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1. Derivation of equations

1.1. Ideal system
We consider a simple kinetic scheme for a photocatalytic process with reductive quenching including a photosensitizer (PS), a

sacrificial donor (SD), a catalyst (Cato and Cat,q) and a substrate (Sox) leading the product (P,q) (Scheme S1).

We make the following simplification assumptions:

- SD is in excess so that its concentrations remain constant throughout the experiment.

- Sox 1s in excess so that its concentrations remain constant throughout the experiment.

- No back reaction between the final product and the oxidized sacrificial donor.

- The irradiation is constant so that the excitation of PS can be described as a pseudo-first order process with a rate constant kp,.

- All intermediate are at steady-state which implies that the rate determining step is the quenching process.

Scheme S1
SD D +
ko

Pred

Kinetic equations:
[”d] = k[Sox [Catreq ]
and

d| Cat °o— *
% =kgr [PS }[Catox ] - k[SOX][CHtred]_kbetc [SD +}[Catred] =0

d[:} ~ko[ Ps”|[sD], - (kET [Catyy J+kpey [SD'*D[PSF} ~0

d PS*}
dt
d [SD'*}

dt

abs[PS] kb[PS} kQ|:Ps*:|[SD]OzO

~ky [PS*}[SD]O —ky, [SD'*}[PS”} ke [SD”}[CatredJ

Resolution

Because Cat 4 is at steady state, it does not accumulate and [CatOX ]0 ; [Catox] and the steady-state approximations lead to:

[PS*} ks [PS]

ky + ko [SD],
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and

ko [SD], ps*][pse-
J)[ J-[rs]

(kET I:Catox :'0 + kbet [SDH—

Therefore:
|:PS._:| _ kQ [SD]O kab‘\‘ [PS]
(kET [Catyy ], + ke [sn’*}) ky +ho[SD],
with
[Ps], =[Ps]+| Ps || ps™ |
Thus:
PS
[PS]= [Psl,
kabs + kQ [SD]O kabs

1+
ky +kg [SD], (kET [Catoy J, + ke [SD”}) ky +kg [SD],
We also have:

I:Catox] ~ kET I:Catox ]o kQ [SD]O kabs
©Sox ] kpee [SD™ | K[ Sox I+ K SO | (ki [Caty, ], # k[ D™ || o+ Ao [SP)y

[Cat,eq ] =zr [PS'_} [PS] leading

to:

ko [SD],
d[Py] _ k[ Sox | {kET [Cat,, ], kb-t—QkQ[SD]O][PS]O
“ k[ Sox ]+ kpere | SD™ 1 1 ot ko [SD],
bl e [ D

Now we need to get [SD"’}
:

We have:
dsp™ | . )
=k [PS }[SD]O —ky,, [SD *}[Ps }—kbm [SD *}[Catred]
d[ps™] .
Combined with ———= =g [Ps"][sp], - (kET [Caty, J+ Ky, [SD"’})[PS'_} ~0
We obtain:
dsp™ ] N "
= =key [Catg [ PS™™ |~y SD™ [[Catyeg]
Combined with:
d| Cat o— .
% =g | PS™ |[ Catgy ]~k [Sox J[Catyeq J=pere | SD™ |[ Catyeq ] 0
We obtain:
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d[SD’q

dt

= k[ Sy | Catreq |

|:SD.+:| dl: ed:I
d

t

therefore: and hence [

thus:

kgr [ Catgy ]0

ko [SD],

]l e 557 T =

d [SD”J )

k[Sox ]

(kET [Catgy ]y + ke [SD”D ky + kg [SD],

[PS],

At kS hpee | SO ][ |

1

ko [SD]0

— +
kaps Ky +ko[SD], (kET [Catyy ]y + ke [SD”D ky +ko[SD],

Which can be rearranged to:

1+ kabs
Kpore ky +kq [SD],

1+

+
kgr [Cat

k[Sox ]

kET [Catox ]0 + kQ [SD]O

Kper || SD™ |

oy ky +ko [SD],

1+ kabs
ky, + kQ [SD]0

kgr[ Catyy ], +ko [SD],
k, + kg [SD],

+ kbetc

k[Sox ]

kgr| Catyy ]O

which integration gives:

1+ kabs kb .
[
Kpore ky, + kQ [SD]O

Kper| SD™" T

[SD'+ T

+

[SD"’} aFow

kpr [CatOX ]0

+kq [SD], 2

kET I:Catox :IO kb +kQ [SD]O

[1 kabs J
+ kbetc kb + kQ [SD]O

[SD”}3

k[Sox]

kgr[Catyy ], + ko [SD],
k| Cat +k
ETI: ox ]() abs kb +kQ [SD]O

kET I:Catox :Io kak[][)S]IO)] abs [PS]O

= xt
kET[Catox] +kg [SD]
kpp[Caty | +ky, 0 0
ETI: 0X :IO ab. kb +kQ [SD]O

3

Recalling that [Pred ]t = [SD”} we finally obtain the turnover number 7ON .,
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kg [ Cat

ox:IO k

thus:

ka[ [S]IO)] abs[PS]o

d[sn”} =

kET I:Catox ]0 + kabs

[ red:'

