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Abstract
Supported transition metal (TM) complexes are an emerging class of materials with many potential
applications in the chemical industry ranging from separations to catalysis. They offer increased
tunability and often also improved performance over their bulk heterogeneous counterparts. Their
study and rational design is, however, accompanied by several unique considerations and
challenges that we address in this thesis.
The first part of the thesis broadly develops and applies computational screening strategies for
supported TM complexes. First, we detail how weak C-H…O hydrogen bonds can be exploited to
increase selectivity of ferrocenium (Fc+)-based polymer electrode materials for formate adsorption
over perchlorate adsorption while maintaining reasonable desorption rates in the reduced
(ferrocene, Fc) state. Through a systematic characterization of formate and perchlorate interactions
with a small (ca. 40) but diverse set of functionalized Fc+ complexes, we identify and rationalize
design rules for functionalizations that simultaneously increase selectivity for formate in aqueous
environments while permitting rapid release from Fc. Next, we screen a larger (ca. 500) set of
model Fe(II) complexes for methane hydroxylation in order to assess if linear free energy
relationships (LFERs), extensively developed to reduce the computational cost of computationally
screening bulk heterogeneous catalysts, can also be applied to supported single-site TM catalysts.
We demonstrate that structural distortions achievable in porous frameworks and chelating ligands
break these LFERs by altering relative d-orbital splittings, thereby revealing a potential strategy
for improving the activity of these catalysts. Finally, to address a particularly pervasive issue in
density functional theory (DFT) studies of first-row open-shell TM complexes, we investigate how
the fraction of exact exchange parameterized in the functional affects computed reaction and spinsplitting energies. We rationalize this sensitivity in terms of differences in metal-ligand electron
delocalization and introduce the metal-ligand bond valence as a simple, yet robust, descriptor that
unifies understanding of exchange sensitivity for catalytic properties and spin-state ordering in TM
complexes.
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The second part of the thesis investigates olefin metathesis catalyzed by well-dispersed tungsten
oxide supported on silica, a system with industrial relevance as a promising technology for onpurpose propylene production but particularly challenging to study because supported alkylidene
complexes, the purported active sites, are highly unstable and only exist under reaction conditions.
Through a combination of kinetic, spectroscopic and computational studies, we identify a hitherto
unknown active site decay and renewal cycle, mediated by silanol groups proximal to the tungsten
sites, operating in parallel with the classical Chauvin cycle for homogeneous metathesis catalysts
that explains many puzzling features of heterogeneous olefin metathesis. We further show how
this cycle can be manipulated using small quantities of promoter olefins to increase steady-state
propylene metathesis rates by up to 30-fold at 250oC with negligible promoter consumption. The
increase in activity and reduction of operating temperature requirements enabled by this strategy
address major roadblocks associated with tungsten-based industrial metathesis processes.
Thesis Supervisor: Yuriy Román-Leshkov
Title: Professor of Chemical Engineering
Thesis Supervisor: Heather J. Kulik
Title: Associate Professor of Chemical Engineering
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Chapter 1
Introduction
1.1. Supported transition metal complexes
A transition metal (TM) complex is a central metal ion surrounded by an array of several
organic molecules, termed ligands (Figure 1.1). The partially filled d-orbitals in most TM
complexes lead to several easily accessible oxidation states, thus permitting facile binding with
small molecules. This key feature explains the ubiquity of TM complexes in catalytic cycles, both
in chemical synthesis1 and enzymatic processes2. Through rational ligand design and tuning, TM
complexes can be made into highly active and selective catalysts for a wide variety of reactions3.
However, as discrete molecules soluble in aqueous or organic media, TM complexes are not ideal
for use in large-scale industrial chemical production because they are often difficult to separate
from the reaction medium after the reaction is completed1. Thus, with relatively few exceptions,
the chemical industry relies on bulk heterogeneous catalysts despite limited opportunities for
rational catalyst design and tuning (owing to the ill-defined nature of the active sites) and often
poorer activity and selectivity4.

Figure 1.1. (Left) General structure of a TM complex. (Right) Structure of iron
tetraphenylporphyrin, a prototypical TM complex and model of heme enzyme active sites.
This limitation of homogeneous systems could in principle be overcome by immobilizing
the TM complexes on a heterogeneous material, thus yielding a material as active, selective and
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tunable as the original TM complex while permitting facile separation and recycling. At the same
time, such heterogenization would also broaden the applicability of TM complexes to include
separations, leveraging the differences in binding strengths of the active sites with the molecules
to be separated5-6. However, this is not an easy task as TM atoms in their reduced state have a
strong tendency to aggregate into nanoparticles. Well-dispersed heterogenized complexes of bulky
macrocyclic ligands such as porphyrins and phthalocyanines, in which aggregation is hindered by
steric factors, can sometimes be prepared simply by depositing a sufficiently dilute solution of the
complex onto a suitable support, such as graphitic materials which stabilize the complexes through
π stacking interactions7. Specialized synthetic approaches are otherwise required, and the
preparation of stable, well-defined, isolated TM sites has accordingly been a major thrust in
materials chemistry and catalysis in recent years8-9. We briefly review several of these approaches
in the following paragraphs.
One widely used approach involves creating a heterogeneous material by polymerizing
repeat units containing the TM complex of interest. While the poly(vinylferrocene) system studied
in Chapter 2 for electrochemical ion separation10-11, prepared by addition polymerization of the
vinylferrocene monomer, is a straightforward example of this type of material, metal-organic
frameworks (MOFs) are the premier example of this strategy. While in some cases the desired
catalytic functionality is innately part of the MOF framework, it is also possible for the desired
TM complex to be introduced post-synthetically, either through ion exchange12-13 or atomic layer
deposition14, broadening the range of accessible coordination environments in MOFs. Numerous
examples of MOF-catalyzed reactions are known15-16, of which a detailed review is beyond the
scope of the thesis, but it is noteworthy that Fe2(dobdc), a MOF containing Fe(II) sites in weak
ligand field environments, is able to selectively hydroxylate ethane to ethanol and inspired in part
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the study in Chapter 3. While most MOF catalysts simply replicate known homogeneous catalyst
behavior in a heterogeneous manner, the microporous MOF structure can in some cases also confer
additional catalytic advantages, for instance by tuning the product morphology and polydispersity
in ethylene polymerization17. Unfortunately, one significant limitation of many presently available
MOFs is poor stability under harsh reaction conditions18, such as high temperatures or strongly
acidic media, which limits the potential range of reactions for which MOF catalysis may be
applicable.
The incorporation of TM atoms into nitrogen-doped 2D materials, such as graphitic
carbon19 or graphitic carbon nitride20, is a common strategy for the preparation of so-called “singleatom catalysts”, which resemble supported TM complexes in that the coordination environments
of the metal dopants strongly resemble those of ligand fields21. By virtue of the strong metalsupport interactions and stability of the underlying support, these materials better tolerate harsh
reaction conditions and thus are well-suited for the electrochemical oxygen reduction reaction
typically performed under strongly acidic or alkaline conditions22. Typical synthetic procedures
involve the pyrolysis of a suitable template material19,

22

or microwave irradiation-assisted

deposition20. While their demonstrated catalytic performance for a variety of applications is
promising19-20, 22, they nevertheless suffer from the same tunability problem as bulk heterogeneous
catalysis, as the metal coordination environment is largely limited by the carbonaceous support
and systematic improvements are difficult to achieve outside of empirically tuning synthesis
parameters. To retain the tunability of TM complexes while using carbon-based supports, the
Surendranath group condensed TM complexes containing a ligand with a diamine moiety with the
o-quinone edge defects naturally present in graphitic carbon23. Re23, Ru24 and Rh24 complexes were
grafted onto glassy carbons through phenanthroline diamine ligands, yielding highly active and

9

stable electrocatalysts for CO2 reduction, which they named graphite-conjugated catalysts (GCCs).
Strong electronic coupling between the conductive support and TM sites engendered by the newlycondensed pyrazine linkages were found to play a crucial role in improving the activity of GCCs
relative to their direct homogeneous analogues24-25. The application of GCCs to thermal catalysis
remains underexplored and could be promising as, for instance, redox reactions could also benefit
from strong site-support electronic coupling.
The GCC strategy is intimately related to that of surface organometallic chemistry
(SOMC), which in its broadest sense treats the surface of the catalyst support as a ligand, onto
which TM complexes are grafted via known, judiciously selected, chemical reactions between the
molecular precursor and the functional groups on the support9. This idea has existed for several
decades26 and is well-known to produce competent catalysts9 (albeit not in a manner easily scalable
for industrial application), but is of interest today primarily as a mechanistic tool for studying
industrially relevant reactions catalyzed by ill-defined dispersed metal oxides. Two such processes
are olefin metathesis over silica- or alumina-supported tungsten/molybdenum/rhenium oxide27
(the subject of Chapter 5 of the thesis) and ethylene polymerization over silica-supported
chromium oxide (the Phillips catalyst28), for which many mechanistic aspects remain unclear even
after decades of research (we revisit this aspect later in the introduction and again in Chapter 5).
Through SOMC, realistic yet well-defined molecular mimics of these catalysts can be generated
that are amenable to high-quality spectroscopic techniques such as solid-state nuclear magnetic
resonance (NMR) spectroscopy29 not accessible to the corresponding industrial catalysts.
Crucially, purported reaction intermediates can also be synthesized through an appropriate choice
of the molecular precursor, thus allowing proposed catalytic cycles to be entered at almost any
point and tested accordingly. We describe some of these studies as applied to olefin metathesis in
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Chapter 5 of the thesis.
We have seen above how supported TM complexes can be promising materials for a host
of industrially relevant separations and catalytic processes. Nevertheless, the rational design of
these materials is still in its infancy, accompanied by several major challenges that have yet to be
completely overcome. The goal of this thesis is broadly to address these challenges, which can
broadly be summarized into three main classes: (1) computational challenges plaguing complexes
of open-shell TMs, (2) efficient computational screening of TM complexes, and (3) correct
identification and treatment of the active species, both a computational as well as an experimental
concern. (The first two challenges apply equally to supported as well as unsupported TM
complexes, and we have accordingly omitted explicit treatment of the support in the first three
studies presented in this thesis.) These are discussed in greater detail in the remainder of the
introduction.

1.2. Computational challenges associated with TM complexes
An appreciation of the salient challenges in computational TM chemistry necessitates some
understanding of the electronic structure of TM complexes, which we first review. The electronic
structure of TM complexes can be rationalized most simply by crystal field theory, which treats
ligands as point charges interacting with the metal valence d-orbitals solely through repulsive
electrostatic interactions. The ligands experience varying interaction strengths with the d-orbitals
as predicted by their relative spatial orientations. For instance, in an octahedral complex, the dx22
y

and dz2 orbitals destabilized because they point directly towards the equatorial and axial ligands

respectively, whereas the dxy, dxz and dyz orbitals have their lobes directed between the ligands and
do not experience the same destabilizing effect. The net effect is a lifting of the degeneracy of the
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valence d-orbitals. Assuming identical ligands in a perfectly octahedral arrangement, the valence
d-orbitals are split into two degenerate groups, namely the lower-energy t2g derived from the dxy,
dxz and dyz orbitals and the higher-energy eg derived from the dx2-y2 and dz2 orbitals (Figure 1.2). A
more rigorous view based on ligand field theory and molecular symmetry considerations is that
the dxy, dxz and dyz orbitals are of the wrong symmetry to interact with the ligand valence orbitals
and hence of nonbonding character, whereas the dx2-y2 and dz2 orbitals are of the correct symmetry
and thus form a pair of bonding and antibonding orbitals. As the metal-ligand bonding orbitals are
low in energy and completely filled, the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), which are of greatest interest because they govern
chemical reactivity and electronic properties, are usually derived from the nonbonding t2g and
antibonding eg* orbitals respectively. This directly corresponds to the t2g and eg splitting predicted
by crystal field theory. This analysis may be repeated for other coordination geometries of interest
and corresponding d-orbital splitting patterns derived.

Figure 1.2. Splitting of valence d-orbitals in an octahedral TM complex according to crystal field
theory.
A direct consequence of the lifting of d-orbital degeneracy is that there may be more than
one way to populate the valence d-orbitals. For instance, in a d4 octahedral complex (e.g.,
[Mn(H2O)6]3+), the 4 valence d electrons could solely occupy the t2g orbitals (Figure 1.3, left). If
the energy difference between t2g and eg (often termed the crystal field splitting energy, Δo) is less

12

that the repulsion experienced between two electrons of opposite spin in the same orbital, the
paired electron in one of the t2g orbitals could alternatively also occupy one of the antibonding eg
orbitals (Figure 1.3, right). These electronic states vary in their number of unpaired electrons
(triplet and quintet) and hence magnetic properties. For a given metal and oxidation state, the
ground state depends on the magnitude of Δo and in turn the identity of the ligands. The relationship
between ligand identity and Δo may be derived from ligand field theory considerations or
empirically from absorption spectra, as tabulated in the spectrochemical series. The design of spincrossover complexes, in which Δo is sufficiently small for the ground state to vary with external
stimuli, is of great experimental and theoretical interest30-32. At the same time, the study of catalytic
cycles involving open-shell TM complexes necessitates thorough consideration of the reactivities
of different spin states as well as possible crossing points between different spin surfaces. In the
classical two-state reactivity scenario first proposed by Shaik and coworkers33-34, a shallow but
excited quartet surface coexists with a steeper sextet ground surface, which we discuss further in
Chapter 4 of the thesis. Reaction pathways that increase the number of unpaired, spin-identical
electrons on a metal center are favored over those that do not, a phenomenon known as exchangeenhanced reactivity35-36 that has a direct impact on high-valent metal-oxo chemistry, which we
revisit in Chapter 3 of the thesis.

Figure 1.3. Possible valence d-orbital fillings in a prototypical octahedral d4 TM complex such as
[Mn(H2O)6]3+.

The challenges of modern computational methods for the study of TM complexes have
13

been discussed in detail in several recent reviews37-39. Density functional theory (DFT) is the
workhorse of computational catalysis owing to its ease of use and favorable cost-accuracy ratio
for larger systems. More accurate wavefunction theory (WFT) methods such as coupled-cluster
(CC) and configuration interaction (CI)-based methods are available, but scale poorly with system
size (e.g., CCSD(T), the “gold-standard” method in organic thermochemistry scales as O(N6)
whereas DFT scales formally as O(N3)) and are thus impractical for use in most systems of
practical relevance, although recent advances in reducing this scaling through judicious
approximations (e.g., DLPNO-CCSD(T)40) are promising. The theoretical foundations of DFT are
well-known41-42 and will only be briefly discussed here to the extent necessary for understanding
the practical challenges associated with computational catalysis. One often-repeated criticism of
DFT is that it is not systematically improvable unlike WFT methods that rigorously converge
towards the exact solution of the Schrodinger equation. The existence of an exact, universal
functional relating electron density to energy is guaranteed in theory but virtually impossible to
achieve43. Electron interactions in DFT are thus parameterized into various functional forms,
giving rise to a very large zoo of functionals developed according to various theoretical
considerations (e.g., the PBE functional44) and sometimes also by fitting against large energetic
databases (e.g., the M06 group of functionals45). The optimal functional for predicting a desired
energetic or electronic property is often highly system-dependent and not known a priori, thus
leading to numerous benchmarking studies (several representative examples for TM-containing
systems are cited in refs 46-48).
The primary errors in DFT calculations are related to the fundamental issue of electron
correlation. Most DFT functionals unphysically delocalize electrons by predicting that they
interact with their own mean field, a phenomenon known as self-interaction error43,
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49-52

or

delocalization error (DE)53-55. At the same time, most DFT functionals also unphysically
destabilize systems with degenerate or near-degenerate electronic states (often termed strongly
correlated systems or systems with strong multireference character), a phenomenon known as
static correlation error (SCE)56. An elegant conceptual illustration by Yang and coworkers invokes
the dissociation of H2 and H2+ molecules43: partially dissociated H2+ with fractional charges on
each atom are unphysically stabilized by DE, and partially dissociated H2 with fractional spins on
each atom are unphysically destabilized by SCE. These issues are pronounced in TM complexes
because (1) the relative localization of metal d orbitals relative to ligand s and p orbitals is strongly
affected by DE, and (2) SCE is often large in undercoordinated TM complexes or those with weak
ligand fields TM complexes owing to closely-spaced, partially filled valence d and s orbitals37. As
metal-ligand bonding can be viewed as a form of electron delocalization57, properties of TM
complexes dependent on the extent of metal-ligand bonding, such as bond dissociation energies46,
58-60

, spin-splitting energies30, 61, dipole moments62 and NMR shifts63, can be extremely sensitive

to the choice of DFT functional. Energetic differences as large as 20 kcal/mol have been observed
even among functionals commonly used to study TM chemistry30, 46, 58-60. “Chemical accuracy” in
TM complexes is thus often taken to be about 3 kcal/mol64, far higher than that for organic
molecules. Unfortunately, the evaluation of catalytic activity is particularly sensitive even to small
errors because of the exponential dependence of the reaction rate on the activation energy. For this
reason, one should always treat quantitative DFT predictions with great caution. Cancellation of
errors can sometimes be relied upon, for instance when attempting to elucidate trends, as we do in
Chapters 2 and 3 of the thesis. Uncertainty quantification65-67 from statistical analysis of an
ensemble of functionals can also be used to introduce confidence intervals to catalytic predictions
given a suitable ensemble of functionals, for instance BEEF-vdW commonly employed for bulk
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heterogeneous catalysis68. Even qualitative mechanistic predictions can be affected by DE: poor
functional choice has led to unphysical predictions of barrierless hydrogen abstraction69, spurious
short-range70 and long-range71 charge transfer, and identification of the wrong spin surface72.
Fortunately, the majority of these cases can be easily rectified by a timely diagnosis and selection
of a suitable functional.
Hybrid DFT functionals, which incorporate a fraction of exact (Hartree-Fock, HF)
exchange, provide a straightforward approach in practical DFT to correct DE73 at a reasonable
computational cost, albeit at the cost of worsening SCE43. The fraction of HF exchange is thus one
of the most frequently varied parameters among DFT functionals and explains in large part the
observed sensitivity of energetic predictions to functional choice. Unfortunately, the optimal
fraction of HF exchange, as judged by comparison to accurate WFT methods, is strongly systemdependent and cannot be determined a priori74-75. We systematically investigate the effect of HF
exchange on computed reaction, activation and spin-splitting energies as might be relevant to
open-shell TM catalysis in Chapter 4 of the thesis.
Finally, in addition to challenges associated with the TM site itself, accurate computational
treatment of the catalyst support is also an important issue to be addressed and an active area of
research which we have not investigated in the thesis. Given knowledge of the precise active site
environment (e.g., from a crystal structure), the simplest approach would be to devise a cluster
model of the active site and treat the resulting fragment as a homogeneous TM complex, as we
have done throughout the thesis. This approach, however, fails to account for potential long-range
electronic effects and confinement effects as could potentially exist in, for instance, a microporous
material. Periodic DFT simulations of unit cells, as is standard in computational heterogeneous
catalysis today, offer the next simplest solution, but at a far higher computational cost. Post-DFT
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accuracy in these systems, as might be desired in strongly correlated supports such as graphitic
carbon or certain TM oxides, could in principle be achieved through various embedding strategies
well beyond the scope of the thesis.

1.3. Efficiently traversing TM complex chemical space

Adapted in part with permission from:
Janet, J. P., Gani, T. Z. H., Steeves, A. H., Ioannidis, E. I., and Kulik, H. J. Leveraging
Cheminformatics Strategies for Inorganic Discovery: Applications to Redox Potential Design.
Industrial & Engineering Chemistry Research 56, 4898-4910 (2017).
Copyright 2017 American Chemical Society.
To understand why virtual high-throughput screening (VHTS) of TM complexes is
difficult, it is instructive to first look at applications where VHTS has proven to be successful and
is widely used. VHTS itself is not new to chemistry, having been established decades ago in
therapeutic drug discovery76 for screening large libraries of molecules based on their steric and
electronic features77 or for their estimated binding energies to a known target. However, recent
advances in computational power and computational methods over the past few years have
broadened the applicability of VHTS to applications requiring first-principles (e.g., DFT) property
evaluation, such as catalyst and materials design that the thesis is concerned with. VHTS discovery
efforts have particularly excelled in the design of bulk heterogeneous materials78-85 because (1) the
chemical space to be explored is well-defined and low-dimensional, and (2) software for the rapid
generation and management of geometric structures and inputs to first-principles calculations is
readily available79, 86-87. Examples of low-dimensional chemical space exploration have included:
variation of binary alloys to discover new heterogeneous catalysts78, 88, discovery of metal-organic
17

frameworks89-93 through enumeration based on a small set of building blocks94, and definition of a
narrow pool of organic components for evolutionary design of organic light emitting diodes95-96.
Screening efforts within the solid-state community have particularly benefited from open-source
tools79,

86-87, 97

to automate computational materials design98. These codes leverage low-

dimensional design spaces by retrieving and permuting crystal structures from freely available
databases and automate the calculation of properties with DFT. Open-source tools for crystal
structure prediction using optimization strategies have also been developed.99-102 For
heterogeneous catalysis in particular, the Atomic Simulation Environment (ASE)78 enables the
generation of periodic slabs with adsorbates and interfaces to a number of electronic structure
codes.
In the context of organic molecule discovery, fewer tools for discovery and optimization
have been developed for the broader community wishing to carry out high-throughput, firstprinciples-based screening owing to their commercial relevance to the pharmaceutical industry.
Instead, the academic community typically builds ad hoc screening approaches on top of opensource cheminformatics-oriented toolkits such as Open Babel or RDKit and their Python
wrappers103-104, the Java-based chemical discovery kit (CDK)105, or their commercial equivalents.
Successful demonstrations of the value of VHTS have included the discovery of new electrolyte
materials106-107, organic light-emitting diodes95-96, and photovoltaics108-109. In all of these
applications, the infinitely large, high-dimensional, poorly-explored chemical space of possible
organic molecules (there are at least 1060 synthetically feasible organic molecules110) was managed
by limiting the search space to combinations of predefined building blocks. Advanced molecular
design strategies have included application of evolutionary algorithms to organic molecule
optimization95, 111-112 or optimization in the descriptor space of a surrogate (i.e., artificial neural
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network) model and subsequent decoding back to molecular representations96. Each of these firstprinciples efforts has in common a reliance on cheminformatics-derived tools; these discovery
workflows harness machine-readable molecular representations (e.g., SMILES strings113) to carry
out efficient molecule generation and characterization.
The above examples show that successful VHTS requires a combination of several
ingredients, including (1) software packages for generating and automating computational input,
(2) a well-defined search space, and (3) available methods for computing the desired properties at
a sufficiently accurate level. Unfortunately, neither the strategies for building bulk material
structures nor the tools for building organic molecules perform satisfactorily for generating
structures of TM complexes. To this end, molSimplify114, an automated, open source toolkit for
the first-principles screening and discovery of new inorganic molecules and intermolecular
complexes, was developed in conjunction with the thesis. To aid structure building in inorganic
chemistry, we developed a divide-and-conquer approach to the generation of inorganic complexes
that separately treats metal-proximal and metal-distant components. Ligands obtained as SMILES
strings113 or in Cartesian coordinates are preoptimized with a class II force field (MMFF94)115 that
has been parameterized to yield highly accurate bond lengths and angles for organic molecules, as
implemented in Open Babel103-104. A database of DFT-trained metal-ligand bond lengths is then
used to set the coordination distance of organic components to a metal “core”, with alignment also
minimizing steric repulsion between adjacent ligands (Figure 1.4). The code supports a variety of
coordination numbers and orientations as well as the possibility to distort structures from ideal
coordination geometries. For an arbitrary complex, a database of discrete training values is used
to provide an initial metal-ligand bond length. Each database entry has an associated series of keys,
including ligand identity, metal identity, oxidation state, spin state, exchange-correlation
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functional, and coordination number. The code attempts to match the most relevant keys (i.e.,
metal, full ligand identity) to the complex being studied to the database in order to assign the
trained metal-ligand bond length. If no minimum database match can be found (i.e., metal and
connecting atom identity), then the sums of covalent radii of the metal and connecting ligand atom
are used to assign bonds.

Figure 1.4. Schematic of molSimplify structure building: (top) the user selects a metal and
coordination environment as well as ligands from a database that are force field preoptimized;
(bottom) the ligand is aligned to the metal coordination site and the metal-ligand bond distance
(dM-L) is set from a database of values or from an ANN.
Over a test set of 150 molecules, we found114 trained metal-ligand bond lengths and forcefield preoptimization to improve structure generation by reducing initial gradients and relative
energies of starting structures with respect to structures built using sums of covalent radii for the
metal-ligand bond. These generated structures also substantially outperformed the Universal Force
Field (UFF)116, a force field developed for inorganic complexes, 75% of the time, as assessed by
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relative energies of the generated structures. UFF outperformed molSimplify114 only for bidentate
structures in which ligand rigidity prevented satisfying desired coordination geometries.
Examining monodentate structures reveals molSimplify114 is superior to UFF in 95% of 21 cases.
An additional advantage of this structure generation approach is that it greatly simplifies VHTS
efforts in inorganic chemistry by automating both the generation of coordination complexes as
well as intermolecular complexes, e.g. for binding energies as we apply to Chapter 2 of the thesis.
At runtime, electronic structure input files are generated as well as a molSimplify input file that
can exactly regenerate the structure at some later point in time. The code comes with numerous
built-in ligands in a prepopulated database, but also interfaces to alternate databases such as
ChEMBL117, from which ligand candidates other than the prepopulated ligands can be searched
for if desired. We subsequently also extended the structure generation routines to build
nonequilibrium structures, such as transition state (TS) geometries, a feature leveraged in Chapter
3 of the thesis.
Having addressed the issue of TM complex structure generation, we now turn towards the
issue of TM complex chemical space, even larger than organic molecule chemical space once
permutations of metal identity, oxidation state, spin state and ligand identities are considered. In
Chapter 2 of the thesis, we sidestep this issue by functionalizing a known complex with functional
groups drawn from a relatively small, hand-curated pool. More broadly, TM complex optimization
has been pursued through the linear combination of atomic potentials (LCAP) method118-120,
introduced by Yang and Beratan to make the molecular optimization problem continuous, but
mapping of the continuous representation back to a real molecule could prove to be challenging.
We adopt a similar approach in Chapter 3 of the thesis, artificially constraining bond lengths and
dihedral angles in catalyst models constructed from minimal ligand models. This approach,
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previously demonstrated for the design of closed-shell Zn carbonic anhydrase mimics121, leverages
the locality of TM chemistry122-123 to reproduce variations in metal-ligand electronic environments
at a reasonable computational cost. While it is well-suited for identifying trends as we demonstrate,
it faces the same issue as Yang and Beratan’s approach in that mapping an optimal point in minimal
model complex space back to a real molecule could be challenging. Alternative approaches include
constructing complexes by optimizing the number and position of charges124 or in a shellwise
manner125 for iterative construction of TM complexes, or, as we implemented in molSimplify but
did not use in the thesis, searching large, freely accessible databases of organic molecules for
ligand candidates matching structural and compositional criteria126-127.
Notwithstanding the errors inherent to DFT that we have discussed above, the firstprinciples evaluation of catalytic properties is particularly expensive, necessitating in its most
general formulation the calculation of activation energies of all elementary steps for each catalyst
candidate. To do so by DFT for a large number of complexes is cost-prohibitive even by today’s
standards128. Instead, the computational cost of assessing catalytic activity can be greatly reduced
by relating it to efficiently computed descriptors. An early study by Jensen and coworkers assessed
the fitness of candidate catalyst molecules using a heuristic structure-property relationship129.
VHTS of bulk heterogeneous catalysts extensively leverages linear free energy relationships
(LFERs), i.e., linear scaling relations between intermediates130-132 and Brønsted-Evans-Polanyi
(BEP) relations133-134 between activation and reaction energies, to relate overall catalytic activity
to the energies of key intermediates81, 135-137. Computational studies of the applicability of LFERs
in single-site catalysts have yielded mixed results. In electrochemical reduction of O2138-141, CO2142
and N2143, LFERs have been observed across variations in metal and ligand connecting atom
identity within a fixed scaffold143, but the covalency of metal-reactive-moiety bonds has also
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resulted in slopes that do not agree with bond order conservation140. A study of the Suzuki coupling
reaction by Corminboeuf and coworkers appeared to yield satisfactory LFERs144. We thoroughly
explore this issue in Chapter 3 of the thesis.
Yet another concern in supported TM complexes that is comparatively rare in bulk
heterogeneous materials is the possibility of introducing through-space noncovalent interactions
(NCIs), such as proximal hydrogen bond (HB) donors138-139 and distal positively charged
groups142. These NCIs can effect sensing145-146 and separations10 as well as affect catalytic
properties11,

131-132, 135-136, 147

by interacting distinctly with differing species or catalytic

intermediates. Designing and controlling these interactions is thus also an important aspect of
supported TM complexes, of which the design of HBs is particularly interesting owing to their
directional nature. We study examples of how NCIs, particularly HBs, can be designed for
separations and catalysis applications in Chapters 2 and 3 of the thesis.

1.1. Efficiently traversing TM complex chemical space
An issue that is pervasive in the study of heterogeneous catalysis is that the structure of the
active site and identities of catalytic intermediates are often difficult to positively identify,
primarily because of a relative paucity of spectroscopic techniques for studying heterogeneous vs.
homogeneous systems. This is a significant hindrance both for experimental and computational
study. Even supposedly well-defined materials such as MOFs may contain catalytically active
defect sites148 that are very difficult to identify or characterize experimentally, much less model
computationally. The use of ill-defined support materials, such as graphitic carbon with numerous
heteroatom-containing defect sites or amorphous silica with an essentially random network of
silanol groups, will also lead to a certain degree of active site heterogeneity even in molecularly
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defined materials such as the GCCs or SOMC materials described earlier. Amorphous silica in
particular is troubling because its use is necessary to replicate industrially relevant catalysts, such
as the Phillips polymerization catalyst (chromia on silica) and the metathesis catalyst (tungsta on
silica) studied in Chapter 5 of the thesis. Even the grafting of tungsten complexes onto amorphous
silica by SOMC149-151 will produce a kinetically trapped distribution of monomeric tungsten sites
with varying degrees of surface strain and reactivity151-152, the accurate computational treatment
of which remains an open question153. One might, however, envision the minimal model screening
approach applied in Chapter 3 of the thesis to be a suitable technique for predicting how the active
site geometry affects its reactivity, as opposed to attempting to reproduce experimentally observed
reactivity, which would not only require high-fidelity surface models, but also suitable statistical
averaging techniques154. Furthermore, because active catalytic sites are often unstable, such as the
high-valent metal-oxos and metal alkylidenes studied in this thesis, many so-called heterogeneous
catalysts are more accurately termed precatalysts, demonstrating catalytic activity only under
certain reaction conditions or after suitable pretreatments are effected. Supported tungsten oxide
has no intrinsic metathesis activity, and is thought form catalytically active tungsten alkylidenes
only under high-temperature reaction conditions27, 155. Interestingly, the exact same issue plagues
the Phillips polymerization catalyst, which self-initiates ethylene polymerization (most other
olefin polymerization catalysts, such as Ziegler-Natta catalysts, require alkylaluminum
cocatalysts) under reaction conditions through a mechanism that continues to be the subject of
intense debate156. Cases like these where not all TM-containing sites are actually active further
complicate characterization by preventing the use of bulk characterization techniques, which
would gather information primarily of inactive spectator material in addition to the actual active
sites. Taken together, these issues explain why so little is known about the heterogeneous
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metathesis process studied in Chapter 5 of the thesis, and why our findings are particularly
significant in this light.
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Chapter 2
Designing Hydrogen Bonds in Functionalized Ferrocenium-Based
Materials for Electrochemical Ion Separation
Reproduced in part with permission from:
Gani, T. Z. H., Ioannidis, E. I., and Kulik, H. J. Computational Discovery of Hydrogen Bond
Design Rules for Electrochemical Ion Separation. Chemistry of Materials 28, 6207-6218 (2016).
Copyright 2016 American Chemical Society.

