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ABSTRACT: Metal−organic frameworks (MOFs) are crystalline,
porous solids constructed from organic linkers and inorganic nodes
that are promising for applications in chemical separations, gas
storage, and catalysis, among many others. However, a major
roadblock to the widespread implementation of MOFs, including
highly tunable and hydrolytically stable Zr- and Hf-based
frameworks, is their benchtop-scalable synthesis, as MOFs are
typically prepared under highly dilute (≤0.01 M) solvothermal
conditions. This necessitates the use of liters of organic solvent to
prepare only a few grams of MOF. Herein, we demonstrate that Zr-
and Hf-based frameworks (eight examples) can self-assemble at
much higher reaction concentrations than are typically utilized, up
to 1.00 M in many cases. Combining stoichiometric amounts of Zr
or Hf precursors with organic linkers at high concentrations yields highly crystalline and porous MOFs, as confirmed by powder X-
ray diffraction (PXRD) and 77 K N2 surface area measurements. Furthermore, the use of well-defined pivalate-capped cluster
precursors avoids the formation of ordered defects and impurities that arise from standard metal chloride salts. These clusters also
introduce pivalate defects that increase the exterior hydrophobicity of several MOFs, as confirmed by water contact angle
measurements. Overall, our findings challenge the standard assumption that MOFs must be prepared under highly dilute
solvothermal conditions for optimal results, paving the way for their scalable and user-friendly synthesis in the laboratory.

■ INTRODUCTION
Metal−organic frameworks (MOFs) are crystalline, porous
materials composed of inorganic nodes bridged by organic
linkers.1 Their permanent porosity, large number of accessible
topologies, and tunable pore environments make MOFs
appealing platforms for applications in gas storage, chemical
separations, catalysis, and beyond.2−4 A major roadblock to the
further development of MOFs is their synthesis on a
laboratory-scale (1−100 g), especially by nonspecialists such
as medicinal chemists.5,6 This is because many MOFs are
synthesized under highly dilute (≤0.01 M) solvothermal
conditions using toxic N,N-dimethylformamide (DMF) as
the solvent, which results in significant waste and necessitates
the use of liters of solvent to prepare only a few grams of
MOF.7 Although the volume of organic solvent can be reduced
using mechanochemistry,5−9 this approach requires specialized
equipment such as ball mills or screw extruders, which are
inaccessible to many researchers. A more user-friendly
approach would be to simply conduct solvothermal synthesis
at much higher reaction concentrations (e.g., 1.00 M, an
approximately 100-fold increase).10,11 However, examples of
successful MOF syntheses even at intermediate concentrations
(0.15−0.25 M) remain surprisingly scarce;10,12−15 more
common instead are reports of poorly crystalline products,
unusual morphologies, low surface area materials, or different

phases forming at high concentrations due to the rapid
precipitation of products from solution.10,11,16−19 These
findings beg the question: Can MOFs effectively self-assemble
at high reaction concentrations?
MOFs constructed from Zr6 nodes (Zr-MOFs),20−22 as well

as isostructural Hf-based MOFs (Hf-MOFs),23 exemplify the
challenges and opportunities associated with high-concen-
tration MOF synthesis. These frameworks represent a
privileged class of materials due to their structural tunability,
hydrothermal stability, biocompatibility, and catalytic activ-
ity.20,21,24−26 However, Zr-MOFs are typically prepared under
highly dilute solvothermal conditions in DMF. Furthermore,
many Zr-MOF syntheses require a large excess (>50 equiv) of
exogenous acid modulators, which improve the reversibility of
MOF self-assembly (leading to more crystalline products) at
the cost of drastically increasing the amount of waste
associated with MOF synthesis.27−29 Additionally, an excess
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of either the linker or Zr precursor is often used.
Mechanochemical methods, such as liquid-assisted grinding
(LAG), have been used to synthesize several Zr-MOFs,
including UiO-66 (UiO = Universitetet i Oslo), UiO-66-
NH2, UiO-67, and NU-901 (NU = Northwestern Univer-
sity).30−36 In addition to requiring specialized equipment,
mechanochemical Zr-MOF syntheses generally utilize pre-
formed Zr oxo clusters prepared from water-sensitive Zr
alkoxides and capped by acetate or methacrylate groups, with
different precursors and grinding liquids employed to access
specific frameworks. The MOFs produced by mechanochem-
ical synthesis also vary in crystallinity, with broad powder X-ray
diffraction (PXRD) reflections indicative of small crystalline
domain sizes in many cases.34−36 On the other hand, the high-
concentration solvothermal synthesis of UiO-66 (∼0.45 M)
has only been achieved when the reaction mixture was seeded
with pre-synthesized MOF,10 and successful high-concen-
tration synthesis (>0.25 M) has yet to be reported for any
other Zr- or Hf-MOF.
Herein, we demonstrate that high-quality Zr- and Hf-MOFs

