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ABSTRACT: Chemical separation membranes, drug delivery
agents, and other nascent applications of metal—organic frameworks
(MOFs) benefit from preparing MOFs as nanoparticles (nano-
MOFs) and by controlling their particle surfaces. Despite the lack of
deliberately added surface ligands, or surfactants, common examples
of nanoMOFs exhibit multiweek colloidal stability in a range of polar
solvents. Whereas nanocrystal colloidal stability in general arises
from a combination of electrostatic repulsion, steric hindrance
between surface species, and favorable interactions with solvent,
nanoMOFs present the unusual combination of interior and exterior
surfaces for these interactions to transpire. Here, we demonstrate
that nanoMOFs suspend only in solvents that dissolve the
constituent MOF linkers. Moreover, the maximum “solubility” of
nanoMOFs, i.e., the concentration of saturated particle suspensions, correlates with the solubility of the linkers in the same solvent.
Calorimetry measurements indicate that nanoMOF immersion enthalpies resemble the solvation enthalpies of the linkers, suggesting
solvent—linker interactions dictate nanoMOF colloidal stability. As a proof-of-concept, whereas nanoMOFs generally suspend only
in polar solvents, we achieve nanoMOF suspensions in toluene by identifying linkers soluble in the same solvent. Furthermore,
atomistic molecular dynamics simulations reveal that solvents best at dissolving nanoMOFs are those that pack densely into the
pores and interact with the MOF linkers. These results provide a predictive tool for achieving nanoMOF colloidal stability and
highlight the uniqueness of defining a MOF “surface”, where solvents access both interior and exterior surfaces.

B INTRODUCTION Recent studies indicate their practical implementation in
membrane-based applications requires the preparation of
MOFs as nanoparticles rather than as bulk powder,®” in part
to enable control over particle size and morphology, and to
enhance their biocompatibility'® and solution processability.""
Few MOFs have been prepared as nanoparticles, however. In
the scarce existing synthetic methods, “modulators”, rather
than the typical surfactant ligands found in the quantum dot
literature, direct the size of MOF nanoparticles (nano-
MOFs)."” Unlike surfactant ligands, evidence suggests that
modulators only rarely incorporate onto the exterior or interior
surfaces.”>™'° Instead, as described by the “seesaw” model
reported previously, modulators influence particle sizes by
affecting the metal—linker binding and linker deprotonation

Colloidal nanoparticles have reshaped materials science by
combining solution processability with size-dependent behav-
ior. Due to their large surface-to-volume ratios, colloidal
nanoparticles are defined by their surface chemistry for both
practical and fundamental considerations: colloidal stability,"
particle self-assembly,” interfacial electrochemical phenom-
ena,’ surface plasmon resonances, photophysical dynamics,
heterogeneous reactivity, and interparticle energy transfer’
represent just a few of the fundamental areas governed by
nanoparticle surfaces. Careful tuning of surface composition is
also key to many practical goals: solution processability,
interfacing nanocrystal into composite materials,” and
achieving environmental stability and biocompatibility.”
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Figure 1. Crystallographic images of the metal—organic framework materials investigated by solubility measurements, with representative pore
apertures (top) and corresponding metal—ion environment (bottom) highlighted.

demonstrated a nanoparticle synthesis of the conductive MOF
Fe(1,2,3-triazolate), with diameter sizes controllable to just 6
nm—the smallest nanoMOFs to-date.'* Size-dependent
optical and charge-transport behavior emerged from this new
class of semiconductor nanocrystals distinct from traditional
quantum dots. Remarkably, despite the lack of surfactant
additives and the absence of incorporated modulator, the
particles exhibited indefinite colloidal stability in DMF under
anaerobic conditions. Bare particles of nonporous'’ and
porous'”'® inorganic materials have been stabilized through
electrostatic repulsion between large surface charge, in
accordance with Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory.lg_21 Porous inorganic particles have also
been stabilized through non-DLVO-type forces such as
through favorable solvent interactions at the nanoparticle
external surfaces.””*® Unlike these examples, nanoMOFs
possess organic constituents with the potential for favorable
solvent interactions at both the interior and exterior surfaces,
akin to polymers and other soluble macromolecules. In fact,
such solvent—linker interactions may resemble those respon-
sible for the stabilization of nonporous nanoparticles coated
with organic capping ligands.”* From an applications
perspective, the ability to functionalize nanoMOFs into
polymer matrices will be impacted by the surface interactions
underpinning this unexpected colloidal stability.”> "> These
fundamental and technological questions therefore motivate a
need to understand the structure and composition of
nanoMOF surfaces and the nature of their interfacial
interactions.

