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ABSTRACT: The synthesis of phase-pure metal−organic frameworks
(MOFs) is of prime importance but remains a significant challenge because
of the flexible and diversified coordination modes between metal ions and
organic linkers. In this work, we report the synthesis of phase-pure MOFs via
a facile seed-mediated approach. For several “accompanying” pairs of Zr−
porphyrinic MOFs that are prone to yield mixtures, by fixing all reaction
parameters except introducing seed crystals, MOFs in phase-pure forms have
been obtained because the stage of MOF nucleation, which generates mixed
nuclei, is bypassed. In addition, phase-pure MOF isomers with distinct pore
structures have also been prepared through such an approach, revealing its
versatility. To the best of our knowledge, this is an initial report on seed-
assisted synthesis of phase-pure MOFs.

■ INTRODUCTION

As a relatively new class of porous materials, metal−organic
frameworks (MOFs), also known as porous coordination
polymers, have attracted growing interest in recent two decades
because of their crystalline nature, tunable structures/proper-
ties, and potential applications as functional materials in many
fields.1−5 MOFs are constructed from metal ions/clusters and
multitopic organic struts linked through coordination bonds.
Given the flexible and diversified coordination modes, the
combination of the same organic ligand and metal unit may
afford a variety of MOFs with distinct structures under similar
or even identical reaction conditions.6 However, this also causes
an undesired but common issue in MOF synthesis: Two or
more phases are formed in a one-pot reaction, and the
separation of them is difficult, which severely hampers the
application of the obtained MOFs because even structurally
similar MOFs have enormously different properties.6b,7 To
address such an issue, Hupp, Farha, and co-workers have
reported a solvent-assisted separation of mixed MOFs on the
basis of their density difference;8a metal−organic polyhedra
(MOPs) can also be separated similarly, which has been
demonstrated by Yaghi and co-workers.8b Despite its
effectiveness, the method is limited because the density
difference has to be distinct and the separating parent solvent
CH2BrCl is toxic. Therefore, it is imperative to develop a
general and eco-friendly approach to facilitate the separation of
mixed MOFs that are prone to form in a one-pot reaction.
To obtain phase-pure MOFs, which can be assessed by

powder X-ray diffraction (PXRD), it is necessary to review the
mechanism of crystal growth. In the case of a homogeneous
nucleation, clusters that are smaller than critical sizes are

formed first in the system in a nearly supersaturated solution.
Subsequently, different clusters may combine or split during the
initial growth. These association and dissociation processes
reach a dynamic equilibrium, possibly yielding a variety of MOF
nuclei. Consequently, this leads to MOFs in mixed phases
because nuclei surpassing the critical size will evolve into
crystals (Scheme 1, top). The energy required in the nucleation
stage gradually increases to a maximum when nucleus of critical
size attains and decreases thereafter (Scheme S1a).9

In addition to the above homogeneous nucleation,
heterogeneous nucleation of MOFs with matched crystal
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Scheme 1. Schematic Illustration of the Traditional Process
of MOF Crystal Growth (Homogeneous Nucleation) and
the Strategy for Seed-Mediated Growth of Phase-Pure MOFs
(Heterogeneous Nucleation)
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lattices also occurs when foreign particles/components are
present (Scheme 1, bottom), which has been well-established
for large crystal growth by a seeded solution method.9,10

Moreover, the heterogeneous process requires much lower
driving force than does the homogeneous one. (See Supporting
Information, section 1) In this sense, the introduction of seed
crystals of the particular MOF into the reaction system would
enable the growth of the particular MOF, which is kinetically
favored, because the nucleation stage is bypassed. Meanwhile,
once the MOF growth starts, the precursor concentration
gradually decreases, making the nucleation and crystal growth
of undesired phases more difficult, which results in the
formation of pure target MOF product only (Supporting
Information, section 2).
With the above considerations in mind, we explored seed-

mediated synthesis of phase-pure MOFs. Recently, Zr−
carboxylate MOFs have been extensively studied because of
their ultrahigh stability.11,12 Particularly, Zr-MOFs based on
tetrakis(4-carboxyphenyl)porphyrin (TCPP) are highly sought
after because of the built-in multifunctionality. We and others
have reported diverse Zr-TCPP MOFs, exhibiting exceptional
stability and various functionalities recently.12 These Zr-MOFs
are all obtained from ZrCl4 and TCPP ligand under similar
reaction conditions. Consequently, the preparation of these
MOFs in their phase-pure forms remains a formidable
challenge. Moreover, the “accompanying” MOF pairs, which
associate with each other throughout the synthesis procedure,
are difficult to separate into phase-pure forms.12a−e Typical
examples of these accompanying MOF pairs are PCN-222(Ni)
and PCN-224(Ni), PCN-222 and PCN-225, as well as PCN-
222(Zn) and PCN-225(Zn). (The metal in the parentheses
represents the metal ion residing in the TCPP center.) These
Zr-MOF pairs possess similar density and thus are hardly
separated via the aforementioned solvent-induced method.8

