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ABSTRACT: The development of protective self-detoxifying materials
is an important societal challenge to counteract risk of attacks employing
highly toxic chemical warfare agents (CWAs). In this work, we have
developed bifunctional zirconium metal—organic frameworks (MOFs)
incorporating variable amounts of nucleophilic amino residues by means
of formation of the mixed ligand [ZrsO,(OH),(bdc)s(; ) (bde-NH, )4, ]
(Ui0-66-xNH,) and [Zr604(OH)4(deC)6(l—x)(bpdc'ENHZ)Z)&C] (UiO-
67-x(NH,),) systems where bdc = benzene-1,4-dicarboxylate; bdc-
NH,= benzene-2-amino-1,4-dicarboxylate; bpdc = 4,4'-biphenyldicar-
boxylate; bpdc-(NH,), = 2,2'-diamino-4,4’-biphenyldicarboxylate and «x
=0, 0.25, 0.5, 0.75, 1. In a second step, the UiO-66-xNH, and UiO-67-
x(NH,), systems have been postsynthetically modified by introduction
of highly basic lithium tert-butoxide (LiO'Bu) on the oxohydroxome-
tallic clusters of the mixed ligand MOFs to yield UiO-66-xNH,@

Ui0-66_0.25NH,@Li0'Bu
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LiO'Bu and UiO-67-x(NH,),@LiO‘Bu materials. The results show that the combination of pre and postsynthetic modifications
on these MOF series gives rise to fine-tuning of the catalytic activity toward the hydrolytic degradation of both simulants and real
CWAs in unbuffered aqueous solutions. Indeed, UiO-66-0.25NH,@LiO'Bu is able to hydrolyze both CWAs simulants
(diisopropylfluorophosphate (DIFP), 2-chloroethylethylsulfide (CEES), and real CWAs (soman (GD), sulfur mustard (HD))
quickly in aqueous solution. These results are related to a suitable combination of robustness, nucleophilicity, basicity, and

accessibility to the porous framework.
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B INTRODUCTION

in terms of low adsorption capacity and/or low range of

Chemical warfare agents (CWAs) are highly toxic chemical
compounds that represent an extreme risk to society' with the
peril of terrorist attacks and conflicts such as in Syria, where
stockpiles were discovered and the United Nations believes
sarin (GB) was used.” As a consequence of this threat, there is
an urgent need for the development of materials for protection,
detection, and decontamination of CWAs. The development of
more efficient materials for protection toward CWAs is a
growing research area and has attracted a great deal of interest
from the scientific community in the past few years.” Current
state-of-the-art protective materials consist of activated carbon”
supplemented with metal nanoparticles and/or organic
amines,” however, they suffer from deactivation problems.
Other alternative approaches consisting of catalytically active
metal oxides have also been explored, however, they are limited
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activity.”” There is consequently a need for a new generation of
advanced self-detoxifying materials capable of adsorbing and
degrading a broad range of toxic agents in actual application
conditions (ie., ambient temperature and humidity). In this
regard, we can take advantage of the designable flexibility of
metal—organic frameworks (MOFs), a highly versatile class of
porous materials, constituted by metal ions/clusters (or
Secundary Building Units, SBUs) connected by organic spacers,
that give rise to extended porous networks. MOFs are among
the most porous materials known to date, (with porous surfaces
up to 7000 m’g™") offering the possibility of precise tuning of
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Figure 1. Comparison between active sites of (a) phosphotriesterase enzyme and (b) bifunctionalized UiO-66-xNH,@LiO'Bu materials prepared in
this work, containing Lewis acidic sites (magenta), basic sites (red), and amino-nucleophilic sites (blue).

their adsorption and catalytic sites.”” All these features make
them ideal platforms for capture, sensing and decontamination
of CWAs.'07!* Among them, Zirconium-based MOFs, and
particularly the prototypical UiO-66 [Zr,O,(OH),(bdc)e]
system, characterized by its robustness, >~ ° show promising
catalytic activity for the hydrolytic degradation of phosphate
ester bonds found in nerve agents. This has been related to a
suitable combination of Lewis acidity and basicity of zirconium
and hydroxide groups, respectively, resembling in some aspects
the phosphotriesterase enzyme active center (Figure 1)."”
However, these systems are prone to deactivation as a
consequence of irreversible binding of the nerve a%ent
degradation products to the oxohydroxometal cluster,””*!
being beneficial for the use of basic species to regenerate the
catalytically active sites."

