Quasi-elastic scattering
Theory and experiment hand in hand

Julia S Higgins
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TYPICAL ENERGIES OF MOTION (& CORRESPONDING FREQUENCIES)
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How far does a molecule move in a unit of time?
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QUASI-ELASTIC SCATTERING OF NEUTRONS BY DILUTE -POLYMER
SOLUTIONS: I. FREE-DRAINING LIMIT

P.-G. de GENNES

Laboratoire de Physique des Solides associé au C.N.R.S.
Faculté des Sciences d’ORSAY - 91 - France

(Received 20 June 19686)

Abstract

In the so-called "free-draining limit", successive units of a long molecule
equalise their average orientation by a diffusion process along the chain. For low
values of the momentum transfer fiq and of the energy transfer Ao the dynamical form
factor S(q w) for neutron scattering is controlled by this effect, and is independ-
ent of the vibrational spectrum. In this regime, we show that the frequency width
Loy of S(qw) is small and proportional to g*. The unusual q*law is related to the
fact that, in a time t, a signal travels a distance d ~ ¢ along the chain, but the
corresponding distance in space is only of order d1/2 for a coiled polymer. On the
other hand, if the chain is stretched this argument breaks down and the width Ao,
for coherent scattering is predicted to increase.
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QUASI-ELASTIC SCATTERING BY DILUTE, IDEAL, POLYMER SOLUTIONS:
IT. EFFECTS OF HYDRODYNAMIC INTERACTIONS

E. DUBOIS-VIOLETTE and P.-G. de GENNES

Laboratoire de Physique des Solides*
Faculte des Sciences d’Orsay, 91 - ORSAY, France

(Received 21 February 1967)

Abstract

Each moving unit of a long, flexible, molecule induces in the surrounding solvent
a velocity field which reacts on the motion of other segments. This long-range hydro-
dynamic interaction modifies strongly the dynamical form factor S(qw) at low fre-
quencies o and small scattering vectors q. For neutron scattering (qRg >> 1, where
Rg is the radius of gyration of the polymer), the frequency width Aog of S(qu) at
fixed q becomes proportional to q3(for an ideal coil). Also the effect of stretching
the molecule becomes more dramatic, since stretching greatly reduces the hydro-
dynamic interactions.
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Figure 2.6 The back-scattering spectrometer (IN10) at HFR Grenoble
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Figure 2.7 Normalized quasi-elastic scattering from polydimethylsiloxane shown on
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side the resolution function of the machine 1s shown on the same scale
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Entangled polymers — many random walks




The Tube Model

Polymer chains in
\/ the melt

Each chain can be
considered to be
constrained within
a tube




Polymer Motion t=
t
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Rouse relaxation
time
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Reptation time
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Neutron spin echo spectrometer IN11

(ILL, Grenoble)
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neutron beam polarization, when normalized against a purely
elastic scatterer (e.g., glassy polystyrene) is directly proportional
to the cosine Fourier transform of the coherent scattering law,
8 on(@w); Le., the intermediate scattering law, or time correlation
function, Sx(&.t) is measured directly.




Large apparatus to investigate shape, size,
organisation and motion of molecules

ll'lit

—
| lg

v

]




It is highest energy resolution QENS technique

It is a coherent scattering technique so we can exploit the SANS signal from
labelled molecules

It uses a highly collimated beam so we can measure at low q values — ie
over reasonable spatial distances

It measures the time FT of the normal S(q,E) correlation function. In
energy space this signal is a convolution of the energy spread in the
incident beam and the signal from the sample. The FT of a convolution is a
product. Hence the resolution function can be divided out from the
NSE signal leaving the pure sample S(q,t)
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In particular Akcasu ¢r al. show that the mital tme
dependence of S, (x. 1) obtained as:
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Coherent scattering by one reptating chain

P.G.De Gennes

Fhyslque de |a Matiere Condensée, Colldkge de France, 75211 Paris Cedex 05, France

