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ABSTRACT: In terms of recently documented references, the introduction
of V=0 units into porous MOF/COF frameworks can greatly improve
their original performance and expand their application prospects due to a
change in their electronegativity. In this work, by a cation-exchange strategy,
a consummate combination of separate 4f [Tm,(CO,)s] SBUs and 3d
[VIVO(H,0),] units generated the functionalized porous metal—organic
framework {(Me,NH,),[VO(H,0)][Tm,(BDCP),]-3DMF-3H,0},
(NUC-11), in which [Tm,(CO,)s] SBUs constitute the fundamental 3D
host framework of {[Tm,](BDCP),}, along with [VVO(H,0),] units
being further docked on the inner wall of channels by covalent bonds.
Significantly, NUC-11 represents the first example of V=0 modified
porous MOFs, in which uncoordinated carboxylic groups (—CO,H) further
grasp the functional [V'VO(H,0),] units on the initial basic skeleton along
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with the formation of covalent bonds as fixed ropes. Furthermore, activated samples of NUC-11 displayed a good catalytic
performance for the chemical synthesis of carbonates from related epoxides and CO, with high conversion rate. Moreover, by
employing NUC-11 as a catalyst, a simulator of mustard gas, 2-chloroethyl ethyl sulfide, could be quickly and efficiently oxidized into
low-toxicity products of oxidized sulfoxide (CEESO). Thus, this study offers a brand new view for the design and synthesis of
functional-units-modified porous MOFs, which could be potentially applied as an excellent candidate in the growing field of eflicient

catalysis.

B INTRODUCTION

Over the past decade, much attention has been paid to the self-
assembly of porous metal—organic frameworks (MOFs), which
have the characteristics of large specific surface area and can be
potentially applied as gas separators and collectors, catalysts for
chemical reactions, molecular sensors, etc.'”® Usually, the
substitution of metal cations or organic ligands leads to a
completely novel topology along with realization of the goal of
functionalization, on which basis huge numbers of MOFs with
unique specific functions have been documented.””"* More-
over, in recent years, in order to enhance the functional
characteristics, in-depth research has concentrated on increas-
ing the specific surface area and adjustable aperture of targeted
MOFs by the typical strategies of employing functional ligands
or mixed ligands, introducing templates postmodification with
polar functional groups. Thus, a great number of MOFs
combining multistage pore structures and specific functions
have emerged. However, in comparison to d-block metal based
MOFs, the adsorption and catalytic performance exhibited by
porous Ln-MOFs have rarely been reported,">~"* which could
be attributed to the defects of hard-sphere and coordination-
geometry flexibility from Ln** ions habitually leading to a low-
dimensional framework or interwoven structure. Although it is
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a huge challenge to successfully assemble the targeted porous
Ln-MOFs, their excellent properties in the aspects of selective
separation and storage, luminescence and recognition, and
catalysis continue to attract remarkable attention from many
scientists. Especially, the fact that the rich coordination
geometry of Ln*" ions due to the ratio of charge to radius
(Z/R) and abundant hybrid orbitals of f'd*"sp® (n = 0—3, m =
1-3) gives them a wide coordination number range, which
grants octa- or nonacoordinated Ln®' ions the ability to
polarize small guest molecules, such as CO,, SO,, and H,S.2%%!
Recently, one porous Eu-MOF reported by Zhao and co-
workers exhibited an efficient catalytic performance for the
chemical fixation of CO,,** which confirmed that Ln-MOFs
are subjects worthy of study due to the fact that the high
coordination characteristics of Ln"" ions give them ideal Lewis
acid sites. Therefore, the exploration of syntheses and
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optimization for Ln-based host skeletons by increasing highly
active sites to achieve targeted catalysts has become inevitable.

