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ABSTRACT: A crucial consideration for supported heterogeneous catalysts is the non-uniformity of the active sites, particu-
larly for Supported Organometallic Catalysts (SOMCs). Standard spectroscopic techniques, such as X-ray absorption spectros-
copy (XAS), reflect the nature of the most populated sites, which are often intrinsically structurally distinct from the most 
catalytically active sites. With computational models, often only a few representative structures are used to depict catalytic 
active sites on a surface, even though there are numerous observable factors of surface heterogeneity that contribute to the 
kinetically favorable active species. A previously reported study on the mechanism of a surface organovanadium(III) catalyst 
[(SiO)VIII(Mes)(THF)] for styrene hydrogenation yielded two possible mechanisms: heterolytic cleavage and redox cycling. 
These two mechanistic scenarios are challenging to differentiate experimentally based on the kinetic readouts of the catalyst 
are identical. To showcase the importance of modeling surface heterogeneity and its effect on catalytic activity, density func-
tional theory (DFT) computational models of a series of potential active sites of [(SiO)VIII(Mes)(THF)] for the reaction path-
ways are applied in combination with kinetic Monte Carlo (kMC) simulations. Computed results were t then compared to the 
previously reported experimental kinetic study.: 1) DFT free energy reaction pathways indicated the likely active site and 
pathway for styrene hydrogenation; a heterolytic cleavage pathway requiring a bare tripodal vanadium site. 2) From the kMC 
simulations, a mixture of the different bond lengths from the support oxygen to the metal center was required to qualitatively 
describe the experimentally observed kinetic aspects of a supported organovanadium(III) catalyst for olefin hydrogenation. 
This work underscores the importance of modeling surface heterogeneity in computational catalysis. 

INTRODUCTION 

Supported catalysts synthesized via surface organometal-
lic chemistry are promising systems in the production of 
petrochemicals and fine chemicals due to their unique prop-
erties in combining the advantages of homogeneous and 
heterogeneous catalysis, which are the selectivity and sta-
bility, respectively.1-4 When modeling supported catalysts, 
the non-uniformity, or heterogeneity, of catalytically active 
sites is one of the more challenging aspects to depict. To this 
extent, the heterogeneity of active sites has been understud-
ied both experimentally and computationally since the 
overall observed activity is dominated by the catalytically 
most active sites while standard spectroscopic techniques 
target the most populated sites or the aggregate of all sites 
on the surface.  

Surface heterogeneity has been shown to have an effect 
on catalysis.5 As an inherently dynamic process, simulating 
catalytic kinetics requires reliable mathematical models. 
Numerous kinetic studies are performed on defect-free sur-
faces through periodic density functional theory (DFT) and 
kinetic Monte Carlo (kMC) simulations.5-6 These models, 
which are simplistic for practical purposes tend to model 
catalytic sites as energetically equivalent with equal reac-
tion barriers. However, the observed complexity of catalytic 

kinetics and surface heterogeneity breaks these models, 
and while studies have examined defected or alloyed sur-
faces7-9 as well as stepped faces,10-12 a full scope of their ef-
fect on the kinetics is incomplete. 

Amorphous silica (a-SiO2), a common support for SOMC, 
exhibits significant heterogeneity in anchoring sites, which 
leads to an ensemble of local environments with different 
structures and activities upon grafting of organometallic 
precursors.13-14  Small variations, such as the bond distance 
and angle between a rigid silanol group and the metal atom, 
can lead to a normal distribution of reaction barriers during 
catalysis. Studies by Peters, Scott et al. illustrated a simpli-
fied model to calculate site-averaged grafting barriers of 
single atom catalysts on an a-SiO2 surface that yielded a dis-
tribution of the kinetically favorable active sites based on 
minor variations of the local environments of the grafting 
sites.15-19 Recently, Copéret et al. corroborates studying 
metal-surface interactions and surface heterogeneity for al-
kene metathesis tungsten catalysts as they found multiple 
tungsten sites on the silica surface with several different lo-
cal environments.20 These studies underscore the need for 
more developed computational models and well-defined 
environments for describing surface heterogeneity in 
SOMC. 
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An a-SiO2 supported organovanadium(III) complex 
[(SiO2)VIII(Mes)(THF)] was previously reported to effi-
ciently catalyze the hydrogenation of olefins.21 Structure-
property correlations revealed that low valent states and 
site isolation are required for hydrogenation. A follow-up 
kinetic and isotope labeling study22  suggested that the cat-
alytic reaction follows the heterolytic H2 cleavage mecha-
nism, where H2 is activated on the V-O bond to form a V(H)-
(OH) species, while the σ-bond metathesis mechanism is ex-
cluded.21 While experimental characterization and kinetic 
study provided structural insights and critical kinetic be-
haviors of [(SiO2)VIII(Mes)(THF)], it is particularly meaning-
ful to gain molecular understanding of the formation of the 
catalytically relevant active sites and the reaction mecha-
nisms as this will help uncover the role of active site heter-
ogeneity in the reaction energetics and observed kinetics. 

Therefore, using the experimental findings as reference, 
two dimensions of active sites heterogeneity are explored 
computationally in this work: 1) the surface heterogeneity 
based on bond elongation and coordination environment, 
and 2) considering the effects of various inhibitors to the 
catalytic activity, which allows the examination of a combi-
nation of potential active sites rather than a single active 
site. Utilizing a multidimensional approach to model surface 
and active site heterogeneity leads to a derivation of site-
averaged kinetics. The knowledge gained from this work 
could be adopted for future design of V(III) and other sup-
ported catalysts on silica and other amorphous inorganic 
support materials. 

