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ABSTRACT: Metal-organic frameworks (MOFs) necessitate buffers or basic amine moieties for high activity and turnover 
in the hydrolysis of organophosphates. While polymeric amine buffers can be integrated with a MOF, all solid-state 
formulations suffer from active site poisoning of the secondary building units (SBUs) within MOFs which inhibits further 
catalytic turnover.  Herein, we developed a simple soaking procedure with a basic aqueous solution that reactivates the 
active sites of spent MOFs after organophosphate catalysis.  Moreover, we develop amine functionalized MOF-808 
derivatives through de novo synthesis with H3-BTC-NH2 (BTC = 1,3,5-benzenetricarboxylic acid) and post-synthetic 
modification (PSM) that are highly active for organophosphate hydrolysis under non-buffered aqueous conditions.

Nerve agents are chemical warfare agents (CWAs) that 
contain phosphate ester groups and are extremely toxic to 
the nervous system.1  Organophosphonate compounds 
covalently bind to acetylcholinesterase (AChE) which is 
responsible for the catalytic breakdown of acetylcholine 
which functions as a neurotransmitter to muscles and 
organs.2 Subsequent build-up of acetylcholine due to nerve 
agent poisoning prevents contraction of muscles and 
organs vital to respiration which may lead to asphyxiation 
or cardiac arrest.3  Nerve agents can be rendered ineffective 
by enzymes through hydrolysis and cleavage of the P-X (X 
= F, CN or S) bond, however, enzyme catalysis is limited by 
their insufficient stability under practical conditions.4  
Consequently, robust materials capable of phosphate 
hydrolysis such as zeolites, polyoxometalates, metal 
oxides, and recently metal-organic frameworks (MOFs) 
have been explored for the destruction of CWAs.5   

Metal-organic frameworks are porous materials 
comprised of organic struts which link to metal clusters, 
i.e. secondary building units (SBUs) forming hybrid 
ordered crystalline networks.6  Utilization of Zr6-based 
SBUs have resulted in chemically robust MOFs amenable 
to functionalization on the node and strut enabling their 
use in realistic conditions.7,8,9,10 The Zr6 SBU is ideally 12-
connected, i.e. 12 carboxylic acids bound to the SBU, but 10, 
8, 6 or 4-connectivity can be obtained depending on 
reaction conditions and the multi-topic organic strut 
employed in MOF synthesis.11  MOFs containing SBUs less 
than 12 connectivity possess so-called “missing-linker” sites 
that are often initially occupied by mono carboxylic acid 

modulators.12 Due to the chemical robustness of the Zr6 
SBU, many modulators can be readily removed through 
thermal or acidic activating conditions to give 
Zr(OH)(OH2) without significant structural damage to the 
framework.13,14,15 These deficient linker sites have been 
utilized as active sites for catalysis.16,17,18

We and others have recently shown that these deficient 
“missing-linker” sites facilitate rapid organophosphate 
hydrolysis.19,20 However, alkaline buffer conditions are 
often required for fast organophosphate hydrolysis 
rates.21,22  Under solely aqueous conditions many Zr-MOFs 
facilitate slower hydrolysis.23,24,25 In order to utilize these 
materials in protective gear for the warfighter, they must 
facilitate hydrolysis without volatile and caustic 
components.  While solid-state amine buffered composites 
have been developed, they often lead to slower hydrolysis 
rates due to the inhomogeneity of the MOF filler particles 
with polymeric matrix components resulting in clustering 
of MOFs.26  In addition, amine components are often 
needed in excess due to leaching from the composite.27 
Moreover, while many have labeled the hydrolysis of 
organophosphate with MOFs as catalytic, under solely 
aqueous conditions reaction sites are often poisoned due 
to phosphoric acid byproducts limiting subsequent 
catalytic turnover.28  Consequently, buffer-like conditions 
must be integrated within MOFs themselves to enable fast 
and regenerative nerve agent catalytic hydrolysis in order 
for realistic use.

