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ABSTRACT: Acid modulation is among the most widely
employed methods for preparing metal−organic frameworks
(MOFs) that are both stable and highly crystalline, yet there
exist few guiding principles for selecting the optimal modulator for
a given system. Using the Zr-based MOFs UiO-66 and UiO-68-
Me2 (UiO = Universitetet i Oslo) as representative materials, here
we present for the first time an in-depth structure−activity study of
acid modulators and identify key principles of modulation for the
synthesis of highly crystalline Zr-MOFs. By applying whole pattern
fitting of powder X-ray diffraction patterns as a technique for
evaluating modulator efficacy, complemented by scanning electron
microscopy, 1H NMR, and thermogravimetric analysis (TGA), we demonstrate that the key to effective modulation is competition
between the linker and modulator for coordination to the Zr secondary building units (SBUs). Specifically, we illustrate that a close
match in pKa and structure between the linker and modulator favors larger and more well-defined crystallites, particularly with
sterically unhindered aromatic acid modulators. Based on our findings, we demonstrate that 5-membered heteroaromatic carboxylic
acids are among the most efficient acid modulators identified to date for the synthesis of several representative Zr-MOFs with fcu net
topologies. In addition, we find that coordination modulation is superior to exogenous acid modulation at higher modulator
concentrations. Finally, we compare 1H NMR and TGA as data-driven methods for quantifying linker deficiencies in modulated
MOF syntheses. The guiding principles established herein have critical implications for the scalable and controllable synthesis of
highly crystalline and stable MOFs relevant to chemical separations, gas storage, and catalysis.

■ INTRODUCTION

Metal−organic frameworks (MOFs) are porous, crystalline
materials that have drawn widespread attention due to their
potential applications in catalysis, separation, gas storage, and
beyond.1 These materials self-assemble via the reversible
coordination of polytopic organic linkers to inorganic
secondary building units (SBUs). The reversibility of this
interaction is the key to achieving high crystallinity. By varying
the metal and/or linker, one can access a wide range of MOF
topologies, reactivities, or stabilities, leading to an unparalleled
degree of structural tunability among porous solids. Zirconium-
based frameworks (Zr-MOFs), such as UiO-66 (UiO =
Universitetet i Oslo; Figure 1a),2 exhibit remarkable chemical
robustness among MOFs, which makes them especially
promising for harsh applications such as in drug delivery and
organic synthesis.3,4 However, this stability is a double-edged
sword: the Zr−O bonds holding these frameworks together are
stronger than other common MOF linkages and therefore limit
reversibility during MOF formation. As such, Zr-MOFs often
possess modest crystallinity compared to other frameworks,
limiting their utility and hindering their structural character-
ization.5 Reliable control over the average size of Zr-MOF

crystallites could unlock the full potential of these frameworks
in important applications not available to less robust materials.
Modulators, such as monocarboxylic acids, can be used to

improve the crystallinity of Zr-MOFs by enhancing the
reversibility of MOF formation.6−10 Two potential mecha-
nisms of modulation can be envisioned (Figure 1b): (1) the
conjugate acid of the modulator protonates the linker from the
node, and (2) the conjugate base of the modulator competes
with the linker for coordination to the node,6 resulting in
missing-linker11 and/or missing-cluster defects.12 Recent in situ
studies of Zr-MOF formation kinetics support the latter
mechanism.13 Notably, modulation can be used to control
crystallite size14 and defect distribution15 within MOFs, both
of which significantly impact framework properties.
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In the first report of modulation of Zr-MOFs by carboxylic
acids, Behrens and coworkers demonstrated that incorporating
larger quantities of acid led to larger crystallites of MOFs in the
UiO series.10 Subsequently, a number of acid modulators have
been investigated for Zr-MOF modulation, including formic
acid,16−18 acetic acid,10,19 trifluoroacetic acid,18 dichloroacetic
acid,18 hydrochloric acid,20−22 hydrofluoric acid,23 amino
acids,24,25 and benzoic acid,10,26 among others. Overall, these
studies indicate that lower pKa and higher quantities of
modulator generally favor increased crystallite sizes and defect
incorporation. Nevertheless, MOF syntheses are frequently not
optimized with regard to the identity and amount of modulator

used, often resulting in the addition of large quantities of
modulator to produce highly crystalline frameworks.27,28 When
optimization of modulating conditions is attempted, it is
usually done so by trial-and-error, hindering the discovery of
new materials. Importantly, a better understanding of the
relationship between the acid/conjugate base structure and
modulating ability could enable rational and precise control
over MOF crystallite size with a minimal amount of modulator.
Despite several acids having already been tested as

