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In recent times, the theoretical prediction of catalytic ef-
ficiency is of utmost urgency. With the advent of density
functional theory (DFT), reliable computations are possible
that delineate a quantitative aspect of the study. To this
state-of-the-art approach, valuable incorporation would be
a tool that can acknowledge the efficiency of a catalyst. In
the current work, we developed a method, the efficiency
conceptualization model (ECM), that utilizes the quantum
mechanical tool to achieve efficiency in terms of turnover
frequency (TOF). For the convenience of comparison, all
calculations and relations were implemented under the ex-
perimental conditions of temperature, pressure, and pH.
In the current work, ECM will be executed for the water-
oxidation reaction with twenty-six experimentally synthe-
sized transition metal catalysts. The results suggest that
the iron (Fe)-based catalysts (MWOC-16, MWOC-17, and
MWOC-18) are highly active catalysts and therefore can
withstand for more time in the catalytic cycle. Our re-
sults conclude that the iridium (Ir) based catalysts MWOC-
23 and MWOC-24 report the highest computed turnover
number, To,mputed Ton Of 5113 and 5612 against the high-
est experimental TON, Tezperimental ToN Of 2000 and 1200
respectively, whereas MWOC-19 has the lowest computed
TON (Tgomputed TON — 2647 Texperimental TON — 16) among
the chosen catalysts and thereby is successful in corroborat-
ing the previous experimental results.

Introduction

The turnover frequency (TOF) is a significant parameter
to evaluate the efficiency of designed catalysts. In an ex-
perimental reaction, the TOF of designed catalysts can not
be predetermined. Considering the inadequacy, the devel-
opment of a novel strategy to predict the TOF is highly
desirable. To compute the mechanism and catalytic activ-
ity, computations with the energetic span model[l’g], degree
of rate control®¥, molecular volcano plots[‘r’]7 and micro-
kinetic modelling 6] NaviCatGA !l have been very useful.
Although, substantial attempts have been made to design
new methods that have high turnover frequencies, however,
the strategies to forecast the same involve considerable in-
adequacies. The theoretical methods or computational re-
sults are often anticipated to replicate experimental find-
ings. However, it is worth mentioning that the connection
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between the theory and experiment is not always neces-
sary and obvious as the "language" of both the disciplines
are different as aptly mentioned by Kozuch et al.[Yl Con-
sidering all the facts, based on the kinetic and thermody-
namic perspectives involved in the rate-limiting process we
developed a mathematical model, namely efficiency concep-
tualization model (ECM) to compute turnover frequency,
I’Somputed ror and is considered as the central theme of
this work. For a comparative study, we define turnover fre-
quency (I'y,puted Tor) under the experimental conditions
of temperature, pressure, and pH. The ECM will be ex-
tended to compute the turnover number, Tgomputed Ton Of
the twenty-six transition metal-based catalysts involved in
the water-oxidation reaction. We hope the research paradigm
presented in this work may be applicable in exploring TONs
of the general catalytic reactions. The roadmap to ECM is
shown in Scheme 1.

Developing the Method: Basis of
Constructing the Equations

Kinetic Perspectives: Rate Constants and Tunneling
Phenomena

For any rate-determining step (RDS) of a chemical reaction
with molecularity n,

nR XL P

The rate of the reaction depends on the concentration
of the reacting species involved in the RDS and can be ex-
pressed as

rate o< [R]" (1)

rate = k1[R]" (2)

The rate constant ki is derived from the transition state
theory (TST) 1% that would be observed without consid-
ering the quantum effects and is given as

_ kBT AG,
k1 = hoo exp(— RT> (3)

Where ® = standard concentration (taken as 1 M in the
present case), AG, is the standard Gibbs energy of activa-
tion, kp is the Boltzmann’s constant, R is the universal gas
constant, h is the Planck’s constant, and 7T is the tempera-
ture.

The reaction coordinate for the targeted reaction may
involve substantial motion of light atoms in its transition-
state (T'S) geometry. Therefore, one may consider the over-
all reaction rate constant, Koyerau (1), to include a signifi-
cant contribution from light-atom tunneling, even at typical
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Scheme 1. Roadmap to efficiency conceptualization model (ECM).

room temperature (298.15 K). Considering the fact, the rate
of the reaction is expressed as!*'1?

rate = k(T)k1[R]" (4)
rate = koverall(T) [R]n (5)

Where,
koverall(T) - K(T) kl (6)

Where «(T) is the quantum mechanical transmission co-
efficient.

