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....Quod quoniam constat, ni mirum nulla quies est
reddita corporibus primis...

....As it is well assessed, no rest is given to prime
bodies (atoms) ...

Restless motion which persists to absolute zero..




Costituents of matter are quantum objects

Thermal energy—often expressed as temperature—makes all
objects vibrate; the warmer the object, the more pronounced
the vibrations, though they are on the order of much less than
an Angstrom

 More subtle vibrations that all objects
possess is due to a quantum-
mechanical property called zero-point
motion

* Primary thermometry: combine thermal
vibration to the qguantum motion-
connect temperature to the quantum
mechanical fluctuations of a particle

NIST Creates Fundamentally Accurate Quantum Thermometer
March 15, 2016



Where does this come from? Binding of atoms in materials is
described by atoms in potential wells
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Depending on the atomic mass, quantum effects on the zero
temperature motion will be different
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a) and b) are atoms of different masses in the same binding potential



Depending on the stiffness of the potential, quantum effects on the
zero temperature motion will be different
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Quantum oscillations of nitrogen atoms
in uranium nitride
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G.D. Samolyuk?, G.M. Stocks? & S.E. Nagler'4
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Because in perfectly harmonic binding potentials are uncommon!
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Figure 1| Rocksalt crystal structure of uranium nitride. Each N atom
(small red spheres) is centred in a regular octahedron of U atoms (large

blue spheres).




Mechanical properties
of materials and details
of atomic binding

Is toughness of materials
Intrinsically related to zero-point

kinetic energy?

Extracted from Understanding the properties of matter by Michael de Podesta.
The copyright of these figures resides with Taylor and Francis.

They may be used freely for educational purposes but their source must be acknowledged.

For more details see www.physicsofmatter.com

Figure 7.5 (a) A pair potential curve and (b) its derivative. The bulk modulus us related to the slope of

the first derivative at the point where the slope is zero.

Lennard Jones pair potential

Slope of pair potential
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The slope of the pair potential.
This is equal to minus the
force between the atoms.
It is zero at the minimum of

the pair potential curve.

The bulk modulus is related

to the slope of the curve
at this point.
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Mechanical properties
of solids and details
of atomic binding

Extracted from Undemstanding the propertes of matter by Michael de Podesta.
The copyright of these figures resides with Tapor and Francis.
They may be used freely for educational purposes but their source must be acknowledged.
For more details see www.physiceofmatier.com

Figure 7.7 The potential energy of inferaction between atoms in a solid. (a) The harmonic approxima-
tion: How the energy would vary if the atoms were connected by “perfect springs’. (b) The typical devia-
ticn from the harmonic approximation of a real interatomic potential The sloping line indicates the in-
cleasing average separation as the average energy of oscillation (i.e. the temperanire) is increased.
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Mechanical properties
of solids and details
of atomic binding

Extracted from Understanding the properties of matter by Michael de Podesta.
The copyright of these figures resides with Taylor and Francis.
They may be used freely for educational purposes but their source must be acknowledged.
For more details see www.physicsofmatter.com

Figure 7.9 Schematic illustration of the potential energy of an Fe—Ni bond in an invar allov (Table 7.8).
The asymmetry of the potential (over a certain range) is opposite to that which occurs in normal bonds
(Figure 7.7).
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The zero-point motion depends on the atomic displacements

around equilibrium positions
Ap,Ar >~ Nh/2
(u?) = 3(Az?) (p*) = 3(Ap7)

Zero-point kinetic energy

@y 3(Ap)  nt 3

Ey) =L = - |
S VR VY (Ar?)
, 9 R
(Ek) = S M {(2) Lindemann ratio v =
(Ey) = 9n° p*/*  « Density
K o

* Displacements

<“2>1/2
R

(Eg)>>15k,T!!
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Is zero point kinetic energy responsible for helium

being persistently liquid down to T=0 K?

40 ~
Solid He
30}-
Liquid He
Critical point
[T = 5.20°K, 2.264 atm.}
0 ] l I T Hegss |
0 1.0 2.0 3.0 4.0 5.0 6.0

TOK)

phase diagram of He

Only at P= 25 bar !!
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Solidification of helium at T= 0 K requires to

overcome zero point kinetic energy

Consider the Gibbs free energy, G, at absolute zero, as a function of
applied pressure (acting as an external energy). If G shows a
minumum a stable phase is obtained

G=(E.)+V+E,



Solidification of helium at T= 0 K requires to

overcome zero point kinetic energy

-CONJECTURE: He atom pairs are at equilibrium distance R, but they can oscillate
in aregion R - 0, where O is a hard-core repulsion potential due to near neighbour
interaction.

h2
MHe (R - 0)2

<EK> -

-Potential energy will be half of the pair interactions times the number of nearest neighbours, z:

| —

V = ~20(R)

N/

I

-External energy due to pressure is:

PR’



Solidification of helium at T= 0 K requires to overcome zero point kinetic
energy

W 1 , 3
2Mpyo(R — 0)? i §J<R) + PR

G(P,R) =

-Gibbs energy, as a function of R, P has a minimum for

P ~ 25 bar R~37A

In agreement with experiments!
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phase diagram of He
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Atomic binding potentials
change depending on the
-Phase of the material
-External stimuli
-Geometric confinement,
-Fluctuations...

As a consequence the Zero-
point kinetic energy
shows rich and sometimes
suprising behaviour
Is it possible to measure it?

