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d and electric field-modulated
reactivity of Fe(IV)]O complexes: unveiling the
synergy of Lewis acid additives, Au(111), and
graphene surfaces in biomimetic C–H activation
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and Gopalan Rajaraman *

Achieving high reactivity and maintaining selectivity simultaneously is one of the holy grails of catalytic

transformations; while metalloenzymes perform this task effortlessly, synthetic models that mimic their

reactivity often struggle to achieve either of the goals set. High-valent FeIV]O species are highly

reactive oxidants, but their elevated activity often limits catalytic turnover due to rapid catalyst

degradation and over-oxidation of substrates. To overcome these shortcomings, here we have explored

electrostatic and surface effects in tuning the reactivity of [(F8)Fe
IV(O)] (1) and [(F8)Fe

IV(O)](LutH)+ (2)

using density functional theory (DFT) and periodic DFT calculations. To begin with, the effect of Lewis

acid (LutH+ 2,6-lutidinium triflate) is explored, which is found to induce a local electric field and

diminishes the kinetic barrier by ∼15 kJ mol−1. As the addition of adducts and their direct role in the

oxidation process are difficult to control, we explored the possibility of employing oriented external

electric fields (OEEFs) to gain control over the reactivity and the oxidation process. Our results

demonstrate that applying an OEEF along the direction reduces the kinetic barrier further by

∼29 kJ mol−1, while along the direction, proton transfer was preferred, offering an intriguing

way to channelise selectivity. Surface interactions provide additional control: Au(111) lowers the barrier

by ∼58 kJ mol−1 under OEEFs, whereas graphene inhibits reactivity, requiring an OEEF along the +Z-

direction to reduce the barrier by ∼49 kJ mol−1. By integrating chemical modifications and external

control, this study offers a general framework for designing next-generation oxidation catalysts across

diverse catalytic systems.
1. Introduction

Electrostatic catalysis deals with the modication of chemical
reactions with electric elds and is commonly employed by
enzymes to perform various transformations.1–3 In enzymatic
reactions, the less polar active side binds a substrate in
a precisely aligned direction and the charged residues within
the enzyme sites create a local electric eld (LEF) to facilitate the
catalytic activity – the reason behind their superior performance
compared to biomimetic models.4–6 Here, a local electric eld
refers to the electrostatic eld generated by charged or polar
residues within an enzyme's active site. It precisely orients and
polarises the substrate to stabilise the transition state and
enhance catalytic efficiency. For instance, a large intra-
molecular electrostatic eld in the active site is found to be
operative in stabilising the various intermediates and lowering
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the intrinsic reaction barriers as well in cytochrome P450
enzymes and other related heme metalloenzymes.7–12 Further-
more, mutation of a single residue Phe429 to histidine results in
the deactivation of cytochrome P450 (CYP) and a closer analysis
reveals that the FeO–OH bond undergoes heterolysis in the
presence of Phe429 and generates highly reactive FeV]O
species, while histidine facilitates homolysis of the same bond
leading to FeIV]O species that do not have aggressive oxidizing
ability to activate inert C–H bonds.9

Efforts have been made in recent years to capture this
missing piece to improve the catalytic reactivity of biomimetic
models.13–16 This has been achieved to some extent by intro-
ducing charged functional groups on the substrate or the
catalysts.17,18 This was demonstrated in the work of Groves and
co-workers, who reported two charge-coronated complexes
[porc+FeIV(O)Lax] and [PyPzFeIII(OH)Lax], which were analogues
to Cpd I of cytochrome P450 enzymes.19,20 The rate of hydrogen
abstraction by these biomimetic models was signicantly
higher compared to their conventional uncharged counter-
parts.21 This rate enhancement, therefore, was attributed to the
J. Mater. Chem. A, 2025, 13, 38301–38315 | 38301

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta03554f&domain=pdf&date_stamp=2025-11-08
http://orcid.org/0000-0003-3465-1242
http://orcid.org/0000-0002-0196-7761
http://orcid.org/0000-0001-6133-3026
https://doi.org/10.1039/d5ta03554f
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013044


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 3
0 

Se
pt

em
be

r 
20

25
. D

ow
nl

oa
de

d 
by

 I
N

D
IA

N
 I

N
ST

IT
U

T
E

 O
F 

T
E

C
H

N
O

L
O

G
Y

 B
O

M
B

A
Y

 o
n 

12
/2

7/
20

25
 7

:2
3:

45
 A

M
. 

View Article Online
generation of a local electric eld due to the presence of charged
functional groups in the porphyrin ring. As all chemical reac-
tions are associated with the movement of electrons, these are
expected to be inuenced by the application of external electric
elds.22 It is demonstrated that applying an electric eld can
stabilise charged-separated resonance contributors, which in
turn stabilise chemical species that otherwise are not stable.
Therefore, electrostatic effects can rouse the ionicity of a bond
that undergoes dissociation or new bond formation and sta-
bilise the corresponding transition state, reducing the overall
kinetic barrier. Shaik and co-workers established the use of the
oriented external electric eld (OEEF) as a tool to enhance/
retard the rate of a chemical reaction using computational
methods.22,23 Here, an OEEF is a deliberately applied electric
eld with a xed direction and magnitude that interacts with
a molecular system. It can modulate the electronic structure,
stabilise specic states, and inuence reaction pathways or
catalytic activity. For example, Shaik and co-workers argued that
OEEFs can introduce signicant ionicity in homonuclear bonds
such as H–H and Li–Li along the Z-direction (the bond axis).
The degree of ionic character that arises depends on the
strength of the applied eld and molecular polarizability. Any
covalent bond of the X–Y type can be viewed as the combination
of several resonance contributors like [X–Y 4 X + Y− 4 X −
Y+].24,25 In a certain electric eld, these charged contributors are
found to be stabilised, which in turn stabilises a structure. In
the absence of an external electric eld, the relative electro-
negativities of X and Y atoms control the extent of either of the
charge-separated contributors to resonance stabilisation of the
bond. The extent of contributions from the charge-separated
structures is controlled by the direction of the applied electric
eld and molecular polarizability. In another study, they
demonstrated that the application of OEEFs is found to affect
the regioselectivity of hydroxylation vs. epoxidation during the
reaction of a high-valent FeIV]O dependent porphyrin radical
cation (Cpd I) with propene as a substrate. It was observed that
a positive eld (Fz > 0) along the S–Fe–O direction prefers
hydroxylation, while a negative eld (Fz > 0) along the S–Fe–O
direction prefers epoxidation.23 Furthermore, on the organo-
metallic front, the rate of oxidative addition of aryl/alkyl elec-
trophiles and CO2 reduction can be regulated by the application
of an external electric eld along the reaction axis associated
with electron reorganisation.26,27 The use of OEEFs is found to
regulate the extent of charge transfer in the transition state. It is
found that even in a small applied OEEF of 0.26 V Å−1, the
mechanism for the oxidative addition in aryl halides (Ph–X)
changes to a nucleophilic aromatic substitution CSNAr process,
while in the absence of a eld, it is a concerted oxidative
addition.27