2.1. Summary
Selective ion separation is a major challenge with far-ranging impact from water desalination to
product separation in catalysis. Recently introduced ferrocenium(Fc+)/ferrocene(Fc) polymer
electrode materials have been demonstrated experimentally and theoretically to selectively bind
carboxylates over perchlorate through weak C-H…O hydrogen bond (HB) interactions that favor
carboxylates, despite the comparable size and charge of the two species. However, practical
application of this technology in aqueous environments requires further selectivity enhancement.
Using a first-principles discovery approach, we investigate the effect of Fc/Fc+ functional groups
(FGs) on the selectivity and reversibility of formate-Fc+ adsorption with respect to perchlorate in
aqueous solution. Our wide design space of 44 FGs enables identification of FGs with higher
selectivity and rationalization of trends through electronic energy decomposition analysis or
geometric hydrogen bonding analysis. Overall, we observe weaker, longer HBs for perchlorate as
compared to formate with Fc+. We further identify Fc+ functionalizations that simultaneously
increase selectivity for formate in aqueous environments but permit rapid release from neutral Fc.
We introduce the materiaphore, a 3D abstraction of these design rules, to help guide next-
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generation material optimization for selective ion sorption. This approach is expected to have
broad relevance in computational discovery for molecular recognition, sensing, separations, and
catalysis.

2.2. Introduction
The removal of ions from solution is a crucial challenge with applications ranging from
water desalination157, wastewater treatment158, and capture of valuable metals from seawater159 to
product separation in homogeneous catalytic processes160. At present, the commonly used methods
of distillation161, sorption159, and filtration157 are energy-inefficient, slow, or expensive. Formate
is a major product of photochemical162, biological163 and electrochemical164 CO2 reduction, and its
in-situ capture could potentially play a role in integrated liquid-based CO2 capture and hydrogen
storage technologies165-166. Hence, the development of low-cost and energy-efficient methods for
separating ions such as formate would not only significantly reduce carbon emissions and energy
costs but also provide new routes to useful chemicals167. However, selective recovery of ions from
solution is particularly challenging due to high similarity in shape and charge between ions in
solution146.
Electrochemical separations of charged species from neutral species via Coulombic
attraction have demonstrated promise due to their switchability, speed, and energy-efficiency10,
168-170

. The reversible one-electron oxidation of ferrocene (Fc) to ferrocenium (Fc+) renders it

suitable for a wide range of electrochemical applications171-173 and recently a Fc/Fc+-based redox
system consisting of polyvinyl(ferrocene) polymer adsorbed on a carbon nanotube electrode was
shown to reversibly and selectively bind carboxylates (e.g. formate) over perchlorate in organic
solvent 3000-fold and aqueous solution 140-fold10. Although the aqueous solution separation ratio
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in water is impressive considering the strong electrostatic screening due to water's large dielectric
constant (ca. ε=80 at room temperature), practical aqueous separation in typical applications
mandates further improvement in selectivity. The different affinities of Fc+ for the two anions
despite comparable size and charge suggests more complex interactions than pure Coulombic
attraction174-177, and density functional theory (DFT) calculations preliminarily attributed10 the
selectivity to differences in hydrogen bond (HB) strengths of anions to Fc+.
Strong, directional hydrogen bonding is a key paradigm in selective anion recognition146,
178-181

, catalysis182-186, drug design187-190 and materials design191-193. In anion recognition in

particular, HB donors distributed uniformly around a cavity of desired size146, 178, 194-195 have been
shown to be suitable for size-selective sensing of symmetric anions, whereas shape-selective
sensing is achieved via orienting the same strong HB donors to match locations of HB acceptors
in the target anion146, 178, 180-181, 196. Typical strong HB donors employed include amides/amines146,
178-181

and triazoles181. Many of these designs have incorporated the Fc moiety due to the ease of

functionalization178, 180, 197 of its rigid sandwich structure, albeit binding at the HB donor, not
proximal to the Fc core. The structure and properties of unsubstituted198 and substituted199-200 Fc
and Fc+ have also been investigated with computational DFT studies. Redox-selective sensors145,
178, 180, 201

have also been created based on the reversible one-electron oxidation of Fc typically

accompanied by irreversible binding, although reversible adsorption is required for separations10.
The central importance of HBs in materials design and fundamental chemistry has
motivated development of classical electrostatic models181, 202-203 and empirical correlations203-205,
and first-principles computational modeling is crucial to the continued development of
understanding hydrogen bonding206-208. In response to recent experimental and theoretical
advances, the International Union of Pure and Applied Chemistry recently broadened the HB209
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definition to be “an X-H…Y interaction where X is more electronegative than H and there is
sufficient evidence of H…Y bond formation”. Of particular interest to the selective sorption of
anions at Fc+ is the weak hydrogen bond, a class of HBs where the HB donor and/or acceptor is of
moderate to low electronegativity210-212. C-H…O HBs, better known in structural biology212-213,
were recently implicated10 through combined computational and experimental study to be key for
selective carboxylate adsorption with Fc+. Although initially thought to be indistinguishable from
van der Waals forces214-215, extensive crystallographic210-212, 216 and computational217-218 evidence
of C-H…O strength and directionality has reclassified C-H…O interactions as weakly directional
HBs212. We thus hypothesize that the Fc+ core can be functionalized to further improve selectivity
for anion separation in aqueous solutions while maintaining weak reversible adsorption by tuning
strength and numbers of C-H…O interactions.
DFT-based computational screening has become an increasingly valuable tool for the
design and discovery of new materials80-85 thanks both to recent improvements in computational
efficiency and accuracy (e.g., in descriptions of intermolecular forces through direct treatment of
dispersion219-220). In this chapter, we carry out the first computational screen to identify design
strategies for Fc+ core functionalization to maximize formate selectivity and reversibility in the
Fc/Fc+ redox system. We rationalize electronic structure factors driving selective, reversible
formate adsorption across our design space and summarize ideal materials properties via a novel
3D abstraction expected to have broad relevance as a general approach for materials design.

2.3. Computational Methods
First-principles calculations. Initial electronic structure calculations, including single point
energies and geometry optimizations, were carried out using the TERACHEM221-222 graphical
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processing unit (GPU)-accelerated quantum chemistry package with the B3LYP223-225 hybrid
exchange-correlation functional. The default definition of B3LYP in TERACHEM employs the
VWN1-RPA form for the LDA VWN226 component of LYP223 correlation. Iron, bromine and
iodine were treated with the LANL2DZ effective core potential227, and the 6-31G* basis was used
for the remaining atoms. Results were found to be generally insensitive to basis set size. Fc+ cores
were simulated with a +1 charge and doublet spin multiplicity, and all Fc+-anion complexes were
simulated with a neutral total charge and doublet spin multiplicity. Reduced Fc structures and
complexes were assigned an additional -1 electron charge and simulated as unrestricted singlets.
Both Fc+ and Fc calculations were spin-unrestricted with virtual and open-shell orbitals levelshifted228 by 1.0 eV and 0.1 eV, respectively, to aid self-consistent field (SCF) convergence to an
unrestricted solution. Dispersion interactions were modeled by augmenting B3LYP with the
empirical DFT-D3 correction219. Selected comparisons using the long-range corrected hybrid
exchange-correlation functional ωPBEh229 were also carried out. The aqueous solvent
environment was modeled using an implicit polarizable continuum model (PCM) with the
conductor-like solvation model (COSMO230-231) and ε=78.39. The solute cavity was built using
Bondi’s van der Waals radii232 scaled by a factor of 1.2 for available elements and 2.05 Å for iron.
The process of adsorption between formate or perchlorate and the FG-Fc+ requires partial
desolvation of either the formate or perchlorate ion and the associated FG-Fc+. We address this
desolvation contribution through our use of a polarizable continuum implicit solvent model. Nearchemical accuracy is achieved between our model of formate-perchlorate relative adsorption of 4
kcal/mol (2 kcal/mol with entropic contributions) with unfunctionalized Fc+ and experimental
value of 3 kcal/mol10. This agreement suggests beneficial cancellation of errors in the computed
relative adsorption energies, which should be even stronger when comparing selectivity trends

30

upon FG tuning.
Structures. Geometry optimizations in the gas phase on molSimplify-generated114 structures
were carried out using the L-BFGS algorithm in Cartesian coordinates as implemented in DLFIND233. For unfunctionalized Fc+-anion adsorption studies, we employed the molSimplify
additional molecule placement feature, which randomizes distance and orientation of the anion
around the core Fc+. The initial Fc+-anion distance was constrained to be between 1 and 10 Å
larger than the optimal distance between the two based on zero overlap between van der Waals
radii. These unfunctionalized Fc+ calculations were carried out with gas-phase optimization
followed by a COSMO single point energy. For functionalized structures (FG-Fc+) with an
attached functional group (FG), COSMO optimizations were carried out on gas-phase-preoptimized structures.
For FG-Fc+-anion adsorption studies, molSimplify was used to replace a hydrogen atom
adjacent to the anion on the unfunctionalized, pre-optimized Fc+-anion "custom core" in the lowest
energy adsorption mode with a new FG through the replace feature. The code aligns the new FG
along the bond vector of the previously removed FG, assigns the new FG-core bond distance
according to the sum of covalent radii, and performs pre-defined rotation routines to reduce steric
repulsion. This approach ensures maximum coincidence for the initial position of the ion across
FGs and ensures evaluation of direct anion-FG interactions. Effects in the weaker, indirect
adsorption configurations were also explored (Supporting Information Figure S3).
Analysis. Anion adsorption energies were calculated by subtracting the total electronic
energies of optimized isolated Fc+,
anion/Fc+ complex,

, and anion,

, from the energy of the optimized

:
.
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(1)

Basis set superposition error, as calculated with the counterpoise scheme234, was neglected after it
was determined to be small and independent of the different FGs being compared. Similarly, zero
point vibrational energy and entropic contributions to relative binding, as obtained from frequency
calculations on gas-phase optimized geometries were neglected due to small differences and
negligible effect on any computed trends.
Natural bond orbital (NBO) partial charges were obtained from NBO analysis as
implemented in the NBO v6.0 package235 interfaced with TERACHEM. Gas-phase absolutely
localized molecular orbital-energy decomposition analysis (ALMO-EDA)236 was performed in
QChem 4.2237 on TERACHEM solvent-optimized geometries for all FG-Fc+/anion pairs. ALMOEDA decomposes the binding interaction into frozen density (FRZ), polarization (POL) and
delocalization (DEL) terms and gives the charge transfer (CT) from the anion to Fc+ in millielectrons. The gas phase ALMO-EDA analysis with B3LYP overestimated the extent of charge
transfer in some cases, and these points were excluded from some analysis. The quantum theory
of atoms in molecules (QTAIM) bond critical points (BCPs)238 of all solvent-optimized anion-Fc+
complexes were identified with the Multiwfn package239. As defined in Ref. 240, HB energies were
estimated from the potential energy density (V) of the closest BCP to a putative HB:
.

(2)

2.4. Results and Discussion
In order to identify the most stable adsorption mode between formate and Fc+, we
generated and geometry-optimized 100 formate-Fc+ complex random initial configurations. The
optimized structures may be grouped into six adsorption modes distinguished by i) the distance of
the formate center of mass (COM) to the Fc+ iron and ii) formate orientation (Figure 2.1). Four
32

adsorption modes, similar to those that have been previously observed241, have a lateral formate
with: i) open Fc+ (centered at 2.5 Å, lat-open), closed Fc+ with ii) both oxygen atoms (3.5 Å, lat2O), iii) one oxygen (3.8 Å, lat-angle), or iv) the hydrogen (3.7 Å, lat-H) atom oriented towards
Fc+. The closed Fc+ adsorption modes have HBs between formate oxygen atoms and
cyclopentadienyl (Cp-) ring hydrogen atoms, whereas in the lat-open adsorption mode formate
oxygen atoms directly coordinate the Fe center. Two vertical adsorption modes in which a formate
binds to one of the Cp- rings correspond to: v) both formate oxygen atoms oriented toward Fc+
(4.5 Å, vertical1) or vi) one oxygen atom oriented away from Fc+ (4.8 Å, vertical2).

, in kcal/mol) versus iron-anion center of mass distance
Figure 2.1. Adsorption energies (
+
(d(Fe-ACOM), in Å) for 100 formate-Fc complexes. The data is clustered into 6 adsorption modes
of formate on Fc+: i) an open lateral mode (lat-open, green circles), ii-iv) three closed lateral modes
(lat-2O, red circles; lat-angle, gray circles; lat-H, yellow circles), and v-vi) two vertical modes
(vertical1, blue circles and vertical2, brown circles).
These six adsorption modes produce a wide range of solvent-screened

from -4

kcal/mol for the weakest (iv, lat-H) adsorption mode up to -14 kcal/mol for the strongest (ii, lat2O). The relative

of the local minima depend only weakly on the formate-Fc+ distance and
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are more sensitive to bonding variations: non-covalent interactions present in lat-angle, lat-H and
lat-2O; C-O covalent bonding confirmed through NBO analysis for vertical1 or vertical2; and a 1.9
Å metal-ligand Fe-O bond for lat-open. The two lowest adsorption modes ca. -11 to -13 kcal/mol
are i) lat-open and ii) lat-2O, and we expect the latter to be the dominant adsorption mode because
opening the Fc+ sandwich structure (Figure 2.1, bottom left) to produce lat-open is a strongly
activated process involving breaking of multiple Fe-C π bonds. The vertical adsorption modes are
significantly weaker due to disruption of Cp- aromaticity, whereas the lat-angle and lat-H modes
are less amenable for forming hydrogen-bonding interactions. We also geometry optimized 100
random initial configurations of perchlorate with Fc+ and observed a single lateral adsorption mode
with a narrow

distribution (-7 ± 0.5 kcal/mol). This single mode is consistent with

perchlorate's symmetry, which prevents the formation of optimal, directional HBs, and its larger
size that makes open binding unfavorable.
We hypothesize that formate and perchlorate

will be modulated differently

through Fc+ core functionalizations due to differences in the geometric and electronic properties
of the anions (structures shown in Figure 2.2). A total of 44 different commonly-employed FGs
(Figure 2.3) of varied size, polarity and electron donating or withdrawing ability were included
along with several FGs that have been experimentally synthesized for catalysis242 (FGs 43 and 44).
The reduced 44 FG set was obtained after exclusion of 6 cases that did not converge to the most
favorable lat-2O adsorption mode. Acidic FGs were excluded from the set due to potential reaction
with formate and the basicities in water of all FG-Fc+ with known basic moieties were calculated
and found to be negligible. We then grouped the FGs by the largest difference in Pauling
electronegativity (χ) between bonded atoms i and j:
.
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(3)

Using this relative polarity metric, the 44 FGs may be divided into three roughly equally sized
groups as: i) nonpolar: < 0.4 (red, 14 FGs), ii) slightly polar: 0.5 to 0.8 (green, 14 FGs), and iii)
polar: > 0.8 (blue, 16 FGs). For planar or highly asymmetric FGs (e.g., –CHO, FG 14 in Figure
2.3), we generated an additional structure with the anion on the opposite side and kept the lower
energy complex after geometry optimization.

Figure 2.2. Anion complexation with unfunctionalized Fc+. The attachment point for an FG is
indicated by a white sphere. The magenta and green dashed lines represent short (< 2.3 Å) and
long (> 2.3 Å) HBs, respectively.
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Figure 2.3. FGs in the computational screening data set. The connection to the Fc+ core is denoted
by a gray bond, and the colors of FG indices represent polar (blue), slightly polar (green) and
nonpolar (red) character.
In the majority of cases, FGs strengthen both formate and perchlorate adsorption with
respect to the pristine Fc+, but formate has a wider range of

to FG-Fc+s (-9 to -22 kcal/mol)

than perchlorate (-7 to -13 kcal/mol), suggesting that it should be possible to enhance selectivity
for formate over the pristine case (Figure 2.4). Indirect adsorption modes that would be preferred
for anion/FG-Fc+ complexes with

less than unfunctionalized Fc+ were also considered but

found to be less amenable to HB design compared to direct adsorption. In order to identify FGs
that tune Fc+ selectivity for formate, we computed relative formate (f)/perchlorate (p) adsorption
energies (

):
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,

(4)

where values less than 0 denote stronger formate adsorption. Our screen produced 14 new FG-Fc+
structures with increased formate selectivity over unfunctionalized Fc+ (

= -4 kcal/mol) and

a wide range (-11 to -1 kcal/mol) of relative selectivities. We identified that
correlated to

is well-

with a linear best-fit (R2=0.9):
,

(5)

suggesting that formate selectivity can be increased by enhancing formate adsorption (Figure 2.5).
Strongly polar FGs such as 43 (alkanolamine,

= -11 kcal/mol), 44 (methyl amide), 16

(amide) and 1 (amine) (Figure 2.3) exhibit the strongest formate adsorption and, thus, formate
selectivity, whereas bulky, nonpolar FGs such as diisopropylamine (3,

= -1 kcal/mol) are

the weakest. In order to interpret subtler adsorption trends, we consider in detail the electronic and
geometric properties of interactions in anion/FG-Fc+ complexes.

Figure 2.4. Histogram of
(in kcal/mol) for formate (red) and perchlorate (green) to FG-Fc+
complexes. The dashed lines (red for formate, green for perchlorate) denote
for the
+
+
unfunctionalized Fc . Formate shows a wider range of adsorption energies with FG-Fc versus a
narrower range for perchlorate.
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Figure 2.5. Relative formate-perchlorate adsorption energies (
, in kcal/mol) versus
+
corresponding formate adsorption energy (
, in kcal/mol) to FG-Fc . The black dashed line
2
indicates a linear best-fit (R =0.9). FGs are grouped by polarity: nonpolar (red squares), slightly
polar (green triangles), and polar (blue circles), as described in the main text. Annotated structures
are indicated by larger, filled symbols.
Although anion-Fc+ adsorption energies are due to both electrostatics and hydrogen
bonding10, we hypothesize that FGs tune HB strength more than they alter electrostatics. In order
to reveal HB strength, we begin by analyzing nonbonded distances between HB donors and
acceptors in anion-Fc+ complexes. We have selected a 3.0 Å H…O HB distance cutoff consistent
with i) the longest HBs for which QTAIM bond critical points (BCPs)240 were detected and ii) the
longest and weakest CH…O bonds observed experimentally210. Unfunctionalized Fc+ forms two
shorter CH…O bonds ca. 2.2 Å and two longer bonds ca. 2.4 Å with formate (Figure 2.2). The 3.5
Å height of Fc+, as defined by the eclipsed H-to-H distance on the two Cp- rings is too large to
accommodate four short HBs to formate. To obtain four shorter, and presumably stronger, 2.2 Å
HB distances, a less obtuse C-H…O angle of 127°, which is only observed experimentally for long,
weak HBs210, would be required. In comparison to formate, perchlorate forms weaker but more
numerous (6 in perchlorate vs. 4 for formate) C-H…O bonds with unfunctionalized Fc+. Despite a
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greater number of HBs, only one shorter 2.3 Å HB is observed, with the remaining 5 ranging from
2.4 to 2.6 Å.
Strong HB donors that form short HB distances are indeed a good indicator of FG-Fc+
structures with high

. The strongest-binding FG, alkanolamine (43), forms an O-H…O HB

with a 1.6 Å H…O distance between the alcohol H and the formate O (Figure 2.6), which is shorter
than typical 1.7 to 2.0 Å243 H…O distances due to the negative charge on formate. In this complex,
formate prefers an angled orientation to minimize distance to the HB donor on the FG rather than
a lateral orientation preferred in pristine Fc+. Beyond HB donor strength alone, more proximal HB
donor placement is observed to strengthen formate adsorption and selectivity by introducing a third
short, 135° HB without interrupting the short HBs to one Fc+ Cp- ring. Two notable examples of
this effect are the methyl FG (36) and the isopropyl sulfide FG (28), in which formate

is

increased by 1 and 3 kcal/mol, respectively, despite sp3 HBs (i.e., the FGs) generally being much
weaker than sp2 HBs203 (i.e., the Cp- ring). Isopropyl sulfide (28) also strengthens

by altering

formate orientation from lat-2O to a nearly perpendicular lat-angle adsorption mode in which a
short 1.9 Å, nearly linear HB is formed between formate and the FG.
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Figure 2.6. Hydrogen bonding interactions between (43) alkanolamine-functionalized Fc+ and
formate (top left) or perchlorate (top right) compared to (3) diisopropylamine-functionalized Fc+
and formate (bottom left) or perchlorate (bottom right). The magenta and green dashed lines
represent short (< 2.3 Å) and long (> 2.3 Å) HBs, respectively.
Alternatively, formate

can be lowered if the FG disrupts the strongly favorable

formate-Cp- interactions. The isopropyl hydrogen atom HB donors of the weakest binding and
least selective FG, diisopropylamine (3) are too far away from the Fc+ core (Figure 2.6). These FG
HB donors pull formate away from the Fc+ core (Fe to anion distance of 4.1 Å versus 3.5 Å in the
unfunctionalized case), which simultaneously weakens HBs with Cp- ring and reduces the
distance-dependent electrostatic contribution to adsorption.
Consistent with the correlation between formate adsorption and selectivity (Figure 2.5), the
specific FGs that strengthened formate adsorption do not strengthen perchlorate adsorption. For
the strongest formate-binding FG (alkanolamine, 43), there is no direct FG-perchlorate interaction,
and the FG instead forms a 2.0 Å intramolecular O-H…N bond with itself. Most of the 7 longer CH…O HBs (2.3-2.7 Å) are instead between perchlorate and the FG ethyl chain. For the weakformate binding FG (diisopropylamine, 3), perchlorate's larger size enables interaction with the
isopropyl hydrogen atoms through an additional 2.3 Å, 160° C-H…O bond while maintaining HBs
with Cp-, strengthening the overall

. These extreme cases suggest i)

is correlated to

because perchlorate forms weaker HBs with HB donors, and ii) perchlorate selectivity is
enhanced when its larger size forms HBs that formate cannot.
In order to generalize differences between formate and perchlorate adsorption to FG-Fc+
structures, we examined the distributions of distances and angles in all HB interactions between
the anions and Fc+ structures (Figure 2.7). No HB angles below 100° were found for either anion,
and the inverse correlation of long distances and small angles is consistent with the observation
that dipole-monopole and dipole-dipole contributions to bond energies approach zero as the bond
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angle approaches 90°210. For formate, the HBs form a continuous band whereas for perchlorate,
we instead observe distinct clusters. If one perchlorate oxygen atom occupies an optimal HB
position (the middle cluster in Figure 2.7c), the other two coordinating oxygen atoms that form an
equilateral triangle (side length 2.45 Å) with the first oxygen must then form weak, low-angle
HBs, corresponding to the top left cluster. The third cluster arises from FG-Fc+/perchlorate
complex conformations in which one of the C-H…O bonds becomes almost linear. Individual HB
distances are also shorter for formate than for perchlorate by ca. 0.1 Å even for the same angle.
One-dimensional histograms of only HB angles (Figures 2.7a and 2.7b) reveal directionality for
formate C-H…O bonds absent from perchlorate/Fc+ complexes, consistent with weaker individual
C-H…O interactions211 for perchlorate. The greater numbers of HBs for perchlorate than formate
appear substantially weaker by geometric analysis, suggesting further analysis of the relationship
between HB distance and relative formate/perchlorate

.

Figure 2.7. Hydrogen-bonding geometric properties: histogram of angles for a) formate and b)
perchlorate as well as c) scatterplot of angles (o) versus O…H distances (Å) for HBs in
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functionalized Fc+-formate (red circles) and Fc+-perchlorate (blue squares) complexes.
We thus correlated QTAIM240-derived HB energies with HB distance and angle and found
a strong inverse-power correlation (R2=0.99) with distance but only limited correlation with angle
arising from the previously described angle-distance relationship (Figure 2.7), consistent with
previous HB characterization studies209, 244-247. We use the inverse-power relationship between
QTAIM HB energies and HB distance (

) to introduce an HB score (HBS):
.

(5)

The HBS normalization constant was chosen by assigning a score of 1 to the strongest C-H…O
bond in the data set (

= 1.9 Å). An overall anion/(FG)-Fc+ complex HB score (CHBS) for

each FG and anion is the sum of all HBS values over i HBs:
.

(5)

The CHBS excludes non-covalent intermolecular interactions other than HBs, but we will show
shortly that neglecting such interactions does not affect overall trends since this contribution to
adsorption is similar for all FGs except for a few in our data set.
We first validate the correlation of the CHBS with overall

on minimal models

(MMs) representative of the Fc+ FGs (e.g., an NH3 molecule model for the amine (1) FG) that also
span a wide HB-donating ability range and compare to correlations of the CHBS with the
anion/FG-Fc+ complex (Figure 2.8). For formate (Figure 2.8a), the MMs correlate extremely well
(R2=0.99) to the CHBS with the exception of the excluded phosphine outlier that forms no HBs
due to the low electronegativity of phosphorus. Formate/FG-Fc+ complex

are well

correlated with the CHBS (R2=0.89), after excluding three outliers. Overall, the increased scatter
in the full complex compared to the minimal models is primarily due to the variable penalty for
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distortion in the full complex. For the formate/FG-Fc+ complex outliers (–PPh2 (6), –NCS (41),
and –CCl3 (34)), strong non-HB dipole-dipole interactions that are not captured in the CHBS (e.g.,
a C…O interaction between –NCS and formate) likely increase

without increasing the CHBS,

though the P…O interaction in FG 6 appears to be sensitive to basis set size. We note that in all
cases the CHBS improves substantially over averaging HB distances alone.

Figure 2.8. a) Formate (red) and b) perchlorate (blue)
(kcal/mol) versus HB score for i)
+
minimal models (squares) and ii) FG-Fc structures (circles). The PPh2 (6), NCS (41) and CCl3
(34) outliers, indicated as gray-filled circles, are excluded from the black dashed linear best fits.
Selected symbols are color-coded (orange, green, blue, and purple) to aid comparison of the
minimal models to the FG-Fc+ structures.
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We selected individual minimal models (CH4 in orange, NH3 in green, amide in light blue,
CH3OH in purple) that are analogous to FG-Fc+ structures (methyl (36), amine (1), amide (44),
alkanolamine (43), same fill) and span the
these four groups when comparing

range. Ranking and placement is consistent for

to MMs or complexes. Trends in formate adsorption to

MMs and full FG-Fc+ complexes are aligned with close slopes of -8.6 kcal/mol (MMs) and -6.3
kcal/mol (complexes) and a slight upward shift for the full FG-Fc+ complexes, indicating the
additivity approximation works well. We attribute the shift and shallower slope of FG-Fc+ to
distortion energy required to accommodate HBs absent from the MMs.
For perchlorate, the relationship between the CHBS and

for MMs is quite good

(R2=0.96), but the correlation for the full FG-Fc+ complexes (R2=0.54) is substantially lower
(Figure 2.8b) than was observed for formate (Figure 2.8a). The weaker complex correlation is
attributable to the smaller CHBS range spanned by perchlorate without any decrease in the
contribution of distortion energy variations to the residuals. The root-mean squared error of
prediction is similar at 0.9 kcal/mol for formate and 0.7 kcal/mol for perchlorate. The slopes of 7.0 kcal/mol for the MMs and -3.4 kcal/mol for the complexes are both lower than was observed
for formate and more distinct. The difference between the MMs and complexes with perchlorate
can be attributed to the geometric constraints described earlier and wider confidence intervals in
the complexes. The reasonable fits across MMs and complexes confirm that the anion-Fc+
intermolecular interactions are largely comprised of additive HB donor-acceptor interactions for
both perchlorate and formate, with weaker overall HBs for perchlorate. Weaker HBs in perchlorate
complexes are confirmed by two other observations: i) ordering and placement of MMs and
corresponding FG-Fc+ complexes no longer agree for perchlorate, suggesting each HB contributes
individually less to overall which we would expect if the HBs individually contribute less to the
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overall

; ii) both water and methanol have weaker

than

despite the larger

dispersion contribution for perchlorate.
We performed energy decomposition analysis (EDA) on the solvent-optimized geometries
to further investigate the charge transfer (DEL, in EDA nomenclature), electrostatic (FRZ), and
polarization (POL) contributions to overall adsorption energies. In particular, charge transfer from
HB acceptor to HB donor, which can be readily probed with EDA, is generally accepted as a key
characteristic of the HB209, 245, even though the exact quantum mechanical nature of the HB is still
under debate208-209, 248-250. In order to identify whether variations in dispersion energy played a
significant role in FG selectivity, we compared the dispersion contribution to binding but found
minimal variation and correlation between FGs, suggesting directional hydrogen bonding
interactions dominate over any dispersion contribution to selectivity. Solvent
well with the calculated with rigid-binding-approximation EDA adsorption energy (

correlates
) in the

gas phase (R2=0.9 for formate, 0.6 for perchlorate shown in Figure 2.9c), suggesting the
transferability of EDA trends across a range of dielectric environments. In select cases, charge
transfer was overestimated in the gas phase, leading to inaccurate EDA and those were omitted.
Weaker correlations are again observed for perchlorate due to a narrower energy range without a
decrease in the residuals.

Figure 2.9. EDA correlations for formate and perchlorate. From left to right: a) CHBS vs. EDA
DEL energy, b) solvated
vs. EDA
, and c) solvated
vs. EDA gas phase rigid
45

adsorption energy,
. The black dashed lines indicate linear best-fits, and the NCS (41)
CHBS outlier, indicated as a filled square in a) is excluded.
The DEL contribution (

) to

, which measures stabilization due to charge

transfer, correlates well with both the CHBS (eqns. 6-7) and solvent

for both anions (Figures

2.9a and 2.9b), excluding only one previously discussed –NCS (41) outlier. This correlation is
significantly stronger than for the electrostatic or polarization components. Notably, the
contribution is significantly lower for perchlorate than formate across all FGs, confirming the
general weakness of perchlorate HBs compared to formate HBs through lower charge transfer.
We then considered other factors that might affect relative perchlorate/formate

with

FG-Fc+ complexes including through-space electrostatic interactions and variations in the
electronic structure of the Fc+ core. Through-space electrostatic interactions were approximated
by the inverse Fe to anion center of mass (ACOM) distance, and individual FG-Fc+ electronic
properties were represented by the Fe NBO partial charge and Fe delocalization index to
neighboring atoms. Despite demonstrated utility251-252 of these quantities as descriptors for binding
energies, none of the three descriptors demonstrated improved correlation to

compared to

the CHBS or EDA DEL energy for either anion. Although through-space electrostatic interactions
are likely significant over larger ranges of Fe-ACOM distances252, individual directional HBs
quantified in the CHBS mediate electrostatic attraction at close distances. The partial charge and
delocalization index of Fe provides an indirect measure of the FG electron donating/withdrawing
ability, but this effect is outweighed by direct HBs formed between the anion and FG when they
are placed in close proximity. Moderate correlations with core electronic properties are only
observed for weaker, indirect adsorption cases (Figure 2.10). Instead, we attribute Fc+ and FGFc+ selectivity for formate to partially covalent C-H…O bonds245 in anion/FG-Fc+ complexes, as
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evidenced by QTAIM BCPs and the DEL correlation to CHBS, that are stronger, shorter, and more
directional for formate than perchlorate.

