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A computational study for the competitive conversion of glycerol to 1,2-propanediol and 1,3-propanediol
is presented, considering a two-step sequence of dehydration followed by hydrogenation. The elementary
steps for dehydration, i.e., breaking of C-H followed by C-OH or vice versa, were studied computationally
both on the Rh metal surface and the acid-modified ReOH-Rh surface in order to understand the role of
the acid promoter. While the acid modifier can catalyze the C-OH cleavage, the activation energy for the
C-H cleavage was found to be considerably smaller on both pure and acid-doped Rh(111) surfaces, and
breaking the secondary C-H bond is kinetically favored over breaking the terminal C-H bond. This is in
complete agreement with experimental protocols favoring the formation of 1,2-propanediol. Another
potential feedstock, glycidol, was studied for the epoxide ring opening to yield 1,2-propanediol and
1,3-propanediol, and the reaction was found to be metal-catalyzed even in the presence of acid.

© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Glycerol is one of the smallest polyols and is by-produced in
enormous amounts in biodiesel production. Moreover, glycerol,
which can be produced from carbohydrates, has been identified
as a building block molecule for value-added chemical production
[1]. All of this makes glycerol an attractive low-cost feedstock.
Although there are several routes for converting glycerol to other
chemicals,[1-7] one of the most attractive transformations is the
selective catalytic hydrodeoxygenation, which comprises the
removal of hydroxyl groups by addition of hydrogen. The desirable
catalytic route converts glycerol to 1,2-propanediol (1,2-PDO) and
1,3-propanediol (1,3-PDO), but also propanol, ethanol, methanol,
etc. (Scheme 1) can be formed. Among these deoxygenated inter-
mediates, the straight-chain diol 1,3-PDO finds numerous indus-
trial applications including, e.g., composites, adhesives and
co-polymers (Scheme 1) [8]. Currently, 1,3-PDO is produced indus-
trially employing petroleum-based feedstocks and using either
acrolein (Degussa/Dupont process) or ethylene oxide (Shell pro-
cess) as starting material [2]. The desired selective hydrogenolysis
of biomass-derived glycerol into 1,3-PDO is not satisfactory,[9-13]
since glycerol conversion is low and selectivity is hampered by the
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formation of less valuable 1,2-PDO and other degraded products
such as acrolein [14]. In particular, propanediol selectivity favors
1,2-PDO, which is the thermodynamically preferred species over
kinetically controlled 1,3-PDO formation [3].

Glycerol conversion to 1,3-PDO has been explored on various
supported transition metal catalysts including, e.g, Cu-, Ru-, Pt-
and Rh-based catalysts [15-19]. Experimental studies highlight
that a significant amount of 1,3-PDO is only formed in the presence
of a co-catalyst, which typically is the oxide of group 6 or 7 metal
[10]. In the literature, e.g., ReO,-modified Ru, Rh and Ir catalysts
and WO,-modified Rh and Pt have been reported to catalyze glyc-
erol transformation to 1,3-PDO [6,9,15,20-24]. In a combined
experimental and computational study,[11] the selective
hydrogenolysis of polyols and cyclic ethers over a ReOH-Rh cata-
lyst was reported to occur due to the stability of a secondary oxo-
carbenium ion formed during the first dehydration step [11].
However, while the cyclic ethers showed good selectivity towards
the cleavage of the ether bond to produce the most stable carboca-
tion, the diol selectivity of glycerol was quite poor.

Since the first mechanistic interpretation of glycerol conversion
to 1,2-PDO,[25] several other mechanistic pathways have been
proposed (Scheme 2), depending on whether the system is acidic,
basic or metallic [26]. Three types of reaction mechanisms are gen-
erally accepted:[5] (a) dehydration-hydrogenation; b) dehydro-
genation-dehydration-hydrogenation; (c) direct hydrogenolysis
[10,22]. As the dehydration-hydrogenation pathway is typically

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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scheme 1. Transformation of glycerol to diols [8,5].
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scheme 2. Reported mechanisms of glycerol dehydration towards 1,2-PDO and/or
1,3-PDO. (a) dehydration-hydrogenation; (b) dehydrogenation-dehydration-hy-
drogenation; c) direct hydrogenolysis.

proposed for acidic systems,|5,26] it is chosen as the focus of this
study to explore the Brensted acidic role of the ReO, modifier.
We note, however, that the direct hydrogenolysis mechanism has
also been proposed for oxophilic modifiers [3,6].

Computationally, the C-H, C-C, and C-O bond breaking steps
for glycerol have been addressed on the (111) surface of different
transition metals employing density functional theory (DFT) calcu-
lations, elucidating both thermodynamic and kinetic trends for the
decomposition of glycerol into a variety of fragments [19,27].
Other DFT studies have concentrated on the selected reaction path-
ways for glycerol conversion on transition metal surfaces
[17,18,28,29]. In Ref. [17], both thermodynamic and kinetic factors
for 1,2-PDO and lactic acid selectivity on Rh(111) were investi-
gated. These calculations found that the main product from the ini-
tial dehydration should be prop-1-ene-1,3-diol, which converts to
1,3-PDO, but that glyceraldehyde formation via dehydrogenation is
kinetically preferred and leads to the experimentally observed 1,2-
PDO product by a further dehydration and hydrogenation pathway.
Despite the large number of studies, the atomic level understand-
ing of 1,2-PDO and 1,3-PDO selectivity has remained elusive.

In the present work, we have employed DFT calculations to ana-
lyze the hydrogenolysis of glycerol, focusing in particular on the
critical dehydration step, which controls selectivity towards either
1,2-PDO or 1,3-PDO. Two different catalysts were studied: bare Rh
modelled with a Rh(111) surface, and ReO,-modified Rh modelled
with ReOH-Rh(111). Both the adsorption energies of all concerned
intermediates and the corresponding activation energies were
determined on bare Rh(111) and in the presence of a ReOH co-
catalyst to elucidate the role of the acid for selectivity. Finally,
we have addressed the glycerol-derived epoxide, glycidol, as a
potential reactant and explored the metal- and acid-catalyzed ring
opening chemistry.