Herein, we demonstrate that the active site poisoning of 
spent Zr- or Hf-MOF catalysts can be remedied through 
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basic solutions which restores catalytic activity (Scheme 1). 
Furthermore we developed amine functionalized MOF-
808 analogs through post-synthetic modification and de 
novo synthesis that outperform their non-functionalized 
counterparts as catalysts for organophosphate degradation 
under solely aqueous conditions (Scheme 2). 
Scheme 1. SBU DMP poisoning and reactivation

MOF catalytic poisoning and reactivation
Recently, we developed single-component MOFs that 

facilitated organophosphate hydrolysis under non-
buffered conditions.29  However, these first-generation 
catalysts proved to be limited upon repeated use.  Mono-
carboxylate modulators and solvent-assisted linker 
incorporated (SALI) moieties enabled higher initial pH 
values relative to their non-functionalized MOFs which 
facilitates faster initial dimethyl 4-nitrophenyl phosphate 
(DMNP) hydrolysis (Table 1 entries 5, 9).  Unfortunately, 
the SBU active sites of these MOFs such as MOF-808-SALI-
BA-Morph (BA=4-(morpholinomethyl)benzoic acid) 
become poisoned through byproducts (Figure 1).  
Hydrolysis causes a decrease in pH (~2) and modulator 
moieties are ultimately removed from the SBU and 
replaced with highly acidic dimethyl phosphate (DMP) as 
seen by 1H NMR (Figures S10 and S11).  Consequently, we 
set out to develop a washing procedure that restores 
catalytic activity to spent MOF catalysts.  Given the 
inherent dangers of residual CWAs within spent MOFs, we 
focused on the utilization of CWA simulant DMNP which 
has been shown to mimic the reactivity of G-agents.22

Figure 1. DMNP hydrolysis profiles of fresh Zr-MOF-808-SALI-
BA-Morph (blue squares), spent Zr-MOF-808-SALI-BA-
Morph (gray squares), fresh Hf-MOF-808-SALI-BA-Morph 
(green triangles), spent Hf-MOF-808-SALI-BA-Morph (red 
circles), spent Hf-MOF-808-SALI-BA-Morph treated with 
piperidine (yellow diamonds). DMNP (%) remaining as a 
function of time.

Recently, phosphate functionalized moieties were 
incorporated into zirconium based MOFs through SALI.30 
Unlike their carboxylate analogues, the phosphate groups 
are retained on the SBUs under acidic conditions.  
Conversely, the phosphate groups could be displaced 
under basic conditions such dimethylformamide (DMF) 
solutions of piperidine.  Given that DMP is similar to 
phosphates, we sought to utilize piperidine as a means to 
dissociate it from the SBUs of spent MOF catalysts and 
restore organophosphate hydrolysis.  While DMF is a 
common utilized solvent for MOF synthesis, its use under 
acidic conditions leads to decomposition into formic acid 
and dimethylammonium.31  Moreover, Zr-MOFs are 
commonly unstable under basic environments.32  
Consequently, we sought to test the stability of Zr-MOF-
808 under basic aqueous solutions of piperidine.  As 
expected, concentrated aqueous solutions of piperidine at 
or above 0.1 M concentrations diminished MOF stability as 
observed through PXRD (Figures S1 and S2).  However, 
MOF-808 proved to be stable to dilute aqueous piperidine 
solutions (13mM).  In order to ascertain if piperidine would 
dissociate DMP from the SBUs of MOF-808, we 
functionalized MOF-808 with DMP through SALI.  Careful 
utilization of DMP equivalents to MOF-808 (2:1) generated 
a crystalline material, (Figure S3) MOF-808-DMP, with 
two DMP moieties per SBU according to 1H NMR of the 
digested MOF (Figures S4 and S5).  Treatment of MOF-
808-DMP with a piperidine solution at room temperature 
and subsequent washing with water and acetone generated 
MOF-808 with no detectable traces of DMP as evidenced 
by 1H NMR (Figures S6 and S7).  We then sought to test 
whether we could restore activity to poisoned MOF 
organophosphate hydrolysis catalysts with this procedure.

