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Outline 
• SiO2(101)-H2O Interface 

• Connecting H-bond structure to dynamics 
• Graph description of H-bond network 

• Al2O3(0001)-H2O Interface 
• Sum Frequency Generation (SFG) Spectroscopy 
• Dynamics and Reproducibility 

• Al2O3(1120)-H2O Interface 
• SFG at a Disordered Surface 
• Effect of Functional 

• Fe/Ni Oxyhydroxides 
• Applications for Water Splitting 
• Dynamics of Confined Water 
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H-Bond Network: Graph Representation 
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Interface ≈ 2D 
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Sum Frequency Generation (SFG) 

𝝎𝝎𝑰𝑰𝑰𝑰 

𝝎𝝎𝑽𝑽𝑽𝑽𝑽𝑽 𝝎𝝎𝑺𝑺𝑺𝑺𝑺𝑺 

𝑬𝑬𝑺𝑺𝑺𝑺𝑺𝑺 ∝ 𝝌𝝌 𝟐𝟐 𝑬𝑬𝑰𝑰𝑰𝑰𝑬𝑬𝒗𝒗𝒗𝒗𝒗𝒗 
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Calculation: Challenges 

Linear: 𝝌𝝌 𝟏𝟏 𝝎𝝎 = ∑ 𝝁𝝁𝒏𝒏𝒏𝒏𝝁𝝁𝒎𝒎𝒎𝒎
𝝎𝝎−𝝎𝝎𝒏𝒏𝒏𝒏

𝒏𝒏𝒏𝒏  

2nd Order: 𝝌𝝌 𝟐𝟐 𝝎𝝎𝒗𝒗𝒗𝒗𝒗𝒗 + 𝝎𝝎𝑰𝑰𝑰𝑰 = ∑ 𝜶𝜶𝒏𝒏𝒏𝒏𝝁𝝁𝒎𝒎𝒎𝒎
(𝝎𝝎𝑰𝑰𝑰𝑰−𝝎𝝎𝒏𝒏𝒏𝒏)(𝝎𝝎𝑰𝑰𝑰𝑰+𝝎𝝎𝑽𝑽𝑽𝑽𝑽𝑽−𝝎𝝎𝒏𝒏𝒏𝒏)𝒏𝒏𝒏𝒏  
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Calculation: Challenges 

Linear: 𝝌𝝌 𝟏𝟏 𝝎𝝎 ∝ ∫ 𝝁𝝁 𝒕𝒕 𝝁𝝁 𝟎𝟎 𝒆𝒆𝒊𝒊𝒊𝒊𝒊𝒊𝒅𝒅𝒅𝒅∞
𝟎𝟎  

2nd Order: 𝝌𝝌 𝟐𝟐 𝝎𝝎𝒗𝒗𝒗𝒗𝒗𝒗 + 𝝎𝝎𝑰𝑰𝑰𝑰 ∝ ∫ 𝜶𝜶 𝒕𝒕 𝝁𝝁 𝟎𝟎 𝒆𝒆𝒊𝒊𝝎𝝎𝑰𝑰𝑰𝑰𝒕𝒕𝒅𝒅𝒅𝒅∞
𝟎𝟎  
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Calculation: Solutions 
Separate the Atomic and Electronic Dynamics 

Pre-Processing Post-Processing Molecular Dynamics 

Fit atomic 𝜶𝜶 to 
training set 

Run MD 
Simulation 

Find Effective 𝜶𝜶, 
Self-Consistent 𝝁𝝁 

𝜶𝜶𝑻𝑻𝑻𝑻𝑻𝑻 = �𝜶𝜶𝒏𝒏
(𝒆𝒆𝒆𝒆𝒆𝒆)

𝒏𝒏

 

𝝁𝝁𝑻𝑻𝑻𝑻𝑻𝑻 = �𝝁𝝁𝒏𝒏
(𝒔𝒔𝒔𝒔)

𝒏𝒏

 