2. Methods

The density functional theory calculations were performed with
the GPAW code,[30,31] which implements the projector aug-
mented wave method (PAW)[32] in a real space grid. The ASE
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interface was used to set up the calculations [33]. The Kohn-Sham
equations were solved self-consistently using the PBE GGA|[34]
(generalized gradient approximation) functional to describe
exchange and correlation effects. The van der Waals interactions
were described by the Tkatchenko-Scheffler correction[35] as
implemented in ASE/GPAW, with the parameters for Re and Rh
taken from Ref. [36]. A four-layer thick slab was used to model a
bare Rh(111) surface with an optimized lattice constant of 3.857
A and a (3 x 3) unit cell. The acid-modified Rh(111) was modelled
by replacing one Rh atom from the surface layer with the ReOH
group. The (2 x 2 x 1) Monkhorst-Pack k-point sampling was used
throughout the work. The atomic structures were relaxed until
residual forces were below 0.05 eV/A with one bottom Rh layer fro-
zen to the bulk positions. The adsorption energies were calculated
as follows:

(1)

where the energies of a clean surface Egyce and the adsorbate in a
vacuum E,qq g, are subtracted from the energy of the system, where
the adsorbate is on the surface E,gs/surface. The reaction energies for
glycerol dehydration were computed from

AEa\ds = Eads/surface - Esurface - Eads(gas)7

(2)

where Ejnsurface 1S the total energy of the adsorbed intermediate,
Efrag/surface 1S the total energy of the adsorbed fragments cleaved from
the intermediate (H, OH or H,0), and the last two terms are the
total energies of a clean surface and glycerol in the gas phase. The
adsorbed fragments are taken to be at infinite separation from the
intermediate, with H and OH combining to form H,O when possible.

The transition states were located employing the climbing
image nudged elastic band method|[37-39] or a constrained search,
where the interatomic distance of a breaking bond is fixed to sev-
eral values and the remaining degrees of freedom are relaxed. The
constrained search was found to perform well in cases of simple H
transfer to the surface, while the more complicated surface reac-
tions involving OH groups were better handled with the NEB
approach. The transition states were verified via harmonic fre-
quency calculation. One imaginary frequency was obtained for
each transition state, and the visualization of the vibration mode
showed bond stretching along a reaction coordinate. The activation
barriers were calculated as follows:

Eact = ETS -

AEreact = Eint/surface + Efrag/surface - Esurface - EC3H803(gas)7

3)

where E, is an activation barrier and Ers and Egs/surface are the total
energies of the transition state and precursor moieties, respectively.

Eads/surfaces

3. Results and discussion
3.1. Adsorption of glycerol and its dehydrated products on Rh(111)

First, we address the adsorption geometries and thermodynam-
ics of glycerol and its dehydration products on Rh(111) (Scheme 3).
The most stable geometries are presented in Figs. 1 and 2, while
Fig. 3 shows the corresponding adsorption energies.

Previous DFT studies [17-19,27] show that glycerol presents
various adsorption modes on the Rh(111) surface, and our struc-
ture search was largely based on these previously reported con-
formers; in total, 12 different glycerol adsorption geometries
were simulated. To evaluate the effect of the adsorption geometry,
we chose to consider both a syn-syn and an anti-anti glycerol con-
former for further analysis. The most stable geometries for each
type are displayed in Fig. 1. Both structures bind to the surface
through a terminal OH group, with a Rh-0O bond length of 2.3 A.
The syn-syn conformer features two weak intramolecular hydro-
gen bonds between vicinal OH groups (bond lengths 2.49 and
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scheme 3. Dehydration of glycerol (1) to possible intermediates. This first
dehydration step determines the product selectivity toward 1,2- or 1,3-PDO.

Fig. 1. Two glycerol conformations on Rh(111); (a) syn-syn conformation and (b)
anti-anti conformation. The side-view pictures are oriented to have a better view of
intramolecular interactions in the glycerol molecule.

Fig. 2. The most strongly binding conformations of dehydrated intermediates of
glycerol on a Rh(111) surface.

2.21 A), while the anti-anti conformer features one strong hydro-
gen bond (1.79 A) between the terminal OH groups. The syn-syn
geometry differs from the one previously reported for Rh(111)
[18], which we ascribe to the van der Waals interaction included
in the present work favoring a more flat-lying geometry. Indeed,
a closely matching structure was found especially favorable on Pt
(111) when the vdW correction was included [40]. Our anti-anti
geometry also differs slightly from the most commonly reported
structure,[17,18,27] in which the O atom of the secondary hydro-
xyl also interacts with the surface, but matches the one described
in Ref. [19]. We find the energetic difference between the two to be
small at 0.04 eV, with enhanced vdW interactions in our geometry
likely compensating for the lost Rh-O binding. The syn-syn and
anti-anti geometries in Fig. 1 are thermodynamically equivalent
with each other, with an adsorption energy difference of only
0.01 eV.

The most stable geometries of the keto and enol forms of the
dehydrogenation products are presented in Fig. 2. Tautomers 5
and 7 can be hydrogenated to form 1,2-PDO, while tautomers 4
and 6 convert to 1,3-PDO. The enol intermediates (4 & 5) bind more
strongly than their corresponding carbonyl counterparts (6 & 7
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Fig. 3. Adsorption energies (E.qs) and reaction energies (Eret) Of glycerol and its
dehydrated intermediates on Rh(111). The energies are computed according to Egs.
(1) and (2). The relative (“rel”) energies are calculated relative to syn-syn glycerol in
order to facilitate comparison between our vdW-corrected energies (blue) and the
PWO1 literature values (orange) [18]. 1s/1a refers to the syn-syn/anti-anti glycerol
conformation. The data is provided in numerical form in Table S1 of the
supplementary material.

