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ABSTRACT: Precise placement of multiple functional groups in a highly ordered metal-organic framework (MOF) platform allows the tai-
loring of pore environment which is required for advanced applications. To realize this, we present a comprehensive study on linker installa-
tion method, in which a stable MOF with coordinatively unsaturated Zrs clusters was employed and linkers bearing different functional
groups were post-synthetically installed. A Zr-MOF with inherent missing linker sites, namely PCN-700, was initially constructed under ki-
netic control. Twelve linkers with different substituents were then designed to study their effect on MOF formation kinetics and therefore
resulting MOF structures. Guided by the geometrical analysis, linkers with different lengths were installed into a parent PCN-700, giving rise
to eleven new MOFs and each bearing up to three different functional groups in predefined positions. Systematic variation of the pore volume
and decoration of pore environment were realized by linker installation, which resulted in synergistic effects including an enhancement of H,
adsorption capacities of up to 57%. In addition, a size-selective catalytic system for aerobic alcohol oxidation reaction is built in PCN-700
through linker installation, which shows high activity and tunable size-selectivity. Altogether, these results exemplify the capability of linker
installation method in pore environment engineering of stable MOFs with multiple functional groups, giving an unparalleled level of control.

INTRODUCTION

As a new emerging class of highly ordered porous materials, met-
al-organic frameworks (MOFs) have attracted great attention in
the last two decades.! Their modular nature imparts designable
topology, adjustable porosity, tunable functionality, and variable
surface moieties within a single material,> which have potential
applications in many areas including gas storage, separation, and
catalysis.* Among the known MOF materials, Zr-based MOFs have
been intensively studied, because of their superior stability against
moist atmosphere, aqueous solutions, as well as basic or acidic me-
dia.* The robustness arising from the kinetic inertness of the Zr—
carboxylate bonds enables advanced applications in MOF systems.
However, the synthesis of Zr-MOF usually requires elevated tem-
perature and high concentration of acids as modulating regents.’
Such harsh conditions can prohibit labile and reactive functional
groups from incorporating into Zr-MOFs in a one-pot reaction,
thus limit the functionalization of the Zr-MOFs for further exploi-
tation.®

To address this issue, post-synthetic modification methods have
been successfully employed to introduce functionalities to Zr-
MOFs under relatively mild conditions.” Cohen and co-workers
demonstrated that labile diiron complexes as hydrogen generation
catalysts can be incorporated into a Zr-MOF, UiO-66, via post-
synthetic linker exchange.® The Hupp group developed a solvent
assisted ligand incorporation strategy to introduce terminal carbox-
ylate or phosphate ligands on Zrs clusters.” Our group has shown
that various functional groups with controlled loading can be an-
chored onto linkers of Zr-MOFs via a click reaction, endowing the
MOFs with tailored interfaces.'® However, it is still difficult to in-

clude multiple functional groups simultaneously in a MOF pore.
Additionally, the reported post-synthetic modification methods of
Zr-MOFs typically lack a high level of control over the distribution
of the incorporated functionalities. Placing multiple functionalities
with synergistic effects in a MOF cavity is particularly interesting
for many potential applications."" For example, programmed pore
architectures are realized in a MUF-7 system which is constructed
from ZnsO clusters and three linkers with different lengths or
symmetries."”” This promotes us to develop stepwise synthetic
routes to sequentially introduce functionalities in robust Zr-MOFs
and therefore control their positions and distributions.