𝝌𝝌 𝟐𝟐 𝝎𝝎 ∝ 𝕱𝕱 𝜶𝜶𝑻𝑻𝑻𝑻𝑻𝑻𝝁𝝁𝑻𝑻𝑻𝑻𝑻𝑻  
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Effective Polarizabilities 
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Dipole Interactions: Corrections 
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Effective Polarizabilities: Performance 
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Three-Layer Dielectric Model 

𝜶𝜶𝑻𝑻𝑻𝑻𝑻𝑻 ≈ 𝟎𝟎 
𝝁𝝁𝑻𝑻𝑻𝑻𝑻𝑻 ≈ 𝟎𝟎 

𝜶𝜶𝑰𝑰 ≠ 𝟎𝟎 
𝝁𝝁𝑰𝑰 ≠ 𝟎𝟎 

𝝐𝝐𝑯𝑯𝟐𝟐𝑶𝑶 

𝝐𝝐𝑨𝑨𝒍𝒍𝟐𝟐𝑶𝑶𝟑𝟑  

𝝐𝝐𝑯𝑯𝟐𝟐𝑶𝑶 

𝝐𝝐𝑯𝑯𝟐𝟐𝑶𝑶 

𝝐𝝐𝑨𝑨𝒍𝒍𝟐𝟐𝑶𝑶𝟑𝟑 

𝝐𝝐𝑨𝑨𝒍𝒍𝟐𝟐𝑶𝑶𝟑𝟑 
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SFG: Summary 
Atomic 𝜶𝜶 

(Training Set) 

Dipole-Dipole 
Interactions 

Effective Atomic 
Polarizabilities Bond Polarizabilities 

Atomic 
Charges Bond Dipoles 

𝝌𝝌 𝟐𝟐 𝝎𝝎 ∝ 𝕱𝕱 𝜶𝜶𝑻𝑻𝑻𝑻𝑻𝑻𝝁𝝁𝑻𝑻𝑻𝑻𝑻𝑻  

𝑰𝑰 𝝎𝝎 = |𝝌𝝌 𝟐𝟐 𝝎𝝎 | 

H-bond 
Structure 

H-bond 
Dynamics 
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Test System: Al2O3-H2O 

• Al2O3 
• Well known surface structure 
• Well known surface-water interactions 
• Stable (doesn’t readily dissolve) 

• Simulation: 
• DFT – PBE – VASP 
• 15 ps production runs 
• Cell = 8.24 x 9.52 x 35 Å 
• Six Layers of Al2O3 

• 52 H2O (𝝆𝝆 = 𝟏𝟏. 𝟎𝟎𝟎𝟎𝟎𝟎 𝒈𝒈/𝒄𝒄𝒎𝒎𝟐𝟐) 
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SFG Spectrum: Expt.  
Al2O3(0001)-H2O Interface 
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Expt.[1]
 

SSP 

[1] Braunschweig, et al. Phys Chem C 112, (2008): 1751 
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SFG Spectrum: Calc.  
Al2O3(0001)-H2O Interface 
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Black - Total 
Blue - Surface OH 
Red - H2O 

Ratio: 1.33 

3450 cm-1 3150 cm-1 

Presenter
Presentation Notes
Calculated SFG spectrum for the Al2O3(0001) surface in the SSP polarization combination.  The blue line includes both the response of both surface and water, for the dotted blue line we set the polarizability of any atoms in bulk Al2O3 to zero, and the black line includes only the response of water.




Bottom Top Solid – Total, Dashed – H2O, Dotted – OH 
SFG Spectrum (SSP) 
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Presenter
Presentation Notes
The SFG spectrum of the Al2O3(0001)-H2O interface, separated by run and surface, and normalized to fit on the same plot.  The spectrum of the bottom/top surfaces are in the left/right columns, respectively.  The vertical, gray, dashed lines show the locations of the experimental peaks.  The solid line is the total spectrum, the dashed line is due to only H2O, and the dashed is due only to surface OH groups.  Note that although the intensity and shape can differ, all spectra have peaks around 3000-3300 and 3350-3400 cm-1, as well as smaller peaks around 2800 and 3600 cm-1.
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Presentation Notes
The VDOS of the OH groups for each surface in each of the simulations.  The solid line is the VDOS projected along the z-direction, parallel to the surface normal, while the dotted line is the VDOS projected along the surface plane.  Notice that the in-plane H-bonds are at a lower frequency than the out-of-plane H-bonds, indicating that the in-plane H-bonds are stronger.
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Single In-Plane 
Freq: 3460±50 cm-1 