To compute the transmission coefficient, x(7T), the effi-
ciency conceptualization model (ECM) considers the one-
dimensional Wigner tunneling method*? and the Eckart
tunneling method. [14.15] The value can be computed in light
of the Wigner tunneling method *3 using Eq. (7)

1 [ hw*\?

However, the Wigner tunneling method does not account
for the barrier height of the reaction profile, and therefore,
lacks the accuracy to evaluate (7).l Hence, to address
the barrier height, the Eckart tunneling method is one of
the viable alternatives to calculate the transmission coeffi-
cient, k(7). Thus, in the RDS, in the light of the Eckart
tunneling method, the x(T) can be expressed as the ratio
of thermally averaged quantum tunneling probability to the
quasi-classical transmission probability given by

f;z PT(E)e—E/kBT

0= P ET ®

In Eq. (8), Ep is the ground vibrational state energy of
the stationary points (reactant or product) at typical room
temperature, and E is the system’s total energy. P (E) is
the probability obtained from the TST rates, and P (E)
is the quantum tunneling probability. The PT(E) can be
defined as'!

cosh[2m(a — B) + cosh[2m)]

PH(E) =1~ cosh[2m(a + B) + cosh[27d] ©)

The equations related to Eq. (9) were provided in Sup-
porting Information S1.

A reaction with a higher overall rate constant, Koyerail
suggests a faster pre-equilibrium in the catalytic cycle. [
In other words, the higher overall rate constant, koyerat1 (")
indicates more catalytic cycles completed by the catalyst.
This, in turn, raises the value of computed turnover fre-
quency, FSompmd ror- Thus, the anmwted ror of a reac-
tion is directly proportional to the koyerair(T") of the reaction
as

F(c)omputed TOF X kove’rull (T) (10)
Thermodynamic Perspectives: Efficiency
Conceptualization Energy

The Fgomputed ror of a catalyst does not depend only on the
rate of the reaction but also on the thermodynamic proper-
ties of the catalyst. ECM assumes that thermodynamically,
two factors, viz., feasibility of the reaction (AG,) and stabil-
ity («) of the catalyst complex, to be addressed that affect
the Fgomputed ror of the reaction.

The extent of the feasibility of a reaction depends upon
the free energy of the reaction, AG,. The feasibility of the
reaction is enhanced as the value of AG, becomes more
negative. The AG, can be evaluated as

AG’V‘ = Gp'roduct - (G'reactant + Gsubst'rate) (11)

In Eq. (11), AG, is the change in the free energy of
the reaction, and Greactant, Gsubstrate, and Gproduct are the
free energies of the reactant, substrate, and product, respec-
tively.

The energy gap between the two frontier orbitals is com-
putationally considered the key feature in explaining the
stability of catalysts . Pearson (' suggested the energy sep-
aration between the two frontier orbitals is the measure of
the stability of the catalyst. Thus, with an increase in the
energy gap, the stability of the catalyst also increase. Math-
ematically,

o= Egomo — Erumo (12)
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Where LUMO is the lowest unoccupied molecular orbital,
and HOMO is the highest occupied molecular orbital.

The efficiency conceptualization model (ECM) combines
the two thermodynamic parameters viz., feasibility of the
reaction (AG,) and stability («) of a catalyst to define a
new term, efficiency conceptualization energy (Egck), that
describes the threshold thermodynamic energy of the cat-
alyzed reaction. The ECM further proposed that the value
of Egcr will enhance with an increase in the AG, and de-
crease with the stability («) of the catalyst. Thus,

Egce = (Afr) x E°

Where E° is the proportionality constant, and in the
present case, under standard conditions of temperature and
pressure, it is assumed to be 1 unit.

