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Phenomena
self-organisation, self-healing, interfacial dynamics, nucleation and growth of phases,
solvation phenomena, enzymatic activity and glass formation

Control parameters and specific conditions
temperature, pressure, pH, ionic strength, light and electromagnetic fields, concentratrion
confinement effects, functionalization, stretching

Scientific disciplines, applications

Chemistry, physics, chemical engineering, materials science, food science, mechanics, ....
required the combination of methods, disciplines, expertises
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Q range of the processes
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At length scales larger than the macromolecular size: Diffusion.

At length scales of the order the macromolecular size: Rotations
and shape fluctuations.

Where the incoherent signal 1s dommant: Self H dynamics
(translations, rotations, vibrations,...)

At the structural neaks: Atomic/Molecular Dvnamics.
(slide from A. Faraone, NIST)



Complementarlty of methoas
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QUASI ELASTIC NEUTRON SCATTERING : QENS

Measure of scattering processes involving small amounts
of energy exchange, classical approximation ( || <<1kBT )
i.e. in the low energy region of inelastic spectra close to 0

Dynamical phenomena at 1013 to 107s
Motions explored in space on legnthscales comparable
with A of the neutrons

Vibrational displacements, librations, jump distances,
diffusion paths, corrlation lengths ( nano to micro)

Observables : Dynamical structure factor, S(Q,w) or intermediate scattering function,
mean square-displacements, self diffusion coefficient, relaxation time,
Reptation Rouse modes, friction corfficient,
Rotationl diffusion, EISF, VDOS, Cp



0.1psec to 500nsec |
motions .5meV a 20meV >evera

1000A 3 1A instruments

Triple Spectrometer

Time of Flight Spectrometer (based on energy transfer analysis)
Backscattering Spectrometer

Neutron spin Echo Spectrometer (NSE and NRSE)
Based on the Fourier time analysis of the scattered intensity



Disk chopper time-of-flight spectrometer IN5
https://www.ill.eu/users/instruments/instruments-list/in5/description

Monochromatisation
EE% T
-\

4‘ T L & counter-rotating choppers
0, O
40000

Chopper velocity Vo

2000 to 17000
(revolution per minute) pmio pm

Incident wavelength A, 18Ato20A

elastic energy resolution

- \
at 5.0 A, 8500rpm 100 peV

P Winax 0.6xE o

max neutron energy loss
& £ in ™ 0.4%E  (hmax = 15A5)

Emax =" ...

1.48/ho A”

- 012, [7]
~ 01x3xA, [7]
J -/ 30/ 60
Focusing neutron guide Nonitor| Sample —
Em In . 6.83x10° [n/cm?/s]

(1) Main access gate

(2) Choppers radiological protection
(3) Monochromator choppers

(4) Frame overlap and contaminant order choppers
(5) Focusing guide

(6) Sample environment lift

(7) Sample chamber

(8) Position sensitive detectors

(9) Background shielding

(10) Background shielding frame
(11) Time-of-flight chamber

(12) Instrument recess



Backscattering Spectrometers B. Frick, IN16, ILL

monochromator and analyseur : perfect crystals in backscattering (2q=180°)
Bragg law differentiation
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background choppe
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|H53 cold neutron guid




/ Backscattering Spectrometers

détecteurs

Q=Qélastique

Résolution <1peV
Gamme -15 a+15ueV

BASIS @SNS + 300 peV



Spin Echo Spectrometers Mezei 1972 NSE, Gahler 1987 NRSE

NSE measures the sample dynamics in the time
domain, via the determination of the intermediate
scattering functions F(Q,t)

*He Detector /2 Flipper Solenoid 2
___‘l:ﬁ___r g ________ _]— TA._ —R Sample
Analyser (Supermirror) =2 1 Eii
n Flipper
IN11 NSE
Sol id 1
Spectrometer s
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Polariser (V-Shaped Supermirror)

‘ Mechanical
Velocity Selector

Source (Reactor)

ILL, IN11A Neutron are polarised, pi/E rotation, then under magnetic field



The measured quantity : the scattered beam polarisation...