respectively), which partly highlights the higher stability of the
keto species in the gas phase. Interestingly, the binding of enol spe-
cies 4 and 5 is more exothermic than the binding of glycerol,
whereas for keto intermediates it is vice versa. Intermediate 4
has two structural isomers, 4-E and 4-Z; previous studies report
the Z isomer as a possible result from the dehydration of glycerol
[17]. The Z isomer is about 0.2 eV more stable than the E isomer
due to an internal hydrogen bond, which is not possible for the E
isomer. Both 4-E and 4-Z species bind to the surface via the C-C
double bond and one terminal oxygen on the atop position with
a near-planar molecular structure. Intermediate 5 is the most
stable enol species, and it also binds to the surface via the C-C dou-
ble bond and a terminal hydroxyl. The average C-Rh distance for
the double bond C is 2.17-2.19 A for each enol intermediate, while
the Rh-O bond lengths are 2.29-2.37 A. The C-C double bond
lengths are 1.42-1.43 A, stretched by 0.08-0.09 A from the corre-
sponding lengths in the gas phase. All the enol species thus adsorb
in a very similar manner.

The carbonyl isomers 6 and 7 both bind to the surface via their
carbonyl and hydroxyl groups. While the double bonds of the most
stable enol intermediates adsorb atop Rh atoms, the carbonyl pi
bonds instead prefer bridging sites. In aldehyde 6, the carbonyl
oxygen is near a Rh top site, while in aldehyde 7, it lies closer to
a bridge site. The carbonyl bond lengths are 1.375 and 1.386 A,
respectively, both about 0.16 A longer than in the gas phase. These
binding geometries agree with an earlier study on glycerol dehy-
dration products on Rh(111) [18]. Compared to that work, we find
a smaller relative adsorption energy for aldehyde 6 (Fig. 3). This is
probably related to the vdW correction we have applied here: as
aldehyde 6 binds through its terminal groups, the methylene moi-
eties are fairly distant from the surface, leading to a smaller vdW
stabilization.

Some structures were also optimized without including the van
der Waals correction, making it possible to study its effects on the
energies and geometries. Broadly, the vdW correction makes the
adsorption energies more exothermic by 1.0 to 1.4 eV, indicating
a considerable van der Waals contribution to the surface-molecule
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interaction. A similar stabilizing effect of ~ 1 eV was found for
glycerol adsorption on various Pt surfaces using the D3 correction
[40]. Overall, the vdW correction tends to more strongly stabilize
geometries that are in close proximity to the surface. While the
direct molecule-surface bond lengths are only slightly affected,
the more distant parts of the molecules are brought closer to the
surface.

Fig. 3 also presents the reaction energies of dehydration prod-
ucts 4, 5, 6, and 7, and allows us to consider the thermodynamic
preference of different dehydration pathways. The reaction ener-
gies of enols 4 and 5 demonstrate that enol 5, which leads to
1,2-PDO, is thermodynamically slightly more stable than enol 4.
Likewise, aldehyde 7 is more stable than aldehyde 6 by 0.17 eV,
meaning that the 1,2-PDO route is thermodynamically favored by
both keto and enol forms. This would be in agreement with exper-
imental observations that the 1,2-PDO pathway is favored over the
1,3-PDO one [11,20,41,42].

3.2. Kinetic preference of C-H cleavage over C-OH cleavage

Having confirmed the thermodynamic favorability of dehydra-
tion toward 1,2-PDO, we now consider the kinetics of the process.
The dehydration of glycerol to enols 4 and 5 is crucial for determin-
ing the selectivity between 1,3- and 1,2-PDO, and so we focus on
this part of the reaction network. Enols 4 and 5 respectively yield
1,3-PDO and 1,2-PDO by hydrogenation, possibly after tautomeriz-
ing to their respective carbonyl counterparts 6 and 7. The tau-
tomerization and hydrogenation steps are excluded from the
present study, as their effect on the selectivity is expected to be
minor. On bare Rh(111), we have mainly considered a sequential
elimination process, where the C-H and C-0 bond cleavages occur
consecutively via a strongly surface-bound intermediate
(Scheme 4). To evaluate the kinetic preference of the dehydration
process, we determined transition states and activation energies
for each elementary bond breaking step in Scheme 4. The alterna-
tive possibilities of alkoxide formation and concerted dehydration
will be discussed later.

Within our scheme, the initial step can be either a C-0 cleavage
(Scheme 4, path a) or a C-H cleavage (Scheme 4, path b). The labels
a;; and a;, correspond to C-O cleavage at the secondary carbon
followed by C-H cleavage at a primary carbon, while by; and by,
represent the same steps in the opposite order; both processes
result in intermediate 4. The labels ay;, as3, by; and by, follow
the same logic, except the cleaved bonds are primary C-O and sec-
ondary C-H, producing intermediate 5. Previous DFT calculations
for dehydration of ethanol on Rh(111) predict that C-H bond cleav-
age takes place before the C-O cleavage [43-46]. Similar results
have been obtained for ethylene glycol on Pt(111),[47] suggesting
that this is a typical feature of alcohols on late transition metals.
Nevertheless, we address both a and b pathways to verify the trend
and to quantify the effect of the acid modifier introduced later.
Fig. 4 displays the potential energy surface for glycerol transforma-
tion to enols 4 and 5 together with the transition state geometries.
The energies are presented relative to gas-phase glycerol and bare
Rh, and include the adsorbed H/OH/H,0 fragments that are cleaved
during the reaction. The fragments are assumed to diffuse far away
from the molecules after each elementary step.

