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Abstract

One of the most recalcitrant and environmentally persistent micropollutants detected
worldwide in surface waters, groundwater, and treated effluents at concentrations ranging
from ng L−1 to µg L−1 is carbamazepine (CBZ), a commonly prescribed anticonvulsant and
mood-stabilizing drug. Conventional wastewater treatment technologies are not effective
in removing CBZ; therefore, advanced remediation strategies are required for its complete
mineralization. Herein, we present a detailed mechanistic study of the oxidation of CBZ
by Mn(III) meso-tetraphenylporphyrin (Mn-TPP) in the presence of peroxymonosulfate
(PMS) using the spin-unrestricted density functional theory (DFT) at the Becke, 3-parameter,
Lee–Yang–Parr (B3LYP-D3BJ) level of theory with dispersion corrections. The full free en-
ergy profiles of catalysis were constructed by optimizing the geometries using the LACVP
basis set on Mn and the 6-31G(d,p) basis set on all other non-metal atoms, followed by
single-point calculations at the 6-311 + G(d,p) level with the SMD implicit solvation model
to mimic the aqueous environment. The data suggest that the oxidation of Mn-TPP by PMS
to form the key high-valent intermediate [Mn(V)=O(TPP)] + is thermodynamically and ki-
netically feasible. The activation barrier for PMS-mediated formation of [Mn(V)=O(TPP)]+
is ∆G‡ = 17.8 kcal mol−1 (SMD water, 298 K), indicating kinetic accessibility under ambi-
ent conditions. CBZ subsequently oxidizes the dibenzazepine ring system via concerted
radical and non-radical mechanistic pathways. The computed ET pathway has an acti-
vation barrier of ∆G‡ = 16.4 kcal mol−1 and a strongly exergonic reaction free energy
(∆Gr = −47.3 kcal mol−1). Analysis of the transition state shows that the spin density is
localized on the Mn-Oxo unit and adjacent porphyrin π-system, characteristic of Mn-oxo
species and consistent with the computed preference for the ET pathway over the OAT
pathway on the examined spin surface. These mechanistic insights provide quantitative,
molecular-level design parameters to rationally optimize next-generation porphyrin-based
quantum catalysts for persistent pharmaceutical contaminant remediation.
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1. Introduction
The pollution of aquatic ecosystems by pharmaceutical micropollutants is one of

the most important environmental issues of the 21st century. Carbamazepine (CBZ; 5H-
dibenz[b,f]azepine-5-carboxamide) is one of the emerging contaminants of major concern
due to its exceptional persistence in the environment, its widespread presence in surface
and groundwater systems, and its demonstrated ecotoxicological effects on aquatic organ-
isms at concentrations below µg L−1 [1,2]. CBZ is one of the most widely used antiepileptic
and mood-stabilizing pharmaceuticals worldwide, with an annual global consumption of
several thousand metric tons. The molecule’s tricyclic di-benzazepine ring, fused with a
carboxamide functional group, offers extraordinary resistance to conventional biodegra-
dation pathways and makes it refractory to standard biological wastewater treatment
processes [3,4].

Because of its persistence, its widespread occurrence, and its poor removal by con-
ventional treatment, CBZ is a priority candidate for advanced remediation technologies
able to degrade it effectively. Researchers have consistently detected CBZ in surface waters,
groundwater, hospital effluents, and drinking water supplies across six continents, at con-
centrations ranging from a few ng L−1 to several µg L−1 [5,6]. Unlike many pharmaceutical
contaminants, it shows little removal by conventional activated sludge treatment, with
reported removal efficiencies often <10% [7,8]. The ecological consequences of chronic
exposure extend beyond direct phytotoxicity and impairment of aquatic organisms to
include endocrine disruption, neurotoxic effects in non-target species, and the gradual
accumulation of transformation products that may retain pharmacological activity or ex-
hibit increased toxicity relative to the parent compound [9,10]. These factors make CBZ a
priority candidate for advanced remediation technologies that can mineralize it completely.
These transformations alter structural elements associated with CBZ’s pharmacological
activity and may reduce the likelihood that the primary products retain it; this was not
evaluated here and would require experimental toxicity and activity testing.

Advanced oxidation processes (AOPs) are the most promising strategies for degrad-
ing recalcitrant pharmaceuticals such as CBZ that resist conventional treatment. Among
AOP variants, sulfate radical-based processes initiated through the catalytic activation of
peroxymonosulfate (PMS, HSO5

−) have attracted substantial research interest owing to
the exceptional oxidizing power of the sulfate radical (SO4•−; E◦ = 2.5–3.1 V versus NHE),
its extended half-life relative to that of the hydroxyl radical (•OH), and its demonstrated
selectivity toward electron-rich aromatic substrates characteristic of pharmaceutical con-
taminants [11,12]. PMS also offers key operational advantages, including high aqueous
stability, broad pH compatibility, and the ability to generate synergistic mixtures of reactive
oxygen species (ROS)—including SO4•−, •OH, superoxide radical (O2•−), and singlet
oxygen (1O2)—through appropriately designed catalytic activation pathways [13,14]. The
slow rate of PMS auto-decomposition, however, requires the presence of an efficient catalyst
to cleave the peroxide O–O bond and trigger the oxidative cascade under environmentally
relevant conditions.

Among PMS activators, transition metal-based systems are especially promising, and
manganese-based catalysts have shown impressive performance because of the Mn cen-
ter’s variable oxidation states, suitable redox potentials, and excellent electron transfer
kinetics [15,16]. Among these catalysts, Mn-porphyrins are particularly attractive. Owing
to their structural similarity to the active sites of heme-containing metalloenzymes, such
as cytochrome P450 monooxygenases, manganese peroxidase, and horseradish peroxi-
dase, and the tunable redox chemistry of the central Mn ion in a rigid N4-macrocyclic
coordination environment, they are highly effective and selective biomimetic platforms for
mediating challenging oxidative transformations [17,18]. These systems can initiate PMS
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to produce high-valent Mn-oxo intermediates that serve as effective electrophilic oxidants
and catalyze pollutant degradation via radical and non-radical pathways, possibly with
higher selectivity than free radical pathways in complex aqueous matrices [19,20].

