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ABSTRACT: Zr-based metal—organic frameworks (Zr-MOFs) are one
of the most promising materials for the decomposition of chemical
warfare nerve agents. We present a study of the hydrolysis reaction
mechanism of nerve agent sarin catalyzed by Zn(1I) and Ti(IV) single
atoms on the Zr-MOF MOF-808. We reveal that upon binding of the
nerve agent to the catalyst, conformational isomerism leads to a great
diversity of hydrolysis reaction mechanisms. Each mechanism follows an
addition—elimination sequence but differs markedly in the way the
elimination step is accomplished and its energetics. Moreover, while
most of the prior work has focused on the HF elimination channel, this
work shows that the addition—elimination steps can also lead to
isopropanol formation through barriers comparable to those of the HF
channel. Additional insight is achieved by high-level electronic structure
calculations, including coupled-cluster theory, which allow us to benchmark more efficient DFT techniques commonly used in
mechanistic studies of catalytic processes involving transition-metal atoms. Overall, this work reveals new reaction pathways for
nerve-agent hydrolysis with lower-lying transition-state energies than previously reported, highlighting the importance of
conformational sampling in mechanistic studies of catalytic processes.

A: HF Elimination
B: iPrOH Elimination

Bl INTRODUCTION acid product to the MOF surface in monodentate and
bidentate fashion, limiting turnover.””*! To circumvent

Organophosphonate chemical warfare agents (CWAs) con-
bidentate coordination of phosphonate products to two

stitute some of the most biologically toxic compounds ever

mass-produced for wartime use.'”> Despite international adjacent Zr atoms on the MOF’s SBU, a recent computational
efforts to both limit proliferation and promote the disarma- study by Mendonca and Snurr has probed the hydrolysis of
ment of CWA stockpiles, recent use by terrorist organizations sarin (GB, propan-2-yl methylphosphonofluoridate) on single
and governments alike indicates additional measures need to transition-metal atoms supported by NU-1000."” In that
be taken to protect human life."”” With current decontami- landmark work, the Zr-MOF is functionalized with an
nation and personal protective equipment proving to be of impressive range of single transition-metal atoms, which are
limited efficacy, there is continued interest in developing the anchored to the SBU by bridging oxo or hydroxo ligands,
next generation of CWA decontamination methods.” In recent depending on the oxidation state of the metal. Such single-
years, Zirconium-based metal—organic frameworks (Zr- atom modification elicits the possibility of nerve-agent
MOFS) have proven to be one of the most promising materials hydrolysjs on Lewis acid sites beyond those Present in the
for the degradation of nerve agents (NAs).””'* A select set of native Zr-MOFs (Zr(IV)). In addition, functionalizing two
Zr-MOFs is capable of hydrolysis of NAs with half-lives below adjacent Zr(IV) sites with a single atom mitigates irreversible
1 min in buffered solution.'”'” Immense focus has been placed bidentate binding of the product phosphonic acid to the

on three Zr-MOFs of identical secondary-building unit (SBU), MOF’s SBU and advances the possibility of turnover at the
Zrs (43—0)4(u3;—OH),, but different connectivity: UiO-66 gas—surface interface. In the explored reaction mechanism by

1s 16
(12-connected)1,7 NU-1000 .(8.-c0nnected), and MQF'808 Mendonca and Snurr, the single atom anchored to the MOF
(6-connected). " MOF-808 exhibits the largest hydrolysis rate,

implying that for identical SBUs, reduced connectivity
improves the availability of active Zr(IV) sites at the SBU.">"*

While the solution hydrolysis of nerve agents with Zr-MOFs
is impressively fast, product inhibition has been shown in
buffered solution,'* unbuffered solution,'® and at the gas—
surface interface.'”*° Spectroscopic characterization of Zr-
MOFs after hydrolysis reveals the binding of the phosphonic
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both serves as the binding site for sarin and features a terminal
—OH ligand that acts as the base in the hydrolytic process.
After water addition to the phosphorus center, a Berry
pseudorotation step was required in the hydrolysis mechanism
to produce a geometry that can lead to HF elimination and
regeneration of the catalyst. The nature of the single atom
influenced the rate-limiting step, which, in most cases, was
either the Berry pseudorotation or the phosphonic acid
product desorption. All examined single atoms exhibited
lower product desorption energies than from the native
Zr(IV) sites, highlighting the promise of single-atom
functionalization of Zr-MOFs for nerve-agent hydrolysis.