The first C-O cleavage of glycerol along paths a;; and ajp;
demonstrates high activation energies, 1.90 eV and 1.83 eV, com-
pared to the initial C-H activation energies of 0.84 eV and
0.57 eV (paths by; and by). As expected, the initial C-O cleavage
is highly unfavorable, and the first step should thus be a C-H cleav-
age. Our values are generally consistent with previous results for
ethanol on Rh(111), for which initial C-O cleavage barriers of
1.76-2.21 eV have been reported [43-46]. For the corresponding
glycerol reaction on Rh(111), the only literature value we found
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scheme 4. Dehydration of glycerol (1) to intermediates 4 and 5. The notion path
Xmn represents X = a for C-OH cleavage followed by C-H cleavage and b for the
reverse process; m = 1 for glycerol to prop-1-ene-1,3-diol, 2 for glycerol to prop-2-
ene-1,2-diol; n = 1 for the first elementary process involving conversion of glycerol
to the radical species, 2 for the second elementary process involving the conversion
of radical species to the dehydrated enol intermediate. C-OH cleavage steps are
colored red, while steps related to C-H cleavages are colored blue. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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is 1.29 eV for the a;; step,[19] which is 0.61 eV lower than our
result. This surprisingly low barrier was determined by a scaling
relation based approach, with relations derived from the reactions
of dehydrogenated intermediates on Pt(111); the scaling model
thus might not be able to describe the behavior of an intact glyc-
erol molecule on Rh(111) due to the different electronic structures
of these molecules. The initial C-H cleavage barriers for ethanol
and glycerol on Rh(111) are typically in the 0.5-0.8 eV range,
[17,19,27,43,46,48] also consistent with our results, though values
of over 1.0 eV have also been reported [43-45,49]. Some of these
higher barriers may be related to the chosen initial geometry dis-
favoring a particular bond scission, as pointed out in Ref. [27].

The effect of the initial geometry is also notable for glycerol. In
contrast to a previous study of glycerol on Rh(111), where terminal
C-H cleavage was found kinetically 0.06 eV more favorable than
central C-H cleavage,[17] our results show that central C-H cleav-
age is favored by 0.27 eV. This difference can be attributed to the
initial glycerol geometry: the central C-H bond of the anti-anti
glycerol considered in the present work points directly toward
the surface, and thus it can easily be cleaved. On the other hand,
the terminal C-H cleavage is sterically hindered on this conformer,
as the adjacent groups prevent the reacting terminal C atom from
easily reaching a stabilizing surface Rh atom. The terminal C-H
cleavage step by; was therefore initiated from a more amenable
geometry, also resulting in a facile reaction (E,; = 0.62 eV). How-
ever, this alternative conformer is thermodynamically less stable
by 0.22 eV than the anti-anti one, and thus less likely to exist on
the surface; therefore, the central C-H cleavage originating from
the anti-anti conformer is expected to be the dominant initial step.
The observed difference in C-H cleavage barriers favors path b,
leading to enol 5, and partially explains the experimental prefer-
ence of glycerol hydrogenolysis toward 1,2-PDO over 1,3-PDO
[11,20,41,42].

After each initial step, a different surface intermediate is
formed. The relative reaction energies (see Eq. 2) of the intermedi-
ates depend on the reaction path: while the 4a and 4b intermedi-
ates are thermodynamically almost equivalent, 5b has a more
exothermic reaction energy than 5a. The order of the reaction ener-
gies (5b < 4a ~ 4b < 5a) can be explained by considering the sta-
bilities of the adsorbed intermediate species. First, Rh(111) binds H
more strongly than OH, favoring the 4b and 5b species, though this
effect is partially compensated by the higher inherent stability of
the dehydroxylated species. Second, the secondary radicals are
more stable than the primary radicals, favoring 4a and 5b. Taken
together, these factors reflect the reaction energy order: intermedi-
ate 5b is favored by both of these factors, 5a is favored by neither,
and 4a and 4b are each favored by one.

In the second step on the reaction pathway, the a and b inter-
mediates undergo C-H and C-O cleavages, respectively. The sec-
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Fig. 4. Potential energy surface for dehydration of glycerol on a Rh(111) surface. Green curve: conversion of glycerol to 4 through path a; pink curve: glycerol to 4 through
path b; orange curve: glycerol to 5 through path a; blue curve: glycerol to 5 through path b. All energies are given respect to glycerol in gas-phase. The activation energies
given in the figure are reported with respect to the most stable adsorption structure of the reacting species. We note that TS-b,; was found on an alternative syn-syn
conformation of glycerol, as discussed in the text. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ond C-0 cleavage steps by, and b,, have activation energies of 1.10
and 1.28 eV, which are 0.80 and 0.55 eV lower than those of the
corresponding initial C-O cleavages a;; and a;. The second C-O
cleavages are more exothermic by ca. 0.4 eV and feature late tran-
sition states, which is expected to lower the barrier according to
the Brgnsted-Evans-Polanyi principle: the a;; and a,; transition
states resemble the relatively unstable intermediates, while the
b, and by, transition states resemble the stable dehydration prod-
ucts. The second dehydroxylation barriers are both slightly higher
than those reported in the literature (Table 1), possibly due to a
strong vdW stabilization of the 4b and 5b intermediates relative
to glycerol. The geometries and relative stabilities of the two tran-
sition states are in good agreement with prior results [17]. The sec-
ond C-H cleavage steps a;; and a,, also have slightly lower barriers
than the corresponding initial steps b;; and b,;. The difference in
reaction energies between the first and second steps is again about
0.3 eV, but the effect on the barriers is less pronounced. In general,
the barrier for breaking a given C-H or C-0 bond is lower for the
surface intermediates than for the intact glycerol molecule, and
the difference is larger for C-O cleavage.

The transition state geometries shown in Fig. 4 exhibit multiple
common features. Upon C-0 cleavage, the OH group ends up atop a
Rh atom (Rh-O distance 2.1 A at TS), as this site is the most readily
accessible from the reactant adsorption geometries. At each transi-
tion state, the C-O bond has elongated from 1.4 to ca. 2.1 A, while
the reacting C atom is 2.3-2.4 A from the nearest Rh atom. In the
C-H transition states, the position of the leaving H atom varies
between top, bridge and in-between sites. The shortest Rh—H dis-
tance is about 1.6 A in each case, while the C-H bond lengths range
from 1.5 to 1.7 A. All the C-O and C-H cleavages can therefore be
characterized as having late transition states. There is no correla-
tion between individual TS bond lengths and activation energies,
indicating the activation energy depends on multiple interactions
between the surface, reactant and leaving group. In general, the
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Table 1

Activation energies for the elementary steps computed in the present study and
existing literature values. The literature values for transition states byq, bqz, by, are
reported on the Pt(111) surface. a = Ref. [19] for Rh(111), b = Ref. [19] for Pt(111), ¢
= Ref. [17] for Rh(111).