Here, we report the week-long colloidal stability of common
nanoMOFs (Figure 1) in the absence of conventional surface
ligands. Rather than electrostatic repulsion from surface
charges or steric repulsion from surface ligands, colloidal
stability appears to arise from interactions between solvent and
the particles. We find that the maximum amount of nanoMOFs
that may be suspended (particle solubility) correlates with the
solubility of the native MOF linker and the ability of solvent to
access interior particle surfaces. While altering the metal ion
identity leaves particle solubility unchanged, altering linker
identity changes particle solubility to correlate with the linker
solubility. Furthermore, calorimetry measurements indicate the
immersion enthalpies of nanoMOFs resemble the solvation
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enthalpies of the constituent linkers and that these energies are
independent of particle size. Atomistic molecular dynamics
(MD) simulations reveal that solvents best at dissolving
nanoMOFs are those that pack densely into the pores and
interact with the linkers. Taken together, these results provide
a foundation for predicting the best solvents for preparing
colloidally stable nanoMOFs. On a fundamental level, these
results open opportunities for exploring a fundamentally
distinct type of material interface that includes both exterior
and interior surfaces, where guest molecules access both and
strongly influence colloidal behavior.

B EXPERIMENTAL SECTION

Materials. All chemicals were used as purchased unless otherwise
stated: zinc(I) nitrate hexahydrate (99%, metal basis, crystalline,
Thermo Fisher Scientific), 2-methylimidzole (99%, Acros Organics),
zinc(II) acetate dihydrate (crystalline, Baker Analyzed, ].T. Baker),
4,5-dichloroimidazole (98% Beantown Chemical), benzimidazole
(Aldrich), titanium(IV) butoxide (TCI Chemicals), 1,4-benzenedi-
carboxylic acid (terephthalic acid), biphenyl-4,4'-dicarboxylic acid
(Chem Scene LLC), benzoic acid (JT Baker), copper(Il) nitrate
trihydrate (99%, Acros Organics), 1H-1,2,3-triazole (98%, TCI),
zirconium(IV) chloride (99.5%, Strem Chemicals), zinc(II) acetate
dihydrate (JT Baker), 2,S-dihydroxyterephthalic acid (98% TCI
Chemicals), hydrochloric acid (certified ACS Plus, Fisher Chemical),
tetrabutylammonium chloride (98% TCI Chemicals), tetrabutylam-
monium nitrate (98% TCI Chemicals), tetrabutylammonium
hexafluorophosphate (98% TCI Chemicals), potassium hexafluor-
ophosphate (>95% TCI Chemicals), cobalt(II) nitrate (anhydrous,
Baker Analyzed, J.T. Baker), MeOH (certified ACS, Fisher
Chemical), ethanol (200 Proof, anhydrous meets UPS specs, Decon
Laboratories Inc.), N,N-dimethylformamide (certified ACS, Fisher
Chemical), and Milli-Q water 18.2 MQ cm™.

Synthesis of CuTA, Nanoparticles. In a 20 mL scintillation vial,
0.059 g of Cu(NO;),-6H,0 was dissolved in 2 mL of DMF. To this
solution was added 42.6 uL of 1H-1,2,3-triazole. The vial was capped
and heated at 100 °C for 2 h with stirring, followed by centrifugation
and washing with DMF three times.

Synthesis of MIL-125 Nanoparticles. A two-neck round-bottom
flask fitted with a reflux condenser and gas adapter was charged with
terephthalic acid (0.352 g, 2.12 mmol) and cycled under dynamic
vacuum and N, before being put under a steady flow of N,. Dry DMF
(5 mL) was added, then allowed to stir at 110 °C for 30 min. After
complete dissolution of the linker, 1.5 mL of MeOH, benzoic acid
(1.18 g 10.6 mmol), and S uL of DI water were added, and the
solution was stirred under reflux for an additional 30 min. Ti(IV)
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butoxide (0.42 mL, 1.23 mmol) was then added and the reaction was
stirred vigorously at 110 °C under reflux for 14 h. The particles were
then washed with cold DMF and then MeOH three times.

Synthesis of 26 nm MOF-74 Nanoparticles. Five mL of a 0.25
M solution of Zn(OAc,)-2H,0 (229 g S mmol) in EtOH:DMF
(1:1) was added to a scintillation vial and stirred. Five milliliters of a
0.1 M 2,5-dihydroxyterephalic acid (0.99 g, 2 mmol) was injected via
syringe at a rate of 1 mL/min. After 24 h, the reaction was stopped by
centrifugation and washing three times with MeOH.

Synthesis of UiO0-66/67 Nanoparticles. A three-neck round-
bottom flask fitted with a reflux condenser and gas adapter was
charged with terephthalic acid or biphenyl-4,4’-dicarboxylic acid (2.12
mmol) and cycled under dynamic vacuum and N, before being put
under a steady flow of N,. DMF (S mL) was added, and then the
mixture was allowed to stir at 110 °C for 30 min. After complete
dissolution of the linker, S uL of DI water were added. Zr(IV)
chloride (1.00 g, 1.23 mmol) was then added, and the reaction was
stirred vigorously at 110 °C under reflux for 2 h. The particles were
then centrifuged and then washed with MeOH three times.