can be generally synthesized at high reaction concentrations,
up to 1.00 M in linker in many cases, using either simple metal
chloride salts or well-defined pivalate-capped cluster precur-
sors. This includes six MOFs with 12-connected nodes (UiO-
66, UiO-66(Hf), UiO-66-NH2, UiO-66-(OH)2, UiO-67, and
UiO-68-Me2), as well as mesoporous MOFs with eight-
connected (PCN-128, PCN = porous coordination network)
and six-connected (MOF-808) nodes. Additionally, the correct
stoichiometric ratios between the linker and metal can be
employed without the need for excess organic acid in most
cases. This user-friendly approach toward the benchtop-scale
synthesis of Zr- and Hf-MOFs challenges the widespread
assumption that high-quality MOFs can only be prepared
under dilute conditions, paving the way for the straightforward
synthesis of MOFs by any researcher.

■ RESULTS AND DISCUSSION
Cluster Precursor Selection and Synthesis. Typical

solvothermal syntheses of Zr-MOFs employ Zr salt precursors
(e.g., ZrCl4, ZrOCl2·xH2O), which first self-assemble into Zr
oxo clusters in the presence of water and then combine with
the linkers to yield extended MOF structures.37 However,
previous mechanochemical approaches have exclusively used
pre-formed Zr oxo clusters to obtain the desired MOF,38

indicating that node self-assembly may be problematic in some
cases. To interrogate whether node self-assembly affects MOF
formation under high-concentration conditions, we aimed to
evaluate carboxylate-capped Zr oxo clusters alongside simple
Zr salts as MOF precursors. Zr oxo clusters with varying
structures and capping ligands have been reported, among
which tetranuclear (Zr4), hexanuclear (Zr6), and dodecanu-
clear clusters (Zr12) are the most common (Supporting
Information or SI Figure S7).39 The Zr6 methacrylate
(Zr6O4(OH)4(MA)12, MA− = methacrylate) and Zr12 acetate
([Zr6O4(OH)4(OAc)12]2, OAc− = acetate) clusters, referred to
herein as Zr6 MA and Zr12 OAc, respectively, have proven to
be the most effective precursors for mechanochemical Zr-MOF
synthesis.32−34 Additionally, preformed clusters capped with
MA− or OAc− have been used to enable the room-temperature
synthesis of some Zr MOFs under dilute reaction con-
ditions.40,41 However, Zr6 MA generates toxic methacrylic acid
and polymeric impurities upon MOF formation and thus was
avoided in this work.32

The ability of Zr12 OAc to serve as a precursor for the
synthesis of UiO-66 under high-concentration solvothermal
conditions was first evaluated (see SI Section 5 for details).
Unfortunately, poorly crystalline material was obtained (SI
Figure S8). This is likely due to the differing structures of the
Zr12 OAc cluster and the Zr6 node of UiO-66, leading to a
complex mixture of products. The distinct Zr clusters do not
necessarily interconvert upon undergoing ligand exchange in
solution, especially the inter-cluster bridging carboxylates of
the two dimerized Zr6 clusters that make up the Zr12
dimer.42,43 Furthermore, while some mechanochemical and
solvothermal MOF syntheses have achieved in situ Zr12 to Zr6
cluster transitions, a number of MOFs with Zr12 nodes,
including some synthesized from Zr12 OAc, have also been
reported.44−47 As such, we set out to identify a user-friendly
Zr6 cluster�ideally that could be synthesized without the use
of water-sensitive Zr alkoxides�to serve as a high-concen-
tration MOF precursor.
Previous reports indicate that α-branching on the capping

carboxylic acid favors the formation of Zr6 clusters over other
possible structures.39,42,48 Hypothesizing that very bulky
capping carboxylates should enforce the correct node
architecture, we identified the pivalate-capped cluster
Zr6O4(OH)4(OPiv)12 (OPiv− = pivalate), referred to herein
as ZrPiv, as a promising yet hitherto unexplored potential
MOF precursor.49 Simply combining ZrCl4, pivalic acid
(PivOH), and DMF under solvothermal conditions yielded
large crystals of ZrPiv (see SI Section 4 for details). Single-
crystal X-ray diffraction (SCXRD) confirmed that ZrPiv
possesses the same Zr6 cluster as UiO-66 (Figure 1b and see

SI Section 17). The structure of ZrPiv differs from that of all
other reported molecular Zr6 clusters, as the carboxylates are
all in bridging coordination modes�mirroring the MOF�and
there are no co-crystallized solvent or carboxylic acid
molecules. The optimal high-concentration conditions using
10 equiv of PivOH relative to ZrCl4 (Figure 1a) allowed for
the rapid synthesis of over 12 g of highly crystalline ZrPiv in a
single batch (Figure 1c). This facile solvothermal method
could be extended to the previously unreported Hf analogue,
Hf6O4(OH)4(OPiv)12, referred to herein as HfPiv. SCXRD

