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It is well-known that for an electron transfer XE+Y ~ X+YE

reaction, the electron-donating ability of electron donors and the (E = electron)
electron-accepting ability of electron acceptors can be quantita- CAGHXEN)
tively described by the oxidation potential of electron donors and ‘ K=o %XTEN) ‘ k= % e RT ’

the reduction potential of electron acceptors. However, for an U
electron transfer reaction, the electron-donating activity of electron U
donors and the electron-accepting activity of electron acceptors (AG°XEN)=AG'XE) + AG'(Y)) (A6 xENY) = AGHXE) + aGH(Y) )

cannot be quantitatively described by a characteristic parameter of U U
electron d.onors and a characteristic p;lir;%mete.r . of electron AGU(XE) — FE°, (XE) AG™(XE) — 0.5[AG* (XE/X) + FE°, (XE)]
acceptors till now. In this paper, a characteristic activity parameter AGO(Y) = - FE* oy (Y) AGP(Y) = 0.5[AGH(YE/Y) - FE®,y(Y)]

of electron donors and electron acceptors named as their thermo-
kinetic parameter is proposed to quantify the electron-donating
activity of electron donors and the electron-accepting activity of
electron acceptors in electron transfer reactions. At the same time, the thermo-kinetic parameter values of 70 well-known electron
donors and the corresponding 70 conjugated electron acceptors in acetonitrile at 298 K are determined. The activation free energies
of 4900 typical electron transfer reactions in acetonitrile at 298 K are estimated according to the thermo-kinetic parameter values of
70 electron donors and 70 conjugated electron acceptors, and the estimated results have received good verification of the
corresponding independent experimental measurements. The physical meaning of the thermo-kinetic parameter is examined. The
relationship of the thermo-kinetic parameter with the corresponding redox potential as well as the relationship of the activation free
energy with the corresponding thermodynamic driving force of electron transfer reactions is examined. The results show that the
observed relationships between the thermo-kinetic parameters and the redox potentials as well as the observed relationships between
the activation free energy and the thermodynamic driving force depend on the choice of electron donors and electron acceptors as
well as the electron transfer reactions. The greatest contribution of this paper is to realize the symmetry and unification of kinetic
equations and the corresponding thermodynamic equations of electron transfer reactions.

Symmetry between Thermodynamic Equations and Kinetic Equations

electron transfer reaction, activity of reactant, activity of oxidant, thermo-kinetic parameter, activation free energy,
kinetic equation

and Ahrland—Chatt—Davies—Williams®® to quantitatively
predict the activation free energy of electron transfer reactions
in terms of some parameters of electron transfer reactions,
none™ can be used to quantitatively estimate the activation
free energy of electron transfer reactions based on only one
characteristic parameter of electron donors and one character-
istic parameter of electron acceptors as the calculation of the
thermodynamic driving forces AG’(XE/Y) of electron transfer
reactions (eq 1), which can be calculated based on only one
characteristic parameter of electron donors and one character-

Electron transfer (ET) reaction (eq 1) is the most basic
chemical reaction and exists widely in nature. Since the
electron transfer process plays the core role in material
metabolism, energy conversion, photosynthesis, biosynthesis
and transformation, and many other processes, scientists in
many fields such as physics, chemistry, biology, power source,
and so on have all paid much more attention to the issues on
the electron transfer process.' " Among the many important
issues on the electron transfer process, one of the most core
issues is how to quantitatively predict the activation free energy
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istic parameter of electron acceptors (ie., the oxidation
potential of electron donors and the reduction potential of
electron acceptors). The fundamental reason is that no suitable
characteristic parameter of electron donors and electron
acceptors can be found to quantify the electron-donating
activity of electron donors (ie., an actual ability of electron
donors to donate electrons in an ET reaction, which directly
determines the rate of electron transfer) and the electron-
accepting activity of electron acceptors (i.e., an actual ability of
electron acceptors to accept electrons in an ET reaction, which
directly determines the rate of electron transfer) in electron
transfer reactions till now. In this paper, we report a new
characteristic parameter of electron donors and a new
characteristic parameter of electron acceptors named as their
thermo-kinetic parameters. The thermo-kinetic parameters of
electron donors and electron acceptors can be used not only to
quantify the electron-donating activity of the electron donor
and the electron-accepting activity of the electron acceptor in
electron transfer reactions but also to make the activation free
energy of electron transfer reactions as their thermodynamic
driving force can be calculated using only one characteristic
parameter of electron donors and one characteristic parameter
of electron acceptors.

XE+Y —> X+ YE (E = electron) (1)
AGO(XE/Y) = FEOX(XE) - FEred(Y)
AG7(XE/Y) = f(XE) + f(Y) @)

To predict the activation free energy of a chemical reaction
based on only one characteristic parameter of reactants, in our
previous papers,*”*” we examined the free energy change of
reactants when the atom or atom group (L) transfer from XL
to Y to form X and YL (eq 3). If the free energy change of the
two interacting reactants (XL and Y) during L-transfer from
XL to Y can be described using two Morse free energy curves
and the intrinsic barrier of the L-transfer reaction AG” (XL/
Y) (ie., the activation free energy of the L-transfer reaction
when thermodynamic driving force of the reaction is zero) is
assumed to be equal to the average value of the activation free
energies of the corresponding two self-exchange reactions for
the two reactants: AG*(XL/X) for XL + X — X + XL and
AG*(YL/Y) for Y + YL — YL + Y (eq 4), a new kinetic
equation (eq S5) can be formed according to the classical
transition-state theory. In eq 5, AG*(XL/Y) is the activation
free energy of L-transfer reactions; AG°(XL/Y) is the free
energy change of L-transfer reactions; AG#*(XL/X) is the
activation free energy of the self-exchange reaction of XL with
X (XL + X = X + XL); and AG*(YL/Y) is the activation free
energy of the self-exchange reaction of Y with YL (Y + YL—
YL+ Y). Because the free energy change of L-transfer reactions,
AG°(XL/Y), is equal to the addition of the free energy change
of reactant XL releasing L AG’(XL) and the free energy
change of reactant Y accepting L AG’(Y) (eq 6), eq 7 can be
derived from eq 5 when AG°(XL/Y) is replaced by AG°(XL)
+ AG(Y).” In eq 7, AG™(XL) is equal to the average of the
activation free energy of the self-exchange reaction of XL with
X (XL + X = X + XL), AG*(XL/X), and the molar free
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energy change of XL releasing L, AG°(XL) (eq 8); AG*(Y) is
equal to the average of activation free energy of self-reaction of
Y with YL (YL + Y = Y + YL) AG*(YL/Y) and the molar free
energy change of Y accepting L AG°(Y) (eq 9). Since both
AG7(XL/X) and AG’(XL) in eq 8 are the characteristic
energetic parameters of XL, AG**(XL) is also a characteristic
energetic parameter of XL. In other words, the value of
AG™(XL) is independent of the change of the reaction
partner (Y). In addition, since AG’(XL) is a thermodynamic
parameter of XL and AG¥(XL/X) is a kinetic parameter of XL,
AG?°(XL) is named as the thermo-kinetic parameter of XL.*
Likewise, AG™(Y) in eq 9 is a characteristic energetic
parameter of the reactant Y and named as the thermo-kinetic
parameter of Y.** Since the activation free energy of L-transfer
reactions, AG*(XL/Y), is determined only by AG**(XL) and
AG?Y(Y), it is clear that the AG*(XL) value can be used as a
quantitative scale of the activity of XL in the reaction, and the
AG?(Y) value can be used as a quantitative scale of the
activity of Y in the reaction

XL+Y->X+YL

(L=H", H*, HY, CI', Br*, CN", NO, NO¥, --) 3)
If

AG” (XL/Y) = %[AG*E(XL/X) + AGT(YL/Y)] @

AGH(XL/Y) = %[AG;&(XL/X) + AGH(YL/Y)]

1, 0
+ JAG (XL/Y) )

AG°(XL/Y) = AG*(XL) + AG’(Y) (6)

AGF(XL/Y) = AG*(XL) + AGT’(Y) (7)
Ineq7

AGHO(XL) = %[AG?&(XL/X) + AG(XL)] .

AGH(Y) = %[AG#(YL/Y) + AG°(Y)] ©)

If eqs 7 and 6 are compared, it is clear that like the
thermodynamic driving force of the L-transfer reaction
AG°(XL/Y), the activation free energy AG*(XL/Y) of the
L-transfer reaction can be calculated also according to one
characteristic parameter of the L-donor (XL) and one
characteristic parameter of the L-acceptor (Y) in the L-transfer
reaction.

The validity of eq 7 to estimate the activation free energy of
L-transfer reactions using the thermo-kinetic parameters of
reactants has been extensively verified by successful predictions
of the activation free energies of hydrogen atom transfer
reactions, > ™*® hydride transfer reactions,”**™ and kinetic
isotope effect (KIE) values of hydride transfer reactions’ in
acetonitrile at 298 K.

For electron transfer reactions (eq 1), eq 7 is of validity also,
because L in eq 3 can be regarded as an electron and eqs 8 and
9 can be replaced by egs 10 and 11, respectively. In eq 10,
FE,(XE) is the molar free energy change of electron donor XE
releasing E (E = electron). In eq 11, —FE,4(Y) is the molar
free energy change of electron acceptor Y accepting E. Since
AG*(XE/X) and FE,(XE) are all of the characteristic
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Scheme 1. Structure and Marks of 70 Electron Donors Examined in This Work (1E—70E)
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energetic parameters of XE, AG7*(XE) is also a characteristic AG7(Y) is also a characteristic energetic parameter of the
energetic parameter of the electron donor (XE). Likewise, electron acceptor (Y). Since the activation free energy of
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electron transfer reactions, AG*(XE/Y), is determined only by
AG™(XE) and AG™(Y), the values of AG™(XE) and
AG?(Y) can be used as a quantitative scale of the electron-
releasing activity of XE and a quantitative scale of the electron-
accepting activity of Y, respectively. It is clear that as long as
the thermo-kinetic parameter values of electron donors and
electron acceptors are available, the activation free energy of
electron transfer reactions can be directly calculated in terms of
the thermo-kinetic parameter values of the two reactants using
eq 7.