Synthesis of ZIF-8 Nanoparticles. ZIF-8 nanoparticles (nano-
ZIF-8) were synthesized following the literature procedure.”” In
general, to synthesize 36 nm nanoZIF-8, zinc nitrate hexahydrate
(2.00 g, 6.72 mmol) in 136 mL of MeOH was poured into a 2-
methylimidazole solution (2.76 g, 33.6 mmol) in 136 mL of MeOH
stirring at SO0 rpm and left to react for 1 h. The resulting
nanoparticles were centrifuged and washed three times with MeOH
by sonication and centrifugation. The particles were then dried at 100
°C under vacuum for 24 h. To achieve different sizes, the ratio of
Zn:2Mim:MeOH was adjusted by a scale of 1:x4:1000 with x = 2, 3,
and S equiv for large, medium, and small sizes of nanoZIF-8,
respectively. SEM images of nanoZIF-8 are shown in Figure S1.

Synthesis of ZIF-71 Nanoparticles. 35 nm. Zinc acetate
dihydrate Zn(OAc,)-2H,0 (0.11 g, 0.6 mmol) in S mL of DMF
was combined with 4,5-dichloroimidazole (dcIm, 0.27 g, 2 mmol) in §
mL of MeOH stirring at SO0 rpm. The solution immediately turned a
milky pink and was left to react for 45 min. The resulting solution was
centrifuged and washed three times with MeOH.

54 nm. Zn(OAc,)-2H,0 (0.037 g, 0.2 mmol) in S mL of DMF was
combined with dcIm (0.11 g, 0.8 mmol) in 10 mL of MeOH stirring
at 500 rpm. The solution immediately turned a milky pink and was
left to react for 30 min and left static at room temperature for 24 h.
The resulting solution was centrifuged and washed three times with
MeOH.

83 nm. Zn(OAc,)-2H,0 (0.037 g, 0.20 mmol) in S mL of DMF
was combined with dcIm (0.11 g, 0.80 mmol) in 10 mL of MeOH
stirring at S00 rpm. A 1-M HCI (2 uL, 0.00008 mmol) solution was
added to the reaction and immediately removed from stirring and left
static at room temperature for 24 h. The resulting solution was
centrifuged and washed three times with MeOH.

SEM images of nanoZIF-71 are shown in Figure S1.

Synthesis of ZIF-11 Particles. In general, to synthesize ZIF-11, a
solution of Zn(OAc,)-2H,0 (0.100 g, 0.455 mmol) and S mL of
NH,OH (5-M) were added to 5.3 mL of toluene. This solution was
poured into a benzimidazole solution (0.120 g, 1.02 mmol) in S0 mL
of MeOH stirring at 500 rpm and left to react for 3 h. The resulting
nanoparticles were centrifuged and washed three times with MeOH
by sonication and centrifugation. The resulting particles were then
dried at 100 °C under vacuum.

Powder X-ray Diffraction. Sample crystallinity was verified by
powder X-ray diffraction (PXRD) with a Bruker D2 Phaser benchtop
diffractometer. Using the PXRD, Scherrer analysis was conducted to
analyze crystallite size of the nanoMOFs and are shown in Figures
S§2-S88.

Dynamic Light Scattering (DLS) and Zeta Potential
Measurements. DLS and zeta potential measurements were
performed using a Zetasizer Nano from Malvern Panalytical. For
the DLS experiments, three measurements were conducted per
sample, and for the zeta potential, five measurements were conducted
per sample. Before each measurement the sample was sonicated for 10
min to break up any aggregates that had potentially formed.
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Solubility Measurements. All samples were prepared by adding
excess nanoMOF or linker to 500 yL or 1 mL of solvent respectively
to create a saturated solution. The resulting mixture was then
sonicated and allowed to settle for 24 h until the solid and liquid
phases reached equilibrium. All solubility measurements were
conducted on the supernatant.

To determine the linker solubility in each solvent, 1 mL of
supernatant was transferred into a preweighed vial and heated under
vacuum at 50 °C until only the solid residue remained. This
procedure was done to prevent 2-methylimidazole from subliming.
The mass of the vial was then weighed to determine the residual mass
of the solid. This process was repeated three times to give an average
value and standard deviation.

The nanoMOF solubility was determined by thermogravimetric
analysis using a TGA QS00, for and each sample 20 uL of solution
was added to the preweighed aluminum TGA pan. The sample was
then heated to 10 °C below the boiling point of the solvent to avoid
bumping, starting from room temperature at 10 °C/min, and then
held isothermally for 15 min while being maintained under constant
N, flow. The solubility of the nanoMOF was then determined from
the residual mass of the TGA curve Figure S13. This process was
repeated three times to give an average value and standard deviation.