The main driving force for catalytic poisoning in a MOF 
catalyst is the strong affinity of byproducts to the metal 
centers of the SBU (Scheme 1). Consequently, we explored 
the effect of metal centers to both SALI dissociation and 
active site poisoning by utilizing Hf-MOFs as they are more 
oxophillic than their zirconium analogs.  Hf-MOF-808-PA 
(PA = propanoic acid) and SALI amine functionalized 
analogs were derived from previous methods for Zr-MOF-
808-PA synthesis, activation and modification (see Figures 
S8-S14, S23-38 for characterization).29  Under exact 
catalytic aqueous conditions the various amine-SALI-
functionalized Hf-MOF-808 catalysts significantly 
outperformed their zirconium analogs in the initial 
hydrolysis of DMNP (see Table 1 entries 9 & 10, Figures S87 
and S92).  Presumably, the enhanced activity is the 
consequence of better DMNP affinity to the missing-linker 
sites of Hf-MOF-808 relative to the Zr-MOF-808 sites.  
Indeed Islamoglu et al., recently demonstrated that Hf-
NU-808 displayed enhanced water affinity relative to Zr-
MOF-808 which was attributed to greater electronegativity 
of the Hf-SBU.33 Conversely, Hf-MOFs should experience 
relatively more DMP active site poisoning than their 
zirconium analogs. Indeed, DMNP hydrolysis is more 
inhibited with spent Hf-MOF-808-SALI-BA-Morph than 
with Zr-MOF-808-SALI-BA-Morph upon repeated use 
(Figure 1).  
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In an attempt to restore catalytic activity, the spent Hf-
MOF-808-SALI-BA-Morph was treated with aqueous 
Scheme 2. Synthetic scheme for Zr-MOF-808-NH2.

piperidine.  As expected, the reactivated MOF displays a 
significant increase in DMNP hydrolysis (Figure 1).  
However, it must be highlighted that piperidine treatment 
displaced a significant amount of BA-Morph modulators 
(Figure S30).  This contributed to lower than expected half-
life of piperidine treated MOF relative to the fresh Hf-
MOF-808-SALI-BA-Morph (t ½ = >220 min vs. 14 min, 
respectively).  The displacement of SALI incorporated 
moieties by both organophosphate hydrolysis and 
piperidine treatment, forced us to utilize the organic struts 
of benzene-1,3,5- tricarboxylic acid (BTC) for the 
incorporation of amine co-catalyst into the MOF.  
Consequently, de novo MOF synthesis was attempted with 
H3-BTC-NH2 to generate amine functionalized MOF-808 
analogs.
Synthesis of MOF-808-NH2 and SBU activation

Figure 2. PXRD patterns of simulated Zr-MOF-808-NH-TFA 
(black), Zr-MOF-808-NH-TFA (blue), K2CO3-activated Zr-
MOF-808-NH2 (red), and HCl-activated Zr-MOF-808 (green).

To our knowledge there have been no reported synthesis 
of Zr- or Hf-MOF-808 derivatives with H3-BTC-NH2.  
Different synthetic conditions such as varying temperature 
and modulators failed to produce crystalline MOFs except 
in the instance with trifluoroacetic acid (TFA) as a 
modulator.  After 5 days at 120 °C, the amine-
functionalized linker generated microcrystalline powders 
(Figure 2) that had similar adsorption properties as the Zr-
MOF-808-TFA analog (Table 1, entries 4, 15).  
Unfortunately, HCl treatment did not appear to facilitate 
full removal of TFA as evidenced by a lack of change in N2 
adsorption or pore-size distribution (Figures 4, S63).  True 
removal of the TFA modulators should have caused a 
significant increase in N2 uptake as a consequence of mass 
loss.  In addition, TFA is still detected in the 19F NMR 
spectrum after HCl treatment (Figure S64).  A significant 
amount of IR stretches associated with TFA at 1240 cm-1 are 
still observable after HCl treatment (Figure S111).  
Moreover, removal of the TFA would greatly affect DMNP 
hydrolysis compared to the as synthesized amine-
functionalized MOF-808. Surprisingly, DMNP hydrolysis 
with the HCl-treated Zr-MOF catalyst proved to be similar 
if not slightly slower than as synthesized amine-
functionalized MOF precursor (Table 1, entries 15, 16).  
Consequently, alternative SBU activating conditions were 
attempted.