Our group has reported a new method, linker installation, to pre-
cisely place different functionalities into Zr-MOFs under mild con-
ditions.” In this method, a Zr-MOF constructed from 8-connected
Zrs04(OH)s(H20)4 clusters was selected as a matrix. Linear car-
boxylate linkers with various functionalities were post-synthetically
installed into the matrix by replacing the terminal OH /H.O lig-
ands of adjacent ZrsO+(OH)s(H20)4 clusters.”*™* Since linkers with
different lengths were installed in pre-designed positions in the
MOF structure, multiple functional groups were therefore precisely
placed at defined location in the MOF cavity. In our previous work,
we demonstrated that two linkers with different functional groups
can be sequentially installed into a Zr-MOF." Herein, we perform a
comprehensive study on the linker installation method. First, a
MOF with pre-designed missing linker sites, namely PCN-700, was
synthesized under kinetic control. Twelve linkers with different
substituents were designed to study the effect of substituents on
MOF structures. Guided by geometrical analysis, eleven different
mixed-linker MOFs were derived from PCN-700 by linker installa-
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tion, each bearing up to three different functional groups in prede-
fined positions. Systematic variation of pore volume and decoration
of pore environment is realized by linker installation, which result-
ed in an enhancement of H, adsorption capacities of up to 57%. At
last, a size selective catalytic system for aerobic alcohol oxidation
was built in PCN-700 by sequential installation of BPYDC(Cu)
(BPYDC = 2,2-bipyridne-5,5"-dicarboxylate) and TPDC-R.
(TPDC = terphenyl-4,4"-dicarboxylate, R = Me, Ph or Hex). In
light of the ubiquity of Zr-MOFs with reduced connectivity, we
believe that linker installation is a versatile strategy to precisely
place functionalities within robust MOF platforms under mild con-
ditions.

RESULTS AND DISCUSSION

120°C
bcu net

UiO-67 analogue PCN-700 analogue

Figure 1. Kinetic control in the synthesis of PCN-700: (a) Linker con-
formation in fcu nets; (b) linker conformation in beu nets; (c) UiO-67
and (d) PCN-700 structures viewed along a-axis; cages of (e) UiO-67
and (f) PCN-700 structures.

Control MOF Structure by Linker Design. It is known that the
substituents on MOF linkers could affect the conformation of link-
ers, which in turn change the vertex geometry, structure dimen-
sionality, and topology of resulting frameworks.**"* In our previous
work, we have shown that by introducing two methyl groups at the
2- and 2'-positions of BPDC (biphenyl-4,4'-dicarboxylate), a Zr-
MOF with beu topology can be synthesized, namely PCN-700."* In
distinct contrast to UiO-type structures with fcu topology and 12-
connected ZrsO4(OH)s clusters,** PCN-700 is a bcu net construct-
ed from 8-connected ZrsO4(OH)s(H>O)s clusters.

A challenge encountered in the synthesis of PCN-700 is the for-
mation of competing phases, known as the UiO structures, with the
desired PCN-700 product. When combined with linear linkers such
as BPDC, Zrs clusters can form an fcu net (UiO-67 structure, Fig-
ure lc and e) or a bcu net (PCN-700 structure, Figure 1d and f)
depending on the configuration of linkers. In the fcu net, two car-

boxylates of each linker adopt a coplanar configuration (Figure 1a),
whereas the two carboxylates are perpendicular to each other in the
beu net (Figure 1b). Considering the fact that the formation of Zr-
carboxylate bond is an exothermic process, the fcu net, with 12-
connected Zrs clusters, is believed to be thermodynamically more
favorable than the 8-connected bcu net.'® However, the coplanar
configuration is kinetically unfavorable if bulky substituents are
introduced on the 2- and 2-positions of BPDC. The steric hin-
drance of substituents will force the two phenyl rings as well as the
carboxylates into a perpendicular arrangement (Figure 1b), which
would increase the energy barrier of fcu nets formation, since the
two carboxylates are required to be coplanar (Figure 1a). Therefore,
we assume that a beu net could be obtained as a kinetically con-
trolled product if bulky substituents are introduced on the phenyl
rings of the linkers. The competitive formation of UiO-67 structure
and PCN-700 structure represents the competition between ther-
modynamics and kinetics.