Fortunately, all three pairs of MOFs (Figure 1a−c) can be

prepared in phase-pure forms via a seed-mediated approach
reliably, which would otherwise be difficult or impossible. In
addition, a Cd-MOF triad, three MOF isomers with distinct
pore structures (Figure 1d−f),13 usually obtained with
impurities or accompanying one another, have also been
prepared in their phase-pure forms via such a strategy, revealing
its versatility. To the best of our knowledge, this is an initial
report on the synthesis of phase-pure MOFs with a seed-
assisted strategy.

■ MATERIALS AND METHODS
Materials. Methyl 4-formylbenzoate, zirconium(IV) chloride,

nickel(II) chloride hexahydrate, zinc(II) chloride, cadmium(II) nitrate
tetrahydrate, 4,4′-bipy, and pyrrole were purchased from Energy
Chemical. Propionic acid was from Aladdin Industrial Inc. 2-
aminoterephthalic acid (H2APTA) was from Sigma-Aldrich. N,N-
Dimethylformamide (DMF), N,N-diethylformamide (DEF) was from
Alfa Aesar. Acetic acid, and benzoic acid were purchased from
Sinopharm Chemical Reagent Co., Ltd. Tetrakis(4-carboxyphenyl)-
porphyrin (H2TCPP) and [5,10,15,20-tetrakis(4-carboxyphenyl)-
porphyrinato]-Ni(II) (Ni-TCPP) ligands were synthesized according
to previous reports (Supporting Information, section 3).12b All
commercial chemicals were used without further purification.

Instrumentation. Powder X-ray diffraction patterns (PXRD) were
collected on a Japan Rigaku SmartLab rotation anode X-ray
diffractometer, a Holland X’Pert PRO fixed anode X-ray diffrac-
tometer, a BRUKER D8-Focus Bragg−Brentano X-ray powder
diffractometer, a Rigaku MiniFlex600 X-ray Diffractometer equipped
with graphite monochromatized Cu Kα radiation (λ = 1.54 Å). Field-
emission scanning electron microscopy (FE-SEM) was carried out
with a field-emission scanning electron microanalyzer (Zeiss Supra 40
scanning electron microscope at an acceleration voltage of 5 kV).
Thermogravimetric analysis (TGA) was conducted on a SHIMADZU
DTG-60H thermogravimetric analyzer. N2 adsorption−desorption
isotherms were measured using a Micrometritics ASAP 2420 or ASAP
2020 system.

Synthesis of MOFs via Different Recipes. Recipe a. A mixture
of ZrCl4 (10 mg), Ni-TCPP (10 mg), and benzoic acid (350 mg) was
ultrasonically dissolved in 1.75 mL of DMF and 0.25 mL of DEF in a 4
mL vial. The mixture was heated at 120 °C in an oven for 24 h. After
cooling to room temperature, the products were harvested by
filtration, washing, and drying.

Recipe b. A mixture of ZrCl4 (100 mg), H2TCPP (40 mg), benzoic
acid (2700 mg), and 20 drops of acetic acid was ultrasonically
dissolved in 8 mL of DEF in a 20 mL vial. The mixture was heated at
120 °C in an oven for 12 h. After cooling to room temperature, the
products were harvested by filtration, washing, and drying.

Recipe c. A mixture of ZrCl4 (70 mg), H2TCPP (50 mg), and
benzoic acid (2700 mg) was ultrasonically dissolved in 8 mL of DEF in
a 20 mL vial. The mixture was heated at 120 °C in an oven for 12 h.
After cooling to room temperature, the products were harvested by
filtration, washing, and drying.

Recipe d. A mixture of ZrCl4 (70 mg), H2TCPP (50 mg), ZnCl2
(50 mg), and benzoic acid (2700 mg) was ultrasonically dissolved in 8
mL of DEF in a 20 mL vial. The mixture was heated at 120 °C in an
oven for 12 h. After cooling to room temperature, the products were
harvested by filtration, washing, and drying.

