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ABSTRACTABSTRACTABSTRACTABSTRACT::::    A facile functionalization assisted by the structural attributes of PCN-333 has been studied while maintain-
ing the integrity of the parent MOF including ultralarge pores, chemical robustness, and crystallinity. Herein we thor-
oughly analyzed ligand exchange phenomena in PCN-333 and demonstrate that the extent of exchange can be tailored 
by varying the exchange conditions as potential applications may require. Through this method a variety of functional 
groups are incorporated into PCN-333. To further show the capabilities of this system introduction of a BODIPY fluoro-
phore as a secondary functionality was performed to the functionalized framework via a click reaction. We anticipate 
the PCN-333 with functional anchor can serve as a stable platform for further chemistry to be explored in future applica-

tions. 

INTRODUCTION    
Ordered mesoporous materials have been extensively 
studied because of their potential towards practical 
applications including heterogeneous supports for catalysis, 
separation, enzyme immobilization, drug delivery and 
sensing taking advantage of their high surface areas and 
large pores.1 In particular, for large guest molecules such as 
organometallic species, nanoparticles, and enzymes the 
mesoporosity is of great importance.2 Traditional 
mesoporous materials including mesoporous silica, 
mesoporous carbon, and metal oxides have paved the ways 
for such applications, but there are major limitations to 
these materials such as lack of structural diversity (e.g. pore 
geometry) and versatile functionality. Moreover, to 
effectively prevent leaching of the immobilized species, 
post-synthetic modification of functional groups to covalently 
anchor the guest species is highly desired. However, it has 
been challenging due to the lack of easily modifiable sites in 
these traditional mesoporous materials.3 

In the last two decades, metalದorganic frameworks 
(MOFs) have emerged as a class of promising organicದ
inorganic hybrid materials that are composed of metal 
ions/clusters and bridging organic linkers.4 Due to their 
tunable structures derived from a judicious selection of 
inorganic building blocks and the molecular-level design of 
organic linkers, MOFs can provide tailor-made structures for 
desired applications compared with conventional 

mesoporous materials.5 Apart from the structural diversity of 
MOFs, their three-dimensional (3D) cavities can facilitate 
the accessibility of the guest molecules. Therefore, 
mesoporous MOFs with pre-designed covalent anchors 
(pendant functional groups) can serve as ideal platforms to 
immobilize functional species. 

However, most MOF materials reported to date are 
mainly restricted to a microporous regime.6 Even for 
mesoporous MOFs, the accommodation of large molecules 
into the pores such as bulky catalysts or enzymes is 
challenging because such large entities will take up a 
substantial volume of the pore.7 As a result, efficient 
diffusion is slowed and the accessibility of incoming species 
will be reduced substantially. In addition, introduction of 
covalent anchors could further reduce the original pore size, 
leaving even less space to immobilize large species. Most 
importantly, an excellent stability of the framework is a 
prerequisite to guarantee the framework intactness, 
especially with inclusion of immobilized guests working in 
harsh conditions. However, most reported mesoporous 
MOFs show relatively weak chemical stability.8 Therefore, 
stable MOFs with ultralarge pores and functional groups are 
highly desired.  

Herein we report a facile route to functionalize PCN-
333(M) (M = Fe and Sc) , a robust  MOF isoreticular to MIL-
100 with ultralarge pores (~5.5 nm), via post-synthetic 
ligand exchange that is assisted by structural integrity of 
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PCN-333. A wide range of functional groups were 
introduced into the PCN-333(M) while maintaining the 
porosity and crystallinity of the parent framework. 
Furthermore, several experiments were performed to 
illustrate a better understanding of the ligand exchange 
process in PCN-333(Fe). Ultimately, introduction of a 
secondary functional group into functionalized PCN-333 
was successfully demonstrated through click chemistry. 
These findings will allow for functionalized PCN-333(M) to 
be used as a useful scaffold for a variety of promising 
applications by taking advantage of facile functionalization, 
framework robustness, and ultralarge pores which allow for 
more possible chemistry within the MOF.  

    

Scheme 1.Scheme 1.Scheme 1.Scheme 1.    (a) Library of ligands involved in exchange in 
PCN-333. (b) Schematic illustration of solid-liquid phase 
ligand exchange. 

 

RESULTS AND DISCUSSION  

1. 1. 1. 1. Direct synthesis of isoreticular structure of functionalized Direct synthesis of isoreticular structure of functionalized Direct synthesis of isoreticular structure of functionalized Direct synthesis of isoreticular structure of functionalized 
PCNPCNPCNPCN----333(Fe)333(Fe)333(Fe)333(Fe).  

Most recently, our group reported a mesoporous MOF, 
PCN-333, which consists of a trimeric metal cluster and 
tritopic linker, 4,4 § ,4 ☆ -s-triazine-2,4,6-triyl-tribenzoic acid 
(TATB).9 PCN-333 (M3O(OH)(TATB)2) (M= Fe, Al, Sc) 
exhibits the largest cage of 5.5 nm among all reported 

MOFs. Meanwhile, the trivalent metal nodes endow PCN-
333 with excellent chemical stability allowing for its 
utilization under harsh conditions. Therefore, decoration of 
PCN-333 with covalent anchors would provide a great 
platform to immobilize versatile functional species, 
especially those in the nanoscale, which cannot be 
successfully accomplished by other MOFs.  

