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1 Introduction

First principles investigation of manganese
catalyst structure and coordination in the
p-xylene oxidation processy

Harry N. Thomas,? Duncan F. Wass, @®2 Caroline A. Offiler,”
Keith Whiston® and Andrew J. Logsdail@*a

The oxidation of p-xylene to terephtalic acid has global importance, with the product used as a precursor
for polyethylene terephthalate (PET). The oxidation of p-xylene proceeds via a redox cascade that involves
cobalt, manganese, and bromide, with a synergy allowing for high selectivity and reactivity; however, the
equilibrium coordination environment of the catalyst species remains uncertain due to the hostile industrial
operating conditions. To build knowledge of the catalyst speciation and develop understanding of the
reaction process, a density functional theory approach is applied herein to determine the static and
dynamic properties of the divalent (reduced) and trivalent (oxidized) manganese catalysts in the redox
cascade. The Gibbs free energy has been calculated for manganese as a function of ligands in the inner
coordination sphere, with the octahedrally-coordinated Mn(OAc),(HOAc), and Mn(OAc)3(H,0); identified
as the most thermodynamically stable coordination environments for Mn(i) and Mn(), respectively.
Dynamic properties of these catalysts in the presence of an explicit solvent environment have been
determined using first principles molecular dynamics simulations. The simulations indicate 0-2 coordinating
water ligands are present in the inner coordination sphere under standard industrial temperatures and
pressures. The dynamical simulations have been extended to include HBr, which couples with Mn in the
redox cascade, and the bromide species does not enter in the inner-coordination sphere of the oxidized
Mn() catalyst, providing evidence that the electron transfer between bromide and Mn(i) proceeds via an
outer sphere mechanism. Our results suggest that oxidation of Mn(i) has the potential for facilitating L-type
ligand exchange in the inner-sphere coordination environment. The results are a platform for developing a
more complete knowledge of the reaction mechanism at the atomistic scale.

met 7% of the global plastic demand and 62% of produced
bottles, highlighting the significance of the commercial

The homogeneous oxidation of p-xylene to terephthalic acid
(pTA) is a widely-used and large-scale industrial process, with
over 38 active plants globally and 77 million tons of pTA
produced annually." Terephthalic acid is used as a precursor
in the production of the polymer polyethylene terephthalate
(PET).?> The main applications of PET are in polyester fibres,
food and drink packaging, and polyester film; as of 2015, PET
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application globally.>?

Modern commercial production of terephthalic acid is done
through the oxidation of p-xylene, using a Co/Mn/Br catalyst,
where Co and Mn are introduced as their acetates, in a
solution of acetic acid and water. The oxidation is carried out
using high temperatures (190-205 °C) and pressures (15-30
bar). The synergy between the oxidation states of the cobalt,
manganese, and bromide are vital to achieving both high
selectivity and high yield for the oxidation.* The oxidation
process occurs by a series of redox reactions that involve Co(u/
m), Mn(/m), and Br/Br, as illustrated in Fig. 1.*° Initially,
hydrogen is abstracted from p-xylene to form a p-xylyl radical
and bromide species; the p-xylyl radical then reacts with
oxygen to form a peroxy radical, which initiates the oxidation
of Co(u) to Co(m). The Co(m) species subsequently facilitates
the oxidation of Mn(u), with the newly formed Mn(m) species
oxidizing the bromide back to a bromine radical, that can
abstract more hydrogen from p-xylene.*™®

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Redox cascade for the Co/Mn/Br oxidation of p-xylene. Half-lives are shown for each redox process, as taken from Pérez et al.*

The current model for the redox cascade does not
explicitly consider the impact of solvent on the coordination
environment of the manganese and cobalt catalysts. The
coordination environment of these catalysts are unclear due
to the hostile operating temperature and pressure, which
makes them challenging to characterize experimentally.””
Studies have indicated the presence of monomeric
complexes,'™""  dimers,"®"* binuclear’> and trinuclear
complexes® for the manganese and cobalt catalysts, with
acetate ligands bridging the metal centers.'® Recent electron
spin echo envelope modulation (ESEEM) results have
suggested that, under industrial operating conditions, an
average of one water molecule is present in the inner
coordination sphere of Mn(u)."> This contrasts with
approximated stability constants that indicate an average of
four water molecules in the Mn(u) inner coordination
sphere."” Therefore, further studies are needed to help clarify
the coordination environment.