Recently, Coote and co-workers provided experimental
support to this approach by studying a C–C bond formation in
a Diels–Alder reaction, where it was shown that the application
of an electric eld in a particular direction enhanced the reac-
tivity and selectivity.17 Aer this pioneering experimental vali-
dation, the utilisation of OEEFs or designed local electric elds
(D-LEFs) to boost the reactivity has gained the attention of both
experimentalists and theoreticians.28 The role of electrostatic
38302 | J. Mater. Chem. A, 2025, 13, 38301–38315
interactions in modulating product selectivity is also found in
other examples, such as in metalloenzymes. Halogenation
overriding hydroxylation is attributed to various charge–dipole
interactions and induced electric eld effects originating from
charged amino acid residues.29 This work has provided novel
insights into the role of the globular part of the protein in
reactivity, suggesting that the introduction of such effects is
indispensable for biomimetic models striving to surpass enzy-
matic reactions. However, the incorporation of these interac-
tions is challenging in the biomimetic model and in this
direction, the work of Karlin and co-workers on the synthesis
and reactivity of a heme FeIV]O complex [(F8)Fe

IV(O)] (1) (here
F8 = tetrakis(2,6-diuorophenyl)porphyrinate) and [(F8)Fe

I-

V(O)](LutH)+ (2) (here LutH+ = 2,6-lutidinium triate) (Fig. 1a
and b) assumes relevance. In this set of complexes studied,
protic Lewis acid LutH+ was introduced in the secondary coor-
dination sphere in 2 to assess the role of such Lewis acid in
catalysis.30,31 It was found that 2 reacts 40 times faster than 1 for
the C–H bond activation of xanthene, and 1 is found to be
unreactive to the substrate with a higher bond-dissociation
energy, such as DHA.

While the presence of a Lewis acid may explain the observed
reactivity differences, the combination of a cationic acid with
strongly uorinated ligands and the oxyl oxygen atom in 2 likely
generates a signicant permanent dipole. This dipole can
effectively mimic a local electric eld (LEF), suggesting an
alternative, non-covalent route to modulate reactivity. Moti-
vated by this insight, we systematically investigated the LEF
effects on the reactivity of complex 1, employing a range of
oriented external electric elds (OEEFs) to evaluate whether this
non-chemical approach could replicate the catalytic efficiency
observed in complex 2.

Unlike earlier studies by Coote and co-workers, who experi-
mentally applied electric elds via scanning tunnelling micro-
scope (STM) tips to modulate Diels–Alder reactions
(Scheme 1a),17 and Shaik and co-workers, who computationally
demonstrated OEEF effects on similar reactions using DFT
(Scheme 1b),32 our work is the rst to combine biomimetic high-
valent Fe(IV)]O chemistry with surface immobilization and
OEEF modulation. We extend the eld by fabricating complex 1
on realistic surfaces (Au(111) and graphene) to emulate the
physical environment of the STM setup (Scheme 1c–e), thereby
providing an unprecedented surface-bound, eld-directed
catalytic model for oxidative transformations. This integrative
strategy—merging biomimetic design, surface chemistry, and
electric-eld-based control—represents a signicant advance
over previous isolated approaches and opens new directions for
electrically tunable catalysis.33–36

The models studied here give the opportunity to not only
explore the effect of surface interactions on spin-states during
C–H activation, but also, for the rst time, explore the effect of
OEEFs in the catalysis of a high-valent paramagnetic FeIV]O
system on various surfaces. With this, we aim to answer the
following intriguing questions: (i) how does the designed LEF
inuence reactivity, and can this effect be replicated through
the application of an OEEF? (ii) How can modelling suitable
surfaces, such as Au(111) and graphene, modulate catalytic
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Ground state (S = 1) DFT optimized structure of (a) 1 and (b) 2 with selected structural parameters. (c) and (d) The electrostatic potential
map of complexes 1 and 2 in the S= 1 state. Colour code: Fe, deep red; O, light red; N, blue; F, light blue; C, grey. Hydrogen atoms are omitted for
clarity. Red and blue regions in the ESPmap represent areas of negative and positive potential, respectively, with numbers corresponding to their
magnitude in kJ mol−1. Bond lengths are in Å. The black arrow shows the dipole moment direction.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 3
0 

Se
pt

em
be

r 
20

25
. D

ow
nl

oa
de

d 
by

 I
N

D
IA

N
 I

N
ST

IT
U

T
E

 O
F 

T
E

C
H

N
O

L
O

G
Y

 B
O

M
B

A
Y

 o
n 

12
/2

7/
20

25
 7

:2
3:

45
 A

M
. 

View Article Online
activity through their interactions with the catalyst? (iii) Can an
OEEF enhance the reactivity of surface-adsorbed catalysts,
providing high-throughput insights for C–H activation?

2. Results
Electronic structure of 1 and 2

Both 1 and 2 (Fig. 1a and b) possess a triplet ground state (S =

1), with the quintet S = 2 state lying at 34.3 kJ mol−1 and 5.3 kJ
mol−1, respectively (Fig. S1). The S = 0 singlet state lies at
considerably higher energy >100.0 kJ mol−1 in both cases,
eliminating their role in further reaction mechanisms. Another
spin-state corresponding to an FeIII–Oc structure (S = 3) is
possible, which is signicantly high-lying (89.9 kJ mol−1) in 1
while it lies at 22.3 kJ mol−1 in 2 (Fig. S1). The predicted ground
state is consistent with the spectral data reported from the
experiments and also based on the earlier DFT calculations on
similar complexes.30,37,38 The DFT calculated Fe–O bond lengths
of 1.607 Å and 1.633 Å for 1 and 2 at the ground state are
consistent with the experimental data, where a slight elongation
in the Fe–O bond is observed upon addition of an acidic group.
The computed n(Fe]O) of 833 cm−1 and 811 cm−1 is also
consistent with the experimentally reported resonance Raman
data reported for 1 and 2 (833 and 819 cm−1), respectively,
offering condence in the methodology chosen.30 X-ray
This journal is © The Royal Society of Chemistry 2025
absorption ne structure spectroscopy (XAFS) reveals a short
1.65 Å Fe–O bond in horseradish peroxidase compound I, which
is well tted with our DFT computed Fe–O bond length in 1 and
2. A similar Fe–O bond length is further observed in chloro-
peroxidase compound I. These metalloenzymes are reported to
have a formal Fe–O double bond in their active site. This indi-
cates the presence of an Fe–O double bond in 1 and 2 even aer
protonation. This is in line with the experimental observation
where 2 was identied as a Lewis acid adduct rather than a fully
protonated Fe–OH species.