Solubility after Addition of Excess Solvent or Linker. All
sample solubility values were measured as stated above with the
following modification: To study the impact of extra solvent, an
additional 500 uL was added to a saturated MeOH solution of 316
nm ZIF-8 particles followed by sonication and allowed to rest for 24 h
to reach a new equilibrium. The excess linker measurement followed
the same procedure except instead of solvent, 7 mg of 2-
methylimidazole was added to solution.

Calculation of Nanoparticle Solubility. To determine MOF
solubility in terms of moles of formula units per liter, based on a
molecular weight for ZIF-8 of 227.58 g/mol,

8

mol ZIE-8 = residual mass from TGA (g) X 227.58
mol (S1)

mol ZIF-8

volume pipetted into pan

Solubility (m_ol)
L (s2)

To determine the solubility of ZIF-8 in terms of moles of particles per
liter, a crystal density of 0.35 g/cm® molecular weight 227.58 g/mol,
and a spherical diameter of 40 nm were assumed:

4nr®

Volume =

(83)

Particle M.W.

Volume X crystal density X avogadro’s number

g particles

mol (s4)
. mass from TGA
mol particles = - -
Particle molecular weight (85)
[ mol particles mol particles
Solubility =
volume pipetted for TGA (86)

Water Stability of ZIF-8 and ZIF-67. To test the water stability
of nanoZIF-8 and ZIF-67 over the 24 h needed to conduct the
solubility measurements, a soaking test in Milli-Q water was
conducted for 48 h. All solutions were prepared in the same way as
those for the solubility measurements. PXRDs were taken for both
ZIF-8 and ZIF-67 as both 24 and 48 h Figure S10.

Immersion Calorimetry. Near-room-temperature immersion
calorimetry using a microcalorimeter (Setaram C80) was employed
to determine the immersion enthalpies of three ZIF-8 samples with
different particle sizes in DMF, hexane, and MeOH. In each
measurement,”® > a hand-pressed sample pellet (7—8 mg) was
dropped into the organic solvent (8 mL) that was kept at 25 °C in the
calorimetry chambers. The direct interactions between the organic
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Figure 2. Colloidal stability of nanoMOFs. (A) Nanoparticle hydrodynamic diameter and (B) surface zeta potential measurements of common
nanoMOFs suspended in MeOH (1 mg/mL) over a 7-day period. Nanoparticle sizes by Scherrer analysis: 83, 87, 52, and 27 nm, respectively, for
MIL-125, ZIF-8, UiO-66, and CuTA,. (C) Zeta potential measurements of 42 nm crystalline sized nanoZIF-8 suspended in N,N-
dimethylformamide (DMF), MeOH (MeOH), ethanol (EtOH), and H,0. (D) Images of nanoZIF-8 colloids stabilized in DMF, MeOH, EtOH,

and H,O taken 1 month after initial suspension.

solvent and the ZIF-8 sample introduced led to a calorimetric peak.
Integration of the area under each calorimetric peak yielded the heat
of immersion (kJ) for each ZIF-8 pellet. At least four successful
measurements were performed on each sample to ensure reprodu-
cibility. The error bars were calculated as two standard deviations of
the mean. The average molar formula of ZIF-8 was taken as
CgH (N,Zn (227.6 g/mol). Immersion calorimetry results are shown
in Table SI.

Molecular Dynamics Simulations. Initial Configurations.
Atomistic molecular dynamics (MD) simulations were carried out
to obtain atomic-scale insights into the experimental observations
with four different solvents (Figure S14). A slab of periodic ZIF-8 was
placed along the z-axis with the dimensions of 45 X 60 A* and the
solvent reservoirs were maintained around 80 A totaling a box size of
60 X 60 X 205 A% Structural information for ZIF-8 was extracted
from crystal structures as reported in Park et al,® and the slab was
created with VESTA.>'® The initial configurations of the solvent
systems were generated using Packmol'' with the aid of
Molcontroller'* and VMD."* All MD simulations were carried out
using the GROMACS 2020 software package.'* The OPLS-AA
(optimized potential for liquid simulations—all atom)'® force field
parameters were obtained using the LigParGen server'® and multiple
literature sources with partial charges derived from the electrostatic
potential (ESP) method.'”™** (DFT) calculations were performed at
@B97XD/aug-cc-PVDZ level of theory using Gaussian 16 software
suite.”*