There are several reported post-synthetic methods for 
removal of SBU-bound modulators that vary from thermal 

Page 3 of 10 Journal of Materials Chemistry A



to acidic workup.34  Unfortunately, these methods often 
complicate missing-linker activation.  For instance, we 
recently demonstrated that HCl activation of Zr-MOF-808 
in DMF concurrently removes modulators yet generates 

SBU bound formic acid (FA) and dimethylammonium 
chloride as a consequence of acidic DMF degradation.29 
Similarly, 

Table 1. MOF surface area, pore size, DMNP half-life, SBU bound modulators before & after reaction, initial pH

Lu et al., recently demonstrated that HCl activation in 
DMF also generates bound formic acid and 
dimethylammonium chloride within NU-1000.35  
Substitution of DMF with acetone during HCl activation 
could effectively remove SBU bound modulators without 
side product generation.36 Indeed acetone-HCl activation 
of Hf-MOF-808-PA results in only < 1 PA per SBU while 
DMF-HCl activation generates <1 PA and 2 FA per SBU 
(Figures S25 and S14, respectively).  Surprisingly, under 
aqueous conditions the DMF-HCl activated MOF 
facilitates faster DMNP conversion than acetone-HCl 
activation, presumably due to the higher amount SBU 
bound formic acid modulators and dimethylammonium 

chloride of the later.  As mentioned earlier, some 
modulators can slightly increase the initial pH of solution 
consequently enhancing DMNP conversion.  Another 
possibility that might address the interference with DMNP 
hydrolysis is steric hindrance as a consequence of amine 
reactivity of H3-BTC-NH2 with TFA during MOF formation.

While amine functionalized linkers have been utilized in 
MOF synthesis, their use in Zr-based MOF construction 
have often been problematic due to partial amine reactivity 
during MOF formation.  Indeed, the first reported 
synthesis of Zr-UiO-66-NH2 by Garibay et al., in 2010 
demonstrated that there were two distinct sets of aromatic 
peaks in the 1H NMR spectrum of the digested MOF that 

(Entry #)/MOF Surface 
areaa 

(m2g-1)

Pore 
size 
(Å)

