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Estimation of Activation Barriers for Single Electron Transfer by Marcus Theory 

1. Marcus-Hush Model for the Outer Sphere Electron Transfer (ET)1–4 

 

The total reorganization energy is given by: 

λ = λ0 + λ𝑖𝑖  

Where λ𝑖𝑖  is the inner reorganization energy for the reactants and λ0 the solvent reorganization energy. λ𝑖𝑖 instepwise 
electron transfer reactions is usually small so we neglect it, therefore,λ = λ0 and λ0 can be calculated from: 

λ0 = (332kcal/mol)�
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Where 𝑎𝑎1 and 𝑎𝑎2 are the radii of the molecules involved in ET(𝐶𝐶𝐶𝐶𝐶𝐶3 𝑑𝑑 = 12.4 ; 𝑎𝑎1 = 6.2 ;  𝑃𝑃ℎ𝐶𝐶𝐶𝐶 𝑑𝑑 = 5.9 ;  𝑎𝑎2 =
3), 𝑅𝑅 = 𝑎𝑎1 + 𝑎𝑎2(= 9.2), 𝜀𝜀𝑜𝑜𝑜𝑜  is the optical dielectric constant (for DMSO =  2.18) and 𝜀𝜀 is the static dielectric 
constant (for DMSO =  47.2) 

As a result, we get: λ = λ0 = 20.13534 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 

According to the Marcus theory, 

∆𝐺𝐺𝐸𝐸𝐸𝐸´
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Where ∆𝐺𝐺𝑟𝑟 is the reaction energy (= 30.1 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚), and ∆𝐺𝐺0
‡ is the intrinsic barrier for the outer-sphere electron 

transfer. ∆𝐺𝐺0
‡is related to λ by: ∆𝐺𝐺0

‡ =  λ
4
 (= 5 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚). 

As a result: ∆𝐺𝐺𝐸𝐸𝐸𝐸´
‡ =  31.4 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚. Therefore: 

∆𝐺𝐺𝐸𝐸𝐸𝐸
‡ = ∆𝐺𝐺𝐸𝐸𝐸𝐸´

‡ +  9.6 = 41 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 

 

2. Savéant’s Model for the Concerted/Inner Sphere Electron Transfer (ET)5–7 
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λ
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Where 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 81.5 (DFT calculated).8 

Resulting in ∆𝐺𝐺0
‡ = 25.4 

Using this value in the Marcus equation, we get: 

∆𝐺𝐺𝐸𝐸𝐸𝐸´
‡ = 42.7 

∆𝐺𝐺𝐸𝐸𝐸𝐸
‡ = ∆𝐺𝐺𝐸𝐸𝐸𝐸´

‡ +  9.6 = 52.3 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 
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Table S1. Effect of Dispersion Correction (DFT-D3) on the Overall Energy Barrier 

Mechanism Without dispersion 
correction  

With dispersion correction  
(DFT-D3) 

OA 85.33808646 74.40562466 
HAT 78.78500997 76.16264986 
SET 39.71755465 39.56946252 

σ-bond metathesis 97.99683 ------ 
𝜋𝜋-complexation 103.677 ------ 

 

No significant effect has been noticed in HAT and SET mechanisms. In OA, the energy is slightly overestimated in 
calculations without dispersion correction. However, OA is not the favorable reaction path; therefore, the results do 
not get affected. 

 

Table S2. Overall Energy Barrier for SET Mechanism Considering CCS1 and CCS2 

CCS Energy barrier for SET (without 
dispersion correction) 

CCS1 98.2 kcal/mol 
CCS2 99.4 kcal/mol 

 

Experimental Section 

Experimental set-up for In situ UV-vis spetrocopic study: 

 

 
Material availability and Instruments: 
 
IR spectra were recorded on FTIR - Bruker Alpha ATR (ZnSe). 
NMR: JEO Resonance 400MHz. 
We obtained AR Grade Oxalyl chloride from Avra Chemicals, India; and the other chemicals from Finar Chemicals, 
Ahmedabad, India. They were used without any further purification. 
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Synthesis of ligand L1 (N,N`-diphenylethanediamide): 