Scheme 1. Linkers with different substituents used in this work
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To verify our hypothesis, twelve linkers with different substitu-
ents (L1 to L12, Scheme 1) were synthesized and reacted with
ZrCly at different temperatures. The products were characterized
by powder X-ray diffraction and compared with the simulated pat-
terns of UiO-67 and PCN-700 respectively. As shown in Figure 2, a
phase diagram can be summarized to describe the products from
different linkers under variable temperatures. As expected, the re-
sulting MOF structures are strongly dependent on the level of steric
hindrance and the number of substituents. In general, PCN-700 is
the dominant phase if bulky substituents are introduced on the
linkers, and vice versa. Empirically, the steric hindrance of substitu-
ents on each linker needs to be larger than that of LS in order to
form PCN-700 isostructures. It should be noted that the “steric
argument” cannot explain all the experimental results. As long as
steric effect is concerned, L7 is more likely to give PCN-700 struc-
ture than LS concerning that the bromo group is bulkier than
methoxy group. However, the employment of LS give rise to PCN-
700 structure while L7 only result in UiO-67 structure under iden-
tical synthetic condition. This is tentatively attributed to the
stronger interaction between methoxy groups which favors the
perpendicular conformation. Therefore, L7 do not fit in the phase
diagram. Meanwhile, the temperature also affects the final products
as it controls the balance between kinetic and thermodynamic
products. The PCN-700 phase, as a kinetic product, is favored at
relatively low temperature. For example, the L6 would give rise to
pure PCN-700 phase at 80 °C and 100 °C while a mixture of UiO-
67 and PCN-700 phases would be generated if the reaction is car-
ried out at 120 °C. When the reaction temperature is further elevat-
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ed to 140 °C, only UiO-67 phase can be obtained. Therefore, pure
PCN-700 isostructural product can be synthesized by rational de-
sign of the linkers and judicious control of reaction conditions,
which steers the system toward the PCN-700 phases and away
from the competing UiO-67 phases.

140°C

120°C

UiO-67 phase

Temperature

PCN-700 phase
100°C

80°C

11 L2 13 W 15 6 18 19 110 11 Ll12
Steric hindrance

Figure 2. Phase diagram showing the products with different linkers
under different temperatures.

L8 linker was selected from twelve linkers to construct the matrix
for linker installation studies. Obviously, L1-LS and L7 are not
suitable for linker installation purposes as they tend to form UiO-
67 phases under solvothermal conditions. L6 gave rise to pure
PCN-700 phase at 100 °C with low yield. Intuitively, L9-L12 would
be adequate for linker installation studies as they form PCN-700
phase at a wide range of temperatures. However, it should be noted
that increasing the steric hindrance of substituents on the linker will
decrease the MOF porosity and flexibility as proved by N adsorp-
tion studies (Figure S17). Obviously, a rigid and less porous struc-
ture is not suitable for the installation of different linkers. The
structure constructed from L8 possesses a delicate balance between
enough steric effects and sufficient space. Hence, L8 was chosen as
a representative example for the further investigation of linker in-
stallation.

Geometrical Prediction of Linker Installation. Previously, we
have demonstrated that BDC (1,4-benzenedicarboxylate) and
TPDC (2',5"-dimethylterphenyl-4,4"-dicarboxylate) can be sequen-
tially installed into PCN-700 by reacting with terminal OH /H.O
ligands through an acid-base reaction.” PCN-700 structure shows
high degree of flexibility which can adapt to the post-synthetically
installed linkers. This inspires us to explore other possible combi-
nations of linear linkers that can be installed into PCN-700.

00
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Figure 3. (a) Hlustration of the octahedral cage in PCN-700; (b) linear
linkers used for linker installation

Geometrical analysis is used to predict the possible combina-
tions. A cage is taken from PCN-700 and simplified as an octahe-
dron (Figure 3a). There are three pockets in each cage for accom-
modation of linear linkers, the lengths of which are denoted as x, y
and z The length of the original linker L8 in PCN-700, denoted as
@, can be measured directly from the single crystal structure. For
simplicity, the above lengths are obtained by measuring the dis-
tance between the centers of adjacent clusters. The length ais a
constant (@ = 18.9 A), while x y; and z are variables. An equation
can be deduced from the geometrical calculation which describes
the relationship between g, x, y; and z (Equation 1).

4a% = x? + y? + z? (Equation 1)

By solving this equation, we are able to predict possible combi-
nations of linkers that can be installed into PCN-700. Mathemati-
cally, there are infinite solutions for a ternary quadric equation. In
reality, however, the length of x y and z are limited by existing or-
ganic linkers. Considering the size of pockets in PCN-700, six linear
linkers with different lengths were selected (Figure 3b), namely FA
(fumarate), BDC (1,4-benzenedicarboxylate)) NDC (2,6
napthalene dicarboxylate), BPDC (4,4"-biphenyldicarboxylate),
TPDC and BDDC (4,4'-(1,3-butadiyne-1,4-diyl)bis(3-
methylbenzoate)), respectively. Taking this into consideration,
eleven combinations of these linkers can be installed into PCN-700
according to Equation 1, which are summarized in Table 1.