Résumé
On analyse 13 structure de |a fonction de diffusian cohérente 5 q(t) pour une chaire palymérique deutérée se déplagant dans un fondu de chaines

enchevétrées, chimiquement identiques mais non deutérées. Le domaine intéressant carrespond a des longueurs d'onde 2 n/q plus petites que la
taille glohala de la chaine (RO) mais olus grandes que la distance D antre points d'enchevétrement. Dans ce domane, nous sommes conduits 4 une
farie autoeritique : les résultats sont beaucoup plus complexes que nous ne ['aviens imagné dans un travail anténieur [1 ). La fonction 5q(t) se
sgpare en ! a) une partie 51q(t) qui 3écrit des Muctuations locales dans ie tube, el qui relaxe reiativement vite; o) ung partie Scq(t) qui est de plus
grande amplitude, et qui ne décrait que trés lentement (avec pour temps caractéristigue le temps de reptation globale Trep). Dans |a référence [1]
nous avions postulé une seule fréquence caractéristique (1/7 g ~ q5). 1l s'avkre que cet 1/t est seu'emant la moyenne pondérée des deux

frdquences physiques assocides & 51 et Sc.

Abstract
We discuss the time dependent carrelation functions Sq( t) for cne deuterated polymer chain, moving inside an entangted melt of chemically

identical, protanated, chains. The region of Interest corresponds to wave-vectars g such that D-1 »> g >> RO-1 where D is the tube diameter and
RO the averall chain size. In this regime the results disagree strangly with our eariler prediction [1]. We lind that the function Sq(t) breaks up (nto
two parts. One part [S1a(l)] describes the lacal fluctuations of = kinks « insida the tube and relaxes relatively fast (characteristic time ~ q-4), The
gther part [Scq )], with much larger ampllude, describes a slow, glabal creep of tha chain inside its tube, associatad with the tube diffusiviry Dt.
The characternistic time for this creep process is indapendent of g, anc is the gverall reptation time T rep, In referenze [1] a singla characteristic rate
1/Tq ~ g6 was constructed for each q vector | this turns out to be ths weighted average of the two physical relaxation rates.



a) Q< R, diffusion regime:
S(Q, t)=exp (—Q,.t) (3)
0. =D.g (4)

where D, is the centre-of-mass ditfusion coeflicient. _ o
(b) R,"< Q< o', ‘universal’ (intermediate) regime: in the Rouse limit”®
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where [ is a segmental friction coefficient and k and T are the Boltzmann constant
and temperature, respectively. The long-time asymptotic behaviour of the Rouse
chain 1s given by

S'(O.:}r_exp( —TZ._-(!'IRF)'”). (7}

v

Forthe entangled melt (R, ' < Q= D™') de Gennes'’ suggested, in the framework
of the reptation model, an overall correlation function of one chain which can be

written as:
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where T, is the reptation time.
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Effects of Entanglements on the Single-chain
Motion of Polymer Molecules in Melt Samples
Observed by Neutron Scattering

By JuLia 5. HicGins® anND Jaan E. RooTtst

Department of Chemical Engineering and Chemical Technology,
Imperial College, London SW7 2BY

Received 15th Ociober, 1984

The motion of single molecules of polytetrahydrofuran in melt samples of deuterated
polytetrahydrofuran has been observed using high-resolution guasi-elastic neutron scattering

{the neutron spin-echo technigque). Comparison of results for two systems in which the
maltrix of deuterated molecules surrounding the observed molecules is either well above or

well below the entanglement molecular weight shows clearly the effects of molecular entangle-
ments on the observed correlation functions. The form of these correlation functions agrees
with the theoretically predicted behaviour for entangled systems and allows a value for the
average distance between entanglements of 30 A to be extracted,
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Two parameters are important in deciding whether the effect of entanglements
can be seen in a spin echo experiment, Rouse time AND tunnel width, D

We had all concentrated on the energy resolution question and hence the
Rouse time. This implied PDMS would be the polymer of choice.

