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Note S1. Kinetic Analysis of the Activation Mechanism by Modified Marcus Theory

In order to obtain further insights into the mechanisms of the activation processes, the
investigation on electron transfer (ET) kinetics is of great importance. Marcus theory has been well-
known for describing ET processes,' although this theory cannot be simply used for the current
assessment of ET kinetics because a concerted dissociative electron transfer (DET) to Ar2I'/EDB
is involved in the reaction process.>® However, a modified model of Marcus theory, proposed by

Savéant,””’

is accessible and has already been used to analyze the dynamics of DET processes
successfully.®> 1% ! Besides, inner- and outer-sphere electron transfer (ISET and OSET)

mechanisms have also been analyzed by using such modified Marcus theory.!:’

Note S1.1  Act-1 PC-Ar.I" activation process

The reduction of Ar2I" and activation of PCs (Ph-DTP and TPA-DTP) undergo the following
reaction paths (S1, S2), where an outer-sphere electron transfer (OSET) occurs from the donor
(PC*) to the acceptor (Ar2l") by breaking the concerted C-I bond in Arz2l". This process is also
known as DET.

PC — PC* (ST)

PC* + Anl* — PC™* + Anl’ — PC™ + Ar” + Arl (S2)

According to the sticky model of DET theory,* "> % !° the rate constant kact of the Act-1

activation process can be calculated via the following equations.

AG*
kyi=Zexp| - T (S3)
. i AG —D,
AGH=AGy [ 1+ ——7 (S4)
4AG;,
2
2o+ (/Dg - /D
AGH= 2 ( 2 D) (S5)
A,G'= F(ES B ner’) Nye” S6
v TR per T T antiantT) T Az er (56)
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Z=Ny P (rpex + Tarr) (S8)
Ao =95 ( ! + ! ! ) (S9)
’ 2rpes 2regr Tpostress
¢act = kact [ArZF] 70 ®F (SlO)

In the above equations, PC refers to the photo-redox catalyst used in this work, namely, the
DTP derivatives (TPA-DTP and Ph-DTP). In eq S3, AG* is the activation free energy, and can be
considered as the activation barrier of the reaction. Z is the pre-exponential factor, and can be
calculated by eq S8, in which, Na is the Avogadro constant, x is the reduced mass, R is the gas
constant and T is the temperature. Both rpc+ and 7,, ;- are the radii of the respective molecules
obtained from the computed volume of the molecules shown in Table S1, which are based on an
isoelectronic density surface of 0.001 electrons/Bohr? by using the DFT optimized structures. AGo*

is the intrinsic barrier of the reaction, which is the activation free energy when A:G® = 0 and can be
calculated by eq S5. In eq S5, Ds is the bond dissociation energy of AraI’, obtained from DFT

calculations. Dy is the interaction energy produced between ion-dipole adducts. Ao is the solvent
reorganization energy and can be determined by using an empirical equation as shown in eq S9,'%
13 where retris the effective radius of Ar2I™, defined as refr = (2ry, ;- — rad)Fan/Fonp

ArG® in eq S4 refers to the reaction free energy. A:G® of reaction S2 can be calculated from the

standard potentials of the electron donor (PC*"/PC*) and acceptor (Ar2I"/Ar" + Arl) redox couples,

as shown in eq S6.' In this equation, E° is the standard

0
and E AT /AF+Ar

E .
pC */pC* Ay I'/Ar +ATD?

reduction potential in the ground state, while Eﬁ is the standard oxidation potential in the

c™pex
excited state and can be obtained from eq S7 by considering the relationship between the standard

oxidation potential of the donor PC™" in the ground state and the excitation energy of the excited

reactant Env. Env equals to hc/Amax, Where 7 is the Planck constant, c is the speed of light, and Amax
is the wavelength of maximum emission intensity of the excited state. In eq S6, e is the elementary

charge, ¢o is the permittivity of vacuum, and ¢ is the relative permittivity of the solvent at room

5



temperature. The last term is the Columbic energy experienced by the radical ion pair at a distance
r, where r is approximately the sum of the radii of two hitting molecules r = rpc* + 7, ;-

The activation of PC* has to compete with all decay pathways (radiative and nonradiative) that
can bring themselves back to their ground state. The quantum yield for the reaction from a given
excited state can be calculated by eq S10, whereby @r is the fluorescence quantum efficiency for
the generation of the excited state, 7o is the lifetime of the excited state, and [Ar2["] is the

concentration, which is considered to be roughly constant during the reaction.

Table S1. Geometric, thermodynamic and kinetic parameters in the activation processes.

Donor Acceptor Fdonor™ Facoeptor  Feff 20 Dg Dp
/A /A /A /keal molt  /kcal mol'  /kcal mol™!
Ph-TPA* AnI* 9.54 8.04 7.371 5.81 2.75 0.86
TPA-DTP* AnI* 14.02 8.04 7.371 5.39 2.75 0.86
Ph-TPA* Arl 9.54 5.72 3.275 12.07 35.06 1.34
TPA-DTP* Arl 14.02 5.72 3.275 12.4 35.06 1.34
EDB Ph-TPA* 6.91 9.54 — 6.08 177.08°¢ -
EDB TPA-DTP* 6.91 14.02 - 5.73 177.08°¢ —

@ donor radius, ° acceptor radius, ¢ bond dissociation energy of EDB** — EDB'(-H) + H*,

With the calculated maximum emission wavelength of both DTPs (Fig. 1), their standard

oxidation potential can be obtained from eq S7, where

E i pee (Ph-DTP)= E) o (Ph-DTP)—Ej, =1.13V—(6.63 x 10° J s x 3 x10° m/s)/(559 nm

x 1.602 x10™"? C) =—1.09 V vs. SCE
0
E,

(TPA-DTP)= E) (TPA-DTP) — E,, =0.79 V- (6.63 x 104 J s x 3 x108 m/s)/(615

cpe c™pc
nm x 1.602 x10"° C) =—1.23 V vs. SCE
Since the reduction potential of Ar2I* is —0.73 V vs SCE' in acetonitrile (MeCN), the reaction

free energy under each PC activation process can then be obtained by eq S6, where

A.G® (Ph-DTP) = 96485 C mol"! (~1.09 + 0.73) V — 6.022 x 1023 mol"! x (1.602 x 101 C)/(4 x



3.14 x 8.854 x 1072 J''C?m! x 37.5 x (9.542 + 8.038) x10710 m) = -36.842 kJ
mol!' = — 8.8 kcal mol!
A,G® (TPA-DTP) = 96485 C mol! (=1.23 + 0.73) V — 6.022 x 10> mol" x (1.602 x 101 C)2/(4 x

3.14 x 8.854 x 102 JIC’m™! x 37.5 x (14.017 + 8.038) x1071 m) = —49.92 kJ
mol! =-11.93 kcal mol!
With the obtained geometric parameters (Table S1), the solvent reorganization energy can be

calculated by eq S9,

1 1 1
4y (Ph-DTP) = 95 ( LI )
0 2rpex 2rer TportTef

= 95[1/(2x9.542 A) + 1/(2x7.371 A) — 1/(9.542 A + 7.371 A)] = 5.81 kcal/mol

I I I
4 (TPA-DTP) = 95 ( LI )
0 2rpex 2rep Tpor e

=95[1/(2x14.017 A) + 1/(2x7.371 A) - 1/(14.017 A + 7.371 A)] = 5.39 kcal/mol

With the calculated Ds and Dy (Table S1), the intrinsic barrier AGo* and the activation free energy

AG* in each Act-1 activation process can be obtained by eqs S5 and S4, where

AGE (Ph-DTP) = (5.81 keal/mol +((2.75 kcal/mol)'2 — (0.86 kcal/mol)2)?)/4 = 1.586 kcal/mol
AGE (TPA-DTP) = (5.39 keal/mol +((2.75 keal/mol)'2 — (0.86 kcal/mol)2)?)/4 = 1.481 kcal/mol

AG* (Ph-DTP) = 1.586 kcal mol™! x (1+( — 8.8 keal mol™ — 0.86 kcal mol™)/(4x1.586 kcal mol™))>

=(.433 kcal mol’!

AG* (TPA-DTP) = 1.481 kcal mol x (1+( — 11.93 kcal mol™ — 0.86 kcal mol™)/(4x1.481 kcal

mol™))? = 1.989 kcal mol!
To obtain the rate constant kact of the Act-1 activation process, the pre-exponential factor Z should
first be calculated by eq S8, in which u can be obtained by
MipyrpMy
M Moo tMy, -
i (Ph-DTP) =440 g mol™! x 393 g mol /(440 g mol™ + 393 g mol!) = 207.59 g mol!
w1 (TPA-DTP) = 774 g mol™' x 393 g mol™'/(774 g mol™' + 393 g mol™!) = 260.65 g mol!



8TRT 2
Z (Ph-DTP) = N, T (”Ph-DTP* Tr Arzl*)

=6.022 x 10** mol™ x (8 x 3.14 x 8.314 J mol'K™! x 298.15 K /207.59 g mol )2 x (17.58 A)?
=1.02 x 10° mol's'm?>=1.02 x 102 MIs!

8TRT 2
Z (TPA-DTP) = Ny T (” TPA-DTP* T 7 Ar21+)

=6.022 x 102 mol! x (8 x 3.14 x 8.314 I mol'K™! x 298.15 K /260.65 g mol)? x (22.055 A)?

