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Using neutrons to look at molecules in 
confinement
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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?
Benetti, A.R. et al. Sci. Rep. 5 (2015) 8972.

http://xns.nbi.ku.dk/research/dynamics/

Improving drugs:  
antibiotic resistance,  
local anaesthetics & 

antipsychotics

Cancer cells response to 
an new bio-nanocomposite

Martins, M.L. et al. Sci. Rep. 6 (2016) 22478.

Porous Organic Polymers 
R. Lima (UFCG) and J. Lee (KU) 

dos Santos, E.C. et al. Applied Clay 166 (2018) 288.
Martins, M.L. et al. Int. J. Pharm. 524 (2017) 397.

Pereira, J.E. - PhD Thesis (2018).

Berg, M.C. et al. ACS Applied Mat. & Interf. 10 (2018) 9904.

http://xns.nbi.ku.dk/research/dynamics/


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

photoelectron

Absorption

Photon Energy E0

Scattering

Nucleusvaries 
with Z2
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Superman X-rays (?) vision

Cartoon of making an x-ray image, by Rhett Allain.
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X-rays imaging: looking inside matter

Conventional dental X-rays 

Ana R. Benetti   
Odontology Faculty - KU

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

Respiratory Physiology & Neurobiology 173 Suppl:S65-73 · March 2010

Conventional dental X-rays X-rays tomography 

Benetti, A.R. et al. Sci. Rep. 5 (2015) 8972.
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Then how can we ‘see’ the amazing H-bonds?
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We need to call the neutron man!

Neutron scattering a PRIMER by Roger Pynn.

Solvent matching 
(i.e. matching the 
scattering density of 
a molecule with the 
solvent) facilitates 
study of on 
component by 
rendering another 
“invisible.”
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Neutrons help filling in the gaps: a better view

Neutrons tomography 

Conventional dental X-rays 

X-rays tomography 

Benetti, A.R. et al. Sci. Rep. 5 (2015) 8972.
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Postdoctoral Fellow
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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.

Application of  
Quasi Elastic Neutron Scattering in assessing 

complex water mobility in chalk 
 

N. Tsapatsaris1, H. N. Bordallo2*, N. C. R. Momsen2, H. O. Sørensen3, S. L. S. Stipp3!
 1European Spallation Source ESS, Tunavägen 24, Lund, nikolaos.tsapatsaris@esss.se!

2Niels Bohr Institute, Universitetsparken 5, University of Copenhagen, Denmark!
3NanoGeoScience, University of Copenhagen, Denmark !

 europeanspallationsource.se 

References (1) Sørensen, H.O., Hakim, S.S., Pedersen, S., Christiansen, B.C., Balogh, Z.I., Hem, C.P., Pasarin, I.S., Schmidt, S., Olsen, U.L., Oddershede, J., Fandsen, C., FeidenhansʼL, R., Stipp, S.L.S. 
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Chalk - An important hierarchical material !  Understanding water diffusion in chalk !
Interlayer water ?!

Interface water?!
Structural water?!

Pore 
Connectivity, 

Diffusion?!
 

•  Bulk measuring non destructive technique!
•  Extremely sensitive to Hydrogen and its isotopes!
•  Bulky sample environments: High pressure and temperature!
•  Distinguish between structural and surface water!
•  Measure diffusion coefficients!
•  Identify the geometry of water diffusion(rotations,translations)!

Neutron scattering and QENS is a unique tool 
in water mobility studies!

 !
!
!

A major reservoir of oil and water1! Effects of microstructure on water mobility2!

Elastic fixed window intensity!
The absence of water motion freezing in 
the 6% V/V samples indicates that only 
structural and surface water remains.!

Neutron instruments. Left: IN5 ps dynamics, Middle IN10: ns dynamics, !
Right IN11 0.4 μs dynamics3!

Water confinement in chalks !
QENS reveals surface confined water!

Onset of diff si e and Onset of diffusive and 
anharmonic motion

High Momentum 
Transfer (Q) !

Local-Molecular rotations!
Surface confined water in 
the ns scale can be seen!

Low Momentum 
Transfer (Q) Molecular 
translations. Intensity is 

much weaker than high Q. 
Onset is later. Bulk water 

is less visible!

What is the effect of SEM 
preparation procedure on chalk 
microstructure?!

Reference Study!

High porosity chalk 
sample ~40%V/V ONLY 

BULK water can be 
seen. Onset at 273K!

Low porosity chalk 
sample (<10 V/V%)1!

Comparison clay study2. Chalk 
results similar to this but less surface 
confined water and more structural 

water is present.!

Elastic fixed window intensity (Sample <10 V/V%)!
Water dynamics at temperatures even at 210K indicates that 

confinement is present!