To prove our prediction, linker installation process was carried
out by soaking PCN-700 crystals in the solution of linear linkers at
70 °C for 24 h. The afforded crystals were washed with fresh DMF
before single crystal X-ray diffraction data collection. Single crystal
to single crystal transformation is realized, hence the positions of
subsequently installed linkers are unambiguously observed in the
crystallographically resolved structure (Figure 4, S2 and S3). All of
the predicted MOFs are experimentally obtained and confirmed by
single crystal X-ray diffraction and powder X-ray diffraction analy-
sis (Figure $4-S15). The pristine PCN-700 structure crystallizes in
tetragonal crystal system with the P4,/mmc space group. Each
Zrs04(OH)s(H20)s cluster is connected to eight L8 linkers, giving
rise to a bcu net. Compound 1 to 6 are formed by installation of FA,
NDC, BDC, BPDC, TPDC, and DBBC into PCN-700, respective-
ly, which contains two different linear linkers and 10-connected
Zrs04(OH)s(H20), clusters. Those MOFs are formulated as
Zrs04(OH)s(H>0)>(L8).L (L = FA, BDC, BPDC, TPDC, or
DBBC) and their structures can be simplified as bct nets.

Sequential treatment of PCN-700 crystals with different linkers
of appropriate lengths leads to the installation of two linkers. For
example, installation of BPDC to PCN-700 gives rise to compound
3 which can further transform into compound 11 when treated with
TPDC solution. Compound 7 to 11 are composed of three differ-
ent linear linkers including one pristine linker from the framework
and two post-synthetically inserted ones. They can be classified
into two groups depending on the connection number of Zrs clus-
ters. Compounds 7 and 9  contain
Zrs04(OH)s(H20) clusters and possess ela topology. Their overall
compositions can be formulated as ZrsO4(OH)s(H20)(L8)sLL'0s
(L=BDC or NDC; L' = TPDC). In these compounds, two pockets
are occupied in an octahedral cage, leaving one pocket empty. The
size of the unoccupied pocket doesn’t match with any linkers thus
no linker is installed during the treatment. Compound 8, 10 and 11

11-connected
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containing 12-connected ZrsO4(OH)s clusters, can be formulated
as Zrs04(OH)4(L8)4sLL' (L = BDC,NDC, or BPDC; L' = TPDC or
DBBC). The overall structure can be simplified into a 12-
connected net with a point symbol of {3**4%%.5".6}."” In these
compounds, the size of two linkers perfectly matches with the size
of pockets in PCN-700 so that all the pockets in the octahedral cage
are occupied. Mathematically, the size of the linkers in compounds
8,10 and 11 satisfy Equation 1 and y = zsimultaneously. The com-
position of compound 1 to 11 was determined by single crystal X-
ray diffractions and confirmed by 'H-NMR of digested samples
(Figure S21-S29, Table S3). Linker installation is necessary for the
synthesis of compound 1 to 11. We attempt to synthesize mixed
linker Zr-MOFs starting from a combination of L8 and other linear
linkers through a one-pot synthetic approach; however, a mixture
of PCN-700 and UiO phases are usually obtained. In the one-pot
synthesis, the competitive formation of different products makes it

exceedingly challenging to achieve mixed linker MOFs.

The flexibility of PCN-700 plays an important role in linker in-
stallation. The unit cell parameters along c axis vary from 11.8 A to
19.1 A in different compounds, allowing for structural adaptation
corresponding to the installed linkers. The installed linkers also
possess certain flexibility, which ensures the successful installation
of linkers even though their lengths do not strictly match with the
calculation. For example, the lengths of BDDC are 16.4 and 16.1 A
in compounds 7 and 10, respectively, so that BDDC can pair with
both BDC and NDC. In light of the ubiquity of linker installation
method, a variety of promising applications can be envisioned in
PCN-700 platform.

