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

TITI  LVCRETI  CARI  DE  RERVM  NATVRA  
LIBER  SECVNDVS  	


Restless motion which persists to absolute zero..  

….As	
  it	
  is	
  well	
  assessed,	
  no	
  rest	
  is	
  given	
  to	
  prime	
  
bodies	
  (atoms)	
  …	
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•  Thermal	
  energy—oXen	
  expressed	
  as	
  temperature—makes	
  all	
  
objects	
  vibrate;	
  the	
  warmer	
  the	
  object,	
  the	
  more	
  pronounced	
  
the	
  vibraGons,	
  though	
  they	
  are	
  on	
  the	
  order	
  of	
  much	
  less	
  than	
  
an	
  Angstrom	
  	
  

•  More	
  subtle	
  vibraGons	
  that	
  all	
  objects	
  
possess	
  is	
  due	
  to	
  a	
  quantum-­‐
mechanical	
  property	
  called	
  zero-­‐point	
  
moGon	
  

•  Primary	
  thermometry:	
  combine	
  	
  thermal	
  
vibraGon	
  to	
  the	
  quantum	
  moGon-­‐	
  
connect	
  temperature	
  to	
  the	
  quantum	
  
mechanical	
  fluctuaGons	
  of	
  a	
  parGcle	
  

CosGtuents	
  of	
  maOer	
  are	
  quantum	
  objects	
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Where	
  does	
  this	
  come	
  from?	
  	
  Binding	
  of	
  atoms	
  in	
  materials	
  is	
  
described	
  by	
  atoms	
  in	
  potenGal	
  wells	
  

Can	
  be	
  calculated	
  as 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (space)	
  or 	
   	
  	
  (momentum-­‐wave	
  vector)	
  	
  	
  
	
  

2
Ψ

2)(xΨ
2)( xpΨ

Because	
  of	
  parGcle-­‐wave	
  character	
  of	
  atoms	
  

ω!
2
1

2
1
⋅

¼	
  ħω is	
  the	
  quantum	
  
moGon	
  energy	
  
which	
  persists	
  even	
  
at	
  	
  
zero	
  temperature	
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Depending	
  on	
  the	
  atomic	
  mass,	
  quantum	
  effects	
  on	
  the	
  zero	
  
temperature	
  moGon	
  will	
  be	
  different	
  	
  

M	
   M’>M	
  

a)	
  and	
  b)	
  are	
  atoms	
  of	
  different	
  masses	
  in	
  the	
  same	
  binding	
  potenGal	
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Depending	
  on	
  the	
  sGffness	
  of	
  the	
  potenGal,	
  quantum	
  effects	
  on	
  the	
  
zero	
  temperature	
  moGon	
  will	
  be	
  different	
  	
  

a)	
  and	
  c)	
  are	
  atoms	
  of	
  same	
  
mass,	
  placed	
  in	
  different	
  

binding	
  potenGals	
  	
  	
  

M	
   M’=M	
  



Why	
  published	
  in	
  Nature	
  	
  Comm.?	
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Because	
  in	
  perfectly	
  harmonic	
  binding	
  potenGals	
  are	
  uncommon!	
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Mechanical	
  properGes	
  
of	
  materials	
  and	
  details	
  
of	
  atomic	
  binding	
  

Is	
  toughness	
  of	
  materials	
  
Intrinsically	
  related	
  to	
  zero-­‐point	
  
kineGc	
  energy?	
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Mechanical	
  properGes	
  
of	
  solids	
  and	
  details	
  
of	
  atomic	
  binding	
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Mechanical	
  properGes	
  
of	
  solids	
  and	
  details	
  
of	
  atomic	
  binding	
  



The	
  zero-­‐point	
  moGon	
  depends	
  on	
  the	
  atomic	
  displacements	
  
around	
  equilibrium	
  posiGons	
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Zero-­‐point	
  kineGc	
  energy	
  	
  

•  Density	
  
•  Displacements	
  

€ 

EK >>1.5kBT !!