Example of QENS analysis in small molecules in pores.  Mean square 
displacement and diffusion coefficients extracted from quasielastic scattering 

data4!

273K!
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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.
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The BASIS instrument at SNS.

The the £4million diffraction detector from Polaris at ISIS.

 NS: Basically two types of instruments 

Diffractometers: 1- 10Å 

Measure structures 

neutron : Wave 

Bragg’s law : 2dsinθ=nλ 

Ei=Ef &  ki=kf

Spectrometers:  
-30 to 1000meV 

 Measure dynamics 
neutron : particle 

Newton’s law  
Ei≠Ef & ki≠kf
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 one can not manipulate its initial state 
 often one cannot measure its final state 

  Solution:‘filters’ - monochromator and analysers 

High price: most neutrons are lost twice!

Crash course in Neutron Instrumentation
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Scattering cross section:
definition
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dI =neutrons collected (neutrons /sec)

N =number of elements in scattering volume

ϕ(ε0) =Inc. neutron flux (neutrons/meV/sec/cm2)

dε0 =Incident neutrons energy window (meV)

dε1 = Scattered neutrons energy window (meV)

dΩ =Collection solid angle
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scattering cross section

collected neutrons 
n/s

neutron flux 
n/meV/s/cm2

Number of elements  
in the scattering volume collection solid angle

Incident neutron 
energy window 

meV
Scattered neutron 

energy window 
meV
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 Elastic Neutron Scattering: Applications 
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 Elastic Neutron Scattering instruments 

Based on L. Robertson presentation  at the SNS Neutron School in 2013
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Using Neutrons: Single differential cross section
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:Notation alert

Nuclear positions in unit cell – same as crystal structure as strong 
Coulomb interaction assures that nucleus is at center of electron cloud (Ze)

Nuclear interaction

Variation of bcoh as f(Z); note –ve
values and also small variation overall.
Light/heavy atom distinction

In a few cases, e.g. H
and V, (binc)2 >> (bcoh)2

not true for D



Blobs !!! Not atoms!!! 
“large scale structures” = 1 – 300 nm or more 
Mesoporous structures 
Biological structures (membranes, vesicles, proteins in solution) 
Polymers 
Colloids and surfactants 
Nanoparticles 
Voids and Precipitates

Bragg’s law : 2dsin�=� 
Q = 4 πsin�, for small � 

                  �

d = �      

                            2�     

What SANS tells us

1

P(Q) = form factor (shape)

Q

S(Q) = Structure factor (interactions or correlations)
or Fourier transform of g(r)

)()()( QSQAPQ
d
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!
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d
d coh =
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" Sizes of interest = “large scale structures” = 1 – 300 nm or more

•Mesoporous structures
•Biological structures (membranes, vesicles, proteins in solution)
•Polymers
•Colloids and surfactants
•Magnetic films and nanoparticles
•Voids and Precipitates

Sizes of interest = “large scale structures” = 1 – 300 nm or more
•Mesoporous structures
•Biological structures (membranes, vesicles, proteins in solution)
•Polymers
•Colloids and surfactants
•Magnetic films and nanoparticles
•Voids and PrecipitatesSizes of interest = “large scale structures” = 1 – 300 nm or more

•Mesoporous structures
•Biological structures (membranes, vesicles, proteins in solution)
•Polymers
•Colloids and surfactants
•Magnetic films and nanoparticles
•Voids and Precipitates

Sizes of interest = “large scale structures” = 1 – 300 nm or more
•Mesoporous structures
•Biological structures (membranes, vesicles, proteins in solution)
•Polymers
•Colloids and surfactants
•Magnetic films and nanoparticles
•Voids and Precipitates

Small Angle Neutron Scattering
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 Inelastic Neutron Scattering: Applications 
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Based on L. Robertson presentation  at the SNS Neutron School in 2013

 Inelastic Neutron Scattering 
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Double differential cross section
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 if there is an energy  exchange 

Summer School 2007 19

So far we have implicitly assumed that all atoms of a given element have 
the same scattering cross section (which is true in the x-ray case).