Knowledge of the catalyst coordination environment is
important to wunderstand and optimise the catalytic
processes, as strong correlation often exists between the
nature of the catalyst and its activity."* For example, bromide
coordination to manganese occurs under low water
concentrations, aiding the redox cascade, whereas the inner
coordination sphere sites surrounding the metal cation are
occupied by water ligands under high water concentrations,
preventing the coordination of bromide and reducing the
activity of the catalyst.">'* The coordination environment
around the metal center affects the associated redox
potential, which may impact the efficiency of the redox
cascade." Indeed, whether there is a thermodynamic driving
force for rearrangement of the inner coordination sphere
during the redox cascade upon a change in manganese
oxidation state is not well understood; a change in the
coordination environment upon oxidation could impact the
relative kinetics of the organic oxidation chemistry, and aid
in understanding the observed catalytic activity.

Computational modelling of the p-xylene oxidation
process can provide crucial insight to the catalyst
coordination and reactivity, though studies are limited
despite the significant commercial value. Homogeneous
catalytic ~systems have benefited particularly from
computational insight provided by density functional theory

This journal is © The Royal Society of Chemistry 2024

(DFT). For instance, Yuan et al. used free energies obtained
using DFT to provide insight on the mechanism of 1,3 diyne
alcohol hydroarylation using a homogeneous Mn(i) catalyst.
Substituting ligands in the inner coordination sphere of the
Mn(1) catalyst, they were able to construct free energy
pathways for the formation of the active manganese catalyst
and the hydroarylation process.'> Beyond static DFT
calculations, molecular dynamics simulations have allowed
for additional insight in homogeneous catalysis. Qian et al
used first principles molecular dynamics (FPMD) to model
both the methanol assisted cleavage of hydrogen coordinated
to the Mn() pincer complex, as well as the subsequent
hydrogenation of acetophenone. They showed that the FPMD
simulations supported the mechanism predicted using free
energies obtained using static DFT calculations.'® First
principles DFT calculations therefore provide opportunity to
investigate the relative stability of the many possible
coordination environments of the manganese catalyst at
commercial operating conditions, and linking these
properties to reactivity, without need to address the
challenges in experimental characterisation.

In the work presented, static and dynamic simulations
with Kohn-Sham DFT are used to gain insight into the
coordination environment around the Mn(u) and Mn(u)
catalysts during the p-xylene redox cascade. To build
knowledge of the cation coordination under operating
conditions, the different permutations of coordinating
ligands are investigated to derive Gibbs free energy of these
structures, and thus determine their stability. The work is
complemented by dynamic DFT simulations at elevated
temperatures and pressures to investigate the behavior of the
Mn(un) and Mn(m) catalysts in aqueous acetic acid.

2 Methodology

2.1 Molecular DFT calculations

Density functional theory (DFT) calculations were performed
using the FHI-aims software package.’”'® The zeroth order
regular approximation (ZORA) was used throughout to
account for relativistic effects. The 2010 version of the “tight”
basis set was used, with a strict convergence criteria on the
self-consistent field cycle of 1 x 10™® eV for the change in
energy, 1 x 10°° eV for the change in the eigenvalue
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summation, and 1 x 10™® e/ag for the change in charge/spin
density."® Initial testing of exchange correlation density
functionals (ESLj section S1) showed that geometry
optimisations were structurally accurate using the PBE
density functional and many body dispersion (MBD) scheme
to account for non-local correlation effects,**** with higher-
level PBEO required for energetic analysis.>> For Mn(u) and
Mn(m), the energetically preferable high-spin configurations
were considered (5 and 4 unpaired electrons, respectively) unless
stated otherwise. For all the metal complexes considered,
structural optimisation was performed on all possible geometric
isomers (ESLT section S3), with the lowest energy (most stable)
isomer used to evaluate the Gibbs free energy.

To account for the long-range dielectric response of the
solvent, single-point energy evaluations with PBEO were
performed on the PBE-MBD optimised structures with
inclusion of an implicit solvent environment via the size-
modified Poisson Boltzmann (MPB) scheme.>* The counter-
ion concentration in the MPB scheme was set to zero, which,
with the Andreussi and Marzari dielectric function, reduces
the formalism to the self-consistent continuum solvation
(SCCS) scheme.? For the implicit water solvent, a dielectric
constant (¢) of 78.358 was applied with optimised
electrostatic parameters (pmin = 0.00025 € and pyax = 0.003 €)
obtained by performing DFT calculations over a two
dimensional {pmin, pmaxf grid on hydrated water, and the
results benchmarked against the free solvation energy of
water in water (ESLj section $2).>*?” The non-electrostatic
parameters were taken from Andreussi et al. ((« + y) = 50 dyn
em™, f = -0.35 GPa).”>* For the implicit acetic acid solvent,
¢ of 6.2528 was applied with optimised electrostatic (pmin =
0.00025 e, pmax = 0.002 e) and non-electrostatic parameters
((a + y) = 431 dyn cm™, B = -0.5 GPa) taken from Hille
et al>*®