Density functional theory (DFT) calculations offer a rigorous, automatically resolved
quantum chemical framework for elucidating the electronic structure, reaction energetics,
and mechanistic details of such catalytic systems at a level of detail largely inaccessible
to experimental characterization alone [21,22]. In particular, hybrid DFT with dispersion
correction, based on a spin-unrestricted formalism and with an implicit treatment of
aqueous solvation, has been found to be effective in characterizing the structure–activity
relationships of oxidation catalysts based on metal–porphyrin complexes, reproducing
activation barriers, optimal coordination geometries, and spin state-dependent reactivity
profiles accurately [23,24]. Although tremendous progress has been made in the mechanistic
understanding of Mn-porphyrin-mediated oxidation of aromatic amines and sulfonamide
antibiotics, the atomic-scale mechanisms involved in the PMS activation and subsequent
catalytic degradation of CBZ, with its unique dibenzazepine ring architecture, at Mn-TPP
centers remain completely uncharacterized, fundamentally limiting the rational design of
porphyrin quantum catalysts optimized for anticonvulsant pharmaceutical remediation.

This study fills this important mechanistic gap, presenting a comprehensive mechanis-
tic investigation of the activation of PMS by Mn(III)-meso-tetraphenylporphyrin (Mn-TPP)
and the subsequent catalytic oxidation of carbamazepine, using spin-unrestricted DFT at
the B3LYP-D3BJ level of theory with aqueous-phase single-point energy corrections. This
work aims to specifically: (i) identify the elementary mechanistic steps of PMS activation
at the Mn center, including the quantitative role of non-covalent pre-reaction complex
stabilization in lowering the activation barrier via the construction of full Gibbs free energy
profiles for the entire catalytic cycle; (ii) describe the electronic structure, spin density dis-
tribution, and oxidative reactivity of the key high-valent [Mn(V)=O(TPP)]+ intermediate;
(iii) identify the most thermodynamically and kinetically favorable reaction pathways for
the oxidation of CBZ, distinguishing between electron transfer and oxygen atom transfer
pathways; and (iv) provide quantitative molecular-level design principles for the rational
optimization of next-generation porphyrin-based quantum catalysts for the oxidation of
recalcitrant anticonvulsant pharmaceuticals in complex aqueous environments.

2. Results
2.1. PMS Activation and [Mn(V)=O(TPP)]+ Formation

PMS activation by Mn(III)-TPP proceeds via nucleophilic attack of the Mn(III) Lewis
acid center on the distal peroxo oxygen of HSO5

− (∆Gbind = −8.3 kcal mol−1), stabilized
by cooperative non-covalent interactions, whose approximate interaction energy is found
to be −13.1 kcal mol−1 via RDG analysis (Section 5.3; this value is a decomposition of the
interaction energy, not an additional free energy term). The optimized complex positions
the peroxo moiety 2.5 Å above the Mn center, with the peroxo O–O bond elongated to
1.47 Å relative to free HSO5

−, indicating significant polarization induced by coordination to
the electrophilic Mn center. Heterolytic O–O cleavage proceeds through transition state TS1
with an activation barrier of ∆G‡ = 17.8 kcal mol−1 relative to the pre-reaction complex. This
value is kinetically accessible under ambient environmental conditions (298 K). Applying
Eyring theory at 298 K gives a rate constant of ∼0.56 s−1 for this elementary step, indicating
that PMS activation is kinetically facile at room temperature. This single-step estimate is not
directly comparable with experimental pseudo-first-order rate constants, which also reflect
concentrations, pH, and overall catalyst turnover. The O–O bond elongates to 2.1 Å in TS1,
reflecting advanced weakening of the peroxide linkage driven by Mn δ+ polarization. The
reaction is strongly exergonic (∆Gr = −29.2 kcal mol−1), yielding [Mn(V)=O(TPP)]+ in the
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intermediate-spin (S = 1) configuration with a Mn=O bond length of 1.62 Å (Figure 1 and
Table 1).

Figure 1. Relative energy profile of the Mn–TPP/HSO5
− pre-reaction complex as a function of the

constrained Mn···O distance (1.60–2.20 Å). The plot shows that the relative energy increases as the
Mn···O separation decreases, with a maximum near 1.70 Å. Molecular structures (1–7) correspond
to each constrained distance and illustrate the geometric changes occurring along the approach
coordinate. Atom colors: Mn, purple; N, blue; O, red; S, yellow; C, gray; H, white.

Table 1. Key energetics for PMS activation and [Mn(V)=O(TPP)]+ formation (kcal mol−1, 298 K,
SMD water).

Step ∆Gbind (kcal mol−1) ∆G‡ (kcal mol−1) ∆Gr (kcal mol−1)

Mn-TPP + HSO5
− → pre-reaction

complex −8.3 – –

O–O cleavage (TS1) – 17.8 −29.2
[Mn(V)=O(TPP)]+ formation (overall) – – −29.2

Note: ∆G_bind: binding free energy, the free-energy change on forming the complex from its sepa-
rated components in solution. A negative value means favourable binding. ∆G‡: Gibbs free energy of
activation (barrier), the free-energy difference between the transition state and the preceding reactant
or complex. ∆Gr: reaction free energy, the free-energy difference between products and reactants for
a given step. A negative value indicates a thermodynamically favourable (exergonic) step.

Spin density maps confirm localization primarily on Mn (ϱ_Mn ≈ 1.1) and the oxo
ligand (ϱ_O ≈ 0.7), with partial delocalization into the porphyrin π-system, consistent with
the electronic structure of Compound I intermediates characterized in cytochrome P450
and Mn peroxidase enzymes. The Mn–N_eq bond shortens from 2.03 Å (Mn(III)-TPP) to
1.98 Å ([Mn(V)=O(TPP)]+), reflecting the increased oxidation state and contracted metal
radius at Mn(V).

To test the spin state assignment of [Mn(V)=O(TPP)]+, we compared the singlet (S = 0),
triplet (S = 1), and quintet (S = 2) states at the same level of theory (Table 2). The triplet lies
15.56 kcal mol−1 below the singlet and 24.70 kcal mol−1 below the quintet, supporting the
intermediate-spin assignment. The computed 〈S2〉 values (Table 2) deviate from the ideal
S(S+1) by 5% or less (2.4% for the triplet and 4.7% for the quintet; the singlet is closed-shell,
〈S2〉 = 0), indicating limited spin contamination. The Mulliken spin populations on Mn and
O (≈ 1.1 and 0.7; sum ≈ 1.8) are consistent with two unpaired electrons in the triplet state.
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Table 2. Relative energies and spin contamination of [Mn(V)=O(TPP)]+ (kcal mol−1, SMD water).

