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Control over the size, shape, uniformity, and external surface chemistry of metal-organic framework
nanocrystals is important for a wide range of applications. Here, we investigate how monotopic
modulators that mimic the coordination mode of native bridging ligands affect the growth of anisotropic
Co,(dobdc) (dobdc*™ = 2,5-dihydroxy-1,4-benzenedicarboxylic acid) nanorods. Through a combination
of transmission electron microscopy (TEM) and nuclear magnetic resonance spectroscopy (NMR) studies,
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Accepted 5th April 2023 of modulator incorporation into the nanorod structure. Notably, highly acidic modulators allowed for the
preparation of sub-10 nm nanorods, a previously elusive size regime for the Mj(dobdc) family. More
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Introduction

Leveraging the porosity and tunability of metal-organic
frameworks within a size regime that is appropriate for many
applications in separations and medicine requires the synthesis
of uniform nanocrystals with tailored sizes and shapes.’
Because of their small size, metal-organic framework nano-
crystals feature rapid guest uptake and release kinetics and
large external surfaces that can be manipulated independently
from internal micropore surfaces to augment material proper-
ties.”> Though there has been substantial progress in expanding
the structural and compositional diversity of frameworks that
can be synthesized in nanocrystalline form, much remains to be
understood about how different synthetic parameters influence
the size, shape, and defect structure of metal-organic frame-
work nanocrystals.®> Moreover, the synthesis of sub-20 nm
nanocrystals—a length scale that facilitates the dispersion of
metal-organic frameworks in the thin selective layers of
commercially viable separation membranes and that includes
the diameters of typical proteins*—without compromising
crystallinity, porosity, or control over particle morphology is an
ongoing synthetic challenge.

Coordination modulation, which involves the addition of
molecules—often monotopic carboxylic acids—that compete
with bridging organic ligands for metal centers is one of the
most widely employed approaches for synthesizing metal-
organic framework nanocrystals because it offers the ability to

Department of Chemistry and Chemical Biology, Harvard University, Cambridge, MA,
02138, USA. E-mail: mason@chemistry. harvard.edu
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d25c06869a

© 2023 The Author(s). Published by the Royal Society of Chemistry

simultaneously control particle size, shape, and surface struc-
ture.” Specifically, monotopic modulators have been proposed
to regulate nanoparticle growth in two ways: (1) by capping the
surface of growing nanoparticles, and (2) by interfering with
bridging ligand deprotonation. Recently, a so-called “seesaw
model” was proposed to unify these two regulatory mecha-
nisms.® In this model, modulators act primarily as capping
ligands when added at low, sub-stoichiometric concentrations
by inhibiting nanoparticle growth to drive the formation of
smaller particles. When the concentration of a modulator is
increased beyond a system-dependent threshold, changes to the
proton activity in solution begin interfering with the deproto-
nation of bridging ligands, causing the nanoparticle size to
increase. This seesaw trend has been observed for several
common metal-organic frameworks, including UiO-66, MIL-
125-NH,, ZIF-8 and HKUST 1.” Furthermore, utilizing modula-
tors that mimic the binding motif of bridging ligands can
facilitate size and shape modulation for certain frameworks.®
Though these studies provide important insights into the
modulator-directed growth of metal-organic framework nano-
particles, it is often still challenging to design modulators that
direct the formation of nanoparticles with specific characteris-
tics. This is particularly true for anisotropic metal-organic
frameworks, for which modulated syntheses are less
developed.*

Herein, we investigate modulated syntheses of Co,(dobdc)
(dobdc*™ = 2,5-dihydroxy-1,4-benzenedicarboxylic acid), which
is a member of one of the most well-studied series of aniso-
tropic metal-organic frameworks (M-MOF-74, M,(dobdc); M =
Mg, Mn, Fe, Co, Ni, Cu, Zn).° These frameworks feature hexag-
onal, one-dimensional pore channels lined with a high density
of exposed metal centers that lead to strong, selective gas
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adsorption and interesting reactivity.’ Several syntheses of
M,(dobdc) nanoparticles have been reported that, depending
on the exact conditions, produce both ill-defined particles
without uniform surface facets or nanorods with a range of sizes
and aspect ratios (Fig. 1).*"** In particular, salicylic acid—which
is a monotopic analogue of H,dobdc with the same metal-
binding motif—can be used to synthesize nanorods as small
as 20 nm in diameter.”* In order to better understand the role of
modulators in the synthesis of M,(dobdc) nanorods and to
target nanorods of even smaller diameter, we examined how
functionalized derivatives of salicylic acid impact the growth of
Co,(dobdc), hypothesizing that modulators with greater acidity
(lower pK, values) would serve as more effective capping ligands
by more rapidly trapping growing nanorods and therefore
producing smaller nanorods.