    

FigureFigureFigureFigure    1.1.1.1.    (a)    Structure of PCN-333 with three different 
cages. (b) Structure of PCN-262, a direct synthesis product 
from OH-BTB. 

Having examined the PCN-333 structure, we chose 1,3,5-
benzenetribenzoic acid (BTB) to exchange TATB due to the 
structural resemblance including molecular size and con-
nectivity. As a result of the 2-position on the central ben-
zene ring of BTB allowing for chemical derivatization 
(Scheme 1a), the functionalized BTB derivative was ex-
pected to introduce various covalent anchors into the mes-
oporous PCN-333. A series of ligands bearing different 
functional groups were synthesized. The covalent anchor 
was designed occupy only a small portion of the pores while 
leaving most space available for the immobilization of large 
guest species. Therefore, we intuitively attempted a direct 
synthesis of functionalized PCN-333 from pre-installed func-
tional groups on the BTB derivatives. Direct synthesis was 
performed by using the kinetically tuned dimensional aug-
mentation (KTDA) method with pre-formed cluster 
Fe3(O)(CH3COO)6 as a starting material to obtain isoreticu-
lar structures of PCN-333 with BTB and OH-BTB.10 Alt-
hough large single crystals of Fe-MOFs, PCN-260 and 
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PCN-262 were harvested respectively, single crystal X-ray 
diffraction revealed different structures even in the presence 
of the same inorganic building block, Fe3(O)(COO)6 , as in 
PCN-333 (Figure 1b).  

    FigureFigureFigureFigure    2222....    (a) Scheme of ligand exchange in supertetrahe-
dron in PCN-333. (b) One face of supertetrahedron in PCN-
333 showing the distance (top) and the angle (bottom) in 
the bent geometry. (c) Schematic illustration of M-O disso-
ciation. 

As shown in Figure 2a, the structure of PCN-333 is built 
from a supertetrahedron unit, of which each face is a TATB 
linker. Although TATB does not adopt perfect D3h symmetry 
in the framework, six oxygen atoms on TATB reside in the 
same plane which gives rise to a stable tetrahedral cage in 
C3v symmetry from bent geometry (Figure 2b). However, 
coplanar D3h symmetry of BTB is highly energetically unfa-
vored due to the repulsion between H atoms on the central 
benzene ring and the three peripheral benzene rings.  With 
BTB derivatives, the attached functional groups on the cen-
tral benzene ring would cause additional steric hindrance 
resulting in even higher energy of the coplanar geometry. 
Considering in situ MOF synthesis, when possible inorganic 
nodes have a negligible energy difference, a major product 
is dominated by energy demands of linkers. Because free 

rotation of single bonds in the BTB derivative allow the link-
er to stay in a lower energy conformation in solution, TATB 
and BTB derivatives could lead to different structures with 
the same inorganic node, Fe3(O), where preferential con-
formation of linkers dominates the final products. Although 
the isostructure of PCN-333 constructed with BTB has been 
obtained with poor crystallinity,6n the functionalized isoretic-
ular structure of PCN-333 cannot be achieved through the 
direct synthetic approach.  

    

2. 2. 2. 2. StructureStructureStructureStructure----assisted ligand exchange processassisted ligand exchange processassisted ligand exchange processassisted ligand exchange process.  

Due to ligand conformation dominating the framework 
growth process in direct synthesis leading to an unwanted 
structure, we turned to the post-synthetic ligand exchange 
method.11 Post-synthetic ligand exchange (PSE) and sol-
vent-assisted linker exchange (SALE) have appeared as 
powerful routes to modify a parent MOF in which the ligand 
exchange occurs in relatively stable MOFs with a functional-
ized incoming ligand. For instance, Cohen and coworkers 
studied ligand exchange in UiO-66(Zr), and several MIL 
series with bromo and amino analogues of the original lig-
ands.11f,g,i The Hupp group also demonstrated solvent-
assisted linker exchange in a ZIF series.11d,e Also, using 
stepwise ligand exchange strategy, establishment of ex-
tended isoreticular structures have been studied.11b,m,o To 
establish a versatile platform having large pores and chemi-
cal stability via post-synthetic ligand exchange in PCN-
333(Fe), we started from BTB, the simplest form bearing a 
resemblance to TATB, as the exchanging ligand. With thor-
oughly washed PCN-333(Fe), ligand exchange was per-
formed via a biphasic (solid-liquid) manner as illustrated in 
Scheme 1b. To exclude a dissolution-recrystallization path-
way, the exchange reaction was performed under lower 
temperature than that of the MOF synthetic condition.9  
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FigureFigureFigureFigure    3333....    (a) Relative TATB (%) in supernatant at different temperatures (incubation time = 24 h). (b) Time-dependent rela-
tive TATB (%) in supernatant (incubation temperature = 85 °C). (c) Ratio of exchanged BTB (%) in PCN-333(Fe) incubated at 
different temperatures (incubation time = 24 h). (d) Ratio of exchanged BTB (%) in PCN-333(Fe) at different incubation times 
(incubation temperature = 85 °C). (e) Comparison of BTB exchange ratio (%) in PCN-333(Fe) upon provision of fresh stock 
solution. (f) BTB exchange ratio (%) in PCN-333(Sc) as a function of incubation time.

