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ABSTRACT: Inorganic functionalization of metal-organic frameworks (MOFs), such as incorporating multiple inorganic
building blocks with distinct metals into one structure and further modulating the metal charges, endows the porous ma-
terials with significant properties towards their applications in catalysis. In this report, by exploring the role of 4-pyra-
zolecarboxylic acid (H,PyC) in the formation of trinuclear copper pyrazolate as a metalloligand in situ, four new MOFs with
multiple components in order were constructed through one-pot synthesis. This metalloligand strategy provides multicom-
ponent MOFs with new topologies (tub for FDM-4 and tap for FDM-5), and is also compatible with a second organic linker
for cooperative construction of complex MOFs (1,4-benzenedicarboxylic acid for FDM-6 and 2,6-naphthalenedicarboxylic
acid for FDM-7). The component multiplicity of these MOFs originates from the PyC’s capability of separating Cu and Zn
due to their differentiated binding affinities towards pyrazolate and carboxylate. These MOFs feature reversible and facile
redox transformations between Cu';(PyC); and Cu';(u-OH)(PyC);(OH), without altering the connecting geometries of the
units, thus further contributing to the significant catalytic activities in the oxidation of CO and aromatic alcohols, and the
decomposition of H,O,. This study on programing multiple inorganic components into one framework and modulating
their electronic structures is an example of functionalizing the inorganic units of MOFs with a high degree of control.

INTRODUCTION metals, such as Cu,? this binding divergence creates a sec-
The reticular chemistry of metal-organic frameworks ond SBU based on a different metal on the carboxylic acid
(MOFs)" have been greatly enriched by attaching specific side. Furthermore, the trinuclear entities with different
functional groups to the organic linkers using pre-syn- metal valences, the [Cu',(HPyC),] (3a in Figure 1, the num-
thetic? or post-synthetic approachs, and recently the strat- ber 3 indicates the connectivity of the SBU) and [Cu',(p-
egy of using more than one linker in one pot has provided OH)(HPyC);]** (3b in Figure 1), carry exact the same SBU
MOFs with multiple organic components* and multivari- geometry in the resulting frameworks and thus guarantee
ate MOFs (MTV-MOFs)s. Compared with the various or- the integrity of the structures during the oxidation and re-
ganic functionalization of MOF structures, inorganic func- duction. By employing this characteristic building block,
tionalization, such as incorporating more than one metal open and multicomponent structures could be rationally
in the framework® or regulating the electronic structures of programed and synthesized, in which further modulation
specific inorganic building blocks (such as switching the of the metal valence and the consequent unusual catalytic
metal charge)7 in a controlled manner, is less explored but activities in compartmentalized spaces are expected.
has gained increasing recognition. In this report, we successfully synthesized two multi-
We sought to pursue multicomponent MOFs, in which component MOFs with unprecedented topologies, namely

FDM-4 and FDM-s5, by combining H,PyC as the only or-

(i) different metal ions are organized into distinct second- 4 i ¢
ganic ligand, various Zn-based SBUs, and the triangular

ary building units (SBUs)® through one-pot synthesis, and

(ii) the metals from these SBUs present switchable redox copper pyrazolate complex in situ as the metalloligand®
states while reserving the SBU geometry. Recently, 4-pyra- in one pot. This synthetic strategy was further exemplified
zolecarboxylic acid (H,PyC) as an organic linker has drawn in the construction of two new MOFs, FDM-6 and FDM-7,
our great attention, because the pyrazole and carboxylic where two types of struts with distinct geometries—the tri-
acid feature distinguishable coordination affinities towards angular metalloligand and the linear organic linker—were
different metal ions.* Therefore, in addition to the fre- consolidated in an ordered fashion. Driven by the coordi-
quently observed entities from three pyrazoles and three nation pairing between the two metal ions and the two

ends of PyC, the self-organization of the various building
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Figure 1. Construction of multicomponent FDM-3-7 using SBUs with distinct geometries. By employing triangular Cuy(HPyC),
(3a) or Cu';(u-OH)(HPyC); (3b), Zn,(COO); (3¢), square pyramidal Zn,O(COO),R (5a, 5b), triangular bipyramidal Zn,(COO),(NN)
(5¢), and octahedral Zn,0(COO);R; (6a-6e), five multicomponent MOFs with different topologies were synthesized. Mesopores
in FDM-3-7 are shown as yellow and orange spheres. R = COO or NN.

blocks have achieved complex MOFs with as many as four as high as 3728 m? g, despite the short linker used. The
components. All four MOFs feature micropores and meso- triangular building units in these MOFs undergo modu-
pores with Brunauer-Emmett-Teller (BET) surface area of lated redox reactions between Cu';(PyC); and Cu';(p-
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FDM-5 octagons and squares

OH)(PyC);(OH), reversibly without changing the underly-
ing geometries of the units, as monitored by single crystal
crystallography and X-ray photoelectron spectroscopy.
Complete oxidation of CO to CO, and size selective oxida-
tion of aromatic alcohols demonstrated the Cu(l) sites’
high activities in both solid-gas and solid-solution inter-
faces. Furthermore, the facile interchangeability of
Cu(I)/Cu(Il) in these MOFs was investigated by their re-
markable catalytic performances in H,O, decomposition.
Opverall, the MOF designing principles presented here pro-
vide a systematic approach to program multiple compo-
nents into one single crystal with high porosity; by further
investigating the electronic communications between the
precisely arranged components, these redox-active MOFs
promise emerging catalytic properties.

