Hydrogen-Atom Binding Energy of Structurally
Well-defined Certum Oxide Nodes at the

Metal—Organic Framework-Liquid Interfaces

Zachary J. Ingram,” Chance W. Lander,” Madeleine C. Oliver,” Nazmiye Gékge Altingekic,”

Liangliang Huang,* Yihan Shao,” and Hyunho Noh™*

fDepartment of Chemistry and Biochemistry, and *School of Chemical, Biological, and

Materials Engineering, University of Oklahoma, Norman, OK 73019, USA

KEYWORDS  Proton-Coupled Electron Transfer, Metal-Organic = Frameworks,

Electrochemistry, Renewable Energy, Cerium Oxide

ABSTRACT Redox-active metal oxides are prevalent in the fields of thermal, photo-, and
electrocatalysis. Thermodynamics of proton-coupled electron transfer (PCET) reactions at
their surfaces are critical as they scale with their activity as a catalyst. The free energy of H-
atom binding on the catalyst surface is employed as a catalytic descriptor for reactions of Ho,
Oz, and many others. The structural heterogeneity and ambiguity of surface sites have largely
precluded structural understanding of the exact redox-active sites, challenging chemists to

design the catalyst structure down to the atomic level. Here, we report electrochemically



determined stoichiometry and thermodynamics of PCET reactions of the cerium-based
metal-organic framework (MOF), Ce-MOF-808. Cyclic voltammograms (CVs) of the MOF-
deposited electrodes in aqueous buffers at various pHs revealed a Faradaic couple that can be
ascribed to Ce*”** redox. Plotting the half-wave potential (Z%) against the electrolyte pH
resulted in a Pourbaix diagram with a slope of 65 + 9 mV/pH, suggesting a 1H*/le
stoichiometry. Using the thermochemical analogy between 1H*/1le and one H-atom (H-), the
H-atom binding energy on the hexanuclear Ces node, the Ce**O-H bond dissociation free
energy (BDFE), was calculated to be 77 + 2 kcal mol. In-silico calculations quantitatively
corroborated our BDFE measurements. Furthermore, multiple proton topologies were
computationally elucidated to exhibit similar BDFEs to the experimental values, agreeing with
the wide Faradaic features of all CVs, implicating that the system has a substantial BDFE
distribution. To the best of our understanding, this is the first thermochemical measurement
of H-atom binding at the MOF-liquid interface. Implications of the presented thermochemical

measurements on catalysis using metal oxides and MOFs are discussed.

INTRODUCTION

Heterogeneous electrocatalysts are essential to shifting the energy and chemical sectors away
from fossil fuels to more renewable and sustainable sources. Reducing equivalences harnessed
through solar/wind-powered electricity can be funneled to the catalyst that further converts
water, CO2, and/or N2 to value-added chemical feedstocks; these include but are not limited

to, H2, methanol, and ammonia (eqgs. 1-3). The generated ‘holes’ during these reactions can be



consumed by coupling these reductions with an oxidative reaction, most commonly H>O

oxidation to Oz (eq. 4).12

2H +2e == H (1)

CO: + 6H + 6 == CH3;OH + H:0 )
N2+ 6H' + 6 == 2NH; 3)
2H:O0 == Oz +4H" + 4e (4)

Many candidate electrocatalysts of the above reactions are redox-active metal oxides that
undergo proton-coupled electron transfer (PCET) reactions.!**® This is a direct consequence of
nearly all energy-relevant reactions involving protons (H*s) and electrons (e”’s), which in
many cases are equimolar as shown above. Surfaces of metal oxides in contact with protic
medium are often rich in proton donors and acceptors such as surface oxo, hydroxyl, and aqua

groups.” 1% The electrons are transferred to and from the metal cations, which can be delocalized
depending on their electronic properties.!'!"!* Taking cerium oxide (CeO) as a case study, surface

PCET reaction involves a change in Ce*”* redox states and a simultaneous surface
protonation/deprotonation (eq. 5).'*'” Because an H-atom is thermochemically equivalent to
H* and e, this so-called Volmer reaction is consequently equivalent to a Ce**O-H bond

formation (egs. 6 and 7).181

Ce*O2+ H + e <= Ce*(O)OH (5)
H == H'+c¢ 6)
Ce#Or+ H == Ce*(0)OH @)



