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Amine modified Zrg-based metal-organic frameworks (MOFs) were
synthesized through solvent-assisted linker incorporation (SALI)
and utilized as single-component heterogeneous catalysts for the
hydrolysis of organophosphorous compounds under solely
aqueous conditions at room temperature. These materials display
unprecidentedly fast catalytic hydrolysis for dimethyl p-nitrophenyl
phosphate (DMNP) and nerve agent VX without the use of a
buffered solution.

Although the use of chemical warfare agents (CWAs) have been
outlawed by the Chemical Weapons Convention (CWC),* recent
geopolitical events have prompted renewed efforts in
developing protective methods for their efficient destruction.?,3
Nerve agents, CWAs containing phosphonate groups, are
extremely toxic to the nervous system. These
organophosphonate compounds covalently bind to an enzyme,
acetylcholinesterase (AChE), responsible for the catalytic
breakdown of acetylcholine which functions as a
neurotransmitter to muscles and organs.* Subsequent build-up
of acetylcholine prevents contraction of muscles and organs
vital to respiration resulting in death by asphyxiation or cardiac
arrest. While nerve agents can be rendered ineffective by
enzymes, through catalytic hydrolysis and cleavage of the P-X (X
=F, CN, or S) bond, their use is limited by insufficient stability
under practical conditions.> Consequently, stable materials
capable of catalytic hydrolysis of organophosphorous
compounds, such as zeolites, polyoxometalates, metal oxides,
and recently metal-organic frameworks (MOFs), have been
applied to the destruction of CWAs.®

MOFs are crystalline porous materials comprised of organic
struts which link to metal clusters, i.e. secondary building units
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(SBUs) periodically forming hybrid networks. Utilization of Zrs-
based SBUs have resulted in chemically robust MOFs amenable
to functionalization, node and strut alteration, which enables
their use in realistic and catalytic conditions.” The Zrg SBU is
ideally 12-connected, i.e. 12 carboxylic acids bound to the SBU,
but 10, 8, 6 or 4-connected can be obtained depending on
reaction conditions and the multi-topic organic strut employed
in MOF synthesis.® MOFs containing SBUs with a connectivity
less than 12 possess so-called “missing-linkers” sites that are
often occupied by modulators, i.e. mono carboxylic acids,
employed during construction of the MOF.°® The use of
modulators during MOF synthesis has been shown to regulate
MOF crystallinity, particle size and affect the amount of missing-
linker or missing-node defects.’® *  Due to the chemical
robustness of the Zrg SBU, the modulators can be readily
removed to give Zr(OH)(OH,) sites through thermal or acidic
activating conditions without structural damage to the
framework. These deficient sites have been exploited as
handles for modification such as solvent-assisted linker
incorporation (SALI),'2 and solvothermal- or atomic layer-
deposition in MOFs (SIM or AIM),'% 13 which enables the
inclusion of catalytically active species.

It has been recently shown that these deficient “missing-
linker” sites facilitate rapid hydrolysis of organophosphorous
compounds.’* 1> However, alkaline buffer conditions are often
required for fast hydrolysis rates.’® Indeed, under neutral
aqueous conditions many Zr-MOFs do not catalytically
hydrolyze organophosphorous compounds.l” This is likely due
to the function of the buffer to aid in proton transfer as well as
repopulate the hydroxyl groups on the SBU.»> While many have
explored the development of Zr-MOF composites, they often
lead to slower hydrolysis rates due to the inhomogeneity of the
MOF filler particles with hydrophobic matrix components,!8
which are often needed in excess due to leaching of amine
containing components.’® Consequently, MOFs alone must be
capable of facilitating conditions that enable fast nerve agent
catalytic hydrolysis in order for realistic use in the field. Herein,
we report the use of SALI to develop amine functionalized Zr-
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MOFs that act as single-component catalysts for degradation of
organophosphorous compounds under solely aqueous
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Scheme 1. Solvent-assisted linker incorporation (SALI) of amine functionalized modulators within NU-901 and MOF-808 utilized
for the hydrolysis of organophosphorous compounds in pure water. pKa values were calculated through Chemicalize (ChemAxon).