Figure 1. (a) High-concentration solvothermal synthesis of MPiv (M
= Zr, Hf). (b) SCXRD structure of ZrPiv. The gray, red, and light
blue spheres represent carbon, oxygen, and zirconium, respectively.
Hydrogens are omitted for clarity. (c) Twelve grams of ZrPiv from a
single-batch synthesis.
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confirmed that HfPiv is isostructural to ZrPiv (SI Figure S140,
SI Section 17). High-concentration conditions allowed for the
rapid synthesis of over 6 g of HfPiv in a single batch. In both
cases, no other cluster geometries were observed in bulk PXRD
measurements. As such, ZrPiv and HfPiv are promising
potential precursors for the synthesis of Zr- and Hf-based
MOFs with pre-assembled M6 nodes.
High-Concentration Synthesis of UiO-66. Traditional

solvothermal Zr-MOF synthesis involves the combination of a
Zr salt or pre-formed cluster, organic linker, solvent (typically
DMF), water (to facilitate node formation), and acid
modulator (10−50 equiv) at high temperatures (120 °C) for
extended periods of time (24−72 h).50 We aimed to employ
stoichiometric linker:metal ratios and avoid acid modulators
where possible to minimize the unnecessary waste associated
with Zr-MOF synthesis. Reduced solvent volumes also allow
for the use of simple reaction vessels, as opposed to more
specialized glassware such as Teflon autoclaves. After synthesis,
MOFs were soaked in appropriate organic solvents to remove
soluble impurities, as is standard practice for MOF synthesis,51

followed by characterization using PXRD, infrared (IR)
spectroscopy, scanning electron microscopy (SEM), thermog-
ravimetric analysis (TGA), and surface area analysis.
We first investigated whether the archetypical Zr-MOF UiO-

66 can self-assemble under high-concentration conditions
using either ZrCl4 or ZrPiv as the Zr source (Figure 2).

10,52 A

1:1 ratio of ZrCl4 and the linker terephthalic acid (H2bdc)
were combined with increasing concentrations in DMF (x M
with respect to the linker) with stirring to yield samples labeled
as UiO-66-xM (ZrCl4) (Figure 2a, see SI Section 5 for details).
Additional water (3 equiv) was added to all syntheses involving
ZrCl4 to facilitate node assembly, as the adventitious water in
DMF was not sufficient to achieve this at high reaction
concentrations. In contrast to a literature report,10 samples
prepared up to 1.0 M in DMF yielded UiO-66 with
comparable crystallinity to material prepared at the standard
concentration of 0.01 M (Figure 2c). PXRD analysis revealed
that the high-concentration samples possess crystalline nano-
regions of ordered missing node defects with a reo topology
(SI Figure S12).53 Previous work demonstrated that the
number of missing node defects increases with increasing acid
modulator concentration, decreasing reaction pH and decreas-
ing linker:metal ratios.53,54 In addition, these nanodomains
were observed for the intermediate concentration (0.20 M)
synthesis of Zr-halofumarate frameworks due to the acid
released upon the hydrolysis of ZrX4 (X = Cl, Br, or I) salts.55

Thus, the ordered defect nanoregions in high-concentration
UiO-66 likely arise from the excess HCl generated in situ from
the hydrolysis of ZrCl4.

28

In contrast to previous solvothermal methods using
preformed cluster precursors,40,41 combining ZrPiv with
H2bdc directly under the standard reaction conditions did

Figure 2. (a) Synthesis of UiO-66 from either ZrCl4 or ZrPiv. (b) The structure of UiO-66. Gray, red, and light blue spheres represent carbon,
oxygen, and zirconium, respectively. Hydrogens are omitted for clarity. (c) PXRD patterns of UiO-66 samples prepared using ZrCl4 or ZrPiv and a
[H2bdc] of either 0.01 or 1.0 M. The simulated patterns based on the SCXRD structures of ZrPiv and UiO-66 are included for reference.52 The
asterisks indicate reflections from crystalline domains of ordered missing node defects with a reo topology.53 (d) N2 adsorption (filled circles) and
desorption (open circles) isotherms of the activated UiO-66 samples. (e) SEM images of the high-concentration UiO-66 samples from either
precursor.
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not produce UiO-66 (SI Figure S13), potentially due to its
poor solubility in DMF. The addition of concentrated HCl (1
equiv per pivalate) was found to facilitate exchange of the
capping pivalates for linkers, leading to highly crystalline UiO-
66 (Figure 2c). Notably, the reaction of ZrPiv with HCl in the
absence of linker yielded poorly crystalline ZrPiv, indicating
that the role of HCl is largely to promote carboxylate exchange
and not to decompose ZrPiv into simpler Zr species (SI
Figures S17 and S18). A stoichiometric 1:6:12 ratio of
ZrPiv:H2bdc:HCl was combined in varying amounts of DMF
with increasing concentrations (x M with respect to the linker)
to synthesize MOF samples labeled as UiO-66-xM (ZrPiv)
(Figure 2a, see SI Section 5 for details). Similar to the results
obtained with ZrCl4, UiO-66-1.0 M (ZrPiv) possesses
comparable crystallinity to MOF prepared under dilute
conditions (Figure 2b). Notably, samples prepared from
ZrPiv at high concentrations did not display additional low-
angle reflections corresponding to ordered missing cluster
defects. Although the ZrPiv-derived samples lack these
topological impurities, longer reaction times (72 h) are needed
to fully convert ZrPiv into MOF, likely due to the need for
carboxylate exchange at the node (SI Figure S15). In contrast,
crystalline UiO-66 was obtained after only 1 h when using
ZrCl4 and high-concentration conditions (SI Figure S10).
These results highlight the suitability of Zr-MOFs to be
synthesized at high concentrations. We propose that the high
stability of the Zr6 node and the strength of the Zr−O bonds
formed provide the driving force to self-assemble efficiently
regardless of the high reaction concentrations. Further aging of
this concentrated mixture allows for the dynamic ligand
exchange (albeit slow due to the strong Zr−O bonds) crucial
to the formation of crystalline frameworks.27 In particular, this
is demonstrated by the exchange of the initial capping pivalates
for linkers during the high-concentration synthesis using ZrPiv.
To further characterize the quality of the high-concentration