RESULTS AND DISCUSSION

Synthesis of Multicomponent MOFs with New Topol-
ogies Using Metalloligand Strategy. The trinuclear
complex entities, such as [Cus(HPyC);] (3a in Figure 1) or
[Cu'(u-OH)(HPyC);]** (3b in Figure 1), could act as tri-
topic carboxylate-based building blocks in MOF synthesis.
With a spacer expansion of 3.3 A along three directions
compared to 1,3,5-benzenetricarboxylic acid (H;BTC), this
metalloligand made from H,PyC allows to make MOF

X}{ )

\ \ ,
A -
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octagons

Cage 51

Figure 2. Topological and cage analysis of FDM-4 and FDM-5. (a) FDM-4 has four kinds of cages arranged in the new tub
topology. (b) In FDM-5 with the new tap topology, six octagons were connected by six squares to form one cage with self-
penetrated surface.

structures with higher porosity. Furthermore, unlike an-
other frequently used organic linker, 1,3,5-tris(4-carboxy-
phenyl)benzene (H;BTB), all the carboxylates in the Cu-
based metalloligand are in coplanar conformation, making
the construction of new MOFs with high symmetry more
feasible. Most importantly, H,PyC is capable of separating
and organizing different metal ions into SBUs with distinct
geometries in a one-pot reaction, which was demonstrated
previously in FDM-3 synthesis.* Recently, we have further
explored the metalloligand strategy, and successfully con-
structed a series of MOFs with multiple components based
on the trinuclear Cu-based building blocks.

Experimentally, by carefully controlling the mixed metal
ratio of Zn and Cu in the solution with H,PyC, colorless
single crystals of FDM-4 (FDM = Fudan materials, Figure 1
and 2a) were synthesized solvothermally (see the Support-
ing Information (SI)). Single crystal X-ray diffraction
(SXRD) reveals that FDM-4 crystallizes in the hexagonal
non-centrosymmetric space group P6;mc (Table S2). In
FDM-4, Cu ions only coordinate with the pyrazolates to
form the triangular metalloligands, while Zn ions coordi-
nate with all the carboxylates and some additional pyrazo-
lates. Thus, the network consists of octahedral SBUs based
on Zn,0(COO)s but with four variations (SBU 6a-6¢, and
6e in Figure 1), and a triangular SBU 3a (Figure 1). This
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Figure 3. Topological and cage analysis of FDM-6 and FDM-7. (a) FDM-6 features five kinds of cages, and (b) FDM-7 has

three kinds of cages in the network.

(3,6,6)-coordinated network possesses four kinds of poly-
hedral cages (Figure 2a). A small tetrahedral cage (Cage 4I)
with the size of 5.2 A is built with four octahedral SBUs as
the nodes, and six PyC linkers as the edges. Both Cage 411
and Cage 4III use the Cu-based triangular SBUs (grey in
Figure 2a) and two kinds of topologically distinct Zn-based
octahedral SBUs (gold and blue in Figure 2a) as the nodes,
with cage sizes of 7.2 A and 1.4 A, respectively. Interest-
ingly, Cage 4II and 4I1I can be viewed as the expanded ver-
sion of Cage 41 by replacing three or six PyC edges with the
metalloligands. The largest cage in FDM-4, Cage 4IV is sur-
rounded by twelve pentagons and four hexagons, and is
mesoporous with a pore diameter of 24.0 A. FDM-4 has the
same four types of cages with the mixed-linker MOF
UMCM-3%, however the spatial arrangements of the four
cages are different (Figure S1), resulting in a new topology
named tub for FDM-4.

Adjusting the solvothermal reaction condition slightly,
we observed the formation of colorless single crystals of
FDM-5. FDM-5 belongs to the tetragonal space group I4/m
(Table Sz). In addition to the SBU 3a, triangular Zn,(COO),
(3¢) and triangular bipyramidal Zn,(COO),(NN) (5¢)
building blocks were located in FDM-5 by SXRD (Figure 1
and 2b). Despite of the multiple building blocks (three
kinds of SBUs and one kind of linker) in FDM-s5, it features
only one type of porous cage. The surface of this cage is
surrounded by six octagons composed of 3a and 3¢, and
they are further bridged by six squares using 5c as the
nodes (Figure 2b). Interestingly, the stacking of the metal-
loligands 3a with each other (Cu-Cu distance of 3.52 A
from neighboring 3a, see Figure S2) and the noncoplanar-
ity of the octagons make the framework self-penetrated
(Figure 2b). With the inner size of the mesoporous Cage 51

being 20.6 x 34.3 A, the topology of the (3,3,5)-coordinated
FDM-5 is unprecedented tap.