The definition of the thermo-kinetic parameters of the
electron donor (XE) and electron acceptor (Y) is as follows

AG™°(XE) = %[AG;é(XE/X) + FE_(XE)]

(10)

AGH(Y) = %IAGWYE/Y) — FE4(Y)]

(11)

According to the definition formula of the thermo-kinetic
parameter of electron donors, AG**(XE) (eq 10), AG**(XE)
value is derived from AG”(XE/X) and FE_ (XE) values. For
E,(XE) value, we can obtain it easily by direct experimental
measurement using CV and/or OSWV methods, but for
AG?*(XE/X) value, its direct determination is difficult because
no signal change from reactants to products can be found
during the self-reaction (XE + X — X + XE). This case
indicates that both the thermo-kinetic parameter values of
electron donors and electron acceptors cannot be obtained
according to their definition formula. However, for a cross-
electron-transfer reaction of XE with Y (XE + Y = X + YE,
here X # Y), if AG**(XE) or AG™°(Y) is known, AG™°(Y) or
AG?°(XE) can be derived from AG(XE/Y) according to eq 7
because the signal of reactants is generally different from that
of products for cross-electron-transfer reactions. Obviously, if
this method is used repeatedly, the thermo-kinetic parameter
values of various electron donors XE and various electron
acceptors Y can be measured. Therefore, to build the
AG7°(XE) database of electron donors and AG*°(Y) database
of electron acceptors, the first and key task is to find one
suitable electron donor (XE) or one suitable electron acceptor
(Y) whose thermo-kinetic parameter value can be obtained.
Although the thermo-kinetic parameter values of electron
donors and electron acceptors cannot be derived from the
definition formula, the thermo-kinetic parameter values of the
electron donors and electron acceptors can be derived from the
activation energies of the three related cross-electron-transfer
reactions using the “four equations combined solution”
method.*"**** In this work, we choose 3E, 28E, and 33E as
well as their corresponding conjugated cations (3, 28, and 33)
(Scheme 1) as electron donors and electron acceptors to
construct three different cross-electron-transfer reactions (eqs
12—14). According to the three reaction equations (egs
12—14), eqs 15—17 can be derived from eq 7. In eqs 15—17,
AG*(3E/33), AG*(3E/28), and AG”(33E/28) are the
activation free energies of the three cross-electron-transfer
reactions (eqs 12—14), the values in acetonitrile at 298 K can
be derived from the corresponding known second-order rate
constants in acetonitrile at 298 K (k, = 1.60 X 103, 5.30 X 105,
and 1.35 X 10" M~ s7! for the reactions of eqs 12, 13, and 14,
respectively)>” using the Eyring equation. The detailed result is
that AG*(3E/33) = 13.08 kcal mol™!, AG*(3E/28) = 8.28
kcal mol™}, and AG7(33E/28) = 15.9 kcal mol™!. AG**(3E),
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AG™(33E), AG™(28), and AG™(33) in the three equations
(eqs 15—17) are the thermo-kinetic parameters of the electron
donors 3E and 33E and the electron acceptors 28 and 33,
respectively. Their values are all unknown. Since there are four
unknown parameters in the three equations (eqs 15—17), the
values of the four unknown parameters cannot be obtained
through the combined solution of the three equations (eqs
15—17). However, for the self-exchange electron transfer
reaction of 33E with 33 (33E + 33 — 33 + 33E), ifeq 10 is
subtracted from eq 11, eq 18 can be obtained from eqs 10 and
11 [note: E(XE) = Ered(X)] Since E,(33E) in eq 18 is
known (2. 16 V vs H*/%),°% the values of AG™°(3E),
AG?(33E), AG?°(28), and AG™°(33) in the three equations
(eqs 15—17) can be obtained through the combined solution
of the four equations (eqs 15—18). The result is that
AG™(3E) = 27.66 kcal mol™, AG™(33E) = 34.86 kcal
mol™!, AG*°(33) = —19.06 kcal mol™', and AG™(28) =
—19.38 kcal mol™".

e N

ky=1.6x10° M"s

4 n /o t N—N 12
£ T e o 12
3E 33 3 33E
Jv%i * 3” p—— )v@% T ﬁ (13)
@ at 298 K
28E
4( B* ° ® ky=1.35x10" M's™ 4(®>7 o
> B Jooer <) - 0
33E 28 33 28E
AG7(3E/33) = AG™°(3E) + AG™(33) (1)
AG7(3E/28) = AG*°(3E) + AG™°(28) (16)
AG7(33E/28) = AG"°(33E) + AG™°(28) (17)
AG™°(33E) — AG™°(33) = AG(33E) (18)

Since the thermo-kinetic parameter values of the electron
donors 3E (27.66 kcal mol™") and 33E (34.86 kcal mol™!) and
the thermo-kinetic parameter values of the electron acceptors
33 (—19.06 kcal/mol) and 28 (—19.38 kcal mol™) in
acetonitrile at 298 K have been obtained, it is not difficult to
get the AG™(Y) value of any other electron acceptor (Y) and
the AG**(XE) value of any other electron donor (XE) in
acetonitrile at 298 K using eq 7 by constructing a suitable
cross-electron-transfer reaction of 3E or 33E with an electron
acceptor Y (3E or 33E + Y — 3 or 33 + YE) or a suitable
cross-electron-transfer reaction of 33 or 28 with an electron
donor XE (33 or 28 + XE — 33E or 28E + X). The electron
transfer reaction of 33E with the cation of 4,4',5,5'-
tetramethyl-2,2-bi(1,3-dithiolylidene) (67) (eq 19)°" and
the electron transfer reaction of 28 with ferrocene (1E) (eq
20)°° are two examples. Since the second-order rate constant
(k,) of the reaction (eq 19) in acetonitrile at 298 K is 5.20 X
10° M~! s71°7 and the second-order rate constant (k,) of the
reaction (eq 20) in acetonitrile at 298 K is 4.80 X 10* M™!
s_l 57 the activation free energy of the reaction (eq 19) in
acetonitrile at 298 K is 9.65 kcal mol™ and the actlvatlon free
energy of the reaction (eq 20) is 11.06 kcal mol™" using Eyrlng
equation. In addition, since AG™(33E) = 34.86 kcal mol™’

https://doi.org/10.1021/acsphyschemau.3c00001
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Table 1. Thermo-Kinetic Parameter Values of 70 XE and 70 X, Molar Free Energy Changes of 70 XE Releasing Electrons and
70 X Accepting Electrons Together with Activation Free Energies of 70 Self-Reactions in Acetonitrile at 298 K (kcal mol™")

XE X

electron

donor

(XE)  AGYXE)* AGM™(XE) AG'(X)* AG™(X) AGH(XE/X)
1E 52.97 30.44 —52.97 —22.53 791
2E 50.34 28.86 —50.34 —21.48 7.38
3E 46.72 27.66 —46.72 —19.06 8.60
4E 41.35 24.63 —41.35 —-16.71 7.92
SE 44.09 28.73 —44.09 —15.36 13.37
6E 45.20 29.65 —45.20 —15.55 14.10
7E 47.32 32.47 —47.32 —14.85 17.62
8E 31.64 24.52 -31.64 —7.12 17.40
9E 36.99 25.90 —36.99 —11.09 14.81
10E 38.30 26.51 —38.30 —-11.79 14.72
11E 45.70 30.00 —45.70 —15.71 14.29
12E 41.55 28.45 —41.55 —13.11 15.34
13E 46.40 3142 —46.40 —14.98 16.44
14E 49.86 31.30 —49.86 —18.56 12.74
15E 54.93 33.12 —54.93 —-21.81 11.31
16E 48.13 30.06 —48.13 —18.07 11.99
17E 44.32 25.63 —44.32 —18.69 6.94
18E 50.55 28.78 —50.55 —-21.77 7.01
19E 51.93 28.54 —-51.93 —23.39 5.15
20E 55.16 30.26 —55.16 —24.90 5.36
21E 55.62 3141 —55.62 —24.21 7.20
22E 54.38 29.23 —54.38 —-25.14 4.09
23E 44.55 28.84 —44.55 —15.72 13.12
24E 43.63 29.24 —43.63 —14.39 14.85
25E 46.40 30.58 —46.40 —15.81 14.77
26E 48.93 31.71 —48.93 —-17.22 14.49
27E 50.55 34.92 —50.55 —15.63 19.29
28E 54.24 34.86 —54.24 —19.38 15.48
29E 53.08 31.61 —53.08 —21.48 10.13
30E 61.16 36.58 —61.16 —24.58 12.00
31E 51.93 30.96 —-51.93 —-20.97 9.99
32E 49.39 35.64 —49.39 —13.75 21.89
33E 49.86 35.28 —49.86 —14.58 20.70
34E 49.86 34.47 —49.86 —15.39 19.08
3SE 50.32 34.81 —-50.32 —15.51 19.30
36E 50.55 36.05 —50.55 —14.50 21.55
37E 50.55 36.25 —50.55 —14.30 21.95
38E 50.55 35.75 —50.55 —14.80 20.95

and AG™°(28) = —19.38 kcal mol™!, AG*°(28) and AG**(1E)
can be obtained using eq 7. The result is that AG™(67) is
—25.63 kcal mol™! and AG™(1E) is 30.44 kcal mol™ in
acetonitrile at 298 K. Using the same method, in this work, the
thermo-kinetic parameter values of 70 organic compounds
containing nitrogen, sulfur, and iron as electron donors
(Scheme 1) and their conjugated cations as electron acceptors
in acetonitrile at 298 K are reported (Table 1) because these
organic compounds not only are commonly used as single-
electron reducing agents or their conjugated cations as single-
electron oxidizing agents in chemical research but also the
second-order rate constants of their related electron transfer
cross-reactions of XE with Y (Y # X) in acetonitrile at 298 K
can be obtained from the previous works in Nelsen’s research
group (see Table 2).>>*’7>? Herein, of course, the authors of
this article should sincerely thank Stephen F. Nelsen and his
co-workers for a lot of basic work of this paper.
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XE X

electron

donor

(XE) AG'XE)® AGH(XE) AG'X)* AG™(X) AGH(XE/X)?
39E 50.55 34.30 —-50.55 —16.24 18.06
40E 50.55 36.11 -50.55 —14.44 21.67
41E 50.78 35.26 —-50.78 —15.52 19.74
42E 50.78 34.43 —-50.78 —16.35 18.08
43E 57.70 38.64 —-57.7 —19.08 19.59
44E 60.00 34.87 —60.00 —25.13 9.74
4SE 47.32 32.97 —47.32 —14.35 18.62
46E 47.78 32.38 —47.78 —15.40 16.98
47E 49.16 34.02 —49.16 —15.14 18.88
48E 52.16 34.24 —-52.16 —17.92 16.32
49E 49.16 32.26 —49.16 —-16.91 15.35
SOE 51.47 34.22 —51.47 —17.2§ 16.97
S1E 58.85 32.38 —58.85 —26.47 591
S2E 57.93 33.29 —-57.93 —24.64 8.65
S3E 56.77 30.05 —56.77 —26.73 3.32
S4E 61.73 34.15 —61.73 —27.58 6.57
SSE 69.23 37.58 —69.23 —31.65 5.93
S6E 58.92 32.32 —58.92 —26.60 5.72
S7E 60.53 33.49 —60.53 —27.04 6.45
S8E 60.70 33.48 —60.70 —27.22 6.26
S9E 60.90 33.67 —60.90 —27.23 6.44
60E 61.62 33.82 —61.62 —27.80 6.02
61E 63.46 35.36 —63.46 —28.10 7.26
62E 57.74 32.01 —57.74 —25.73 6.28
63E 61.52 33.97 —61.52 —27.56 6.41
64E 62.84 34.36 —62.84 —28.48 5.88
65SE 62.58 35.28 —62.58 —-27.30 7.98
66E 51.47 27.97 —51.47 —-23.50 4.47
67E 53.64 28.01 —53.64 —25.63 2.38
68E 60.86 33.59 —60.86 —27.26 6.33
69E §7.23 34.40 —-57.23 —22.84 11.56
70E 40.06 27.57 —40.06 —12.48 15.09
H 0.00 0.00 0.00 0.00 0.00

“AG°(XE) = FE_(XE), AG(X) = —FE,4(X), the reference of

E(XE) and E,4(X) is E(H*'°), and herein taking E(H*/®) = —1.902
V vs SCE in acetonitrile. ’AG*(XE/X) = AG**(XE) + AG*(X), and
the unit is kcal mol ™.