UiO-66 samples, their porosity was assessed via 77 K N2
adsorption/desorption isotherms (Figure 2d). From these
isotherms, the Brunauer−Emmett−Teller (BET) surface areas
were determined to be 1327 ± 8 and 1232 ± 7 m2/g for UiO-
66-1.0 M (ZrCl4) and UiO-66-1.0 M (ZrPiv), respectively.
These values are comparable to previously reported BET
surface areas for UiO-66 (800−1800 m2/g, depending on
defect concentration) and to a sample of UiO-66 prepared at a
linker concentration of 0.01 M (1341 ± 4 m2/g).28,56 Pore-size
distributions for both of the 1.0 M samples (SI Figure S21)
revealed the presence of larger micropores, consistent with the
presence of missing-cluster defects. Additionally, the pore
volumes of both 1.0 M samples (SI Table S1) were greater
than the calculated pore volume of UiO-66. Together, these
indicate that despite UiO-66-1.0 M (ZrPiv) not displaying
additional PXRD reflections from ordered defects, as UiO-66-
1.0 M (ZrCl4) does, the two samples contain similar amounts
of defects. SEM images of the high-concentration samples
revealed slight differences between the two Zr precursors as
well (Figure 2e). The 1.0 M sample prepared using ZrCl4
consists of aggregates of small crystallites and not the well-
defined octahedra typical of UiO-66.29 Conversely, the ZrPiv
sample led to a mixture of small particles and aggregates of
larger crystallites exhibiting well-defined edges, indicative of
incompletely formed octahedra. This range of crystallite sizes
persisting despite thorough solvent washing indicates that this
high-concentration method does not provide narrow particle
size distributions such as those observed in modulated

syntheses.27 The IR spectra (SI Figures S27 and S33) and
the TGA decomposition profiles (SI Figures S26 and S32) of
both high-concentration samples were comparable. Together,
these findings support that high-concentration solvothermal
synthesis is suitable for preparing crystalline, porous UiO-66
from either a Zr salt or a pre-formed Zr cluster precursor.
Competing carboxylates, including formate from the in situ

hydrolysis of DMF, can be incorporated as linker substitution
defects in MOFs.29 To further interrogate potential differences
between the MOFs prepared from ZrCl4 and ZrPiv, the degree
of pivalate defect incorporation in UiO-66-1.0 M (ZrPiv) was
assessed. Linker deficiencies and modulator incorporation can
be quantified by 1H NMR spectroscopy of acid- or base-
digested samples (see SI Section 2 for details).27,54,57 1H NMR
analysis of digested UiO-66-1.0 M (ZrPiv) (SI Figure S31)
revealed a OPiv−:bdc2− ratio of 0.11:1, which is comparable to
previous dilute solvothermal syntheses of UiO-66 using a slight
excess of competing monocarboxylic acid modulators.54 When
UiO-66-1.0 M (ZrCl4) was synthesized in the presence of two
equiv. of PivOH�the same amount of pivalate present in the
synthesis using ZrPiv�a OPiv−:bdc2− ratio of 0.04:1 was
obtained (SI Figure S20). Thus, using ZrPiv as a precursor
leads to higher carboxylate incorporation than traditional acid
modulation does.29

The presence of defects has been shown to greatly impact
the properties of Zr-MOFs.13,58 We hypothesized that the
nonpolar pivalate defects present in UiO-66-1.0 M (ZrPiv)
should impart the MOF with improved hydrophobicity.
Indeed, UiO-66-1.0 M (ZrPiv) floats on water, yet UiO-66-
1.0 M (ZrCl4) is rapidly wetted (Figure 3a inset). The

crystallographic density of UiO-66 (1.24 g/cm3) is greater than
that of water, suggesting that UiO-66-1.0 M (ZrPiv) must have
a hydrophobic exterior in contrast to the hydrophilic exterior
of UiO-66-1.0 M (ZrCl4). Water contact angle measurements
(see SI Section 15 for details)�which quantify the wettability
of a surface by measuring the contact angle of the water
droplet formed after addition of water to a material�

Figure 3. (a) Water vapor adsorption isotherms of high-concentration
UiO-66 samples. Inset: UiO-66-1.0 M (ZrCl4) (left) sinking in water,
in contrast to UiO-66-1.0 M (ZrPiv) (right) floating on water. Water
contact angle measurements of (b) UiO-66-1.0 M (ZrCl4) and (c)
UiO-66-1.0 M (ZrPiv).
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confirmed that UiO-66-1.0 M (ZrCl4) has a hydrophilic
surface with a contact angle of 0° (Figure 3b). In contrast,
water dropped on the surface of UiO-66-1.0 M (ZrPiv) forms a
droplet with a large contact angle of 162° (Figure 3c),
indicating that it has a super-hydrophobic surface. The external
surface hydrophobicity of MOFs is not necessarily representa-
tive of their internal surface properties.59,60 Thus, 303 K water
vapor adsorption isotherms were also measured to determine
the relative pressures at which half of the total water capacities
are reached (α) (Figure 3a), in which a larger α indicates
weaker interactions between the pore and adsorbed water.61

Both high-concentration samples display a type V water
adsorption isotherm, consistent with previous reports.61,62 For
UiO-66-1.0 M (ZrPiv), α = 0.30, indicating that it has a more
hydrophobic interior than UiO-66-1.0 M (ZrCl4) (α = 0.24).
Overall, these findings demonstrate that well-defined Zr cluster
precursors can incorporate capping ligands as defects that alter

the physical properties of the resulting materials. As such, this
approach enables defect engineering without the need to add a
large excess of carboxylic acid during MOF synthesis.

Generality of High-Concentration MOF Synthesis. To
evaluate the scope of high-concentration solvothermal MOF
synthesis, we prepared an isoreticular series of frameworks that
share the same fcu topology and structure as UiO-66,
including the Hf analogue of UiO-66,23 the amine-function-
alized UiO-66-NH2,

63 and the dihydroxy-functionalized UiO-
66-(OH)2, also known as MOF-804, at high reaction
concentrations (Figure 4, SI Sections 7, 8, and 9).13 Both
ZrCl4 and ZrPiv were assessed as MOF precursors, given the
different outcomes observed for UiO-66. In general, MOF
formation was complete in 48 h using ZrCl4 but required 72 h
with ZrPiv. The synthesis of each MOF was evaluated at
concentrations of 0.5 and 1.0 M for comparison, and further

Figure 4. High-concentration syntheses of (a) UiO-66(Hf), (c) UiO-66-NH2, and (e) UiO-66-(OH)2 from either MCl4 or MPiv (M = Zr or Hf).
The gray, red, blue, dark blue, and light blue spheres represent carbon, oxygen, nitrogen, hafnium, and zirconium, respectively. Hydrogens are
omitted for clarity. PXRD patterns of (b) UiO-66(Hf), (d) UiO-66-NH2, and (f) UiO-66-(OH)2 samples prepared at high concentration from
either precursor. The simulated patterns based on the SCXRD structures of ZrPiv and UiO-66 are included for reference.52 The asterisks indicate
reflections from crystalline domains of ordered missing node defects with a reo topology.53
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characterization was carried out on the samples successfully
prepared at the highest tested concentration.
UiO-66(Hf) is an intriguing MOF for X-ray computed

tomography imaging and radiotherapeutic applications.64,65

The results of the high-concentration syntheses of UiO-66(Hf)
mirror those observed for UiO-66(Zr) (Figure 4a). For both
HfCl4 and HfPiv, highly crystalline MOF was obtained at a
linker concentration of 1.0 M (Figure 4b). The MOF prepared
from HfCl4 contained detectable, ordered missing cluster
defects,53 whereas the MOF prepared from HfPiv did not. 77
K N2 adsorption/desorption isotherms revealed that the BET
surface areas of UiO-66-1.0 M (HfCl4) and UiO-66-1.0 M
(HfPiv) are 961 ± 6 and 988 ± 7 m2/g, respectively (Figure
5), which are in agreement with the range of reported values

