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1.	  Computational	  Methods	  
The first step used to calculate the solution phase one-electron reduction potential was to 

calculate the free energy difference, ΔGrxn , for the one-electron half reaction, 

Ar-NO2(aq) +1e(g)
− → Ar-NO2(aq)

•−

 

directly from gas phase reaction energy, entropy, and solvation energy differences using 

electronic structure calculations, gas phase entropy estimates, and continuum solvation models.  

The NWChem program suite was used for all of these calculations.1 The electronic structure 

calculations were carried out using density functional theory (DFT) calculations2 with the 6-

311++G(2d,2p) basis set3, 4 and the LDA,5 PBE96,6 B3LYP,7, 8 PBE0,9 and M06-2X10 exchange 

correlation functionals. The choice of basis set is somewhat larger than typically used for these 

types of calculations; however, modest size parallel computers can easily augment the extra 

computational expense incurred for the size of molecules considered in this study. The choice of 

exchange correlation potentials covers a wide range of exchange-correlation types popular in the 

literature. Two classes of potentials not explored in this study—that have recently received 

attention—include the range corrected exchange correlation potentials and the related approach 

where the exact exchange term is adjusted to produce the correct derivative discontinuity for the 

system. While these potentials have had some notable successes and their development is on-

going, how and where to best use them is still not clear (e.g. range corrected exchange 

correlation potentials dramatically fail in the condensed phase). 

Solvation energies for solutes that do not react strongly with water can be approximated 

as a sum of non-covalent electrostatic, cavitation, and dispersion energies.  The electrostatic 

contributions to the solvation energies were estimated by using the self-consistent reaction field 

theory of Klamt and Schüürmann (COSMO),11 with the cavity defined by a set of overlapping 

atomic spheres with radii suggested by Stefanovich and Truong12 (H 1.172Å, C- 2.096Å, C= 

1.635Å, O 1.576 Å, and Cl 1.750Å). The dielectric constant of water used for all of the solvation 

calculations was 78.4.11 The cavitation and dispersion contributions to the solvation energy are 

less straightforward to handle because the interactions take place at short distances, and several 

methods have been proposed to do this.13-20 One of the simplest approaches for estimating these 

terms is to use empirically derived expressions that depend only the solvent accessible surface 

area.  In this study, the widely used formula of Sitkoff et al.18 was used, 
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ΔGcav+disp = γA+ b  

where g and b are constants set to 5 cal/mol-Å2 and 0.86 kcal/mol respectively.  Sitkoff et al. 

parameterized the constants g and b to the experimentally determined free energies of solvation 

of alkanes21 by using a least-squares fit. The Shrake-Rupley algorithm was used to determine the 

solvent accessible surface areas.22 In addition to this approach for solvation, we also calculated 

the one electron potentials using the COSMO-SMD approach of Marenich et. al.23 (for the 

B3LYP and M06-2X exchange correlation potentials). 

The reaction energy was then converted to a redox potential using 

E(abs) = −
ΔGrxn

nF
 

where n is the number of electrons transferred and F is the Faraday constant.  This type of 

potential is known in electrochemistry as an absolute potential (E(abs) ) and is difficult to measure 

directly. Instead redox potentials are usually measured relative to a reference electrode, such as 

the standard hydrogen electrode (SHE), saturated calomel electrode (SCE), or silver/silver-

chloride electrode.  For measurements using the SHE this means that the free energy differences 

for the one-electron half reaction are reported in terms of the following overall reaction, 

Ar-NO2(aq) +
1
2
H2(g) → Ar-NO2(aq)

•− +H(aq)
+

 

the SHE potential is given by 

ESHE = E(abs) +EH
0

 

where EH
0 is the potential associated with the absolute free energy of the hydrogen electrode 

reaction. 

1
2 H2(g)

ΔGrxn

→H(aq)
+ + e(g)

−              EH
0 = −

ΔGrxn

F  

The exact value for 

€ 

EH
o

 remains unknown despite extensive experimental and computational 

efforts.  In this study, a value of EH
0 = 98.6 kcal/mol  was used. This value was estimated using 
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value of ΔGs H+( ) = −263.98 kcal/mol  reported by Tissandier et al.,24 along with the gas phase 

values ofΔ fG
0 H(g)

+( )  and Δ fG
0 H2(g)( ) , i.e., 

EH
0 = ΔGs H+( )+ Δ fG

o H(g)
+( )−Δ fG

o H2(g)( )( )
= −263.98 kcal/mol+362.58 kcal/mol
= 98.6 kcal/mol  
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2.	  Data	  and	  Calculation	  Details	  for	  Figure	  2	  
Table S1. Data and calculation details for juglone. 