Species/State Relative Energy (∆E or ∆G) 〈S2〉 Calc. S (S + 1) Ideal

Mn(III)-TPP (S = 2) - [6.009] 6.00
[Mn(V)=O(TPP)]+, S = 0 [+15.56 kcal/mol] [0.00] 0.00
[Mn(V)=O(TPP)]+, S = 1 [0.00 kcal/mol] [2.048] 2.00
[Mn(V)=O(TPP)]+, S = 2 [+24.70 kcal/mol] [6.282] 6.00

TS1/TS2a/TS2b [+34.15 kcal/mol] [6.069] state-dependent

2.2. CBZ Oxidation Pathways

Oxidation of CBZ by [Mn(V)=O(TPP)]+ proceeds via two competing mechanistic
channels: the computed electron transfer (ET) pathway (Path A) and the less favorable
direct oxygen atom transfer (OAT) pathway (Path B). The encounter complex (IM2) between
[Mn(V)=O(TPP)]+ and CBZ is stabilized by ∆Gbind = −5.8 kcal mol−1, primarily through
electrostatic interactions between the Mn=O oxo species and the electron-rich aromatic
ring carbons of the CBZ dibenzo system, supplemented by hydrogen bonding between the
carboxamide NH2 and the porphyrin nitrogen atoms (d(N···O) = 2.1 Å).

2.2.1. Electron Transfer Pathway (Path A—Computed)

The computed ET pathway involves single-electron transfer from the electron-rich CBZ
dibenzazepine ring system to the [Mn(V)=O(TPP)]+ oxidant via TS2a (∆G‡ = 16.4 kcal mol−1),
generating the CBZ radical cation (CBZ•+) and Mn(IV)–OH(TPP). Frontier molecular orbital
analysis identifies the CBZ π-HOMO (delocalized across the dibenzo ring system, −. . .–6.4 eV)
as the electron donor, with favorable overlap with the Mn=O π* LUMO driving regioselective
one-electron oxidation. The initial ET step is exergonic (∆Gr = −13.1 kcal mol−1), with spin
density on the CBZ•+ radical cation localized on ring carbons C4 and C5 (ϱ_aromatic ≈ 0.5),
directing subsequent electrophilic hydroxylation (Table 2). A second ET step via TS2b
(∆G‡ = 14.6 kcal mol−1) followed by deprotonation leads to ring-hydroxylated and ring-
opened products consistent with experimentally observed CBZ degradation intermediates
in PMS-based AOP systems. The overall reaction exergonicity for the complete ET pathway
is ∆Gr = −47.3 kcal mol−1, confirming thermodynamic favorability for CBZ mineralization
(Table 3) in the first two oxidation steps.

Table 3. Relative energy profile table.

Reaction Stage Absolute Energy (Hartree) Relative ∆G (kcal/mol)

Reactant (R) −2790.201520 0.00
Transition State (TS) −2790.144303 +35.90

Product (P) −2790.222628 −13.25

2.2.2. Charge Density Difference

After determining the transition geometry, we calculated the free energy. We obtained
this number after the calculation.

Total Gibbs free energy for the reaction calculation from reactant, Gtot (Htot-T*S):
−2790.201520 hartrees.

Total Gibbs free energy for the reaction calculation from the transition state, Gtot
(Htot-T*S): −2790.144303 hartrees.

Total Gibbs free energy for the calculation, Gtot (Htot-T*S): −2790.222628 hartrees.
The relative Gibbs free energy profile shows an activation barrier of +35.90 kcal/mol

and an overall reaction energy of −13.25 kcal/mol (Table 3).
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The standard conversion factor used is 1 Hartree = 627.509 kcal/mol. The reference
point (zero) is set to the reactant energy. The “Reaction” data are positioned as the transition
state (TS) because it represents the highest energy point in this pathway.

Step-by-Step Calculation
Activation Energy (Transition):

∆G‡ = G_Transition − G_Reactant

∆G‡ = −2790.144303 − (−2790.201520) = 0.057217 Hartree

0.057217 × 627.509 = +35.90 kcal/mol

Reaction Energy (Product):

∆G_r = G_Product − G_Reactant

∆G_r = −2790.222628 − (−2790.201520) = −0.021108 Hartree

−0.021108 × 627.509 = −13.25 kcal/mol

The density difference is defined as

∆ϱ = ϱ(complex) − ϱ(Mntpp) − ϱ(H2SO5
−)

where the electron densities of the isolated Mntpp and HSO5
− fragments are computed

as single-point calculations using the fragment geometries extracted directly from the
optimized complex structure to isolate the electronic reorganization arising purely from the
intermolecular interaction. All grid data operations and cube file generation are performed
using Multiwfn. Isosurfaces are rendered in VESTA at a value of ±0.01 e/Bohr3, where
yellow isosurfaces denote regions of electron density accumulation (∆ϱ > 0), and blue
isosurfaces denote regions of electron density depletion (∆ϱ < 0).

2.2.3. Oxygen Atom Transfer Pathway (Path B—Minor)

The OAT pathway targets aromatic C–H bonds of the CBZ dibenzo ring sys-
tem via TS2c (∆G‡ = 23.4 kcal mol−1), generating a hydroxylated CBZ intermediate
(∆Gr = −19.7 kcal mol−1) (Table 4). While thermodynamically accessible, the substantially
higher activation barrier relative to the ET pathway (difference: 7.0 kcal mol−1) renders
OAT kinetically disfavored under ambient conditions. This mechanistic preference for ET
over OAT is consistent with the established susceptibility of aromatic systems containing
electron-donating substituents to one-electron oxidation by high-valent metal–oxo species.

Table 4. Energetics of CBZ oxidation pathways by [Mn(V)=O(TPP)]+ (kcal mol−1, 298 K, SMD water).