Earlier computational work on the hydrolysis of sarin by
UiO-66 showed a sensitivity of the stationary-point energies in
the reaction mechanism to the conformational orientation of
the nerve agent in the addition step.”’ In this work, we use
high-level electronic structure methods to examine whether the
conformational space available in the binding of sarin to a
single transition-metal atom on MOF-808 influences the
reaction mechanism. The results show a rich mechanistic
diversity that includes novel hydrolysis mechanisms without a
Berry pseudorotation step and the possibility of both HF and
isopropanol elimination products. The use of high levels of
electron correlation theory that transcend density-functional-
theory techniques also allows us to benchmark the perform-
ance of popular DFT methods. Our work is performed on
single atoms of Zn(I1I) and Ti(IV) anchored to MOF-808
(SA@MOF-808). As shown below, the way these single atoms
are bound to the SBU depends on their oxidation state, so our
choice of Zn(II) and Ti(IV) explores two anchoring motifs of
the metals to the MOF (via bridging hydroxo and oxo ligands,
respectively). In addition, the reported rate-limiting step for
Zn(II) and Ti(IV) in NU-1000 is different:** product
desorption is limiting for Zn(II), but the addition/elimination
steps that take place earlier in the mechanism exhibit a higher
barrier for Ti(IV). Our choice of Zn(II) and Ti(IV), therefore,
allows us to probe the extent to which the possible rate-
limiting steps apply to other MOF supports.

B METHODS

All geometry optimizations were conducted with the B97D
functional,®* the def2-SVP basis set”> and an “ultrafine”
integration grid as implemented in the Gaussian 09 program
suite.”® The calculations leveraged density fitting”” and
employed standard cutoffs. Harmonic frequency calculations
and thermal Gibbs energy corrections were also obtained at the
B97D/def2-SVP level. Energies were refined via single-point
calculations in ORCA 5.0.4°° using a variety of electronic
structure methods and the def2-TZVP basis set.”> The
sensitivity of the reaction energy profile to the calculation
method was explored with a variety of functionals including
MO06-L,*° M06-2X,>° B3LYP,>! wB97X,>* and wB97M>* with
D3BJ,** D3 (with zero damping),” and nonlocal®® empirical-
dispersion corrections. We transcended DFT by obtaining
energies at the MP2 (using the resolution-of-the-identity
approximation, RIMP2*7), CCSD, and CCSD(T) (under the
domain local pair natural orbital, DLPNO, approximation38
with tight cutoffs) levels. Additional details of these highly
accurate calculations are presented in Table S1. The energy
profiles in this manuscript report RIMP2/def2-TZVP energies
unless otherwise specified. All results correspond to the lowest-
energy singlet state for the d° Ti(IV) and d'° Zn(II) systems.
The lowest-energy triplet states appear more than 300 kJ/mol
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above the ground state for the catalyst structures, which
justifies the exclusive consideration of singlet state throughout
the reaction.

The previous single-atom work by Mendonca and Snurr
employed the SBU of the NU-1000 Zr-MOF.*” The SBU of
MOF-808 used in this work retains the same SBU
stoichiometry as NU-1000, but is 6- rather than 8-connected.
Mendonca and Snurr verified that the description of aromatic
linkers minimally affected the energy profile, as cluster models
using benzoate or formate capping ligands provided similar
energetics. Similar conclusions were obtained in earlier work
with UiO-66 Zr-MOF.>> The bulk of this work uses a cluster
model of MOF-808 in which the 6 aromatic benzene-1,3,5-
tricarboxylate linkers of the SBU are approximated by formate
ligands. However, the main conclusions are validated using
benzoate capping ligands in which the C atoms are held fixed
to their crystallographic positions and with a model that
considers two adjacent SBUs. Following earlier work on NU-
1000, a full coordination sphere of the Zr(IV) atoms in the
MOF-808 SBU is achieved by the addition of alternating
hydroxo and aqua ligands. As shown in Figure 1, the Zn(II)

Ti(Iv)
+H,0

Figure 1. Schematic representation of the functionalization of MOEF-
808 (top) with Zn(II) or Ti(IV) single atoms (bottom). The Zn(II)
and Ti(IV) single atoms are anchored to the SBU via bridging
hydroxo or oxo ligands, respectively, and feature a terminal hydroxo
ligand (—OH,) that acts as the base in hydrolysis of organo-
phosphorus nerve agents.

and Ti(IV) atoms are inserted as [Zn(II)—OH,]" and
[Ti(IV)—OH,]** moieties, where the —OH, group is a
terminal hydroxo ligand that acts as the base during hydrolysis
and is envisioned to originate from ambient water after
removal of one proton. These moieties are inserted between a
pair of hydroxo and aqua ligands on adjacent Zr(IV) atoms of
the SBU. To maintain charge neutrality, an additional proton
from the aqua ligand is removed for Zn(1l) to yield two
bridging hydroxo ligands. For Ti(IV), all three protons from
the aqua and hydroxo ligands on the supporting Zr(IV) atoms
are removed to yield a neutral catalyst anchored to the MOF
via bridging oxo ligands.

B RESULTS
Reaction Mechanisms of GB Hydrolysis with Zn(ll)@
MOF-808. The first step in the hydrolysis reaction is the

https://doi.org/10.1021/acs.jpcc.4c01312
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binding of sarin to the single transition-metal atoms via the
phosphoryl P=0 group to form a coordination complex (Cat-
GB). In this complex, rotation around the coordinate covalent
bond formed between Zn and the sp* O atom of sarin allows
for conformational isomerism (Figure 2). In addition,

Rotatable
< bonds

Figure 2. Schematic of the Cat-GB complex, highlighting the P—O
(yellow) and Zn—O (green) rotatable bonds that lead to conforma-
tional isomerism. The various isomers reached by rotations around
the highlighted bonds provide a diverse set of hydrolysis reaction
mechanisms.

coordination to Zn(II) reduces the P=O group double-
bond character, enabling low-barrier rotation around this bond
in Cat-GB as well (P—O Mayer bond orders are 2.0 and 1.6,
respectively, for sarin and Cat-GB at the B3LYP/def2-TZVP
level).