[CatoX ]O

kgr [Catox 1y +ko[SD],

ky +ko[SD],

dt



k
[1 a’“] kper [ Catoy ],

+ 2
TON . + Kpere I:Catox :Io ky + kQ [SD]O (TONcat)
cat k[ Sox | or [Cato, ]+ kgr[ Catyy |, +ko[SD], 2
ET ox o " “abs kb 4 kQ [SD]O
1+——abs 1, TCat
+ kbetc [Catox ]0 [ kb + kQ [SD]O J ! I: OX :IO (TONcat )3

kpr [ Caty, |, +ko[SD], 3
kpr| Cat +k
ET I: 0x ]o abs kb N kQ [SD]()

K[ Sox ]

ko[SD]
0 0
k k. |PS
ET kb+kQ[SD]0 a}m[ ]0

X
kgr [Catox ]() + kQ [SD]O
kpr| Cat +k
ET I: ox :'0 abs kb N kQ [SD]O

t

In most cases % <<1, thus:
ky +kg [SD]O
2 3 wk{lbs [PS]O
TON kbetc [Catox :I() + kbet I:Catox :I() (TONcaz) n kbetc I:Catox :I() kbel I:Catox :I() (TONCW) _ kb + kQ [SD]O <t
cat K[Sox ] kpr[Catey |, 2 K[Sox ] | kpr[Catey |, 3 [Caty |,
[PS], k, Kpore [ PS] ko [SD]

Thus, introducing: TOF. , o =7 pokp, ¥ =——0— pp, =—LCL = bl T0 =92 _ we obtain:

us, introducing cat,0 =V Pokaps 7 [Catox ]O Dhet ko Phetc k[SOX :IO and p o+ kQ [SD] we obtain

2 3
TON TON .

TONcat + [pbet + Phere j ( zcat) + Ppet pl;etc ( 3“1’) = 7kaabs xt= TOFcut,O xt

1.2. Deactivation of the catalyst

The same system as in section 1.1. is considered (with similar assumptions) excepted that the reduced form of the catalyst can
now irreversibly degrades via a first order process (Scheme S2).

Scheme S2

SD ¥
SD

Cat,

dead

Kinetic equations:
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d I:Pred:' _ k[sox ][Catred]
dt
and

d[Catyeq | _ .

- pr| PS™ |[Catoy ] (K[Sox ]+ ke ) [ Catyeq = Kpere | SD™ [[Catyeq ] =0

d[PS'_}

=y [Ps”|[sp], - (kET [ Catoy [+ kper [SD“})[PS'_} =0

el [PS" xS Jisml, <0

d[sp™| .
——=k [ PS"][SD], ~kge | SD™ [ PS™™ |~ ke[ SD™ [[Catieq]
d| Cat
I: dtdead:l =k, I:Catred:I
Resolution:

The steady-state approximations lead to:

* k
PS |=—abs __[pg
[ } kb+kQ[SD]O[ ]
and
ko[SD],

(kET [Caty, T+ kye [SD”D o)

Therefore:

[rs7)- (ker [Cat]:f][i]jcl]zt [SD”D Ky +]]ZUESD]O (7S
with

[Ps], =[Ps]+| Ps” |+ ps™ |

Thus:

[PS]= (s},

kabs + kQ [SD]O k

abs

1+
ky + ko [SD], (kET [Catyy ]+ kpe [SD'+ D ky + ko [SD],

We also have:

[ Catyeq | =kir [PS'*} [Catex ] ~ ker [Cato ]

ko[SD],

k

abs

€[SocJ ke + b SO | kS ke +here | SD™ | (ki [Catgy T4y [ 5D [} o+ Ko [SD)y

leading to:
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ko[SD]
ko fCat 1277 |rpg
d[Pey] _ k[Sox | [ er(Ce °"]k,, +ko[SD], ][ b
“ K[ SoxJ ke + e [SDH} [ L, 1} (kET [Catyy |+kye, [SD.Jr }) + w
kaps Ky +ko[SD], ks +ko [SD],

Now we need to get [SD”} and [ Cat,, ]z
(

We have:

dsp™] .

= ko[ PS"][SD], ~yer[ SD™* || PS™ | ke[ SD™ [ty ]
d [PS"J . eI

Combined with ———= =k [ps"][sp], - (kET [Catyy J+ ks | SD })[PS |=0
We obtain:

d[sp™ | N .

= =kgr[ Catgy 1 PS™ [~ yere [ SD™ [ Catyey]

Combined with:

d| Cat o— .