(13)

Computing Turnover Frequencies

The feasibility (AG,.) of a reaction is inversely related to the
I‘Somputed ror of the catalyst. 171 With increasing stability
(i.e.the HOMO-LUMO energy gap) it is difficult to excite an
electron. Thus, the ECM assumes that the Fgomputed TOF
of the catalyst varies directly with the stability of a catalyst.
Thus,

F(c)omputed TOF X f(%) (14)

Thus, comparing Eq. (13) and Eq. (14), we have

1
Fece

) (15)

Further, the F(c’omputed Tor of a catalyst is proportional

0
Fcomputed TOF X f(

to the fraction of molecules , where N is the number

N
No
of molecules that possess threshold thermodynamic energy,
Egce and Ny is total number of molecules. Thus, with an
increase in the fraction of molecules, the Fgomputed ror Of

the catalyst varies as

T° o ﬁ
computed TOF NO

Among the available Ng molecules, all molecules may

(16)

N

No fraction of

not lead to product formation. Only the (

molecules that possess the threshold thermodynamic energy

Egcg will contribute to FSompmd ror- Thus, analogous to

[18]

the Boltzmann distribution'*®; we have

N Erce
(Fo> O(exp(— T ) 17
Thus, from Eq. (16) and Eq. (17), we can have
E
F(c)omputed TOF X 6:8[)( - %) (18)

Therefore, by combining Eq. (10) and Eq. (18), we have

EgcE
F(c)omputed TOoF X Koveratl X exp( - ﬁ) (19)

or,

EgcE
Fgomputed TOF — Kokjoverall X exp( - RT > (20)

In Eq. (20), the value of K is assumed to be 1 unit under
standard temperature and pressure conditions. However,
the value of K° may vary based on the reaction conditions
and type of reaction.

Extended ECM Theory: Predicting Half-lives and
Turnover Numbers.

The efficiency conceptualization model (ECM) was further
extended in order to compute the turnover number (TON),
Tg,mputed Ton of the catalyst. The Tfomputed ror of a cata-
lyst is related to the half-life (¢ 1 ) and of the complex as ']

0
Fcomputed TOF X t%
In2

(21)

0
Tcomputed TON —

The half-life of the complex (¢
(Supporting Information S1)

) can be calculated by

1
2

_AGyp

L 2In2 + [cloe” BT (22)
2 2k1[R)o
In Eq. (22), for the considered rate-determining step, ki is
the TST rate constant, [R|o is the initial concentration (1
M) of the reactant, AG, is the change in the free energy of
reaction, R is the universal gas constant, T is the typical
room temperature. During a catalyzed reaction, the reac-
tant concentration is much higher than that of the catalyst
concentration. 92" In our computations, in comparison to
the initial reactant concentration of 1 M, the initial catalyst
concentration, [c|o is assumed to be 1 mM. Nevertheless,
the catalyst concentration may be varied and accordingly,
values may be computed.

Thus, using the values of I'%,,,putea Tor [Eq. (20)] and
half-life of the catalysts (t%) [Eq. (22)] in Eq. (21), the

turnover frequency (TOF), Fgomputed ror of catalysts un-

der experimental conditions of temperature, pressure, and
pH may be obtained.

t

Execution of the Model: Application to
Transition-Metal-based Molecular
Water-Oxidation Catalysts (MWOCs)

To address the energy proposition in the global scenario, the
artificial splitting of water is considered one of the suitable
alternatives for clean and sustainable energy. (22.23] How-
ever, artificial water splitting is an energetically uphill pro-
cess (AG = 237 kJ/mol)[?* and requires the designing of
a robust and efficient catalyst that can initiate the loss of
4H™ /4e~ with simultaneous formation of O-O bond.?*! In
nature, the observed excellent efficiency of the water oxi-
dation process was triggered at the oxygen-evolving center
(OECQC) catalyzed by the tetra-manganese cluster (Mn4CaOs)
of the photosystem IT (PSII), as shown in Figure 1(a). 2672l

Throughout the last few decades, substantial efforts re-
lated to the synthesis, mechanism, electronic structure, oxi-
dation states, and spectroscopic studies of the natural pho-
tosynthetic system have been endowed. [30-37] Synchronously,
to accomplish the goal of impersonating the natural photo-
synthetic system, in vitro synthesis of robust catalysts with
high turnover numbers (TONs) and lower over-potential,
there is a high interest in the transition elements.®848 Of
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Figure 1. (a) Natural multi-metallic Mns4CaOs core of oxygen
evolving center (OEC); (b) structure of the blue dimer, cis,cis-
[Ru'(bpy)2(H20)]2(1-O)]**.