=1.43 x 10° mol's''m* = 1.43 x 10> M5!
With the obtained Z and AG*, the rate constant kact of each Act-1 activation process can be obtained
by eq S3, where
kact (Ph-DTP) = 1.02 x 10" M!'s™! x exp(—0.433 kcal mol!/(8.314 Jmol'K™! x298.15 K)) = 4.91 x
101 Mg !
kact (TPA-DTP) = 1.43 x 102 M!s! x exp(~1.989 kcal mol'/(8.314 Jmol'K™! x298.15 K)) = 4.97
% 1010 M-1s"!

The calculated lifetimes of the excited state of Ph-DTP and TPA-DTP are 4.41 ns and 3.57 ns,

respectively. Combining the experimental concentration of Ar2l" (0.0184 M) and the roughly
determined @r (on average 0.01), the quantum yield for the Act-1 reactions can be obtained by eq

S10, where

¢, (Ph-DTP)=4.91 x 10" M's™ x 0.0184 Mx 4.41x10” s x 0.01 = 0.4

¢,.. (TPA-DTP)=4.97 x 10" M"'s” x 0.0184 M x 3.57x107 s x 0.01 =3.27x107

. . . 0
Note S1.2  Standard reduction potential calculation of Arl E, /411

The reduction of Arl, similar with that of Ar2I", yields I" and Ar’ in one step and can formally
be expressed as the sum of the homolytic dissociation of a C-I bond and one-electron reduction of
the resulting radical, I' to I" (note that the reduction of Ar2I" yields Arl and Ar® in one step following
a one-electron reduction of the resulting radical cation). Thus, the standard potential'® for the

overall reaction can be calculated as:



0
E?%rl/Ar'H' = _(BDEgas+AAG(G)H298K.gas+AGlatma1M+AAGSOIV)/ F +EI'/I_

where BDEgas is the (zero-point corrected) C-1 bond homolytic dissociation energy in Arl, the
AAG?)_,ZggK.gaS term is a contribution to the Gibbs energy of heating from 0 to 298 K, AG4m—1Mm
is a correction for the standard state change from 1 atm to 1 mol L (1.89 kcal mol™* at 298 K), and

AAGY,, is the difference between the solvation free energies of Ar* and I', and Arl. The redox

potential for the I'/I” couple is calculated as:
0 0 0
EI'/I' = _(_EAgas+AAGO—>298K.gas+AAGsolv)/ F

where EA,,, is the adiabatic electron affinity of I’ (i.e., the negative of the enthalpy change at 0 K

for the reduction), and AAGY,, equals to the difference: AAGY (1) — AAGY,,, (I).
The reference values of BDEgs (55 kcal mol™!) and EAg,s (2.81 eV vs. experimental 3.057
eV) are taken from M062X/def2SVP calculations. The calculated thermal correction is —1.67

kcal/mol and AAG?OlV are —1.813 kcal/mol and —2.67 eV for the C-I bond homolytic dissociation

and one-electron reduction reactions, respectively. Thus, the DFT calculated reduction potential of

Eparr 15—143 V.

Note S1.3 Act-2 PC-ArlI activation process

In this activation process, the Arl species, which is the product of Act-1 activation (Arzl” —

Ar” + Arl), will act as the acceptor to further activate the PCs. The activation reactions are shown

as follows.

PC — PC*;

PC*+Arl - PCT+Ar+1



With the obtained reduction potential of Eiﬂ/ A+ the reaction free energy in this activation

process can be obtained.

NA€2
4reger

0 _ 0 0
AG =F (Epc‘+/pc* _EArI/Ar'+I_ -

F=Tpex T
A,G° of Ph-DTP and TPA-DTP are calcualted to be 7.26 kcal mol™ and 4.16 kcal mol™, respectively.

Its solvent reorganization energy can be obtained by eq S9 using the parameters shown in Table S1.

/1—95(1 L] ! )
0 2rpex 2rer FportTesr

The calculated Ao of Ph-DTP and TPA-DTP are 12.07 kcal/mol and 12.4 kcal/mol, respectively.
In this activation process, with the calculated Ds and Dy of Arl as shown in Table S1, the intrinsic

barrier AGo* and the activation free energy AG* can be calculated by the following equations.

2
:_ Aot (VDs-aa = \/Dy-an)
4

AGE

The intrinsic barrier AGo* of Ph-DTP and TPA-DTP are calcualted to be 8.69 kcal/mol and 8.77

kcal/mol, respectively.

. +f. AG -D,
AGH=AG( 1+ ——2
4AG}

2

The activation free energy AG* of Ph-DTP and TPA-DTP are then obtained to be 11.9 kcal mol™!

and 10.24 kcal mol™!, respectively.

In Act-2 activation, x are 163.43 g mol™ and 194.62 g mol™* in Ph-DTP and TPA-DPT
activation processes, respectively. The pre-exponential factor Z of each activation process can be

obtained by

8nRT
Z =Ny /T (rphprp* + Far)?

Z of Ph-DTP and TPA-DTP are 8.66 x 10" M's! and 1.33 x 10'> M!s!, respectively.

Based on the above parameters, the rate constant kact and quantum yield ¢_ can be obtained.

10



The concentration of Arl needs to be estimated, and is hereby considered to be around 10% of that

of Aral™.

The rate constant kact of Ph-DTP and TPA-DTP are calculted to be 1.64 x 10° M's™! and 4.14 x 10*
M-Is7!| respectively.

goact = kact [AI‘I] ) QSF

The quantum yield ¢,  of Ph-DTP and TPA-DTP are 1.33x 10 and 2.72x1077, respectively.

Note S1.4 Act-3 PC-EDB activation process

Different to Act-1 and Act-2, in the Act-3 activation process, EDB is the donor while PCs* are
the acceptors. The electrons transfer from the donor to the acceptor to form PC* and EDB'* species.
Lalevée et al. have conjectured that one H' will break away from EDB"*, forming EDB’(-H) + H".!
However, the calculated bond dissociation energy of EDB*" — EDB*(-H) + H" is 177.08 kcal/mol,
which demonstrates that it is hard to obtain the dissociative EDB’(-H) and H". In this activation
path, the reactions are shown as follows.

PC — PC*;
PC* + EDB — PC™ + EDB™"

Similar to the oxidation potential of DTPs, the oxidation potential of EDB can be calculated

is 0.855 V. Then, E?

; : : 0
with the following equation, where the DFT calculated £ EDBEDB*

EDB */EDB

can be calculated based on the results of E°

EDB"*/EDB and the maximum emission wavelength

shown in Fig. 1.

5 _

EDB*/EDB* epp*/Epg ~ B = 0.855V —(6.63 x 1034 J s x 3 x10® m/s)/(323 nmx 1.602 x10-

19 C)=-299V
The DFT calculated E16>c*/}>c" are —1.72 V and —1.77 V for Ph-DTP and TPA-DTP as shown in

Table 1, and the reaction free energy of each PC in the Act-3 process can be obtained by

11



NA€2

0 _ 0
AGT = F(E DB t/EDB* _EgC*/PC'_) - W

E

A,G° of Ph-DTP and TPA-DTP are —124.79 kcal mol™ and —119.48 kcal mol™, respectively.

The solvent reorganization energy can be obtained by eq S9 using the parameters shown in Table

S1.

1 1 1
Jo =95 ( n - )
0 2rpcx 2rgpg TpcxtTEDB

Ao of Ph-DTP and TPA-DTP are 6.08 kcal/mol and 5.73 kcal/mol, respectively.

In the main activation process PC* + EDB — PC™~+ EDB"", the intrinsic barrier AGo* and the

activation free energy AG* can be calculated by the following equations,

+ A
AGE= =
G, )
The intrinsic barrier AG(i) of Ph-DTP and TPA-DTP are calculated to be 1.52 kcal/mol and 1.43

kcal/mol, respectively.

\ : AG°
AGH=AGH[ 1+ ==
4AG;

2

The activation free energy AG* of Ph-DTP and TPA-DTP are calculated to be 579.44 kcal mol’!

and 565.62 kcal mol™!, respectively.
In Act-3 activation, u are 134.15 g mol! and 154.48 g mol™! in Ph-DTP and TPA-DPT activation

processes, respectively. The pre-exponential factor Z of each activation process can be obtained by

87RT ,
Z =Ny u (rph-pTP* + 7EDB)

Z of Ph-DTP and TPA-DTP are 1.11 x 102 M!'s! and 1.67 x 10'2 M!s!, respectively.

Based on the above parameters, the rate constant kact and quantum yield ¢, can be obtained.

Particularly, in the quantum yield calculation, the concentration of DTPs is 100 times lower than

that of Ar2I" (0.01% PC/1% Ar2I" in experimental conditions). According to

AG
kact =7 GXp - ﬁ

the rate constant kact of Ph-DTP and TPA-DTP are both nearly 0, and consequently, their quantum

12



yields ¢ are also around zero.

Such high activation barrier and ultra-low quantum yield indicate that the activation process
Act-3 is hard to carry out, which means that it is in fact difficult for both DTPs* to be activated by

EDB.

Radical anion

Ph-DTP+

Radical cation

Excited state

Ground state

)
Ph-DTP TPA-DTP EDB Ar,l*

Fig. S1 Stable structures of the DTPs in the ground state and excited state, oxidized radical cations
and radical anions shown in the activation processes, as well as the relevant structures of the
electron donor EDB/acceptor Ar2l" (gray: C, white: H, yellow: S, red: O, aurantia: P, blue N, purple:

0.