% ~ kg | PS™™ | Cato ]~ (k[Sox ]k [ Catreq ] Kpere | D" |[ Catyeq ] 0
We obtain:

d[sp™ |

— = (k[Sox |+, ) Catyeq |

ot
therefore: ‘ [SD } = (k [SOXJ the ] d [Pred] and hence [SD'q = (wj I:Pred ], because [SD'Jr }0 = [Pred ]0 =0
¢

dt k[Sox | dt k[ Sox |
thus:
kET I:Catox:' kQ [SD]() [PS]O
a[so™ ] ips, ek, (ker [Cato ]+ ke[ SD™ ) o + Ko [SP,
s ] 1 oI5

+ +
kaps  kp +ko[SD], (kET [Catyy J+ Ky [SD”D ky +ko[SD],
We also have:

I:Catred :I + I:Catox :I + [Catdead] = I:Catox :IO and d[L:red:I =0

Hence:
d| Cat d| Cat
I: = ox] __ I: dtdead] =—k, I:Catred]
We end up with:
d [Catox] _ kc

d|:SD.+:| - kl:sox :Io +ke
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Thus: [Catox] = [Cat

— kc I o+
°"]0 k[soxjowc[SD }

Hence, we just need to get [SD'J’} via resolution of:
¢

k[sp™] ko [SD]
o [ty s vk [ P oo
AT e

— “abs N
dt k [SOX :' + kbetc [SD +:| [[ kabs

k ot k
1+ ——— || kpp| Cat, ky, —kpp ——=<——|| SD —

We consider %<<1
ky +kg [sD],
k[sp™] ko [SD]
- et ags, ok 7 oo,
d[sp }_ K[Soy ]+ &, ox Jp e b +ho[SD]y
At kS0 ] Ry D™ k
0X betc : o+
ko[ C ke [SD }
ETI: atox:lo +[ bet ~ KET k[sox:|0+k6j

Rearranged to:

kC o+
S0+ [ 55" ["ET[C*‘%JO*["M*”k[sm]m][” ﬂ ko [sD]
d[sp* |- —2E bk [PS] di
k[Sox |+ ke k, [SD'*} ky + ko [SD],
ke [Catox]o*W

SD'*}
kc [ it —

We introduce p, = k[Sox] and [Ca%x]o (1+pc)

TON¢

cat

hence:

P
1+pbetc (1+pc)TONca, [1+(pbet_l+; ](1+pc)TON6aIJ

v c
1+p, [1_ D

(1+p.)d(TON,, ) = ¥ Pokaps X dt

c

(1+ pC)TONCm]

Rearranged to:

7 — p.TON

cat

= 7kaabs xdt

Which integration gives:
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TON TON. ?
(1+ Dhetc (1 +pC)TONmtjd(TONCm)+(pbe, (1+pc))[(1 cat )]d(TONmt)J{pbet p[;ftc (1 +pc)2j[(1_p .
C

cat

abs

ko [SD]OJ

)]mwvm)



t t
2

TON, ° TON TON
(TONcat + pl;ftc (1 + pc) 2cat ]"’ (pbets (1 + P ))J‘(cj\t[)d(TONcat) + [pbet %(1 +Pe )zjj‘wcoafth)d(TONcat)

1 _chO cat
0 0

= 7kaabs xt

. . i 1
We finally obtain; noting that TON,,,,, < TONl';?’C =—:
p

c

TON, 1
—<a—In(1- p,TON,.,; )}
P P

TON,,
[TONcm-Fpl;ftc (14 pe) = J—(Pbet(lwc)){

2
, 1 |(1-p,TON, 3
_(pbet pb;% (1+pc)2) 3 ( Pe ) Lat) _2(1_chONcat)+1n(l_chONcat)+E

Pe

= prkabs xt

1.3. Deactivation of the photocatalyst

The same system as in section 1.1. is considered (with similar assumptions) excepted that the reduced form of photosensitizer can
now irreversibly degrades via a first order process (Scheme S3).

Scheme S3
SD SD +
ko
SD'N -

Kinetic equations.

d|P

% =k[Soy |[ Catyeq |
and

d| Cat . .
% =g | PS™ |[ Catgy ]~k [Sox [ Catyeq J=pere | SD™ |[ Catyeq ] 0

d[lj_} = ko[ Ps"[sD), - (kET [Catey J+ Ay [ SD™ |+ k,.)[Ps'*J ~0
d[ps’]

o =k [PS] =, [PS*]_I‘Q [PS*}[SD]O =0
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! [S:; } = kg [PS*}[SD]O ~ky, [SD‘+ } [Ps‘*} - [SD”}[Catred]

d [Pf;ead] i [ps]

Resolution

Because Cat_4 is at steady state, it does not accumulate and [Catox ]0 ; [Catoxj

The steady-state approximations lead to:

* kabs
[PS } " ky + ko [SD], [Ps]

and

ko[SD], ps’ |- [ps™
e ]

(ker [ Catoy ], ks [ SD" [ ;.