Double In-Plane 
Freq: 3550±60 cm-1 

Surface H-bond Configurations 

Contributes to ~3400 cm-1 peak 
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H-Bonds b/w H2O and Surface 

Accepting 

Not 
Accepting 

Accepting a H-bond => Lower Frequency 
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Surface Structure <-> Spectroscopy 

Al2O3(0001)-H2O Al2O3(1120)-H2O 

• Single OH Group 
• Highly Ordered 
• Few H2O-OH bonds 

• Multiple OH Groups 
• Highly Disordered 
• Many H2O-OH bonds 
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SFG Spectrum: Expt.  
Al2O3(1120)-H2O Interface 
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SFG - Calc 
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PBE vs RPBE 
Weaker H-bonds 
100 cm-1 Shift 
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Structure <-> Dynamics <-> 
Spectroscopy 

H-Bond T (0001)-PBE (1120)-PBE (1120)-RPBE 

Run1 2.31 0.89 0.29 

Run2 1.17 0.9 0.21 

Run3 1.21 0.76 0.33 

Run4 1.38 0.72 0.2 

Run5 1.32 1.09 0.52 

(0001) - Slow (1120) - Fast 

Disorder 

Blueshift 

OH Amp. 
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TS: C6R-6 
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NiFeOH-H2O: 
Dynamics of Confined Water  

Fe(a.u.): 
• ε = 2.712E-05 
• σ = 4.000526 

Geothite 
Lepridocosite 

Ni(a.u.): 
• ε = 1.422E-05 
• σ = 4.388900 

Bunsenite 
Thephrastite 



NiFeOH-H2O: 
Dynamics of Confined Water  



Acknowledgements 

• Thesis Advisor - Penn State - Jorge Sofo 
• Postdoc Advisor - Temple - Michael Klein 
• Experimental Collaborators 

• Eric Borguet 
• Dan Strongin 
• Akila Thenuwara 

• Theory Collaborators 
• Rick Remsing 
• Himanshu Chakraborty 


	H-Bond Structure and Dynamics from �Molecular Dynamics Simulations
	Water - "Structured" Liquid
	Water - "Structured" Liquid
	Structure and Dynamics at Interfaces
	Structure - Dynamics - Spectroscopy
	Outline
	SiO2(101)-H2O Interface
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Interface ≈ 2D
	Sum Frequency Generation (SFG)
	Calculation: Challenges
	Calculation: Challenges
	Calculation: Solutions
	Effective Polarizabilities
	Effective Polarizabilities
	Effective Polarizabilities
	Effective Polarizabilities
	Dipole Interactions: Corrections
	Dipole Interactions: Corrections
	Effective Polarizabilities: Performance (H,C,O,N,S)
	Three-Layer Dielectric Model
	SFG: Summary
	Test System: Al2O3-H2O
	SFG Spectrum: Expt. �Al2O3(0001)-H2O Interface
	SFG Spectrum: Calc. �Al2O3(0001)-H2O Interface
	Slide Number 34
	Slide Number 35
	Variability: H2O Configurations
	Surface H-bond Configurations
	H-Bonds b/w H2O and Surface
	Slide Number 39
	SFG Spectrum: Expt. �Al2O3(1120)-H2O Interface
	Slide Number 41
	Slide Number 42
	Structure <-> Dynamics <-> Spectroscopy
	Slide Number 44
	Slide Number 45
	NiFeOH-H2O:�Dynamics of Confined Water 
	NiFeOH-H2O:�Dynamics of Confined Water 
	NiFeOH-H2O:�Dynamics of Confined Water 
	Acknowledgements