NAC	   E1NAC	  
a	   ΔG°′ 	  b	   kJUG	  (M

-‐1	  s-‐1)	   log(kJUG)	   Experimental	  pH	  c	  

NB	   −0.485	  d	   9.04	   0.079	   −1.1	   6.79	  ±	  0.02	  

2-‐CH3-‐NB	   −0.590	  d	   11.5	   0.003	   −2.5	   6.79	  ±	  0.02	  

3-‐CH3-‐NB	   −0.475	  d	   8.81	   0.12	   −0.92	   6.79	  ±	  0.02	  

4-‐CH3-‐NB	   −0.500	  d	   9.39	   0.051	   −1.3	   6.79	  ±	  0.02	  

2-‐Cl-‐NB	   −0.485	  d	   9.04	   0.15	   −0.82	   6.79	  ±	  0.02	  

3-‐Cl-‐NB	   −0.405	  d	   7.20	   1.3	   0.11	   6.79	  ±	  0.02	  

4-‐Cl-‐NB	   −0.450	  d	   8.23	   0.5	   −0.30	   6.79	  ±	  0.02	  

2-‐COCH3-‐NB	   −0.470	  d	   8.69	   0.35	   −0.46	   6.79	  ±	  0.02	  

3-‐COCH3-‐NB	   −0.405	  d	   7.20	   2.5	   0.38	   6.79	  ±	  0.02	  

4-‐COCH3-‐NB	   −0.360	  d	   6.16	   30	   1.5	   6.79	  ±	  0.02	  

TNT	   −0.300	  e	   4.77	   740	   2.9	   6.60	  

2-‐ADNT	   −0.390	  e	   6.85	   9.7	   0.99	   6.60	  

4-‐ADNT	   −0.430	  e	   7.77	   1.2	   0.079	   6.60	  

2,4-‐DANT	   −0.515	  e	   9.73	   0.021	   −1.7	   6.60	  

2,6-‐DANT	   −0.495	  e	   9.27	   0.056	   −1.3	   6.60	  

4-‐CH3-‐NB	   −0.500	  e	   9.39	   0.047	   −1.3	   6.60	  

4-‐Cl-‐NB	   −0.450	  e	   8.23	   0.48	   −0.32	   6.60	  

4-‐COCH3-‐NB	   −0.358	  e	   6.11	   51	   1.7	   6.60	  

1,3-‐DNB	   −0.345	  e	   5.81	   61	   1.8	   6.60	  

1,4-‐DNB	   −0.257	  e	   3.78	   6900	   3.8	   6.60	  

2-‐NH2-‐NB	   (<−0.560)	  e	  

	  

0.0023	   −2.6	   6.60	  

3-‐NH2-‐NB	   −0.500	  e	   9.39	   0.043	   −1.4	   6.60	  

a) Estimated E1
NAC in italics. 

b) Calculated using E1
red = E1

7 = −0.093 V.25 A similar value (−0.095 V) has also been reported.26 
c) Used in determining kJUG. 
d) From Schwarzenbach et al. (1990)27 and references cited therein. 
e) From Hofstetter et al. (1999)28 and references cited therein. 
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Table S2. Data and calculation details for lawsone. 

