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Imaging, Inelastic and Quasi-Elastic Neutron Scattering:
Where are the hydrogen atoms and what are they doing?

Why dental cement cracks? Nanoparticles  Antigen in
Benetti, A.R. et al. Sci. Rep. 5 (2015) 8972. e squeous solution”. ]
Berg, M.C. et al. ACS Applied Mat. & Interf. 10 (2018) 9904. Antlgen loaded na nopa rticles
/ \ Rasmussen, M.K. et al. Sci. Rep. 9 (2019) 6106.
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Antigen loaded
nanoparticles

Cancer cells response to

an new bio-nanocomposite
Improving drugs: Martins, M.L. et al. Sci. Rep. 6 (2016) 22478.

antibiotic resistance, Porous Organic Polymers
IOcaI anaESthEtICS & R. Lima (UFCG) and J. Lee (KU)

antipsychotics

Martins, M.L. et al. Int. J. Pharm. 524 (2017) 397 Polycyclic imide (PI) Poly(amic acid) (PAA)
dos Santos, E.C. et al. Applied Clay 166 (2018) 288 no H-bond donors richin H-bond
Pereira, J.E. - PhD Thesis (2018). * lower NH3 adsorption « higher NH5 adsorption
* higher surface area * lower surface area
» chemical instability * structural integrity
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Superman X-rays (?) vision

Photon Energy E,

X-ray
e detector

Absorption

varies
with Z2

Scattering

X-rays have a different wavelength (and frequency)
they interact with matter differently than visible light.

Superman has X-ray vision.

WHAT'S
GOING ON BEHIND
THAT WALL?

Cartoon of making an x-ray image, by Rhett Allain.



X-rays imaging: looking inside matter

Data stored Visible image
as invisible latent

image

- ,&
§.. Processing

X-ray

tube Central ray —

X-ray Quanta

The Radiograph

Primary Remnant Image
radiation radiation receptor

\
Patient
altenuates x-rays

Ana R. Benetti
Odontology Faculty - KU

Conventional dental X-rays

Cartoon of making a Musculoskeletal Imaging, by Lynn N. McKinnis.
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Synchrotron X-rays imaging: looking

inside smaller sizes

Nanogrob_es
2292Y

Synchrotron-based
X-ray

Conventional dental X-rays X-rays tomography

Respiratory Physiology & Neurobiology 173 Suppl:S65-73 - March 2010 Benetti, A.R. et al. Sci. Rep. 5 (2015) 8972.
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Then how can we 'see’ the amazing H-bonds?
- '

HYDROGEN BOND
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We need to call the neutron man!

<

Solvent matching

“invisible.”

:;(R_ 3 3

o (1.e. matching the

5 scattering density of
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3 3 a molecule with the

. solvent) facilitates
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¢ component by
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LER rendering another
<

erene o
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When the monster came, Lolq, like the
- peppered meth and the arclic hare,
<N remained motionless ond undetected.
. e : i Harold, of course, was immediately devoured.

S,

Neutron scattering a PRIMER by Roger Pynn.
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Neutrons help filling in the gaps: a better view

Conventional dental X-rays

X-rays tomography

) Johan Jacobsen
Benedict Lenhoff MSc thesis Solveig Hedal

BSc thesis MSc thesis
Benetti, A.R. et al. Sci. Rep. 5 (2015) 8972.

Casper Madsen Marcella C. Berg

MSc thesis PhD thesis Murillo L. Martins

Postdoctoral Fellow
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Neutron man can also tell us about dynamics

— Full Fit
— J component
—— Lorentzian

S(Q,m) (arb. units)

0.001

Berg, M.C. et al. ACS Applied Materials & Interfaces, 10 (2018) 9904-9915.
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Neutron man can also tell us about dynamics

Berg, M.C. et al. ACS Applied Materials & Interfaces, 10 (2018) 9904-9915.



NS: Basically two types of instruments

The BASIS instrument at SNS.