To consider the dilute acetic acid
encountered under industrial operating conditions, a linear
interpolation between the solvated free energy in 100% acetic
acid and 100% water was used. The approximation assumes
that the solvent is uniformly distributed beyond the inner
coordination sphere; preferential solvation is a possibility
under the industrial solvent composition, which is between
0.15 and 0.37 for the molar ratios of water in acetic acid, but
not explicitly considered.'” For the linear interpolation, a
molar ratio of 0.346 water in acetic acid was used to evaluate
the solvation energy (Eso,) under industrial operating
conditions.® E, is expressed as:

environment

Esolv =0.654 x Esolv,acetic acid + 0.346 x Esolv,water (1)

where Egoly acetic acid aNd Egolywater are the energies of the
manganese complexes in implicit acetic acid and water,
respectively.

The enthalpic (H) and entropic (S) contributions to the
free energy under industrial operating conditions were
evaluated within the ideal gas limit, with the PBE exchange

correlation functional. Vibrational contributions were
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calculated by the finite difference approach implemented in
the atomic simulation environment (ASE).>° To ensure the
structures were not transition states on the potential energy
surface, vibrational modes with imaginary frequencies greater
than 30{ cm™ reoptimised where
necessary, with imaginary frequencies below 30/ cm™
considered as noise from the finite difference evaluation of
the force constants. The free energy was evaluated under the
open-literature industrial operating temperature and pressure
of (T =473 K, p = 2.25 MPa).*° The solvated enthalpy (Hy,) is
first calculated as:

were reviewed and

Hsolv = Esolv + EZPE + pV [2)
where Hy,, is defined as the sum of the solvated electronic
energy (Esoly), the zero point energy (Ezpg) as evaluated for the
unsolvated structure, and the pressure energy (pV). The free
energy Ggoy can then be calculated using H and entropy (S)
as:

Gsolv = Hsory = TS (3)

where S includes translational, rotational, and vibrational
degrees of freedom as evaluated for the unsolvated structure
at the given T and p.

2.2 Periodic first principles molecular dynamics

Periodic first principle molecular dynamics (FPMD)
simulations were performed using the same DFT
infrastructure as the molecular simulations, using the PBE-
MBD density functional. For computational efficiency, the
2010 “light” basis set was applied (as per section S1 of ESLj
change in Mn-O bond lengths between ‘light’ and ‘tight’
basis is approximately 0.01 A). A Hartree potential force
correction was applied to obtain the Hellmann-Feynman
forces, which reduces the required accuracy of self-
consistency without compromising force accuracy; thus
convergence of the self-consistent field cycle was set to the
FHI-Aims defaults for the change in charge/spin density (4.3
x107° e/ag).t”?!

To maintain the desired pressure and temperature during
the MD simulations, combined Nose-Hoover and Parrinello-
Rahman dynamics were used as implemented in ASE, with a
calibrated timestep of 1 fs.>?*** Coupling constants of 200
fs and 300 fs were used for the thermostat and barostat,
respectively, as determined via extensive system testing (ESL
section S5).

Initially, a total of 27 solvent molecules were included in
the unit cell, to ensure sufficient species were present to
model both first and second coordination shells for the
solvated Mn complex. The reciprocal space sampling was
performed using a /~centred 1 x 1 x 1 k-grid, as determined
via system testing (ESLj section S5). Cell angles on the unit
cell were constrained to 90° throughout. Benchmarking of
pure water and acetic acid with an NPT ensemble returned

This journal is © The Royal Society of Chemistry 2024
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accurate densities (ESLi section S6), and allow us to
confidently apply this method to determine the unit cell size
(and thus density) for our dilute acetic acid system, which
was unavailable in literature at industrial operating
conditions. The NPT ensemble molecular dynamics
calculations were performed for 33.3 mol% water in acetic
acid at operating conditions of 473 K and 2.25 MPa. The
solvent composition differs marginally to the 34.6 mol% ratio
used in the molecular DFT calculations, as it is the closest
achievable value for a unit cell of 27 solvent molecules; the
error in the change in free energy associated with this change
in solvent conditions is calculated in our molecular
simulations to be negligible (<0.01 eV). Equilibration was
achieved after 27 ps, with an equilibrated density of 0.885 g
em™ (ESLt section S6). The calculated density has been
applied in all subsequent molecular dynamics simulations
on Mn(u) and Mn(m) in 33.3 mol% aqueous acetic acid,
which were performed using the NVT ensemble to maintain
the solvent density of the industrial process. The starting
structures constructed from the most
thermodynamically stable octahedral Mn complexes, as
identified in the initial molecular DFT calculations, with the
complex placed with additional solvent molecules in a
physically appropriate manner peripherally (Fig. 2). The NVT
ensemble simulations of the solvated Mn(u) and Mn(ir)
species were performed for 80 ps.