Therefore:
k- |SD
|:PS._:| _ Q[ ]0 kabs [PS]
(kET [Catgy ]y + ki [SD'*}ki) ky + ko [SD],
k| Cat
[Cat,oy |= e[ ]0 o [PSF}
k [Sox :I + kbetc [SD :|
Then:
d[Pred:I :k[S ] kgr [Catoxjo kQ [SD]O kabs [PS]
dr "k Soc ]+ K SD™ (ker [Caton ]y s [SD'*}—ki) ky +ko [SD],
with
[Ps], = [PS]+| PS” |+ PS™ |+ [PSerd ]
Hence:
k,|SD
d[PS] zidI:PSdead:I =7kl- |:PS.7:|=7]€ Q[ ]O kabs [PS]
dt dt

i (kET [Catgy Jy + kper[ SD™ | +k,.) ky + kg [SD],

We need [SD”} . Combination of the kinetic equations leads to:
¢

d[SD'*} JTp d[SD”} Jp
= [ red] +k; [PSF} thus we can make the approximation ~ [ red] and therefore [SD”] ~ [Pred:l
dt dt dt dt
We have:
ot
o] [ herlcand, 4] afes
dl ki k I:SOX :I + kbetc |:SD.+:| dt
Leading to:
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k [Sox :I kbeZC |:SD'+ :|

+
k C k C
Koerc [SD.+ :| ok I:SOX:I(ET[k'atOX:IO ’ IJ kberc [SD.+:| * kl:Sox :I {ETI:k-atOXJO + 1]

1

d [SD”} =—d [PS] which integration

1

gives (considering [SD&} =0):
0

ke [C sD**
|:SDo+:|_k|:Sox:|[ ET[ atOX:IoJln 1+ [ :| :[ps]o_[Ps]
kbetc ki k I:Sox :| kET [Catox ]() + 1]
kbetc ki
Leading to:
ot
T N Y PR (Y ko[50), b
dt dt o

k|:80x:'+ kbetc |:SD.+:| ; (kET I:Catox :IO + kbet |:SD.+:|) kb + kQ [SD]O

. k[ Sox | [kET [Cat,y ], . [SD”}

k; ] Hk[soxj[kgr [ Catyy ], +1]

x{[ps], ~[sp™"]

kbetc
kbetc ki
Therefore, introducing p; = S , we obtain:
" kgr [PS],
dTON, k, TON, TON,
i | 1 wr (1+7pQTa0b;v )" AL 1cm
1+MTONcat Phet cat 4 Ppetc Pi¥ Y (+1j
V4 Ppete \ PiV
Maximal turnover number: Tt ONi,iar?’i
ot
w1 k[S. N kgr|Cat [SD } .
We have: [spe+ |- L5 er[Cotor In| 1+ =[PS] —[PS] with | SD"" |~[P
0 red
kbetc ki k[sox] kET [Catox ]() +1
kbetc ki
Hence the reaction stops when [PS]=0, i.e.
P _k[sox] kET [Catox:lo Inl1 I:Pred:'max —IPS
I: red:lmax k k nf I+ A Cat _[ ]o
betc i k[sox] ETI: alox :I() +1
kbetc ki

For small values of £, , this simplifies to:
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2

k[soxj[kET[Catoxjo]
(el et 1 e, —[PS]o{kET[Cat‘”‘lw]z[Ps]o[’MJ

[ kg [ Catey ], . 1] 2| k[Se | k; k
k

1 1
i kbetc

imi  Kpere | Cat
Thus: TON™ +lw % (
0X

TON'Mi — 7 (—1+ 142 Lbete bmJ
Phperc VP

1.4. Ideal two electron system for H, production
We consider a kinetic scheme for a photocatalytic process with reductive quenching involving a two electron process to form the

product H, (Scheme S4).

.2 kpr[PS
TOth’l) :# leading to:

cat
i

The same assumptions as in the previous sections are made. We also assume that the intermediate species I is at steady-state.

Scheme S4

Kinetic equations:
We consider and ECEC mechanism where the second reduction (rate constant ;) is slower than the second chemical step leading
to H, formation.
d[H,] .
i R [Ps }
21

and

d| Cat o— .
% =g | PS™ |[ Catgy ]~ [ Sox J[ Cattreg ]~k | D™ |[ Catq ] =0

‘ I;S; ] ~ k| PS” (D], - (kET [Catyy [+ kyer| SD™" |y [I])[PS”} ~0

d'Z,S*J ks [PS]=ky | PS" |-k S [[sD, ~0

d[sd?} = kg [PS*}[SD]O —ky, [SD‘+ } [Ps‘*} - [SD”}[Catred]
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a[1]

dt
Thus:

1, ]
dt

=k [Sox:l[catred:l —k, [I]|:PS°_:| ~0

=y [ Sox |[ Catyeq |

Resolution:

Because Cat, g is at steady state, it does not accumulate and [CatoX ]0 ; [Catoxj and the steady-state approximations lead to:

k

pS*|=— "abs _ [pg
|: :| kb +kQ [SD]() [ ]
and
kQ [SD]O

(ker [CoteyJy e[ SD™* [+ 1]
Therefore:

kQ [SD]O

[

k

abs [PS]

[pS’f} - (kET [Catoy ], +kper [SD0+:| s [I])
[Catrid] _k,

s ]

With &[Sy |

(1]

kb + kQ [SD]o

[ sl .
ky +ko[SD]
U Cat b (0 0
ker [Cater Ty e [ SD™ [+ [ [[Ps:e—d}]
And kgr [Catox]o - :[Cat:e_d]
ky [SOX]“Lkbem[SD } [PS }
k,|SD
Henee: | PS"” |- 0[SD], Kas __rpg]
kpr[Catgy ]| 1+ ol | [spr
ox o K [Sox:|+kbetc [SD +} e
with
[Ps], :[PS]+[P5*}+[PS._}
Thus:
PS
[PS]= [PS],
+ kabs + kQ [SD]O kabs
ky +ko [SD], i [Soc ] . ky +k[SD],
kpr [ Catoy ]| 1+ |+ kbe,[SD }
kl [SOX]+kbetc|:SD }
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And

[Cat ] _ kET I:Catox ]0 |:Pso—:| _ kET [Catox :Io kQ [SD]()

red |~ . - .

kl [Sox] + kbetc |:SD +:| kl [Sox]+ kbetc |:SD +:| k [S :I .
kgr [Catgy ]| 1+ ol [SD *}
kl I:Sox ] + kbetc |:SD :|
kabs [PS]O
ky +kq [SD],
1+ kabs + kQ [SD]O kabs
kb + kQ [SD]O kb + kQ [SD]O
kl I:Sox] o+
kgr [Catyy ]| 1+ o7 | Rber [SD }
kl [Sox:l + kbetc [SD :|

leading to:
d[H, ]

dt = kl I:Sox:”:catred]

kpr [ Catyy | ky,
a[s L g[SDl, e (Ps]
d[HZJ ) 1[ OX:'k1 I:SOX:|+kbgtc SD +_ 0 0 kb +kQ [SD]O 0

dt
k ki [Sox | . i
1+———abs || k..[ Cat 1+ 1L %x +k, . |SD*" | |+k,[SD]. —"abs
[ kb+kQ[SD]o]{ ar O’JO[ kl[SOX:|+kbm[SD'+ﬂ ol }} ol ]Okb+kQ[SD]O

Now we need to get [SD”}
;

Combination of kinetic equations gives:

P 2k [ Sox [ Catreq |

a[sp” | a[my]
_ 2 o+ ]
7 =2 " and hence [SD l = 2|:H2:|t

therefore:

thus:

ot 2ky I:SOX:I fer I:Cat(){:l ot
d |:SD :| _ kl I:SOX:I + kbetc _SD
dt

k
_k,[SD], - —abs __[pg
ol ]Okb+kQ[SD]O[ lo

k, ki [Sox | . k
1+——abs |l joo[Cat 1+ 1L %ox +k, .| SD** | |+k,[SD] ——abs
[ ky +ko [SD]O][ e OXJO[ 5 [Sox 1+ Fpere [SD”JJ ol }J olsPly ky + ko [SD],

rearranged to:

ko [SD]
d |:SD.+:| 2kl I:SOX:IkET I:Catox]kbfkgi[sg]okabs [PS]()

dt [ kabs

I+ ky + ko [SD], ](kET [Catoy (kl [Sox ]+ e [SDW } +1 [Sox ]) +Kper [SDH](’Q [Sox |+ Kpere [SD.Jr })) + (kl [Sox ]+ Fpere [SD'+ D

k
Simplification: ——4b% <<
ky + ko [SD],
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d

[>]

2kl [Sox :IkET [Catox ]W abs
0

ko [SD],

k

[PS],

1

+

dt

k
[kbetCkET [Catox ]0 +hpery I:SOX ] + kbetckQ [SD]O W
0

J o 2
J([SD I)

+

k

[Zkl I:SOX:IkET [CatOX :IO + kl I:Sox:IkQ [SD]O W
0

kbetkbetc

[2/\’1 [Sox Jkgr [ Catyy ]O +k[Sox Jko[SD]

k

abs

0k, +ko [SD],

Which integration gives:

+

Then, taking into account: [H2]z =

[sD™ ]+ [

|:SD.+:| (kbetckET I:Catox :I() + kbetkl I:Sox ] + kbetckQ [SD]O kb T

k
ek [Cot | i b 50—

d[SD'*}

kpr[Caty ], (et [ SD™ [+ 26 [0 1)+ Kier [ SO (s [Sor * ke SO ]} (5 [ S ]+ e [ SD™* ) o [5D], o