Synthesis of Multicomponent MOFs by Metallolig-
and and Organic Ligand Mixing. The FDM-4 and FDM-
5 show examples of making multicomponent MOFs with
new topologies by combining (i) the versatility in con-
structing Zn-based SBUs with distinct geometries and (ii)
the straightforwardness in obtaining rigid Cu-based metal-
loligands with H,PyC only as the ligand. However, whether
the metalloligand strategy applies to systems involving
H.PyC and another organic linker remains unexplored, on
account of the difficulties in consolidate two types of link-
ers (organic ligand and metalloligand) into one crystalliza-
tion process simultaneously. Addressing this challenge, we
synthesized FDM-6 and FDM-7 by introducing a second
organic linker (1,4-benzenedicarboxylic acid (H,BDC) for
FDM-6 and 2,6-naphthalenedicarboxylic acid (2,6-H,NDC)
for FDM-7) into the reactions with Cu, Zn, and H,PyC (Fig-
ure 1 and 3). In FDM-6 (Table S2), each octahedral 6a is
coordinated with four triangular 3b and two BDC, resulting
in a framework isoreticular to (3,6)-coordinated UMCM-
24 with a topology of umt. In FDM-6, the ratio of the SBU
3b-6a distance (9.74 A) to the SBU 6a-6a distance (13.02
A) is 1:1.34, as determined by the length of PyC and BDC.
This value is almost the same as the corresponding edge
lengths ratio in UMCM-2 (1:1.37). In addition to the length
ratio match, the identical geometry of the metalloligand in
FDM-6 and the BTB in UMCM-2 has guided both struc-
tures to be assembled in the same topology. Crystallized in
a hexagonal space group P6,;/m, FDM-6 features extraordi-
nary five kinds of cages, the microporous Cages 6I-6I11
(7.0, 8.8, and 13.0 x 19.0 A in cage sizes, respectively) and
the mesoporous Cages 6IV-6V (20.2 x 23.4 and 20.4 x 31.0
A in cage sizes, respectively). The dodecahedral Cage 61V
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has eight 6a and twelve 3b as the nodes, and Cage 6V is a
pentadecahedron with three hexagons and twelve penta-
gons.

On the other hand, FDM-7 (Figure 1 and 3b, Table S2)
contains the metalloligand (3b), one octahedral SBU with
two variations (6a and 6b), and two kinds of linear dicar-
boxylic acids with different lengths (PyC and NDC) in the
network. Specifically, PyC has two roles in the FDM-7 con-
struction: (i) participating in the formation of the triangu-
lar metalloligand, and (ii) serving as the linear ditopic
linker. Indeed, PyC also has this dual role in FDM-3-5,
whereas PyC in FDM-6 is only involved in the metallolig-
and construction. As a result, the arrangement of these
four distinct components in order creates spontaneously
three different types of cages in FDM-7. Cage 71 and 7II
have the same faces, however, the edge length difference
between PyC and NDC has created pores with different
shapes (7.2 x 7.2 and 5.2 x 11.2 A). The largest cage in FDM-
7, Cage 7III with the size of 18.4 x 21.6 A, is the same [52]
tiling with the dodecahedral Cage 6IV. This quaternary
MOF is analogous to MOF-205% and MUF-74¢ with ith-d
topology, however it avoids the use of costly tricarboxylic
acid such as H;BTB. Overall, the construction of three-
component FDM-6 and four-component FDM-7 has ex-
panded the metalloligand strategy to mixed linker system
successfully. It can be concluded that the metalloligand
and the organic linker share similar assembly kinetics un-
der common MOF synthesis conditions, and could be ra-
tionally incorporated into multicomponent MOFs with
high complexity in single phase.

It should be emphasized that, for the synthesis of FDM-
3-7, the ratio between Cu(NOj;),-3H,O and H,PyC in the
starting material was kept at around 1:2, and the concen-
tration of Zn(NQO,),-6H.,0 is at least 15 times higher than
Cu(NO;),-3H,0. This is to make sure that all the Cu ions
coordinate with the pyrazolates, but not with the carbox-
ylates. In general, a higher concentration of Cu ion may
lead to the formation of MOF-325 as the by-product, which
is based on the metalloligand 3b and the Cu,(COO), SBU.
Under the optimized condition, we were able to synthesize
FDM-3-7 all in pure phases, as evidenced by the powder X-
ray diffraction (PXRD) analysis (Figure S3-S6).

Mesoporosity of FDM-4—-7 Based on Short Struts. As
can be seen from the single crystal structures, the mesopo-
rous Cages 41V, 51, 61V, 6V, and 7III in FDM-4-7 contrib-
ute to the mesoporosity of the MOFs. To evaluate the po-
rosity of these MOFs, we measured the N, adsorption iso-
therms of the activated samples at 77 K (Figure 4, see SI for
the sample activation procedures). The BET surface areas
of FDM-4-7 are 3393, 1067, 3728, and 3423 m? g, respec-
tively. We provide the complete pore analysis in Table 1
and Figure S7-S10, and here we describe the particular of
FDM-6 containing five different types of cages as an illus-
trative example. With a Langmuir surface area of 4269 m?
g, FDM-6 has a high calculated void percentage of 82%
based on the crystal structure, and the pore volume is 1.43
cm3 g* based on the isotherm. FDM-6’s void percentage
ranks in the same category with several benchmark MOF
materials, such as MOF-5 (79%), MIL-101 (81%), and MOF-
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Figure 4. Low-pressure N, adsorption isotherms of FDM-
4-7 at 77 K. Solid symbols represent adsorption, while open
symbols represent desorption.