Results and discussion

We selected a library of salicylic acid derivatives that spanned
a range of acidities to control the concentration of deprotonated
modulator that would be present during the initial stages of
nanorod nucleation and growth (Fig. 2b). The Co analogue of
M,(dobdc) was chosen because of its tendency to crystallize into
particles with well-defined surface facets.**'>*#% For all salicylic
acid-based modulators, uniform Co,(dobdc) nanorods were
successfully synthesized through solvothermal reactions with
a 1:1 ratio of modulator to H,dobdc and, as anticipated,
average nanorod diameters—as measured by transmission
electron microscopy (TEM)—were strongly correlated to the pK,
of the carboxylic acid functional group on the modulator
(Fig. 2b). Specifically, salicylic acid derivatives with higher
acidity produced nanorods with smaller diameters, providing
access to a previously elusive size regime for M,(dobdc) nano-
rods. Though the identity of the modulator had a strong influ-
ence on nanorod diameter, there was minimal variation in
nanorod lengths (Fig. S217).

Notably, the use of 4-trifluoromethylsalicylic acid (pK, =
3.44) as a modulator produced nanorods with an average
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Fig. 1 Summary of lengths and diameters that can be accessed for
Ma,(dobdc) nanorods, with black squares, diamonds, circles, and
triangles, representing previously reported nanorods for M = Mg,*26" M
= Mn®* M = Co,%929-9/ and M = Zn,*** respectively. Red circles
represent the Co,(dobdc) nanorods reported in this work.
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Fig.2 (a) Crystal structure of Co,(dobdc) highlighting how monotopic
modulators that mimic the coordination mode of dobdc bridging
ligands could cap its external surface. Grey/black, red, and purple rods
correspond to C, O, and Co atoms, respectively; H atoms are omitted
for clarity. (b) The average diameters of Co,(dobdc) nanorods
synthesized in the presence of 1 equivalent of each salicylic acid-based
modulator as measured by TEM.

diameter of just 8.1 £+ 1.7 nm, which corresponds to frameworks
containing only 5 &+ 1 pore channels across. Even in this small
size regime, the activated nanorods had an internal BET surface
area of 1250 m” g™, which is substantially higher than previous
reports of Co,(dobdc) nanorods (669-874 m*> g ')* and is
comparable to literature values of bulk Co,(dobdc) (1080-1438
m” g~ ").** With the exception of nanorods synthesized with 4-
bromosalicylic acid (1000 m”> g~'), all modulators produced
nanorods with surface areas in the range of 1200 to 1300 m*g ™.
These internal surface areas match those reported for bulk
Co,(dobdc), suggesting that the nanorods have minimal
internal defects and that the pores and exposed metal centers
are not obstructed by excess modulator or bridging ligand.
Indeed, CO, isotherms at 298 K are also comparable to those of
bulk Co,(dobdc),** with 1 bar CO, capacities of 5.8, 5.9 and
6.6 mmol g~ ' measured for nanorods synthesized with 4-tri-
fluoromethylsalicylic acid, 4-fluorosalicylic acid and 4-methox-
ysalicylic acid modulators, respectively (Fig. S367). These gas
uptake capacities further highlight the quality of the Co,(dobdc)
nanorods synthesized with salicylic acid modulators, which
stands in contrast to many metal-organic framework nano-
particle syntheses—particularly those based on the rapid
deprotonation of bridging ligands—that often lead to high
defect contents and reduced gas uptake at strong adsorption
sites.

In order to gain deeper insight into the modulation mecha-
nism, the degree of modulator incorporation into the synthe-
sized nanorods was quantified by "H NMR of digested samples

after extensive washing to remove any weakly bound

© 2023 The Author(s). Published by the Royal Society of Chemistry
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modulators. As anticipated, the amount of modulator present
was directly correlated with modulator acidity, with the most
acidic modulators incorporated to a greater extent than
modulators with lower acidities. Though monotopic ligands
have been found to incorporate into other metal-organic
frameworks as internal defects—most notably for the UiO-66
series of frameworks**—the consistent surface areas and CO,
adsorption capacities of the Co,(dobdc) nanorods reported here
suggest that most of the incorporated modulators are present
on the external surfaces of the particles as capping ligands.
Indeed, if all of the modulators are assumed to be present on
the external surfaces of the nanorods, then the calculated
surface coverage does not exceed 100% for any of the modulator
ligands (Fig. 3a; see ESIT for additional details about surface
coverage model). In addition, we observed an inverse correla-
tion between the degree of modulator surface coverage and the
amount of formate incorporated into the nanorod (Fig. S607),
which suggests that the modulators compete with formate—
likely produced by DMF hydrolysis during synthesis®**—to cap
a growing nanorod. The presence of formate and modulator on
the external surfaces of the nanorods is also supported by
differences in colloidal stability. For instance, nanorods
prepared using 4-methoxysalicylic acid which has the lowest
modulator surface coverage and highest formate surface
coverage, exhibit the best colloidal stability in water (Fig. S8, S9
and S43f), while nanorods prepared with  4-tri-
fluoromethylsalicylic acid, which have highest modulator
incorporation, exhibit the best colloidal stability in toluene
(Fig. S107).