The addition of LutH+ to 1 resulted in a signicant drop in
the quintet–triplet energy gap (DEQT) in 2 (Fig. S1). A closer look
at the S = 2 geometry of 2 reveals that the proton of LutH+ is
fully transferred to the oxo group, leading to the formation of
a protonated FeIII–O species with an additional electron coming
from the F8 ligand, which is reected in the computed eigen-
value and spin density plot of 2 (Fig. 2 and S2). A signicant
spin-up (a) electron density is developed on the F8 ligand at the
S= 2 state of 2, while no such behaviour is noted for 1. Thus, the
quintet state of 2 has a tautomeric structure of [(F8c

+)FeIII(O)/
H(Lut)], which is an articial analogue of protonated Cpd-II,
[(Por)FeIV(OH)] species. It was also suggested previously that
[(Porc+)FeIII–OH] exists during the desaturation pathway of
P450cam.39 Additionally, there are reports of square-pyramidal
[(F8c

+)FeIII(OH)] species exhibiting very high reactivity with the
J. Mater. Chem. A, 2025, 13, 38301–38315 | 38303
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Scheme 1 (a) Schematic description of the catalysis of a Diels–Alder reaction affected by a bias voltage between a gold STM tip and a gold
surface.17 (b) Models used to study the interplay of the OEEF and gold thiol linkers' effect on the Menshutkin reaction.18 (c)–(e) C–H bond
activation of xanthene by complex 1 with the Au5 STM tip, the gold surface and graphene respectively mimicking the experimental set-up with
the effect of OEEFs.
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measured rate constants resembling that of the reported rate
constant value of 2, offering condence in the established
tautomeric form in the quintet state.40 Furthermore, the elon-
gation of the Fe–O bond in 2 leads to stabilisation of the dz2
orbital compared to 1 by 5.2 eV, contributing to the substantial
reduction of DEQT observed in 2.

The computed UV-Vis spectra of the ground and rst excited
state of 1 (Fig. S3a) are similar (416 nm vs. 402 nm and 564 nm
vs. 593 nm for triplet vs. quintet states), and these agree well
with the experimental features observed at 415 nm and 544 nm
measured at −90 °C (Fig. S3b). However, for complex 2, calcu-
lations predict a broad shoulder in the 750–1000 nm region for
the quintet state, which is absent for the triplet state (Fig. S4a).
This unique feature originates due to the charge transfer from
the Fe–(F8) bonding orbital to the p*(F8c

+) antibonding orbital.
The absorption spectra of complex 2, as observed
38304 | J. Mater. Chem. A, 2025, 13, 38301–38315
experimentally, clearly indicate the presence of unique near-
infrared bands (700–1000 nm, Fig. S4b). These bands strongly
support the presence of reduced species, which is consistent
with the outcomes predicted from our calculations. Calcula-
tions reveal a similar dipole moment (m) of 1.8 D and 1.9 D in S
= 2 and S = 1 spin states of 1, respectively, while the addition of
LutH+ develops a signicant difference in the dipoles in S = 2
(2.3 D) and S = 1 (8.3 D) spin states (Table S2). Moreover, the
direction of m is along the Fe–O bond in both spin-states of 1,
while the direction has shied along the (LutH+)–O direction in
the triplet state of 2. In the S = 2 state of 2, m is parallel to the
Fe(F8) plane. These observations emphasise the difference in
the intricate electronic structure of these species i.e., [(F8)
FeIII(O)/H(Lut)] and [(F8c

+)FeIII(O)/H(Lut)] species in the S= 1
and S = 2 spin states in 2. The electrostatic potential (ESP) map
generated for the triplet state of 1 and 2 (Fig. 1c and d)
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Key orbitals associated with canonical molecular orbitals in (a) 5R1 and (b) 5R2 along with their (c) spin population respectively: 5R1, left side
and 5R2, right side. a spin-up and b spin-down are denoted as red and blue surfaces. The isosurface value is ±0.03 au. The colour codes for Fe,
C, N, O, and H atoms are set as deep red, grey, blue, red and white respectively.
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unambiguously reveals a large variation in the charge distri-
bution, and therefore, one can expect their behaviour under an
electric eld to be drastically different from one another.
C–H bond activation by 1 and 2

To understand the reactivity of 1 and 2, we have considered
their reaction with xanthene. Both were found to react with
xanthane, producing xanthone as a major product with esti-
mated rate constants of 0.369 M−1 S−1 and 14.2 M−1 S−1,
respectively. Experimentally, the rst C–H bond activation step
is determined to be the rate-limiting step, and therefore, the
mechanism shown in Fig. 3a and b is adapted for our calcula-
tions. The estimated barrier height for 1 (2) at the triplet and
quintet surfaces is found to be 72.4 kJ mol−1 (75.1 kJ mol−1) and
65.3 kJ mol−1 (50.2 kJ mol−1), respectively (Fig. 3c and d). This
suggests that C–H bond activation occurs at the quintet surface
for both complexes, following the conventional two-state reac-
tivity.41 While the Fe–O bond distance in the S = 2 state is
slightly elongated in the case of 1 (1.626 Å) compared to the
ground state, it is signicantly longer in 2 (1.757 Å) due to the
FeIII–OH nature of this species. At the 5TS2, this bond further
elongates to 1.749 Å and 1.829 Å for 1 and 2, respectively. It is
important to note here that the Fe–O distance of 1.829 Å in 5TS2
resembles the general Fe–O distance of 1.820 Å in the Cpd II of
P450,42 suggesting that it mimics Cpd II, rationalising also the
This journal is © The Royal Society of Chemistry 2025
higher reactivity observed. On the rate-limiting S = 2 surfaces,
the C–H bond activation process in 1 (2) is associated with the
transfer of an a-electron to the metal centre (porphyrin), leaving
behind a b-spin on the substrate, indicating a concerted
hydrogen atom transfer mechanism. In 2, an a-electron is
transferred to the p* orbital of the porphyrin moiety, which is
expected to enhance the overall exchange-enhanced reactivity
(EER),43 leading to a reduction in the barrier height. Aer the
transition state, the formation of the intermediate is assumed,
and its formation is found to be exothermic for both species.
However, for 2, this is found to be signicantly larger compared
to 1 (−87.1 vs. −33.4 kJ mol−1) for 5INT1 and

5INT2. The larger
stabilisation found for 5INT2 is associated with the formation of
FeIII–OH2 species vis-à-vis FeIII–OH species. The formation of
FeIII–OH2 is detected in the experiments using Mössbauer and
EPRmeasurements and supports the mechanistic ndings.30 To
probe whether the higher reactivity of 2 compared to 1 towards
the C–H bond is electrostatic in nature, we have quantied the
amount of the LEF exerted by the LutH+ dangling near the
FeIV]O moiety using the TITAN code.44 The net LEF in 1 is
estimated to be 0.68 V Å−1 at the reactive oxyl centre directed
along the Fe / O axis on the S = 2 surfaces. However, in 2, on
the same spin state, the calculated net eld is increased to 4.66
V Å−1 at the same oxyl centre. The higher reactivity of 2, there-
fore, can be attributed to the very high LEF generated on the
J. Mater. Chem. A, 2025, 13, 38301–38315 | 38305
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Fig. 3 Schematic representation of C–H bond activation of xanthene by (a) 1 and (b) 2, along with the corresponding potential energy surfaces
(c) and (d), respectively. Energies are in kJ mol−1.
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oxygen, which increases the basicity of the corresponding iron-
oxo/hydroxo species, facilitating the facile concerted hydrogen
atom transfer mechanism. At the S = 1 surface, as expected,
a reverse scenario is observed, while the reduced LEF of 0.96 V
Å−1 in 2 as compared to 1.83 V Å−1 in 1 can be correlated with
the higher C–H activation barrier of the former (75.1 kJ mol−1

vs. 72.4 kJ mol−1), indicating that the modulation of LEF values
can be considered a promising tool to enhance/retard the
reactivity of FeIV/FeIII–O(OH) species.