Figure 2.10. Electronic descriptor correlations for indirect binding dataset. While moderate
correlations are obtained here, no correlations were obtained for the main, direct-binding dataset.
In order to maximize selectivity, we have initially identified strong HB-donating groups
(e.g., amides) that maximize formate adsorption and selectivity, consistent with experimental
studies on selective anion recognition by amide-substituted Fc+ moieties178, 196. In contrast to those
earlier studies, rapid and selective electrochemical separation requires that FG-Fc+ selectivity for
formate is increased while rapid desorption at the reduced Fc polymer electrode is maintained.
Thus, we computed formate

with neutral Fc for all FGs and found them to correlate well
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(R2=0.9) with oxidized formate-Fc+
) slope across the

(Figure 2.11). The 1.1 (kcal/mol

)/(kcal/mol

range suggests that FG-derived increase in formate adsorption and

selectivity at Fc+ will also increase adsorption to reduced Fc, discouraging the use of the strongest
HB-donating groups favored in supramolecular chemistry. Indeed, we can divide the relationship
between neutral and oxidized Fc+ adsorption (

selectivity at Fc+ (

enhancement of

=1.1, Figure 2.11) by formate-perchlorate

=0.66, eqn. 5 and Figure 2.5) to determine that a 1.0 kcal/mol

simultaneously increases formate-Fc adsorption by 1.7 kcal/mol,

suggesting a delicate balance is required in tuning selectivity.

Figure 2.11. Formate-Fc+ complex adsorption energy versus formate-Fc adsorption energy with
black dashed best-fit line (R2=0.9). The shaded quadrant and black dotted lines indicate the
constrained design space. The unfunctionalized case is shown as a filled triangle and selected
functionalizations that fall within the design space are labeled with text in the same color as the
filled squares.
Alternative mechanisms for promoting formate desorption in strongly bonded complexes
could be increasing the temperature or decreasing the pH. The former strategy may be challenging
to implement because electrostatic interactions are concomitantly strengthened by the decrease in
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dielectric constant with temperature for most solvents. In the latter case, pH adjustments would be
somewhat limited by the extent of FG-Fc hydrogen bonding with formic acid that is still quite
strong (e.g., a formic acid BE to amide (44)-functionalized Fc of -8.7 kcal/mol vs. a corresponding
formate BE of -12.3 kcal/mol). Thus, for reversible adsorption at Fc+ with unchanged solution
conditions upon reduction, our design space is constrained (shaded region in Figure 2.11) both by
i) increasing

over Fc+ (

= -12 kcal/mol from Figure 2.5 correlation, vertical dotted

line in Figure 2.11) and ii) a minimum formate desorption rate. We define the minimum desorption
rate as 0.1% of that for Fc at 298 K, which is a 4 kcal/mol increase in

over Fc (horizontal

dotted line in Figure 2.11).
Within the constrained design space quadrant, phosphine (–PH2 (5), orange symbol in
Figure 2.11), isothiocyanate (–NCS (41), blue symbol), and trifluoromethyl (–CF3 (35), green
symbol), are promising for their unusually weak

. The disproportionately weak

may

be explained by non-HB interactions that are much weaker with reduced Fc compared to HBs.
However, these groups are also less ideal from an experimental perspective due to potential
reactivity: –PH2 is easily oxidized and –NCS and –CF3 are hydrolyzed253. Our constrained design
space also include the stable aldehyde (–CHO (14), purple in Figure 2.11), methyl ketone (-COCH3
(18), gray symbol), and isopropyl sulfide (28) FGs. Although most of these FGs would be suitable
candidates for experimental electrochemical separations, the aldehyde (14) and isopropyl sulfide
(28) FGs display the largest

selectivities.

In particular, the aldehyde (14) FG binds less strongly to Fc, is readily available and widely
used, typically as a synthetic intermediate to other substituted ferrocenes254. The atom-efficient
aldehyde functionalization (14) illustrates the design principles determined in this study, and its
planarity and size minimize variability from conformational isomerism. Geometrically, the
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placement of the hydrogen atom in (14) away from the Cp- rings alleviates unfunctionalized Fc+formate geometric constraints through formation of an additional short HB with angle close to
140°. Electronically, the aldehyde hydrogen is an intermediate HB donor due the polarity of the
C=O bond, also evident from the low C-H…O distance of 2.17 Å and the associated HBS.
Selectivity is enhanced because the perchlorate HB strength increases less and perchlorate is
unable to form greater numbers of HBs. Additionally, anion adsorption on the O-containing side
of the aldehyde FG is 4 kcal/mol weaker due to the repulsive carbonyl oxygen atom and absence
of an HB donor, which could be used in the future for spatial control of formate adsorption.
Using these suggested FGs, we introduce the concept of a materiaphore, which is an
extension of the pharmacophore concept widely employed in therapeutic drug discovery255, for
iterative computational materials discovery. The materiaphore is an abstraction of the key design
principles unearthed thus far that enables identifying new materials with the desired features for
selective, reversible carboxylate adsorption in electrochemical separations. Through this
abstraction, we i) identify a series of geometric and electronic descriptors for rapid screening of
atomic and geometric properties often without the full computational cost of DFT calculations and
ii) no longer restrict the material to a Fc+/Fc polymer electrode. A materiaphore encapsulating the
design principles needed for selective, electrochemical adsorption of formate is illustrated in
Figure 2.12. In our materiaphore, we leverage the pharmacophore concepts of the HB donor
representation (dotted magenta spheres) with annotated distances. We also emphasize a targeted
moderate polarity for any HB donors and introduce the mandate of a proximal redox active center
through the red sphere representation. Guided by the materiaphore representation, we then
screened two FG combinations and identified that adding a vinyl group (37) to the bottom Cp- ring
alongside the previously identified aldehyde (14) produced an increase of
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to -6.6 kcal/mol

or over 2 kcal/mol above the single (14) FG. Importantly, this added FG preserved a suitable
formate-FG-Fc+/FG-Fc adsorption energy, and the geometry closely resembled the materiaphore
target geometry.

Figure 2.12. Illustration of the ideal materiaphore for selective, electrochemical carboxylate
adsorption. Hydrogen bond donors are indicated as magenta dotted spheres, a redox-active center
by a red sphere, and suggested relative polarity and distances are annotated.

2.5. Conclusions
Using a first-principles computational screening approach, we have investigated and
rationalized the effect of Fc/Fc+ FGs on the selectivity and reversibility of formate-Fc+ adsorption
with respect to perchlorate. The wide design space of 44 FGs enabled us to find i) a clear positive
correlation between formate adsorption strength and formate-perchlorate selectivity and ii) 14 FGFc+s with higher selectivity than standard Fc+. Across this design space, we developed the CHBS
and analyzed stabilization due to charge transfer with EDA to identify that formate selectivity at
Fc+ in aqueous conditions could be strengthened either i) electronically via introduction of HB
donors stronger than the Cp- hydrogen, or ii) geometrically via placement of additional HB donors
of any strength closer to formate than the original Cp- hydrogen. Both approaches increase formate
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selectivity because perchlorate forms individually weaker HBs with HB donors than formate,
indicated both by geometric effects (distance and angle of HBs) and electronic effects with lower
charge transfer contribution to adsorption, suggesting more covalent character in formate C-H…O
bonds. Formate adsorption was weakened when the FG disrupted already favorable formate-Cpinteractions, increasing perchlorate preference because its larger size and number of HB acceptors
support favorable adsorption with more varied FGs.
For reversible applications, the Fc+ electrode material should release the selectively bound
ions when reduced to Fc. We identified that strong HB donor FGs that strengthened Fc+-formate
adsorption simultaneously strengthened interactions of the anions with neutral Fc even more so.
Thus, widely used motifs in supramolecular chemistry were found to bind too strongly in the
reduced state for reasonable desorption rates. Narrowing our design space accordingly, we
suggested instead intermediate HB aldehyde and isopropylsulfide donors that are experimentally
stable and improve formate selectivity at Fc+ with only a modest increase in adsorption to Fc.
Finally, we introduced the materiaphore abstraction via screening of doubly-functionalized
Fc+s and identified that (14),(37)-Fc+ not only maintained but increased formate selectivity over
the single FG cases. We expect the approach presented here to design hydrogen bonds for selective
interactions in realistic, aqueous conditions has broad applicability to molecular recognition,
sensing, separations, and catalysis beyond the Fc/Fc+ system alone, particularly if it can be
automated.
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Chapter 3
Understanding and Revealing the Limits of Scaling Relations in SingleSite Catalysis: Methane to Methanol Conversion by FeIV=O
Reproduced in part with permission from:
Gani, T. Z. H. and Kulik, H. J. Understanding and Breaking Scaling Relations in Single-Site
Catalysis: Methane-to-Methanol Conversion by FeIV=O. ACS Catalysis 8, 975-986 (2018).
Copyright 2018 American Chemical Society.

3.1. Summary
Computational high-throughput screening is an essential tool for catalyst design, limited primarily
by the efficiency with which accurate predictions can be made. In bulk heterogeneous catalysis,
linear free energy relationships (LFERs) have been extensively developed to relate elementary step
activation energies, and thus overall catalytic activity, back to the adsorption energies of key
intermediates, dramatically reducing the computational cost of screening. The applicability of
these LFERs to single-site catalysts remains unclear, owing to the directional, covalent metalligand bonds and the broader chemical space of accessible ligand scaffolds. Through a
computational screen of nearly 500 model Fe(II) complexes for CH4 hydroxylation, we observe
that 1) tuning ligand field strength yields LFERs by comparably shifting energetics of the metal
3d levels that govern stability of different intermediates and 2) distortion of the metal coordination
geometry breaks these LFERs by increasing the splitting between the dxz/dyz and dz2 metal states
that govern reactivity. Thus, in single site catalysts, low Brønsted-Evans-Polanyi slopes for oxo
formation, which would limit peak turnover frequency achievable through ligand field tuning
alone, can be overcome through structural distortions achievable in experimentally characterized
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compounds. Observations from this screen also motivate the placement of strong HB donors in
targeted positions as a scaffold-agnostic strategy for further activity improvement. More generally,
our findings motivate broader variation of coordination geometries in reactivity studies with
single-site catalysts.

3.2. Introduction
The selective partial oxidation of methane to methanol is a critical challenge256 that would
unlock widespread use of natural gas as a chemical feedstock257. At present, the only commercially
viable chemical use of methane is through steam reforming to CO and H2, an energy- and capitalintensive process258. The direct transformation of methane to methanol is particularly challenging
due to the high bond dissociation energy (BDE) of the C-H bond together with the thermodynamic
favorability of over-oxidation to CO2, thus motivating an exhaustive search for selective and active
yet stable catalysts259-264.
Thanks both to advances in method development and available computational power, firstprinciples computational catalysis265-266 has made major contributions towards the design of
improved catalysts by providing a molecular-scale understanding of catalytic action14, 267-271 and
enabling screening of candidate materials faster than can be readily achieved in an experimental
setting272-276. For high-throughput computational screening80-81, 148, 277, it becomes advantageous to
reduce the computational cost of assessing catalytic activity by relating it to efficiently computed
descriptors, rather than explicitly computing activation energies of all elementary steps for each
catalyst candidate278. In this regard, heterogeneous catalyst screening extensively leverages linear
free energy relationships (LFERs), i.e., linear scaling relations between intermediates130-132 and
Brønsted-Evans-Polanyi (BEP) relations133-134 between activation and reaction energies, to predict
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reactivity trends and relate overall catalytic activity to the energies of key intermediates81, 135-137.
Such linear scaling relations are valid not only for the flat surfaces for which they were originally
formulated130, but also for other commonly employed catalyst structures such as nanoparticles279281

, stepped and kinked sites280, and bifunctional materials282-283. In many of these structures,

changes in LFER slopes and intercepts have been successfully rationalized and captured in
predictive models280, 282 that broaden the scope of materials that can be efficiently screened when
aiming to identify materials at the top of the “volcano” maximum in activity.
Known limitations of LFERs in heterogeneous catalysis should cast doubt on their
straightforward application to single-site transition metal (TM) catalysts where bonding is highly
variable. Simple models such as the d-band model284-286 satisfactorily rationalize the slope of linear
scaling relations in bulk metals but are known to be insufficient for metal-organic bonding in
crystalline materials287-288 and may not adequately capture the directional, covalent metal-ligand
bonds in TM complexes289. Indeed, even the most straightforward bulk metal scaling relations can
be disrupted by the introduction of p-block impurities290. Most studies on LFERs in single-site
catalysts have focused on electrochemical reactions such as reduction of O2138-141, CO2142 and N2143
due to the strong parallels between single-site and surface mechanisms135, 291-292 as well as the
typically valid assumption that redox rather than chemical steps are rate-limiting. Among these
studies, linear scaling relations have been observed across variations in metal and ligand
connecting atom identity within a fixed scaffold143, but the covalency of metal-reactive-moiety
bonds has also resulted in slopes that do not agree with bond order conservation140.
Within chemical catalysis, it remains unclear the extent to which LFERs will be preserved or
disrupted across the broad ranges of accessible single-site catalyst ligand scaffolds. An improved
understanding would benefit the discovery of single-site C-H activation catalysts, which is of
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significant interest148,

273-275

owing to higher achievable activities and selectivities than their

surface counterparts293. Inspiration for single-site methane to methanol catalyst development
comes from native enzymes (e.g., methane monooxygenase) that efficiently convert methane to
methanol under mild conditions through Fe(IV)-oxo intermediates294. Indeed, model biomimetic
complexes have been synthesized that hydroxylate larger alkanes under similar conditions295-296.
However, discovery of stable and active single-site catalysts for this challenging reaction will
necessitate screening across a wide design space, which can be accelerated by an LFER-based
approach. Across the subsets of complexes where LFERs hold, thermodynamic properties of key
intermediates can be employed to accelerate screening in analogy to computational heterogeneous
catalysis or by relating activity to experimental quantities (e.g., acidity constants297-298,
hydricities299-300, and redox potentials126, 301-302).
Another concern unique to single-site catalysis is that one can introduce through-space
noncovalent interactions (NCIs) such as proximal hydrogen bond (HB) donors138-139 and distal
positively charged groups142. These NCIs can interact distinctly with differing intermediates, thus
affecting linear scaling relations by decoupling the relative adsorption energies of intermediates11,
131-132, 135-136, 147

. Although it is known that proximal HB donors stabilize the oxo moiety in

synthetic Fe(IV)-oxo complexes that hydroxylate alkanes303-305, their effect on the overall catalytic
cycle, and hence the feasibility of targeted NCI design as a strategy to improve catalytic activity
for C-H activation, is less well-established.
In this chapter, we advance understanding of LFERs in single-site chemical catalysis through
a systematic computational screen of nearly 500 equilibrium and distorted model Fe(II) complexes
for methane hydroxylation. We demonstrate for the first time that scaffold distortion not only
breaks strong linear scaling relations arising from ligand field strength tuning but also alters BEP
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relations for oxo formation. We clarify the role of relative energies of individual 3d orbitals in
mediating these phenomena and explore how distortion may be accessed in stable complexes to
potentially improve existing catalysts. We also examine the possibility of further activity
improvements through targeted design of NCIs.

3.3. Reaction Mechanism and Screening Approach
The mechanism of catalytic partial oxidation of light alkanes to alcohols by mononuclear nonheme Fe centers using N2O as the terminal oxidant is well established270. It involves 1) the
formation of an Fe(IV)-oxo moiety that abstracts a hydrogen atom from the substrate alkane (i.e.,
CH4 in this work or C2H6 in experiments13), 2) a rebound hydroxylation step yielding Fe(II)CH3OH, and 3) methanol product release to regenerate the resting Fe(II) catalyst (Figure 3.1, left).
Relative to hydrogen atom transfer (HAT, 3 → 4), oxo formation (2 → 3) occurs with a high
barrier13, 270, such that it is the turnover-determining transition state (TDTS) in many cases275. The
rebound step (4 → 5) is strongly exothermic and nearly barrierless270 such that the turnoverdetermining intermediate is typically Fe(II)-CH3OH (5) (Figure 3.1, right). We characterize the
energetic landscape of the catalyst in terms of the energy changes of oxo formation (ΔE1), HAT
(ΔE2), and CH3OH release (ΔE3) (Figure 3.1, right):
(6)
(7)
(8)
We do not directly estimate the turnover frequency, e.g. from the energy span278 between the
turnover-determining intermediate and turnover-determining transition state but aim to understand
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relationships between energetics of each of these steps as catalyst models are varied. To further
simplify the screening process, we omit the antiferromagnetically coupled CH3 from 4 because
its contribution to reaction energies is nearly constant across catalyst complexes studied (4a in
Figure 3.1). In order to maximize generality of computed trends beyond N2O as the terminal
oxidant, we have also omitted N2O-containing species (i.e., 2) from our reaction energy screen in
favor of the oxo formation energy (ΔE1), which is the BDE of the Fe=O bond in 3 with respect to
a triplet O2 reference. Alternative references, e.g., H2O, singlet O or anionic O2-, will shift
computed energies by a constant factor306, and N2O is incorporated explicitly when calculating
activation energies (vide infra).

Figure 3.1. Catalytic cycle for the oxidation of CH4 to CH3OH by Fe(II) catalysts. (left) The
intermediates for which energies are calculated in Sec. 3a are enclosed in rounded rectangles.
(right) A simplified energy level diagram of the reaction energies for three key steps with
associated intermediate numbers: oxo formation (∆E1), HAT (∆E2), and methanol release (∆E3).
We curated two distinct sets of complexes to represent accessible bonding motifs in singlesite catalysts (Figure 3.2). Set 1, designed to isolate inner-sphere effects, contains a total of 540
tetracoordinate scaffolds built from minimal ligand models with varying connecting atom
identities (i.e., N, P, O, or S) and coordination geometries (i.e., metal-ligand distances and metal59

ligand plane dihedral angles, referred to simply as the dihedral angle) (Figure 3.2, top). The N, O,
P, and S elements were selected as connecting atoms because they commonly occur in natural and
synthetic first-row transition metal complexes, and we generated complexes by saturating
coordinating atoms alternately with hydrogen or methyl groups. The four ligand connecting atoms
are constrained to be planar, and the metal atom is distorted out of the plane (i.e., metal-ligand Fe3L dihedral angles of 10, 20, and 30°), producing an overall square pyramidal geometry. In order
to mimic ligand field effect differences in extended scaffolds that can influence metal-ligand bond
lengths, metal-ligand bonds were both stretched and compressed from designated equilibrium
values for a total of 5 bond lengths per complex. This approach, previously demonstrated for the
design of closed-shell Zn carbonic anhydrase mimics121, leverages the locality of transition metal
chemistry122-123 to reproduce the primary variations in metal electronic environments possible with
the vast space of synthetically accessible metal-organic scaffolds at a reasonable computational
cost. Overall, these geometric and connecting atom variations produce a total of 540 catalyst
models when both homoleptic and heteroleptic combinations are considered (i.e., Fe(II)(L1)2(L2)2
where L1 and L2 are allowed to differ, see Figure 3.2). Although these model ligands are not
individually stable equilibrium structures and some individual examples could be sensitive to
oxidation (e.g., P- and S-containing ligands), this broad tuning of metal environment allows us to
isolate the effect of individual variations. The fact that stable, equilibrium catalyst scaffolds map
well onto this energetic landscape justifies their use (vide infra).
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Figure 3.2. Construction of Set 1 (minimal models, top) and Set 2 (functionalized N4Py, bottom).
All structures carry a +2 net charge. In Set 2, unfunctionalized attachment points are occupied by
hydrogen atoms.
Set 2, designed to isolate second-sphere effects, consists of 40 functionalizations of the
pentadentate

N4Py

(N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine)

scaffold307

constructed from a pool of 10 functional groups (FGs) and 4 attachment points on the pyridine
rings closest to the metal active site (Figure 3.2, bottom). Despite its relatively large size (49
atoms), N4Py is an ideal choice for isolating second-sphere effects because its rigidity ensures that
the FGs remain proximal to the active site. The asymmetry in the attachment points to the central
iron-reactive moiety site also enables investigation of distance dependence of NCIs within a single
scaffold. The FGs in the pool contain only one heavy atom of varying size, electronegativity, and
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valence, and are expected to interact with moieties bound to the active site through electrostatic
(e.g., with halides), steric, and hydrogen bonding (e.g., with OH or NH2) effects (Figure 3.2).

3.4. Computational Methods
First-principles calculations. Energetics of reaction steps were calculated as differences of
total electronic energies. All single-point energy calculations, frequency calculations, and
geometry optimizations were performed with a development version of the TeraChem222, 308
graphical processing unit (GPU)-accelerated quantum chemistry package, using density functional
theory (DFT) with the B3LYP225, 309-310 global hybrid functional augmented with the empirical
DFT-D3 correction219 (i.e., B3LYP-D3). The default definition of B3LYP in TeraChem employs
the VWN1-RPA form for the LDA VWN311 component of LYP310 correlation, and the default D3
correction used includes Becke-Johnson damping312. This selection was motivated by the fact that
although DFT-calculated reaction energies in TM complexes are strongly functional-dependent60,
67, 75

, relative energetics between catalyst variants are more invariant to functional choice. All

calculations were spin-unrestricted and use the composite LACVP* basis set, which consists of
the LANL2DZ effective core potential227, 313 for Fe, Br, and I and the 6-31G* basis set for all other
atoms.
Our modest basis set size, chosen to accelerate screening in a large compound space, is justified
as trends in relative energies are not strongly sensitive to basis set choice. All calculations were
performed in the gas phase, and inclusion of implicit solvent effects did not alter computed trends.
Basis set superposition error (BSSE) corrections were neglected after the magnitude of BSSE was
determined to be independent of the complexes being compared. Although necessary for accurate
absolute rate predictions, zero point vibrational energy and entropic contributions as computed
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under the harmonic approximation were neglected due to negligible effect on computed relative
energies and trends.
All intermediates were simulated with a net charge of +2, as all ligand scaffolds studied are
neutral and no counterions were included. The latter choice was motivated by the high ionization
potentials of light alkanes (here, CH4) relative to heavier counterparts that is known to prevent
unphysical charge delocalization69, 314. To decouple spin-splitting energies from the underlying
energetic trends, all intermediates were simulated in the high-spin state (sextet for 4a and quintet
otherwise). However, as the triplet spin surface is generally less reactive than the quintet spin
surface as a result of exchange-enhanced reactivity35-36, 315, a negative triplet-quintet spin-state
splitting316-317 would be a concern for catalyst design which we briefly discuss later in the chapter.
Structures. Geometry optimizations used the L-BFGS algorithm in translation rotation internal
coordinates (TRIC)318 as implemented in a development version of TeraChem222, 308 to the default
tolerances of 4.5x10-4 hartree/bohr for the maximum gradient and 1x10-6 hartree for the change in
self consistent field (SCF) energy between steps. Initial guess geometries for resting catalyst
complexes were generated with the molSimplify319 toolkit, employing custom bond lengths for
minimal models and the custom core feature for functionalized scaffolds. Proceeding across the
catalytic cycle, guess geometries for intermediates and transition states (TSs) were generated by
automatically functionalizing and distorting earlier optimized structures using custom routines.
Constrained geometry optimizations were employed for Set 1 to maintain the desired ligand
coordination geometry, whereas unconstrained geometry optimizations were used for Set 2. Of the
540 minimal model scaffolds in Set 1, 135 were discarded because of covalent bonding of the oxo
moiety in the Fe(IV)-oxo intermediate with a ligand connecting atom upon geometry optimization.
Of the 40 substituted scaffolds in Set 2, 3 were discarded due to covalent bonding of the oxo
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moiety in the Fe(IV)-oxo intermediate with the heavy atom on the FG.
For selected minimal model complexes in Set 1, approximate TSs were obtained with the
nudged elastic band (NEB) method with climbing image320-321 as implemented in DL-FIND233,
also at the B3LYP-D3/LACVP* level of theory, as the constraints inherent in minimal model
construction do not permit full Hessian-based TS searches. These searches were performed in
Cartesian coordinates with metal and ligand atoms frozen at their reacting-complex coordinates.
For revised complexes in Set 1, exact TSs were instead obtained with partitioned rational function
optimization (P-RFO)322 at the B3LYP-D3/LACVP* level of theory using QChem 4.4323 and were
characterized with vibrational frequency analysis to confirm a single imaginary frequency.
TeraChem single-point energy calculations on the resulting structures obtained from QChem were
obtained to enable direct energy comparisons between intermediates and TSs because Hessianbased TS optimization is not available in TeraChem.
Cambridge Structural Database (CSD)324 searches were performed using the ConQuest 1.19
program325 with constraints on metal and connecting atom identity, basic three-dimensional
connectivity and torsion angles analogous to those specified in constrained geometry
optimizations. Hits were manually filtered to separate fully coordinated complexes from
unsaturated complexes with counterions completing the coordination sphere, and DFT
optimizations were performed on selected structures in the quintet state after removing counterions
to ensure preservation of the desired coordination environment.

3.5. Results and Discussion
We begin by correlating ΔE1, ΔE2 and ΔE3 across the over 400 structures in Set 1 to explore
whether metal-ligand (i.e., inner-sphere) tuning of single-site catalysts yields linear scaling
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relations. The variations in computed reaction step energies are large across all three steps: from 15 to 30 kcal/mol for oxo formation (ΔE1), -20 to 20 kcal/mol for HAT (ΔE2), and 20 to 65
kcal/mol for CH3OH release (ΔE3) (Figure 3.3). These variations confirm that inner-sphere tuning
in this minimal ligand model set strongly affects the energetic landscape. Across all variations in
dihedral, bond length, and ligand connecting atom identity in Set 1, we observe weak to moderate
linear scaling relations among ΔE1, ΔE2, and ΔE3. After exclusion of a single outlier (vide infra),
moderate negative correlations are observed between oxo formation and HAT (ΔE1 vs. ΔE2, R2 =
0.52) and between HAT and methanol release (ΔE2 vs. ΔE3, R2 = 0.59) (Figure 3.4). We observe
a weaker positive correlation between oxo formation and methanol release (ΔE1 vs. ΔE3, R2 =
0.26) (Figure 3.4). Qualitatively, these relationships emphasize that making typically turnover
determining oxo formation more favorable could make HAT so unfavorable that it becomes
turnover determining instead.

Figure 3.3. Oxo formation energy (ΔE1, in kcal/mol) versus HAT energy (ΔE2, in kcal/mol) for
minimal model complexes in Set 1. The minimal models are grouped by metal-ligand plane
dihedral angle: 10° (circles), 20° (triangles), and 30° (squares). Symbols are colored according to
the corresponding CH3OH release energy (ΔE3, in kcal/mol), as indicated in the inset color bar. A
single outlier is indicated by a red border.
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Figure 3.4. ΔE3 (kcal/mol) versus ΔE1 (kcal/mol) and ΔE2 (kcal/mol) for Set 1 (outlier omitted).
In comparison, stronger linear scaling relations have been observed in heterogeneous systems
with varying metal identity, oxidation state, and coordination number (e.g., R2 = 0.88 for metal
oxides326, and a mean absolute error of 3.0 kcal/mol across a broad range of oxo-supporting
heterogeneous motifs137 vs. 3.4 kcal/mol in this work). Thus, even with the fixed metal identity,
oxidation state, and coordination number we have employed, the limits for linear scaling relations
as predictive tools in single-site catalysis are apparent. However, the increased tunability of metal
coordination environments in single-site catalysts relative to their heterogeneous counterparts
suggests we should be able to identify and control the source of scatter to increase or shift the peak
of previously known volcano relationships137, 275.
Upon closer inspection, correlations between oxo formation and HAT ΔE1 and ΔE2 appear to
group by the metal-ligand plane dihedral angle (Figure 3.3). Thus our minimal models enable
systematic isolation of an effect previously observed on tuning HAT energetics in multidentate
catalyst scaffolds that induce metal-ligand plane distortion274. Indeed, restricting correlations to
complexes with the same dihedral angle greatly improves linear fits (R2 = 0.88 to 0.92) while
keeping the scaling-relation slope almost unchanged (-0.60 to -0.66) (Figure 3.5). As the dihedral
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angle increases, both ΔE1 and ΔE2 decrease by approximately 1.2 and 3.7 kcal/mol.(10°)
respectively, which tends to favor the turnover-determining step regardless of whether oxo
formation or HAT is turnover determining.

Figure 3.5. Linear fits for Set 1 with constant dihedral angle (outlier omitted). Note the improved
strength of these fits relative to Set 1 as a whole, and the relatively constant slope as the dihedral
angle is increased.
Within fixed metal-ligand plane dihedral scaling relations, variations in ligand identity
determine energetic relationships. Along a given dihedral scaling relation, oxo formation is
favored and HAT is disfavored (i.e., more exothermic ΔE1 and more endothermic ΔE2) for 1) P or
S connecting atoms (i.e., S ≈ P > N > O), 2) methylated ligand connecting atoms, and 3)
compressed metal-ligand bond lengths. To test whether functionalization beyond two atoms from
the metal center affects energetics, we substituted the hydrogen atoms on the methyl groups of
representative ligands and confirmed that these distant changes have little effect123 (Table 3.1).
The dominant effects are additive: the structures in Set 1 with the most exothermic ΔE1 contain a
strong ligand field and charge donation274, 327-328 to the metal afforded by methylated, compressed
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P and S ligands. The benefit of minimal models for discovery of reactivity dependence on innersphere properties at reduced computational cost is evident from the wide range of energetics
spanned.
Table 3.1. Substituted methylated minimal models. To evaluate the extent of locality of innersphere effects, we generated minimal models in which a methyl H atom was substituted with
another functional group as tabulated below (i.e., substitution three atoms away from the metal
center). These structures all have Fe-N = 2.10 Å and 10o dihedral angle. These distally substituted
scaffolds generally behaved similarly to the unsubstituted scaffolds, confirming that there is little
effect of functionalization beyond two atoms from the metal center.
FG
-NH2
-C6H6
-Br
-Cl
-F
-OH
-I
-PH2
-CCl3
-CF3
Unfunc.

E(1) (Ha)
-876.251
-1051.978
-833.444
-1280.482
-920.119
-896.106
-831.663
-1162.838
-2238.967
-1157.921
-820.893

E(3) (Ha)
-951.398
-1127.124
-908.587
-1355.625
-995.264
-971.252
-906.808
-1237.980
-2314.110
-1233.065
-896.037

E(4a) (Ha) ΔE1 (kcal/mol) ΔE2 (kcal/mol)
-952.057
8.8
13.4
-1127.783
8.9
13.6
-909.247
10.6
12.9
-1356.286
10.3
12.9
-995.924
9.7
12.7
-971.912
8.6
13.0
-907.468
9.9
12.6
-1238.642
11.0
12.1
-2314.770
10.8
13.5
-1233.724
10.2
13.2
-896.701
10.0
10.3

The effect of dihedral angles on linear scaling relations can be rationalized by qualitative
molecular orbital (MO) analysis289 of the metal d orbitals available to overlap with ligand valence
orbitals. On the quintet spin surface, exchange-enhanced reactivity35-36, 315 should favor the 5σ HAT
pathway, in which an electron is added to the σ* lowest unoccupied MO (LUMO) of Fe(IV)-oxo
with majority dz2 character (Figure 3.6). In accordance with expectations from frontier MO
theory329, the Fe(IV)-oxo LUMO eigenvalue is a good descriptor for ΔE2274-275, 327 (Figure 3.7).
Oxo formation (ΔE1) is instead governed by the eigenvalues of the dxz, dyz and dz2 orbitals oriented
for binding the axial oxo moiety. For constant dihedral angle, ligand field strength tuning that
modulates charge donation to the metal274, 327-328, e.g., through changes in metal-ligand bond length
or ligand connecting atom, shifts these d states equivalently (Figure 3.6, right). This constant effect
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on multiple d states, in analogy to cases in the solid state where the d-band center shifts but the dband width is unchanged,284-286 explains the stronger linear scaling relations observed in recent
work in bulk metals and MOF cluster models.137, 275 Increasing the dihedral angle presents an
opportunity to break these strong linear scaling relations (i.e., simultaneously decreasing ΔE1 and
ΔE2) by stabilizing the dz2 LUMO while simultaneously destabilizing the dxz and dyz orbitals
(Figure 3.6, left). These effects of structural distortion on the eigenvalues of metal d-states may be
rationalized in terms of variations in ligand-orbital overlap330, and representative DFT-calculated
eigenvalues support this qualitative picture (Table 3.2).