TS Eict/eV literature value
TS-aq; 1.90 1.29°
TS-a;; 0.74 nd
TS-a3; 1.83 nd
TS-a, 0.53 nd
TS-by; 0.84 0.84°,0.77¢
TS-b1z 1.10 1.21°,0.94°
TS-by 0.57 0.76%, 0.83¢
TS-b2z 1.28 1.41°,1.20°

C-0 bond breaking steps have higher barriers than the C-H bond
breaking steps, which arises from the greater molecular distortion
required to expel the OH group and the comparatively weak Rh-
OH interaction at the TS geometry.

Comparing the enol 4 (1,3-PDO) and enol 5 (1,2-PDO) reaction
pathways, the potential energy surfaces are quite similar. The ther-
modynamics and kinetics of the initial steps favor the b, pathway
towards 1,2-PDO, although the second C-O cleavage step by, is
slower than the corresponding b, step on the b; pathway. In
Ref. [17], both barriers along the b; path were found lower than
the corresponding b, barriers on Rh(111) (Table 1), indicating that
this elimination mechanism should clearly favor 1,3-PDO forma-
tion. As discussed before, the adsorption geometries considered
in our work favor secondary C-H cleavage and thus 1,2-PDO for-
mation, highlighting the kinetic effect of the reactant conformer.
A real catalytic system comprises an ensemble of reactant confor-
mations, each with their own features favoring some steps over
others.

To round out the discussion, we address some reactions outside
of our sequential dehydration scheme, starting with concerted
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dehydration. The a,; transition state was identified as a promising
template for such a reaction, as there is an H atom very close to the
surface on the middle carbon. Indeed, this H atom can be removed
simultaneously with the OH group to directly form enol 5, but the
barrier for the concerted reaction is still high at 1.81 eV. The dehy-
dration reactions are therefore expected to proceed via consecutive
C-H and C-0 cleavage steps, as discussed before.

Finally, while we have primarily focused on the C-H and C-0
cleavages, there is the additional possibility of O-H cleavage, i.e.,
alkoxide formation. This has been reported as viable for glycerol
on Rh(111), with a barrier of about 0.70 eV and an athermic or
mildly exothermic reaction energy,[17,27] indicating that it could
compete with the initial C-H scission. We also considered the
alkoxide thermodynamics, and our results agree with the litera-
ture: primary alkoxide formation is essentially thermoneutral
(—0.04 eV), while secondary alkoxide formation is somewhat
exothermic (—0.31 eV). In a comprehensive treatment of the reac-
tion network, alkoxide formation could thus be a relevant factor,
and modifier-bound alkoxides have been proposed as active inter-
mediates [20,50]. However, our main interest is to analyze the
effect of the acid modifier, and this can be accomplished in the
framework of C-H and C-0 scissions.

3.3. Adsorption of glycerol and its dehydrated products on ReOH-Rh
(111)

To explore the impact of an acidic co-catalyst, we introduced
a ReOH moiety onto the Rh(111) surface such that Re replaces
one surface Rh atom, as shown in Fig. 5. The resulting structure
can be considered a Rh-Re single atom alloy[51] with an
adsorbed hydroxyl group. A similar model has been computa-
tionally studied for the hydrogenolysis of cyclic ethers, and the
ReOH modifier embedded in Rh was found more acidic than
either a hydroxyl group on pure Rh or a monomeric ReOH mod-
ifier adsorbed on top of the surface [11,52]. Herein, we investi-
gated how such a co-catalyst modifies the thermodynamic and
kinetic properties of glycerol dehydration, assuming a molecular
ratio of 1:1 for the organic moiety and the ReOH modifier. While
some molecules could favorably interact with two ReOH moieties
due to the periodicity of the model, all adsorption geometries
(Figs. 5 and 6) were chosen such that only one direct mole-
cule-ReOH interaction is present in order to facilitate energy
comparisons.

Fig. 5 displays the syn-syn and anti-anti glycerol conformations
on ReOH-Rh(111), showing that the addition of ReOH does not
qualitatively change the glycerol geometries. The added hydrogen
bonding with ReOH stabilizes the syn-syn and anti-anti conforma-
tions by —0.05 and —0.13 eV, respectively (Fig. 7), whereas each
dehydrated intermediate can form a hydrogen bond with ReOH
in two different ways: via a carbinol OH group, or via an enol OH/-
carbonyl O group. Both possibilities were considered for each
molecule. The most stable adsorption geometries are shown in
Fig. 6, and the corresponding adsorption energies are shown in
Fig. 7. While some intermediates could form two simultaneous
hydrogen bonds with the ReOH modifier, this was only found
favorable when molecule 5 forms a hydrogen bond via its enol
group (Fig. 6h). Even then, the corresponding geometry with a sin-
gle carbinol H-bond (Fig. 6¢) is more stable, showing that such dual
hydrogen bonding is not the most favorable binding motif for the
dehydrated intermediates.

Comparing the hydrogen bonding via carbinol and enol or car-
bonyl groups, we observe that bonding via the carbinol OH is more
favorable for all enol species (4-E, 4-Z and 5). This behavior arises
from the geometric properties of the enols. The molecules are
unable to form a strong enol-OH-ReOH hydrogen bond while
maintaining the C-C double bond in its most favorable position
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Fig. 5. Adsorption of (a) syn-syn and (b) anti-anti conformations of glycerol on
ReOH-Rh(111). The color code is as in Fig. 1, except the Re atom is colored blue. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

OH OH

HOL_A

4-Z 5

Fig. 6. Adsorption conformations of different dehydrated intermediates derived
from glycerol on ReOH-Rh(111). Subfigures a-e represent the H-bond between
carbinol OH group (shaded blue) and ReOH, subfigures f-j represent the H-bond
between enol-OH/carbonyl-O group (shaded orange) and ReOH. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

atop a Rh atom. This results in either a weak hydrogen bond
(Fig. 6f) or an unfavorable C-C-Rh interaction (Figs. 6g and 6h).
On the other hand, the carbinol OH group is separated from the
C-C double bonds by a methylene group, allowing the double bond
and hydroxyl to simultaneously reach stable configurations
(Figs. 6a—-c). The addition of acid stabilizes enol 4-Z slightly less
than the other enols, as its existing intramolecular hydrogen bond
is disturbed by the added ReOH bonding.