To characterize the conformational space spanned by
rotation around these two bonds, we have scanned the
potential energy surface along the P=O—Zn—OH, and iOPr—
P—O—Zn dihedrals (Figures S1 and S2). From this conforma-
tional sampling, we have identified 9 Cat-GB conformers from
which the hydrolysis reaction can proceed (Figure 3). In the
figure, the isomers in a row are interconverted via rotation
around the P—O bond and those in a column by rotation
around the Zn—O bond. The isomers can be distinguished by
the values of key dihedral angles. Thus, the top, middle, and
bottom rows can be roughly classified as having large negative
(<—80°), small (—37° — + 17°), or large positive (>+70°) P—
O-Zn—OH, dihedral angles, respectively. Within a row,
rotation around the P—O bond acts to exchange the positions
of the —F, —iOPr, and —CHj; groups of sarin. These 9 isomers
span an energy spectrum of 32 kJ/mol and are connected
through low barriers (Figures S1 and S2). The central column
of Figure 3 exhibits the three highest-energy conformers. In
this isomer group, the —iOPr substituent is furthest from the
MOF, and the decreased stability can, therefore, be attributed
to the loss of intermolecular interactions with the SBU.

To deepen our understanding of the effect of conformational
isomerism on reactivity, we have mapped hydrolysis reaction
mechanisms starting from each conformer in Figure 3. From
the Cat-GB complex, the steps of the reaction mechanism are
(i) water binding to the Zn—OH, base, (ii) concerted
protonation of the Zn—OH, base via water dissociation and
nucleophilic addition of the nascent hydroxide to the P atom of
sarin, (iii) formation of a pentacoordinated phosphorus
intermediate (PS), (iv) elimination of —F or —iOPr from PS
to generate HF or iPrOH and the corresponding phosphonic
acids, and (v) desorption of products to regenerate the catalyst.
Our calculations show that the 9 possible pathways reduce to 6
at the addition transition state. The 3 conformers in the middle
row of Figure 3 (small P—O—Zn—OH, dihedrals) show
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Dp.0.2n.04=85° -114°

Diopr.p.0.20=84° -64°

AE=5 kJ/mol 12
anti-iOPr

Figure 3. Schematic of the 9 Cat-GB complexes obtained via dihedral
scans. The numbers are values of the P—O—Zn—OH; dihedral angle
(top, degrees), iOPr—P—O-Zn dihedral angle (middle, degrees), and
relative energy (bottom, kJ/mol, RIMP2/def2-TZVP level). The
conformers in the same row are interconverted via iOPr—P—O—Zn
dihedral rotation and those in a column via P—-O—Zn—OH, rotation.
The labels syn- and anti- refer to the orientation of the P=0O bond
with respect to the ZnO—H; bond of the ZnOH, base, and the labels
—F, —CH3;, and —iOPr are for the group that is collinear with the OH
nucleophile at the addition transition state. Data correspond to a
formate-linker model. Results with benzoate ligands are in Figure S3.

various moieties of sarin encumbering the Zn—OH, base.
Water binding and subsequent deprotonation on the Zn—OH,
base can then only proceed with a rotation around the Zn—O
bond that alleviates crowding of the base with the sarin groups.
Such torsion transforms these 3 isomers into some of the other
6.

We distinguish the 6 remaining isomers using two structural
features. First, we use the direction of the P—=0 bond with
respect to the O—H bond of the Zn—OH, base to separate two
groups of three isomers. In “anti” isomers, the P—=O bond
points in a direction opposite to the ZnO—H, bond (top row
in Figure 3), and in the “syn” group of isomers, these two
bonds point in the same direction (bottom). Within each syn
or anti group, the isomers can be separated by the orientation
of the —F, —CH,, or —iOPr group (P=O0 bond rotation).
Specifically, we label each of these isomers with the group
whose bond to phosphorus is collinear with the incoming OH
nucleophile at the addition transition state. Thus, in the anti-F
isomer, the P=0 bond points in a direction opposite to the
ZnO—H, bond, and the P—F bond is collinear with the
forming P—OH bond at the addition transition state. In the
following, we describe the reaction mechanisms for each of
these 6 different conformers.