Figure 3.6. Qualitative illustration of how increasing the dihedral angle (left and schematic, top
left) and weakening the ligand field strength (e.g., by stretching the metal-ligand bonds) (right and
schematic, top right) tunes the relative energetics of d-states on the quintet surface. Molecular
orbitals are labeled according to their primary atomic orbital character.
Table 3.2. Representative DFT eigenvalue changes for Fe(II) (1) and Fe(IV)-oxo (3) upon metalligand bond stretching (Fe-N = 2.2 Å → 2.4 Å) and out-of-plane distortion (10o → 20o dihedral).
All eigenvalues are reported in Hartrees and correspond to quasi-restricted orbitals331 obtained
with ORCA 4.0332 with the same orbital labeling as in Figure 3.6. For doubly occupied orbitals,
the average alpha and beta eigenvalues are reported.
Fe(II)(NH3)4 (1)
Orbital(s)
Base
Stretched
dx2-y2
-0.4598 -0.5015
dxz/dyz
-0.5585 -0.5785
dz2
-0.5700 -0.5895
dxy
-0.6005 -0.6229
Fe(IV)(NH3)4-oxo (3)
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Distorted
-0.4639
-0.5541
-0.5692
-0.6012

Orbital(s)
σ*
dx2-y2
π*
dxy
π
σ

Base
-0.4930
-0.5327
-0.5476
-0.6021
-0.6668
-0.7276

Stretched
-0.5081
-0.5658
-0.5576
-0.6141
-0.6819
-0.7366

Distorted
-0.5017
-0.5390
-0.5436
-0.6044
-0.6718
-0.7265

In CH3OH release, the positive, albeit weak, correlation between ΔE1 and ΔE3, suggests innersphere tuning that favors oxo formation should also favor product release for a synergistic effect
on catalytic activity (Figure 3.4). Examining complexes in which oxo formation is relatively
favorable confirms that they also have relatively low CH3OH binding energies (Figure 3.3, top
left). However, for cases where oxo formation is highly favorable, HAT energetics can instead
control activity. In this case, the stronger, negative correlation between HAT and CH3OH release
(i.e., ΔE2 vs. ΔE3) will stabilize bound methanol and limit the benefit of inner-sphere tuning. This
behavior nominally violates the expectation that the binding energies of ligands with the same
connecting atom should be positively correlated130, 143, likely due to the very different character
and strengths of the iron-oxo and iron-methanol interactions. In methanol binding, as in water
binding333, charge is transferred from the O lone pairs to the vacant dz2 orbital in an analogous
manner to HAT, rationalizing the stronger correlation of CH3OH release with HAT than with oxo
formation. Unlike scaling relationships between HAT and oxo formation, no further improvement
is improved in linear scaling relationships between HAT and CH3OH release for constant dihedral
angle or connecting atom identity (Figure 3.7). These weak correlations highlight the potential of
single-site catalyst motifs to disrupt or broaden known scaling relations between intermediates.
However, the limited benefit of linear scaling relations will require alternative approaches, such
as the minimal models employed here, to efficiently reveal energetic trends over wide regions of
chemical space.
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Figure 3.7. Property dependence of the CH3OH release energy. To illustrate the dependence of
ΔE3 on multiple factors, we plotted ΔE3 against ΔE2 for selected homoleptic complexes as
illustrated above. Trends with ligand identity held constant (i.e., with bond stretching or out-ofplane distortion) are relatively strong, but changing the ligand identity shifts points in a manner
that cannot solely be attributed to the ligand field strength effect of the new ligand (left). We also
note that fixing the dihedral angle does not improve correlations (right), and a weak size
dependence may also arise from small differences in dispersion strengths.
We next investigate the validity of BEP relations for HAT and oxo formation to confirm that
our thermodynamic trends also hold for activation energies. We model oxo formation as oxygen
atom transfer from N2O (Figure 3.1). We define activation energies for the oxo formation (Ea,O)
and HAT (Ea,H) reaction steps as follows:
(9)

(10)

We will quantify the applicability of BEP relations between these activation energies and reaction
energies that explicitly include the intermediates omitted in the analysis of reaction step energetics:
(11)

(12)

We first select a 43 complex homoleptic subset of Set 1 that still includes the primary effects
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of i) dihedral angle, ii) direct connecting atom variations (i.e., N, O, P, or S), iii) ligand methylation
vs. hydrogen termination, and iv) metal-ligand bond length elongation and compression. We did
not compute TS energies for the full Set 1 because of the high computational cost associated with
nudged elastic band (NEB) TS searches. Over this representative subset, we observe a strong BEP
relation for HAT between Ea,H and ΔEH (R2=0.99), with a slope of 0.97 (Figure 3.8, top). In some
cases, Ea,H is negative because it is defined relative to infinitely separated reactants. The quality of
fit is independent of dihedral angle or connecting atom identity, confirming that a general BEP
relation holds for HAT among our minimal models, and that the conclusions derived from
thermodynamic analysis remain valid when the HAT barrier is explicitly considered. Although
good correlations have been noted in previous HAT studies137, 334-336, the very high correlation
coefficient here is uniquely attributable to the combination of 1) a consistent 5σ HAT mechanism
and substrate identity and 2) involvement of only metal-substrate interactions.
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Figure 3.8. Activation energy (Ea,H and Ea,O, kcal/mol) vs. reaction energy (ΔEH and ΔEO,
kcal/mol) for the HAT (top) and oxo formation (bottom) reaction steps. Gray diamonds indicate
fully relaxed octahedral complexes, and the minimal models are grouped by metal-ligand plane
dihedral angle: 10° (blue circles), 20° (green triangles) and 30° (red squares). A single best-fit line
has been obtained through both 20° and 30° data.
Since the strong HAT relationship stands out among the other weaker correlations we have
identified in single-site catalysts, it is useful to quantitatively probe its origin. For instance, the
high correlation in the HAT BEP could be due to similarity of the TS and the product structure
regardless of catalyst identity. To quantify early or late TS character in HAT, we use the difference
between the cleaving C-H and forming O-H bond lengths in the TS (Δd) as a metric, normalized
by a value of 0.861 Å that represents the largest difference among HAT product complexes in our
dataset:
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(13)

A negative value denotes an earlier TS, a positive value denotes a later TS, and a value of 1
corresponds to an infinitely late (i.e., product complex) TS. Computed Δd values range from
somewhat early (-0.18) to late (0.31). These TSs obey the Hammond postulate337 i.e., more
endothermic reactions have later TSs. Energy decomposition along the reaction coordinate338-339
for representative early and late TSs reveals equivalent strain in substrates but earlier and larger
contributions to stabilization for early TSs (Figures 3.9-3.10). The close-to-unity BEP slope is thus
unusual because it does not result from very late TSs, as it does in surface-catalyzed methane
hydroxylation337, but rather from a close relationship between what causes TS stabilization and
what makes the reaction step more favorable.

74

Figure 3.9. HAT activation energy vs. TS character. The HAT reaction generally obeys the
Hammond postulate, albeit with increased scatter for relatively late TSs that may be due to
increased importance of variations in dispersion (left). To validate our metric of TS character, we
also considered an alternative metric, namely the spin density of the incipient methyl group, which
represents the degree of electron transfer to the complex (right). Both metrics yield qualitatively
equivalent plots. We also correlated the forming O-H and cleaving C-H distances at the TS and
obtained a good correlation (bottom).

Figure 3.10. Activation strain analyses for HAT by representative low-barrier (solid lines) and
high-barrier (dashed lines) minimal model complexes. Owing to the divergent energy scales, the
overall reaction energy profiles are plotted separately on the right. The activation strain model338
(ASM) decomposes the relative energy (here ΔEH) at any point along a reaction coordinate into a
strain component, ΔEstr, corresponding to the energy required to deform the reacting fragments
from their equilibrium geometry to their current geometry, and an interaction component, ΔEint,
corresponding to the stabilization when the fragments interact at this geometry, i.e.:
∆E = ∆Estr + ∆Eint

(14)

where ΔE is obtained directly from the NEB path, ΔEstr is calculated from the single-point energies
of isolated fragments, and ΔEint is inferred. As in our previous work75, we define the fragments as
i) CH4 and ii) the remainder of the complex, such that ΔEstr corresponds to Fe-O and C-H stretching
and ΔEint corresponds to O-H bond formation. ΔEint is less favorable in the high-barrier complex
owing to a weaker incipient O-H bond, which is only partially offset by a slight decrease in ΔEstr
resulting from a slightly stronger Fe-O π bond (i.e., more favorable oxo formation). Past the TS,
the magnitudes of these changes become almost independent of Δd, resulting in little change to
the shape of the energy profile and explaining the observed slope.
To study oxo formation BEP relations, we now select a 76 complex homoleptic subset of Set
1 that includes the primary effects of i) dihedral angle, ii) direct connecting atom variations (i.e.,
N, O, P, or S), iii) ligand methylation vs. hydrogen termination, and iv) metal-ligand bond length
75

elongation and compression. Both the HAT and oxo formation subsets were drawn from the same
pool of homoleptic complexes, but the oxo formation subset is larger because it contains structures
that were removed from the HAT subset due to difficulty in locating a HAT TS. Over this subset,
we observe a weaker overall relationship between Ea,O and ΔEO in oxo formation (R2=0.62) along
with a lower slope of 0.34 (Figure 3.8, bottom). The oxo formation reaction step energy, ΔEO, can
exceed Ea,O because ΔEO is defined relative to infinitely separated products. As previously
observed for linear scaling relations, restricting correlations to groups with low (10°) or high (2030°) dihedral angles improves correlation coefficients (to R2=0.77-0.81, see Figure 3.8). As the
dihedral angle is increased, the intercept decreases by 4-5 kcal/mol up to a 20° dihedral value, but
the slope remains nearly unchanged (Figure 3.8, bottom). Analysis of TS geometries reveals these
distinct BEP relationships to be due to decreasing Fe-O distance relative to the O-N distance as
the dihedral angle is increased (Figure 3.11). This suggests that greater changes to oxo formation
barriers can be achieved through structural distortion than through ligand field tuning of reaction
thermodynamics, highlighting a limit to conventional BEP relations for molecular catalysis. Such
an observation is particularly surprising given the strong BEP relation observed for HAT with the
same catalysts.
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Figure 3.11. Oxo formation TS geometry correlations. We first note that the Hammond postulate
is again obeyed, with later TSs, as measured by the bond length of the cleaving N-O bond,
corresponding to higher barrier reactions (left). However, as discussed in the main text, plotting
the forming Fe-O vs the cleaving O-N distances at the TS reveals dihedral angle dependence
(right), whereas the corresponding correlation for HAT is much better (Figure 3.9). This signifies
that increasing the dihedral angle results in more favorable Fe-O bond formation early in the
reaction coordinate that manifests as a stronger and shorter Fe-O bond at the TS, consistent with
our electronic structure analysis.
Examination of the electronic structure changes accompanying oxo formation on the quintet
surface explains the unusual dependence on dihedral angle in oxo formation BEP relations. We
have identified that the oxo formation energy depends on dxz/dyz and dz2 stability. However, the
two-electron transfer from Fe(II) to the incipient N2 is apparently sequential despite a single TS
along the reaction coordinate: the lower-energy dxz/dyz is transferred early and the higher-energy
dz2 later, as confirmed by localized orbital analysis331,

340-341

(schematic in Figure 3.12 and

visualized natural orbitals shown in Figure 3.13). This sequential electron transfer has not been
previously noted in C-H activation catalyst design screens but was observed in an analogous
reverse reaction, the sulfoxidation of thioanisole by Fe(IV)-oxo342. Oxo formation Ea and ∆Er are
thus partially decoupled because the TS energy is more strongly dependent on dxz/dyz stability than
the reaction energy. Decreasing the energy difference between the dxz/dyz and dz2 orbitals, e.g., by
distorting the metal out of the plane of the ligands, should decrease Ea relative to ∆Er by
preferentially favoring the first electron transfer leading to the TS.
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Figure 3.12. Schematic of electronic structure changes accompanying oxo formation. The red
circles indicate the order of electron transfer along the reaction coordinate, and spectator orbitals
(dxy and dx2-y2) are shaded in gray.

Figure 3.13. Localized orbital analysis for oxo formation. To justify our characterization of
sequential electron transfer in the oxo formation reaction, we performed localized orbital analysis
on the TS. Natural bond orbital (NBO) analysis341 describes the TS as a high-spin Fe(III) complex
with five spin-up lone pair electrons, which is confirmed by 1) quasi-restricted orbital (QRO)
analysis331 showing that the dz2 orbital remains occupied and localized on the metal center and 2)
unrestricted corresponding orbital (UCO) analysis340 showing that the doubly occupied dxz/dyz
orbital exhibits significant broken symmetry character (UCO overlap = 0.16), with the spin-down
electron acquiring significant N2O character. The natural orbitals above are labeled with their Fe
character. The spin-coupling is also consistent with an unrestricted B3LYP <S2> of about 6.3. We
emphasize that the qualitative behavior observed here is entirely consistent with prior analysis on
thioanisole sulfoxidation342, which is an analogous reverse reaction. The QRO and UCO analysis
was performed using ORCA 4.0332 and orbital images were generated using IboView343.
To further explore the extent of strong oxo formation BEP relations, we created a new 26
complex subset derived from Set 1 variations in which we added axial ligands to enable full TS
characterization. Over 18 complexes, we added a water distal axial ligand while varying i) ligand
connecting atom (N, O, and S), ii) ligand methylation, and iii) included both heteroleptic and
homoleptic combinations; in 8 additional complexes, we held the equatorial ligands fixed (i.e.,
homoleptic NH3) and varied the distal axial ligand widely. Relative to constrained minimal models,
we observe an expected upward shift of the BEP trendline for this 26 molecule subset because the
distal axial ligand in a monodentate structure will favor near-zero metal-ligand dihedral angles
78

(Figure 3.8, bottom). We also expected limited dependence of this effect on nature of the distal
axial ligand because changing distal axial ligand field strength will shift dxz/dyz and dz2 comparably.
Indeed, over this revised subset, we observe a comparable slope with higher intercept of 35.8
kcal/mol (Figure 3.8). The larger variation (R2=0.50) is likely attributable to variations in nowunconstrained metal-ligand bond lengths in the TS. Similar results are obtained with NEB
calculations on this subset of complexes.
Coupled with linear scaling relations, the BEP slopes in undistorted complexes suggest that
ligand field tuning will increase the HAT barrier by ~ 3 kcal/mol for every 1 kcal/mol decrease in
the oxo formation barrier. For catalyst design, these observations present a challenge: although
increasing ligand field strength, as has been recently considered in computational modeling of
MOFs275, should lower an oxo formation TDTS, it may make HAT the TDTS. Increased ligand
field strength will also disfavor the more reactive quintet spin surface (Supporting Information
Table S3). Our observations on distorted structures suggest a complementary approach to improve
catalytic activity beyond ligand field tuning alone. To explore how distorted metal-ligand angles
may be accessed in stable complexes, we searched the CSD324 for undercoordinated Fe(II)
complexes with a tetracoordinate equatorial ligand scaffold supporting a large dihedral angle (see
Chapter 3.4 for details). Among these macrocyclic complexes, large dihedrals are found in
complexes with relatively small rings, e.g., 24° in a 12-membered cyclam ring (CSD: QIJLEC344)
and 20° in a porphyrinogen (CSD: YEXVED345) (Figure 3.14, top). Tetrapodal ligands can also
promote out-of-plane distortion of the metal atom by anchoring the equatorial ligands to the axial
ligand, although dihedrals are typically lower than in macrocyclic complexes (Figure 3.14,
bottom). Examples of such motifs include the prototypical N4Py (CSD: FAZHOE307, 14° dihedral)
or an analogous, carboxylate-rich scaffold (CSD: SARRUA346, 15° dihedral). In addition to
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energetics, stability may also be a concern when selecting one of these choices for dihedral
distortion: probable ligand redox non-innocence345 in the porphyrinogen likely limits its
application in C-H activation.

Figure 3.14. Representative four-coordinate (top) and five-coordinate (bottom) Fe(II) complexes
with large metal-ligand plane dihedral angles obtained from a CSD search. The structures are
labeled with their CSD accession code and largest DFT-optimized dihedral angle.
We now explore how catalytic activity can also be modulated by second-sphere (i.e., proximal
to the metal center but non-bonding) effects over the 37 structures in Set 2 (details in Chapter 3.3).
First, we verify that properties from larger scaffolds at equilibrium can be mapped onto our
minimal model structure-energy relationships. The unfunctionalized N4Py scaffold has a metalligand plane dihedral angle of 14° and strong ligand field arising from sp2 N-coordinating
equatorial ligands and axial σ-donating NR3 moiety, meaning it should have similar energetic
relationships to strong field minimal models with moderate metal-ligand plane dihedrals. Indeed,
N4Py energetics are close to strong field (i.e., compressed PMe3 and SMe2) minimal models with
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10-20° dihedrals (Figure 3.15, red circle). This agreement of N4Py with the minimal models
validates their use to efficiently reveal variations in energetic relationships in single-site catalysis.
Nevertheless, second-sphere functionalizations of N4Py in Set 2 produce distinct behavior that
cannot be achieved with inner-sphere tuning alone: oxo formation energetics are affected most
strongly (ΔE1, 30 kcal/mol range), methanol release less so (ΔE3, 20 kcal/mol range), and HAT is
almost unchanged (ΔE2, 5 kcal/mol range) (Figure 3.15).

Figure 3.15. Oxo formation energy (ΔE1, in kcal/mol) versus HAT energy (ΔE2, in kcal/mol) for
Set 2 (unfunctionalized N4Py shown as a red circle). The corresponding data points from Set 1
minimal model complexes are represented as translucent circles. The functionalizations are
colored according to the corresponding CH3OH release energy (ΔE3, in kcal/mol), as shown in
color bar at right.
To confirm that the addition of FGs do not have an inner-sphere, electronic effect (e.g., through
change of electron density at the metal), we constructed isomers with FGs oriented away from the
metal center. In all cases, we recovered comparable energetics to the unfunctionalized N4Py,
validating this tuning strategy as orthogonal to inner-sphere tuning and originating solely from
non-covalent interactions (NCIs) between the second-sphere FGs and bound moieties (Table 3.3).
As a result, scaling relations derived from the electronic structure of the metal center cannot apply
here, providing an orthogonal energetic tuning strategy that is expected to be feasible on any
scaffold that can enable positioning of FGs within appropriate distances to reacting species.
Table 3.3. Comparison of selected 3-substituted (i.e., distal) N4Py energetics with unsubstituted
N4Py energetics. All energy changes are in units of kcal/mol. Here, we consider the 2d subset of
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Set 2 to represent the worst-case quadruply-functionalized scenario. The distally substituted N4Py
scaffolds share the same inner-sphere effects as the proximally substituted scaffolds discussed in
the main text, among which we observe only narrow ranges of energetics compared to those in
Figures 3.15 and 3.16. This confirms that second-sphere effects are dominant over inner-sphere
effects.
-R
Br
C
Cl
F
I
N
O
P
S
Si
H

E(1) (Ha)
-1336.248
-1443.357
-3124.412
-1682.955
-1329.135
-1507.544
-1586.943
-2653.845
-2878.817
-2448.848
-1286.039

E(2) (Ha)
-1411.429
-1518.540
-3199.592
-1758.135
-1404.316
-1582.729
-1662.126
-2729.027
-2954.000
-2524.029
-1361.220

E(4a) (Ha)
-1412.082
-1519.190
-3200.245
-1758.788
-1404.968
-1583.379
-1662.777
-2729.678
-2954.651
-2524.681
-1361.872

E(5) (Ha)
-1452.023
-1559.129
-3240.186
-1798.729
-1444.908
-1623.312
-1702.714
-2769.616
-2994.588
-2564.620
-1401.809

ΔE1
-13.0
-13.8
-12.6
-12.5
-13.0
-15.4
-14.0
-13.6
-13.9
-13.4
-13.0

ΔE2
18.0
19.0
18.0
17.9
18.3
19.7
19.0
18.8
18.9
18.7
18.1

ΔE3
35.8
33.8
35.5
35.6
34.9
31.4
33.3
34.0
33.7
34.4
32.9

Range

2.8

1.8

4.4

Examination of individual points in Set 2 confirms qualitative expectations of putative FGbound moiety interactions. Given limited variation of HAT energetics (i.e., ΔE2), we first focus on
ΔE1 and ΔE3 and subtract the unfunctionalized N4Py energy differences to isolate the effect of
second-sphere FGs:
(15)
where r is 1 or 3. A negative value of ΔΔE1 thus corresponds to a reduction in ΔE1 upon
functionalization and relative stabilization of the oxo moiety, and a negative value of ΔΔE3
corresponds to a reduction in ΔE3 and increased favorability of methanol release (i.e.,
destabilization of the bound methanol). We classify each Set 2 functionalized scaffold by its
dominant NCI: I) pure steric repulsion from heavy atoms with low electronegativity (i.e., –CH3, –
SiH3, –PH2 and –SH2), II) electrostatic repulsion by electronegative heavy atoms with no bonded
H atoms (i.e., –F, –Cl, –Br and –I), and III) HB stabilization from HB donors303-305, 347-348 (i.e., –
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NH2 and –OH). These qualitative groupings of NCI types are readily corroborated by electronic
structure analysis of the Fe=O bond in the oxo moieties (Table 3.4).
Table 3.4. Electronic structure analysis of the Fe=O bond under noncovalent interactions (NCIs).
One of the key fingerprints of electrostatic NCIs is their effect on the groups involved, in this case
the Fe=O bond. If the oxo group is acting as a HB acceptor, we can expect a reduction in the Fe=O
bond order, polarization of the Fe=O bond towards O and partial covalency of the O…H hydrogen
bonding pair. Conversely, electrostatic repulsion of the oxo group should result in polarization of
the Fe=O bond towards Fe, and steric repulsion should not affect the character of the Fe=O bond.
Hence, to verify our characterization of NCIs, we analyzed how the Fe=O bond character, as
determined by localized intrinsic bond orbital (IBO) analysis349, performed in IboView343, on large
basis set-derived canonical orbitals, changes with functionalization. Note that under this scheme,
the bonding and antibonding majority-spin π orbitals cancel out, leaving two minority-spin
bonding π orbitals as in the table below. The quantitative trends, notably the shift in relative atomic
contributions to the Fe=O bond which represents the bond polarity, are in agreement with those
expected of various NCIs as described above. The presence of hydrogen bonding in the –OHsubstituted structure is consistent with (1) an increase in Fe-O bond length, and (2) the existence
of (3,-1) bond critical points245 between the O and H atoms, as computed by Multiwfn239, under
the atoms-in-molecules framework350.
2c, R = -OH
% Fe % O
σ
α
39
60
σ
β
23
76
π
β
29
66
π
β
35
64
Fe
O
Partial chg. 1.52 -0.62
Spin dens. 3.11 0.52
Fe-O (Å)
1.63

Orb. Spin

N4Py
2d, R = -SiH3 2d, R = -Cl
% Fe % O % Fe % O % Fe % O
43
57
41
59
59
40
25
75
25
75
25
75
38
61
38
60
45
55
39
60
37
62
46
54
Fe
O
Fe
O
Fe
O
1.49 -0.56 1.46 -0.55 1.43 -0.47
3.05 0.63 3.06 0.62 2.96 0.76
1.61
1.61
1.61

We observe strong clustering into the three Groups due to divergent effects of the different
NCI types (Figure 3.16). Group I steric repulsion destabilizes both oxo and methanol by an amount
that increases with i) the van der Waals radius of the heavy atom (Si > S ≈ P > C), ii) the proximity
of the FG to the reacting moiety (i.e., 2a > 2b), and iii) the number of FGs (i.e., 2d > 2c > 2a = 2b)
(see definitions in Figure 3.2). In most cases, methanol is destabilized less than oxo, suggesting
that increased structural flexibility from the weaker Fe-O interaction outweighs any increased
steric repulsion from the larger size of methanol. The rigid N4Py scaffold studied here does not
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allow for low-energy distortion that could mask the effect of steric repulsion in more flexible
scaffolds342. Returning to the outlier observed in minimal model complexes (Figure 3.3), the 10
kcal/mol higher oxo formation energy (ΔE1) than would be predicted from inner-sphere effects
alone can now be attributed to expected steric repulsion effects between the oxo moiety and the
bulky, compressed NMe3 ligands. Group II electrostatic repulsion trends are comparable to Group
I for oxo destabilization (i.e., positive ∆∆E1). The additional electrostatic nature of the repulsion
however stabilizes bound methanol (i.e., increased ∆∆E3) due to the halogen atoms acting as HB
acceptors to the hydroxyl on methanol.

Figure 3.16. Relative CH3OH release energy (ΔΔE3, in kcal/mol) versus relative oxo formation
energy (ΔΔE1, in kcal/mol) for Set 2 complexes, with respect to values for the unfunctionalized
N4Py scaffold. The data points are classified according to the FG interaction type (I: gray, II: red,
and III: blue) as well as the number and positions of attached FGs (symbol shape: 2a and 2b are
mono-, 2c are di- and 2d is tetra-functionalized, as in Fig. 2). Symbols below the dashed line are
expected to improve activity in cases where oxo formation is turnover determining.
Group III HB donors stabilize both oxo and methanol, with oxo stabilized slightly more than
methanol, consistent with relative HB acceptor strengths predicted from differences in the
electrostatic potential203. One outlier in Group III results from strong hydrogen bonding between
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FGs when no axial moiety is present. In all cases, the relative insensitivity of ΔE2 arises from the
very similar size and shape of the oxo and hydroxo moieties. Although the hydroxyl group in
methanol can act as a HB donor to FGs in the scaffold, the hydroxo moiety alone is much smaller
and cannot form such interactions.
These observations may be applied to formulate guidelines for targeted NCI design to improve
catalytic activity. If oxo formation is turnover determining, then the oxo group should be stabilized
more than bound methanol or the bound methanol should be destabilized more than the oxo group
in order to increase turnover frequencies (i.e., ∆∆E3 < -∆∆E1). Several Set 2 points satisfy this
target, and most are in Group III (e.g., N4Py with four hydroxyl groups). Thus, hydrogen bonding
NCIs, often employed to stabilize synthetic Fe(IV)-oxo intermediates303-305, 347 and implicated in
enzyme catalysis351, represent the most promising second-sphere interaction for improving
activity. Basic HB donors with high BDEs such as amides303, 352-353 should also be used to disfavor
reaction with the oxo group via HAT or proton-coupled electron transfer335.
A potential limitation of the use of HB donors to improve activity is the concomitant
stabilization of inactivated Fe(III)-oxo. Owing to its formal Fe-O bond order of 1.5 and significant
charge and spin localization on O, Fe(III)-oxo is a stronger HB acceptor than Fe(IV)-oxo304, 354.
The reduced iron-oxo can thus act as a low-energy off-cycle intermediate, e.g., through electron
transfer from Fe(IV)-oxo. Hence, it is important to ensure that the scaffold contains no easily
ionizable groups and to minimize contact between the metal centers of multiple catalyst sites to
prevent outer-sphere electron transfer. Additionally, as demonstrated from experimental studies
focused on O2304, 355 and peroxide352 activation, the effective barrier of routes to Fe(IV)-oxo that
require sequential oxidation is higher, but this can be overcome by the use of two-electron
oxidants, such as iodosylbenzene or N2O, or by electrochemical oxidation.
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Taking these factors into account and drawing on previous efforts in HB design for
electrochemical ion separation11, we expect that iterative scaffold and FG design to facilitate
placement of HB donors closer to the oxo group than the methanol group, possibly accelerated by
the development of suitable NCI parameterizations356-357, should be a feasible strategy for
improving catalytic activity.
Finally, we briefly discuss the interplay of reactivity trends and spin-splitting trends with an
eye towards the unique role of two-state reactivity (TSR) in the Fe(IV)-oxo system. The quintet
state of Fe(IV)-oxo is much more reactive than the triplet state owing to exchange-enhanced
reactivity (EER). Hence, it is desirable for the Fe(IV)-oxo species to have a quintet ground state,
which is experimentally achievable with weak-field ligands as demonstrated in the metal-organic
framework Fe2(dobdc)13. Otherwise, spin-orbit coupling necessitates consideration of the spinsplitting energy as well as the triplet and quintet barriers, which has led to unexpected reactivity
trends317. We thus computed triplet-quintet splittings (ΔE(HS-LS), kcal/mol = Equintet – Etriplet) for
representative substituted N4Py (Set 2) and minimal model (Set 1) complexes to evaluate the
effect of substitutions and scaffold distortions respectively (Table 3.5). We observe that N4Py
substitutions have a limited effect on ΔE(HS-LS) (i.e., a 3 kcal/mol range), whereas scaffold
distortion has a much stronger effect, with a 40 kcal/mol difference between the strongest- and
weakest-field scaffolds. This is in agreement with the locality of spin-state splittings123 (i.e., the
outsized impact of the immediate metal coordination environment). Furthermore, ΔE(HS-LS) is
governed by the difference in dxy/dx2-y2 energies (Figure 3.6). Hence, although dx2-y2 is nonbonding
and does not affect quintet-state reactivity, it is nevertheless important in a TSR scenario.
Increasing the ligand field strength at constant dihedral angle (e.g., by compressing the Fe-L
bonds) also increases the dxy/dx2-y2 gap, thus disfavoring the quintet state (Figure 3.6, right and
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Table 3.2). This places an additional constraint on ligand field tuning to favor HAT over oxo
formation, as TSR will decrease HAT reactivity once the triplet state becomes the ground state.
Scaffold distortion (i.e., increasing the dihedral angle) instead favors the quintet state (Figure 3.6,
left and Table 3.2), which is synergistic with the reactivity effects described in the main text.
Table 3.5. Computed triplet-quintet splittings for representative complexes (ΔE(HS-LS), kcal/mol
= Equintet – Etriplet).
Scaffold Modifier ΔE(HS-LS)
2a
Br
9.2
10.6
C
2a
10.0
2a
Cl
F
10.7
2a
12.9
2a
H
2a
I
9.6
N
11.4
2a
12.7
2a
O
2a
P
11.5
2a
S
11.1
2a
Si
12.2

θ (deg)
10
20
30

Fe-N bond length (Å)
2.0 2.1 2.2 2.3 2.4
22.0 9.2 -0.7 -8.4 -14.2
17.5 5.4 -3.6 -11.0 -16.4
11.6 0.4 -8.5 -14.1 -19.1

3.6. Conclusions
Through our screen of constrained minimal model Fe(II) scaffolds for CH4 hydroxylation, we
have confirmed that they represent a feasible strategy to identify local reactivity trends at a greatly
reduced computational cost while providing insight into the breadth of design space in molecular
catalysts. The systematic tuning of coordination environments afforded by this approach also
enabled us to identify deviations in linear free energy relationships (LFERs) between the oxo
formation and hydrogen atom transfer (HAT) reaction steps that provide a path to overcoming 1D
volcano-type activity limitations. In particular, increasing the out-of-plane distortion of the metal
center 1) increases thermodynamic favorability of both oxo formation and HAT and 2)
preferentially favors the oxo formation TS relative to its products, thus breaking well-known
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LFERs. Through a qualitative MO analysis, we identified the splitting between the dxz/dyz and dz2
orbitals to be the key factor governing not only the existence of oxo formation/HAT linear scaling
relations but also the differing strengths of oxo formation and HAT BEP relations. Although pure
equatorial or axial ligand field tuning does not affect this gap and yields the LFERs typically
observed in heterogeneous analogues, increasing the dihedral angle reduces this gap by
simultaneously destabilizing the dxz/dyz orbitals and stabilizing the dz2 orbital. As these orbitals are
not the highest occupied MO, caution should be used when invoking the HOMO eigenvalue as a
reactivity descriptor for open-shell single-site catalysts. We demonstrated that dihedral angle
distortions induced in our minimal model simulations are also present in experimentally
characterized transition metal complexes, providing a potential route to improve current alkane
hydroxylation catalysts. Although we have discussed broad design rules rather than a single
optimal catalyst, the trends established in this work should provide guidance on how
computationally or experimentally exploring distortion to simultaneously stabilize HAT and OAT
could lead to improved catalyst design. Further computational work should be performed to
strengthen these conclusions, such as evaluating spin-state-dependent reactivity and identifying
highly stable catalysts.
As an alternative strategy to direct metal-ligand tuning, we functionalized a rigid, asymmetric
N4Py scaffold to examine the range of influence of non-covalent interactions on reaction
energetics. Here, we observed divergent effects of steric repulsion, electrostatic repulsion, and
hydrogen bonding on the relative energies of each elementary step. These observations suggest
that catalyst scaffold design to improve activity should focus on the introduction of strong HB
donors to preferentially stabilize the oxo moiety over the hydroxo and methanol moieties.
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Overall, this chapter shows that LFERs can be leveraged in single-site catalyst screening only
when the coordination geometry is held fixed. Reliance solely on LFERs for single-site catalysis
will thus miss rich areas of chemical space accessible through scaffold distortion. This increased
computational cost for screening can be offset by characterization of minimal, representative
models that can be characterized at a much lower computational cost than extended systems.
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Chapter 4
The Bond Valence as a Descriptor for Predicting the Effect of Exact
Exchange on Computed Single-Site Catalyst Energetics
Reproduced in part with permission from:
Gani, T. Z. H. and Kulik, H. J. Unifying Exchange Sensitivity in Transition Metal Spin-State
Ordering and Catalysis through Bond Valence Metrics. Journal of Chemical Theory and
Computation 13, 5443-5457 (2017).
Copyright 2017 American Chemical Society.