Simulation Details. MD simulations were carried out using the
Gromacs 2020 software package.'* The systems were subject to
energy minimization (maximum of 100000 steps) with the steepest
descent method followed by 4 ns of NVT (constant number of
molecules, volume, and temperature) ensemble equilibration for 500
ps with the velocity rescaling with a stochastic term with a 0.1 ps
coupling constant™ at 298.15 K. Subsequently, two NPT (constant
number of molecules, pressure, and temperature) ensemble
simulations were conducted: The first applied the Berendsen®
barostat for 10 ns to stabilize the volume, while the second followed
for 40 ns with Parrinello—Rahman®” barostat with a time step of 2 fs
and the same temperature controlling parameters as in the previous
step. For all ZIF-8/solvent systems, three-dimensional (xyz) periodic
boundary conditions (PBC) with a compressibility of 4.5 X 10° bar™'
and a coupling time of 2.0 ps were applied with VAW and particle-
mesh Ewald (PME)*® cut-offs of 1.4 nm for long-range interactions.
Bonds, angles, and dihedrals were constrained during simulations
using LINear Constraint Solver (LINCS) algorithm.29

B RESULTS AND DISCUSSION

Recent literature has revealed preliminary evidence that
nanoMOFs exhibit surprising colloidal stability in polar
solvents and in the absence of common surfactant
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. 12,14,34— e
ligands,'>'*** % whereas stability in nonpolar solvents

requires careful surface functionalization.””*” To investigate
the origin of this stability, nanoparticles of five common MOF
materials were synthesized and studied for colloidal stability
over a week-long period (Figure 2). In certain cases (ZIF-8
and UiO-66) synthetic methods were previously reported,””**
while others (CuTA, and MIL-125) required novel methods in
our laboratories. Dynamic light scattering measurements of
MIL-125 (TigOg(OH),(terephthalate)s), ZIF-8, UiO-66
(ZrsO04(OH),(terephthalate)s), and CuTA, (Cu(1,2,3-triazo-
late),) nanoparticles suspended in MeOH exhibited constant
hydrodynamic diameters (sizes) over 7 days indicating the
nanoparticles avoid aggregation despite the absence of
detectable surface ligands or surfactants (as determined by
thermogravimetric analysis (TGA) and NMR) (Figure 2a).
For comparison with ZIF-8, ZIF-71 (Zn(4,5-dichloroimidazo-
late),) nanoparticles were suspended in MeOH and inves-
tigated, but due to significantly larger hydrodynamic diameters,
they were omitted from Figure 2a and included in Figure S9. In
addition to hydrodynamic radii, zeta potentials of all
nanoMOFs remained similarly consistent over a week (Figure
2b). The values of these zeta potentials reflect that surface
potentials of +20 mV and larger correlate with long-term
colloidal stability of the particles in general.””*’ We interpret
the positive values of CuTA,, ZIF-8, and UiO-66 to suggest
open metal sites dominate their surfaces, while an excess of
deprotonated linkers at the surface ZIF-71 and MIL-125 could
explain their negative zeta potentials. The stability of these
common nanoMOFs with sizes as small as 27 nm is unusual
given that metal or conventional semiconductor nanocrystals
of similar sizes would quickly aggregate without surface ligands.

Among the investigated nanoMOFs, ZIF-8 nanoparticles
exhibit colloidal stability in the widest range of solvents.
However, as opposed to conventional quantum dot colloids
that suspend in toluene or hexanes following postsynthetic
treatment with surfactant molecules, ZIF-8 nanoparticles
suspend indefinitely without deliberate surface functionaliza-
tion in MeOH (MeOH), ethanol (EtOH), water (H,0), and
dimethylformamide (DMF), but not in hexanes, chloroform,
or toluene without appropriate surfactant, as shown recently.36
To probe whether this curious solvent stability depends on
particle size, three sizes of ZIF-8 particles were synthesized and
suspended in four different solvents and the corresponding
zeta potentials were measured over time (Figures 2c and S10).
Particle sizes reported here reflect the particle diameters
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determined from SEM images (Figure S1) as opposed to
coherently scattering domain sizes determined by Scherrer
analysis of PXRD reflections or hydrodynamic diameters in
DMF from dynamic light scattering (DLS) (Figure S18). For
all samples, SEM sizes were larger than the values determined
by Scherrer and smaller than the hydrodynamic radii. This
trend suggests that particles contain multiple crystallite
domains. In all solvents, the nanoZIF-8 particles exhibit large
and stable zeta potentials, as consistent with DLVO theory that
colloids are stabilized by charged surface layers that repel
neighboring particles and prevent aggregation.”' ~* Although
ZIF-8 particles have been reported to degrade gradually in
water, these studies also suggested a strong concentration
dependence where more dilute solution degraded faster,**
whereas the saturated solutions studied were prepared at far
higher concentrations. Furthermore, these nanoZIF-8 meth-
anolic suspensions display visual stability for at least one-
month storage, requiring only gentle sonication (~10 min.) to
recover turbid suspensions (Figure 2d). In fact, particles
remain stable in methanol with constant zeta potentials of 31
mV for over a year.