modulators in Zr-MOF syntheses, a complete structure−
activity study of acid modulators remains lacking. Herein, we
systematically evaluate over 20 acid modulators for the
synthesis of UiO-66 in order to determine which structural
features govern modulation behavior, focusing specifically on
pKa and the structure of the conjugate base as critical factors.
The efficacy of modulation is evaluated on the basis of volume-
weighted average crystalline domain sizesquantified by
refining powder X-ray diffraction (PXRD) patternsand by
scanning electron microscopy (SEM). Additionally, 1H NMR
and thermogravimetric analysis (TGA) data are directly
compared as methods for quantifying linker deficiencies and
thus defects in modulated UiO-66 syntheses. Ultimately, the
results presented herein suggest that pKa is the most significant
consideration at low modulator concentrations, but at higher
modulator concentrations, aromatic carboxylic acids are the
best candidates to produce large, well-defined crystallites. This
is due to the close structural match of their aromatic conjugate
bases with the aromatic linker. Among aromatic acids, steric
effects significantly influence modulating ability, with more
hindered modulators producing smaller average crystalline
domain sizes. Based on this finding, we demonstrate that 5-
membered heteroaromatic carboxylic acids are among the best
acid modulators identified to date for the synthesis of several
representative Zr-MOFs with fcu net topologies. The
immediate results of this study provide unparalleled insights
into the effect of an acid modulator structure on modulating
performance in Zr-MOF syntheses. In doing so, this work lays
an important foundation for identifying new, efficient
modulators for the controlled synthesis of stable MOFs.

■ RESULTS AND DISCUSSION

Evaluating Acid Modulators. Prior studies into modu-
lated MOF syntheses have studied modulator efficacy using
informative but relatively low-throughput techniques such as
small-angle neutron scattering (SANS),29 energy-dispersive X-
ray diffraction (EDXRD),13 and transmission electron
microscopy (TEM).14,29−32 Other studies have utilized more
widely accessible methods such as static and dynamic light
scattering (DLS)10,31,33 and turbidity measurements.34 How-
ever, the latter techniques relate the efficacy of modulation to
sizes of particles formed or to hydrodynamic radii and thus
cannot reliably distinguish between aggregates of amorphous/
poorly crystalline materials and individual crystallites. In
addition to these methods, SEM has been used previously to
evaluate apparent crystallite sizes in studies of acid
modulation,10,13,14,30−32,34 but it is most useful only when
the individual crystallites are relatively large and well defined.
Critically, SEM only reveals particle size, not crystallite size,
and so while it may reveal apparent, well-defined crystallites, it
cannot confirm the formation of large crystalline domains
without supplemental X-ray diffraction or more sophisticated
electron microscopy techniques.

Figure 1. (a) Structure of UiO-66. Gray, red, and light blue spheres
correspond to C, O, and Zr, respectively. H atoms are omitted for
clarity. (b) Mechanisms for the modulation of UiO-66 and other Zr-
based MOF syntheses by exogenous acid or competitive coordination
modulation.
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Due to the potential pitfalls with the aforementioned
techniques, herein we employ whole powder pattern fitting
as a complementary method for evaluating the efficacy of
different acid modulators. Specifically, we quantify the volume-
weighted average crystalline domain sizes (LVol-IB) of
modulated UiO-66 samples by refinement of PXRD patterns
using DIFFRAC.TOPAS V6 (Figure 2). Whole pattern fitting

is a powerful quantitative method rooted in experimental X-ray
diffraction, making it more dependable than other methods
that may inaccurately equate crystallite size to other physical
properties.35 Notably, whole pattern fitting is distinct from the
widely used practice of calculating full-width-at-half-maximum
(FWHM) values of individual peaks in PXRD patterns to
approximate the average crystallite sizes of MOFs using the
Scherrer equation.4,10,13,34,36 While both techniques can be
used to obtain average crystalline domain sizes, whole powder
pattern fitting is preferable to singling out specific peaks
because the entire diffraction pattern is considered alongside
microstructural features (such as strain) that influence peak
profile shapes and positions.37 Instrumental effects, peak
asymmetries, and background signals are also better modeled
using this approach. Importantly, integral breadth (IB) was
chosen to quantify average crystalline domain size in our work
rather than FWHM to reduce the effect of crystallite size
distribution on the Scherrer constant (K). Critically, a close
agreement between calculated average crystalline domain sizes
and apparent crystallite sizes measured in SEM images of
several UiO-66 samples supports our use of this method
(Table S2). By contrast, Scherrer analysis of these same
samples resulted in severely underestimated crystallite sizes

(Table S2 and Figure S3). Although we find close agreement
between LVol-IB values and SEM images, we cannot rule out
the possibility of amorphous domains in MOF samples.
All syntheses were carried out using a 1:1 ratio of

terephthalic acid (H2bdc) and ZrCl4 in N,N-dimethylforma-
mide (DMF) at 120 °C for 72 h, with 3 equiv of water added
to facilitate Zr6 cluster formation.9 The effect of modulator pKa
on the average crystalline domain sizes of UiO-66 samples was
initially assessed by modulating MOF syntheses under a
standard set of conditions with 10 or 50 equiv of acids
spanning a broad range of pKa values (see the Supporting
Information or Section 6 for details). The resulting samples
were compared to a sample prepared without any added
modulator, which possesses an average crystalline domain size
of 24.3 ± 0.5 nm (Figure 2a). Selected acids included those
that have been previously studied, including concentrated
hydrochloric acid (HCl),20 trifluoroacetic acid (TFA),15

formic acid (FA),15 acetic acid (AA),10,15 and benzoic acid
(BA),10,26 as well as those that have not been studied to date,
including methanesulfonic acid (MsOH), pivalic acid (PA),
phenol (PhOH), and benzenesulfonamide (PhSO2NH2). In
particular, non-carboxylic acid modulators such as MsOH (pKa
= −1.92) and PhOH (pKa = 10) were included to significantly
broaden the pKa range investigated compared to all previous
studies.9,15−24 After isolation, as-synthesized frameworks were
extensively soaked in DMF and tetrahydrofuran (THF) to
remove the residual starting material and modulator prior to
characterization by powder X-ray diffraction (PXRD) and
scanning electron microscopy (SEM). For simplicity, we refer
to samples herein as UiO-66-mod-equiv, where mod is the
modulator employed and equiv is the number of equivalents of
modulator relative to ZrCl4 and H2bdc.
In syntheses employing 10 equiv of modulator, HCl and