TR S T

Aﬁ in CH3CN
at 298 K ( 1 9)
33E 67 33 67E
@ 0? @ ET @ o
Fe  + N—N Fe © + N—N
O3 < > < 20
(20)
1E 28 1 28E

From the third column in Table 1, it is clear that the scale of
thermo-kinetic parameter values of the 70 electron donors
(1E—70E) in acetonitrile at 298 K ranges from 38.46 kcal
mol ™" for 43E to 24.52 kcal mol™" for 8E. According to the
unit and sign of the thermo-kinetic parameter values of
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Table 2. Redox Potentials of XE and Y as well as Second-Order Rate Constants of 70 Electron Transfer Reactions in
Acetonitrile at 298 K, Which Are All Derived from Nelsen’s Publications®*”~>°

XE+Y > X+ YE

no. XE Y E,(XE)* E..(Y)" AG® % AG* ref
1 4E 6 —0.109 0.058 -3.85 1.35 X 10° 9.09 S5
2 6E 2 0.058 0.281 -5.14 6.30 X 10° 8.17 5SS
3 3E 33 0.124 0.260 -3.14 1.60 x 10° 13.08 S5
4 SE 33 0.010 0.260 -5.77 2.60 X 10* 14.15 5SS
S 6E 33 0.058 0.260 —4.66 5.50 x 10! 15.07 5SS
6 8E 33 —0.530 0.260 —18.22 320 x 10° 9.94 S5
7 10E 33 —0.241 0.260 —11.55 1.10 x 10* 11.93 SS
8 9E 33 —0.298 0.260 —12.87 3.10 x 10* 11.32 S5
9 17E 33 0.020 0.260 -5.53 490 x 10* 11.05 5SS
10 24E 33 —0.010 0.260 —6.23 1.10 X 10* 14.66 5§
11 26E 33 0.220 0.260 -0.92 1.70 x 10° 17.13 S5
12 33E 28 0.260 0.450 —4.38 1.35 x 10* 15.90 5§
13 33E 18 0.260 0.290 —0.69 7.70 X 10* 13.51 S5
14 3E 34 0.124 0.260 -3.14 6.20 X 10° 12.27 S5
15 3E 28 0.124 0.450 -7.52 5.30 x 10° 8.28 55
16 1E 28 0.395 0.450 —-1.27 4.80 x 10* 11.06 SS
17 33E 66 0.260 0.330 —1.61 1.43 x 10* 11.78 S5
18 13E 2 0.110 0.281 —-3.94 320 x 10° 9.94 57
19 11E 3 0.080 0.124 —1.01 5.90 x 10* 10.94 57
20 12E 3 —0.100 0.124 -5.17 8.10 X 10° 9.39 57
21 3E 14 0.124 0.260 -3.14 1.31 x 10° 9.10 57
22 35E 18 0.280 0.290 —-0.23 1.70 x 10° 13.04 57
23 36E 18 0.290 0.290 0.00 2.10 X 10* 14.28 57
24 37E 18 0.290 0.290 0.00 1.49 X 10* 14.48 57
25 40E 18 0.290 0.290 0.00 1.90 X 10* 14.34 57
26 70E 26 —0.165 0.220 —8.88 1.60 X 10° 10.35 57
27 33E 67 0.260 0.424 -3.78 520 x 10° 9.65 57
28 32E 67 0.240 0.424 —4.24 2.80 X 10° 10.02 57
29 38E 67 0.290 0.424 -3.09 2.35 X 10° 10.12 57
30 28E 51 0.450 0.650 —4.61 4.40 X 10° 8.39 58
31 28E 52 0.450 0.610 —3.69 1.98 x 10° 10.22 58
32 26E 15 0.220 0.480 —6.00 3.40 x 10° 9.90 58
33 25E 2 0.110 0.281 -3.94 1.30 x 10° 9.11 58
34 33E 29 0.260 0.400 -3.23 4.70 X 10* 13.80 58
35 27E 15 0.290 0.480 —4.38 1.50 x 10° 13.11 58
36 39E 66 0.290 0.330 —-0.92 7.40 x 10* 10.81 58
37 46E 18 0.170 0.290 -2.77 1.02 X 10° 10.62 58
38 48E 67 0.360 0.424 —1.48 3.00 x 10° 8.61 58
39 47E 18 0.230 0.290 —1.38 6.40 X 10° 12.26 58
40 41E 67 0.300 0.424 —2.86 5.40 x 10° 9.63 58
41 42E 66 0.300 0.330 —0.69 6.00 x 10* 10.93 58
42 49E 15 0.230 0.480 -5.77 1.35 X 10° 10.45 58
43 SOE 15 0.330 0.480 —3.46 4.90 x 10° 12.41 58
44 7E 15 0.150 0.480 —7.61 9.40 x 10* 10.66 59
45 43E 68 0.600 0.737 —3.16 2.80 x 10* 11.38 59
46 23E 14 0.030 0.260 -5.30 1.80 x 10° 10.28 59
47 16E 18 0.185 0.290 —2.42 520 X 10° 8.29 59
48 19E 28 0.350 0.450 —-2.31 1.19 x 10° 9.16 59
49 28E 20 0.450 0.490 -0.92 3.10 x 10° 9.96 59
50 34E 21 0.260 0.510 —-5.77 1.86 x 10° 10.26 59
51 69E 52 0.580 0.610 —0.69 4.30 x 10° 9.76 59
52 34E 53 0.260 0.560 —6.92 1.30 X 107 7.74 59
S3 33E 30 0.260 0.750 —11.30 8.80 x 10* 10.70 59
54 43E 30 0.600 0.750 —3.46 3.00 x 10? 14.07 59
5SS 4SE 28 0.150 0.450 —6.92 6.70 X 10* 13.59 59
56 31E 28 0.350 0.450 -2.31 2.00 x 10* 11.58 59
57 43E SS 0.600 1.100 —11.53 4.60 X 107 7.00 59
S8 33E 22 0.260 0.456 —4.52 2.30 X 10° 10.13 59
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Table 2. continued

XE+Y - X+ YE

no. XE Y E,(XE)" E..(Y)"
59 33E 54 0.260 0.775
60 44E 54 0.700 0.775
61 43E 61 0.600 0.850
62 43E 58 0.600 0.730
63 43E 60 0.600 0.770
64 43E 64 0.600 0.823
65 43E 63 0.600 0.766
66 43E 65 0.600 0.812
67 37E 59 0.290 0.739
68 37E 56 0.290 0.653
69 37E 57 0.290 0.723
70 43E 62 0.600 0.602

AG* k, AG* ref
—11.88 1.40 x 107 7.70 59
-1.73 2.80 X 107 7.29 59
-5.77 1.15 X 10° 10.54 59
—3.00 2.60 x 10* 11.42 59
-3.92 6.90 x 10* 10.85 59
—5.14 2.20 x 10° 10.16 59
—3.83 4.60 x 10* 11.09 59
—4.89 3.00 x 10* 11.34 59
—10.35 1.50 X 10° 9.02 59
—8.37 520 x 10° 9.65 59
-9.98 1.10 X 10° 9.21 59
—-0.05 2.10 X 10° 12.92 59

“Eox(XE) is the oxidation potential of XE, and the unit is V vs SCE in acetonitrile. bE 4(Y) is reduction potential of Y, and the unit is V vs SCE in
acetonitrile. “°AG® = —23.06 X [E,4(Y) — E(XE)] (kcal mol™). 4AG* = —0.592 x (Ink, — 29.45) (kcal mol™).

electron donors, the thermo-kinetic parameter of the electron
donor AG™(XE) has at least three characterizations: (i) The
nature of the thermo-kinetic parameter of electron donors is a
type of energy of electron donors because the unit of the
parameter is kcal mol™". (ii) The thermo-kinetic parameter
values of electron donors are always positive, which means that
electron donors in electron transfer reactions require free
energy to release electrons. (iii) The more positive the thermo-
kinetic parameter value of electron donors, the smaller the
electron-releasing activity of the electron donors. The reason is
that the more positive the thermo-kinetic parameter value of
electron donors, the larger the activation free energy of the
electron transfer reactions. Among the 70 electron donors in
Scheme 1, the electron-releasing activity of 43E is the smallest,
but the electron-releasing activity of 8E is the greatest.

The fifth column in Table 1 shows that the scale of the
thermo-kinetic parameter values of the 70 electron acceptors
(X) in acetonitrile at 298 K ranges from —7.12 kcal mol ™ for 8
to —31.65 kcal mol ™" for 55. According to the unit and sign of
the thermo-kinetic parameter value of the electron acceptor,
the thermo-kinetic parameter of the electron acceptor
AG?%(X) also has three characterizations: (i) The nature of
the thermo-kinetic parameter of electron acceptors is a type of
energy of electron acceptors because the unit of the parameter
is kcal mol ™. (ii) Thermo-kinetic parameter values of electron
acceptors are all negative, which means that electron acceptors
in electron transfer reactions always release free energy to get
electrons. (iii) The more negative the thermo-kinetic
parameter value of electron acceptors, the larger the
electron-accepting activity of the electron acceptors because
the more negative the thermo-kinetic parameter value of
electron acceptors, the smaller the activation free energy of the
reactions. Evidently, among the 70 electron acceptors in Table
1, the electron-accepting activity of 8 is the smallest, but the
electron-accepting activity of S5 is the greatest.

Since the thermo-kinetic parameter values of the 70 electron
donors (1IE—70E) and the thermo-kinetic parameter values of
the 70 electron acceptors (1—70) in acetonitrile at 298 K have
been determined, the activation free energies and the
corresponding second-order rate constants of 4900 electron
transfer reactions in acetonitrile at 298 K can be estimated
according to the thermo-kinetic parameter values of the 70
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electron acceptors and the 70 electron acceptors using eq 7
and Eyring equation. The detailed results are provided in Table
S1. From Table S1, it is clear that the activation free energies
(or the corresponding second-order rate constants) of the
4900 electron transfer reactions in acetonitrile at 298 K range
from 31.34 kcal mol™ (or 6.59 x 107! M™' s7') for the
reaction of 43E with 8 to —7.13 kcal mol™! (or 1.04 x 10"
M™' s7") for the reaction of 8E with 55. In general, if the
activation free energy (or the second-order rate constant) of a
chemical reaction is larger than 25.64 kcal mol™" (or smaller
than 1 X 107 M™! s7!), the chemical reaction is considered
not to proceed. If the activation free energy (or the second-
order rate constant) of a chemical reaction is less than 3.81
kcal mol™ (or larger than 1 X 10'® M~ s7!), the chemical
reaction is considered to be diffusion controlled. If the
activation free energy (or the second-order rate constant) of a
chemical reaction is smaller than 25.64 kcal mol™" (or larger
than 1 X 107 M™' s™") but larger than 20.18 kcal mol™" (or
smaller than 1 X 107> M~! s7!), the chemical reaction is called
as a slow chemical reaction. If the activation free energy (or the
second-order rate constant) of a chemical reaction is smaller
than 20.18 kcal mol™" (or larger than 1 X 107> M~ s7') but
larger than 13.36 kcal mol™" (or smaller than 1 X 10° M ™' s71),
the chemical reaction is called as a general-rate reaction. If the
activation free energy (or the second-order rate constant) of a
chemical reaction is smaller than 13.36 kcal mol™" (or larger
than 1 X 10° M™' s7') but larger than 9.26 kcal mol™" (or
smaller than 1 X 10° M™! s7}), the chemical reaction is called
as a fast reaction. If the activation free energy (or the second-
order rate constant) of a chemical reaction is smaller than 9.26
kcal mol™ (or larger than 1 X 10° M~ s7') but larger than
3.81 kcal mol™ (or smaller than 1 X 10 M™' s7!), the
chemical reaction is called as an ultrafast chemical reaction. If
the activation free energy of a chemical reaction is negative, a
charge-transfer complex (CT complex) as a reaction
intermediate is formed in the course of the electron transfer
process because the formation free energy of the CT complex
can make the activation free energy of the ET reaction become
negative. In fact, it has been extensively reported that chemical
reactions, especially fast ET reactions, have negative activation
free energy.(’o_91 Since the activation free energy of ET
reaction controlled by diffusion in acetonitrile is 3.81 kcal/mol,
if the activation free energy in Table S1 is smaller than 3.81
kcal mol™?, the CT complex as a reaction intermediate can be
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Table 3. Comparison of the Predicted Values with the Experimental Values on the Activation Free Energies (kcal mol™") of 65
Electron Transfer Reactions in Acetonitrile at 298 K