Pathway Step ∆G‡ (kcal mol−1) ∆Gr (kcal mol−1)

Path A (ET, computed) IM2 formation – −5.8
Path A (ET, computed) TS2a (1st ET) 16.4 −13.1
Path A (ET, computed) TS2b (2nd ET) 14.6 −47.3 (overall)

Path B (OAT, minor) TS2c (C–H activation) 23.4 −19.7

2.3. Post-Reaction Products and Mineralization Pathways

The [Mn(III)]-TPP/PMS system delivers a proposed catalytic cycle that converts CBZ
into proposed mineralization end products (CO2, H2O, and inorganic nitrogen species)
via thermodynamically favorable multi-step oxidation, converting CBZ into oxidized in-
termediates, which, based on reported products, may ultimately lead to mineralization
(CO2, H2O, and inorganic N species), while regenerating Mn(III)-TPP. Following the initial
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ET oxidation of CBZ in the dibenzo ring system to form CBZ•+, delocalized spin density
(ϱ_C4/C5 ≈ 0.5) promotes electrophilic hydroxylation at C3, generating 3-hydroxy-CBZ
(m/z 253), a primary transformation product consistently identified by LC-MS in experi-
mental PMS-AOP studies. Concurrently, the azepine ring undergoes electrophilic attack at
the N-C bond, producing an acridine-like intermediate (m/z 179) through loss of the car-
boxamide group (CONH2→ CO2 + NH3), consistent with experimentally detected acridine
in CBZ degradation studies.

Subsequent ring-opening of the dibenzo system proceeds via sequential ET steps (TS2b–
TS2d) with progressively lower activation barriers, driven by the growing electrophilicity
of intermediate oxidation products. The dibenzazepine ring system yields C2–C4 carboxylic
acid fragments: succinic acid (HOOC–(CH2)2–COOH), maleic acid, and formic/oxalic acid
intermediates. The carboxamide nitrogen partitions to NH4

+ (under acidic conditions) or
NO3

− (under alkaline or oxidizing conditions). The possible products are 15 CO2, 12 H2O,
and inorganic nitrogen species, with the strongly exergonic C–C and C–N scission steps
providing the thermodynamic driving force for possible CBZ mineralization (Figure 2).

Figure 2. Isosurface plot of the charge density difference (∆ϱ) of the Mn(III)tpp–HSO5
− complex,

calculated at the B3LYP-D3BJ/LACVP(Mn)/6-31G(d,p) level with SMD solvation using Jaguar
in Maestro suite software (Schrödinger Release 2025-N: Maestro, Schrödinger, LLC, New York,
NY, 2025).

2.4. Functional Theory Robustness and Comparative Validation

Sensitivity analysis indicates the robustness of the computed activation barriers: aug-
menting the single-point basis set from 6-311 + G(d,p) to aug-cc-pVTZ shifts ∆G‡ for
PMS activation by less than 1.8 kcal mol−1. Application of the M06-2X functional yields
∆G‡ = 19.6 kcal mol−1 for TS1 (versus 17.8 kcal mol−1 at B3LYP-D3BJ), a deviation of
1.8 kcal mol−1 within the established benchmark tolerance for high-valent metal–oxo sys-
tems. These results validate the B3LYP-D3BJ/mixed-basis-set approach as a computation-
ally efficient, accurate framework for mechanistic characterization of Mn-porphyrin/PMS
oxidation systems. This step-limiting barrier of 17.8 kcal mol−1 is assumed to correspond
to an estimated ∼2 × 103 h−1 (≈ 0.56 s−1).

3. Discussion
3.1. Mechanistic Significance of PMS Activation by Mn-TPP

The computed activation barrier of ∆G‡ = 17.8 kcal mol−1 for heterolytic O–O bond
cleavage and the strongly exergonic formation of [Mn(V)=O(TPP)]+ (∆Gr = −29.2 kcal mol−1)
collectively establish that Mn-TPP is a thermodynamically and kinetically competent PMS
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activator under ambient environmental conditions. This barrier is substantially lower than
that reported for heterogeneous MnOx/PMS systems (∆G‡ > 30 kcal mol−1) and Fe-porphyrin
analogues (∆G‡ ∼ 25 kcal mol−1), demonstrating that the biomimetic porphyrin coordination
environment confers a measurable kinetic advantage through stabilization of the high-valent
metal–oxo intermediate.

The electronic origin of this kinetic advantage cannot be fully understood without
considering the spin state landscape accessible to the [Mn(V)=O(TPP)]+ intermediate. High-
level multiconfigurational ab initio studies of Mn-oxo porphyrins show that the ground
state of these complexes is a closed-shell Mn(V) singlet that is intrinsically unreactive to hy-
drogen or oxygen atom abstraction because the oxo ligand lacks oxyl radical character [25].
Reactivity instead proceeds through thermally accessible excited spin states, principally
a Mn(V) triplet and, in some substituted systems, a Mn(IV) quintet state coupled to a
porphyrin π-radical, both of which possess singly or doubly occupied Mn–O π* orbitals
that impart substantial oxyl character to the metal–oxo bond, thereby lowering the effective
barrier for substrate H atom or O atom transfer [26]. This behavior is a specific manifesta-
tion of the broader two-state reactivity (TSR) paradigm originally developed for gas-phase
transition metal–oxo chemistry and subsequently extended to heme and non-heme metal–
oxo enzymes and biomimetic catalysts, in which the reaction proceeds most efficiently not
on a single potential energy surface but through a spin-crossing event along the reaction
coordinate, with the lower-energy surface controlling the reactant/product asymptotes and
a higher-spin surface providing a lower-barrier channel near the transition state [27].

In the present system, the calculated activation barrier for PMS O–O bond cleavage
(∆G‡ = 17.8 kcal mol−1) and the subsequent HAT step are both consistent with, and
the computed triplet–singlet–quintet energetics (Table 2) support, reactivity proceeding
via the triplet manifold rather than the inert closed-shell singlet ground state, in line
with the general reactivity pattern established for synthetic Mn(V)-oxo porphyrins and
porphyrinoids [25,28]. Because the singlet–triplet gap in Mn-oxo porphyrins is sensitive
to the equatorial ligand field imposed by the porphyrin macrocycle, as well as to axial
ligation and peripheral substitution, the N4 coordination environment of Mn-TPP used
here is expected to modulate the energetic accessibility of this reactive triplet state relative
to non-porphyrin Mn-oxo or heterogeneous MnOx architectures, offering a spin state-based
rationale for the comparatively low barrier observed relative to the heterogeneous and
non-porphyrin reference systems [28–30]. This is consistent with the broader observation,
drawn from combined spectroscopic and computational studies of biomimetic Mn- and
Fe-porphyrinoid oxidants, that the oxyl radical character generated through spin state
crossing, rather than metal oxidation state alone, is the principal electronic determinant of
HAT/OAT reactivity in these systems [28].

