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Abstract: A method for modifying the external surfaces of
a series of nanoscale metal-organic frameworks (MOFs) with
1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) is presented. A
series of zirconium-based nanoMOFs of the same topology
(UiO-66, UiO-67, and BUT-30) were synthesized, isolated as
aggregates, and then conjugated with DOPA to create stably
dispersed colloids. BET surface area analysis revealed that
these structures maintain their porosity after surface function-
alization, providing evidence that DOPA functionalization
only occurs on the external surface. Additionally, dye-labeled
ligand loading studies revealed that the density of DOPA on
the surface of the nanoscale MOF correlates to the density of
metal nodes on the surface of each MOF. Importantly, the
surface modification strategy described will allow for the
general and divergent synthesis and study of a wide variety of
nanoscale MOFs as stable colloidal materials.

M etal-organic frameworks (MOFs) and infinite coordina-
tion polymers (ICPs) are porous materials composed of
organic ligands coordinated to metal containing units.!! The
pore sizes and functionalities of these materials can be
deliberately modulated through the choice of organic ligands
and metal-containing units. This structural tailorability has
led to the study of these materials for a variety of applications,
including gas storage,” chemical sensing,”! membrane sepa-
rations,”” and catalysis.”) Against this backdrop, there has
been significant interest more recently in the synthesis of
these materials on the nanoscale, in particular because the
crystallite shape and size uniformity of nanoscale MOFs can
be precisely controlled and tailored. Additionally, these
materials show enhanced small-molecule uptake and release
kinetics, making them promising materials for applications in
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catalysis® and biology.” A pivotal feature of designing MOFs
for such applications, especially on the nanoscale, is a firm
understanding of the underlying MOF structure, particularly
that of the surface.

MOFs are crystalline structures, and therefore, their bulk
structure is well-understood as a result of single-crystal
studies and refinement of powder X-ray diffraction (PXRD)
data. Recently, there has been significant effort aimed at
realizing generalizable methods to post-synthetically func-
tionalize the bulk MOF structure, such as coordination at
activated metal-binding sites and linker modification.®
However, the surface chemistry of MOFs likely deviates
from the bulk structure, owing to the presence of additional
vacant coordination sites, surface defects, and the binding of
synthetic modulators.”) Despite this expected deviation in
structure from bulk to surface, only a few studies have focused
on the characterization and modulation of the external
surface of MOFs." Importantly, it has been repeatedly
shown that for nanoscale materials (for example, metal
nanoparticles) surface chemistry tends to dictate physical
properties and chemical function."!! Therefore, for the
advancement and application of MOFs on the nanoscale,
the development of general methods for surface functional-
ization must be developed. In this vein, we describe herein
a method for the facile surface functionalization of a series of
isoreticular, chemically stable nanoMOFs with the phos-
phate-containing amphiphilic ligand DOPA (Scheme 1c¢) by
well-defined coordination chemistry. Additionally, we dem-
onstrate the ability to control the density of surface ligands, as
well as solvent compatibility of the MOF, all while preserving
the structural integrity and porosity of the MOF architecture.

To carry out this study, we chose a family of isoreticular
MOFs with different linker lengths, in which the bulk
structure was well-characterized, the framework was chemi-
cally stable under various conditions, and the modular
nanoscale synthesis had been realized.'” Therefore, we
selected three zirconium-based frameworks with the same
underlying topology, namely UiO-66 (Zr,O,(OH),
(BDC),),[¥ Ui0-67 (Zr;0,(OH),(BPDC);),""! and BUT-30
(Zr;0,(OH),(EDDB),)." Importantly, within this family, the
density of metal nodes decreases as a function of increasing
organic ligand length (Scheme 1a,b). These three frameworks
were functionalized with DOPA to give DOPA-UiO-66,
DOPA-UiO-67, and DOPA-BUT-30 (Scheme 1¢). DOPA
was selected as a ligand because it was expected to coordinate
strongly to the Zr"Y metal-containing units, but, importantly,
not too strongly as to disturb the underlying coordination
framework of the MOFE[M! Upon functionalization with
DOPA, the surface ligand density, as well as the bulk MOF
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Scheme 1. Synthesis and DOPA functionalization of a series of zirco-
nium nanoMOFs with the same underlying topology. a) The prepara-
tion of UiO-66, UiO-67, and BUT-30. b) The series of ligands utilized
in the synthesis of nanoscale MOFs and their lengths. H,-bdc =tereph-
thalic acid (C¢H4O,), H,-bpdc=biphenyldicarboxylic acid (C,,H,,0.),
H,-eddb =4,4'- (ethyne-1,2-diyl)dibenzoic acid (C,¢H,,0,). ) The func-
tionalization for MOF nanoparticles utilizing DOPA.

