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divAbstract

A mechanism for the selective epimerization of the
glucose mannose pair by Mo-based compounds:
towards catalyst optimizationt

M. Rellan-Pifieiro, 22 M. Garcia-Ratés (2 ° and N. Lopez (2 *?

The selective C? epimerization of the glucose/mannose pair on a set of Mo-based catalysts was studied
by means of density functional theory. The process, known as the Bilik reaction, encompasses a 1,2
C-shift of the C® centers at the sugars. Molybdic acid was initially proposed as a catalyst in this reaction,
and recent experimental studies have shown that the polyoxometalate (POM) Keggin cluster HzPMo0;,04¢
also presents a good performance. In the present work, we propose a reaction mechanism for the epi-
merization on the Keggin cluster with different heteroatoms and extend it to a larger POM, HgP,M01g0s>,
and the continuous a-Mo0Oz(010) surface. We have found that in the transition state corresponding to the
1,2 C-shift the Mo center acts as an electron buffer that promotes the transformation of the aldehyde
group in C! into an alkoxy group and the c? alkoxy into an aldehyde group. As a consequence, the activity
of Mo-containing compounds can be traced back to the reducibility of the Mo center and a simple micro-
kinetic model illustrates that this descriptor generates an activity volcano. This allows the identification of
a new POM that shall be 4.7 times more active than the parent compound. We have thus shown that con-
tinuum models linking the properties of molecular cluster-like catalysts and oxide surfaces can be derived

and this paves the way towards a unified theory in catalysis.

Introduction

Obtaining compounds with controlled chirality is a challenge
to develop platform chemicals from biomass. Some of the
target compounds could be easily generated from sugars but
in some cases the natural abundance of the parent sugar is
relatively small (rare sugars) whereas their epimers are widely
abundant. The chemical toolbox now allows epimerization
reactions,’ that is, the rearrangement of a single stereogenic
center in a molecule that contains several of them.? In nature,
epimerases catalyze this reaction at multiple carbon positions
providing a high specificity for products,®” but their transfer to
the industrial scale suffers from the very specific conditions of
temperatures and pH as well as difficult recycling.” Therefore,
there is a need to develop inorganic catalysts that can allow the
successful epimerization avoiding these drawbacks.

Lobry de Bruyn-Alberda van Ekenstein observed that
during the isomerization of aldoses to ketoses promoted by a
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base, epimers were obtained as byproducts.® Lewis acids like
Ni"* diamines in methanol are active and the equilibrium is
reached only in 5 min at 60 °C.””® However, the catalyst is
complex and the reactivity is limited by the low solubility of
sugars in methanol.’ Other Lewis acids like metal(m) chlorides
(CrCl;, AlCl;, InCls, LaCl;, DyCl;, and YbCl;) epimerize
glucose to fructose, giving mannose as a secondary product.*’
Alternatively, the Sn-Beta zeolite has also been proposed as an
active catalyst for epimerization; framework Sn sites are active
in methanol,"* and partially hydrolyzed Sn sites catalyze the
reaction when Na* is added to the reaction media.'” Borate
salts also activate the Sn-Beta zeolite for epimerization reac-
tions."'* Mechanistic investigations by *C and 'H NMR
showed that epimerization proceeds via 1,2 C-shift and, in
some cases, also by C'-C* hydride transfer. Generally, these
catalysts perform the reaction via the coordination of the sugar
to only one metal center.

However, the most prominent inorganic catalysts are based
on Mo. Mo-Catalysts have found several applications in
biomass conversion and, most recently, also when employed
as single atoms or small clusters.">>" In the 1970s, Bilik and
coworkers®* reported the epimerization of aldoses at the C*-
position catalyzed by molybdates under acidic conditions and
gave name to the reaction.>® In their experiments, the thermo-
dynamic equilibrium between the aldose pair was reached
after 3 h at 90 °C, and the reaction was quite neat. In 1982,
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Scheme 1 Schematic representation of the epimerization of glucose to
mannose. The carbons where the rearrangement occurs are marked in
colors illustrating the chiral nature of the C? positions.