Thermodynamics of H-atom transfer plays a critical role in the field of surface science and
heterogeneous catalysis.!”>?2 The free energy to homolytically cleave the surface O-H bonds,
the O-H bond dissociation free energy (BDFE), is a commonly known thermochemical value
associated with metal oxides.!31>1819.23.24 Tt j5 thermochemically equivalent to the more general,
H-atom binding energy (AG°n).® These values must be neither too strong nor too weak for
optimal catalytic performance. Catalysts with low binding energies are kinetically limited by
the low surface population of necessary H-atoms. Excessive binding energies, on the other
hand, will saturate the catalyst surface with unreactive H-atoms that impede the overall
reaction rate. This so-called Sabatier Principle is further highlighted by the ‘volcano-type’ plot
that correlates AG°x of various catalysts to their catalytic performances. This approach has
proven to be a powerful tool to rationalize and even predict the activities of electrocatalysts in
energy-relevant reactions that involve PCET reactions.!#2!.2>-2

Despite the widespread use of the Sabatier Principle, the structural heterogeneity and
ambiguity of surface catalytic sites pose a challenge to its application.®” The common approach
is to computationally derive H-atom binding energies on various materials and their crystal
facets, and further compare those values to the experimentally observed catalytic activity.!?"%
The use of defect-free crystalline surfaces as a computational model, however, can result in
discrepancies in stoichiometry, structure, and other chemical properties of the actually
employed catalyst. This is particularly pronounced in metal oxides and other binary materials
where the surface structure is quite complex. Indeed, a few reported H-atom binding energies

that were experimentally measured on binary materials have proven to be distinct from and



have a wider distribution as compared to the computationally derived values.!*!%272° The
apparent enhancement in electrocatalytic activity that involves multiple PCET reactions (e.g.,
water oxidation) upon surface amorphization of many metal oxides further questions whether
the in-silico derived AG°u values are representative of the actual catalytic sites.30
Metal-organic frameworks (MOFs) with redox-active inorganic nodes offer a unique
opportunity to examine the thermodynamics of H-atom binding with atomic-level structural
precision. MOFs with multinuclear metal-oxo nodes with terminally bound ~-OH/-OH: groups
are of particular interest as locally, the nodes structurally mimic the surfaces of bulk metal
oxides.?*3 These metal-oxo clusters are dispersed throughout the porous network that allows
efficient diffusion of necessary substrates and products — Ze., all nodes essentially behave as
‘surface sites.” Crystallinity further ensures the periodicity and uniformity of each redox-active
site, and thus experimental and computational measurements of thermochemical values can
be performed on the identical structure. Indeed, these systems lend themselves well to
structure-activity relationships grounded by atomic-level mechanistic studies for a wide
variety of thermal, photochemical, and electrochemical reactions.343¢44

Herein, we report the electrochemically derived thermochemical measurements of PCET
reactions using a representative Ce-based MOF, Ce-MOF-808 (Figure 1).# The nodes of this
MOF, Ces(u3-O)4(u3-OH)4(OH)s(H20)s have up to six Ce cations that can undergo Ce*”** redox
reactions.** The -OH/-OH: groups can concurrently transfer the necessary H*. The nodes
are connected with 1,3,5-benzene tricarboxylate (BTC?*) linkers to yield a large pore with 18

A aperture, allowing efficient diffusion of electrolytes to the redox-active nodes. The PCET



nature of the Ce*”** redox reactions on Ce-MOF-808 and many other Ce-based MOFs have
previously been inferred,®* but their proton-to-electron stoichiometry remains to be
validated. Our electrochemical measurements indicated the 1H*/1e stoichiometry during the
PCET reaction and further derived the Ce¥*O-H BDFE on these nodes. To the best of our
understanding, this is the first report of experimentally derived thermochemical values at the
MOF-liquid interface. BDFE values were further computationally corroborated by assessing
various proton topologies of the nodes. Implications of these results are contrasted to the

thermochemical and catalytic measurements of other MOF-based catalysts and metal oxides.
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Figure 1. Structures of Ce-MOF-808 and its nodes/linkers.

