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Quantum effects
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Quantum simulations of water

Model  thod  diffusion  diffusion D/ De
SPC/E RPMD 0.242 0.343 1.42
TIP4P CMD 0.358 0.548 1.53
SPC/F RPMD 0.279 0.400 1.43
SPC/F CMD 0.30 0.42 1.40
SPC/RW LSC-IVR 0.25 0.47 1.88

On average, Dgqm / Do ~ 1.5



Empirical water models

o, S

Rigid models Harmonic models
Intramolecular ZPE ignored Non-physical vibration
SPC/E TIP4P SPC/F SPC/RW

Parameterization again experimental data
“double-counts” quantum effects

Flexible, anharmonic model
parameterized for quantum simulations: q-TIP4P/F



Path integral molecular dynamics
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Ring polymer molecular dynamics (RPMD)*
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e Exact for SHO for linear A and/or B
* Exact at t = 0 and high-T limits
e Same symmetries as exact quantum TCF

Cap ~ / dp" d” e~ 5P A, (0)B, (1)

n

Sample with
Pl Boltzmann
weight

*. R. Craig and D. E. Manolopoulos, J. Chem. Phys., 121, 3368 (2004)



Zero-point energy leakage*

Quantum simulations of simple flexible water model
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RPMD conserves quantum RPMD exhibits spurious Matsubara
Boltzmann distribution at all times frequencies in vibrational spectra

*S. Habershon and D. E. Manolopoulos, J. Chem. Phys., 131, 244518 (2009)



q-TIP4P/F water model*

4-site flexible anharmonic water model V — Vtinter + Vtintra,
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Parameterize using PIMD/RPMD simulations of:
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* Experimental diffusion coefficient

* Experimental liquid vibrational frequencies
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*S. Habershon,T. E. Markland and D. E. Manolopoulos, J. Chem. Phys., 131, 024501 (2009)




q-TIP4P/F water: statics
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q-TIP4P/F water: melting point
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q-TIP4P/F water: dynamics
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An interesting observation...

Quantum Classical Quantum

Model method diffusion diffusion Dam / Da

SPC/E RPMD 0.242 0.343 1.42

TIP4P CMD 0.358 0.548 1.53

SPC/F RPMD 0.279 0.400 1.43

SPC/F CMD 0.30 0.42 1.40
SPC/RW LSC-IVR 0.25 0.47 1.88
q-TIP4P/F RPMD 0.192 0.221 1.15

Why is the quantum effect smaller in q-TIP4P/F?



Competing quantum effects

/ ' Classical Quantum
l ron / A 0.963 0.978
ZPE
0/° 104.8 104.7
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Intermolecular interactions Intramolecular interactions
ZPE weakens hydrogen-bonding network Geometry changes increase dipole moment
Expect quantum dynamics faster Expect quantum dynamics slower
than classical dynamics than classical dynamics

Competition between quantum effects results in cancellation



Further verification

Turning off flexibility results in
a large QM effect again

Not specific to q-TIP4P/F:
ab initio simulations
demonstrate similar results

Experimental support

*M. Parrinello et. al, Phys. Rev. Letters, 91,215503 (2003)
*%A. K. Soper et. al, Phys. Rev. Letters, 101,065502 (2008)

Rigid g-TIP4P/F simulations
Classical D / A ps? 0.308

I::> Quantum D / A ps2 0.440

—>

—>

qu / D« 1.43

PIMD simulations of BLYP water*
Classical g = 3.04 D
Quantum p = 3.18 D

X-ray / neutron diffraction studies™*

O-H bond length in H2O ~3% longer
than O-D bond length in D;O



q-TIP4P/F phase diagram (classical)*

Comparison with expt.
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*S. Habershon and D. E. Manolopoulos, Phys. Chem. Chem. Phys., 13, 19714 (2011)

Comparison with rigid TIP4P/2005

I
Ice-lll

T

I

T

Liquid
Liquid

200

T/K

300



Quantum thermodynamic integration
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Application: liquid / ice-1 boundary+*
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*S. Habershon and D. E. Manolopoulos, J. Chem. Phys., 135,224111 (201 1)
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