Engineering the Pore Environment by Linker Installation. Link-
er installation is a unique strategy to control the MOF porosity by
incorporation of different linkers or a combination thereof. The

Table 1. Geometrically predicted combinations of linkers that could be installed in PCN-700

Page 4 of 17

Length (4)
Number 1 2 3 4 S 6 7 8 9 10 11
X 9.1 15.4 16.8 18.9 19.0 158.7 15.4 15.4 16.8 16.8 18.9
Vv 259 244 239 23.1 23.1 243 23.1 244 23.1 24.0 23.1
z 259 244 239 23.1 23.1 243 25.6 244 24.8 24.0 23.1
X FA BDC NDC BPDC - - BDC BDC NDC NDC BPDC
y TPDC BDDC TPDC BDDC TPDC BDDC TPDC
z TPDC BDDC BDDC BDDC TPDC

10

Figure 4. Single crystal structures of eleven geometrically predicted MOFs resulted from linker installation of PCN-700 viewed along a-axis.
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installed linkers affect the shape and size of MOF cavities which in
turn influence their sorption properties. Furthermore, linkers can
be precisely placed at determined channels within the crystalline
lattice, and thus the opening and closing of each cavity can be readi-
ly controlled. Consequently, an engineered pore architecture can
be realized.”

The N adsorption measurements were carried out for PCN-700
and compound 1 to 11 in order to investigate the influence of dif-
ferent linkers on the MOF porosity (Figure Sa and b). The N sorp-
tion isotherms indicate that the porosity of PCN-700 is well main-
tained and precisely controlled during linker installation. The
lengths of the installed linkers along a-axis directly correlate to the
MOF porosity as proved by the total N, uptake. The channel size
along a-axis is can be readily tuned by the size of installed linkers.
The length of FA (4.95 A) is shorter than the distance between
adjacent Zrs clusters in pristine PCN-700 (6.98 A) so that the in-
stallation of FA squeezes the structure. The installation of BDC
linker did not change the unit cell parameter by a large amount,
whereas the NDC and BPDC open up the MOF cavity along a-axis.
With gradually increased length of linear linkers, the N total up-
take increased from 328 (compound 1) to 638 cm®g”’ (compound
4). The linker installation affects the MOF porosity in two ways.
On one hand, the installed linker occupies the free space inside the
MOF cavity, which would decrease the MOF porosity. On the
other hand, a linker with proper length can open up the MOF cavi-
ty along a direction which results in a dramatic swell in unit cell
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volume and therefore increase of porosity. For example, the N
uptake of PCN-700 is enhanced by 33.4% after BPDC installation,
meanwhile the cell volume increased by 17.4%. The installation of
TPDC and BDDC does not further increase the pore volume as
they occupy different cavities compared with BPDC. Therefore, the
installation of BPDC resulted in the largest enhancement of porosi-
ty.

The pore environment of PCN-700 can be decorated by func-
tionalized linkers. The H, adsorption isotherms illustrate the bene-
ficial effect of different functional groups on the pore environments
and therefore the MOF properties. For example, the replacement
of methyl groups with nitro groups on the primary linker of PCN-
700 increases its Ha adsorption capacities by 47% (Figure Sc and
S17). Systematic variation of the pore volume and decoration of
pore environment have synergistic effect on the adsorption behav-
ior. A certain combination of linkers (PCN-700-(NO.),-BPDC)
display increases in their H, adsorption capacities of 57% compared
to that of the parent framework (PCN-700) (Figure Sd and S19).

Scheme 2. Aerobic oxidation of alcohol by using BPYDC(Cu)
functionalized PCN-700.*

~ PCN-700-BPYDC(CU)ITEMPO/§MI

R™ "OH

CH3;CN, air, rt, 6h

Size-selective Catalytic System Built through Linker Installation.
PCN-700 demonstrates a nearly ideal platform for systematic

| —
N IIII.III-.