METHODS

Ce-MOF-808 was synthesized according to the reported procedure.” The porosity,
crystallinity, and particle morphologies were confirmed through N2 adsorption-desorption
isotherms, powder X-ray diffraction (PXRD) pattern, and scanning electron microscopy (SEM)

images, respectively; see Figures S1-S3 in the Supporting Information (SI) for details.



Ce-MOF-808-based electrodes were prepared through a simple drop-casting method on
fluorine-doped tin oxide (FTO) electrodes with a polyimide tape to control the electroactive
area as reported previously.* This electrode here onwards is referred to as Ce-MOF-808|FTO.
The amount of Ce-MOF-808 loaded per sample was determined by digesting in "1 M NaOD
in D20 and measuring the '"H NMR spectra (Figure S5). Polymeric binders or carbon nanotubes
used in the reported procedure® were avoided as they are known to exhibit PCET reactivity
and/or alter physical and chemical properties such as hydrophilicity or proton activity near
the electrochemical double layer that obscures the thermochemical measurements of Ce*/3*
redox reactions.>®>! All electrochemical measurements of Ce-MOF-808 were performed in pH-
adjusted aqueous electrolytes with 100 mM NaCl and 100 mM of buffers, such as 3-
morpholinopropane-1-sulfonic acid (MOPS), Tris(hydroxymethyl)aminomethane (Tris), and
boric acid. Pt wire and Ag/AgCl (1M KCl) were used as the counter and reference electrodes,
respectively. Unless otherwise noted, all cyclic voltammograms (CVs) were measured with a
scan rate (v) of 25 mV/s. Further details of the electrochemical setup can be found in the SI.
RESULTS

CVs of Ce-MOF-808/FTO in Buffered Aqueous Electrolytes

CVs of Ce-MOF-808|FTO measured within the pH range of 7-10 all revealed one reversible
Faradaic couple (Figure 2A). Previous reports of Ce-MOF-808-based electrodes and CeO: have
presented similar electrochemical responses.®*>? Thus, we have concluded the observed

Faradaic feature to be Ce*"3* redox reaction.



The half-wave potential (£%) derived from the CVs scaled linearly with respect to the
electrolyte pH with a slope of 65 + 9 mV/pH. The close-to-Nernstian slope of 59 mV/pH
suggests a 1H*/1e" stoichiometry (Figure 2B).!>18195358 E, values measured at the same pH with
different buffers were mostly within + 50 mV difference, suggesting that the Ce*”** redox is
independent of the proton source. Combining these results with the previous thermochemical
measurements of bulk ceria,'*'>* we ascribe the Ce*”* redox reaction to a 1H*/le- PCET
reaction (eq. 8).

The Ces node has six pairs of terminally-bound ~OH/-OH: groups and four pairs of ps-O/OH
groups that can all act as a proton donor and/or acceptor. The presented electrochemical
measurements do not indicate the exact proton topology of the reduced and oxidized nodes.

Thus, nodes in the two states in eq. 8 are written without an explicit proton topology.
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Figure 2. Electrochemical results of Ce-MOF-808|FTO in pH-adjusted aqueous electrolytes.

(A) CVs of Ce-MOF-808 in five representative electrolytes. Others can be found in the SI. (B)



A plot of CV-derived £%(Ce**") plotted against the electrolyte pH. The error bars represent 1o

of three separate measurements using a freshly prepared Ce-MOF-808|FTO.

Ces*O2His) + H" @) + & <= Ce1® (OH)Ces*O19His ) (8)
An ideal CV of a heterogenized redox-active species has equal values of the peak anodic and
cathodic currents (jpa/jpc= 1), no peak separations (4£, = 0 mV), and a full-width at half-
maximum (FWHM) of 90 mV.%° At all pHs and buffers used in this study, the Faradaic features
of Ce-MOF-808|FTO deviated, but with varying extent, from these ideal values (Table S1 and
Figures S5-S7). jp./ jo.c, and AE, were somewhat pH-dependent. Within the pH range of 7-8, js.
was roughly twice as large as j»a, while at pH 9 and 10, j». was nearly equal to or larger than
Jpe. All AE, values were at least 200 mV and decreased as a function of pH. The FWHM values
were larger than the ideal 90 mV and were independent of the pH. Deviations of CVs from the
idealized values have been reported previously on Ce-MOF-808, bulk ceria, and many other
metal oxides.!>1929:4961-64
CVs with varying v between 10 to 100 mV/s were collected in a pH 8-adjusted Tris buffer as a
representative electrolyte. £ remained largely consistent while the ratio, jpa/jp.c, decreased
with an increasing v (Table S2 and Figure S9). The slopes of the logarithms of v and the two
peak currents are indicative of the electrochemical mechanism. A slope of %2 indicates a
diffusion-controlled reaction, while a slope of 1 suggests a reaction controlled by the kinetics