NMR-based mechanistic studies®® with labeled *C" and "*C?
aldoses showed a stereospecific carbon-skeleton rearrange-
ment during the reaction formally leading to the C* epimeriza-
tion by C'-C? carbon shift (Scheme 1).

The mechanistic studies with molybdates indicate that
the reaction is intramolecular and takes place through the
open form of the aldose. The accepted molecular mechanism
presented in Scheme 2 requires two Mo-centers to occur. The
hydrated aldose coordinates through the four hydroxyl groups
C'-C* (the oxygen atoms on C' and C* are attached to Mo
atoms, while the oxygen atoms on C*> and C’* form a bridge
between Mo).>**” Then, in the transition state, the C>-C*
breaks while C*~C' is simultaneously formed. This process is
accompanied by the dehydration of C' and hydration of C>.
The chain rearrangement leads to the inversion of configur-
ation in C? obtaining the epialdose-dimolybdate complex. The
presence of a terminal aldehyde group and hydroxyl groups in
C? and C? is essential, and the alcohol group is not needed in
position C*, although it enhances the rate. Using Density
Functional Theory, DFT, only the epimerization step has been
studied with Mo oxide dimers and tetramers and due to rigid-
ity, the former was found to be better for this elementary
step.”®

Molecular oxides, like the molybdenum-based polyoxometa-
late (POM) H3PMo;,0,,, are also active and highly selective cat-
alysts, more than 90%, in aqueous solution and acid media
(pH = 2.5-3.5)." By *C NMR the C'-C? carbon shift reported
in the Bilik reaction was found and XPS identified electron
transfer from glucose to the Mo octahedra units. The kinetic
studies reported apparent activation barriers between 95 and
100 kJ mol™!, thus slightly lower than those reported for
molybdic acid, 126 kJ mol™".?° More importantly, the catalyst
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was stable under reaction conditions and could be recycled.
Later, this catalyst was employed to transform glucose to
mannose in aqueous solution as the first step to obtain manni-
tol,>* and POM overperformed bulk molybdenum oxide, which
suffered complete leaching. Other closely related applications
like tandem reactions for the production of alkyl lactates from
ketohexoses®! in ethanol have been identified on bulk MoOs;.
Finally, niobium molybdates (LiINbM0oOgs and HNbMoOg) have
been proposed as heterogeneous catalysts for the reaction.*

In this work, we study by first principles methods the epi-
merization reaction of glucose to mannose catalyzed by
different Mo oxide species including two POMs:*’ the Keggin®*
H3;PMo0,,04, (with a set of different heteroatoms), the
Dawson HgP,Mo0,504, clusters and the bulk material
a-M00;(010),"” both as pristine and defective surfaces. We
propose a mechanism for the Bilik reaction which explains the
experimental observations and requires a single center.
Finally, we have found that the reducibility of the Mo reaction
centers is the unique descriptor for the activity of Mo oxides
irrespective of their molecular or continuous nature.

Computational methods

Density Functional Theory (DFT) calculations were carried out
with the 5.3.3 version of Vienna ab initio simulation package
(VASP) for the molecular and continuous Mo-based cata-
lyst.>**¢ The Perdew-Burke-Ernzerhof (PBE) functional®” was
chosen to describe the exchange correlation energy. To cor-
rectly describe the on-site Coulomb interactions of localized
4d electrons of molybdenum atoms the Hubbard U correc-
tion,*® U.g, with a value of 3.5 eV was introduced. The U
value was optimized to reproduce the correct reaction energy
and electron localization for the dissociative H, adsorption.
Gaussian smearing with smearing parameter ¢ = 0.1 eV was
used. The van der Waals contributions were accounted for
with Grimme’s semiempirical vdW-D2 correction.*® Projector-
augmented wave (PAW) pseudopotentials’® were used to
replace the inner electrons. The kinetic cut-off energy to
expand the valence electrons in plane-waves was set to 450 eV
and spin polarization was taken into account.