The catalytic cycle for the anti-CH; conformer of Zn(II)@
MOF-808 is displayed in Figure 4 (ball-and-stick geometries in
Figure $22). The reaction starts with water addition to Cat-GB
to generate a reagents complex (R). From R, water protonates
the Zn—OH, base to generate a hydroxide nucleophile that
adds concertedly to the P atom of sarin. The P-OH and P—
CHj; bonds are nearly collinear at the addition transition state

https://doi.org/10.1021/acs.jpcc.4c01312
J. Phys. Chem. C 2024, 128, 8983—-8992
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Figure 4. (Top) Reaction mechanism for hydrolysis of sarin by
Zn(II)@MOF-808 along the anti-CH; pathway. The mechanism
bifurcates into two branches, HF elimination (bottom panels) and
iPrOH elimination (red, top panels). (Bottom) Gibbs energy profile
(298 K, 1 atm) at the RIMP2/def2-TZVP level. Ball-and-stick
geometries are shown in Figure S22.

(TS-add). A trigonal bipyramidal pentacoordinated phospho-
rus intermediate (PS) follows the addition transition state. As
it has been previously discussed,” elimination of —F (or
—iOPr) from the PS5 intermediate requires an axial placement
of the group in the trigonal bipyramid. In the PS intermediate
of Figure 4, the —F and —iOPr substituents are both in axial
positions, so elimination can proceed directly without an
intervening Berry pseudorotation step that reorganizes the
intermediate. The HF elimination transition state (bottom
branch in Figure 4) yields a products complex (P) in which HF
is hydrogen bonded to the MOF and the isopropyl
methylphosphonic acid (IMPA) coproduct is bound to the
Zn center. The catalyst is regenerated upon desorption of both
products.

Elimination of iPrOH can also proceed from PS (top branch
in Figure 4, red). First, the proton required for elimination of
the —iOPr group is placed in the appropriate orientation via a
torsion of the P—OH bond. The new PS’ intermediate that
follows this torsion can reach the elimination transition state
via lengthening of the P—iOPr bond to generate hydrogen-
bonded iPrOH and methyl phosphonofluoridic acid (MPFA).
The desorption of these products regenerates the catalyst. The
energy profile in Figure 4 reveals that the elimination of iPrOH
proceeds through a larger barrier than of HF. Products along
both elimination channels are strongly bound to the catalyst,
with desorption of the MPFA phosphonic acid being 14 kJ/
mol more endoergic than of the IMPA product.

To calibrate the suitability of MOF-808 cluster models
capped with formate ligands, we have calculated the lowest-
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energy pathway in Figure 4 with a MOF model featuring
benzoate linkers in which the aromatic C atoms are frozen in
their crystallographic positions. Figure S4 shows a somewhat
uniform lowering of the relative energies of intermediate steps
in the aromatic model by less than 10 kJ/mol for most steps
compared to the reagent and product asymptotes. The
increased dispersion interactions afforded by the aromatic
moieties modulate the stationary-point energies but do not
appear to affect the reaction energy profile dramatically.

We now review the mechanism and energy profiles of the
other Cat-GB isomers to learn the role played by the starting
isomer in the hydrolytic chemistry. Figure S exhibits the

4 13C
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Figure S. (Top) Reaction mechanism for hydrolysis of sarin by
Zn(II)@MOF-808 along the anti-iOPr pathway. The mechanism
bifurcates into two branches depending on the rearrangement of the
PS intermediate. Widening the F—P—CHj angle leads directly to HF
elimination (bottom panels). Widening the F~P—O(Zn) angle also
leads to HF elimination, through a more complex reaction mechanism
(red, top panels). (Bottom) Gibbs energy profile (298 K, 1 atm) at
the RIMP2/def2-TZVP level. Ball-and-stick geometries are shown in
Figure S23.

mechanism and energy profile with the anti-iOPr isomer (ball-
and-stick structures in Figure $23). The mechanism bifurcates
into two paths at the PS intermediate formed after nucleophilic
addition. In this PS intermediate, the —OH nucleophile and
—iOPr group are in the axial sites of the trigonal bipyramid.
The —F group is in an equatorial position, requiring a
rearrangement of the trigonal bipyramid before elimination.
We have examined two possible Berry pseudorotations to
relocate the —F group from equatorial to axial placement. In
the first pseudorotation, we widen the F—P—CHj; angle in P$S
from ~120° to ~180° (bottom branch in Figure S). The
pseudorotation transition state along this branch leads directly
to HF elimination without an intervening P$ intermediate. In

https://doi.org/10.1021/acs.jpcc.4c01312
J. Phys. Chem. C 2024, 128, 8983—-8992
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the second pseudorotation, we widen the F~P—O(Zn) angle
(top branch, red). The transition state for this rearrangement is
16 kJ/mol higher in energy and yields a stable PS’ intermediate
with —F and —O(Zn) substituents in axial positions.
Elimination proceeds via concerted dissociation and formation
of the P—F and F—H(O) bonds, respectively.

