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'WE'VE SHOWN THAT THE RECENT UNEXPLAIN
BEHAVIOR IS DIFFERENT THAN TH
\PREVIOUS UNEXPLAINED BEHAVIOR.
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Adiabatic Separation
(x,v,z,R) = (x,¥,2; R)
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Hindered Trimer

Hydrogen Clusters



Born-Oppenheimer-Like

Think: Electronic Structure
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Different Energy Scales
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Internal Vibration Pinned Rotation External Vibration
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AE =~ 4000 cm™1
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AE =~ 4000 cm™1 ®_I

300 cm—
Internal Vibration Pinned Rotation External Vibration
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AE =~ 4000 cm™1 ! i
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H(R12;R13;R23) - Zh + ZV(TU T, Gi "95; Rij) *

i<j

(1|H|]) = {Eo, E1, Es, ... }

N
1) = H\qm ) = [Im) @ |Iv) = |Imv)
=1

hllv) = &l |lv) L?|lm) = I(1 + 1)|lm) L,|lm) = m?|lm)

*R. J. Hinde, J. Chem. Phys. 128, 154308 (2008)
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H(R12;R13;R23) —Eh "‘ZV(TU 15, Yi, Y 'Rij)*

i<j

(1|H|]) = {Eo, E1, E3, ...}

N
) = H\cp» ) = [Im) @ |Iv) = |Imv)
=1

h|lv) = el|lv) L?|lm) = (1 + 1)|lm) L,|lm) = m?|lm)

*R. J. Hinde, J. Chem. Phys. 128, 154308 (2008)
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H(Rqi,, R13, Ry3) —Eh "‘ZV(TU 15, Yi, Y 'Rij) *

i<j

(1|1H|]) = {E, E1, E>, ... }

N
1) = ]_[ ®;) @) = |Im) @ |lv) = |Imv)
i=1

h|lv) = el|lv) L?|lm) = (1 + 1)|lm) L,|lm) = m?|lm)

*R. J. Hinde, J. Chem. Phys. 128, 154308 (2008)
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H(Rqi,, R13, Ry3) —Eh "‘ZV(TU 15, Yi, Y 'Rij) *

i<j

(1|1H|]) = {E, E1, E>, ... }

N
1) = H\cp» ) = [Im) @ |Iv) = |Imv)
=1

h|lv) = &l |lv) L?)lm) = I(1 + 1)|lm) L,|lm) = m?|lm)

*R. J. Hinde, J. Chem. Phys. 128, 154308 (2008)

Hydrogen Clusters
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Hydrogen Clusters



(IIH(R.)|]) = E¥(Ry) = VV(Ry)
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V(R)

Hydrogen Clusters



V(R)

Hydrogen Clusters



V(R)

Hydrogen Clusters



(IIH(R)I]) = EY(R3) = VV(Ry)




V(R)

Hydrogen Clusters



V(R)

Hydrogen Clusters



'(I|ﬁ(R3)|]) - Ey(R3) = VV(R;3)




V(R)
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V(R)

Hydrogen Clusters



Hydrogen Clusters



Hydrogen Clusters



V(R)

Hydrogen Clusters



AE =~ 4000 cm™1 * i

AE =~ 300 cm™1

Internal Vibration Pinned Rotation

Hydrogen Clusters
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/ Simple Kinetic Energy
V = V(Ry2, R13, R23)

Hydrogen Clusters
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Simple Kinetic Energy
V = V(Ry2, Ry3, Ry3) <
Linearity issues

Hydrogen Clusters
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V=V(q1,92 93)

Hydrogen Clusters



/ Complicated Kinetic Energy
V =V(q1,92 93)

Hydrogen Clusters



Complicated Kinetic Energy
V =V(q1,92:93) <
No linearity issues

Hydrogen Clusters
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(11H(q1,93.9)11) = E¥ (g1, 93, 43) = V¥ (q1, 3. q3)

Hydrogen Clusters



(11H(q1,93.9)11) = E¥ (g1, 93, 43) = V¥ (q1, 3. q3)
N
(11H(q%,q3.95)1)) = EY(9%,45.93) = VV(45.45.93)

Hydrogen Clusters



(11H(q1, g3, q3)I]) = E (g1, q3.93) = VV(qi, ¢3.43)
N
(11H(q%,q3.95)1)) = EY(9%,45.93) = V' (45.45.43)

!