 

COMPUTATIONAL METHODS 

Electronic Structure 

a-SiO2 has been extensively studied with DFT methods.6, 

23-24 Two types of computational models have been com-
monly used for describing a-SiO2, periodic slab models, 6, 23-

24 which use a unit cell representation of the surface, and 
cluster models 24-30, a finite fragment of the solid. As amor-
phous surfaces have nonuniform composition and the need 
for more realistic and larger surface models increases, mod-
eling amorphous supports with periodic slab models be-
comes increasingly challenging. On the other hand, compu-
tationally more efficient cluster and cage models have been 
utilized to study local active site environments of catalysts 
grafted onto amorphous silica. Previous computational 
studies24-30 have shown that a cluster model of silica can 
represent its bulk structures well while keeping the surface 
strain on the cluster. Furthermore, silica clusters composed 
of different siloxane ring structures (silsequioxane) could 
be a good approximation of an a-SiO2 surface.25 Based on 
their success and previous use in our group to model SOMC, 
silsequioxane cages are utilized in this work due to the num-
ber of structures needed for the full mechanistic nature of 
this investigation. 

All electronic structure calculations for the molecular 
structures and reaction energetics were performed using 
Gaussian16.31 As shown in previous work, silsequioxane 
cages were shown to be adequate models for amorphous 
SiO2 in lieu of periodic DFT calculations.24 To model top 

monolayer relaxation in periodic models, the bottom half of 
the silica cluster (6 H, 11 O, and 6 Si atoms) was kept frozen 
during the optimization and frequency calculation. All 
structures were optimized using the B3LYP32-33 density 
functional and CEP-31G34-36 pseudopotential double-ζ basis 
set in the gas phase. For the free energy reaction profile, the 
Gibbs energy thermal corrections, single point energy, and 
frequency calculations are obtained using B3LYP with the 
TZVP37 basis set at 50°C to replicate experimental condi-
tions. The previous experiments used dodecane as solvent, 
the effect of which was assumed to be small. Thus, solvents 
were not considered in these calculations. 

Kinetic Studies 

Kinetic Monte Carlo (kMC) applies Monte Carlo sampling 
towards catalytic chemistry through obtaining kinetic ob-
servables when the reaction environment plays a key role 
or when the reaction rates are non-uniform.38-40 Using kMC 
and the single-molecule description of kinetics, reaction 
profiles of each catalytic site can be explicitly viewed to in-
terpret bulk properties of the whole system, which is a com-
position of the turnovers from the individual sites. This 
work examines the impact of multi-step reaction pathways 
that contain correlations among their distributed energetic 
barriers on the production pathway for styrene hydrogena-
tion.  

The rate of styrene hydrogenation is found using a simu-
lation based on the free energies of the elementary reaction 
steps assuming that the amorphous support for the vana-
dium atoms form a static distribution of independent struc-
tures.  The full reaction network for each structure thus cor-
responds to a specific set of reaction rate coefficients la-
beled by the structure index q. The turnover frequency 
(TOF) from a single structure can be calculated from a 
knowledge of the rate coefficients using conventional 
steady state kinetics.  If the concentrations of styrene and 
hydrogen, [S] and [H2], are regarded as constant parameters 
then the rate coefficients for the reaction step i→j is given 
by the standard Eyring form,  

𝑘𝑖,𝑗
𝑞

=
𝑘𝐵𝑇

ℎ
𝑒

−
∆𝐺𝑖,𝑗

‡,0(𝑞)

𝑘𝐵𝑇 ∙ 𝑍 (1) 

where Z is either [S], [H2], or 1 depending on the reaction 

and ∆𝐺𝑖,𝑗
‡,0(𝑞) is the structure-dependent standard free en-

ergy barrier for 𝑖 →‡→ 𝑗 .  The observed TOF is complicated 
in two ways: first the chemically distinct active sites can in-
terconvert (see Scheme 4) yielding interlaced catalytic cy-
cles that must be simultaneously considered, and second 
the active sites are statistically distributed over structures 
that yields different rate coefficients which must be folded 
together.  In order to handle these issues, the TOF is formu-
lated using a stochastic approach similar to that employed 
in modeling single molecular kinetics.41-43 The overall TOF 
is then a composite of contributions from specific chemical 
pathways that may exhibit different specific chemistry.44-45  
The TOF for an arbitrary system is computed from the mean 

of the waiting time distribution as 𝜈 =
1

〈𝑡〉
 where t is the time 

interval between two product release events. The Markov 
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chain of state-to-state transitions is explicitly generated us-
ing a standard kMC simulation.  The averaging is done over 
all structures and active sites involving a large number of 
cycles.  The reaction environment is simulated by creating 
approximately 1000 vanadium pre-catalysts in a solution of 
varying concentrations of styrene, H2, and THF molecules. 
The THF to catalyst ratio stays at a minimal 1:1 ratio due to 
the observed kinetics of THF as an inhibitor in previous 
work. Each catalytic site is treated as rigid so that the net-
work energetic barriers are categorized by V-O bond dis-
tance. An equilibrium approximation was used for species 
that undergo rapid interconversion due to low barrier 
heights. The rejection-free Monte Carlo algorithm is used to 
stochastically simulate the kinetics. The reactants compete 
for adsorption onto the catalytic sites as detailed by the re-
action scheme 4. Upon product formation, the active sites 
are regenerated, and reactants are again allowed to adsorb 
when the catalyst site reaches the correct active state. An 
advantage of these kMC simulations is the tracking of indi-
vidual sites to obtain detailed information such as waiting 
times between product formation and reaction-pathways 
chosen for reactants. Combined with methods from single-
molecule studies this data can be invaluable when examin-
ing kinetic observables such as the total number of products 

formed during the experiment that will be explored in sub-
sequent work.46 

 