Interestingly, the only solvents to suspend ZIF-8 nano-
particles are also those that dissolve 2-methylimidazole
(2MIm), the linker of ZIF-8. Although one would expect the
solvent to etch the particles given the linker solubility, the
particles sizes remain constant, as discussed above. Given that
linker molecules dominate the atomic composition of ZIF-8,
we further explored whether nanoZIF-8 stability arises from
favorable interactions with solvent. Using standard solubility
methods described in the Supporting Information, the
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solubility of 2MIm and nanoZIF-8 were measured in MeOH,
EtOH, H,0, and DMF. For the linker 2MIm, solubility was
greatest in H,O and lowest in DMF. By solubility, we refer to
the maximum quantity of nanoparticles or linker suspended or
dissolved at room temperature. Figure 3a plots the solubility of
ZIF-8 formula units. These data reveal that particle solubility
correlates directly with linker solubility and independent of
particle size, given the similarity of solubility of three particle
sizes when calculated per-formula-unit. To test whether these
measurements truly probe a thermodynamically reversible
dissolution—precipitation equilibrium, the solubility was
redetermined after 500 uL of additional MeOH was added
to methanolic solution of 316 nm ZIF-8 particles. Indeed,
gravimetric concentration remained essentially unchanged
from 0.4796 + 0.1 mg/mL to 0.4160 + 0.05 mg/mL. These
results suggest precipitated particles redissolved as expected for
a reversible process. To further probe the potential influence of
linker-solvent interactions on ZIF-8 nanoparticle solubility, a
large excess of 2-mIm was added to a saturated solution of 316
nm particles, causing maximum solubility to raise from 1.294 +
0.55 to 6.245 + 0.8 mg/mL. Because solubility determination
involves heating the particles well past the sublimation point of
the linker, these results imply precipitated particles redissolve
in the presence of excess linker.

To further investigate the origin of ZIF-8 nanoparticle
solubility, we measured the solubility of related materials.
Figure 3a includes the solubility of nanoZIF-67—a Co®" rather
than Zn*" derivative of nanoZIF-8 (Figure 1). These data show
solubility sits within the uncertainty of the nanoZIF-8,
suggesting solvent—metal site interactions have little impact
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on particle solubility. Because ZIF materials contain single-ion
clusters, whereas most MOFs feature multinuclear nodes, we
explored the solubility of 26 nm MOF-74 (Zn,(2,5-
dihydroxyterephthalate)) nanoparticles, which has 1-D metal-
oxo chains. As shown in Figure 3b, the particles were again
most soluble in solvents that best dissolved the linker. To
further explore the impact of linker identity on particle
solubility, we tested the solubility of nanoZIF-71—a MOF
similar to ZIF-8 but composed of a different linker, 4,5-
dichloroimidazolate (dcIm). Due to the more polar nature of
dcIm, the overall solubility trend differed from nanoZIF-8, but
the dependence of particle solubility on linker solubility still
held, as shown in Figure 3c. With dcIm being now the least
soluble in water and the most soluble in ethanol, the solubility
of nanoZIF-71 followed the same trend as nanoZIF-8. To
explore whether this relationship between particle and linker
solubility held for framework materials with discrete multi-
nuclear metal clusters, we measured the solubility of UiO-66
(Zr0,0H,(1,4-benzenedicarboxylate)¢) (Figure 1) particles
and compared against the solubility of the constituent linkers,
terephthalate. Indeed, the relationship holds for solvents that
dissolve the linker, whereas hexanes, toluene, and other
solvents that do not dissolve terephthalic acid also fail to
dissolve UiO-66 nanoparticles. Interestingly, nanoMOF per-
formula unit solubility falls in the range of mM for both ZIFs
and UiO-66, although the solubility and crystal density of the
latter (1.237 g/cm?) are smaller. To further explore the impact
of crystal density, linker identity, and pore size, an isoreticular
MOF, Ui0-67 (ZrgO,OH,(biphenyl-4,4'-dicarboxylate),)
(Figure 1), was studied. Figure 3d shows that the particle
solubility correlates with the solubility of biphenyl-4,4’-
dicarboxylic acid and is slightly lower than UiO-66 nano-
particle solubility. The lower solubility and crystal density
(0.8872 g/cm®) of nanoUiO-67 suggest particle solubility
increases when more solvent—linker interactions are available
per formula unit. The ability of N,N-diethyl-meta-toluamide
(DEET) to solvate nanoMOFs was also explored given its
chemical similarity to DMF but larger size (ca. 10 A).
Interestingly, although DEET dissolves terephthalic acid, it
fails to form stable suspensions of UiO-66 (pore sizes are ca.
7.5 and 12 A), whereas it dissolves both biphenyl-4,4'-
dicarboxylic acid and UiO-67 (pore sizes are ca. 12 and 16 A).
DEET also fails to form stable suspensions of the smaller pore
nanoMOFs of ZIF-8 (3.4 and 11.6 A), ZIF-67 (3.4 and 11.6
A), ZIF-71 (4.2 and 16.5 A), or Cu(TA), (4.86 A). Because
calculating molarity depends on assuming the crystal density of
the nanoMOF, which might be altered by defects such as
collapsed pores or missing constituents, all solubility values for
the aforementioned were also plotted simply in g/L units in
Figure S14, revealing the same qualitative correlations.