no. XE/Y AG™(XE) AG(Y) AG7(pred) AG”(exp) ref AAG”
1 1E/15 30.44 —21.81 8.63 8.52 58 0.11
2 SE/26 28.73 —-17.22 11.51 11.27 55 0.24
3 SE/28 28.73 —19.38 9.35 9.37 55 —0.02
4 6E/14 29.65 —18.56 11.09 11.09 57 0.01
S 6E/28 29.65 —19.38 10.27 10.16 5§ 0.11
6 6E/34 29.65 —15.39 14.26 14.18 SS 0.09
7 7E/18 3247 —21.77 10.70 10.39 59 0.31
8 7E/29 32.47 —21.48 10.99 10.95 59 0.04
9 9E/34 259 —-15.39 10.51 10.51 55 0.00
10 10E/12 26.51 —-13.11 13.41 13.28 57 0.13
11 10E/34 26.51 —15.39 11.13 11.23 SS -0.10
12 12E/4 28.45 —16.71 11.73 11.79 57 —0.06
13 18E/28 28.78 —19.38 9.40 9.28 57 0.13
14 23E/26 28.84 —-17.22 11.61 11.30 59 0.31
15 24E/14 29.24 —18.56 10.68 10.62 57 0.07
16 24E/34 29.24 —-15.39 13.85 13.50 S5 0.35
17 25E/18 30.58 —-21.77 8.82 8.52 58 0.29
18 26E/18 31.71 —-21.77 9.94 9.75 55 0.19
19 26E/28 31.71 —19.38 12.33 12.56 5§ —-0.23
20 26E/29 31.71 —21.48 10.23 10.16 58 0.07
21 26E/34 31.71 —15.39 16.32 16.44 55 —0.11
22 27E/1 34.92 —22.53 12.39 12.61 58 —-0.22
23 28E/15 34.86 —21.81 13.05 12.74 58 0.31
24 29E/15 31.61 —-21.81 9.80 9.76 58 0.04
25 29E/28 31.61 —19.38 12.23 12.10 58 0.13
26 31E/15 30.96 —21.81 9.15 9.02 59 0.13
27 33E/15 35.28 —21.81 13.47 13.34 58 0.13
28 33E/19 35.28 —23.39 11.89 12.12 59 —-0.23
29 33E/20 35.28 —-24.9 10.38 10.57 59 -0.19
30 33E/21 35.28 —24.21 11.07 11.10 59 —-0.03
31 33E/34 35.28 —15.39 19.89 20.08 55 —0.19
32 33E/51 35.28 —26.47 8.81 8.98 58 -0.18
33 33E/56 35.28 —26.6 8.68 8.77 59 —0.09
34 34E/15 34.47 —21.81 12.66 12.84 58 -0.17
35 34E/19 3447 —23.39 11.08 11.07 59 0.00
36 34E/20 34.47 —24.9 9.57 9.43 59 0.13
37 34E/22 34.47 —25.14 9.33 9.37 59 —0.05
38 34E/28 34.47 —19.38 15.09 15.29 55 —0.20
39 34E/29 34.47 —21.48 12.99 13.33 58 —0.34
40 34E/51 34.47 —26.47 8.00 8.37 59 —-0.37
41 34E/52 34.47 —24.64 9.83 9.56 58 0.28
42 36E/66 36.05 -23.5 12.55 12.46 57 0.08
43 36E/67 36.05 —25.63 10.42 10.60 57 —0.18
44 37E/54 36.25 —27.58 8.67 8.81 59 —0.14
45 37E/60 36.25 —-27.8 8.45 8.49 59 —0.03
46 37E/61 36.25 —28.1 8.15 8.40 59 —0.25
47 37E/63 36.25 —27.56 8.69 8.70 59 —0.01
48 37E/66 36.25 -23.5 12.75 12.43 57 0.33
49 37E/67 36.25 —25.63 10.62 10.58 57 0.04
S0 38E/18 35.78 —21.77 13.98 13.73 57 0.25
S1 38E/66 35.78 —-23.5 12.25 11.87 57 0.38
52 40E/54 36.11 —27.58 8.53 8.41 59 0.12
53 40E/60 36.11 -27.8 8.31 7.95 59 0.36
54 40E/66 36.11 -23.5 12.61 12.30 57 0.31
5§ 41E/18 35.26 —-21.77 13.49 13.76 59 —-0.28
56 43E/54 38.64 —27.58 11.07 11.11 59 —0.05
57 43E/56 38.64 —26.6 12.04 12.30 59 —0.26
58 43E/57 38.64 —27.04 11.60 11.68 59 —0.08
59 43E/59 38.64 —-27.23 11.42 11.32 59 0.09
60 49E/18 32.26 —-21.77 10.49 10.39 59 0.10
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Table 3. continued

no. XE/Y AG™(XE) AG™(Y)
61 49E/29 3226 —21.48
62 SO0E/21 34.22 —24.21
63 66E/28 27.97 —19.38
66 67E/28 28.01 —19.38
65 70E/4 27.57 —16.71

formed in the course of the electron transfer process. From
these criteria, we can know the type to which each electron
transfer reaction listed in Table S1 belongs. In laboratories, for
the slow and general-rate chemical reactions, the second-order
rate constants can be determined using the conventional UV—
vis spectroscopy technique; for the fast chemical reactions, the
second-order rate constant can be determined using the
stopped-flow technique; but for ultrafast chemical reactions,
the second-order rate constant is only indirectly determined
using the laser flashing photolysis technique. Because the
electron transfer reactions listed in Table S1 are generally the
common and important electron transfer reactions and
extensively applied in chemical industries and chemical
laboratories, obviously, the data in Table S1 should be very
useful for the synthetic chemists, material chemists, energy
chemists, etc., who are engaged in research and use of these
electron transfer reactions.

eq7

In this work, we have predicted the activation free energies and
second-order rate constants of 4900 electron transfer reactions
based on the thermo-kinetic parameters of 70 electron donors
and 70 acceptors using eq 7 (Table S1). To verify the
predicted values shown in Table S1, the activation free energy
values of 65 electron transfer reactions in Table S1 can be
examined because their second-order rate constants can be
measured. Table 3 summarizes the predicted AG” values of 65
electron transfer reactions using eq 7 and the corresponding
independent experimental results in acetonitrile at 298 K. By
comparing the measured AG”(exp) values with the predicted
AG?(pred) values using eq 7, it is found that the difference
between the measured values and the corresponding predicted
values for the 65 electron transfer reactions is smaller than 0.38
kcal mol™". The deviation of 0.38 kcal mol™" is acceptable to
the prediction of the activation free energies of electron
transfer reactions according to the thermo-kinetic parameters
of electron donors and electron acceptors because the span of
the activation free energy change for the 65 reactions is as high
as 12.13 kcal mol ™!, and the deviation of 0.38 kcal mol ™! is less
than 4% relative to the span of activation free energy change
(12.13 kecal mol™') of the 65 electron transfer reactions. In
addition, when the measured values are plotted against the
corresponding predicted values (Figure 1), it is found that the
correlation coefficient (r) is 0.99137 and the slope is 1.00517.
In general, if the correlation coefficient of the predicted values
with the measured values is greater than two nines (0.99) and
the slope is close to 1, the predicted values can be considered
to agree well with the corresponding measured values. Clearly,
Figure 1 indicates that eq 7 is reliable also to predict the
activation free energies of electron transfer reactions.
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AG7(pred) AG”(exp) ref AAG?
10.78 10.43 59 0.35
10.01 10.16 59 —-0.15

8.59 8.26 57 0.33
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Figure 1. Plot of the experimental values with the corresponding
predicted values for the activation free energies of 65 electron transfer
reactions.

Since the thermo-kinetic parameter of electron donors and
electron acceptors is a new characteristic energetic parameters
of electron donors and electron acceptors and are all composed
of one thermodynamic parameter and one kinetic parameter,
the physical meaning of the thermo-kinetic parameter needs
clarifying. For an electron self-exchange reaction (XE + X— X
+XE), eq 21 can be obtained from eq 7. In eq 21, AG*(XE/X)
is the activation free energy of the electron self-exchange
reaction (XE + X— X + XE). Since AG”(XE/X) is consisted
of AG*™(XE) and AG™(X), the physical meaning of
AG?*(XE) and AG™(X) can be showed in Scheme 2. From

Scheme 2. Physical Meaning of AG**(XE) and AG™°(X) as
well as AG*(XE) and AG’(X)

AG°(XE)
free energy change of XE from IS to FS

AG*(XE)
free energy change of XE from IS to FS

'

[X...E..X]*

XE+X X+ XE

free energy change of X from IS to TS
AG*(X)

free energy change of X from IS to FS
AG°(X)
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Scheme 2, it is clear that the physical meaning of AG™(XE) is
the free energy change of XE going from the initial state to the
transition state in the electron self-exchange reaction and the
physical meaning of AG*(X) is the free energy change of X
from the initial state to the transition state in the electron self-
exchange reaction. Since the transition of XE from the initial
state to the transition state is a process of increasing free
energy of XE, but the transition of X from the initial state to
the transition state is a process of decreasing free energy of X,
so the value of AG*(XE) is always positive, but the value of
AG?(X) is always negative.

AG*(XE/X) = AG™°(XE) + AG™(X) (21)

As is well-known, in an electron transfer reaction, the actual
electron-donating ability of the electron donor (XE) and the
actual electron-gaining ability of the electron acceptor (X) are
dependent not only on the thermodynamic driving force of the
electron donor (XE) to donate electrons and the thermody-
namic driving force of the electron acceptor (X) to gain
electrons but also on the intrinsic barrier of the electron donor
to donate electrons and the intrinsic barrier of the electron
acceptor to accept electrons. The thermodynamic driving force
of the electron donor (XE) to donate electrons and the
electron acceptor (X) to gain electrons can be quantitatively
described by the oxidation potential of the electron donor and
the reduction potential of the electron acceptor, respectively.
However, the intrinsic barrier of the electron donor to donate
electrons and the intrinsic barrier of the electron acceptor to
accept electrons cannot be quantitatively described by a
characteristic parameter of the electron donor and electron
acceptor till now. To find a characteristic parameter of the
electron donor and electron acceptor to quantitatively measure
the intrinsic barrier of the electron donor to donate electrons
and the electron acceptor to accept electrons, the activation
free energy of the electron self-exchange reaction (XE + X — X
+ XE) is examined. For an electron self-exchange reaction (XE
+ X — X + XE), since the electron acceptor (X) and the
electron donor (XE) have a conjugated relation with each
other, the activation free energy of electron self-exchange
reactions is a characteristic parameter of electron donors and
electron acceptors. In addition, because the thermodynamic
driving force of electron self-exchange reactions is zero, the
activation free energy of electron self-exchange reactions is just
the intrinsic barrier of the electron donor to donate electrons
and the electron acceptor to gain electrons in electron transfer
reactions. In other words, the intrinsic barrier of the electron
donor to donate electrons and the electron acceptor to accept
electrons can be quantitatively described by the activation free
energy of electron self-exchange reactions. The larger the
activation energy of the reactant electron self-exchange
reaction, the larger the intrinsic barrier of electron donors
and electron acceptors.