177 (83%).4¢ In the pore size distribution profile (Figure Sg),
two distinct ranges (micropores with diameters of 1.0-1.5
nm and mesopores at 2.0-3.1 nm) were observed, corre-
sponding to the microporous Cages 6I-III and mesopo-
rous Cages 6IV-V. Despite the length of PyC being only 4.2
A, consolidating two metal ions with distinct coordination
preference and geometries into complex MOFs has made
these structures mesoporous with high surface areas.

Oxidation and Reduction of Cu in the Triangular
Building Blocks. Interestingly, all the FDM-4-7 crystals
are colorless when they were firstly crystallized in capped
vials (Figure 5a), indicating that Cu(II) ions from cupric ni-
trate were reduced during the synthesis, and the Cu in
these as-synthesized MOF structures is monovalent. A
close re-examination of the previously reported FDM-3
recorded the same observation. Reduction of Cu(II) to Cu(I)
is not rare in MOF synthesis, and possibly assisted by the
solvents as the reductant.”" However, to our surprise, after
loosening the vial caps, the crystal color transformed to
light blue immediately for all five MOFs, suggesting that
some Cu(I) in the framework were oxidized to Cu(II) upon
contacting with ambient air (Figure 5b). In view of this, we
performed the FDM-6 synthesis in a sealed tube filled with
N,. The formed FDM-6 crystals keep colorless for weeks
until the tube is opened, indicating that the Cu(I) in the
MOF structure is stable until it contacts with air.

The fast oxidation addresses a challenge in the accurate
structure determination of the Cu-based SBUs in these
MOFs by SXRD. Depending on the length of air contact
time before and during data collection, partial or full oxi-
dation of Cu(I) occurs, and therefore different SBUs (3a or
3b in Figure 1) were presented. In the reported structures
from SXRD, FDM-4 and FDM-5 feature the 3a units in the
frameworks; on the other hand, FDM-6 and FDM-7 has the
3b as the building blocks, in which the square-planar coor-
dination geometry of Cu(Il) is fulfilled by OH" as the ter-
minal ligand. However, considering all the pristine crystals
being colorless, we propose that the as-synthesized FDM-
3-7 have the Cul;(PyC); units as the building blocks, and
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Table 1. Porosity data of activated FDM-3-7.

RCSR  Crystal density

Compound code (g cm-) Aggr (m2 g?)
FDM-3 ott 0.59 2585
FDM-4 tub 0.67 3393
FDM-5 tap 1.05 1067
FDM-6 umt 0.61 3728
FDM-7 ith-d 0.68 3423

Arang (m2g?)  V, (cm3 g?) f;lrccl;l;ltt:;ev((‘:/::)i Reference
2760 1.19 81 (6f)
3826 153 83 This work
1085 0.57 68 This work
4269 1.43 82 This work
3863 117 81 This work

Crystal densities are based on the formulas including compensating ions. Ager and Apang are the BET and Langmuir surface areas,
respectively. V;, is the measured pore volume. Calculated void percentage (%) is based on the accessible pore volume simulated

on the MOF skeleton structures by Materials Studio.

[a) ;o (c) (d)
N S " ;, .;Q ﬂ : I ' Cu 2p1/2 4 F—Cu 2p3/2_| w p— Cu 2p1/z — f— CUu zpa/z—l
o\ AT —_— o
VY. i = , Cul) Cu(i)
P LN rﬂx‘/’ 25 cu(ly (©329eV) (93326V)
o P \‘vﬂ.‘w; (934.4 V)
A Y = i =
Vi 2 t) E s [ \
5 —C % ) S 1
I L & > -~ |
f: - A
O PRI o B 15 !
A g = = !
S % r7 = 1
W ?yu \¢’ [ cu(lly satellite :
28 ) «
* g (W= 1 2N vy, E
t\i‘ JH « Y - \ \:M
"« * - $ I X Il ' L L Il ' Il '
W < r ¢ { 960 950 940 930 960 950 940 930

Binding energy (eV)

Binding energy (eV)

Figure 5. (a) Still image of the colorless as-synthesized FDM-6 crystals; (b) still image of FDM-6 crystals immediately after
contacting with air; (c) XPS profile of FDM-6 dried under vacuum at room temperature; (d) XPS profile of FDM-6 activated

under vacuum at 200 °C.

they were oxidized to Cu';(u-OH)(PyC); upon exposed to
the ambient air.

Based on the single crystal structures, CHN elemental
analysis, and ICP-AES (see SI for details), we conclude for-
mulas of all the as-synthesized MOFs based on Cul5(PyC)s,
fully-oxidized MOFs based on Cu's(u-OH)(PyC);, and
mixed-charge MOFs based on CuCu'y,(u-OH),.
x3(PyC);(OH);x (x = 0~3) in Table S1. For example, the for-
mula of the as-synthesized FDM-4 is
{(Z0,0)5[Culy(PyO),ls(PyC)e}-[Zn(OH).(H.0)Js.  When
FDM-4 is fully oxidized, the formula changes to
{(ZH4O)5[CUH3([J—
OH)(PyC);]6(PyC)s(OH).s}-[Zn(OH)(H,O)5]¢. It is note-
worthy that one OH- from the isolated Zn-based complex
which stays in the pores to compensate the charge but
could not be located by SXRD, is substituted with H,O to
keep the MOF structure neutral upon oxidation.