To further investigate the location of the incorporated
modulators, we performed a post-synthetic ligand exchange
experiment. Specifically, nanorods were first prepared with
salicylic acid as a modulator, then 4-trifluoromethylsalicylic
acid was added to the reaction solution for an additional 24
hours. Importantly, the pre- and post-ligand exchange nano-
rods display the exact same surface areas (Fig. 4a) and size
distributions (Fig. 4c), but digestion NMR (Fig. 4d) shows that
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Fig. 3 (a) The external surface coverage of salicylic acid-based
modulators is calculated by assuming modulators are only present on
the external surface of each nanorod. (b) Hammett plot for Co,(dobdc)
nanorods synthesized in the presence of 1 equivalent of salicylic acid
modulator.
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Fig. 4 (a) 77 K N, isotherms, (b) dynamic light scattering spectra of

toluene solutions, (c) size distributions, and (d) NMR spectra after acid
digestion for Co,(dobdc) nanorods synthesized directly with salicylic
acid (yellow) or 4-trifluoromethylsalicylic acid (orange) or synthesized
with salicylic acid followed by ligand exchange with 4-tri-
fluoromethylsalicylic (teal).

only 4-trifluoromethylsalicylic acid is present after
exchange—indicating that the original salicylic acid modu-
lators are completely exchanged. Moreover, while the quantity
of 4-trifluoromethylsalicylic acid modulators incorporated
into the nanorods after ligand exchange is slightly higher
than the amount of salicylic acid modulators that were orig-
inally present, the total amount of modulator and formate
remains constant (Table S1%), suggesting that 4-tri-
fluoromethylsalicylic acid can exchange with both salicylic
acid and formate.

Nearly identical 77 K N, adsorption isotherms before and
after ligand exchange (teal and gold curves in Fig. 4a) suggest
that the vast majority of the salicylic acid modulators are
present on the external surface, as internal defects are known to
impact surface areas and pore volumes, particularly for ligands
with very different steric profiles.'” Moreover, we observed
significant changes to the colloidal stability of the nanorods
after ligand exchange, and dispersibility should be mostly—if
not entirely—governed by the external surface chemistry of the
nanorods. Specifically, the original nanorods rapidly aggregate
in toluene, while the post-ligand exchange nanorods form much
more stable dispersions (Fig. 4b). Indeed, the colloidal stability
of the post-exchange nanorods matched that of nanorods
synthesized directly with 4-trifluoromethylsalicylic acid modu-
lators, even though the direct synthesis leads to much smaller
nanorods. While it is possible that some of the modulators
incorporate into the internal structure of the framework, these
results collectively provide strong evidence that a large fraction
of the modulators—and likely the majority—are present on the
external surface. We hypothesize that differences in the domi-
nant location of organic modulators for Co,(dobdc) nanorods

Chem. Sci., 2023, 14, 4647-4652 | 4649
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compared to other modulated metal-organic framework
syntheses can be attributed to (1) the small diameters and large
external surface areas of the nanorods, (2) one-dimensional
pore channels that inhibit lateral diffusion of reagents, and
(3) bridging organic ligands that are closely packed along one
dimension.

The observed trends in modulator surface coverage and
particle size are consistent with nanorod growth operating
under kinetic control, where modulators with higher acidities
provide a higher concentration of deprotonated ligands to cap
growing particles, rather than thermodynamic control, where
modulators with lower acidities would be expected to more
strongly cap growing nanorods though the formation of
stronger metal-modulator bonds. The kinetic control of
nanoparticle growth has been described as a balance between
the steady-state equilibrium of modulators coordinating to
the surface and the diffusion rate of metal ions to the nano-
particle surface.® Size modulation is achieved when the
steady-state equilibrium of modulator coordination over-
whelms the surface of the nanoparticle and depletes the local
metal ion concentration due to the presence of a high
concentration of deprotonated modulator. By utilizing
modulators with various acidities, the position of this steady-
state equilibrium can be altered to control the rate of kinetic
capping and, consequently, the size of the metal-organic
framework nanoparticles. Interestingly, our observed
modulator-dependant size trends for Co,(dobdc) differ from
previous reports that found more acidic benzoic acid deriva-
tives produced larger MIL-101(Cr) nanoparticles with less
incorporation of the modulator into the framework.>® We
suspect that the different trends observed for MIL-101(Cr) are
likely due to a number of factors, including the choice of
reaction solvent (water versus DMF) and the large difference in
modulator concentration and overall reaction concentration
used during synthesis.