For us however the choice of polymer was driven by necessity!

We needed an A/d mixture to give the coherent scattering from single chains

To reduce the incoherent signal we needed a mix 90% deuterated.

Such polymers are expensive or unobtainable! BUT d-tetrahydrofuran is an
VMR solvent and is CHEAP 1t is not difficult to polymerise.

Our chemists made the d and h polymers for us — in high and low Mw
samples.

No-one had measured the rheology or obtained the twnnel width for PTHF
— it was not an important polymer!

From the neutron experiments D turned out to be around 30A like PE and
much smaller than D for PDMS (which is around 80A like PS)



Table 3. Long-time limit of scattering function
and calculated values of (ri)'"'* [eqn (9)]

Q/A™ 5(Q, o) (ri)'?/ A
0,079 0,935 +0.02 302
0.092 0.918 +0.035 1743

0.106 0,847 +0.02 2841

[T L ——EEEES

e e e e e —— T

There are currently very few viscoelastic data for PTHF available in the literature.
However. recent measurements*® of the plateau modulus G3 allow a value of D to
be calculated using Doi-Edwards theory.'® The value obtained is 31.5 A, in very
good agreement with the neutron-scattering result.

® D. Pearson, to be published.
2 W. Graessley, personal communication.



Higher resolution spin echo experiments with improved
statistics and longer time scales from different polymers
including PDMS

Exploration of different molecular architectures in spin
echo, as well as mixtures

Exploitation of the time domain to remove the
convolution problem— even from energy domain
experiments

Comparison of molecular modelling results with QENS
experiments

Construction of more spin-echo spectrometers at
neutron sources in Europe, Japan and USA



single-particle dynamics

vibrations
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translati _
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motion decomposition
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CM translation:  frozen for polymers T<<Tg.

Proton delocalisation: D factor-e *% "/

_______________________________________________________________________________________________

oIl s Ml Methyl protons 3-fold jumps

3-fold CH: potential
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d | Strl b Utl O n T correlation

V(9)
glassy polymers: no single relaxation time V3
variety local |Intra- molecular environments
inter-

(Gaussian) distribution of potential barriers:

—(E.—E)>
1 ( i 20) EA

E. = Cc 2GE H " RT
g( 1) GEm

(log-Gaussian) distribution of reorientation times:

-In? (") . .
— Eo: average barrier height
e 26

g(nT}) = oJon o distribution width

N
Dynamic structure factor: S, (Q,®)=A,(Q)o(w)+ A, (Q)agiLi ()
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Rotation of Methyl Side Groups in Polymers: A Fourier
Transform Approach ta Quasielastie Neutran Seattering. 1
Homopclymers

V. Arrighi* and J. 8. Higgine
Chemical Engineering Department, Imperial College, London SW7 2BY, UK.

A. N. Burgess
ICT Chemicals and Polymers, Runcorn WA7 4QD, UK

W. 8. Howells

ISIS Pulsed Source, Rutherford Appleton Laboratory, Chilton, Dideot OX11 0QX, UK.
Received July 5, 1994; Revised Manuscript Received December 27, 1984%

ABSTRACT: The rotational motion of the ester mathyl group in palyimethy] methacrylate) (PMWA) was
investigated using quasielastic neutron scattering (QENS). A romparison between our results and the
QENS data reported in the literature for PMMA-d; indieates that the amount of quasielastic broadening
is highly dependent upon the energy resclution of the spectrometer. This anomalous behavior is here
attributed to the method of anelysis, namely, the use of a single rotational frequency. Such a procedure
leads to a non-Arrhenius temperature dependence, to g temperature-dependent elastic incoherent structure
factor, and to values of rotational frequency which are resolution dependent. We propose an alternative
approach to the analysis of the QENS data which accounts for the existence of a distribution of rotational
frequencies. The frequency data are Fourier transformed to the time domain, anc the intermediate
geattering function iz fitted using a stretched exponential or Kohlraush—Williams—Watts function. The
excellent overlap between data from different spectrometers leaves no doubt on the adequacy of our
procedure. Measurements of the ether methyl group rotation in poly(vinyl methyl ether) (FVME) are
also reported. The PVME data confirm that the behavior observed for PMMA-d; is likely to be a common
feature to all polymeric systems.
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Macromolecules 2006, 39, 6260—6272