porosity and structure, were evaluated. Additionally, the
colloidal stability of the nanoMOFs was determined to be
dramatically altered upon DOPA surface functionalization.
Namely, it was found that unfunctionalized UiO-66, UiO-67,
and BUT-30 aggregate extensively in nonpolar solvents;
however, after surface modification with DOPA, nanoMOF
constructs can easily be dispersed and suspended in solvents
with low polarity. From BET surface area measurements, we
show that the porosity of the MOFs is maintained post-
functionalization. Importantly, for the application of MOFs
on the nanoscale, this general method for surface modifica-
tion, based on straightforward coordination chemistry, allows
for the modulation of the density of surface ligands. Thus, the
colloidal properties of these constructs can be finely tuned.

The isoreticular zirconium nanoMOFs were synthesized
under solvothermal conditions utilizing acetic acid to modu-
late crystallite size.”™ For example, 22 + 8 nm UiO-66 particles
were synthesized from the reaction of ZrOCl,-8 H,0O (21 mg,
65.1 umol) with terephthalic acid (50 mg, 0.3 mmol) modu-
lated by 0.3 mL acetic acid in 4 mL. DMF at 90°C for 18 h. For
each structure, the acetic acid concentration was modulated
to access the desired nanoscale crystallite parameters. PXRD
analysis was utilized to confirm the bulk structure of each
synthesized MOF (Figure 1a). All three MOFs possess the
expected feu topology, with pore size and the density of
zirconium units being determined by linker length (Sche-
me 1b). For each MOF, small nanoparticles (<30 nm) and
large nanoparticles (>200 nm) were synthesized, with the size
being confirmed by scanning transmission electron microsco-
py (STEM; Figure 1b).

After the synthesis and characterization of the nanoscale
zirconium-based MOF family, the particles were functional-
ized with DOPA.. First, to remove the excess and encapsulated
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Figure 1. Powder X-ray diffraction (PXRD) patterns and scanning
electron microscopy (SEM) images of the as-synthesized nanoMOFs.
a) Simulated and experimental PXRD patterns of UiO-66, UiO-67, and
BUT-30. SEM images of b,e) UiO-66, c,f) UiO-67, and d,g) BUT-30.
Scale bar: 100 nm for (b—d) and 1 um for (e—g).

DMF remaining from the solvothermal synthesis, UiO-66,
UiO-67, and BUT-30 MOF nanoparticles were solvent-
exchanged by several rounds of centrifugation and subse-
quently redispersed in chloroform (see the Supporting
Information). Owing to their hydrophilicity, the nanoMOFs
were observed to aggregate extensively in the chloroform
suspension. To disperse the nanoparticles, excess DOPA
(sodium salt) was added to the MOF aggregates, which were
subsequently sonicated for one hour at room temperature,
then left on a shaker overnight. The resulting DOPA-
nanoMOF conjugate was then washed with chloroform
three times until no excess DOPA could be detected in the
resulting supernatant via inductively coupled plasma atomic
emission spectroscopy (ICP-AES; see the Supporting Infor-
mation). Additionally, by using a large excess of DOPA, we
assume that the surface is coordinatively saturated by the
ligand (see below). Importantly, through PXRD studies and
STEM, we were able to confirm that the framework
crystallinity and crystallite size were maintained after func-
tionalization (see the Supporting Information).