The incorporation of nucleophilic sites in the structure of
MOFs has proven beneficial for the degradation of nerve agent
simulants. Thus, the functionalization of NH,-MIL-101 (Al)
and NH,-MIL-53 (Al) systems, which are catalytically inactive,
with nucleophilic 4-methylaminopyridine (4-MAP) residues
gives rise to high catalytically active materials for the
degradation of P—F bonds of the nerve agent simulant
diisopropylfluorophosphate (DIFP).*” On a different approach
Farha et al. studied the effect of the introduction of NH, groups
on [Zrs0,(OH),(bdc-NH,)s] (UiO-66-NH,) and
[Zr40,(OH),(bpdc-NH,)4] (UiO-67-NH,) systems observing
up to 20-fold enhancement of reaction rate compared to
pristine UiO-66 and UiO-67 materials in aqueous basic buffered
solutions.”

Following a different strategy, our group successfully
introduced basic sites, acid sites and defects, in the crystalline
structure of UiO-66 via postsynthetic treatment.”’ The results
show that the catalytic activity of UiO-66, in the hydrolytic
degradation of P—F and P—O bonds found in nerve agent
simulants, as well as C—Cl bonds found in blister agent
simulants, is boosted by the introduction of basic lithium
alkoxides in unbuffered aqueous solutions.”’ Likewise, others
have also observed that the incorporation of basic species into
the porous framework of zirconium MOFs gives rise to the
catalytic degradation of nerve agents activity in unbuffered
aqueous media.”*

Taking these precedents into account, we hypothesized that
there might be synergistic effects upon simultaneous incorpo-
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ration of amino nucleophilic groups attached to the organic
linker and basic lithium alkoxides in the oxohydroxometallic
cluster of zirconium-based MOFs in order to improve their
catalytic activity (Figure 1). We further propose that the
catalytic activity of the resulting materials might be influenced
by four factors: (i) length of the organic spacer and its
concomitant effect on framework stability and accessibility; (ii)
the bulk of the amino residues and the associated accessibility
to the porous structure; (iii) the concentration of nucleophilic
amino residues on the MOF pore surface; and (iv) the
enhanced basicity of zirconium metal cluster after LiOBu
incorporation.

B RESULTS AND DISCUSSION

Taking into account all of the above considerations, we have
prepared the MOFs [ZrsO,(OH),(bdc)s(;_y)(bde-NH,), ]
(Ui0-66-xNH,) and [ZrsO,(OH),(bpdc)s;—,) (bpdc-
(NH,),)e.] (UiO-67-x(NH,),) (where x = 0, 0.25, 0.5, 0.75,
1) by reaction of ZrCl, with an appropriate mixture of the
organic linkers (Figure 2 and the Supporting Information, SI).
In a second step, the as-synthesized mixed ligand MOFs were
modified postsynthetically by the introduction of LiO'Bu basic
sites, following the procedure of Long et al,” in order to give
rise to bifunctionalized materials of
[Zr604(OH)4(bdc)6(l—x)(de_NHZ)éx]'(LiOtBu)O.wa (Ui0-66-
«NH,@LiO‘Bu) and [ZrsO,(OH),(bpdc)s(,,)(bpdec-
(NH,),)6,)-(LiO'Bu)gs; (UiO-67-%(NH,),@LiO'Bu) type.
The composition and phase purity of the UiO-66-xNH, and
Ui0-67-x(NH,), mixed ligand MOFs was assessed by means
of TGA, CHN elemental analysis, and X-ray powder diffraction
(Figures S1—S4 and SI). '"H NMR of hydrolyzed materials was
used to determine the aminated spacer present in the materials.
The results show the formation of defective UiO-66-xNH, and
Ui0-67-x(NH,), materials with the SBU connectivity varying
from 6.5 in Ui0-66-NH, to 11 in UiO-67-0.5(NH,),. These
results are in agreement with previously reported works
suggesting the formation of defective fcu networks which is
facilitated by the use of coordination modulators.”**” The N,
adsorption (77 K) results agree with the porous nature of these
systems, although, as expected, the accessibility to the porous
structure is diminished by the bulk of the amino residues
(Figures S6 and S7). Indeed, we have noticed that the
adsorption capacity and specific surface area decreases with
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Figure 2. Mixed ligand zirconium based metal—organic framework
prepared in this work: (a) [ZrsO,(OH),(bdc)s(;—y(bdc-NH,)g,]
(Ui0-66-xNH,) and (b) [Zr604(OH)4(deC)6(1—x)(deC'(NH2)z)(m]
(Ui0-67-x(NH,),) with x = 0, 0.25, 0.5, 0.75, 1.