For all the molecules present in this study, including poly-
oxometalates, H,XMo0;,0,0, a 19.5 x 20 x 20.5 A® box was used.
For the HeP,M0,50g, cluster the simulation box volume was
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Scheme 2 Accepted mechanism for the epimerization of aldose pairs, Bilik reaction, catalyzed by molybdic acid. Adapted from ref. 23.



increased to 25.5 x 25 x 24.5 A®, All cells were large enough to
avoid the interaction between structures of neighboring unit
cells, which were sampled at the Gamma point. All atoms were
allowed to relax. Benchmark calculations for these settings
were done with the Gaussian code obtaining very similar
values, see Table SI1.f A slab model was used to test the reac-
tivity on the a-Mo00O3(010) surface. A (3 x 3) supercell contain-
ing two bilayers with 3 x 3 x 1 k-point sampling was con-
sidered. The upper bilayer and adsorbates were relaxed. A
vacuum gap of 15 A was added between slabs. The use of asym-
metric slabs causes spurious terms, which were avoided with
the use of a dipole correction along the z axis.*' The reaction
path was tested both on the clean surface and on the terminal
oxygen, Oy, defective surface with one vacancy per supercell.
The climbing image nudged elastic band (CI-NEB)**** method
was used to find the transition states, which were then refined
with the improved dimer method (IDM).**** A vibrational ana-
lysis was applied to confirm all the minima and saddle points,
and all energies were corrected by ZPVE. Solvation was
included for [H;_,PMo0,,040]7", n between 0 and 3, through
the VASP-MGCM continuum model***” for an aqueous
environment. To balance the charge of the Keggin cluster a
cation with the equivalent valence Rb*', Sr™ or Y™ was added
to the system. To minimize spurious electrostatic interactions
the distance between the anion and the cation was set to its
maxima within the box. For the three systems the multiplicity
of the POM was singlet. All the structures are published in the
ioChem-BD database*® and can be retrieved in ref. 49.

Results

The energy profile for the epimerization reaction starting by
open glucose was calculated for the reaction on H;PMo0;,0,,
HeP,Mo0,506, and the pristine and defective a-M00O3(010) sur-
faces. The structures of these compounds are shown in Fig. 1.

Fig.1 Mo-Based systems where the Bilik reaction was investigated:
(a) Keggin POM H3zPMo01,040; (b) Dawson POM HgP>Mo0,50¢,, two different
types of Mo centers are indicated by 1 and 2; (c) a-MoOs; (d) a-MoOs_,.
Mo atoms in green, O in red, P in orange and H in white.

All Mo centers of deprotonated [PMo;,040]°” and pristine
a-Mo0;(010) surfaces are equivalent whereas HgP,M0,504, has
two different Mo environments (labelled as 1 and 2 in Fig. 1b).
The molybdenum atoms in these three catalysts present a
formal oxidation state of +6. In the defective a-M0O;_,(010)
surface two Mo™® centers are reduced to Mo™.>°"?

The coordination environments of the Mo centers in
H3;PMo0;,0,4, do not allow the two center glucose coordination
observed in glucose-dimolybdate complexes.>*>” Glucose coor-
dinates to a single Mo, thus being similar to metal chlorides,
which results in the mechanism and reaction profiles shown
in Fig. 2. Detailed reaction energies and energy barriers are
shown in Table SI2;f and geometric parameters are provided
in Table SI3.f Reaction free energy profiles including
vibrational terms are shown in Fig. SI2.T