When considering the interaction between Mn(m) and
HBr, additional MD simulations were performed with H" and
hydrogen bromide moieties inserted into the simulation
model of Mn(m) in 33.3 mol% aqueous acetic acid at 10 ps.
The H' was placed on an acetate ligand in the inner-sphere

were

Fig. 2 Supercells of the initial periodic models for the (a.) Mn(i) and
(b.) Mn(i1) complexes solvated in 33.3 mol% aqueous acetic acid, with
one manganese cation and 27 solvent molecules. The optimized
octahedrally-coordinated (c.) Mn(i) and (d.) Mn(i1) complexes, around
which the solvent were placed, are shown for clarity. H, C, O, and Mn
atomic species are represented in white, grey, red, and purple,
respectively.
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of Mn(m), and bromide placed in the outer-sphere. These
simulations were run for 50 ps duration.

3 Results and discussion
3.1 Thermodynamics of metal acetate dissociation

To elucidate the catalyst speciation for manganese under
industrial conditions, we investigate the change in Gibbs
free energy (AG) for molecular systems as a function of the
ligand environment in the inner solvation sphere. The
commercial catalyst consists of an equimolar mixture of
manganese acetate, cobalt acetate, and hydrogen bromide
in aqueous acetic acid, meaning the ligands present in the
solvent are acetate, acetic acid, water, and bromide;
however, bromide is excluded from our initial investigations
as electrochemical studies indicate that inner-sphere
bromide coordination only becomes relevant at water
concentrations below that applicable for the industrial
process.'” In solutions that contain both water and acetic
acid, the generalized form of Mn(u) and Mn(m) is assumed
as [Mn(OAc),(HOAc),(H,0),],>™" and [Mn(OAc),(HOAc),(H,-
O)t],,(3"”)+, respectively; where v, g, and ¢ are the number of
coordinating acetate, acetic acid, and water ligands.
Furthermore, n represents the nuclearity of the catalyst, and
the total charge of the complex is (2 - v)+ and (3 - v)+ for
Mn(n) and Mn(m), respectively. The manganese complexes
are considered to be mononuclear in our investigations (i.e.,
n = 1), though we note that polynuclear species have been
postulated in literature.’

In solution, the manganese acetates can ionize and then
dissociate to form a cationic salt and an acetate anion. The
process may be considered as monodentate acetate
substituting for a solvent acetic acid or water species, or
alternatively as the acetate ligand deprotonating a solvent
acetic acid species. The competing mechanisms for acetate
dissociation are shown in eqn (4) and (5), where v = 2 for
Mn(u), v = 3 for Mn(u), and all complexes are assumed to
have octahedral coordination (v + ¢ + t = 6).

Mn(OAc),(HOAc),(H,0), + HOAc
= [Mn(OAc)-1)(HOAC)(4+1)(H,0),]" + AcO™. (4)

Mn(OAc),(HOAc),(H,0), + H,O
= [Mn(OAc)y-1)(HOAC),(H,0)(41)]" + AcO". (5)

The thermodynamic feasibility of these transitions for the
manganese acetates are determined by the AG at the
industrial conditions outlined, with the acetate ligands
considered here to be in their monodentate form. As
illustrated in Fig. 3, the removal of an acetate ligand from
either divalent or trivalent manganese are endergonic, with a
positive AG in the range of 0.27-1.28 eV. Therefore, there is a
thermodynamic driving force for acetate to remain associated
to the manganese, which is consistent with ion-migration
studies of the third-row transition metals in acetic acid.”* For
the competing mechanisms in eqn (4) and (5), the difference

Catal. Sci. Technol., 2024, 14, 5634-5643 | 5637
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Fig. 3 AG as a function of the number of coordinating water ligands in the neutral molecular complexes of Mn() (left) and Mn(m) (right), with
acetate ligands in their monodentate coordination mode. In each graph, the competing mechanisms of eqn (4) and (5) are considered as

replacement of the acetate species by (a.) acetic acid or (b.) water.

in AG between the mechanisms is generally less than 0.25 eV
with the exception of Mn(OAc);(HOAc); and Mn(OAc),(H,0),,
where substituting acetate with water has a AG that is 0.59 eV
and 0.31 eV lower, respectively; additionally upon an increase
in coordinating waters, the AG tends to increase for Mn(n)
and decrease for Mn(m). These trends can likely be attributed
to a subtle interplay between hydrogen bonding and steric
interactions in the reactants and products.