J[SD”}

2kgr[ Caty, |

k

abs

ko [SD],

ko [SD],

k.. |PS
kb +kQ [SD]O abs[ ]0

T

dt

kabs

{% [SoxJhar [Caten ]y +h[SoxTho 18Py s
0

[SD:T
|

[H,]

[CatOX ]0

kbetkbetc

[2k1 [Sox Jker [ Catoy ]0 +k [ Sox Jko [SD]

k

abs

0k + ko [SD],

1

: [SD'*l and TON,, =

kabs

ko [SD],

|

B

+

[Catyy )y [

k
oh (5 (Gt 1+ S g 50 1
0

|

|

[s>]

[CatOX ]0

khetkbetc [Catox :IOZ

T

k 3

abs

[zkl [Sox Jker [Catox ] + k1 [Sox Jko [SD] k, +ko[SD],
0

|
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[CatOX ]0

, thus 2TON,.,, =

|

T

k

abs

ko [SD],

|

ko [SD]
(9 0
2kpr|Cat,, |—=———"—Fk , |PS
ETI: a OX:Ikb+kQ[SD]O abs[ ]() »
k
0
[s0]
L we have:
[Catoxjo
.
[0 ]
[Catox]o
2
ko [SD]
kpp 20 g [PS
ET kb +kQ [SD]O abs[ ]0

k
[2kET [Catox :IO + kQ [SD]O W
0

|




k
[kbetckET I:Catox :I() + kbetkl I:Sox :I + kbetckQ [SD]() k-l—kab[TSD]J 4(TON )2
2TON,, + b0 0 I: o :'0 cat

k
T R TN
0

+ kbetkbetc I:Catox :|02 8 ( TON cat )3
k. 3
[2k1 [Sox ]kET [Catox ]0 + kl [Sox]kQ [SD]() kb + k;bESD] ]
0
ko [SD]
) (Y 0
B kET [Catox]kb +kQ [SD]O kabs [Ps]o »

- i
[2kET [ Cat,, ]0 +kg [SD], be . k;b[vSD] J
0

In most cases % <<1, thus:
ky +kg [SD]O

(kbetckET I:Catox :IO + kbetkl I:Sox :I) 4 (TONCm )2 kbetkbetc I:Catox :I()z 8 (TON(;a[ )3

2TON,., + [Cat,, ]
O aladker[Cand) T 2k [Sedker[Catg]y) 3
ko[SD]
0 0
ET kb + kQ [SD]O kabs [PS]()
= Xt
(2kgr[Catoy )
Thus:
Kups
TON,,, + [p ”;’“2 +2 b ](TONM )+ ; Do 222 (10N, ) = T2 Z“M xt
[Ps]o kbgt _ kbetc [Ps]o kQ [SD]

and p,, =

with parameters y = =2 -
€k, +ky[SD]
b7 "0

= = - D =—5, P -2 =
I:Catox :Io bet kET betc,2 2k1 I:Sox :I()

1.5. Two electron system for H, production with degradation of the photosensitizer

The same system as in section 1.4. is considered (with similar assumptions) excepted that the reduced form of photosensitizer can
now irreversibly degrades via a first order process (Scheme S5).

Scheme S5
SD D +
ko

SDIN - _
PS*SD .. PS —> PSqug

Kinetic equations:
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am] [[ps™ |

di
and
% =kgr [Ps.i}[catox] —k [Sox][catred ] ~ kpere |:SD.+]|:Catred] ~0
D s, J ot Tt 1P 0
Thus:
% =y [ Sox |[ Catyeq |
And
d-: ] = ko[ Ps”[[sD], —(kET [Caty ]+ Ky [ SD™ [+ [1] +k,.)[Ps‘*} ~0
d_:'} —k,y, [PS] -k, [PS*]—kQ [PS*}[SD]O ~0
! [S:; } = kg [PS*}[SD]O —ky, [SD‘+ } [Ps'*} - [SD”}[Catred]

d[Psdead]7 o—
—deadd —ki[PS }

Resolution

Because Cat, is at steady state, it does not accumulate and [CatoX ]O ; [Catox]