the various mononuclear transition metal catalysts, ruthe-
nium (Ru) active centers were extensively studied [*°-°3 be-
cause of their lucid structure and diagonal relationship to
the manganese (Mn) center. 2227 The first biomimetic cata-
lyst cis, cis-[Ru™(bpy)2(H20)]2(1-0)]** [Figure 1(b)] (blue
dimer) was reported by Meyer and co-workers. 54561 For
water oxidation, the second (4d) and third-row (5d) transi-
tion elements, such as ruthenium (Ru) and iridium (Ir), have
been known for their high activity and robustness. [20:23:57:581
However, the earth-abundant and cost-effective first-row (3d)
transition elements can also operate water oxidation under
mild conditions. Although extensive research has been car-
ried out on the catalysts based on manganese (Mn) [38-40:59]
iron (Fe)21:60-621 " cobalt (Co) 63641 nickel (Ni) 47651, and
copper (Cu) [8:46,66,67] })owever, these catalysts need a hlgh
formal oxidation state. These led to the first row of elements
being a more apt catalytic system than Ru-based catalysts.
However, rational design and synthesis of the water oxida-
tion catalysts with 3d-transition elements as an active center
requires further exploration.

In the current work, to execute the strategy, as an ini-
tial illustration, for probing the Fgomputed TOF, W€ con-
sidered twenty-six transition-metal-based molecular water-
oxidation catalysts (MWOCSs) as shown in Figure 2.

First proton
tunneling

n © Second proton
! tunneling

Y x
&4 oobond Metal-peroxy N\ °
W formation Complex & ® 7
® 1
11
Metal-oxo Metal-superoxy
Complex Complex

Scheme 2. Rate determining step (RDS) of the O-O bond forma-
tion process via water nucleophilic attack (WNA) mechanism. The
protons from water tunnel to different parts of the ligand (L).

Computationally, Baik et al. have discussed the stabil-
ity and reactivity of the [Mn(V)=0]" species, explored oxyl
radical’s magnitude, and analyzed its relation to spin state
and oxidation states.’®® Li et al. have proposed that the
[Mn(Py2NR2)(H20)]*" with R = ‘Bu has an equal proba-
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Figure 2. Structures of the representative twenty-six cat-
alysts with (a) MWOC-1: [Ru(pda)(py)2] : (b) MWOC-2:
[Ru(pda)(pic)2] ; (¢) MWOC-3: [Ru(pda)(Br-py)2] ; (d) Deriva-
tives of [Ru(bpy)(tpy)Cl]t with MWOC-4: R= -H ; MWOC-5:
R = Methyl (-Me) ; MWOC-6: R= Methoxy (-OMe) ; MWOC-
7:  R= Nitro (-NO2) and MWOC-8: R= Ethoxycarbonyl
(-COOEt) ; (e) MWOC-9: [Ru(tpy)(bpy)(pic)]?*T ; (f) MWOC-
10: [Ru(bpy)s]>* ; (g) MWOCIT:  [Ru(tpy)(pic)sl* ; (h)
MWOC-12: [Ru(tpy)2]?T ; (i) MWOC-13: [Ru(dpp)(pic)2]?*
i (j) MWOC-14:  [Mn(Py)(O)(OH)2]* (k) MWOC-15:
[Mn(Py)aNR3(H20)2]2*] with R = *Bu ; (I) MWOC-16: cis-
[Fe(cbc)Cla]t ; (m) MWOC-17: [Fe(OTf)2(MeaPytacn)] ; (n)
MWOC-18: [Fe(OTf)2(mep)] ; (o) MWOC-19: [Co(12-TMC)]*+
(p) MWOC-20: trans-[Co(qpy)2(OHz2)2]?>t ; (q) MWOC-21:
Ni-PY5 ; (r) MWOC-22: [Cu(pyalk)z] ; (s) [Cp*IT(k2-N,0)X] with
MWOC-23: X = Cl ; and MWOC-24: X = NO3 ; (t) MWOC-25:
[Co(13-TMQ)]?+ (u) MWOC-26: [Cu(Py3P)].(Where, pda
1,10-phenanthroline-2,9-dicarboxylate; pic 4-picoline; py
pyridine; Br-py = 4-Bromopyridine; bpy = 2,2’-bipyridine;
tpy = 2,27:6°,2" -terpyridine ; dpp 2,9-dipyrid-2 "-yl-1,10-
phenanthroline; Py = pyridinophane; cbc = 4,11-dimethyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecane ; OTf = CF3SO;5 ; MeaPytacn =
1-(2-pyridylmethyl)-4,7-dimethyl-1,4,7-triazacyclononane; mep =
N,N “-dimethyl- N,N “-bis-(2-pyridylmethyl)-ethane-1,2-diamine; 12-
TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane; qpy
= 2,27:6°,2"7:6"7,2" " "~quaterpyridine; PY5 =2,6-bis(1,1-bis(2-
pyridyl)ethyl)pyridine; pyalk = 2-pyridyl-2-propanoate; 2-N,O
2-pyridinecarboxylate, 13-TMC 1,4,7,10-tetramethyl-
1,4,7,10-tetraazacyclotridecane, Py3P NN  -bis(2-(2-
pyridyl)ethyl)pyridine-2,6-dicarboxamidate.)
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Figure 3. (I) TST rate constants (s~1), (Il) Eckart tunneling corrected rate constants (s~1), and (lll) Wigner tunneling corrected rate
constants (s~ 1) for twenty-six catalysts in solvent phase using the solvation model density (SMD). 68 MN15-L %9 and M06-L [ functionals
were employed with LANL2DZ effective core potential (ECP) for all the metal (M) atoms (M = Mn, Fe, Co, Ni, Cu, Ru, and Ir) and Br