Neutron spin , precession ... D @ _ 5 A 5
dt °
S=1/2 « B
® =|yn|Bog
S N =y,B,t/27
By= 0 B, yn =—2913.27 (Gs) %

S > S. P>=C0s*(al/2)
o I
p.>=sin?(a/2)




to increase the energy resolution without drastic lost of intensity as in QENS-ToF
energy transfer is causing a phase shift of the neutron spin precession
angle for each scattered neutron.

?\5\/\ | elastic

¢ ¢ Quasi-elastic

F. Mezei Z.
Physik, 255
(1972) 145

Q) ~(P)~ [ "S(Q,®)cos(® 7y )do
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Polarisation exchange
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Comparaison TOF-BS et NSE

Frequence measurement
Scan at fixed o
5(Q,w)=5(Q,0)®R(Q,w)
Self motions

Shorter dynamical range

Good Q resolution

Excitations, vibrations

Time measurement
Scan at fixed t

S(Q.1)= S(Q.1).R(Q,1)
Collective motions

Large dynamical range (3 to
4 décades)

AL ~15% =AQ/Q

Define R the flipping ratio




Current trend

Doing Neutron Scattering experiments
but

Combine in situ the measurement of another probe
With another method

Especially useful with metastable samples

Ex : Calorimetry at LET



Sample environment NEW

A new in situ centrifugation set-up for the
separation of fluids by SANS and Diffraction

Up to >6000g ( gravity)

Liquid extraction, phase separation, purification



simultaneous measurement of the structure and vibrational modes during the hydrate
formation by elastic (and Quasielastic) Neutron Scattering and Raman Spectroscopy.

DETAL C
SCALE1:2

new equipment for coupled Raman/Neutron
scattering experiments; left view of the neat
sample can, sample cell and neutron beam
(arrow A), middle focus on the equipped can,
right zooms on the optical head for the laser
beam injection and collection of the Raman
signal (from A. Helary, LLB, coll A Desmedt and
D. Morineau)

dedicated to the hydrate formation at Room
Temperature with CO, and CH, gas



Coupling NMR and Neutron
Sol-gel, H+ and Li+ mobility

100 { = = T=25°C
] i
Bobine RMN 1 -
10 = ¢
- 3 Bl
E 3 = (=]
Flux gaz = 1 - s
(régul. T°) = 14
0.1 -
0.01 o 0.1
q (A7)
Cellule Hellma
Signal SANS(neutrons)
Neutrons
Design et fabrication
d’une cellule Tomography
NMr -Imagine

« Sonde RMN+Cellule
Neutron+Régulation en

température ».
(LLB)

(LLB, NIMBE)




measuring simultaneously NMR and neutrons
P Judeinstein, JM Zanotti

“another environment” to perform NMR experiments

a)

P. Lavie (LLB)

set-up adaptation (2 hours)
Il beware of metallic/magnetic parts in the surrounding



Simultaneous measurement of long time relaxation

processes and quasi-elastic scattering
K. Niss, B. Frick, M. Appel, ILL

Select T and P according to the dynamics
measured by dielectric spectroscopy

ﬂ
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High-pressure cell for simultaneous dielectric and neutron spectroscopy, A. Sanz et al
Review of Scientific Instruments 89, 023904 (2018); https://doi.org/10.1063/1.5007021



https://doi.org/10.1063/1.5007021

Phase diagram and

: High pressure experiments
thermodynamic path gnp :

p Glass transition line
N Melting e
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GLASS : the 4th state of matter



Liquid high pressure cell for inelastic
neutron scattering

Alba-Simionesco, Paris-Sud / Melesi, ILL Compresigiand external gauge
Material: Niobium T
e P ~400MPa T~2-450K
outer cell diameter 23mm

inner @ = 8.6mm

* inner piston changeable for adjusting ——y

nu wE4 po

sample thickness

Sample geometry:

* hollow cylinder min.thicknessd . =0.12m
with an internal gauge
* calculations of attenuation factors




Pressure up to 1500 MPa

Clamp pressure cell,

TEN N
T B Bt S
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Neutron Time Of Flight and
Backscattering spectrometers
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scenario of quasielastic scattering as T increases

harmonic and anharmonic behavior
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To cover a wide w range requires the combination of several instruments