Note S2. Calculations of activation energies for deactivation pathways

Note S2.1 Rate of biradical termination

The rate constant of biradical termination is estimated from R = k(Px']*> = 10’ M"'s"1x(4.62x10-
8 M)?> = 2.1x10® Ms™!, where [Pn'] is the concentration of the propagating radical and can be
calculated from kp™P = kp[Pn’], using kp and kp*P values of 10> M !s™! and 4.62x107 57!, respectively,

where kP is the apparent rate constant of propagation.!! Here, for calculation, [P»'] will be taken

13



as the concentration of Ar", since Ar” acts as the initiating species for radical polymerization. As
shown in Pan’s work,!! the conversion of PC (Ph-PTZ) is about 45% at 4 h, while in Mousawi’s
result'’, the conversion of PC (TPA-DTP) is about 80% at 200 s. Clearly, the DTP-based PCs have
faster kp™P than the Ph-PTZ-based PC. Since no experimental data on the kP value of DTP-based
PCs have been reported, here, for the basis of calculation and comparison, the values of 4,*? and
[Ar'] are taken to be 4.62x107° s and 4.62x10® M as the lowest limit thresholds. R is then used to
compare this termination rate to each deactivation rate. In a controlled process, the rate of the

deactivation process should be faster than that of biradical termination.

Note S2.2 Deactivation processes in the two-component PC-Ar,I" system

Path A1 — OSET-I deactivation

DTP*+ Ar' + Arl — DTP + A"

AGo* and Ao are the same as the values in the Act-1 path. A:G? is the calculated reaction free energy,
and 1s —32.196 kcal/mol for the Ph-DTP reaction and —24.21 kcal/mol for the TPA-DTP reaction.
0 2

. 4. AG-D,

AGT=AGy( 1+ ————
4AGy

AG* (Ph-DTP) = 1.586 kcal/mol x (1 — (32.196+0.86)/(4x1.586))* = 28.12 kcal/mol
AG* (TPA-DTP) = 1.481 keal/mol x (1 — (24.21+0.86)/(4x1.481))? = 15.47 kcal/mol

1 1
2RT | /rmptmp\2 [mptme\2
Z=Ni8n2/ - ( A B)2+( B C)zl &yl

mamg mgmc
where A, B and C are the three species involved in the reaction. d is the center to center distance

between the subscript species. o is the distance between the first two spheres when hit by the third
one. J is usually in the range of 0.3! to 1.0 A.'® The smaller value of 0.3 A is used here. In this
equation, A is defined as DTP*", B as Ar” and C as Arl.

Z (Ph-DTP) = (6.022x10?* mol1)?x8x3.142x(2x8.314 Jmol 'K 1x298.15 K/3.14)2x {[(0.44 kgmol
1'+0.133 kgmol)/(0.44 kgmol'x0.133 kgmol™')]"? + [(0.133 kgmol'+0.26 kgmol')/( 0.133
kgmol'x0.26 kgmol )]} x(14.118 A)*x(10.343 A)*x0.3 A = 4.73x10"! M%s"!

Z (TPA-DTP) = (6.022x10% mol!)*x8x3.14?x(2x8.314 Jmol'K1x298.15 K/3.14)"2x{[(0.774

14



kgmol! +0.133 kgmol')/(0.774 kgmol'x0.133 kgmol!)]"? + [(0.133 kgmol'+0.26 kgmol
1)/ 0.133 kgmol'x0.26 kgmol)]"2} x(18.554 A)2x(10.343 A)x0.3 A = 7.96x10'! M2

According to

AG*
kAl = Zexp —ﬁ

ka1 (Ph-DTP) =4.73x10" M2s7! x exp(—28.12 kcal mol!/(8.314 Jmol 'K x298.15 K)) = 1.15x10-
9 M5!

ka1 (TPA-DTP) = 7.96x10" M?s! x exp(—15.47 kcal mol'/(8.314 Jmol'K™! x298.15 K)) = 3.63
M2s7!

The concentration of DTP™" cannot be directly detected in electrochemical measurements.
Therefore, about 10% of termination is considered here, such that a low concentration of 1.84x10"
> M is used for [DTP**], and 1.84x107* M for [Ar]].

Ra1 = kay [DTP][Ar][AL]]

Ra1 (Ph-DTP) = 1.15x10™ M2s1x1.84x10° Mx4.62x108 Mx1.84x10° M = 1.8x10* Ms!

Ra1 (TPA-DTP) = 3.63 M2s71x1.84x10° Mx4.62x1078 Mx1.84x10° M = 5.68x107!> Ms!

R/R: (Ph-DTP) = 1.8x102*/2.1x10% = 8.57x10°"7

R/Ri (TPA-DTP) =5.68x10715/2.1x10% = 2.7x1077

Path A2 — OSET-II deactivation

A2-a. DTP"*+ Ar' — DTP + Ar';

A2-b. Ar" + Arl— A"
The calculated radii of DTP** and Ar" are 9.497 A (Ph-DTP™), 13.933 A (TPA-DTP™) and 4.621
A (Ar"), respectively. The solvent reorganization energy can be calculated by

1 1 1
10:95< + )

2rprp+ 2ray FpTPTAY

Ao of Ph-DTP is 8.58 kcal/mol, and 8.57 kcal/mol for TPA-DTP.
ArGY is the calculated reaction free energy of the A2-a reaction, where A:G® (Ph-DTP) is 5.468
kcal/mol and A:G® (TPA-DTP) is 13.457 kcal/mol.
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According to AGg =lo/4

AG% is 2.145 kcal/mol for Ph-DTP, and 2.14 kcal/mol for TPA-DTP. According to
: ; AG°
AGT=AGy( 1+ -
4AG;,

AG* P is 5.75 kcal/mol for Ph-DT, and 14.16 kcal/mol for TPA-DTP.

2

In the reaction DTP™ + Ar’ ? DTP + Ar", the reaction equilibrium constant k7 can be calculated
2
ki _ang?
by k= P RT ,where

AG*
ki =Z exp " RT

k1 of Ph-DTP and TPA-DTP are 5.685x10” M!s! and 64.14 M"'s”!, respectively.
kr(Ph-DTP) = exp(-A:G%RT) = 9.768x107

kr (TPA-DTP) = exp(—A:G%RT) = 1.36x101°

k2 (Ph-DTP) = ki/ky=5.82x10"" Ms™!

k2 (TPA-DTP) = ki/ky=4.72x10"' M!s™!

This confirms that the reaction between DTP and Ar" is faster than that between DTP** and Ar” (k2 >

k).

8RT ,
Z (Ph-DTP) = Ny (rprp + 7'ant)
u

Z1is 9.37x10" M's™! for Ph-DTP, and 1.54x10'> M-!s’! for TPA-DTP.

e Mprp+May
Mprp+tMay

w of Ph-DTP is 102.13 g mol™!, and 113.5 g mol™! for TPA-DTP.

Then R1, calculated by ki[DTP**][Ar], is 4.83%107 Ms™! for Ph-DTP, and 5.45%10"!'"! Ms™! for TPA-
DTP.

In the A2-b reaction, Ar'+Arl kilff Anl*
8RT
kgif= )
kaitf = 1.787>10'° M5!
d [Ar+]
dt

=k [DTP][Ar] - ko [DTP][Ar'] - kgie[ArT][ArT] = 0
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[Ar+] _ ki [DTP][Ar’]
ky [DTP]+kgigs[ Arl]
[Ar'] (Ph-DTP) = 5.685%107 M-s"'x1.84x 10" Mx4.62x10 M/(5.82x10"! M5 x1.84x104 M +

1.78710" M 1s71x1.84x107 M) = 3.453x10* M

[Ar'] (TPA-DTP) = 64.14 M''s''x1.84x10° Mx4.62x10° M/(4.72x10" M's'x1.84x10* M +
1.787>10" M 1s71x1.84x107 M) = 4.55 x10°" M

Roverall = kaitt[ Ar' |[Ar]]

Roverall (Ph-DTP) = 1.78710'" M !s71>3.453x1071> Mx1.84x10> M = 1.14x10° Ms™!

Roverall (TPA-DTP) = 1.787x10'° M's1>4.55 x1071° Mx1.84x107 M = 1.5x10!! Ms"!

R/R: (Ph-DTP) = 1.14x10° Ms!/2.1x10®* Ms™! = 543

R/R: (TPA-DTP) = 1.5x10°1! Ms1/2.1x10® Ms! = 7.14x10*

Path A3 — ISET deactivation

DTP*"-Arl + Ar" — DTP + AraI*

The calculated radii of DTP**-Arl and Ar® are 9.491 A (Ph-DTP"*-Arl), 13.905 A (TPA-DTP'* -

Arl) and 4.621 A (Ar"), respectively. The solvent reorganization energy can be calculated by

1 1 1
o =95 +o— - )
0 2rptpAn 2FAF TDTP -AMTTAL

o (Ph-DTP) = 8.55 kcal/mol, and Ao (TPA-DTP) = 8.57 kcal/mol

+ /10 +DB
AGy ="

Ds is the bond dissociation energy of DTP*"-Arl with the value of 7.5 kcal/mol for Ph-DTP and

6.98 kcal/mol for TPA-DTP.