RESULTS AND DISCUSSION 

1. Computational models of catalytic sites considering surface 
heterogeneity 

Vanadation of partially dehydroxylated silica (at 200 °C; 
4.9 OH per nm2) with the molecular organometallic 
[V(Mes)3(THF)]21 yielded an air-sensitive, paramagnetic, 
dark purple material. Nuclear magnetic resonance (NMR)-
scale grafting experiment showed the protonolysis and re-
lease of two out of three mesityl ligands and negligible THF 
from the original molecular precursor. . X-ray Absorption 
Near-Edge Structure (XANES) spectra of the chemisorbed 
species were consistent with a  3+ oxidation state for the V 
center.22 Based on these observations, three different plau-
sible pre-catalyst structures formed from three distinct 
grafting sites on silica (Figure 1) are proposed of general 
formula (≡SiO) 2V(Mes)(THF): a four-coordinate bipodal te-
tragonal site  (1a), a tripodal trigonal bipyramid site with a 
silanol donor (1b), and a tripodal  trigonal bipyramid site 
with a  siloxane donor  (1c). In all three sites, the V center is 
bound to a THF and a mesityl ligand.  

 

 

Figure 1. Cluster models of proposed pre-catalyst structures 1a (left), 1b (middle) and 1c (right) at the B3LYP/CEP-31G level of 
theory. V = Teal, Si = Yellow, O = Red, C = Gray, H = white.  

For the cluster models of 1a and 1b, the top half of the 
silica cluster can relax while keeping the bottom half (6 H, 
11 O, and 6 Si) frozen during geometry optimization. How-
ever, for 1c, the two Si-O groups and the bottom half of the 
silica cluster are treated the same as for 1a and 1b, while 
for the siloxane donor in the same plane as THF (V-O-Si), 
two scenarios are considered to represent the heterogene-
ity of the local geometries. The first scenario utilizes the rig-
idness of the neutral siloxane groups on the surface of amor-
phous silica, which infers the positions of the siloxane rela-
tive to the metal center; these environments are not likely 
to change during grafting and catalysis. The V-O(siloxane) 
distance is used as a parameter for a simplified description 

of the siloxane position relative to the metal center. Alt-
hough other geometric parameters, such as bond angles and 
dihedrals, as well as the distance between two ≡SiO− 
groups, could also play a role in describing the relative po-
sition of the siloxane, the V-O (siloxane) distance is an effec-
tive simplification that is sufficient to demonstrate a quali-
tative trend in catalysis (vide infra). Based on the DFT opti-
mized V-O (siloxane) distance for 1c (2.29 Å) in the fully re-
laxed model, three rigid V-O (siloxane) distances are consid-
ered: 2.1, 2.3 and 2.5 Å as representative structures for com-
pressed or elongated local environments in amorphous sil-
ica surface. In all calculations, the V-O distance is kept con-
stant while the other geometric parameters are optimized. 
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An alternative scenario considers the possibility that  the 
donor siloxane could be  on the edge or corner of the amor-
phous silica sample, which could provide more flexibility for 
the siloxane donor during grafting and catalysis given the 
extra degrees of freedom. In this case and for fundamental 
comparison with the first scenario, a system where the si-
loxane is unconstrained and therefore can fully relax during 
geometry optimization is also considered. As a result, there 
are six total proposed pre-catalyst systems, including 1a, 
1b, and four structures for 1c corresponding to each indi-
vidual V-O(siloxane) distance, i.e., fully relaxed (2.29 Å), 2.1, 
2.3, and 2.5 Å (Figure 1). In this work, the proposed active 
site structures are denoted by letters A-E to differentiate the 
active sites from the resting intermediates and transition 
states in this proposed mechanism. 

2. Formation of Catalytically Vanadium-Hydride Active Sites 

Previous experimental investigations showed that inter-
action of the pre-catalyst with H2 activates the supported 
vanadium center, forming a V-H active site that catalyzes 
the hydrogenation of styrene and other unsaturated car-
bon-carbon bonds. Vanadium K-edge X-ray adsorption 
measurements following treatment of 1 with H2  are con-
sistent with the formation of a new species with a reduced 
coordination number of non-hydrogen ligands, while main-
taining the 3+ oxidation state.22 Based on the XANES and 
EXAFS characterization alone, it is uncertain whether the 
active sites formed from the pre-catalyst is a lower-coordi-

nate V site or a V-H site because the hydride is not observa-
ble in EXAFS. Nevertheless, the experimental chemical reac-
tivity21 suggests that a V-H is generated on the surface. It is 
also unclear whether all the THF ligands remain on the 
metal center after H2 treatment. Therefore, all these possi-
ble structures are considered along with their associated re-
action pathways for the six proposed pre-catalyst struc-
tures. 1a and 1b (Scheme 1) and 1c (Scheme 2) may un-
dergo σ-bond metathesis with H2, which effects the cleavage 
of the mesityl ligand. Calculations (See SI for details) show 
that the four-coordinate V site (1a) is more energetically fa-
vorable in presence of THF ligand during the metathesis 
process, while the five-coordinate V sites (1b and 1c) re-
quires the dissociation of THF before metathesis because of 
steric interactions. 1 and 1b form V-H species 3 (ΔG‡intrinsic = 
29.9 kcal/mol) and 6 (ΔG‡intrinsic = 28.6 kcal/mol), respec-
tively, which are hypothesized to be the catalytically active 
sites (for the continued catalytic cycles, see Scheme 3), in 
agreement with experimental results. On the other hand, 1c 
first undergoes σ-bond metathesis to form a V-H (9a with-
out THF or 9b with THF) that could react with the coordi-
nated siloxane group on the support, resulting in the for-
mation of a Si-H and a tripodal bare V site either with or 
without THF (11b without THF or 11a with THF, Scheme 
2). Such a hydride transfer reaction has been reported pre-
viously for a silica supported Zr-H, in which Si-H was ob-
served via nuclear magnetic resonance (NMR) spectros-
copy.47 