The overall reaction is almost thermoneutral, with the for-
mation of mannose slightly favored by 0.09 eV. The barrier for
non-catalyzed gas-phase epimerization of glucose to mannose
is 1.37 eV. For H3PMo0,,0,, the open form of the glucose is
dissociatively adsorbed on a Mo center (R1) through the TSg;gs.
In the adsorbed state, Ggjss, the hydroxyl group of C* is
bonded to a Mo center whereas the C'-aldehyde group inter-
acts with the same Mo center forming a bidentate complex.
This step is endothermic by 0.57 eV, with an activation barrier
of 1.04 eV. Although glucose adsorption through other
hydroxyl groups is possible, Fig. SI3,t it will not lead to the
desired reactivity. The adsorbed glucose undergoes 1,2 C-shift
(R2) through TSepim where the C*>-C® bond is broken and C'-C*
is simultaneously formed. Concomitantly the C' aldehyde trans-
forms into an alkoxy group and C* alkoxy into an aldehyde
group. The corresponding final state is the dissociated
mannose, Mg;ss, bonded to the Mo center through the oxygen of
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Fig. 2 (a) Proposed mechanism'® for the epimerization reaction on
HzPM01,04¢0. (b) Optimized structures for reaction on HzPMo0;,0¢;.
(c) Reaction profile for the Bilik reaction for glucose on HzPMo01,040,
HeP2M01506,, a-M0O3(010) and a-MoOs_,(010). Dehydration step on
a-MoOs3_,(010) is represented by the blue line.



the alkoxy group of C', with the aldehyde group of C* also
interacting with the same Mo center. The forward energy
barrier is 0.99 eV. Finally, the proton is transferred back to Mg;ss
driving the associative desorption (R3) of the mannose through
TSasso- This process is exothermic by 0.64 eV with a barrier of
0.40 eV.

The reaction mechanism starts with the open form of the
glucose, but in water aldoses are mainly in their ring configur-
ations. The presence of Mo-based compounds in reaction
media can catalyze glucose opening, see Fig. SI4.}

The Dawson cluster has two different Mo positions,
Fig. 1b. Position 1 exhibits a better performance in both,
binding and energy barriers for the reaction and, therefore,
only the reactivity at this site will be discussed. The dissocia-
tive adsorption of glucose (R1) is endothermic by 0.75 eV, and
the barrier is 1.07 eV. The 1,2 C-shift step (R2) is nearly ther-
moneutral, with Mg, formation slightly favored by 0.05 eV.
The energy barrier is 1.10 eV and the associative desorption of
mannose (R3) is exothermic, —0.79 eV, with a small barrier
of 0.31 eV.

We extended the reaction path calculated for POMs to the
bulk o-MoO; on the pristine and defective (010)
surfaces.>'®>! The mechanism on the regular surface follows
that found for POMs. However, the first step is only slightly
endothermic by 0.20 eV, with a relatively low barrier of 1.17 eV.
The reaction energy for the epimerization step is —0.04 eV,
practically thermoneutral, and the forward activation energy is
0.94 eV. The desorption of mannose is exothermic, with a reac-
tion energy of —0.24 eV and a barrier of 0.85 eV. Oxides might
lose oxygen and thus the reaction on the reduced surface
needs to be investigated. Unlike the Mo™ centers, glucose
adsorption on the Mo™ center of a-MoQ;_,(010) through the
-OH group of C? is non-dissociative, and it is highly exother-
mic, —1.26 eV. The adsorbed glucose is dissociated by transfer-
ring the hydrogen atom of the interacting -OH group to a
neighboring O;. This -OH dissociation is slightly endothermic
by 0.14 eV. The energy barrier to this step is 0.53 eV. Most
likely, this step corresponds to a proton coupled electron trans-
fer as the images along the path belong to two different elec-
tron localizations. Again, the 1,2 C-shift step is close to
thermoneutral, —0.04 eV, and its barrier is 0.87 eV. After this
step, the hydrogen is transferred back from the surface to the
mannose oxygen bonded to the Mo center. This process is
exothermic by 0.23 eV with an energy barrier of 0.55 eV.
Desorption of the mannose molecule formed in this step is
highly endothermic, with a reaction energy of 1.40 eV.
However, defective MoO;_, has been reported as an active cata-
lyst for the hydrodeoxygenation (HDO) of oxygenated com-
pounds as alcohols and polyalcohols through the breaking of
C-O bonds.">'®'® Glucose has five ~-OH groups that could
undergo HDO. We have calculated the dehydration step for the
-OsH group of glucose obtaining an energy barrier of 1.01 eV,
Fig. SI5.f Similar values are expected for the other -OH
groups. This result compromises the selectivity for epimeriza-
tion on the defective MoO;_,(010) surface towards dehydrated
compounds and discards it as a catalyst for the reaction.