NU-901, is comprised of 8-connected Zrg SBU nodes (4
missing-linkers)  and 1,3,6,8-tetrakis-(p-benzoate)-pyrene
(H4TBAPy) linkers that form microporous diamond-shaped
channels with scu topology. Recently, we demonstrated
enhanced CO, adsorption through incorporation of amine-
functionalized mono carboxylate modulators within the Zrg
SBUs of NU-901.2° Given that the Lewis-basic amine moieties
were shown to significantly alter the pore surface’s enthalpy of
adsorption for CO,, it was hypothesized that amine
functionalities adjacent to the SBU would facilitate the
hydrolysis of organophosphorous compounds. Amine
functionalities on the organic struts of Zr-based MOFs have
been previously shown to significantly enhance the hydrolysis
of organophosphorous compounds under N-ethylmorpholine
(NEM) buffer conditions.?! However, the pKa of aromatic
amines (~1) are insufficient to promote base hydrolysis and the
vast majority of MOFs are rarely active under solely aqueous
conditions. Here we examine a variety of amine functionalized
NU-901 materials for the hydrolysis of the G-agent simulant
dimethyl-4-nitrophenyl phosphate (DMNP) in pure water.

We examined these SALl functionalized MOFs in the
hydrolysis of DMNP in water with 4 mol% catalyst loading
through 3P NMR. A control experiment with HCl-activated NU-
901 did not show any significant conversion to the hydrolysis
product dimethyl phosphate anion (DMP) (<5 % conversion
after 18 h, Fig. $19). Only NU-901-SALI-[BA-N(CHs),]; and NU-
901-SALl-[nico], (BA = benzoic acid, nico = nicotinic acid)
displayed any activity in DMNP hydrolysis (Table 1, Fig. S20).
However, given that these MOFs displayed modest activity (~30
% conversion after 18 h), we set out to incorporate other amine
functionalities possessing higher basicity that would enable
faster hydrolysis.

As stated above, NEM buffer has been used to act as a base
and fast hydrolysis of organophosphorous compounds with Zr-
based MOFs, consequently, we attempted heterogenization of
this buffer through the use of 4-(morpholinomethyl)benzoic
acid (BA-morph). In our previous SALlI functionalization
attempts with NU-901, incorporation of amine containing
benzoic acid modulators were limited by the reduced acidity of
the carboxylic acid. However, SALI with ~16 equivalents of BA-
morph resulted in nearly full functionalization (3.5 modulators
per Zrg SBU) of NU-901. This result suggests that BA-morph has
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sufficient acidity to readily bind to the missing-linker sites within
NU-901. The use of 9 mol% of NU-901-SALI-[BA-morph]ss
displayed hydrolysis of DMNP (~30% conversion after 18 h,
Table 1, Fig. S22). However, the MOF may not contain sufficient
missing-linker sites to facilitate hydrolysis due to 3.5 of the 4
active sites per SBU being occupied by BA-morph.

To examine if hydrolysis is enhanced by increasing the
amount of missing-linker sites, we decreased the incorporation
of BA-morph to 2 per SBU. Interestingly, a reduction in DMNP
hydrolysis was observed when NU-901-SALI-[BA-morph],,
containing two missing-linker sites, was utilized under identical

Table 1. Surface area, # of moieties incorporated, catalyst loading of amine modified MOFs and their
activity towards hydrolysis of DMNP and VX.
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Surface Moieties Zrg SBU/ DMNP ty
MOF area Incorp.b DMNP* [free
(m?/g)? Zr site

NU-901-act¢ 2276 0 4% 6.3 >18h
NU-901-[BA-N(CH;);] 2029 1 4% 83 >18h
NU-901-SALI-[nico], 1770 2 4% 125 >18h

15 % 33 >18h
NU-901-SALI-[BA-morphl; s 1313 35 9% 221 >18h

15 % 13.3 15 min
NU-901-SALI-[BA-morph], 1362 2 9% 55 >18h
NU-901-SALI-[BA-CH,NH,], 1203 2 4% 12,5 90 min

9% 5.5 20 min

15% 83 5 min
MOF-808-P 1387 42 9% 5.5 180 min
MOF-808-act ¢ 1734 3f 9% 3.6 300 min
MOF-808-SALI-[BA-morph]; 574 3 9% 3.6 11 min

15% 2.2 9 min
MOF-808-SALI-[BA-CH,NH;] 773 2 9% 5.5 180 min
[BA-CH,-NH5*] 15% 33 53 min
MOF-808-act ¢ (VX) 1734 3 12% 2.8 5 min®
MOF-808-SALI-[BA-morph]; 574 3 12% 2.8 <1ming
(VX)
MOF-808-SALI-[BA-CH,NH;] 773 2 12% 2.2 <1mingé

[BA-CH,-NH;*] (VX)

aBET. b Per node, based on 'H NMR of digested samples. © catalyst loading. ¢ HCI-
activated. © incorporated through de novo synthesis. f Formic acid generated by DMF
decomposition. & estimated by number of half-lives reached at first point

catalytic conditions (~30% vs 10% conversion after 18h, Table 1,
Figs. S22-23). This goes against the established observation of
enhanced DMNP hydrolysis with more missing-linker sites
under NEM buffered conditions.?? This result suggests that the
degree of basicity and the amount of the modulator within the
single-component MOFs are integral for hydrolysis to occur
under solely aqueous conditions.