From the last column in Table 1, it is clear that the intrinsic
barrier of the 70 electron donors (1E—70E) or the 70 electron
donors (1—70) in acetonitrile at 298 K ranges from 2.38 kcal
mol™" for 67E to 21.95 kcal mol™" for 37E. Among the 70
electron donors in Scheme 1, the intrinsic barrier of 67E is the
smallest, but the intrinsic barrier of 37E is the greatest. Due to
the small intrinsic barrier (2.38 kcal mol™), 67E and its
analogues should be the best organic electrode material. In
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fact, many chemists engaged in battery chemistry and
application research are developing 67E and its analogues as
a new material for battery electrodes. When the relationship of
the intrinsic barrier of the electron donor with its structure is
examined, it is found that (1) the intrinsic barrier of an
electron donor with a planar structure is generally much
smaller than that of an electron donor with a three-dimensional
structure. (2) The intrinsic barrier of aromatic electron donors
is generally much smaller than that of nonaromatic electron
donors. The main reason may be that the electron donors and
electron acceptors with planar or aromatic structures in the
reaction transition state are conducive to the accumulation of
reactants. Since the activation free energy of electron self-
exchange reactions is merely a characteristic energetic
parameter of electron donors and electron acceptors to
quantitatively describe their intrinsic barriers in electron
transfer reactions, the activation free energy of electron self-
exchange reactions should be a very important parameter of
electron donors and electron acceptors and has a wide range of
applications.

AG°(XE) is a thermodynamic parameter of electron donors,
and the value can quantitatively describe the electron-donating
ability of electron donors. AG?°(XE) is a kinetic parameter of
electron donors, and the value can quantitatively describe the
electron-donating activity of electron donors. What is the
relationship between them? According to the definition
equation of AG™(XE) (eq 10), it is clear that AG**(XE) is
jointly determined by the two terms AG”(XE/X) and
AG(XE), and AG*(XE/X) can change with XE change,
which means that the increase of AGY(XE) does not
necessarily mean the increase of AG?°(XE). For example,
AG°(67E) (53.64 kcal mol™') is greater than AG°(13E)
(46.40 kcal mol™') but AG™(67E) (28.01 kcal mol™') is
smaller than AG*°(13E) (31.42 kcal mol™') (Table 1), the
reason is that AG*(67E/67) (2.36 kcal mol™") is much smaller
than AG*(13E/13) (16.44 kcal mol™'), which makes
AG™(67E) (28.01 kcal mol™') become smaller than
AG™(13E) (31.42 kcal mol™). Figure 2 shows the depend-

40 -
38—-
36—-
34-.
32- .
30-.

[
28 [ |

AG™(XE) (kcal mol™)
[ ]

26 1 ]

24

30 35 40 45 50 55 60 65 70
AG°(XE) (kcal mol™)

Figure 2. Relationship of thermo-kinetic parameters of electron
donors (XE) with the molar free energy change of XE to release
electrons in acetonitrile at 298 K.
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ence of AG™(XE) on AG°(XE) for the 70 XE in Table 1.
From Figure 2, it is clear that the 70 points in the figure are
relatively scattered, which means that there is no linear
relationship between AG?(XE) and AG°(XE) for the 70
electron donors. Although AG™(XE) has no linear relation-
ship with AG’(XE) for electron donors, the general trend of
AG™(XE) change with AG°(XE) change for the 70 electron
donors is that AG™(XE) increases with the increase of
AG°(XE), which means that for the 70 electron donors, the
contribution of AG’(XE) to AG*°(XE) is much greater than
the contribution of AG*(XE/X) to AG™(XE).

The relationship of AG™(X) with AG°(X) for electron
acceptors is somewhat similar to the relationship of AG**(XE)
with AG°(XE) for electron donors. But there are two major
differences between them: (1) The dispersion degree of the
relationship points of AG™(X) with AG'(X) for the 70
electron acceptors (Figure 3) is much smaller than the
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Figure 3. Relationship of thermo-kinetic parameters of electron
acceptors (X) with the molar free energy change of X to accept
electrons in acetonitrile at 298 K.

dispersion degree of the relationship points of AG**(XE) with
AG°(XE) for the 70 electron donors (Figure 2). (2) In
absolute value, the difference between AG™°(X) and AG(X)
is always greater than the difference between AG*™(XE) and
AG°(XE), that is, AG™(X) in absolute value is always less
than AG°(XE). The main reason for the two differences is that
from the initial state to the transition state, the free energy
change of the electron donors is always greater than the free
energy change of the corresponding electron acceptors.

It is well-known that the relationship between the activation
free energy and the thermodynamic driving force for electron
transfer reactions has been a subject of debate. Marcus”®*’
believed that the relationship of activation free energy with the
thermodynamic driving force for electron transfer reactions is
of parabolic line; that is, the dependence of the activation free
energy on the thermodynamic driving force can be divided into
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two stages: (1) When the thermodynamic driving force of
electron transfer reactions is less than a constant (4,
reorganization energy of electron transfer reactions), the
activation free energy of electron transfer reactions decreases
with the increase of the thermodynamic driving force; (2)
When the thermodynamic driving force of electron transfer
reactions is greater than a constant (4, reorganization energy of
electron transfer reactions), the activation free energy of the
electron transfer reaction increases as the thermodynamic
driving force of the reaction becomes larger (i.e, inverted
region). However, Rehm—Weller’s view on the relationship of
activation free energy with the thermodynamic driving force
for electron transfer reactions> is different from Marcus’ view.
They believe that the relationship of activation free energy with
the thermodynamic driving force for electron transfer reactions
is a linear relationship rather than a parabolic relationship. In
fact, both views are incorrect.”” ™ To elucidate the real
relationships of activation free energy with the thermodynamic
driving force for electron transfer reactions, the dependence of
activation free energy on the corresponding thermodynamic
driving force for the 70 electron transfer reactions listed in
Table 2 is examined (see Figure 4).
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Figure 4. Relationship between activation free energy AG*(XE/Y)
and thermodynamic driving force AG’(XE/Y) for the 70 electron
transfer reactions in acetonitrile at 298 K listed in Table 2.

From Figure 4, it is clear that the distribution of these 70
relationship points is neither linear nor parabolic but is
sporadic. Of course, if some special relationship points among
the 70 relationship points would be chosen intentionally to
examine the dependence of AG7 on AG, various linear and
nonlinear observed relationships between AG” and AG® can
be found, which indicates that the relationship between AG*
and AG® is uncertainty. The reason is that AG” of a chemical
reaction is not only determined by the thermodynamic driving
force of the chemical reactions but also determined by the
resistant force (i.e., intrinsic barrier), and the intrinsic barrier is
also changed with the change of reactants. According to eq S, it
is clear that if the intrinsic barriers of the reactions are the same
or close to each other, that is, if the intrinsic barriers of the
reactions remain the same, the change of AG” with the change
of AG® is linear, and the slope of the straight line is 0.5. The
points on Line 1 in Figure 4 have linear relationship between
their AG” and AG? and the slope of the line is 0.5, so the
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Figure S. Symmetry and unification of kinetic equations with the corresponding thermodynamic equations for chemical reactions.

intrinsic barrier of the reactions are the same or close to each
other. It should be noted here that if the slope of the straight
line (such as the lines 2, 3, and 4) is not equal to 0.5, the
intrinsic barrier of the reactions on the same line are not the
same. In other words, the intrinsic barrier of reactions is
change as the change of the reactants. In detail, if the slope is
smaller than 0.5 (such as lines 3 and 4 in Figure 4), the
intrinsic barrier of the reactions will increase linearly with the
increase of the corresponding AG’. If the slope is larger than
0.5 (such as line 2 in Figure 4), the intrinsic barrier of the
reactions will decrease linearly with the increase of the
corresponding AG’. If the dependence line of AG” on the
corresponding AG® for some reactions is parabolic (such as
lines S and 6 in Figure 4), the increase or decrease of the
intrinsic barrier for the reactions with the increase of the
corresponding AG’ is nonlinear.

Chemical thermodynamics and chemical kinetics are two
different disciplines to study chemical reactions. Chemical
thermodynamics is mainly to study the equilibrium constant of
a chemical reaction, ie, to study the energetic difference
between the initial state and the final state of a chemical
reaction. The main purpose is to establish the quantitative
relationship between the equilibrium constant and free energy
change of a chemical reaction, as well as the quantitative
relationship between the free energy change of a chemical
reaction and the characteristic parameters of each reactant.
Chemical kinetics is mainly to study the rate constants of a
chemical reaction, ie., to study the difference of free energy
between the initial state and the transition state of a chemical
reaction. The main purpose is to establish the quantitative
relationship between the rate constants and the activation free
energy, as well as the quantitative relationship between the
activation free energy and characteristic parameters of each
reactant.

For the thermodynamics of a chemical reaction, as the
thermodynamic theory has matured after more than 100 years
of development, the quantitative relationship between the
equilibrium constants and the thermodynamic driving force
(i.e., free energy change) of a chemical reaction as well as the
quantitative relationship between the free energy change of a
chemical reaction and the thermodynamic characteristic
parameters of the reactants have been established. The
equilibrium constant (K) and the thermodynamic driving
force (AG®) of a chemical reaction can be directly calculated
using the corresponding thermodynamic characteristic param-
eters of the reactants, such as bond dissociation free energy
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(BDEE), redox potential (E;;) according to the related
thermodynamic equations shown in Figure 5. However, for
kinetics of a chemical reaction, due to much more factors
affecting the rate constant than that affecting the equilibrium
constant, the development of chemical kinetic theory has not
matured till now. Although the quantitative relationship
between the rate constant and the activation free energy of a
chemical reactant has been established, no quantitative
relationship between the activation free energy and the kinetic
characteristic parameters of reactants can be found. The main
reason is that no kinetic characteristic parameters of reactants
can be used to quantitatively describe the activity of the
reactant. In this work and our previous work,*' ™" we have
proposed a characteristic activity parameter of reactants named
as the thermo-kinetic parameter of reactants according to the
thermodynamic characteristic parameter of reactants and the
activation free energy of the corresponding self-reaction of the
reactants to quantitatively describe the activity of the reactant.
Since the thermo-kinetic parameter of reactants enables the
activation free energy of reactions like the equilibrium constant
of reactions to be calculated based on only one characteristic
parameter of the reactants, the thermo-kinetic parameter of
reactants makes the kinetic equations of a chemical reaction
and the corresponding thermodynamic equations show
symmetry and unification (Figure $).

In this work, the definition formulae of the thermo-kinetic
parameters of reductants and oxidants were made according to
the redox potentials of the reductants and oxidants and the
activation free energy of the corresponding self-reactions of
reactants. The thermo-kinetic parameter values of 70 well-
known electron donors and the corresponding 70 conjugated
electron acceptors in acetonitrile at 298 K are determined
according to the reported Nelsen’s work. The activation free
energies of 4900 typical electron transfer reactions in
acetonitrile are estimated according to the thermo-kinetic
parameter values of 70 electron donors and 70 conjugated
electron acceptors. After the reliabilities of the predicted
results, the physical meaning of the thermo-kinetic parameter
of reductants and oxidants, and the relationships of the
thermo-kinetic parameter of reductants and oxidants with their
redox potentials as well as the relationships of the activation
free energy of the 70 electron transfer reactions with their
thermodynamic driving forces were examined, the following
conclusions can be made.

(1) The thermo-kinetic parameters of electron donors and

electron acceptors can be used to quantitatively describe
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the electron-donating activity of electron donors and the
electron-accepting activity of electron acceptors in the
electron transfer reaction.

(2) The thermo-kinetic parameter of electron donors is
always positive. The more positive the thermo-kinetic
parameter value, the lower the electron-donating activity
of the electron donor. The physical meaning of the
thermo-kinetic parameter of electron donors is the free
energy change of electron donors going from the initial
state to the transition state in the electron self-exchange
reaction, i.e., the free energy that the electron donor
absorbs when the reaction proceeds from the initial state
to the transition state.