What if they don’t? This can happen if there is more than one isotope and/or 
nonzero nuclear spins. In that case there is a second contribution to the 
double differential cross section. In the simplest case it reads as follows: 

Single particle motion

– S(Q,ω) reflects the collective behavior of the particles (e.g. phonons)
– SS(Q,ω) reflects the single particle behavior (e.g. diffusion)
– σinc and σcoh are “incoherent” and “coherent” scattering cross 

sections respectively.
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Vibrations
(inelastic scattering)

Relaxations
(quasielastic scattering)

The quasielastic scattering (a relaxation-like
contribution) usually dominates the spectra at
higher T. It is traditionally approximated by a
sum of a few Lorentzians. This approximation
assumes a few single exponential relaxation
processes. This assumption, however, can lead to
misleading results.
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Susceptibility presentation of relaxation spectra
(here n(!)=[exp(h!/kT)-1]-1 is the Bose factor) is
very useful and has a few advantages:
-can be compared to )”(!), G”(!);
-each relaxation process appears as a maximum
at 2*!%~1;
-slopes of the tails give estimate of stretching
exponents.

Analysis of Quasielastic (Relaxation) Spectra: S(Q,E) vs #”(Q,E)

Recommendation: Analyze the susceptibility spectra before any fits!

Quasielastic scattering (a relaxation-like 
contribution) usually dominates the spectra 
at higher T. 
It is traditionally approximated by a sum of a 
few Lorentzians. This approximation assumes 
a few single exponential relaxation 
processes. 
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All you need to understand

(or… the key questions you need to 
answer to be an ‘expert level 1’ in 
neutron scattering
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Scattering Laws
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Neutron and X-rays variables
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… (or in other words: scattering  length)…
Nuclear scattering

Data out to high Q as 
scattering is from nucleus, 
which is much smaller that 
radiation wavelength
Neutrons give better T-factors

YBa2Cu4O8

deuterated benzene
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Coherent and incoherent scattering
The scattering cross section of an atom is proportional to the square of the 
strength of its interaction with neutrons (its scattering length), denoted “b”:

The coherent cross section σcoh reflects the mean scattering length. The 
incoherent cross section σinc reflects the variance of the distribution of 
scattering lengths. ( )

( )

2

coh

22
inc

 = 4 b  

 = 4 b b

σ π
 σ π −  

For an element with more than one isotope, b depends on the isotope. If 
the nucleus has nonzero spin b depends on the compound nucleus spin 
state. 

2 = 4 bσ π

The underlying assumption is that there is no correlation between an 
atom’s position and its isotope and/or spin state. 

X-rays scatter from the electrons 

around nuclei. Therefore they 

have a form factor & the 

scattering strength depends on 

the scattering angle.   

Neutrons scatter f rom the 

nucleus itself, a much smaller 

object and there is no form 

factor. 

For magnetic neutron scattering 

the neutron interacts with the 

outer unpaired electrons and this 

scattering also has a form factor. 
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by Peter M. Gehring

 Summary of cross sections: 
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… and the complementary to other 
techniques…

16 3 Experimental Part

On average 2.5 fast neutrons can be produced in this way. In order to obtain a
chain reaction the produced fast neutrons have to be slowed down by the moderator,
usually water or heavy water (D2O). These neutrons are reflected back into the core
by a Be reflector, starting new uranium fission reactions. The wavelength of neutrons
being in thermal equilibrium with the moderator have a Maxwellian distribution, as
shown in figure 3.1. If the moderator has a temperature of 300 K, the most probable
wavelength is 1.45 Å matching interatomic spacings. Therefore, experiments like single
crystal, powder diffraction and stress analysis are carried out with thermal neutrons.
On the other hand, neutrons can be further slowed down in a cold source, typically
an aluminum tank filled with liquid deuterium kept at a temperature of 25 K. Those
neutrons have wavelengths around 3.1 Å and a corresponding energy of 250 meV, that
is of the order of phonon excitations and internal vibrational modes of molecules,
respectively. Thus, experiments on dynamics (time-of-flight, backscattering and spin
echo), reflectometry, tomography and small angle neutron scattering are performed
using cold neutrons.

Figure 3.1: A reactor’s performance depends on the neutron flux at each energy.
The solid curve labeled with Thermal shows the Maxwellian distribution of neutrons
from an ambient moderator, which can be shifted by using a cold (≈ 20 K) or a hot
moderator (≈ 2000 K). A pulsed spallation source performance depends on the flux
and pulse width. The curve shows the flux per unit fractional energy.

A more recent possibility to produce neutrons are spallation sources [78]. In this
case, protons are first accelerated to typically 1 GeV and then shot at a heavy metal
target, as Hg for example. About 20 neutrons per proton can be produced during
this chaotic ‘spallation’ process, leading to a high neutron flux. Usually, such a source
works in a pulsed mode, its spectrum is also shown in figure 3.1.



)
by D.N. Argyriou
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Water mobility in concrete 

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

Over 1 trillion dollars is invested in concrete 
production... 

That 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 
CO2 emissions, which is linked to climate change!!!
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Structure of cement…  deciphering the puzzle...



o Compressive*Strength6*
*

Cement&
Replacement&(%)&

3&Day&Strength&
(MPa)&

7&Day&Strength&
(MPa)&

28&Day&Strength&
(MPa)&

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*

6Amin,*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/servlet/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!