Spectrometers:
The the £4million diffraction detector from Polaris at ISIS.
-30 to 1000meV
Diffractometers: 1- 10A Measure dynamics
Measure structures neutron : particle
neutron : Wave Newton’s law
Bragg’s law : 2dsin6=nA Ei+Er & kiFks

Ei=Ef & ki=ks
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Crash course in Neutron Instrumentation

M one can not manipulate its initial state
@ often one cannot measure its final state
Solution:'filters’ - monochromator and analysers

Monochromator Analyzer
&/or polarizer Scattered
, neutrons
h. . in different o
All sorts of l,:]'%al§tate' staxs ¥ detects all
neutrons Wi <~ pge © 0 S © arriving neutrons
Source

3?'~‘ N E ©

e

' O
. J Only neutrons
Interaction in given final state
kza E:’ S
A
| Sample

High price: most neutrons are lost twice!



SCATTERING CROSS SECTION

Inctodent neutron
energy winoow
eV

Scattered neutron
energy winoow
mev

ooLLeoeol neutrons

Number 0 elements

L the scattering volume collection solid angle

neutron -ﬂu)(
nw/meV/s/cm>



UNIVERSITY OF COPENHAGEN

Elastic Neutron Scattering: Applications

parucle hadrone physics

1! " ™ radiography / tomography

1@-—‘;2 a texture diffractometry

. reflectometry and
W. < e small-angle scattering

| L
106 o M o

particle hadrone physics . rad
gant

geclogy // !
time-resolved B Serommetion

neren X R e
- diffraction )

- reflectometry T A=

" Qoan
".'-‘. ;2: H o owe *@6
spin echo seds i dymmics
spectroscopy ’ ’)}_ ./ dynames of
, s ¥ macomoleculon
backscattering
Spectroscopy 11

spectmscopy \

high energetic \ ;A

scattering
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Elastic Neutron Scatterlng instruments

» Elastic instruments include: iy,
— Powder diffraction — 5+ 5 - o r o
— Single Crystal diffraction T ———
— SANS (typical) - SANS
— Reflectometry § ‘

» Used to determine the
average structure of WEE
materials (i.e. how the E cosa, |
atoms are arranged) DIFFRACTOMETERS Sh:fg;%:fs
|

Based on L. Robertson presentation at the SNS Neutron School in 2013

O ( A"y Based on diagram by Roger Pynn
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Using Neutrons: Single differential cross section

For a “thin” sample, the total

integrated scattering is:

= ONo ..

The measured intensity in a
diffraction experiment (on a
“thin” sample) is related to
the single differential cross
section: \

I(E,,20)= ¢N[ B )AQ

=5

The single differential cross section is
related to the “structure factor” S(Q) .

When there is one type of atom we
obtain, in the static approximation,

o (B.20)=556(Q)
dQ2 4m

ONLY DEPENDS
ON THE SAMPLE
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No exchange in energy

intensity

I diffraction peaks

|
h

from coherent scattering 1

,LZ?,»*’LHI 7 ff&?ff%/f»/f&??!

background from incoherent scattering;

scattering angle 260 —p

+ mA =2dsinf

Bragg's Law:



Small Angle Neutron Scattering

Blobs 111 Not atomes!!]

“lLarge scale structures” = 1 — 300 nwm or more

Mesoporous structures

Bilological structures (membranes, vesieles, proteins tn solution)

Pol Yywmers

Collotds and surfactants
Nawoparticles

Volids and Precipitates

Bragg’s law : 20dsind=A\
R = 4 1istnb, for small 0

A
a=Ax
—=20

|

S(Q) = Structure factor (interactions or correlations)
or Fourier transform of g(r)
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Inelastic Neutron Scattering: Applications

parucle hadrone physics

radiography / tomography

eRTE a texture diffractometry
1!Q'4 & reflectometry and
: ? ~ = "‘

small-angle scattenng

=

v § nuclear and particle physics

: W G .\
S Y o
- 9. oY \‘

. ..t;ﬁf‘

1
1 '1‘ Asiats w
s ’
- 2

" length [m]

particle hadrone physics

e
,.;r, gant

3 rorh

geology //(':-\:« gsformanon

time-resolved :
- radiography .E. . U- -
- diffraction - :. B, : - - 1'
- reflectometry PRiT 8