The steady-state approximations lead to:

o B
[PS }_ ky + ko [SD], [Ps]
and
ko [SD .
olsPl, [ps"|=[ s ]
(kET [Catge ]y kper | SD™ [y [1]+ k,.)
Therefore:
[PS.—}: kQ [SD]O kab[s ]
ky +ko[SD],
ker [ Catoy Jy +hger | SD™ [+ [ ] [Cotwa]
[»s]
And kgr [Catox]O _ =[Catfid]
K [SOX]+kbelc[SD } [PS }
Hence:
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P k [SD]O kabs
7 ) by kSO, )

kgr| C
et 507 ot [ ] T

kl [Sox]+kbetc [SD.+:| l
Then:
S 2 e 1ps]
dt kl I:Sox :I + kbetc [SD :| ot kET [Catox :IO kh + kQ [SD]O
Kir [Catgy Jy +Kper | D™ [+ [Sox] p—
kl I:Sox :I + kbetc |:SD :|
with
[Ps], = [PS]+| PS” |+ PS*™ |+ [PSed ]
Hence:
d[PS] zidl:PSdCad:l szi |:PS._1|:*kl- kQ [SD]O kabs [PS]
dt dt . kET I:Catox :IO kb + kQ [SD]O
kpp[Cat, | +k,, | SD* |+&[S +k
ETI: ox :'0 bet|: :| ll: ox:lk1 I:SOX]-Fkbetc |:SD,+} i

We now need [SDH} :
’

Combination of the kinetic equations gives:

ot ot
A7) ] e aton 12 dm] 1
P 2 ” +k;| PS thus we can make the approximation P 2 = and therefore | SD™ |~ 2[H2]

We thus have:
ot
ox .
dt ky I:Sox:|+kbetc |:SD +:| - kpr I:CatoX ]0 Ky +kQ [SD]O
gz [ Catox ]y + Kper | D™ |+ 0[S ] —
kl I:Sox:I + kbetc |:SD :|
therefore:
kgr [ Catyy |
o 2k1 I:Sole OX_ 0 ot |
d[SD :| _ kl [SOX:I +kbetc _SD | d [PS]
e k; dt
which integration gives (taking into account [SD”} =0):
0
o+
1+ kbetc |:SD.+:| d|:SD :| __ 2kET I:Catox :IO d[PS]
ki [Sox | dt k; dt

o ey L 2L g

Leading to:
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ot
gy [Cat w1 k. SO
20 [Sox |——% [Catocky__ ko[SD], - abs [sp™ |+ e [béffc T
a[sp™] bl Jeb [0 T APl | (5
- - = PS| -
dt 0 2kpr [ Caty, |
. kgr[Cat “PET =T ox o
kET I:Catox :I() + kbet |:SD ! } + kl I:Sox] Z I: = :IO o + ki k[
kl I:Sox :' + kbetc |:SD :|
o7, ]
And thus, taking into account =2 21 _270N cat
I: (O4 :I() I:Catox :'()
ki [Sox | Ker ko[SD], s o reat ,
I:SOX:I +2k. . TON kb + kQ [SD]O 2TON L+ betc I: aloy ]O 4T0Ncat
dTON ., _ : I:Catox :Io berte cat [PS]O B ca ky I:Sox] 2
k k.
kg [ Catoy ], +2kpe, [ Catoy |y TON 1y + ki [ Sy | 5. ET +k; i
1 I:Cato:X :IO + ZkbetcTONcat
PS ky,..|PS
Hence, introducing the dimensionless parameters already defined (y = [ ]0 s Phet = @ s Dhete = M ,
I:Catox :IO kET 2kl I:Sox :IO
k [HA*J .
Po= g , D= i ) we obtain:
ky +kg [HA’} ker [PS]O

Phetc,2 2
1-p; (TONM + ZQT”TONM ]

dTON,.,
d

= kabspr Phoies
(1+2py, TON,,, +p,.7)[1 +4€;‘3T0Nwt] +1

. lim,i
Maximal turnover number: TON

2
kbetc |:SD +:| — 2kET I:Catox :IO
k[Sex ] 2 k;

([Ps]0 - [Ps])

We have: [SD”} +

Hence the reaction stops when [PS] =0,i.e.

2

ot
Sp** Kpere |:SD :|max _ 2kgr I:Catox :IO

[0 e - s

max K [SOX:I 2 k;

lo

thus:

2
SD"’} [SD"’}
|: max kbetc I:Catox j|0 max | _ 2kET [PS]
0

[Catox :Io ky I:Sox ] 2 [Ca’[ox :IOZ k;
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2TO]\[lim,i i kbetc I:Catox :I() 2 TONlim,i 2 _

i S o )(

cat

- N2
TONNM 4 o Pbetc2 (TON;';;J) _ [1] -0

e D;
Leading to:
14 [14gPbec2
roNimio X TP
4 pbetc,2
e

2kgr [PS]O
k.