Self- and Collective Dynamics of Syndiotactic Poly(methyl
methacrylate). A Combined Study by Quasielastic Neutron Scattering
and Atomistic Molecular Dynamics Simulations

A.-C. Genix,*" A. Arbe,* F. Alvarez,’ J. Colmenero, >% B. Farago,'
A. Wischnewski,' and D. Richtert

ABSTRACT: We have investigated the molecular dynamics of syndiotactic poly(methyl methacrylate) well above
the glass transition by combining quasielastic neutron scattering and fully atomistic computer simulations. The
incoherent scattering measured by backseattering on a sample with deuterated ester methyl groups has revealed
the single-particle motions of hydrogens in the mam chain and in the a-methyl groups. Moreover, with neutron
spin-echo experiments on the fully deuterated sample we have accessed the collective motions at the two first
maxima of the structure factor. The simulated cell, which has been previously validated regarding the structural
properties [Genix, A.-C.; et al. Macromolecules 2006, 39, 3947]. shows a dynamical behavior that, allowing a
shift in temperature, reproduces very accurately all the experimental results. The combined analysis of both sets
of data has shown that: (1) The segmental relaxation involving backbone atoms deviates from Gaussian behavior.
(11) The dynamics is extremely heterogeneous: in addition to the subdiffusion associated with the a-process and
the methyl group rotations, we have found indications of a rotational motion of the ester side group around the
main chain. (ii1) At a given momentum transfer and depending on the molecular groups considered, the time
scales for collective motion are spread over about 1 order of magnitude, the correlations involving the main
chain decaying much more slowly than those relating side groups. (iv) At the length scale characteristic for the
overall periodicity of the system (that corresponding to the first structure factor peak), the experimentally observed
collective dynamics relates to the backbone motions and is of interchain character; there. coherency effects are
observed for all correlations, though side groups display weaker collectivity. (v) At the second structure factor
peak, coherency remains only for correlations involving the main chains.
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Spin-echo spectrometer
with time-of-flight

and focusing option IN15

N15 is a high energy and momentum resolution
spin-echo spectrometer optimised for quasielastic
small angle scattering. This instrument is
developed and financed jointly by the ILL,

FZ Jilich and HMI Berlin.
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Spin-echo spectrometers

Instrument description

The spin-echo soecirometer INIS offers thres modes of speraticn.

« stancard: =owventional spin echo 1sng a velneity celactor and a neurran guide hetweer salector and preces-
sion magner,

. fnn;mf‘:pl\nn:cnnmmmn:\ spin echa Leing a focusing mirror (developed by FZ Julich) between salectar and
precassion ruagnet;

« tof.option: time-o*flight spi-acno wsing a trivle chopper and a frama overlap filtar choppar amangement.
A wida wavalength band is used covering a kirge area 1 q-time space aven for one singla detector posrion.).

Normal mode of operation

Due 1 te use of reutrans of long wavelengih (84 < i< 254 in standard mode end 1754 < A< 254 in focu-
sing made) IN1S offers a bear energy resclution (prepordonal to &° ) tan INT and it reaches considerably
Iower qvalses (pronoreenal m A7 |

The use of long wavelengh neut-ons also easss important cesign proklems, 2.
« the neuton polarisation and pohirsaticn analys's;

« the producricn of smaller precession fields;

« the beam cefection achievatle by a single super-mirror (> 4°).

