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“Paint Pots”; Kootenay National Park, BC
A natural acid drainage system (pH 3-5)

Iron Oxides act as the source/sink for 
soluble Fe in the environment

Iron bioavailability

Geochemical cycling of elements

Scavenging/Occlusion of other elements



Corundum structure (R-3c)
High-spin Fe 3d5

AF (++ - -) / weakly FM

Hematite (α-Fe2O3)Hematite (Hematite (αα--FeFe22OO33))

Charge transfer gap (Eg ~ 2.2 eV)
Highly anisotropic conductivity
Localized e− (small polarons)
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4 μm

Contact-mode deflection AFM image (10×10 μm2) after treatment in anoxic solution of 10−3 M FeCl2 + 10−3 M 
oxalic acid; pH = 2.8 (HCl) with 0.01 M NaCl at 75ºC for 15 hours. 

2 μm

Yanina et al. (2007) in prep

Hematite (001) Reductive Dissolution by 
Fe(II) + Oxalate

Hematite (001) Reductive Dissolution by Hematite (001) Reductive Dissolution by 
Fe(IIFe(II) + Oxalate) + Oxalate
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Electron Hopping
Diffusion Coefficient (μm2/s):

[001]10×10 μm2

Coupled Dissolution / Electron SelfCoupled Dissolution / Electron Self--DiffusionDiffusion

Theory = ?

Assumptions:
Fe2+

(aq) → Fe2+
(ads) CS ~ 0.01

Fe2+
(ads) → Fe3+

(s) κ ~ 0.01

AFM data ~ 10−2

Generalizations from AFM data:
Step height ~ 3 Å
Step density ~ 2 / nm2

Attachment site density ~ 2 / nm
[001] growth rate ~ 1 μm / 12 hrs



Electrons in Oxides - PolaronsElectrons in Oxides - Polarons

Modified from Cox (1987)
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Rosso, Smith, Dupuis (2003) J. Chem. Phys., 118, 6455
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Polaron Hopping ModelPolaronPolaron Hopping ModelHopping Model
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ET Theory – Reorganization EnergyET Theory ET Theory –– Reorganization EnergyReorganization Energy

Usually separable into two main contributions

Internal component → bond reorganization

External component → solvent re-orientation
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Methods for Computing the 
Reorganization Energy

Methods for Computing the Methods for Computing the 
Reorganization EnergyReorganization Energy
Ared + Aox → Aox + Ared
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ET Theory – Electronic CouplingET Theory ET Theory –– Electronic CouplingElectronic Coupling
Quasi-diabatic approach:

Generalized Mulliken-Hush approach:
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ET Theory – Adiabaticity CriterionET Theory ET Theory –– Adiabaticity CriterionAdiabaticity Criterion

PES slopes
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Transmission coefficient:

κ = overall probability (multiple 
passages through qC)

P = the single event probability 
(each pass through qC)

Landau-Zener Model:

For identical parabolas (i.e., self-exchange):



ET Theory – Rate EquationsET Theory ET Theory –– Rate EquationsRate Equations

Nonadiabatic (κ << 1)

(Fermi’s Golden Rule)

Adiabatic (κ ≈ 1)

(Transition state theory)
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Electron Transfer
QM Cluster Approach

Electron TransferElectron Transfer
QM Cluster ApproachQM Cluster Approach

Zero Kelvin – without ZPE
λI and λE obtained separately

Reaction Coordinate (ΔE)
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Edge-Sharing Trimer ModelEdgeEdge--Sharing Sharing TrimerTrimer ModelModel
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M2 – M2
λΙ = 2.01 eV (exp. 1.7 eV)
VAB = 0.06 eV, q = 0.5

ΔG* = 0.48 eV
ket = 8.3×105 s–1

Rosso and Ilton (2003) J. Chem. Phys., 119, 9207; (2005) J. Chem Phys., 122, 244709

NWChem
UHF
Ahlrichs(Fe),6-311G(O,H)



Corner-Sharing Dimer ModelCorner-Sharing Dimer Model

FeII

FeIII

Bridging OH Group
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FeII-O(H)-FeIII

λΙ = 1.40 eV
VAB = 0.02 eV, q = 0.5

ΔG* = 0.33 eV
ket = 4.3×106 s–1

Rosso, Kerisit, Dupuis (2007) in prep.



Corner-Sharing Dimer Model
Angular Dependence

Corner-Sharing Dimer Model
Angular Dependence
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FeIII

H2O
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OH

OH

Hematite
(α−Fe2O3)
[001]

Rosso and Dupuis (2004) J. Chem. Phys., 120, 7050

Edge-Sharing Chain Model:EdgeEdge--Sharing Chain Model:Sharing Chain Model:



Edge-Sharing Chain Model:
Polaron Structure

EdgeEdge--Sharing Chain Model:Sharing Chain Model:
PolaronPolaron StructureStructure
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Rosso and Dupuis (2004) J. Chem. Phys., 120, 7050



Edge-Sharing Chain Model:
Polaron Structure

EdgeEdge--Sharing Chain Model:Sharing Chain Model:
PolaronPolaron StructureStructure
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0– 18 – 3 +3 +18

Fe-Fe span
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ket = 3.5×1012 s–1 Papaioannou et al. (2005)
Rosso and Dupuis (2004) JCP, 120, 7050

Edge-Sharing Chain Model:
Calculated ET Quantities

EdgeEdge--Sharing Chain Model:Sharing Chain Model:
Calculated ET QuantitiesCalculated ET QuantitiesNWChem

UHF
Ahlrichs VTZ (Fe), 6-311G**(O,H) [Fe37(OH)72(OH2)78]+39



Electron Self-Diffusion at Hematite 
Surfaces

Hydroxylated hematite (001)

Hematite surfaces examined

Fe-terminated (001)
O(H)-terminated (001)

(012)



Run MD collecting configurations

ΔE is calculated for each configuration

As configurations with ΔE~0 are rare, 
umbrella sampling technique is used to 

obtained a complete distribution.