Whereas nanoMOFs generally suspend only in polar
solvents, industrial processing of colloidal nanocrystals requires
nonpolar suspensions.” Therefore, to demonstrate the ability
to predict nanoMOF colloidal stability from linker solubility
and to achieve nonpolar dispersions of nanoMOFs, we
identified ZIF-11 (Zn(benzimidazolate),) as a possible
candidate due to the slight solubility of the linker in toluene
(54 + 0.9 mM). Indeed, particles of ZIF-11 disperse in
toluene with a zeta potential of —5.3 mV.

For insight into the energetics of solvent—nanoMOF
interactions, immersion enthalpies of ZIF-8 nanoparticles of
different sizes were measured in MeOH and DMF using near-
room-temperature immersion calorimetry (Table S1). We
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report immersion enthalpies in terms of moles of 2MIm to
explore the correlations discussed above between particle
solubility and various solvent properties. Immersion of 86.7 nm
ZIF-8 in DMF and MeOH gives enthalpies of —9.6 kJ/mol
2MIm and —8.8 kJ/mol 2MIm (Figure 4), respectively, which

-8.5

Immersion Enthalpy (kJ/mol 2MIm)

-10.5L L
50

1 1 1
200 250 300

Particle Diameter (nm)

I |
100 150

Figure 4. Immersion enthalpies of ZIF-8 particles calculated per mole
of 2MIm sites in MeOH or DMF versus particle diameter.

resemble the molar solvation enthalpy of —12.5 + 0.5 kJ/mol
reported for 2-methylimidazole in MeOH at 298 K.** Put
differently, the solvent environment around 2MIm in bulk
solvent resembles the energetics of its environment in ZIF-8
immersed in solvent. These measurements comprise some of
the only immersion enthalpies reported for nanocrystals.
Immersion enthalpy does not change significantly between
different sized particles, however, ranging between —9.0 kJ/
mol 2MIm and —9.6 kJ/mol 2MIm of the largest and smallest
particles of ZIF-8 suspended in DMF. When normalizing per
mole of Zn sites, these values double to ~—20 kJ/mol Zn,
which is far lower than the ~—80 kJ/mol Zn expected for
solvation of Zn®* ions in comparable solvents and the enthalpy
of DMF to the open Zn?* sites in MOF-5."" These relatively
small enthalpies may also indicate that entropy plays an
important role in nanoMOF colloidal stability, just as entropy
dominates the solvation energetics of polymers, according to
Flory—Hu%§ins theory,*® and the colloidal stability of
proteins.*”>” Nevertheless, the favorable enthalpy of immer-
sion in polar solvents corroborates the existence of stabilizing
solvent-based interactions that contribute to nanoZIF-8
colloidal stability. The size-independence of the values also
suggests that particle solubility is not controlled exclusively by
solvent interactions, for example with open metal sites, at the
external particle surface. Instead, as with polymers, the
energetics of MOF particle solubility depend on the sum-
total of all solvent-constituent interactions. Due to the
potential availability of both exterior and interior surface in
MOF particles, solubility becomes most favorable when
solvent gains access to the entire MOF particle, just as how
polymer solubility increases when all monomer components
are accessible to solvent. However, based on this interpreta-
tion, MOF particles may still be soluble if solvent only accesses
exterior surfaces, but not as soluble as if interior components
could be accessed as well.

For atomic-scale insight into these favorable solvent—MOF
interactions, a model system was investigated that simulated
bulk solvent interfaced with a well-defined “slab” of ZIE-8, as
detailed in Figure S14. Atomistic MD simulations were

https://doi.org/10.1021/acs.chemmater.3c03191
Chem. Mater. 2024, 36, 3673—3682


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03191/suppl_file/cm3c03191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03191/suppl_file/cm3c03191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03191/suppl_file/cm3c03191_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03191?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03191?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03191?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03191?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c03191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

a)
0 5 10 15 20
Coordinate (nm)

b) " Number density of solvent

12
>
g 10 k
[0}
g L
B e |
€ L
3
g 6t
el
S — DMF
g 41 —EtOH
5] — MeOH |
Z 21 —HoO V\J

O 1 1 1 1 1 1

0 5 10 15

Coordinate (nm)

20

c) Charge Density of Ensemble
0.4

Charge Density (e nm™)

0.2

_O.Z ‘*/“w~‘\\y|l/vh {/i //""Jvm

0 5 10 15 20
Coordinate (nm)

d) Charge Density of ZIF-8

vacuum
0 v

Charge Density (e nm™)

0 5 10 15 20
Coordinate (nm)

e) 04 Charge Density of Solvent

0.2

0 **“‘*“\\/V%f \v\r‘.ﬁ.,.-.m

Charge Density (e nm™)

0 5 10 15 20
Coordinate (nm)

Figure 5. (a) Snapshots from the MD simulations of the four different ZIF-8/solvent systems, (b) solvent number and (c) charge density plots
across the long-axes of the ZIF-8/solvent simulation boxes, (d) charge density of ZIF-8, and (e) charge density of the solvents. The number density
and charge density values on the y-axes represent the numbers of molecules and sums of partial charges, respectively, per 4 A-wide slices along the

Z-axis.