Recipe e. A mixture of ZrCl4 (60 mg), H2TCPP (50 mg), ZnCl2
(50 mg), and benzoic acid (2500 mg) was ultrasonically dissolved in 9
mL of DEF in a 20 mL vial. The mixture was heated at 120 °C in an
oven for 12 h. After cooling to room temperature, the products were
harvested by filtration, washing, and drying.

Recipe f. A mixture of Cd(NO3)2·4H2O (108 mg), H2APTA (47
mg), and BPY (41 mg) was ultrasonically dissolved in 6.5 mL of DMF
in a 21 mL Teflon-lined bomb. The mixture was heated at 160 °C in
an oven for 72 h. After cooling to room temperature, the products
were harvested by filtration, washing, and drying.

Recipe g. A mixture of Cd(NO3)2·4H2O (108 mg), H2APTA (47
mg), and BPY (41 mg) was ultrasonically dissolved in 4.4 mL of DMF
in a 21 mL Teflon-lined bomb. The mixture was heated at 105 °C in
an oven for 24 h. After cooling naturally, the crystals were obtained.
Because of the air sensitivity of microCd, the PXRD studies in air
should be performed with a little mother liquid.

Recipe h. A mixture of Cd(NO3)2·4H2O (108 mg), H2APTA (47
mg), and BPY (41 mg) was ultrasonically dissolved in 6 mL of DMF in
a 21 mL Teflon-lined bomb. The mixture was heated at 105 °C in an
oven for 10 h. Because of the air sensitivity of mesoCd, the PXRD
studies should be performed with a little mother liquid once it was
taken out from Teflon-lined reactor in air.

Figure 1. View of the structures of (a) PCN-222, (b) PCN-224(Ni),
and (c) PCN-225 in a ball−stick fashion. The ZrO6 octahedra are
shaded in green. View of the structures of (d) nonCd, (e) microCd,
and (f) mesoCd in a space-filling fashion, highlighting their different
channel sizes.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b01414
J. Am. Chem. Soc. 2016, 138, 5316−5320

5317

http://dx.doi.org/10.1021/jacs.6b01414


■ RESULTS AND DISCUSSION
PCN-224(Ni) and PCN-222(Ni) were usually prepared as an
accompanying pair (Table 1, entry 1). Phase-pure PCN-

222(Ni) and PCN-224(Ni) microcrystals in rod and cube
shape, respectively, both of which can be obtained on the basis
of the previous reports (Supporting Information, section
4),12b,e in low probabilities, were added to a reaction mixture
of ZrCl4, Ni-TCPP, and benzoic acid in a mixed solvent of
DMF and DEF, respectively, which was heated at 120 °C for 24
h (recipe a). Although recipe a hardly affords phase-pure MOF
in the absence of particular MOF seeds, remarkably, the
respective phase-pure MOF in a high yield can be harvested
with almost 100% probability when PCN-222(Ni) or PCN-
224(Ni) seeds were introduced (Table 1, entries 2 and 3).
PXRD studies demonstrated the effectiveness of seed-induced
phase separation (Figures 2a and S1). It should be noted that,
although such seed-mediated growth of MOF crystals does not
necessarily lead to large single crystals in our experiments, the
crystallinity of the resultant powder is high as evidenced by the
sharp peaks in PXRD patterns (Figure 2a).
Similarly, lots of explorations demonstrate that the

production of pure PCN-225 is very challenging. The
optimized reaction conditions (recipe b) of heating a mixture
of ZrCl4, H2TCPP, benzoic acid, and acetic acid in DEF for 12
h only gave ∼5% probability of success (Table 1, entry 4),
which was calculated from a total of 20 attempts that gave 1
case of pure PCN-225, 2 cases of pure PCN-222, and 17 cases
of mixed phases. Amazingly, phase-pure PCN-225 or PCN-222
can be prepared every single time, corresponding to a
probability of 100%, by adding their respective seeds (in

polyhedron and rod shape, respectively), both of which were
provided via recipe b, even in low probabilities. Only a visible
(to the naked eye) amount of seeds were introduced to the
reaction mixture, which was followed by exactly the same
reaction conditions without changing any other parameters
(Table 1, entries 5 and 6; Figure S2).
When the reaction conditions were changed to recipe c in the

