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ABSTRACT: The capture and reuse of CO, as a liquid fuel
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could reduce the overall anthropogenic carbon footprint but ) V\\\\ P'ffN}f’;:(’CF)
requires a catalytic pathway for CO, hydrogenation under mild ~ / ;\ﬁ L 150 | S
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conditions, coupled with a renewable source of H, or another 2Ol b
reducing agent. We have computationally designed eight S g8 Y

functional groups having both Lewis acid and base sites for
inclusion inside a porous metal—organic framework (MOF)
and have evaluated these functionalized MOFs for their
catalytic activity toward CO, hydrogenation. We have used
density functional theory to compute reaction energies,
barriers, and geometries for the elementary steps of CO,
reduction. The reaction pathways involve two elementary steps for each of the eight functional groups, consisting of heterolytic
dissociation of H, on the Lewis acid and base sites followed by concerted addition of a hydride and a proton to CO, in a single
step. Our analysis of the reaction energetics reveals that the reaction barrier for hydrogen dissociation can be correlated as a
function of the chemical hardness of the Lewis acid site. Furthermore, we have identified a Bronsted—Evans—Polanyi relationship
relating the barrier for the second step, CO, hydrogenation, with the H, adsorption energy on the Lewis sites. Surprisingly, this
linear relationship also holds for correlating the hydrogenation barrier with the hydride attachment energy for the gas-phase
Lewis acid site. These correlations provide a computationally efficient method for screening functional groups for their catalytic
activity toward CO, hydrogenation. These relationships are further utilized to carry out a Sabatier analysis on a simplified model
of the reaction to generate contour plots of the Sabatier activity that can be used to identify properties of the functional groups
for maximizing the reaction rate.
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1. INTRODUCTION

The widespread use of fossil fuels generates enormous
quantities of CO,, leading to increasing concentrations of this
greenhouse gas in the atmosphere, which has been linked to
global warming." The use of fossil fuels is likely to continue
over the next several decades as renewable energy sources
gradually become more prevalent, making CO, capture coupled
with sequestration or utilization an important near-term
approach for reducing CO, emissions.” ™ Interest in using
CO, as a feedstock for the synthesis of valuable products has
grown in recent years as a supplement or alternative to
sequestration.”*”® Specifically, catalytic hydrogenation of CO,
is a promising means of producing high-energy-density fuels
from CO, captured from combustion waste streams.””” ' In
this paper we use density functional theory as a tool for
screening and characterizing a series of catalysts for reduction
of CO, to formic acid (FA) with H,. In practice, we envision
generation of H, from renewable but intermittent energy
sources, such as wind or solar, thus coupling energy storage
with CO, mitigation through an anthropogenic chemical
carbon cycle.”"” Hydrogenation of CO, to FA can be viewed
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as the first step in the production of methanol or other
hydrogenated species, but it is also a commercially valuable
product in its own right.'%~*'

Hydrogenation of CO, to FA via homogeneous catalysis has
been extensively studied in the past.”'**”*" The main
advantage of the homogeneous route to CO, reduction is
that the reaction can be carried out under relatively mild
conditions in comparison with most heterogeneous catalytic
routes.">*”** The major challenges to homogeneous catalysis
are efficient capture and recycling of the precious-metal
catalysts,””**” limited liquid-phase solubility of H, gas, which
leads to significant mass transfer limitations,"* and economical
regeneration of FA from the salts used to separate it from the
solution and shift the equilibrium conversion.”*’ An ideal
catalyst for large-scale industrial CO, hydrogenation would
combine the advantages of homogeneous and heterogeneous
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Figure 1. Lewis pair functionalized UiO-66 (UiO-66-X). (a) Octahedral cage (green) and tetrahedral cage (purple) of the unit cell of UiO-66. (b)
LP functionalized BDC ligand of the octahedral cage of UiO-66. The UiO-66 framework atoms are represented by lines, and the Lewis pair
functional moieties are represented by balls and sticks. Atom colors: gray for C, red for O, blue for N, pink for B, cyan polyhedra for Zr, light blue for
F. Hydrogen atoms belonging to the framework are not shown for clarity. (c) Lewis pair functional groups X used in this work, where X is P-
B(CHj),, P-BF,, P-BH,, P-BCl,, P-BBr,, P-B(CN),, P-B(CF;),, and P-B(NO,), (P denotes the 4-methylpyrazole group). The boron atom (B) is the
Lewis acid site, and the nitrogen labeled Ny, is the Lewis base site. The other nitrogen is labeled N, for later reference.

catalysts.”*® The overall goal of our work is to provide the
insight needed to design such a catalyst.