MsOH produced UiO-66 with the largest average crystalline
domain sizes (Figure 2b), with the addition of stronger acids
like concentrated sulfuric acid (H2SO4) completely inhibiting
MOF formation. Notably, the strongest organic acid employed
in this work, MsOH, forms the largest average crystalline
domains of UiO-66 among all syntheses involving 10 equiv of
modulator, with a calculated LVol-IB of nearly 400 nm. In
addition, SEM images of UiO-66-MsOH-10 (Figure 3, SI
Figure S29) show aggregates of large octahedra that, although
incomplete, exhibit well-defined edges that are distinct from
samples with smaller crystalline domains, such as those
prepared with the same amount of formic acid (Figure S44).
The efficacy of MsOH as a modulator suggests that the

exogenous acid mechanism dominates at low modulator
concentrations. Indeed, the observed increase in average
crystalline domain sizes from TFA to HCl (H3O

+) to MsOH
matches the corresponding decrease in pKa in this series. This
trend results from the ready dissociation of stronger acids to
supply protons that protonate linker molecules and slow self-
assembly of the framework.6 In addition, these stronger acids
possess weakly nucleophilic conjugate bases that are unlikely to
compete significantly with terephthalate for coordination to
the SBU. Notably, MsOH enables the synthesis of UiO-66
with large crystalline domains at relatively low modulator
concentrations compared to standard modulators,6,11,26 there-
by providing a more efficient synthesis of this material.
Raising the modulator pKa above −1.92 leads to smaller

average crystalline domains until pKa = 3.75 (FA), where a
second spike in the average crystalline domain size is observed
(Figure 2b). In this region, acid modulators with pKa values

Figure 2. (a) Acid-modulated synthesis of UiO-66. (b) Volume-
weighted average crystalline domain sizes (LVol-IB) vs modulator pKa
of UiO-66 samples prepared using 10 or 50 equiv of acid modulator.
The gray box indicates the range between the pKa1 and pKa2 values of
terephthalic acid. The star indicates modulators for which impurities
were observed at 50 equiv. No MOF was formed when 50 equiv of
MsOH was used. Note: some error bars are too small to see.
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within the range of the first and second carboxylic acid protons
of terephthalic acid (3.51 and 4.82, respectively) increase the
average crystalline domain size relative to modulators with pKa
values outside of this range. As such, samples prepared with
benzoic acid (pKa = 4.20) and acetic acid (pKa = 4.76) exhibit
larger crystalline domains compared to those prepared with
formic acid, which possesses a pKa value near the lower limit of
this range. Above the second pKa of terephthalic acid, the
average crystalline domain sizes of modulated UiO-66 samples
drop precipitously. Indeed, modulation with PA (pKa = 5.03),
PhOH (pKa = 10.0), or PhSO2NH2 (pKa = 10.1, not shown)
results in samples of similar crystalline domain sizes as
unmodulated UiO-66.
We attribute this second spike in average crystalline domain

size within the pKa range of terephthalic acid to coordination
modulation.6 This mechanism dominates when the nucleo-
philicities of the linker and conjugate base of the modulator are
similar. In this case, both species can contend for coordination
to Zr, slowing self-assembly of the MOF. By matching the
nucleophilicity of terephthalic acid, benzoate and acetate
effectively compete with the linker, resulting in the observed
increase in average crystalline domain size when these
modulators are used. Importantly, experiments demonstrating
the successful modulation of UiO-66 with sodium trifluor-
oacetate (the use of which precludes exogenous acid
modulation) support our hypothesis that competitive binding
of the modulator’s conjugate base is a viable modulation
mechanism (see Section 10 for details). To the best of our

knowledge, this is the first demonstration that carboxylate salts
can be employed as modulators in place of carboxylic acids.
Unfortunately, the poor solubility of most other carboxylate
salts in DMF precludes further study of this phenomenon.
Since increasing the amount of acid modulator is a widely

employed method to improve the crystallite sizes of MOFs,10

we evaluated the effect of pKa at higher concentrations by
testing the same modulators at 50 equiv relative to ZrCl4 and
H2bdc (Figures 2b and 3). The use of strong acids under these
conditions led to the concomitant formation of insoluble
impurities or inhibited MOF formation entirely, severely
limiting the scope of exogenous acid modulation at higher acid
concentrations. Indeed, the most effective modulator at 10
equiv, MsOH, inhibited MOF formation entirely at 50 equiv,
likely due to its strong acidity. Meanwhile, impurities were
identified in UiO-66 samples prepared using 50 equiv of TFA
and HCl, which is consistent with previous findings.15,20 In
addition to the reo phase that is a consequence of ordered
missing cluster defects (2θ = 4°),38 an additional impurity was
observed at 2θ = 7.0° in UiO-66-HCl-50 (Figure S18).20