Is	
  zero	
  point	
  kineGc	
  energy	
  responsible	
  for	
  helium	
  

being	
  persistently	
  liquid	
  down	
  to	
  T=	
  0	
  K?	
  
	
  

	
  	
  

Only	
  at	
  P=	
  25	
  bar	
  !!	
  

12	
  



SolidificaGon	
  of	
  helium	
  at	
  T=	
  0	
  K	
  requires	
  to	
  

overcome	
  zero	
  point	
  kineGc	
  energy	
  
	
  

	
  	
  

	
  
Consider	
  the	
  Gibbs	
  free	
  energy	
  ,	
  G,	
  at	
  absolute	
  zero,	
  as	
  a	
  func8on	
  of	
  
applied	
  pressure	
  (ac8ng	
  as	
  an	
  external	
  energy).	
  If	
  	
  G	
  shows	
  a	
  
minumum	
  a	
  stable	
  phase	
  is	
  obtained	
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SolidificaGon	
  of	
  helium	
  at	
  T=	
  0	
  K	
  requires	
  to	
  

overcome	
  zero	
  point	
  kineGc	
  energy	
  	
  
	
  

	
  	
  

-­‐CONJECTURE:	
  He	
  atom	
  pairs	
  are	
  at	
  equilibrium	
  distance	
  R	
  ,	
  but	
  they	
  can	
  oscillate	
  
in	
  a	
  region	
  R	
  -­‐	
  σ	
  ,	
  where	
  σ	
  is	
  a	
  hard-­‐core	
  repulsion	
  potenGal	
  due	
  to	
  near	
  neighbour	
  
interacGon.	
  

-­‐ PotenGal	
  energy	
  will	
  be	
  half	
  of	
  the	
  pair	
  interacGons	
  Gmes	
  the	
  number	
  of	
  nearest	
  neighbours,	
  z:	
  

-­‐ External	
  energy	
  due	
  to	
  pressure	
  is:	
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( )2
2

σ−
=

RM
E

He
K

!



	
  	
  

-­‐ Gibbs	
  energy,	
  as	
  a	
  funcGon	
  of	
  R,	
  P	
  has	
  a	
  minimum	
  for	
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In	
  agreement	
  with	
  experiments!	
  

SolidificaGon	
  of	
  helium	
  at	
  T=	
  0	
  K	
  requires	
  to	
  overcome	
  zero	
  point	
  kineGc	
  
energy	
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Atomic	
  binding	
  potenGals	
  
change	
  depending	
  on	
  the	
  
-­‐Phase	
  of	
  the	
  material	
  

-­‐External	
  sGmuli	
  
-­‐Geometric	
  confinement,	
  

-­‐FluctuaGons…	
  

As	
  a	
  consequence	
  	
  the	
  Zero-­‐
point	
  kineGc	
  energy	
  

shows	
  	
  rich	
  and	
  someGmes	
  
suprising	
  behaviour	
  	
  

Is	
  it	
  possible	
  to	
  measure	
  it?	
  
	
  
	
  	
  

)()( 2 pnp =Ψ

)(
2

23
2

pnppd
M
p

EK ∫==
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Such	
  measurements	
  are	
  
«simple»	
  (not	
  complicated),	
  

but	
  are	
  difficult	
  
-­‐just	
  like	
  preparing	
  a	
  dish	
  

requiring	
  a	
  small	
  number	
  of	
  
ingredients:	
  TorGlla,	
  Pasta,	
  

Fish&Chips…	
  
	
  
	
  	
  

)()( 2 pnp =Ψ

)(
2

23
2

pnppd
M
p

EK ∫==

These	
  measurements	
  are	
  precise	
  
-­‐Provide	
  absolute	
  numbers	
  	
  

( )TkEEorE BKKK 5.1−=Δ

)(pn
-­‐Or	
  distribuGons	
  	
  

Amenable	
  to	
  be	
  	
  quanGtaGvely	
  
modeled	
  at	
  any	
  level	
  of	
  
sophisGcaGon!!	
  