Theory also explains why in experiments vicinal hydroxyl
groups have an important effect on the epimerization reac-
tion.”® In our path, the relevance of the C* alcohol group is
evident, since it takes part directly in the mechanism, as
glucose adsorbs on the Mo center through this alcohol group
and its transformation into a ketone allows the chain
rearrangement. In order to study the influence of ~-O’H and
-O"'H groups, we calculated the intermediates and transition
states for the 1,2 C-shift step for glucoses without these groups
on H3;PMo0,,04. The energy profile of this step for three
systems is shown in Fig. SI6.1 The presence of -O*H and -O*H
has a weak influence on the adsorption energy of molecules;
they are between 0.47-0.57 eV for the three systems. However,
the energy barriers increase from 0.99 eV, with glucose, to 1.08 eV
without -O*H and to 1.23 eV without -O’H, in agreement
with the experiments with molybdates,>! Table SI4.1 Although
these -OH groups do not play a direct role in the interaction
with the POM, the presence of ~O°H has a great influence on
the stabilization of the transition state. In the adsorbed
glucose the C*-0°® bond distance is 1.413 A. This distance is
reduced to 1.350 A at the transition state, indicating the for-
mation of a partial double bond C*~0°H that stabilizes the
transition state. This effect could also be present in the reac-
tion catalyzed by molybdates. In adsorbed glucose a hydrogen
bond is formed between -O*H and -O*H with a distance of
2.432 A. In the transition state structure, C* has partial sp* geo-
metry reducing this distance to 2.259 A, thus stabilizing the
structure. In adsorbed glucose without ~O*H, the ~O*H group
forms a strong hydrogen bond with the ~O°H group with a dis-
tance of 1.800 A. In contrast, for glucose, this distance
increases to 2.000 A at the transition state due to the geometry
change in C°, increasing the activation energy. Thus, com-
puted results explain previous experimental observations for
molybdates.

The reaction is carried out in aqueous solution, and we
have investigated the influence of the solvent only for the
H3;PMo,,0,4, system. In gas-phase, the dissociative adsorption
of sugars involves high energy barriers, but the presence of
water molecules acting as hydrogen shuttles reduces this
barrier to 0.54 and 0.55 eV for glucose and mannose, respect-
ively, Fig. SI7.f In addition, in aqueous solution the Keggin
cluster has a high solubility and is fully dissociated.>® We have
investigated how deprotonation and solvation affects the 1,2
C-shift. Binding energy for dissociated glucose and mannose
and the energy barrier for this elementary step on solvated
[H,Mo04,0,0]> " are shown in Fig. 3 and Table SI5.1 The disso-
ciative binding energy of glucose and mannose on solvated
H3;PMo0,,0, is not affected by the presence of water. However,
the energy barrier for 1,2 C-shift is reduced by 0.24 eV. This is
due to the polarity of water that stabilizes the transition state
structure. Binding and activation energies for 1,2 C-shift
increase almost linearly with the overall charge of the deproto-
nated POMs, Fig. SI8,f the binding energy ranging from 0.57
to 1.05 eV and the activation barrier from 0.79 to 1.00 eV. The
presence of a polar solvent smoothed this effect by the stabiliz-
ation of the charge. The completely deprotonated POM,
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Fig. 3 Charge effects in the binding, BE, and activation energies, E,,
both in eV, for the 1,2 C-shift step at the Keggin cluster including sol-
vation effects. Solvated POMs and solvated open form of glucose as
reference.