In addition, to exploit types of new catalytic materials that
have excellent characteristics including safety, high efficiency,
convenient recyclability, and reusability is momentous from
the perspective of applications. Under this premise, several
representative categories of multihole functional materials
including COFs (covalent-organic frameworks), POPs (po-
rous-organic polymers), and MOFs have aroused the
enthusiasm of researchers,”>™>* which has led to the design
and syntheses of novel catalytic models. Recently, on the basis
of the principle of coordination binding, vanadium oxide units
were successfully docked on the skeleton of COFs by Ma and
co-workers to form the heterogeneous catalysts VO-PyTTA-
2,3-DHTA and VOTAPT-2,3-DHTA, which displayed ex-
cellent catalytic performance for Mannich-type reactions due
to the postfunctionalized V=0 active sites.'® Furthermore,
porous VO(salen)-derived MOFs documented by Cui and co-
workers allowed alcohol derivatives to be effectively catalyzed
into the corresponding aldehydes with an elevated enantiose-
lectivity and activity.'’ Moreover, the results reported by Farha
and co-workers verified that 2-chloroethyl ethyl sulfide
(CEES), a simulator of mustard gas, could be oxidized into
an oxidized sulfoxide (CEESO) by VO,-uploaded nanotubes."’
Therefore, the modification of porous MOF platforms by
implanting V=0 units could realize the functionalization of
the MOF materials and effectively improve the catalytic effect
for specific chemical reactions. However, such related research
has still scarcely been reported so far.

Inspired by the excellent catalytic performance devoted by
previously documented porous VO-dock MOFs/COFs, we
carried out a cation exchange by soaking {(Me,NH,)-
[Tm;(HPTTBA),]-3DMF-3H,0}, (1-Tm) units to form the
blue crystalline material {(Me,NH,),[VO(H,0)]-
[Tm,(BDCP),]-3DMF-3H,0}, (NUC-11), whose structure
could be verified by single-crystal X-ray diffraction analysis of
the incompletely exchanged {(Me,NH,), [(VO-
(H,0),)0.5Tmgs][Tm,(BDCP),]-3DMF-3H,0}, (NUC-
11H). In NUC-11, [Tm,(CO,)s] SBUs are connected by
four deprotonated carboxyl groups of HBDCP to form a
porous 3D host framework of {[Tm,](BDCP),},. [VVO-
(H,0),] units are further decorated on the inner wall of the
channels by two coordination covalent bonds formed from the
remaining spare deprontoated carboxyl group of H;BDCP,
resulting in the targeted VO-docked MOFs with a void volume
of 47.4%.

B EXPERIMENTAL SECTION

Preparation of NUC-11. {(Me,NH,)[Tm,;(HPTTBA),]-3DMF-
3H,0}, (1- Tm) was prepared by employing a previously reported
synthetic route.’® A 0.1 g portion of freshly obtained single crystals of
1-Tm was soaked in a solution of 0.1 g of VOSO,, 8 mL of H,0, and
2 mL of DMF for § days at 310 K. During the soaking period, the
VOSO, solution was refreshed every day and the crystal sample was
monitored with ICP. Unfortunately, only the partially prepared
product (NUC-11H) could be characterized by single-crystal X-ray
diffraction, which displayed that mononuclear Tm ions have been
half-exchanged, in accordance with the data of ICP and elemental
analysis. Anal. Calcd for the sample of NUC-11H suitable for single-
crystal X-ray diffraction (C;,7H;0oN;oO4TmsV): C, 44.27; H, 2.93;
N, 4.06; Tm, 24.51; V, 1.48. Found: C, 44.12; H, 2.85; N, 3.97; Tm,
24.33; V, 1.55. IR (KBr pellet, cm™, Figure S2): 3417 (vs), 1613 (s),
1385 (s), 1250 (w), 1124 (s), 981 (s), 755 (w), 691 (w), 605 (w),
517 (w). The completely cation exchanged sample of NUC-11 was
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obtained by cation exchange over 10 days with a Tm:V mole ratio of
2.02:1.00, as determined by ICP analysis.

Catalytic Cycloadditions of CO, with Various Epoxides.
Typically, certain amounts of fully activated NUC-11, epoxide, and
tetrabutylammonium bromide (Bu,NBr) were employed and sealed
in a 20 mL stainless-steel reactor equipped with a magnetic stirrer,
and then the reactor was transferred into a constant-temperature
water bath to reach the desired temperature. CO, was continuously
purged into the reactor to manitain the desired pressure condition.
After the reaction was over, the heterogeneous catalyst NUC-11 could
be easily collected by centrifugation separation and resued by washing
with DMF and CL,CH, in turn. "H NMR spectroscopy and GC/MS
were employed to determine the conversion rate and yield of the
transformed product.