Despite many noticeable examples that have shown post-
synthetic ligand exchange in stable MOFs, there has not yet 
been a successful example demonstrating ligand exchange 
in extremely stable mesoporous MOFs, such as MIL-100 
and MIL-101, although both MOFs have been widely em-
ployed in many applications. Surprisingly, a successful lig-
and exchange was achieved in PCN-333(Fe) by using BTB 
as the incoming ligand. In general, most ligand substitution 
reactions in octahedral complexes undergo a dissociative 
pathway. The rate-determining step in the dissociative 
pathway is known to be a breaking of metal-ligand (M-L) 
bond.12 Similarly, the ligand exchange process in MOF can 
be generalized to the principle in coordination chemistry that 
the M-L bond should be dissociated to exchange ligands. 
MIL-101 and MIL-100 have been reported as extremely 
robust frameworks, suggesting strong coordination (M-L 
bond) in these two MOFs which in turn leads to an extreme-
ly slow bond dissociation rate for the ligand exchange. One 
reason that could account for this is the strong electrostatic 
interaction between carboxylates and the high Z/r valued 
trivalent metal ions used in these MOFs. To achieve an 

effective ligand exchange, therefore, longer reaction time 
and/or higher temperature might be expected in these 
frameworks. 

 However, the exchanging environment provides not only 
extra carboxylates (from incoming ligands) but also solvent 
molecules as competing reagents, both of which could de-
struct the framework by forming fractions or amorphous 
products. Therefore, in the extremely robust MIL-101 and 
MIL-100, the frameworks could be severely damaged be-
fore an apparent exchange happening. On the contrary, 
PCN-333(Fe), an isoreticular structure of MIL-100 showed 
successful ligand exchange. As the bond nature is identical 
in both frameworks, the elongation of the linker could ex-
plain the exchange event. Unlike common coordination 
complexes, each linker in MOFs binds to multiple metal 
nodes. Considering that a complete ligand exchange of a 
linker includes breaking of all coordinated carboxylates, the 
case where only one of them is dissociated while the others 
remain bound onto the framework prevents total dissocia-
tion. Consequently, the structural restraint from multiple 
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coordination sites impede complete ligand dissociation, 
which eventually slows the ligand exchange in the frame-
work. In addition, when the connectivity of the linker is high-
er, it takes more steps for the complete ligand dissociation, 
resulting in a more difficult exchange process. Furthermore, 
for similar linkers of differing length, the extent of such re-
straint varies. For instance, assuming d in Figure 2b (de-
scribing only one binding site) stands for a distance allowing 
for efficient dissociation-association of the ligand exchange. 
When the dissociation is happening (moving distance to d), 
longer linker l takes a smaller angle ˥ compared to that of 
shorter linker lಬ, which would result in less strain to the re-
maining coordination sites on the linker. If l gets infinitely 
longer, then the structural restraint from each coordination 
site becomes negligible and the dissociation process in the 
MOF would be similar to the case of a small coordination 
complex in a homogeneous system. Therefore, ligand ex-
change can happen more easily in isoreticular structures 
constructed with longer linkers.  

In the supertetrahedron of PCN-333, Fe3(O) clusters act 
as vertexes. The dihedral angle between the carboxylate 
plane and the Fe3(O) plane is inherently determined by the 
octahedral coordination environment of each Fe atom. 
However, it is not precisely compatible to be directly con-
nected in the triangular face of a perfect tetrahedron (0.281 
degrees difference) as shown in Figure 2b. Thus, TATB 
must adopt a bent geometry to hold three Fe3(O) clusters in 
the supertetrahedron unit. This generates a distance of 
about 1.6 Å between the center of TATB and the ideal trian-
gular plane formed by six oxygen atoms in the tetrahedron, 
which suggests TATB would bear high energy (Figure 2b). 
Although bond dissociation happens between the carbox-
ylate and Fe, such an energetically unfavorable confor-
mation would still facilitate the dissociation in order to lower 
the energy of the linker. In the meantime, TATB is almost 
twice as large as benzene-1,3,5-tricarboxylic acid (BTC), 
which makes all cages in PCN-333 much larger than that of 
in MIL-100; and thereby such extra space allows for faster 
diffusion of both incoming and dissociating ligands to further 
promote the ligand exchange process in PCN-333. All struc-
tural features of PCN-333 including the greatly bent confor-
mation of TATB, less mutual restriction between each coor-
dinating site because of its larger size (compared to MIL-

100), and extremely large pores assist the ligand exchange 
in spite of the strong M-L bond, which combined make this 
system the first example of successful ligand exchange in 
highly robust mesoporous MOF with tritopic linkers.  