of the PCET reaction.® Plots using j». and j»c both showed near unity slope (Figure S10),



though the slope of log(jr.s) vs. log(v) was slightly lower, suggesting that the oxidation of Ce3*
to Ce* is perhaps more sensitive to the diffusion.

Combining all electrochemical measurements, the close-to-Nernstian £ dependence with
respect to the electrolyte pH suggests that Ce-MOF-808 undergoes a 1H*/1e” redox reaction.
Thus, the modified version of the Nernst equation explicitly showing the fractional surface
coverages (6) of the two redox states, Ce*”** (eq. 9), is representative of the experimentally

observed results.”

E = E° — 0.0591log (ZCJ) —0.0591pH ©)

cet+

Under all reaction conditions, PXRD patterns and IR spectra of Ce-MOF-808 remained
identical before and after an electrochemical treatment (Figures S2 and S4). We conclude that
the MOF structure remains intact throughout all experiments, and the bulk crystal structure
of Ce-MOF-808 is representative of that under electrochemical conditions.
Electrochemically Derived Ce’ O-H BDFE of Ce-MOF-808

The 1H*/1e stoichiometry of the Ce*”** redox reaction establishes that this PCET reaction is a
net H-atom transfer occurring on the node (eq. 10 in Scheme 1).5'® The thermodynamic
potential of this redox reaction (£°), together with the free energy to form H-atom from H*
and e (Cq) yields the Bordwell equation (eq. 11) that can be applied to determine Ce**O-H
BDFE.!®

Scheme 1. Ce3*O-H BDFE Derivation of Ce—MOF—808|FTO
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Ceg*"OxHig) + H'ag + € === Ce;*"(OH)Ces*" OygHyg 5 AG® = -nFE?° (8)

Hoap === H'(4q + € —AG® = —Cg = -52 kcal mol”!  (6)
Cee4+020H16 (s) + He (aq) — Ce13+(OH)Ce54+O19H16 (s) -AG° = -BDFE (10)
BDFE(Ce3*O-H) = 23.06 °(Ce*** vs, NHE at pH = 0) + Co (11)

Two E° values were derived by extrapolating the linear trend between £% and pH (Figure 2B)
to pH of 0 using the fitted linear curve or by enforcing a 59 mV/pH slope (see Table S3 in the
SI). By using the average of the two £° values and eq. 11, the Ce**O-H BDFE was derived to
be 77 + 2 kcal mol?, which is within the range of measured BDFEs on various cerium
oxides, 156667

Computational Calculations of H-atom Transfer Thermochemistry on Ce Nodes of Ce-MOF-
808

Using the experimentally derived Ce**O-H BDFE as a benchmark, in-sifico calculations with
multiple simulation packages, functionals, basis sets, and other parameters were attempted on
a single Ces node terminated with six formate linkers, following the method reported
previously.*! In this section, we describe the results from the PBEO functional® as implemented
in Q-Chem 6.1,% given the closest quantitative agreement with the experimental results;
efforts using CP2K77! are described in the SI. The 6-31G" basis set”? was used for all first and
second-row elements, while the SRSC basis set and effective core potential (ECP)”® were used
for Ce. The self-consistent field (SCF) energy was converged using the pseudo-fractional

occupation number method.”*
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Each Ces node in its oxidized state has two possible Brensted base sites: the bridging uz—O and
the terminal —~OH groups. In addition, the formed O-H bonds can have two distinct distances
from the organic linkers (which is a formate unit in the simulations), as the Ces nodes are six-
connected. In total, four different proton topologies upon an H-atom binding event were
considered and their electronic energies were used to estimate the Ce>*O—-H BDFE values. The
resulting structure and their energies are illustrated in Figure 3 and Table 1. The XYZ

coordinates can be found in the SI.