Catalytic Oxidation of 2-Chloroethyl Ethyl Sulfide. In a
typical catalytic reaction, SO mg of the catalyst (NUC-11) with 0.02S
mmol of V=0 active sites, 2.0 mmol of tert-butyl hydroperoxide, and
1 mmol of 2-chloroethyl ethyl sulfide were dispersed in a dram vial in
the presence of 3 mL of acetonitrile. Then the vial was transferred to a
water bath to reach the desired temperature. After completion of the
reaction, the mixture was washed with DMF and reused for successive
catalysis experiments. The desired product was determined by 'H
NMR spectroscopy and GC-MS analysis.

B RESULTS AND DISCUSSION

Description of Crystal Structure. As judged by a single-
crystal X-ray diffraction (SCXRD) analysis of NUC-11H and
the metal elemental analysis of ICP, NUC-11 crystallized in
the monoclinic space group C2/c with one crystallographically
independent ion of Tm", one VVO(H,0), and half of
BDCP*™ being included in the asymmetric heterometallic unit.
It is worth mentioning that the single-crystal transformation
took place after cation exchange with cell parameters of a =
18.805 A, b =23.195 A, and ¢ = 21.192 A being converted into
a=17982 A, b =23007 A, and ¢ = 21.643 A. At the same
time, HPTTBA was decarboxylated in situ to form the
pentacarboxyl ligand H;BDCP (Scheme 1). As demonstrated

Scheme 1. Cation Exchange Strategy for NUC-11 by an
Impregnation Method
Xs
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o
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in Figure 1, three {Tm,} SBUs were connected by one
BDCP®™ to form the 3D host framework {[Tm,](BDCP),},
which was further decorated by the cation [VO(H,0,)]** to
result in one anionic 3d—4f 3D heterometallic [VO-
(H,0),),[Tm,]-organic framework with 1D open channels.
Such an anionic framework was further charge-balanced by the
dimethylamine cation generated in situ by the decomposition
of DMF molecules. Furthermore, to observe the IR spectrum
shown in Figure S2, the strong adsorption peak at 981 cm™
confirmed that terminal V=0 stretches existed. Meanwhile,
the valence of vanadium was confirmed by an XPS spectrum
(Figure S4); characteristic binding energies at 524 and 517 eV
were observed, consistent with V 2p;, and V 2p,,,
respectively, revealing that the oxidation state of vanadium in
NUC-11 was mainly +4.”'>* The component ratio for V and
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Figure 1. Coordination mode of Tm(III) and V(IV) ions: (a) the 3D
framework and (b) schematic representation of (c) channels in NUC-
11 decorated with [VI'VO(H,0),] units (green, V; pink, Tm; red, O;
blue, N, gray, C). (d) 3D channels containing the framework of NUC-
11 along the [1,0,—1] axis.

Tm obtained from an ICP determination was also consistent
with the conclusion of SCXRD analysis.

Significantly, NUC-11 represents the first example of a V=
O modified porous MOF, in which carboxylic groups
(—CO,H) further grasp [VVVO(H,0),] units on the initial
basic skeleton along with the formation of covalent bonds as
fixed ropes. So far, only Ma and co-workers have obtained
several 2D VO-COFs synthesized from a postsynthetic
modification with vanadyl acetylacetonate, which exhibited
better catalytic performance due to its intrinsic features,
including porous structures and V=0 groups.”> Moreover,
from the aspect of structural modification, NUC-11 shows
great structural similarity with VO-COFs: that is, V=0 groups
exist in the form of a suspension on the inner wall of the
channels. Thus, this work offers a feasible synthesis strategy for
the functionalization of porous MOFs by postsynthesis
modification, which could meet the needs of multidimensional
skeleton links and further grasp targeted functional metal units
at the same time.

As displayed in Figure la and Figure Sla, the Tm(III) ion
was first chelated by two deprotonated a-carboxyl groups from
two phenyl rings stationed on both sides of the N4, atom.
Then two Tm(III) ions were further bridged by four y-position
Uy-n'n' carboxyl groups subordinated to four phenyl rings,
among which two were located at the 4-position of pyridine
and other two at the 2-position of pyridine. Thus, eight
carboxyl groups from six BDCP®" ligands synergistically
connected two Tm(III) ions to form the basic spindle-shaped
binuclear SBUs of [Tm,(CO,)s].