3. 3. 3. 3. Optimization of ligand exchange in PCNOptimization of ligand exchange in PCNOptimization of ligand exchange in PCNOptimization of ligand exchange in PCN----333(Fe) with 333(Fe) with 333(Fe) with 333(Fe) with 
BTBBTBBTBBTB.  

Systematic studies to further investigate the ligand ex-
change process in PCN-333(Fe) were performed. First, 
PCN-333(Fe) was incubated for 24 h in BTB stock solution 
at different temperatures (r.t., 85 °C, 100 °C). Upon comple-
tion of ligand exchange, the relative composition of the lig-
ands (BTB was used excess amount) was analyzed by 1H 
NMR of the resulting supernatant. The ligand exchange 
reaction at room temperature showed the lowest content of 
TATB (~1%) while both higher temperatures (85 °C, 100 °C) 
yielded higher contents of TATB (~11% for both) coming out 
from the parent MOF, which indicates the ligand exchange 
was facilitated at higher temperatures (Figure 3a). Next, the 
ligand exchange process was investigated for different in-
cubation times. The supernatants of BTB exchanged PCN-
333(Fe) samples were taken after different incubation times 
at 85 °C. The 1H NMR spectroscopy showed the superna-
tant incubated for 3 h was composed of ~7% of TATB rela-
tive to BTB and the ratios of TATB gradually increased as 
incubation time increased up to 24 h. However, the ex-
change ratios were saturated at a longer period of ex-
change process (72 h) and almost the same concentrations 
of TATB were obtained (~11%) (Figure 3b). 

As supernatant analyses merely indicate the exchange 
event indirectly, 1H NMR spectroscopy of digested MOFs 
was performed to determine the absolute composition of 
exchanged PCN-333(Fe). Due to the high chemical stability 
of exchanged PCN-333(Fe), the samples were treated with 
concentrated HCl (37%) and refluxed for 12 h to be digest-
ed. The digested sample that was incubated at room tem-
perature showed 22% exchange of BTB. Consistent with 
the previous observations from the supernatant, the sam-
ples exchanged at 85 °C and 100 °C showed higher extent 
of exchange, 34% and 33% respectively (Figure 3c). The 
effect of incubation time was also examined on the digested 
samples. The exchange ratios gradually increased from 
29% (3 h exchanged sample) to ~34% (12 h ದ 72 h ex-
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changed samples) (Figure 3d). Similar to the results from 
supernatant studies, the composition of BTB did not in-
crease with extension of incubation time longer than 24 h. 
Ligand exchange in PCN-333(Fe) showed a faster rate of 
exchange in that approximately 30% exchange could be 
achieved within 3 h under mild conditions. Also, these find-
ings clearly showed promise that the degree of exchange 
can be modulated by controlling temperature and exchange 
time. Powder X-ray diffraction of these samples indicate that 
the structural integrity of parent PCN-333(Fe) was well re-
tained after the ligand exchange (Figure 5a). 

After discovering the previous result, we further sought to 
find whether the exchange ratio could become higher or 
whether there would be a maximum extent of exchange 
within a capacity allowing the retention of framework. To 
drive the equilibrium of system forward, the supernatant 
was exchanged with fresh BTB stock solution every 24 h. 
Ligand exchange was performed by following the routine 
procedure at 85 °C. A higher BTB exchange ratio (~45%) 
was achieved when the fresh stock solution was provided 
after 24 h during 48 h of exchange. However, there was no 
significant increase when fresh BTB solution was subse-
quently provided each day for longer periods of time (Figure 
3e). 

    Figure 4Figure 4Figure 4Figure 4....    (a) Gibbs free energy change of the system for 
ligand exchange in PCN-333. (b) Enthalpy change of the 
system during ligand exchange. 

4. 4. 4. 4. Thermodynamics behind ligand exchange in PCNThermodynamics behind ligand exchange in PCNThermodynamics behind ligand exchange in PCNThermodynamics behind ligand exchange in PCN----333333333333.  

Having observed that the exchange ratio stopped increasing 
after a certain point despite successive provision of fresh 
incoming ligands while maintaining crystallinity of PCN-
333(Fe), we further sought to understand the process in our 

system (see Section11 in Supporting Information for de-
tailed rationales of ligand exchange in PCN-333). 

  At the very beginning of the ligand exchange process, the 
drastic entropy increase (∆����) results in a negative ∆����, 
which spontaneously drives the exchange reaction forward. 
When the concentration of TATB in solution increases up to 
a certain point, ∆���� would be insufficient to maintain the 
negative value of  ∆����  and eventually an equilibrium is 
established where ∆���� � 0.  Such rationale is consistent 
with the experimental results that the maximum exchange 
ratio was observed for each batch of BTB exchanged sam-
ple.  