Jacobsen, J. et al. 
Sci. Rep. 3 (2013) 2667.
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“Generic” Incoherent Inelastic Neutron Scattering 
(Incoherent spectrum dominated by motions involving H’s) 

�Generic� Incoherent Inelastic Neutron Scattering Spectrum 
(Incoherent spectrum dominated by motions involving H�s) 

Frequency (108 - 1015 s-1) 
 elastic:  structural information  
  quasielastic scattering: 
  diffusive motions (rotational, translational, transport) 
   external modes: 
   whole-body librations, translations 
    (internal) molecular vibrations: 
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Understanding dynamics to improve structure

by Marcella C. Berg
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τ0 (ps) Dt (10-9 m2/s)

Bulk Water 1.57±0.12 2.49±0.07

OPC Γ1 2.1±0.3 2.5±0.4

OPC Γ2 32.3±0.5 0.28±0.04

M700 Γ1 2.21±0.02 2.49±0.02

M700 Γ2 41.9±0.3 0.16±0.01

Both samples contain 
bulk-like water 

The glass-like water is 
more restricted in the 
M700 cement.

OPC

OPC M700

M700

Why are greener cements  
better?

Application of  
Quasi Elastic Neutron Scattering in assessing 

complex water mobility in chalk 
 

N. Tsapatsaris1, H. N. Bordallo2*, N. C. R. Momsen2, H. O. Sørensen3, S. L. S. Stipp3!
 1European Spallation Source ESS, Tunavägen 24, Lund, nikolaos.tsapatsaris@esss.se!

2Niels Bohr Institute, Universitetsparken 5, University of Copenhagen, Denmark!
3NanoGeoScience, University of Copenhagen, Denmark !

 europeanspallationsource.se 

References (1) Sørensen, H.O., Hakim, S.S., Pedersen, S., Christiansen, B.C., Balogh, Z.I., Hem, C.P., Pasarin, I.S., Schmidt, S., Olsen, U.L., Oddershede, J., Fandsen, C., FeidenhansʼL, R., Stipp, S.L.S. 
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Chalk - An important hierarchical material !  Understanding water diffusion in chalk !
Interlayer water ?!

Interface water?!
Structural water?!

Pore 
Connectivity, 

Diffusion?!
 

•  Bulk measuring non destructive technique!
•  Extremely sensitive to Hydrogen and its isotopes!
•  Bulky sample environments: High pressure and temperature!
•  Distinguish between structural and surface water!
•  Measure diffusion coefficients!
•  Identify the geometry of water diffusion(rotations,translations)!

Neutron scattering and QENS is a unique tool 
in water mobility studies!

 !
!
!

A major reservoir of oil and water1! Effects of microstructure on water mobility2!

Elastic fixed window intensity!
The absence of water motion freezing in 
the 6% V/V samples indicates that only 
structural and surface water remains.!

Neutron instruments. Left: IN5 ps dynamics, Middle IN10: ns dynamics, !
Right IN11 0.4 μs dynamics3!

Water confinement in chalks !
QENS reveals surface confined water!

Onset of diff si e and Onset of diffusive and 
anharmonic motion

High Momentum 
Transfer (Q) !

Local-Molecular rotations!
Surface confined water in 
the ns scale can be seen!

Low Momentum 
Transfer (Q) Molecular 
translations. Intensity is 

much weaker than high Q. 
Onset is later. Bulk water 

is less visible!

What is the effect of SEM 
preparation procedure on chalk 
microstructure?!

Reference Study!

High porosity chalk 
sample ~40%V/V ONLY 

BULK water can be 
seen. Onset at 273K!

Low porosity chalk 
sample (<10 V/V%)1!

Comparison clay study2. Chalk 
results similar to this but less surface 
confined water and more structural 

water is present.!

Elastic fixed window intensity (Sample <10 V/V%)!
Water dynamics at temperatures even at 210K indicates that 

confinement is present!

Example of QENS analysis in small molecules in pores.  Mean square 
displacement and diffusion coefficients extracted from quasielastic scattering 

data4!

273K!
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New hydrogen bonds network 
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Jacobsen, J. et al.. Sci. Rep. 3 (2013) 2667.

New hydrogen bonds network 
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 reabsorbed water RH=52%

❍ w/c=0.42
◐ only chemically bound water
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ToF to distinguish at least 3 types of water. 

Pastes made under different conditions show significantly different 
diffusivities! 

Water in gel pores diffuse ~ 10 times slower than bulk water. 

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 

Take home message