AIP ADVANCES 6. 035020 (2016)

Thermal motion in proteins: Large effects
on the time-averaged interaction energies

Martin Goethe,'# Ignacio Fita,?2 and J. Miguel Rubi'
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Such measurements are

. . 2
«simple» (not cprppllcated), ‘\P(p)‘ — n(p)
but are difficult
-just like preparing a dish 5
requiring a small number of <p > 3 2
ingredients: Tortilla, Pasta, <EK> = M =fd PP n(p)
Fish&Chips...

Amenable to be quantitatively
modeled at any level of
sophistication!!

These measurements are precise
-Provide absolute numbers

Heuristic-Semiclassical

<EK> or A<EK> = (<EK> -1.5 kBT) PIMC

PIMD
-Or distributions AIMD
PICPMD
n(p) DMC
DFT

Classical MD

17



Quantitative tests with theories,
for monatomic fluids and solids:Helium

These measurements are precise
-Provide absolute numbers

(E¢)or AlEg)=((E,)-1.5k,T)

-Or distributions n(p)

. o g 74
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From Andreani et al, JPCM 1996
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FIG. 5. The excess kinetic energy as a function of temperature
at two densities: triangles (26 nm ") and squares (10 nm 7).
The solid and dashed lines are the excesses computed using
the first-order cluster expansion, Eq. (1), at the same densities.
The density matrix was calculated using the matrix squaring
method [2].

From Ceperley et al, PRL 1996
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Experiments meet Quantum Monte Carlo modeling

«Not-so-Simple» monoatomic systems: liquid and solid 3He

]
1
@ 1
: ® DINS experiment
: ® DMC-solid
1
® : A DMC - liquid
1 .
SCP calculations
® :
' 1
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1 A
: . A
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v (cm3/mole)

Diffusion Monte Carlo by Boronat et al.

[R. S. et al. PRL 86, 4584 (2001)]
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Experiments meet Quantum Monte Carlo modeling
«Not-so-Simple» monoatomic systems: liquid 3He at 2 K, SVP
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Which type of nuclear quantum effects are expected
for water? Few examples:

* Macroscopic: Triple point; Temperature of Density
maximum; Thermal expansion...

* Microscopic: Temperature dependence of excess
kinetic energy, momentum distribution in
anharmonic potentials; Isotope effects;..

* Microscopic: Nanoscale confinement effects; Nuclear

guantum effects on the oxygens;...



Which type of nuclear quantum effects are expected

for water? Few examples:

Chemical Reviews

Table 1. Experimentally Observed Isotope Effects in Water*

property

melting point, T, (K) (at 1 atm)
temperature of maximum density (TMD) (K)
criticll temperature (K)

molar density (mol/L)

molar density at the TMD (mol/L)
liquid/vapor surface tension (N/m)

spedfic heat apacity, C, [J/(K mol)]

From Ceriotti et al., Chem Rev. 2016

H,0

273.15
Zr7.13
47.10
55.35
55.52
07198
454

D,0

276,97 (1.40%)
284.34 (2.60%)
643.85 (—0.50%)
5514 (—0.38%)
55.22 (—0.53%)
0.07187 (=0.15%)
8442 (13.2%)

T,0

X77.64 (1.64%)
286.55 (3.40%)
641.66 (—0.84%)
55.08 (—0.49%)
85.17 (—0.63%)

H,"*0

273.46 (0.11%)
277.36 (0.08%)

5542 (0.13%)
55.59 (0.13%)

22



PHYSICAL REVIEW B 83, 220302(R) (2011)

Momentum distribution, vibrational dynamics, and the potential of mean force in ice

Lin Lin,' Joseph A. Morrone,>" Roberto Car,"** and Michele Parrinello®

— Potential

= = =Cubic o o
2000 e ] Most energetic vibration in

water: stretching!

o&o C{*o o’&o

symmetric stretch asymmetric stretch bend

librations

1500+

meV

10001

>0 | Which type of nuclear
quantum effects are expected
0 for water?

-0.2 0 02 04 06 08
X(A)

f—*—( Potential energy surface of the proton along the bond 3
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Which type of nuclear quantum effects are expected for water?

HE S J.-' N
0 fj s Rel.5(A)
L-E . v Refl.5(B)
23 — 1 CPMD (300K
= _'":_ E — - CPMD (300K)
-E = C 1 eee CUPMD (330K
o L5E '
1.11;—
n.Sf—
'Il.ll: .
2.!]_ LI ) FLI (L DAL AL LA R R epe .
i iy R ] Quantum effects destabilizing H-
F I o ]
Lsf of! | A Bond network
_ I ]
r'-; 10 - : i .
ot B ] From Morrone, Car, PRL 2008
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C i ]
-Il,l]-- PR R T T

0 1 2 3
distance (angstrom)

=

FIG. 1 (color online). The OO (top) and OH (bottom) RDFs in
liquid water from an open PI CPMD simulation at 300 K (solid
line) and standard CPMD simulations at 300 K (dashed line) and
330 K (dotted line) are reported with neutron [4] (circles) and
recent joint neutron/x-ray data [5] (triangles) that utilize differ-
ent x-ray input for A [6] and B [7].
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Which type of nuclear quantum effects are expected for water?

T T T
7, 00
6 | \
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% |
b 3 - 1
% b)) OH
A o
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7
A (a) HH
1 F J \I‘_{_;A"""--__
D i |
0 2 4 6 8 10
r [A]
FIG. 3. Radial distribution functions for heavy (solid line) and

light (dashed line) water. Also shown are the RDFs found in a
previous study [21] in which both heavy and light water data

were refined against the same box of molecules. The results are
shown in the order HH (a). OH (b). and OO (c) and are shifted
for clarity. The inset shows the second OO peak in more detail.