(3) The thermo-kinetic parameter of electron acceptors is
always negative. The more negative the value of the
thermo-kinetic parameter, the higher the activity of the
electron acceptor. The physical meaning of the thermo-
kinetic parameter of the electron acceptor is the free
energy change of the electron acceptor going from the
initial state to the transition state in the electron self-
exchange reaction, i.e., the free energy that the electron
acceptor releases when the reaction proceeds from the

initial state to the transition state.

(4) The thermo-kinetic parameter value of the electron
donor is always greater than half of the electron
dissociation energy. There is no linear free energy
change relationship between the thermo-kinetic param-
eter of electron donors and their electron dissociation
energies. However, if the activation energy of the
electron self-exchange reaction remains the same or
changes very little when the electron donor is changed,
the change between the thermo-kinetic parameters of
the electron donors and their electron dissociation

energy has a linear free energy relationship.

(5) The relationship of the thermo-kinetic parameters of
electron donors with their electron affinities is similar to
that of the thermo-kinetic parameters of electron donors
with their electron dissociation energies, but the absolute
value of the thermo-kinetic parameter is always less than
rather than greater than half of the absolute value of the

electron affinity of the electron acceptor.

(6) For electron transfer reactions, when the electron donor
and electron acceptor are changed, there is no fixed
relationship between the change in the activation energy
of the electron transfer reactions and the change in the
thermodynamic driving forces of the electron transfer
reactions because the activation free energy value of the
electron transfer reactions is not only dependent on the
thermodynamic driving forces of the electron transfer
reactions but also dependent on the intrinsic barrier of
the electron transfer reactions.

The greatest contribution of this paper is to realize the
symmetry and unification of kinetic equations and the
corresponding thermodynamic equations of electron transfer
reactions.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00001.
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Prediction values for the activation free energies of 6900
electron transfer reactions in acetonitrile at 298 K
(Table S1) (PDF)

Xiao-Qing Zhu — The State Key Laboratory of Elemento-
Organic Chemistry, College of Chemistry, Nankai University,
Tianjin 300071, China; ® orcid.org/0000-0003-2785-
640X; Email: xqzhu@nankai.edu.cn

Jin-Ye Zhang — The State Key Laboratory of Elemento-
Organic Chemistry, College of Chemistry, Nankai University,
Tianjin 300071, China; ® orcid.org/0000-0002-6028-
2471

Li-Li Wang — The State Key Laboratory of Elemento-Organic
Chemistry, College of Chemistry, Nankai University, Tianjin
300071, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphyschemau.3¢00001

The authors declare no competing financial interest.

Financial support from the National Natural Science
Foundation of China (Grant Nos. 21672111, 21602116,
21472099, 21390400, and 21102074) and the 111 Project
(B0600S) is gratefully acknowledged.

Dedicated to the 60th anniversary of the Institute of Elemento-
Organic Chemistry (Nankai University).

(1) Muench, S.; Wild, A.; Friebe, C.; Haupler, B.; Janoschka, T.;
Schubert, U. S. Polymer-Based Organic Batteries. Chem. Rev. 2016,
116, 9438—9484.

(2) Dardenne, N.; Blase, X.; Hautier, G.; Charlier, J.-C.; Rignanese,
G.-M. Ab Initio Calculations of Open-Cell Voltage in Li-Ion Organic
Radical Batteries. J. Phys. Chem. C 2018, 119, 23373—23378.

(3) Khalifa, H.; Shenashen, M. A.; Reda, A.; Selim, M. M.; Elmarakb,
A,; El-Safty, S. A. Complex Structure Model Mutated Anode/Cathode
Electrodes for Improving Large-Scale Battery Designs. ACS Appl.
Energy Mater. 2020, 3, 9168—9181.

(4) Saal, A; Elbinger, L; Schreyer, K; Fataj, X; Friebe, C;
Schubert, U. S. Structural Improvement of the Blatter Radical for
High-Current Organic Batteries. ACS Appl. Energy Mater. 2022, S,
15019—-15028.

(5) Chen, W.; Wu, X,; Bai, Y.; Sun, P,; Gong, C.; Huang, C.; Pan, X,;
Wy, J.; Pan, X. Impact of PSBpin Content on the Electrochemical
Properties of PTMA-PSBpin Copolymer Cathodes. ACS Appl. Energy
Mater. 2020, 3, 9296—9304.

(6) Ernould, B; Sieuw, L.; Barozzino-Consiglio, G.; Gohy, J.-F.;
Vlad, A. Negative Redox Potential Shift in Fire-Retardant Electrolytes
and Consequences for High-Energy Hybrid Batteries. ACS Appl.
Energy Mater. 2019, 2, 7879—788S.

(7) Schréter, E.; Stolze, C.; Saal, A.; Schreyer, K; Hager, M. D,;
Schubert, U. S. All-Organic Redox Targeting with a Single Redox
Moiety: Combining Organic Radical Batteries and Organic Redox
Flow Batteries. ACS Appl. Mater. Interfaces 2022, 14, 6638—6648.

(8) Liang, C,; Yang, S.; Cai, D.; Liy, J.; Yu, S.; Li, T.; Wang, H.; Liu,
Y,; Nie, H; Yang, Z. Adaptively Reforming Natural Enzyme to

https://doi.org/10.1021/acsphyschemau.3c00001
ACS Phys. Chem Au 2023, 3, 358—373


https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00001?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.3c00001/suppl_file/pg3c00001_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Qing+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2785-640X
https://orcid.org/0000-0003-2785-640X
mailto:xqzhu@nankai.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin-Ye+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6028-2471
https://orcid.org/0000-0002-6028-2471
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li-Li+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00001?ref=pdf
https://doi.org/10.1021/acs.chemrev.6b00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b07886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b07886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c01537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c01537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.2c02559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.2c02559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c01647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c01647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b01339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b01339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c21122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c21122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c21122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c18976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Activate Catalytic Microenvironment for Polysulfide Conversion in
Lithium-Sulfur Batteries. ACS Appl. Mater. Interfaces 2023, 15, 1256—
1264.

(9) Iordache, A.; Delhorbe, V.; Bardet, M.; Dubois, L.; Gutel, T;
Picard, L. Perylene-Based All-Organic Redox Battery with Excellent
Cycling Stability. ACS Appl. Mater. Interfaces 2016, 8, 22762—22767.

(10) Karlsson, C.; Suga, T.; Nishide, H. Quantifying TEMPO Redox
Polymer Charge Transport toward the Organic Radical Battery. ACS
Appl. Mater. Interfaces 2017, 9, 10692—10698.

(11) Hansen, K. A;; Nerkar, J.; Thomas, K; Bottle, S. E.; O'Mullane,
A. P; Talbot, P. C,; Blinco, J. P. New Spin on Organic Radical
Batteries-An Isoindoline Nitroxide-Based High-Voltage Cathode
Material. ACS Appl. Mater. Interfaces 2018, 10, 7982—7988.

(12) Guo, C; He, J.; Wy, X.; Huang, Q.; Wang, Q.; Zhao, X.; Wang,
Q. Facile Fabrication of Honeycomb-like Carbon Network-Encapsu-
lated Fe/Fe(3)C/Fe(3)O(4) with Enhanced Li-Storage Performance.
ACS Appl. Mater. Interfaces 2018, 10, 35994—36001.

(13) Rohan, R;; Hung, M.-K;; Yang, Y.-F,; Hsu, C.-W.; Yeh, C.-K;
Chang, Y.-L,; Lee, J.-T. Enhancement of the High-Rate Performance
of an Organic Radical Thin-Film Battery by Decreasing the Grafting
Density of Polymer Brushes. ACS Appl. Polym. Mater. 2022, 4, 2365—
2372.

(14) Meng, T'; Li, B.; Wang, Q.; Hao, J.; Huang, B.; Gu, F. L.; Xy,
H.; Liu, P,; Tong, Y. Large-Scale Electric-Field Confined Silicon with
Optimized Charge-Transfer Kinetics and Structural Stability for High-
Rate Lithium-Ion Batteries. ACS Nano 2020, 14, 7066—7076.

(15) Cao, L.; Zheng, M.; Wang, J.; Li, S.; Xu, J.; Xiao, R.; Huang, T.
Alloy-Type Lithium Anode Prepared by Laser Microcladding and
Dealloying for Improved Cycling/Rate Performance. ACS Nano 2022,
16, 17220—17228.

(16) Bugnon, L.; Morton, C. J. H,; Novak, P.; Vetter, J.; Nesvadba,
P. Synthesis of Poly(4-methacryloyloxy-TEMPO) via Group-Transfer
Polymerization and Its Evaluation in Organic Radical Battery. Chem.
Mater. 2007, 19, 2910—2914.

(17) Yonekuta, Y.; Susuki, K.; Oyaizu, K; Honda, K; Nishide, aH.
Battery-Inspired, Nonvolatile, and Rewritable Memory Architecture: a
Radical Polymer-Based Organic Device. J. Am. Chem. Soc. 2007, 129,
14128—14129.

(18) Nokami, T.; Matsuo, T.; Inatomi, Y.; Hojo, N.; Tsukagoshi, T.;
Yoshizawa, H.; Shimizu, A.; Kuramoto, H.; Komae, K.; Tsuyama, H,;
Yoshida, J. Polymer-bound pyrene-4,5,9,10-tetraone for fast-charge
and -discharge lithium-ion batteries with high capacity. J. Am. Chem.
Soc. 2012, 134, 19694—19700.

(19) Yoshihara, S.; Isozumi, H.; Kasai, M.; Yonehara, H.; Ando, Y.;
Oyaizu, K.; Nishide, H. Improving Charge/Discharge Properties of
Radical Polymer Electrodes Influenced Strongly by Current
Collector/Carbon Fiber Interface. J. Phys. Chem. B 2010, 114,
8335—8340.

(20) Oyaizu, K.; Kawamoto, T.; Suga, T.; Nishide, H. Synthesis and
Charge Transport Properties of Redox-Active Nitroxide Polyethers
with Large Site Density. Macromolecules 2010, 43, 10382—10389.

(21) London, H. F. Quantenmechanische Deutung Des Vorgangs
Der Aktivierung. Z. Elektrochem. Angew. Phys. Chem. 1929, 35, 552—
SSS.

(22) Eyring, H.; Polanyi, M. Uber einfache Gasreaktionen. Z. Phys.
Chem. B 1931, 12, 279—288.

(23) Sato, S. On a New Method of Drawing the Potential Energy
Surface. J. Chem. Phys. 1955, 23, 592—593.

(24) Johnston, H. S.; Parr, C. Activation Energies from Bond
Energies. Hydrogen Transfer Reactions. J. Am. Chem. Soc. 1963, 8S,
2544-25S51.

(25) Johnston, H. S. Large Tunnelling Corrections in Chemical
Reaction Rates. Adv. Chem. Phys. 1961, 3, 131—170.

(26) Marcus, R. A. On the Theory of Oxidation Reduction
Reactions Involving Electron Transfer. I. J. Chem. Phys. 1956, 24,
966—976.

(27) Marcus, R. A. On the Theory of Electron-Transfer Reactions.
VL. Unified Treatment for Homogeneous and Electrode Reactions. J.

Chem. Phys. 1965, 43, 679—701.

371

(28) Murdoch, J. R. Rate-Equilibria Relationships and Proton-
Transfer Reactions. J. Am. Chem. Soc. 1972, 94, 4410—4418.

(29) Rehm, D.; Weller, A. Kinetics of Fluorescence Quenching by
Electron and H-Atom Transfer. Isr. . Chem. 1970, 8, 259—271.

(30) Agmon, N.; Levine, R. D. Empirical Triatomic Potential Energy
Surfaces Defined over Orthogonal Bond Order Coordinates. J. Chem.
Phys. 1979, 71, 3034—3041.