(1A gV, g%, ¢O11) = E¥ (Y, ¢, qY) - vV (qY, q¥, %)

Hydrogen Clusters



Symmetry Issues

Hydrogen Clusters



S3 Permutation Group

V(q1,92,93) =V (q2.91,93) =V (q3.92,91) =V (q1.93,92) =V (q3.91,92) = V(q2,91,93)

Hydrogen Clusters



S3 Permutation Group

V(q1,92,93) =V (q2.91,93) =V (q3.92,91) =V (q1.93,92) =V (q3.91,92) = V(q2,91,93)

P123 P213 P321 P132 P312 P213

Hydrogen Clusters



S3 Permutation Group

V(q1,92,93) =V (q2.91,93) =V (q3.92,91) =V (q1.93,92) =V (q3.91,92) = V(q2,91,93)

P P P P P P,ys
0 123I 213 321 132 312 1

|dentity

Hydrogen Clusters



S3 Permutation Group

V(q1,92,93) =V (q2.91,93) =V (q3.92,91) =V (q1.93,92) =V (q3.91,92) = V(q2,91,93)

P P P P
IP123 7 P213 321 132 312 213
|dentity Exchange

Hydrogen Clusters



S3 Permutation Group

V(q1,92,93) =V (q2.91,93) =V (q3.92,91) =V (q1.93,92) =V (q3.91,92) = V(q2,91,93)

P P P P
IP123 7 P213 321 132 I 312 213|
|dentity Exchange Cyclic

Hydrogen Clusters



S3 Permutation Group

V(q1,92,93) =V (q2.91,93) =V (q3.92,91) =V (q1.93,92) =V (q3.91,92) = V(q2,91,93)

P P P P
IP123 7 P213 321 132 I 312 213|
|dentity Exchange Cyclic

Example: Pq3|lymyvyilymyvylymgvs) = |l;mavylymy vy lzmsgvs)

Hydrogen Clusters
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(I'|H|J")

\

—AHA
~ 1
A

:g(P123+P213+P321+P132+P312+P231)
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(I1AsH(R)As|]) = E§(R) = VY(R)

N— Az Irrep

Hydrogen Clusters
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Hydrogen Clusters
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1
1
\
v (HA®D) > E§(R) > VY (R)
1
1
1

VR Energetic ordering

Hydrogen Clusters



Raman Shift
1

AE =~ 300 cm™1

R —
AE ~ 4000 cm™ ]

AE ~ 5cm™!

.

: Internal Vibration _I Pinned Rotation External Vibration

Hydrogen Clusters



1) = |limvy) @ |lmyvy) @ |l3mavs)

Hydrogen Clusters



1) = |l1m1.V1-) X |lzm2V2) 0% |13m3‘v3>

Hydrogen Clusters



1I) = |l1m1,v1.) X |lzm2V2) 0% |13m3'v3>

Adiabatic Truncation
3

Evi=v

1=1

Hydrogen Clusters



1I) = |l1m1,v1.) X |lzm2V2) 0% |13m3'v3>

Adiabatic Truncation
3

Evi=v

1=1

Ground Surface: v =0
Excited Surface: v =1

Hydrogen Clusters



V(R)

Hydrogen Clusters



V(R)

Hydrogen Clusters



V(R)

Hydrogen Clusters



V(R)

Av = (E; — &) — (Eo — &)

Hydrogen Clusters



I<E Many Body

1 Pairwise Additive

Hydrogen Clusters



I<E Many Body

Ground Surface: =V%q4, g2, q3)
Excited Surface: V! =V'(q1,92.93)

1 Pairwise Additive

Hydrogen Clusters



I<E Many Body

Ground Surface: =V%q4, g2, q3)
Excited Surface: V! =V'(q1,92.93)

1 Pairwise Additive

Ground Surface: V°(q1, 92, 93) = Zi<;V°(qi.q;)

. 1 2
Excited Surface: V'(91,92.93) = §Zi<jV0(qi, q;) + gzi<jV1(qi» q;)

Hydrogen Clusters



Hydrogen Trimer

mass = 2.015650642 amu

Energy (cm™)
State Label | Many Body || Pairwise

Hydrogen Clusters



Vibrational

— 0.999 ©0.499

1@: 0.999 o0.554

) g 0.999 0.556

Hydrogen Clusters



Vibrational

Entanglement
VvV = VvV =
1 10999 | 0.49

1@: 50-999 0.554

Hydrogen Clusters



Vibrational

Entanglement
v=_0 V=
— 0.999 | 0.499 |

1@: 0999505545

31  0.999 0556

Hydrogen Clusters



Dipole Chains



N = 2
H=a«a Zl-z + y y
; l<]
(A[H[]) = {1Po), [¥1), [2),
N

12|tm) = 11 + 1)|lm)
=] [1tm)