atom, and 6-31G(d) basis set for all other elements.

bility for the water nucleophilic mechanism (WNA) and OH-
OH coupling. [71] The iron complexes with neutral tetraden-
tate ligands in cis-labile positions for water oxidation were
computationally reported by Lloret-Fillol et al. 2} They re-
ported the iron complexes to follow two different mecha-
nisms and the water-nucleophilic attack (WNA) pathway is
found to be favourable with a lower energy barrier. 2l Fur-
ther, they computationally justified that for the modelling
of the O-O bond formation, four water molecules are nec-
essary via the external water nucleophilic attack pathway
in which the Fe(V)=O intermediate is energetically more
accessible than the Fe(IV)=0 intermediate.?! Rudshteyn
et al. investigated the plausible water oxidation mechanism
of the copper (Cu) catalyst, which is catalytically active
in isomeric form.®! The proposed mechanism suggests that
shuttling over multiple oxidation states is necessary for ef-
ficient water oxidation. Herein, we have exclusively consid-
ered the catalysts that follow water oxidation via the water-
nucleophilic attack (WNA) pathway as illustrated in Scheme
2.

Results and Discussion

Transition State Theory and Tunneling Corrected
Rate Constants

The transition states for twenty-six catalysts have been eval-
uated in both MN15-L1%% and M06-L [ levels of theories.
The computed transition states were characterized by one
imaginary frequency and reported in Supporting Informa-
tion S11. The barrier heights computed for the O-O bond
formation (Scheme 2) from the difference in free energies

of the transition state and the reactant. Thus, with the
obtained free energies (AG,), ki for the O-O bond forma-
tion process evaluated using the transition-state theory [8-10]
given by Eq. (2). The obtained rate constants are dis-
played in Figure 3(I) and reported in Table S6A-S6B of
Supporting Information S6. Our calculation shows that ki-
netically MWOC-17 shows a higher rate of reaction in both
the MN15-L and M06-L level of theories.

The obtained TST rate constants for the rate-limiting O-
O bond formation process (Scheme 2) was further corrected
to evaluate k(T") using the one-dimensional Eckart tunneling
method ['41° and Wigner tunneling method . For both
Eckart and Wigner methods, the rate constant of catalysts
enhances ~100 times (from 107¢ to 10™*) than that of the
TST rate constants. The results for the TST rate constants,
Eckart and Wigner tunneled rate constants are shown in
Figure 3.

Feasibility of Reaction and Stability of Catalysts

As mentioned in Eq.(14), the efficiency conceptualization
energy (Egcr) depends on the feasibility (AG,) and sta-
bility («) of the catalyst. We found that the feasibility of
the water oxidation reaction depends upon the energetics of
the lowest unoccupied molecular orbital (LUMO), Eruwmo,
of the formed metal-oxo [MY=0]" ¥ species.

