a localization tube following the coarse grained chain profile.
We describe NSE experiments unravelling the single chain and the collective
dynamics of confined chains; we show the basic correctness of the reptation
concept and discuss the constraint release mechanism, the leading process lim-
iting reptation at early times. We demonstrate that NSE experiments confirm
quantitatively both the regime of local reptation as well as the idea of contour
length fluctuation. Finally, we compare the results with computer simulations
addressing, in particular, fully atomistic MD simulations.
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3.1
Entropy Driven Dynamics — the Rouse Model

The dynamics of a generic linear, ideal Gaussian chain - as described in the
Rouse model [38] - is the starting point and standard description for the Brown-
ian dynamics in polymer melts. In this model the conformational entropy of a
chain acts as a resource for restoring forces for chain conformations deviating
from thermal equilibrium. First, we attempt to exemplify the mathematical
treatment of chain dynamics problems. Therefore, we have detailed the de-
scription such that it may be followed in all steps. In the discussion of further
models we have given references to the relevant literature.

3.1.1
Gaussian Chains

The conformation of a flexible linear polymer chain is - on scales somewhat
larger than the main chain bond length €, - close to a random walk. The
conformations of such a chain are described by a set of segment vectors {r(n)}
with {r(n)}=(R(n)-R(n-1)), where R(n) is the position vector of segment n.
Following the central limit theorem the length distribution of a vector R con-
necting segments that have a topological distance of n steps is Gaussian:

3 3/2 3R2
9(R,n) = (Znnt’z) xp (— 2n€2) G.1)

For the segment length we take € =€0\/C_,,°, where the characteristic ratio C_,
accounts for the local stiffness arising from the non-random bond angle
distribution of the bonds of length €,. The Rouse model is based on a further
idealization of the chain statistics assuming that the bond vector r of hypo-
thetical connecting points of the chain has a Gaussian distribution of length:

3\ 372 5.2)
amz) TP\ 2p2 )

w(r)=(

yielding (r?)=b>. For simplicity throughout the paper we will take b?>=¢2 keep-
ing in mind that the building block of a Gaussian chain may well contain a
larger number of main chain bonds.!

The conformational probability of a conformation {r(n)} follows as:

)%N exp [_ﬁ 3[R(n) - R(n - DI?

N
Prob ({r(n)}) =nglll’(1n) = ( = 22

. | e

! In fact, in a recent work on poly(vinylethylene), the size of the Gaussian blob has been
found to correspond to about 20 bonds [39].
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with N counting the number of segments of the chain. The free energy of a
Gaussian chain is entirely described by its conformational entropy:

S = kg€n Prob ({r(n)}) 34)

The Gaussian chain model yields a spring constant even for a single “bond”
k=3kpT/€?, where kg is the Boltzmann constant. From Eq. 3.3 the chain exten-
sion between arbitrary points along the chain may be computed to {(R(n) -
R(m))*)=|n - m|¢2.

3.1.2
The Rouse Model

The Rouse model starts from such a Gaussian chain representing a coarse-
grained polymer model, where springs represent the entropic forces between
hypothetic beads [6] (Fig. 3.1).

We are interested in the motion of segments on a length scale £<r<Rg, where
R}=N¢? is the end-to-end distance of the chain. The segments are subject to an
entropic force resulting from Eq. 3.4 (x-components):

0 3kgT
——— kgT €n Prob ({x(n)}) = [x(n+1) -2x(n) + x(n-1)] (3.5)
0x(n) €2

and a stochastic force f,(n,t) which fulfills {f,(n,£))=0 and fa(n,t) fﬂ(m,O))=
2kgT Gy 8, 80 p (t); Gy denotes a friction coefficient and a, f the Cartesian com-
ponents. With this the Langevin equation for segment motion assumes the
form:

ax(n)_ 3ksT
Y A

[x(n+1) -2x(n) + x(n-1)] + f.(n,1) (3.6)

Fig. 3.1 Bead-spring-bead model of a Gaussian chain as assumed in the Rouse model. The
beads are connected by “entropic springs” and are subject to a frictional force ,v, where v
is the bead velocity and ¢, the bead friction coefficient
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Regarding the index n as a continuous variable we arrive at:

ia_c__ 3kgT 0%x(n)
S ot ¢ on?