For catalyst 1, the rate-limiting step produces the xanthenyl
radical and [F8Fe

IIIOH], followed by a rebound step in which the
radical is hydroxylated to form [F8Fe

IIIOH(xanthene)]. This
intermediate readily dissociates to xanthene hydrol, which is
oxidised by two equivalents of 1 to yield xanthone. In the
rebound transition state, spin-state analysis indicates that S= 1
is the ground state while S = 2 remains at 15.0 kJ mol−1 higher
in energy. The other spin state, such as S = 3, lies 47 kJ mol−1

higher in energy. The S = 3 surface can therefore be excluded
from the transition state. The rebound step features very low
activation barriers—7.6 kJ mol−1 (S = 1) and 4.3 kJ mol−1 (S =

2)—with Fe–O distances of 1.808 Å and 1.839 Å, respectively, at
the transition states.
Electric eld effects on the reactivity of 1

The aforementioned section illustrates how the introduction of
a cationic moiety (LutH+) can trigger the reactivity of an FeIV]O
species by introducing a greater LEF around the catalytic centre,
hence, in turn, reducing the hydrogen abstraction barrier in 2.
The observed prominence of the LEF in lowering the barrier
height suggests that externally applying an electric eld has the
potential, in principle, to emulate the characteristics of the
38306 | J. Mater. Chem. A, 2025, 13, 38301–38315
lutidinium cation and even diminish the barrier height further.
To test this hypothesis, we systematically investigated the
reactivity of complex 1 towards the C–H bond activation of
xanthene under the inuence of OEEFs applied along the Fe]O
bond axis (dened as the Z-axis) in the range of −45 × 10−4 au
to +45 × 10−4 au.21,45 It is found that the absolute energy of both
the triplet and quintet states decreases irrespective of the
direction of the applied eld, while the gap between the quintet
and triplet states remains consistent. The drop-in energy is in
the range of 1–7 kJ mol−1 until a +15 × 10−4 au eld, and it
decreases sharply for larger elds (>15.0 kJ mol−1) in the +Z-
direction ( ) (Fig. 4a), accompanied by a larger increase in
the spin density on the quintet (triplet) state of Fe, reaching up
to 3.451 (1.345) at +45 × 10−4 au. Conversely, in the opposite
direction ( ), a similar gradual decrease is observed, with
spin densities of 3.376 and 1.288 at −45 × 10−4 au for S = 2 and
S= 1 spin states, respectively. This is mirrored by a concomitant
decrease (increase) in the spin density on the F8 porphyrin
moiety, indicating ligand-to-metal charge transfer and the
emergence of an [F8c

+FeIII] resonance character under the
applied eld (Table S3 and Fig. 4a inset).

Interestingly, under a positive OEEF, the Fe–O bond (Table
S4) elongates, promoting the polarisation of charge, with Fe
becoming more electropositive and the oxyl oxygen becoming
more negative—clearly seen in the electrostatic potential (ESP)
map, where the oxygen site appears prominently red (Fig. S5).
This charge separation enhances the dipole moment, which
reaches 9.1 D for the S = 2 state at +45 × 10−4 au. Conversely,
when the eld is applied in the opposite (−Z) direction, the Fe–
O bond shortens, yet the dipole moment still increases (up to
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 DFT computed quintet–triplet energy gap (kJ mol−1) of 1 (a) in R and (b) in the TS in the absence and presence of OEEFs varying from−45
× 10−4 au to +45 × 10−4 au.
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4.7 D), driven by a reversed but still signicant polarisation
(Table S4).

From a molecular orbital perspective, the dz2 orbital of Fe is
stabilised by 0.3 eV in the +Z direction, whereas the energy of
the porphyrin-centred orbital remains unchanged (at ∼4.0 eV
from the ground dxy orbital; Fig. S6 and S7). Conversely, in the
negative direction, the gap initially increases as the dz2 orbital is
destabilised. However, at larger eld strengths, this increase
tends to saturate, limiting the DE (EsC�H � Edz2

; Fig. S8) gap. This
is also clearly witnessed in the HOMO of the transition state,
with a very little overlap between the sC–H and dz2 orbitals
(Fig. 4b inset). This orbital reorganisation stabilises distinct
electronic congurations in both triplet and quintet spin
surfaces, which modulates the Fe]O oxidising strength.

To assess how these changes affect reactivity, we calculated
the C–H bond activation transition states under applied elds.
As shown in Fig. 4b, the activation barrier decreases symmet-
rically in both directions of the OEEF, forming a parabolic
dependence similar to that observed for the triplet and quintet
state energies. While small elds induced minimal changes
(few kJ mol−1), strong elds yielded a substantial barrier drop—
from 65.0 kJ mol−1 under the zero eld to 36.3 kJ mol−1 at +45×
10−4 au and ∼49 kJ mol−1 at −45× 10−4 au (S= 2 surface). This
symmetric barrier reduction, despite an asymmetric Fe–O bond
length change, arises from distinct electronic modication in
both eld directions.

In the +Z direction, a decrease in the transition barrier is
noted due to the following reasons: (i) the donor (sC–H) and
acceptor (dz2) orbital energy gap monotonically decreases with
increasing eld strength. At high elds, the dz2 orbital is suffi-
ciently stabilised to facilitate effective electron transfer from the
sC–H, enhancing the hydrogen atom transfer (HAT) efficiency.
(ii) As the eld increases, the spin density on Fe in the transition
state (5TS1) increases gradually (from 3.859 to 3.876), accom-
panied by reduced spin on the porphyrin, indicating enhanced
ligand-to-metal electron donation and a growing [(F8c

+)FeIII]O]
resonance character. Additionally, an increase in oxo spin
This journal is © The Royal Society of Chemistry 2025
density (e.g.,−0.175 at +10× 10−4 au; Table S6) suggests greater
oxo basicity, which facilitates more efficient HAT. The Fe–O
bond also elongates at the transition state, reinforcing this
reactive conguration (Table S7). (iii) Careful observation of
singly occupied spin natural orbitals (SNOs) in 5TS1 in the
absence and the presence of OEEFs (+45 × 10−4 au) indicates
that the rst four singly occupied orbitals are Fe 3d(p*) orbitals.
The next is a mixture of s*

Fe + pO bonding orbitals with an
occupancy of 0.61 and 0.74 in the zero eld and at +45× 10−4 au
eld, respectively. The beta counterpart is a combination of pF8

+ psub + pO orbitals. In the presence of an electric eld, the
occupancy of pF8 + psub + pO orbitals is found to be higher,
indicating a better involvement of the F8 moiety (Fig. S9–S11).