HeurisGc-­‐Semiclassical	
  
PIMC	
  
PIMD	
  
AIMD	
  
PICPMD	
  
DMC	
  
DFT	
  
Classical	
  MD	
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These	
  measurements	
  are	
  precise	
  
-­‐Provide	
  absolute	
  numbers	
  	
  

( )TkEEorE BKKK 5.1−=Δ

)(pn-­‐Or	
  distribuGons	
  	
  

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

From	
  Ceperley	
  et	
  al,	
  PRL	
  1996	
  

From	
  Andreani	
  et	
  al,	
  JPCM	
  1996	
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Experiments	
  meet	
  Quantum	
  Monte	
  Carlo	
  modeling	
  
	
  
«Not-­‐so-­‐Simple»	
  monoatomic	
  systems:	
  liquid	
  and	
  solid	
  3He	
  

[R. S. et al. PRL 86, 4584 (2001)]	
  

Diffusion	
  Monte	
  Carlo	
  by	
  Boronat	
  et	
  al.	
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Experiments	
  meet	
  Quantum	
  Monte	
  Carlo	
  modeling	
  
«Not-­‐so-­‐Simple»	
  monoatomic	
  systems:	
  liquid	
  3He	
  at	
  2	
  K,	
  SVP	
  

[R. S. et al. JPCM 
(2006)]	
  

Diffusion	
  Monte	
  Carlo	
  by	
  
Boronat	
  et	
  al.	
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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	
  
kineGc	
  energy,	
  momentum	
  distribuGon	
  in	
  
anharmonic	
  potenGals;	
  Isotope	
  effects;..	
  	
  

•  Microscopic:	
  Nanoscale	
  confinement	
  effects;	
  Nuclear	
  
quantum	
  effects	
  on	
  the	
  oxygens;…	
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Which	
  type	
  of	
  nuclear	
  quantum	
  effects	
  are	
  expected	
  
for	
  water?	
  Few	
  examples:	
  

From	
  Ceriox	
  et	
  al.,	
  Chem	
  Rev.	
  2016	
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  PotenGal	
  energy	
  surface	
  of	
  the	
  proton	
  along	
  the	
  bond	
  

Most	
  energeGc	
  vibraGon	
  in	
  
water:	
  stretching!	
  

Which	
  type	
  of	
  nuclear	
  
quantum	
  effects	
  are	
  expected	
  
for	
  water?	
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Which	
  type	
  of	
  nuclear	
  quantum	
  effects	
  are	
  expected	
  for	
  water?	
  	
  

Quantum	
  effects	
  destabilizing	
  H-­‐
Bond	
  network	
  
	
  
From	
  Morrone,	
  Car,	
  PRL	
  2008	
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Which	
  type	
  of	
  nuclear	
  quantum	
  effects	
  are	
  expected	
  for	
  water?	
  	
  

It	
  is	
  found	
  that	
  heavy	
  water	
  
is	
  a	
  more	
  structured	
  liquid	
  than	
  
light	
  water.	
  We	
  find	
  the	
  OH	
  bond	
  
length	
  in	
  H2O	
  is	
  ~3%	
  longer	
  than	
  the	
  
OD	
  bond	
  length	
  in	
  D2O.	
  This	
  is	
  a	
  
much	
  larger	
  change	
  than	
  current	
  
predic8ons.	
  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	
  distribuGons	
  of	
  protons	
  and	
  deuterons	
  in	
  H2O	
  

and	
  D2O	
  	
  

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?	
  

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?	
  

From	
  Guo	
  et	
  al.	
  Science	
  2016-­‐	
  	
  

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

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

From	
  Ceriox	
  et	
  al.	
  Chem	
  Rev	
  2016	
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Which	
  type	
  of	
  nuclear	
  quantum	
  effects	
  are	
  expected	
  for	
  water?	
  