Then AGo* (Ph-DTP) is calculated to be 4.013 kcal/mol, and AGo* (TPA-DTP) is 3.89 kcal/mol.
A:G? is the calculated reaction free energy, where A:G%(Ph-DTP) = —45.66 kcal/mol and A:G*(TPA-
DTP) =-29.08 kcal/mol.

\ : AG°
AGH=AGH[ 1+ ==
4AG}

2

AG* (Ph-DTP) = 13.65 kcal/mol, and AG* (TPA-DTP) = 2.94 kcal/mol

= Mprp” AanMar
Mprp” antMar
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u (Ph-DTP) = 111.76 g mol!, and x (TPA-DTP) = 117.84 g mol’!

8nRT 5
Z=Ny T ("pre”an T 7ar)

Z (Ph-DTP) = 8.95 x10'! M-'s"!, Z (TPA-DTP) = 1.5x10'> M!s"!
Calculation for the concentration of DTP**-Arl:;

DTP™* + Arl <> DTP*-Arl  (RA3-M)

Reaction equilibrium constant kr of RA3-M:
_ad®asm  [DTP-Ar]
kf= e RT =
[DTP™][Ar]]
A:G?is the DFT calculated reaction free energy of RA3-M, where A:G*(Ph-DTP) = 13.46 kcal/mol,

and A:G*(TPA-DTP) = 4.88 kcal/mol.

kr (Ph-DTP) = exp(— ArG*®a3-my/RT) = 1.36107'°, ks (TPA-DTP) = 2.65x10™
[Ph-DTP**-Arl] = kr[Ph-DTP""J[Ar]] = 4.6x10"¥* M

[TPA-DTP"*-Arl] = kr [TPA-DTP"*][Ar]] = 8.97x102 M

AG*
kA3 = ZGXp —ﬁ

ka3 (Ph-DTP) = 88.16 M!'s!, ka3 (TPA-DTP) = 1.05x10'° M"!s!
Ra3 = kaz [DTP+-ArT][Ar]

Ra3 (Ph-DTP) = 1.87x102 Ms™!, Ra3 (TPA-DTP) = 4.35x10” Ms™!
R/R: (Ph-DTP) = 8.9x107'°, R/R: (TPA-DTP) = 0.21

Path A4 — DET deactivation

A4-a: DTP'*-Arl + Ar' — DTP + Arl + Ar';
A4-b:  Ar'+Arl — Anl®

20, DB, AGo*, Z and u are the same as the values shown in path A3. A:G® is the calculated reaction

free energy, where A:G*(Ph-DTP) is —8.0 kcal/mol and A:G*(TPA-DTP) is 8.58 kcal/mol.

\ " A,G°
AGH=AG [ 1+ ——
4AG}

2

AG*(Ph-DTP) = 1.01 kcal/mol, and AG* (TPA-DTP) = 9.36 kcal/mol
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kas=Z exp <— A—GI>
RT

ka4 (Ph-DTP) = 1.63x10"! M's™! and ka4 (TPA-DTP) = 2.06x10° M"!s!

Rius = kns [DTPAM][Ar]

Ras (Ph-DTP) = 3.46x10"* Ms™' and Ras (TPA-DTP) = 8.5x10"* Ms'!

R/R: (Ph-DTP) = 1.65x10°%, and R/R: (TPA-DTP) = 4.05x10°¢

Path AS — OSET-III deactivation

A5-a. DTP™*-Arl + Ar" — DTP-Arl + Ar”

A5-b. DTP-Arl — DTP + Arl

AS5-c. Ar"+Arl — Anl”

In step A5-a, A:G® is the calculated reaction free energy, where A:G%(Ph-DTP) is —3.86 kcal/mol
and A:G*(TPA-DTP) is 12.2 kcal/mol. Ao, Z and u are the same as the values shown in paths A3 and
A4.

A
4
AGo* (Ph-DTP) = 2.14 kcal/mol and AGo* (TPA-DTP) = 2.14 kcal/mol

+ T ArGe ?
AGH=AGEH[1+ ==
4AG)

AG)=

AG* (Ph-DTP) = 0.64 kcal/mol and AG* (TPA-DTP) = 12.58 kcal/mol

AG*
kas=Zexp| - =T

kas (Ph-DTP) = 3.04 x10"! M!s"! and kas (TPA-DTP) = 8.99 x10*> M!s™!
Rys = kps [DTP+-ArT][Ar]

Ras (Ph-DTP) = 6.46 x10'*Ms™!, and Ras (TPA-DTP) = 3.73 x10"'* Ms"!
R/Ri (Ph-DTP) = 3.08x10° and R/R: (TPA-DTP) = 1.77x10°

Path A6 — AET deactivation

DTP +Ar+ " — DTP + Arl
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AGo* is the same as the one shown in path Act-2, with the value of 8.69 kcal/mol for Ph-DTP and
8.77 kcal/mol for TPA-DTP. A:G” is the calculated reaction free energy, where A:G*(Ph-DTP) = —
57.49 kcal/mol and A:G*(TPA-DTP) = —49.5 kcal/mol.

. +f. AG'-D,
AG;

2

AG* (Ph-DTP) = 4.17 kcal/mol, AG* (TPA-DTP) = 1.77 keal/mol.

1 1
2RT | /mptmp\2 [/mptme\2
Z=Ni8n2/ - ( A B)2+( B C)zl B ond

mampg mgmc
Here, we define A= DTP**, B=Ar", and C = I for the calculation of Z.

Z (Ph-DTP) = (6.022x10% mol™')*x8x3.14?x(2x8.314 Jmol 'K"'x298.15 K/3.14)>x {[(0.44 kgmol
''+0.133 kgmol')/(0.44 kgmol'x0.133 kgmol)]"? + [(0.133 kgmol'+0.127 kgmol™!)/( 0.133
kgmol'x0.127 kgmol™)] 21 x(14.118 A)>x(6.601 A)>x0.3 A =2.09x10" M?s"!

Z (TPA-DTP) = (6.022x10% mol'’x8x3.14°x(2x8.314 Jmol'K"'x298.15 K/3.14)"2x {[(0.774
kgmol™! +0.133 kgmol)/(0.774 kgmol'x0.133 kgmol!)]"? + [(0.133 kgmol'+0.127 kgmol
1)/( 0.133 kgmol'x0.127 kgmol)]"2} x(18.554 A)2x(6.601 A)>x0.3 A = 3.52x10'! M2s’!

AG*
kae=Zexp| - =T

kas (Ph-DTP) = 1.83 x10® M%s!, kas (TPA-DTP) = 1.77 x10'* M 25!
Rag = kns [DTPJ[Ar][I']

Ras (Ph-DTP) = 2.86x10®¥ Ms™!, and Ras (TPA-DTP) = 2.77x10°° Ms!
R/R: (Ph-DTP) = 1.36 and R/R: (TPA-DTP) = 132

Path A7 — OSET-II deactivation
A7-a: DTP*+Ar — DTP+Ar"
A7-b. Ar'+T1T — Arl

The reaction of path A7-a is the same as that of A2-a, such that it has the same values of Ao, AGo*,

AG®, AG*, Z, 11, k, and kr. However, in path A7-b, Roveranl is the final generation rate of Arl and it

equals to kaisf Ar' ][I"]. Here, the lower concentration of I (than [Ar]] of path A2-b) leads to small
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values of Roveral and R/R: for this path.

Roverall (Ph-DTP) = 1.787x10'° M 1s71>3.453x1071> Mx1.84x10* M = 1.14x10° Ms™!
Roverall (TPA-DTP) = 1.787>10'° M-'s1>4.55x1071° Mx1.84x10* M = 1.5x10"'2 Ms™!
R/R: (Ph-DTP) = 1.14x10°° Ms!/2.1x10® Ms™! = 54

R/R: (TPA-DTP) = 1.5x1012 Ms71/2.1x10°® Ms™! = 7.14x107®

Path A8 — ISET deactivation

DTP™*-I" + Ar"— DTP + Arl

Dg is the bond dissociation energy of DTP™-I", with values of 15.61 kcal/mol and 7.18 kcal/mol
for Ph-DTP**-I' and TPA-DTP""-I', respectively. A:G® is the calculated reaction free energy; for the
Ph-DTP case, it is —53.97 kcal/mol, and for the TPA-DTP case, it is —54.34 kcal/mol. The radii of
DTP**-I" and Ar" are 9.54 A (Ph-DTP**-I'), 14.018 A (TPA-DTP**-I') and 4.621 A (Ar").

1 1 1
A =95 <27” DTP -I” ' 2rar rptatr Ar'>
Ao (Ph-DTP) = 8.55 kcal/mol and 4o (TPA-DTP) = 8.57 kcal/mol
+ Aot DB
0 4

AGo* (Ph-DTP) = 6.04 kcal/mol, and AGo* (TPA-DTP) = 3.94 kcal/mol

. ; AG®
AG = AG |1+ ——
4AG;

2

AG* (Ph-DTP) = 9.2 kcal/mol and AG* (TPA-DTP) = 23.61 kcal/mol

u= Myprp™ - May
Mpyp” -t Mar

(Ph-DTP) = 107.73 g mol !, u (TPA-DTP) = 115.89 g mol!
u g n

/87IRT
Z=Ny T (rprer + ”Ar')z

Z (Ph-DTP) =9.18 x10'' M-'s"! and Z (TPA-DTP) = 1.534x10'2 M's"!