Our approach to designing a CO, hydrogenation catalyst is
to use computational tools to identify homogeneous-like
catalytic moieties that can be covalently bound inside porous
metal organic framework (MOF) materials and to estimate
their activities by using density functional theory (DFT) to
compute reaction energies and barriers. Our hypothesis is that
we can create molecular catalysts that will be active when
bound to the inside of the pores of MOFs and that these
catalytically functionalized MOFs will exhibit the advantages of
both homogeneous and heterogeneous catalysts.”' ~>° We have
shown in previous work® that this approach will work in
principle by attaching a functional group to the 1,4-
benzenedicarboxylate (BDC) linker in a highly stable and
functionalizable MOF known as UiO-66."""" We have shown
from DFT calculations that this functionalized UiO-66 is
catalytically active for CO, hydrogenation and that the reaction
can be carried out in the absence of a solvent by e);posing the
functionalized MOF to gas streams of H, and CO,.”° However,
identifying a single catalyst does not provide much information
on how to develop an optimal catalyst. Computational methods
are becoming ever more useful tools in the quest for rational
catalyst design.””~* Specifically, Bronsted—Evans—Polanyi
(BEP) relationships*”** and scaling properties™ have been
tremendously fruitful approaches for providing insight into the
rational design of metallic catalysts.””*>*~>* In this paper we
seek to apply BEP relationships and other correlations to
functionalized UiO-66 in order to provide the insight needed to
design more active catalysts and rapidly screen various
functional groups for CO, hydrogenation, identifying the
most promising materials for either detailed DFT calculations
or experimental investigation.

We examine a series of eight different functional groups, each
incorporated into UiO-66 as shown in Figure 1. The UiO-66
unit cell is shown in Figure la and has both larger octahedral
cages and smaller tetrahedral cages connected by triangular
windows, making a three-dimesnsional porous network. A
functional group in the octahedral cage attached to one of the
BDC linkers is shown in Figure 1b. All of the functional groups
considered in this work are composed of Lewis pairs (LPs):
that is, moieties having both Lewis acid and base sites. The
functional groups are attached to one of the BDC linkers in the
UiO-66 primitive cell, as shown in Figure Ic. Each LP
functional group examined here is based on 1-(difluorobor-
anyl)-4-methylpyrazole, denoted as P-BF,, which we designed
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in our previous work for hydrogenation of CO,.*® We change
the R groups on the boron atom shown in Figure 1c in order to
generate the eight different LP moieties.

Our choice of LP functional groups in this work was inspired
by the use of frustrated Lewis pairs (FLPs) as catalysts for CO,
hydrogenationss_64 and by their ability to both bind CO, and
heterolytically dissociate H, without the use of precious
metals.”>~® However, to the best of our knowledge there are
only two examples of FLPs being used to reduce CO, with
H,.°*%* All other studies use reducing agents such hydro-
boranes that are not readily reversible and so do not provide a
sustainable pathway for CO, reduction. In addition, FLPs are
homogeneous catalysts and therefore are not as useful for large-
scale industrial processes as heterogeneous catalysts. We note
that the LP moieties in our work do not require steric
hindrance to prevent mutual quenching as is the case for FLPs
because they are covalently bound to the UiO-66 framework
through the BDC linkers and are not mobile.

The goals of this work are to (1) test a number of possible
LP functional groups for their activity toward CO, hydro-
genation, (2) identify approximate relationships that will
facilitate rapid screening of functional groups, and (3) identify
general features that influence the reaction barriers for CO,
reduction, leading to principles that we hope will allow for the
rational design of better catalysts. To achieve this last goal, we
have developed BEP relationships*** and other correlations of
reaction enthalpies and barriers with chemical descriptors such
as acidity, basicity, and electrostatics and geometric parameters
such as acceptor—donor distances and bonding angles.””™*'
These relationships are utilized to develop a simple Sabatier
analysis®” to identify properties of the functional groups that
lead to maximum reaction rates.

2. COMPUTATIONAL DETAILS

All periodic DFT calculations were performed in the mixed
Gaussian plane wave scheme as implemented in CP2K.** van
der Waals interactions were approximated with the D3
dispersion correction developed by Grimme et al®* The
Perdew—Burke—Ernzerhof (PBE) functional® was used to
calculate the exchange correlation energy. The DZVP-
MOLOPT basis set in combination with Geodecker, Teter,
and Hutter pseudopotentials®® were used for the atomic
species, with a plane wave cutoff energy of 360 Ry and a relative
cutoff of 60 Ry. These values were tested previously and were
shown to give converged energies for functionalized Ui0-66.%
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The adsorption (chemisorption) energy of CO, or H, is
defined as

E,,(M) = E(M/UiO-66-X) — E(UiO-66-X) — E(M)

(1)
where M represents CO, or H,, UiO-66-X represents UiO-66
functionalized with one of the eight functional groups denoted
by X, and E(M/Ui0-66-X), E(Ui0-66-X), and E(M) represent
the total energy of UiO-66-X with the adsorbate, empty UiO-
66-X, and the gas-phase molecule M, respectively. In the case of
coadsorption, the adsorption energies were computed with
respect to the sum of the total energies of the corresponding
gas-phase molecular species. According to the definition above,
negative values indicate that the process is exothermic and
positive values are endothermic.

