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ABSTRACT: UiO-66, a zirconium(IV) metal—organic framework
composed of six-metal clusters and terephthalic acid ligands, displays
excellent thermal and chemical stability and has functions in gas storage,
catalysis, selective adsorption, and drug delivery. Though the stability of
UiO-66 is highly advantageous, simultaneous synthetic control over
particle size and defectiveness of UiO-66 remains difficult to attain.
Using an acid-free solvothermal synthesis, we demonstrate that particle
size, defectiveness, and inherent fluorescence of UiO-66 can be precisely
tuned using the molar ligand-to-metal ratio, quantified water content,
and reaction time during synthesis. These three synthetic handles allow
for reproducible modulation of UiO-66 defectiveness between 0 and
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12% and particle size between 20 and 120 nm, while maintaining high crystallinity in the nanoparticles that were formed. We
also find that particle defectiveness is linked to common overestimation of particle size measurements obtained via dynamic
light scattering and propose a model to correct elevated hydrodynamic diameter measurements. Finally, we report inherent
fluorescence of nonfunctionalized UiO-66, which exhibits peak fluorescence at a wavelength of 390 nm following excitation at
280 nm and is maximized in large, defect-free particles. Overall, this synthetic approach and characterization of defect, size, and
fluorescence represent new opportunities to tune the physiochemical properties of UiO-66.

B INTRODUCTION

Metal—organic frameworks (MOFs) have been widely
investigated over the past decade for a variety of factors,
including their record surface areas and tunable pore
chemistry.' > Uniquely to MOFs, these characteristics are
possible because of the variety of structures and ligand
functional groups that can be utilized to form these regular,
structured frameworks. Accordingly, MOFs have many
proposed applications including uses in gas storage and
separation, catalysis, biomedicine, batteries, and sensors.” ¢
However, many reported MOFs lack the thermal or chemical
stability needed to be compatible with large-scale implementa-
tion."" As many MOFs are based on divalent metal cations and
carboxylic acid ligands, their relatively weak metal—ligand
bonds typically afford materials with limited thermal, chemical,
mechanical, and/or hydrolytic stability.'>~"> Higher stability
materials typically feature higher valent metal cations or ligands
with increased basicity, such as triazolate or pyrazolate
groups.'® In the case of the former, the UiO (University of
Oslo) series of framework materials show considerable promise
with greater thermal, chemical, and hydrolytic stability. Among
these materials, the most widely studied has been the
terephthalic acid-based MOF, UiO-66 (Figure 1)."” This
material, based on a six zirconium(IV) cluster, is well-known
for both its high stability and amenability to postsynthetic
modification strategies.'®"’
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ZrCl, 7.2-575eq. H,0 .
+ UiO-66
xH,bdc DMF 110 °C 24h

Figure 1. Reaction scheme of UiO-66. The blue box highlights the
six-metal cluster, while the red box indicates a terephthalic acid ligand.
The absence of the former is termed “cluster defective” and the latter
“ligand defective”.
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Although UiO-66 is nominally referred to as
Zrg0,(OH),(bdc)s (bdc*™ = 1,4-benzenedicarboxylate), its
composition is highly variable based on synthetic and
activation conditions. The framework has a well-known
dehydration step upon heating above 250 °C to afford
ZrsO¢(bdc)s.>® This transformation has a pronounced effect
on material properties and has been leveraged to tune gas
adsorption, ionic conductivity, and catalytic properties.21 The
preactivation composition of the structure is also highly
variable.”” In order to modulate the crystallinity of the product,
acids are routinely added to UiO-66 syntheses.”>** The use of
these compounds, which are often referred to as modulators
and have included both mineral and organic acids, has also
been found to profoundly affect the particle size. Reports of
Ui0-66 particle sizes range from 10 to over 1000 nm.””*° The
inclusion of acid in MOF synthesis also plays an important role
in material composition and reproducibility.”” Depending on
the exact synthetic conditions, UiO-66 is often produced with
high levels of structural defects.”® These defects, which can be
attributed to either missing ligands or missing clusters in the
structure, are closely tied to material properties includingfr
surface area, hydrolytic stability, and thermal stability.””~>
Such characteristics can have immense effects on a material’s
usefulness in its intended application.”> For example, higher
defect UiO-66 displays higher gas adsorption capacities as
compared to the defect-free material.”* Currently, there are no
synthetic approaches to simultaneously tune the extent of UiO-
66 defectiveness and the resultant particle size, limiting the
overall applicability of this MOF material.