For the aldehydes, the situation is different: aldehyde 6 favors H
bonding via its carbonyl O, while aldehyde 7 exhibits the opposite
behavior. There are two geometric reasons for this. The hydroxyl
group of aldehyde 6 can participate in intramolecular hydrogen
bonding, while the hydroxyl of adsorbed aldehyde 7 cannot. This
allows ReOH hydrogen bonding to stabilize the OH group more
effectively in aldehyde 7 than in aldehyde 6. In addition, the car-
bonyl group of aldehyde 6 lies atop a Rh atom, making it more
available for H bonding than the bridging carbonyl of aldehyde 7.
In general, the stability differences between the carbinol and enol/
carbonyl H-bonded structures appear to be largely governed by
geometric details rather than inherent differences in hydrogen
bonding strengths.
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Fig. 7. Adsorption and reaction energies on ReOH-Rh(111). The blue/orange bars
represent species with hydrogen bonds via carbinol/enol OH groups. 1s/1a refers to
the syn-syn/anti-anti glycerol conformation. AE... is the difference between
reaction energies on ReOH-Rh(111) and bare Rh(111), i.e., the stabilization due to
molecule-ReOH interaction. The data is provided in numerical form in Table S2 of
the supplementary material.

Considering the most stable structure for each dehydrated spe-
cies, the trend observed on bare Rh(111) is retained, as intermedi-
ates 5 and 7 leading to 1,2-PDO are more stable than intermediates
4 and 6 leading to 1,3-PDO. The difference becomes slightly more
pronounced on ReOH-Rh(111), as the 1,2-PDO intermediates fea-
ture at most weak intramolecular hydrogen bonding on Rh(111).
This allows them to interact with the ReOH modifier without
affecting any existing stable hydrogen bonds, slightly stabilizing
5 and 7 relative to the intramolecularly hydrogen bonded species
4-7 and 6.

3.4. Influence of acid on the dehydration kinetics of glycerol

Having established that the thermodynamics of glycerol dehy-
dration still favor 1,2-PDO on ReOH-Rh(111), we now turn to the
kinetics. The Brgnsted acidic ReOH modifier is expected to stabilize
the C-O cleavage transition states by protonating the reacting
hydroxyl into a water molecule, thereby forming a better leaving
group. While the ReOH modifier can also affect the C-H cleavage
barriers by modifying the reactant adsorption properties, we found
this mildly unfavorable, in agreement with previous studies on the
effect of intermolecular hydrogen bonding on the reactions of alco-
hols on Rh(111) [27,28]. We have therefore assumed that the C-H
cleavages take place over bare Rh(111), and the ReOH modifier is
considered for C-0 bond breaking.

The computed potential energy surface for glycerol dehydration
on ReOH-Rh(111) is shown in Fig. 8, while Fig. 9 provides the cor-
responding energy values for both Rh and ReOH-Rh. The results
highlight the effectiveness of the acid catalyst, as the initial C-O
cleavage barriers are lowered by 0.76 (a;) and 0.46 eV (az;). The
removal of the secondary OH thus becomes substantially more
favorable, but still has a higher barrier than the corresponding ini-
tial C-H cleavage. The effect of the acid on the second C-O cleavage
steps, bi; and by;, is much smaller, being only —0.20 and —0.07 eV.
In both cases, the elimination of secondary hydroxyl becomes
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easier than that of the primary one, increasing the kinetic favora-
bility toward 1,3-PDO over 1,2-PDO. While the b,; dehydrogena-
tion leading to enol 5 is still the fastest initial step, the barrier
for the following by, step is now higher than any of the barriers
on the way to enol 4, indicating that the processes are more com-
petitive. These observations are in line with experimental results:
when ReO, is introduced to a Rh catalyst, activity and 1,3-PDO
selectivity are increased, but the selectivity of 1,3-PDO (~ 25 %)
remains lower than that of 1,2-PDO (30-40 %) [11,20,53].

Like the C-O cleavage steps on bare Rh(111), the corresponding
acid catalyzed reactions feature late transition states. At the TS, the
water molecule has already been formed and almost separated
from the carbon skeleton, as evidenced by the short water O-H
bond lengths (1.0-1.1 A) and the long C-O distances (2.0-2.2 A).
In three of the studied transition states (a;1, a7 and by,), the water
molecule is only interacting with the surface via hydrogen bonding
to the deprotonated ReO. In the by, TS, the water molecule is
instead formed on the surface, as the reacting hydroxyl group lies
atop a Rh atom. The strong H,O-Rh interaction is expected to sta-
bilize the TS considerably, but the effect is likely counterbalanced
by the unfavorable non-planar geometry of the nascent C-C double
bond.

In experimental studies comparing the effects of metal oxide
modifiers on glycerol hydrogenolysis on Rh and Ir, 1,3-PDO selec-
tivity follows the order Ir-ReO, > Ir-WO, > Ir-MoO, > Rh-ReO,
> Rh-WO, > Rh-MoO, [20,21]. The computationally predicted
deprotonation energies of the corresponding monomeric modifiers
on Rh and Ir follow exactly the opposite trend,[52] suggesting that
higher acidity favors 1,3-PDO formation. In addition, ReO, acid
sites with higher Re-0 coordination have been predicted to feature
more acidic protons than terminal ReOH groups [50,52]. These
results suggest that the monomeric modifier studied in the present
work may underestimate the catalyst acidity and 1,3-PDO selectiv-
ity. On the other hand, as the experimental selectivity on Rh—ReO,
is also comparatively poor, monomeric ReOH seems sufficiently
acidic to model the dehydration reaction. Apart from the acid
strength, the structure of the modifier also determines the active
site geometry; while embedded (“alloy”) and adsorbed (“cluster”)
ReO, modifiers have comparable acidities,[52] their catalytic prop-
erties may differ due to geometric reasons.