AG*
kAg = ZGXp —ﬁ

kas (Ph-DTP) = 1.65 x10°> M%s!, kag (TPA-DTP) = 7.55 x10° M5!

The calculation of the concentration of DTP™*-I":
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DTP™* + I <> DTP™*-I" (RAS-M)

The reaction equilibrium constant kr of RA8-M can be calculated by
_ a6PrAS-M) [DTP'+_I']
kf: e RT e y—
[DTP][r]
where ArG%ras-wy is the DFT calculated free energy of reaction RA8-M; for the Ph-DTP case, it is

—3.52 kcal/mol, while for the TPA-DTP case, it is 4.84 kcal/mol.
kr (Ph-DTP) = exp(3.52 kcal mol!/(1.987 calmol 'K1x298.15 K)) = 380.58
kr (TPA-DTP) = exp(—4.84 kcal mol™/(1.987 calmol 'K1x298.15 K)) = 2.83x10*

The concentration of DTP™*-1" can be obtained by
[Ph-DTP**-I'] = ks [DTP"][I'] = 1.3x10°° M

[TPA-DTP™*-1]=9.58x10"3 M

Rpg=kas [DTP -I'][Ar]

Ras (Ph-DTP) = 9.9x10° Ms™!, Ras (Ph-DTP) = 3.34x10° Ms’!
R/R: (Ph-DTP) = 0.47, R/R: (TPA-DTP) = 1.59x10""7

Path A9 — DET deactivation

A9-a. DTP*-I'+ Ar"— DTP+ '+ Ar";

A9-b. Ar"+T — Arl

In path A9-a, A:G® is the DFT calculated free energy, it is 8.98 kcal/mol for the Ph-DTP case and
8.62 kcal/mol for the TPA-DTP case. Ao, DB, AGo*, Z and u are the same as the values in path A8.

+ T ArGe ?
AGH=AGEH[1+ ==
4AG)

AG* (Ph-DTP) = 11.36 kcal/mol and AG* (TPA-DTP) = 9.43 kcal/mol

AG*
kag=Zexp| - =T

kao (Ph-DTP) = 4.32x10° M's”!, kao (TPA-DTP) = 1.87x10° M''s™!
Rp9=kao [DTP I][Ar]

Ra9 (Ph-DTP) = 2.59x1071° Ms™, Rag (TPA-DTP) = 8.28x10!° Ms'!
R/Ri (Ph-DTP) = 1.23x102, R/Ri (TPA-DTP) = 3.94x107’
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Path A10 — OSET-III deactivation
A10-a. DTP*-I" + Ar" — DTP-I" + Ar"
A10-b. DTP-I" — DTP+I"

Al0-c. Ar'+ 1" — Arl

In path A10-a, ArG® is the DFT calculated free energy; it is 12.69 kcal/mol for the Ph-DTP case and
13.36 kcal/mol for the TPA-DTP case. Ao, Z and u are the same as the values shown in paths A8

and A9.
+ Ao
AG, = —
0 4

AGo* (Ph-DTP) = 2.14 kcal/mol and AGo* (TPA-DTP) = 2.143 kcal/mol

. ; AG®
AGH=AG [ 1+ ——
4AGy

2

AG* (Ph-DTP) = 13.19 kcal/mol and AG* (TPA-DTP) = 14.03 kcal/mol

AGH
kAlO: Zexp - RT

ka0 (Ph-DTP) = 196 M"'s™!, ka10 (TPA-DTP) = 79.6 M!s!

Ra10= ka1o [DTP -I'J[Ar]
Ra10 (Ph-DTP) = 1.18x10!! Ms™!, Raio (TPA-DTP) = 3.52x107!8 Ms™!
R/R: (Ph-DTP) = 5.62x10"*, R/R; (TPA-DTP) = 1.68x1071°
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Table S2. Calculated activation barriers of each proposed deactivation path, A1-A10

Path AG* (kcal/mol) Path AG* (kcal/mol)

Ph-DTP 28.12 Ph-DTP 4.17
Al A6

TPA-DTP 15.47 TPA-DTP 1.77

Ph-DTP 5.75 Ph-DTP 5.75
A2 A7

TPA-DTP 14.16 TPA-DTP 14.16

Ph-DTP 13.65 Ph-DTP 9.2
A3 A8

TPA-DTP 2.94 TPA-DTP 23.61

Ph-DTP 1.01 Ph-DTP 11.36
A4 A9

TPA-DTP 9.36 TPA-DTP 9.43

Ph-DTP 0.64 Ph-DTP 13.19
AS Al10

TPA-DTP 12.58 TPA-DTP 14.03

Note S2.3 Deactivation processes in the three-component PC-Ar:I"-EDB system

Path B

DTP**+ EDB — DTP + EDB™*

A:G® is the DFT calculated free energy; it is —6.44 kcal/mol for the Ph-DTP case and 1.55 kcal/mol

for the TPA-DTP case. The calculated radii of DTP** and EDB are 9.497 A (Ph-DTP*"), 13.933 A

(TPA-DTP**) and 6.907 A (EDB).

1

1

Ao =95 (
0 ZF'DTP-+

2repg 'pretTEDB

20 (Ph-DTP) = 6.09 kcal/mol

Ao (TPA-DTP) = 5.73 kcal/mol

.
MGy =

AGo* (Ph-DTP) = 1.52 kcal/mol

AGo* (TPA-DTP) = 1.43 kcal/mol
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2

N ; AG°
AGH=AGy |1+ ——
4AG;

AG* (Ph-DTP) = 0.005 kcal/mol
AG* (TPA-DTP) = 2.31 kcal/mol

_ Mprp+MgpB
Mprp++MEDB

u (Ph-DTP) = 134.15 g mol!
u (TPA-DTP) = 154.48 g mol’!

8nRT 5
Z= Ny u (rpre + FEpB)

Z (Ph-DTP) = 1.1 x10'2 M"!s"!

Z (TPA-DTP) = 1.66x10'> M5!

AG*
kB= V4 eXp\ - ﬁ

ks (Ph-DTP) = 1.09 x10'> M"!s™!

ks (TPA-DTP) = 3.36 x10'° MIs"!

Rg = kg [DTP*][EDB]

The concentration of EDB is taken from experiment as 0.0513 M.
Rs (Ph-DTP) is calculated to be 1.03x10° Ms!

Re (TPA-DTP) is calculated to be 3.17x10* Ms!

R/R; (Ph-DTP) is calculated to be 4.9x10"

R/R: (TPA-DTP) is calculated to be 1.51x10'?

Path B’-1

DTP*"-Arl + EDB — DTP + Arl + EDB""

In this step, A:G? is the calculated reaction free energy, where A:G°(Ph-DTP case) is —19.9 kcal/mol
and A:G°(TPA-DTP case) is —3.32 kcal/mol. Ds is the bond dissociation energy of DTP**-Arl with

the value of 7.5 kcal/mol for Ph-DTP "-Arl and 6.98 kcal/mol for TPA-DTP"*-Arl. The calculated
radii of DTP""-Arl are 9.491 A for Ph-DTP""-Arl and 13.905 A for TPA-DTP"*-Arl.

25



1

1

1
10:95< +

2rptp A 2YEDB 'DTP -AdTTEDB

Ao (Ph-DTP) = 6.09 kcal/mol

Ao (TPA-DTP) = 5.73 kcal/mol
Ao+ Ds

4
AGo* (Ph-DTP) = 3.4 kcal/mol

.
AGH =

AGo* (TPA-DTP) = 3.18 kcal/mol
: ; AG°
AG*=AG;[ 1+ _
4AG;

AG* (Ph-DTP) = 0.73 kcal/mol

2

AG* (TPA-DTP) = 1.73 kcal/mol

_ Mprp” . AnMEDB
Mprp” antMgDB

u (Ph-DTP) = 151.29 g mol’!

u (TPA-DTP) = 162.64 g mol’!

8TRT s
Z= Ny T (rpre”.an T 7EDB)

Z (Ph-DTP) = 1.04 x10'2 M5!
Z (TPA-DTP) = 1.61x10'> M5!

AGH
kB'-1 = Zexp —ﬁ

kg2t (Ph-DTP) =3.03 x10'! M!s!

kg1 (TPA-DTP) = 8.68 x10'° M!s™!

Ry = kg, [DTP*-Arl][EDB]
Rp>-1 (Ph-DTP) = 7.15 x10° Ms'!
Rp.1 (TPA-DTP) =3.99 x102Ms™!

R/R: (Ph-DTP) is calculated to be 3.4
R/R; (TPA-DTP) is calculated to be 1.9x10°

Path B’-2

)



DTP"-I' + EDB — DTP+1 + EDB™

In this path, A:G® is the DFT calculated free energy; it is —2.92 kcal/mol for the Ph-DTP case and
—3.29 kcal/mol for the TPA-DTP case. Dg is the bond dissociation energy of DTP"'-I", where Ph-
DTP**-I" is 15.61 kcal/mol and TPA-DTP""-T is 7.18 kcal/mol. The calculated radii of DTP*"-I" are
9.54 A for Ph-DTP**-I" and 14.018 A for TPA-DTP™*-T".