The boundary condition of force-free ends requires

+ f.(n,1) (3.7)
ox(n)

n n=0,N
tial differential equation is solved by cos-Fourier transformation to normal
coordinates fulfilling the boundary conditions:

=0. The par-

SR pmin
(p,t) = N {dn cos( N )x(n,t) (3.8)

In normal coordinates the Langevin Eq. 3.7 becomes:
J _ - -
gpﬁx(P:t) = —kPJC(P, t) +f(pst) (3-9)

212 p? .
where k,= N~ k, §,=2Ng,. For the stochastic forces we have:
(fal0:1) £5(2, 1)) =28, kT 8, 8,5 5(t - 1) (3.10)
Equation 3.9 is readily solved by a single exponential:
1¢ ~
X(p:t) o [ dtexp ((t-2)I7,) flp, 1) (3.11)
p oo

where the mode relaxation time 1, is given by:

_ &GN m N _ 3kgT

= =—= s W=
% k, 3mksTp*> p> Wn2p? €2g,

(3.12)

Here 13 is the Rouse time - the longest time in the relaxation spectrum - and
W is the elementary Rouse rate. The correlation function (x(p,t) x(p,O)) of the
normal coordinates is finally obtained by:

1 t 0
(?c(p,t):?(p,o)>=€7 [ dt, [ dt,exp[-(t-t, - L)IL] {f(p,1)) f(p, 1))
2 L

—oo

1 t 0
= E [ at, | at,exp[-(t - t, - t,)I1,] 28, ks T 6(t; - t,)
2

kgT t/5) Ne¢2 ( t (3.13)
=—-oexp(-t/t)) =——exp|-— .
k, P P en?p? P 1,
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For the centre of mass coordinate one finds:
2ksT
NG,

Scattering experiments are sensitive to the mean-square segment correlation
functions:

(%(0,1) %¥(0,0)) = t (3.14)

B(n,m,t) = 3{[x(n,t) - x(m,0)]?) (3.15)

They are obtained by back-transformation of the normal coordinates (inverse
of Eq. 3.8):

4N
B(n,m,t) = (r*(t)) = 6Dyt + |m - n| €2 + —;

2
X g‘,l Picos (p;m) cos ( P;n ) {1 - exp (— %)] (3.16)

1
In order to arrive at Eq. 3.16, we have used Dy= a((x(o, t) - x(0,0))2) (Dg is the

o 2 2
Rouse diffusion coefficient) and ), iz [cos (p Ttm)—cos( pTn )} = |n-m].
p=1p N N 2N
For the special case of the self-correlation function (n=m) B(n,n,t) reveals the
mean-square displacement of a polymer segment. For large p the cos? in Eq.3.16
is a rapidly oscillating function which may be replaced by the mean-value 1/2.
With this approximation we can convert the sum into an integral and obtain:

2 oo 2
B(n,n,t)=(r2(t)>- € Idp 11 (1 —exp( trp)) + 6Dyt

R

t 1/2 3kBTt 1/2
=242 + 6Dyt
TR nge?

(3.17)

- aver(

In contrast to normal diffusion, in the segmental regime the mean-square
displacement does not grow linearly, but with the square route of time. For the
wer o wet
3N¢2  3R%
is inversely proportional to the number of friction performing segments.