In the −Z-direction, an overall decrease in the transition
barrier at higher elds is witnessed due to (i) a signicant
reduction of spin localisation on the substrate at the transition
state, indicating a mechanistic shi from HAT to proton
transfer followed by the electron transfer (PTET) mechanism.
(ii) A negligible occupancy (0.15) of the d orbitals agrees with the
stepwise PTET mechanism (Fig. S9–S11). (iii) At a higher eld,
the energy gap between the donor (sC–H) and acceptor (dz2)
orbital saturates while the dipole moment increases due to
enhancement in the polarisation.

Similar to the rate-limiting step, the application of the eld
along the Fe]O axis completely removes the transition barrier
for the rebound step, irrespective of the eld direction. For both
the S = 1 and S = 3 spin states, the nite zero-eld barriers of
7.6 kJ mol−1 and 4.3 kJ mol−1, respectively, vanish under
applied elds of ±45 × 10−4 a.u., rendering the process
barrierless.

The critical role of gold clusters and the thiolate linker in
facilitating C–H bond activation

To replicate an experimental setup analogous to that employed
in the initial investigation of electrostatic catalysis in the Diels–
Alder reaction by Coote and co-workers,17 complex 1 was
immobilized on an Au216(111) surface via a tethering group
J. Mater. Chem. A, 2025, 13, 38301–38315 | 38307
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{(O(CH2CH2)2N)(CH2)3S} positioned at the vacant axial site (Fig.
S12a) and DFT optimization was performed. The use of a larger
morpholine alkylthio ligand {(O(CH2CH2)2N)(CH2)3S} for fabri-
cating the catalyst on the surface aims to minimise spin and
geometric alterations around the active Fe metal center of the
catalyst aer adsorption onto the surface. Prior investigations
into heterogeneous catalysis have highlighted the role of gold
clusters.17,18 Furthermore, the involvement of multiple spin
states in 1 introduces additional complexity. The substantial
Fig. 5 (a) NPA calculated natural charges on the C–H bond activation tr
barrier in the absence and presence of OEEFs varies from −30 × 10−4 a
transition states are shown at Fz = 0 and Fz = ±30 × 10−4 au. The colour
blue for Fz = −30 × 10−4 au and +30 × 10−4 au, respectively. The arrow
moment direction. Spin natural orbitals of 3TS3 at (c) Fz = −30 × 10−4 a
occupancy (in parentheses) are shown at the bottom.

38308 | J. Mater. Chem. A, 2025, 13, 38301–38315
computational demands associated with these large systems
cannot be overlooked. The most straightforward strategy to
address this complexity is to adopt the approach outlined
earlier,17,18 which involves substituting the large Au(111) cluster
with a simplied model consisting of a gold tip (Au5; Fig. 5a).
Additionally, the stability of complex 1 on various gold surfaces
was evaluated using models of different sizes: a large model
(Au216), a mediummodel (Au48), and a small model (Au5 tip; Fig.
S12). The binding energies (∼−254 kJ mol−1, Table S8)
ansition state by 3 at the S = 1 spin state. (b) The C–H bond activation
u to +30 × 10−4 au. The changes in the overall dipole moment at the
codes for the charges are green in the absence of an OEEF and red and
in yellow and pink shows the convention of +Fz and the overall dipole
u, (d) Fz = 0, and (e) Fz = +30 × 10−4 au. The SNO composition and

This journal is © The Royal Society of Chemistry 2025
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indicated similar stability across all models, regardless of the
number of gold atoms incorporated, corroborating earlier
reports.46–48 This consistency arises because the primary
molecule-surface interaction—namely, the Au/S bond—
remains unchanged across the models where the Au atoms have
the same coordination environment, ensuring that the essential
interfacial electronic features are well-represented even with
a smaller cluster. Calculations reveal that the geometries
computed with large, medium, and small models are similar to
each other and consistent with an S = 1 ground state, with the S
= 2 remaining at around 45 kJ mol−1 higher in energy, elimi-
nating the possibility of the S = 2 spin state participating in the
reaction mechanism. A similar manifestation in geometry and
spin state energetics of 1 on these models led us to continue the
rest of the calculations employing an Au5 tip. In the nal model,
complex 1 was anchored to an Au5 tip via an (O(CH2CH2)2-
N)(CH2)3S-linker (hereaer referred to as 3), enabling the
substrate to interact freely with the catalyst while being sub-
jected to a bias voltage. The computed bond parameters and
spin density values (Tables S9 and S10) reect that when 1, in
the S= 2 states, is tethered through the Au5 tip, it gets converted
to S = 1 at the metal centre, showing a very strong spin deloc-
alisation from the catalyst to the Au(111) surface. The stabili-
sation of the low-spin state of FeII/III/IV-containing systems aer
graing on an Au(111) surface was previously reported by
several groups.49–51 The C–H bond activation barrier in 3 reduces
to 49.5 kJ mol−1, indicating that the Au5 STM tip acts as a co-
catalyst. The energies of the canonical orbitals in 3TS3 show
a better matching in energy between the low-lying s(C–H) and
p*
yx=xz orbitals (both lie at 1.3 eV), which facilitates b-electron

transfer to the metal and, therefore, lowers the intrinsic energy
barrier for this step.

The intrinsic C–H activation barrier of xanthene as a func-
tion of the OEEF applied along the Fe–O axis in 3, ranging from
−30 × 10−4 au to +30 × 10−4 au, is depicted in Fig. 5b. Similar
to 1, the application of OEEFs in 3 along the +Z-direction leads
to the enhancement in the Fe–O bond length and in spin
density on the Fe metal site (Tables S11 and S12). A reverse
scenario is observed in the opposite direction. Reaction ener-
getics reveals that the intrinsic C–H activation barrier gradually
decreases as the eld is applied in the +Z-direction (along the
Fe–O direction, blue region). As we reverse the direction of the
electric eld (along the O–Fe direction), the C–H activation
barrier decreases slowly, like in the +Z-direction. However, the
energy barrier reduces abruptly beyond −15 × 10−4 au and
reaches as low as 6.8 kJ mol−1 at a eld value of −30 × 10−4 au
(Fig. 5b). For both 1 and 3, the hydrogen abstraction barrier
tends to decrease with the application of an electric eld irre-
spective of the direction; however, the scenario is reversed in 1,
where the blue curve bends more steeply than the red curve.
What leads to the improved catalytic behaviour of 3 with the
implication of OEEFs in both ±Z-directions? During the appli-
cation of OEEFs in the +Z-direction, augmentation of natural
charge is observed on the Au5 moiety, indicating the participa-
tion of the Au5 cluster during the hydrogen atom transfer
transition state (Table S13). The increased dipole moment of
−15.4 D in 3TS3 [Z + (30 × 10−4)] as compared to the −4.6 D in
This journal is © The Royal Society of Chemistry 2025
3TS3 (zero-eld) supports the above observation. The reversing
of the OEEFs to the −Z-direction (along the Fe–O direction)
results in a ow of electron density from the substrate to the Au5
cluster, depleting the natural charges to −0.383 on the Au5
moiety with a concomitant increase on xanthene. This is well
supported by the change in the dipole moment value for the
entire system from 15.4 D to 40.8 D (Table S14). The signicant
enhancement of dipole moment values in the transition states
with OEEFs both in the ±Z-direction increases the ionic char-
acter of the Fe–O bond and, therefore, facilitates the C–H bond
activation process. Although the natural charges and associated
dipole moments explain the catalytic behaviour of 3 in Fig. 5,
the understanding of the electronic structure is pivotal. The rst
two sets of SNOs of 3TS3 in the zero-eld and the presence of
OEEFs in the +Z-direction are located on two Fe 3d(p*) orbitals,
and the other set is a bonding p*