The anti-F conformer is the last of the anti series. However,
this conformer isomerizes to syn-F at the addition transition
state, so we now describe the syn series. Figure 6 shows the
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Figure 6. (Top) Reaction mechanism for hydrolysis of sarin by
Zn(II) @MOF-808 along the syn-F pathway. (Bottom) Gibbs energy
profile (298 K, 1 atm) at the RIMP2/def2-TZVP level. Ball-and-stick
geometries are shown in Figure S24.

syn-F mechanism and energy profile. With the syn-F
conformer, the —F and —OH groups are both in axial at the
PS5 stage. This complicates HF elimination, as the —OH group
needs to be in an equatorial position to transfer a proton to the
eliminating —F group. However, iPrOH elimination can
proceed directly from PS5 by widening the CH;—P—iOPr
angle without the formation of a subsequent PS intermediate.
The energy profile in Figure 6 demonstrates that the barrier for
iPrOH elimination is competitive with some of the HF
elimination channels reported so far in Figures 4 and S. This
alcohol elimination channel has so far been overlooked in the
sarin hydrolysis literature, where most efforts have been
directed at characterizing HF elimination.” However, the study
of this channel here is instructive because in work with nerve-
agent mimics such as methgl-paraoxon, alcohol elimination is
the only possible pathway."

Much as with the convergence of anti- and syn-F pathways,
our calculations of the syn-CH; pathway shifted to the anti-
CH; mechanism in Figure 4 at the addition transition state.
The last of the 6 hydrolysis pathways is, therefore, syn-iOPr,
shown in Figure SS. This mechanism is analogous to the one in
Figure S for the anti-iOPr pathway: after a PS5 intermediate
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with —OH and —iOPr in axial positions, widening of the
CH;—P—F angle proceeds through a lower barrier than the
pseudorotation that places the —F and —O(Zn) groups in
axial. While the PS’ intermediates ensuing both pseudor-
otations are comparably stable, elimination from the PS’
intermediate where the —CHj; group is coaxial with —F is
markedly less costly than when the —O(Zn) group is coaxial
with —F.

An energy-profile comparison of the wide variety of
mechanisms described so far for sarin hydrolysis by Zn(Il) @
MOF-808 is displayed in Figure 7, and numerical values of all
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Figure 7. Comparison of energy profiles along the lowest-energy
branches of all symmetry-inequivalent pathways in the hydrolysis of
sarin by Zn(1I) @MOF-808. Data correspond to Gibbs energies at the
RIMP2/def2-TZVP level. Transition-state energies are provided in
Table S2.

barriers are collected in Table S2 (a complementary set of
energy profiles at the B3LYP-D3B]/def2-TZVP level is given
in Figures S10—S13). Only the lowest-energy branch of each
isomeric pathway is shown in the figure for clarity. The
compared profiles in Figure 7 reveal that while for most
pathways the highest barrier prior to desorption is in either the
pseudorotation or elimination steps, the addition step is more
energetic than pseudorotation or elimination for the anti-CH,
pathway. This can be rationalized considering the composition
of the sarin’s tetrahedral face that the hydroxide nucleophile
encounters during its addition to the phosphorus center
(Figure S25). In anti-CHj, the tetrahedral face of sarin that
hydroxide approaches during addition is formed by all the
electron-rich atoms coordinated to the phosphorus center (—F,
—iOPr, and =0), which enhances repulsion. In the rest of the
pathways, the methyl moiety replaces —F or —iOPr in the
tetrahedral face proximal to the incoming hydroxide, resulting
in lower addition barriers compared to anti-CH;. Importantly,
based on energetic-span-model considerations,”’ product
desorption is rate-limiting for all pathways, as it requires
more than 60 kJ/mol more energy than the preceding
addition/elimination barriers.

Reaction Mechanisms of GB Hydrolysis with Ti(IlV)@
MOF-808. We now turn our attention to examining whether
the diversity of reaction mechanisms described for hydrolysis
with Zn(II) extends to other metals. We choose Ti(IV) for this
comparison because the catalyst structure is significantly
different from that of Zn(II). As shown in Figure 1, installation
of a + 4 ion with a terminal —OH ligand in MOF-808 results in
the anchoring of a Ti(IV)—OH moiety to the MOF via
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bridging oxo ligands. In the Zn(II) catalyst, the single atom is
anchored via two bridging hydroxo ligands instead (Figure 1).
As we show below, the difference between bridging hydroxo
and oxo ligands influences the reaction mechanism.

The anti-CH, pathway on Ti(IV) @MOF-808 is shown in
Figure S6. The early steps of the reaction mechanism are
reminiscent of the reaction with Zn(1I) (Figure 4), including
the fact that the addition step exhibits a higher barrier than
elimination and that a Berry pseudorotation is not necessary
before the elimination of HF. A difference between Zn(II) and
Ti(IV) is that the HF product is not formed directly in the
Ti(IV) catalyst. Instead, following the elimination transition
state, the F moiety forms a coordinate covalent bond with the
Ti(IV) Lewis acid. The product complex, therefore, exhibits a
Ti—F bond and is lower in energy than the counterpart HF
product obtained with Zn(II) (59 kJ/mol HF desorption
Gibbs energy in Ti(IV) vs 9 kJ/mol in Zn(II)). Given that the
Zn(II) calculations show that iPrOH formation from PS with
this conformer requires a significantly larger barrier than HF
and that the elimination barrier of HF is only 3 kJ/mol above
the PS intermediate for Ti(IV), we have not mapped the
iPrOH elimination pathway with Ti(IV).