It is found that heavy water

is @ more structured liquid than
light water. We find the OH bond
length in H,0 is ~3% longer than the
OD bond length in D,0. This is a
much larger change than current
predictions. Corresponding to this,
the hydrogen bond in light water is
~ 4% shorter than in heavy water,
while the intermolecular HH
distance is ~ 2% longer.

From Soper, Benmore, PRL 2008
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Which type of nuclear quantum effects are expected for water?
Radial Momentum distributions of protons and deuterons in H,O

and D,O
Y} "
0.25 —I T 7T & 1T " T 2 4,.."? ;?‘ ”l,r_f]] IJ":.'I.I
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From R. Car et al. From Romanelli et al. JPCL 2013
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Which type of nuclear quantum effects are expected for water?
Want to build a new Nuclear Reactor?
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(b) Total newtron cross section for D; 0.

Figure 5. Total neutron cross section for light water (left) and heavy water (right) at room iemperature.

From Marquez et al. Phys Procedia 2014
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Which type of nuclear quantum effects are expected for water?
Is it possible to tune nuclear quantum effects in the O-H binding in water?

A Strong <——— Hydrogen bond — Weak
1,39 T T T T T | T T T T T T T
1 [11 I1 I
e 2 138 P | :
L A Tip . 2 2 9
) = 137 y 3 %
- Top view o 99 3 _iii4} i
- n'- - ”
0CI 000 I 136 u ;r--“ ------ B 1
°°° g 135' Qi ﬂﬂ;’x’
02‘\01 000 s i:n’ ? o9 |
NaCl(001) ' 25 @ HOD #2
0000 1331 il
Au(111) -2.6 =2.2 1.8 -1.4

Tip height (A)

Tuning the strength of a single hydrogen bond formed at a water-salt
interface, using tip-enhanced inelastic electron tunneling spectroscopy.
Anharmonic quantum fluctuations of hydrogen nuclei weaken the weak
hydrogen bonds and strengthen the relatively strong ones

From Guo et al. Science 2016-
28



Which type of nuclear quantum effects are expected for water?
Is it possible to model the phase diagram of water?

12000

10000

8000

6000

pressure (bar)

4000

2000

0 :
140 160 180 200 220 240 260 280 300 320

temperature (K)

Fig. 3 Phase diagram of water from path integral simulations of the
TIP4PQ/2005 model. Experimental results (blue points) are also

.56
shown.'

From McBride et al. PCCP 2012
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Which type of nuclear quantum effects are expected for water?
Quantum effects in competition

Proton sharing and delocalization Hydrogen bond bending and distortion

)

?

Strengthens hydrogen bonding, increases Weakens hydrogen bonding, de-structures
structure and slows the dynamics. the liquid and speeds up dynamics

Figure 1. Competing quantum effects in the hydrogen bonding between two water molecules. There are two qualitatively different contributions to
the vibrational ZPE. One is associated with the O—H stretch, shown on the left. The second contribution comes from the two bending vibrational
modes: one in the plane of the water molecule, shown on the right, and the other perpendicular to the plane. As the distance, R, between the oxygen
atoms decreases, the contribution of the stretch decreases, and that of the bend increases. Consequently, the two contributions strengthen and
weaken the hydrogen bond, respectively.

From Ceriotti et al. Chem Rev 2016 *0



Which type of nuclear quantum effects are expected for water?
Enhance quantum effects: promote protons to the excited state!

12500 - - .
A=280x10-"m .. _
\J L\

Probe

R=275x107%

Detector "*®[-S=={T. o]

5000

2500

1.8 2.0

r(10-19 m)

Infrared pumping to the excited vibrational state

Probe the transient infrared absoprtion _
?i—) 'J@.

<@ A J

From Bakker et al. Science 2002 .



Which type of nuclear quantum effects are expected for water?
Nanometric confinement can induce changes in the hydrogen
binding potential

B
E
[
"
= 0.30
=
&
| ==
E 0.25
o =
o. 0.20 :"E.
II'II J
015 3 Water’s response to
W . .
confinement is to develop a
0.10 shallow hydrogen potential
0.05
J 0.00

0 100 200 0 100 200 300

Temperature (K)

From Kolesnikov et al. PRL 2004 32



Which type of nuclear quantum effects are expected for water?
Nanometric confinement can induce changes in the hydrogen

binding potential

(a) 8
B’ 1 i T ® (] (L T
o ’ :_k . g W o " 51 s - z-anis (A"
= \’ ° ‘ ; ‘ N-ais A )

&

e® L3 “»:x % ﬂ FIG. 2. Projection of water proton momentum distribution n(p)
Q‘:A,- : .‘ _’g"‘ in beryl onto the xy and yz planes (a) and (b), respectively,
. : : '@/ Obtained from the DINS data. The second maximum in the radial
direction [along yellow line in (a)] indicates that the proton is
coherently delocalized in the channel, as a consequence of its
ground state being coherently distributed (tunneling) between the

six minima of the beryl potential.