Enhance	
  quantum	
  effects:	
  promote	
  protons	
  to	
  the	
  excited	
  state!	
  

From	
  Bakker	
  et	
  al.	
  Science	
  2002	
  

Infrared	
  pumping	
  to	
  the	
  excited	
  vibraGonal	
  state	
  
Probe	
  the	
  transient	
  infrared	
  absoprGon	
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Which	
  type	
  of	
  nuclear	
  quantum	
  effects	
  are	
  expected	
  for	
  water?	
  
Nanometric	
  confinement	
  can	
  induce	
  changes	
  in	
  the	
  hydrogen	
  

binding	
  potenGal	
  

From	
  Kolesnikov	
  et	
  al.	
  	
  PRL	
  2004	
  

Water’s	
  response	
  to	
  
confinement	
  is	
  to	
  develop	
  a	
  
shallow	
  hydrogen	
  potenGal	
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Which	
  type	
  of	
  nuclear	
  quantum	
  effects	
  are	
  expected	
  for	
  water?	
  
Nanometric	
  confinement	
  can	
  induce	
  changes	
  in	
  the	
  hydrogen	
  

binding	
  potenGal	
  

From	
  Kolesnikov	
  et	
  al.	
  	
  PRL	
  2016	
  
Generic	
  conclusions	
  not	
  straighzorward,	
  as	
  water-­‐confining	
  matrix	
  interacGons	
  are	
  
matrix-­‐specific	
  (See	
  for	
  example	
  Cerveny,	
  Mallamace,	
  Swenson,	
  Vogel,	
  Xu,	
  Chem	
  Rev	
  
2016)	
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How	
  to	
  measure	
  nuclear	
  quantum	
  effects	
  in	
  an	
  experiment?	
  Measurements	
  of	
  momentum	
  
distribuJons	
  using	
  inelasJc	
  neutron	
  scaLering	
  

The	
  	
  Fourier	
  Transform	
  of	
  
	
   2
Ψ is	
  

€ 

n(p)

The	
  	
  variance	
  	
  of	
  
	
  

€ 

n(p)

€ 

EK =
p2

2M

Momentum	
  distribu<on	
  

Kine<c	
  energy	
  

€ 

EK >>1.5kBT !!

is	
  

• Can	
  we	
  measure 	
   	
   	
  ?	
  No	
  

• Deep	
  InelasJc	
  Neutron	
  ScaLering	
  allows	
  to	
  measure	
  

• Not	
  exactly-­‐	
  DINS	
  can	
  probe	
  	
  	
  	
  

• That	
  is,	
  the	
  distribuJon	
  	
  (probability	
  density)	
  of	
  atomic	
  
(nuclei)	
  momentum	
  being	
  equal	
  to	
  p	
  

)(),( px ΨΨ

2)(pΨ

€ 

n(p)
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Electrons,	
  using	
  ID16	
  at	
  ESRF	
   Protons,	
  using	
  VESUVIO	
  at	
  ISIS	
  

Compton profile of Na; p- resolution≈13% 
S. Huotari et al, PRL 105, 086403 (2010) 

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

qpq ˆ⋅=
! qpy ˆ⋅=

!

"

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

Momentum	
  resoluJon-­‐	
  similar	
  to	
  X-­‐Ray	
  Compton	
  scaLering	
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Typical  neutron  spectrum  from  modern  neutron  sources    
is  rich  of  neutrons  of  energies  above  0.4  eV!


Energy	
  [eV]	
   Wave	
  length	
  [Å]	
  

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  
scales  can  be  probed?  
CollecIve  and  single-­‐parIcle  
excitaIons


5	
  

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

≤	
  1	
  meV	
   ∼101	
  meV	
   ∼102	
  meV	
   >1	
  eV	
  

Energy	
  [eV]	
   Wave	
  length	
  [Å]	
  

0.4	
   0.45	
  

1	
   0.29	
  

10	
   0.09	
  

20	
   0.06	
  

50	
   0.04	
  

100	
   0.03	
  

DINS	
  or	
  

Recoil 
excitations 



Does  this  wave  length  
range  match  with  atomic  
binding  scales  ?