increasing amounts of amino groups in the MOFs. It is
noteworthy that while the accessibility to the porous network in
the UiO-66-xNH, series is not highly affected, the end
members of UiO-67-x(NH,), series exhibit a limited pore
accessibility as a probable consequence of the higher density of
amino residues. These results are in agreement with literature
reports on UiO-66 and UiO-67 derivatized systems in which
the specific surface area are significantly reduced by
functionalization with one and two amino residues.”*~*°

The postsynthetic treatment of the above prepared MOFs
with LiO'Bu, following the procedure of Long and co-workers
for UiO0-66,>° lead to the formation of
[Zr6o4(OH)4(bdc)6(l—x)(de'NHZ)éx] (LiO'Bu)ys; (UiO-66-
«NH,@LiO‘Bu) and [ZrsO,(OH),(bpdc)s(_,)(bpdec-
(NH,),)6, ] (LiOBu)ys; (UiO-67-x(NH,),@LiO'Bu) compo-
site materials. The postsynthetically modified materials are
crystalline, however, the treatment of LiO'Bu is responsible for
a decrease of materials crystallinity and surface area which is in
agreement with previous results on Ui-O66@LiO'Bu.”"*
Moreover, the end members of the UiO-67-x(NH,),@LiO'Bu
series exhibit a significant decrease of material crystallinity and
low N, adsorption capacities indicative of partial collapse of the
porous structure (Figures S4b, SSb, S6b, S7b). The latter
results are in agreement with previous findings of diminished
stability of zirconium frameworks containing amino function-
alized organic linkers."®

Once the prepared materials were characterized, we
proceeded to study the impact of both the presence of
nucleophilic amino residues and the basic lithium alkoxides on
their catalytic activity. The materials were tested on the
hydrolytic degradation of DIFP and CEES using a cluster-
simulant 1:1 stoichiometric ratio, in unbuffered aqueous
solutions, in order to reproduce real operational conditions as

laid out in detail in the SI. The profiles and kinetic constants for
hydrolytic degradation of DIFP by UiO-66-xNH,, UiO-67-
x(NH,),, UiO-66-xNH,@LiO'Bu and UiO-67-x(NH,),@
LiO'Bu materials are summarized in Figures 3, 4, and S.

The results for the hydrolytic degradation of DIFP upon
contact with the mixed ligand MOFs are indicative that the
behavior of the UiO-66-xNH, amino doped systems is
significantly different to pristine UiO-66 (Figure 3b). Indeed,
while UiO-66 exhibits a rather fast initial degradation speed of
DIFP (t;,= 15 min), the catalytic activity dies after
aproximately 200 min with 75% degradation of the nerve gas
simulant due to catalyst poisoning.”" By contrast, the UiO-66-
0.25NH, exhibits an initial lower reaction rate (t,,,= 173 min),
but an overall higher conversion of 100% after 24 h. The rest of
the amino doped systems have a similar behavior with the UiO-
66-0.SNH, exhibiting the highest rate (,,, = 41 min) indicative
of an optimal balance between framework accesibility and
nucleophilicity of the material (Table S1). In order to have a
clear idea of the possible mecanism of the catalytic reaction, we
have also studied the effect of the addition of equimolecular
amounts of methylphosphonic acid (Figure S8a), which is the
prototypical degradation product of nerve agents. The results
show that the catalytic activity is negatively affected in all cases,
although the impact on UiO-66-0.25NH, is less pronounced.
The inhibition effect of nerve agent degradation products is
related to the irreversible coordination to the zirconium metal
clusters, as recently stated by Frenkel et al.?° thereby blocking
the catalytically active sites. By contrast, the nerve agent
degradation products should not affect the nucleophilic amino
residues explaining the overall better performance of the UiO-
66-0.25NH, system in comparison to pristine Ui0-66.”" UiO-
66-1NH, also exhibits a steady increase of DIFP degradation
compared to UiO-66, although its activity is below UiO-66-
0.25NH, as a probable consequence of a limited porous matrix
accesibility related to the bulk of amino residues, that should
hamper the difussion of DIFP into the active sites of the porous
framework. Similar results are observed in the UiO-67-
x(NH,), series, in which the UiO-67-0.25(NH,), systems
exhibit the best performance (Figure 3c).