The acid activation of glycerol hydroxyl groups has previously
been simulated in a Re30gH3/Ir(111) system, in which the modifier
was adsorbed rather than embedded [50]. The protonation-dehy-
dration of the secondary hydroxyl in a physisorbed glycerol mole-
cule, corresponding to step a;; in Fig. 8, was found to have a high
barrier of 2.04 eV. In fact, this barrier was 0.21 eV higher than that
of direct C-OH cleavage on bare Ir(111). In our simulations on
ReOH-Rh(111), the a;; protonation-dehydration barrier is instead
0.76 eV lower than the corresponding C-OH cleavage on bare Rh
(111). This substantial difference could be related to the different
oxide geometries chosen for the simulations. As the Re3OgH3 clus-
ter was placed on top of the Ir surface, the glycerol molecule phy-
sisorbed onto the cluster lies relatively far from the metal
component. This likely hinders the ability of the metal to stabilize
the reacting C atom at the TS, leading to a high activation energy.
As our ReOH modifier is instead embedded into the Rh(111) sur-
face, the metallic component can easily stabilize the acid-
catalyzed TS geometry in a bifunctional manner. On Re;OgH5/Ir
(111), the reaction was determined to proceed through easily
formed cluster alkoxides, for which the protonation-dehydration
barriers of the primary and secondary hydroxyls are 1.74 and
1.28 eV, respectively. These barriers are higher than those we
found on ReOH-Rh(111), but exhibit a greater discrimination
between primary and secondary hydroxyls. This is in qualitative
agreement with the experimental observation that ReO,-Ir is less
active but more selective than ReO,_gp, [21].
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3.5. Glycidol: reductive cleavage of the epoxide ring

While Re-Rh catalysts are not highly selective in glycerol dehy-
dration, they exhibit good selectivity in various ring-opening reac-
tions [11,13,54-56]. This raises the interesting possibility of
modifying the substrate instead of the catalyst, as glycerol can be
converted into a cyclic ether, glycidol,[57,58]| whose possible roles
in glycerol valorization have been recently reviewed [58]. Propane-
diol synthesis from glycidol has been experimentally studied on
acid-modified Ni- and Cu-based catalysts,[59,60] carbon- and
alumina-supported metals,[61-63] and various Co-based catalysts
[63]. Rh/Al,03 and Rh/C were found to produce very little 1,3-PDO,
while 1,2-PDO was a major product [62]. On the acid-modified Ni/
Cu catalysts, most of the studied configurations also favor 1,2-PDO
over 1,3-PDO, but a 1,3-PDO/1,2-PDO ratio of 1.24 was obtained
over an optimized Ni-Re catalyst [60]. Among the modifiers stud-
ied (Mo, V, W and Re), Re was found the most selective toward 1,3-
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PDO. It is thus interesting to see whether the ReOH modifier on Rh
can also steer the selectivity toward 1,3-PDO, and to this end, we
carried out simulations of the initial ring-opening part of the reac-
tion (Scheme 5).

The most stable glycidol conformations on Rh(111) and ReOH-
Rh(111) are shown in Fig. 10. On Rh(111), both oxygen atoms bind
on top of Rh atoms with respective Rh-0 bond lengths of 2.33 and
2.47 A for the epoxide and hydroxyl groups. Even though the
groups are on top of adjacent Rh atoms, there is no intramolecular
hydrogen bonding. The glycidol geometry is somewhat different
from the one previously computed on Pd(111), which featured an
agostic O-H-Pd interaction instead of a direct hydroxyl-O-Pd bond
[64]. The difference can be attributed to the higher oxophilicity of
Rh, with the vdW correction also possibly playing a role. On ReOH-
Rh(111), the conformation is similar as on Rh(111), featuring a
strong hydroxyl-ReOH hydrogen bond (1.625 A) and a weak
ReOH-epoxide-O interaction (2.535 A). The adsorption energies
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scheme 5. Ring opening of glycidol. The notion path X, represents X = a for C-O
cleavage followed by C-H cleavage and b for the reverse process; m = 1 for glycerol
to prop-1-ene-1,3-diol, 2 for glycerol to prop-2-ene-1,2-diol; n =1 for the first
elementary process involving conversion of glycidol to the radical species. C-OH
cleavage steps are colored red, while steps related to C-H cleavages are colored
blue. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 10. Adsorption conformations of glycidol on (a) Rh(111) and (b) ReOH-Rh
(111).

on Rh(111) and ReOH-Rh(111) are —1.28 eV and —1.50 eV, so the
stabilization by ReOH interaction (—0.22 eV) is of similar magni-
tude for glycidol as for the dehydrated intermediates discussed
before (Fig. 7).

To quantify the effect of the acid modifier on the ring opening,
the C-0 cleavage of glycidol was simulated on both Rh(111) and
ReOH-Rh(111). As before, the C-H cleavages were assumed to take
place on bare Rh(111). The resulting potential energy diagram is
presented in Fig. 11, with the corresponding energy values shown
in Fig. 12. The direct ring opening of glycidol is found to have a bar-
rier of ca. 0.9 eV regardless of which C-0 bond is cleaved. Surpris-
ingly, the ReOH modifier has almost no effect on the barriers,
indicating it is not sufficiently acidic to catalyze the reaction
(Scheme 5). The slightly higher barrier for the acid-catalyzed reac-
tions is due to a weakened hydroxyl-ReOH hydrogen bond at the
discovered transition states. As discussed above, the monomeric
oxide model may underestimate the acidity of the catalyst, and a
more acidic species might be necessary to activate the reaction.
An alternative possibility is that the reaction is initiated by an
interfacial hydride attack instead of protonation [13,59].