]

|
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2. Numerical calculations

Numerical resolution of the differential equations:

dTONcat: 1 +py TOFcatO % ]_TONcat+ 1 Lln 1+ TONcat
i
dt L"MTONCM (1+pbetTONcat) 4 Phperc Pi¥ 4 [1+1j
e Pperc \ Pi7
and
Phetc,2 2
2TOF, 1-p;| TON, , +2——=TON

dTONcm cat,0,2 |: i [ cat P cat ]}

dt

Pbetc,2
(1+2py, TON, cat+pi}/)[1+4 ;‘f TONcat]

is simply obtained by discretization of the time ¢ (¢ j=Jxdt with dt being a small time interval) and with consideration that

(TONcat) =0:

TOF, TON TON,
(TONcat) :(TONcat) a7t ! + Dy cat,0 1—( cat) -l + ! Lln 1+% dt
1+pbetc (TONcat) (l+pbet (TONcat)j,l) 4 Pbetc PiV 7/[1+1]
e Pbetc \ PiV
and

2TOF., 1-p.| (TON o Phete2 [(ron ?
cat,0,2 ( Lat) + y ( cat )j—l

(TON;) ; = (TON. dt

cat) 1 Pbetc,2
(142100 (TON ),y + )| 147002 (10N ), |1
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3. Details on experimental data S!
Photosensitizer TATA*

The lifetime of TATA*" in water, at pH 4.5, was measured to be 14 ns,S! thus corresponding to k;, = 7.14 107 s'L.

The luminescence of TATA™ is quenched by the sacrificial donor HA~ with a rate constant kQ = 3.6 10° M-'s! as measured by
a Stern-Volmer plot (reference S1, figure S19).

Using nanosecond transient absorption spectroscopy, it was shown that in the presence of sacrificial donor HA~ but in the
absence of catalyst, the regeneration of TATA™ can be fitted according to a second-order kinetics with a rate constant ky,, = 3.26
10° M-1s! (figures S20 and S21 in reference S1).

In the presence of catalyst ([Co'(CR14)(OH,),]** , 200 uM), the decay of TATA® could be fitted with a monoexponential

function (figure S21 in reference S1), and taking into account the catalyst concentration, the electron transfer bimolecular rate
constant was evaluated to kpr = 7.35 108 M-Is L.

Nanosecond transient absorption spectroscopy also revealed the appearance and decay of the absorbance at 680 nm of the
reduced Co(I) form (Cat,q). The decay of Co(I) with a rate constant of k_,, =k [SOX ]0 =7.1103s" (figure S22 in reference S1)

was attributed to the catalyst protonation leading to the intermediate hydride (I) which does not accumulate.

As shown in reference S2, the decay of Co(I) actually exhibits a biexponential decay. The first component is attributed to
formation of the hydride (see above) whereas the second slower component can be attributed to the back electron transfer from
the oxidized sacrificial donor. The corresponding time constant is 7, =3.9 ms. We evaluate that the concentration of SD** in

s

. . . . 10
transient absorption spectroscopy is 10 pM. Hence, estimate: k;,,, =——=2.6 10’ M-Is’!

)

Photosensitizer Ru(bpy);**
The lifetime of Ru(bpy);>** was measured in water in the absence of sacrificial donor as 607 ns, 52 thus corresponding to k; =
1.65 106 s°1.

2+%

The luminescence of Ru(bpy);>*" is quenched by the sacrificial donor HA~ with a rate constant kQ =2.5 107 M'!s’! as given in

reference S2.
The back electron transfer rate constant was evaluated as 3.5 10° M-!s"! in reference S2.

The bimolecular electron transfer rate constant between [Co"(CR14)(OH,),]*" and Ru(bpy); * was evaluated in reference SError!
Bookmark not defined. to be kpr = 1.4 10° M!sL.

The catalytic rate is the same whatever the catalyst, hence &, =k [S =7.1103sL.

ox :I()

Table S1. Rate constants

Photosensitizer TATA* Ru(bpy)s**
k, (sh) 7.14 107 1.65 109
b

kQ M1sh 3.6 10° 2.5107
kpoy M 1871 3.26 10° 3.510°
kpore M 1s71) 2.6 107 2.6 107
kpp M s) 7.35108 1.410°

- 3 3

kear =k I:Soxjo ™) 7110 7110
ke (51 3.16 10° 1.3103
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4. Simulations with Gepasi software (http://www.gepasi.org/)

Simulations have been performed with the free of charged kinetic simulator Gepasi software considering the same mechanism as
the one corresponding to scheme S4 and the rate constants given in table S1. k, was chosen as very large (10'0 s') so that &k >>

k. =k [SOX ]0 with [Sox ]O = 1 M. Initial concentrations are those indicated in caption of figure S1 with [SD], = [HA]+[A] =
0.1 M.

10

110° x TON

t (h)
0 ) v LJ v LJ v LJ v LJ v
0 5 10 15 20 25
Figure S1. Photocatalytic hydrogen production (7ON ., ) as a function of time from a deaerated 1 M acetate buffer (5 mL) at pH

4.5 under visible-light irradiation in the presence of TATA* (0.5 mM), NaHA/H,A (0.1 M) and various concentration of the
catalyst [Co"™(CR14)Cl,]" : 2.5 uM (green), 5 uM (magenta) and 10 uM (red). Dashed lines: simulations according to the
analytical model (same as in figure 4 in the text). Full lines: simulations with Gepasi software with constant (thin lines) and non-
constant concentration (thick lines) of the sacrificial donor.
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