The anergy resalticn is improved by tha recuction of possinie mhomegeneitias of the fiski ntegral akong 4f.
ferent newt-on trjectorics:

<pecial attention has been paic to the rranufacturing cf the colls;

comgarad te INI |, an nereased inner dinmeter of the soleroidhl pracession coils of 40 em has been chozen.

Tow qvalies
A 2imenslonal pasiton sansitve datector s used o aceess kow ¢values. Spectl care has bean pald re redu-

ce parasiri= srmall angle starering
« frem zir;
+ frem beam windows;

« frem Fresnal er flipper coils.

further noveltes are

* a beam splitter, which consiszs of a 2 m long assembly of TiNi super-mirrors deposited on & Sisudstrate. It
divides the H31 beem into two parts. N 15 uses the raflecied beam HSI1 jcuof at 4 A and maximum of
the wavelength dstribudon ac 8.6 A);

*amagnetic neutron guide wich a FeCo ‘zyer superimpesec on an ancreflecting GATI layer prapolerises the
baam (providad by HMI Barlir). It also offers the advantzge to shartan the oolariser;

+ flippar calls made of bare aluming m wire which is wourd wich 1 calbrated space f 01§ mm becwaen each tum:
the thicknass of the coil zan be adjusted (barwaan 0.3 and 1 om) for a bettar flipping efficiercy at any wavelengty,

* large Frasnal coils have bean develeped o take advarga of nearly the Ul siza of the 2D detector.

Without r'2 fippars simple polarication aralysic experments can be performed.

Instrument layout
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Drfour chagper system for TO- mode

L

Polanzes  Neutron focudrg i

Mirror version with neutron focusing

time-of-flight option

A cet of three chomners (variable pu'sa width from | to 25 ms;pulse
reperiion ratas batween 5 and 20 Hz: maximum choppar speed a
9800 rpm) rephras the velocity selactor in the primary part of INIS.
Tha operation in cime-cf-fliga: togecher with spn acho provides a
large cynamic rirge.

fucusing uption

The incicert poarised beam is wialy reflected by a wroidal mirror
(4 m long) which focusses tie beam onto the detector. An intensi-
ty giin of a facter 10 e expactad 2t a geresalurion of 3x 107 Ktand
aerr [00ar 107 A1 The possisliry e rezch oval ms as small a5
1% A will frally provide an cverlzp o cprical spectrascony.

summery of the pedformance at h =25 A

+The intzsity & sufficiendy high for typical smal -angle scartering
exoeriments;

< the energy rescluticn (I neV. smallest measurable nelasticicy
Q.1 ne¥) is @ fecwor 20 Figher than on INT1:

« the Q-rarge ‘rom [0° A up o Q4 A

* the time-oflght opararion mode coffers a lirge dyramic range In
anargy.le four orders of ragnince (02 - 2000 nav)

Location
Guide hall n°2, cal

polarising guide H51 1

diamerer az sample pesition 40 mm (nermal operaticn)

100 mr {focusing opticn)
ircidan: wavalangth Bc2 A
monediromatisation 15% (velceity selector)
AxJi (FWHM) 5.50 % (tof cption]
inciden: beam divergence <17 mrac
polariser Voaaicy, | mlong
provided by M Bavlin}
FeCo-3I supermirrers
01 51 substate
analyser FeCo supermirtcrs

provided by HM| Berlin)

max field of solenoid 15 G

maxfield incegrzl 27x 10° Gem

32 % 32 pixals, aach | cm? ata cistance of 4€ m from the sampla
bar *Ha an 0.3 kar CFy

area 31 31 cm?
pivel sire I er?
angular range 28 o ler
angular resoluticn 2x 107 rad

wab: www.ill.friYellowBook/IN | 5/

High-resolution spectrometers
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NSE ~NEUTRON SPIN ECHO SPECTROMETER

HNSE is the best spectrometer of its class i both resolhution and dypamical rmge. SPECIFICATIONS