Elastic scan or fixed window method; following the elastic conditions

Laboratoire Léon Brillouin

S(Q,») and <u?> mean square displacement

S (¢.Aw,T)/ S, (q.Aw,T =0) = exp[-2W (q,Aw,T)] = exp[- < u (T) > " /3]

A @ 1
2
s Ao (W) ock,T | —g(@)doxT
~r eff a)
%) j 0
diffusion Elastique W msd =measure of the atoms motions
fastest than the resolution fonction
A®

g(w)= VDOS




The Microscopic Basis of the
Glass Transition in Polymers
from Neutron Scattering Studies
B. Frick* and D. Richter

Fig. 2. Elastic scattering Oy
of Pl for different degrees
of deuteration. The in-
tensity decrease shows
the onset of the dynam-
ics on a time scale faster
than picoseconds (72); - "
the first step in the tem- = 4 =] e T
perature  dependence £05 : i:::g Q=1.90A" "*ﬂh "é‘-.
arises from the methyl- | o pLhs p ™, o
group dynamics, the - A PI-d8 Q=1.95R "o
second step from the - ne ™
glass transition. All sam- O ]
ples have microstruc-
tures with about 93% o
1,4-Pl and 7% 3,4-P 15— 160 300 ——"300
(12). Intensity is normal- Temperature (K)

izedtothevalueat 7T = 1.5 K.

SCIENCE + VOL. 267 + 31 MARCH 1995



A major observable was defined
msd from elastic intensity
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Z. Phys. B = Condensed Matter 70, 73-79 (1988)

Zeitschrift
feses. Matter

© Springer-Verlag 1988

Study of the Glass Transition Order Parameter
in Amorphous Polybutadiene by Incoherent Neutron Scattering

B. Frick', D. Richter', W. Petry', and U. Buchenau?

! Institut Laue - Langevin, Grenoble, France

? Institut fir Festkorperforschung, Kernforschungsanlage Jiilich,
Federal Republic of Germany

Received June 22; revised version August 25, 1987

The temperature dependent elastic incoherent scattering from a glass forming polybuta-
diene was studied using high resolution neutron spectroscopy. This elastic scattering
measures directly the non-ergodicity order parameter of the glass transition. We observed
an anomalous decrease of this scattering setting in around 30 K below the thermodynamic
glass transition, T,, the temperature dependence of which is in agreement with the square
root of T prediction of the mode coupling approach. The critical temperature of 220 K
lies about 30 K above T,. The missing elastic intensity reappears as inelastic scattering
in the 1 meV range. Within the peV resolution of the backscattering spectrometer no
quasiclastic scattering can be detected up to 20 K above T,. The observed inelastic
scattering may be interpreted as resulting from a continous shift of the density of states
towards low frequencies as a consequence of a general softening of the structure.

Fig, 3. It results for the mean-square-dispiacement
<2y as a function of temperature. The values are
taken from the stope of straight lines fitted to the
experimental data of INIO and IN13, in the
representalion In Jy vs 0° (see Fig 2). The square
points display the normalized scatiering itensities
integrated over the energy window ol X714 peV on
IN10 and <60 peV on IN13 The drawn tnes are
guide lo the eyes. The dashed straight line
extrapolites the linear low temperature behaviour

As soon as all motions are within the resolution : useful and fast



s mDue to disorder and stress, excess of vibrational modes

S(Q,m) VDOS g(w)
0.1 meV <m» <10 meV 0.1 meV <m»w<10 meV
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Combining IXS, DLS and INS

DLS
Brillouin scattering

INS : Boson Peak (BP) changes
Here incoherent scattering

IXS : dispersion of
longitudinal sound modes
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VDOS analysis at low energies
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@
Looking at the structural disorder and inhomogeneities
in amorphous systems
Deviation from the elastic medium theory ( Debye)
0.1
— 0.01 -
>
P)
g
2 .
> 0001 - Ordinary glass
s Ultra stable glass Léonforte et al PRE 2004, 2005
) crystal
P Ultra stable glass from M Ediger group
0.0001 : : )
J 10 ( Science 2007)

o meV
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Heat capacityatlow T
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eo(T) ~ ey(T) = NyR [ dwg(w) -2/ 2,,@ hw kT

smh2 (8/2)
Cp of aaa-TNB, normalized to 45meV, integrated up to 21meV
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Where low frequency modes are active