To confirm the presence of DOPA on the MOFs, multiple
spectroscopy techniques were used. First, IR spectroscopy
was carried out for each sample. IR spectroscopy of the
DOPA-nanoMOF conjugates revealed alkane (C—H) and
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Figure 2. IR and XPS analysis of DOPA-nanoMOF. a) Comparison of
an unfunctionalized DOPA molecule (top), UiO-66 particles (middle),
and DOPA-UiO-66 (bottom). b) XPS spectra of UiO-66 and UiO-67
before (gray) and after (black) DOPA functionalization.

carbonyl (C=0) vibrations at 2950 cm™ and 1597 cm,
respectively, which correlate well with the spectra of free
DOPA, and are not present in the IR spectra of the
unmodified MOFs (Figure 2a). Additionally, X-ray photo-
electron spectroscopy (XPS) shows a peak at 134eV,
confirming the presence of phosphate in the DOPA-function-
alized samples (Figure 2b,c). Finally, *'P{'"H} magic angle
spinning (MAS) NMR spectroscopy was performed to
directly examine coordination of the phosphate group of
DOPA to the zirconium cluster. For the DOPA-functional-
ized nanoMOF, a broad resonance at —3.2 ppm, along with
two symmetric satellite resonances (58.1 ppm and
—65.3 ppm) was observed. In contrast, the free DOPA
molecule exhibits a single sharp resonance at 2.1 ppm
(Supporting Information, Figure S9). Taken together, these
results strongly suggest that the phosphate ligands coordinate
to the zirconium oxide nodes on the external surface of the
MOF nanoparticle.'!

To characterize the porosity of the DOPA-functionalized
MOF nanoparticles, we performed N, isotherms and eval-
uated their surface area by BET analysis (Figure 3). Prior to
the surface area measurements, the samples were activated to
remove solvent from the pores of the MOF (see the
Supporting Information). The N, adsorption isotherm for
each nanoMOF at 77 K exhibits type-I behavior. In each case,
the larger MOF crystallites (> 200 nm), which were realized
by using higher modulator concentrations (see the Supporting
Information for solvothermal reactions conditions), exhibit
higher surface area when compared to the smaller MOF
nanocrystals of the same underlying structure. This finding
correlates well with previous studies, which show that the
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Figure 3. The impact of DOPA functionalization on porosity and
colloidal stability. BET adsorption isotherm before and after DOPA
functionalization for a) 25 nm UiO-66, b) 225 nm UiO-66.

surface area of UiO-66 is dependent on the defects induced by
modulator used in the synthesis."”! The gradual increase in N,
uptake at high P/P, values (Figure 3a) is most likely due to N,
condensation in interparticulate voids generated by nano-
crystallite packing. After DOPA functionalization, the N,
isotherms show that each MOF maintained its porosity,
suggesting that the pores of each MOF are still accessible (For
N, adsorption isotherms of UiO-67, see the Supporting
Information). Interestingly, in the case of small nanocrystal-
lites, a significant decrease in porosity was observed, whereas
the larger nanocrystallites demonstrated porosities much
closer to the unfunctionalized structures (Figure 3). For
example, in UiO-66 a 64% and 5% drop in surface area
was seen for the small (<30nm) and large (>200nm)
nanocrystals, respectively. The apparent difference in porosity
change between small and large nanoMOF samples upon
DOPA surface functionalization can be attributed to the
disparity in external surface-to-volume ratios between the
two particle sizes. In the case of small nanoparticles,
approximately 50% of the zirconium secondary building
units are found within one unit cell of the external surface,
which is in stark contrast to the large nanoparticles in which
less than 5% of the zirconium units are this close to the
surface. This significant difference leads to a higher weight
percentage of DOPA in samples of small crystallites, thus
reducing their gravimetric surface area. This trend is observed
for all three MOF architectures. Additionally, these results
support the hypothesis that DOPA functionalization is
limited to the external surface of each MOF, as no surface
area would be expected if the crystal was completely
modified."*!