Thus the exchange of fresh BTB stock solution reinitiated 
the high entropy increasing process. To some extent, a new 
equilibrium was established but over time the exchange 
ceased again. Ideally, the ligand exchange process could 
keep going close to full exchange (~100%) upon successive 
provision of fresh incoming ligands. In the case of PCN-333, 
however, the exchange process was terminated when the 
system reached a certain exchange ratio regardless of 
whether refilling of fresh BTB solution occurred (Figure 3e). 
This may imply the total enthalpy change (∆�	 
 ∆��) is no 
longer the same value as in the circumstance of low BTB 
exchange ratio in PCN-333. In other words, ∆�� becomes 
an even larger positive value whereas ∆�	  remains the 
same, which leaves the framework in high energy when 
more BTB molecules are inserted after the maximum toler-
ance PCN-333 can bear until its destruction. As a result, the 
ligand exchange can hardly be driven further by the entropy 
change (∆����) due to the huge enthalpy increase (∆�	 

∆��) and the saturation point appears. Theoretically, raising 
the temperature (increasing �∆���� value) could overcome 
such enthalpy increase (∆�	 
 ∆��) to further drive the lig-
and exchange process.  
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    Figure 5Figure 5Figure 5Figure 5....    (a) PXRD patterns of BTB exchanged PCN-
333(Fe) for different incubation times. Ligand exchange was 
performed at 85 °C. (b) N2 sorption isotherms of BTB-
exchanged PCN-333(Fe) performed at different tempera-
tures. (c) N2 sorption isotherms of BTB-exchanged PCN-
333(Fe) for different incubation times at 85 °C. (d) N2 sorp-
tion isotherms of BTB exchanged PCN-333(Fe) for different 
incubation times at 100 °C.  

However, the increased temperature could also destroy the 
framework as previously discussed. Thus a balance must 
be struck by controlling temperature to affect optimum lig-
and exchange process while maintaining framework integri-
ty.  

  To examine whether an exchange saturation point (maxi-
mum exchange ratio) lies on the thermodynamic equilibri-
um, we further carried out a reverse ligand exchange reac-
tion using extra TATB to replace the inserted BTB in the 
exchanged PCN-333. When TATB from the solution replac-
es the inserted BTB in the framework, the enthalpy change 
will be inversed to a negative value, 
(∆�	 
 ∆�� ). Be-
cause the entropy change maintains a similar trend (a posi-
tive value), the overall change in Gibbs free energy will be-
come negative to spontaneously drive the exchange pro-
cess (reverse reaction). As expected, after soaking BTB-
exchanged PCN-333(Fe) into TATB solution for 12 h at 85 
°C, the composition of BTB in the reversibly exchanged 
PCN-333(Fe) decreased from ~35% to less than 6% with 
well retained crystallinity, validating the explanation for the 
presence of the exchange saturation point in the system. 
(see Section 9 in Supporting Information). 

As previously discussed, framework destruction is inevita-
ble during the ligand exchange process due to the compet-
ing association-dissociation at the M-L bond from extra lig-
ands in the solution and some solvent dissociatives such as 
formate. When the exchange is extremely slow, the frame-
work can be destroyed before evident exchange happens, 
which would result in unsuccessful exchange as in the case 
of MIL-101 and MIL-100. In order for successful ligand ex-
change in the robust MOF, optimization becomes important 
to balance the exchange ratio and framework intactness. To 
optimize such a balance the exchange saturation point, 
porosity, and framework crystallinity of exchanged PCN-
333(Fe), the nitrogen sorption measurement, and PXRD 
were employed. As shown in Figure 5b, when the exchange 
reaction was conducted for 24 h at different temperatures, 
the lower temperature (r.t.) gave the better porosity than 
that of higher temperatures (85 °C, 100 °C). Although a 
slight decrease in porosity (~13%; relative to the parent 
MOF) was observed for the samples treated at higher tem-
peratures, they still exhibited high porosity.  We then exam-
ined whether the incubation time affects the porosity as 
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well. For the exchanged PCN-333(Fe) incubated at 85 °C, 
shorter reaction time (12 h) rendered better porosity than 
that of longer exchange time (24 h) (Figure 5c). 

 

Figure 6Figure 6Figure 6Figure 6....    (a) Photographs of PCN-333(Fe) samples after 
ligand exchange with different BTB derivatives (after activa-
tion). (b) PXRD patterns of exchanged PCN-333(Fe) with 
different BTB derivatives. (c) Nitrogen sorption isotherms of 
PCN-333(Fe) exchanged with different BTB derivatives. 
Incubation temperature = 85 °C. Incubation time = 12 h. 

5. 5. 5. 5. Ligand exchange with various functional groupsLigand exchange with various functional groupsLigand exchange with various functional groupsLigand exchange with various functional groups. . . .     

One of the most valuable advantages of MOFs over other 
conventional porous materials is synthetic versatility from 
the design of diverse ligands. Utilizing the powerful tool of 
organic chemistry, we sought to expand our library of lig-
ands to accommodate various functional groups in PCN-
333(Fe) through the structure-assisted ligand exchange 

process. Most incoming BTB derivatives with various sub-
stituents at the 2-position of the central benzene ring 
(Scheme 1a) were synthesized from OH-BTB via a simple 
nucleophilic substitution reaction with excellent quantitative 
yields (Supporting Information, Section 2).  

Table 1Table 1Table 1Table 1....    Summary of N2 sorption isotherm measurement.    