Figure 3. Computationally simulated, geometrically optimized Ces nodes of Ce-MOF-808. The
extra protons added upon a PCET reaction (shown in cyan) are added on (A-B) p3—O or (C-D)
terminal —OH groups. Ce, O, C, and H-atoms (other than the extra proton) are denoted in

yellow, red, brown, and white, respectively.

Table 1. Computationally Derived Thermochemical and Structural Parameters of Reduced

Ces Nodes with Various Proton Topologies

Proton Topology*
Parameter

A B C D

Thermochemical Parameter (kcal mol™)
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Ce**O-H BDFE 81.9 79.8 90.2 84.5

Distance Changes (A)?

Ce-O(H)* 0.2 0.2 0.5 0.5
(H2)O-O(Hy) - - 0.2 0.3
(H2)O-O(linker) - - 0.2 0.3

“The labels of the proton topology correspond to those in Figure 3. “These are derived by
subtracting the bond distance of the oxidized Ces node from that reduced. Therefore, positive
and negative values refer to bond elongation or contraction upon reduction, respectively. For
the exact bond distances of the two nodes, see the SI. “For proton topologies A and B, the
average Ce—O(H) distances between the three neighboring Ce atoms were calculated.

The reduced Ces nodes with an additional proton to yield ps—OH (Figures 3A and B) exhibited
Ce**O-H BDFE values of 81.9 and 79.8 kcal mol”, closely agreeing with the experimentally
derived value. The BDFE values with the additional, terminal ~OH2 group were slightly larger
(90.2 and 84.5 kcal mol'). Concurrent with H-atom binding, significant geometric
rearrangements were observed regardless of the final proton topology of the nodes. Upon
protonation of pu3—O, the Ce—O bonds between the three neighboring Ce cations elongated by
~0.2 A (see the SI for details). Similar bond elongation can be observed for the terminal
Bronsted base. Formation of two terminally bound, -OH: groups further lead to a change in
their distances; the newly formed aqua group undergoes an H-bonding with the O-atom from
the carboxylate, effectively decreasing the (H2)O-O(linker) distance by ~0.2-0.3 A.

In sum, using the geometrically optimized structures of reduced Ces node, Ce**O-H BDFE
values were largely consistent with the experimentally derived values. Implications of these
calculations are elaborated in the Discussion section.

DISCUSSION
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PCET Reactions at the Ces Nodes

The Faradaic features observed in the CVs of Ce-MOF-808 are ascribed to the PCET reactions
on the hexanuclear Ces nodes. The CV-derived E% values shift with the proton activity of the
aqueous electrolytes and are predictable by the Nernst equation (eq. 9). Slight deviation of the
slope from 59 mV/pH is attributed to the small kinetic/diffusive complications, indicated by
the scan rate dependence and other measurements. These deviations are expected for
electrochemical measurements with porous materials and have been observed previously for
many other MOF-based systems.*7>77 Nevertheless, the Nernstian slope still constitutes Ce-
MOF-808|FTO as a ‘well-behaved’ system to derive H-atom transfer thermodynamics
electrochemically.

The thermodynamics of this PCET reaction is independent of the proton donors and acceptors
within the electrolyte. Three buffers (Tris, MOPS, boric acid) with distinct protic groups were
employed. MOPS buffer with a weakly coordinating sulfonate group likely leaves the bridging
and terminal oxo/hydroxo/aqua groups on the nodes intact, while borate anions can bind as it
does on the surfaces of nickel and other metal oxides.t"*> The large pore aperture of 1.8 nm of
Ce-MOF-808 suggests that all buffer species can diffuse into the MOF lattice. However,
intracrystalline diffusion within the porous network, particularly of those as large as MOPS
molecules, is known to be slow;”®” as the relevant redox reactions occur very close to the FTO
electrode, the slow diffusion from the bulk electrolyte could obscure the thermodynamics.
Yet, the measured £% scaled in a single linear function with respect to pH, suggesting that the