NH2

Cl
Cl

O

O

H
N

N
HO

O
+ THF

0oC - rt, 12h
Et3N

L1  

Known compound L1 was synthesized by a previously reported method.9,10 0.317 g (1 equiv) of oxalyl chloride was 
mixed in 5 mL dry THF in a beaker (solution 1). In a round bottom flask, 0.5 g (2.4 equiv) of aniline and Et3N (1 mL) 
solution was prepared in 5 mL THF (solution 2). Both solutions were under ice bath. Solution 1 was added drop by 
drop to the solution 2. A white precipitate was instantly formed and the solution was continuously stirred overnight at 
room temperature. On the next day, the crude was filtered and washed with water and cold diethyl ether to remove the 
unreacted aniline. The isolated product (L1) was dried in vacuum at 50℃ for 4 h, and a fine white powder was obtained, 
which was used without further purification. The compound was analyzed by NMR, FTIR and Mass spectroscopy.11,12 

1H NMR (400 MHz, DMSO-d6) δ 10.81 (s, 2H), 7.84-7.12 (m, 10H), 13C NMR (100.5 MHz, DMSO-d6) δ 159.1, 
138.17, 132.6, 128.38, 125.16,FTIR (ATR-ZnSe, Bruker-alpha) WN (cm-1) 3301.71, 1666, 1594.86, 1496.63, 1266, 
1157.37, 754.16, 684.62. 
EI-MS m/z 51, 65, 77, 93 (base peak), 120, 240 (parent peak). Calculated Exact Mass: 240.09 (C14H12N2O2).  
The melting point (methanol) was noted, 254-255℃ (Lit.255 ℃)10 

Other intermediates were not synthesized and not isolated (except L1). They have been observed in the solution.  

In Situ UV-vis spectrum: In a double neck round bottom flask with a magnetic stirrer and under continuous N2 gas 
purging, a solution of 0.2 mL aniline, 0.5 mL PhCl (2 equiv), L1 0.12 g (20%) and 20 mL DMSO, was prepared. 
Sequentially, dried K3PO4 (2 equiv) and CuI 0.05 g (10%) were added. The mixture was refluxed at 120 oC for 
approximately 3 h. The spectrum was recorded by passing the reaction mixture into an in-flow quartz cuvette (10 mm 
path length) under nitrogen. The same reaction was left overnight at 120 ºC. Initially, the mixture had a light brown 
color and with time it became much darker. The mixture was filtered to remove the solvent, and the final crude had a 
light yellowish color. 

FTIR spectrum: The FTIR analysis of the same crude mentioned above was recorded. The spectrum indicates the 
conversion of aniline (aniline – NH2 bands disappear) and a single N-H band of diphenylamine appears (3395 cm-1, 
N-H). N-H band of Ligand L1 appears at 3301 cm-1. 
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FTIR Analysis 

 
Figure S1. FTIR spectra of L1 (blue), aniline (pink), and crude product of reaction (red). 

 
Figure S2. FTIR spectrum of aniline 
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Figure S3. FTIR spectrum of L1 
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Figure S4. Simulated IR spectrum of L1 
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GC-MS Analysis 

 
Figure S5. Chromatogram of the crude product from in situ UV-vis spectroscopic studies. 

 

 
Figure S6. Mass spectrum of diphenylamine a. sample and b. NIST library search. 
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Figure S7. Mass spectrum of N,N’-diphenyl oxamide, a. sample and b. NIST library search. 

 
Figure S8. Mass spectrum of silica, a. impurities and b. NIST library search. 
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NMR Analysis 
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Figure S9. NMR analysis of L1 in DMSO-d6. 
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Figure S10. NMR analysis of the solution of L1 and CuI in DMSO-d6. 
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H
N N

HO

O
+ CuI + K2CO3

 

Figure S11. NMR analysis of the solution of L1, CuI, and  K2CO3 in DMSO-d6. 
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Figure S12. Stacked NMR spectra of L1, L1 + CuI and L1 + CuI + K2CO3, in DMSO-d6; Chemical shift δ in -NH and 
phenyl-H.  

 

CV Analysis 

The cyclic voltammetry was performed at CHI660E electrochemical workstation, in a three-
electrode cell under continuous N2 purging at room temperature, at a scan rate of 0.04 Vs-1.The 
working electrode was a glassy carbon disk (area = 0.071 cm2), and the counter- and reference-
electrodes were platinum wires. Ten scans were taken for each sample for a 10 mL solution of 
degassed and dried DMSO containing, sequentially, L1 (40 mM); K3PO4 (base) (40 mM); CuI (10 
mM); Aniline (40 mM); and PhCl (40 mM). 

 

Figure S13. Initial and final colors of the solution noticed during the CV analysis. 
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Figure S14. Cyclic voltammograms 
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Figure S15. Electrostatic potential map and electron density of L2. FMO analysis of CCS3 and PhCl. 
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1H and 13C spectrum of L1 ligand 
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