6	
  

Neutron	
  Energy	
  [eV]	
   Wave	
  length	
  [Å]	
  

0.4	
   0.45	
  

1	
   0.29	
  

10	
   0.09	
  

20	
   0.06	
  

50	
   0.04	
  

100	
   0.03	
  

H-­‐H	
  binding	
  (Morse	
  poten<al)	
  in	
  	
  
the	
  H2	
  molecule	
  

>1	
  eV	
  

<1	
  Å	
  



TemptaIon:  use  inelasIc  neutron  scaKering


Measure single-particle 
Excitation, es.  

Stretching : 0 to 1 

0 

1 

7 



Measure single-particle 
Excitation, es. 0 to 1 

0 

1 

Assume an underlying parabolic potential 

8 

TemptaIon:  use  inelasIc  neutron  scaKering-­‐needs  
assumpIons  and  more  complicated


ω!

Derive the density of vibrational states          ( )ωg

Integrate the density of states  

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ∫ Tk

gdE
B

K
ω

ωωω
!

!!! coth
4
3

“True potential” 



Deep	
  inelasJc	
  Neutron	
  ScaLering	
  does	
  the	
  job	
  

Please	
  recall	
  the	
  lecture	
  by	
  Carla	
  Andreani!	
  

9	
  

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

Rule	
  of	
  thumb:	
  
Small	
  width=	
  small	
  quantum	
  
effects	
  
Large	
  width=	
  large	
  quantum	
  
effects	
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Deep  InelasIc  Neutron  ScaKering  (DINS)-­‐  a  recoil  excitaIon  spectroscopy

VESUVIO  spectrometer  at  ISIS


D	
  

O	
  

Cu	
  	
  
container	
  

1)  Measurement	
  of	
  the	
  stoichiometry	
  

2)  Width	
  of	
  recoil	
  peaks	
  is	
  	
   2
1

KE∝Neutron	
  Energy	
  
[eV]	
  

Wave	
  length	
  [Å]	
  

10	
   0.09	
  

20	
   0.06	
  

50	
   0.04	
  

( ) qp
q
M

r
⌢"##

#
⋅=−

2
1

2 ωω Pulsed	
  source:	
  Time	
  of	
  flight	
  technique	
  



Nuclear  quantum  effects  on  kineIc  energy  and  momentum  
distribuIon  across  the  water’s  phase  diagram


• Polycrystalline	
  hexagonal	
  ice	
  
• Disorder:	
  amorphous	
  ices	
  
• Compe<ng	
  quantum	
  effects	
  across	
  mel<ng	
  
•  Supercooled	
  (and	
  room	
  temperature)	
  bulk	
  liquid	
  water	
  
• Nano	
  confined	
  water:	
  Silica	
  nanopores;	
  Graphene	
  oxides;	
  surface	
  of	
  
proteins	
  and	
  DNA,	
  cements	
  

•  Supercri<cal	
  water	
  	
  

	
   11	
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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  kineIc  energy  would  be  35  meV.  Experiments  
and  theory  show  that  for  protons  kineIc  energy  is  above  150  meV!
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Polycrystalline	
  hexagonal	
  ice-­‐Experiments	
  meet	
  Quantum	
  Monte	
  Carlo	
  modeling:	
  H-­‐bonded	
  systems	
  

Spherical	
  momentum	
  distribuJon	
  of	
  the	
  protons	
  in	
  hexagonal	
  ice	
  
from	
  modeling	
  of	
  inelasJc	
  neutron	
  scaLering	
  data, D.  Flammini  ,  A.  Pietropaolo,  RS,  C.  
Andreani,  F.  McBride,  A.  Hodgson,  M.  A.  Adams,  L.  Lin,  and  R.  Car,  JCP  2012


PICPMD	
  	
  by	
  Roberto	
  Car	
  
and	
  Lin	
  Lin	
  

HOW?	
  