On the other hand, similar computational models have been
found to acid-catalyze the ring opening of tetrahydrofurfuryl alco-
hol (THFA), which can be considered a glycidol analogue with a 5-
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membered ring [11,52]. To analyze the differences in reactivity
between the two molecules, we computed their gas-phase proto-
nation energies, which have been noted as useful activity descrip-
tors for Brensted acid catalyzed reactions [65]. According to our
results, gas-phase protonation of the ether oxygen is 0.86 eV more
endothermic for glycidol than for THFA, indicating that the glycidol
oxygen is more difficult to protonate (i.e., less basic). Indeed, glyci-
dol is not protonated at the ring-opening TS, and only accepts the
proton as the reaction proceeds further. This is in contrast to the
reported THFA transition state, in which proton transfer has
already occurred [11]. In addition to being more difficult to proto-
nate, we note that glycidol has a higher ring strain than THFA, mak-
ing it more unstable to begin with and possibly diminishing the
effect of the acid.

The barriers for the C-H cleavage steps b, and by, are also close
to each other, with b,; being both kinetically and thermodynami-
cally favored. This is again in contrast to previous results for the
larger THFA ring, for which activation at the less substituted ring
carbon is preferred for steric reasons [11,66]. Steric effects could
be less important for the smaller glycidol ring, making both C-H
cleavages almost equally facile and causing the higher stability of
the secondary radical formed by path b,; to play a larger role in
the selectivity.

After the C-H cleavage, the ring opening can occur in two differ-
ent ways: from the surface-bound dehydrogenated carbon atom
(Scheme 5, steps by, and by;) or from the other ring carbon (b;y’
and byy’). The first mechanism has been proposed for THFA,
[11,66] while the second one relies on the ability of the reactant
to form a double bond between the ring carbons and is thus likely
not feasible for larger rings. Both options were simulated, and the
by, and by, mechanisms reported for larger rings were also found
the most likely for glycidol, having barriers of only ~ 0.1 eV. A
transition state was also located for the alternative b;,” path, but
the barrier is comparatively high at 0.68 eV. The difference is likely
geometrical: the byy’ ring opening requires the molecule to
undergo considerable reorientation, while the b, and b,, mecha-
nisms simply stretch open a surface-bound C-0 bond.

In contrast with experimental results, our simulations predict
that glycidol preferentially forms 1,3-PDO over 1,2-PDO on a Rh
catalyst. This could be a consequence of the chosen mechanistic
model; instead of the routes considered here, the ring-opening
might instead be initiated by a hydride attack, which has been pro-
posed to be selective for 1,2-PDO on glycidol and other similar
rings [13,59]. Alternatively, the hydrogenation steps after ring-
opening could be relevant. While the surface-adjacent ring opening
has a very low barrier, so does the reverse reaction; however, we
note that the path b ring-opening products can very exothermi-
cally donate another H atom to the bare Rh(111) surface, resulting
in a highly dehydrogenated species that may be difficult to hydro-
genate into a propanediol. The situation may well be different
under realistic hydrogenolysis conditions, and H coverage has been
reported to affect selectivity in, e.g., the reactions of furfural on Pd
(111) [67].

4. Conclusions

The thermodynamics and kinetics of glycerol dehydration on
acid-modified Rh have been simulated using DFT with van der
Waals corrections. The present mechanistic study indicates that
the dehydration of glycerol in heterogeneous medium over the
Rh surface follows a path (path b) where the C-OH cleavage is pre-
ceded by a C-H cleavage from an adjacent C atom. The experimen-
tally observed preference toward 1,2-PDO is related to a highly
favorable secondary C-H cleavage.

The poor selectivity of glycerol hydrogenolysis on ReOH-Rh cat-
alysts has been addressed computationally. In a Brensted acid cat-
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Fig. 12. Glycidol ring-opening mechanisms with reaction energies in eV for each adsorbed species and transition state on Rh (before slash) and ReOH-Rh(111) (after slash).
The species with only one number were only considered on Rh(111). The bonds that are being cleaved in the TS structures are shown in dashed lines.

alyzed reaction, the selectivity is often determined by carbocation
intermediate stabilities, favoring secondary C-OH cleavage in the
case of glycerol. However, although the ReOH modifier consider-
ably facilitates the initial C-O cleavage, its barrier remains higher
than that of the C-H cleavage catalyzed by free Rh. The reaction
can therefore be initiated by a dehydrogenation step, lowering
the impact of carbocation stabilities. Stronger acids with lower H
binding energies could cause the secondary C-O cleavage to over-
take the C-H cleavages, which may explain the much better exper-
imental 1,3-PDO selectivity reported for, e.g., ReOH-Ir [21,50].
The ring opening reaction of glycidol was considered as an
alternative method to selectively valorize glycerol. The behavior
of glycidol on ReOH-Rh was found qualitatively different from that
of tetrahydrofurfuryl alcohol, pointing toward a ring size effect. As
the ReOH-Rh catalyst was unable to effectively catalyze glycidol
ring opening, a very strong acid may be necessary to reach good
selectivity. The experimental preference toward 1,2-PDO on bare
metal catalysts is not reproduced by the studied ring opening
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mechanisms, suggesting the reaction instead proceeds through
an initial hydrogenation step.

Heterogeneous acid catalysis is an important avenue for pro-
ducing value-added chemicals from abundant feedstocks like glyc-
erol, and in this study, some of the relevant mechanisms have been
examined in detail. Several catalytically relevant phenomena aris-
ing from the interplay between acid, metal and reactant properties
were highlighted, including competition between acid and metal
catalysis, acid-metal bifunctionality and a ring-size effect on
proton-assisted ring opening reactions. The deeper atomic-level
understanding of these features helps guide future research and
development efforts in the fields of acid catalysis and biomass
valorization.
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