From Kolesnikov et al. PRL 2016

Generic conclusions not straightforward, as water-confining matrix interactions are
matrix-specific (See for example Cerveny, Mallamace, Swenson, Vogel, Xu, Chem Rev
2016) 3
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How to measure nuclear quantum effects in an experiment? Measurements of momentum
distributions using inelastic neutron scattering

The Fourier Transform of

*Can we measure W (x), W(p) ?No ‘lp‘z

IS

2
*Deep Inelastic Neutron Scattering allows to measure “P(p)‘ n(p) Momentum distribution

*Not exactly- DINS can probe n(p) The variance of n(p) is
2
*That is, the distribution (probability density) of atomic <p > o
) ] <E > = Kinetic energy
(nuclei) momentum being equal to p K M
(Ey)>>15k,T!!
*
0.°
* o




o Jig) (au)

Experiments can be designed in a similar way to X-Ray Compoton scattering.
Difference: X-ray Compton is for electrons, DINS is for nuclei!
Momentum resolution- similar to X-Ray Compton scattering

Electrons, using ID16 at ESRF Protons, using VESUVIO at ISIS

0.6 ' ' ] sl M
¢~ =0.59(7) ¢t =0.55(7) »
< 04
E 6
5 £ ~Pe Pe
- S 02l | | {1 o
0.2 s | | 5
| |
: :L‘*‘ é e 200 400
05 -04 04 05 06 =
p q (a.u.) w
5r ¢ amc sy i F . 21 |
e Experiment run 1 |
—A— Experiment run 2 | . i L
¥ Eisenberger et al. : 0 ~
- --LDA ! . |
0 ' ' = e -30 20 10 0 10 20 30
0 0.2 0.4 0.6 0.8 1 ‘

q (a.u.)
Compton profile of Na; p- resolution=13%

S. Huotari et al, PRL 105, 086403 (2010)

y (A7)
Neutron Compton profile of water; p-resolution=14%
A. Pietropaolo et al, PRL 100, 127802 (2008)

q=pq y=""q

!




Typical neutron spectrum from modern neutron sources
is rich of neutrons of energies above 0.4 eV!

Energy [eV] Wave length [A]

0.4 0.45
1 0.29
10 0.09
20 0.06
50 0.04
100 0.03

Which energy and length scales can be probed?



Which energy and length 0 0.5

scales can be probed? 1 029
Collective and single-particle 10 o0
. . 20 0.06
excitations o 0.04
100 0.03
<1meV ~10! meV ~102 meV >1 eV
Elostic
:.E’ Molecular vibrations
47}
§ DINS or
= Phonons Compton
Quasi- scottering
elastic
Z >
Energy transfer Recoil
excitations

From: “Elementary Scattering Theory For X-ray and Neutron Users” D.S. Sivia OUP (2011)



Neutron Energy [eV] Wave length [A]

Does this wave length
range match with atomic 04 0.45
binding scales ?

1 0.29
10 0.09
5 . : , 20 0.06
D,[---1--==-========s==eeemeeeooz=a
st |H2
! H, parameters: 50 0.04
D.=4.75 eV
A SI p=1.93 1/A i
= [ r,=0.741 A - 100 0.03
Sl Il
>1 eV i
r r,) V(r)= De(1-€7P77)? 1 adapted trom H-H binding (Morse potential) in
v oo\l A the H, molecule
B.O 1.0 2.0 3.0 4.0
r (A)
>
<1A



Temptation: use inelastic neutron scattering

S(0,w) [arb. units]

1.2

0.8

Ice, T=271 K

wpip = 83 meV

Wetr = 417 meV
When = 203 meV '

Symmetric
Stretching

Measure single-particle
Excitation, es.
Stretching : 0 to 1

Asymmetric
Stretching




S(0,w) [arb. units]

Temptation: use inelastic neutron scattering-needs
assumptions and more complicated

12k Ice, T=271 K

wpip = 83 meV

0.8 |
When = 203 meV

Wty = 417 meV

Measure single-particle
Excitation, es. 0 to 1

Assume an underlying parabolic potential

0 100 200 300 400
hw [meV]

“True potential”

Derive the density of vibrational state g(®)

Integrate the density of states

(E) =2 [dhoho glho) Coth( Z_c; )




Deep inelastic Neutron Scattering does the job

A

S(Q,E)

Rule of thumb:
Small width= small quantum

effects
Large width= large quantum

effects

From R.O. Simmons
LA-10227-C (1984)

Please recall the lecture by Carla Andreani!



meV]

—

hw

Deep Inelastic Neutron Scattering (DINS)- a recoil excitation spectroscopy
VESUVIO spectrometer at ISIS

%(hw—hwr%

~

Pq

1
2

10000

8000
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4000

2000

Neutron Energy Wave length [A]
[eV]

10 0.09
20 0.06
50 0.04

Pulsed source: Time of flight technique

Cu
container
0.8 H=13(6° .'", |
Iy
O ||
[
04 | D ". |
|

0.0 h 1 I | 1 | ! L L
150 200 250 300 350
t.o.f. [us]

1) Measurement of the stoichiometry
1

2) Width of recoil peaksis & <EK>2
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Nuclear guantum effects on kinetic energy and momentum
distribution across the water’s phase diagram

* Polycrystalline hexagonal ice

* Disorder: amorphous ices

* Competing quantum effects across melting

e Supercooled (and room temperature) bulk liquid water

* Nano confined water: Silica nanopores; Graphene oxides; surface of
proteins and DNA, cements

e Supercritical water

11



Polycrystalline hexagonal ice-Experiments meet Quantum Monte Carlo modeling: H-bonded systems