Likewise, UiO-66-TFA-50 contained the reo phase in addition
to numerous peaks that are attributed to unknown impurities
(Figure S39).15 The crystalline domain sizes of UiO-66-TFA-
50 and UiO-66-HCl-50 were also lower than in samples
prepared using fewer equivalents of these acids. Lastly, the
SEM images of these samples do not display the well-defined
octahedra expected for effectively modulated samples of UiO-
66 (Figure 3).10 These results suggest that strong acids are

Figure 3. SEM images of UiO-66 samples prepared using 50 equiv of acid modulators. An image for UiO-66 prepared using 10 equiv of MsOH is
included because no MOF was formed under these conditions using 50 equiv of modulator.
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most effective when employed at low concentrations relative to
H2bdc and ZrCl4.
Although modulation with strong acids is problematic at

higher acid concentrations, coordination modulation excels
under these conditions. Indeed, samples prepared using 50
equiv of modulators with pKa values within the range of
terephthalic acidnamely, FA and BApossess larger average
crystalline domain sizes compared to other acids under these
conditions (Figure 2b). Notably, the lack of a significant
change between the average crystalline domain sizes of UiO-
66-AA-10 and UiO-66-AA-50 compared to their TFA, FA, and
BA counterparts is consistent with the literature.15,26 More-
over, the trend of increasing crystalline domain size with
increasing modulator concentration is mirrored in the SEM
images, in which UiO-66 samples modulated with FA, AA, and
BA show the best-defined apparent crystallites as well (Figure
3), especially compared to samples prepared with only 10
equiv of these acids (Figures S44, S62, and S53, respectively).

Among these samples, UiO-66-BA-50 exhibits the largest and
most well-defined apparent crystallites by SEM, with particle
sizes approximately matching its calculated average crystalline
domain size (740 ± 40 nm) determined by PXRD. The unique
efficacy of BA as a modulator is likely due to its structural
similarity to the linker (both are aromatic), which enables the
in situ formation of benzoate-capped clusters that compete
effectively with MOF crystallization.26,39,40 In particular, the
aromatic body of BA likely enables it to engage in similar
intermolecular interactions as the linker (e.g., π−π interactions)
during MOF formation, making it an optimal competitor for
the Zr nodes. As such, these findings suggest that aromatic acid
derivatives are the most effective modulators for increasing the
crystallite size and uniformity of UiO-66.

Benzoic Acid Derivatives. To gain further insight into the
unique efficacy of BA as a modulator, UiO-66 syntheses were
carried out using a range of ortho- and para-substituted benzoic
acid derivatives (Figure 4). As before, modulator efficacy was

Figure 4. Volume-weighted average crystalline domain sizes (LVol-IB) vs Charton steric parameters of UiO-66 samples prepared using (a) para-
substituted and (b) ortho-substituted benzoic acid modulators. Log(LVol-IBR/LVol-IBH) vs Charton steric parameters of UiO-66 samples prepared
using (c) para-substituted and (d) ortho-substituted benzoic acid modulators. LVol-IBR and LVol-IBH refer to the average crystalline domain sizes
of UiO-66 samples prepared using para- and ortho-substituted benzoic acid derivatives (R, identified in blue) and benzoic acid, respectively. UiO-66
prepared using 4-(methoxycarbonyl)benzoic acid was excluded from this analysis because the acid hydrolyzed to form additional terephthalate
under the reaction conditions, based on TGA analysis (see Section 5 for details). UiO-66 prepared using 4-nitrobenzoic acid was excluded from this
analysis because this acid completely suppressed MOF formation at 50 equiv of modulator. Samples prepared using ortho- and para-substituted
benzoic acids are plotted separately for clarity. Note: some error bars are too small to see.
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assessed using the volume-weighted average crystalline domain
sizes (LVol-IB) determined by PXRD in conjunction with
SEM. Although substituted benzoic acids have been previously
employed as Zr-MOF modulators in scattered studies,41 a clear
structure−activity study relating how substituent steric and
electronic effects affect modulator performance remains
lacking. Establishing such structure−activity trends could
enable the identification of superior modulators, especially
when considering the already impressive modulating ability of
unsubstituted BA.
We set out to probe electronic effects on modulator

performance by employing BA derivatives bearing a range of
para substituents, including electron-donating (4-OMe, 4-tBu,
4-Me), electron-neutral (H, BA), and electron-withdrawing (4-
F, 4-Cl, 4-CF3, 4-CN) groups (Figure 4a, see Section 7 for
details). To elucidate possible electronic effects, Hammett
constants (σ) were assigned to samples based on the identity
of their associated para-substituted modulators.42 With 10
equiv of modulator, no significant differences in average
crystalline domain sizes were observed among the substituted
modulators. These samples also displayed small LVol-IB values
and a lack of well-defined octahedra in SEM images (see
Section 7 for images). Increasing the para-substituted
modulator concentration from 10 to 50 equiv relative to
ZrCl4 increased the average crystalline domain sizes in nearly
every case. However, attempts to relate LVol-IB values of
samples to σ values revealed no clear trend between
modulating ability and the electronic nature of the para
substituent (Figure S168). The pKa values of substituted
benzoic acids do not correlate with the crystalline domain sizes
of UiO-66 samples either (Figures S169 and S209).
Careful analysis of the data revealed that benzoic acid