According to Pearson "% the energy of the LUMO can be
correlated to the electron affinity (EA) as Era = -Ervmo,
which determines the strength of the O-O bond formation
(OBF). In our study, for both MN15-L and M06-L level of
theories, the metal-oxo form of MWOC-19 has more nega-
tive Gibbs free energy than the remaining catalysts. Fur-
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Figure 4. Variations in the (1) in the MN15-L functional (a) feasi
kcal mol~1); (b) comparison of stability [MII]** and correspondi

(I MWOC-n (n = 1-26)

bility of the reaction, AG,. (O-O bond formation) in solvent phase (in
ng metal oxo, [MY=0]"*1 (n =0, 1, 2) form and (Il) in the MO06-L

functional (c) feasibility of the reaction, AG, (O-O bond formation) in solvent phase (in kcal mol=1); (d) comparison of stability [M]?+

and corresponding metal oxo, [MY=0]("*+D+ (n =0, 1, 2) form

of representative twenty-six catalysts. For each functional LANL2DZ

effective core potential (ECP) for all the metal (M) atoms (M = Mn, Fe, Co, Ni, Cu, Ru, and Ir) and Br atom, and 6-31G(d) 7274 basis set

for all other atoms. The blue and red bars indicate the HOMO-LU
respectively.

ther, MWOC-19 possesses comparatively high electron affin-
ity, thereby making the reaction feasible [Figure 4 (a) and
(©)

To investigate the stability, the [MY=0]"*Y* complex
(M = Mn, Fe, Co, Ni, Cu, Ru, and Ir; and n = 0, 1, 2)
with the initial pre-catalyst form [M"]"" were compared.
The energy gap in the metal-oxo complex, [MY=0]"+D+
is less relative to its catalyst form, [M"]"" (M = Mn, Fe,
Co, Ni, Cu, Ru, and Ir; and n = 0, 1, 2). Thus, the formed
metal-oxo complex, [MY=0]"*D*+ (M = Mn, Fe, Co, Ni,
Cu, Ru, and Ir; and n = 0, 1, 2) loses its stability and
simultaneously enhances its activity compared to its cat-
alyst form. However, to compute TONs, out of the two
different catalytic forms of the catalyst, we will consider the
[MV:O](”'H)"' (M = Mn, Fe, Co, Ni, Cu, Ru, and Ir; n
= 0, 1, 2) form of the catalyst as it acts as the reactant
in the rate-determining step of the O-O bond formation, as
shown in Scheme 2. Among catalysts, the [MY=0]"+D+
(n =0, 1, 2) form of MWOC-14 has a high HOMO-LUMO
energy gap (58.66 kcal molfl) and acts as a stable catalyst
and has a lower reactivity. However, for MWOC-19, the
HOMO-LUMO energy gap is very small and thus leads to
lower stability and higher reactivity. [75]

Computing TONs, TOFs and Its Validation with the
Experiment.

To calculate the turnover frequency (I'%puted 70r) for in-
dividual catalysts under experimental conditions of tem-
perature, pressure, and pH, we adopted Eq. (20) and ex-
tended ECM to calculate the turnover numbers (TONs),

MO energy gap for [M']*+ and [MY=0]"*+1 (n =0, 1, 2) complexes,

Toomputed ToN Using Eq. (21) and were reported in Table 1.

Table 1. Computed TOFs (Fgomputed ror) and TONs

(Tgompmed ron) With ECM in MN15-L levels of theories. The

TOFs were reported in s~1.