NAC	   E1NAC	  
a	   ΔG°′ 	  b	   kLAW	  (M

-‐1	  s-‐1)	   log(kLAW)	   Experimental	  pH	  c	  

NB	   −0.485	   1.61	   2.4	   0.38	   6.98	  ±	  0.02	  

2-‐CH3-‐NB	   −0.590	   4.04	   0.037	   −1.4	   6.98	  ±	  0.02	  

3-‐CH3-‐NB	   −0.475	   1.38	   2.9	   0.46	   6.98	  ±	  0.02	  

4-‐CH3-‐NB	   −0.500	   1.96	   1.1	   0.041	   6.98	  ±	  0.02	  

2-‐Cl-‐NB	   −0.485	   1.61	   2.2	   0.34	   6.98	  ±	  0.02	  

3-‐Cl-‐NB	   −0.405	   −0.231	   31	   1.5	   6.98	  ±	  0.02	  

4-‐Cl-‐NB	   −0.450	   0.807	   11	   1.0	   6.98	  ±	  0.02	  

2-‐COCH3-‐NB	   −0.470	   1.27	   3.3	   0.52	   6.98	  ±	  0.02	  

3-‐COCH3-‐NB	   −0.405	   −0.231	   46	   1.7	   6.98	  ±	  0.02	  

4-‐COCH3-‐NB	   −0.360	   −1.27	   330	   2.5	   6.98	  ±	  0.02	  

a) From Schwarzenbach et al. (1990)27 and references cited therein. Estimated E1
NAC in italics. 

b) Calculated using E1
red = E1

7 = −0.415 V.26 
c) Used in determining kLAW 

 

Table S3. Data and calculation details for AQDS. 

NAC	   E1NAC	  
a	   ΔG°′ 	  b	   kLAW	  (M

-‐1	  s-‐1)	   log(kLAW)	   Experimental	  pH	  c	  

2-‐CH3-‐NB	   -‐0.590	  d	   7.794	   5.95	   0.774517	   5	  

4-‐CH3-‐NB	   -‐0.500	  d	   5.719	   66.3	   1.82151	   5	  

2-‐Cl-‐NB	   -‐0.485	  d	   5.373	   258	   2.41162	   5	  

4-‐Cl-‐NB	   -‐0.450	  d	   4.566	   972	   2.98767	   5	  

1,2-‐DNB	  

	   	  

255000	   5.40654	   5	  

TNT	   -‐0.300	  e	   1.107	   160000	   5.20412	   5	  

a) Estimated E1
NAC in italics. 

b) Calculated using E1
red = −0.252 V, which was determined for pH 5 using a modeled standard one-

electron potential (E1
0) of −0.13359 V for AHQDS• + e− ↔ AHQDS−  

29 and the following equation: 

Ered
1 = E0

1 +
RT
nF
log [AHQDS

•][H + ]
[AH2QDS]

 

c) Used in determining kAQDS 
d) From Schwarzenbach et al. (1990)27 and references cited therein. Estimated E1

NAC in italics. 
e) From Hofstetter et al. (1999)28 (estimated E1

NAC). 
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Table S4. Data and calculation details for iron porphyrin. 

NAC	   E1NAC	  
a	   ΔG°′ 	  b	   kFe(II)P	  (M

-‐1	  s-‐1)	   log(kFe(II)P)	   Experimental	  pH	  c	  

NB	   −0.485	   12.7	   0.96	   −0.018	   7.01	  ±	  0.02	  

2-‐CH3-‐NB	   −0.590	   15.1	   0.25	   −0.60	   7.01	  ±	  0.02	  

3-‐CH3-‐NB	   −0.475	   12.5	   1.1	   0.041	   7.01	  ±	  0.02	  

4-‐CH3-‐NB	   −0.500	   13.0	   0.67	   −0.17	   7.01	  ±	  0.02	  

2-‐Cl-‐NB	   −0.485	   12.6	   8.8	   0.94	   7.01	  ±	  0.02	  

3-‐Cl-‐NB	   −0.405	   10.8	   5.3	   0.72	   7.01	  ±	  0.02	  

4-‐Cl-‐NB	   −0.450	   11.9	   2.7	   0.43	   7.01	  ±	  0.02	  

2-‐COCH3-‐NB	   −0.470	   12.3	   23.8	   1.38	   7.01	  ±	  0.02	  

3-‐COCH3-‐NB	   −0.405	   10.8	   6.3	   0.80	   7.01	  ±	  0.02	  

4-‐COCH3-‐NB	   −0.360	   9.80	   19.3	   1.29	   7.01	  ±	  0.02	  

a) From Schwarzenbach et al. (1990)27 and references cited therein. Estimated E1
NAC in italics. 

b) Calculated using E1
red = E1′ (one-electron reduction potential under standard environmental conditions) 

= 0.065 V.27 
c) Used in determining kFe(II)P. 
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Table S5. Data and calculation details for Fe(II)/tiron. 