The self-correlation function relates directly to the mean-square displace-
ment of the diffusing segments. Inserting Eq. 3.17 into Eq. 2.6 for t<1; we have:

translational diffusion coefficient Dy=kgzT/N{,= is obtained; Dy

1/2
Sseif (Q, 1) = exp [-Q*Dyt] exp{—(r t( Q)) ] (3.18)
self
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with 7,,4(Q) = (WC"Q 7 ) .In the case of coherent scattering, which observes the

pair correlation function, interferences from scattering waves emanating for
various segments complicate the scattering function. Inserting Eq. 3.16 into
Eq. 2.5 we obtain:

cham(Q: t) - eXP[ QZDRt] Z eXP[ _ln -m |Q2€2] X

w5 3l ol 2]

For small Q(QRg<1) the second and third terms are negligible and S,,;,(Q:t)
describes the centre of mass diffusion of the chain:

1
Sself(Q) t) = E Schain (Q’ t) = eXP ["DRQ2t] (3-20)

For QRz>1 and t<ry the internal relaxations dominate. For t=0 we have
S(Q,t)=S(Q); i.e. the structure factor corresponds to a snapshot of the chain
structure:

cham(Q) “ﬁ 2 exP(— —Qzlfl mlez) (3-21)

1
Replacing the summations by integrals and observing the relation R2= -gNK 2

for the radius of gyration Eq. 3.21 immediately leads to the well known Debye
function:

cham(Q) - NfDebye(QzR ) (3.22)
S pebye (%) = ——(e"‘ -1+x) (3.23)

The shape of the Debye function corresponds to the uppermost curve in Fig. 3.2.

Important scaling properties are revealed by an approximate computation
of the high-Q behaviour of S,,;,(Q,t) [41]. Replacing sums by integrals and
performing some simplifications:

cham(Q) t) 1/2)} (3.24)

with  h(y) =

:’f cos(xy) (1 - exp(=x2))
0
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schaln(Q't)

Schain(Q’t)Schain(Q!t)

t/1g

Fig. 3.2 Development of S,;,(Q:t) for different times (a) and the normalized relaxation
function Scpain(Q:1)/Schain(Q) (b) for QR,=1,2, ... 6. The dashed lines contain only the intra-
chain relaxation whereas the solid lines include the centre-of-mass diffusion. Note that for
short chains and for small Q the diffusion dominates the observed dynamics (Reprinted with
permission from [40]. Copyright 2003 Springer, Berlin Heidelberg New York)

is obtained. Note that Eq. 3.24 only depends on one variable, the Rouse variable:

2 [3k, Tt Q2
(Qgt)2 =£62— BT = Q6 Vwe (3.25)
0

Since the Rouse model does not contain an explicit length scale, for different
momentum transfers the dynamic structure factors are predicted to collapse



3 Large Scale Dynamics of Homopolymers 31

to one master curve, if they are represented as a function of the Rouse vari-
able.

Further note that for t=0 Eq. 3.24 does not resemble the Debye function but
yields its high Q-limiting behaviour «Q,i.e. it is only valid for QR,>1.In that
regime the form of Qp immediately reveals that the intra-chain relaxation
increases «<Q* in contrast to normal diffusion «Q?. Finally, Fig. 3.2 illustrates the
time development of the structure factor.

3.13
Neutron Spin Echo Results

The self-correlation function of a Rouse chain was first observed on polydi-
methylsiloxane (PDMS) [42]. Since a straightforward study of the incoherent
scattering by NSE is very difficult - due to spin flip scattering a severe loss of
polarization occurs leading to very weak signals - the measurements of the
self-correlation function were performed on high molecular weight deuterated
PDMS chains that contained short protonated labels at random positions. In
such a sample the scattering essentially originates from the contrast between
the protonated sequence and a deuterated environment and therefore is co-
herent. On the other hand the sequences are randomly distributed, so there is
no constructive interference of partial waves arising from different sequences.
Under these conditions the scattering experiments measures the self-correla-
tion function.

In Fig. 3.3 the corresponding NSE spectra are plotted against the scaling
variable of the Rouse model. As predicted by Eq. 3.18 the results for the differ-
ent momentum transfers follow a common straight line.

Recently it also became possible to observe directly the incoherent cross
section of a protonated chain. As eluded to in Sect. 2.2, incoherent scattering
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Fig. 3.3 Self-correlation for a PDMS melt T=100 °C. The data at different momentum trans-

fers are plotted vs. the scaling variable of the Rouse model. (Reprinted with