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Description of force field model and parameters 

Potential energy was calculated as the sum of non-bonded (Coulombic and van der 
Waals) and bonded (bond stretch and bend) interactions. Coulombic energy is expressed 
as:  

 

VC rij( ) = qi ⋅ qi

f ⋅ rij

         [1] 

 

where f=4πεoεpe-2, εo is the permittivity of vacuum, εo the relative dielectric constant and e 
elementary charge. Van der Waals energy is represented by the Lennard-Jones (12-6) 
function: 
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using Lorentz-Berthelot mixing rules: 

σ ij = 1

2
σ ii + σ jj( )

        [3]
 

 εij = εiiε jj          [4] 
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Finally the bonded potential energies were described by harmonic stretches 
 

Vb rij( ) = 1

2
k

ij

b rij − bij( )2

        [5] 

for all hydroxyls (O-H), and harmonic bends 
 

Va θijk( ) = 1

2
k

ijk

θ θijk − θijk( )2

       [6]
 

in water (H-O-H) and bulk Fe-O-H. All modeling parameters re reported in Table 4. 
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TABLES 

Table S1   Effects of protonation on surface OH stretching of LL  

Spectra 
Hads 

(protons/nm2) 

Bands (cm-1) 
 α    

3667 3625 3552 3534 3645 
Aa -13.86 ●ß ● ● ●
Ab -2.59 ↓ - - -  
Ac 0.00 ↓ - - -  
Ad 2.29 ↓ - - - ● 
Ae 18.17 � ↓ - - ↑ 
Af 36.11  ↓ - - - 
Ag 53.15  ↓ - - - 
Ah 143.23  ↓ - - - 
Ai 312.99  ↓ - - - 

α. Numbers in circles are the label numbers in Fig. 3-a. 
ß. Behavior of bands expressed as:  

●: Present in (Aa) or appeared; �: Disappeared; -: Unchanged relative to previous spectrum 
↑: Increased relative to previous spectrum; ↓: Decreased relative to previous spectrum 
 
 

Table S2   Effects of protonation on surface OH stretching of RL  

Spectra 
Hads 

(protons/nm2) 

Bands (cm-1) 
 α      

366 3626 3550 3534 3654 3646 
Ba -7.85 ●ß ● ● ●  
Bb -4.59 ↓ - - -   
Bc -0.48 ↓ - - -   
Bd 0.00 ↓ - - -   
Be 0.24 ↓ - - -   
Bf 2.23 ↓ - - - ●  
Bg 4.59 ↓ - - - ↓  
Bh 9.10 ↓ - - - ↓  
Bi 17.82 ↓ ↓ - - ↓  
Bj 26.08 ↓ ↓ - - ↓  
Bk 35.67 � ↓ - - ↓  
Bl 69.44  ↓ - - � ● 

Bm 141.13  ↓ - -  ↓ 
α. Numbers in circles are the label numbers in Fig. 3-b. 
ß. Behavior of bands expressed as:  

●: Present in (Ba) or appeared; �: Disappeared; -: Unchanged relative to previous spectrum 
↑: Increased relative to previous spectrum; ↓: Decreased relative to previous spectrum 
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Table S3   Effects of protonation on surface OH stretching of G  

Spectra 
Hads 

(protons/nm2) 

Bands (cm-1) 
 α     

3661 3648 3491 3545 3576 3585
Ca -12.00 ●ß ● ●
Cb -3.35 ↓ - ↓    
Cc -1.18 ↓ - ↓    
Cd 0.00 ↓ - ↓    
Ce 0.48 ↓ - ↓    
Cf 1.18 3658 - ↓ ●   
Cg 3.00 ↓ - � ↑   
Ch 6.18 ↓ -  - ●  
Ci 9.11 ↓ -  ↓ ↑  
Cj 12.18 ↓ -  ↓ ↑  
Ck 15.03 ↓ -  ↓ ↓  
Cl 17.88 � ↓  � ↓ ● 

Cm 20.46  ↓   � ↓ 
Cn 30.90  ↓    ↓ 
Co 102.80  ↓    �

Cp 217.04  ↓     
α. Numbers in circles are the label numbers in Fig. 3-c. 
ß. Behavior of bands expressed as:  

●: Present in (Ca) or appeared; �: Disappeared; -: Unchanged relative to previous spectrum 
↑: Increased relative to previous spectrum; ↓: Decreased relative to previous spectrum 
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Table S4   Potential parameters for molecular dynamics α 