Transition states along the reaction pathway were
determined by using the climbing image nudged elastic band
(CI-NEB) method”” and were further confirmed through
frequency analysis. Transition states were found to have a single
imaginary frequency for a vibrational mode aligned with the
reaction trajectory.

We have calculated selected molecular properties of the
isolated (gas-phase) LP molecules, denoted as X, and LP
radicals, meaning that we leave the CH, group that binds the
moiety to the linker (shown in Figure lc) unsaturated. This
unsaturated LP radical is denoted as -X. Thus, X denotes the
LP molecule having CH; on the 4-position of the pyrazole ring
and -X indicates a CH, radical at the 4-pyrazole position. We
computed adsorption (reaction) energies for both CO, and H,,
the acidity and basicity for each of the eight LP molecules, and
the electronegativity, hardness, and softness for each of the
eight LP radicals. The Gaussian09 program®® was used for these
gas-phase cluster calculations. The hybrid density functional
method M06-2X* combined with the 6-311++g(d,p) basis set
was used for all these calculations. We used the MO06-2X
functional for cluster calculations because it has been shown to
be more accurate than pure density functionals®” and has been
previously used for computing molecular properties of FLPs.”

We have used the hydride and proton attachment energies as
measures of the acidity and basicity of the LPs, respectively, as
has been done for FLPs.”” The hydride attachment energy is
defined as

AGy, = G([xXH]") - G(X) — G([H]") (2)
and the proton attachment energy is computed from
AGpa = G([XH]+) - G(X) - G([H]+) (3)

where G(X), G([H]"), G([H]"), G([XH]"), and G([XH]")
represent the Gibbs free energies of the LP X, the hydride, the
proton, the hydride attached to the LP ([XH]"), and the
protonated LP ([XH]"), respectively. AG, and AG,, represent
the changes in the Gibbs free energy for hydride attachment
and proton attachment in the gas phase, respectively. More
negative AGy, values indicate stronger acidity, and more
negative AG,, values correspond to stronger basicity. Note that
we use the gas phase instead of an implicit or explicit solvent
because we are relating these quantities to reactions within the
functionalized MOFs, which occur by gas-phase adsorption of
H, and CO, into the pores of the MOF. Hence, the reaction
environment in the MOF probably more closely reflects a gas-
phase than a solution-phase environment. Additionally, we have
carried out test calculations using an implicit solvent model to
assess the impact of solvent effects on the results. These
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calculations showed the same trends between the gas-phase and
implicit solvent calculations (see Table S1 in the Supporting
Information), indicating that correlations relating acidities and
basicities to adsorption energies will work equally well for gas-
phase or implicit solvent calculations.

We have calculated the electronegativity (y), hardness (1),
and softness (S) for each of the gas-phase LP radicals. We
follow the approach of reported by Geerlings et al”' of
computing the ionization energy and electron affinity on the
neutral LP radical. That is, we fix the geometry of the LP as it is
bound to the BDC linker in UiO-66-X but keep the terminal
group CH, unsaturated. We have used the Mulliken formula”
to compute y, which Parr et al.” identified as a finite difference
approximation

e (8], (5
ON /) 2 (4)

where y and v(r) denote the chemical and external potentials,
respectively, E represents the electronic total energy, N is the
number of electrons, I is the ionization potential, and A is the
electron affinity of the molecule.

The chemical hardness and its finite difference formula were
defined by Parr and Pearson as”*

n_1(aZE) N(I—A)
=gl ®l5
2\0°N o(r) 2 (s)
The softness is given by
1
S=[—
(I—A) (6)

3. RESULTS AND DISCUSSION

3.1. Synthesis and Stability of Functionalized MOFs.
There are a wide range of options available for functionalizing
Ui0-66.”"77'% We have addressed the issue of how one might
specifically synthesize UiO-66-P-BF, in a previous paper.*®
Similar approaches could be used to synthesize the other MOFs
identified in this work.

One indirect indication of the stability of a functionalized
MOF is how much the framework is perturbed upon
functionalization.’® As a test of the stability of the different
functional groups explored in this work, we have computed the
lattice distortions of the largest functional group, P-B(CF;),.
The fully relaxed cell parameters of UiO-66-P-B(CF;), are a =
b=c=14790 A and a = = y = 60°. These values are almost
identical with the relaxed UiO-66 values of a =b = c = 14.788 A
and the same angles. This indicates that even for the largest
functional group considered in this work the lattice structure is
essentially unchanged. We therefore expect the thermodynamic
stability of any of the UiO-66-X materials to be very similar to
that of unfunctionalized UiO-66.

3.2. H, and CO, Adsorption in UiO-66-X. In this study
we compute the thermodynamics and reaction pathways for a
family of LP functionalized UiO-66 systems, denoted as UiO-
66-X, where X = P-B(CH,),, P-BF,, P-BH,, P-BCl,, P-BBr,, P-
B(CN),, P-B(CF;),, P-B(NO,),. The structures of these
materials are shown in Figure S1 of the Supporting
Information.