MWOC rcoumpllted Tor X 10° (s%) Tcoomputed TON
MWOC-16 495.00 5107
MWOC-17 481.00 2520
MWOC-18 463.00 2860
MWOC-11 120.00 2476
MWOC-9 92.30 2171
MWOC-2 78.10 3516
MWOC-1 65.40 o 3520
MWOC-7 64.10 O 3237
MWOC- 20 62.60 = 2737
MWOC-6 60.30 2 2576
MWOC-4 52.30 = 3419
MWOC-5 43.40 £ 2837
MWOC-23 43.00 O 5113
MWOC-10 42.00 3503
MWOC-14 29.70 3471
MWOC-21 28.10 1221
MWOC-13 26.70 4045
MWOC-26 22.30 656
MWOC-25 16.20 1396
MWOC-22 15.60 1486
MWOC-3 15.30 3179
MWOC-15 12.00 883
MWOC-8 10.80 4286
MWOC-12 10.10 1487
MWOC-24 9.87 5612
MWOC-19 7.14 264

_¢ experimentally not reported
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Figure 5. Linear fitting between computed TONSs, Tt(:)omputed TON
and experimental TONSs, Teyperimental TON at the MN15-L level
of theory.

To understand the extent of degradation, the activity
of the catalysts was judged by calculating the catalysts’
turnover frequency (TOF). Our computed results concludes
that the iron (Fe)-based catalyst MWOC-16, MWOC-17,
and MWOC-18 complexes showed the highest Fgomputed TOF
of 495 x 107° 57!, 481 x 107° s7! and 463 x 107° s7!
respectively in MN15-L level of theory under experimen-
tal conditions of temperature, pressure, and pH. Thus, the
computed results further suggest that the MWOC-16 is a
highly active catalyst and can withstand a longer time in
the catalytic cycle.

It is important to mention that a higher turnover fre-
quency (TOF) of a catalyst does not always assure a higher
turnover number (TON). On extending the strategy, our
computations showed that the iridium (Ir) based catalysts
with MWOC-23 and MWOC-24 report the highest turnover
number, Tfomputed ron of 5113 and 5612 against the highest
experimental TON, Tezperimentar Ton 0of 1200 and 2000 (571
respectively in the MN15-L level of theory.

Further, the results also delineate MWOC-19 to have
the lowest value of computed TON, rfompmd ron = 264
(Tewperimentar = 19) (4] in the same level of theory corrobo-
rating the previous experimental results. Thus, the method
successfully defines the catalytic activity of catalysts and
computed TONS.

To observe the validity of computed TONs, we carried
out a linear fitting analysis and observed that the extended
ECM equation uphold a correlation between the computed
TONs and the experimental TONs with R%= 82% as seen in
Figure 5. Since the linear fitting for the developed equation
shows R? > 80%, for MN15-L level of theory, the computed
results reported to show good fit " and thus the results are
worth mentioning.

Conclusion

Based on the kinetic and thermodynamic perspectives, we
mathematically modelled a new method efficiency conceptu-
alization model (ECM) to predict the TOF (Fgomputed TOF)
of catalysts for any targeted reaction under experimental
conditions of temperature, pressure, and pH. To validate
the strategy, we started working on the water-oxidation re-

action catalyzed by molecular water oxidation catalyst fol-
lowing the WNA pathway. Our computations with ECM
conclude with the following new findings —

e For computing the efficiency of catalysts, ECM relies
on the rate-determining step (RDS) of the reaction. In
context to water oxidation reaction, we focus only on the
0O-0 bond formation process as it is the rate-determining
step of the reaction.

e ECM is predicted to uphold for the any reactions irre-
spective of the molecularity of the reaction.

e ECM demonstrates the fact that the TOF of a catalyst
is affected not only by the rate constants of the reac-
tion but also by the reaction’s thermodynamic feasibil-
ity (AG:) and stability (a). To account for these effects,
we have introduced the term efficiency conceptualization
energy (Egcr), which describes the threshold thermo-
dynamic energy of a catalyzed reaction.

e The iron (Fe)-based catalysts MWOC-16, MWOC-17,
and MWOC-18 show a very high value of computed
turnover frequency, Fgomputed ror of 495 x 107° s7 1
481 x 107° 57! and 463 x 107° s™! respectively in
MN15-L level of theory under experimental conditions
of temperature, pressure, and pH. Thus, the iron-based
catalysts are predicted to withstand more in the cat-
alytic cycle. Along the line, under the similar conditions,
MWOC-19 shows the least value of Fgompmed Tor and
thus predicted to get deactivated early in the catalytic
cycle.

e The experimental and computed TONs show a good
fit and were linearly correlated with an R-squared (R?)
value of 82% in the MN15-L level of theory and is con-
sidered to show a good fit.

e The concept of turnover frequency (TOF) was further
extended to delineate the turnover numbers (TON) of
catalysts. In the context of water oxidation reaction,
among the chosen catalysts, the iridium (Ir) based cat-
alysts with MWOC-23 and MWOC-24 report the high-
est turnover numbers, rg,mpmd ron of 5113 and 5612
against the highest experimental TON, Teaperimental TON
of 1200 and 2000 respectively. In contrast, MWOC-19
showed the lowest value of computed turnover number,
Tfomputed ron of 264 against the lowest experimental
turnover number Tezperimental TON =16 in the MN15-L
level of theory and thereby corroborating the previous
experimental results.