AN

spin echo .
spectroscopy / dynammes of _
, ’*‘ ‘“a';*’Jnmoamohowms‘hﬁaﬁa
backscattening '
spectroscopy b 1ot 11
- tnnesng v

time-of-flight and 3-axis — £ ¥ 5 F spn waves 1@12
Spectroscopy \\\\\ ; ‘

high energetic \ M. T

o
scattering
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Inelastic Neutron Scattering

— . . 3 Longer Length Scales
* Inelastic instruments include: d(A)
— Direct Geometry TOF 4 i66 > s o
Spectrometers 10 e — =
. E— High Resolution pectrometer eutron Induce
Indirect Geometry TOF 10> === iigh Intensity TOF Spectrometer . Excitationi
SpeCtrometers S Cold Neutron TOF Spectrometer / Hydrogen 1'\.:,.
- Triple-Axis SPECtr ometers 10>+ === packscattering Spectrometer Intep€rate  Modes %‘
= Backscattering ; : mm— Neutron Spin-Echo Spectrometer Magt:ta' Moldcular 'Q.{
Spectrometers e 10 Triple-Axis Specirometer glds  Vibrations 3
- in. e Latti v
Neutron Spin-Echo > 10° : ;;f'ce -
Spectrometers = ® Electron-Phobsh
w 10" nteraction
= Slower
= 2 Motions
* Used to study 3

l

Molecular
Aggregate Motion Reorientation

dynamics such as 10°

phonons, magnons, 10"y | femers snasilosia

and diffusion (|e what 10‘50.61 e : vty
the atoms are doing) Q(A™)  Based on diagram by Rex Hielm

Based on L. Robertson presentation at the SNS Neutron School in 2013




UNIVERSITY OF COPENHAGEN

Double differential cross section

The measured intensity in a The double differential cross section is
spectroscopy experiment is related to the “scattering function”
related to the double
differential cross section: S( Q: W )
When there is one type of atom,
IS(Ei,ZO,Ef)=/ WP
d’c o k
( d20' 3 (EiazeaEf)z 9
ON AQAE,. | dQdE, 47ih k.
dQdE ‘
\ £ ) /
ONLY DEPENDS

energy window ON THE SAMPLE



, , e particle
collective motion uston)
(phonon)

1000000 7— : : : : : : : : :
DNAID,O, 75%rh.
'E' i1 Relaxations . coherent scattering incoherent scattering
3. — E; quasie astic Scattering) | Scattering in which an incident neutron wave Scattering in which an incident neutron wave
_Q 1 A 90K 1 lnteractf with all the nuclei in a sample in interacts independently with each nucleus in
r 1 § 1 a coordinated fashion; that is, the scattered the sample; that is, the scattered waves from
(U waves from all the nuclei have definite relative different nuclei have random, or indeterminate,
—_— phases and can thus interfere with each relative phases and thus cannot interfere with
athar each other.
S, Vibrations 1 P — R — e —
SN . . . B Quasielastic scattering (a relaxation-like
= 1o000-{%5 (inelastig scattering) T .
PR _ contribution) usually dominates the spectra
AW % AAAAA AMAA Ap at h igh e r -I-.
OOOOOoooooooO AAAAAAAAAA . o e .
0000000, 21 B It is traditionally approximated by a sum of a
100 : few Lorentzians. This approximation assumes

0 50 1000 1500 2000 2500 3000 ) : .
a few single exponential relaxation
PI"OCGSSGS.

v [GHZ]






All you need to understand

- or... the key questlons you need to

Y 5) 'v“
'.' Ve .—*,\o Wis B ﬂ ()& ¢
DA N R A S DTS : {he
- H " o :- '

) Ml - - a : w1 [ v i
Ar=id "' 4 I‘ 't




Scattering Laws

Z.
for

Scattering vector

- 4dzrsné@ 2«
o~ (1 — —

" A d

a}

diffraction

real space’ reciprocal space’

Scattering laws
1

- Mg o b 2
momentum ¢ =— (vl -V, ) energy ha=— m(v, —V, )
* . EUROPEAN h 2 =

S SPALLATION -
’ SOURCE

24
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@
Neutron and X-rays variables
Q, o, 20, k;, k;, E;, and E;
. kf Alternative notations
k E 20 or 0 or ¢
i 20 1 k. or k, or k
E. L E.orEj,orE
. k;or k', etc
k. 1s the incident neutron wave vector f : '
k. is the scattered neutron wave vector Scattering triangle
E. is the incident neutron energy E
E is the scattered neutron energy £ A

Q

Q is the wave vector transfer Q E 20
ho 1s the energy transfer E E =
20 is the scattering angle k.