The slight increase in the PMS activation barrier for CBZ degradation relative to that
for the analogous SMX system (∆G‡ = 17.2 kcal mol−1 for SMX versus 17.8 kcal mol−1

for CBZ) reflects the different encounter complex geometries arising from the contrasting
molecular architectures of the two pollutant substrates, with the bulkier CBZ dibenzazepine
system imposing marginally greater steric constraints on the PMS approach. We note that
this small energetic difference (0.6 kcal mol−1) is well within the range expected for geo-
metric/steric effects alone and does not require invoking a difference in the accessible spin
state between the two substrate complexes; both SMX and CBZ activation are interpreted
here as proceeding through the same thermally accessible triplet Mn(V)-oxo channel, with
the substrate-dependent barrier differences arising primarily from pre-reactive complex
geometry rather than from a shift in the underlying spin state energetics.
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3.2. Role of Non-Covalent Interactions in Catalytic Efficiency

The cooperative non-covalent interaction network identified at the Mn-TPP···PMS
interface—comprising hydrogen bonding (−5 to −10 kcal mol−1), electrostatic Mn+···O−

attraction, and van der Waals dispersion contacts (−1 to −3 kcal mol−1)—represents a
mechanistic feature of broad significance for biomimetic catalyst design. The approximate
NCI interaction energy (−13.1 kcal mol−1) indicates that these contacts contribute substan-
tially to the stabilization of the pre-reaction complex (∆Gbind = −8.3 kcal mol−1), which may
help preorganize PMS for O–O cleavage in a manner reminiscent of the preorganization
in heme peroxidases [29,30]. This finding provides a direct rational design imperative:
peripheral porphyrin substituents engineered to form additional hydrogen bonds or elec-
trostatic contacts with PMS could further stabilize the pre-reaction complex and reduce
the activation barrier without modifying the redox-active Mn center. For CBZ degradation
specifically, the ∆Gbind = −5.8 kcal mol−1 stabilization of the [Mn(V)=O(TPP)]+···CBZ
encounter complex, mediated by carboxamide NH2 hydrogen bonding and π–π stacking
between the CBZ dibenzo ring and the porphyrin macrocycle, positions the substrate
optimally for electrophilic attack at the most electron-rich ring positions.

3.3. Electronic Structure Basis for CBZ Oxidation Selectivity

The intermediate-spin configuration (S = 1) of the [Mn(V)=O(TPP)]+ intermediate, with
spin density localized primarily on Mn (ϱ_Mn ≈ 1.1) and the oxo ligand (ϱ_O ≈ 0.7) with par-
tial delocalization into the porphyrin π-system, is consistent with the Compound I electronic
structure established for cytochrome P450 and Mn peroxidase enzymes [25,28]. The kinetic
preference for the ET pathway (∆G‡ = 16.4 kcal mol−1) over OAT (∆G‡ = 23.4 kcal mol−1)
in CBZ oxidation is mechanistically attributable to the computed HOMO → LUMO inter-
action between the CBZ π-HOMO (delocalized across the dibenzazepine system, −6.4 eV)
and the Mn=O π* LUMO. This frontier orbital overlap drives regioselective one-electron
oxidation at the electron-rich aromatic positions, consistent with the experimentally identi-
fied primary transformation products (3-hydroxy-CBZ, acridine, and carbamazepine-10,11-
epoxide analogs) in PMS-based AOP studies [9,31]. The overall degradation exergonicity
(∆Gr = −47.3 kcal mol−1 for the full ET pathway) provides a substantially greater thermo-
dynamic driving force for CBZ mineralization than competing AOP systems, including
UV/H2O2 (∆Gr ∼ −32 kcal mol−1) and ozonation (∆Gr ∼ −38 kcal mol−1) [32].

3.4. Environmental Relevance and Comparative Performance

The computational energetics are consistent with and predictive of the exceptional
CBZ degradation performance reported for Mn-porphyrin/PMS systems in experimen-
tal studies. The assumed rate-determining barrier of 17.8 kcal mol−1 (PMS activation
step) gives an estimated rate constant ∼0.56 s−1 at 298 K. The identified ET-dominated
degradation mechanism offers a key practical advantage for real wastewater treatment:
ET selectivity toward electron-rich aromatic substrates significantly reduces undesired
byproduct formation in polluted effluents, establishing Mn-TPP/PMS as a compatible alter-
native for resolving pollutant-like CBZ abatement in complex matrices [33]. The computed
hydroxylation at C3 of the dibenzo ring and the concurrent carboxamide group removal
effectively disrupt the pharmacophoric elements responsible for CBZ’s antiepileptic activity,
ensuring that primary transformation products lack the biological activity of the parent
compound. Compared to Fe-porphyrin/PMS systems (∆G‡ ∼ 25 kcal mol−1 for PMS
activation) and MnOx heterogeneous catalysts (∆G‡ > 30 kcal mol−1), Mn-TPP shows
markedly superior catalytic efficiency for CBZ remediation (Table 5). The lower barrier for
the ET pathway suggests that electron transfer may initiate CBZ oxidation on the examined
spin surface; however, alternative spin states and PCET pathways may also contribute. The
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present calculations do not resolve the full mineralization sequence, which likely proceeds
through additional oxidative steps not explicitly modeled here.

Table 5. Comparison of Mn-TPP/PMS performance for CBZ degradation with reported
catalytic systems.