= L,|im) = m?|tm)

Dipole Chains
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(1

N
=] [1m
=1

1) = {wo), 1), 1¥2), ..}

12)im) = 1(1 + 1)|lm)

L,|lm) = m?|lm)

Dipole Chains



A = {wo) 11, 1¥2), -

N

12|tm) = 11 + 1)|lm)
=] [1tm)

= L,|im) = m?|tm)

N
~ XX
H=a21i2+ i
=1 1<J f

Dipole Chains



N
~ XX
H=aZl§+ T
1=1 1<J

(I{H[1) = {Io), 1), [1h2),

N
i2)im) = I(1 + 1)|im)
) = ﬂ 1m;)
= L, |lm) = m?|lm)

Dipole Chains



Polyad Truncation

N
Z ki < Lma.x
1=1

N

[2|lm) = (1 + 1) |lm)
=] [1m

i1 L,|lm) = m?|lm)

Dipole Chains
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Direct Product

Dipole Chains
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Dipole Chains



N
W BT XX+ VY — 2212 O
_ 2 J J J
He=a) B+ G- 03 =

= i - (\
_/

Lattice Spacing

L

Dipole Chains



Dipole Chains



Rotational constant

N

Dipole Chains



H-F: 20.96 cm™

L

Dipole Chains



Dipole Moment

L

Dipole Chains



N ..
~ X;X;i +
H = Clz li Z : yly]l)g = ‘70

1=1 1<j (\
,/

H-F: 1.86 debye

L

Dipole Chains



Natural Length Scale

Dipole Chains



p+£§f@+ﬂ@‘
d3

mall G- 03

N
1=1

i<j
Natural Length Scale

0 ~94 ~ d

Dipole Chains
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Reduced Density Matrix O

Dipole Chains



p = o) (Yol
pa = Trpp
(@' |paldp) = {25, 21, ... A7)

von Neumann Entropy Purity
N4 N4
_ Al 7 A _ A4
S—_Z/’liln/‘[i P—z()[l)
1=0 1=0

Dipole Chains



p = o) (Yol
pa = Trpp
(d'|pald) = {25,241, .. A4, }

von Neumann Entropy Purity

N 5 N4
s=- ) afmat P=) ()
1=0 1=0

Dipole Chains



pa = Trpp
(@' |palp) = {25, 24, ... A5}

von Neumann Entropy Purity
N4 N4
2
s=-) afmat  P=) ()
1=0 1=0

Dipole Chains
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Dipole Chains



Dipole Chains
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Dipole Chains



1) = |lymylym,) = |lymy) ®\lpm (\
—

Dipole Chains









Dipole Chains



Dipole Chains



1) = [lymylymylsmg) = |lgmg) lzmz) (\
_

Dipole Chains



Dipole Chains
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Von Neumann Entropy
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Von Neumann Entropy

Dipole Chains



Von Neumann Entropy
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Von Neumann Entropy
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Von Neumann Entropy
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Von Neumann Entropy
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Von Neumann Entropy
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Von Neumann Entropy
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Von Neumann Entropy

Dipole Chains



Von Neumann Entropy
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Von Neumann Entropy
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Von Neumann Entropy
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Von Neumann Entropy
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Von Neumann Entropy

Dipole Chains



Von Neumann Entropy

Dipole Chains



Von Neumann Entropy
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Von Neumann Entropy
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Von Neumann Entropy
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Von Neumann Entropy
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Von Neumann Entropy
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Von Neumann Entropy
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What is next?

Confined Water
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Confinement
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1D Structures
Chains
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2D Structures
Lattices

Confined Water



Confined Water




3D Structures
Crystals ...

*

Confined Water
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A. de Huan and E. M. Perez, Nanoscale 5, 7141 (2013)

Confined Water



What did we learn?

Conclusions



Born-Oppenheimer-Like

Think: Electronic Structure

Conclusions



Born-Oppenheimer-Like

Think: Electronic Structure

Symmetry matters

< & &>

Conclusions



Born-Oppenheimer-Like

Think: Electronic Structure

%Symmetry matter@a

Many Body effects are significant

T Ay

Conclusions



Born-Oppenheimer-Like

Think: Electronic Structure

%Symmetry matte@a

I<I Many Body effects are significant,\/

Can we go bigger?

Conclusions



Entanglement
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Entanglement

Interaction too weak

Conclusions



Entanglement

Physically unrealistic

Conclusions



Entanglement

The future?

Conclusions
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