Exploiting superconducting technology and developing nowel field commection elements,

the maximum achievable Fourer time will be extended oo at laast 1 ps. Using et s
wavelangths of 025 < \mm < 1.0, an unprecedentad dynamical range of sz decades mysiregen
from 1 ps =< w0 1< 1 s cam be achisved. The design of the spectrometer takes advanfage SR EE

of Fecent prosress in DeuTon optics and polarizing supsmméTar Dricrobenders, esulting in | BT D :1";813"':
conziderable sains o pelarized newron fux oves a wide wavelensdh moge. Performumce 0
is al=o exendad by a position-sensitive, ve-dimensional detector with a broad detection m ,r_.n:mpﬂ
Tegion As aresudlt, the effective dam rate will Zxic ao additienal factor of 5 in additien to comsising of
- the estimated ome-averaged four choppers

| sempile fims of 107 iem®s FicEm e
aroumdd %= 1 . This yields i
the Eiphest available dam a6k
acoumdaton rae. In sdditon, SRRy P
the wavelensth dismrhution waislanE
wiidi af aoy times is well below frames o
0.5%, camsing the resolution in Daclination |37
mommenium. mansfer i crease angle
i v connpared with MaEXmUT | 80"
TeaCtor insmaments witk scatming
10%% or more wavelength -
distrilmtion width, O mnge | 0.00m-8.6 47

Mamimurn | J=1ETm

APPLICATIONS

Tes

fisd inbegrail
Dynamic | Tps < T«

ange

Typicat

Although the WSE specimomster 15 desizned primanly for soft-natter research its ical | 20« 30 e
capabiities also make- it usedid for all fields of modem comdersed matter and maserials sampis size
sciemee. This mstmment i3 especially mited for apalyzing slow dynamical processes Anziyzer | m=3rétabis
and shesebay voranelbng molecular moticns and medilities 3 nampscopic and mesosCopIC o el
lewels. This feature is highly relevant to soft-noatter problems @ research om the Detecior | 58 coumis:
malecular theology of polymer melts, related phenomana in networks and rubbers, “;['r;“ﬁ“““
interface fiuchadons in conoples Huids snd pobyelaciobytes, ad transpon in palymenc -
and g2l systems. WSE could almo aid studiss m aicy and Typca | B By
alectrotytes and el 5 biophy mazznefism. .
fime wigh
1% Soanmnar
Status:

o be commissiansd in 3009

| _\g;@s

Inemment Scientist: Michasl Ohl, chime@oml gov, 263 574.8426
hitpe/ ¥ newtrons oml gov/insoment_systems/pse shiel Bumgust 2T
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Summary
QENS theory and experiment hand in hand

1959-61 Four early years at Saclay plus subsequent post doc led de Gennes to
write his first papers on neutron scattering - from liquids

1965- 75 Spectrometers for quasi-elastic scattering were developed at a

number of neutron sources worldwide — especially ILL

1965-75 Physicists and chemists recognised polymers were interesting examples
for the neutron techniques. Initially density of states. Quasi-elastic scattering showed
much slower g-dependence of the energy broadening than for simple liquids.
1967 Two de Gennes papers in the now defunct Physics develop

the theory for this unusual g-dependence and indicate the time dependence
1970-80 Scientists search for these t and g-dependences using new high
resolution QENS but the convolution problem is a “killer”.

1975-80 Neutron spin-echo spectrometer IN11 is built at ILL -

it has higher resolution and also solves the convolution problem.

1981 de Gennes publishes the functional form of the correlation function

for one reptating chain

1980-85 First observations using NSE of the effect of entanglements on slowing
down the motion of a single polymer molecule. Direct comparisons to the model
correlation function

1985 onwards NSE spectrometers are built with increasing count rates and
higher resolution. Polymer motion for different chemical and physical structures is
observed in increasing detail and compared to more sophisticated models. Molecular
dynamics calculations “come of age” and provide a further source of insight.