Ao =95 ( ! + ! ! )
0= _
2rprp" - 2rgpB Tore . HTEDB

Ao (Ph-DTP) = 6.08 kcal/mol

Ao (TPA-DTP) = 5.73 kcal/mol

+ io +DB
AGy = =

AGo* (Ph-DTP) = 5.42 kcal/mol

AGo* (TPA-DTP) = 3.23 kcal/mol

: ; AG°
AGH=AGH 1+ ——
4AG;

2

AG* (Ph-DTP) = 4.06 kcal/mol
AG* (TPA-DTP) = 1.79 kcal/mol

_ Mprp” -MgpB
Mprp” - tMgpB

u (Ph-DTP) = 143.99 g mol!
u (TPA-DTP) = 158.95 g mol’!

,SRRT
Z= Ny P (rpre - + VAr‘)Z

Z (Ph-DTP) = 1.07 102 M5!

Z (TPA-DTP) = 1.65x10'> M5!

AG*
ka_z =7 GXp - ﬁ

kg2 (Ph-DTP) = 1.13x10° M"!s!
ks> (TPA-DTP) = 8.04x 1010 Mgt
Rg.»= kg, [DTP -I'][EDB]

Re2 (Ph-DTP) = 75.36 Ms™!
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Rp’2 (TPA-DTP) = 3.95x107 Ms'!
R/R: (Ph-DTP) is calculated to be 3.59x10°

R/R; (TPA-DTP) is calculated to be 1.88x10°

AGH
14 ] 1362 . S —B
1 - B-1 14.25 —B'1
29 Ph-DTPArl —PB'-2
+Ar + I + EDB \
B-2 0.55}
= 0.0 A
g 0 7] s : 1“‘1 “‘
= Ph-DTP +Apt” B 0.008} 4
g +AC + T +EDB
2 2 !
351
41 phDTP -+ Al
+Ar + EDB
-6 1 Ph-DTP + Arl

+Ar + | +EDB
Fig. S2 Energy profiles of Ph-DTP**/EDB/I /Arl/Ar following B, B’-1 and B’-2 deactivation paths

~B-
6 - ’,,’ ,/'
4.84 //Z' 8/'”
= e
£ TPA-DTP**-I+Arl  TPA-DTP-*-Arl
g 44 +A-+EDB +Ar + I +EDB
o
<
-
TPA-DTP + Arl
+Ar + I +EDB™
00 |
o4 ——
TPA-DTP™ + Arl
+Ar + | +EDB

Fig. S3 Energy profiles of TPA-DTP"/EDB/I'/Arl/Ar" following B, B’-1 and B’-2 deactivation
paths.
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: 352A ° 358 A

EDB**-Arl EDB"-I-

Fig. S4 Stable structures of radical cation complexes of type EDB™*-Arl and EDB™*-T".

After paths B, B’-1 and B’-2 take place, 10 different deactivation reactions can potentially follow
to regenerate EDB and Arl/Ar2I", namely B1 to B10.

Path B1

Bl-a. EDB""+Ar — EDB + Ar';

Bl-b. Ar"+Arl — Anl*

In path Bl-a, A:G® is the DFT calculated free energy with the value of 11.9 kcal/mol. The radius of
EDB""is 6.872 A.

1 1 1
10:95< + )

2rgpp+ 2ray Teptrar

= 8.93 kcal/mol

Ao
4
= 2.23 kcal/mol

i T ArGe
AG* =AGy( 1+ n
4AGj

AG)=

2

= 12.15 kcal/mol

_ Mepp+Mar
Mgpp+tMay

=78.74 g mol™!

8nRT
Z= Ny / P (repp™ + rar)?

=7.07 x10" Mg’
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AG*
kBlz ZGXp —ﬁ

=8.76x10>* M5!

Rg; = kg, [EDB™][Ar’]

The concentration of EDB'" cannot be directly detected in electrochemical measurements.
Therefore, about 10% of termination is considered here, such that a low concentration of 0.00513
M is used for [EDB™].

RB1 =2.08x107 Ms'!

R/R: (Ph-DTP) = 10

Path B2
EDB**+ Ar*+ Arl — EDB + Aral*

. (2r Arlt T Arl)” Arl

Veff =
) NS
=7371 A
P —95( ! ! )
0 2rgpp+ 2rer TEDB e
= 6.69 kcal/mol

A:GY is the DFT calculated free energy with the value of —25.76 kcal/mol, while Dg and Dy are the

same as the ones shown in the Act-1 reaction.

.2+ (JDa- YD)
4

AG) =

= 1.81 kcal/mol

2
. . AG’ - D,
AG+:AG6 1+ 4—(;+
AG;

PRT
7= N3 872
T

Here, we define A= EDB'*, B=Ar", and C = Arl, such that ma = 0.193 kgmol ™!, ms = 0.133 kgmol

= 12.97 kcal/mol

1 1

+mg\2 +me\2
(CAm)y (2 ’”C)] Bl )

mameg mgmc
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I, and mc = 0.26 kgmol™'. With these values and their corresponding radii, Z can be obtained.
Z=3.34x10" M%s’!

AG*
sz =7 exXp\ - ﬁ

=1.04x10*> M%s"!

Rp, = kg [EDB*][Ar][Ar]]
=4.54x10""" Ms™!

R/R =2.16x107?

Path B3

EDB'*-Arl + Ar" — EDB + AraI*

A:G® is the DFT calculated free energy with the value of —30.82 kcal/mol, and Ds is the bond
dissociation energy of EDB**-Arl with the value of 3.3 kcal/mol. The radius of EDB**-Arl is 8.748
A.

1 1 1
7o =95 ( T )
2repBAr 2FAr TEDB AT Ar

= 8.6 kcal/mol

i io + DB
07 Ty
= 2.975 kcal/mol
\ AGY
AG* = AGj (1 + = )
4AG;,

= 7.52 kcal/mol

_ MgppAnMar
Mepg " ArtMar

=102.81 g mol!

87RT ,
Z=Ny T ("EDB™Arl + 7Ar)

=8.38 x10' M5!

AGH
kB3: V4 exXpl - ﬁ

31



=2.57x10° M1

The calculation of the concentration of EDB*-Arl:
EDB** + Arl < EDB**-Arl (RB3-M)

Reaction equilibrium constant kr of RB3-M:
_ac’®esw)  [EDB -Arl]
kf: e RT T T
[EDB™*][ArI]
A+G®rB3-m) is the DFT calculated free energy with the value of 5.06 kcal/mol.

kr= exp(—5.06kcal mol'/(1.987 calmol'K"'x298.15 K)) = 1.96x10*

Then, the concentration of EDB™*-Arl can be obtained.

[EDB™*-Arl] = 1.85x10° M
Ry = kg3 [EDB*-ArI][Ar’]
=2.2x10"0 Ms!
R/IR.=0.01

Path B4

B4-a. EDB*-Arl + Ar" — EDB + Arl + Ar™;

B4-b. Ar"+ Arl — Anl’

In path B4-a, A:G® is the DFT calculated free energy with the value of 6.84 kcal/mol. Ao, Ds, AGo*,
Z and u are the same as the ones shown in path B3.

\ : AG°
AGH=AGH[ 1+ ==
4AG;

2

=7.39 kcal/mol

AG*
kga=Z exp| - =T

=3.2x10°M's™!

Rpy = kg4 [EDB*-ATT][Ar’]
=2.74x10"1 Ms™!
R/Ri=1.3x107?
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Path BS

B5-a. EDB™-Arl + Ar' — EDB-Arl + Ar"
B5-b. EDB-Arl — EDB + Arl

B5-c. Ar"+Arl — Anl’

In reaction B5-a, the DFT calculated free energy A:G® = 9.23 kcal/mol. Ao, Z and y are the same as

the ones shown in path B3.

Ao
4
= 2.15 kcal/mol

: ; AG°
AGH=AGH [ 1+ ——
4AG;

AG)=

2

= 9.24 kcal/mol

AG*
kBSZ Z exXpl - ﬁ

=1.41x10° M5!

Rgs = kgs [EDB"*-Arl][Ar’]
=1.21x10" Ms™!
R/R:=5.76x10*

Path B6
B6-a. EDB™ +Ar" — EDB + Ar"
B6-b. Ar'+1 — Arl

In reaction B6-a, all the relevant parameters are the same as the ones shown in path Bl-a.

Path B7
EDB" +Ar' +1I" — EDB + Arl

The DFT calculated free energy A:G® = —51.06 kcal/mol, while Dg and D; are the same as the ones

shown in the Act-2 reaction. refr is as shown in Table S1.
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1 1 1
G0 =95 ( S )
0 2rgpp+ 2Fest TEDB*TTefr

= 12.05 kcal/mol

o+ (VD5 - D)
4

Go

= 8.69 kcal/mol

2
. AG - D
AG* =AG5<1 + —p>
4AG;,
= 2.24 kcal/mol
1 1
2RT | /ma+tmp\2 [(mptme\2
Z=N28n2’ ( A B)2+( B C)zldzAHdeBHcé
7T mamg mgmc

Here we define A=EDB", B=Ar'and C=T.
Z=1.47x10" M%!

AG*
kB7 =7 exXp\ - ﬁ

=3.35x10° M%s!

Rp7 = kg7 [EDBJ[Ar][1]
=1.46x10™* Ms™!

R/Ri= 6.96x10°

Path B8
EDB''-I" + Ar" — EDB + Arl

A:G® is the DFT calculated free energy with the value of —54.53 kcal/mol, and Ds is the bond
dissociation energy of EDB**-I" with the value of 2.356 kcal/mol. The radius of EDB**-I" is 7.009

A.