Furthermore, as dispalyed in Figure 1b, each ligand of
BDCP*~ with the assistance of four carboxyl groups could
connect three {Tm,} SBUs to generate a 3D grid network
featuring 1D channels with a window size of ca. 7.41 X 8.63 A
alongthe a axis. There was still one remaining carboxyl group
for each BDCP ligand, which renders further modification
teasible. Interestingly, V=O ions were grafted into the
established host framwork of {[Tm,](PTTBA),}, by coordi-
nating to y;-17":n° carboxyl groups subordinated to two phenyl
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rings situated on the 6-position of pyridine from two
neighboring BDCP ligands. Meanwhile, each vanadium was
further coordinated by one aquous molecule except for one
originally teminal oxygen atom (Figure 1b ,c). Undoubtedly,
the successful docking of [V'YO(H,0),] units could cause the
steadiness of the host three-dimensional skeleton. Moreover, it
is worth mentioning that the immobilized [V"VO(H,0),] units
were rightly situated in the regions of inner channel surfaces,
which make NUC-11 a potential heterogeneous catalyst for
some specific organic reactions due to the fact that V=0
could be taken as strong Lewis acid and base sites.”” *
Meanwhile, as exhibited in Figure 1d, NUC-11 had regular 1D
channels of ca. 7.68 X 8.69 A* along the [1,0,—1] axis. Finally,
a topological analysis indicated that the whole structure of
NUC-11 could be defined as a (4,6)-connected network with
the point symbol {62.5°.6},{4%.5%6%7>.8*.9} by defining
BDCP*" and [Tm,(CO,)s] SUBs as 4- and 6-connected
nodes, respectively (Figure S1b).

Water Stability. Their low stability especially in an
aqueous environment and deliquescence during preservation
have caused MOFs to be scarcely popularized in practical
applications.” Consequently, to test the water stability of the
cation-exchanged framework of NUC-11, several simulated
aquatic systems at different temperatures were employed for
soaking the NUC-11 crystals. After a certain time, the crystals
were separated by centrifugal filtration and the structures
determined by a PXRD analysis. As shown in Figure S5,
whether in normal temperature water or boiling water, PXRD
patterns corresponded to that the pattern of the as-synthesized
NUC-11, implying the strong water tolerance of NUC-11. The
reason for strong water stability is mainly that the modified
V=0 ions may influence the pore environment and build a
strong hydrophobic inner surface of NUC-11.*

Gas Adsorption Studies. In view of the total solvent-
accessible volume of 47.4% for NUC-11 derived from
PLATON software, the permanent porosity was checked by
a cryogenic nitrogen sorption experiment on the fully activated
sample (Figure S6), which was obtained by the manipulation
of solvent exchange and evacuation at 150 °C for 6 h. As
shown in Figure S7, the N, sorption isotherms at 77 K
presented a typical reversible type I sorption behavior. The
increaseing adsorption capacity in the low-pressure region
confirmed that NUC-11 had microporous characteristics.””***
With an increase in pressure, the N, uptake gradually tended to
be saturated, giving a maximum adsorption quantity of 325
cm® (STP) g™ at 1 atm with the Langmuir and BET specific
surface areas being 1547.8 and 1326.4 m* g™, respectively.

Prior to carrying out the catalytic cycloaddition of CO,, the
sorption performance for CO, was determined, as illustrated in
Figure 2. The adsorption quantity (1 bar) of CO, reached 98.3
and 66.4 cm® ¢! at 273 and 298 K, respectively, which was
better than documented heterometallic doping MOFs with
approximate porosity.”” which should be ascribed to the
contribution from [VVO(H,0),] units. Meanwhile, the CO,
isosteric heat (Q,) was calculated by virial method based on
the CO, isotherms measured at 273 and 293 K, from which the
resulted Q,, value was 26.75 kJ mol™" at zero loading and 24.92
k] mol™' at the maximum measured loading (Figure S8).
Furthermore, with CO, loading, no obvious change in the Q,
value was observed, indicating that the binding sites were
homogeneous. Moreover, it is worth noting that the extremely
high isosteric heat value was probably caused by the additional
contribution of vanadium ions with significant 7 back-bonding,
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Figure 2. CO, adsorption isotherms at 273 and 298 K.

which gave NUC-11 an excellent potential separation perform-
ance for mixed gases, just as was documented for VMOF-
74,3940