7R A

30

Angle (degrees)

MeOH

DMF

5 10 15 20

Time (ns)

Figure 6. Average angle (6) of the imidazole ring plane to its initial geometrical position as a function of time. (a) Three-dimensional structure of
the aperture of the ZIF-8 molecular pore and angle (0) between the initial and current geometrical positions. (b) Change in angle with respect to

time sampled over the last 20 ns of the NPT simulation.

performed using DMF, EtOH, MeOH, and H,0O and analyzed
in terms of the trajectories of the solvent into the slab, the
packing density and geometric ordering of solvent within the
MOF pores, and the interactions between solvent and ZIF-8
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linkers. Figure Sa shows a snapshot of each system after a 50 ns
simulation period. Visual inspection indicates that while
solvent diffuses into ZIF-8 in all cases, packing density is
lower for DMF and H,O. Figure Sb depicts this result
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quantitatively as normalized (dividing by the density of the
respective solvent) number density projected along the z-axis
of the simulation box, showing H,O and DMF to have the
lowest densities within the ZIF-8 slab and MeOH the highest.
With the exception of H,O, this result suggests the solubility of
ZIF-8 depends on the ability of solvent to densely pack inside
the pores, which corroborates the solubility versus solvent
density trend plotted in Figure Sb. The low packing density of
H,O is expected given its high polarity and the hydrophobic
nature of ZIF-8 pores. Although H,O intercalates the least,
charge density analysis suggests it interacts the strongest with
the MOF interior (Figure Sc—e). A net-zero charge density
arises from an isotropic distribution of molecules, as expected
for a disordered system such as bulk solvent. The nonzero
charge densities shown for the total solvent-ZIF-8 system
(Figure Sc), only ZIF-8 (Figure 5d), and only solvent (Figure
Se) indicate that the presence of solvent inside ZIF-8 causes of
net reordering of both the MOF and solvent within the pores.
Interestingly, the charge density amplitudes are greatest for
H,O. This result suggests that the strong solvating strength of
H,O arises from enthalpically favorable interactions with
2MIm that also contribute to the high solubility of 2MIm in
H,O. Plotted differently as radial distribution distances of
solvent with respect to the Zn or N atoms within ZIF-8, Figure
S1S reveals that solvent molecules order within the pores as
clusters, seen as well-defined peaks and valleys. Regardless of
solvent type, the radial distributions show solvent ordering
closer to 2MIm than to the metal sites, further supporting
experimental evidence of strong solvent—linker interactions.

For insight into how solvents interact differently with 2MIm,
we inspected the dynamics of the 2MIm linkers over the course
of the simulation. To explain the nonzero charge density of
ZIF-8, we suspected solvent induced the “gate-opening”
phenomena observed for ZIF-8 and other MOFs with linkers
that freely rotate.”’ >’ Figure 6 plots the average angle change
in the imidazole ring plane over the course of the simulation
period.”® While linker rotation dynamics are observed for all
solvents, the presence of H,O causes the clearest evidence of
net ordering of 2MIm. This result helps to explain the origin of
nonzero charge density and provides a rationale for the high
solubility of ZIF-8 particles in H,O despite its low density
within the pores.

B CONCLUSION

These combined experimental-computational results portray a
mechanism of colloidal stability with nanoMOF particles that
more closely resembles the solubility of large macromolecules,
dictated by exothermic interactions between solvent and the
MOF interiors and exteriors. Solubility measurements with
varying particle size and composition and immersion
calorimetry suggest the solvent—linker energetics dominate
these favorable interactions. Although smaller particles have
more exposed exterior surface sites, the independence of
solubility from particle size suggests that solvent access to the
entire particle, including the interior, dominates overall
solubility. These results also suggest a positive correlation
between the solubility of MOF particles and the solubility of
the constituent linker molecules, due to solvent—linker
interactions dictating overall particle solubility. Atomistic
MD simulations of ZIF-8 interfaced with various solvents
suggest that solvents better at packing into the MOF pores lead
to greater nanoMOF solubility, further improved by strong
solvent—linker interactions. Because solvent can penetrate the
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interior cavities and interact with the external surfaces, these
results challenge conventional notions of colloidal stability
rooted in electrostatic repulsion and surface capping ligands
and concepts of solubility reserved for much smaller species.
More broadly, these results will improve the solution
processability of MOF materials into membranes and thin
films for industrial applications.
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