L 1 1 1
0= <2V EDB -I ! 2rar  TEDB T Ar>
= 8.89 kcal/mol

Ao+ Ds

4
= 2.81 kcal/mol

AGE =
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2

N ; AG°
AGH=AGy |1+ ——
4AG;

= 41.68 kcal/mol

_ Mgpg" 1 Mar
Mgpp™. 1 tMar

=93.95 g mol!

8nRT 5
Z= Ny P (repp*1 * 7ar)

=6.63 x10" M's™!

AG*
kBSZ Z EXpl\ ——=

RT

=1.85x10” M5!

The calculation of the concentration of EDB'*-1";
EDB* +I" <> EDB**-I" (RBS-M)

Reaction equilibrium constant kr of RB3-M:
_ ar6Y(RB3-M) [EDB.+-I_]
kf: e RT ==
- [EDB™](1I']

A:G®®Bs-wm) is the DFT calculated free energy with the value of 3.47 kcal/mol.
kr= exp(-3.47 kcal mol!/(1.987 calmol 'K'x298.15 K)) = 2.85x107

Then the concentration of EDB**-I" can be obtained.
[EDB*-I7]=2.85%103 x 0.00513 % 1.84x10%=2.69x10°M
Rgs = kg [EDBT J[Ar’]

=2.3x10% Ms!
R/R = 1.1x10"%

Path B9
B9-a. EDB'-I +Ar" — EDB+1 +Ar"
B9-b. Ar"+1 — Arl

In path B9-a, A:G” is the DFT calculated free energy with the value of 8.43 kcal/mol, while Lo, Ds,
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AGo*, Z and p are the same as the ones shown in path BS.

. ; AG®
AG =AG, 1+ ==
4AGy

2

= 8.61 kcal/mol

AG*
k39= V4 exXp\ - ﬁ

=3.26x10° M5!

Rpy = kpg [EDB-T"J[Ar]
=4.05x10"" Ms™!
R/R:=1.93x107

Path B10

B10-a. EDB™-I + Ar' — EDB-I +Ar"
B10-b. EDB-I" — EDB+1"

B10-c. Ar"+1 — Arl

In reaction B10-a, the DFT calculated free energy A:G® = 9.604 kcal/mol. o, Z and u are the same

as the ones shown in path BS.

Ao
4
= 2.22 kcal/mol

\ : AG°
AGH=AGH[ 1+ ==
4AG;

AG =

2

=9.62 kcal/mol

AGH
kBlOZ Z eXp | - ﬁ

=5.88x10* M's’!

Rg19= kg1o [EDB -ArI][Ar']
=7.31x10"'> Ms™!
R/R:=3.48x10*
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Path C

C-a. Ar'+EDB — ArH + EDB‘(n)

C-b. EDB‘w)+ DTP"" — EDB*)+ DTP
C-c. EDB*m)+ArH — EDB + Ar"

C-d. Ar'+Arl — Anl’

In reaction C-a, the DFT calculated free energy A:G® = —3.01 kcal/mol, while Ds is the bond
dissociation energy of EDB—EDB(n)’ + H* with the value of 120.05 kcal/mol. u is the same as the

one shown in path B1.

P =95( L, o1 )
0 2rgpg 2rar TepeTPAY
= 8.92 kcal/mol

+ jy() +DB
AGy = =

= 32.24 kcal/mol

o 2

+ + ArG
AGH=AGEH[1+ ==
4AGE

= 30.75 kcal/mol
Z=7.12 x10" M-!s!

AG*
kca.=Zexp| - =T

=2.04x10"" M1s!
Ry = kc.a [EDB][Ar]
=4.83x102° Ms™!
R/R:=2.3%x10"12

In reaction C-b, the DFT calculated free energy A:G® is 2.34 kcal/mol for the Ph-DTP case and

10.33 kcal/mol for the TPA-DTP case. The radius of EDB’.m) is 7 A.

Ao =95 < + ! ! )
0 = —
2repg'ny 27DTP* TEDB'(ny TFDTP™

Ao (Ph-DTP) = 6.03 kcal/mol
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Ao (TPA-DTP) = 5.66 kcal/mol
Ao

AGg: Z

AGo* (Ph-DTP) = 1.51 kcal/mol
AGo* (TPA-DTP) = 1.415 kcal/mol

. L AGY
AGH=AGH( 1+ ==
NG

AG* (Ph-DTP) = 2.91 kcal/mol
AG* (TPA-DTP) = 11.29 kcal/mol

_ MgppcwMprp
Mgpg'nytMprp+

u (Ph-DTP) = 133.67 g mol!

u (TPA-DTP) = 153.84 g mol’!

8nRT 2
Z=Ny u (”EDB‘(.H>+”DTP‘+)

Z (Ph-DTP) = 1.12 x10"? M"!s!

Z (TPA-DTP) = 1.68x10'> M!s!

AG*
kcy=Zexp| - =T

kco (Ph-DTP) = 8.24x10° M5!

ke (TPA-DTP) = 8.89x10° M5!

Ry, = kcy [EDB' 1] [DTP™]

Rcb (Ph-DTP) = 7.78 x10? Ms™!

Rcb (TPA-DTP) = 8.39 x10™* Ms’!

R/R; (Ph-DTP) = 3.7x101°

R/R: (TPA-DTP) = 4x10*

From observing the various reaction steps involved in path C, the high bond dissociation energy of
EDB appears to render a challenge towards their feasibility. Besides, the calculated high activation

barriers indicate that path C is in fact difficult to carry out.
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Table S3. Calculated activation barriers of each proposed deactivation path, B, B’ and BI-B10

Path AGi* (kcal/mol) Path AG>* (kcal/mol)
Ph-DTP 0.005 Bl 12.15
B
TPA-DTP 2.31 B2 12.97
Ph-DTP 0.73 B3 7.52
B’-1
TPA-DTP 1.73 B4 7.39
Ph-DTP 4.06 B5 9.24
B’-2
TPA-DTP 1.79 B6 12.15
B7 2.24
B8 41.68
B9 8.61
B10 9.62

Note S2.4 Deactivation processes in the PC-EDB system

Experimental studies on the polymerization kinetics have found inconspicuous photolysis
conversion in the DTPs-EDB system, while its electron transfer quantum yield of about 0.25'7
claims that back electron transfer would occur during the interaction. This means that although the
Act-3 process has a rather high activation barrier (Table 1), the DTP* and EDB"" species still have
a chance to be generated. Herein, the deactivation mechanisms involved among the co-existing
components DTP*/EDB"*/Ar2I" are investigated. Three possible mechanisms can be found, as
denoted by paths D, D’ and E. The relevant activation energy and rate constant in each path are

shown in Table S4 and Table S5, and their energy profiles are shown in Fig. S5-6.

Path D
D-a. DTP" + EDB™ —DTP-H' + EDB*(—H)
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D-b. DTP-H'+Arl" — DTP+H*+Arl + Ar’

D-c. EDB‘'(-H)+ H*+Ar" — EDB +Ar"

D-d. Ar"+Arl — Anl’

In reaction D-a, the DFT calculated free energy A:G is 14.13 kcal/mol for the Ph-DTP case and

37.26 kcal/mol for the TPA-DTP case. Ds is the bond dissociation energy of EDB™ — EDBn)’ +

H* with the value of 177.08 kcal/mol. Such a high value means that it is hard to obtain EDBn)’

without the intervention of a strong external stimulus.

The radii of DTP* are 9.591 and 14.06 A for Ph-DTP"~ and TPA-DTP"", respectively.

1 1 1
10:95< + )

2rgpg+ 2Fpret  TEDB“TTDTP™
Ao (Ph-DTP) = 6.09 kcal/mol

Ao (TPA-DTP) = 5.75 kcal/mol

+ io +DB
AGy = =

AGo* (Ph-DTP) = 45.79 kcal/mol

AGo* (TPA-DTP) = 45.71 kcal/mol

+ T ArGe ?
AGH=AGEH[1+ ==
4AG}

AG* (Ph-DTP) = 53.13 kcal/mol
AG* (TPA-DTP) = 66.24 kcal/mol

u s the same as the one shown in path B.

8nRT
Z=Ny / u (repp + rpre-)?

Z (Ph-DTP) = 1.11 x10"> M!s™!

Z (TPA-DTP) = 1.68 x10'2 M'!s™!

AG*
kpa=Zexp| - RT

Kp-a (Ph-DTP) = 1.25x10°%” M5!
Kp-a (TPA-DTP) = 4.64x107 M'!s™!
Rp.a = kp. [EDB™][DTP"]
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Here, the concentration of DTP is the same as that of DTP"".

Rp-a (Ph-DTP) = 1.18x103* Ms™!

Rp-a (TPA-DTP) = 4.38x10™* M5!

R/R: (Ph-DTP) = 5.62x10%’

R/R: (TPA-DTP) = 2.09x1073¢

In reaction D-b, the DFT calculated free energy A:G® is 108.58 kcal/mol for the Ph-DTP case and
84.19 kcal/mol for the TPA-DTP case. Ds is the bond dissociation energy with values of 58.58
kcal/mol (Ph-DTP-H"), 17.22 kcal/mol (TPA-DTP-H") and 2.75 kcal/mol (Ar2I"). The radii of DTP-
H" are 9.586 and 14.017 A for Ph-DTP-H" and TPA-DTP-H’, respectively.