Liganda 
Exchange 

ratio (%)b 

N2 uptake 

(cm3/g, STP)c 

BET 
surface area 

(m2/g) 

BTB 35.0 1797 3903 

OH-BTB 27.5 1657 3595 

NH2-BTB 18.0 1632 3448 

azide-BTB 31.0 1676 3559 

alkene-BTB 26.5 1587 3391 

alkyne-BTB 39.4 1631 3463 

chiral-BTB 27.3 1679 3624 

aStructures are given in Scheme 1a. bLigand exchange 
was performed at 85 °C for 12 h. cN2 sorption was 

measured at 77 K. 

 

Ligand exchange of BTB derivatives in PCN-333(Fe) was 
performed by adopting the optimized condition from BTB 
exchange studies (85 °C, 12 h). 12 h of incubation time was 
chosen as a shorter reaction time and gave better porosity 
with compatible extent of exchange. Photographs of the 
exchanged samples are shown in Figure 6a. Notably, dis-
tinctive color changes were observed for the samples ex-
changed with OH-BTB (olive) and NH2-BTB (dark brown), 
which clearly indicate the incorporation of different ligands. 
To determine the exchange ratio for each ligand, 1H NMR 
spectra of the digested samples were taken. The exchange 
ratio for each ligand is summarized in Table 1. Presumably 
due to different enthalpy changes (∆��) of each ligand be-
fore and after ligand exchange resulting from their different 
solubility as well as steric and/or electronic effects, each 
ligand showed different extent of exchange ranging from 
18.0% ದ 39.4% under identical conditions. Nevertheless, all 
of the functionalized BTB ligands were successfully ex-
changed into PCN-333(Fe) with significant exchange ratios. 
Figure 6b shows well maintained crystallinity of exchanged 
samples regardless of the functional groups (Figure 6b). 
Particularly, infrared (IR) spectroscopy of the azide-BTB 

Page 8 of 14

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

exchanged PCN-333(Fe) shows a characteristic stretching 
band at 2106 cm-1, which is indicative of the presence of an 
azide group (Supporting Information Section 6, Figure S22). 
The porosity of each exchanged PCN-333(Fe) sample was 
then evaluated by N2 adsorption measurements at 77 K.  As 
expected, the total uptake of each sample slightly de-
creased after the exchange with a functionalized ligand 
(Figure 6c). However, it is worth noting that the decrease in 
total pore volume of exchanged PCN-333(Fe) compared to 
that of the parent material was not critical (approximately 
decreasing in a range from 7% to 18%, Table 1). To the 
best of our knowledge, our materials exhibit one of the 
highest N2 uptakes among all reported mesoporous MOFs 
with functionalized covalent anchors.11o, 8d Slight shifts to 
the lower pressures in steps of the N2 adsorption isotherm, 
in comparison to that of the parent material at approximately 
0.32 P/P0 and 0.44 P/P0, were observed suggesting chang-
es in pore size due to the incorporation of ligands with sub-
stituents. DFT pore size distribution analysis showed that 
the smallest pore, which corresponds to the supertetrahe-
dron unit, was affected the most by appended functional 
groups on the BTB derivatives compared to that of parent 
MOF (see Supporting Information Section 5). For example, 
the pore size distribution of the PCN-333(Fe) exchanged 
with azide-, alkene-, alkyne-, and chiral-BTB that contains 
larger functional groups showed a sharper shift in distribu-
tion towards the smaller pores than that of BTB, OH-BTB, or 
NH2-BTB exchanged PCN-333(Fe). In comparison, the 
middle-sized cages and the largest cages are less affected. 
Assuming the inserted BTB derivatives are well distributed, 
the exchange extent exceeding 25% would suggest at least 
one face of the supertetrahedron is replaced. While the ad-
ditional functional groups reduce the available space inside 
of the smallest cage, the middle-sized and especially the 
largest cages are much less affected due to their inherent 
ultralarge pores. Therefore, characteristics of mesoporous 
PCN-333 should be mostly preserved after the implantation 
of the functional anchors. 

6. 6. 6. 6. Introduction of secondary functionalityIntroduction of secondary functionalityIntroduction of secondary functionalityIntroduction of secondary functionality....    

After successful implantation of covalent anchors into PCN-
333, further examinations were performed on azide-
functionalized PCN-333(M) (M = Fe, Sc) to demonstrate 
introduction of secondary functionality via click chemis-

try.8d,11c,13 As previously found, before reaching the ex-
change saturation point providing fresh stock solution of the 
incoming ligand increased the exchange ratio. 

  

 

Figure 7Figure 7Figure 7Figure 7....    (a) IR spectra of azide-BTB exchanged PCN-
333(Fe) having different ratios of azide-BTB. (b) Compari-
son of IR spectra of before/after click reaction with azide-
BTB exchanged PCN-333(Fe).   