This journal is © The Royal Society of Chemistry 20xx
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In order to test this hypothesis and enhance conversion, we
explored the effect of increasing the catalyst loading on the
hydrolysis of DMNP. While the use of NU-901-SALI-[BA-nico],
at 15 mol% catalyst loading resulted in a slight enhancement in
hydrolysis (~¥30% conversion within 2 h vs 18 h at 4 mol%, Table
1, Fig. S21), the use of NU-901-SALI-[BA-morphlss under the
same loading could not be clearly monitored by 3P NMR as the
amount of MOF masked the signal (Table 1, Fig. S24). This led
us to re-examine hydrolysis by filtering the MOF at various time
points.  After 10 and 20 min the use of NU-901-SALI-[BA-
morphlss at 15 mol% loading resulted in 40 and 75%
conversion, respectively.

Given that increased modulator incorporation and fewer
missing-linker sites within NU-901-SALI-[BA-morph]s s enhances
DMNP hydrolysis, the role and exact placement of the
modulator throughout the reaction was examined. Spent NU-
901-SALI-[BA-nico], and NU-901-SALI-[BA-morph]lss of the
aforementioned 15 mol% hydrolysis reactions were recovered
and washed with dimethylformamide and methanol. The 'H
NMR spectra of the digested recovered materials revealed that
some within NU-901-SALI-[BA-nico], (0.5 per node out of 2 per
node) and all of the modulators within NU-901-SALI-[BA-
morphls s were lost after hydrolysis (Figs. S2, S5). This suggests
that the modulators dissociate from the Zrg SBU during the
reaction, creating additional sites for hydrolysis to occur. The
modulators are replaced by DMP on the SBU as indicated by the
emergence of a new chemical shift (~ 3.5 ppm) in the 'H NMR
spectra (Figs. S2, S5). Hill and co-workers reported that DMP
can poison catalytic sites within Zr-containing polyoxometalates
inhibiting DMNP hydrolysis.1® Moreover, Lang and co-workers
recently reported that modulators within UiO-66 dissociate
under aqueous organophosphate solutions, which leads to
additional missing-linker defects and consequently faster
hydrolysis of DMNP.22> However, control DMNP hydrolysis
experiments with modulators alone or their in situ
combinations with HCI activated NU-901 did not result in
significant hydrolysis, presumably due to water insolubility and
zwitterionic inhibition (Figs. S28, S29). While the possibility of
dissociated modulators participating in DMNP hydrolysis
cannot be ruled out, the control experiments suggest that
modulators must be covalently bound to the Zrg SBU in order to
facilitate fast hydrolysis.

Since the preceding functionalized MOFs resulted in modest
hydrolysis rates of DMNP, the use of 4-(aminomethyl)benzoic
acid (BA-CH,NH,), which possesses higher basicity (pK, = 9.33)
was explored.?*  Functionalization of NU-901 with this
modulator resulted in two benzylamine moieties per Zrg node
as indicated by *H NMR (Fig. S6). Faster DMNP hydrolysis was
observed with 4 mol% catalyst loading of NU-901-SALI-[BA-
CH,NH,], under aqueous conditions (t ,, > 90 min, Table 1, Figure
S25). Increasing the catalyst loading to 9 or 15 mol% greatly
accelerated hydrolysis (t,, = 20 and 5 min, respectively, Table 1,
Fig. S26, S27). Interestingly, the DMNP hydrolysis reaction
profiles in all catalyst loadings exhibit plateaus around 15 to 30
minutes after fast initial conversion. It is likely that this change
in hydrolysis could be attributed to the DMP partially displacing
the modulators within the MOF (Scheme S1). We have
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previously reported that phosphate groups bind more readily to
missing linker sites than carboxylate groups within Zrg SBUs.2>
In another study, we observed the dissociation of carboxylic
acids bound within the 8-connected Zrg SBU of NU-1000 after
prolonged utilization in olefin epoxidation with aqueous H,0,.26
The dissociation of these carboxylic acids leads to a gradual
decrease in the catalytic activity which can be renewed upon
restoration of the initial number of carboxylic acids by post-
synthetic treatment.
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Figure 1. DMNP hydrolysis with NU-901-act (black squares), NU-901-SALI-[BA-

CH;NH,], at 4 mol% (red circles), 9 mol% (blue triangles), and 15 mol% (green
diamonds) catalyst loading.