Figure S7 displays the anti-iOPr pathway. As with Zn(II),
the trigonal bipyramidal P5 intermediate can rearrange to place
the —F substituent in axial in two different ways, by opening
either the F—P—CH, or F—P—O(Ti) angle, so that the —CH,
or —O(Ti) groups are located coaxially to —F, respectively.
The pseudorotation that produces a linear F—P—CH;
arrangement proceeds with a barrier 14 kJ/mol lower,
following the trend discussed before for Zn(II). However, in
contrast with Zn(II), this pseudorotation does not lead directly
to HF elimination. Instead, a very shallow PS5’ intermediate is
obtained, which proceeds to products through a small barrier.
Similarly to the anti-CH; pathway, elimination results in a Ti—
F bond that considerably deepens the potential energy well of
the P complex. Interestingly, the higher-energy pseudorotation
places the —F moiety far apart from the Ti center (upper
branch in the top panel of Figure S7), leading to the formation
of gas-phase HF instead of a Ti—F bond.

As with Zn(II), the anti-F pathway converges in the addition
transition state to the syn-F pathway, shown in Figure S8. (The
syn-CH; pathway similarly converts to the anti-CHj,
mechanism discussed in Figure S6.) In the PS intermediate
of the syn-F mechanism, —F is coaxial with —OH, so the most
direct elimination route is a pseudorotation of the equatorial
—iOPr group, which leads to iPrOH elimination without an
intervening PS intermediate. Remarkably, the iPrOH product
is not weakly adsorbed to the MOF via hydrogen bonds.
Instead, the alcohol binds to Ti(IV), much as has been
described at titania surfaces with open Ti(IV) sites."" This
convergence of bonding patterns suggests that the voluminous
work on the chemistry of nerve agents with extended metal-
oxide surfaces””™* can inform studies on the discrete metal-
oxide cores of MOFs. The P complex featuring an alcohol
coordination to the Ti(IV) Lewis acid is notably deeper (44
kJ/mol iPrOH Gibbs desorption energy in Ti(IV)) than the
hydrogen-bonded complex described for Zn(II) in the same
channel (10 kJ/mol, Figure 6).

The last hydrolysis channel on Ti(IV) is syn-iOPr (Figure
S9). Here, the mechanistic variants follow those described in
Zn(II): the Berry pseudorotation needed to place the —F
group in axial is 11 kJ/mol more energetic when the resulting
coaxial group is —O(Ti) than when it is —CHj. In addition, the
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lower-barrier branch generates a deep P complex with a Ti—F
bond, but gas-phase HF is generated in the higher-energy
pathway.

Figure 8 compares the lowest-energy isomeric pathways for
sarin hydrolysis with Ti(IV) at the RIMP2/def2-TZVP level

anti-CH, (HF)
anti-iOPr (HF)
syn-F (iPrOH)
syn-iOPr (HF)

Gibbs Energy / kJ/mol

-175

-200

Reaction Coordinate

Figure 8. Comparison of energy profile along the lowest-energy
branches of the 6 conformational pathways in the hydrolysis of sarin
by Ti(IV)@MOF. Data correspond to Gibbs energies at the RIMP2/
def2-TZVP level. Transition-state energies are provided in Table S2.

(transition-state energies in Table S2, and B3LYP-D3B]/def2-
TZVP energy profiles in Figures S14—S17). Noticeably, the
overall lowest-energy path in the addition—elimination steps
produces iPrOH instead of HF products. Nevertheless,
desorption of the phosphonic acid products (143 kJ/mol
from Cat-MPFA and 138 kJ/mol from the deepest Cat-IMPA
complex) is more than 50 kJ/mol more endoergic than the
lowest-energy barrier of all preceding steps, making product
desorption rate-limiting overall.

To evaluate the differences in the hydrolytic chemistry of
Zn(II) and Ti(IV) centers, Figure 9 compares the anti-CH,
pathways for both metals obtained with benzoate capping
ligands (geometries available in Figures S18 and S19). For
both metals, addition is significantly more energetic than

50
P5

TS-eli P

Cat-IMPA  Cat

-100

-150 -

Gibbs Energy (298 K, 1 atm) / kJ/mol
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Figure 9. Gibbs energies (298 K, 1 atm) for the anti-CH; pathway in
the hydrolysis of sarin with Zn(II) and Ti(IV) @MOF-808. Numbers
in plain font represent energies relative to separated reagents in kJ/
mol. The figure highlights (italicized numbers) the comparison of
IMPA desorption energies with the highest preceding barrier
(addition, determined from the Cat-GB minimum). RIMP2/def2-
TZVP values obtained with the benzoate-ligand model.
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elimination. Further, product desorption is more than 50 kJ/ 60.0

mol more energetic than the highest barrier in the preceding =MUD =MAX

steps (addition) with both Zn(II) and Ti(IV). While product 500 | I

desorption is rate-limiting for the single-atom MOFs in this

work, there is a marked reduction in the desorption energy 200 |

compared to that in the native MOF-808 of 32 and 41 kJ/mol
for Zn(1I) and Ti(IV)@MOEF-808, respectively (Figure S20).
This is important because product inhibition of the catalyst has
been experimentally verified in various Zr-MOFs.*>*" The
reduction in product binding energy with single-atom
functionalization of MOFs, therefore, advances the quest
toward catalytic hydrolysis of nerve agents at the gas—surface
interface.