Catalytic Cycloaddition of CO, and Epoxides. In view
of these remarkable characteristics of NUC-11, including a
high proportion of void volume, a large specific surface area,
abundant active metal sites (V=0 and Tm""), and moderate
CO, adsorption capacity, the catalytic activity of NUC-11 was
explored for the cycloaddition reaction of epoxides with CO,,
widely regarded as a two-step catalytic reaction.**™>* To
explore the influence the of reaction conditions on the
conversion rate of epoxide, propylene oxide was selected as a
model substrate and the desired product of propylene
carbonate was determined by 'H NMR (Figure S12). In a
typical experiment, the amount of propylene oxide was fixed at
20 mmol, exhibiting a low conversion rate of 9% in the
presence of only activated NUC-11 at S0 °C (entry 2, Table
1); meanwhile a similarly low conversion rate of 17% was

reaction of entry 1 indicates that NUC-11 and Bu,NBr with
thier unique superiorities work on different steps for the
second-order coupling reaction. Furthermore, with an increase
in the reaction temperature from 50 to 70 °C (entries 4—6),
the conversion rate accordingly increased, showing that
temperature is an important factor to influence the catalytic
efficency. However, when the quantity of Bu,NBr as cocatalyst
was doubled, the conversion rate could quickly increase to 99%
at 70 °C within 6 h. Therefore, the optimal conditions were
defined as 50 mg of NUC-11, S mol % of Bu,NBr, 70 °C, and
6 h. In addition, when the catalyst dose was doubled, a high
reaction yield could be obtained within 4 h (entry 10). To
better understand the synergistic effect of the various active
species in NUC-11, some blank experiments in the presence of
raw materials including Tm(NO;),;, VOSO,, and H;BDCP
ligand as single catalysts were carried out under the optimal
conditions. As shown in Table S4, the catalytic activities of
these compounds were lower than that NUC-11.
Furthermore, a series of epoxide derivatives with different
substitutes and molecular sizes were used to explore the effect
of substituents on the reaction and the catalytic universality of
NUC-11 under the established optimal reaction conditions, in
which the molecular sizes of these epoxide derivatives were all
smaller than the pore diameter of NUC-11 to avoid a surface
catalysis (Table S3). Just as expected, all of the epoxide
derivatives could be successfully transformed into the
corresponding carbonates with high conversion rate of above
93%, as demonstrated in Table 2; the corresponding 'H NMR
spectra of products are given in Figures S13—S16. With regard
to the difference in catalytic efficienciesa, entries 1—4 exhibit a
higher conversion rate in comparison to entry 5; a similar

Table 2. Cycloaddition Reaction of CO, and Various
Epoxides with NUC-11 as Catalyst”

o
observed in the presence of only the cocatalyst Bu,NBr (entry 0 NUC-11 \]/0
3). However, by simultaneously employing S0 mg of NUC-11 )> + CO, > o
and 2.5% Bu,NBr, the yield could reach 44%, as shown in R Bu,NBr, 1 atm, 80 °C
entry 4. On the other hand, the almost stagnant coupling R

. . b c
Table 1. Cycloaddition Reaction of CO, with 1,2- Entry|  Epoxides Products Yield (%)" | TON
Epoxypropane under Various Conditions” o 0
o 1 {I /k 99 3960
(0] o 0
Catalyst (NUC-11), CO, o J<
> 0 (o]
Bu,NBr, 1 atm /|\/0 2 /—<J /—Q 98 3920
)
entry NUC-11 (mg) Bu,NBr (mol %) T (°C) time (h) vyield (%)" o 4<\0
1 0 0 50 6 <1 3 mﬂ c O/K 99 3960
2 50 0 50 6 9 o
3 0 2.5 50 6 17 o) o]
4 50 25 50 6 44 4 /—<] /k 99 3960
S 50 25 60 6 60 Br Br 07 o
6 50 2.5 70 6 75 o o
7 50 5 50 6 58 s | P—< Ph /K 93 3720
8 50 s 60 6 81 o] o
9 S0 S 70 6 99
10 100 S 70 4 99