One of the key advantages of using functionalized MOFs is
that the reactions can be carried out by exposing the porous
catalysts to gas-phase H, and CO, rather than using a solution-
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phase reaction mechanism required for homogeneous reactions.
The initial step of the reaction mechanism is the adsorption of
H, or CO, from the gas phase. We have not explicitly simulated
this first step because there are experimental papers
demonstrating that both of these gases can readily adsorb in
UiO-66 and its functional derivatives.””'%°~""" These exper-
imental results indicate that adsorption of H, and CO, is both
thermodynamically and kinetically favored near room temper-
ature (and also at 77 K for H,), notwithstanding the entropic
penalty for these gases to adsorb into a microporous material.
Thus, we focus our efforts on computing the reaction energies
and barriers assuming that the guest molecules can be readily
introduced into the pores.

We have computed the adsorption (reaction) energies of H,
and CO, in UiO-66-X. These adsorption energies correspond
to the enthalpies of reaction at 0 K for H, heterolytic
dissociation of H, or for CO, chemisorption; the values are
given in Figure 2, the structures are shown in Figures S2 and S3
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Figure 2. Structures of (a) H, and (b) CO, chemisorbed in UiO-66-P-
B(CF;), and (c) the calculated adsorption energies (0 K, no zero-
point energy corrections) of H, and CO, in UiO-66-X.

of the Supporting Information, and selected structural details
(bond lengths and angles) are given in Table S2 of the
Supporting Information. The adsorption mechanism of H, in
UiO-66-X is the same for each functional group X: H,
heterolytically dissociates with one H atom bound to B and
another H atom bound to the nitrogen denoted Ny, as shown
in Figure 2a, where Ny, is identified as the Lewis base site as
shown in Figure 1c, generating hydridic and protic hydrogens,
respectively (see Figure S2 for the structures of dissociated H,
on Ui0-66-X). The magnitude of the dissociative adsorption
energy for H, in UiO-66-X increases as P-B(CH;), < P-BF, <
P-BH, < P-BCl, < P-BBr, < P-B(CN), < P-B(CF,), < P-
B(NO,),, as can be seen in Figure 2.

CO, is chemically adsorbed in each UiO-66-X in a bent
structure with one O atom bound to B and the C atom bound
to Ny, as shown in Figure 2b (see Figure S3 in the Supporting
Information). The trend in adsorption energies for CO, in
UiO-66-X follows the same general trend as the H, adsorption
energies, except that P-BF, and P-BH, are out of sequence,
having larger adsorption energies than the next three groups in
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the sequence, as can be seen from Figure 2. The adsorption
energies for H, and CO, are fairly similar for most of the
functional groups; five of the functional groups adsorb H, more
strongly, and three adsorb CO, more strongly. Our calculations
indicate that H, and CO, will bind competitively to these
groups, except for P-B(CHj),, for which the H, adsorption
energy is very weak.

3.3. CO, Hydrogenation in UiO-66-X. Our previous work
identified the reaction mechanism for HCOOH production
from CO, hydrogenation in UiO-66-P-BF, as consisting of two
steps: (1) heterolytic H, dissociation on the LP moiety
(H,(vdW) — 2H*) followed by (2) concerted addition of the
hydridic hydrogen to C and the protic hydrogen to O on CO,
that is physically adsorbed in the pore (CO, + 2H* —
HCOOH).*® The concerted two-electron reduction via
simultaneous addition of a hydridic and protic species proceeds
via a lower energy pathway in comparison to sequential one-
electron reductions, as shown by Zimmerman et al. in the case
of CO, reduction by ammonia—borane.''” In this work we
show that the reaction mechanisms for CO, hydrogenation for
each of the seven other UiO-66-X catalysts follow the same
two-step mechanism. The potential energy profiles are shown
in Figure 3, and the forward and reverse reaction barriers for
the two elementary steps are reported in Table 1 (the relative
energies for Figure 3 are given in Table S3 of the Supporting
Information). Figure 3 and Table 1 report the 0 K energies
without zero-point vibrational energy (ZPE) corrections.
Structural details and CI-NEB pathway energetics for the
reactions are given in Figures $4—510 and Tables S4 and S$ of
the Supporting Information.

Molecular hydrogen physisorbs in the porous framework,
forming a van der Waals complex H,(vdW) prior to H,
dissociation. The energies of the H,(vdW) complexes in the
different UiO-66-X materials fall in a narrow range of —0.08 to
—0.17 eV. The energies for H, dissociation in UiO-66-X (TSl
in Figure 3) increase as follows: P-BF, < P-B(CF;), < P-BH, <
P-BBr, < P-BCl, < P-B(NO,), < P-B(CN), < P-B(CH,),. The
dissociation barriers range from 0.48 to 1.09 eV. The reaction
barriers for H, dissociation, E; are lower than the backward
barriers for H, formation, E,, for all functional groups except
Ui0-66-P-B(CH;),, for which E; and E, are about the same.
Therefore, H, dissociation is both thermodynamically and
kinetically more favorable than the backward reaction in all
Ui0-66-X species except UiO-66-P-B(CHj),.