4.1. Summary
Accurate predictions of spin-state ordering, reaction energetics, and barrier heights are critical for
the computational discovery of open-shell transition metal (TM) catalysts. Semilocal
approximations in density functional theory, such as the generalized gradient approximation
(GGA), suffer from delocalization error that causes them to overstabilize strongly bonded states.
Descriptions of energetics and bonding are often improved by introducing a fraction of exact
exchange (e.g., erroneous low-spin GGA ground states instead correctly predicted as high-spin
with a hybrid functional). The degree of spin-splitting sensitivity to exchange can be understood
based on the chemical composition of the complex, but the effect of exchange on reaction
energetics in a single spin state is less well-established. Across a number of model iron complexes,
we observe strong exchange sensitivities of reaction barriers and energies that are of the same
magnitude as those for spin splitting energies. We rationalize trends in both reaction and spin
energetics by introducing a measure of delocalization, the bond valence of the metal-ligand bonds
in each complex. The bond valence represents a simple-to-compute property that unifies
understanding of exchange sensitivity for catalytic properties and spin-state ordering in TM
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complexes. Close agreement of the resulting per-metal-organic-bond sensitivity estimates,
together with failure of alternative descriptors demonstrates the utility of the bond valence as a
robust descriptor of how differences in metal-ligand delocalization produce differing relative
energetics with exchange tuning. Our unified description explains the overall effect of exact
exchange tuning on the paradigmatic two-state FeO+/CH4 reaction that combines challenges of
spin-state and reactivity predictions. This new descriptor-sensitivity relationship provides a path
to quantifying how predictions in transition metal complex screening are sensitive to the method
used.

4.2. Introduction
The promise of open shell transition metal (TM) complexes, e.g., for the selective activation
of hydrocarbons, has motivated first-principles screening for understanding catalytic action and
designing improved catalysts148, 273, 358-359. Approximate density functional theory (DFT) is widely
used for the mechanistic study of TM complexes, but presently available exchange-correlation
approximations in DFT are plagued by both one- and many-electron self-interaction errors43, 49-52,
also referred to as delocalization error53-55. Mechanistic predictions in open-shell TM catalysis37
are particularly sensitive to these delocalization errors, which reduce accuracy in both calculated
bond dissociation energies (BDEs)50, 360-363 and barrier heights364 within a given spin state as well
as the relative energetic ordering of spin states30, 61, 365-368.
The delocalization error in a semi-local (e.g., generalized gradient approximation, GGA)
functional stabilizes overly-delocalized, covalent states57 and generally gives rise to poor
energetics37, such as favoring more bonded interactions in low-spin (LS) than in high-spin (HS)
states61, 368-370. Strategies that aim to recover the derivative discontinuity371 lacking from GGA
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functionals49,

372-377

include tuned hybrids57,

62, 378-386

, DFT+U61,

387-389

, and self-interaction

corrections390-392. These approaches generally behave similarly in TM catalysts by decreasing
covalency57 with respect to GGAs. This consistent effect is observed through electron density
localization away from the metal and onto ligand states74 and decreased dative bonding in
inorganic complexes62-63, 393-394.
By construction, DFT+U61, 387-389 directly penalizes hybridization in metal-ligand bonding
orbitals61, improving transition metal catalysis predictions365,

395

. However, this approach

necessitates self-consistent365 or HF-based396 calculation of a Hubbard U parameter that should be
allowed to vary397 across the reaction coordinate. Like other approximations, DFT+U can be
shown398 to recover the derivative discontinuity371 in approximate DFT but not at a U value that
corresponds to the self-consistently calculated one398.
Hybrid functionals, which incorporate an admixture of Hartree-Fock (HF) exchange, provide
a straightforward approach in practical DFT to correct delocalization errors73, and HF exchange is
one of the most frequently tuned parameters when a functional is selected for DFT study. However,
the fraction of HF exchange required, as judged by comparison to experiment or accurate-butcomputationally-expensive correlated wavefunction theory (WFT) reference, is strongly
dependent on the system30, 61, 366, 399-401 and, to a lesser extent, on the parameterization of the GGA
exchange-correlation functional402. Incorporation of HF exchange reduces dissociation energies in
TM compounds38 and can influence energies of isomers403. For equilibrium energetics and BDEs,
low fractions of HF exchange have been motivated by benchmark studies of TM dimers and
diatomics38, 46, 58-60, 404, possibly owing to the larger relevance46, 405 of static correlation error43 in
these systems. Conversely, higher HF exchange fractions have been motivated by studies of larger
TM complexes406.
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The effect of HF exchange on spin-state ordering is very well-studied, although leading to
conflicting proposals of low366, 407-408 and high30, 409-410 percentages for the accurate description of
spin-state ordering. Increasing HF exchange on octahedral complexes reverses the GGA
preference for LS states to instead favor HS states in a roughly linear fashion30, 61, 366, 399, 407-408, 411.
The spin-state ordering sensitivity to HF exchange is correlated to the ligand field strength of
coordinating ligands61, 399, with bare ions exhibiting dramatically reduced sensitivities368. Between
LS and HS equilibrium geometries, vertical spin splitting sensitivities increase with the metalligand bond length412, approaching the adiabatic spin splitting sensitivity when evaluated at the
HS geometry122. If GGA errors are comparable across complexes, higher sensitivities to HF
exchange in some cases likely explain why differing prescriptions of HF exchange are
recommended in the literature. Building upon these initial observations of structure-sensitivity
relationships, our group recently developed a neural network that predicts the exchange sensitivity
of spin-state splitting based only on the catalyst’s composition, enabling no-cost extrapolation to
results for B3LYP and higher exchange fractions from a semi-local GGA calculation.122
The correct functional choice and amount of HF exchange that should be used in modeling
catalytic cycles60, 407, 411 remains even less clear than for the case of spin-state ordering. Poor
functional choice for a given reaction has yielded unphysical mechanistic predictions, such as
barrierless hydrogen abstraction69, spurious complex-substrate charge transfer69-70 or identification
of the wrong reactive spin surface72. Uncertainty quantification65-67 from statistical analysis of an
ensemble of functionals can be used as a tool to introduce confidence intervals to catalytic
predictions for a single catalyst or cycle if a suitable ensemble of functionals is chosen.
Complementary to this approach, a broader understanding of prediction sensitivity to the most
commonly varied functional parameters is needed in computational catalysis. Unlike spin-state
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splitting, relationships between catalytic intermediate structure and either exchange sensitivity or
semi-local DFT errors are not yet well known.
In this chapter, we determine the relative HF exchange sensitivities of spin-state splitting and
catalytic steps in representative alkane hydroxylation catalytic cycles involving open-shell TM
complexes. We introduce a new metric based on the relative degree of metal-ligand bonding
between spin-states or catalytic intermediates being compared (i.e., the change in bond valence or
BV). We employ this new quantity to provide a unified rationalization of exchange sensitivity in
reaction free energies, barrier heights, and spin-state ordering of TM complexes. We show this
metric is applicable to catalytic cycles with and without changes in oxidation state and spin state.
Combined with accurate WFT references, we are able to provide a clearer view of why no presently
available functional is likely to accurately describe an entire catalytic cycle.

4.3. Computational Methods
Density functional theory (DFT). All DFT single-point energy calculations, frequency
calculations, and geometry optimizations were performed with a development version of the
TeraChem222, 308 graphical processing unit (GPU)-accelerated quantum chemistry package. All
calculations were spin-unrestricted and used the composite LACVP* basis set, which consists of
the LANL2DZ effective core potential227, 313 for Fe and Zn and the 6-31G* basis set for all other
atoms. This modest basis set was found to be accurate in previous work126 on TM complex redox
and spin-state energetics due to cancellation of error, but larger basis sets nevertheless yielded
comparable sensitivities on representative cases.
The effect of exact exchange was investigated by altering61 the percentage of HF exchange in
a modified form of the B3LYP225, 309-310 global hybrid functional that was augmented with the
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empirical DFT-D3 correction219 from as low as 10% to as high as 30% HF exchange in increments
of 10%, unless otherwise noted. As a term computed independently of the self-consistent field
energy, the D3 correction has no effect on computed sensitivities or BVs. We employ the following
modified61 B3LYP exchange expression:
(16)

while holding the GGA/LDA ratio fixed to the 9:1 value in standard B3LYP225, 309-310. This choice
is motivated by the widespread use of B3LYP in the community along with earlier observations
of universal effects of HF exchange tuning in other GGAs.61
The default definition of B3LYP in TeraChem employs the VWN1-RPA form for the LDA
VWN311 component of LYP310 correlation, and the default D3 correction used includes BeckeJohnson damping312. To facilitate quantitative comparison of the effect of varying HF exchange
fraction across reactions, we introduce linear fits as approximations to the reaction energy
sensitivities (Sr), i.e., the partial derivatives of the reaction energies with respect to HF exchange
fraction (aHF), extending a concept that we have previously applied to spin-splitting energies61 and
partial charges74:

(17)

where the unit notation “HFX”61 is used to represent the range from 0 to 100% HF exchange.
Unless otherwise noted, all Sr values are evaluated using a central difference approximation
centered at 20% HF exchange (i.e., B3LYP) and ranging from 10 to 30% HF exchange, and
correlated against properties evaluated at 20% HF exchange. This procedure is only meaningful if
the dependence of ∆Er on HFX is approximately linear, which is the case in the majority of
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reactions studied in this work.
Although commonly proposed values of HF exchange for TM complexes in the literature range
from around 0%366, 407-408 to 40-50%30, 409-410, we consider a sensitivity to be chemically meaningful
only if ∆∆Er changes by more than 3 kcal/mol (i.e., outside of chemical accuracy for TM
complexes64) over a range of 0.156 HFX (corresponding to a 3σ confidence interval61 on the
normal distribution fit to the votes for standard hybrid functionals in a popular DFT poll413), i.e.,
.
Geometry optimizations used the L-BFGS algorithm in translation rotation internal coordinates
(TRIC)318 as implemented in a development version of TeraChem222, 308 to the default tolerances
of 4.5x10-4 hartree/bohr for the maximum gradient and 1x10-6 hartree for the change in self
consistent field (SCF) energy between steps. All structures were separately optimized at each HF
exchange value studied unless otherwise stated. Initial guess geometries were generated with the
molSimplify319 toolkit using trained122 metal-ligand bond distances.
Transition states (TSs) were obtained with partitioned rational function optimization (PRFO)322 at the B3LYP/DFT-D3/LACVP* level of theory using QChem 4.4323, as an analytic
Hessian for TS optimization is not implemented in TeraChem. All TSs were characterized with
vibrational frequency analysis to confirm a single imaginary frequency, followed by reaction path
analysis414-415 using the intrinsic reaction coordinate (IRC)416-417. TeraChem222, 308 single-point
energy calculations on the resulting structures obtained from QChem were obtained to enable
direct energy comparisons between intermediates and TSs.
Vertical ionization potentials (IPs) were calculated by taking the difference in electronic
energies of the oxidized and ground-state species, both evaluated at the ground-state optimized
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geometry unless otherwise noted:
(18)

Correlated wavefunction theory (WFT). WFT reference energetics for the oxo formation
reaction step were computed with domain based local pair-natural orbital coupled-cluster theory
(DLPNO-CCSD(T))40. These calculations were performed with ORCA 4.0332 on DFT-optimized
structures using the aug-cc-pVDZ and aug-cc-pVTZ basis sets, automatically generated418
auxiliary basis sets, and default values were used for pair cutoffs. Extrapolation to the complete
basis set (CBS) limit419-420 was performed using the formulas in ref.

421

. The degree of

multireference (MR) character, as measured by the largest pair natural orbital (PNO) amplitude422,
remains low over the oxo formation reaction coordinate, increasing from 0.07 in the reacting
complex (RC) to 0.10 in the TS and 0.25 in the product complex (PC) (Supporting Information
Table S4). To justify our use of a single-reference method for this reaction step, we also computed
NEVPT2423 energies for the RC and PC. NEVPT2 calculations were performed with ORCA 4.0332
using the def2-TZVPP424 basis set and following details in ref. 425. We used an active space of 10
electrons in 12 orbitals for the RC, which is an octahedral Fe(II) complex with weakly bound
ligands. This active space consists of five Fe 3d orbitals, the bonding counterparts to the 3dx2-y2
and 3dz2 orbitals, and the 4dxy, 4dxz and 4dyz orbitals to account for the double-shell effect.426 We
omitted the 4dx2-y2 and 4dz2 orbitals425 to maintain consistency with the other active spaces. For the
PC, which is an Fe(IV)-oxo complex, we used an active space of 12 electrons in 12 orbitals
consisting of the orbitals in the RC active space and the O 2px and 2py orbitals425.
For hydrogen atom transfer (HAT), strong MR character caused by spin coupling of the methyl
radical and the iron-oxo species necessitates MR approaches such as NEVPT2423, which we have
performed for the RC and the TS using active spaces of 12 electrons in 12 orbitals and 14 electrons
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in 14 orbitals, respectively425. The TS active space consists of the orbitals in the RC active space
plus the σCHO/σ*CHO bonding-antibonding pair, and the omission of the 4dx2-y2 and 4dz2 orbitals is
motivated by memory constraints425. The HAT PC, i.e., Fe(III)-OH…CH3, was not considered due
to the lack of a suitable literature active space.
Bond valences (BVs) and post-processing. For quantification of electron delocalization in
metal-ligand bonds, we employ the Mayer bond order (I)427-428, as calculated by Multiwfn239. This
quantity is cheap to calculate and has been found useful for comparing bonding among 3d TM
complexes429 as well as heavier complexes430. The BV of an atom, here the TM center of a TM
complex, is then defined as the sum of Mayer bond orders with all other atoms427:
(19)

Other measures of electron delocalization, including natural bond orbital (NBO)341-derived bond
orders and atoms-in-molecules (AIM)431-derived quantities were also assessed and found either
not to provide additional information beyond that provided by the Mayer bond order (e.g., the
fuzzy atom bond order432), or to introduce additional sources of ambiguity (e.g., the AIM-derived
delocalization index433). Natural population analysis (NPA)341-derived partial charges were
obtained from the TeraChem interface with the NBO 6.0 package434. Cube files and deformation
density distributions were obtained with the Multiwfn post-processing package239 and projected
onto the xy-plane for visualization.

4.4. Results and Discussion
To begin to understand the effect of HF exchange on catalytic cycles, we first consider CH4
hydroxylation by a model Fe(II) complex. We use N2O as the terminal oxidant13, instead of O2 as
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the paths to O2 activation in synthetic complexes are less well-established296, 435 (Figure 4.1). This
process has attracted significant attention due to the importance of partial oxidations of abundant
feedstocks436 that are performed under mild conditions by highly-efficient and selective
enzymes294, 437. Unique aspects of open-shell TM complex electronic structure270, 425, 438 require an
understanding of how spin-state influences reactivity, leading to two-state reactivity (TSR)34, 316
and exchange-enhanced reactivity (EER)36, 315 models. For this first catalytic cycle, all calculations
were performed on the ground state, HS quintet surface (vide infra for a discussion of TSR), and
inclusion of counter-ions to address unphysical charge delocalization69,

314

was found to be

unnecessary here due to the higher IP of CH4 vs. larger substrates such as cyclohexane70, 439.

Figure 4.1. CH4 hydroxylation by N2O catalyzed by the model tetraamminemonoaquairon(II)
complex. All complexes have a charge of +2. The labels below each reaction step indicate the HF
exchange sensitivities (Sr, units of kcal/mol.HFX) of electronic energy (left) and Gibbs free energy
(right) changes. No TS could be found for step 5 (rebound) due to the large, negative reaction
energy.
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Within the framework of the energetic span model278, the turnover-determining TS (TDTS)
and turnover-determining intermediate (TDI) in this catalytic cycle are the oxo-formation TS
(TS1) and the Fe(II)-CH3OH rebound intermediate (6) respectively, in agreement with previous
mechanistic studies270, 440 (Figure 4.2). The magnitudes of Sr for individual steps vary widely,
ranging from near zero in steps 1 and 6 to 113 kcal/mol.HFX in step 2 (Figure 4.1). All steps except
steps 1, 3 and 6 have chemically meaningful Sr according to our criterion developed in Sec. 2. Both
positive and negative Sr values are observed, and this results in divergent effects on the TDTS and
TDI: increasing the amount of HF exchange in the functional destabilizes the TDTS while
stabilizing the TDI, increasing the energetic span and hence decreasing the computed turnover
frequency (TOF) (Figure 4.2). Over the modest variation from 15 (e.g., in the reparametrized
B3LYP* functional407) to 25% HF exchange (e.g., in the PBE0 functional441), the energetic span
widens from 50 kcal/mol to 56 kcal/mol, which corresponds to a 5 order of magnitude decrease in
the computed TOF at 298 K.

Figure 4.2. Energy level diagram for the Fe(II) model catalyst methane to methanol catalytic cycle
intermediates shown schematically in Figure 4.1 computed at 10%, 20% and 30% HF exchange
with the B3LYP functional. All curves have been aligned at intermediate 1, and the TDTS and
TDI are labeled accordingly.
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Considering the strong, yet systematic, dependence of computed observables such as the
TOF with HF exchange fraction, a scheme for rationalizing and predicting these sensitivity
differences is desirable for high-throughput catalyst screening workflows that rely on a single
hybrid (or GGA) functional. To this end, similar sensitivity trends have been observed in other
model alkane hydroxylation reactions69, 442 and attributed to changes in the oxidation number of
Fe69, with an increase in oxidation number (e.g., Fe(III) to Fe(IV)) corresponding to increased
sensitivity and vice versa. Although this simple model at first appears adequate for this system, it
suffers from several shortcomings: (1) the oxidation number is formally only defined over integer
values443 and hence unable to take into account fractional bond orders, e.g., in TSs or weaklybound ligands, (2) it does not distinguish between an increase in formal charge (e.g., through
electron transfer) and electron delocalization (e.g., through additional metal-ligand bonds), and (3)
assignment of oxidation numbers is ambiguous in all theoretical calculations but especially TM
complexes with non-innocent ligands. Instead, the BV change we introduce in this work is a
quantitative metric for HF sensitivity and addresses the shortcomings above: fractional bond orders
are well-defined and physically meaningful, BV increases correlate to increased electron
delocalization as bonding orbitals are more delocalized than nonbonding orbitals, and explicit
assignment of electrons to metal or ligand is not required. At the same time, the change in BV
reduces to the change in oxidation number if all bond orders are assumed to be integers.

As each step in this model catalytic cycle is fortuitously well-described by near-integer BV
changes, the BV change and oxidation number are both suitable metrics for rationalizing relative
HF exchange sensitivity of reaction steps. Plotting Sr of each reaction step against the change in
total Fe BV yields a strong correlation (R2=0.94) despite the fact that we have treated different
bond types equivalently and ignored BV changes of the organic molecules themselves (Figure
101

4.3). The value of the slope indicates that the formation of an Fe-X bond is disfavored by about 68
kcal/mol from 0% to full (i.e., 100% HF) exact exchange. Both the numerical value and quality of
this fit are insensitive to basis set choice. HF exchange in hybrid functionals has been observed to
lower BDEs in TM compounds by 7-8 kcal/mol per 10% of HF exchange on average38, which is
in reasonable agreement with the computed slope. The largest deviations from this trend occur in
the weakly-bound N2O adsorption and CH3OH dissociation steps, which are also sensitive to basis
set size but have small Sr values.

Figure 4.3. Dependence of reaction energy sensitivity to HF exchange (Sr) on the change in Fe
bond valence (∆BV) for each reaction step in Figure 1. Representative reaction steps with large
positive and negative sensitivities are indicated with arrows.
It is useful to compare the HF exchange sensitivities of electronic energy changes (Sr) and
Gibbs free energy changes (Sr,G), as ∆Gr rather than ∆Er determines catalytic activity. Although
vibrational frequencies increase with HF exchange and are systematically overestimated by pure
HF and some hybrid functionals444, this effect may be expected to largely cancel out in a chemical
reaction, as most spectator vibrational modes in the reacting complex remain unchanged from
reactants to products. Despite metal-ligand bond orders decreasing with increasing HF exchange,
vibrational frequencies of the metal-ligand and other bonds in the complex generally increase
(Figure 4.4). As a result, we observe a consistent, though slight, increase in magnitude of Sr,G
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relative to Sr for all reaction steps in this catalytic cycle, and correlations of Sr,G with change in
total Fe BV are comparable (R2=0.93, Figure 4.5). Hence, conclusions regarding HF exchange
sensitivities of electronic energy changes are also applicable to Gibbs free energy changes,
although it should be noted that the deviation from linearity for the computed sensitivities is
increased due to changes in vibrational frequencies.

Figure 4.4. Comparison of vibrational frequencies across different HF exchange values for a
model [Fe(NH3)6]2+ complex. The geometry was separately optimized at each HF exchange value.
Vibrational frequencies were classified according to N-H, Fe-N and low-frequency modes,
averaged within each group and normalized by the average frequency at 0% HF exchange. The
relatively high sensitivity of Fe-N frequencies to HF exchange is concomitant with high sensitivity
of metal-ligand bond properties, such as partial charges and bond distances.

Figure 4.5. Plot of Gibbs energy sensitivities (Sr,G) vs bond valence changes (ΔBV). The fit is
almost identical to that for electronic energy sensitivities (Sr, Figure 4.3).
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To investigate if our observations on the BV metric can be generalized to other catalytic
cycles, we repeated this analysis on CO2 hydration catalyzed by a Zn(II) biomimetic complex of
carbonic anhydrase121, 445-446 (Figure 4.6). To facilitate comparison to the previous example, we
also considered the direct Fe(II) analogue. The Zn(II) complex is a closed-shell singlet whereas
the B3LYP ground state of the Fe(II) complex is an open-shell quintet. The metal oxidation state
remains constant as Zn(II) and Fe(II) in this catalytic cycle, and thus oxidation number cannot be
used to predict exchange sensitivity. Sensitivities are much lower overall in both cases, with the
most sensitive step having an Sr of 21 kcal/mol.HFX compared to 113 kcal/mol.HFX in the
previous example. The deprotonation step (1 → 2) is barrierless, and owing to low sensitivities,
we did not carry out further analysis of the TS for the CO2 insertion step (2 → 3). Trends in these
small but nonzero sensitivities can, however, still be rationalized by considering differences in
BVs. Considering the most sensitive steps of the cycle, namely H2O deprotonation and CO2
insertion, we observe that the oxygen-containing ligand changes from neutral (H2O) to anionic
with high charge density (OH-) to anionic with delocalized charge (-OCO2H). The corresponding
changes in M-O bond strength are quantified by our BV measure and corroborated by bond length
changes (Figure 4.6). The signs and relative magnitudes of Sr correspond well with the relative
changes in BVs. The Fe(II) reaction steps are more sensitive than the corresponding Zn(II) reaction
steps, which may be due to the reduced 3d character of bonding orbitals in Zn(II) owing to its
closed shell d10 nature398.
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Figure 4.6. Key steps of CO2 hydration catalyzed by a model Zn(II) complex and its Fe(II)
analogue. The sensitivities of reaction energies with respect to HF exchange fraction (Sr, units of
kcal/mol.HFX), M-O bond length changes (∆BL, units of Å) and bond valence changes (∆BV) for
the two reaction steps (H2O deprotonation and CO2 insertion) are labeled accordingly, with the left
and right values corresponding to Zn(II) and Fe(II) respectively. Due to their small absolute values,
the reported Sr values have been corrected for the sensitivities of the uncatalyzed reaction steps (2.5 kcal/mol.HFX and -7.5 kcal/mol.HFX respectively).
We now consider the continuous variation of HF exchange sensitivity along reaction
coordinates to determine if BV changes also explain sensitivity along chemical steps. We
computed the B3LYP (20% exchange) IRC reaction paths for oxo formation and HAT reaction
steps by proceeding down from the TS back to the respective reactant complex, RC, and forward
to the product complex, PC, and also recomputed single point energies of these structures at 10%
and 30% HF exchange (see structures in Figure 4.1). The energy profiles shift uniformly in a
direction consistent with the sign of the overall Sr for the step, i.e., positive for oxo formation (Sr
= 113 kcal/mol.HFX) and negative for HAT (Sr = -80 kcal/mol.HFX). This observation can be
interpreted as a gradual increase in magnitude of the exchange sensitivity of total energies along
the reaction coordinate (Figure 4.7). The net change in BV increases with reaction progress,
providing a satisfactory, albeit qualitative, single descriptor that explains the observed energetic
behavior (Figure 4.8). We note that for other catalytic cycles beyond the scope of this work, the
BV change between the RC and PC could instead be small and reach a maximum in the TS, which
would instead lead to a different sensitivity profile on the IRC.
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Figure 4.7. Energy profiles of the oxo formation (top) and hydrogen atom transfer (bottom)
reaction steps computed at 10 (red circles), 20 (blue circles), and 30% (green circles) HF exchange.
Structures were obtained along the B3LYP (20% HF exchange) IRC and single-point energies
were recomputed at 10 and 30% HF exchange. Structures of the reacting complex (RC), transition
state (TS) and product complex (PC) correspond to points indicated on the plots and are provided
at the top or bottom of each plot. The grey squares represent WFT reference energies (DLPNOCCSD(T)/CBS for oxo formation and NEVPT2(14,14)/def2-TZVPP for hydrogen atom transfer).
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Figure 4.8. Comparison of geometric and electronic descriptors for HF exchange sensitivity across
reaction coordinates. In order to compare disparate descriptor values and sensitivities across both
reactions, all sensitivities and descriptor changes have been normalized by their respective
differences between the RC and PC. An ideal linear fit is included for comparison, and the
quantitative quality of a descriptor can be inferred from the shapes of the curves. Despite their
apparent high quality of fit, localized charges and spin densities do not generalize across reactions
and are unsuitable for use as general descriptors of sensitivity. Similarly, the Fe-O bond distance,
while providing fits of comparable quality as the BV, does not generalize well to other elements,
necessitating the use of, e.g., empirical bond-valence parameters 447-448.
We next apply the activation strain model (ASM)338-339, 449, which is commonly used to
rationalize reactivity trends across organic and inorganic chemistry450-454, to instead understand
exact exchange sensitivity along a reaction coordinate. ASM decomposes the relative energy, ∆E,
at any point along a reaction coordinate into a strain component, ∆Estr, corresponding to the energy
required to deform the reacting fragments from their equilibrium geometry to their current
geometry, and an interaction component, ∆Eint, corresponding to the stabilization when the
fragments interact at this geometry, i.e.:
(20)
where ∆Estr and ∆E are calculated directly and ∆Eint is inferred. In order to interpret exchange
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sensitivity in oxo formation and HAT, we define the fragments as i) the reacting small molecule
(N2O for oxo formation and CH4 for HAT) and ii) the remainder of the complex.
For both reaction steps, ∆Eint is far more sensitive to exact exchange than ∆Estr and is the
primary source of large Sr (Figure 4.9). This result may be expected since the ∆Eint for both reaction
steps directly correspond to changes in the Fe BV: in oxo formation it corresponds to Fe-O bond
formation, and in HAT it isolates the difference in bonding between the iron-oxo and the ironhydroxo moieties. Thus, this ASM analysis provides further quantitative evidence that energetic
sensitivity to exact exchange is driven by differences in relative Fe orbital delocalization. The
evolution of the deformation density, i.e., the total electron density less the spherically
symmetrized densities of isolated, constituent atoms, also provides insight into the degree of
delocalized, bonding interactions (Figure 4.10). For oxo formation, analysis of the deformation
density reveals relative depletion of Fe and O AOs with bond formation in the TS compared to the
RC. In the PC, additional 3d AO depletion is observed together with even greater electron
delocalization between Fe and O, consistent with prior localized orbital analysis of the equilibrium
and stretched iron-oxo moieties438.
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Figure 4.9. Activation strain model decomposed strain (∆Estr, red lines) and interaction (∆Eint,
green lines) energy contributions to the reaction energy profiles (∆E, black lines) at 10 (dotted
lines), 20 (solid lines) and 30% (dashed lines) HF exchange for oxo formation (top) and hydrogen
atom transfer (bottom). The reacting fragments are as shown in the insets. Note that the y-axis
range of the oxo formation step is approximately twice that of the hydrogen atom transfer step.