Measure	
  the	
  quasi-­‐harmonicity	
  of	
  the	
  
direc<onal	
  mo<ons	
  of	
  hydrogen	
  in	
  ice	
  

+	
  

EXP	
  
PICPMD	
  



Nuclear  quantum  effects  on  disordered  systems:  amorphous  ices  

For	
  disordered	
  systems,	
  interpreta0on	
  of	
  vibra0onal	
  spectra	
  is	
  not	
  straigh8orward.	
  

Measurements	
  of	
  momentum	
  distribu0on	
  can	
  probe	
  the	
  difference	
  between	
  
polycrystalline	
  and	
  disordered	
  phase	
  of	
  materials	
  at	
  the	
  same	
  temperature	
  

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

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

Ceperley	
  et	
  al	
  PRL	
  1996	
  

14	
  



Nuclear  quantum  effects  on  disordered  systems:  amorphous  ices

JPCL	
  2015	
  

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.	
  

15	
  



Nuclear  quantum  effects  on  disordered  systems:  amorphous  ices


Sensi<vity	
  to	
  anisotropic	
  momentum	
  distribu<on	
  
16	
  

JPCL	
  2015	
  



Nuclear  quantum  effects  on  disordered  systems:  amorphous  ices


17	
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Experiments	
  meet	
  Quantum	
  Monte	
  Carlo	
  modeling:	
  Compe<ng	
  quantum	
  
effects	
  across	
  mel<ng	
  
	
  

« ..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-TIP4P/F model, these two effects 
nearly cancel one another, leading to a comparatively small net 
quantum effect on the diffusion coefficient..» 	
  

Calcula<ons	
  using	
  flexible	
  poten<als	
  by	
  Habershon	
  et	
  al	
  JCP	
  2009	
  
showed	
  that	
  	
  

What	
  happens	
  to	
  atomic	
  kine<c	
  
energies	
  across	
  mel<ng?	
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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)	
  

PIMD+	
  generalised	
  
Langevin	
  
By	
  M.	
  Ceriou	
  and	
  D.	
  
Manolopoulos	
  

«Imaging»	
  of	
  direc<onal	
  
Components	
  of	
  <Ek>	
  
which	
  	
  are	
  in	
  compe<<on	
  
when	
  water	
  transforms	
  
from	
  liquid	
  to	
  polycrystal	
  	
  

+	
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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)	
  

PIMD+	
  generalised	
  
Langevin	
  
By	
  M.	
  Ceriou	
  and	
  D.	
  
Manolopoulos	
  

HOW?	
  

«Imaging»	
  of	
  direc<onal	
  
Components	
  of	
  <Ek>	
  
which	
  	
  are	
  in	
  compe<<on	
  
when	
  water	
  transforms	
  
from	
  liquid	
  to	
  polycrystal	
  	
  

+	
  

Sensi<vity	
  to	
  probe	
  Oxygen	
  binding	
  environment	
  (quantum)	
  
Maybe	
  suitable	
  for	
  water	
  dissocia<on?	
  	
  

Oxygen	
  kine<c	
  energy	
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Supercooled	
  (and	
  room	
  temperature)	
  bulk	
  liquid	
  water:	
  	
  
What	
  is	
  the	
  expected	
  temperature	
  dependence	
  of	
  the	
  proton	
  kine<c	
  energy?	
  