3.2 Thermodynamics of ligand coordination

Given that dissociation of acetate from divalent and trivalent
manganese is thermodynamically unfavourable, the
predominant form of the catalyst is assumed, e.g., for Mn(u),
as Mn(OAc),(HOAc),(H,O),. Under the industrial operating

0.25
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AG / eV
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0 1 2 3 4
Number of coordinating waters
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conditions with a dilute acetic acid environment, ligand
rearrangement (rather than dissociation) may be considered
via substitution of acetic acid ligands by water (or vice versa);
or reconfiguration of the acetate species from a monodentate
to a bidentate ligand, coupled with loss of an L-type ligand
from the complex. These processes are illustrated in eqn (6)
and (7), where v = 2 for Mn(u), v = 3 for Mn(m), and
complexes are assumed to have octahedral coordination (v +
g+tt=6).

Mn(OAc),(HOAc),(H,0), + H,O

= Mn(OAc),(HOAC)(4-1)(H20)(+1) + HOAC (6)
Mn(OAc),(HOAc),(H,0),
= Mn(OAc),(HOACc)(;-1)(H,0), + HOAc (7)

0.25
—e— 0 water
—e- 1 water
2 waters

0.00

.
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-0.50
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-1.00
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-1.50
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Coordination type of acetate

2LX,0X

Fig. 4 AG as calculated for octahedrally coordinated Mn(i) complexes for (left.) substitution of acetic acid for water and (right.) chelation of a
coordinating monodentate acetate ligand. AG are calculated with the PBEO density functional and include an implicit solvent model assuming a
solvent environment of 34.6 mol% water in acetic acid, and industrial operating conditions of 473 K and 2.25 MPa. AG are calculated relative to the
value of octahedrally coordinated Mn(OAc),(HOAc),, giving AG = 0 for this species.
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To determine the coordination environment of the
manganese catalysts under industrial operating conditions,
AG were calculated for the processes illustrated in eqn (6)
and (7). Calculations were performed for both Mn(u) and
Mn(m) as a function of the number of coordinated water
ligands and the acetate coordination type (Fig. 4 and 5),
considering bidentate acetate (LX type ligand) and
monodentate acetate (X type ligand). Herein, the notation
alX, bX is used to denote a complex with a bidentate acetate
ligands and b monodentate acetate ligands, with the
remaining ligands consisting of water and acetic acid
molecules.

The AG for chelation of monodentate acetate when
considering a fixed quantity of water ligands is exergonic for
Mn(n) and Mn(m) at industrial operating conditions. Chelation is
favourable also at standard conditions (298 K, 0.1 MPa), and
chelation is thermodynamically unfavourable only at very low
temperatures (ESL} section S4). The results occur because
removing an acetic acid from the inner coordination sphere
increases the disorder of the system, ie., is entropically
favourable, which is promoted by higher temperatures.

The favoured number of coordinating water ligands to
Mn(u) is noted as dependent on the acetate coordination
type. For the Mn(u) complexes with two (0OLX,2X), one
(1LX,1X), and zero (2LX,0X) monodentate acetate ligands, the
favoured number of coordinating water molecules are one,
one, and zero water, respectively, with these complexes
having the lowest AG (Fig. 4). The monodentate acetate
ligands tend to stabilize more water ligands due to hydrogen
bonding interactions between the water and the acetate.

For Mn(m), a similar effect is observed with greater
quantites of monodentate acetates leading to stabilisation
of more water ligands, ie., there is a discernible
relationship. The Mn(u) complexes with three (0LX,3X), two
(1LX,2X), one (2LX,1X), and zero (3LX,0X) monodentate
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acetate ligands favour the coordination of three, two, one,
and zero water molecules, respectively. The preference for
chelation of acetate ligands under standard and industrial
operating conditions leads to the conclusion that 0-1
water ligands will typically be coordinated to the Mn
species.

The most thermodynamically stable coordination
environment for Mn(u) is the Mn(OAc),(HOAc), complex, with
two bidentate acetate ligands; the Mn(OAc),(HOAc),(H,0);
complex, with one bidentate acetate ligand, is +0.37 eV
higher in free energy. The most thermodynamically stable
Mn(m) coordination environment is the Mn(OAc);(H,0),
complex, with two chelating and one monodentate acetate
ligand. The Mn(OAc); complex, with three chelating acetate
ligands, and Mn(OAc)3(H,0),, with one chelating and two
monodentate acetate ligands, are +0.02 eV and +0.46 eV
higher in free energy, respectively. The similar favourability
for two bidentate (LX) acetate ligands indicates limited
coordination change may occur during the transitions
between Mn(un) and Mn(m) during the redox cascade, with
only exchange of L-type ligands. However, the free energy
landscape for Mn(ur) is more shallow than for Mn(u), with
more Mn(m) complexes with chelating acetate ligands within
+0.5 eV of the most stable catalyst speciation. The shape of
the landscape indicates a potentially greater dynamic
variability of Mn(m) catalyst structures under the industrial
operating conditions, which is considered further herein.