600
500

400

N
o
o

=Y
o
o

Pressure (mbar)

Figure S. (a) N adsorption isotherms of PCN-700 and compounds 1-11 at 77 K; (b) a comparison of total N, uptake of PCN-700 and com-
pounds 1-11 demonstrating the control of pore volume by linker installation; (c) Ha adsorption-desorption isotherms of PCN-700 decorated
with different functional groups at 77 K; (d) Ha adsorption-desorption isotherms of PCN-700 with different functional groups and installed
linkers at 77 K showing the synergistic effect of linker installation and linker functionalization.
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modulation of pore volume and pore environment by judicious
selection of linkers. This leads to a highly tunable multifunctional
MOF system which is capable of complex functional behavior.
Herein, we show that a size-selective catalytic system for aerobic
alcohol oxidation reaction can be built in PCN-700 through the
sequential installation of BPYDC(Cu) (Figure 6b) and TPDC-R,
(R = Me, Ph or Hex, Figure 6¢). The BP'YDC(Cu) moiety act as
the catalytic active center while the TPDC-R, with different sub-
stituents, controls the selectivity of substrates (Figure 6a). Two
components within the cavity of PCN-700 work synergistically as a
size-selective catalyst for the aerobic alcohol oxidation (Scheme 2).

Conversion of alcohols to aldehydes and ketones is among the
most important and widely used class of oxidation reactions in
organic chemical synthesis and industry."® The aerobic alcohol
oxidation promoted by (bpy)Cu catalyst, has been reported in the
literature as a particularly versatile and effective method (bpy =
2,2'-bipyridine)."”” The immobilization of the (bpy)Cu catalyst in
MOFs offers several advantages over the homogeneous systems,
such as easy catalyst separation and recovery, regeneration, and
handling. In addition, the well-defined pores of MOF catalysts may
favor shape and size selectivity which is difficult to realize in homo-
geneous catalysts. For catalytic applications, PCN-700 provides
unique advantages since its pore size can be tuned by the installa-
tion of different linkers, giving rise to a controllable size-selective
catalytic system. This incentivizes us to immobilize (bpy)Cu cata-
lyst in PCN-700 and, at the same time, tune the size-selectivity via
linker installation.

r N —
Catalytic activity ‘ Size selectivity ‘

Figure 6. (a) The size-selective catalytic system for aerobic alcohol
oxidation reaction built in PCN-700 through linker installation; (b)
and (c) Structure of catalytic center and size selective moiety. Coordi-
nated CH;CN on the Cu is removed for clarity.

The PCN-700-BPYDC(Cu)-TPDC system was assembled via
stepwise linker installation and metalation. First, the BPYDC and
TPDC-R: were sequentially installed by treating PCN-700 crystals
with solutions of BPYDC and TPDC-R; in DMF at 75 °C. PCN-
700-BPYDC-TPDC-R: bears open bipyridine sites that readily
react with Cul in acetonitrile to form the metalated framework.
The single crystal structure of PCN-700-BPYDC(Cu)-TPDC-R,
clearly shows the existence and position of BPYDC(Cu) and
TPDC-R. components within the framework. The coordination
environment of Cu” is clearly determined in the single crystal struc-
ture, which provides direct structure evidence of the catalytic cen-
ter. According to the crystal structure, the Cu* center is chelated by
a bipyridine group and further coordinated with an N from acetoni-
trile and an I ion as counterion. PCN-700 is an inherent crystalline
platform allowing for the metalations to occur quantitatively with-

out appreciable loss of crystallinity, thereby enabling examination
of the catalytic center by single-crystal X-ray diffraction. As shown
in Figure S30, the Cu" center is arranged around the 1D channel
along c-axis whereas the TPDC-R; controls the accessibility of the
Cu" center by partially blocking the channels. Therefore, the size-
selectivity of the whole material can be tuned by changing the size
of substituents on the TPDC-R; linker. To evaluate our hypothesis,
the TPDC-R; linker was functionalized by methyl group, phenyl
group and hexyl group, respectively, which is expected to result in
different selectivity towards the substrates.

100 Il Benzy! alcohol

I 1-Naphthalenemethanol
Il ©-Anthracenemethanol

80

60

Yield(%)

40 4

20

(bpy)Cu  PCN-700 PCN-700  PCN-700  PCN-700
-BPYDC(Cu) -BPYDC(Cu) -BPYDC(Cu) -BPYDC(Cu)
-TPDC-Me, -TPDC-Ph, -TPDC-Hex,

Figure 7. Size selective alcohol aerobic oxidation using PCN-700 in-
stalled with different linkers. Reaction condition: alcohol (0.5 mmol),
catalyst (0.005 mmol based on Cu), TEMPO (0.05 mmol), N-
methylimidazole (NMI, 0.05 mmol), CH;CN (5.0 mL), ambient air,
room temperature, 6 h. Yields were determined by '"H-NMR analysis
and calculated based on the ratios of product/(product + starting ma-
terial).