[PM01,04,]°, has an energy barrier for the epimerization
elementary step of 1.00 eV, very similar to the barrier calcu-
lated for H3;PMo0,,0,4, in gas phase. Geometrical details are
shown in Table SI6.T In order to have a better understanding
of the role of the solvent in this step we performed a set of cal-
culations with one and two explicit water molecules, Fig. SI9
and Table SI7.1 One water molecule was adsorbed on the -OH
group bonded to the Mo reactive center through a hydrogen
bond, the water molecule being the hydrogen donor. The pres-
ence of this water molecule reduces the activation energy by
0.12 eV. This water molecule weakens the O.~Mo bond allow-
ing a better stabilization of the transition state. Alternatively, if
the water molecule is placed between —-O;H and -O,H, being
the hydrogen acceptor of -O3;H and the donor for -O,H, the
activation energy is reduced by 0.10 eV as water assists the for-
mation of the partial double bond C*~0%H. We also calculated
the system including simultaneously these two water mole-
cules, and then the activation energy is reduced by 0.19 eV,
and thus the value is very similar to that calculated with the
solvation VASP-MGCM model.

Finally, we tested the influence of the heteroatom in the
H,XMo01,04 (X = P, As, Si, Ge) in the 1,2 C-shift elementary
step. It is reported that the heteroatom does not participate
directly in the reactivity, but these heteroatoms present
different formal charges and thus induce different charge dis-
tribution over the POM structure which finely tunes the redox
properties of the POM framework.>*>* Intermediates and tran-
sition states on H,XMo01,04, (X = S, P, As, Si, Ge) for this
elementary step have been calculated. Energy profiles for this
step are shown in Fig. SI10.7 As is shown in Table 1 the hetero-
atom has a relatively mild influence. Binding energies range
from 0.51 to 0.67 eV for glucose, and between 0.49 and 0.62 eV
for mannose, see Tables SI8 and SI9.T Energy barriers for the
glucose to mannose epimerization are between 0.95 and
1.07 eV. Binding and activation energies increase with the
number of valence electrons in the heteroatom, and, for a
given valence with the heteroatom size.

The lowest energy barriers for the epimerization step are on
solid a-M005(010), both pristine and defective surfaces. This

Table 1 Binding energy, BE, in eV, of glucose and mannose on
H,XMo01,040 (relative to gas-phase glucose and POM), activation energy,
E,, eV, for 1,2 C-shift, and Bader analysis of the charge transfer from the
heteroanion to the Mo4,0¢ skeleton

Formal  Bader
E, TSepim  charge  charge  Transferred
X BE(G) BEM) (G—-M) X0,/ X0, charge
S 0.51 0.49 0.95 -2 -1.61 -0.39
P 0.57 0.55 0.99 -3 —-2.23 -0.77
As 0.61 0.57 1.00 -3 -2.19 -0.89
Si 0.65 0.59 1.02 —4 —-2.72 -1.28
G 0.67 0.62 1.07 -4 —-2.69 -1.31

energy barrier on a-MoO;_,(010) is 0.09 eV lower than that on
a-M003(010) and 0.16 eV lower than that on H3;PMo0;,04.
However the adsorption energies of glucose and mannose on
a-MoO;_,(010) are highly exothermic, —1.26 and —1.40 eV
respectively, and therefore, the desorption of glucose/mannose
is the most energy demanding step. «-MoO3(010),
H3PMo0,,040, and HgP,M0,504, have similar energy barriers
for the dissociative adsorption of the glucose/mannose pair,
Fig. 2. However, the binding energies of dissociated molecules
and the energy barrier for the epimerization step increase in
the order: a-M003(010) < H3PMo0;,0,¢ < HgP,M0,40;.

As stability seems to be an issue for the Mo-based catalyst,
we have investigated the thermodynamic stability of crystalline
structures in terms of their cohesive energy, i.e. the energy
required to separate the crystalline material into isolated mole-
cular units. We have calculated the cohesive energy for
[PMo0,,040] %, the POM species present in aqueous solution,
and for bulk a-MoOj; in order to compare their stabilities. The
monomer molybdic acid, H,Mo00O,, was used as a reference, as
it is the smallest molybdenum compound present in aqueous
solution. The dissolution of MoO; and [PMo0;,0,,]* can be
written as:

nMoOj; + nH,O — nH,Mo00, (1)
[PM01,040] * + 12H,0 — 12H,M00, + PO,*~ (2)