The second elementary step proceeds as CO, is physisorbed
in UiO-66-X occupied by dissociated H atoms, which we
denote CO, + 2H* in Figure 3. The CO, adsorption energies
(difference between the energies of CO, + 2H* and 2H* in
Figure 3) range from —0.26 to —0.42 eV, indicating that the
physorption of CO, in UiO-66-X with dissociated H atoms is
energetically favorable. The energy barriers for CO, hydro-
genation in UiO-66-X increase as follows: P-B(CHj;), < P-BF,
< P-BH, < P-BCl, < P-BBr, < P-B(CN), < P-B(CF;), < P-
B(NO,),. This ordering is same as the dissociative adsorption
energies for H, in UiO-66-X (see Figure 2). The backward
reaction barriers for FA dissociation (HCOOH — CO, + 2H*)
in UiO-66-X range from 0.35 to 0.64 eV; these values are lower
than the forward reaction barriers in all cases except for UiO-
66-P-B(CH,;),. However, diffusion of FA through the pores of
UiO-66 is facile, having a diffusion barrier of only about 0.07 eV
according to our calculations (see Figure S11 in the Supporting
Information), so that FA may diffuse away from the catalyst site
and desorb into the gas phase rather than follow the backward
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Figure 3. Potential energy profiles (0 K, no ZPE corrections) for CO, hydrogenation in UiO-66-X. The gas-phase (desorbed) trans-FA has an
energy of —0.20 eV on this scale. Key structures are shown in the diagram for the P-B(CF;), functional group as examples.

Table 1. Forward (E;) and Backward (E;) Reaction Barriers
for H, Dissociation (Step 1) and CO, Hydrogenation (Step
2) in Ui0-66-X"

step 1 step 2
Ui0-66-X E; (eV) E, (eV) E; (eV) Ey (eV)
Ui0-66-P-B(CHS,), 1.09 1.06 0.28 0.60
UiO-66-P-BF, 0.48 0.99 0.68 0.35
Ui0-66-P-BH, 0.59 118 0.72 0.39
Ui0-66-P-BCl, 0.78 143 0.99 0.64
UiO-66-P-BBr, 0.77 1.60 1.14 0.60
Ui0-66-P-B(CN), 0.84 1.88 1.39 0.45
Ui0-66-P-B(CE,), 0.53 1.85 161 0.36
Ui0-66-P-B(NO,), 0.82 2.38 1.79 0.40

“The energies are given at 0 K, with no ZPE corrections.

reaction as long as the external concentration of FA is kept low.
Note that cis-FA is produced in the pore from the reactions
given in Figure 3, whereas trans-FA is the lowest energy
confirmer in the gas phase. However, our calculations indicate
that cis-FA is actually lower in energy than trans-FA in the pore
because of confinement effects, which is opposite from the
situation in the gas phase (see Figure S12 in the Supporting
Information). Our calculated gas-phase trans-FA energy (0 K,
not ZPE corrected) is 0.20 eV lower than those for gas-phase
H, and CO, ; thus, gas-phase trans-FA is 0.4—0.5 eV higher in
energy than the adsorbed cis-FA product state shown in Figure
3. However, desorption is entropically favored. Note that our 0
K energies indicate that the reaction of CO, with H, to form
FA is exothermic by 0.2 eV, whereas at 298 K the reaction is
endothermic by about 0.15 eV. The difference in the reaction
energies can be ascribed to the difference in temperatures and
the approximate nature of the DFT functionals.

3.4. Trends in CO, Hydrogenation Barriers. As noted
above, CO, hydrogenation barriers follow the same trend as the
H, adsorption energies. Indeed, a plot of the barriers as a
function of the adsorption energies for each of the functional
groups gives an essentially linear BEP relationship, as shown in
Figure 4. A fit to the data gives a coeflicient of determination of
R? = 0.978. The BEP relationship can be rationalized by noting
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Figure 4. Calculated reaction energy barriers for CO, hydrogenation
in Ui0-66-X (step 2 in Table 1) as a function of the adsorption
energies of H, in UiO-66-X.