X-ray photoelectron spectroscopy (XPS) is a powerful
tool to examine the valence of Cu in FDM-3-7, and it shows
mixed charge for all five MOFs even with minimum expo-
sure to the air during the MOF drying process (wash with
N,N-dimethylformamide (DMF), solvent exchange with
CH,CL, followed by vacuum dry at room temperature).
Specifically, as shown in Figure 5¢, an intense asymmetrical
Cu 2ps/, photoelectron peak along with satellite peaks in-
dicate mixed valence state of Cu in FDM-6. This peak can
be deconvoluted into two contributions located at 932.9

and 934.4 eV, corresponding to Cu(I) 2p;,and Cu(Il) 2p,,
respectively. Integration of the Cu(I) 2p;/, peak, and Cu(II)
2p,., peak with Cu(Il) satellite peaks (941.4 and 944.3 eV)
gives the calculated ratio of Cu(I):Cu(II) being ~2.0:1.0 in
FDM-6. Other investigated MOFs also show mixed valence
state of Cu, with the ratios of Cu(I):Cu(Il) in FDM-3, -4, -5,
and -7 being ~1.1:1.9, 2.2:0.8, 1.0:2.0, and 1.3:1.7, respectively
(Figure Su, S13, S15, and S17). These results suggest that
FDM-3-7, featuring the same Cu-based SBUs, but with
completely different spatial arrangement of SBUs and dis-
tinct local electronic structures around these SBUs, show
varied oxidation rate even the same sample drying proce-
dure with similar air exposure time was applied. Interest-
ingly, complete oxidation of these MOFs within a short pe-
riod could be achieved by adding additional oxidants, as
indicated by the appearance of only Cu(Il) 2py, peaks
(933.4 €V in Figure S19, 933.6 €V in Figure S20, and 933.7
eV in Figure S21) in the cases of FDM-4 and FDM-6 oxi-
dized with H,0,, and FDM-3 oxidized with Ag*, respec-
tively.

Most of the reports on MOFs with Cu-based triangular
SBUs suggest the oxidation state of Cu being either 2+ or
1+, with 2+ dominant in the literatures. Few structures
made from bipyrazole show very slow oxidation of Cu(I) in
the air, as indicated by the mild color change of the crys-
tals.%2 However, FDM-3-7 are the first MOF examples
where the oxidation of Cu(I) happens rapidly and can be
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Figure 6. (a) CO conversion as a function of reaction temperature over activated FDM-3-7 and HKUST-1. (b) DFRITS of activated
FDM-7 under He flow (black), after interacting with CO (red), and after purged with He (yellow). (c) Results on H,O, decompo-
sition catalyzed by activated FDM-3-7 at room temperature. (d) Performance on five sequential batches of H,O, decomposition
over activated FDM-4 at room temperature. The arrows indicate injection of 1 mL H,O, without any regeneration with 6-h interval

each time.

quantatively monitored by XPS. In FDM-3-7, the Zn(II)-
carboxylate coordination bonding withdraws electrons
from the PyC linker, which makes the Cu(I) on the other
end of PyC more prone to be attacked by the nucleophiles,
and thus facilitates the activation of the dioxygen mole-
cules and the oxidation of Cu(I).3 With the distance of N
from pyrazole and O from carboxylic acid as short as 4.2 A,
the PyC bridging ligand between two metals allows sub-
stantial electronic communication, and thus influence the
redox behavior of each of the Cu(I) site in the framework.
The multicomponent nature of these MOFs provides an
ideal platform to further fine-tune the redox properties of
the structures by controlling their arrangements in three-
dimensional spaces and studying the electronic effects of
each of the building units.

Interestingly, when the partially oxidized FDM-3-7 were
activated by heating at 200 °C under vacuum, the crystal
color turned light yellow for all five MOFs. The XPS spectra
show that the percentage of Cu(I) in Cu ions in these MOFs
increased after the activation, indicating reduction of Cu(II)
to Cu(I). Specifically, as shown in Figure Si2, S14, 5d, and
S18, thermally activated FDM-3, -4, -6, and -7 show only
intense sharp Cu(I) 2p,, peaks at 933.0, 932.6, 933.2, and
933.0 eV without satellite peaks, respectively, implying all
Cu(II) are reduced to Cu(I). For FDM-s5, the reduction is
not complete after thermal treatment, despite the increase
in the percentage of Cu(I) ions from ~33% to ~73% (Figure

S$16). What is more, the reduction could be trigged not only
by heating, but also by mild reductive solvent. All the par-
tially oxidized MOFs could turn back to colorless upon
heating in N-methyl-2-pyrrolidone (NMP) at 160 °C for less
than 10 min, indicating complete reduction to Cu(I). With
the conversion from SBU 3a to 3b, and back to 3a along the
oxidation and reduction, the frameworks of FDM-4-7 still
retain their crystallinity with the same respective unit cell
parameters, as validated by the coincidence of the experi-
mental PXRD patterns of the thermally activated samples
with their simulation (Figure S3-S6).