(31) Bell, R. P. Potential Energy Curves and Bronsted Exponents in
Proton-Transfer Reactions. J. Chem. Soc, Faraday Trans. 2 1976, 72,
2088—-2094.

(32) le Noble, W. J; Miller, A. R; Hamann, S. D. A Simple,
Empirical Function Describing the Reaction Profile, and some
Applications. J. Org. Chem. 1977, 42, 338—342.

(33) Lewis, E. S. Isotope Effects in Hydrogen Atom Transfer
Reactions. Top. Curr. Chem. 1978, 74, 31—44.

(34) Lewis, E. S.; Shen, C. C.; More O’Ferrall, R. A. A Hyperbolic
Modification of Linear Free Energy Relationships. J. Chem. Soc., Perkin
Trans. 2 1981, 1084—1088.

(35) Kurz, J. L. The Relationship of Barrier Shape to “Linear” Free
Energy Slopes and Curvatures. Chem. Phys. Lett. 1978, 57, 243—246.

(36) Thornton, E. R. A Simple Theory for Predicting the Effects of
Substituent Changes on Transition-State Geometry. J. Am. Chem. Soc.
1967, 89, 2915—-2927.

(37) Zavitsas, A. A. Activation Energy Requirements in Hydrogen
Abstractions. Quantitative Description of the Causes in Terms of
Bond Energies and Infrared Frequencies. J. Am. Chem. Soc. 1972, 94,
2779-2789.

(38) Zavitsas, A. A; Melikian, A. A. Hydrogen Abstractions by Free
Radicals. Factors Controlling Reactivity. J. Am. Chem. Soc. 1975, 97,
2757-2763.

(39) Ahrland, S.; Chatt, J.; Davies, N. R; Williams, A. A. The
Relative Affinities of Co-ordinating Atoms for Silver Ion. Part IIL
Nitrogen, Phosphorus, and Arsenic. J. Chem. Soc. 1958, 276—288.

(40) Murdoch, J. R. A Simple Relationship between Empirical
Theories for Predicting Barrier Heights of Electron-, Proton-, Atom-,
and Group-Transfer Reactions. J. Am. Chem. Soc. 1983, 105, 2159—
2164.

(41) Zhu, X.-Q; Deng, F.-H.; Yang, J.-D.; Li, X.-T.; Chen, Q.; Lei,
N.-P.; Meng, F.-K;; Zhao, X.-P,; Han, S.-H.; Hao, E.-J,; Mu, Y.-Y. A
Classical but New Kinetic Equation for Hydride Transfer Reactions.
Org. Biomol. Chem. 2013, 11, 6071—6089.

(42) Yang, J.-D.; Chen, B.-L; Zhu, X.-Q. New Insight into the
Mechanism of NADH Model Oxidation by Metal Ions in Nonalkaline
Media. J. Phys. Chem. B 2018, 122, 6888—6898.

(43) Fu, Y-H,; Shen, G.-B;; Li, Y;; Yuan, L;; Li, J.-L.; Li, L; Fu, A~
K; Chen, J.-T.; Chen, B.-L; Zhu, L.; Zhu, X.-Q. Realization of
Quantitative Estimation for Reaction Rate Constants only Using One
Physical Parameter of Each Reactant. ChemistrySelect 2017, 2, 904—
925.

(44) Fu, Y.-H. Application of Zhu Equation: Prediction of Rate
Constants for Various Hydrogen Atom Transfer Reactions. Ph.D.
Thesis, Nankai University: Tianjin, China, 2018.

(4S) Fu, Y.-H; Shen, G.-B.; Wang, K; Zhu, X.-Q. Comparison of
Thermodynamic, Kinetic Forces for Three NADH Analogues to
Release Hydride Ion or Hydrogen Atom in Acetonitrile. Chemis-
trySelect 2021, 6, 8007—8010.

(46) Fu, Y.-H,; Wang, K; Shen, G.-B; Zhu, X.-Q. Quantitative
Comparison of the Actual Antioxidant Activity of Vitamin C, Vitamin
E, and NADH. J. Phys. Org. Chem. 2022, 35, No. e4358.

(47) Fu, Y.-H; Shen, G.-B.; Wang, K.; Zhu, X.-Q. New Insights into
the Actual H Abstraction Activities of Important Oxygen and
Nitrogen Free Radicals: Thermodynamics and Kinetics in Acetoni-
trile. ACS Omega 2022, 7, 25555—25564.

(48) Fu, Y.-H.; Geng, C.; Shen, G.-B.; Wang, K.; Zhu, X.-Q. Kinetic
Studies of Hantzsch Ester and Dihydrogen Donors Releasing Two
Hydrogen Atoms in Acetonitrile. ACS Omega 2022, 7, 26416—26424.

(49) Li, Y,; Zhu, X.-Q. Theoretical Prediction of Activation Free
Energies of Various Hydride Self-Exchange reactions in Acetonitrile at
298K. ACS Omega 2018, 3, 872—885.

https://doi.org/10.1021/acsphyschemau.3c00001
ACS Phys. Chem Au 2023, 3, 358—373


https://doi.org/10.1021/acsami.2c18976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c18976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b07591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b07591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b00403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b00403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b18252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b18252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b18252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b13331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b13331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.1c01473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.1c01473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.1c01473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c01796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c01796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c01796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c07829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c07829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm063052h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm063052h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja075553p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja075553p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja306663g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja306663g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1019526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1019526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1019526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma1020159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma1020159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma1020159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bbpc.192900025
https://doi.org/10.1002/bbpc.192900025
https://doi.org/10.1063/1.1742043
https://doi.org/10.1063/1.1742043
https://doi.org/10.1021/ja00900a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00900a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01462a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01462a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1742723
https://doi.org/10.1063/1.1742723
https://doi.org/10.1063/1.1696792
https://doi.org/10.1063/1.1696792
https://doi.org/10.1021/ja00768a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00768a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ijch.197000029
https://doi.org/10.1002/ijch.197000029
https://doi.org/10.1063/1.438709
https://doi.org/10.1063/1.438709
https://doi.org/10.1039/F29767202088
https://doi.org/10.1039/F29767202088
https://doi.org/10.1021/jo00422a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00422a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00422a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/p29810001084
https://doi.org/10.1039/p29810001084
https://doi.org/10.1016/0009-2614(78)80443-6
https://doi.org/10.1016/0009-2614(78)80443-6
https://doi.org/10.1021/ja00988a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00988a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00763a041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00763a041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00763a041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00843a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00843a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/jr9580000276
https://doi.org/10.1039/jr9580000276
https://doi.org/10.1039/jr9580000276
https://doi.org/10.1021/ja00346a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00346a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00346a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3ob40831k
https://doi.org/10.1039/c3ob40831k
https://doi.org/10.1021/acs.jpcb.8b03453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b03453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b03453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/slct.201601799
https://doi.org/10.1002/slct.201601799
https://doi.org/10.1002/slct.201601799
https://doi.org/10.1002/slct.202102048
https://doi.org/10.1002/slct.202102048
https://doi.org/10.1002/slct.202102048
https://doi.org/10.1002/poc.4358
https://doi.org/10.1002/poc.4358
https://doi.org/10.1002/poc.4358
https://doi.org/10.1021/acsomega.2c02700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c02700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c02700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c02700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c02264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c02264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c02264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(50) Zhang, J.-Y.; Zhu, X.-Q. Comparison between 1,2-Dihydropyr-
idine and 1,4-Dihydropyridine on Hydride-Donating Ability and
Activity. Molecules 2022, 27, 5382.

(51) Zhang, J.-Y.; Zhu, X.-Q. Comparison of the Hydride-Donating
Ability and Activity of Five- and Six-Membered Benzoheterocyclic
Compounds in Acetonitrile. Molecules 2022, 27, 7252.

(52) Shen, G.-B.; Qian, B.-C,; Fu, Y.-H,; Zhu, X.-Q. Thermody-
namics of the Elementary Steps of Organic Hydride Chemistry
Determined in Acetonitrile and Their Applications. Org. Chem. Front.
2022, 9, 6001—6062.

(53) Shen, G.-B.; Qian, B.-C; Fu, Y.-H.; Zhu, X.-Q. Discovering and
Evaluating the Reducing Abilities of Polar Alkanes and Related Family
Members as Organic Reductants Using Thermodynamics. J. Org.
Chem. 2022, 87, 9357—9374.

(54) Shen, G.-B; Xia, K.; Li, X.-T.; Li, J.-L.; Fu, Y.-H.; Yuan, L.; Zhu,
X.-Q. Prediction of Kinetic Isotope Effects for Various Hydride
Transfer Reactions Using a New Kinetic Model. J. Phys. Chem. A
2016, 120, 1779—1799.

(55) Nelsen, S. F; Ramm, M. T.; Ismagilov, R. F; Nagy, M. A;
Trieber, D. A, II; Powell, D. R.;; Chen, X;; Gengler, J. J; Qu, Q;
Brandt, J. L.; Pladziewicz, J. R. Estimation of Self-Exchange Electron
Transfer Rate Constants for Organic Compounds from Stopped-Flow
Studies. J. Am. Chem. Soc. 1997, 119, 5900—5907.

(56) In this work, we chose H atom as the reference of electron
donors and H" as the reference of electron acceptors: the reason is
that H® is the most simple electron donor and H* is the most simple
electron acceptor. Since neither H® nor H* has a chemical structure,
the intrinsic energy of the electron self-exchange reaction of H* with
H' (H* + H" > H' + H®) should be zero, which means that if H
atom is used as the reference of the electron donors and H" is used as
the reference of the electron acceptor, AG*(H®) = 0, AG™(H") = 0
according to the definition of the thermo-kinetic parameters of
electron donors and electron acceptors.

(57) Nelsen, S. F.; Ismagilov, R. F.; Gentile, K. E;; Nagy, M. A;
Tran, H. Q; Qu, Q; Halfen, D. T.; Odegard, A. L.; Pladziewicz, J. R.
Indirect Determination of Self-Exchange Electron Transfer Rate
Constants. J. Am. Chem. Soc. 1998, 120, 8230—8240.

(58) Nelsen, S. F.; Trieber, D. A, II; Nagy, M. A.; Konradsson, A
Halfen, D. T.; Splan, K. A,; Pladziewicz, J. R. Structural Effects on
Intermolecular Electron Transfer Reactivity. J. Am. Chem. Soc. 2000,
122, 5940—5946.

(59) Nelsen, S. F.; Weaver, M. N; Luo, Y.; Jack, R; Logan, K;
Teresa, L.; Jessica, J. Estimation of Electronic Coupling for
Intermolecular Electron Transfer from Cross-Reaction Data. J. Phys.
Chem. A 2006, 110, 11665—11676.

(60) Zhu, X.-Q.; Zhang, J.-Y.; Cheng, J.-P. Negative Kinetic
Temperature Effect on the Hydride Transfer from NADH Analogue
BNAH to the Radical Cation of N-Benzylphenothiazine in
Acetonitrile. J. Org. Chem. 2006, 71, 7007—7015.

(61) Kiselev, V. D.; Miller, J. G. Experimental Proof That the Diels-
Alder Reaction of Tetracyanoethylene with 9,10-Dimethylanthracene
Passes through Formation of a Complex between the Reactants. J.
Am. Chem. Soc. 1975, 97, 4036—4039.

(62) Braddock, J. N.; Cramer, J. L.; Meyer, T. ]. Application of the
Marcus Theory for Outer Sphere Electron Transfer to Reactions
Involving Mixed Ammine-Pyridine and Polypyridine Complexes of
Ruthenium. J. Am. Chem. Soc. 1975, 97, 1972—1973.