absence of exogenous seeds, 70% of the attempts led to phase-
pure PCN-222, and the rest yielded mixtures; no phase-pure
PCN-225 can be obtained (Table 1, entry 7). In contrast, both
phase-pure PCN-222 and PCN-225 can be readily produced
every time, corresponding to a probability of 100%, under
almost identical conditions except that their respective seeds
(obtained via recipe b) were introduced into the reaction
mixture (Table 1, entries 8 and 9; Figures 2b and S3).
The case is even more exciting for the subsequent

accompanying pair of PCN-222(Zn) and PCN-225(Zn). In
the optimized recipe d for the synthesis of PCN-222(Zn) in the
absence of seeds, only 10% of the cases are successful (Table 1,
entry 10). Under identical conditions, however, upon the
addition of target seeds (in rod and polyhedron shape,
respectively for PCN-222(Zn) and PCN-225(Zn)) obtained
via recipe d, both phase-pure PCN-222(Zn) and PCN-225(Zn)
can be prepared in every case (Table 1, entries 11 and 12;
Figures 2c and S4). Conversely, recipe e produces pure PCN-
225(Zn) in 30% of the cases, whereas all other attempts
afforded mixture in the absence of seeds (Table 1, entry 13).
Both MOFs in their phase-pure forms can be obtained with the
introduction of their respective seeds (produced via recipe d)
under almost identical reaction conditions (Table 1, entries 14
and 15; Figure S5) other than seed addition.
To gain additional evidence for phase-pure MOF synthesis

via the seed-mediated approach, scanning electron microscope
(SEM) images of the products were taken. As displayed in
Figures 3, S6 and S7, mixed MOFs with different shapes were
generated in the absence of seeds or presence of mixed MOF
seeds. In contrast, phase-pure MOFs can be obtained under the
same conditions by the introduction of MOF seeds of a single
phase.

Table 1. Summary of the Probability of Resultant Phase-Pure
MOFs Obtained in the Absence or Presence of
Corresponding Exogenous MOF Seeds in the Reaction
Mixture

entry recipe seed producta

1
a

no seed ∼0% pure phase
2 PCN-222(Ni) 100% PCN-222(Ni)
3 PCN-224(Ni) 100% PCN-224(Ni)

4
b

no seed 10% PCN-222 with poor crystallinity,
5% PCN-225

5 PCN-222 100% PCN-222
6 PCN-225 100% PCN-225

7
c

no seed 70% PCN-222 with poor crystallinity,
0% PCN-225

8 PCN-222 100% PCN-222
9 PCN-225 100% PCN-225
10

d
no seed 10% PCN-222(Zn), 20% PCN-225(Zn)

11 PCN-222(Zn) 100% PCN-222(Zn)
12 PCN-225(Zn) 100% PCN-225(Zn)
13

e
no seed 0% PCN-222(Zn), 30% PCN-225(Zn)

14 PCN-222(Zn) 100% PCN-222(Zn)
15 PCN-225(Zn) 100% PCN-225(Zn)
16

f
no seed 40% nonCd

17 nonCd 100% nonCd
18

g
no seed 30% microCd

19 microCd 100% microCd
20

h
no seed 30% mesoCd

21 mesoCd 100% mesoCd
aThe probability indicated here is based on our limited experimental
attempts (over 10 trials for each recipe).

Figure 2. PXRD patterns for (a) PCN-222(Ni) and PCN-224(Ni),
(b) PCN-222 and PCN-225, (c) PCN-222(Zn) and PCN-225(Zn), as
well as (d) nonCd, microCd, and mesoCd obtained in the absence or
presence of respective seeds. The asterisks indicate the peaks assigned
to impurities.
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These compelling results suggest that despite the change of
reaction parameters in a certain range, the introduction of
phase-pure seeds (Figure S8) into the reaction mixture
constitutes the only prerequisite for seed-mediated synthesis
of phase-pure MOFs. This implies that once a small amount of
pure MOF is obtained, even if it usually accompanies undesired
phases under its synthetic conditions, its phase-pure form can
be obtained reliably through this simple strategy. In addition to
the cogent PXRD and SEM evidence, both thermogravimetric
analysis (TGA) and gas sorption data for the representative
accompanying pair of PCN-222(Zn) and PCN-225(Zn)
support such a statement (Figures S9 and S10).
All the experimental data revealed that the phase-pure MOF