that weakly bound H atoms at the Lewis acid and base sites
more readily bind to CO, in the hydrogenation reaction,
whereas strongly bound H atoms require more energy to break
the stronger bonds with the Lewis sites. The correlation shown
in Figure 4 indicates that the reaction barriers for CO,
hydrogenation in UiO-66-X can be estimated fairly accurately
from the reaction energies for H, dissociation in UiO-66-X,
which are much easier to compute than the barriers. This gives
us a useful tool for screening different LP functional groups.
Notwithstanding that the adsorption energies for H, in UiO-
66-X are much less computationally demanding to obtain than
the transition states, they are still relatively expensive to
calculate in comparison with adsorption energies on the
isolated (gas phase) LPs because of the large number of
UiO-66 framework atoms included in the former calculation.
We therefore computed the adsorption energies of H, on the
gas-phase LPs to see if these values could be used as surrogates
for the values computed for the full periodic system. The gas-
phase adsorption energies for H, and CO, on the functional
groups are given in Tables S6 and S7, respectively, in the
Supporting Information. The adsorption energies for H, on the
gas-phase moieties and the full UiO-66-X structures are plotted
in Figure 5. We observe a quantitative linear correlation
between the two calculations, which indicates the existence of a
BEP relationship between the gas-phase H, adsorption energies
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Figure 5. Adsorption energies of H, in UiO-66-X plotted as a function
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solid red line is the y = x line denoting a perfect correspondence
between the two quantities. The dashed line is a linear fit to the
adsorption energy in UiO-66-X as a function of the gas-phase Lewis
pair, X.

on the LPs and the CO, hydrogenation energy barriers in UiO-
66-X.

A plot of the reaction barriers for CO, hydrogenation in
UiO-66-X as a function of the gas-phase adsorption energies of
H, on the LPs (Figure 6) confirms that the BEP relationship
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Figure 6. Calculated reaction barrier energies for CO, hydrogenation
in UiO-66-X (step 2 in Table 1) plotted as a function of the
adsorption energy of H, on the gas-phase Lewis pair, X.

holds with almost the same goodness of fit, R*> = 0.971. This
observation provides a very efficient method for screening
functional groups. The relatively quick calculation of the H,
adsorption energy on a gas-phase LP can be used to rapidly
estimate the reaction barrier for CO, hydrogenation in LP
functionalized UiO-66. However, this BEP relationship is not
sufficient to estimate the activity of the proposed catalyst
because the barrier for H, dissociation may be similar to the
CO, hydrogenation barrier (see Table 1). Hence, there is a
need for a method to estimate the H, dissociation barriers. This
will be addressed in section 3.6.

3.5. Role of Acidity in H, Adsorption. The dissociative
adsorption energy of H, on the LP sites should be influenced
by the acidity and basicity of LPs, as has been demonstrated for
FLPs.”” We have computed the proton and hydride attachment
free energies as measures of the basicity and acidity,
respectively, for all eight LPs; the values are given in Table 2.
The proton attachment energies (AGPa) are found to lie in a
comparatively narrow range. This is because the substitutional
groups that differentiate each LP are all attached to the boron
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Table 2. Free Energies of Proton Attachment (Basicity) and
Hydride Attachment (Acidity) of the Lewis Pairs X in the
Gas Phase

X AG,, (eV) AGy, (eV)
P-B(CH,), —9.57 —2.61
P-BE, —9.07 —321
P-BH, —-9.25 —-2.95§
P-BCl, —9.16 —3.89
P-BBr, -9.19 422
P-B(CN), —8.60 —478
P-B(CE,), —8.70 —4.96
P-B(NO,), 912 —5.59

acid site and have little effect on the basicity of each group.
Thus, there is no correlation between AG,, and the H,
adsorption energies. In contrast, the hydride attachment
energies (AGy,) correlate very well with H, adsorption energies
on the gas-phase LPs, as shown in Figure 7a. More importantly,
the correlation is also valid for H, adsorption energies for the
functional groups bound inside frameworks, as seen in Figure
7b, where we plot the H, adsorption energies in UiO-66-X as a
function of AGy, for each gas-phase LP, X. The correlations
between AGy, and the adsorption energies can be combined
with the results of Figures 4 and 6 to develop a linear scaling
relationship between AGy, and the CO, hydrogenation barrier;
this relationship is shown in Figure 7c. This figure illustrates the
simple rule of thumb that the stronger the acid site in the LP,
the stronger the H, binding energy and hence the higher the
reaction barrier for CO, hydrogenation. Therefore, the hydride
attachment energy could be used to screen candidate LPs for
CO, hydrogenation. Moreover, reduction of the Lewis acidity
for LPs should lead to an increase in the activity of UiO-66-X
for CO, hydrogenation. However, we note that one must also
consider the barrier for H, dissociation, which does not scale
with acidity (vide infra), in the overall activity of the material.
This again highlights the need to develop a descriptor for the
H, dissociation barrier.