Scheme 1. Proposed reaction pathways of the formation of potential active sites 3 (A) and 6 (B) for styrene 
hydrogenation. All free energies are reported in kcal/mol. 

The four structures based on V-O(siloxane) distance for 
1c described earlier are then considered to exploit the effect 
of surface induced strain on this pathway. As shown in 

Scheme 2, although the intrinsic barrier of the σ-bond me-
tathesis (7 → 9a) decreases (from 27.1 to 22.0 kcal/mol) 
with the increase of the V-O(siloxane) distance, all the sys-
tems show a very similar apparent barrier (18.6-19.1 
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kcal/mol). The hydride transfer reaction (9b → 11b or 9a 
→ 11a) proceeds with very low barriers (≤ 6.7 kcal/mol) in 
all cases. This indicates the hydrides (either 9b or 9a) re-
sulting from the σ-bond metathesis are likely to have a very 
short lifetime and quickly transform to either a bare V trip-
odal site (11a, C) or a THF bound V site (11b, D) only if 
there is a proximally accessible siloxane for transfer. Note 
that the apparent barrier of 1c activation reaction is much 
lower than those of pre-catalysts 1a and 1b (29.9 and 27.6 
kcal/mol, respectively), and the highest intrinsic barrier 
(27.1 kcal/mol at V-O(siloxane) = 2.1 Å) among the consid-
ered 1c structures is also lower than those of 1a and 1b. 
This indicates that the activation of 1c by H2 could be kinet-
ically more favorable than 1a and 1b due to destabilization 
by the binding of a fifth ligand. 

Also notable from experimental observations, THF was 
free to bind or dissociate from the V site at various reaction 
steps based on the reaction energetics. σ-bond metathesis 
(7 → 9a) occurs after the dissociation of THF (1c → 7) for 
all V-O(siloxane) distances. However, for the hydride trans-
fer reaction, sites with shorter V-O(siloxane) distances (2.1 

and relaxed) energetically favor the pathway without THF 
(9a → 10a → 11a), while those with longer V-O(siloxane) 
distances (2.3 and 2.5 Å) undergoes the pathway with coor-
dinated THF (9a → 9b → 10b → 11b). This demonstrates 
the dynamic behavior of the THF coordination during the 
formation of individual catalytic sites. Although the result-
ing THF coordinated V site (11b) is thermodynamically 
more stable than the bare V site (11a) in all cases, it is hy-
pothesized that both sites could exist under the reported ex-
perimental conditions22 and potentially be the active sites, 
due to the low concentration of THF (dissociated from the 
initial molecular precursor) in the chemisorption experi-
ment. In addition to C (11a) and D (11b), it is also hypoth-
esized that styrene, which presents a much higher concen-
tration (~290 times higher) than THF in the experiment, 
could act as a ligand for the bare V site in C (11a), forming 
the potential complex 31 (Scheme 2). Both the reaction 
pathways and energetics of the active site formation is af-
fected by the V-O(siloxane) distance and anticipated that 
the V-O(siloxane) distance(s) could also be critical to the 
catalytic hydrogenation of styrene. 

 

 

 

Scheme 2. (top) Proposed reaction pathways of the formation of active sites C (11a) and D (11b) for styrene hydro-
genation. (bottom) The lowest free energy pathways for the formation of 11b and 11a as a function of the V-O(silox-
ane) distance. The reaction free energies of higher energy pathways see Table S1.
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3. Catalytic Hydrogenation Cycle 

Sigma Bond Metathesis (Active Sites A and B). Scheme 
3 outlines the proposed catalytic cycles for styrene hydro-
genation with A (3) and B (6), which are generated from ac-
tivation of 1a and 1b by H2, respectively. These two systems 
are discussed together because they share a similar cata-
lytic reaction mechanism. The reaction pathway of 3 under-
goes migratory insertion (3 → 13a) into the benzylic carbon 

of styrene forming a V-alkyl 13a with a 22.5 kcal/mol bar-
rier. An alternative pathway where the V center forms a 
bond with the homobenzylic carbon of styrene resulted in a 
slightly higher barrier (22.7 kcal/mol) (Figure S1). From in-
termediate 13a, hydrogenolysis of the alkyl (13a → 3) re-
generates 3. In the case of 6, the hydride insertion (6 → 16a) 
into the benzylic carbon of styrene results in 16a via a 35.7 
kcal/mol barrier, and the hydrogenolysis of 16a (16a → 6) 
with a 34.5 kcal/mol barrier regenerates 6 (for alternative 
pathway see Figure S1). 

 

 

 

Scheme 3. Proposed reaction pathways of the styrene hydrogenation with (a) 3 and (b) 6 as catalytic active sites. All 
free energies are reported in kcal/mol. 
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Scheme 4. Proposed styrene hydrogenation pathways for modeling active sites heterogeneity from 11a, 11b, and 11c 
(C, D and E).  