Figure 4.10. Illustration of the evolution of the deformation density in the oxo formation reaction
step, calculated and visualized in the plane of the Fe-O-N bond. Orange and green areas represent
regions of electron depletion (density loss) and electron accumulation (density gain) relative to
relative to isolated atoms, respectively. Approximate atomic positions are indicated by spheres
(brown: Fe, red: O, blue: N and white: H).
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The ∆Estr contribution corresponds in oxo formation to the O-N bond dissociation and in
HAT to the Fe-O stretch and C-H bond dissociation. These primarily organic bond strength
changes are less sensitive to HF exchange than the metal-ligand contributions in ∆Eint. For HAT,
the insensitivity of ∆Estr to the Fe-O bond stretch is consistent with a modest Fe BV change of 0.1
and prior orbital analysis438. Thus, the ASM approach enables us to approximately exclude the
organic contribution (i.e., neglecting ∆Estr) to the overall reaction exchange sensitivity, giving
corrected Sr values that quantitatively isolate the per-metal-organic-bond sensitivity. Doing so, we
obtain values of 88 kcal/mol.bond and 119 kcal/mol.bond for oxo formation and HAT respectively
(Table 4.1). Although small (e.g., less than 20 kcal/mol.HFX) sensitivity differences may be
attributable to differences in linear fits61, the significant (around 35%) difference in per-metalorganic-bond sensitivities for both reaction steps is likely a result of the differing degrees of
delocalization afforded by the bonding orbitals in each case that are not distinguished by the BV
metric. More delocalized Fe-O π bonds are broken in HAT, whereas a combination of π bonds and
relatively localized σ bonds are formed in oxo formation (see ref. 438 and Figure 4.11).
Table 4.1. Calculation of per-metal-organic bond sensitivities for oxo formation and HAT by
subtracting the strain energy (∆Estr, kcal/mol) contribution to the overall reaction energy sensitivity
(Sr, kcal/mol.HFX). The strain energy sensitivity has similarly been estimated from the central
difference approximation analogous to the procedure for Sr.
Oxo formation
∆BV
1.91
Sr
113
∆E(str), 30% HF
104.1
∆E(str), 10% HF
115.2
S(strain)
-55
Sr, corrected
168
Sr per bond
88
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HAT
-0.77
-80
68.6
66.3
11
-91
119

Figure 4.11. Comparison of bonding in hydrogen atom transfer (HAT) reactants and products.
Although prior analysis of this reaction (see refs 328, 438 and refs therein) depicts a complex
evolution of electronic structure across the reaction coordinate, and the primary difference between
the reactants (structure 4 in Figure 4.1, where the dispersion-bound CH4 in 4 has been omitted for
clarity) and the products (structure 5) is the breakage of the π bonds, which lose their 3d-character
and become lone pair-like, as shown in the QRO depiction above. The corresponding singlyoccupied π* orbitals also lose their 2p-character and become 3d-like. Antiferromagnetic coupling
of the singly occupied σ* and σC-H orbitals in the product leads to a delocalized orbital with
significant Fe and C character (bottom right), but this orbital does not contribute to Fe-O bonding.
In a manner analogous to Sr, we approximate barrier height sensitivities, STS, as follows:
(21)

where ETS and ERC are the energies of the TS and RC, respectively. If BV differences are greater
between RC and PC than between RC and TS, we will expect STS to be smaller than Sr, depending
on how late (i.e., product-like) the TS is. Evaluated at 20% HF exchange, STS of oxo formation
and HAT are around 65 kcal/mol.HFX and -45 kcal/mol.HFX respectively, which correspond to
around 55% of Sr for both reaction steps. However, it should be noted that STS of the HAT reaction
step will vary strongly with HF exchange as a result of strong sensitivity of the underlying TS
geometry (Figure 4.7, bottom). The decrease in HAT barrier with increased HF exchange,
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consistent with previous studies36, 69, nominally violates the expectation that GGAs underestimate
barrier heights364 due to greater delocalization in TSs than RCs. However, the 3d electrons in the
HAT TS are indeed less delocalized than in the reactants, as indicated by the lower Fe BV, and
thus HAT in TM complexes corresponds to a case where penalizing delocalization (e.g., with HF
exchange) should lower the barrier height.
Comparison to correlated WFT reference energetics provides some clues regarding
functional choice for accurate energetics in oxo formation (grey squares in Figure 4.7). The triplezeta DLPNO-CCSD(T) ∆Erxn of 12 kcal/mol is in good agreement with the corresponding
NEVPT2 value of 9 kcal/mol (i.e., they differ by 3 kcal/mol, or TM chemical accuracy64),
confirming that our single-reference approach is indeed reasonable for this reaction step, as
observed in previous work455-456. Fortuitous error cancellation for B3LYP with a modest basis set
and empirical dispersion leads to ∆Erxn being underestimated by only 3 kcal/mol relative to the
CBS DLPNO-CCSD(T) value. Conversely, B3LYP underestimates the oxo formation barrier by
around 10 kcal/mol. Recalling that STS < Sr, we can determine that choosing a single exchange
percentage to reproduce the WFT barrier will greatly worsen ∆Erxn predictions, motivating instead
variable exchange through an approach analogous to the variable U in the previously proposed
DFT+U(R) approach397-398.
For HAT reaction steps, spin coupling of the methyl radical and the iron-oxo species
motivates MR WFT references, and B3LYP underestimates the computed NEVPT2 barrier of 11
kcal/mol by 6 kcal/mol. When paired with the STS of -45 kcal/mol.HFX for HAT in this model
complex, these results indicate that the B3LYP exchange fraction is too high and should be reduced
to only 7% in order to reproduce the WFT barrier. Similar underestimation of HAT barriers has
been observed for other nonheme Fe(IV)-oxo complexes, such as [Fe(TMC)(CH3CN)(O)]2+ (TMC

112

=

1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane)425

and

trigonal

bipyramidal

Fe(NH3)4(O)]2+.35 Indeed, there have been suggestions that some TM complexes are better
described by functionals with reduced or no HF exchange38, 46, 59, 405. Divergent HF exchange
dependence and optimal parameter choice along reaction coordinates and between steps in the
same catalytic cycle thus motivate careful evaluation of the role of functional selection in catalyst
screening studies that typically rely on a single functional. Further functional development to
produce accurate energetics across catalytic cycles would necessitate more extensive
benchmarking beyond the scope of this work.
Although we have found value in the BV metric for explaining exchange sensitivities, we
can try to rationalize Sr trends among catalytic steps through changes in metal-centered descriptors
such as atomic partial charges and spin densities. As the HAT reaction step proceeds, spin is
localized onto the Fe center and the increase in C spin density correlates well with the HF exchange
sensitivity (Figure 4.8). Furthermore, the increase in exchange stabilization457 (ES) with metal spin
density is a key ingredient of EER36, 315, which explains why HAT barriers are lower on the quintet
spin surface than on the triplet spin surface. Hence, it is plausible that Sr is similarly a result of
increased ES by HF exchange69. However, this idea fails to generalize to the oxo formation
reaction step, for which Sr increases monotonically but spin densities do not (Figure 4.8). Similarly,
although decreases in metal partial charge from LS to HS are correlated to negative spin-splitting
sensitivities61, 368, the partial charges are themselves sensitive to HF exchange74, and they should
at least weakly correspond to formal oxidation state458, partial charges are unsuitable as universal
descriptors for Sr. This poor correlation is again evident from the oxo formation reaction step, in
which the Fe partial charge decreases from 1.47 to 1.38 upon addition of the oxo group despite the
large, positive Sr. Such disparity between partial charges (here, less than +2) and oxidation states
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(here, up to IV) is common among TM complexes459-460.
Having identified BV metrics as the most suitable to explain sensitivity in chemical
catalysis, we return to spin-splittings to identify if the BV metric retains its transferability. For a
TM complex, the LS-HS transition may be nominally defined as a unimolecular reaction:

(22)

Comparing the HF exchange sensitivity of the spin-splitting energy (denoted SHS-LS) between bare
Fe2+ cations, which is the limiting case of zero ligand field strength (i.e., fully degenerate 3d
orbitals368), and various Fe(II) complexes, we find that SHS-LS is greatly reduced in Fe2+ vs. the
Fe(II) complexes (Table 4.2), consistent with previous observations368. As localized descriptor
changes are instead greater in Fe2+ than in Fe(II) complexes, where property changes are typically
spread between the metal and ligands, this result is again inconsistent with their use as HF
exchange sensitivity descriptors. Rather, as we and others have previously argued61, 74, 368, 370, SHSLS

is primarily a result of differences in delocalization between the HS and LS states, with HF

exchange favoring the HS state due to lower delocalization as a result of increased occupancy of
antibonding orbitals. This difference in delocalization398 is attenuated in weak-field complexes and
completely absent in bare metal ions, leading to greatly reduced sensitivity in those cases. Hence,
this failure of localized metal descriptors, both for chemical reactions and for spin state ordering,
stems primarily from their inability to describe electron delocalization over the entire complex.
Other descriptors for spin-splitting sensitivity, including differences in HS and LS bond lengths399,
differences in HS and LS metal partial charges61, and the spin-splitting energy evaluated at 20%
HF exchange (i.e., B3LYP)61, are successful because they indirectly quantify differences in
electron delocalization, but these metrics are not generalizable to chemical reactions.
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Table 4.2. Comparison of spin-splitting sensitivities (SHS-LS, kcal/mol.HFX) between
representative ions and complexes. As noted in the main text, the bare ion is far less sensitive to
HF exchange than any of the octahedral complexes, thus motivating interpolation at various
coordination numbers. Bare ions were simulated at their ground states (1I and 5D)461, and residual
sensitivity is entirely due to exchange energy variations457. All data used to generate Figure 4.12
is also included here: geometries were individually relaxed at each spin state and also reported
here.

Thus, it is useful to identify if there is a quantitative relationship between SHS-LS and the
change in the BV between HS and LS states. Assuming such a relationship is found, we can then
compare the computed per-bond sensitivity to that previously computed for Fe(II) reactions to
determine if there is any difference in sensitivity to BV changes in spin-state splitting versus
catalytic energetics. To interpolate BV changes while keeping the ligand identity constant, we
generated a series of [Fe(CO)n]2+ and [Fe(NH3)n]2+ complexes (n = 1 to 6) and compared the spinsplitting energy sensitivity and the change in BV between HS and LS states. Here, oxidation state
is again constant, and therefore it cannot serve as a good predictor of relative sensitivities. Both
the ammine and carbonyl complexes yielded comparable fits between sensitivity and BV changes,
with a total R2 value of 0.97 (Figure 4.12). This result suggests that the suitability of the change in
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BV as a descriptor is independent of coordination number and bonding element identity. We then
computed the spin-splitting sensitivities and BV changes for the [Fe(NH3)4(H2O)(O)]2+ and
[Fe(imi)3(OH2)]2+ complexes (Sec. 3a) along with the [Fe(H2O)6]2+ complex. The sensitivities for
these complexes are in good agreement with the computed trend (Figures 4.12 and 4.13). The
combined slope of 86 kcal/mol.HFX.bond also matches the corrected per-bond sensitivity for oxo
formation (vide supra), further supporting the idea of a common physical origin of reaction energy
and spin-splitting HF exchange sensitivities.

Figure 4.12. Spin-splitting sensitivity as a function of the difference in bond valence between HS
and LS states for Fe(II) complexes of varying coordination number and ligand identity. Carbonyl
and ammine complexes are denoted by gray circles and blue triangles respectively, and for
comparison, the bare ion is denoted by a black square. The labels indicate the coordination number
of the carbonyl complexes, and the ammine complexes follow the same ordering. All structures
are relaxed at the specified spin state and coordination number, and the optimized geometries are
described in Table 4.2.
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Figure 4.13. Additional spin splitting sensitivities and bond valence (BV) changes. To assess the
broad applicability of our Fe(II)-derived trendline in Fig. 8, we computed the spin-splitting
sensitivities of two complexes studied in Sec. 3a, namely [Fe(NH3)4(H2O)(O)]2+ (red triangle; 3 in
Fig. 4.1 less N2) and [Fe(imi)3(OH2)]2+ (blue triangle; 1 in Figure 4.6), as well as the octahedral
[Fe(H2O)6]2+ complex (red circle), considering the quintet-triplet splitting (i.e., IS-HS) for the first
two and the quintet-singlet splitting (i.e., LS-HS) for the last. Good agreement with the trendline
is observed.
As the oxo formation and HAT reaction steps are often described as redox reactions where
Fe is oxidized from Fe(II) to Fe(IV) and reduced from Fe(IV) to Fe(III) respectively, we consider
if Sr is related to the HF exchange sensitivity of the vertical IP (denoted SIP):

(23)

The IPs of catalytic intermediates are often good activity descriptors136, 301-302, 462. In molecular
catalysts, electron transfer rates in electrocatalytic reaction steps are governed directly by IPs301
and chemical reactivity is dependent on frontier molecular orbital energies329, which are related to
IPs by Janak’s theorem463. Broad calculation of IP sensitivities on homoleptic octahedral
complexes across the spectrochemical series revealed no clear trends with respect to ligand field
strength (Table 4.3). To further probe the electronic structure factors governing SIP, we
systematically computed IPs for the octahedral [Fe(NH3)6]n+ complex (n = 1 to 4) across a range
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of spin states, where all energies were computed at the [Fe(NH3)6]2+ HS optimized geometry
(Table 4.3). We found no obvious trends among SIP, the ground-state electronic state, and the
change in BV upon oxidation. Hence, although magnitudes of Sr and SIP qualitatively agree in this
system, HF exchange sensitivities of chemical catalytic steps that track with oxidation state
changes are unlikely to be related to sensitivity of the underlying ionization-only reactions. In
systems with simultaneous electron transfer and chemical reaction, e.g., in water-oxidation
electrocatalysis301, the redox and reaction sensitivities should be treated additively.
Table 4.3. Comparison of vertical IP sensitivities (SIP, kcal/mol.HFX) between representative ions
and complexes. In general, complex sensitivities are increased relative to the bare ions but as noted
in the main text, trends cannot be satisfactorily explained by any one of the following factors: bare
ion sensitivities, ligand field strength (i.e., CO > NH3 > H2O) or bond valence changes between
+2 and +3 charges. Bare ions were simulated at their B3LYP ground states, which may differ from
experimental ground states461. Divergent behavior relative to spin-splittings thus motivates further
study of the effect of delocalization error correction (i.e., penalizing delocalized states via exact
exchange or a +U correction)57, 61, 74, 398, 464 on endpoint errors.

The addition-elimination reaction between FeO+ and methane to form methanol is the
undercoordinated Fe(III) analogue of CH4 hydroxylation by an iron-oxo moiety. This system’s
differing reactivity in the accessible quartet and ground state sextet spin states, referred to as twostate reactivity (TSR)34, has made it the focus of intense experimental465-470 and computational395,
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study. Properties of this energy landscape, including the overall reaction’s exothermicity,

spin inversion at the entrance and exit channel, and a shallow but excited quartet surface with
respect to a steeper sextet surface, are challenging to capture within a single exchange-correlation
functional. In the first step, methane binds to the diatomic cation (Int-1), then in the highest barrier
step (TS1) oxygen abstracts a hydrogen (Int-2), and finally in the second reaction step, the methyl
radical and hydroxyl combine (TS2) leaving a weakly bound methanol to a Fe+ cation (Int-3)
before it dissociates to form products (Figure 4.14). The need to simultaneously predict spin-state
ordering and reaction coordinate properties within each spin state in this reaction combine the
challenges we have addressed thus far, motivating analysis of when exchange tuning can recover
these features. Strong basis set sensitivity in this system necessitates special consideration: even
with a triple-zeta basis set, 4F Fe+ is incorrectly predicted to be more stable than 6D Fe+, with an
absolute error of about 10 kcal/mol relative to the experimental splitting476-477. Other regions of
the potential energy surface are also affected: for instance, we found in preliminary calculations
that LACVP* produced incorrect 4Int-1 geometries and did not lead to a stable four-membered
6

TS1 at all HF exchange values studied. Hence, larger basis sets were used for these calculations:

all structures were separately optimized at each HF exchange value studied using the all-electron
def2-TZVP basis set424, and single-point energies then evaluated on optimized geometries using
the def2-QZVP basis set. These calculations were performed with ORCA 4.0332.
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Figure 4.14. Key intermediates in CH4 hydroxylation by FeO+. Each species has a net charge of
+1 and can exist in the quartet and sextet spin states, with slight differences in geometries and bond
orders between spin states.
The GGA (here, BLYP) and hybrid (here, B3LYP) energy landscapes are in qualitative
agreement with prior studies395, 471-474 (Figure 4.15). The overall reaction energy, ∆Er, is strongly
sensitive to HF exchange (Sr = -108 kcal/mol.HFX on the sextet surface), consistent with the large,
negative BV change (B3LYP ∆BV = -1.98) due to the cleavage of the Fe-O bond when
transforming from Fe=O+ and CH4 reactants to Fe+ and CH3OH products. On a per-bond basis, the
metal-derived sensitivity after correcting for sensitivity arising from C-O bond formation
following the ASM approach described above, 69 kcal/mol.HFX.bond, is comparable to the value
previously obtained for coordinated Fe(II) complexes (86 kcal/mol.HFX.bond) (vide supra).
Introduction of 20% HF exchange, as in the B3LYP functional, changes the ∆Er from erroneously
endothermic with GGA to exothermic (here, -9 kcal/mol) and in good agreement with the -10
kcal/mol exothermicity observed experimentally469. Continued increase of the HF exchange
percentage overestimates the exothermicity of the reaction and worsens agreement with
experiment.
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Figure 4.15. Energy level diagram for the FeO+/CH4 reaction computed at 0% (red), 20% (blue)
and 40% (green) HF exchange. Solid and dotted lines represent the sextet and quartet surfaces
respectively, and all energies are reported relative to the energy of 6FeO+/CH4 at each value of HF
exchange. The labels below each species indicate the Fe bond valence computed at 20% HF
exchange. The darker-colored lines at the entrance and exit channels in the quartet subplot indicate
the respective sextet values for easy comparison of spin-splittings. 4TS1 and 6TS1 could not be
located at 40% HF exchange, and extrapolated values are instead shown for illustrative purposes.
Reviewing sensitivity of individual intermediates in these reaction steps reveals some
counterintuitive but easily rationalized behavior of HF exchange. At the entrance channel
intermediate, 6Int-1 is correctly predicted to be more stable than 4Int-1 at low to moderate HF
exchange values (< 30% HF exchange), but spin crossover occurs at about 30% HF exchange
making 4Int-1 instead more stable. The stabilization of a state with lower spin multiplicity by HF
exchange is contrary to typical observations in TM complexes that HF exchange favors high-spin
states61, 399, 407, but this effect is consistent with our attribution of HF exchange sensitivity to
differences in metal-ligand delocalization. The stronger Fe-O bonding in 6Int-1 than in 4Int-1, as
evidenced by the Fe-O bond order, is penalized with increasing HF exchange (Figure 4.15).
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Approximate agreement of the 6Int-1/4Int-1 splitting (∆EHS-LS = -8 kcal/mol) and 4Int-1/4TS12
barrier (Ea = 12 kcal/mol) with MR WFT reference energies395 is achieved at low (i.e., 10%) HF
exchange.
In contrast to the low exchange favored at the entrance channel, the ground state of the exit
channel (i.e., Int-3) is incorrectly predicted to be the quartet for HF exchange values of less than
about 40%. The B3LYP (i.e., 20% exchange) splitting of 7 kcal/mol overestimates the WFT
reference of -3 kcal/mol395 by about 10 kcal/mol, which is further exacerbated by the low
sensitivity of this intermediate to HF exchange (SHS-LS = -35 kcal/mol.HFX) that arises from an
almost unchanged, relatively low Fe-O bond order for both quartet and sextet states. Very high
exchange fractions (i.e., about 50%) are required to achieve quantitative agreement with the WFT
reference splitting energy for these two intermediates. It is noteworthy that B3LYP with the same
basis set predicts the spin-state splitting of the bare Fe+ ion (the final reaction product) to within
TM chemical accuracy (i.e., an absolute error of 3 kcal/mol relative to the experimental value461),
which suggests an unusually large effect of weak ligand field perturbation on DFT spin-splitting
errors.
Across extended (i.e., 0-40%) ranges of HF exchange, we observe strong nonlinearity in
the effect of HF exchange on the quartet energy landscape, particularly in the relative energies of
Int-1 and Int-2 (Figure 4.15). We have treated HF sensitivities as approximately constant over
moderate ranges of HF exchange, which has been a good assumption thus far, although some
nonlinearity at high exchange fractions has been noted in prior work30, 61. We can account for
deviations from linearity in terms of shifts of the underlying BV changes with HF exchange:
(24)
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Strong deviations from linearity typically from qualitative changes in hybridization of either of the
two states being compared with HF exchange. Here, 4FeO+ undergoes a marked increase in spinup 3d density of π* orbitals coupled with a reduction of the partial 3d occupation in spin-down π
orbitals365, 395, which results in a 0.8 decrease in the Fe-O bond order from 0 to 40% HF exchange.
The imbalance in spin-up and spin-down density changes also leads to a 1.0 e- increase in the Fe
Löwdin spin density. In contrast, the Fe-O bond order and Fe spin density in 6FeO+ decrease only
by 0.3 bond and 0.1 e- respectively over the same range of HF exchange. Caution is thus warranted
when identifying and interpreting trends over extended ranges of HF exchange as the qualitative
electronic state may vary in the low and high HF exchange limits.
Although high exchange is recommended for some portions of the reaction coordinate, use
of large exchange fractions can alter mechanistic predictions. At 30 and 40% HF exchange, the
concerted TS1 could not be located for either the sextet or quartet surfaces, likely because the
potential energy surface is perturbed sufficiently by the destabilization of Fe-C bonding that no
saddle point exists along the reaction coordinate, and TS searches instead yield the direct TS12
that corresponds to a HAT reaction step475. Concomitant relative stabilization of the direct TS12
over the concerted TS1 with increasing HF exchange should also lead to lower predicted CH3OH
yields, as the direct TS12 favors dissociation of the methyl radical over formation of Int-2.
Nevertheless, extrapolating barrier heights based on sensitivities derived from 0 to 20% HF
exchange, the quartet surface remains more reactive than the sextet surface for a wide range of HF
exchange values, as the destabilization of 4TS1 relative to 6TS1 is balanced by stabilization of
4

Int-1 over 6Int-1 (Figure 4.15).
The preceding analysis further demonstrates that inherent imbalances in GGA errors and

sensitivities lead to substantial variability in optimal parameter choice over the entire energy
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landscape, ranging from 10% at the entrance channel, 20% for the overall reaction to about 50%
HF exchange at the exit channel. Compared to studies on more saturated complexes, the variations
here are more pronounced as very weak coordination in the exit channel yields lower sensitivities
for spin-state splittings. In this light, comparison to a DFT+U study by Kulik et al.395, in which a
global-average of self-consistent calculated values of U at 5 eV was used to improve GGA (PBE
in that work) predictions across the entire energy landscape, is instructive. The DFT+U approach
is essentially an explicit energetic penalization of hybridized metal-ligand bonding orbitals with
fractional metal 3d character relative to nonbonding states61, an effect which has motivated our
study into how BV metrics rationalize HF exchange tuning of reaction energetics. Indeed, the
qualitative effects of exact exchange and the +U correction on geometric and energetic trends in
this system are the same, with only slight differences (e.g., more weakly bound 6TS2 geometries
and the failure to converge metastable nonplanar 4Int-1 geometries) that may be attributed to
differences in GGA functional (PBE vs. BLYP) or basis set formalism (plane-wave vs. atomcentered). Comparison of sensitivities of reaction and spin-splitting energies to HF exchange and
U yielded qualitative agreement as well (Figure 4.16). With DFT+U as with HF exchange,
although a global single parameter is typically used to make total energies comparable, variations
in optimal exchange fraction or U value also motivate strategies397-398 to explicitly incorporate
those variations into reaction pathway analysis.

124

Figure 4.16. Comparison of HF exchange and U sensitivities of various steps in the FeO+/CH4
reaction mechanism. U sensitivities (kcal/mol.eV) were calculated from values in ref 395 over a
range of U = 0 to 5 eV. Steps involving 4Int-1 have been omitted from the comparison owing to
strong nonlinearity as noted above.

4.5. Conclusions
Through a careful study of several model complexes, we have computed reaction barriers
and energetics for model open-shell iron catalysts to have comparable exact exchange sensitivity
to the large sensitivities of adiabatic spin-state splittings. This analysis has led us to rationalize
high exchange sensitivities through transferable and simple-to-compute change in BV that now
unifies explanations for exchange sensitivity of catalytic properties and spin-state ordering in
transition metal complexes.
Within model catalytic cycles involving both open-shell (i.e., Fe(II)) and closed-shell (i.e,
Zn(II)) transition metal centers, we rationalized differences in exchange sensitivity between
catalytic steps, as well as continuous evolution of sensitivity along reaction coordinates, in terms
of BV changes. In the case of methane hydroxylation by a Fe(II) model biomimetic complex: i)
strong HF exchange dependence of the computed TOF and ii) divergent HF exchange dependence
and optimal parameter choice along continuous evaluation of the reaction coordinates and between
steps motivate careful evaluation of the role of functional selection in catalyst screening studies.
Over a range of ligand field strengths and coordination numbers, we confirmed a strong
correspondence between the sensitivities of spin-splitting energies of representative Fe(II)
complexes to HF exchange and the change in BV between the high- and low-spin states. Close
agreement of the resulting per-metal-organic-bond sensitivity estimate with those obtained for
energetics of catalytic steps, together with failure of alternative descriptors, demonstrates that the
BV is a robust and transferable descriptor of how differences in metal-ligand delocalization
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produce differing relative energetics with exchange tuning. Future study of a wider range of
energetics, e.g., vertical ionization potentials, or reactions with other complex types, e.g., closed
shell TM centers, may motivate extensions to the BV metric.
To illustrate the utility of our unified approach, we studied the effect of HF exchange tuning
on a system that combines both spin-state considerations and chemical catalysis, namely the
paradigmatic TSR addition-elimination reaction between FeO+ and methane. Here, trends in
barrier heights, reaction energies and spin-splitting energies with varying HF exchange were again
consistent with BV differences. The availability of accurate experimental and WFT references
enabled us to identify pronounced variability in optimal parameter choice (~10 to 50% HF
exchange) over the entire energy landscape. This variation could be attributed to low spin-state
splitting sensitivity in the exit channel arising from weak coordination but relatively highsensitivity of the entrance channel, consistent with earlier observations of the manner in which
DFT+U penalties on hybridized metal-ligand bonding orbitals shifted reaction energetics for this
system. Overall, these observations motivate and inform the development of more flexible
methods for catalyst screening beyond single hybrid functionals.
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Chapter 5
Universal Promotion of Heterogeneous Olefin Metathesis Catalysts by
Controlling Dynamic Active Site Renewal
A manuscript based on the contents of this chapter has been submitted to Science:

Gani, T. Z. H., Kang, J. H., Chan, K. W., Consoli, D. F., Shaikh, S. K., Copéret, C., and RománLeshkov, Y. Universal Promotion of Heterogeneous Olefin Metathesis Catalysts by Controlling
Dynamic Active Site Renewal. Submitted (2020).

5.1. Summary
Olefin metathesis is a versatile strategy for large-scale olefin interconversion, yet mechanistic
details over industrial heterogeneous catalysts have remained ambiguous for decades. Here, from
rigorous kinetic measurements, spectroscopic studies, and computational modeling of propylene
metathesis over model and industrial WOx/SiO2 catalysts, we identify a hitherto unknown site
renewal and decay cycle, mediated by proximal Brønsted acidic silanol groups, that operates
concurrently with the classical Chauvin cycle. We show how this cycle can be manipulated using
small quantities of promoter olefins to drastically increase steady-state propylene metathesis rates
by up to 30-fold at 250oC with negligible promoter consumption. The increase in activity and
considerable reduction of operating temperature requirements enabled by this strategy address
major roadblocks associated with tungsten-based industrial metathesis processes.

5.2. Introduction
As an atom-efficient strategy for the large-scale interconversion of olefins, heterogeneous
olefin metathesis sees several commercial applications in the petrochemical, polymer, and
specialty chemical industries478-479. For instance, the cross-metathesis of ethylene and 2-butene,
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known commercially as the Lummus Olefin Conversion Technology (OCT) process478-479, is an
appealing route for the on-purpose production of propylene to address the C3 shortfall caused by
using shale gas as a feedstock in steam crackers480-481. The advantages of the OCT process over
other on-purpose propylene production technologies, such as propane dehydrogenation480, 482 and
methanol-to-olefins483, are that the metathesis reaction is nearly thermoneutral and highly
selective478-479, leading to a high atom efficiency and a low theoretical energy footprint.
Additionally, unlike propane dehydrogenation and methanol-to-olefins, it is readily integrated into
existing hydrocarbon processing technologies as it does not require a separate oxygen stream.
Adoption of the OCT process has not been particularly widespread despite its advantages
because of the lack of a suitably active and stable catalyst. To date, tungsten, molybdenum and
rhenium oxides dispersed on silica- or alumina-based supports remain the only materials available
in large quantities with demonstrated catalytic performance for the metathesis reaction. ReOxbased materials show the highest activity and remain popular for academic study484-486, but are
rarely used in industry because of the high cost of rhenium, rapid deactivation even at low
operating temperatures, and tendency to volatilize at higher temperatures. Despite its high
operating temperature requirement (ca. 350-450oC), WOx/SiO2 remains the industrial catalyst of
choice for the OCT process owing to its tolerance to feed impurities and stable performance over
long operating periods27. MoOx-based materials see use in the liquid-phase Shell Higher Olefins
Process that is run at lower temperatures under conditions where impurity tolerance and catalyst
stability are less critical.479
Efforts toward rational design of heterogeneous metathesis catalysts have been hindered by
the lack of a comprehensive mechanistic understanding of the process. This complexity stems in
large part from the supported metal oxide catalysts lacking the alkylidene moieties responsible for
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catalytic activity in homogeneous metathesis catalysts487-488: like most organometallic species,
they are unstable under ambient conditions, readily reacting with water or oxygen, and can only
exist in situ under reaction conditions. Current knowledge holds that the active sites on
heterogeneous catalysts are mononuclear sites created in situ from metal-dioxo precursors
interacting with the olefin substrate27, 155, 489. The low intrinsic mass activity and high operating
temperature requirement of WOx/SiO2, as well as the failure to characterize the reaction
intermediates spectroscopically27, 150, is often attributed to the kinetically and thermodynamically
demanding nature of this activation process155, 489 resulting in a very low fraction of catalytically
active metal centers, rather then the supported tungsten alkylidenes having intrinsically lower
activities than their homogeneous counterparts149. To this end, activation procedures that promote
alkylidene formation, such as high temperature pretreatment under reducing atmospheres490-491 or,
more recently, pre-reduction with organosilicon reducing agents150, have been demonstrated to
generate highly active catalysts, but these materials deactivate rapidly for reasons that remain
obscure. At the same time, kinetic and mechanistic studies have often yielded puzzling, and at
times contradictory, results, for which many hypotheses and models have been proposed. For
instance, drastically different reaction orders ranging from 0.8 to 1.8489,

492-494

and activation

energies ranging from 35 kJ/mol495 to 200 kJ/mol489 have all been reported for propylene selfmetathesis over WOx/SiO2.
A second layer of complexity stems from the diversity of active site morphologies (wet
impregnation results in oligomers, nanoparticles and bulk WOx in addition to isolated tungsten
sites) and geometries (e.g., with varying degrees of strain) co-existing on amorphous silica, which
further complicates characterization and the development of structure-property relationships.
Attempts to improve heterogeneous metathesis catalysts in recent years have primarily focused on
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controlling this speciation through judicious tuning of the support properties (e.g., with ordered
porous materials494, 496-497 vs. the amorphous supports used industrially) and synthesis conditions
(e.g., with flame-spray pyrolysis498 and sol-gel synthesis499 vs. conventional wet impregnation),
but these studies have primarily been empirical in nature. In parallel, surface organometallic
chemistry (SOMC)9 has enabled the creation of realistic, well-defined molecular and surface
mimics of pre-catalysts150 and putative reaction intermediates (e.g., grafted alkylidenes149 and
partially reduced W(IV)-oxo sites151). While the complexity of their syntheses precludes industrial
use, they nevertheless serve a useful purpose for mechanistic studies as they consist solely of
isolated sites and can be characterized by advanced spectroscopic techniques9.
Here, we present a new mechanistic picture for heterogeneous olefin metathesis, supported
by kinetic, spectroscopic and computational studies, in which the active site count dynamically
varies as a result of a site decay and renewal cycle operating in parallel with the Chauvin cycle
(Figure 5.1, top). We further show that, by co-feeding substituted olefins that promote active site
renewal but are unreactive towards cross-metathesis, this hitherto unknown cycle can be
manipulated to significantly increase the steady-state active site population and metathesis rate
(Figure 5.1, bottom). Our findings not only reconcile longstanding issues in the mechanistic
understanding of heterogeneous olefin metathesis, but also reveal a strategy for reducing the
operating temperature requirement of tungsten-based metathesis catalysts.
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Figure 5.1. Promotion of heterogeneous olefin metathesis by manipulating site renewal and decay.
(Top) Schematic illustrating the relationship between steady-state Chauvin cycle metathesis and
promoter-controlled site renewal/site decay. W represents a silica-supported mononuclear
tungsten active site where the support has been omitted for clarity. (Bottom) Promotional effect
of various co-fed olefins on propylene metathesis rates (4ME: 2,3-dimethyl-2-butene, i4ME: 2,3dimethyl-1-butene). The promotion factor is defined as the steady-state product formation rate in
the presence of promoter divided by the steady-state product formation rate without promoter.
Methods of promoter introduction and full experimental details are provided below. Reaction
conditions: 10 mg 3%SOMC pretreated at 550oC under 100 mL/min He for 1 h, 50 mL/min total
gas flow rate (50% C3H6 with balance He), WHSV = 0.0019 mol C3H6/gcat.s.