(655−950 m2/g).66,67 Similar to UiO-66(Zr), the pore size
distributions (SI Figures S35 and S42) and pore volumes (SI
Table S1) indicate that both UiO-66(Hf) samples contain
similar amounts of defects leading to increased overall pore
sizes. 1H NMR of digested UiO-66-1.0 M (HfPiv) (SI Figure
S45) revealed a OPiv−:bdc2− ratio of 0.17:1. Similar to UiO-
66(Zr), these OPiv− defects increased the hydrophobicity of
the material, such that UiO-66-1.0 M (HfPiv) has a super-
hydrophobic exterior with a contact angle of 154°, in contrast
to the hydrophilic surface of UiO-66-1.0 M (HfCl4) (SI Figure
S137). These findings support that the high-concentration
syntheses of Zr-MOFs can be readily extended to their Hf
analogues.
The suitability of high-concentration solvothermal synthesis

for preparing substituted UiO-66 analogues was next evaluated.
Aminoterephthalic acid (H2abdc) was combined with either
ZrCl4 or ZrPiv at high concentrations in DMF to yield UiO-
66-NH2 (Figure 4c). Similar to UiO-66, the use of ZrCl4 as a
precursor led to highly crystalline UiO-66-NH2�with ordered
missing node defects�at linker concentrations as high as 1.0
M (Figure 4d). With ZrPiv, linker concentrations of 0.5 M led
to crystalline MOF but a concentration of 1.0 M resulted in
significant impurity from unreacted ZrPiv, even after 72 h (SI
Figure S55). The high-concentration synthesis of UiO-66-

(OH)2 revealed similar results, in that ZrCl4 allowed for the
synthesis of crystalline MOF at a higher concentration than
ZrPiv (Figure 4e,f). The overall pore volume is decreased in
these functionalized frameworks compared to UiO-66, which
likely impedes linker/pivalate exchange at very high concen-
trations. Nonetheless, the BET surface areas for UiO-66-NH2−
1.0 M (ZrCl4) and UiO-66-NH2−0.5 M (ZrPiv) were 822 ± 2
and 765 ± 2 m2/g, respectively (Figure 5), which are
comparable to the range of literature values (815−1200 m2/
g).28,32 Likewise, the BET surface areas of both high-
concentration UiO-66-(OH)2 samples were in agreement
with reported values (464−560 m2/g), with UiO-66-(OH)2−
0.5 M (ZrPiv) possessing a slightly higher BET surface area of
503 ± 2 m2/g compared to 464 ± 1 m2/g for UiO-66-(OH)2−
1.0 M (ZrCl4) (Figure 5).28,68 The pore size distributions of
UiO-66-NH2−0.5 M (ZrPiv) and UiO-66-(OH)2−0.5 M
(ZrPiv) (SI Figures S56 and S70) display larger micropores
than the corresponding ZrCl4 prepared MOFs (SI Figures S49
and S63). 1H NMR analysis of digested UiO-66-NH2−0.5 M
(ZrPiv) and UiO-66-(OH)2−0.5 M (ZrPiv) indicates that
both contain significant OPiv− defects (SI Figures S59 and
S73). Consistently, UiO-66-NH2−0.5 M (ZrPiv) displayed
increased surface hydrophobicity compared to the MOF
prepared from ZrCl4 (SI Figures S138 and S139). Previous
work has demonstrated that linkers with polar functional
groups can increase the hydrophilicity of MOFs.62 Thus, the
lack of improved hydrophobicity for UiO-66-(OH)2−0.5 M
(ZrPiv) is likely due to the two hydroxyl groups on the linker
outcompeting the effect of the OPiv− defects. Overall, these
findings support that both ZrCl4 and ZrPiv can be used to
prepare MOFs at much higher concentrations (0.5−1.0 M)
than are typically employed in the literature and that ZrCl4 is
more effective at very high concentrations (1.00 M) at the cost
of introducing ordered missing node defects.
Following the same procedure, isoreticular expanded

frameworks were also synthesized, namely, UiO-67 and UiO-
68-Me2 (also known as PCN-56) (Figure 6, SI Sections 10 and
11).22,69 The synthesis of UiO-67 at high concentrations
(Figure 6a) showed comparable results to the functionalized
UiO-66 derivatives. Highly crystalline MOF was obtained with
ZrCl4 as the precursor at linker concentrations as high as 1.0
M, while the use of ZrPiv resulted in moderately crystalline
MOF at 0.5 M (Figure 6b). Similar results were observed for
UiO-68-Me2 (Figure 6c,d). For both MOFs, the use of ZrPiv
with linker concentrations of 1.0 M led to poorly crystalline
material (SI Figures S83 and S97). Critically, the BET surface
areas of these samples were found to be strongly dependent on
the Zr precursor employed. The BET surface area of UiO-67-
1.0 M (ZrCl4) was 2492 ± 2 m2/g, which is comparable to
reported literature values (2250−2824 m2/g),34,70 but the
ZrPiv sample had a slightly lower surface area of 1954 ± 2 m2/
g (Figure 5). Conversely, the surface area of UiO-68-Me2−1.0
M (ZrCl4) was only 1237 ± 7 m2/g, which was drastically
lower than the surface area of UiO-68-Me2−0.5 M (ZrPiv)
(2413 ± 7 m2/g) and the range of reported literature values
(2470−3741 m2/g).69,71 The BET surface area of UiO-68-
Me2−0.5 M (ZrCl4) is also much lower than that of UiO-68-
Me2−0.5 M (ZrPiv) (SI Figure S91), indicating that the Zr
precursor, not the reaction concentration, is responsible for the
differing porosities of the UiO-68-Me2 samples. The low
surface areas of UiO-68-Me2 samples prepared from ZrCl4 at
high concentrations likely arise from contamination by
amorphous coordination polymers. Previous work has