We hope that the computational approach to the effi-
ciency conceptualization model (ECM) will be a useful tool
for catalysis and physical chemists. The strategy provides a
lucid mathematical framework to unravel the turnover fre-
quency (TOF) and turnover number (TON) of catalysts.
At the current stage, the efficiency conceptualization model
(ECM) is implemented under experimental conditions of
temperature, pressure, and pH. However, the conditions of
temperature, pressure, and concentration will vary, and ac-
cordingly, the expression(s) may be amended as required.
The discussions in this context will be extended to provide
a more detailed understanding of the turning over of cata-
lysts.
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Computational Details

The geometry optimization of the [M"]"*, [MY=0]"+D+,
[MY=0:H,0]™*Y+ and [MV-00|"* (M = Mn, Fe, Co,
Ni, Cu, Ru, and Ir; n = 0, 1, 2) were performed at the MN15-
L% and M06-L[™ level of theories with LANL2DZ effec-
tive core potential (ECP) for all the metal (M) atoms and Br
atom (M = Mn, Fe, Co, Ni, Cu, Ru, and Ir) and 6-31G(d)
basis set for all other elements 7274 using Gaussian 16177
package. For solvent phase calculations, we adopted the sol-
vation model density (SMD) 8] with water as the medium of
interest under the experimental conditions of temperature,
pressure, and pH. As far as the density functional theory
(DFT) is concerned, the expectation values of the spin op-
erator, < S? >, increase with a rise in the HF exchange
component. [78] To observe the reliability of the MN15-L 6]
functional, the spin expectation values, < S? >, were
compared with the M06-L functional and reported in Sup-
porting Information S5. The rate-constants for the water-
oxidation were obtained for the twenty-six representative
MWOC s in both the gas phase and solvent phase in terms of
transition state theory (TST) I and further corrected with
the Wigner tunneling™®! and Eckart tunneling*'® meth-
ods. The zero-point corrected Gibbs free energy and the
electronic energies of the optimized systems were evaluated
at the same computational level of theory. The energies of
the optimized geometries were corrected in both MN15-L (6]
and M06-L [ functional with LANL2TZ effective core po-
tential (ECP) %8 for all the metal (M) atoms (M = Mn,
Fe, Co, Ni, Cu, Ru, and Ir), LANL2DZ for Br, and def2-
TZVP 82 basis set for all other atoms. The absolute and
relative energies of all the species have been included in
Supporting Information S7.

Yamaguchi Broken Spin-Symmetry (BS) Approach.

In the transition metal-catalyzed water oxidation reaction,
various reactive intermediates were generated. A single de-
terminant can not explicitly describe the electronic struc-
ture of such species. In such cases, the Kohn-Sham density
theory failed to explain such phenomena. 83 Therefore, to
adopt such situations, we considered the Yamaguchi broken
spin-symmetry (BS) approach (4] to determine the energy
of spin-purified low spin complexes using the relation

LSy _ BSpHS g2 _HSEBS g2 5
- HS < 82> —B5 < 52>
In Eq. (23), HS represents the coupled states with high
spin and correlates the spin flipping in the low spin state.
The < S? > is the spin expectation value of the appropriate
determinant of the spin operator.

(23)
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To quantify efficiency, development of a quantum-mechanical
tool is very important. Considering the urgency, we developed
the efficiency conceptualization model (ECM) that computes
turnover frequency (TOF),I'Y,,puted ToF and turnover number
(TON), 72, putea Ton Of catalysts. To validate the model, w

considered the kinetic and thermodynamic aspects of the rate—
determining step and applied the same to the first, second, and
third-row transition metal-catalyzed water oxidation reaction.
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