Heterolytic Bond Activation (Active Sites C, D, E). 
Scheme 4 shows the proposed reaction network for styrene 
hydrogenation catalyzed by 11a (C), 11b (D) and 11c (E). 
While individual reaction steps and intermediates vary de-
pending on the active sites structure, all three active sites 
follow a similar catalytic mechanism: heterolytic cleavage of 
H2 followed by stepwise insertion into the styrene double 
bond and 1,2 elimination to regenerate the active site.  Since 
C and E share the same pathway for the hydrogen transfer 
to styrene (19c → 23), they are herein discussed together. 
As shown in Figure 2a and 2c, a general trend of the reaction 
free energies as a function of V-O(siloxane) distance is ob-
served: the longer the V-O(siloxane) distance, the lower the 
pathway lies in the reaction energy diagram. The relaxed 
model shows the highest energy reaction pathway among 
all the models, presumably because its pre-catalyst activa-
tion undergoes the most exergonic reaction resulting in a 
relatively more stable (less active) active site than the three 
other model systems.  For both C and E, as the V-O(siloxane) 
distance increases from 2.1 to 2.5 Å, the H2 cleavage barriers 
(11a → 18a, 22.66, 16.78, 17.88, 31.67 kcal/mol, and 11c → 
18c, 32.51, 27.04, 18.46, 40.77 kcal/mol for 2.1, 2.3, 2.5, and 
relaxed respectively) decrease except for 11a → 18a at 2.3 
and 2.5 Å and forms more stable intermediates relative to 
the active sites. While the reaction barriers of the insertion 
of styrene into the V-H species (19c → 23, 8.63, 8.92, 7.64, 
8.70 kcal/mol for 2.1, 2.3, 2.5, and relaxed, respectively) are 
not affected by the V-O(siloxane) distance. Remarkably, the 

barriers of the 1,2-elimination (24 → 25, 20.51, 23.87, 
26.25, 19.39) increase dramatically as the V-O(siloxane) 
distance increases, likely due to the stabilization of the V-
alkyl intermediate (24) and the elongation of the process of 
1,2 elimination causing a contraction in the bond length. 
Eventually at V-O(siloxane) = 2.5 Å, the V-alkyl intermediate 
becomes the thermodynamically most stable state in the 
catalytic pathway, and comparable barriers are observed 
for 24 going forward (1,2-elimination, 24 → 25, 26.25 
kcal/mol) and going backward (β-hydride elimination, 24 
→ 23, 26.28 kcal/mol). This indicates that at longer V-O(si-
loxane) distances corresponding to elongated coordination 
environments on the amorphous silica surface, the alkyl in-
termediate could act as the catalytic resting state, from 
which the reactions going forward and backward become 
reversible. The importance of this observation and its rele-
vance to the experimental study will be discussed in the Sec-
tion 3. The similarity between the pathways of C and E also 
presents in the changing trend of the rate-limiting step; as 
the V-O(siloxane) distance increases, the rate limiting step 
switches from heterolytic H2 cleavage to 1,2-elimination. 
This switch occurs at 2.3 Å for C, and at 2.5 Å for E. Note that 
the barrier heights of the heterolytic H2 cleavage is always 
lower for C than for E at each individual V-O(siloxane) dis-
tance. This indicates that styrene is acting as an inhibitor to 
the catalyst. Especially for catalytic systems with shorter V-
O(siloxane) distances, where the rate limiting step is the 
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heterolytic H2 cleavage, C is likely to be kinetically more fa-
vorable than E.  On the other hand, the catalytic pathway of 
D (Figure 2b) shows similar energetic trends to those of C 
and E. However, the barrier heights and relative energies of 
the intermediates of D are all higher than those of the other 
two sites at each individual V-O(siloxane) distance.  The 
highest barrier reaction step also changes when THF is 
bound to the tripodal vanadium active site, as in D. The rate 
limiting step switches from the heterolytic H2 cleavage (11b 
→ 19b) to the hydride insertion (19b → 21) as the V-O(si-
loxane) distance increases to 2.5 Å, at which the reversibil-
ity between the 1,2-elimination (21 → 22) and β-hydride 
elimination (21 → 20) from the V-alkyl (21) is still not 
reached. These results suggest that THF also acts as an in-
hibitor to the catalyst, in agreement with the experiment, 
and the catalytic pathways of the THF bound D are not as 
energetically favorable as C and E. 

It is worth noting that the reaction barrier of heterolytic 
H2 cleavage decreases as the V-O distance increases in gen-
eral. This indicates that among the three V-O bonds of a trip-
odal V site (C), H2 cleavage could likely occur on the longest 
V-O bond. Here the V-O(siloxane) bond varies from 2.1 to 
2.5 Å, longer than the other two V-O bonds (around 1.98 Å). 
Thus, in the considered models, it is reasonable to assume 

the H2 cleavage occurs on the V-O(siloxane) bond. Addi-
tional calculations (Table S5) were carried out by increasing 
the O-V-O angle between the two O atoms on the surface ex-
cluding the siloxane donor, which increases the O-O bond 
distance.  The results show that when the V-O(siloxane) 
bond is set at 2.1 Å, the H2 cleavage barriers decreases as a 
function of the O-O distance except for C, which fluctuated 
as the O-O distance increased. This demonstrates another 
dimension of the site heterogeneity. Knowing the incom-
pleteness of the current models, which did not consider the 
distribution of the other two V-O bond lengths as well as 
other variables among different local surface environments, 
a qualitative analysis will be the focus for the following ki-
netic modeling (Section 6).  