Figure 5. 77 K N2 Brunauer−Emmett−Teller (BET) surface areas of
MOFs prepared at high-concentrations using either M chloride salt or
MPiv (M = Zr or Hf) precursors, as compared to reported literature
values. The shaded regions represent the range of reported BET
surface areas.13,28,32,34,66−72,76,77
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demonstrated that acid modulators are required to produce
high-quality UiO-68-Me2.

27 Overall, these results demonstrate
the utility of a pre-assembled cluster precursor for the high-
concentration synthesis of mesoporous MOFs, as standard
metal salt precursors resulted in low surface areas for the
synthesis of UiO-68-Me2.
The results outlined above support that Zr- and Hf-MOFs

with ditopic, linear linkers can be readily prepared at much
higher concentrations (0.5−1.0 M) than are typically
employed in the literature (0.01 M). Building upon these
results, we investigated whether Zr-MOFs with other top-
ologies can also be prepared at high reaction concentrations.
Higher topicity linkers (e.g., 3−4) can generally access
multiple framework topologies depending on how many
linkers connect to each M6 node.20 Zr- and Hf-MOFs with
fewer than 12 linkers per node require additional capping
ligands, such as monotopic carboxylates, at the remaining
coordination sites. We targeted MOF-808, an spn topology
MOF composed of tritopic linkers and six-connected nodes,13

and PCN-128, a csq topology MOF composed of tetratopic
linkers and eight-connected nodes,72 as mesoporous MOFs to
prepare via high-concentration synthesis (Figure 6, SI Sections
12 and 13). MOF-808 is a promising heterogeneous catalyst
due to its large 18.4 Å adamantyl cages and readily accessible
Lewis-acidic sites,73 and PCN-128 is useful for enzyme
encapsulation due to its massive 44 Å hexagonal channels.74

It should be noted that neither MOF has been synthesized
using mechanochemical methods to date, and our initial
attempts to prepare either using LAG were unsuccessful (see
SI Section 14 for details). As is standard for their dilute
solvothermal syntheses, the addition of a carboxylic acid

modulator�replacing the use of HCl for syntheses with
ZrPiv�was found to be necessary for the growth of highly
crystalline and phase-pure MOFs.
Following the reported syntheses of MOF-808,13,73,75

ZrOCl2·8H2O was utilized as the standard Zr salt precursor
and formic acid was selected to cap the Zr6 nodes. Trimesic
acid (H3btc) was combined with either ZrOCl2·8H2O or ZrPiv
in DMF and formic acid (FA) at a linker concentration of 0.5
M in DMF (∼0.25 M overall) to yield crystalline MOF-808
samples (Figure 7a,b). The crystallinities of the high-
concentration samples were comparable. 77 K N2 adsorp-
tion/desorption isotherms revealed that the BET surface areas
of MOF-808-0.5 M (ZrOCl2) and MOF-808-0.5 M (ZrPiv)
are 1789 ± 100 and 1732 ± 76 m2/g, respectively (Figure 5),
which are comparable to the range of reported literature values
(1390−2060 m2/g).13,76 Using trifluoroacetic acid (TFA) to
cap the Zr6 nodes, 4′,4‴,4″‴,4″″‴-(ethene-1,1,2,2-tetrayl)-
tetrakis(([1,1′-biphenyl]-4-carboxylic acid)) (H4ettc) was
combined with ZrCl4 or ZrPiv in DMF at a linker
concentration of 0.25 M to yield PCN-128 samples (Figure
6c). This concentration is approximately 30 times higher than
the original dilute (0.009 M) synthesis reported for this
MOF.72 Synchrotron PXRD of the samples (Figure 6d)
revealed that both ZrCl4 and ZrPiv yield highly crystalline
PCN-128, but the ZrCl4 sample also possesses an additional
reflection due to an unidentified impurity. The SEM of PCN-
128-0.25 M (ZrCl4) (SI Figure S116) also contains crystallites
of multiple morphologies. In contrast, the sample prepared
from ZrPiv exhibits the expected hexagonal rod topology of
PCN-128 (SI Figure S124). The BET surface area of the high-
concentration PCN-128 sample prepared from ZrCl4 (1321 ±