As previously mentioned, Zrg-based MOFs can have various
topologies depending on the degree of missing-linker sites and
the type of carboxylic acid organic linker. Consequently, we
sought to generalize our single-component strategy towards
hydrolysis of organophosphorous compounds with different
Zrg-based MOFs. MOF-808 is comprised of 6-connected Zrg
SBUs with 1,3,5-benzenetricarboxylic acid (BTC) linkers with a
of ZrgO4(0OH)4(BTC),(A)s (A = mono-carboxylic
modulator) and spn topology.?’” Surprisingly, as synthesized
MOF-808-P, containing 4 propanoic acid modulators, displayed
DMNP hydrolysis in aqueous non-buffered conditions (t ,, = 180
min at 9 mol% loading, Table 1, Fig. S30). This suggests that the
propanoic acid modulators are facilitating enhanced DMNP
hydrolysis. This results mirrors Hill and co-workers observation
that acetate buffer significantly accelerated the hydrolysis of
DMNP with Zr-containing polyoxometalates.’® HCl-activated
MOF-808 also displayed significant DMINP hydrolysis (t ,, = 300
min at 9 mol% loading, Table 1, Fig. S31). The observed activity
is hypothesized to be a consequence of DMF decomposition
byproducts (formic acid and dimethylammonium chloride)
binding within the SBUs of MOF-808 during HCI activation.?®
Indeed, 'H NMR of the digested MOF-808-act displays peaks
associated with 3 formic acid and dimethylammonium
byproducts per Zrg SBU (Fig. S7).

Nonetheless, hydrolysis was further enhanced utilizing the
single-component approach with amine modification of MOF-
808. Through the use of SALI, 2 BA-CH,NH, and 3 BA-morph
amine containing modulators per SBU were incorporated into
MOF-808, as evidenced by 'H NMR (Fig. S8, S9). Interestingly,

formula
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the NMR spectrum of MOF-808 modified with BA-CH,NH,
contains four aromatic stretches and two sets of methanediyl
groups which we attribute to amine protonation within
approximately half of the incorporated modulators (Fig. S9).
Incorporation of the modulators significantly reduces surface
area (Table 1) and pore size (13 vs 16 A, Fig. $14) while altering
the relative peak intensities of the (311) and (222) planes in the
PXRD pattern (Fig. S16). MOF-808-SALI-[BA-CH,NH,][BA-CH,-
NHs*] displayed slower hydrolysis than MOF-808-SALI-[BA-
morphls at 9 or 15 mol% loading (Table 1). This relative
decrease in rates of MOF hydrolysis may be a consequence of
lower amounts of incorporated modulators with free amine
moieties or the protonated amine creating a more acidic
microenvironment. Similar to the NU-901 materials, both
amine-functionalized MOF-808 materials lost a significant
number of modulators (1 remaining per node for each material)
(Fig. S10, S11). The observed hydrolysis with SALI modified
MOF-808 materials are not due to decomposition, as the spent
materials display intact PXRD patterns (Fig S17, S18) and
filtration of MOF-808-SALI-[BA-morph]; after 10 min inhibits
further conversion (Fig. S36). Moreover, the modulators do not
leach after prolonged aqueous exposure (Fig. S37, S38). Given
that some modulators remain after reaction, these control
experiments further suggest that hydrolysis derives from the
traditional missing-linker mechanism being co-catalyzed by the
neighboring basic amine functional groups (Scheme S1).

While DMNP is an adequate simulant, our successful single-
component MOFs results prompted examination of an actual
nerve agent. Under solely aqueous conditions, both amine
functionalized MOFs facilitate near instantaneous and full
hydrolysis of VX (Table 1, Figs. S39, S40). The 3P NMR spectra
indicate selective formation of non-toxic EMPA hydrolysis
product with trace (<1%) amounts of EA-2192 originating from
impurities within the VX sample (Fig S41). We note that
hydrolysis of VX under non-buffered conditions with MOF-808
has been previously observed. Activity was shown to be
attributed to the N-propyl amine moiety within VX self-
buffering itself with the Zrg SBU.” However, under similar
conditions MOF-808-act displays slower hydrolysis of VX than
our single-component MOFs (Table 1, Fig. S42).

In conclusion, we have successfully shown that
modification of MOFs with amine-containing mono-carboxylic
acid modulators enable catalytic hydrolysis of
organophosphorous compounds without the need of buffer
solutions. The single-component strategy was shown to be
applicable for a variety of Zrg-based MOFs containing missing-
linker sites. While the amine modulators enabled hydrolysis,
they are ultimately displaced by the dimethyl phosphate acid
by-product resulting in eventual catalytic poisoning of the zr
sites. Further efforts understanding the mechanistic pathway
and SBU environment of these MOFs through operando
spectroscopic techniques in solution and solid-state will be
explored. Our impressive single-component approach is a step
closer toward implementation of protective MOF composites
within filter masks or clothing for effective destruction of CWAs.
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