Low temperature properties by QENS
in the glassy disordered state

Cv from Lindqvist JCP 107, 5103 (1997)

Cp from Tanaka
10

e glass

<~ g4 . o crystal

X .. ©  Cp from VDOS

g o - o e intramolecular
= 61 O » contribution

O

= 55 O
o 4 0

|_ O

~~

o

O 2 %

0

T/K

The excess gives rise to a peak in the reduced density of vibrational states (rDOS) (g(»)/®?)
and the peak is seen directly in inelastic neutron spectra. The excess also gives rise to a peak
in the reduced low temperature heat capacity C,(T)/T3.
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Dynamical processes observed in a given spectral window
case of molecular liquids and polymers

Laboratoire Léon Brillouin

comparison Toluene and 2-Picoline

at normal pressure

® -
¢  tolueneD8 NSE CoM, Q=1.29A°-1 P 0r "~ f-relaxation
@ toluene LS-Dielectric data Rssler et al ® 5 ) _
B 2picoline viscosity 4 ° I :
® 2 picoline dielectric data Rossler .’ § 4 L .JJ
¢ 2picoline NSE CoM Q=1.32A°-1 ¢ o = |  Rouse o
O toluene viscosity o Z 6L , !
5 i i .” ’555.4 a-relaxation
& & s 4:,:!) .
P Cg - 10 i H:W CH, |'|:11.£:i|1i
K% | T
(g)oo 12 L
M 14 "fast dynamics" and Boson peak
r 2 3 4 5 6 7
' - ' ' 1000 / T(K)
2 3 4 5 6 7 8 9
1000/ T

Relaxation map of polyisoprene.
Full symbols correspond to neutron
scattering. Colmenero/Arbe 2012



Molecular Liquid : Q range for QENS experiments
Toluene Patm and T=193K

Sm(Q)= +Fm(Q)

and intra

S(Q)

Center of mass
Scen‘rre-&-cenfre(Q) Calculated by Monte

Carlo simulation

Q ,Ao—l
ToF, backscattering, NSE

6.10° A (IN13) > [102 A (IN15)
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Looking at relaxation time of a molecular liquid
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Dynamics at pico-nano sec.

Many diffusional and relaxation processes are
characterised by a Lorentzian dynamical correlatior
function: 1

S(Q @) I +(w-w,)’
Fourier transform: 0

017 018 019 1.0 Lead|ng to a exponential dec: ly W|th t|me
Tg/T

However , another function is commonly used

stretche

S(Q ,t)=exp(—(%)m<wwj

v

T(Q), Brww(Q)

100 1000

t (psec)10
Experimental time window



Q-dependence of the relaxation time t(q) in the liquid state

diffusion coherent fully deuterated C,D.CD,

diffusion Incoherent of C;H.CD;

[m]

TDIuene—dﬂ
208 K

Q dependence
related to the de Gennes narrowing

Diffusion



Linear polymer chain : polyisoprene

10° 0.5
'L . 10,
Gaussian = O :04
approximation__ - ,_ ]
homogeneous  _ 10° L 103 W
N - | 3
S0 G T2 ©
0L 10.1
: ';':""-': ----- g Heterogeneous
1) Y N ) jump diffusion
0.2 0 4 0.60.81 3 processes

-1
0 (A™)
J. Colmenero, F. Alvarez and A. Arbe

“Self-motion and the o-Relaxation in a Simulated Glass-Forming Polymer:...

Physical Review E (2002)
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Figure n°6 Incoherent dynamical structure factor of m -TOLUIDINE
at constant temperature (T=257K) and several pressures
experiments performed on IN16
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neutron backscattering experiments on

41 A 269K: 1kbhr
. O 286K: 2kbhf
O  304K:; 3kbpar
] — resolution] - 1000
Isochrone at 0.4 nsec -
17K/kbar R :
100 e |
8_
7 L
g 57 )
o 9 Sy
[92] 34
.
10 —

eSame relaxation time

eSame Q dependence
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energy



How to get the structural relaxation function?