The calculated cohesive energies are 1.06 eV per MoO; for
bulk «-MoOQ;, and 1.78 eV per MoO; for [PMo,040] . This
higher thermodynamic stability of the POM is due to the
electrostatic interactions between the encapsulated anion and
the Mo4,03¢ framework that makes it stable against leaching
in aqueous solution. The same strategy is used for the stability
of layered niobium molybdates where the presence of Li" or H"
atoms in the interlayer region has a similar effect as the encap-
sulated ion in POMs, avoiding leaching in aqueous solution by
improving electrostatics.**

Discussion: descriptor analysis

Direct deprotonation of the POM affects the MoO-framework
charge and similarly POMs with different heteroatoms present
slightly different MoO-framework charges due to the charge



transfer between the anions and the MoOs POM units, see
Table 1 and Table SI10.f Binding energies and the energy
barrier for the 1,2 C-shift increase linearly with the POM MoO-
framework charge, Fig. SI11.1 The reduction potentials follow
a similar trend as they decrease linearly with the degree of
deprotonation.>™”

Analyzing our reaction network we find that during 1,2
C-shift the C' aldehyde group is transformed into an alkoxy
group and a C” alkoxy group in an aldehyde group allowing
the carbon chain rearrangement. Thus, the large electronic
rearrangement in this step has been investigated by calculating
the charge density difference of the TScpim, With respect to the
[CeH1106]™ anion and the protonated POM. This difference is
shown in Fig. 4a illustrating the charge depletion from the
lone pair of the isolated glucose and accumulation at the Mo
center. This result indicates that Mo reducibility®®>° is the con-
trolling factor in the reaction. However, the direct calculation
of single atom reducibility on the surface of MoO; is elusive
and thus alternatives are needed.

Iglesia et al. have proposed the H-atom addition energy
(HAE) as the descriptor for C-H activation for methanol oxi-
dation on Keggin clusters®®" (other geometric and electronic
parameters are discussed in descriptors®®>® in Table SI117).
We used this parameter for glucose epimerization. HAE is cal-
culated as the energy to add a hydrogen atom to an oxygen on
the catalyst:

HAE = Ecat1- — Ecat (3)

This descriptor combines both the reducibility of the
metal center, by the addition of an electron, and the basicity
of the oxygen atom, as a proton is retained on a neighboring
oxygen. To minimize the influence of the different basicities
of Mo-neighboring O atoms several O atoms were sampled,
always ensuring that electron localization occurs at the
desired center. The catalysts in the analysis were H,XMo04,04
(X: S, P, As, Si, Ge), HgP,M0,504,;, o-M0O3(010) and
a-Mo0O;3_,(010). The results shown in Fig. 4b and c indicate
that both the reactant (product) adsorption and the acti-
vation energy for the 1,2 C-shift elementary step depend on
the HAE.

In addition, for POMs the reducibility can be extracted from
the previous calculations as follows:

Red = HAE — (Ecas1- — Eeat) (4)

where the second term eliminates the contribution from the
basicity. As is shown in Fig. SI12f adsorption and activation
energies correlate with the reducibility for the six studied
POMs, showing how a higher reducibility results in a lower
energy barrier. Thus, the redox properties of the catalyst are
ultimately responsible for catalytic behavior, and reducibility
is the single descriptor that correctly defines adsorption and
activation energies for this process. The electronic descriptor
has two advantages: (i) it maps the geometry of the Mo-O dis-
tance (Fig. SI131) and more importantly (ii) it is very easy to
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Fig. 4 (a) Structure of TSepim for HsPMo;,040 (left) and TSepim charge

density difference (right). The charge density difference was calculated
with respect to the anion [CegH1106]” and cation (HsPMo;,040)* at the
TSepim geometry; same color code as Fig. 1. Blue color means depletion of
charge density and yellow color means accumulation. (b) Binding energy,
BE, of dissociated glucose and mannose as a function of HAE. E,4(G) =
—2.72 HAE — 10.08 eV, R? = 0.96, MAE = 0.03 eV. F,4s(M) = —2.65 HAE —
9.74 eV, R? = 0.93, MAE = 0.03 eV. Adsorption on defective MoOs_,(010)
surface is not included in the fittings. (c) Activation energy, E,, of TSepim as
a function of HAE. E,(G — M) = —0.79HAE — 2.06 eV, R? = 0.88, MAE =
0.02 eV. E,(M — G) = —0.81HAE — 2.13 eV, R? = 0.81, MAE = 0.03 eV.