We picked FDM-6 to further study the reversibility of
the Cu(I)/Cu(Il) transformation in these frameworks.
Within our expectation, exposing thermally activated
FDM-6 to the air results in the color change to blue again.
However, compared to the as-synthesized FDM-6, the ac-
tivated sample is more resisted to be oxidized in ambient
air, as evidenced by the apparent slower color change of
the crystals. This is possibly due to the lacking of nucleo-
philes such as water in the pores. To prove this, we placed
the light yellow crystals of reduced FDM-6 in a glovebox
filled with oxygen, crystal color remained unchanged, con-
firming that H,O is needed to convert Cu(I) to Cu(II) upon
contacting with O,. In summary, as proposed in Scheme 1,
the linear coordinated Cu(I) in Cu';(PyC); is oxidized under
O, and H.O, and the trinuclear SBU evolves into Cu',;(u-
OH)(PyC);(OH);. This reaction can be reversed by heating
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under vacuum or with mild reducing agent (see the SI for
full equation).

Scheme 1. The interchangeability of Cu valences in the
frameworks of FDM-3-7.

N—N N—N

HO_ / \ _OH

4 02, H20 \Cu{ /Cu/
/ \ — /o7 \
N N 200 °C under vacuum | N
\ / /160 °C in NMP \ 4
N—Cu—N N=—Cu—N
|
OH

Oxidation of Carbon Monoxide by FDM-3-7. The
study of carbon monoxide oxidation over Cu-based cata-
lysts has its significance in the exhaust emission control.’s
Cu(I) is known to catalyze the oxidation of CO by the use
of valence variation to seize or release oxygen readily."®
With all the Cu(I) sites accessible in the activated FDM-3—~
7, we investigated their catalytic activities in CO oxidation
using a fix bed flow reactor. CO (1% in air) was passed
through the bed after the MOFs were pretreated in He at
200 °C for 2 h, and the effluent gases were analyzed by GC.
Figure 6a shows that the activated FDM-3-7 can catalyze
the oxidation of CO, with complete conversion to CO, at
~210 °C for FDM-4, and ~220 °C for FDM-3, -6, and -7. The
PXRD of these four MOFs after CO oxidation at up to
240 °C showed that all the peaks corresponded to the pris-
tine MOF structures (Figure S23, S24, S26, and S27), sug-
gesting the MOFs retain their structures during the reac-
tions. Furthermore, no peak from either Cu,O or CuO was
observed, confirming the catalytic active sites are the tri-
angular Cu-based modules which are accessible to CO
guests. In the case of the activated FDM-s5, full conversion
was not achieved, probably due to the relative instability of
the bimetallic Zn,(COO); (SBU 3¢) and Zn,(COO),(NN)
(SBU 5¢) under high temperature, as evidenced by the early
weight loss in TGA (Figure S22) and peak disappearance in
PXRD after CO oxidation (Figure S25).

The temperature required for 50% CO conversion (T)
is 200, 180, 215, 195, and 190 °C for FDM-3-7, respectively.
Our control studies on Cu',(COQO), based HKUST-17 acti-
vated by heating at 200 °C under vacuum shows no activity
at 200 °C. Although HKUST-1 activated with higher tem-
perature (230 and 250 °C) have shown CO oxidation activ-
ities below 200 °C previously,® it is unclear if the activity is
from the reduced Cu(I) in the framework? or Cu,O from
the decomposition of HKUST-1.4>2¢ Overall, compared to
HKUST-1 and a reported copper pyrazolatecarboxylate
MOF> with redox-inactive Cu(II)-based units under simi-
lar activation methods, lower temperature was recorded
for 100% CO conversion using the MOFs presented. We
conclude that the elevated performance is due to the high
density of Cu(I) sites in the framework, and their aptness
in valence variation during the conversion. In addition,
high surface areas and large pore openings of mesoporous
FDM-3-7 guarantee the accessibility of active sites, and
free diffusion of CO, O,, and CO.,.

The interaction between CO and Cu sites in FDM-3-7
were further studied by in situ diffuse reflectance infrared

Fourier transform spectroscopy (DRIFTS). Figure 6b shows
the DRIFTS of the FDM-7 after three stepwise treatments
(preheated at 200 °C for 2 h under He, exposed to 5 v.% CO
flow for 30 mins, and purged with He for 15 min after CO
exposure), and the DRIFTS for other MOFs are provided in
Figure S28-S31. After exposing FDM-7 to CO, two peaks at
2171 and 2109 cm™ were observed. Upon purging with He,
the peak at 2171 cm™ disappears, and the peak at 2109 cm™
shifts slightly to 2105 cm™. It is known that CO adsorption
on Cu> or Cu° is very weak and could be easily removed by
purging at room temperature, thus the remaining peak at
2105 cm™ can be assigned to the stretching vibration of the
typical C-O bond after CO chemisorption on Cu(I)
sites’®2022, For FDM-3-6, similar DRIFTS results were ob-
tained, confirming the strong interaction between the CO
and Cu(I) sites in the MOFs, and the subsequent CO acti-
vation.