modulators bearing bulky substituents in the para position
(e.g., 4-tBu, 4-CF3) produced similar crystalline domain sizes as
samples prepared without any modulator, implying that
substituent size, not electronic nature, may be a determining
factor in modulating ability. To elucidate the role of steric
effects implied by the poor performance of modulators bearing
large substituents, Charton and STERIMOL B1 steric
parameters were assigned to samples based on their para-
substituted modulators instead of σ values.42,43 Critically,
plotting the crystalline domain sizes of modulated UiO-66
samples against Charton steric parameters revealed that
modulating ability exponentially decreases as the steric bulk
of the substituent on the modulator increases (Figure 4a). The
same effect was observed using STERIMOL B1 parameters as
well (Figure S167). Indeed, a plot of log(LVol-IBR/LVol-IBH)
vs Charton parameter for various R groups on the modulator
revealed an approximately linear trend (R2 = 0.854) when
excluding 4-Cl as an outlier (see below), indicative of a
potential linear free-energy relationship between substituent
size and average crystalline domain size (Figure 4c).
To further study the potential impact of modulator steric

hindrance on performance, the average crystalline domain sizes
of ortho-substituted benzoic acid-modulated UiO-66 samples
were also evaluated using BA derivatives bearing a range of
ortho substituents (2-F, 2-OMe, 2-Me, 2-NO2; see Section 8
for details). Similar to the results obtained for para-substituted
modulators, with 50 equiv of the ortho-substituted modulators,
the average crystalline domain sizes generally decrease as the
size of the ortho-substituent increases (Figure 4b). In this case,
a plot of log(LVol-IBR/LVol-IBH) vs Charton parameter also
revealed an approximately linear trend (R2 = 0.937) when 2-

OMe was excluded as an outlier (see below), reflecting a clear
trend between ortho-substituent size and modulator efficacy
(Figure 4d). This shared trend among para- and ortho-
substituted benzoic acids was also confirmed by SEM. For
example, SEM images of UiO-66-4-F-50 and UiO-66-2-F-50
show large, similarly sized octahedra with sharp edges (Figures
S118 and S197, respectively), while SEM images of UiO-66-4-
tBu-50 reveal small globular particles (Figure S100), consistent
with the poor modulating ability of this bulky carboxylic acid.
Notably, the sizes of apparent octahedral crystallites measured
in images of multiple samples (e.g., UiO-66-4-F-50, UiO-66-2-
F-50, and UiO-66-2-Me-50) agree well with their calculated
crystalline domain sizes, further supporting the advantage of
whole pattern fitting to determine crystallite size and thus
modulator efficacy.
Two exceptions to the trend of decreasing modulating ability

with increasing steric hindrance were observed: UiO-66-4-Cl-
50 and UiO-66-2-OMe-50. The use of 4-chlorobenzoic acid
led to remarkably large crystalline domains despite the large
Charton and STERIMOL B1 steric descriptors of a Cl atom.
This is likely due to the polarizability of Cl, which allows 4-
chlorobenzoic acid to fit in tight spaces in the MOF where
substituted benzoic acids of a similar size but lower
polarizability (e.g., 4-methylbenzoic acid) cannot. Indeed,
previous studies have demonstrated the same effect in
molecular systems and concluded that Charton parameters
do not accurately reflect polarizability.44,45 Meanwhile,
employing 50 equiv of 2-methoxybenzoic acid produced a
material with small crystalline domains despite the relatively
small Charton and STERIMOL B1 steric descriptors of a
methoxy group. This result was not observed with 4-
methoxybenzoic acid, which is likely because ortho substituents
on the modulator point more directly at the SBU than those in
the para position. While a methoxy group is relatively small
from the perspective of the carbon to which it is attached, it
occupies a larger volume than any other ortho substituents
studied herein. For example, the volume of a methoxy group
(175 Å3) exceeds that of a methyl group (167 Å3), despite
sharing similar steric descriptors.46 As a result, it may exhibit a
stronger steric effect at longer distances. We hypothesize that
in the ortho position, the methoxy group likely collides with the
node to which the adjacent carboxylate is bound, leading to
significant steric interactions that disfavor modulator competi-
tion and make 2-methoxybenxoic acid a worse modulator than
might otherwise be expected.
We attribute the inverse relationship between crystalline

domain and modulator sizes to the small pores (∼6 Å)47 of
UiO-66, which may inhibit the conjugate bases of more
sterically hindered modulators from diffusing through MOF
pores and accessing SBU sites. The presence of fewer
conjugate base molecules available to SBU sites consequently
favors terephthalate binding, which in turn, drives the reaction
equilibrium toward rapid MOF formation and kinetically
controlled products. Likewise, sterically hindered conjugate
bases would be less effective competitors even when they do
reach the SBU. As such, small aromatic acid modulators lead to
larger crystallites because their sterically unencumbered
conjugate bases can diffuse more readily through the pores
of the MOF and compete with terephthalate molecules for
coordination to Zr. Ultimately, the findings outlined in Figure
4 represent the first definitive evidence for steric effects being a
key parameter underpinning effective coordination modula-
tion.
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5-Membered Heteroaromatic Acid Modulators. The
findings presented thus far suggest that small aromatic acid
modulators within the range of pKa1 and pKa2 of terephthalic
acid should be the most effective modulators for the synthesis
of UiO-66. Based on these criteria, we hypothesized that 5-
membered heteroaromatic acids would be ideal modulators
due to their similar pKa values yet smaller size compared to 6-
membered aromatic acids.48 Consistently, the kinetic diameter
of thiophene (4.6 Å) is smaller than that of benzene (5.8 Å).49