t ½, DMP yield 
after 18 hb

Modultor 
before/after 

reactionc

Initial 
pHd

(1)Zr-MOF-808-PA 804 14.8 157 min, 89% 6/3 4

(2)Hf-MOF-808-PA 751 14.8 157 min, 86% 6/3 4

(3)Zr-MOF-808-AA 479 15.9 189 min, 78% 6/1 3

(4)Zr-MOF-808-TFA 1072 14.8 >221 min, 70% - 2

(5)Zr-MOF-808-DMF-HCl- act 1734 15.9 >220 min, 71% 1/-

(6)Zr-MOF-808-acetone-HCl-act 804 15.9 >220 min, 70% 1/- 2

(7)Hf-MOF-808-DMF-HCl-act 913 15.9 >220 min, 62% 3/-

(8)Hf-MOF-808-acetone-HCl-act 1214 15.9 >220 min, 30% 1/- 2

(9)Zr-MOF-808-SALI-[BA-morph]2 303 11.8 69 min, 80% 2/1 5

(10)Hf-MOF-808-SALI-[BA-morph]3 476 14.8 14 min, 100% 3/1.5 5

(11)Zr-MOF-808-SALI-[BA-CH2NH2]3[BA-CH2-NH3
+]1 570 12.6 157 min, 82% 4/2.5 5

(12)Hf-MOF-808-SALI-[BA-CH2NH2]2[BA-CH2-NH3
+]2 740 13.6 59 min, 100% 4/2.5 4

(13)Zr-MOF-808-SALI-[BA-AO]2 460 14.8 221 min, 87% 2/1 4

(14)Hf-MOF-808-SALI-[BA-AO]3 618 12.7 69 min, 100% 3/2 4

(15)Zr-MOF-808-NH-TFA 1098 15.9 189 min, 80% - 3

(16)Zr-MOF-808-NH-TFA-acetone-HCl-act 1067 15.9 >220 min, 80% - 2

(17)Zr-MOF-808-NH2-K2CO3-act 1450 18.6 57 min, 95% - 5-6

(18)Zr-MOF-808-NH-Morph 1260 18.4 24 min, 100% - 5

(19)Hf-MOF-808-NH-TFA 694 14.8 157 min, 85% -

(20)Hf-MOF-808-NH2-K2CO3-act 894 15.9 69 min, 78% - 5-6

PERFORMED UNDER NON-BUFFERED CONDITIONS WITH 12 MOL% MOF CATALYST LOADING. ABET SURFACE 
AREA. BDMP YIELD.CBASED ON 1H NMR OF DIGESTED MOF.DPH OF 1 ML SOLUTION WITH MOF BEFORE DMNP 
ADDITION. SALI = SOLVENT ASSISTED LINKER INCORPORATION, PA = PROPANOIC ACID, AA = ACETIC ACID, TFA 
= TRIFLUOROACETIC ACID, BA-MORPH = 4-(MORPHOLINOMETHYL)BENZOIC ACID, BA-CH2NH2 = 4-
(AMINOMETHYL)BENZOIC ACID, BA-AO = 4-(N′-HYDROXYCARBAMIMIDOYL)BENZOIC ACID, NH-MORPH = 
MOF-808-NH2 MODIFIED WITH 4-(2-CHLOROETHYL)MORPHOLINE, ACT =  ACTIVATED, - = NOT AVAILABLE
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correspond to 2-aminoterephthalic acid and an unknown 
linker.37  Subsequent studies by Zwolinski et al., indicated 
that these mysterious peaks could be attributed to the 
formylation of the amine linker facilitated by DMF 
decomposition during MOF formation.38 Recently, TFA 
modulators within the SBUs of Zr-MOF-808-TFA were 
successfully removed with aqueous HCl.39  Given that HCl 
activation of Zr-MOF-808-NH2-TFA retains TFA suggests 
that H3-BTC-NH2 may have reacted with TFA.  Indeed, the 
TGA of the MOF contains three significant mass losses 
above 300 °C indicating that it is not solely comprised of 
Zr bound TFA, but also of H3BTC-NH2 moieties (Figure 
S72).  

In order to test whether the amines had reacted with 
TFA, we utilized a qualitative pseudo Schiff-base amine 
test with acetone.  If the amine group were truly free within 
the MOF it would readily react with acetone to generate a 
Schiff base.40  The qualitative Schiff-base amine test yielded 
no indication of free amines after exposure to acetone 
(Figure S104).  Consequently, we sought to fully activate 
the amide moiety within MOF-808-NH-TFA through 
alternative procedures.

Acetyl amide deprotection is commonly facilitated 
through basic conditions.41,42  Given the inherent 
instability of Zr-based MOFs towards basic conditions, we 
utilized a hot aqueous K2CO3 solution with Zr-MOF-808-
NH-TFA that facilitated a white microcrystalline MOF 
with analogous PXRD pattern (Figure 2).  As expected, 
K2CO3 activation of previously DMF-HCl treated Zr-MOF-
808-NH-TFA facilitated enhanced N2 adsorption of the 
MOF (Figure S63).  Moreover, the TGA of K2CO3 treated 
MOF-808 indicates a significant decrease in Zr-bound and 
linker bound TFA (Figure S72).  Another indication the 
basic activation worked is evident by 19F NMR as TFA was 
not detected (Figure S64).  As expected, the K2CO3 treated 
MOF underwent a significant color change from white to 
bright yellow upon acetone exposure, suggesting that basic 
activation afforded truly free amines within Zr-MOF-808-
NH2 (Figure S104). Infrared and 1H NMR spectroscopy 
corroborate amine formation (Figure S109). Hf-MOF-808-
NH-TFA appears to be more unstable toward basic 
conditions than its Zr analog which necessitates basic 
activation with one-half K2CO3 concentration.  With our 
optimized MOF activation technique in hand we sought to 
benchmark the efficacy of Zr- and Hf-MOF-808-NH2 
materials in organophosphate hydrolysis through the 
degradation of a nerve agent simulant DMNP.
DMNP hydrolysis with MOF-808-NH2 materials