Ratio signal/noise and shape of resolution of the spectrometer R(w)

SeP(Q,m) = S*°(Q,m) ® R(w)

When concolution is controlled

or T.F.[S®P(Q,m)] = Stheo(Q,t) o R(t)
Model independent
Good when close to the resolution

What is measured on which instrument ?

TOF, BS Sexp(Q’(D) = Ocoh Scoh(Q'(“O) + Gincoh Sincoh(Q'(’O)

polarisation
TOF pOI, NSE STT(Q,(D) = GCOh Scoh(Q,(D) + 1/3 Gincoh Sincoh(Q'(’O)
S)N(Q,(D) = 2/3 Gincoh Sincoh(Q'(D)

!CGhSPEiIfQ" {.\-l - %!im'ﬁselfo~ f:'

Incoherent scattering is reduced to 1/3; Snse(Q: 1) =

coh and incoh might cancel each other at low Q’s

1
!Icnh - §-!:inc




intensity cance

Combining different instrument to cover a large time domain ToF+ NSE

Data fromTOF (Mibemol, LLB), NSE (IN11, ILL) deuterated sample

1.0

L0 m-Toluidine TOF+NSE

e & e q 30K, 235K, 240K, 248K, 257K, 273K
0.8 - R R

o.:~:i ‘e:.. 05 | .,M \

P @) ,O Q e RS S v
06 - Y. 23K = 06 |

n S g

< e .
04 M o \u . e\ < 04

-y ° s *N\e

" .

0w < 273K NN | 02

\ °

-=- NN t psec °

t psec : 00— ‘ ‘ ‘ ‘ ‘
0.0 - ; ; ; ; 0.01 0.1 1 10 100 1000
1 t

m-toluidine (bz(t) —+ ]__‘tﬂ?(ﬂl?(?f) -+ ﬂ;‘qu?(?f) + Q? / ‘ﬁrli(t — T){.-{li(T)t‘]ET = U', = U? 1
Tg=183K 0
Tm=241K ']'H-.[](t) — f‘lf-f)ﬂ(f) + "i,’gﬁ'{]['j(t)z,
Tc~228K

Lines are fits

mq(t) = rmy(t),
Mode Coupling Schematic analysis



multiscale scale analysis of transport properties
multiscale analysis : QENS + NSE + PFG NMR (BMIMTFSI)

limited to the study of cation (incoherent neutron, *H NMR)

Quasi Elastic Neutron Scattering :

1-100 ps / 1-20 A

Neutron Spin Echo :

50ps-1ns / 1-50 A

Pulsed Field Gradient-NMR :

1ms-1000ms / 0.5-10 um

Other complementary techniques :
fluorescence, EPR, 2D-IR ...
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structure / dynamics synergy

Nanostructuration of ionic liquids: impact on the cation mobility.

A B parameters BMIM,TFSI OMIM,BF4
1nm 100 nm Qprepeak (Al) 0.5 0.29
FWHMoprepeak (A1) 0.4 0.1
D d = 211/Qprepeak (A)  12.6 21.6
= QENS Laggregate/QENS (A) 205 225
Laggreg 60i0c (A) 11.4 +£2 11.4+2
DNMR< D|r< Dloc Dioc (* 10° m25'1) 4.8 2.9
Dy, Drr (* 10° m2s?) 0.16 0.04
%%c Dnvr (* 10° m2sl)  0.022 0.0028
Dir/ Dnvr 7.3 14.2
nano-organization  low strong
F. Ferdeghini, et al, Nanoscale, (9), 2017, 1901-1908.
Nanostructuration in surfactrant free microemulsions
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o thanl 1y > o different values
c'mm,, lhq@éﬁ{ / - §;5é of Q. (|N11 at
/" region biphasic “\\ 6 E.{}l 2 4 6 HO.I 2 4 6 Hl A 0508 the ILL)
’ = t [ns]
water octanol plazanet et al submitted



Conclusion

Select the frequency-time range of interest
Look at the most suitable instrument , its wave length and resolution.

Check how coherent and incoherent contribution affect the spectra
prepare your sample accordingly.

Always put your results in a broad context
Compare ( and if possibly complete) to other techniques.

Read literature, but feel free to improve a model or develop a new
approach of an old question.