For all the respective pathways shown in Figure 2, the 
fully relaxed model yielded the highest reaction barriers. 
These sites have a meta-stability caused by fully relaxing the 
system and are analogous to catalytic sites on the surface 
edges with more labile siloxane donors, which causes high 
barriers. Also, the ground state destabilization is a factor in 
the reaction barriers. This indicates that the hydrogenation 
is not favorable for catalytic sites on the edge of silica sup-
port. Thus, in the following sections the relaxed models 
were omitted from the discussions.  
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Figure 2. Free energy diagrams for the styrene hydrogenation with (a) C (b) D, and (c) E. The V-O(siloxane) distances are repre-
sented by lines (2.1 - blue, 2.3 - orange, 2.5 - green, and relaxed - red). All free energies are reported in kcal/mol.  
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4. Stability among Active Sites and Intermediate States  

The relative stability among C, D, and E is measured by 
the reaction free energies (ΔG) of the conversion among the 
three active sites (C, D, E); higher ΔG yields a lower relative 
stability. The conversion of C to D and E results from the ad-
sorption of THF and styrene, respectively. When the reac-
tion free energy of adsorption/desorption of THF or styrene 
is small (a few kcal/mol), the conversion between two ac-
tive sites becomes energetically accessible (reactants follow 
Curtin-Hammett principle48-49), and the conversion be-
tween the two could be facile. Such conversion reflects the 
dynamic change possibly occurring on a catalytically active 
sites during catalysis. As shown in Figure 3a, the relative 
stability of each active site decreases as the V-O(siloxane) 
distance increases, indicating the active sites at longer V-
O(siloxane) distances tend to be more reactive. This is con-
sistent with the trends of the calculated reaction pathways, 
where lower barriers correspond to increasing the V-O(si-
loxane) distance. On the other hand, for each individual V-
O(siloxane) distance, C and E tend to have very similar sta-
bility while D (THF coordinated V site) is much more stable 

thermodynamically (by 13.2−16.5 kcal/mol) than C and E. 
The similar stability between C and E suggests that the bind-
ing of a styrene onto 11a (Figure 3a) is not particularly fa-
vorable. In other words, although styrene is present in high 
concentration under experimental conditions, it is not likely 
to become a strong inhibitor to the catalytic reaction. How-
ever, the much higher stability of THF coordinated D sug-
gests that THF could become problematic to the catalytic re-
action at high THF concentrations; the bare V sites (C) are 
likely to bind with THF prior to interacting with H2, leading 
to higher H2 cleavage barriers. Nevertheless, once the hy-
dride intermediates (19a, 19b and 19c) are formed, the or-
der of the stability changes (Figure 3b). The styrene coordi-
nated hydride (19c) becomes less stable, and the difference 
in stability between the V-H (19a) and the THF coordinated 
hydride (19b) becomes minor (≤ 3.8 kcal/mol). This sug-
gests that once the hydride is formed, THF could dynami-
cally desorb from the V site, leading to much smaller barri-
ers in the following catalytic pathway (Figure 2). At low THF 
concentrations, most active sites are likely to be the bare V 
sites (11a), which would have more impact on the overall 
kinetics in the catalytic reaction. 

Figure 3. The relative stability of (a) active sites and (b) their hydrides (b). THF – blue, styrene – orange, bare V site – green. 
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Table 1. Summary of computational relevance to the experimental mechanistic study. “Y” denotes that the computa-
tional results are consistent with experiments, while “N” denotes an inconsistency.  

Pre-catalyst  1a 1b 1c 

Exp. characterization (NMR)21-

22 
4- or 5-coordinate with both THF and Mes ligands Y Y Y 

Active Site   A B C D E 

Exp. characterization (XAS)21-

22 
Reduction of coordination number of non-hydrogen lig-

ands after H2 treatment 
Y Y Y Y Y 

Exp. Mechanistic Study22 
Deuterium incorporation pressure dependence  N N Y Y Y 

Reversible hydride insertion - - 2.5 Å - 2.5 Å 

5. Correlation with Experimental Mechanistic Study 

In the experimental study,21 the kinetic studies yielded 
saturation kinetics for styrene but near-first order under 
standard conditions, close to first order for H2, and first or-
der in V.  Using THF as an inhibitor was consistent with re-
versible dissociation at higher concentrations of THF, but 
deviation to more significant inhibition at lower levels of 
THF which could be consistent with poisoning the minority 
of THF deficient sites. NMR experiments during deuteration 
shows that the signal of protons on the α-carbon of the sty-
rene diminished more rapidly than the signals associated 
with the proton at the β-carbon or those associated with the 
aromatic ring, suggesting that at least some of deuterium 
was incorporated into the starting styrene by reversible hy-
dride insertion. Furthermore, in an isotopic labeling exper-
iment, deuterium pressure was found not to change the de-
gree of deuterium incorporated between the α and β carbon 
atoms in styrene.   