Will use this system at T=271K as a benchmark

If quantum effects were absent, then kinetic energy would be 35 meV. Experiments
and theory show that for protons kinetic energy is above 150 meV!

lice J. Chem. Phys. 136, 024504 (2012)
Experimental Neutron Compton Profiles Scaling of Neutron Compton Profiles
0.35 T T T r 0.1 Ty o S ) — T v 1
¥ = 67 X
i i
03 0.08 | 8
025 Rt Bt - *
PR 0.06 |-
JE ‘g
) T 0.04 |
=) D
w w

0.02

0.0 i

-0.02 -— : bt
3 20 -10 0 10 20 30

yIAT] y[AT)

71G. 3. Example of normalized Fi(y, g) (markers with error bars), for three
swattering angles. Two of the spectra are shifted upwards for clarity. For
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Polycrystalline hexagonal ice-Experiments meet Quantum Monte Carlo modeling: H-bonded systems

Spherical momentum distribution of the protons in hexagonal ice

from modeling of inelastic neutron scattering data, D. Flammini, A. Pietropaolo, RS, C.
Andreani, F. McBride, A. Hodgson, M. A. Adames, L. Lin, and R. Car, JCP 2012

HOW?
Measure the quasi-harmonicity of the PICPMD by Roberto Car
directional motions of hydrogen in ice and Lin Lin
| | | I—Potelntial
0.12F - = =Cubic
2000 — )2
0.1}
E 15001
< 0.08] -
° £
< 0.06} 1000}
[aV}
Q \
& 0.04; \\ .
0.02¢ \
. %52 0 02 04 06 08
0 . X(A)
O 10 20 PHYSICAL REVIEW B 83, 220302(R) (2011
. 3, 220302(R) (2011)
p(A™")

Momentum distribution, vibrational dynamics, and the potential of mean force in ice

Lin Lin,! Joseph A. Morrone,>" Roberto Car,"2*! and Michele Parrinello? 13



Kinetic Energy (K)

Fig. 3. Kinetic energy for the glass and crystal phase obtained
from our experiment and those calculated from Eq. (6). [nset:
densities of states used in the calculation (see text for details).

Nuclear quantum effects on disordered systems: amorphous ices

For disordered systems, interpretation of vibrational spectra is not straightforward.
Measurements of momentum distribution can probe the difference between
polycrystalline and disordered phase of materials at the same temperature

¥ d v T
L | T ] Ll | T I T

250+ = . —— Gl -_| e}

1 —& Cravsral _| .
3004 % ] . rf/

) ;:u,n,—_ . .’ ' o
450 <00 %m‘i N e

A Il — -1 o =
400 - LI AR LI L ,;,f’/

" it o " 0 108 - o
. 1 hu imed | ) ;,/" FExperimental

3350 = v € Crystal

7 L % ® Glass
300 4 . T Calculation

9 —_— - - (_.I') \l'dl
2504 i Glass
200 T T T T ™ T T T T

0 50 100 150 200 250 300
T(K)

Dawidowski, Bermejo, Ni-B metallic glass
probed by DINS, PLA 1996

= — T T T T L T =]

L— — T

0 10 20 a0 40
TiK)

FIG. 2. Contour plot of the PIMC kinetic energy of *He as a
function of temperature and density. The experimental phase
transitions (to flmd. superfluid. hep. and fec crystals) are shown
as dark lines. The Kinetic energy contours are shown every
5 K. Their values can be ascertained bv thewr intercepts on the

Fluid and solid 4HE
in the same
temperature-density
range

Ceperley et al PRL 1996
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Nuclear quantum effects on disordered systems: amorphous ices
Evolution of Hydrogen Dynamics in Amorphous Ice with Density JpcCL 2015

. Y 3 » . T ] . T 5 ] ] 3 - .
A. Parmentier,’ ]. ]. hheph'.lrd,i"} G. Romanelli,” R. Senesi, Lo Bal;:m'Jmn,”:’i and C. Andreani® ™"l

bulk densities at 77 K and ambient pressure

@ LDA: 0.94 g/em?
@ uHDA: 1.15 g/cm?®
@ vHDA: 1.26 g/cm?

dQ) 2 |sin?0cos?éd sin?fsin®éd  cos? @
nﬁ;{p:l =.'F'h", — eXPp _P_ i + , ¢ +
4 2 o2 n:Jr*!fr o?

Measured mean kinetic energies of the hydrogen nuclei are found to
increase with increasing density, indicating the weakening of hydrogen
bonds as well as a trend toward steeper and more harmonic hydrogen
vibrational potential energy surfaces.




Nuclear quantum effects on disordered systems: amorphous ices
Evolution of Hydrogen Dynamics in Amorphous Ice with Density JpcCL 2015

A. l’armentier.T_]. J. Sllephardf“} G. Romanelli,” R Senesif'“ C. G. S;ﬂznmnn,’*“_’t and C. Andreani® ™"l

ﬂl T I T I ! I ! I i I i ! | ! | ! !

] ]
I resolution ] |
. 0.004 + |
008 L fit i vHDA
1 r
f || . A
IR 0.002 |+ | \ E
<. 0.06 |- [ 1 . . / [ \
= 004 F ol } - > 00 A
<3 I f || =3 "
& |
0.02 - S ’ﬂ‘; - -0.002 F -
I ..f; | ‘Sﬂlﬂm | — Spherical average
0.0 |remmpnngnd® —WHW — Gaussian term
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Sensitivity to anisotropic momentum distribution
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Nuclear quantum effects on disordered systems: amorphous ices
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The combination of the two measurement allows to define an
anharmonic constant ...
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S(f,w) [arb. units]

1.2
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(.4

(.0}

Experiments meet Quantum Monte Carlo modeling: Competing quantum

effects across melting

[ Water rﬂw-'"::"n.,_ﬁ |
i e L/
i
TL:J.’I-_-.-: el Ao, = 14 mey

i —

: o ¥ P b iy

i

I

L]

':

1 .