5.3. Materials and Methods
Catalyst synthesis and characterization. The synthesis and characterization of the W(VI)oxo SOMC catalyst (3%SOMC) used in this study were performed by collaborators at ETH
Zurich (Dr. Ka Wing Chan and Prof. Christophe Coperet) and have been previously reported150,
but key details are reproduced here for completeness. All procedures were carried out under dry
argon atmosphere using standard Schlenk and glovebox techniques for organometallic synthesis.
Benzene and toluene were purified using a double MBraun SPS alumina column and degassed
using three freeze-pump-thaw cycles before use. DME and THF were distilled from
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Na/benzophenone. Other materials were either used as received or synthesized according to
literature procedures.

Preparation of SiO2-700 (catalyst support). Silica (Aerosil Degussa, 200 m2/g) was compacted
with distilled water, calcined at 500°C (5 °C/min ramp) under air for 10 h and treated under
vacuum (10-5 mbar) at 500°C (1 °C/min) for 10 h and then at 700 °C (1 °C/min) for 20 h.

Synthesis of [W(O)2(OSi(OtBu)3)2(DME)] (catalyst precursor). [W(O)2(OSi(OtBu)3)2(DME)]
was synthesized using a modification of the procedure described by Tilley.500 A solution of
LiOSi(OtBu)3 (2.87 g, 10.6 mmol, 2 eq.) in cold toluene (15 mL, -40 °C) was added dropwise to
a suspension of WO2Cl2(DME) (2.00 g, 5.3 mmol, 1 eq.) in toluene (20 mL, -78 °C) containing
200 µL of DME under vigorous stirring. After 1 hour stirring at -78 °C and 2 h at room temperature,
the solution was filtered through a short Celite® pad to afford a colorless solution. Crystallization
of the product from this solution at -40 °C afforded 3.2 g (3.8 mmol, 72 %) of the title product as
large colorless needle-shaped crystals suitable for XRD (collected in two crops). 1H-NMR (300
MHz, C6D6): δ 1.38 (s, 54H, (OtBu)3), 3.15 (s, 6H, DME), 3.33 (s, 4H, DME). IR (KBr, cm-1):
703(m), 830(m), 858(m), 902(m), 948(m), 962(m), 1028(m), 1066(s), 1191(m), 1243(m),
1366(m), 1390(m), 1473(w), 2975(m).

Synthesis of [(≡SiO)W(O)2(OSi(OtBu)3)] (grafted precursor). A solution of 0.22 g of
WO2[OSi(OtBu)3]2(DME) (0.27 mmol, 0.9 equiv.) in benzene (2 mL) was added dropwise to a
suspension of SiO2-700 (0.99 g, 0.3 mmol OH/g, 1 equiv.) in benzene (3 mL)/DME (0.1 mL)
mixture at room temperature. The suspension was slowly stirred at room temperature for 3 h. The
white solid was collected by filtration, and was washed by five suspension/filtration cycles in
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benzene (5 x 2 mL). The resulting solid was dried thoroughly under high vacuum (10-5 mbar) at
room temperature for 3 h to afford 1.08 g of the title compound. All the filtrate solutions were
collected and analyzed by 1H NMR spectroscopy in C6D6 using ferrocene as internal standard,
indicating that 0.053 mmol of WO2[OSi(OtBu)3]2(DME) remained and 0.17 mmol of (tBuO)3SiOH
was released upon grafting (0.78 (tBuO)3SiOH/grafted W). Elemental analysis: W 2.97%, H
0.64%, C 3.12% corresponding to 16.1 C/W (12 expected), 38 H/W (39 expected). IR (KBr, cm1):

1369 (s), 1393 (m), 1474 (w), 2937 (m, sh), 2979 (s).

Thermal decomposition of [(≡SiO)WO2(OSi(OtBu)3)] (preparation of W(VI)-oxo catalyst).
[(≡SiO)WO2(OSi(OtBu)3)] (1.0 g) was loaded into a reactor and placed under high vacuum (10-5
mbar), heated to 200 °C (1 °C/min) and held at this temperature for 3 h, then heated at 400 °C (1
°C/min) and held at this temperature for 6 h. The reactor was cooled to ambient temperature under
vacuum, and the product was stored in an Ar filled glovebox and used as prepared in subsequent
experiments. The volatiles evolved during this process were quantified by 1H NMR in C6D6 using
ferrocene as an internal standard, indicating the release of 3.9 equiv. of isobutene, ca. 0.7 equiv.
of water and 0.1 equiv. of tBuOH per surface W complex. Elemental analysis: W 3.15%. IR
(KBr, cm-1): 3746 (s).

The IR spectrum, UV-DRS and powder XRD pattern of the material are shown in Figures 5.2-5.4:
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Figure 5.2. FTIR transmission spectra of 3%SOMC (red), grafted precursor complex (pink), and
SiO2-700 (blue).

Figure 5.3. UV-vis DRS spectrum (left) and Eg values (right) of 3%SOMC.
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Figure 5.4. Powder XRD spectrum of 3%SOMC.

Reactivity studies - Reactor loading. Loading of moisture-sensitive 3%SOMC was
performed inside an Ar-filled glovebox in order to minimize atmospheric contact. (The industrial
wet-impregnation catalyst was loaded outside the glovebox under standard atmospheric
conditions.) In a typical procedure, 10 mg of catalyst was mixed with 40 mg of SiO2-700 (inert
catalyst support) to ensure a uniform bed. The small amount of available material available and
strong static environment in the glovebox did not allow for control of particle size by further
compression and sieving, but, as discussed below, this does not appear to result in heat and mass
transfer limitations under the conditions studied. (The industrial catalyst was pelletized and sieved
to 40-60 mesh and used in large enough amounts that dilution was not necessary.) The mixture
was packed between two sets of 200 mg inert SiC (46 grit, Alfa Aesar, used as received) and two
50 mg quartz wool plugs (Technical Glass Products, 4-6 μm) into a U-shaped stainless steel tube
(SS304, 0.25 in. OD, 0.18 in. ID). A K-type thermocouple (Omega Engineering) was then fitted
above the bed and its height adjusted such that its tip just touches the top end of the bed. Both ends
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of the U-tube were then fitted with shut-off valves and the packed reactor transferred out of the
glovebox. The packed reactor was then connected to the inlet and outlet manifolds such that the
gas flows downward through the bed, which remains stationary in a fixed-bed configuration. An
illustration of the setup is shown in Figure 5.5 below.

Figure 5.5. Reactor setup. Top: overall schematic of gas flows and promoter introduction, bottom
left: photograph of U-tube reactor placed inside tube furnace, bottom right: schematic of packed
and loaded U-tube reactor.
Inlet feeds. Flows of propylene (Airgas, CP grade), helium (Airgas, UHP 5.0 grade), 2butene (Airgas, CP grade – mixture of cis- and trans-isomers), ethylene (Airgas, CP grade) and
isobutene (Airgas, CP grade) were controlled by a set of mass flow controllers (Brooks SLA5800
with 0254 controller) calibrated to each individual gas. Promoters in the liquid state at RTP,
namely 4ME (Sigma-Aldrich, >99%) and i4ME (TCI Chemicals, >98%), were introduced by
bubbling helium through a 100 mL stainless steel bubbler filled with the liquid promoter and
immersed in a temperature-controlled cooling bath. By saturating the helium flow with the vapor
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pressure of the promoter, this procedure allows for more consistent promoter concentrations than
can be achieved by a syringe pump. All inlet gas flows were purified by passing through individual
traps containing 3Å molecular sieves and pre-activated Engelhard Q-5 catalyst to remove water
and oxygen respectively. Liquid promoters were stored over 3Å molecular sieves inside the
glovebox and briefly treated (ca. 5 min) with BASF Selexsorb CD to remove traces of oxygenates
prior to loading into the bubbler (extended contact catalyzes isomerization and should be avoided).
Reaction procedure. The reactor setup was carefully checked for leaks prior to starting
each run. In a typical procedure, the catalyst was first pretreated under 100 mL/min helium for 1
h at the pretreatment temperature using a ramp rate of 5 oC/min. Heating was provided by a
temperature-controlled tube furnace (Carbolite GTF 11/50/150; Digi-Sense 89000) fitted with a
custom-made aluminum block, which we have found to be essential for obtaining reproducible
results, to fill remaining void space and improve heat transfer. After pretreatment, the furnace was
cooled down to the reaction temperature over 2 h, and the gas flow was switched to the desired
reacting gas mixture upon reaching reaction temperature. For safety reasons, pretreatment was
performed without the block in runs where the pretreatment temperature exceeds 500oC, with the
block only inserted after the prescribed pretreatment duration.
Kinetic studies. The effluent gases were analyzed by gas chromatography (GC; Shimadzu
GC-2014 equipped with an Agilent HP-PLOT Al2O3-S (30 m × 0.25 mm) column) with injections
at roughly 15-minute intervals. Products were identified by comparing retention times to known
standards and quantified by means of a flame ionization detector (FID) calibrated against known
standards. The propylene concentration was varied by adjusting the flow rates of propylene and
helium at a constant total flow rate and inferred from Dalton’s law. The equations used to calculate
the reaction rate are presented below. For promoted runs, the promoter concentration was adjusted
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by varying the fraction of helium flow through the bubbler while keeping the total helium flow
rate and propylene flow rate constant. The promoter concentration was inferred from its FID peak
area when bypassing the reactor. The mass balance of all data points closes within the expected
uncertainties of the flow rates, and the introduction of promoter does not significantly affect the
mass balance, confirming that only a small fraction of promoter is converted into other products
(see Table 5.2 for a detailed analysis of a typical run). A blank experiment with the inert SiC
packing and SiO2 support but without catalyst showed no propylene conversion at 350oC.
Equations. The weight hourly space velocity (WHSV, mol C3H6/gcat.s) is defined as:
WHSV =

𝑄𝑄𝐶𝐶3 𝐻𝐻8
22.4𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐

where 𝑄𝑄𝐶𝐶3 𝐻𝐻8 is the volumetric flow rate of propylene (L/s), 𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐 is the mass of catalyst loaded (g)
and 22.4 L/mol is the molar volume of an ideal gas at STP.

The reaction rate (mol/gcat.s) is taken to be the rate of product formation and calculated as follows:
rate =

1 𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
22.4
𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐

where 𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the total volumetric flow rate (L/s), 𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the sum of ethylene, cis-butene
and trans-butene mole fractions as determined by GC-FID peak areas and calibrated response

factors, 22.4 L/mol is the molar volume of an ideal gas at STP and 𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐 is the mass of catalyst
loaded (g).

Interconversion of 4ME and i4ME. The GC column used for product analysis is optimized
for light hydrocarbon separations and does not separate 4ME and i4ME even after extensive
method tuning. Hence, to determine the relative concentrations of 4ME and i4ME as reported in
Table S2 below, the effluent was bubbled through a stainless steel bubbler containing acetone,
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which was then analyzed by a second GC-FID (Agilent 7890A with a DB-1701 column better able
to separate larger organic molecules). Peak assignment and response factors were determined from
pure standards, and the relative 4ME and i4ME concentrations in each sample inferred from peak
area ratios. This procedure relies on complete miscibility between 4ME, i4ME and acetone and
identical vapor-liquid mass transfer rates, which is likely a very good assumption considering the
chemical similarity of i4ME and 4ME.

Assessment of potential heat and mass transfer limitations. The inability to control the
particle size during catalyst loading, or to control the tungsten loading without affecting the active
site speciation, prevent the application of direct tests, such as the Madon-Boudart test, for transport
limitations. Nevertheless, the observation of high-order kinetics, high activation energies, and the
promotional effect all strongly suggest operation in a kinetically limited regime. Furthermore,
temperature gradients are unlikely to be significant because the metathesis reaction is nearly
isothermal. To support these claims, we have tabulated representative physical parameter values
(Table 5.1) and applied theoretical criteria for assessing potential transport limitations:

139

Table 5.1. Approximate values of physical properties (given to 1 significant figure) used in
assessment of potential heat and mass transfer limitations.
Physical quantity
Catalyst particle radius
Bulk propylene
concentration
Tubing inner radius
Total gas flow rate
Density of gas mixture

Symbol
𝒓𝒓𝒑𝒑
𝑪𝑪𝑨𝑨

Viscosity of gas mixture

𝝁𝝁

𝒓𝒓𝒕𝒕
𝑸𝑸
𝝆𝝆

Reynolds number
Schmidt number
Bulk gas diffusivity
Mass transfer coefficient

Re
Sc
𝑫𝑫𝑨𝑨𝑨𝑨
𝒌𝒌𝒎𝒎

Effective diffusivity

𝑫𝑫𝒆𝒆

Thermal conductivity of
gas mixture
Heat capacity of gas
mixture
Prandtl number
Heat transfer coefficient

𝒌𝒌𝒈𝒈
𝑪𝑪𝒑𝒑
Pr
𝒉𝒉

Density of catalyst
support

𝝆𝝆𝒔𝒔

Observed reaction rate
(volumetric)
Thermal conductivity of
support
Reaction enthalpy
Apparent activation
energy

𝒓𝒓′′′
𝒌𝒌

|𝚫𝚫𝑯𝑯𝒓𝒓 |
𝑬𝑬𝒂𝒂

Value (1 s.f.)
𝟐𝟐 × 𝟏𝟏𝟏𝟏−𝟒𝟒 𝐦𝐦
𝟏𝟏𝟏𝟏 𝐦𝐦𝐦𝐦𝐦𝐦/𝐦𝐦𝟑𝟑

𝟐𝟐 × 𝟏𝟏𝟏𝟏−𝟑𝟑 𝐦𝐦
𝟐𝟐 × 𝟏𝟏𝟏𝟏−𝟔𝟔 𝐦𝐦𝟑𝟑 /𝐬𝐬
𝟎𝟎. 𝟒𝟒 𝐤𝐤𝐤𝐤/𝐦𝐦𝟑𝟑

𝟑𝟑 × 𝟏𝟏𝟏𝟏−𝟓𝟓 𝐏𝐏𝐏𝐏 ⋅ 𝐬𝐬
8
0.8
𝟏𝟏 × 𝟏𝟏𝟏𝟏−𝟒𝟒 𝐦𝐦𝟐𝟐 /𝐬𝐬
𝟎𝟎. 𝟏𝟏 𝐦𝐦/𝐬𝐬
𝟏𝟏 × 𝟏𝟏𝟏𝟏−𝟔𝟔 𝐦𝐦𝟐𝟐 /𝐬𝐬
𝟎𝟎. 𝟏𝟏 𝐖𝐖⁄𝐦𝐦 ⋅ 𝐊𝐊

Notes
Assuming 40 mesh and spherical
From ideal gas law

Converted from STP to reaction T
From ideal gas law assuming
equimolar He and propylene mixture
Estimated from arithmetic mean of
pure helium and propylene viscosities

Typical value for ideal gas mixtures
𝐒𝐒𝐒𝐒 = 𝒌𝒌𝒎𝒎 �𝟐𝟐𝒓𝒓𝒑𝒑 �⁄𝑫𝑫𝑨𝑨𝑨𝑨 = 𝟐𝟐 +
𝟏𝟏/𝟐𝟐
𝐑𝐑𝐞𝐞 𝐒𝐒𝐜𝐜 𝟏𝟏/𝟑𝟑 for laminar flow over a
sphere
Conservative estimate for gases in
porous supports

𝟐𝟐 × 𝟏𝟏𝟏𝟏𝟑𝟑 𝐉𝐉⁄𝐤𝐤𝐤𝐤 ⋅ 𝐊𝐊 Weighted average of pure helium and
propylene heat capacities
0.6
𝟏𝟏
𝐍𝐍𝐍𝐍 = 𝒉𝒉�𝟐𝟐𝒓𝒓𝒑𝒑 ��𝒌𝒌𝒈𝒈 = 𝟐𝟐 +
× 𝟏𝟏𝟏𝟏𝟑𝟑 𝐖𝐖⁄𝐦𝐦𝟐𝟐 ⋅ 𝐊𝐊 𝐑𝐑𝐞𝐞𝟏𝟏/𝟐𝟐 𝐏𝐏𝐏𝐏 𝟏𝟏/𝟑𝟑 for laminar flow over a
sphere
𝟑𝟑
𝟑𝟑
Approximated as density of
𝟏𝟏 × 𝟏𝟏𝟏𝟏 𝐤𝐤𝐤𝐤/𝐦𝐦
crystalline silica multiplied by
porosity of 0.4
𝟑𝟑
𝟐𝟐𝟐𝟐 𝐦𝐦𝐦𝐦𝐦𝐦⁄𝐦𝐦𝐜𝐜𝐜𝐜𝐜𝐜 ⋅ 𝐬𝐬 From 𝒓𝒓 = 𝟐𝟐. 𝟒𝟒 × 𝟏𝟏𝟏𝟏−𝟓𝟓 𝐦𝐦𝐦𝐦𝐦𝐦⁄𝐠𝐠 𝐜𝐜𝐜𝐜𝐜𝐜 ⋅ 𝐬𝐬
𝟏𝟏 𝐖𝐖⁄𝐦𝐦 ⋅ 𝐊𝐊

𝟔𝟔 𝐤𝐤𝐤𝐤/𝐦𝐦𝐦𝐦𝐦𝐦
𝟐𝟐𝟐𝟐𝟐𝟐 𝐤𝐤𝐤𝐤/𝐦𝐦𝐦𝐦𝐦𝐦
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Weisz-Prater criterion501 (second-order reaction) for excluding internal mass transfer limitations:
𝑟𝑟𝑝𝑝2 𝑟𝑟′′′ (2 × 10−4 )2 (20)
=
= 0.08 < 0.3
(1 × 10−8 )(10)
𝐷𝐷𝑒𝑒 𝐶𝐶𝐴𝐴

Mears criterion502 for excluding external mass transfer limitations:

𝑟𝑟𝑝𝑝 𝑟𝑟′′′ (2 × 10−4 )(20)
=
= 0.004 < 0.15
(0.1)(10)
𝑘𝑘𝑚𝑚 𝐶𝐶𝐴𝐴

Mears criterion502 for excluding heat transfer limitations:

|Δ𝐻𝐻𝑟𝑟 |𝑟𝑟𝑝𝑝 𝑟𝑟′′′ 𝐸𝐸𝑎𝑎
(6000)(2 × 10−4 )(20) 2 × 105
=
= 0.002 < 0.15
(1000)(603)
(8.314)(603)
ℎ𝑇𝑇
𝑅𝑅𝑅𝑅

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) studies. DRIFTS
spectra were acquired using a Bruker Vertex 70 FTIR spectrometer equipped with a Praying
Mantis High Temperature Reaction Chamber (HVC-DRM-5, Harrick Scientific). Samples were
loaded inside a diffuse reflectance cell (Harrick, HVC) inside a glovebox. As with the U-tube
reactor setup, inlet and outlet valves enable complete isolation from the atmosphere over the entire
process. The catalysts were pretreated at 350 °C under a pure nitrogen flow of 50 mL/min for 12
hours. After the pretreatment, the catalyst bed was exposed to the olefin gas blends (50 mL/min)
of controlled concentrations at 350 °C for 3–6 hours. The duration of exposure and the composition
of olefin mixtures are stated in the captions of the relevant figures. The low temperature
chemisorption experiments were performed at 50 °C instead of 350 °C. After exposure to olefins,
the catalyst bed was quickly cooled down to 50 °C within 15 min under the presence of olefin in
the gas phase. Remaining gas-phase olefins were completely purged with a pure nitrogen flow of
50 mL/min at 50 °C, until no further spectral changes were observed (typically several hours),
before spectral acquisitions.
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Computational studies - active site model. In this work, we adopt a minimal cubic
silsesquioxane cluster model with 8-membered rings comprising each “face” (Figure 5.20A,
bottom left) to probe the effect of a proximal silanol group on alkylidene formation and decay.
While this model may suffice for an initial qualitative evaluation of the relative feasibility of
various reaction pathways, it should be noted that the accurate computational treatment of
amorphous silica supports remains an open question153.
Computational methods. All calculations were performed with the ORCA 4.2332,

503

package using the PBE0 functional44, 441 and a composite basis set comprising the def2-SVP424 (Si,
O) and def2-TZVPP (W, C, H) basis sets. The def2-TZVPP basis set for W includes Stuttgart
effective core potentials504 that provide an approximate treatment of scalar relativistic effects. Zero
point vibrational energy (ZPVE) and thermal contributions, as determined under the default quasiharmonic approximation505 (i.e., treating all frequencies below 35 cm-1 as free rotors instead of
harmonic vibrations), were obtained from analytical frequency calculations on the DFT geometries
at the same level of theory and added to the electronic energies to yield the enthalpies reported in
the main text. Entropic contributions (i.e., to yield Gibbs free energies) were omitted because
computed values for small cluster models are not directly translatable to actual catalyst supports.
The RIJCOSX approximation,506 together with the def2/J series of auxiliary basis sets507 for
geometry optimizations and automatically generated auxiliary basis sets418 for single-point energy
calculations, was used to speed up all calculations. All calculations used the Grid7 grid size setting.
Geometry optimizations used the L-BFGS algorithm in redundant internal coordinates to
the default tolerances of 3x10-4 hartree/bohr for the maximum gradient and 5x10-6 hartree for the
change in self-consistent field (SCF) energy between steps, and characterized with vibrational
frequency analysis to confirm no imaginary frequencies. TSs were obtained with partitioned
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rational function optimization (P-RFO)322, again in redundant internal coordinates, and
characterized with vibrational frequency analysis to confirm a single imaginary frequency.
All intermediates and TSs were simulated as closed-shell singlets. Singlet-triplet gaps were
computed for all intermediates and found to be >20 kcal/mol; hence, only the singlet spin surface
was studied. Only the lowest-energy conformer of each structure is presented, as the closelyspaced (within 1-2 kcal/mol) conformers with methyl groups in different orientations are expected
to freely interconvert under reaction conditions.

5.4. Results and Discussion
We performed the kinetic studies in a tubular reactor heated under flowing propylene mixed
with helium as an inert diluent, operating under differential conditions and in the absence of mass
transfer limitations. For simplicity, we selected propylene self-metathesis into ethylene and 2butene as our primary probe reaction, and systematically varied the reactor temperature and
propylene concentration (300-330oC, 20-50 mol% propylene) while measuring product
distributions in the reactor effluent through gas chromatography analysis (vide supra for detailed
description of experimental setup). To avoid the potential confounding effects of metal clusters or
interface sites present in classical wet-impregnation catalysts, we used a catalyst prepared by
surface organometallic chemistry (SOMC)9 consisting solely of isolated W(VI)-oxo surface sites
supported on silica150 (referred to as 3%SOMC; vide supra for synthesis and characterization
details), while benchmarking important results against an industrial WOx/SiO2 catalyst prepared
by wet impregnation150. We measured a propylene reaction order of 1.9 (Figure 5.6, orange),
confirming that the abnormally high reaction orders are inherent to isolated tungsten sites. The
measured apparent activation energy of 156 kJ/mol (Figure 5.6, orange) is consistent with literature
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values489, 493, but significantly higher than those computed for tungsten alkylidene complexes (ca.
20-30 kcal/mol)508, further hinting at the existence of other kinetically relevant steps beyond the
Chauvin cycle. Furthermore, we note that similar kinetic results were obtained over the industrial
wet-impregnation catalyst (Figure 5.7) demonstrating the similitude between the systems (vide
infra for further comparison).

Figure 5.6. Effect of co-fed promoters on propylene metathesis activity and kinetics. (A) Reaction
order plots of propylene metathesis without promoter (orange) and with promoter (1.0 mol% 4ME
+ 0.5 mol% i4ME, green). (B) Arrhenius plots of propylene metathesis without promoter (orange)
and with promoter (1.0 mol% 4ME + 0.5 mol% i4ME, green). (C) Effect of promoter cycling on
metathesis activity. Reaction conditions: 10 mg 3%SOMC pretreated at 550oC under 100 mL/min
He for 1 h, 50 mL/min total gas flow rate (propylene + balance He or He saturated with promoter,
propylene concentration and temperature are indicated in each subplot).

Figure 5.7. Kinetic studies of industrial 15% WOx/SiO2 catalyst prepared by wet impregnation.
Left: Reaction order plot at T = 350oC with y(C3H6) = 0.3 to 0.6. Right: Arrhenius plot at y(C3H6)
= 0.5 with T = 320oC to 350oC. Reaction conditions: 10 mg catalyst, pretreated at 550oC under
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100 mL/min He for 1 h, 50 mL/min total gas flow rate (C3H6 + balance He), WHSV = 0.0019 mol
C3H6/gcat.s.

Analysis of transient kinetic behavior provides clues as to the nature of these additional
steps. As observed early on for classical supported WOx catalysts 509, the initial approach to steadystate for the 3%SOMC catalyst was marked by an extended induction period of ca. 24-48 hours
(Figure 5.8) and attributed to slow olefin- and silanol-mediated 155 reduction of W(VI)-dioxo sites
to W(IV)-oxo sites 150, 155, 489. This site formation process has been noted to be roughly first-order
in propylene 509. A helium purge of the system at steady-state led to a second, shorter, induction
period of ca. 1-2 hours (Figure 5.9), suggesting that the active sites are unstable in the absence of
propylene, presumably decaying into an inactive resting (off-cycle) state, and are regenerated upon
re-exposure to propylene. A similar response time resulted from a step change in reaction
temperature at steady-state (Figure 5.10). We thus surmised that the steady-state active site fraction
varies with reaction conditions as a result of dynamic site decay and renewal. Indeed, overall
second-order kinetics can be recovered by assuming the fraction of active sites is proportional to
the propylene partial pressure, as might be expected from combining first-order metathesis with
first-order site renewal and zero-order site decay steps.
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Figure 5.8. Induction period associated with W(VI)-oxo SOMC catalyst. Reaction conditions: 10
mg catalyst, 25 mL/min C3H6 + 25 mL/min He, WHSV = 0.0019 mol C3H6/gcat.s. The temperature
was initially set to 330oC and increased to 350oC after ca. 15 hours on stream.

Figure 5.9. Response of steady-state reaction to inert gas purge. TOS = 0 is defined as the time at
which steady-state was originally achieved at 350oC. Reaction conditions: 10 mg 3% W(VI)-oxo
SOMC catalyst, pretreated at 550oC under 100 mL/min He for 1 h, T = 350oC, 50 mL/min C3H6 +
50 mL/min He, WHSV = 0.0037 mol C3H6/gcat.s.

Figure 5.10. Response of steady-state reaction to step change in temperature. Reaction conditions:
10 mg 3%SOMC, pretreated at 550oC under 100 mL/min He for 1 h, 25 mL/min C3H6 + 25
mL/min, WHSV = 0.0019 mol C4H8/gcat.s, The temperature was reduced from T = 330oC to T =
300oC between the 7th and 8th data points (the new temperature equilibrium was achieved in ca. 10
min and the 8th data point was taken after the temperature stabilized at 300oC). TOS = 0 is defined
as the point at which steady-state at 330oC was achieved.
The existence of a distinct site decay and renewal cycle operating in parallel to the Chauvin
cycle holds important mechanistic implications. If site renewal and metathesis are indeed separate
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processes, then the olefins used to regenerate the active sites need not be the same olefins that
undergo metathesis. This is observed in ethylene/2-butene cross-metathesis, which exhibits the
same greater-than-first-order behavior as its reverse reaction (i.e., propylene self-metathesis), but
with an ethylene order of 0.66 and a 2-butene order of 1.02 (Figure 5.11). This difference in
reaction orders between the two reactants cannot be explained by differences in their metathesis
reactivity (the Chauvin cycle would predict roughly equal reaction orders as the rates of
cycloaddition of these two olefins are roughly equal), but is instead consistent with 2-butene being
more efficient than ethylene at active site renewal to the extent that it becomes responsible for
maintaining active sites in the nominally equimolar cross-metathesis system.

Figure 5.11. Reaction orders for ethylene/2-butene cross-metathesis over W(VI)-oxo SOMC
catalyst. Red: ethylene reaction order plot with y(C2H4) = 0.2 to 0.5 and y(C4H8) = 0.5. Blue: 2butene reaction order plot with y(C4H8) = 0.2 to 0.5 and y(C2H4) = 0.5. Reaction conditions: 10
mg catalyst, pretreated at 550oC under 100 mL/min He for 1 h, 100 mL/min total gas flow rate
(balance He), WHSV = 0.0038 mol C4H8/gcat.s, T = 330oC.
The further realization that site renewal and decay rates contribute to the steady-state
metathesis rate provides a new handle to improve catalyst efficiency that is complementary to
catalyst design efforts. In particular, co-feeding an olefin more adept at regenerating or preserving
sites than the reactant(s) should improve steady-state catalyst performance by increasing the
steady-state population of active sites. A striking example of this phenomenon is the paradoxical
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increase (by 1.5x) in steady-state propylene self-metathesis rate upon addition of 2-butene to the
feed (Figure 5.12), which runs counter to the expectation that degenerate 2-butene self-metathesis
should instead inhibit the reaction by competing for active sites. However, this observation is in
fact consistent with 2-butene participating in kinetically relevant site renewal without altering
Chauvin cycle intermediates. There are two possible alternative sources of additional ethylene
production upon 2-butene addition that can both be eliminated as they are too small to account for
the magnitude of the increase in ethylene yield. Firstly, traces of ethylene impurities (ca. 30 ppm
determined by GC-FID on a bypass run) present in the 2-butene source are 2-3 orders of magnitude
too small. Secondly, 1-butene, whether as a feed impurity or generated in situ by isomerization,
can undergo cross-metathesis with propylene to yield a 1:1 ratio of pentenes and ethylene.
However, the mole fraction of pentenes in the product stream is 0.0002, an order of magnitude too
small. A third possibility is cracking of 2-butene into 2 equivalents of ethylene, which was not
explicitly investigated but unlikely to be significant as it is thermodynamically unfavorable
(standard enthalpy of reaction = 116 kJ/mol at 298 K).