Quantitative analysis of DOPA coverage for each nano-
MOF architecture was conducted via ICP-AES. By measuring
the phosphorous and zirconium amount, we determined the
DOPA loading of each nanoMOF sample from the ratio of Zr
and P (Figure 4a). These results showed that UiO-66 had the
highest DOPA loading (2124 57 pmolcm?), and BUT-30
had the lowest (83 420 pmol cm ?). This significant difference
in loading between UiO-66 and BUT-30 supports the
hypothesis that DOPA binds to the Zr surface units, as
decreasing the density of these Zr surface sites results in lower
surface coverage of DOPA ligands (Figure 4a). To verify the
results of the above ICP-AES study, the density of nanoMOF
surface functionalization with a dye-labeled analogue of
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Figure 4. a) DOPA surface density for different-sized UiO-66, UiO-67,
and BUT-30 MOF nanoparticles. Values for solid columns were
determined by ICP-AES, and values for diagonally striped columns
were determined by UV/Vis. b) Digital photograph showing nanoMOFs
suspended in an aqueous phase after being transferred to c) a chloro-
form phase after DOPA functionalization and d) a SEM image of drop-
casted colloidally stable DOPA-UiO-66 in CHCl;. Scale bar: 1 um.

DOPA, 1-oleoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)a-
mino]dodecanoyl}-sn-glycero-3-phosphate ~ (NBD-DOPA),
was measured by UV/Vis absorption studies at 460 nm (see
the Supporting Information for details). Importantly, this
absorbance study strongly agrees with the loading densities
determined by ICP-AES (Figure 4a). The synchronous
results of the ICP-AES and absorption studies support the
hypothesis that DOPA binding is limited to the surface, as the
observed loading densities are in close alignment with an
average of two DOPA molecules coordinated to each of the
surface metal-containing units. Additionally, confocal fluo-
rescence microscopy was performed, which verified that the
dye is primarily localized on the periphery of the MOF
nanoparticles (see the Supporting Information, Figure S14 for
details).

The main goal of this study was to evaluate a synthetic
method for promoting the colloidal stability of a series of
hydrophilic MOF nanoparticles in low-polarity media by
surface functionalization. Therefore, the colloidal stability of
these nanoscale MOFs was evaluated before and after surface
modification (Figure 4b-d). First, unfunctionalized nano-
MOFs were suspended in CHCly/water mixtures. From
simple visualization, the MOF nanoparticles were clearly
selectively suspended in the aqueous layer (Figure 4b). In
contrast, upon DOPA functionalization, the MOF nano-
particles became preferentially suspended in the CHCI; layer
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(Figure 4c¢). This binary contrast in solvent selectivity directly
demonstrates that nanoparticle properties can be deliberately
tailored by surface functionalization with organic ligands.
Additionally, this modulation of the colloidal stability of the
MOF nanoparticles was supported by SEM imaging and
dynamic light scattering (DLS). SEM images of non-func-
tionalized MOF nanoparticles that have been drop-cast from
CHCI; show significant aggregation (see the Supporting
Information), whereas the DOPA-functionalized MOFs
exist as discrete nanoparticles when similarly drop-cast from
CHCI; (Figure 4d), thus, again demonstrating the colloidal
stability of the surface-modified particles in solvents with low
polarity.

In summary, we have developed a general method for the
selective surface functionalization of nanoMOFs, which yields
the ability to disperse crystalline nanoMOFs as colloids into
a variety of solvents and chemical environments. The selective
coordination of organophosphates to metal binding sites on
MOF nanoparticle surfaces allows for the control of ligand
density and type while retaining crystallinity and permanent
porosity. This strategy is general and, in principle, can be used
to generate a large pool of multifunctional porous materials
with surface chemistries that can be deliberately and finely
tuned through judicious choice of coordination ligands.
Looking forward, this work should also facilitate the integra-
tion of nanoscale MOFs into structurally tailorable particle
assemblies,” opening the door for realizing functional
materials with applications spanning optically responsive
devices,™ adsorption-based chemical sensors,®! and plas-
monic-enhanced catalysis.!!
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