Recently, Islamoglu et al., utilized various amine 
functionalized linkers to construct amine functionalized 
NU-1000 analogs and explored the effects of amines on 
DMNP hydrolysis under buffered conditions.43  These 
studies demonstrated that the position of the amine on the 
carboxylate aromatic ring (ortho vs. meta) of the strut had 
a profound impact on DMNP hydrolysis.  The authors 
attribute the higher activity of the ortho functionalized 
MOF to the proximal location of the amine to missing 
linker sites and enhanced hydrogen bonding interactions 

towards the DMNP substrate.  Given that there are two 
BTC-NH2 linkers per SBU, the amine groups should be 
proximal to two missing-linker active sites which should 
enhance DMNP hydrolysis relative to MOF-808.  As 
expected, Zr-MOF-808-NH2 significantly outperformed 
HCl-activated Zr-MOF-808 in the hydrolysis of DMNP 
under solely aqueous conditions with t1/2 = 57 and 220 min, 
respectively (Figures 3, S84).  As stated previously, due to 
relatively higher metal oxophilicity Hf-MOFs are 
significantly faster in DMNP hydrolysis yet succumb more 
readily to catalytic poisoning than their zirconium analogs.  
This DMNP hydrolysis trend is also evident with the MOF-
808-NH2 system.  The initial DMNP hydrolysis rate with 
Hf-MOF-808-NH2 is nearly three times faster than the 
initial DMNP hydrolysis rate with Zr-MOF-808-NH2 
(Figure S106).  Nonetheless, Zr-MOF-808-NH2 has higher 
conversion after 18 hours than its hafnium analog (95% vs 
78% conversion).  While amine functionality may 
significantly contribute to enhanced hydrolysis, we wanted 
to rule any discrepancies with differing SBU activation 
conditions.  

Many groups have recently shown that the missing-
linker sites within Zr6-SBUs offer tethering site for hetero 
metal coordinative incorporation.44  Since cationic 
potassium is generated during basic activation whether it 
incorporated into the SBUs of MOF-808-NH2 was 
explored. Through SEM-EDS analysis trace amounts of 
potassium were observed (40:1 Zr:K), however, they were 
primarily situated in the exterior of the MOF particle 
(Figure S105). In order to truly correlate enhanced activity 
with the amines, hydrolysis was tested with K2CO3 
activated non-linker functionalized Zr-MOF-808-PA.  
Similar to acetone-HCl activation, K2CO3 activation of 
MOF-808-PA removed 5 out of 6 PA modulatros and 
produced a SBU environment of 
Zr6O4(OH)4(BTC)2(PA)1(OH2)5(OH)5 as indicated by 1H 
NMR of the digested MOFs sample (Figure S107).  Not 
surprisingly, K2CO3 activated Zr-MOF-808-PA displays 
similar DMNP hydrolysis to acetone-HCl activated Zr-
MOF-808, however, they are both magnitudes slower than 
K2CO3 activated Zr-MOF-808-NH2 (t ½ = >220 min vs. 57 
min) (Figures S108, S84, S98).  Likewise, the K2CO3 
activated Hf-MOF-808-NH2 significantly outperformed 
the acetone-HCl activated Hf-MOF-808 with 78% vs. 30% 
conversion after 18 h (Figures S101, S86).  