To investigate if modulators impact Co,(dobdc) nanorod
growth through pH modulation in addition to acting as capping
ligands, syntheses were also performed using three benzoic
acid-based modulators (benzoic acid, 4-trifluoromethylbenzoic
acid, and 4-methoxybenzoic acid) that should provide similar
pH modulation effects as their salicylic acid counterparts but
lack the same metal-binding motif for nanoparticle capping.
Rather than directing the formation of nanorods, all three
benzoic acid derivatives produced irregular aggregates of glob-
ular Co,(dobdc) nanoparticles with similar particle sizes and no
detectable modulator incorporation (Fig. S4, S26 and S57-S597).
This result highlights the importance of mimicking the
bridging ligand binding motif for modulating the growth of
Co,(dobdc)—at least in sub-20 nm size regime—and suggests
that pH modulation has minimal impact on the size modula-
tion of nanorods under the reactions conditions investigated in
this work.

The dominance of a capping mechanism is further sup-
ported by a Hammett analysis (Fig. 3b), where the impact of
substituent (R) electronic effects on the modulator-metal coor-
dination reaction kinetics can be probed by plotting the relative
modulator concentration in the synthesized nanorods against
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the substituent constant ¢,,.'* The slope of this plot indicates
the degree to which the electronic nature of the substituents
(0p) affects the reaction Kkinetics. The linear relationship
observed for Co,(dobdc) nanorods indicates that all modulator
complexation reactions proceed via the same mechanism with
a strong dependence on the ionization of the carboxylic acid,
further supporting the hypothesis that lower pK, modulators act
as more effective capping ligands because they are more readily
deprotonated (Fig. 3b).

To probe how the presence of different modulators affect
particle growth, a competition study was performed where
Co,(dobdc) nanorods were synthesized in the presence of both
4-trifluoromethylsalicylic acid (pK, = 3.44) and 4-methox-
ysalicylic acid modulators (pK, = 3.71). The prepared nanorods
displayed a single size distribution (average diameter of 11.4
nm) that is more closely aligned with the size of the nanorods
produced using 4-trifluoromethylsalicylic acid (Fig. S17 and
S237), and 4-trifluoromethylsalicylic acid was the only modu-
lator observed in a digested sample of the washed nanorods
(Fig. S447). This provides additional support for the hypothesis
that the observed size modulation is the result of rapid kinetic
trapping from deprotonated modulators capping the surface of
growing nanoparticles.

To examine if increasing the concentration of modulator in
the synthesis would further enhance kinetic trapping or initiate
a transition to pH modulation, Co,(dobdc) nanorods were
synthesized with varying equivalents (1, 1.5, 2, 3) of either 4-
trifluoromethylsalicylic acid, salicylic acid, or 4-methox-
ysalicylic acid. When the pK, of the modulator was closely
matched to that of the dobdc bridging ligand—as is the case for
salicylic acid—we observed a seesaw relationship between
modulator concentration and nanorod diameter, with 1.5
equivalents of salicylic acid producing particles with the
smallest diameter (15.3 nm + 2.3 nm) (Fig. S61%). This is
consistent with a capping mechanism dominating modulation
at low concentrations and pH changes—or the degree of
modulator and bridging ligand deprotonation—dominating at
higher concentrations.®” Interestingly, when the pK, of the
modulator was higher or lower than the bridging ligand—as is
the case for 4-methoxysalicylic acid and  4-tri-
fluoromethylsalicylic acid, respectively—modulator concentra-
tion had minimal effect on nanorod diameter even though the
degree of modulator incorporation increased with increasing
modulator concentration (Fig. S617). This suggests that changes
to modulator capping and pH effects may offset one another as
the modulator concentration is increased. Specifically, when
the pK, of the modulator is similar to the bridging ligand, pH
modulation affects the concentration of both deprotonated
ligands, leading to a seesaw trend with nanoparticle size
inversely proportional to modulator concentration at low
concentrations and directly proportional at high concentra-
tions. However, our data suggests that when the pK, of the
modulator is either above or below the pK, of the bridging
ligand, changes in solution pH—as a result of increasing
modulator content—no longer affect both ligands in the same
way. These offsetting effects could then explain why the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanorod size does not have a strong dependence on modulator
concentration.

Conclusions

The foregoing results demonstrate how the acidity of organic
modulators can be manipulated to control the growth of
anisotropic metal-organic framework nanoparticles in
a predictable fashion. In particular, more rapid capping
through the use of modulators with higher acidities provides
access to an ultrasmall size regime—below 10 nm—for
Co,(dobdc) nanorods and offers insight into the role of modu-
lators in the synthesis of metal-organic frameworks. These
insights should provide new opportunities for controlling the
size, shape, and surface chemistry of a wider range of metal-
organic framework nanoparticles.
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