As shown in Figure 1, the synthesis of UiO-66 typically
proceeds via a solvothermal route by reacting ZrCl, and H,bdc
at elevated temperatures in appropriate nonanhydrous, amide-
based solvents. The chosen solvent is frequently N,N-
dimethylformamide (DMF), often with uncharacterized
water content. Water is necessary for the formation of the
Zrg0,(OH),'** cluster in UiO-66 and is thus required for
material synthesis;33 however, it has been demonstrated that
high water content in the solvent can impede crystallization.**
This has been the case both for syntheses in which water is the
only modulator and for those using other modulators, such as
acid.” Surprisingly, the role of water in UiO-66 synthesis
remains poorly characterized, and its undocumented presence
may contribute to the overall synthetic challenge of generating
low-defect, chemically stable, UiO-66 nanoparticles of
controlled size.

We sought to investigate the intricately coupled nature of
particle size and defectiveness in UiO-66 as a function of water
content and molar ligand-to-metal (L/M) ratio by utilizing
acid-free syntheses. Herein, we use a combination of
characterization techniques to unambiguously determine the
size of low-defect and defect-free UiO-66 nanoparticle
materials ranging in size from 20 to 120 nm. We demonstrate
that particle size, defectiveness, and inherent fluorescence of
UiO-66 can be precisely tuned using the L/M ratio, quantified
water content, and reaction time during synthesis. Through
our detailed analysis linking synthetic conditions to resultant
Ui0-66 structure—property relationships, we aim to provide a
rational approach to the design of UiO-66 nanoparticles.

B EXPERIMENTAL SECTION

Materials and Methods. All solid reagents were purchased from
commercial vendors and used without further purification. DMF was
obtained from a solvent purification system and stored in an amber
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bottle under 4 A sieves. Powder X-ray diffraction (PXRD)
measurements were collected on a Bruker D8 XRD (LynxEye
position-sensitive detector) operating with a Cu Kal X-ray generator
(2 = 1.54 A) with a 40 kV beam voltage and 40 mA current. 'H NMR
spectra were taken on a Bruker AV 400 spectrometer. Low-pressure
N, adsorption measurements were measured with 5.0 purity gas on a
Micromeritics TriStar II Plus at 77 K in liquid nitrogen baths.
Brunauer—Emmett—Teller (BET) surface areas were calculated as
previously reported.36 UV—vis measurements were carried out using
an AvaSpec-ULS2048CL with a deuterium—halogen light source and
a fiber-optic reflection probe. Infrared (IR) spectroscopy measure-
ments were carried out using a Bruker ALPHA II

Synthesis of Ui0-66. For samples synthesized with a 1:1 L/M
ratio, ZrCl, (90.0 mg, 0.386 mmol) and terephthalic acid (H,bdc)
(64.1 mg, 0.386 mmol) were dissolved in 15 mL of DMF along with a
known amount of deionized H,O relative to ZrCl, in a 20 mL vial.
The same procedure is used for higher L/M ratios, maintaining 90 mg
of ZrCl, and adding a larger mass of ligand to stoichiometrically
increase the ratio. A total of 15 synthetic conditions were utilized for
the study, as shown in Table 1. Once the solution was clear, it was

Table 1. Sample Key”

Water Eq. | 7.2eq. | 144eq. | 28.7eq. | 43.1eq. | 57.5¢q.