Calcula<ons	
  by	
  Finkelstein	
  and	
  Moreh,	
  Chem	
  Phys	
  2014	
  
point	
  for	
  an	
  almost	
  «con<nuous»	
  dependence	
  using	
  

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	
  <EK>	
  as	
  compared	
  to	
  ice	
  at	
  same	
  
temperature	
  T=271	
  K.	
  Most	
  recent	
  exp	
  reported	
  here,	
  from	
  Andreani	
  et	
  al,	
  JPCL	
  2016	
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Supercooled	
  (and	
  room	
  temperature)	
  bulk	
  liquid	
  water:	
  	
  

Supercooled	
  water	
  and	
  ice	
  polycrystal	
  at	
  same	
  T=271	
  K	
  
show	
  compe<ng	
  quantum	
  effects	
  and	
  have	
  similar	
  kine<c	
  
energies	
  
This	
  is	
  in	
  agreement	
  with	
  new	
  simula<ons	
  appearing	
  on	
  the	
  
same	
  journal	
  issue	
  («blind»joint	
  exp-­‐theory	
  work)	
  for	
  
Water	
  vapor,	
  liquid,	
  ice	
  at	
  the	
  triple	
  point	
  

Quan<ta<ve	
  agreement	
  on	
  total	
  kine<c	
  energies;	
  
quan<ta<ve	
  agreement	
  on	
  direc<onal	
  kine<c	
  energies	
  in	
  ice	
  

Andreani	
  et	
  al,	
  JPCL	
  2016;	
  Cheng	
  et	
  al,	
  JPCL	
  2016	
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Supercooled	
  (and	
  room	
  temperature)	
  bulk	
  liquid	
  water:	
  problems	
  solved?	
  	
  

Inves<ga<on	
  needed	
  on	
  electron	
  kine<c	
  
energies	
  in	
  supercooled	
  water	
  measured	
  by	
  
X-­‐Ray	
  Compton	
  scaIering	
  

Lehmkuhler	
  et	
  al	
  PCCP	
  2016:	
  increased	
  
tethrahedral	
  ordering	
  by	
  XRS	
  but	
  increased	
  
electron	
  kine<c	
  energy	
  and	
  structural	
  
modifica<ons	
  by	
  X-­‐Ray	
  Compton	
  

What	
  happens	
  near	
  300	
  K?	
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Mallamace’s	
  and	
  co-­‐workers	
  hypothesis	
  near	
  315	
  K-­‐	
  MAGIC	
  Temperature	
  

Is	
  there	
  a	
  counterpart	
  on	
  the	
  hydrogen’s	
  
kine<c	
  energy?	
  Preliminary	
  DINS	
  experiment	
  
analysis-­‐	
  Delta	
  is	
  the	
  increase	
  (decrease)	
  of	
  
momentum	
  width	
  with	
  respect	
  to	
  300	
  K	
  	
  

T=	
  315	
  K	
  is	
  a	
  special	
  locus	
  of	
  thermodynamic	
  
proper<es	
  in	
  water	
  

F.	
  Mallamace	
  et	
  al,	
  JCP	
  2014	
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Water	
  protons	
  in	
  shallow	
  poten<als:	
  high	
  pressure	
  phases	
  in	
  
ice	
  and	
  hydra<on	
  shells	
  of	
  globular	
  proteins	
  	
  

Tunneling  and  delocaliza.on  effects  in  hydrogen  bonded  
systems:  A  study  in  posi.on  and  momentum  space.  J.  Morrone,  
L.  Lin,  R.  Car,  JCP  2009


Open	
  Path	
  Car	
  Parrinello	
  Molecular	
  Dynamics	
  

Proton	
  momentum	
  distribu/on	
  in	
  protein	
  hydra/on	
  shell.	
  
RS,	
  A.	
  Pietropaolo,	
  A.	
  Bocedi,	
  S.	
  PagnoLa,	
  F.	
  Bruni,	
  PRL	
  
2007	
  

290	
  K	
  
180	
  K	
  

Reduced	
  
O-­‐O	
  distance	
  
At	
  290	
  K	
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Water	
  in	
  nanopore	
  confinement	
  

Modeling	
  of	
  quantum	
  kine<c	
  energy?	
  DINS	
  experiments	
  

Reac<ve	
  poten<als	
  +quantum	
  nuclei	
  
	
  