3.3 Dynamics of Mn(u) and Mn(m) in aqueous acetic acid

The detailed investigation of relative stabilities for Mn(i1) and
Mn(m) catalyst species suggest they are most stable under
industrial operating conditions as Mn(OAc),(HOAc), and
Mn(OAc);(H,0),, respectively. To understand the effect of an
explicit solvent environment on the catalyst structure, as well

0.25
—— 0 water
—e— 1 water
--+- 2 waters

0.00

-0.25

—0.50

-0.75

-1.00

-1.25

-1.50

-1.75
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1LX,2X 2LX,1X
Coordination type of acetate

3LX,0X

Fig. 5 AG as calculated for octahedrally coordinated Mn(i1) complexes for (left.) substitution of acetic acid for water and (right.) chelation of a
coordinating monodentate acetate ligand. AG are calculated with the PBEO density functional and include an implicit solvent model assuming a
solvent environment of 34.6 mol% water in acetic acid, and industrial operating conditions of 473 K and 2.25 MPa. AG are calculated relative to the
value for the neutral monodentate complex, namely Mn(OAc)z(HOAC)s, giving AG = 0 for this species.
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as to probe the dynamical behaviour of the catalyst under
operating conditions, first principles MD simulations were
performed for the most stable Mn(n) and Mn(m) acetates,
considering industrially relevant conditions of 33.3 mol%
aqueous acetic acid, temperature of 473 K, and pressure of
2.25 MPa.

To determine the catalyst structures present in the
simulation, a Python script was used with a cutoff of 1.5 the
covalent radii of each atomic species to assess coordination
of ligands (full details of the protocol are provided in the
ESL} section S8). Table 1 shows the statistical analysis of the
coordination numbers present in the first principles MD
simulations; it is observed the coordination number of Mn(ir)
and Mn(m) in aqueous acetic acid varies between 5 and 6
coordinate. Coordination numbers of 4 and 7 were observed
in small quantities; however, these were identified to be
transient in nature, typically existing for less than a few
hundred femtoseconds (ESL} section S9). The transient
7-coordinate species exist due to additional outer-sphere
ligands coordinating to either Mn(u) or Mn(m). The
4-coordinate species exist due to the lability of the bidentate
acetate ligands in aqueous acetic acid; one of the
coordinating bidentate acetate oxygen atoms can rapidly
uncoordinate from manganese, forming monodentate
acetate, then re-coordinate reforming the bidentate acetate.

Over the entirety of the 80 ps MD simulation, between 0
and 1 water molecules coordinate to Mn(u), with 31.7% of
complexes  having one coordinating  water; the
corresponding residence times of water and acetic acid in
the inner-sphere were 153.7 fs and 246.4 fs, respectively.
The average inner-sphere water coordination obtained here
at the industrially relevant conditions is lower than the one
molecule average obtained by recent ESEEM measurements,
which we attribute to the entropic favourability of the outer-
sphere water given the latter experiments were conducted at
5 K."* The average number of coordinating water molecules
in both the MD simulations and the ESEEM measurements
are significantly lower than the previously proposed average
of four coordinating water molecules, based off stepwise
formation constants.">'* Coordination environments with
greater than one coordinating water molecule are also
surprisingly absent from our MD simulations, and this is
proposed to occur because water can form stronger
hydrogen bonds than acetic acid, meaning it is energetically

View Article Online
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favourable for the water to be in the outer-sphere rather
than in the reduced coordination environment around the
Mn(u) species.

To compare the structures observed in the first principles
MD simulations with the most stable species predicted by
the molecular DFT calculations in section 3.2, an analysis of
the structural data for the observed six-coordinate Mn(u)
species was performed, with the results shown in Fig. 6; a full
analysis of all observed structures can be found in the ESIf}
(section S9). The most frequently observed six coordinate
Mn(u) complex is Mn(OAc),(HOAc), (45.8%), followed by
Mn(OAc),(HOAc),(H,0); (31.6%). These results are in
agreement with the static simulations and thermodynamic
stability presented in Fig. 4, with Mn(OAc),(HOAc), identified
as the most thermodynamically stable complex and
Mn(OAc),(HOACc),(H,0); +0.37 eV greater in free energy than
Mn(OAc),(HOAc),.