buffer identity does not lead to changes in the PCET reaction thermodynamics.
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This buffer independence is not a universal characteristic of binary materials. CVs of nickel
and cobalt layered double hydroxides (LDHs) have distinct £% values depending on the anions
within the electrolyte (e.g., phosphate, borate, etc.).®"# This has also been observed recently
on layered hydrogen titanate (H2Ti3O7).8! When bunsenite nickel oxide is used as the electrode
instead, its Faradaic features are independent of the buffers, supporting electrolytes, and even
solvents.'”? In the latter system, the observed medium independence was ascribed, at least in
part, to a small fraction of surface Ni sites solely being electrochemically active; this contrasts
with LDHs that have up to near-unity addressability owing to their layered structure that
allows diffusion of electrolytes throughout its lattice.®® The low electrochemical
addressability of Ce-MOF-808|FTO is ascribed to its low electrical conductivity;3 in other
words, the observed electrochemical response must so/ely arise from the Ces nodes near the
underlying FTO surface. The ‘effective concentration’ of Ces nodes within the lattice is at least
several hundred millimolar, and all Ce cations are in contact with the liquid medium.* Thus,
it is still tempting to correlate the Ce cations within the node to be more similar than different
to metal cations within LDHs. The observed buffer independence does not rule out buffer-
node interactions (cf. ¥ for details).

In sum, the redox reaction of the Ces node can be described as a simple PCET reaction that
solely involves protons like that shown in eq. 8. The close-to-Nernstian dependence of £% vs.
pH established the stoichiometry of the H* and e to be 1:1. The thermodynamic potential can
hence be derived from electrochemical measurements.

H-atom Transfer Thermochemistry of Ce-MOF-808

15



With the buffer independence and H*/e stoichiometry established, we experimentally derived
the average Ce**O-H BDFE of Ce-MOF-808 to be 77 + 2 kcal mol!. The buffer independence
further simplified our computational simulations. The source of protons in determining the
thermodynamics of the PCET reaction is not necessary to be considered. Further, by
considering the observed reaction as a net H-atom transfer reaction, the addition and removal
of H-atom to and from the node largely avoided unstable intermediates that obscure the
simulation.

The structural knowledge of Ces nodes of Ce-MOF-808 enabled simulations with atomic-level
precision. The close agreement in thermochemistry between experimental and computational
results was surprising given the reported challenges of a system with multiple lanthanides,
including Ce cations.®>8¢ Indeed, our attempts at using CP2K resulted in a large discrepancy in
the BDFE values. The use of an experimental value as a benchmark enabled the validation of
various computational models, with proton topologies simulated by PBEO functional in Q-
Chem 6.1 being our preferred model. The proton topology with the closest match in BDFE
value to the experimentally derived one was that with an extra proton being bound to p-O,
with the formed O-H bond pointing towards the linkers (Figure 3B).

Ce**O-H BDFE of Ce-MOF-808 lies within the range of reported values of other Ce-based
materials, though the range is relatively large. Extrapolation of the Pourbaix diagram of CeO2
in the Atlas of Electrochemical Equilibrium in Aqueous Solutions, for example, determines the
Ce3*O-H BDFE to be ~88 kcal mol'.%¢ BDFEs of molecular complexes with “CeO-H” moieties,

as well as colloidal CeO: nanoparticles range between 61 to 74 kcal mol'.1*¢” The BDFE
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measurement of heterogenized nanoceria on FTO is particularly noteworthy as the Ce**O-H
BDFE was measured to be similar to that of Ce-MOF-808 (79 + 2 kcal mol!)."> The CVs of Ce-
MOF-808 and nanoceria on FTO were qualitatively similar with large AE,, the jpa/jpc ratio
deviating from unity, and wide FWHM,; implications of these features in the H-atom transfer
thermochemistry are discussed in the next section.

Non-Ideality in H-atom Binding

The wide Faradaic features with FWHM between 200-300 mV and large AZ; deviate from the
ideal values expected for CVs of heterogenized redox-active species (FWHM =90 mV, AE, =0
mV).%° While these deviations can partly be ascribed to diffusive/kinetic complications, CVs
even with the slowest scan rate of 10 mV/s did not exhibit idealized parameters. Thus, these
deviations must arise due to the non-ideal thermodynamics.