Taking this into account, the characteristic peak of the azide 
group at 2106 cm-1 was monitored by infrared spectroscopy 
upon increasing the azide group ratio. As fresh stock solu-
tion was continuously provided, a more prominent azide 
stretching band at 2106 cm-1 was observed in the ex-
changed sample which indicates the incorporation of more 
azide-BTB ligands in PCN-333(Fe) (Figure 7a). Knowing 
this, a click reaction between the azide-functionalized PCN-
333(Fe) and methyl propiolate was performed in the pres-
ence of CuI in DMF (65 °C, 20 h). The disappearance of this 
azide IR peak at 2106 cm-1 shown in Figure 7b suggests a 
successful anchorage of methyl propiolate as well as com-
pletion of the click reaction. The PXRD pattern of the clicked 
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sample also confirmed well maintained crystallinity owing to 
the robustness of PCN-333(Fe) (Figure S26). 

 

    Figure 8Figure 8Figure 8Figure 8....    (a) Click reaction scheme performed on PCN-
333(Sc) with BODIPY fluorophore. Photographs are before 
and after BODIPY introduction on PCN-333(Sc). (b) Solid-
state fluorescence emission spectra of azide-BTB ex-
changed PCN-333(Sc) (blue) and BODIPY-clicked PCN-
333(Sc) (red). ˨ex = 450 nm. (c) Comparison of solid-state 
14 and BODIPY-clicked PCN-333(Sc) (left); Photographs of 
i) pristine PCN-333(Sc), ii) azide-BTB exchanged PCN-
333(Sc), and iii) BODIPY-clicked sample in both solid-state 
and suspension (right).  

  To investigate the potential utility of functionalized PCN-
333, we further sought to expand our experimental design 
by introducing 4,4-difluoro-4-bora-3a,4a-diaza-s-indaene 
(BODIPY), a well-known fluorophore due to its excellent 
photochemical stability, tunable photophysical properties, 
and high quantum yield. Fluorescence measurements in-
volve high sensitivity and rapid implementation, and thus 

fluorophores such as BODIPY derivatives can be widely 
employed in the MOF field. However, the incorporation of 
fluorophores in MOF as ligands would take substantial syn-
thetic efforts while the anchorage of such compounds to a 
functionalized MOF through a post-synthetic approach is 
more practical.14 To illustrate our concept, terminal alkyne 
functionalized BODIPY (14141414) was synthesized to perform a 
click reaction with azide-functionalized PCN-333(Fe). Alt-
hough the IR spectrum suggests a successful click reaction 
on PCN-333(Fe), attempts to observe fluorescence from 
BODIPY-clicked PCN-333(Fe) were not successful due to 
the presence of Fe(III) which can quench the emission of 
BODIPY (Figure S28). To avoid the interference from the 
Fe(III) node, we chose colorless PCN-333(Sc) to show the 
click reaction more clearly.  

The exchanged samples with different ratios of the azide 
group were prepared by changing the stock solution as pre-
viously found. The extent of azide-BTB exchange was de-
termined by 1H NMR spectroscopy upon digestion of sam-
ples (Figure S29). Considering carboxylates bind less 
strongly to Sc(III) than Fe(III), ligand exchange in PCN-
333(Sc) should occur more easily. As observed in the ex-
changing process, ligand exchange in PCN-333(Sc) 
reached an equilibrium quickly because of the easier M-L 
bond dissociation (Figure 3f). However, the thermodynamic 
equilibrium of the exchange process was almost independ-
ent from M-L bond nature as we analyzed and a slightly 
lower extent of the exchange saturation point was observed 
in BTB exchange. Nonetheless, azide-functionalized BTB 
showed a comparable exchanged ratio in PCN-333(Sc) as 
in PCN-333(Fe) (Supporting Information Section 8). The 
click reaction of azide-functionalized PCN-333(Sc) and al-
kyne-BODIPY (14141414) was successfully performed with a cata-
lytic amount of CuI in THF (65 °C, 21 h) (Figure 8a). To our 
delight, BODIPY-clicked PCN-333(Sc) showed strong fluo-
rescence in both suspension and solid-state. Notably, the 
emission of BODIPY-clicked PCN-333(Sc) in solid-state is 
green (˨ = 550 nm; Figure 8b) suggesting that the clicked 
dye behaves as a monomeric dye, while dye aggregates 
(14141414) showed a red emission (Figure 8c). After close exami-
nation of the structure of PCN-333, it is very likely that the 
large pores provide enough space for clicked dyes to be 
spatially separated thereby emitting as single dye mole-
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cules. A click reaction on the samples containing different 
loading of azide groups showed that higher loading of azide 
groups resulted in a slight red shift in emission maxima 
(Figures S32 and S33). 

EXPERIMENTAL SECTION 

InstrumentationInstrumentationInstrumentationInstrumentation. . . . Nuclear magnetic resonance (NMR) spec-
tra were recorded on Varian Inova 500 spectrometer unless 
otherwise noted. Powder X-ray diffraction (PXRD) was car-
ried out on a Bruker D8-Focus Bragg-Brentano X-ray pow-
der Diffractometer equipped with a Cu sealed tube (˨ = 
1.54178) at 40 kV and 40 mA. Thermogravimetric analyses 
(TGA) were conducted on a Shimadzu TGA-50 thermograv-
imetric analyzer from 25 °C to 600 °C at a ramp rate of 2 
°C/min in a flowing nitrogen atmosphere. Fourier transform 
infrared (FT-IR) measurements were performed on a Shi-
madzu IR Affinity-1 spectrometer. N2 adsorption-desorption 
isotherms at 77 K were measured by using a Micrometritics 
ASAP 2420 system. A high-purity grade (99.999%) of gas 
was used throughout the sorption experiments. Sample was 
activated by solvent exchange (in several cycles using fresh 
acetone), followed by degassing at elevated temperature 
(150 °C) for 5 h. Details are given in the Supporting Infor-
mation.  