We have aimed to further validate the conclusion that
product desorption is rate-limiting drawn from our cluster
models by examining the effect of a proximal SBU on the
energy of the desorption step. Figure S21 depicts the geometry
of IMPA in the large pore of Zn(II) @MOF-808 together with
the benzoate-linker model used in Figure 9 and the two-SBU
model. Use of benzoate capping ligands appears to be
reasonably accurate, as the presence of the neighboring SBU
stabilizes the product by only an additional 5 kJ/mol, or 3% of
the desorption energy.

High-Accuracy Benchmarks. Computational studies of
catalytic processes in MOFs have long helped accelerate the
understanding of these systems.*® Due to the high-polynomial
scaling of accurate electronic-structure methods with system
size, typical calculations are restricted to efficient DFT
techniques. However, the performance of DFT for specific
catalysts remains in question due to the lack of high-accuracy
benchmarks. The unabated interest in CWA decomposition on
MOFs provides motivation to perform such high-accuracy
benchmarks in this work that calibrate the performance of
DFT techniques.

While second-order Mgller—Plesset calculations like those
shown in the energy diagrams of Figures 4—9 are commonly
considered to be a step up from standard DFT methods, their
accuracy for catalytic systems involving transition metals in
MOFs has not been thoroughly determined. We, therefore,
have involved the “gold standard” of single-reference electronic
structure calculations, CCSD(T), in an attempt to provide an
authoritative benchmark for both MP2 and DFT methods.
Even with the use of the DLPNO approximation,”® the
tremendous computational overhead of CCSD(T) calculations
when using the def2-TZVP basis set has limited our
benchmark work to reaction energies for both HF + IMPA
and iPrOH + MPFA channels, the deepest Cat-GB and Cat-
IMPA complexes with both Zn(II) and Ti(IV) systems, the
lowest-energy Berry pseudorotation transition state for the syn-
iOPr pathway with Zn(II), and the R, TS-add, and lowest-
energy TS-eli stationary points in anti-iOPr with Ti(IV)—a
total of 10 points.

Figure 10 shows the mean and maximum unsigned
deviations between the predictions of a variety of methods
and the DLPNO—CCSD(T) calculations, all with the def2-
TZVP basis set. DLPNO—CCSD and RIMP2 energies,
respectively, underestimate and overestimate the CCSD(T)
benchmark energies somewhat consistently to produce mean
deviations of 8—9 kJ/mol. Maximum deviations are 16—17 kJ/
mol. Turning to computationally intensive double hybrid DFT
methods, B2PLYP does not appear appropriate for the
chemistry in this work. PWPB9S performs better than
RIMP2 and CCSD, but only with D3BJ dispersion. This
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Figure 10. Mean unsigned deviation (MUD) and absolute maximum
deviations (MAX) of various electronic structure methods compared
to the DLPNO—CCSD(T)/def2-TZVP benchmarks for 10 sta-
tionary-point energies in the hydrolysis of sarin with Ti(IV) and
Zn(II) @MOF-808 catalysts.

result highlights the importance of empirical dispersion in DFT
techniques, even when correlation corrections at the MP2 level
are employed, as in double-hybrid functionals. The range-
separated @B97X functional performs superbly in combination
with either D3BJ or nonlocal dispersion (wB97X-V). The
mean deviation from CCSD(T) is impressively under 4 kJ/
mol, and the maximum deviation is below 10 kJ/mol. The
@wB97M variant is only slightly less accurate.

MO6-L has arguably been the most popular functional for
nerve-agent work with MOFs,22’47_50 as its pure, meta-GGA
nature makes it very efficient in combination with density
fitting. Here, we see mean deviations with respect to CCSD(T)
of 9 kJ/mol. However, the maximum deviation is large (22 kJ/
mol). M06-2X does not improve over M06-L, exhibiting a
maximum deviation of over 25 kJ/mol. B3LYP, in combination
with D3BJ dispersion, exhibits shocking accuracy considering
its low cost (3 (5) kJ/mol mean (maximum) deviation), and it
outperforms the rest of the techniques discussed here, even
those beyond DFT. The maximum deviation for B3LYP-D3B]
occurs for the HF + IMPA reaction energy and not for any
points involving the transition-metal catalyst. If this level of
accuracy was maintained for other metals, B3LYP-D3BJ would
emerge as the most attractive technique for the study of nerve-
agent hydrolysis on transition-metal catalysts like those
sampled here. In the absence of additional benchmarks, the
higher methodological robustness of the range-separated
wB97X-V functional would lend more confidence to its use,
despite the increased computational expense.