1 1
Ao =95 + _
’ <2V AnI" 2rprpr 7 Ar, T T DTP-H‘)
Ao (Ph-DTP) = 5.47 kcal/mol

Jo (TPA-DTP) = 4.99 kcal/mol

+ j’O +DB
AGy ="

AGo* (Ph-DTP) = 16.7 kcal/mol

AGo* (TPA-DTP) = 6.24 kcal/mol

. AGY
AGH=AGH( 1+ =
e

AG* (Ph-DTP) = 115.11 kcal/mol
AG* (TPA-DTP) = 119.33 kcal/mol

MprpuMy, 1+

Ll ey S
MptpH +MArQI+

u (Ph-DTP) = 207.81 g mol!
u (TPA-DTP) = 260.77 g mol’!

8nRT

Z = NA T (}’Ar21+ + }"DTP_H')z

Z (Ph-DTP) = 1.02x10'2 M"'s"!
Z (TPA-DTP) = 1.43x10"> M"!s!

41



P AG*
D-b exXp RT

Kb (Ph-DTP) = 4.2x107* M!s™!

Kp-» (TPA-DTP) = 4.75x107 Mls™!

To obtain the concentration of DTP-H’, the reaction equilibrium constant ks of reaction D-a should

be calculated.

_ac’oa)  [EDB'(-H)][DTP-H]
T TIEDBM[DTP]

ki (Ph-DTP) = 4.38x10"'!

kf:€

kr (TPA-DTP) = 4.85x10%8
[Ph-DTP-H'] = 8.06x10'* M
[TPA-DTP-H'] = 8.92x10%* M
Rp. = kpy [DTP-H'][Ar, ]

Rp- (Ph-DTP) = 6.23x10°° Ms!
Rpb (TPA-DTP) = 7.8x1071% Ms™!
R/R: (Ph-DTP) = 2.97x10%2

R/R; (TPA-DTP) = 3.71x101%2

In reaction D-c, the DFT calculated free energy ArG® is —144.31 kcal/mol, while Dsg is the same as

Qrar - r)ra
FAr

the one in reaction D-a. reff can be obtained by , giving the value of 2.088 A.

1 1
Ao =95 + —
0 <2V EDB'(-H) 2ree T EDB" ) 7 eff)

= 19.08 kcal/mol

+ /10 +DB
AGy ="

= 49.04 kcal/mol

o 2

+ T ArG
AGH=AGEH[1+ ==
4AG)

,ZRT
7= N3 872
T

Here, we define A= EDB’(-H), B=H*"and C = Ar".
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Z=6.83x10" M2s’!

AG*
kp..=Zexp| - RT

=2.1x10° M%s™!
Above all, the bond dissociation energy of EDB"" of 177.08 kcal/mol and high barriers of 53.13
(Ph-DTP™) and 66.24 kcal/mol (TPA-DTP™) indicate that path D is hard to carry out.

Path D’
DTP + EDB* — DTP + EDB
In reaction D’, the DFT calculated free energy A:G® is —59.27 kcal/mol for the Ph-DTP case and

—60.53 kcal/mol for the TPA-DTP case. Ao and Z are same as the one shown in path D-a.

A
4
AGo* (Ph-DTP) = 1.52 kcal/mol

AG)=

AGo* (TPA-DTP) = 1.44 kcal/mol

. ; AG®
AGH=AG) |1+ ==
4AG}

2

AG* (Ph-DTP) = 115.91 kcal/mol
AG* (TPA-DTP) = 130.7 kcal/mol
Above all, the high barriers of 115.91 (Ph-DTP*") and 130.7 kcal/mol (TPA-DTP") indicate that

path D’ is hard to carry out. Then the calculation for Kb’ and Rp’ has no significance.

Path E

DTP" + Anl" — DTP + Ar" + Arl

In reaction E, DTP" first reacts with Ar2I" to give birth to DTP, Arl and Ar” species. The co-existing
EDB"'/Ar"/Arl components then undergo reduction reactions E1-E5 to regenerate EDB and Ar2I".
It should be noted that paths E1-ES5 are the same as paths B1-BS5.

In the first step of reaction E, the DFT calculated free energy A:G%s —33.51 kcal/mol for the Ph-
DTP case and —34.76 kcal/mol for the TPA-DTP case. Ds and u are the same as the ones in reaction
Act-1.
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1 1 1
Ao =95 + —
’ <2” AnI" 2rpre- 1 Ar, T T DTP")
Ao (Ph-DTP) = 5.47 kcal/mol

Ao (TPA-DTP) = 4.99 kcal/mol

+ io +DB
AGy = =

AGo* (Ph-DTP) = 2.055 kcal/mol

AGo* (TPA-DTP) = 1.935 kcal/mol

: ; AG°
AGH=AGH [ 1+ ——
4AG;

2

AG* (Ph-DTP) = 19.45 kcal/mol
AG* (TPA-DTP) = 23.58 kcal/mol

8nRT 2
£=Na = (rae + roTe-)

Z (Ph-DTP) = 1.025x10"2 M"'s™!
Z (TPA-DTP) = 1.44x10'2 M5!
ke (Ph-DTP) = 5.65x103 M'!s™!
ke (TPA-DTP) = 7.45x10°° M5!
Re (Ph-DTP) = 1.91x10” Ms™!
Re (TPA-DTP) = 2.52x1012 Ms™!
R/R: (Ph-DTP) = 0.09

R/R (TPA-DTP) = 1.2x10*

Compared to path D and path D’, path E has a moderate activation barrier and can offer a more
likely deactivation mechanism for the Act-3 activation process. However, its low R/R: values
indicate that the deactivation of DTP™ is in competition with the biradical termination reaction.

This will inevitably lead to a poor efficiency to obtain required photopolymerization results.
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Table S4. Calculated activation energies of proposed deactivation paths, D, D’ and E.

Path AGHH Path AGH AGs#
(kcal/mol) (kcal/mol) (kcal/mol)
Ph-DTP 53.13 115.11 3.43
D
TPA-DTP 66.24 119.33 3.43
Ph-DTP 115.91
D?
TPA-DTP 130.7
Ph-DTP 19.45
E
TPA-DTP 23.58
El Ph-DTP 12.15 —
TPA-DTP 12.15 —
E2 Ph-DTP 12.97 —
TPA-DTP 12.97 —
E3 Ph-DTP 7.52 —
TPA-DTP 7.52 —
E4 Ph-DTP 7.39 —
TPA-DTP 7.39 —
E5 Ph-DTP 9.24 —
TPA-DTP 9.24 —

Table SS. Calculated rate constants of proposed deactivation paths D and E.

Path Reaction Rate law k(MT1sh)  RMs™) R/R;
Termination Pn"+Pn” — Pn-Pa Ri= ki [Pn"][Pn"] 2.1x10% 1
Ph-DTP  DTP“+EDB"—DTP-H+EDB'(-H) 1.25x1027  1.18x1034  5.62x10%
DTP-H+AnI*—>DTP+H+Arl+Ar
D Rp= kp [EDB"* ][DTP"]
TPA-DTP  EDB'(-H)+ H*+ Ar' — EDB + Ar* 4.64x1037  4.38x104 2.09x1073¢
Ar"+ Arl — AnI*
Ph-DTP 5.65x10°  1.91x10° 0.09
E DTP*+ Anl* — DTP + Ar'+ Arl Re = ke[DTP][Ar21"]
TPA-DTP 7.45x106  2.52x10°12 1.2x10*
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Fig. S5 Energy profiles of Ph-DTP**/EDB/Ar1" following E-series deactivation paths.
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Fig. S7 The overall main mechanism in the photo-catalytic cycle for the (a) DTPs-Ar2I" system
following the Act-1 activation process and A1-AS5 deactivation processes, (b) DTPs-Arl system
following the Act-2 activation process and A6-A10 deactivation processes, (¢) DTPs-Ar2I"-EDB
system following the Act-1 activation process and B, B’-1, B1-B5 deactivation processes, (d)
DTPs-ArI-EDB system following the Act-2 activation process and B, B’-2, B6-B10 deactivation
processes.

It should be noted that the photo-catalytic cycles presented in Fig. 5 and Fig. S7 are the main
efficient mechanisms with low barriers in both activation and deactivation for the propagation of
the polymerization process. There are still, however, other possible reactions, even background or
side reactions that would occur at the same time, which all need to be considered. Although Ph-
DTP"" and Ar’ will initiate photopolymerization, this will also result in biradical termination as the
background reaction, giving rise to dead chain propagation. The existence of intermediate
complexes, such as Ph-DTP"*-Arl, Ph-DTP*"-I", EDB"*-Arl and EDB"*-I" will also promote the
catalytic cycle, but through different reactions and alternative mechanisms. However, in view of
the rather low concentrations of these intermediates, their relevant regeneration processes will be

carried out at slow rates, which may be even slower than the biradical termination process, resulting
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in a loss of the system’s photo-catalytic capacity. Additionally, when the catalyst is in the excited
state Ph-DTP*, it is a strong reductant, and the generated radical can be reduced to a carbanion
state. In accordance with the strong redox potential of Ph-DTP"", there is also a plausible situation
whereby the I species could be oxidized to I2, which will generate I" on irradiation and initiate the
propagation of polymerization. However, it must be noted that in practice, the above mentioned
background or side reactions will inevitably decrease the reactivity of individual components and

overall activity of the PC in the photo-catalytic cycle.
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