In the first principles MD simulation of Mn(m) in 33.3 mol%
aqueous acetic acid, statistical analysis of the structures revealed
between 0 and 2 water molecules coordinate to Mn(m), with
76.8% of complexes having 0 coordinating water, 21.8% have 1
coordinating water, and 1.4% have 2 coordinating waters, which
results in a marginally lower average water coordination than
for Mn(u); the corresponding residence times of water and acetic
acid in the inner-sphere of Mn(u) were 47.0 fs and 64.9 fs,
respectively. The result suggests that the coordination
environment for Mn(n) and Mn(m) species under the industrial
operating conditions will include zero or one water molecules
only, and that the number of coordinating waters is unlikely to
change significantly when Co(m) oxidizes Mn () to Mn(m).

Fig. 7 presents analysis of the six-coordinate species
observed in the first principles MD simulation of Mn(m) in
33.3 mol% aqueous acetic acid. The most frequently observed
of the six coordinate Mn(u) species is Mn(OAc);(HOAc),
(63.9%), followed by  Mn(OAc); (21.8%) and
Mn(OAc)3(HOAc)(H,0); (11.8%); the observations differ from
the relative stability calculated in Fig. 5, where AG relative to
Mn(OAc);(HOAc); is —1.05 eV, -1.60 eV, and —0.98 eV for the
same respective structures. The free energies indicate that
Mn(OAc); is more stable than Mn(OAc);(HOAc)y; the lability
of the acetate ligands, coupled with a propensity for explicit
hydrogen bonds via the monodentate acetate, is proposed to
result in greater proportions of monodentate acetate during
the MD simulations. It is noted also that Mn(OAc);(H,0);

Table 1 Statistical analysis of the quantities and duration of the inner-sphere complexes observed in the first principles molecular dynamics simulations
of Mn(i) and Mn(i) in 33.3 mol% aqueous acetic acid, as a function of the coordination number of Mn(i) and Mn(i), respectively. A small fraction of the
Mn(m) structures (1.3%) are not shown in the quantities as the coordination environments include hydroxyl ligands, where a water ligand has been

deprotonated by a ligand in the outer-sphere

Coordination Mn(n) Mn(m)

number Quantity/% Duration/fs Quantity/% Duration/fs

4 14.0 50-300 0.7 20-600

5 49.7 Non-transient 40.5 Non-transient
6 36.0 Non-transient 55.6 Non-transient
7 0.3 30-200 1.9 10-70
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Fig. 6 Statistical analysis of the six-coordinate structures observed in the 80 ps first principles MD simulation of Mn(i) species in 33.3 mol%

aqueous acetic acid.
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Fig. 7 Statistical analysis of the six-coordinate structures observed in
the 80 ps production MD simulation of Mn(m) species in 33.3 mol%
aqueous acetic acid.

was predicted to have the lowest free energy in Fig. 5, with a
AG of -1.62 eV, but this structure is not observed in the MD
instead, the dehydrated Mn(OAc);(HOAc),
complex is observed. The result could be attributed to the
entropic favourability of solvated water molecules, which
promotes the formation of dehydrated complexes by
preference of water to positions in the outer solvent sphere.

Considering the most commonly observed coordination
environments in our MD simulations and their specific
relevance to the redox cascade, the Mn(u) catalyst is proposed
to have a coordination environment of Mn(OAc),(HOAc),
(45.8%) or Mn(OAc),(HOAC),(H,0); (31.6%) when in the
resting state. Upon oxidation by Co(m) in the redox cascade,
an acetate ligand is proposed to form on the Mn(m) from an
associated acetic acid species, given the strongest propensity
for the acetate ligands in our static simulations, and the
inner-sphere ligands are most likely to rearrange to form
Mn(OAc);(HOAc)y; substitution of the coordinating water for
acetic acid would be expected for oxidation of
Mn(OAc),(HOAc),(H,0),, whilst no rearrangement would be
expected for oxidation of Mn(OAc),(HOAc), to the most
commonly observed product. Mn(OAc);(HOAc), would then be
proposed to oxidise a bromide species, forming the active
bromine species as either a bromine radical or a dibromide
radical anion, which is involved in the abstraction of hydrogen
from p-xylene to continue the redox cascade.

simulations;

3.4 Dynamics of Mn(m) and hydrogen bromide in aqueous
acetic acid

The commercial pTA process is performed with hydrogen
bromide (HBr) as the bromide source.’® In the redox cascade
(Fig. 1), an electron transfer occurs from the bromide to Mn(m),
resulting in reformation of Mn(u) and a complementary bromine
radical or dibromide radical anion.” To better understand the
coordination environment of Mn(m) in the industrial operating

This journal is © The Royal Society of Chemistry 2024

conditions, and to learn how the bromide interacts with the
Mn(m) complex, MD simulations were performed for Mn(u1) with
HBr included in the simulation cell, whilst also maintaining a
solvent of 33.3 mol% aqueous acetic acid. The inclusion of
hydrogen bromide changes the pH of the system, and the Mn:
Br ratio, and complementary MD simulations were therefore
performed to better distinguish these effects, with only H"
included in the simulations rather than HBr, and these results
are included in our discussion herein.