A significant increase in the catalytic activity is observed after
the incorporation of LiO'Bu in the UiO-66-xNH,@LiO'Bu
materials. Thus, UiO-66-0.25NH,@LiO'Bu exhibits the fastest
reaction rate, with a ¢, , of 0.4 min (Figures 3b, 4a, and S). This
is a significant improvement with regard to both pristine UiO-
66 and UiO-66@LiO'Bu exhibiting t,,, values of 17 and 9.7
min, respectively. Moreover, Ui0-66-0.2SNH,@LiO‘Bu main-
tains its catalytic activity after three cycles (Figure S10).
Moreover, we are not able to detect any leaching of LiO'Bu ('H
NMR) which is indicative that Ui0-66-0.25NH,@LiO'Bu is
solely responsible for the catalytic activity since any possible
LiO'Bu leached to the supernatant solution should give a lower
degradation activity (see Figure S12). Noteworthy, a significant
decrease of catalytic activity is observed in the end members of
the Ui0-66-*NH,@LiO'Bu series, namely Ui0-66-0.7SNH,@
LiO'Bu and UiO-66-1NH,@LiO'Bu, which might be related
to both crowding of amino groups in the pores and to the lower
stability of amino functionalized systems under basic conditions
(partial collapse of the framework can be deduced from PXRD
and N, adsorption data in Figures S4b and S6b). It can be
concluded that the doping of amino groups, up to a 0.5 value,
by means of the formation of mixed ligand MOFs, gives rise to
an adequate balance of accesibility to active sites and framework
stability. A closely related trend is also found for the UiO-67-
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Figure 3. Hydrolytic degradation reaction of DIFP nerve agent simulant (a). Profiles of catalytic hydrolytic degradation of DIFP upon exposure to
Ui0-66-xNH, (b), UiO-66-xNH,@LiOBu (c), UiO-67-x(NH,), (d), and UiO-67-x(NH,),@LiOBu (e) materials (x = 0, 0.25, 1), in aqueous
media, at room temperature. The solid lines are a guide to eyes. The catalytic profiles of the complete series are shown in Figures S7 and S8.
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Figure 4. Summary of DIFP hydrolysis reaction rate constant (k)
values for (a) UiO-66-«NH, (yellow) and UiO-66-xNH,@LiO'Bu
(red) and for (b) UiO-67-x(NH,), (yellow) and UiO-67-x(NH,),@
LiOBu (red) materials after fitting the data to a first order kinetic
model. Note: Reaction rate constant values of [UiO-66-0.25NH,@
LiOBu] could not be precisely calculated because of almost
instantaneous degradation of DIFP (0% DIFP after 3 min).

x(NH,),@LiO'Bu material series (Figure 3d and Table S1).
Indeed, similarly, UiO-67-0.25(NH,),@LiO'Bu shows the
fastest DIFP degradation rate indicative of a synergistic effect
between the basic LiO'Bu sites and the amino-nucleophilic
sites. Nevertheless, the overall performance of the UiO-67-
x(NH,), and UiO-67-x(NH,),@LiO’Bu materials is poorer
than their UiO-66-xNH,@LiO'Bu counterparts which might
be {Slated to the lower hydrolytic stability of UiO-67 vs UiO-
66.

In order to further study the reactivity improvement upon
incorporation of basic LiO'Bu residues, we have studied the
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possible poisoning of the catalyst by the addition of
equimolecular amounts of methylphosphonic acid, phosphoric
acid, and fluoride ions to the reaction media (Figure S). These
products can, in principle, be responsible for an acidification of
the reaction media and/or coordination to the MOF active
sites” thereby slowing down the hydrolysis rate (Table S3).
The results show that the DIFP degradation profiles exhibit a
small effect upon addition of the typical nerve agent
degradation products for UiO-66-0.25NH,@LiO‘Bu and
slightly higher for UiO-67-0.25(NH,),@LiO'Bu.