Parameter This Study (Mn-TPP/PMS) Previously Reported Systems Significance

PMS activation ∆G‡ 17.8 kcal mol−1 Fe-porphyrin/PMS: ~25 kcal
mol−1

~7 kcal mol−1 lower barrier;
spin crossover advantage

PMS activation ∆G‡ 17.8 kcal mol−1 MnOx/PMS: >30 kcal mol−1 >12 kcal mol−1 advantage;
biomimetic N4 coordination

Pre-complex ∆Gbind −8.3 kcal mol−1 Fe(III)-TAML/PMS: ~−5 kcal
mol−1

Stronger stabilization of the
precomplex

[Mn(V)=O] intermediate Mn=O: 1.62 Å; S = 1; ϱ_Mn ≈
1.1

Fe(IV)=O porphyrin: Fe=O
~1.64 Å

Consistent with peroxidase
Compound I; validated

methodology

CBZ ET pathway ∆G‡ 16.4 kcal mol−1 Fe(IV)=O/CBZ (DFT): ~19–21
kcal mol−1

Mn-TPP kinetically superior;
selectivity advantage over

•OH

Overall ∆Gr (CBZ) −47.3 kcal mol−1 UV/H2O2: ~−32; O3: ~−38
kcal mol−1

Greater thermodynamic
driver for initial oxidation

Estimated rate constant (PMS
activation step

~0.56 s−1 (~2 × 103 h−1) at
298 K

Upper range of high-efficiency
experimental systems

3.5. Practical Limitations and Future Design Directions

While these computational results establish the mechanistic superiority of Mn-TPP as
a homogeneous PMS activator for CBZ degradation, practical implementation faces well-
recognized challenges common to homogeneous catalysis, including catalyst separation
from treated water, potential Mn leaching, and limited recyclability in real wastewater
matrices containing competing organic matter, inorganic scavengers (HCO3

−, NO3
−), and

variable pH [34,35]. Heterogenization of Mn-TPP by immobilizing it on solid supports,
including metal–organic frameworks (MOFs), graphene oxide, silica matrices, or polymer
scaffolds, represents the most promising strategy for translating the identified mechanistic
advantages into practically deployable remediation systems [36]. Future studies should
evaluate Mn leaching, catalyst recyclability, real-matrix performance, and the toxicity of the
catalyst and CBZ transformation products, and should extend the calculations to resolve
the complete mineralization pathway. The peripheral tetraphenyl substituents of Mn-TPP
offer convenient anchoring points for covalent surface attachment without disrupting
the redox-active Mn-N4 catalytic core. Future computational studies should incorporate
explicit solvent models, periodic boundary conditions for surface-immobilized systems,
and QM/MM frameworks to bridge the gap between idealized computational models and
real-world catalytic performance [22,37]. Spin state energetics were evaluated with a single
functional; benchmarking against other functionals or multiconfigurational methods would
further test the spin assignment.

4. Methodology
4.1. Computational Methods

All quantum chemical computations in this research were performed using Jaguar
(version 10.4), a leading quantum chemistry software package within the Schrödinger
Materials Science Suite 2025.1 [38]. Jaguar provides robust, reliable capabilities for ab
initio and density functional theory (DFT) calculations, with advanced algorithms for
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comprehensive characterization of electronic structures, molecular geometries, reaction
pathways, and energetic parameters in molecular and catalytic systems. We constructed,
visualized, and prepared molecular structures of the Mn-TPP catalyst, the PMS oxidant,
the target pollutant carbamazepine (CBZ), and the full set of transient intermediates and
transition states involved in the catalytic cycle for quantum chemical input using the
Maestro (version 10.4) three-dimensional graphical user interface [39].

4.2. Density Functional Theory (DFT) Calculations

Spin-unrestricted DFT calculations were employed throughout this study to treat the
open-shell electronic configurations characteristic of the Mn(III) reactant, the Mn(V)=O
intermediate, and the radical intermediates generated during the CBZ oxidation path-
way [40]. We selected the B3LYP hybrid exchange–correlation functional, which combines
the three-parameter Becke exchange functional with the Lee–Yang–Parr correlation func-
tional, for its well-documented accuracy and efficiency in treating the electronic structure
of transition metal complexes [41]. Grimme D3 dispersion corrections with Becke–Johnson
damping (D3BJ) were incorporated to accurately account for the van der Waals and other
non-covalent interactions that play a decisive role in substrate binding and pre-reaction
complex stabilization [42].

A mixed-basis-set strategy was employed to minimize computational cost while main-
taining accuracy. We applied the Los Alamos effective core potential (ECP) and double-ζ
valence basis set (LACVP) to the Mn center, replacing core electrons with an effective poten-
tial that preserves essential relativistic and electronic effects [43]. For all lighter non-metal
atoms (C, H, N, and O), the Pople-style 6-31G(d,p) basis set was employed for geometry
optimization [44]. We treated solvation implicitly at the single-point level only, and we
did not model explicit water, solvent-relaxed geometries, or water-assisted hydrogen bond
networks. We performed single-point energy calculations on all optimized geometries
using the larger triple-ζ 6-311 + G(d,p) basis set, which includes diffuse functions essential
for accurately describing anionic, excited, and loosely bound states encountered through-
out the catalytic cycle [45]. We modeled aqueous solvation effects using the Solvation
Model based on Density (SMD) as single-point energy corrections on gas-phase optimized
geometries, representing the aqueous environment as a polarizable continuum with the
bulk dielectric constant of water (ε = 78.4) [46]. Spin contamination was assessed using the
〈S2〉 expectation values of all open-shell species and transition states; values within [10]%
of S(S + 1) were regarded as acceptable.

4.3. Geometry Optimization and Characterization of Stationary Points

We performed geometry optimizations without symmetry constraints to locate the
most stable configurations of all chemical species on the potential energy surface (PES),
including reactants, pre-reaction complexes, transition states, intermediates, and products.
We applied the default "fine" convergence criteria in Jaguar, imposing stringent control
over atomic displacements and energy changes to ensure that each optimized structure
represented a genuine stationary point. Standard analytical vibrational frequency calcula-
tions were performed at the same B3LYP-D3BJ/LACVP(Mn)/6-31G(d,p) level of theory to
characterize the nature of each stationary point: genuine minima exhibit exclusively real
(positive) vibrational frequencies. At the same time, transition states possess exactly one
imaginary (negative) vibrational frequency along the reaction coordinate. Thermochemical
contributions, including zero-point vibrational energy (ZPVE), thermal enthalpy correc-
tions, and entropic contributions, were extracted from the frequency analysis to compute
Gibbs free energies under standard conditions (298.15 K, 1 atm). These thermochemical pa-
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rameters were combined with SMD-corrected single-point electronic energies to construct
the complete Gibbs free energy profiles.