The direct correlations between the previous experi-
mental investigations and the present computational stud-
ies of the active sites and mechanisms are summarized in 
Table 1. In general, the structures of all the proposed pre-
catalysts and active sites are consistent with the experi-
mental characterization. However, the reaction mecha-
nisms of A and B were found to have major inconsistency 
with the deuterium incorporation experiments. This sug-
gests that the hydrogenolysis of the V-alkyl and the β-hy-
dride elimination step would have the same order in hydro-
gen.22 A and B both require an additional H2 in the hydro-
genolysis step (Steps 13a → 3 and 16a → 6, respectively, 
Scheme 3), which leads to a different order of reaction com-
pared to the migratory instertion step (Steps 3 → 13a and 6 
→ 16a, respectively, Scheme 3). Using this in tandem with 
previous deuterium experiments indicating the depend-
ence on the D2 pressure eliminates A and B from the list of 
potential active sites. The reaction mechanism of C, D, and 
E, on the other hand, has the same order for both steps, con-
sistent with experiments. Recalling that some of the D2 was 
incorporated via reversible hydride insertion, this would 
require the reaction barrier of the hydrogen transfer (24 → 
25 for C and E, 21 → 22 for D) to the alkyl intermediate to 
be comparable or higher than that of the β-hydride elimina-
tion from the alkyl intermediate back to V-H and styrene 

(24 → 23 for C and E, 21 → 20 for D) as shown in Scheme 4. 
In Figure 2, the calculations show a general trend between 
these two barriers as a function of the V-O(siloxane) dis-
tance. As the V-O(siloxane) distance increases, the hydride 
transfer barrier increases while the β-hydride elimination 
barrier decreases. Furthermore, at V-O(siloxane) = 2.5 Å, 24 
→ 23 (26.2 kcal/mol) becomes comparable with 24 → 25 
(26.3 kcal/mol) for C and E, indicating the sites with longer 
V-O(siloxane) distances could have a reversible hydride in-
sertion. The computed barriers for the elongated V-O(silox-
ane) bond (2.3 Å and 2.5 Å) are more consistent with exper-
iment in that the first order dependence on styrene is con-
sistent with the observed change in resting state, indicating 
that the elongated V-O(siloxane) bond may be more favora-
ble catalytically—there may be a distance between 2.3 and 
2.5 Å that satisfies both the observed kinetics and reversible 
hydride insertion. These computational results support the 
observed reversible hydride insertion, and further empha-
size the importance to consider site heterogeneity.  

These correlations with experiment eliminate A and B 
from the list of potential active sites. Among C-E, the calcu-
lated relative stability, as discussed in the previous subsec-
tion (Figure 3), shows that styrene binding onto either the 
C (to form E) or the hydride intermediate does not increase 
the stability of the sites and leads to higher reaction barri-
ers, indicating styrene is a poor inhibitor. Thus, in the fol-
lowing subsection, reaction pathways of C and E, as well as 
the possible reversible conversion between these two ac-
tive sites were considered for kinetic Monte Carlo simula-
tions to illustrate the kinetic dependency of styrene, H2 
pressure, and THF.  

6. Kinetic Monte Carlo Simulations of Rate Dependence 

Kinetic Monte Carlo (kMC) simulations were carried out 
to reproduce the experimental kinetic results and to vali-
date the importance of the site heterogeneity. The kMC sim-
ulation results were focused on the experimental kinetic de-
pendency of styrene, H2 pressure, and THF,22 rather than 
quantitative agreement of the experimental rates. These 
simulations consider the effect of V-O(siloxane) distance, in-
tegrating both perspectives of surface heterogeneity and in-
hibiting species.
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Figure 4. Experimental kinetic dependencies on (a) styrene, (b) H2 pressure, and (c) the ratio of THF for styrene hydrogena-
tion from Ref. 22. Kinetic Monte Carlo (kMC) calculated kinetic dependencies on (d) styrene, (e) H2 pressure, and (f) THF ratio 
at V- O(siloxane) = 2.1 (blue), 2.3 (orange), and 2.5 (green) Å. kMC calculated kinetic dependencies on (g) styrene, (h) H2 
pressure, and (i) THF ratio using a linear combination of 92% 2.1, 4% 2.3, and 4% 2.5 Å. All kMC and experimental kinetic 
dependencies are reported in log M/s and 10-4 M/s, respectively.  The differences in magnitude between (a)-(c) (experi-
mental) and (g)-(i) (kMC simulated) may be due to the underestimation of the true reaction barriers by 2-3 kcal/mol as well 
as the use of only three distances to model site heterogeneity.
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Figure 4a-c shows the experimental kinetic dependency 
of styrene, H2 pressure, and THF.22 The previous kinetic 
study22 found a nonlinear dependence of the styrene con-
centration and hydrogen pressure on the production rates. 
The styrene dependence closely resembles a Michaelis-
Menten50 like hyperbolic dependence. The hydrogen de-
pendence, while not the pronounced hyperbolic depend-
ence of styrene, is still non-linear. The transition rate be-
tween two states is given by the pseudo-first order rate co-
efficient: 

𝑘(𝑇) =
𝑘𝑇

ℎ
⋅ 𝜒 ⋅ exp (−

△ 𝐺0
‡

𝑘𝑇
) (2) 