Calculations are carried out for several 
values of θ (from 0 to 1).
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Direction Model λ (eV) VAB (eV) ΔG*(eV) ket (s-1)

Basal plane MD 1.75 0.184 0.25 3.2E+09

Basal plane1,2 QM 1.42 0.190 0.19 3.4E+10

c direction MD 1.88 0.028 0.44 6.5E+05

c direction2 QM 1.47 0.028 0.34 3.3E+07

1Rosso et al. J. Chem. Phys., 118, 6455, 2003
2Iordanova et al. J. Chem. Phys., 122, 144305, 2005
3Benjelloun et al. Mat. Chem. Phys., 10, 503, 1984
4Nakau, J. Phys. Soc. Jpn., 15, 727, 1960

Electrical conductivity measurements on hematite single crystals show that 
conduction within basal plane is four orders of magnitude larger than 
conduction in c direction3,4

MD and QM Methods ComparedMD and QM Methods Compared
Electron Hopping in Hematite



Hydroxylated (001)
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Electron Self-Diffusion at Hematite (001)Electron SelfElectron Self--Diffusion at Hematite (001)Diffusion at Hematite (001)



Hydroxylated (001)
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kET = 109 s−1

hydroxylated (001)

ΔGº = +0.16 eV
kET = 107 s−1

D2D = 10−1 μm2 s−1
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Electron Self-Diffusion at Hematite (001)Electron SelfElectron Self--Diffusion at Hematite (001)Diffusion at Hematite (001)

Kerisit and Rosso (2006), GCA



Kerisit and Rosso (2006), GCA

Electron Self-Diffusion at Hematite (001)Electron SelfElectron Self--Diffusion at Hematite (001)Diffusion at Hematite (001)



Fixed hematite lattice
Nearest-neighbor hops are considered

Each iron atom has 3 neighbors in 
basal plane and 1 in [001] direction.

1. Generate list of rates
2. Select one event
3. Increment time by ln(x)/(total rate)

Diffusion coefficient is calculated from 
mean square displacement

DXYZ = 44 μm2/s
Dbasal = 65 μm2/s
D[001] = 0.03 μm2/s
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KMC Model:  KMC Model:  PolaronPolaron--Defect InteractionsDefect Interactions
MD-Based Interaction Potentials



Residence time around Ti(IV) defect

+1 Defect at Fe Site ≡ Ti(IV)

Kinetic Monte Carlo ModelKinetic Monte Carlo Model



Polaron diffusion parallel to (001) planes

+1 Defect at Fe Site ≡ Ti(IV)

Kinetic Monte Carlo ModelKinetic Monte Carlo Model
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Assumptions:
Fe2+

(aq) → Fe2+
(ads) CS ~ 0.01

Fe2+
(ads) → Fe3+

(s) κ ~ 0.01

Electron Hopping
Diffusion Coefficient (μm2/s):

Coupled Dissolution / Electron SelfCoupled Dissolution / Electron Self--
DiffusionDiffusion
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Emerging Computational NeedsEmerging Computational Needs

Tools for electron localization in DFT:
exact exchange
SIC
constrained DFT

Efficient sampling schemes for evaluation of energy barriers: 
Transition path sampling

Other NWChem-specific upgrades:
solid-state MD
dielectric tensors from pspw
MC toolbox
LCAO periodic ab initio



Acknowledgements
Collaborators:

Scott Chambers (PNNL)
Aaron Deskins (PNNL)
Tim Droubay (PNNL)
Carrick Eggleston (U. Wyoming)
Mike Henderson (PNNL)
Tom Trainor (U. Alaska – Fairbanks)
Matt Wander (Stony Brook)
Chongmin Wang (PNNL)

Sponsors:
Department of Energy, Office of Basic Energy Sciences – Geosciences (BES)
Stanford Environmental Molecular Sciences Institute (NSF/BER)
Biogeochemistry Grand Challenge Project - EMSL (BER)

Facility:
Environmental Molecular Sciences Laboratory (EMSL)


	Coupled Dissolution / Electron Self-Diffusion
	Electrons in Oxides - Polarons
	ET Theory – Reorganization Energy
	Methods for Computing the Reorganization Energy
	ET Theory – Electronic Coupling
	ET Theory – Adiabaticity Criterion
	ET Theory – Rate Equations
	Electron Transfer�QM Cluster Approach
	Edge-Sharing Trimer Model
	Corner-Sharing Dimer Model
	Corner-Sharing Dimer Model�Angular Dependence
	Edge-Sharing Chain Model:
	Edge-Sharing Chain Model:�Polaron Structure
	Edge-Sharing Chain Model:�Polaron Structure
	Edge-Sharing Chain Model:�Calculated ET Quantities
	Electron Self-Diffusion at Hematite Surfaces
	Electron Transfer�MD + Umbrella Sampling
	Electron Self-Diffusion at Hematite (001)
	Coupled Dissolution / Electron Self-Diffusion
	Emerging Computational Needs