The origin of the broad Faradaic features has previously been ascribed to lateral interactions
between adsorbates and/or chemical heterogeneity.!”¥” In the former case, the physical and
chemical environment of each adsorption site is intrinsically identical; however, adsorbates
can induce repulsive interactions. Thus, the BDFE of an O-H bond near another is effectively
weakened. In the other case, the intrinsic chemical heterogeneity is the origin of the breadth
of BDFE distribution. The FWHM values of roughly 200 mV observed in all electrochemical
measurements of Ce-MOF-808|FTO corresponds to 6-7 kcal mol! width in Ce*O-H
BDFE. 51988

The four proton topologies computationally assessed for their BDFEs were energetically

similar to each other. Their BDFE values matched well to the experimentally observed Ce**O—-
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H BDFE, with the largest deviation being 13 kcal mol! (or 0.6 eV); as noted above, the
difference in experimentally and computationally derived thermochemical values for the
lanthanide-containing systems are often quite large.®>8¢ These relatively small differences
between various proton topologies suggest that under the electrochemically biased potential,
most if not all of the assessed proton topologies are energetically accessible. Significant
rearrangements of atoms neighboring the protonation sites were observed upon reduction,
suggesting that the lattice strain induced in the MOF network can further increase the width
of the BDFE distribution. Furthermore, Ce* cations are at least 50% larger in volume than Ce*
and have different affinity towards carboxylate groups.!*#% Perhaps this structural
deformation explains the lower stability of Ce-based MOFs, particularly upon a redox reaction,
as compared to Zr- and Hf-analogs; it is noteworthy that Zr* and Hf* are largely redox-
innocent.”! These effects combined most likely in a complex manner, should be the origin of
the non-ideality in H-atom binding within Ce-MOF-808 (see Scheme 2).

Scheme 2. Schematic illustration of the possible origins of the breadth in the Ce*O-H

BDFE
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The observed BDFE distribution of Ce-MOF-808 contradicts the common implicit assumption
in the field of MOF-based (electro)catalysis. The crystallinity and periodicity of MOFs have
been ascribed to yield single-site catalysts with identical structure, and therefore, identical
thermodynamics and kinetics.***2 The experimentally and computationally observed non-
ideality is strong evidence that identical catalytic sites can still exhibit a wide range of
catalytically relevant thermochemical values, which should impact their overall activity and
selectivity, as discussed below.

Significance of Ce* O-H BDFE Measurement at MOF-Liquid Interfaces

To the best of our understanding, this is the first report of a quantitative thermochemical
measurement of H-atom transter at MOF-liquid interfaces. Chemical titrations to bracket the
BDFE ranges have been reported for a Ti-based MOF, Ti-MIL-125, but these studies did not
determine the exact BDFE values.”® Other thermochemical values of Ce-based MOFs that focus
on the free energy of electrons (e.g, conduction/valence band (CB/VB) energies and the
associated band gaps) are available in the literature.*”*® The use of band energies of binary
materials to describe PCET reactions, particularly when the material is in contact with the
protic medium, has recently been questioned as it does not consider the thermodynamics of
protons.® The proton topologies and the covalent bonds formed or broken during the inner-
sphere PCET reactions like the observed Ce**O-H bond cannot be described solely by the
energetics of electrons. Band gap energies are often referenced to vacuum and to normal
hydrogen electrode (NHE), which implicitly assumes the surface proton topology to be

identical in contact under vacuum vs. 1 M acid. As nearly all MOFs decompose in 1 M acid,
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this seems to neglect the physical properties.® Proton topologies of isostructural Zr- and Hf-
based MOF-808 change as a function of proton activity,” and hence this further assumes that
the Ces node proton topologies do not affect the PCET thermodynamics, which is unlikely.
Thermochemical measurements of proton transfers are scarce for Ce-based MOFs.
Nevertheless, Ho er al. reported lower activation energy (£2) of H* transfer within Ce-MOF-
808 as to Zr-MOF-808. Computational calculations have further elucidated up to 20 pX: unit
differences (in H20) between the Brensted acids on Ces or Zrs nodes.”® Qualitatively, this p&:
difference agrees with the observed H* conductivity differences. Quantitatively, however, a
20 pK: unit difference makes the pK: of terminal CeO-H ca. -16 (pX of terminal ZrO-H has
been experimentally measured to be 74).% This is unlikely given that this p& is lower than
strong acids like triflic acid.”