B DISCUSSION

A detailed exploration of the conformational energy landscape
in the hydrolysis of sarin by single transition-metal atoms on
MOF-808 reveals a diversity of reaction pathways, which vary
in the product formed (HF + IMPA vs iPrOH + MPFA), the
generation of these products via rearrangement of intermedi-
ates, and their energetic demands. In prior work by Mendonca
and Snurr,22 variations across 36 transition-metal/oxidation
state combinations were performed to understand the role of
the metal on the reaction energy profile. Such a tremendous
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undertaking was performed for just one of the reaction
channels described in this manuscript, which we have labeled
as syn-iOPr. The authors explored the syn-CH; and syn-F
pathways as well for Ti(IV) and for convenience used only the
—iOPr channel for the rest of the transition metals after noting
an insensitivity of the energy profile to the substituent in axial
position at the addition transition state. No anti channels or
iPrOH elimination pathways were characterized, so the
calculations reported here nicely complement the prior work
with NU-1000.

More importantly, within the syn-iOPr conformer, Men-
donca and Snurr mapped the pseudorotation pathway that
locates the —F and —O(Zn) groups in axial sites before HF
elimination. The calculations of this work reveal that a different
pseudorotation placing the —F and —CHj; groups in axial
positions instead is of lower energy. For Zn(II), the differences
in these two Berry pseudorotation transition states are 16 and
17 kJ/mol for anti-iOPr and syn-iOPr, while for Ti(IV), they
are 14 and 11 kJ/mol, respectively.

Using NU-1000 as a MOF supporting the transition metal
and MO6-L calculations with a def2-TZVP basis set for the
reactive atoms, Mendonca and Snurr concluded that for
Ti(IV), the barrier for the addition/elimination steps (132 kJ/
mol) was higher than the desorption energy of IMPA (112 kJ/
mol) and, therefore, rate-limiting. In this work, we see that
product desorption, rather than the preceding addition/
elimination steps, is rate-limiting for both Ti(IV) and Zn(II)
@MOF-808. Indeed, Figure 9 shows that for both Zn(II) and
Ti(IV), the product desorption energies (145 and 136 kJ/mol,
respectively) are greater than the highest barrier in the earlier
steps (addition, 64 and 78 kJ/mol determined from the
deepest preceding minima).

There are several reasons for the discrepancy with prior
work in the rate-limiting step for Ti(IV). First, as mentioned
before, limited sampling of conformational pathways might
have not identified the lowest-energy pathway in the steps
prior to desorption or the deepest Cat-IMPA product state,
which would artificially increase the apparent addition/
elimination barrier and decrease the desorption barrier.
Additionally, the M06-L method used in prior work under-
estimates the DLPNO—CCSD(T) Cat-IMPA desorption
energy by over 22 kJ/mol. These factors contribute to
updating the rate-limiting step from addition/elimination to
product desorption in sarin hydrolysis with Ti(IV) single
atoms at Zr-MOFs in this work. Two caveats in this
comparison with prior work should be noted. Fist, the
supporting Zr-MOFs cluster models are different (8-coordi-
nated NU-1000 vs 6-coordinated MOF-808). Second, the
previous calculations used the R enantiomer of sarin instead of
the more toxic S enantiomer,”’ but this is unlikely to
significantly impact the overall prediction stemming from
this work.

B CONCLUSIONS

This work evinces the importance of conformational isomerism
in hydrolysis reactions of fluxional molecules such as nerve
agents. Conformational sampling of the complex formed upon
binding of the nerve agent sarin to single-atom@Zr-MOF
catalysts reveals 6 possible hydrolysis pathways, which differ in
the orientation of sarin with respect to the single-atom OH,
base. Detailed mapping of the hydrolysis mechanisms
stemming from the 6 conformers reveals that in addition to
the heavily studied HF elimination, iPrOH production
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proceeds through comparable barriers. Moreover, examination
of various possible pseudorotations in a key pentacoordinated
phosphorus intermediate leads to a new reaction path for the
formation of HF that requires lower barriers than previously
reported. A wealth of mechanistic possibilities is revealed,
including the formation of products directly from addition—
elimination steps without an intervening Berry pseudorotation,
pathways in which either addition or elimination is rate-
limiting before product desorption, and the formation of stable
bonds between the —F group and the catalytic single atom.

An important aspect of this work is that gold-standard
coupled-cluster calculations are used to lend confidence to the
validity of the predictions. From these benchmarks, we
conclude that the phosphonic acid product desorption from
the catalyst is rate-limiting for both Zn(II) and Ti(IV) single
atoms. Ameliorating product desorption will, therefore, be a
key focus in the design of future catalysts that can efficiently
hydrolyze nerve agents in the gas phase. The benchmark
calculations also allow us to calibrate the accuracy of more
efficient DFT methods for the transition-metal chemistry of
this work. Both B3LYP-D3BJ and ®wB97X-V perform
remarkably well, improving over ab initio methods such as
MP2 and CCSD. The assessment of DFT methods based on
high-level calculations like the ones in this work will continue
to be paramount in future computational work of catalytic
processes involving transition metals.
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