L:M Ratio a, * b,m c,e d, A e, ¥V
1:1 la 1b lc 1d le

(%) (m) (®) (A) (v)

1.5:1 1.5a 1.5b 1.5¢ 1.5d 1.5¢

(%) (w) (*) (A) (Y)

2:1 2a 2b 2¢c 2d 2e

(%) (m) (®) (A) (Y)

“The table shows the labeling key used to denote the synthetic
conditions used to synthesize each of the 15 samples studied. Symbols
indicate water content, and colors represent L/M.

then heated at 110 °C for 24 h. The sample was then centrifuged, the
supernatant was decanted, and the isolated powder was soaked in
DME for 72 h, replacing the solvent every 24 h. This was followed by
a similar washing procedure with MeOH, after which the solvated
powder was dried under flowing N, before being loaded into a gas
adsorption tube and heated under flowing N, for 48 h at 100 °C.

Kinetic Growth Study. Five different synthetic conditions of the
aforementioned 1S5 were chosen for an in-depth kinetic growth study
(1b red square, 1d red triangle, 1.5c black circle, 2b blue square, and
2d blue triangle). At each reaction condition, eight individual samples
for each condition were synthesized to be removed at 15 min, 30 min,
1h,2h,4h,6h, 12 h, and 24 h time points. Once the samples were
removed from heat, they were flash-frozen with liquid nitrogen to 77
K to prevent further growth and stored at 195 K. Once all of the
samples were synthesized, they were centrifuged down and decanted
to remove any unreacted starting material. The remaining powder in
the vials was dried without further washing to isolate the dry powder,
which was used for defect testing as well as particle sizing.

Thermogravimetric Analysis. Thermal stability and oxygen
defect testing thermogravimetric analyses (TGAs) were carried out
using a TA Q5000 SA. For thermal stability studies, at least 10 mg of
UiO-66 was loaded onto a tared aluminum pan and heated to 600 °C
at a rate of 2 °C per minute under the flow of N,. For defect testing, at
least 10 mg of UiO-66 was loaded onto a tared aluminum pan and
heated to 350 °C at a rate of 10 °C per minute and then held at 350
°C for 30 min under the flow of N, to ensure complete desolvation
before cooling to 250 °C. Once at 250 °C, the sample was heated to
600 °C at a rate of 3 °C per minute under the flow of O, to combust
organic ligand. Analogous to a previously reported method, the mass
of the resulting ZrO, was compared to the mass of the desolvated
MOF to calculate defectiveness.”” Postcombustion analysis using
UV—vis and IR spectroscopy confirmed that the product was
composed solely of ZrO, (Figures S32 and S33).

DOI: 10.1021/acs.chemmater.9b01383
Chem. Mater. 2019, 31, 4831-4839


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01383/suppl_file/cm9b01383_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b01383

Chemistry of Materials

a b 154 T .
- J 11 Linker [ A l
> = 10 Missing T ° 1 |
[ 5 e A =
"_é ,_j 1e ;; 3 [ ] 1
iy ST
z 5 57
o 1c 3 ® {
k) 2 t ¥
c 1b R J A
[s] 0 Linkers
1a {Missing }
J Simulated UIO-66 -5
T T T T T T T T
10 20 30 40 0 20 40 60
Water Equivalents
20 (degrees) quiv

Figure 2. PXRD patterns and TGA defectiveness. (a) PXRD patterns of UiO-66 samples synthesized with a 1:1 L/M ratio (shown in red curves)
and five different water contents [labeled (a—e) for 7.2—57.5 water equivalents]. (b) Plot of sample defectiveness as determined by TGA
combustion with 1:1 L/M ratio samples in red, 1.5:1 L/M ratio samples in black, and 2:1 L/M ratio samples in blue. Mean =+ SD are plotted from
TGA defectiveness determinations on independently synthesized samples (n = 3).

NMR Digestions. In a 4 mL vial, 35 mg of CsF was dissolved in a
mixture of 640 uL of DMSO-dg and 360 uL of D,O. The clear
solution was then added to a vial containing 5 mg of UiO-66 and
sonicated for S min. The sample was then analyzed via '"H NMR.