\

L -i‘;"i;nh‘*h.

() [0 2000 3N 44

fiw [meV]

Calculations using flexible potentials by Habershon et al JCP 2009
showed that

« ..Intramolecular zero point fluctuations increase

the average O—H bond length and the average molecular

dipole moment, leading to stronger intermolecular

interactions and slower diffusion, while intermolecular quantum
fluctuations disrupt the hydrogen-bonding network leading to
more rapid diffusion. In our q-TTP4P/F model, these two effects
nearly cancel one another, leading to a comparatively small net
quantum effect on the diffusion coefficient..»

What happens to atomic kinetic
energies across melting?

18



The Journal of Physical Chemistry Letters

Direct Measurement of Competing Quantum Effects on
the Kinetic Energy of Heavy Water upon Melting

Giovanni Romanelli, Michele Ceriotti, David E. Manolopoulos, Claudia Pantalei,

Table 1. Comparison between Theoretical and Experimental

Components of the Quantum Kinetic Energy for D and O in
Heavy Water, At Different Temperamres"

RS and Carla Andreani, J Phys Chem Lett (2013)

D [exp] D [TAG/MSD] O [exp] O [TAG/MSD]
D,0, T = 300 K, liquid (Econt) = 42.1
«lmaging» of directional EE;‘ iz-l x ;-‘ ;2":’;“‘“; ‘;—3 = ‘f: ‘lfig-?
) 36.1 + 2.3 .1/25. 19.5 + 1. 19.4/20.4
Cor'nponenjcs of <Ek>_ _ (E)  s51%23 64.6/657 26315  234/223
which are in competition (Ey) 1113 +3 110.2 616 + 3.1 564
when water transforms D,0, T = 280 K, liquid (Ecom) = 395
from ||qu|d to po|ycrysta| {EL) 188 £ 1.1 19.4/18.9 160 + 2.3 13.6/13.7
(E,) 386 + 2.5 25.7/25.2 210 £ 06 192/20.2
+ (E.) 542 + 24 63.6/64.6 241 £ 21 232/122
(Foa) A (Ey) 1116 +2 108.7 611+ 31 561
006k p PIMD+ generalised D,0, T = 274 K, liquid (Econs) = 389
& e B
T v P e ., 8/25. 1/20.
o By M. Ceriotti and D. (E.) 63.2/64.1 23.1/22.0
ofnait?. . . Manolopoulos (E.) 108.3 556
-20 D,0, T = 274 K, solid {(Ecom) = 39.2
e T (E.) 225+ 18 20.1/19.8 161 +23  137/13.8
- (E)  374%25 263/259 201+ 16 190/19.9
(E.) 48.1 + 34 61.9/62.4 242 + 14 230/219
002} / (Ex)  108.0 + 2 108.3 604 + 4 55.7
OEe e e o zmmmpman —rd “All values are in meV, and the theoretical results have a statistical
=50 error bar smaller than 0.1 meV. We also report the computed center-

of-mass mean kinetic energy (Ecy,) of the D,0O molecules.



Experiments meet Quantum Monte Carlo modeling: H-bonded systems

Direct Measurement of Competing Quantum Effects on the Kinetic
Energy of Heavy Water upon Melting

Giovanni Romanelli, Michele Ceriotti, David E. Manolopoulos, Claudia Pantalei, RS and Carla
Andreani, J Phys Chem Lett (2013)

HOW?
«lmaging» of directional PIMD+ generalised
Components of <Ek> Langevin
: : . +

which are in competition By M. Ceriotti and D.
when water transforms Manolopoulos
from liquid to polycrystal

IT_’(\'.qll.\l

0.06F p

oosf @ AN Sensitivity to probe Oxygen binding environment (quantum)

ocf o K" Y P Maybe suitable for water dissociation?

.,5' ) . \“‘
() e S .- PR | S T, .
—— ey Light water Heavy water
006F T N ! T ] . .
o /1 AN Oxygen kinetic energy (Exc) [meV]  TIK] (Ex) [meV]  TIK]
0.04F A VA" JETH
’/' \ ‘ /M ;o‘ A (ll i
e T \ . Liquid 51 + 3 276 61 + 3 280
| A .. |
_50 0 A Solid 56 + 3 270 60 + 4 274 .