The coordination number of Mn(m) varies between 5-6,
similar to the observations in section 3.3 for the Mn(um) species
without a HBr or H" moiety present; a full analysis of all
observed structures is shown in the ESIT (section S9). In
regards to water coordination, 0-2 water molecules coordinate
to Mn(m), with 7.9% having 0 coordinating water, 20.9% with
1 coordinating water and 71.2% with 2 coordinating waters;
this corresponds to residence times of water and acetic acid in
the inner-sphere of 128.5 fs and 50.0 fs, respectively. The
increase in the quantity of structures with two coordinating
water is significant, from 1.4% in the absence of HBr (section
3.3) to 71.2% with HBr; in contrast, in the presence of H'
only, no water molecules coordinate to Mn(m); and residence
times cannot be presented. The results suggest that the
introduction of the bromide species is specifically responsible
for the changes in water coordination.

For the simulations with HBr included in the solvent
environment, the Br species does not enter the inner
coordination sphere of the Mn complex during the entire MD
simulation. The result agrees with experimental data where
bromide coordination is not observed under industrial
operating conditions, arising only wunder low water
concentrations due to a reduction of the dielectric constant for
the solvent.">"® The result therefore suggests that the electron
transfer between Mn(m) and the bromide species is an outer
sphere electron transfer, rather than requiring inner sphere
coordination of the bromide for the electron transfer to occur.

4 Conclusions

The activity of the cobalt, manganese, and bromide catalyst
that is used at industrial scales for the p-xylene oxidation
process has a strong correlation with the solvent
environment, but the coordination of the active metal species
under operating conditions remains unclear despite the
significant commercial value. In this work, a Kohn-Sham
DFT approach has been used to investigate the coordination
environment of the Mn(u) and Mn(m) catalysts that are
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involved in the p-xylene redox cascade. The thermodynamic
stability of varying inner-sphere coordination environments
have been determined at industrial operating conditions (T =
473 K, p = 2.25 MPa) and in industrial solvent composition
(34.6 mol% water in acetic acid) by calculation of the Gibbs
free energy. The free energy change (AG) for dissociation of
acetate ligands from the neutrally charged Mn(i1) and Mn(ir)
acetates are endergonic, in the range of 0.27-1.28 eV,
suggesting the Mn(n) and Mn(m) complexes exist in the
neutrally charged form. The most stable coordination
environments for the neutral complexes are calculated to be
Mn(OAc),(HOAc), and Mn(OAc);(H,0), for Mn(i) and Mn(m),
respectively.

Molecular dynamics simulations of the Mn(u) and Mn(u)
catalysts in aqueous acetic acid were performed to better
understand the dynamical nature of the coordination
environment under industrial operating conditions. The most
stable six-coordinate coordination environments are observed to
be Mn(OAc),(HOAc), and Mn(OAc);(HOAc); for Mn(u) and
Mn(u), respectively. The structures observed have an average of
0-1 water molecules in the inner coordination sphere, which
agrees with recently published experimental ESEEM results and
supports conclusions that a lower number of water molecules
(0-1) coordinate to Mn(u) than the four molecules suggested
prior from stepwise formation constants.'>'* Further dynamical
simulations were performed with HBr introduced, as bromide is
an essential component of the industrial redox cascade. Bromide
is not observed in the inner-coordination sphere of Mn(um),
which agrees with experimental findings and suggests that
electron transfer between bromide and Mn(m) is an outer sphere
process.">"* The bromide species also changes the coordination
environment of the Mn(um), promoting coordination of additional
water molecules.

Often the perception of a catalyst is a static structure but
these results highlight the dynamic nature of the manganese
catalyst species under operating conditions, and how the most
common coordination environments may be subtly impacted by
environment changes. Further molecular dynamics simulations
would be beneficial to investigate how changes in the water
concentration affect the coordination environment and the
catalyst deactivation processes. We envisage that emergent
machine learning approaches will make the challenge of
completing such simulations more tractable, via derivation of
machine-learning potentials that allow for larger and longer
simulations, and thus this area will be the subject of concerted
effort in our ongoing studies.
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