1
|




UNIVERSITY OF COPENHAGEN

* 4 EUROPEAN NN/
SN SPALLATION BR=#F5
e SOURCE E

... (or in other words: scattering Iength)....

G = 47b°

neutron
magnelic scaltering

=

[

()

0

@ X-rays scatter from the electrons
Therefore they
have a form factor & the
scattering strength depends on
the scattering angle.

around nuclei.

DNeutrons scatter from the
nucleus
object and there
factor.

@ For magnetic neutron scattering

itself, a much smaller
IS no form

interacts with the
outer unpaired electrons and this
scattering also has a form factor.

the neutron
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Summary of cross sections:

QQ_ Ocoh
dQlen = 4 Q)

do| . Fire

dQ inc 431;

dzo = kf 0COh S (Q )
deEf coh ki 47 coh\ ;W
d’oc - kf Oinc
dQdE e k 4 Oinc(Q0)

by Peter M. Gehring

(Q,m) Space

A

(r,t) Space

e

* _®) (® (o

Y
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... and the complementary to other

technigues...

‘ i

Infra- =
Electro- red sl X-rays R
magnetic 1mm Litm 1nm
; ; ! ' ; j ; ; | ; ; I ; ;
10° 10° 1 10 10 -6
A (nm)
Neutron
| | I I . - . o
10 1 10 10 10 10 10 10
i = - 5 A (nm)
z 7 = <
(%] (231 g - 4w
E = 5 2 B £
3 = W B an i
[ S
—
L
¥
:
LeV meV el/ keV MeV BeV
, ___ Neutron Energy S |

\ EUROPEAN A8(Y A"
B seaLLation &

’ SOURCE
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Water mobility in concrete

® Largest volume of manufactured material produced
on Earth: 1 ton for every person.

® Qver 1 trillion dollars is invested in concrete
production...

£ Thfnht is about 1000 ESSs per year! Compare this
with...

® Worldwide semiconductor industry: 213 billion
U$ /year and the bank bailouts in the US: 2.7
- 3.6 trillion U$

® The cement industry produces 5-7% of global .

CO:2 emissions, which is linked to climate




Structure of cement... deciphering the puzzle...

After the war, Bernal resumed his professorial duties at Birkbeck, setting up the
Biomolecular Research Laboratory in 1548. As well as groups working on organic |
crystals and proteins, he had others working on computers, the structure of
cements (buni'alngsand building materials were a ||?e-|ong interests, and the
structure of water. Rosalind Franklin later joined him to start work on virus

structure. which she continued with Aaron Klug. i
U e S~ - - et

-




_ o,
Use of Bagasse Ash in Concrete

o Compressive Strength®

Cement 3 Day Strength 7 Day Strength 28 Day Strength
Replacement (%) W) W) W)

0 20 27 36
5 22 30 42
10 27 35 43
15 28 35 42
20 27 35 40
25 25 32 35
30 20 25 32

®Amin, Noor-ul. "Use of Bagasse Ash in Concrete and its Impact on the Strength and Chloride Resistivity."Journal of Materials in Civil
Engineering. (2010): n. page. Web. 1 Jun. 2012.
<http://scitation.aip.org/getpdf/serviet/GetPDFServlet?filetype=pdf&id=JMCEXX000001000001000194000001 &idtype=cvips&doi=10.1061/(A
SCE)MT.1943-5533.0000227&prog=normal>.
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Neutrons can help!

Collapsed motorway bridge
affecting traffic

Minor miracle that no-one was hurt

The police said they still werent sure why the bridge collapsed, but that a team of engineers were investigating (Photo: Scanpix)

Sukkermr kan bane vejen
for 'gren’ og staerk cement

HYDROGEN BOND

Jacobsen, J. et al.