“Reaction conditions: 1,2-epoxypropane (20 mmol), NUC-11 (50
mg, containing 0.025 mmol of V=0 ions), solvent free, CO, (1 atm),
6 h. “Checked by '"H NMR and GC-MS spectroscopy with n-
dodecane as the internal standard.
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“Reaction conditions: substrate (20 mmol), Bu,NBr (S mol %),
NUC-11 (50 mg, 0.025 mol %, based on the V=0 ions), CO, (1
atm), 70 °C, 6 h. *Determined by GC/MS with n-dodecane as the
internal standard. “TON (turnover number) = (mol of product)/
(mol of catalyst).
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phenomenon has been found in other documented MOF-
based catalysts.”*~>> From our speculation, the reasons include
mainly (i) epoxide derivatives with a large molecular size will
affect their accessibility into the nanochannels and (ii) large
substituents on the epoxides with strong steric hindrance will
influence the opportunity to contact with catalytically active
sites. Moreover, in comparison to the previously reported
monometallic Ln-organic framework, " %? cation-exchanged
NUC-11 exhibited a faster catalytic efficiency. The reason for
this, structurally, is thaat the postmodified [V'YO(H,O),] units
on the surface of the nanochannels protrude into the position
where the substrates could be easily hit, and hence an
improved catalytic efficiency could be realized.

Moreover, recycling experiments using 20 mmol of
propylene oxide as the substrate and 50 mg of NUC-11 as
the catalyst were repeated five times under the optimal
conditions. After each cycle, the NUC-11 sample was
recovered by simple filtration and washing with DMF. As
shown in Figure S10, the transformation yield after 6 h is
almost unchanged within five cycles, which might be
interpreted as the catalytic continuity of NUC-11. An
inductively coupled plasma (ICP) analysis demonstrated that
only trace amounts of Tm(III) (~0.012%) and V(IV)
(~0.014%) ions were monitored form the filtrate, which
ruled out the leaching of active species in the process of the
catalytic cycloaddition reaction. Such a result was reinforced by
the PXRD pattern of recovered NUC-11 shown inFigure S9;
the fine parallelism with the result of the original catalyst
confirmed the excellent reusability of NUC-11. Meanwhile, a
10-fold amplification reaction by using 500 mg of the catalyst
was simultaneously carried out under the optimal conditions,
as shown in Figure S11. As a result, NUC-11 still had high
catalytic efficiency after five cycles, indicating that NUC-11
possessed excellent practical application prospects.

The proposed mechanism of chemical cycloaddition of alkyl
epoxides with CO, into carbonates is given in Figure 3. First,
substrate molecules of the epoxide dispersed in the nano-
channels were expeditiously polarized by protruding V=0
ions in the pore wall. Subsequently, the bromine ion released
from Bu,NBr makes a nucleophilic attack on the a-carbon
atom of epoxide, leaving an instantaneous anionic intermediate

Figure 3. Representation of the possible mechanism of cycloaddition
of epoxide with CO,.
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of a bromoalkoxide that coordinated weakly with the V=0
ions. Furthermore, the bromoalkoxide undergoes a nucleo-
philic addition with the CO, molecules polarized by Lewis
acidic sites to form the alkylcarbonate anion. Ultimately, the
transformation of the alkylcarbonate anion into the five-
memgbzergegd—ring carbonate is accomplished by a closed-loop
step.”” ™

Catalytic Oxidation of 2-Chloroethyl Ethyl Sulfide. In
addition to the chemical fixation of CO,, the catalytic efficiency
of NUC-11 for oxidizing a simulator of mustard gas, 2-
chloroethyl ethyl sulfide (CEES), was checked by employing a
70% aqueous solution of tert-butyl hydroperoxide (TBHP)
with acetonitrile as the solvent during the experiments. The
results summarized in Table 3 show that NUC-11 possesses an

Table 3. Oxidation of CEES into CEESO under Different
Conditions”

catalyst NUC-11 time conversion yield
entry (mg) T(°C) () (%)" (%)"
1 N 25 1 S8 71
2 N 25 2 73 74
3 N 25 3 89 85
4 50 25 4 99 89
S NY 30 3 99 94
6 S0 40 2 99 92

“Reaction conditions: catalyst (NUC-11) SO mg (containing 0.025
mmol of vanadium), CEES (1 mmol), TBHP (2.0 mmol), acetonitrile
3 mL, 100 rpm. “Determined by GC/MS with n-dodecane as the
internal standard.