NAC	   E1NAC	  
a	   ΔG°′ 	  b	   log(ktiron)	  (k	  in	  M

-‐1	  s-‐1)	   Experimental	  pH	  c	  

4-‐Cl-‐NB	   −0.450	   −5.24	   4.4	   5.76	  

4-‐COCH3-‐NB	   −0.360	   −7.31	   6.3	   5.76	  

3-‐Cl-‐NB	   −0.405	   −6.27	   4.9	   5.76	  

3-‐CH3-‐NB	   −0.475	   −4.66	   3.8	   5.76	  

NB	   −0.485	   −4.43	   4.0	   5.76	  

4-‐CH3-‐NB	   −0.500	   −4.08	   3.5	   5.76	  

a) Measured at pH 7. Correction to pH 5.76 according to methods previously reported30 did not 
significantly change the value. 

b) Calculated using E1
red of −0.677 V, which was determined from the following equation31: 

Ered
1 = +0.77− RT

F
ln {Fe

2+}
{Fe3+}
"

#
$

%

&
'
 

where E1
red is the non-standard, “condition-dependent” reduction potential and +0.77 is the standard 

one-electron reduction potential for Fe(III)/Fe(II). {Fe2+} and {Fe3+} were determined through speciation 
modeling performed in Geochemist’s Workbench (release 8.0) with the thermo.com.v8.r6+ 
thermodynamic dataset with added stability constants for tiron from Naka et al., 2006.32 Our speciation 
model appeared to deviate from that used by Naka et al. (based on comparison to Figure 3D from 
Naka et al. (2009)). Comparing our Geochemist’s Workbench model with a model produced using 
MINEQL+ (which agreed with Figure 3D from Naka et al. (2009)) it appears the models use different 
stability constants for the solid phases in the system. 

c) Used in determining ktiron. 
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Table S6. Data and calculation details for Fe(II)/DFOB. 

NAC	   E1NAC	  
a	   ΔG°′ 	  b	   log(kDFOB)	  (k	  in	  M

-‐1	  s-‐1)	   Experimental	  pH	  c	  

3-‐Cl-‐NB	   −0.405	   −1.43	   2.9	   9.03	  

4-‐Cl-‐NB	   −0.450	   −0.392	   2.5	   9.03	  

NB	   −0.485	   0.415	   2.2	   9.03	  

3-‐CH3-‐NB	   −0.475	   0.184	   2.1	   9.03	  

4-‐CH3-‐NB	   −0.500	   1.07	   2.0	   9.03	  

a) Measured at pH 7. Correction to pH 9.03 according to methods previously reported 30 did not 
significantly change the value. 

b) Calculated using E1
red of −0.480 V, which was determined using the equation discussed in the 

footnotes to Table S5. Additional stability constants for DFOB were obtained from Kim et al. (2009).33 
Our speciation model (modeled with Geochemist’s Workbench) appeared to accurately reproduce 
Figure 3B from Kim et al. (2009) suggesting agreement of our model to the model used by Kim et al. 

c) Used in determining kDFOB. 
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3.	  Comparison	  of	  Calculated	  and	  Measured	  E1NAC	  

Table S7. Determination of largest positive and negative error in Table 1. Largest positive errors are 
shown in bold and denoted with a dagger (†); largest negative errors are shown in bold and denoted with 
a double dagger (‡). 

	  

Error	  (Calculated	  E1NAC	  −	  Measured	  E1NAC)	  (V)	  

	  