products generated via such a seed-mediated approach were
identical to those obtained through traditional solvothermal
synthetic routes (Figures 2c, S4, S5, S9, and S10) despite the
stark difference in product purity. Moreover, the exogenous
seeds introduced before the commencement of crystallization
enable the crystal growth process to bypass the most energy-
intensive step, the dynamic dissociation-growth equilibrium of
crystal clusters (Supporting Information, section 1). Therefore,
the seed-mediated synthesis offers a more efficient and faster
alternative than the prior approaches. Preliminary kinetic
studies provided convincing evidence for such an argument.
A reaction via the seed-mediated approach afforded the
anticipated MOF product within 6 h, whereas in a control
experiment of traditional solvothermal synthesis, the reaction
mixture remains clear after 6 h (Figure 4).
The foregoing results have unambiguously illustrated that the

seed-mediated approach is powerful for the preparation of
phase-pure Zr-TCPP MOFs. To demonstrate the versatility of
this strategy, we also applied it in the separation of a triad of
accompanying Cd-MOFs. These three MOF isomers, having
distinct pore structures, are usually obtained with impurities or
accompanying one another. These Cd-MOFs are nonporous,
microporous, and mesoporous, respectively, denoted as nonCd,
microCd, and mesoCd. They are based on the same Cd2
building unit as well as 4,4′-bipy (BPY) and 2-amino-
terephthalic acid (H2APTA) ligands (Figure 1d−f).13 In
particular, they are MOF isomers with highly correlated
structures: Unraveling of twofold interpenetrated nonCd
leads to noninterpenetrated microCd; microCd and mesoCd
can be reversibly transformed upon the application of external

stimuli. In this context, the overlapping of the synthetic
parameters and the difficulty to obtain these Cd-MOFs in
phase-pure forms are obvious. Tremendous effort (∼1000
vials) was devoted to show that the same amounts of metal
precursor and ligands with subtle alteration of solvent amount
or reaction temperature can provide their respective pure
phases, but with limited success (Table 1, entries 16, 18, and
20). Similarly, when the respective seeds (obtained via recipes
f−h, respectively; see Supporting Information, section 4) of
these Cd-MOFs were introduced, all three MOFs in phase-pure
forms were obtained with ∼100% of probability. The PXRD
patterns of these phase-pure MOFs closely matched the
simulated ones (Figures 2d and S11−13), once again
demonstrating the general success of this seed-mediated
synthetic strategy. It is well-known that the interpenetrated
and noninterpenetrated pair of MOFs are generally concom-
itant and difficult to separate.6−8 Meanwhile, the separation of
them is of vital importance because their functions are
significantly different.6b,7 The current seed-mediated approach
offers an effective solution to meet this challenge. The
successful separation of the three Cd-MOF isomers paves the
way to the preparation of pure MOF isomers in the future.

■ CONCLUSIONS

The effective separation of diverse MOF mixtures and synthesis
of phase-pure MOFs have been successfully achieved via a facile
seed-mediated approach. Introducing seeds of a targeted MOF
in the reaction system brings on significant purity improvement
in the resultant MOF product in various synthesis systems. The
strategy is very straightforward and worth trying in phase-pure
synthesis of a variety of MOFs. The only prerequisite for this
approach is that the target MOF seeds even if in a minute
amount should be introduced. Given the extensive studies on
broad applications of MOFs, the production of phase-pure
MOFs in a large scale is of fundamental importance. It is thus
believed that the current synthetic strategy can greatly benefit
the MOF research field and may even be extendable to the
synthesis of other crystalline materials.

Figure 3. SEM images for the products obtained via recipe e (a) in the
absence of seeds, (b) in the presence of mixed PCN-222(Zn) and
-225(Zn) seeds, (c) in the presence of PCN-222(Zn) seeds, and (d) in
the presence of PCN-225(Zn) seeds.

Figure 4. Reaction speed investigation based on different synthetic
methods. (a and b) Synthesis of PCN-222 and PCN-225 via traditional
synthesis (marked as PCN-222 and PCN-225) or seed-mediated
approach (marked as PCN-222 seed and PCN-225 seed). (c and d)
Synthesis of PCN-222(Zn) and PCN-225(Zn) via traditional synthesis
(marked as PCN-222(Zn) and PCN-225(Zn)) or seed-mediated
approach (marked as PCN-222(Zn) seed and PCN-225(Zn) seed).
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