As such, UiO-66 syntheses were modulated with 2-
thiophenecarboxylic acid (2-TP, pKa = 3.49) and 3-
thiophenecarboxylic acid (3-TP, pKa = 4.08) (Figure 5, see
Section 9 for details). Indeed, at both 10 and 50 equiv of
modulator, 2-TP and 3-TP outperform BA by forming UiO-66

with larger average crystalline domains, as quantified by LVol-
IB values (Figure 5a). Notably, 2-TP produced the largest
UiO-66 crystallites among all modulators studied in this work,
validating that pKa and steric effects are the most critical
factors governing modulator efficacy. We hypothesize that 2-
TP outperforms 3-TP because it is more acidic and possesses
only one H atom ortho to the carboxylic acid, whereas 3-TP
possesses two. SEM images of both UiO-66-2-TP-50 and UiO-
66-3-TP-50 reveal many apparent crystallites larger than 1 μm
in diameter (Figure 5b), surpassing the size of those prepared
with BA, along with smaller apparent crystallites as well
(Figure 3). The broader size distribution in UiO-66-2-TP-50
and UiO-66-3-TP-50 observed by SEM, relative to UiO-66-
BA-50, likely accounts for the larger errors in the calculated
average crystalline domain sizes of these samples. Overall,
these findings suggest that 5-membered heteroaromatic acid
modulators are a promising new platform for the synthesis of
large and well-defined crystallites of UiO-66.

Defect Incorporation. In many cases, the use of carboxylic
acid modulators in Zr-MOFs leads to their incorporation as
substitution defects.15 The in situ hydrolysis of DMF under
MOF-forming conditions introduces additional formate that
can also coordinate to the SBU in place of the linker.15 To gain
further insight into the nature of modulation in Zr-MOFs, we
quantified the relative incorporations of the total modulator
(modulator conjugate base + formate) in UiO-66 samples
prepared in this work. Linker deficiencies, and thus modulator
incorporation, can be quantified by 1H NMR spectroscopy of
acid-digested samples15,17,21,26,50 and analysis of TGA
decompos i t ion profi l es (see Sect ion 5 for de-
tails).10,12,20,38,47,51−55 The compiled results of both methods
are available in the Supporting Information (Section 5).
Consistent with literature reports,26 NMR and TGA analyses

of samples in this work show that the samples bearing the
largest average crystalline domains of UiO-66 (LVol-IB > 200
nm) coalesce to 3−4 (out of a possible 6) terephthalate linkers
per node, with the remaining sites capped by the modulator or
formate as defects (Figure 6). The samples in this work that
form the largest crystallitesnamely, UiO-66-BA-50, UiO-66-
2-TP-50, and UiO-66-3-TP-50show approximately 44%
total modulator incorporation, as quantified by 1H NMR.
Critically, we did not observe any samples that possess large
crystalline domains and low amounts of modulator incorpo-
rated as defects (upper right section of Figure 6). In samples
with smaller crystalline domains (empirically determined as
LVol-IB <200 nm), the extent of linker incorporation generally
skews toward a higher number of linkers incorporated
compared to modulators (Figure 6 and Figures S4 and S5),
possibly due to the weaker ability of their associated
modulators to compete with terephthalate. Overall, these
findings indicate that a high degree of defectiveness does not
imply high crystallinity, but samples with large crystalline
domain sizes do tend to possess a large degree of linker
substitution defects due to coordinative displacement of the
linker by the modulator.
While 1H NMR and TGA have previously been used in

tandem for missing-linker quantification on small numbers of
samples,15,24,25,34,56 they have not been thoroughly compared,
especially with enough samples to analyze their respective
efficacies. The quantity of UiO-66 samples of differing average
crystalline domain sizes prepared in this work enables a
thorough comparison of both data-driven approaches for
quantifying linker deficiencies in modulated UiO-66 samples.

Figure 5. (a) Volume-weighted average crystalline domain sizes of
UiO-66 samples prepared using 10 and 50 equiv of benzoic acid, 3-
thiophenecarboxylic acid, and 2-thiophenecarboxylic acid. (b) SEM
images of UiO-66 samples prepared using 50 equiv of 3-
thiophenecarboxylic acid and 2-thiophenecarboxylic acid.
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Notably, the utility of TGA is hindered by the absence of clear
dehydroxylated regimes in the decomposition profiles of many
samples, which introduces considerable uncertainty into
quantifying the experimental number of linkers by this method.
Meanwhile, analysis of acid-digested MOFs by NMR is more
consistently applicable but assumes that the total amount of
modulator observed was once covalently bound to an SBU,
which may not be true for large modulators such as ortho-
substituted benzoic acid derivatives that can become trapped
within the framework pores. Accordingly, samples such as
UiO-66-2-OMe-50, UiO-66-4-CF3−50, and UiO-66-4-Me-50
display an unrealistically high degree of linker deficiencies by
NMR analysis due to the higher-than-expected presence of
modulator within the structure. Generally, we find that the
precision of linker deficiencies quantified by TGA and 1H
NMR is directly related to the average crystalline domain sizes
of UiO-66 samples (Figures S6 and S7), underscoring the
benefit of using both analyses before drawing conclusions.
Porosity. Missing linker and missing cluster defects that