3.6. Correlating the H, Dissociation Barrier. We have
investigated multiple properties of the LP functional groups in a
search to identify a descriptor for the H, dissociation barrier.
We have considered the acidity, basicity, electronegativity,
hardness, and softness of the gas-phase LP groups (these last
three properties are reported in Table S8 of the Supporting
Information). We also examined the structural details of the LP
functional groups inside UiO-66-X, with and without
dissociated H, (Tables S9 and S10 in the Supporting
Information), and the charges on the acid and base sites
(Table S11 in the Supporting Information). Of these
properties, we found that only the hardness of the LP radicals,
as computed from eq 5, and the Ny—N,—B bond angle
(without dissociated H,) give meaningful correlations with the
H, dissociation barriers. The barrier for H, dissociation in UiO-
66-X scales roughly linearly with the hardness of the LP
radicals, -X, as shown in Figure 8a. We note that, since all the
functional groups contain the same Lewis base (N,), the
reaction barrier is dependent on the hardness of the Lewis acid
(B), which is modulated by the different substituent R groups
(Figure 1c). Increasing the hardness of the Lewis acid site
should increase the activity of UiO-66-X for H, dissociation,
which follows the principle that hard acids react more readily
with hard bases or soft acids, such as H,.""'**
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Figure 7. Calculated adsorption energies for H, (a) on the gas-phase
Lewis pair X and (b) in UiO-66-X plotted as a function of hydride
attachment energy (AG,,) for the Lewis pair X. (c) Calculated
reaction barrier energies for CO, hydrogenation in UiO-66-X versus
AGha-

We also found that the barrier for H, dissociation in UiO-66-
X is, to a good approximation, a linear function of the bond
angle of the electron acceptor—donor moiety («N,—N,—B), as
can be seen in Figure 8b. This result can be rationalized by
noting that a larger angle produces strain in the LP, which
lowers the reaction barrier for H, dissociation. We see that the
H, dissociation barriers for UiO-66-B(CH;), and UiO-66-
B(CF;), do not fit the trend lines in Figure 8; these are shown
as triangles in the graphs and were excluded from the fitting of
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Figure 8. Calculated barriers for H, dissociation in UiO-66-X plotted
as a function of (a) the hardness of Lewis pair functional groups (-X)
and (b) the electron acceptor—donor bond angle (£N,—N,—B) in
UiO-66-X.

the trend lines. We were unable to conclusively identify reasons
for these two functional groups not following the trends.

We have identified a BEP relationship between the barriers
for the reverse reaction (2H* — H,(vdW)) and the adsorption
energies of H, in UiO-66-X, as shown in Figure S13a of the
Supporting Information. Furthermore, the barriers for H,
formation in UiO-66-X scale linearly with the hydride
attachment energies of each Lewis pair X, which indicates
that a reduction of the acidity of the Lewis pair will lower the
barrier for H, liberation. This result is in good agreement with a
similar observation for FLPs.”’

3.7. Model for the Sabatier Activity. The BEP
relationships for the H, dissociation and CO, hydrogenation
barriers and the correlations for the H, adsorption energies can
be combined with a very simple microkinetic model to identify
optimum properties of the LP functional groups through a
Sabatier analysis.””*”**'"> In order to simplify the system to
arrive at a 2-dimensional Sabatier analysis, we assume that
adsorption of H, and CO, from the gas phase into the pores of
the Ui0-66-X to the H,(vdW) and CO,(vdW) species is fast
and is at equilibrium. We assume that the entropies of the vdW
complexes are much smaller than the entropies of the gas-phase
species, so that the change in entropy on going from the
physisorbed to the transition states can be ignored. We further
assume that the concentration of FA in the gas phase outside
the MOF is kept low so that the reaction is irreversible.
Although energetically unfavorable, we rationalize rapid
desorption by noting the low diffusion barriers (Figure S11
in the Supporting Information) and entropic favorability for
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desorption of FA from the adsorbed phase to the gas phase.
Additionally, our calculations indicate that FA can bind to the
LP sites, but the most energetically favorable binding modes
require that the FA rotate from the cis to the trans
conformation. This rotational barrier is about 0.7 eV (Figure
S12 in the Supporting Information), which is larger than the
desorption energy. Details of how the Sabatier activities were
computed are given in the Supporting Information. A contour
plot of the Sabatier activity at 298 K is given in Figure 9. This
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Figure 9. Contour plot of the Sabatier activity for the overall reaction
rate for CO, hydrogenation at 298 K. The CO, hydrogenation barrier
is given by a BEP relationship with the H, adsorption energy, and the
H, dissociation barrier is given by a relationship with the hardness of
the LP radicals -X. Specific LP groups are labeled on the figure.

analysis shows that UiO-66-P-BF, is closest to the top of the
Sabatier activity contour but that it is not quite at the optimum
location, denoted by the red region in Figure 9. The areas
outside the optimal range, having lower Sabatier activities, can
roughly be divided into three zones, as demarcated by the
dashed lines in Figure 9. Zone I is characterized by large
(negative) H, adsorption energies, giving rise to high barriers
for CO, hydrogenation, which is therefore the rate-limiting
step. In zone II the H, adsorption energies are large and the LP
hardness values are small, so that both H, dissociation and CO,
hydrogenation have high barriers. Zone III has low CO,
hydrogenation barriers due to low H, adsorption energies but
high H, dissociation barriers, making that the rate-limiting step.
The Sabatier analysis indicates we should aim for functional
groups having hardness in the range of about 3.8 and above and
H, binding energies between about —0.45 and —0.1 eV. When
the reaction energy is changed to 400 K, the results are
qualitatively similar to those of Figure 9, as can be seen from
Figure S14 in the Supporting Information.