Figure 6. High-concentration syntheses of (a) UiO-67 and (c) UiO-68-Me2 from either ZrCl4 or ZrPiv. The gray, red, and light blue spheres
represent carbon, oxygen, and zirconium, respectively. Hydrogens are omitted for clarity. PXRD patterns of (b) UiO-67 and (d) UiO-68-Me2
samples prepared at high concentration from either precursor. The simulated patterns based on the SCXRD structures of ZrPiv, UiO-67, and UiO-
68-Me2 are included for reference.52,69
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8 m2/g) was also much lower than that of the ZrPiv prepared
sample (1983 ± 7 m2/g) and reported literature values (2349−
2585 m2/g) (Figure 5),72,77 likely due to its impurity phase. As
such, ZrPiv is a superior precursor for synthesizing high-quality
PCN-128.
Despite requiring more capping carboxylates per node,

MOF-808-0.5 M (ZrPiv) possesses a lower OPiv−:btc3− ratio
of 0.14:1 (SI Figure S115) compared to PCN-128-0.25 M
(ZrPiv), which has a OPiv−:ettc4− ratio of 0.86:1 (SI Figure
S130). The 1H NMR spectrum of digested MOF-808-0.5 M
(ZrPiv) also revealed a large amount of incorporated formate
(formate:btc3− ratio of 2.1:1). Thus, the lower OPiv−

incorporation for MOF-808 likely arises from the large molar
equivalents of FA utilized during MOF synthesis, which
displace pivalate groups from the nodes. Additionally, 19F
NMR analysis of digested PCN-128 samples revealed that both
contain trifluoroacetate (SI Figures S123 and S131).
Consistent with its high degree of OPiv− incorporation,
PCN-128-0.25 M (ZrPiv) demonstrated increased hydro-
phobicity (water contact angle of 161°) compared to the
sample prepared from ZrCl4 (SI Figure S143). Overall, the
superior results obtained for synthesizing UiO-68-Me2 and
PCN-128 from ZrPiv indicate that node assembly is likely a
limiting factor during the high-concentration synthesis of large-
pore MOFs from simple salt precursors.

■ CONCLUSIONS
Herein, we demonstrate that high-quality Zr- and Hf-MOFs
can be prepared solvothermally at 30−100 times higher

concentrations than are typically employed in the literature,
challenging the assumption that solvothermal MOF synthesis
requires highly dilute reaction conditions. This approach offers
a user-friendly alternative to traditional syntheses under dilute
conditions as well as to mechanochemical approaches that
require specialized equipment (SI Table S1). As such, high-
concentration solvothermal synthesis offers a straightforward
route for nonspecialists to prepare MOFs for further study.
This method, however, despite using less compared to
traditional syntheses, still utilizes the hazardous solvent
DMF. Future work aims to identify green-solvents compatible
with this high-concentration method.
Beyond facilitating MOF synthesis on the benchtop scale,

our findings provide insight into MOF self-assembly as well.
For smaller pore MOFs, the use of pre-assembled M6 nodes
over metal salt precursors leads to slower MOF assembly but
fewer ordered missing node defects. Nonetheless, the final
surface areas of small-pore MOFs prepared from either
precursor were comparable, indicating that MOF self-assembly
occurs efficiently in both cases. In contrast, for two of the
largest pore MOFs studied herein, UiO-68-Me2 and PCN-128,
much higher surface areas were obtained using pre-assembled
node precursors. This suggests that efficient node assembly
may be a limiting factor during the solvothermal synthesis of
mesoporous MOFs. In addition, residual pivalate defects were
observed in every MOF prepared from pre-assembled node
precursors, supporting that MOF formation involves significant
(but incomplete) carboxylate exchange at the nodes. These
defects improved the surface hydrophobicity of several MOFs

Figure 7. High-concentration syntheses of (a) MOF-808 and (c) PCN-128 from either ZrOCl2, ZrCl4, or ZrPiv. TFA represents trifluoroacetic
acid. The gray, red, and light blue spheres represent carbon, oxygen, and zirconium, respectively. Hydrogens are omitted for clarity. (b) PXRD
patterns of high-concentration MOF-808 samples prepared using either precursor. The simulated pattern based on the SCXRD structure of MOF-
808 is included for reference.13 (d) Synchrotron PXRD patterns (λ = 0.458949 Å) of high-concentration PCN-128 samples prepared using either
precursor. The simulated pattern based on the reported electron diffraction structure of PCN-128 is included for reference.72 The asterisk (*)
indicates a reflection from an unknown crystalline impurity.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c02787
J. Am. Chem. Soc. 2023, 145, 13273−13283

13280

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02787/suppl_file/ja3c02787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02787/suppl_file/ja3c02787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02787/suppl_file/ja3c02787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02787/suppl_file/ja3c02787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02787/suppl_file/ja3c02787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02787/suppl_file/ja3c02787_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02787?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02787?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02787?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02787?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c02787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


prepared herein, including UiO-66 (Zr and Hf), UiO-66-NH2,
and PCN-128. Future work will focus on controlling the
obtained topology and connectivity for MOFs containing
higher topicity linkers, such as H4ettc, to enable selective phase
control during high-concentration syntheses and to expand this
method other MOFs.
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