While the differences in DMNP hydrolysis activity 
between MOF-808 and MOF-808-NH2 might suggest that 
the amine-functionality is enhancing hydrolysis, it must be 
stated that it alone is not the sole factor.  Basic SBU 
activation with K2CO3 generates relatively more accessible 
active sites compared to HCl activation.  Given the ability 
of activated SBUs to bind to Cl, HCl activation may 
interfere with DMNP binding and hydrolysis. A more 
rational explanation for the observed differences in activity 
are the highly contrasting initial pH differences among 
K2CO3 activated Zr-, Hf-MOF-808-NH2 and non-
functionalized HCl activated Zr-, Hf-MOF-808 (Table 1, 
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entries 16-18, 20) under catalytic conditions (12 mol% MOF 
loading, 1 mL H2O). 

While better activated SBUs might facilitate enhanced 
DMNP hydrolysis, it must be highlighted that alteration of 
the synthetic conditions, such as modulator or scale, have 
a pronounced effect on particle size which results in 
changes in catalysis. When Zr-MOF-808-PA is synthesized 
under scaled up conditions (5x, 72 h), it alters the particle 
size distribution (Figure 103), and behaves differently than 
a small scale version in the hydrolysis of DMNP due to 
particle agglomeration (Figures S79, S108). To summarize, 
the amine functionality within Zr- or Hf-MOF-808-NH2 is 
not the sole factor for the dramatic enhancement of DMNP 
relative to their non-functionalized analogs, however, it 
appears to have a significant contribution.

Figure 3. DMNP hydrolysis profile of as synthesized Zr-
MOF-808-NH-TFA (black squares), after HCl-activation 
(red circles), after K2CO3-activation (blue triangles), Zr-
MOF-808-NH-Morph (purple diamonds), and Zr-MOF-
808-PA(5x) after K2CO3-activation (green unfilled squares) 
under solely aqueous conditions at 12% mol MOF catalyst 
loading. 
Post-synthetic modification of Zr-MOF-808-NH2

As previously demonstrated from our SALI-
functionalized Zr-MOFs studies, amine co-catalysts with 
higher basicities such as morpholino groups tend to 
enhance organophosphate hydrolysis under non-buffered 
conditions.29  We sought to further enhance 
organophosphate hydrolysis through the tethering of 
morpholino groups through haloalkylation with 4-(2-
chloroethyl)morpholine (Scheme 3), given that the 
aromatic amines within MOFs tend to readily undergo 
reactivity through postsynthetic modification (PSM).10, 45  
Modification of Zr-MOF-808-NH2 with the morpholino 
group did not significantly affect crystallinity as confirmed 
by PXRD (Figure S69), however, a slight decrease in N2 
adsorption and pore size was observed (Figures 4, S63, 
S68). The IR spectra contains new stretches associated 
with alkane C-H (2900-2800 cm-1), and ether C-O (1029 
cm-1) groups (Figure S111).  The 1H NMR of the digested 
modified MOF contains new peaks and does not contain 

any peaks associated with BTC-NH2 of the parent MOF 
suggesting full modification (Figure S70).  
Scheme 3. Synthetic scheme for Zr-MOF-808-NH-
Morph through post-synthetic modification.

Figure 4. N2 (g) adsorption isotherms of Zr-MOF-808-NH-TFA 
(black squares), Zr-MOF-808-NH-TFA after HCl activation 
(red circles), Zr-MOF-808-NH-TFA after K2CO3 activation 
(blue triangles), and Zr-MOF-808-NH-Morph (purple 
diamonds).  Filled symbols = adsorption, Unfilled = 
desorption. Inset graph illustrates pore size distribution of the 
corresponding MOFs.

With morpholino groups attached to adjacent missing-
linker SBU active sites we explored their effect on reactivity 
in DMNP hydrolysis.  The morpholino-functionalized 
MOF, Zr-MOF-808-NH-Morph, significantly 
outperformed the parent Zr-MOF-808-NH2 (t ½ = 24 min 
vs. 57 min (Figure 3).  Unfortunately, similar to other Zr-
based MOFs, MOF-808-NH2 analogs suffer from catalytic 
poisoning after hydrolysis (Figure 5).  However, it must be 
noted that the reuse of spent Zr-MOF-808-NH-Morph 
significantly outperformed non-linker SALI functionalized 
MOF Zr-MOF-808-SALI-BA-Morph in the hydrolysis of 
fresh DMNP (50% vs 30% conversion after 18h) (Figure 
S110).  The reduction in active site poisoning may be a 
consequence of the tethered morpholino species inhibiting 
DMP binding to the SBU.
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Figure 5. DMNP conversion with Hf-MOF-808-NH2 (filled) 
and DMP Yield with Zr-MOF-808-PA-5x (unfilled) catalysts 
initially (black squares), reused (red circles), and reactivated 
(blue diamonds) under solely aqueous conditions.