The catalytic performance of PCN-700-BPYDC(Cu)-TPDC-R,
system in the oxidation of various alcohols with different molecular
sizes were evaluated. As shown in Figure 7 and Table S4, alcohols
were converted to corresponding aldehyde in good yields and high
selectivity for homogenous reference, regardless of the molecular
size. The vyield of benzaldehyde catalyzed by PCN-700-
BPYDC(Cu) is as high as the homogeneous reference, suggesting
the high accessibility and activity of the (bpy) Cu moiety within the
MOF cavity. Indeed, the size of benzyl alcohol (~4.3 A) is much
smaller than the channel size of PCN-700-BPYDC(Cu) (~14 A),
which allows for efficient diffusion of the substrate (Figure S30).
The increase of the aromatic rings on alcohol decreases yields of
the corresponding aldehydes under the same condition, showing a
clear size-selectivity. The 9-anthracenemethanol shows a relative
low yield (24%) catalyzed by PCN-700-BPYDC(Cu), perhaps
resulted from the large molecular size (9.2 A) which limits the dif-
fusion rate of substrate and the accessibility of catalytic centers.

By installation of TPDC with different functional groups into
PCN-700-BPYDC(Cu), the size-selectivity can be fine-tuned. The
TPDC partially blocks the channel along the c-axis, which affects
the diffusion of substrate as well as the accessibility of the Cu* cen-
ter (Figure S30). By increasing the size of substituents on TPDC
linker, the yields of the alcohol conversion are dramatically de-
creased, especially for bulky substrates (Figure 7 and Table S4).
With TPDC-Hex: installed, the 9-anthracene alcohol is almost
excluded by the small MOF cavity, which explains the lowest yield
(<1%). The guest-selective alcohol oxidation reaction suggested
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that the catalytic reaction occurred exclusively in MOF cavity,
whereas the external surface of the MOF crystal was only responsi-
ble for very limited conversion of alcohols. Based on the experi-
mental result and literature, a simplified mechanism is proposed for
the aerobic alcohol oxidation reaction catalyzed by PCN-700-
BPYDC(Cu), which is shown in Scheme S2. To evaluate the recy-
clability, PCN-700-BPYDC(Cu) catalyst was simply separated
from the mixture at the end of the reaction by centrifuge and reused
for the next reaction. The catalytic activity was well-maintained
after three cycles (Table SS5). PCN-700 can be functionalized with
various catalysts by judicious selection of chelating linkers and
metal precursor, allowing the development of heterogeneous cata-
lysts with unprecedented degree of control. PCN-700 system also
serves as an inherent crystalline platform, possibly facilitating the
observation of catalytic center and reaction intermediates by single-
crystal X-ray diffraction to gather fundamental insight into metal-
catalyzed reactions.

CONCLUSIONS

In summary, we present a comprehensive study on the linker in-
stallation method. First, kinetic analysis is adopted to construct a
MOF with inherent missing linker sites, namely PCN-700. Twelve
linkers with different substituents are designed to study the size
effect of functional groups on the linkers. Guided by the geomet-
rical analysis, linkers with different lengths and combinations
thereof were sequentially installed into a parent PCN-700, giving
rise to eleven new MOFs, and each bearing up to three different
functional groups in predefined positions. The pore environments
of the PCN-700 system were engineered by tuning the sizes and
functionalities of installed linkers. Systematic variation of the pore
volume and decoration of pore environment resulted in synergistic
effects including an enhancement of H uptake to 57%. Besides, a
size-selective catalytic system for aerobic alcohol oxidation is built
in PCN-700 through linker installation, which shows high activity
and tunable size-selectivity. These results highlight the unique po-
tential of the linker installation method to decorate pore environ-
ment of MOF with multiple functional groups in a highly designed
manner. In light of the ubiquity of Zr-MOFs with coordinately
unsaturated Zrs clusters, we believe that linker installation is a ver-
satile strategy to synthesize stable MOFs with unprecedented mul-
ti-functionality.
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