Atom α Description q σ ε Source 
H H2O 0.410 0 0 [1] 
HS OH surface 0.425 0 0 [1] 
HB OH bulk 0.425 0 0 [1] 
O H2O -0.820 0.31655 0.65019 [1] 
O O bulk -1.050 0.31655 0.65019 [1] 
OS OH surface -0.950 0.31655 0.65019 [1] 
OB OH bulk -0.950 0.31655 0.65019 [1] 
Fe Fe bulk 2.100 0.33020 7.7007×10-6 [2] 

Bond 
ß  k ß b   

O-H H2O 463700 0.100  [3-4] 
O-H OH 327465 0.100   

Bend γ  k� �0   
H-O-H H2O 383 109.47  [3-4] 

Fe-OB-H Bulk 251 109.47  [1] 

α. q is charge (e), σ�(nm) is the finite distance at which the inter-particle Lennard-Jones potential is 
zero and�ε (kJ/mol) is the Lennard-Jones potential well. Values of σ�(nm) from Ro (Å) in CLAYFF 
(VLJ=ε((Ro,ij/rij)

1/12-2(Ro,ij/rij)
1/6) were obtained as σ�Ro/10/21/6. Those are from CHARMM-

compatible.  
ß. kb (kJ mol-1 nm-2) is the harmonic potential constant and b (nm) is the equilibrium bond length. 
γ. k� (kJ mol-1 rad-2) is the harmonic angle potential and �0 (deg) is the equilibrium angle.   
Table S5   Surface Fe-O bond lengths (nm) from MD 

Surface Speciesα Crystallographic5-6 MD  

-O 

0.193 0.198 (110) G 

0.211 / 0.196 0.196 (021) G 

0.198 0.195 (001) L 

μ-O 

0.196, 0.196 0.200 (110) G 

0.193,0.196 / 0.210,0.211 0.198 (021) G 

0.199, 0.199 0.202 (010) L 

0.199, 0.199 0.198 (001) L 

μ3-O 

0.193, 0.196, 0.196 (μ3-O) 0.196 (110) G 

0.211, 0.211, 0.210 (μ3,I, II-OH) 0.210 (110) G

0.207, 0.207, 0.198 0.206 (001) L
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αSurface species were labeled in detail in Fig.2 
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Table S6   MCR Analysis Results of ATR-FTIR spectra (Fig. 4) 

Components Band positions (cm-1) Dominant spectra 

LL 
AI 3667 3625 3552 3534 Aa (-13.86)α - Ae (18.17) 

AII 3645 3625 3552 3534 Af (36.11) - Ai (312.99) 

RL 

BI 3667 3626 3550 3534 Ba (-7.85) - Be (0.24) 

BII 3654 3626 3550 3534 Bf (2.23) - Bk (35.67) 

BIII 3646  3550 3534 Bl (69.44) - Bm (141.13) 

G 

CI 3661 3648  3491 Ca (-12.00) - Ce (0.48) 

CII 3658 3648 3545  Cf (1.18) - Ci (9.11) 

CIII  3648 3576  Cj (12.18) - Cl (17.88) 

CIV   3585  Cm (20.46) - Cp (217.04) 

α. Numbers in brackets were proton concentrations in unit of protons per nm2.    
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FIGURES  

 
Fig. S1 Background subtraction of ATR-FTIR and TPD spectra of evaporated different 
structures of FeOOH: LL (left column), RL (middle column) and G (right column). The 
original most alkaline spectra of synthetic LL, RL and G with each polynomial 
background (dash line) are plot in A, B and C. The spectra of highest temperature with 
each polynomial (dash line) are plot in D, E and F.  

 

 

 

Fig. S2 ATR-FTIR spectrum of dry dialyzed LL, RL and G. No other phases can be 
detected. 
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Fig. S3 Molecular structure of (001) plane of lepidocrocite (A, Fe=yellow; O=red; 
H=black) and hydrogen bond analyzes of 5 ns MD simulations (B-D). The (010) plane of 
lepidocrocite (not shown) has only isolated hydroxyl groups.  

 

 

Fig. S4 Molecular structure of (110) plane of goethite (A, Fe=yellow; O=red; H=black) 
and hydrogen bond analyzes of 5 ns MD simulations (B-D).  
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Fig. S5 Site distribution (A) (O= blue&grey for two types of μ-OH; yellow&green for 
two types of -OH; H=black) and hydrogen bond analyzes of 5 ns MD simulations (B-D) 
of (021) plane of G. The strongest hydrogen bonds (highlighted in B-D) most likely occur 
between one class of μ-OH sites (labeled a -OH2a) and -OH (O1b), as well as all -OH sites 
with chemisorbed water (labeled with subscript “w”). 
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Fig. S6 MCR spectral components of LL (A), RL (B) and G (C) obtained from spectra of 
TPD experiments (Fig. 5). Corresponding concentration profiles are shown in D-F.  
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