ideal catalytic performance, which is enhanced with an increase
in the time and temperature. The conversion rate at 25 °C
varied from 58% to 99% with time from 1 to 4 h, whereas the
conversion rate could reach almost 100% within 2 h when the
reaction temperature was set at 40 °C. It is worth mentioning
that the conversion rate is one more important indicator that
reflects the transformation of mustard gas into low-toxicity
products of oxidized sulfoxide (CEESO).*~* Furthermore,
blank experiments employing 0.025 mmol of the related raw
materials of NUC-11 were conducted at 40 °C over 2 h, as
detailed in Table SS. The dramatically decreased conversion
rate implied that the synergistic effect of various active species
exists in NUC-11.

On the basis of the structural features of NUC-11 and
previous documentation by Ma,"® the mechanism of catalytic
oxidation of 2-chloroethyl ethyl sulfide was speculated and is
displayed in Figure 4. First, the active Lewis acid sites of V=0
units offered a charge attraction to the oxygen atom of TBHP
and then formed weak coordination bonds along with the V=
O double bond being opened, generating the intermediate of
oxygenated compounds. Second, the instantaneous intermedi-
ate made an nucleophilic attack to the sulfur atom of the
approaching 2-chloroethyl ethyl sulfide concentrated in the 1D
channels of NUC-11, consequently achieving the purpose of
synergetic oxygen transfer along with the catalyst recovery.

Remarkably, it is worth noting that NUC-11 exhibited a
better catalytic efficiency in comparison to the documented
VO-COFs, which may be ascribed to the combination of
separate 4f [Tm,(CO,);] SBUs and 3d [VIYO(H,0),] units.
In VO-COFs, only VO units could act as the active centers to
take part in the reaction process, just as was elaborated in the
mechanism detailed above. However, in addition the highly
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Figure 4. Proposed catalytic mechanism of NUC-11-catalyzed sulfide
oxidation.

active V=0 units discussed in detail for the catalytic reaction
mechanism, NUC-11 also contained high-coordination-num-
ber Tm>* ions, which could tend to coordinate with TBHP due
to the fact that the abundant hybrid orbitals f'd**"sp* around
Tm’" ions give it a wide coordination number range.
Furthermore, to some extent, both the chemical fixation of
CO, and the oxidation reaction had an approximate reaction
mechanism, during which the formation of coordination
intermediates existed.

Just as was emphasized for the chemical fixation of CO,, the
recoverability and sustained stability of an emerging catalyst
are requirements that must be met before industrial
consideration of applications, which encouraged us to carry
out cyclic oxidization experiments on the NUC-11 catalyst.
After each test, the sample of NUC-11 was collected by
centrifugal separation and then rinsed three times with
methanol to remove the substrates. Consequently, the
obtained NUC-11 sample was immersed in acetone for 10
min, which was easily evaporated after vacuum drying. As
displayed in Figure S17, the conversion rate in the presence of
the recycled NUC-11 catalyst did not change significantly,
which verified that the V=0 docked MOFs of NUC-11 could
be viewed as one potential candidate for destroying mustard
gas. Meanwhile, the recycled NUC-11 sample was checked by
PXRD, which exhibited that the characteristic peaks could be
well fitted with those of the original crystalline sample, as
shown in Figure S9. The amounts of leached homogeneous
Tm(III) and V(IV) species were only 0.009% and 0.013%,
respectively, in the filtered liquor as monitored by ICP analysis,
verifying that a realistic heterogeneous catalytic process was
feasible.

B CONCLUSIONS

By cation exchange, V=0 units were successfully docked on
the channel inner walls in the basic porous framwork of 1-Tm
as precursors to generate the novel functional porous
heterometallic-organic framework {[VO(H,0)]-
[Tm,(BDCP),]},, which displayed excellent catalytic perform-
ance for the chemical synthesis of carbonates from related
epoxides and CO, with a high conversion rate. In addition, a
simulator of mustard gas, 2-chloroethyl ethyl sulfide, could be
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quickly and efficiently oxidized into low-toxicity products of
oxidized sulfoxide by tert-butyl hydroperoxide in the presence
of the NUC-11 catalyst. Thus, this study offers a new method
for the design and synthesis of functional-unit-modified porous
MOFs by postsynthesis modification.
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