H,O, Decomposition Catalyzed by FDM-3-7. The in-
terchangeability of Cu valences in FDM-3-7 drives us to
further evaluate their catalytic performances in H,O, de-
composition. Transition metal catalyzed decomposition of
H.O., into H,O and O, usually involves redox-active species,
such as Cu(I)/Cu(I) sites in Cu-amine complex or
Fe(III)/Fe(II) sites in iron oxide.? When H,0, (30% in H,O,
1.0 mL) was added to the activated FDM-3 (~0.1 mmol Cu
sites) in DMF, violent O, bubbles emerge from the surface
of the MOF crystals immediately and the gas evolving pro-
cess continues for up to 24 hours (Video S1 in the SI). FDM-
4-7 show similar catalytic activities in H,O, decomposition
with activated FDM-3, confirming the decomposition is
catalyzed by the same Cu-based triangular building blocks.
In contrast, experiment performed on activated HKUST-1
shows no O, released from the crystals (Video Sz in the SI),
indicating that the decomposition of H,O, cannot be cata-
lyzed by Lewis acidic Cu(II) sites as in HKUST-1, but by the
redox-active Cu(II)/Cu(I) sites as in FDM-3-7. It is worth
noting that the crystals color turn darker at the initial H,O,
decomposition stage, indicating some Cu(I) were possibly
oxidized to Cu(Il) by the O, released.

With the help of stirring, H.O, decomposition rate can
be accelerated to less than 6 hours for the aforementioned
reaction, with ~100% H,O, conversion observed by the
time interval measurement of the O, volume (Figure 6c).
We picked the data from 50 to 100 min after H,O, con-
tacted with the five MOFs to look at the kinetics of the re-
action, for the reasons that (i) during this period the effect
of diffusion barrier of H,O, into the MOF pores can be con-
sidered as constant, and (ii) a good amount of released O,
keeps the relative error of the measured O, volume small.
As shown in Figure S32, pseudo-first order kinetic patterns
were observed for all the H,O, decomposition catalyzed by
five different MOFs. The kops of the reactions are (1.64 +
0.07) x 10, (2.00 % 0.06) x 102, (0.66 * 0.02) x 102, (1.24 +
0.04) x 107, and (1.77 = 0.07) x 10> min™ for FDM-3-7, re-
spectively. Furthermore, the systems still retain their activ-
ities for several batches without any regeneration process,
as indicated by the full O, evolution upon injecting H,O,
in equal amounts every 6 h for FDM-4 (Figure 6d). After
five sequential batches, assuming all Cu sites in FDM-4 are
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active, each Cu site involves at least 500 cycles of rigorous
H.O, conversion without obvious decrease in the reaction
rate. These MOFs lost their high crystallinity after H,O, de-
composition experiment according to PXRD (Figure S33),
indicating possible structural amorphisation due to the
frequent Cu valence interchange and H,O coordination
competition. However, the crystals remain their original
shape after the catalysis (without stirring, Figure S34), sug-
gesting the frameworks still hold their integrity. What is
more, the reaction solution remain colorless and no pre-
cipitate forms upon addition of Na,S into the supernatant ,
indicating no Cu from the framework is leached into the
solution.

Pristine FDM-3-7 as Benzyl Alcohol Oxidation Cata-
lysts. Complexes and MOFs based on Cu have been shown
to catalyze the aerobic oxidation of benzyl alcohol.> One
of the proposed mechanisms involving Cu(I) site includes
its oxidation to Cu(II) by O,, followed by the alcohol’s oxi-
dation to aldehyde by the Cu(II) species and co-catalyst.>+
The redox facility and accessibility of the Cu(]) sites is the
key in achieving efficient catalysis. However, MOFs con-
taining accessible and redox-active Cu(l) sites for alcohol
oxidation are in scarce, with only one example of introduc-
ing Cu(I) sites by post-synthetic modification.>** With Cu(I)
sites decorating on the pore surfaces and taking up more
than 19 wt% in the solids, FDM-3-7 were examined as the
catalysts for the aerobic oxidation of benzyl alcohol in the
open air at 70 °C by using 2,2,6,6-tetramethyl-1-piperidi-
nyloxy (TEMPO) and N-methylimidazole (NMI) as co-cat-
alysts, and the yields were checked by 'H NMR. As shown
in Table 2, without MOF catalyst, the reaction shows very
low yield (2%); however, all the five pristine MOFs investi-
gated show remarkable catalytic activities in its oxidation
to benzaldehyde. Specifically, the yields of benzaldehyde
are 98%, >99%, 62%, >99%, and 98% for the reactions cat-
alyzed by activated FDM-3-7 in 24 h. The unsatisfactory
yield in the case of FDM-5 is due to the smaller pore open-
ing (with the aperture diagonal of 6.0 A) and possible lower
chemical stability. Indeed, a high yield of 70%, 83%, 84%
and 87% were achieved for FDM-3, -4, -6 and -7 as catalysts
within the first 12 h. The pores inside these MOFs allow free
movement of benzyl alcohol in the crystals and close con-
tact with the active Cu sites without any steric hindrance.