LDA	   PBE	   B3LYP	   PBE0	   M06-‐2X	   B3LYP	   M06-‐2X	  

Abbr.	   COSMO	   COSMO-‐SMD	  

NB	   -‐0.026	   -‐0.154	   0.007	   -‐0.092	   0.010	   0.084	   0.082	  

2-‐CH3-‐NB	   -‐0.069	   -‐0.181	   -‐0.026	   -‐0.105	   -‐0.040	   0.042	   -‐0.029	  

3-‐CH3-‐NB	   -‐0.086	   -‐0.215	   -‐0.047	   -‐0.127	   -‐0.015	   0.031	   0.037	  

4-‐CH3-‐NB	   -‐0.094	   -‐0.226	   -‐0.069	   -‐0.137	   -‐0.052	   0.031	   0.035	  

3-‐Cl-‐NB	   0.133	   -‐0.140	   0.005	   -‐0.082	   -‐0.166	   0.064	   0.055	  

4-‐Cl-‐NB	   -‐0.025	   -‐0.149	   0.006	   -‐0.089	   0.010	   0.068	   0.062	  

4-‐NH2-‐NB	   -‐0.396	  ‡	   -‐0.475	   -‐0.185	   -‐0.295	   -‐0.169	   -‐0.101	   -‐0.208	  ‡	  

3-‐COCH3-‐NB	   -‐0.002	   -‐0.149	   -‐0.032	   -‐0.101	   -‐0.023	   0.052	   0.061	  

4-‐COCH3-‐NB	   0.182	   0.002	   0.052	   -‐0.019	   0.004	   0.134	   0.095	  

1,2-‐DNB	   0.320	   0.118	   0.166	   0.057	   -‐0.012	   0.271	   0.130	  

1,3-‐DNB	   0.006	   -‐0.236	   -‐0.045	   -‐0.160	   -‐0.039	   0.180	   0.102	  

1,4-‐DNB	   0.454	  †	   0.268	  †	   0.316	  †	   0.182	  †	   0.140	  †	   0.388	  †	   0.205	  †	  

2,4-‐DNT	   -‐0.145	   -‐0.241	   -‐0.089	   -‐0.221	   -‐0.007	   -‐0.044	   0.080	  

2,6-‐DNT	   0.084	   -‐0.316	   -‐0.167	   -‐0.280	   -‐0.123	   -‐0.111	   -‐0.005	  

TNT	   0.021	   -‐0.131	   0.030	   -‐0.125	   0.001	   0.062	   0.100	  

2-‐CHO	   0.204	   0.010	   0.084	   -‐0.006	   0.014	   0.130	   0.083	  

4-‐CHO	   0.257	   0.067	   0.106	   0.049	   -‐0.042	   0.196	   0.093	  

4-‐CH2OH	   -‐0.076	   -‐0.164	   -‐0.023	   -‐0.146	   -‐0.083	   0.059	   0.020	  

2-‐ADNT	   -‐0.169	   -‐0.312	   -‐0.137	   -‐0.225	   -‐0.049	   -‐0.063	   0.033	  

4-‐ADNT	   -‐0.258	   -‐0.304	   -‐0.180	   -‐0.251	   -‐0.122	   -‐0.074	   -‐0.018	  

2,4-‐DANT	   -‐0.368	   -‐0.493	  ‡	   -‐0.308	  ‡	   -‐0.374	  ‡	   -‐0.273	  ‡	   -‐0.195	  ‡	   0.037	  
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4.	  NAC	  Disappearance	  Data	  
Table S8. Concentration vs. time data for the disappearance of NACs at different [FeP] and the 
associated kobs vs. [FeP] plots used to determine kFe(II)P. In cases where only the initial portion of the 
concentration vs. time data was fit to the pseudo-first-order model (denoted with asterisks) a “zoomed-in” 
plot of the fitted data is also shown. 

NAC	   Conc.	  vs.	  time	  plot	   kobs	  vs.	  [FeP]	  plot	  

NB	   	  

	  

	  

	  
4-‐Cl-‐NB	  

	   	  
1,3-‐DNB*	  

	  

	  

	  

3

4

5

6

7

8

9
1

C
/C

0

302520151050
Time (h)

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

k o
bs

 (1
/h

)

35x10
-630252015105

[FeP] (M)

2

3

4

5

6

7
8
9

1

C
/C

0

2520151050
Time (h)

0.20

0.15

0.10

0.05

k o
bs

 (1
/h

)

30x10
-625201510

[FeP] (M)

3

4
5
6

0.1

2

3

4
5
6

1

C
/C

0

76543210
Time (h)

4

5

6

7

8

9

1

C
/C

0

3.02.01.00.0
Time (h)

2.5

2.0

1.5

1.0

0.5

0.0

k o
bs

 (1
/h

)

30x10
-620100

[FeP] (M)



S12 
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