Reactivation of spent MOF-808-NH2 systems
Given that basic conditions with piperidine and K2CO3 

are effective for the removal of DMP and TFA modulators, 
we attempted to reactivate spent and poisoned MOFs.  
Unfortunately, treatment of aqueous piperidine did not 
successfully restore hydrolytic stability to spent Zr-MOF-
808-NH-Morph.  While piperidine was shown to 
successfully remove DMP from the SBU of SALI 
functionalized Zr-MOF-808-DMP, it may not be applicable 
to spent catalytic MOFs that utilized excess DMNP/DMP 
(2 DMP per SBU vs. 8.8x molar excess).  Consequently, we 
repurposed our newly derived MOF K2CO3 activation 
procedure in an attempt to reactivate spent MOFs.  Given 
that hafnium MOF systems display relatively more DMP 
poisoning than their zirconium analogs, we initially 
focused on the reactivation of spent Hf-MOF-808-NH2.  
The supernatant containing DMP in the NMR tube was 
removed from the spent Hf-MOF-808-NH2 which was 
subsequently treated with hot aqueous K2CO3 under static 
conditions for 18 h and solvent exchanged multiple times 
with fresh water.  As seen in Figure 5, basic treatment 
restored a significant amount of hydrolysis, however, it did 
not fully restore the fast activity of the first run observed 
with Hf-MOF-808-NH2.  We speculate that a significant 
amount of MOF sample was lost during the multiple 
solvent exchanges within the NMR tube.  Consequently, we 
utilized spent Zr-MOF-808-PA-5x because the 
agglomerated particles lessened the possibility of mass loss 
during solvent exchange during the re-activation 
procedure.  As expected, treatment with K2CO3 fully 
restored the initial activity of Zr-MOF-808-PA-5x (Figure 
5).
Conclusion
We have shown that loss of activity due to the poisoning of 
Zr or Hf missing-linker sites within MOF organophosphate 
hydrolysis catalysts can be restored through dilute basic 
aqueous conditions.  Given that solvent-assisted linker 
incorporated (SALI) amine co-catalysts dissociate after 

organophosphate hydrolysis, we utilized post-synthetic 
modification (PSM) to covalently tether amine co-catalyst 
to the organic strut adjacent to the missing-linker sites of 
SBUs catalysts.  To our knowledge, this report contains the 
first synthesis of Zr- and Hf-MOF-808-NH2 derived 
through de novo MOF synthesis with BTC-NH2.  As a 
consequence of amine reactivity with TFA modulators 
during MOF formation, we developed an aqueous 
deprotection procedure with K2CO3 that additionally 
removes TFA modulators and poisoning organophosphate 
hydrolysis byproducts from the SBU.  The basic activation 
procedure that facilitates efficient missing-linker 
generation along with an increase in pH, and the amine 
functionality of BTC-NH2 are factors in the significant 
enhancement of DMNP hydrolysis with Zr-MOF-808-NH2 
relative to HCl-activated Zr-MOF-808 under solely 
aqueous conditions.  Post-synthetic modification of Zr-
MOF-808-NH2 with 4-(2-chloroethyl)morpholine 
generated Zr-MOF-808-NH-Morph which is more active in 
DMNP hydrolysis than the native MOF-808 catalyst in 
aqueous non-buffered conditions.  These newly 
synthesized, highly active catalysts, along with our 
regenerative basic post-treatment activation technique, 
are critical advancements for the practical and recyclable 
utilization of MOFs as organophosphate hydrolysis 
catalyst within fibers or composites for nerve agent 
protection.  
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