measure experimentally as cyclic voltammetry could easily
determine the reducibility.®*

A microkinetic model was built in order to obtain the
analytical equation for the reaction rate. The energies for the
adsorption and 1,2 C-shifts are obtained from the linear fittings
in Fig. 4b and c. From the reaction profile (Fig. 2) the epimeriza-
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Fig. 5 Volcano plot of the normalized reaction rate as a function of the
HAE. Conditions: T = 100 °C, [G] = 0.90 M, [M] = 0.10 M. Red points mark
the calculated rate with eqn (5) for the catalyst used in the analysis.
Catalysts in the shadow area present drawbacks for epimerization reaction.

tion step is the rate-determining step and using the quasi-equi-
librium approximation the reaction rate can be expressed as:
(M] 1
Kotovat[G)" 1+ Kg[G] + ﬁ [M]

r = kKs[G](1 (5)
where K; are the adsorption constants for glucose and
mannose, I = G, M; k, is the coefficient for 1,2 C-shift (R2)
starting from glucose, Kyiopar is the constant for the epimeri-
zation reaction, and [M] and [G] are the corresponding con-
centrations of glucose and mannose. Dissociative adsorption
and 1,2 C-shift energy barrier can be written in terms of the
HAE. At 100 °C, for [G]; = 1 M and a conversion of 10% the
reaction rate shows a volcano shape with the maximum
placed in HAE = —3.72 eV, with TOF = 10.1 s™". In Fig. 5 the
normalized reaction rate is plotted as a function of the HAE.
The calculated rate for the defective surface is displaced from
the rate fitting, as its adsorption energy does not adjust to
the linear fitting. Pristine and defective MoO; surfaces are
placed in a shadow zone, indicating that they present drawbacks
for epimerization reaction; low stability in aqueous solution®°~?
or selectivity. Therefore, H,SMo;,0,, is the best catalyst for epi-
merization, and overperforming the activity of H3;PMo0;,0.0.
Calculated apparent activation energy using the reaction rate
obtained from eqn (5), for H3PMo0;,0,, is 1.04 eV, in good agree-
ment with experimental value: 0.99 = 0.04 eV."® The apparent
activation energy calculated for H,SMo0;,04 is 1.00 eV,
Fig. SI14.1 The plot shows a narrow zone of reducibility where
the Mo-based catalysts are active for epimerization. POMs are
placed in the upper end of this zone and, therefore, a more
active catalyst could be developed.

Conclusions

We have identified the mechanism behind the epimerization,
the Bilik reaction, in the glucose/mannose pair on Mo-con-

taining catalysts. The mechanism encompasses the adsorp-
tion of the aldose, the 1,2 C-shift and the recombination for
desorption of the product. The same mechanism is valid for
molecular and surface Mo oxides and no significant differ-
ences are found for the heteroatom or the curvature of the
surface. The descriptor for the reaction corresponds to the
reducibility of the Mo atoms on the surface/molecular cata-
lyst that plays a crucial role in the 1,2 C-shift. When the reac-
tion is written in terms of the HAE-descriptor (H addition
energy) it is possible to optimize the composition thus indi-
cating the most active system. The molecular catalyst also
presents an excellent behavior in terms of the stability due to
the electrostatic interaction between the heteroatom anion
and the MoO, shell. The bulk oxide shows a low cohesive
energy. However, electrostatic interactions between the
charged heteroatom unit and the Mo,,03¢ layer are larger
which indicates the preeminent stability of the molecular
catalyst. Finally, a more active POM, H,;SMo0;,04, is
proposed.
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