Direct synthesis of PCNDirect synthesis of PCNDirect synthesis of PCNDirect synthesis of PCN----262626260.0.0.0.    BTB (10 mg), FeCl3 or 
Fe2CoO(CH3COO)6 (10 mg), and acetic acid (0.25 ml) in 2 
mL of NMP were ultrasonically dissolved in a Pyrex vial. 
The mixture was heated in 150 ºC oven for 24 h. After cool-
ing down to room temperature, dark brown crystals were 
harvested by filtration.     

Direct synthesis of PCNDirect synthesis of PCNDirect synthesis of PCNDirect synthesis of PCN----222266662222. . . . OH----BTB (10 mg), FeCl3 or 
Fe2NiO(CH3COO)6 (10 mg), and acetic acid (0.20 ml) in 2 
mL of DMF were ultrasonically dissolved in a Pyrex vial. 
The mixture was heated in 150 ºC oven for 15 h. After cool-
ing down to room temperature, dark brown crystals were 
harvested by filtration.  

Synthesis of PCNSynthesis of PCNSynthesis of PCNSynthesis of PCN----333333333(Fe3(Fe3(Fe3(Fe)))).... H3TATB (60 mg), anhydrous 
FeCl3 (60 mg), and trifluoroacetic acid (0.6 mL) were dis-
solved in 10 mL DEF. The mixture was heated in 150 °C 
oven for 12 h until a brown precipitate formed. The resulting 
brown precipitate was centrifuged and washed with fresh 
DMF several times.     

Synthesis of PCNSynthesis of PCNSynthesis of PCNSynthesis of PCN----333333333(Sc3(Sc3(Sc3(Sc)))).... H3TATB (80 mg) and anhydrous 
ScCl3·6H2O (200 mg) were dissolved in 10 mL DMF. The 
mixture was heated in 150 °C oven for 2 h until a white pre-
cipitate formed. The resulting white precipitate was centri-
fuged and washed with fresh DMF several times.  

General procedure for ligand exchange General procedure for ligand exchange General procedure for ligand exchange General procedure for ligand exchange of PCNof PCNof PCNof PCN----333(Fe).  333(Fe).  333(Fe).  333(Fe).  
First, synthesized PCN-333(Fe) (ca. 50 mg) was thoroughly 
washed with hot DMF and the isolated sample was then 
incubated with a stock solution of BTB or BTB derivatives 
(50 − 55 mg in DMF) at different temperatures (r.t., 85 °C, 
100 °C). Upon completion of ligand substitution, the super-
natant was removed to examine whether there was TATB 
that came from the parent MOF after the exchange of lig-
and. The aliquot of supernatant was filtered through a sy-
ringe filter to exclude the possibility of exchanged PCN-
333(Fe) crystals remaining and ligands were recovered by 
acidification with few drops of 1 M HCl, followed by washing 
with water. The resulting precipitates were dried and ana-
lyzed by 1H NMR spectroscopy. 

MOF digestion. MOF digestion. MOF digestion. MOF digestion. Approximately 15 mg of each ligand ex-
changed PCN-333(Fe) sample was digested with 37% HCl, 
refluxed overnight, and washed with water until a neutral pH 
was reached. DMSO-d6 (0.6 ml) was added to dissolve the 
ligands. The 1H NMR spectrum (500 MHz) of exchanged 
PCN-333(Fe) was collected at room temperature (~ 21 °C).  

Click reactionClick reactionClick reactionClick reaction.... Compound 14141414 (5 mg) was added to a mixture 
of azide-BTB exchanged PCN-333(Sc) (10 mg) and CuI 
(0.5 mg) in THF (1.0 ml) in a 4 mL vial. The reaction mixture 
was stirred at 60 °C for 20 h. The resulting precipitate was 
collected by centrifugation, washed thoroughly with DMF 
followed by acetone, and dried to afford a light brown solid 
in quantitative yield. 

CONCLUSION 

In summary, a facile functionalization assisted by structural 
attributes of PCN-333 has been studied while maintaining 
the integrity of the parent MOF including ultralarge pores, 
chemical robustness, and crystallinity. The foregoing results 
showed promise that the extent of exchange can be tailored 
by varying temperature, concentration, or incubation time as 
potential applications may require. Furthermore, we also 
have demonstrated that a variety of functional groups can 
be incorporated into PCN-333 via this strategy to covalently 
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anchor guest species. Along this line, introduction of a sec-
ondary functionality was successfully performed via a click 
reaction with a BODIPY fluorophore and this result provided 
hope for potential applications where the MOF can serve as 
a stable platform and for further chemistry to be explored in 
functionalized PCN-333.  
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