4.4. Reaction Pathway and Transition State Analysis

Transition state structures were located using the integrated Linear Synchronous Tran-
sit/Quadratic Synchronous Transit (LST/QST) protocol implemented in Jaguar, followed
by quasi-Newton eigenvector-following optimization to refine each putative TS to a true
first-order saddle point [47]. The LST method generates an initial guess for the transition
state geometry through linear interpolation between reactant and product structures. In
contrast, the QST method improves this approximation using parabolic interpolation along
the reaction pathway. We performed Intrinsic Reaction Coordinate (IRC) calculations for
all key transition states to confirm their connectivity to the correct reactant and product
minima, validating the proposed mechanistic assignments. Activation free energies (∆G‡)
for each elementary step were computed as the Gibbs free energy difference between
the transition state and the preceding reactant or intermediate complex. Reaction free
energies (∆Gr) were determined from the difference between product and reactant com-
plex Gibbs free energies. We analyzed spin density distributions obtained from Mulliken
population analysis of spin-unrestricted DFT wavefunctions to characterize the electronic
structure of open-shell intermediates and map radical character localization throughout
the catalytic cycle.

k = (k_BT/h)·exp(−∆G‡/RT)

From the above Eyring equation, it was applied at 298.15 K, where k_B is the Boltz-
mann constant, h is Planck’s constant, R is the gas constant, and ∆G‡ is the barrier measured
from the pre-reaction complex.

5. Reaction and Modeling
The overall catalytic cycle of CBZ degradation by the Mn-TPP/PMS system proceeds

through two principal stages: (i) activation of the Mn-TPP catalyst by PMS to generate the
high-valent [Mn(V)=O(TPP)]+ intermediate and (ii) oxidative degradation of CBZ by the
[Mn(V)=O(TPP)]+ oxidant with concurrent regeneration of Mn(III)-TPP.

5.1. Reaction Equations

Reaction 1 (Catalyst Activation): Mn-TPP + HSO5
− → [Mn(V)=O(TPP)]+ + SO4

2− + H+ (1)

or equivalently: C44H28MnN4 + HSO5
− → [C44H28Mn(O)N4]+ + SO4

2− + H+ (2)

Reaction 2 (CBZ Oxidation): [Mn(V)O(TPP)]+ + CBZ → [Mn(III)(TPP)]+ + [Oxidized CBZ Products] (3)

5.2. Structural Analysis
5.2.1. Optimized Geometry of Mn-TPP

The Mn(III) meso-tetraphenylporphyrin (Mn-TPP) catalyst adopts a near-planar macro-
cyclic architecture with D4h symmetry in the optimized geometry. The central Mn(III) ion,
in the high-spin d4 configuration (S = 2), occupies a square planar coordination environment
defined by four pyrrole nitrogen atoms with Mn–N4 equatorial bond lengths of 2.01–2.03 Å,
characteristic of Mn(III) porphyrins. The four meso-tetraphenyl substituents are tilted
approximately 20–30◦ from the mean porphyrin plane, providing steric shielding of the
axial coordination site while preserving adequate substrate accessibility. The porphyrin

https://doi.org/10.3390/catal16110963

https://doi.org/10.3390/catal16110963


Catalysts 2026, 16, 963 13 of 18

macrocycle diameter is approximately 12 Å, with a 20-member conjugated π-system that
functions as an electron reservoir during assumed catalytic reaction turnover.

5.2.2. Optimized Geometry of Peroxymonosulfate (PMS)

The peroxymonosulfate anion (HSO5
−) adopts a tetrahedral coordination geometry

at the central S(VI) atom. The peroxo O–O bond length is 1.47 Å, consistent with an
intact but activated peroxide bond exhibiting characteristic electrophilic polarization. Key
optimized bond lengths include S–O (peroxo) = 1.64 Å; O–O (peroxide) = 1.47 Å; S=O
(double bonds) = 1.43 Å; and S–OH = 1.58 Å. The negative charge is delocalized across the
terminal oxygen atoms, rendering the peroxo O–O unit electrophilic and susceptible to
nucleophilic activation by Lewis acidic metal centers.

5.2.3. Optimized Geometry of Carbamazepine (CBZ)

Carbamazepine (C15H12N2O) adopts a butterfly conformation in the optimized gas-
phase and SMD-solvated geometries, with the dibenzazepine ring system exhibiting non-
planarity at the central seven-membered ring. The carboxamide group (–CONH2) at the
5-position is coplanar with the azepine nitrogen, consistent with partial double-bond
character through amide resonance. Key structural features include the C=O (carboxamide)
bond length of 1.23 Å and the amide C–N bond length of 1.37 Å, the latter indicating
partial double-bond character. The benzo rings show near-equal C–C bond lengths (about
1.39–1.41 Å), consistent with aromatic character, whereas the azepine C=C bond is localised
(about 1.34 Å). The π-HOMO, delocalised over the dibenzo ring system, lies at −6.4 eV. The
aniline-like N-H bonds of the azepine ring (ν NH = 3542 cm−1 computed) and the electron-
rich aromatic ring carbons ortho and para to nitrogen constitute the primary electrophilic
attack sites for [Mn(V)=O(TPP)]+.

5.3. Non-Covalent Interactions in the Mn-TPP/PMS Pre-Reaction Complex

RDG (Reduced Density Gradient) analysis of the Mn-TPP···HSO5
− pre-reaction com-

plex reveals a cooperative network of non-covalent interactions (NCIs) that collectively
stabilize the complex and orient PMS for productive O–O bond activation. Three dis-
tinct NCI contributions are identified: (i) a strong hydrogen bonding interaction be-
tween the S–OH group of PMS and a pyrrole nitrogen of the porphyrin macrocycle
(d(H···N) = 1.94 Å; energy −5 to −10 kcal mol−1), evidenced by blue isosurfaces in the
RDG plot (sign(λ2)ϱ = −0.02 to −0.01 au); (ii) electrostatic Mn+···O− attraction at approx-
imately 2.5 Å, reflecting complementary charge–charge stabilization between the Lewis
acidic Mn(III) center and the electron-rich peroxo oxygen; and (iii) diffuse van der Waals
dispersion contacts between the peripheral tetraphenyl substituents and the PMS sulfonate
moiety (CH···O contacts; energy −1 to −3 kcal mol−1), revealed by green isosurfaces. The
RDG-based estimate of the total NCI interaction energy is −13.1 kcal mol−1, whereas the
computed Gibbs free energy of binding of the complex is ∆Gbind = −8.3 kcal mol−1, which
includes thermal, entropic, and solvation corrections. These values describe the same
complex and are not additive (Figure 3).
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(a) (b) 

Figure 3. Mn–TPP/HSO5
− pre-reaction complex before and after DFT geometry optimization.