where △ 𝐺0
‡ is the free energy barrier and 𝜒 represents the 

concentration of a co-reagent, such as H2. An equilibrium 
approximation within the kMC was used for species that un-
dergo rapid interconversion. The species in equilibrium are 
11a and 11b as well as their hydrides (19a and 19b). Recall 
that 11b is thermodynamically more stable than 11a, but 
the energy difference between the two hydrides is small (≤ 
3.8 kcal/mol) (Figure 3). The dependence of styrene con-
centration is first examined on the production rate across 
the three V-O(siloxane) distances (2.1, 2.3 and 2.5 Å). kMC 
simulations of the relaxed model is not discussed here as it 
consistently showed the lowest rate of all scenarios (Details 
see Tables S6, S7 and S8). Figure 4d shows the simulated 
styrene dependence between 0.01 M to 3.0 M. Reaction 
rates vary by orders of magnitude among the three V-O(si-
loxane) distances. The 2.3 Å model has the fastest produc-
tion rate and shows the most qualitatively consistent con-
centration dependence with experiment (Figure 4a). It also 
is the data set which contains the highest amount of 11a 
(greater than 5%). For the H2 dependence, there are notice-
able similarities to styrene. The turnover rate was still the 
highest for the 2.3 Å model with no apparent H2 depend-
ence; however, H2 exhibited a greater dependence on the 
rate of product formation, which ranges over two orders of 
magnitude for the 2.1 Å model (Figure 4e). For this depend-
ence to be exhibited in a simulation where the distributions 
of rate are present, the selectivity of the 2.3 Å pathway must 
be larger than that of the 2.1 Å pathway by a sizable amount. 
This indicates the number of the 2.3 Å active sites are much 
bigger than that of the 2.1 Å active sites. Both the styrene 
and H2 substrates will only have effects on the rate of turn-
over and that their concentrations are irrelevant to the cat-
alytically relevant pathways. Examining the 2.1 Å result for 
H2 production rates, the rate dependence does not plateau, 
which agrees qualitatively with the experimental H2 pres-
sure dependence. 

The relationship between THF concentration and produc-
tion rate is the most complex of all three binding species. 
Experimentally, THF acts as an inhibitor; increasing the 
concentration of THF decreases the production rate. As il-
lustrated earlier, THF as the inhibitor was proposed due to 
the high stability of 11b relative to 11c and 11a (Figure 3a). 
However, the near-equilibrium between the THF coordi-
nated hydride (19b) and the bare hydride (19a) (Figure 3b) 
indicates that THF could become bound and unbound mul-
tiple times during the reaction pathway. Such complexity 
was clearly reflected in the rate dependence of THF. The 2.3 

Å model yielded the highest amount of production for the 
pathway of11b. A slight inhibition effect is observed for the 
2.1 Å model (Figure 4f). However, the opposite correlation 
was observed for both the 2.3 Å and 2.5 Å models; increas-
ing the THF concentration increased the reaction rate. Also, 
the THF concentration is directly correlated with a decrease 
in rate via 27b and an increase in production via 27. In 
terms of the magnitudes of the rates, the kMC rates were 
two orders of magnitude lower than the experimental rates. 
This may be due to the underestimation of the true barrier 
heights by 2-3 kcal/mol, the ratio of H2 to the catalyst, and 
the use of only a few V-O(siloxane) distances as different V-
O(siloxane) distances changed the rate by an order of mag-
nitude, further driving the point of modeling site heteroge-
neity. Overall, with both the 2.1 Å and 2.3 Å models in parts 
showing qualitative trends consistent with experimental ki-
netic profiles indicates that there is a dynamic distribution 
of contributions from different active site structures to the 
overall observed reaction rate for styrene hydrogenation. 

When using a linear combination of the simulated kinetic 
profiles for each V-O distance (Figure 4g-i), the reaction rate 
profiles qualitatively align with the experimentally ob-
served kinetics. This was achieved with a linear combina-
tion of 92% of the 2.1 Å model with 4% of the 2.3 Å and 2.5 
Å models each. Note that this ratio may not necessarily re-
flect the full scope that surface heterogeneity has on the ob-
served kinetics, and this also conflicts with the DFT barriers, 
where the 2.5 Å model is the most consistent with experi-
mental kinetics. As shown in the DFT study, the positions of 
the other oxygen donors besides the siloxane on the support 
can also change the reaction barriers. Therefore, to better 
describe active site heterogeneity and reaction kinetics of 
styrene hydrogenation with the present computational 
models, inclusion of a variety of geometric parameters (e.g., 
all V-O bond lengths and angels) and their distributions are 
required. The kMC results using the current models are 
meaningful in the qualitative fashion, demonstrating an ef-
fective strategy and highlighting the importance to consider 
active sites heterogeneity in studying catalytic reaction 
mechanisms for SOMC.  

CONCLUSIONS 

Overall, this work showcases investigating active site het-
erogeneity through a multidimensional computational ap-
proach. The reaction pathways computed via DFT identified 
the more likely active sites, among which the calculated rel-
ative stability provides critical insights to the dynamic con-
version among different sites during catalysis. For styrene 
hydrogenation, this pertains to the behavior of THF as an 
inhibitor and reactivity of the catalyst post-H2 treatment. 
The proposed mechanism for styrene hydrogenation fol-
lows the heterolytic cleavage mechanism with H2 acting as 
the inhibitor in the most energetically favorable pathway.  

From the dimension of surface heterogeneity, the fully re-
laxed model is not necessarily a valid model to represent all 
the active sites based on both DFT and kinetic analysis. This 
was due to the constrained bond lengths, which mimics the 
rigidness of the silica support, that resulted in a ground 
state destabilization and lower reaction barriers whereas 
the ground state stabilization in turn yielded high reaction 



14 

 

barriers for catalysis, whereas. The kinetic Monte Carlo sim-
ulations of varying reactant concentrations indicated that 
using a linear combination of the profiles for all three V-
O(siloxane) bond length (2.1, 2.3, and 2.5 Å) for the catalyst 
models were required to gain a qualitative understanding of 
the reaction kinetics, further emphasizing the importance 
to model surface heterogeneity. 

From both the DFT and kMC perspectives, the qualitative 
accuracy using the present catalyst models with respect to 
the previous experimental work illustrates the importance 
of modeling surface heterogeneity when developing theo-
retical approaches to understanding single site heterogene-
ous catalysts. Yet, to gain quantitative accuracy for catalytic 
kinetics, more rigorous computational models derived from 
multiscale computational modeling need to be developed. 
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