arise from modulator incorporation commonly cause UiO-66
samples to exhibit surface areas significantly larger than the
theoretical maximum (∼1200 m2/g).15,18,20 In particular,
samples modulated by strong acids (e.g., TFA and HCl),
including those in this work, often contain the reo phase due
to ordered missing cluster defects, leading to high surface
areas.15,38 Motivated by the extent of defect incorporation in
UiO-66-2-TP-50 and UiO-66-3-TP-50 and recognizing that
smaller modulators occupy less space in the pores of MOFs
than larger modulators, we investigated whether 5-membered
heteroaromatic carboxylic acid-modulated MOFs exhibited
enhanced surface areas compared to their BA-modulated
analogues. To this end, large scale (LS) samples of UiO-66
using 2-TP, 3-TP, BA, and no acid modulator were prepared
and analyzed by 77 K N2 adsorption measurements (see

Section 11 for details). A sample of UiO-66 prepared using 5
equiv of MsOH, the best acid modulator at low concentrations,
was also prepared for comparison. The average crystalline
domain sizes of these samples were similar to those prepared
on a small scale (Table S5). In all cases, the frameworks were
found to be microporous, and the adsorption data could be fit
to yield 77 K N2 Brunauer−Emmett−Teller (BET) surface
areas (Table 1). Importantly, the BET surface area of UiO-66

modulated by 3-TP (1778 ± 4 m2/g) exceeded that of UiO-66
prepared with BA (1718 ± 7 m2/g) and is among the highest
reported values for phase-pure (i.e., lacking the reo phase)
UiO-66 absent post-synthetic modifications.11,14,37 Meanwhile,
the surface area of UiO-66 modulated with 2-TP is competitive
with the sample modulated with BA. Overall, 5-membered
heteroaromatic acids were found to be promising modulators,
as their use afforded the largest crystallites and high surface
areas of UiO-66 in this work. Notably, we did not observe the
reo phase in any of these samples by PXRD (Figures S239−
243), suggesting that missing linker defects may be dominant
with these modulators.

Extension to Other Zr-MOFs. Motivated by the success
of 2-TP and 3-TP as modulators for the synthesis of UiO-66,
we assessed their ability to modulate the syntheses of other Zr-
MOFs. Unfortunately, the synthesis of UiO-67,2,47 an
isoreticularly expanded analog of UiO-66, was found to yield
inconsistent results due to the poor solubility of the linker
under the reaction conditions (Figure S258), which led us to
exclude it from this fundamental study of acid modulation (see
Section 13 for details). Nevertheless, BA, 3-TP, and 2-TP were
consistently found to be excellent modulators for synthesizing
well-defined crystallites of this framework (Table S8). In
contrast to the linker for UiO-67, the precursor H2dmtpdc
(2′,5′-dimethyl-[1,1′:4′,1″-terphenyl]-4,4″-dicarboxylic acid)
corresponding to the isoreticularly expanded framework UiO-
68-Me2 (Figure 7a)

57 was found to be fully soluble under the
reaction conditions, and thus UiO-68-Me2 was chosen as a
second framework to evaluate the generality of our findings.
Gratifyingly, utilizing both modulators at 10 equiv during the
synthesis of UiO-68-Me2 substantially improved the average
crystalline domain sizes of the resultant frameworks relative to
BA-modulated and unmodulated samples (Figure 7b,c, see
Section 12 for details). MOF formation was not observed
when using 30 and 50 equiv of these modulators, likely due to
the reduced stability of UiO-68-Me2 compared to UiO-66.
Matching the trend observed for UiO-66, 2-TP outperformed
3-TP to form UiO-68-Me2 with an average crystalline domain
size of 1080 ± 60 nm (Figure 7b). Likewise, syntheses using
TFA, FA, and AA formed poorly modulated UiO-68-Me2
samples bearing small crystalline domains, once again high-
lighting the importance of the modulator’s structural similarity
to the linker, in addition to its size, for effective modulation

Figure 6. Number of linkers quantified by TGA and/or 1H NMR
spectroscopy (NLExp) vs volume-weighted average crystalline domain
sizes of UiO-66 samples prepared using 10 and 50 equiv of acid
modulators. The gray box indicates 33−50% incorporation of total
modulators as defects (formate + modulator conjugate base). The
three indicated samples were prepared using 50 equiv of modulator.
Only TGA data in which dehydroxylated plateaus were apparent from
the decomposition profiles are included (see Section 5 for details).
Note: some error bars are too small to see.

Table 1. Brunauer−Emmett−Teller (BET) Surface Areas of
Large Scale (LS) UiO-66 Samples, as Determined from 77 K
N2 Adsorption Measurements

sample BET surface area (m2/g)

UiO-66-3-TP-50-LS 1778 ± 4
UiO-66-BA-50-LS 1718 ± 7
UiO-66-2-TP-50-LS 1565 ± 7
UiO-66-MsOH-5-LS 1231 ± 4
UiO-66-no acid-LS 1097 ± 6
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(Figure 7b). The reduced stability of UiO-68-Me2 compared to
UiO-66 likely makes it more sensitive to variations in the
modulator structure than UiO-66, accounting for the drastic
differences among modulators for this framework. Importantly,
SEM images of UiO-68-Me2 samples prepared in this work
support the trends outlined by the PXRD data, with UiO-68-
Me2-2-TP-10 forming well-defined crystallites approximately 1
μm in size (Figure S256, see Section 12 for images).