Fe + pO orbital in an anti-
bonding combination with the s(C–H) orbital. The occupancy
of the latter SNOs is low, which is 0.20 and 0.50, respectively.
When the direction of the electric eld ips, the second set of
SNO transforms into an antibonding p*

Fe + pO + s*
ðAu�AuÞ orbital,

with a spin-up a occupancy of 0.62. Its spin-down b-counterpart
has s*(C–H) character. Therefore, with a negative electric eld
of −(15–30) × 10−4 au, the Au5 cluster becomes active and acts
as an open-shell singlet state and facilitates the C–H bond
activation process (Fig. 5c–e).
The effect of the graphene surface on the reactivity of 1

To investigate the inuence of the graphene surface on the
catalytic reactivity of 1, we constructed a graphene supercell
comprising 192 carbon atoms and graed 1 onto it. Thereaer,
a periodic DFT optimisation was performed to investigate the
stable orientation of complex 1 on the graphene surface. The
catalyst is stabilised on the graphene surface through a parallel
orientation of its porphyrin ring, maximising p/p and C–H/p

non-covalent interactions (hereaer referred to as 1‖@gra-
phene). Additionally, the uorine substituents in 1 orient
toward the graphene surface, further enhancing stability via C–
F/p interaction (Fig. S13).52–55 The strong stabilisation of 1 on
graphene is supported by a binding energy of −236 kJ mol−1,
indicating a signicant interaction between the molecule and
the substrate. This adsorption mechanism is further conrmed
by the broadening of hydrogen (H) and uorine (F) peaks in the
projected density of states (pDOS), along with a shi to lower
energy levels in the valence band due to C–H/p and C–F/p

interactions. Additionally, a redistribution of carbon (C) peaks
is observed, attributed to p/p interactions (Fig. S14).

To capture the effect of the graphene surface and OEEF
together, the peripheral carbons were capped with hydrogen
atoms to create a cluster model of graphene, and the OEEF was
applied in a direction perpendicular to the graphene surface.
1‖@graphene preferentially stabilises in the S = 1 spin state,
with Fe metal possessing a spin density of 1.364 (31‖@gra-
phene). Similar to model 3, when 1‖@graphene is optimised in
S= 2 states (51‖@graphene), it is found that the Fe metal centre
remains in the S= 1 conguration with a spin density of around
1.364, while the remaining two unpaired electrons were found
J. Mater. Chem. A, 2025, 13, 38301–38315 | 38309
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on the hydrogen-passivated edge carbon atoms of the graphene
substrate (Fig. S16). 51‖@graphene is found to be slightly less
stable than the S = 1 spin state and remains at 15.3 kJ mol−1

higher in energy. The presence of S = 1 at the Fe site in
51‖@graphene is also supported by the pDOS of Fe, O and N
atoms of 1 before and aer the adsorption at the graphene
surface. It is found that on going from 5R1 to 51‖@graphene,
one of the a eg peaks of Fe gets transferred to the b t2g in the
valence band (VB) and, therefore, an increase in the b t2g peak is
noted in the VB while an increase in the a peak is noted in the
conduction band (CB). Also, the peaks of the O atom shi
towards the CB, which further suggests a decrease in the spin
density of the O atom (Fig. 6a and b). Although 51‖@graphene is
slightly destabilised as compared to 31‖@graphene, the C–H
bond activation barrier with the prior case is signicantly low,
which is 74.5 kJ mol−1, compared to the 134.5 kJ mol−1 with
31‖@graphene (Fig. S15). The physisorption of 1 on the gra-
phene surface, therefore, increases the C–H bond activation
barrier as compared to the free complex 1 by 9.2 kJ mol−1. In
both spin states, the Fe metal is in the triplet state; the only
Fig. 6 (a) and (b) pDOS of 1 (S = 2) in pristine form and after the depos
charges on the C–H bond activation transition state catalysed by 51‖@gra
C–H bond activation barrier in the absence and presence of OEEFs vari
dipole moment at the transition states are shown at Fz= 0, and Fz=±30×

an OEEF and red and blue for Fz=−30× 10−4 au and +30× 10−4 au, resp
the overall dipole moment direction.

38310 | J. Mater. Chem. A, 2025, 13, 38301–38315
difference lies with the electronic involvement of the graphene
with the free catalyst, indicating that the involvement of the
graphene is required to maintain the catalytic reactivity of 1
when adsorbed on a surface. Furthermore, we carefully checked
the strength of C–H/p, C–F/p and p/p noncovalent inter-
actions, which are found to be stronger in 51‖@graphene. A
shorter porphyrin–graphene surface distance (∼0.1 Å) in the S=
2 spin state than in the S = 1 facilitates more stable fabrication
of the catalyst on the graphene surface with larger reactivity.

Aer the catalyst immobilisation, the effect of OEEFs was
studied further. Similar to the aforementioned systems, we have
applied OEEFs perpendicular to the surface, i.e., along the Fe–O
bond of the catalyst and an increase in the Fe–O bond length is
noted when applied along the +Z-direction (Table S15).
However, considering the large size of this system and the
related computational cost, we have limited our calculations to
exploring the effect of OEEFs in fewer electric eld values.
Similar to model 3, with the OEEFs, the C–H activation barrier
decreases steadily, irrespective of the direction of the applica-
tion. However, the sensitivity of the activation energy is found to
ition at the graphene surface, respectively. (c) NPA calculated natural
phene. The pink dotted line shows the non-covalent interaction. (d) The
es from −30 × 10−4 au to +30 × 10−4 au. The changes in the overall
10−4 au. The colour codes for the charges are green in the absence of

ectively. The arrow in yellow and pink shows the convention of +Fz and

This journal is © The Royal Society of Chemistry 2025
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be drastically higher in the −Z-direction, where the energy
barrier reduces to 9.7 kJ mol−1 with a 30 × 10−4 au eld (Fig. 6c
and d). Application of an OEEF of 30 × 10−4 au along the −Z-
direction results in a ow of negative charge from the oxyferryl
moiety to the graphene during the hydrogen abstraction
process, accumulating a greater negative charge on the gra-
phene by 0.067 units as compared to the zero eld (Table S16),
while along the +Z direction, a reverse scenario is observed,
resulting in the reduction of negative charge by 0.068 units on
graphene. However, in both cases, the overall dipole moment in
the transition states is increasing, having values of 8.5 D and
11.9 D, respectively, in both +Z and −Z-directions. At the zero-
eld, the dipole moment is found to be signicantly low,
1.456 D (Table S17). A careful investigation of the SNOs asso-
ciated with the lowest energy transition state at 30 × 10−4 au
eld along the −Z-direction shows ve sets of singly occupied
a natural orbitals. Among them, three are located at the Fe
3d(p*) orbitals and two are located at the pgraphene orbital.
Another SNO with an occupancy of 0.33 is found to be located as
bonding 3dp*