September 29, 2014 The collapse of a bridge onto the Copenhagen-Helsinger motorway has

suspended the movement of traffic along the road in north Zealand.

Sci. Rep. 3 (2013) 2667.
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“Generic” Incoherent Inelastic Neutron Scattering
(Incoherent spectrum dominated by motions involving H’'s)

16

14
12

10

oON O O®

Elastic
scattering

AN

Quasi-elastic
scattering

Inelastic scattering

Phonons,
librons

Molecular
vibrations

elastic:

Frequency (108 - 105 s*1)

structural information
quasielastic scattering:
diffusive motions (rotational, translational, transport)

external modes:
whole-body librations, translations
(intemnal) molecular vibrations:

Badly behaved
water molecules

some of the time

well behaved
molecules

Harmonic Oscillator

For HF with ©=4139.9 cm~!
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Niels Bohr Institute

Understanding dynamics to improve structure

Bound in Polymer Chains —

' '
| |
@
I |
@
| |
og © |
' ’

S
o
// \‘\
"8

Confined

by Marcella C. Berg

25
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Free Water "Bulk Like” 0
Energy (maY
—_—
»f—‘—'—’—-‘._-\‘\—h-‘
0
L LT T (R T R (IS 2 S ) o T B Energy {meV
— Total fit —
— Free water
—— Bound hydrogen

l — Restricted water —

ll — Background

EUROPEAN
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Energy (meV) SOURCE



Why are greener cements

0.1 { | —— Full Fit

— d component
:'2‘ —— Lorentzian
? =
etier: i
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E
02, . 1 02, . %
0.48} OPC ‘i ! 0.18} M7OO P o S I ¢ S o
0.16} ra 0.46} = PO
~ ©
014 i { 0.14; s .
i S e - 124 Gl 1
%’ 0.12} 5% % 0.12 ‘/.
E o Fa { E o3} ‘ .
: £ . : . !
o o B Bulk Water 1.57+0.12 2.4940.07
o4} N . o4 ¥ |
W |
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% 05 1 15 2 25 3 % 05 1 15 2 25 3
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0014} 7 I g {0014 {
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www.nature.com/scientificreports/
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New hydrogen bonds network
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New hydrogen b

onds network

AGGASICATT

Ho hyaration products

Nof fly-ash with watar

LAV ImaAlle precipitats
of saloiumallicate and
calzlumslaninacanydraten

ipazgclianis rwactlion)

THE NAME'S BOND,

HYDROGEN BOND

CTIMS OF CIRCUMSOLAR

Jacobsen, J. et al.. Sci. Rep. 3 (2013) 2667.
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[ime-averaged Mean-5quared Motions

continuous _ | Systemof | _monochromatic
neutron beam choppers neutron pulses

detectors

Interaction
with
sample

l

Inelastic zone \
A << ), Elastic peak

vV >> v, Ay Or AE=0




[ime-averaged Mean-5quared Motions

continuous _ | Systemof | _monochromatic
neutron beam choppers neutron pulses

detectors

Interaction B
with
sample

l

Inelastic zone \
A << ), Elastic peak

vV >> v, Ay Or AE=0

N
S(Q,w) = Ap(Q)o(w) + 2 Ai(Q)L;(w)
i=1

2x a2
Ag(Q) = ap (Q)exp {127



[ime-averaged Mean-5quared Motions

continuous _ | System of | _ monochromatic
neutron beam choppers neutron pulses

detectors

Interaction B
with
sample

l

Inelastic zone \
A << ), Elastic peak

vV >> v, Ay Or AE=0

N
5(0,w) = Ap(Q)o(w) + .2 A;(Q)L; (w)
=1 Harmonic

2
Ao(Q)=ao(Q)eXp(_<u T3 ~ Oscilator




Hindered Water Motions in Hardened Cement
Pastes Investigated over Broad Time and
O w/c=0.42 Length Scales
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Take home message

[ ToF to distinguish at least 3 types of water.

[ Pastes made under different conditions show significantly different
diffusivities!

M Water in gel pores diffuse ~ 10 times slower than bulk water.
M Our QENS results demonstrate that the development of a

distinctive hydrogen bond network at the nano-scale is the key to
the performance of these greener materials