■ CONCLUSIONS
Acid modulation is one of the most widely employed methods
for obtaining highly crystalline MOFs. Nevertheless, the
optimal modulator for a given MOF synthesis is still largely
determined by trial-and-error. The systematic structure−
activity study of acid modulation in Zr-MOFs reported herein
reveals several considerations for the synthesis of stable MOFs
with large crystalline domains.
Our principal finding is that the key to optimal acid

modulation, and subsequently the key to growing MOFs with
large crystalline domains, is not just to add a strong acid but
rather to add a strong competitor with the linker for
coordination to the SBU. To be a strong competitor, the
modulator should closely resemble the linker with regards to
pKa and structure (e.g., aromatic acid modulators for aromatic
linkers) and should be as sterically unhindered as possible. At
low concentrations of acid modulator, modulation by
exogenous acid can be productive, as evidenced by syntheses
using the strong organic acid MsOH. However, when
employing acid modulators in the range of pKa1 and pKa2 of
terephthalic acid, coordination modulation dominates and
results in the largest average crystalline domains of UiO-66
samples prepared in this work. In addition, the use of
substituted benzoic acid derivatives reveals that modulator
size is a key parameter underpinning effective coordination
modulation. The results of these structure−activity analyses
reveal that benzoate forms large crystallites of UiO-66 because
it meets the conditions to be an effective competitor with
terephthalate for coordination to the SBU. Applying our
criteria to identify even more productive modulators, we
demonstrate that 5-membered heteroaromatic acids such as 3-
TP and 2-TP surpass BA in modulation efficacy. Furthermore,
their ability to modulate the synthesis of UiO-68-Me2 is an
encouraging step toward demonstrating the generality of our
criteria for effective modulation. In future work, we will
broaden our focus to the syntheses of Zr-MOFs of different
topologies (e.g., spn and csq nets), which commonly require
multiple modulators, and extend our findings beyond Zr-
MOFs to other families of frameworks.

■ EXPERIMENTAL SECTION/METHODS
General Procedures. Details are provided in the Supporting

Information.
Example UiO-66 Synthesis. A screw-cap reaction tube was

charged with terephthalic acid (12.5 mg, 0.075 mmol, 1.00 equiv) and
ZrCl4 (17.5 mg, 0.075 mmol, 1.00 equiv). If the modulator was a
solid, it was added at this point. Next, deionized water (4.05 μL, 0.225
mmol, 3.00 equiv), the modulator (if a liquid), and fresh DMF (1.5
mL) were added to the tube. The threads of the tube were wrapped in
Teflon tape and the tube was capped. The tube was transferred to a
stainless-steel block on a dry heating bath and the temperature was set
to 120 °C. The tube was allowed to stand at 120 °C for 72 h. At this
time, the tube was removed from the block and allowed to cool to
room temperature. The supernatant was removed using a pipette, and
fresh DMF (10 mL) was added. The tube was agitated and then

Figure 7. (a) Structure of UiO-68-Me2. Gray, red, and light blue
spheres correspond to C, O, and Zr, respectively. H atoms are omitted
for clarity. (b) PXRD patterns of UiO-68-Me2 samples prepared using
10 equiv of BA, TFA, FA, AA, 3-TP, 2-TP, and using no acid. The
simulated pattern based on the single-crystal X-ray diffraction
structure of UiO-68-Me2 is included for reference.57 (c) Average
crystalline domain sizes of UiO-68-Me2 samples obtained by refining
the corresponding PXRD patterns.
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allowed to settle for 24 h. At this time, the supernatant was removed
from the solid via a pipette, and fresh DMF (10 mL) was added. This
soaking procedure was repeated for a total of three DMF soaks. The
DMF was replaced with THF (10 mL), and the above procedure was
repeated for a total of three THF soaks. The white solid was filtered,
dried in air, and characterized by PXRD, NMR, SEM, and TGA. For
samples that did not adequately settle after 24 h during the soaking
process, the heterogeneous mixture was centrifuged at 4000 rpm for
15 min, and the solvent was decanted and replaced with fresh solvent.
For samples that could not be filtered because they passed through a
filter paper, the solvent after the final soak was removed under
reduced pressure.
UiO-68-Me2 and UiO-67 samples were prepared following a

modified procedure in which H2(dmtpdc) (26.0 mg, 0.075 mmol,
1.00 equiv) or 4,4′-biphenyldicarboxylic acid (18.2 mg, 0.075 mmol,
1.00 equiv) was used in place of terephthalic acid and the DMF soaks
were carried out at 60 °C instead of room temperature. The white
solids were filtered, dried in air, and characterized by PXRD and SEM.
General Procedure for MOF Digestion. A 4 mL vial was

charged with MOF (∼5 mg) and DMSO-d6 (0.5 mL). Next, 2−5
drops of DCl (35 wt. % in D2O) were added, and the vial was capped.
The vial was heated at 100 °C in a heat block for 12 h until
completely homogeneous. The solution was transferred to an NMR
tube and analyzed by 1H and 19F NMR, where appropriate.
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