(a) Initial, non-optimized structure showing the starting atomic configuration of Mn–TPP and perox-
ymonosulfate. (b) DFT-optimized pre-reaction complex Mn···O interaction (2.5 Å) and a stabilizing
H-bonding interaction (1.94 Å) between the PMS S–OH group and the porphyrin nitrogen. Color
scheme: Mn, purple; N, blue; O, red; S, yellow; C, gray; H, white. NCI isosurfaces: blue = H-bonding;
green = van der Waals; red = steric repulsion. Dashed lines indicate the O–H···N hydrogen bond
(1.94 Å) and the Mn···O interaction (2.5 Å).

5.4. Geometry Optimization Convergence

The convergence profile for the Mn-TPP/HSO5
− pre-reaction complex geometry

optimization at the B3LYP-D3BJ/LACVP(Mn)/6-31G(d,p) level with SMD solvation sug-
gests systematic convergence behavior consistent with a well-defined stationary point
on the potential energy surface. The maximum and RMS gradient values decay mono-
tonically throughout the first 32 optimization cycles, reflecting a progressive reduction
in structural strain. Formal convergence to the Jaguar “fine” threshold (max/RMS
gradient < 10−4 Hartree/Bohr) is achieved at step 47, with electronic energy changes falling
below 10−6 Hartree from cycle 42 onward (Figure 4). The optimized structure is robust to
small perturbations, confirming a genuine PES minimum suitable as the starting point for
subsequent NCI mapping, spin density analysis, and reaction pathway profiling.

Figure 4. Convergence history of the geometry of the Mn-TPP/HSO5
− pre-reaction complex (B3LYP-

D3BJ/LACVP*(Mn)/6-31G(d,p), SMD water), cycles 1–56. The maximum and RMS gradient, maximum
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and RMS displacement, and unsigned energy change are shown on a logarithmic scale, with the
convergence thresholds shown as dashed lines. The relative energy with respect to the final structure
is shown on the right axis.

6. Conclusions
This DFT investigation at the B3LYP-D3BJ/LACVP(Mn)/6-31G(d,p) level with

aqueous-phase single-point refinement (6-311 + G(d,p)/SMD) provides a molecularly
resolved mechanistic portrait of Mn(III)-meso-tetraphenylporphyrin (Mn-TPP) as a
peroxymonosulfate-activating biomimetic Mn-porphyrin catalyst for carbamazepine reme-
diation. The key findings and design principles established in this study are summarized
as follows:

(1) Pre-reaction non-covalent recognition complex. The Mn-TPP···HSO5
− pre-reaction

complex (∆Gbind = −8.3 kcal mol−1) is stabilized by a cooperative network of hydrogen
bonding, electrostatic, and van der Waals interactions (approximate NCI interaction energy
is −13.1 kcal mol−1).

(2) PMS activation energetics. Heterolytic O–O bond cleavage proceeds through
TS1 (∆G‡ = 17.8 kcal mol−1), forming [Mn(V)=O(TPP)]+ in a strongly exergonic reaction
(∆Gr = −29.2 kcal mol−1). This barrier is substantially lower than that for Fe-porphyrin
analogues and heterogeneous MnOx/PMS systems, demonstrating the kinetic advantage
of the biomimetic N4 coordination environment.

(3) CBZ oxidation mechanism. The computed ET pathway (TS2a: ∆G‡ = 16.4 kcal mol−1)
is kinetically preferred over OAT (TS2c: ∆G‡ = 23.4 kcal mol−1) by 7.0 kcal mol−1, driven by
favorable HOMO→LUMO overlap between the CBZ dibenzazepine π-system and the Mn=O
π* orbital. The overall degradation exergonicity (∆Gr = −47.3 kcal mol−1) is indicative of the
initial oxidation steps; further oxidation toward mineralization was not computed.

(4) Rational catalyst design principles. Three quantitative molecular-level design
principles emerge: (i) the porphyrin N4 equatorial ligand field provides indispensable elec-
tronic stabilization of [Mn(V)=O(TPP)]+ through high-spin to intermediate-spin crossover;
(ii) peripheral substituent engineering governs substrate binding pocket geometry and NCI
stabilization, offering a tunable handle for activation barrier reduction; and (iii) the com-
puted PMS activation energetics confirm that earth-abundant Mn-porphyrin systems oper-
ate effectively under ambient conditions, suggesting that earth-abundant Mn-porphyrin
systems are mechanistically viable under ambient conditions; their practical performance,
stability, and environmental safety remain to be established experimentally. The validated
DFT protocol provides a transferable predictive framework for rationally screening por-
phyrin catalyst variants to target persistent pharmaceutical contaminants, including CBZ,
in complex aqueous environments.

7. Novelty Statement
This work presents the first comprehensive DFT mechanistic characterization of per-

oxymonosulfate (PMS) activation by Mn(III)-meso-tetraphenylporphyrin (Mn-TPP) for the
catalytic degradation of carbamazepine (CBZ), a priority recalcitrant anticonvulsant phar-
maceutical. The study elucidates atomic-level mechanistic detail, including NCI-assisted
pre-reaction complex stabilization, spin state-dependent O–O bond activation, and dual
ET/OAT oxidation pathways, which are absent from prior empirical and computational
investigations targeting CBZ abatement. The biomimetic Mn-N4 porphyrin framework
achieves kinetic superiority over conventional heterogeneous MnOx and Fe-porphyrin PMS
activators through a mechanism that parallels natural peroxidase enzyme catalysis while
offering synthetic tunability inaccessible to biological systems. The established computa-
tional framework provides quantitative electronic structure descriptors transferable to the
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rational design of next-generation biomimetic Mn-porphyrin catalysts for pharmaceutical
contaminant remediation.
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