(63) Cramer, J. L.; Meyer, T. J. Organoantimony Compounds. IV.
Preparation, Characterization, and Vibrational Spectra of Trimethy-
land Triphenylantimony Diazides and Diisocyanates. Inorg. Chem.
1974, 13, 1250—1252.

(64) Sutin, N.; Gordon, B. M. Stabilities of Bivalent Metal
Complexes of Some B-Ketoimines. J. Am. Chem. Soc. 1961, 83, 70—
73.

(65) Yoder, J. C.; Roth, J. P.; Gussenhoven, E. M.; Larsen, A. S.;
Mayer, J. M. Electron and Hydrogen-Atom Self-Exchange Reactions
of Iron and Cobalt Coordination Complexes. J. Am. Chem. Soc. 2003,
125, 2629—2640.

372

(66) Mader, E. A; Larsen, A. S.; Mayer, J. M. Hydrogen Atom
Transfer from Iron(II)-Tris[2,2'-bi(tetrahydropyrimidine)] to
TEMPO: A Negative Enthalpy of Activation Predicted by the Marcus
Equation. J. Am. Chem. Soc. 2004, 126, 8066—8067.

(67) Fukuzumi, S.; Endo, Y.; Imahori, H. A Negative Temperature
Dependence of the Electron Self-Exchange Rates of Zinc Porphyrin 7
Radical Cations. J. Am. Chem. Soc. 2002, 124, 10974—10975.

(68) Frank, R; Greiner, G.; Rau, H. Photoinduced Electron Transfer
from Excited [Tris(2,2'-bipyridine)ruthenium(II)]2+ to a Sseries of
Anthraquinones with Small Positive or Negative Gibbs Energy of
Reaction. Marcus Behavior and Negative Activation Enthalpies. Phys.
Chem. Chem. Phys. 1999, 1, 3481—3490.

(69) Fukuzumi, S.; Ohkubo, K. Electron-Transfer Oxidation of
Coenzyme B12 Model Compounds and Facile Cleavage of the
Cobalt(IV)-Carbon Bond via Charge-Transfer Complexes with Bases.
A Negative Temperature Dependence of the Rates. J. Phys. Chem. A
2008, 109, 1105—1113.

(70) Mozurkewich, M.; Lamb, J. J; Benson, S. W. Negative
Activation Energies and Curved Arrhenius Plots. 2. OH + CO. J. Phys.
Chem. A 1984, 88, 6435—6441.

(71) Sharma, D. K. S.; Kebarle, P. Chloronium Ions as Alkylating
Agents in the Gas-Phase Ion-Molecule Reactions with Negative
Temperature Dependence. J. Am. Chem. Soc. 1982, 104, 19—24.

(72) Menon, A.; Sthyamurthy, N. Negative Activation Energy for the
CI(Br)0 + NO — CI(Br) + NO, Reactions. J. Phys. Chem. B 1981,
85, 1021-1023.

(73) Meot-Ner, M,; Field, F. H. Correlation between Exothermicity,
Rate, and Negative Temperature Dependence in Slow Ion-Molecule
Reactions. J. Am. Chem. Soc. 1978, 100, 1356—1359.

(74) Hiatt, R; Benson, S. W. Rate Constants for Radical
Recombination. IV. The Activation Energy for Ethyl Radical
Recombination. J. Am. Chem. Soc. 1972, 94, 6886—6888.

(75) Connor, J.; Roodselaar, A. V.; Fair, R. W,; Strausz, O. P.
Topography of Nucleic Acid Helices in Solutions. Steric Require-
ments for Intercalation. J. Am. Chem. Soc. 1971, 93, 560—562.

(76) Kim, H.-B.; Kitamura, N.; Kawanishi, Y.; Tazuke, S. Bell-
Shaped Temperature Dependence in Quenching of Excited Ru(bpy)-
32+ by Organic Acceptor. J. Am. Chem. Soc. 1987, 109, 2506—2508.

(77) Kitamura, N.; Obata, R.; Kim, H.-B.; Tazuke, S. Back Electron
Transfer to the Excited State in Photoinduced Electron-Transfer
Reactions of Ruthenium(II) Complexes. J. Phys. Chem. C 1987, 91,
2033-203S.

(78) Kim, H.-B.; Kitamura, N.; Kawanishi, Y.; Tazuke, S.
Photoinduced Electron-Transfer Reactions of Ruthenium(II) Com-
plexes. 2. Oxidative Quenching of Excited Ru(bpy)32+ by Neutral
Organic Electron Acceptors. J. Phys. Chem. D 1989, 93, 5757—5764.

(79) Kitamura, N.; Obata, R.; Kim, H.-B.; Tazuke, S. Photoinduced
Electron-Transfer Reactions of Ruthenium(II) Complexes. 3. Redox
Quenching of Excited c/s-Dicyanobis(1,10-phenanthroline)-
ruthenium(II). J. Phys. Chem. E 1989, 93, 5764—5769.

(80) Olson, J. B; Koch, T. H. Kinetic and Thermodynamic
Parameters for the Formation of 3,5,5-Trimethy 1-2-oxomorpholin-3-
yl (TM-3). A Negative Activation Energy for Radical Combination. J.
Am. Chem. Soc. 1986, 108, 756—761.

(81) Wang, J.; Doubleday, C. J.; Turro, N. J. Negative Temperature
Dependence in the Decay of Triplet Biradicals. J. Am. Chem. Soc.
1989, 111, 3962—3968S.

(82) Kapinus, E. I; Rau, H. Negative Enthalpies of Activation and
Isokinetic Relationships in the Electron Transfer Quenching Reaction
of Pd-Tetraphenylporphyrin by Aromatic Nitro Compounds and
Quinones. J. Phys. Chem. A 1998, 102, 5569—5576.

(83) Moss, R. A,; Lawrynowicz, W.; Turro, N. J.; Gould, L. R.; Cha,
Y. Activation Parameters for the Additions of Arylhalocarbenes to
Alkenes. J. Am. Chem. Soc. 1986, 108, 7028—7032.

(84) Turro, N. J.; Lehr, G. F,; Butcher, J. A,; Moss, R. A,; Guo, W.
Temperature Dependence of the Cycloaddition of Phenylchlorocar-
bene to Alkenes. Observation of “Negative Activation Energies. J. Am.
Chem. Soc. 1982, 104, 1754—1756.

https://doi.org/10.1021/acsphyschemau.3c00001
ACS Phys. Chem Au 2023, 3, 358—373


https://doi.org/10.3390/molecules27175382
https://doi.org/10.3390/molecules27175382
https://doi.org/10.3390/molecules27175382
https://doi.org/10.3390/molecules27217252
https://doi.org/10.3390/molecules27217252
https://doi.org/10.3390/molecules27217252
https://doi.org/10.1039/D2QO01310J
https://doi.org/10.1039/D2QO01310J
https://doi.org/10.1039/D2QO01310J
https://doi.org/10.1021/acs.joc.2c01149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c01149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c01149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.5b10135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.5b10135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja970321j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja970321j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja970321j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9810890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9810890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja993573o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja993573o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp064406v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp064406v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo061145c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo061145c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo061145c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo061145c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00847a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00847a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00847a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00840a071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00840a071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00840a071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00840a071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50135a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50135a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50135a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01462a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01462a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0273905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0273905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja049246k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja049246k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja049246k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja049246k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja026089l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja026089l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja026089l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/A902486G
https://doi.org/10.1039/A902486G
https://doi.org/10.1039/A902486G
https://doi.org/10.1039/A902486G
https://doi.org/10.1021/jp0453008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0453008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0453008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0453008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150669a074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150669a074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00365a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00365a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00365a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150608a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150608a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00473a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00473a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00473a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00775a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00775a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00775a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00731a064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00731a064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00242a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00242a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00242a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100292a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100292a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100292a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100352a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100352a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100352a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100352a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100352a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100352a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100352a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00264a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00264a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00264a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00193a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00193a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp980171e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp980171e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp980171e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp980171e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00282a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00282a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00370a059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00370a059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(85) Shimomura, T.; Télle, K. J.; Smid, J.; Szwarc, M. Energy and
Entropy of Activation of Propagation by the Free Polystyryl Anions
and Their Ion Pairs. The Phenomenon of “Negative” Activation
Energy. . Am. Chem. Soc. 1967, 89, 796—803.

(86) Murphy, R. B.; Libby, W. F. Negative Activation Enthalpy in
the Dimerization of Anthracene at Very High Pressure. J. Am. Chem.
Soc. 1977, 99, 39—41.

(87) Fernando, S. R. L.; Maharoof, U. S. M.; Deshayes, K. D,;
Kinstle, T. H,; Ogawa, M. Y. A Negative Activation Energy for
Luminescence Decay: Specific Solvation Effects on the Emission
Properties of Bis(2,2'-bipyridine)(3,5-dicarboxy-2,2'-bipyridine)-
ruthenium(II) Chloride. J. Am. Chem. Soc. 1996, 118, 5783—5790.

(88) Reitstden, B.; Parker, V. D. Kinetic Isotope Effects and
Negative Activation Energies for Proton Transfer from 9Phenyl-
anthracene Cation Radical to Hindered Nitrogen-Centered Bases. J.
Am. Chem. Soc. 1990, 112, 4968—4969.

(89) Yamamoto, S.; Sakurai, T.; Yingjin, L.; Sueishi, Y. Mechanism
of Hydride Transfer Reaction from 4-(Dimethylamino)phenyl
Methane Derivatives to 2,3-Dichloro-5,6-dicyano-p-benzoquinone.
Phys. Chem. Chem. Phys. 1999, 1, 833—837.

(90) Zaman, K. M.; Yamamoto, S.; Nishimura, N.; Maruta, J;
Fukuzumi, S. Charge-Transfer Complexes Acting as Real Inter-
mediates in Hydride Transfer from Michler’s Hydride to 2,3-
Dichloro-5,6-dicyano-p-benzoquinone via Electron Transfer. J. Am.
Chem. Soc. 1994, 116, 12099—12100.

(91) Fukuzumi, S.; Ohkubo, K.; Tokuda, Y.; Suenobu, T. Hydride
Transfer from 9-Substituted 10-Methyl-9,10-dihydroacridines to
Hydride Acceptors via Charge-Transfer Complexes and Sequential
Electron-Proton-Electron Transfer. A Negative Temperature Depend-
ence of the Rates. J. Am. Chem. Soc. 2000, 122, 4286—4294.

(92) Zhy, X.-Q.; Yang, J.-D. Direct Conflict of Marcus Theory with
the Law of Conservation of Energy. J. Phys. Org. Chem. 2013, 26,
271-273.

(93) Zhu, X.-Q;; Yang, J.-D. Fundamental Flaw of Marcus Theory.
Chem. ]. Chin. Univ. 2013, 34, 2247—2253.

(94) Zhu, X.-Q.; Chen, B.-L;; Li, Y. Is the A in Marcus Equation a
Constant or a Function of AG® Phys. Chem.: Indian J. 2020, 13,
127-132.

373

https://doi.org/10.1021/acsphyschemau.3c00001
ACS Phys. Chem Au 2023, 3, 358—373


https://doi.org/10.1021/ja00980a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00980a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00980a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00980a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00443a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00443a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja954015m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja954015m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja954015m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja954015m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00168a057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00168a057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00168a057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/a809358j
https://doi.org/10.1039/a809358j
https://doi.org/10.1039/a809358j
https://doi.org/10.1021/ja00105a079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00105a079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00105a079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9941375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9941375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9941375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9941375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9941375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/poc.3078
https://doi.org/10.1002/poc.3078
https://doi.org/10.7503/cjcu20130183
https://doi.org/10.37532/0974-7524.2020
https://doi.org/10.37532/0974-7524.2020
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