The linear relationships between the H, adsorption energies
on the LP functional groups X in the gas phase and the CO,
hydrogenation barriers in UiO-66-X and also the correlation for
AGy, shown in Figure 7 provide the potential to make two
more Sabatier contour plots, similar to that of Figure 9. These
are shown in Figures S15 and S16 in the Supporting
Information and show the same qualitative trends as Figure
9, but with some differences for the location of individual UiO-
66-X materials.
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One of the assumptions made in developing the model for
the Sabatier activity was that the entropy change from the
physisorbed state to the transition state is negligible. This is
obviously not an accurate assumption. The opposite extreme is
to assume that there is no entropy change in going from the gas
phase to the physisorbed phase and that the entropy of the
transition state species is 0 in comparison with the gas phase.
This is more drastic than the assumption that the adsorbed and
transition states have about the same entropy because H,(vdW)
and CO,(vdW) are in highly confined environments with very
little translational entropy and, for CO,, reduced rotational
entropy. Nevertheless, Sabatier activity calculations using the
gas-phase entropy of H, and CO, produce contour plots that
are similar to that of Figure 9, as can be seen from Figure S17 in
the Supporting Information. This indicates that the trends
predicted using either assumption are qualitatively similar,
although the rates using the second assumption are much
lower.

4. CONCLUSION

We have used DFT to computationally evaluate eight different
Lewis pair (LP) moieties as catalysts for CO, hydrogenation in
functionalized UiO-66. The reaction of CO, with H, in the
UiO-66-X materials always proceeds by a two-step mechanism,
with the first step being heterolytic dissociation of H, on the
LP. The second step is a two-electron reduction accomplished
by concerted addition of a hydride and a proton to CO,,
producing FA. The reaction barriers for H, dissociation range
from 0.48 to 1.09 eV; the barriers for CO, hydrogenation fall
between 0.28 and 1.79 eV. We note that the functionalized
MOFs we propose in this work could likely be synthesized in a
way similar to that proposed for UiO-66-P-BF,.”°

Bronsted—Evans—Polanyi relationships are powerful tools
for predicting reaction barriers using surrogate quantities that
can be more easily calculated. More importantly, they provide
physical insight into properties controlling the reaction. While
these BEP relationships have been identified for many reactions
on metallic surfaces, to the best of our knowledge only two
other BEP relationships have been identified for catalytic
porous materials."'®"'” Our calculations have identified two
BEP relationships for the reactions involving CO, hydro-
genation in functionalized UiO-66, one relating to the barrier
for concerted addition of a hydride and proton to CO, and
another BEP relation for the recombination of the hydride and
proton to produce H,. The BEP relationship for CO,
hydrogenation also applies to H, adsorption energies computed
on the gas-phase functional moieties, in the absence of the
UiO-66 framework. Furthermore, since the H, adsorption
energies are linearly related to the hydride attachment energies,
which are a measure of the acidity of the LP, we can correlate
the CO, hydrogenation barriers in terms of the acidity of the
gas-phase functional groups, as measured by the hydride
attachment energy. These correlations provide an efficient
method for screening potential functional groups for their
activity toward CO, hydrogenation.

Identifying an estimator for the H, dissociation barriers has
proved more difficult. The H, dissociation barriers for most,
but not all, of the functional groups scale linearly with the
hardness and the electron acceptor—donor bond angle of the
LP moieties. Combining these relationships and applying
Sabatier analysis generate insight into how to optimize
functional groups for maximizing the activity of the catalyst.
More generally, we believe that the approach of using gas-phase
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moieties as surrogates for functional groups bound within
MOFs to construct BEP relationships and other correlations for
CO, hydrogenation barriers and H, dissociation barriers can be
applied to other types of functional groups and is not limited to
the class of LP groups considered in this work.

One drawback of the LP functional groups considered in this
work is that CO, and H, may bind competitively to the LP
sites. This would require that in practice one would have to first
expose the catalyst to a gas stream of H, and then subsequently
to a stream of CO, to avoid the competitive binding, as noted
previously for P-BE, functionalized UiO-66.>° Future work will
focus on designing groups that selectively react with H, without
binding CO, significantly.

The functional groups considered in this work were
generated by modifying the R groups attached to the Lewis
acid site. Additional control over catalytic activity can be
obtained by modifying the Lewis base site, which will be the
subject of future work.

The best functional groups identified in this work have
barriers that are among the lowest reported in the literature for
nonelectrolytic reduction of CO, with H,."'*~"**
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