Supercooled (and room temperature) bulk liquid water:
What is the expected temperature dependence of the proton kinetic energy?

lﬂl]—- —— Present Calculation
J - Pressent Err
1754 * New DINS
{1 * Previous DINS
1704 e New INS
% IﬁS—- o Free Energy Calculation
E ]
= 1604
(== |
M 155
lSU-i___ o R
145 - }
140 - L
T T T T T T T - - ; .
0 100 200 300 400 500 600 700

T(K)

Fig. 2. Calculated Ke(H) values (solid curve) together with the error margins
(dashed curves). Solid asterisks are recent (red) and old (black) DINS results. Solid
circles (blue) are new INS results, Open squares are Ke(H) values deduced by
Colognesi [4.34] using thermodvnamic data, The numerical values together with

Calculations by Finkelstein and Moreh, Chem Phys 2014
point for an almost «continuous» dependence using

¥ L )
Ke(H) = 35; / gr(via(vidv + Hlf g (via{v)dv + ZSJI': vj)
+ W ¥un j=1

(£)

With a(v) = % (sb—+1) witha(v) = v, v the kinetic energy of

b 1
= A
= u
E 4 4 ﬁ =
3
= 3 v
]
£ v
240 250 260 270
Temperature (K)

Temperature (“C)
=30 =20 -10 0 10

Heat capacity (JK 'maol ")

240 250 260 270 280
Temperature (K)

Fig. 1. Heat capacity of water measured as a function of tempera-

ture. Full and open diamonds: data obtained in this study with two

different samples; full hne: curve fitting the expenimental points
[C,=044#(T/222~1)"2% +743]

Heat of freezing
Cantrell et al
JPCB 2011

Specific heat
Tombari et al
CPL 1999
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Supercooled (and room temperature) bulk liquid water:
First set of experiments pointed out a large excess of <E, > as compared to ice at same
temperature T=271 K. Most recent exp reported here, from Andreani et al, JPCL 2016

180 + 'Y ' I i
- i e e d . _+ |
% Sy drcooled Water, * UICE - 5t e _

s e
.."-A . b | . - 1150 = |

170 § | H ]

270 280 290 300

T [K]
160 _

(Er) [meV]

150

140 ﬁ

| A | : | , | ) |
0 1350 300 450 600
T [K]
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Supercooled (and room temperature) bulk liquid water:

vapor liquid
54.3
503 497 494 col 520 525 526 527

111Re

19.8

Supercooled water and ice polycrystal at same T=271 K
show competing quantum effects and have similar kinetic

energies — .
This is in agreement with new simulations appearing on the

same journal issue («blind»joint exp-theory work) for £ 19.8 188 19.0
Water vapor, liquid, ice at the triple point

Table 1. The {(Eg) and individual {Ey), values, from present
DINS measurements in bulk SW and ice at T = 271 K“

SW lee Tee ®
1 K] 271 271 27
M1
a [A7f] 5.01+0.02 5.03+0.03 5.01+0.03
4 0114001 0.11£0.02 0.104£0.01
(Ex) |meV] 156.042.0 157.04£2.0 156.0+2.0
M2
7 [A”Y] 29105 3.710.1 3.710.3
v Ii ,I i 0s ARty q-TIPAP/F MB-pol NN  q-TIPAP/F MB-pc
(Ex): |meV] 1745 2 209+4
(Ex)y |meb a2x10 38+5 3819 . . : : f e
T |[.m1 . o1in o Quantitative agreement on total kinetic energies;

154.042.0 guantitative agreement on directional kinetic energies in ice
Andreani et al, JPCL 2016; Cheng et al, JPCL 2016 73

1o ) =22.0



Supercooled (and room temperature) bulk liquid water: problems solved?

Investigation needed on electron kinetic
energies in supercooled water measured by
X-Ray Compton scattering

What happens near 300 K?

T T T T T I T I T I ' I !
! ¢ Extracted data ] | 160 : . .
80 ——¢=-3.3+0.7 kJ/(mol K) 180 —_ I* | |
¢ T |
—~ B60F =150 -
(= - |
ol E | L
2 40} - =2 T
- U 140 | | l " | L
E — 270 280 290 300
w 20} - T [K]
.r"l | — 1 60 | —]
ol | : :
} = ¢ +
-20 : - — - 150 —+ .
260 270 280 290 300
T (K) i
Fig. 3 A(Euin) = (EwinlT)} = (Ewinl277 K)). The solid line is a linear fit with
slope ¢ = =33 + 0.7 kJ (mol K 140 || , | ) | , I , | ]
Lehmkuhler et al PCCP 2016: increased 0 150 300 450 600
tethrahedral ordering by XRS but increased T [K]

electron kinetic energy and structural
modifications by X-Ray Compton



Mallamace’s and co-workers hypothesis near 315 K- MAGIC Temperature

T=315 K is a special locus of thermodynamic

oroperties in water Is there a counterpart on the hydrogen’s

kinetic energy? Preliminary DINS experiment
analysis- Delta is the increase (decrease) of
momentum width with respect to 300 K

—~ O 8 kbar 0.08 T ' | T T
< O &8
x o 7
= O @
‘t:n_ O 5
3 O 4 006 B
a o 3
=] O 2
O 1.8
1.4
0o 1 -
0 1 004
—
& 1 bar | |
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150 200 250 300 350 400 150 200 250 300 350 400 450 UQ
T(K)
FIG. 1. The coefficient of thermal expansion for bulk (left panel) and heavy (right panel) water as a function of the temperature at different pressures. 00
IR lower bound
e . upper bound
1 I 1 I

F. Mallamace et al, JCP 2014 ' -
300 310 320 330

T [K] -



Water protons in shallow potentials: high pressure phases in

ice and hydration shells of globular proteins

Proton momentum distribution in protein hydration shell.
RS, A. Pietropaolo, A. Bocedi, S. Pagnotta, F. Bruni, PRL

Tunneling and delocalization effects in hydrogen bonded
systems: A study in position and momentum space. ). Morrone,
L. Lin, R. Car, JCP 2009
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Water in nanopore confinement

DINS experiments
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Modeling of quantum kinetic energy?