Pristine FDM-3-7 show great activities in the alcohol ox-
idation, although our preliminary studies on the PXRD re-
veal the solids lost their crystallinities after catalytic reac-
tions. We understand that the participation of several Zn-
carboxylate based SBUs (such as 3¢ and 6a) in these MOFs
may raise chemical stability issues when they were applied
as catalysts in the reactions with TEMPO and NIM. To elu-
cidate the heterogeneous nature of the porous catalysts, we
performed their substrate size selectivity studies under the
same condition. 3,4,5-Trimethoxybenzyl alcohol (TMBA)
was picked for its larger size (~9.5 x 9.2 A) than benzyl al-
cohol (~6.0 x 4.3 A). Based on the single crystal structures,
FDM-3, -4, -6, and -7 have their pore openings all at ~11.0
A, which restrain the free movement of TMBA inside the
crystals to some extent. Consequently, drastic drop in the
yields (13% for FDM-4 and 15% for FDM-6 in 24 h, Table 2)
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was observed. These results suggest that the oxidation of
benzyl alcohol mainly happens inside the MOF crystals ra-
ther than in homogeneous solutions; and the size and
shape of TMBA molecules have made them (i) diffuse very
slowly in the pores, and (ii) difficult to contact with the Cu
active sites due to space restriction. Overall, the size and
shape selectivity towards the substrates confirms the het-
erogeneous nature of the MOF catalysts, whose structural
character still stands and pore accessibility still remains.
With MOF building blocks for higher chemical stability
available,s researches on new structures incorporating
these accessible redox-active sites will provide materials
with unparalleled catalytic performances.

Table 2. Aerobic oxidation of benzyl alcohol and
TMBA using FDM-3-7.

PN

catalyst (5 mol %), TEMPO (5 mol %)
A -

X

R OH NMI (10 mol %), CHsCN, air, 70 °Cr R ©
Entry Catalyst Substrate Time Yield

1 / benzyl alcohol 24 h 2%
2 FDM-3 benzyl alcohol 12h 70%
3 FDM-3 benzyl alcohol 24h 98%
4 FDM-4 benzyl alcohol 12h 83%
5 FDM-4 benzyl alcohol 24 h >99%
6 FDM-5 benzyl alcohol 24h 62%
7 FDM-6 benzyl alcohol 12h 84%
8 FDM-6 benzyl alcohol 24 h >99%
9 FDM-7 benzyl alcohol 12h 87%
10 FDM-7 benzyl alcohol 24 h 98%
1 FDM-4 TMBA 24h 13%
12 FDM-6 TMBA 24 h 15%

CONCLUSION

In summary, the triangular copper pyrazolate building
blocks provide a rational strategy to further explore the
multiplicity of structural components in single MOFs, as
demonstrated in mesoporous FDM-3-7 with up to four dis-
tinct constituents. Furthermore, the classic Cu(I)/Cu(II)
redox activities of the trinuclear Cu-based modules® were
inherited after they were apportioned in precise positions
throughout the whole porous network. The catalytic per-
formances of these redox-active multicomponent MOFs
were verified by the oxidation of CO and aromatic alcohols,
and the decomposition of H,O,. Akin to the multi-copper
sites in natural enzymes, such as oxidases or oxygenases,
the active sites in the MOFs with multiple components un-
der synergy control present their potentials in precision ca-
talysis.
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47 Figure 1. Construction of multicomponent FDM-3-7 using SBUs with distinct geometries. By employing
triangular Cu's(HPyC)s (3a) or Cu'5(u-OH)(HPyC)s (3b), Zn,(COO0)s (3c), square pyramidal Zn,O(COO)4R
(5a, 5b), triangular bipyramidal Zn,(COO)4+(NN) (5c¢), and octahedral Zn,O(COOQ)sR; (6a-6e), five
49 multicomponent MOFs with different topologies were synthesized. Mesopores in FDM-3-7 are shown as

50 yellow and orange spheres. R = COO or NN.
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Figure 2. Topological and cage analysis of FDM-4 and FDM-5. (a) FDM-4 has four kinds of cages arranged in
the new tub topology. (b) In FDM-5 with the new tap topology, six octagons were connected by six squares
to form one cage with self-penetrated surface.
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Figure 3. Topological and cage analysis of FDM-6 and FDM-7. (a) FDM-6 features five kinds of cages, and (b)
FDM-7 has three kinds of cages in the network.
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Figure 5. (a) Still image of the colorless as-synthesized FDM-6 crystals; (b) still image of FDM-6 crystals
immediately after contacting with air; (c) XPS profile of FDM-6 dried under vacuum at room temperature;
(d) XPS profile of FDM-6 activated under vacuum at 200 °C.
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Figure 6. (@) CO conversion as a function of reaction temperature over activated FDM-3-7 and HKUST-1. (b)
DFRITS of activated FDM-7 under He flow (black), after interacting with CO (red), and after purged with He
(yellow). (c) Results on H,0, decomposition catalyzed by activated FDM-3-7 at room temperature. (d)
Performance on five sequential batches of H,O, decomposition over activated FDM-4 at room temperature.
The arrows indicate injection of 1 mL H,O, without any regeneration with 6-h interval each time.
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Scheme 1. The interchangeability of Cu valences in the frameworks of FDM-3-7.
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