Fe + pO with an antibonding combination with the
psub orbital. In the beta part, one SNO is found to be located on
the Fe–O unit and another one is found on graphene. This
indicates the greater involvement of graphene during the C–H
bond activation process (Fig. S16) when the eld is applied
along the −Z direction.
3. Discussion
Harnessing protic source-induced electric elds as a co-
catalyst

The electronic structure of 1 is more like that of Cpd II, having
an [(F8)Fe

IV(O)] formalism. In contrast, 2 can be better described
as one electron-reduced Cpd I, better expressed as [(F8c

+)
FeIII(O)/H(Lut)]. In the presence of a Lewis acid, an electron is
transferred from the porphyrin moiety to the metal–oxo part of
the molecule, increasing the overall polarity and increasing the
local electric eld in 2. The experimentally detected higher
reduction potential of 2 (+0.46 < E1/2 < +0.695 V) as compared to
1 (−0.53 < E1/2 < −0.43 V) vs. Fc+/0 can be directly correlated to
the greater local electric eld on the oxyl centre due to the
presence of LutH+ in 2. Therefore, the introduction of a protic
source to the active site of the metal is used to strategically
increase the local electric eld, which is inversely proportional
to the hydrogen abstraction energy barrier. This effect suggests
that externally applying an oriented electric eld can emulate
the impact of chemical modications and aid in reducing the
barrier.
Harnessing oriented external electric elds as a co-catalyst

In a quest to understand the effect of OEEFs in a paramagnetic
FeIV]O catalyst during C–H bond activation, it is noticed that
the reaction energy barrier reduces irrespective of the eld
direction. Structural illustration indicates a gradual develop-
ment of [FeIII(F8c

+)] character introduced when Fz > 0, therefore
mimicking the structural characteristics induced by LutH+ in 2.
This enhances the polarity during the free catalyst and in the C–
This journal is © The Royal Society of Chemistry 2025
H bond activation transition state as well, therefore, increasing
the overall dipole moment in the respective species and
assisting in lowering the energy barrier for the proton-coupled
electron transfer reaction. At Fz < 0, a reverse ow of electrons
enhances the FeIV]O covalent character, which in turn
increases the oxyl radical centre and basicity in the species,
which promotes a basicity-driven different PT-ET mechanism.

Harnessing surface-enhanced electric elds as a co-catalyst

The effect of an external electric eld on the activation energy
barrier becomes highly sensitive when 1 is attached to an
Au(111) or graphene surface, as the surface directly modies the
electronic structure and reactivity. If the OEEFs are applied,
energy barriers were found to be lower in both ±Z-directions;
however, with the introduction of the surface, the extent of
reduction in the barrier height is larger at Fz < 0, particularly
beyond 15 × 10−4 au. During the C–H bond activation process,
charge transfer occurs from the substrate to the Au5 cluster or
graphene surface, enhancing the ionic character of the Fe–O
bond and increasing the overall dipole moment. This charge
redistribution contributes to the reduction of the activation
energy barrier. When the direction of the external electric eld
is reversed, a corresponding reversal in charge ow is observed.
The enhanced reactivity of the system can be attributed to the
non-innocent nature of these surfaces, which play a critical role
in facilitating the catalytic process. These ndings emphasise
the dual role of the gold/graphene surfaces and OEEFs in
optimising electronic and geometric parameters for efficient
catalysis, providing insights for future catalyst designs incor-
porating nanoscale gold/graphene surfaces and external electric
elds.

Harnessing external electric elds for enhanced catalysis

While a Lewis acid cation aids in lowering the C–H activation
barrier by 15 kJ mol−1, the electrostatic effect imposed by the
external electric eld is signicantly stronger, which helps in
lowering the energy barrier by 28.9 kJ mol−1 at an OEEF of 45 ×

10−4 au.31,56 This indicates that the catalytic reactions are more
sensitive towards an induced electrostatic effect in a non-
chemical way rather than a chemical modication. Moreover,
the sensitivity of the catalytic transformation to the external
electric eld is markedly enhanced when the catalyst is
anchored to a non-innocent surface. This enhancement is
observed regardless of the nature of the catalyst–surface inter-
action, whether through chemisorption on Au(111) or phys-
isorption on a graphene surface. Notably, the energy barrier is
drastically reduced by more than 55 kJ mol−1, even under
a lower applied electric eld.

Contrasting catalytic roles of graphene and Au(111) surfaces
in C–H activation

The C–H bond activation barrier for xanthene using pristine
complex 1 is calculated to be 65 kJ mol−1. This barrier is
modulated upon surface adsorption, and it decreases to
49.5 kJ mol−1 when adsorbed on the Au(111) surface, while it
increases to 74.5 kJ mol−1 when adsorbed on graphene. The
J. Mater. Chem. A, 2025, 13, 38301–38315 | 38311
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cocatalytic behaviour of the Au(111) surface is due to the
following reasons: (i) charge transfer from Au(111) to complex 1
is noted, which increases the oxyl basicity and hence its H-
abstraction tendency. (ii) A better energy alignment between
the low-lying sC–H orbital and the p*

yx=xz orbital (both located
around 1.3 eV) facilitates b-electron transfer to the metal center,
thereby lowering the intrinsic activation barrier. (iii) A signi-
cant increase in the overall dipole moment (1.8 D in catalyst 1 to
3.8 D in catalyst 3) and spin density (0.44 in catalyst 1 to 0.81 in
catalyst 3) is noted when 1 is adsorbed on Au(111), which results
in reducing the overall activation barrier. When complex 1 is
adsorbed on graphene, the following are noted: (i) there is
charge transfer from complex 1 to graphene as suggested by the
Mulliken charge analysis, and adsorption is supported through
weak non-covalent C–H/p, C–F/p and p/p interactions. (ii)
The pDOS analysis suggests that there is a transfer of O-peak
from the valence band to the conduction band aer the
adsorption. (iii) A decrease in the overall dipole moment at the
transition state (1.4 D) and a larger energy gap between the low-
lying sC–H and the p*

yx=xz orbitals are noted. This synergic effect
leads to an increase in the C–H activation barrier when 1 is
adsorbed on the graphene surface.

4. Conclusions

The study reveals key insights into the electronic structures and
reactivities of complexes 1 and 2, both of which possess a triplet
(S = 1) ground state. While the quintet (S = 2) state is higher in
energy for both complexes, the addition of LutH+ to 1 signi-
cantly reduces the quintet–triplet energy gap in 2, altering its
electronic structure and reactivity. The addition of LutH+ to 1
forms a tautomeric [(F8c

+)FeIII(O)/H(Lut)] species in 2, which
mirrors the protonated compound II found in metalloenzymes
and explains its enhanced catalytic activity.