H* or e transfer reactions both yield a charged Ces node. Our initial experimental attempts to
chemically reduce Ce-MOF-808 with reductants that sole/y donate electrons led to MOF
decomposition. Experimental p ki of Ce-MOFs is lacking in the literature given their relatively
low hydrochemical stability.”! These and many other factors are perhaps the reasons for the
lack of reliable thermodynamic parameters that describe the electron/proton transfer
reactions, including those shown in the square scheme below (Scheme 3). The advantages of
using BDFEs as a thermochemical value to describe PCET reactions have been illustrated in
the metal oxide literature as BDFEs are independent of the proton activity of the liquid

medium in contact.'®!” We argue that this advantage is even more pronounced for Ce- and

20



other redox-active MOFs as this treatment avoids high-energy intermediates that can lead to
their degradation.

Scheme 3. PCET Square Scheme of Ces Nodes with ps—O as the Proton Acceptor
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Implications of the Determined Ce**O-H BDFE on Reactions Catalyzed by Ce-MOFs and
Cerium Oxides

Ce-MOF-808 has previously been reported to be catalytically active towards the oxidation of
benzyl alcohol to benzaldehyde, which involves C-H and O-H bond cleavages, z.e., two H-
atom transfer reactions.* Comparison of the substrate vs. catalyst BDFE values is indicative of
the reaction thermodynamics. This comparison seemingly is valid even for substrates that
undergo multiple H-atom transfer reactions, with quite distinct BDFEs.*% Based on their
thermodynamic potentials and by using the Bordwell equation (eq. 11), the average of the C-
H and O-H BDFEs of benzyl alcohol is 56 kcal mol*;'®% thus using our Ce**O-H BDFE
measurements, we can conclude that Ce-MOF-808-catalyzed benzyl alcohol oxidation is

thermodynamically downhill by >20 kcal mol!, agreeing with its high activity. More recently,
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Chiang er al reported that Ce-MOF-808 can oxidize and reduce dopamine/dopaquinone redox
couple quasi-reversibly.!™ The average O-H bond dissociation enthalpy (BDE) of dopamine
has been measured to be ca. 78 kcal mol'.!% For molecules like dopamine and dopaquinone
with similar size and polarity, the entropic change during an H-atom transfer is minimal, and
thus BDE is nearly identical to BDFE.!® Indeed, this agrees with the observed reversibility as
the BDFEs of Ce-MOF-808 and dopamine are nearly equal, making the overall reaction nearly
thermoneutral.

CONCLUSIONS

Thermochemistry of H-atom transfer reactions was experimentally and computationally
determined on structurally well-defined, Ces node of a MOF, Ce-MOF-808. Electrochemically
determined Ce**O-H BDFE of "77 kcal mol™ largely agreed with the previously reported BDFE
values of other ceria-based materials.!*!>6¢” BDFE values were structurally corroborated using
computational simulations. We further argue that BDFE should be the preferred
thermochemical parameter to describe the energetics of PCET reaction within MOFs that
involve equimolar amounts of protons and electrons. The net charge-neutrality avoids unstable
intermediates, which for extended lattice structures like MOFs, can lead to an immediate
decomposition. Computational simulations of net neutral nodes were more feasible.
Integration of experimental and computational efforts with atomic-level structural precision
highlights the key advantage of employing MOFs to derive structure-thermochemistry

relationships relevant to heterogeneous catalysis and many other fields.
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Detailed thermochemical and computational analysis have further alluded to ca. 6 kcal mol™
wide distribution of Ce**O-H BDFE that depends on the proton topology of the Ces node. This
contrasts with the implicit assumption within the MOF field that structurally identical MOF-
embedded sites must have identical thermodynamics.?¢44°2 Our computational efforts have
suggested that this distribution is inherently related to (1) the presence of up to six Ce cations
that can be redox-active and (2) the rich amount of proton donors/acceptors distinct in their
geometry. Many Ce-based MOFs distinct in their proton topologies, node nuclearity, oxidation
state at its resting state, and many others have been discovered,”® and their effects on
thermochemistry are our current research focus. The presented work serves as a pivotal
example to demonstrate the use of Ce-MOF-808 as a case study for the atomically precise
structure-thermochemistry relationship of H-atom transfer reactions.
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