Figure 5.12. Effect of adding 2-butene to a propylene self-metathesis reaction at steady-state. The
increase in ethylene yield is modest (ca. 1.5x with 20% 2-butene co-feed) but significant, stable
and fully reversible, consistent with observations for better promoters such as i4ME as discussed
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in the text. Reaction conditions: 10 mg catalyst, pretreated at 550oC under 100 mL/min He for 1
h, 25 mL/min C3H6 + 25 mL/min He or (15 mL/min He + 10 mL/min C4H8), WHSV = 0.0019 mol
C4H8/gcat.s, T = 330oC.
The practical feasibility of this promotion strategy hinges on the discovery of a promoter
olefin that is not only highly active for site renewal, but also selective against deleterious side
reactions forming by-products that would complicate downstream separation. Indeed, a similar
effect was observed in the 1970s by Phillips Petroleum workers 510, but the polyenes investigated
then decomposed under reaction conditions. To this end, we screened a set of 1,1-disubstituted
olefins that do not readily undergo cross-metathesis

511

for their ability to promote propylene

metathesis. All olefins tested increased steady-state propylene metathesis rates by varying degrees,
confirming the generality of our promotion strategy (Figure 5.1, bottom). A 1.5 mol%
concentration of the best-performing promoter, 2,3-dimethyl-1-butene (i4ME), increased steadystate propylene metathesis rates by nearly 5-fold at 330oC and 30-fold at 250oC (Figure 2.6). The
formation of unwanted side products, including isobutene, 2-methyl-2-butene (3ME) and
unidentified C7 and C8 hydrocarbons, was minimal, with a <1% selectivity relative to the
formation rates of metathesis products at 250°C (Table 5.2). The only notable side reaction was
found to be interconversion of i4ME and its positional isomer 4ME (2,3-dimethyl-2-butene),
which appears to be facile under reaction conditions (Table 5.3), but the extent of isomerization in
either direction does not approach that predicted by thermodynamic equilibrium, which would be
<0.01:1 in favor of 4ME. Hence, as 4ME is itself a competent promoter, a steady-state intermediate
promotion factor should be attained if the promoter is continuously separated and recycled, as
would be expected in an industrial process.
Table 5.2. Identification and quantification of unpromoted and promoted propylene selfmetathesis products. Peak areas presented are averaged over 5 consecutive injections at steadystate, and mole fractions computed from pre-determined calibration factors. Note that 1-butene, a
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by-product sometimes seen in propylene metathesis, was not produced in significant amounts in
either run (FID peak area < 1000).
S/N

1
2

Retention
time (min)

Identification

2.1
2.4

Unpromoted
Integrated Mole
peak area fraction
18531
1.55e-4
262288
1.47e-3

Promoted
Integrated
peak area
546219
265276

Ethylene
Propane
(propylene
impurity)
3
3.1
Propylene
88745859
0.499
88343707
4
5.6
2-butene (trans)
17005
7.55e-5 490864
5
6.1
Isobutene
10925
6
6.3
2-butene (cis)
18506
8.22e-5 525300
7
8.4
3ME
6491
8
10.0
i4ME/4ME*
5250262
9
12.0
Unidentified
5205
>C6 products
*as noted in Materials and Methods, these two peaks could not be separated.

Mole
fraction
4.55e-3
1.49e-3

0.497
2.18e-3
4.85e-5
2.33e-3
2.32e-5
0.0158
1.35e-5

mol

Rate of metathesis product (ethylene + 2-butene) formation with promoter = 2.25 × 10−5 g
mol

Rate of side product (isobutene + 3ME + >C6) formation = 2.11 × 10−7 g
2.11×10−7

cat ⋅s

cat ⋅s

Side product selectivity = 2.25×10−5 = 0.0094

Table 5.3. Interconversion of 4ME and i4ME under reaction conditions. Pure silica does not
isomerize i4ME to any significant extent even at elevated temperatures. Reaction conditions: 10
mg 3%SOMC (S/N 2 and 3), pretreated at 550oC under 100 mL/min He for 1 h, 25 mL/min C3H6
+ 25 mL/min He saturated with promoter, WHSV = 0.0019 mol C4H8/gcat.s, T = 280oC.
S/N
1
2
3

Catalyst
SiO2
3%SOMC
3%SOMC

Feed
50% C3H6 + 1.5% i4ME
50% C3H6 + 1.5% i4ME
50% C3H6 + 1.5% 4ME

i4ME:4ME ratio in effluent
74:1
1.1:1
0.3:1

We performed a series of preliminary mechanistic studies to probe the pathways of active
site renewal and decay and explain how promoter olefins alter this balance. Firstly, the catalyst
activity reverts to its original steady-state value upon stopping promoter flow (Figure 5.6C),
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confirming that the promoter does not irreversibly alter active sites. Next, a steady-state catalyst
surface was first purged under helium at 350oC for 3 h to completely destroy all active sites, then
contacted with 1.5% 4ME (bal. He) for 1 h before resuming propylene flow. The transient
propylene metathesis activity was then compared to the baseline transient behavior without 4ME
treatment (i.e., immediately restoring propylene flow). A transient spike in activity observed only
for the 4ME-contacted catalyst (Figure 5.13) suggests that adsorbed promoter molecules, rather
than promoter molecules in the gas phase, are responsible for the promotional effect. Kinetic
studies performed in the presence of promoter molecules further show that co-feeding 1.0 mol%
4ME + 0.5 mol% i4ME decreases the propylene reaction order from 1.9 to 0.7 at 330oC (Figure
5.6A), accompanied by a promoter reaction order of 0.8 (Figure 5.14). This result suggests that the
promoter reduces the dependence of the active site fraction on propylene concentration. The
promoter also decreases the apparent activation energy by 40 kJ/mol to 119 kJ/mol (Figure 5.6B),
rationalizing the dramatic increase in promotion factor at lower temperatures (<300oC).

Figure 5.13. Transient behavior of purged catalyst surface pre-activated with 4ME. The same
catalyst bed was used for both runs. For easy comparison, TOS = 0 is defined for both runs as the
time at which propylene flow is restored. Reaction conditions: 10 mg 3% W(VI)-oxo SOMC
catalyst, pretreated at 550oC under 100 mL/min He for 1 h, T = 350oC, 50 mL/min C3H6 + 50
mL/min He/4ME (corresponding to y4ME = 0.015), WHSV = 0.0037 mol C3H6/gcat.s.
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Figure 5.14. Reaction order of promoter in propylene self-metathesis. The reaction conditions are
the same as in Figures 5.6B and 5.6C. The promoter concentration was varied by adjusting the
flow rate of promoter-saturated helium (10 to 25 mL/min) and co-feeding additional helium to
keep the total flow rate constant.
We then used in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
to better understand how olefinic substrates and promoters interact with the catalyst surface.
Exposure of spent 3%SOMC to propylene at 50oC, followed by purging of gas-phase and
physisorbed hydrocarbons under flowing N2, yielded a broad series of peaks in the sp3 C-H
stretching region (3000-2800 cm-1, Figure 5.15A). Although identification from DRIFTS alone is
challenging, the observed spectrum resembles that of chemisorbed isopropoxy species as
previously reported in the literature155. Two control experiments further suggest that these moieties
are most likely created by a Brønsted acid-base reaction between propylene and a silanol group
with increased acidity induced by a proximal tungsten site151. Firstly, SiO2-700 (the catalyst support)
used as received was exposed to 50 mL/min of 50% propylene in N2 for 4 h at 50 °C, and no visible
propylene absorbance was observed after 4 h of N2 purging (Figure 5.16, left). This result confirms
that free surface silanols are not sufficiently acidic for reaction with propylene in the absence of
tungsten sites. Next, the same chemisorption experiment was performed on pristine 3%SOMC,
omitting the 350oC pretreatment step. As characterized in prior work150, the tungsten sites on
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pristine 3%SOMC are exclusively isolated, coordinatively saturated W(VI)-oxo and W(VI)-dioxo
sites, which do not undergo inner-sphere reactions with propylene at 50oC. Observation of a
spectrum virtually identical to that from propylene chemisorption on spent catalyst (Figure 5.16,
right) thus confirms that propylene chemisorption does not directly involve the tungsten sites.

Figure 5.15. DRIFTS studies of olefin chemisorption on spent catalyst. (A) DRIFTS spectrum of
propylene chemisorbed on spent 3%SOMC at 50oC. The formation of surface alkoxide species
proposed to be responsible for the observed peaks is shown in the inset. (B) DRIFTS spectra of
various olefins chemisorbed on spent 3%SOMC at 50oC, superimposed on the same axes to
illustrate intensity differences.

Figure 5.16. Propylene chemisorption on pure silica (SiO2-700, left) and pristine 3%SOMC (right).
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The reversible and exothermic nature of the chemisorption is confirmed by rapid peak
decay upon heating of the chemisorbed surface under N2 (Figure 5.17): the chemisorbed species
were thermally stable only under 80 °C, started to decompose at ca. 100–110 °C, and completely
disappeared at >150 °C. As the surface under chemisorption conditions may not fully match that
under the much higher reaction temperature, DRIFTS spectra were also obtained with propylene
exposure at 350oC followed by a rapid cooling step under either ethylene or propylene (Figure
5.18A). Cooling under propylene (Figure 5.18B, blue) resulted in the most intense absorptions
derived in large proportion from low temperature chemisorption during the cooling step that cannot
be fully eliminated. Ethylene cooling (red) was performed to address this issue, as ethylene does
not chemisorb (vide infra) but appears to preserve surface intermediates during the cooling step
(N2 cooling, black, appeared to destroy all surface intermediates). The similarity of the ethylenecooled spectrum (red) to the propylene-cooled (blue) and propylene-chemisorbed (Figure 5.15A)
spectra suggests that that isopropoxide formation remains the dominant catalyst-substrate
interaction even under reaction conditions.

Figure 5.17. Thermal stability of surface intermediates from the low temperature chemisorption
of propylene on spent 3%SOMC. The temperature was ramped from 50 °C to 160 °C, with a
ramping rate of 1 °C/min under a pure N2 atmosphere. Spectra were acquired with an increment
of 10 °C and with the KBr background. Vertical offsets were applied for clarity.
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Figure 5.18. DRIFTS spectra of surface intermediates arising from high temperature propylene
exposure. (A) Cooling protocol: spent 3%SOMC was heated to 350oC and exposed to 50%
propylene for 4 h, followed by a gas switch and rapid cooling to 50oC under the coolant gas. (B)
Spectra obtained using the clean activated 3%SOMC background. Vertical offsets were applied
for clarity.
The chemisorption experiment was repeated with other olefins to assess how their
interactions with the surface compare to propylene’s interaction with the surface. Similarly shaped
absorption bands were observed for all olefins, with intensities increasing in the order ethylene <<
propylene, 2-butene < 4ME < i4ME (Figures 5.15B and 5.19). No spectrum was obtained for
isobutene because it oligomerized into a non-volatile oily phase that could not be removed by N2purging at 50°C. We hypothesize that these peaks can all be attributed to alkoxide species via the
same acid-base reaction, supported by two observations: (1) The trend in integrated 3000-2800
cm-1 peak areas of each spectrum, a proxy for the steady-state extent of chemisorption, follows
that of increasing ease to generate the carbocation upon olefin protonation and subsequently the
surface alkoxide species, and (2) the 4ME and i4ME spectra (D and E) have different intensities
but otherwise identical spectra, again consistent with a common chemisorbed species but different
thermodynamics of protonation. Crucially, this trend also matches that of promotional ability
(Table 5.4), highlighting the importance of Brønsted acidic silanols in modulating the dynamic
balance between site renewal and decay. Indeed, early experiments demonstrated that steady-state
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propylene metathesis rates can be increased by poisoning these acidic sites, whether reversibly by
co-feeding ammonia512-513 or irreversibly by introducing a silylating agent514.

Figure 5.19. Low temperature chemisorption of various olefins on spent 3%SOMC: (A) ethylene,
(B) propylene (presented in Figure 5.15 but reproduced here for ease of comparison), (C) 2-butene,
(D) propylene + 4ME, (E) propylene + i4ME. The spectrum of an activated blank catalyst (black)
was obtained with respect to the KBr background. Vertical offsets were applied for clarity.
Table 5.4. Comparison of carbocation stabilities, promotion factors, and chemisorption strengths
for various olefins.
Promoter
Ethylene
Propylene
2-butene
Isobutene
4ME
i4ME

Carbocation
1o
2o
2o
3o
3o
3o

Promotion Factor at 330 °C
N/A
—
1.5 (20%)
2.5 (20%)
3.8 (1.5%)
4.6 (1.5%)

Chemisorption at 50 °C
None
Moderate
Moderate
N/A (Oligomerizes)
Strong
Strongest

A likely mechanism for Brønsted acid-catalyzed site renewal and decay is the 1,2-hydride
shift pathway (Figure 5.20A) that has been extensively characterized for tantalum complexes in
the presence of a proton source515-516 and more recently proposed for the low-temperature initiation
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of styrene metathesis on well-defined silica-supported W(IV)-oxo species
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. To assess the

feasibility of this proposal, we performed density functional theory calculations on a minimal
cluster model of a mononuclear WOx/SiO2 site comprising a cubic silsesquioxane with one edge
broken and the corresponding corner replaced by a W(IV)-oxo moiety (Figure 5.20A, bottom left).
The initial formation of the catalyst resting state, a tungsten alkyl species (3), is thermodynamically
favorable and occurs most easily by hydrogen transfer to a π complex (2). A subsequent αhydrogen abstraction then yields an alkylidene product (4). Compared to the classical allylic C-H
activation mechanism517-518 that does not invoke proximal silanol groups, these reaction steps
indeed lead to a significantly flatter overall energy landscape, as evidenced by a 27 kcal/mol lower
enthalpy maximum (Figure 5.20A, right), confirming that appropriately positioned silanol groups
can effectively catalyze alkylidene formation.
A catalytic mechanism integrating the Chauvin cycle with dynamic site renewal and decay,
while illustrating the proposed roles of the promoter olefin, is presented in Figure 5.20B. In the
absence of promoter, site renewal and decay (blue) are mediated by proximal silanol groups (red)
via the hydride shift mechanism described above, resulting in a dynamic balance that governs the
fraction of Chauvin cycle intermediates (black) and hence the observed metathesis rate.
Disubstituted alkylidenes, such as the isopropylidene pictured, are competent metathesis initiators
519

and can lead to the main Chauvin cycle after a single turnover (bottom left). Free silanol groups

react with promoter olefins to yield the alkoxide and/or carbocation species (green) observed in
DRIFTS that could also serve as proton sources, analogous to pyridine’s role as an initiator of
molecular W(IV)-oxo metathesis catalysts 518. In this regard, the promoter effectively serves as a
co-catalyst for the site renewal cycle without being directly consumed, and further study will be
needed to elucidate the precise role that it plays in facilitating this proton transfer step.
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Figure 5.20. Proposed mechanisms for site renewal, site decay and promotion. (A) Comparison
of the proposed silanol-catalyzed 1,2-hydride shift (top; 1 to 4) and the classical allylic C-H
activation/β-hydrogen transfer (bottom; TS3) pathways for site renewal. The silsesquioxane
cluster model used is shown in the bottom left (Si: beige, W: blue, O: red, H: white). Reported
energy values are enthalpies at 350oC relative to infinitely separated 1 and propylene. (B) Proposed
catalytic cycle integrating metathesis with in situ silanol-catalyzed site renewal and decay and
promoter-assisted hydrogen transfer. W represents a silica-supported mononuclear tungsten active
site where the support has been omitted for clarity.
Finally, the universality of this mechanism is demonstrated by the reactivity gains obtained
using the wet-impregnation catalyst both for the self-metathesis of propylene (Figure 5.21) and for
the industrially relevant cross-metathesis of ethylene and 2-butene (Figure 5.22). Co-feeding the
i4ME promoter over a 15 wt% WO3/SiO2 catalyst at 250oC resulted in rate increases of ca. 6x and
5x, respectively, stable over extended operating times corresponding to at least several hundred
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turnovers (calculated based on the nominal tungsten loading, which likely overestimates the actual
active site count by 1-2 orders of magnitude). These values are lower than obtained with the
3%SOMC catalyst for reasons that are not yet clear, but could possibly be related to the existence
of nanoparticles, bulk WOx and interfacial sites that are absent in 3%SOMC. It is also noteworthy
that the promotion factor for cross-metathesis (ca. 5 at 5% i4ME) is lower than for self-metathesis
(ca. 20 at 5% i4ME) using the same catalyst and at the same promoter concentration, but this can
be explained by the intrinsic promotional ability of 2-butene as one of the reactants that attenuates
the apparent promotional effect of the promoter.

Figure 5.21. i4ME promotion of industrial 15% WOx/SiO2 wet-impregnation catalyst. (Left)
Reaction rate as a function of time on stream. (Right) Cumulative turnover number as a function
of time on stream. Reaction conditions: 50 mg catalyst, pretreated at 550oC under 100 mL/min He
for 1 h, T = 250oC, 25 mL/min C3H6 + 25 mL/min He/4ME, WHSV = 0.0019 mol C3H6/gcat.s.
Prior to promoter introduction, the catalyst was allowed to reach steady-state under 50 mL/min of
50% C3H6 (bal. He) at 350oC (not shown), then cooled down to 250oC and allowed to reach steadystate again. The zero value of time on stream (TOS) is defined to be the time at which steady-state
at 250oC was attained.
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Figure 5.22. i4ME promotion of industrial 15% WOx/SiO2 wet-impregnation catalyst for crossmetathesis. (Left) Reaction rate as a function of time on stream. (Right) Cumulative turnover
number as a function of time on stream. As in the preceding figure, the turnover number is
calculated based on the nominal tungsten loading. Reaction conditions: 50 mg catalyst, pretreated
at 650oC under 100 mL/min He for 1 h, T = 250oC, 40 mL/min C2H4/i4ME + 10 mL/min C4H8.
The same catalyst bed was used as for the propylene metathesis experiment in the preceding figure.

5.5. Conclusions
Using molecularly defined, isolated W(VI)-oxo sites grafted on amorphous silica by surface
organometallic chemistry as a realistic model for industrially relevant wet-impregnation
metathesis catalysts, we first demonstrated several particularly unusual aspects of the kinetics of
propylene self-metathesis into ethylene and 2-butene. In particular, (1) the reaction is nearly
second order in propylene, (2) the reaction is autocatalytic with a positive 2-butene reaction order,
and (3) the reverse reaction has significantly different orders in each reactant. These observations
are inconsistent with the Chauvin cycle well-established for homogeneous metathesis catalysts and
thought also to govern heterogeneous metathesis catalysts, which instead predicts (1) a 0-1 order
reaction in propylene, (2) product inhibition by 2-butene competing for active sites, and (3) nearly
equal orders in ethylene and 2-butene for the reverse reaction. To reconcile these apparent
contradictions, we introduced a new mechanistic picture in which the fraction of active sites (i.e.,
Chauvin cycle intermediates) dynamically varies with reaction conditions via a site decay and
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renewal cycle operating in parallel with the classical Chauvin cycle.
On the basis of spectroscopic studies strongly suggesting that the dominant surface species
under reaction conditions are alkoxides, and computational studies confirming that appropriately
positioned hydrogen donors can catalyze in situ alkylidene formation from olefin π complexes, we
proposed that site renewal and decay are mediated by Brønsted acidic surface silanol groups
proximal to the tungsten sites through a 1,2-hydride shift pathway well-characterized for
homogeneous tantalum complexes.
Finally, as a direct application of this insight, we then hypothesized that the olefins used to
regenerate the active sites need not be the same olefins that undergo metathesis if site renewal and
metathesis are indeed decoupled from each other, thus revealing a novel promotion strategy
orthogonal to current catalyst design efforts aimed at tuning the active site speciation and electronic
environment. Indeed, by cofeeding relatively small amounts of highly substituted olefins that
promote active site renewal but are unreactive towards cross-metathesis, we were able to increase
metathesis rates by up to 30-fold at 250oC without significant selectivity changes or promoter
consumption. The universality of this promotion strategy was demonstrated on a standard 15 wt%
WO3/SiO2 industrial metathesis catalyst prepared via wet-impregnation, both for propylene selfmetathesis and the industrially relevant cross-metathesis of ethylene and 2-butene. Although the
observed promotion factors were lower than those obtained with the model 3%SOMC catalyst,
they nevertheless substantiate the use of promoters as a versatile handle to access reaction
conditions previously considered impractical for tungsten-based materials. We thus expect the
strategy presented here to have an impact on the chemical industry by improving the economic
viability of heterogeneous metathesis processes.
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Chapter 6
Overall Conclusions and Outlook
Through several loosely connected vignettes spanning a seemingly broad array of
applications ranging from electrochemical ion separation via noncovalent interactions in
ferrocene-based materials, methane-to-methanol conversion by high-valent metal-oxo species, to
heterogeneous olefin metathesis catalyzed by silica-supported tungsten oxide, we have
demonstrated many facets of the complexity of supported transition metal (TM) complexes as well
as the challenges associated with their study. We have also began to shed light onto how these
challenges may be overcome in order to harness the incredible tunability offered by this
complexity for practical materials design and process improvements.
In Chapter 2, we explored in detail how noncovalent interactions (NCIs), in particular weak
hydrogen bonding (HB), can be exploited to increase the selectivity of ferrocenium-based polymer
electrode materials for formate adsorption over perchlorate adsorption while maintaining
reasonable desorption rates in the reduced (ferrocene) state. NCIs are ubiquitous across chemistry
and structural biology, with key applications in supramolecular chemistry, drug design,
separations, and catalysis. It remains to be seen if our predictions can be experimentally validated,
and although our main results are system-specific and not easily generalizable to other systems,
our methodology for efficient computational design of NCIs, including computational algorithms
for automatically generating geometries of functionalized TM complexes and docking small
molecules to identify optimal adsorption configurations, should be more broadly applicable. We
also introduced the materiaphore depiction of optimal HB design and showed how it could be used
for iterative screening of doubly functionalized complexes. Nevertheless, many parts of the study,
including the initial functional group curation, data analysis, and abstraction of the materiaphore
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were performed manually, and could benefit from further automation as part of the molSimplify
package. The concept of quantitative parameterization of NCIs using physical organic parameters,
as developed extensively by the Sigman group357, could also be worth pursuing as a supplement
to the primarily geometric information provided by the materiaphore, and also to supplement linear
free energy relationships (LFERs) for inner-sphere interactions which we discuss in the next
chapter.
In Chapter 3, we turned towards another application, namely methane-to-methanol partial
oxidation by ferryl-oxo complexes, to assess the limitations of LFERs widely used in
computational heterogeneous catalyst screening when applied to single-site catalyst screening. In
addition to NCIs, which may trivially be expected to disrupt LFERs by preferentially stabilizing
certain intermediates, we also explored the effects of inner-sphere tuning through the ligand field
strength and coordination geometry. As part of this study, we extended our molSimplify package
to automatically generate guesses of transition state (TS) geometries, which, together with an
automated system for managing jobs on computational clusters and GPU-accelerated computing,
enabled the screening of an unprecedentedly large set of reaction energies and activation energies.
Our results, which we subsequently rationalized with a qualitative molecular orbital analysis,
demonstrated that simple ligand field tuning (i.e., by varying ligand identity while keeping
coordination geometry the same) largely preserved LFERs, whereas geometric distortion
favorably shifted LFERs downwards. As such geometric distortion is a common feature in
microporous materials known to support isolated metal centers (e.g., post-synthetically ionexchanged metal-organic frameworks) due to framework strain, our findings should influence
thinking in the field. At the same time, several extensions and improvements to our automated
procedure, which was developed with this study in mind, can be envisioned to broaden its
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applicability. The TS structure generation tool could be extended to accommodate other reaction
classes beyond simple atom abstractions, such as the oxidative additions/reductive eliminations
typical of organometallic chemistry, and to improve its efficiency, neural networks for predicting
equilibrium bond distances122 could be adapted to also predict TS bond distances based on reactant
and product identities. Our study was also limited to catalytic activity and did not consider stability,
an important consideration for catalyst design in general but particularly so for the methane-tomethanol process, with reported turnover numbers frequently in the single digits520. Given
knowledge of likely catalyst decomposition and/or deactivation pathways (e.g., Fe(III)-OH as an
off-cycle species in ferryl-oxo systems and, more generally, ligand oxidation in oxidative
reactions), one could directly incorporate representative intermediates into the screening process
or instead devise cheaper-to-compute heuristic proxies, such as ligand redox potentials521.
Otherwise, some form of automated reaction network exploration522 could be implemented to
discover side reactions, but at a far higher computational cost.
The two computational studies above used the B3LYP functional of density functional
theory (DFT) for computational efficiency, which is well-known to be suboptimal for predicting
energetics of open-shell TM complexes, but nevertheless sufficient for elucidating trends (as were
the objectives of those studies) due to cancellation of error. Unfortunately, the more accurate
correlated wavefunction theory (WFT) methods necessary for applications where absolute
predictions are relevant are too computationally demanding for large-scale screening. Ideally, one
would address this issue by attempting to correlate accurate WFT predictions to cheaper DFT
predictions, such as with a machine learning approach as recently demonstrated for organic
molecule thermochemistry523. In Chapter 4, we instead addressed a related but simpler problem,
partially explaining why and how TM energetic predictions (reaction energies as well as spin-state
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splittings) are sensitive to the choice of functional, in particular the fraction of exact exchange in
the functional to which DFT-computed transition metal complex energetics are particularly
sensitive to. We rationalized this sensitivity in terms of differences in metal-ligand delocalization
and introduced the metal-ligand bond valence as a simple-to-compute, yet robust, descriptor that
unifies understanding of exchange sensitivity for catalytic properties and spin-state ordering in TM
complexes. There is an immediate need to more extensively benchmark the metric on a wider set
of metal and ligand identities, and to collect per-bond sensitivity values that could then be tabulated
in a database for future applications. We could then begin to tackle the broader challenge of
predicting WFT energetics from DFT energetics, or equivalently, predicting system-dependent
optimal functional tuning parameters. While a machine learning approach would appear to be the
most appealing route, a theoretically-motivated approach could also be feasible, with the added
benefit of generating fundamental insight. For instance, in range-separated hybrid functionals,
tuning the range separation parameter to satisfy energetic criteria can improve predictions of
ground state electronic properties such as the dipole moment62, and an analogous nonempirical
fitting of parameters in a Hubbard U-inspired DFT functional form was recently demonstrated to
eliminate DFT delocalization errors in a range of atomic systems524.
In Chapter 5, we showed how the necessity of in situ active site generation in heterogeneous
metathesis catalysts adds a layer of (previously poorly understood) complexity to the mechanism,
leading to a dynamically varying active site fraction and a novel, universal promotion strategy by
co-feeding metathesis-inert olefinic that co-catalyze site renewal. This work has only just begun
to clarify the decades of misunderstandings and puzzling (often conflicting) results in the patent
and peer-reviewed literature, and many extensions and areas of future investigation can be
envisioned. Firstly, further mechanistic studies beyond the DRIFTS and kinetic studies will
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strengthen our mechanistic proposals. Co-feeding isotopically labeled promoters and attempting
to identify labeled by-products based on their molecular ion could be a valuable tool for
discriminating between possible site renewal mechanisms. Due to the lability of surface silanol
hydrogens and anticipated scrambling with the olefinic hydrogens, 13C labels should be used over
2

H labels. The chemical synthesis of labeled promoters could prove challenging as they are not

commercially available, but

13

C-labeled 4ME can for instance be synthesized from a McMurry

coupling of commercially available

13

C-labeled acetone. Our proposal predicts that the labeled

promoter atoms should not be incorporated into metathesis products, whereas site renewal by
allylic C-H activation from i4ME would be expected to produce singly labeled propylene. Solid
state NMR, using labeled chemisorbed olefins to improve sensitivity if necessary, could also
complement the DRIFTS studies by definitively identifying the surface intermediates as alkoxides.
Additionally, other surface species co-existing with the dominant alkoxides could potentially also
be identified from NMR. In particular, alkylidenes and metallacyclobutanes have never been
detected over heterogeneous oxide catalysts, and it would be interesting if the use of the promoter
could induce a sufficiently high coverage of these species to enable detection by NMR. Further
computational studies could also help to elucidate the precise nature of the proposed proton
transfer step from the promoter alkoxide within the hydride transfer mechanism, which may
necessitate more complex computational models of amorphous silica-supported sites that more
accurately treat surface strain and steric effects but has remained an active area of research.153
Directly observing an active site count varying with reaction conditions could also serve as a
supplement to the mechanistic studies. Initial attempts to do so with DRIFTS failed as the
purported active sites only exist in the presence of an olefinic atmosphere which fully obscured
the surface species. Other direct site-counting techniques, including titrating with isotopically
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labeled C2H4155 (preferably 13C2H4 over C2D4 to avoid isotopic scrambling with silanol groups)
and SSITKA (steady-state isotopic transient kinetic analysis), both of which permit distinguishing
turnover capable species from spectator species without relying on their isolation or spectral
identification, should prove to be more successful.
With a firmer understanding of the promotion mechanism in hand, attention may then be
turned towards optimizing the strategy for industrial application. This would include screening a
larger set of candidate promoters both computationally and experimentally, potentially leveraging
the high-throughput computational screening tools that have been developed as part of the thesis,
such as molSimplify319 for generating intermediate geometries. Beyond the activity of the
promoter itself, stability (traditional metathesis catalysts display limited heteroatom tolerance, and
sulfur- and halogen-containing molecules are known to decompose under reaction conditions,
often with an adverse effect on catalyst performance525) and volatility (an overly high boiling point
would hinder promoter introduction and preclude the use of larger molecules) place additional
constraints on possible promoters and could benefit from multi-objective optimization
techniques.526 At first glance, styrene and propenylbenzene derivatives (the former an industrially
relevant building block and the latter readily accessible from lignin hydrodeoxygenation) appear
to be promising candidates with reasonable volatility and resonance stabilization afforded by the
aromatic ring, provided that they do not polymerize under reaction conditions. Elucidation of
promoter structure-property relationships from an expanded dataset, perhaps in combination with
a comprehensive first-principles microkinetic model, could also help to iteratively refine the
mechanistic picture coupling metathesis and site renewal/decay and hence identify the theoretical
limits of promotion and optimal promoter characteristics. Alternatively, as metathesis is tolerant
to hydrocarbon impurities, olefinic promoters could potentially also be generated in situ from
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cheaper alkane precursors which will not interfere with the reaction in the event of incomplete
conversion. In particular, hexane isomer mixtures, produced on the megaton scale by solid-acid
catalysis for fuel applications, could be dehydrogenated in situ into 4ME and i4ME analogues.
These dehydrogenation reaction mixtures, even at low conversion, could contain enough promoter
to promote propylene metathesis, potentially reducing the cost of the process by eliminating the
need for expensive, purified promoters. It is possible that the WOx/SiO2 catalyst has sufficient
intrinsic activity for dehydrogenation under metathesis reaction conditions, but a separate
dehydrogenation catalyst (e.g., Pt/Al2O3 or similar) could also be introduced, either as a physical
mixture with WOx/SiO2 or in a separate upstream catalyst bed.
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