These results represent a clear improvement in comparison
with pristine UiO-66-xNH, systems (Figure S8a) being
indicative of the ability of LiO'Bu to prevent the poisoning of
the MOF active sites as previously shown by us for UiO-66@
LiO'Bu.’’

In order to further prove the catalytic performance of our
materials we have also evaluated the behavior of our systems
toward the degradation of vesicant agents using 2-chloroethy-
lethylsulfide (CEES) as model of sulfur mustard (HD). In this
regard, it should be noted that while zirconium MOFs are
highly active in the degradation of P—X bonds (X = F, Cl, S, O)
typically found in nerve agents they are poorly active in the
hydrolytic degradation of C—Cl of vesicant agents."> This
represents a limitation for the practical application of these
systems in which the chemical threat is unknown. In this
regard, we have found that the incorporation of amino residues
and basic LiOBu leads to a synergistic effect for the
degradation of C—CI bonds found in simulant CEES which
can be taken as prove of the multifunctional protective nature
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Figure 6. (a) Hydrolytic degradation reaction of the sulfur mustard simulant CEES. Profiles and kinetic k constants (min™") for catalytic hydrolytic
degradation of CEES upon exposure to the (b,d) UiO-66-¥NH,, and UiO-66-xNH,@LiO'Bu; (c,e) UiO-67-x(NH,), and UiO-67-x(NH,),@LiO'Bu
(x = 0, 0.25, 1) materials, in aqueous-ethanolic media, at room temperature.

of these materials (Figure 6). Indeed, Ui0O-66-0.25NH,@
LiO'Bu exhibits the fastest reaction rate, with a 9.6 min t,,,
value in the degradation of CEES. This represent a significant
improvement in comparison to both pristine UiO-66 and UiO-
66@LiO'Bu exhibiting t,,, values of 56 and 17.3 min,
respectively (Table S2). Similar results are observed for UiO-
67-x(NH,), series, where Ui0-67-0.25(NH,),@LiO‘Bu
shows the best catalytic performance, achieving full conversion
of CEES, after 24 h.

Finally, in order to prove the practical utility of the
synergistic combination of basic and nucleophilic sites on
zirconium MOFs in the degradation of real CWAs, we have
evaluated the catalytic activity of Ui0-66, UiO-66@LiO‘Bu,
and Ui0-66-0.25NH,@LiO'Bu materials toward the hydro-
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lytic degradation of real CWAs, namely the nerve agent Soman
(GD) and the vesicant agent sulfur mustard (HD) (Figure 7).
As with DIFP and CEES simulants, the introduction of LiO'Bu
and amino groups leads to a synergistic effect for the hydrolytic
degradation of both the P—F and C—CIl bonds of soman and
sulfur mustard, respectively. It should be noted that hydrolysis
of soman by UiO-66@LiO‘Bu and Ui0-66-0.25NH,@LiO'Bu
materials are both instantaneous. In the case of sulfur mustard,
the results clearly point to a synergistic effect of the
introduction of basic LiO'Bu and nucleophilic amino residues
in Ui0-66-0.25NH,@LiO'Bu material for C—Cl bond break-
ing with a 19 min ¢/, value in the degradation of HD.
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Figure 7. Profiles of catalytic hydrolytic degradation of real CWAs: (a)
soman gas and (b) mustard gas CWAs upon exposure to UiO-66,
Ui0-66@LiOBu and Ui0-66-0.2SNH,@LiO'Bu materials.

B CONCLUSIONS

We show that the doping of archetypical zirconium MOF
frameworks with nucleophilic amino and basic lithium alkoxides
gives rise to a synergistic effect leading to bifunctional catalytic
activity for the hydrolytic degradation of both C—Cl bonds of
vesicant mustard gas as well as P—F bond of soman nerve
agent. This behavior is a consequence of the optimal balance
between framework stability, nucleophilicity, basicity, and
accessibility to the catalytic active sites. This work also
demonstrates that the formation of mixed ligand MOFs paves
the way for fine-tuning of the adsorptive and catalytic
properties of MOFs for specific applications.
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