Complex 2 exhibits signicantly higher reactivity for the
xanthane substrate, and this enhanced reactivity is attributed to
the higher local electric eld (LEF) generated by the LutH+ in 2
at the oxyl centre, which increases the basicity of the oxo group
and facilitates the bond activation process. In contrast, 1
exhibits a lower LEF and, consequently, lower reactivity.
Applying a positive eld (+Z) elongates the Fe–O bond,
enhances Fe spin density, and strengthens donor–acceptor
interactions, lowering the quintet-state barrier to 36.3 kJ mol−1

at +45 × 10−4 au from 65.0 kJ mol−1 in the eld-free state. In
contrast, a negative eld (−Z) destabilises the dz2 orbital, shis
the mechanism toward a proton-transfer pathway via an FeIII–O
intermediate and modulates bond distances, spin densities,
and:Fe–O–H angles, highlighting the OEEF as a powerful tool
for catalytic optimisation.

Graing complex 1 onto Au(111) via thiolate linkers stabil-
ises its S = 1 spin state, enhances C–H activation, and drasti-
cally lowers reaction barriers. Strong covalent interactions and
spin delocalisation restrict spin-state accessibility, favouring
direct reactivity. A gold cluster model facilitates p-channel
interactions, reducing the activation barrier to 49.5 kJ mol−1,
while an applied OEEF enables a near-barrierless reaction—
dropping to just 6.8 kJ mol−1 at −30 × 10−4 au. This
38312 | J. Mater. Chem. A, 2025, 13, 38301–38315
unprecedented synergy between Au(111) and the OEEF offers
a powerful strategy for catalytic control, unlocking ultrafast
reactivity beyond conventional tuning methods.

Graing complex 1 onto graphene stabilises the S = 1 spin
state via p/p, C–H/p, and C–F/p interactions, while the S =

2 state forms a charge-transfer species [(graphene)c−(FeIV]O)]
with comparable reactivity. Under positive OEEFs, the triplet-
state C–H activation barrier plummets to 16.7 kJ mol−1 at +45
× 10−4 au, while the quintet state remains unaffected. Negative
OEEFs raise the triplet-state barrier, demonstrating precise
tunability. This reveals graphene and OEEFs as potent tools for
spin-state control, unlocking new pathways to enhance Cmpd-II
catalyst reactivity and opening a new way to heterogeneous
catalysis using high-valent FeIV]O species.
5. Computational details

All the density functional theory calculations were carried out
using the Gaussian 16 (Revision C.01) suite.57 The geometries of
all stationary points were optimised without any restrictions
using the unrestricted B3LYP hybrid density functional58 along
with a double-x quality LanL2DZ basis set with Los Alamos
effective core potential59 for metal (Fe) and a 6-31G* basis set for
the rest of the atoms, such as H, C, O, N, and F. The choice of the
functional is based on the previous literature and the available
related benchmarking.21,60,61 We have also performed a few
benchmark calculations using other functionals—PBE,62 B97-
1,63 TPSSh,64 B3LYP*65,66 and PBE0 (ref. 67)—which span a range
of Hartree–Fock exchange from 0% to 25%. These benchmarks
focus on the S = 1 and S = 2 spin-state energy gap in complex 2.
Experimental data indicate that S= 1 is the ground state, with S
= 2 lying slightly higher in energy. Our B3LYP calculation
reproduces this well, predicting a gap of 5.3 kJ mol−1, while the
other functionals show larger deviations. This supports the
continued use of B3LYP as the most accurate functional for this
system (see Table S18). To ensure that the selected parameters
and computed energetics are well-optimised, we performed SCF
convergence tests in Gaussian using several convergence
criteria. The results were found to be consistent across the
methods (see Table S19). Harmonic vibrational frequency
calculations have been performed to characterise the nature of
all stationary points. Dispersion correction to the optimised
geometry and computed energetics is incorporated using the
EmpiricalDispersion = GD3 keyword.68 All global minima are
identied by all positive frequencies, while the transition states
are indicated by a single imaginary frequency. Intrinsic reaction
coordinate (IRC) calculations were performed at the same level
to verify that the transition states connect the minima on either
side of the saddle point. The energies were rened by the single-
point calculations on the DFT optimised structures at the same
level of theory using an all-electron Def2-TZVPP basis set.69 The
effect of solvation has been incorporated by employing the SMD
solvation model using tetrahydrofuran as a solvent. The nal
energies presented in the manuscript and ESI are solvation and
free energy incorporating enthalpic and entropic contributions
at 298.15 K.
This journal is © The Royal Society of Chemistry 2025
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The net local electric eld strength on Fe and the oxo-ligand
in the Fe–O moiety imposed by LutH+ and the peripheral
functional groups is quantied by using the TITAN code
developed by Shaik and co-workers.44 The effect of a nite
electric eld has been incorporated into the calculations using
the “Field = M ± N” keyword available in Gaussian 16. The
notation denes the axis of the OEEF (M), its direction (±), and
magnitude (N) in au. The strength of the electric eld has varied
between −45 × 10−4 and +45 × 10−4 au (where 1 au = 51.4 V
Å−1) in all systems studied. The electric eld is oriented along
the Z-axis, which is the Fe–O bond direction, as the substrate
approaches the catalyst. At rst, complete geometry optimisa-
tion of various reactants, intermediates, and transition states
was performed using the same level of theory in the presence of
an electric eld of various strengths. This results in the evalu-
ation of geometrical changes in the presence of OEEFs.
Furthermore, to account for the variation in energy on the
optimised geometries, single-point calculations have been per-
formed in the presence of OEEFs. Similar to the eld-free
method, the effect of solvation on the net energy has also
been explored with THF using the SMD solvation model using
the UB3LYP/def2-TZVPP methodology.

Recently, it has been shown that OEEFs could be applied
experimentally using an STM gold tip. To mimic the experi-
mental setup, we have designed a model system where a gold
cluster is connected to the complex through a thiol linker
{(O(CH2CH2)2N)(CH2)3S}. The geometrical relaxation and
binding energy calculations of complex 1 on the Au(111) surface
were performed with periodic PBE/DZVP70,71 setups using the
CP2K suite.72,73 A three-layer slab model with unit cell parame-
ters a = b = c = 2.94 Å was included. For the Au216 and Au48
units, we have used 7 × 8 and 4 × 4 supercells, respectively,
with 25 Å vacuum along the Z-direction. During the optimisa-
tion, we have relaxed the supercell fully, including molecules
and the surface. The transition states were computed with only
the Au5 unit model in the Gaussian suite using the Berny
optimisation method. To exclude any undesirable interaction,
the orientation of the Au5 cluster was constrained, and there-
aer, an OEEF was applied along the reaction axis (Fe–O bond)
of the modelled cluster to investigate the effect of the electric
eld and gold cluster together. We have also explored a non-
metallic surface, like graphene, to investigate a suitable
surface candidate for the fabrication of a catalyst and, there-
aer, the application of OEEFs. To understand the molecular
stability of 1 on the graphene surface, we have performed
periodic DFT optimisation in the CP2k suite using the PBE
functional.72
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