Reactive potentials +quantum nuclei

To model the interaction with acidic
sites

G. Romanelli et al, Carbon 2016; G. Romanelli et al, PCCP 2016; C. Pantalei et al PCCP 2011, V. Garbuio et al JCP 2007
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Dental materials: setting of Glass lonomer Cements role of water’s
NQE to be investigated.

“Atomic and vibrational origins of mechanical toughness in bioactive cement during setting”, K. V. Tian et al., Nature Comm.

(2015)

b
C 1..4 16 v 4 v L | i 1 4 - L 4 - L 4 - T - 1 8
. — 7 hours ‘ *\S'o?
A -~ 10 hours — CaF
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3 0.6 Y \
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5 0.4 = m!"\'\:’ _
—r ; Ay B, ) $ '
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e > N
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0 8 4 ( * I.)- — )
p N 0 j,.ﬂé.r
-0.2 L EalEadEadl R I S R N e N Com e
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To be explored by experiment and modeling

week ending

PRL 110, 065701 (2013) PHYSICAL REVIEW LETTERS 8 FEBRUARY 2013

Role of Quantum Effects in the Glass Transition

V. N. Novikov'? and A. P. Sokolov'??

It is shown that quantum effects lead to a significant decrease of the glass transition temperature 7, with
respect (o the melting temperature 7,,, so that the ratio T, /T,, can be much smaller than the typical value

m?>

To be explored by modeling: quantum effects in the water adsorption energetics in
DNA grooves

week ending

PRL 105, 148101 (2010) PHYSICAL REVIEW LETTERS I OCTOBER 2010

Changes in the Zero-Point Energy of the Protons as the Source of the Binding Energy
of Water to A-Phase DNA

G.F. Reiter,' R. Senesi,” and J. Mayers®
The measured changes in the zero-point kinetic energy of the protons are entirely responsible for the
binding energy of water molecules to A phase DNA at the concentration of 6 water molecules/base pair.



P (MPa)

Supercritical water:nuclear quantum effects across the pseudocritical line(s)

100 . NS
DINS
405 liquid-like Cp max
‘SCW 80 - kTDmEx
; =Ll
04 : vapour-lke —
v m
A B SCW S 60r )
stable liquid T4 P o
20 4 D 5
- @ 40
" u
a
104 stable vapour "
20 E
0 T Y T T T T T
500 550 600 630 700 750 0 | | . .
500 600 100 800 900

T(K)
Temperature (K)

DINS measurements along the 25 Mpa isobar to cross the liquid-like to vapour like boundaries

Technological relevance for next generation reactors
CK Loong, C. Andreani, A. Kolesnikov, A. Parmentier, G. Romanelli, RS, R. Car
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Supercritical water:nuclear quantum effects across the pseudocritical line(s)

: 0003 -
|| 0002 | 3
& 0,001 §
E ; Data analysis under
0.0 - i} Consolidation
0 100 204 0 400 500 DO 700 .
E [meV] (see presentations by
A. Parmentier)
> o 733K
| 0002 f o : y
~ '
= 0001 [] % e :
E-‘ _T r I. 1) 1
0.0 ;—l—h ~ T r Eﬂi

100 200 300 400 500 600 700
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o

Figure 4: Density of states g(F) (blue) and stretching contribution g (E) (red) for T=280 C, 350 C, 460 C,
550 C. The main difference between the lower temperatures (top) and the higher temperatures (bottom) is
the shift, in opposite directions, of stretching and libration contributions, while the bending is not effected.
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Supercritical water:nuclear quantum effects across the pseudocritical line(s)

Table 7.4: Directional energies and < Ej > as deduced from the harmonic decou-

pled model described in Eqs. 7.1-7.3 for the liquid case.

SUB SUB SUPER SUPER SUPER
Temperature [K] 553 623 673 663 733
Pressure [MPa] 25 25 80 25 25

Density [-4;] 0777 0625 0660 0215  0.104

< Ep > [meV] 25.20 27.92 30.06 29.23 32.17
< Ey >, [meV] 37.12  39.00 40.54 40.00 42.15

< Fi >. [1110‘»’] 104.62 105.74 106.70 10%.59 110.19
< E > [lll{."\-"] 166.94 17266 177.30 177.82 184.44
hiw Wpip Fw lib
¢ A p— ES il
< B > lib——— 1 ——~coth ('”iHT hnT

h&.a..’!- hn’-l-";f hw 1 hew n
< Ek }HZ Shb&rﬂfh (‘} -j ’ ) + Sﬁcn—b{-rﬂfh (2&:-?") S'rrazlriHT

-"- str 'F- str 1 -
< B >,= zs_q;,_‘*”_l-fmm ( il ) + Swas KpT

0.09
0.08

0.07
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0.05
0.04

fly) [A]

0.03
0.02
0.01
o Tk AR

"ﬂ.O]. 1 1 1 1
-30 -20 -10 0 10 20 30

Sensitivity and consistency checks between
modeling of DINS line shapes and vibrational
INS data, relevant for low density
measurements <0.15 g/cm3
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Ke(H) (meV)

Supercritical water:nuclear quantum effects across the pseudocritical line(s)

164 -

162 -

160 -

158 -

Solid

- ===Liquid
= = Vapor

Models of hydrogen kinetic energy as
temperature increases towards the water
liquid-vapour critical point (Finkelstein, Moreh,
Chem Phys 2014)
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VESUVIO is now aiming at exploiting element-
specific and mass resolved spectroscopy for
OUTLOOK complex and disordered materials

Combination of phonon (DFT)
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