To	
  model	
  the	
  interac<on	
  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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“Atomic  and  vibra.onal  origins  of  mechanical  toughness  in  bioac.ve  cement  during  se=ng”,  K.  V.  Tian  et  al.,      Nature  Comm.  
(2015)


Dental	
  materials:	
  seung	
  of	
  Glass	
  Ionomer	
  Cements	
  role	
  of	
  water’s	
  
NQE	
  to	
  be	
  inves<gated.	
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Extra	
  slides	
  

To	
  be	
  explored	
  by	
  experiment	
  and	
  modeling	
  

To	
  be	
  explored	
  by	
  modeling:	
  quantum	
  effects	
  in	
  the	
  water	
  adsorp<on	
  energe<cs	
  in	
  
DNA	
  grooves	
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Supercri<cal	
  water:nuclear	
  quantum	
  effects	
  across	
  the	
  pseudocri<cal	
  line(s)	
  

DINS	
  measurements	
  along	
  the	
  25	
  Mpa	
  isobar	
  to	
  cross	
  the	
  liquid-­‐like	
  to	
  vapour	
  like	
  boundaries	
  
Technological	
  relevance	
  for	
  next	
  genera<on	
  reactors	
  
CK	
  Loong,	
  C.	
  Andreani,	
  A.	
  Kolesnikov,	
  A.	
  Parmen<er,	
  G.	
  Romanelli,	
  RS,	
  R.	
  Car	
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Supercri<cal	
  water:nuclear	
  quantum	
  effects	
  across	
  the	
  pseudocri<cal	
  line(s)	
  

Data	
  analysis	
  under	
  	
  
Consolida<on	
  
(see	
  presenta<ons	
  by	
  
A.	
  Parmen<er)	
  

553	
  K	
  

733	
  K	
  

623	
  K	
  

823	
  K	
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Supercri<cal	
  water:nuclear	
  quantum	
  effects	
  across	
  the	
  pseudocri<cal	
  line(s)	
  

Sensi<vity	
  and	
  consistency	
  checks	
  between	
  
modeling	
  of	
  DINS	
  line	
  shapes	
  and	
  vibra<onal	
  
INS	
  data,	
  relevant	
  for	
  low	
  density	
  
measurements	
  <0.15	
  g/cm3	
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Supercri<cal	
  water:nuclear	
  quantum	
  effects	
  across	
  the	
  pseudocri<cal	
  line(s)	
  

Models	
   of	
   hydrogen	
   kine<c	
   energy	
   as	
  
temperature	
   increases	
   towards	
   the	
   water	
  	
  
liquid-­‐vapour	
  cri<cal	
  point	
  (Finkelstein,	
  Moreh,	
  
Chem	
  Phys	
  2014)	
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A	
   pseudocri<cal	
   (Widom)	
   line	
   of	
   kine<c	
  
energy?	
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VESUVIO	
  is	
  now	
  aiming	
  at	
  exploiJng	
  element-­‐
specific	
   and	
   mass	
   resolved	
   spectroscopy	
   for	
  
complex	
  and	
  disordered	
  materials	
  

For  a  recent  overview  and  discussion  please  
download  (FOR  FREE):  JOURNAL	
  OF	
  PHYSICS:	
  
CONFERENCE	
  SERIES	
  	
  VOLUME	
  571	
  (2014).	
  	
  
doi:10.1088/1742-­‐6596/571/1/011001


Combina<on	
  of	
  phonon	
  (DFT)	
  
calcula<ons	
  and	
  Path	
  Integral	
  
	
  
To	
  model	
  experiments	
  on	
  atomic	
  
quantum	
  dynamics	
  of	
  	
  more	
  
complex	
  water	
  systems	
  in	
  the	
  
context	
  of	
  	
  

•  Ionic	
  conductors	
  
•  Disordered	
  materials	
  
•  Molten	
  salts	
  containing	
  Li	
  
•  Glasses	
  
•  Macromolecules	
  

OUTLOOK	
  

TH
AN

K	
  
YO

U
	
  !	
  