Concentration Determination. UiO-66 particle concentrations
in dispersions were determined via TGA using a TA TGA 550. A
known volume of dispersion had a DMF solvent evaporated via a
heating ramp to 170 °C, leaving solid UiO-66 behind.

Dynamic Light Scattering. Dynamic light scattering (DLS) was
performed using a Malvern Zetasizer Nano S. UiO-66 samples were
prepared for DLS measurement by washing the as-synthesized
samples in DMF to ensure removal of unreacted terephthalic acid
(H,bdc). Washing was performed by spinning down the as-
synthesized UiO-66 nanoparticles and then redispersing them into
DMEF three times. The samples were then diluted to a concentration
of 0.1 mg/mL, and their hydrodynamic diameters (D;) and
polydispersity indices (PDIs) were determined via DLS. Reported
measurements are averages taken from three independently
synthesized samples at the same synthetic conditions.

Sizing Using Scanning Electron Microscopy. Scanning
electron microscopy (SEM) was performed using a JSM F7400
scanning electron microscope following sputter coating using a
Denton Desk IV sputter coater. UiO-66 nanoparticle samples were
prepared for imaging with SEM by solvent evaporation onto a glass
slide, followed by gold/palladium sputter coating of ~5 nm. Following
imaging, particle sizes were determined using the ImageJ program to
manually size a selection of at least 50 particle diameters. The average
of the particle measurements is denoted the geometric diameter of the
sample.

Fluorescence Emission Studies. Fluorescence emission studies
were performed using a BioTek Cytation S fluorescence microscope
and a plate reader. UiO-66 nanoparticle samples were diluted to 0.5
mg/mL in water following three washes. Using a black-walled 96-well
UV transparent plate, respective UiO-66 samples were excited at 280
nm, and the fluorescence emission was recorded from 300 to 550 nm.

Statistical Analysis. Statistical analysis of DLS and SEM particle
sizing results was performed using a two-way analysis of variance
(ANOVA) with the GraphPad Prism 7 software. This software was
also used to perform Tukey’s multiple comparisons for the
aforementioned sizing results. Factorial design and analysis of
fluorescence data was performed using the Minitab 17 software.

B RESULTS AND DISCUSSION

Addition of Water To Control UiO-66 Crystallinity,
Defects, and Surface Area. To quantitatively investigate the
importance of water on the crystallization of UiO-66, we
utilized anhydrous DMF (confirmed via NMR in Figure S1) in
acid-free syntheses and systematically incorporated known
amounts of water into our reaction mixture. Beginning with
anhydrous DMF, the reaction of ZrCl, with one equivalent of
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H,bdc at 110 °C for 24 h yielded negligible amounts of the
amorphous material. This was expected given the necessity of
water for cluster formation. Further testing revealed that a
synthesis utilizing a minimum of ~8 equiv of water (50 uL of
H,O for a 15 mL solution) yielded crystalline UiO-66 (Figure
2a, labeled as 1a). This crystallinity was also maintained for
syntheses utilizing 10 and 20 mL of DMF (Figure S7),
indicating that crystallinity is a function of water equivalents
relative to zirconium.

Although the PXRD pattern of this material (sample 1a)
confirms the high crystallinity of this sample, the presence of
the symmetry-disallowed peak at ~6° 26 suggests the presence
of cluster defects in the framework and thus missing organic
linkers. This was confirmed using TGA combustion; sample
la’s (red star) defectiveness was determined to be ~1 linker
missing per formula unit (Figure 2b). The nature of the cluster
defects of this framework was explored with NMR spectros-
copy. The '"H NMR spectrum of a digested sample indicated a
complete lack of formate, which is commonly encountered in
UiO-66 as a cluster capping unit in both ligand and cluster
defective frameworks (Figure S34). Formate capping units are
often present even when formic acid is not used as a
modulator, as it forms over the course of the reaction from the
decomposition of DMF. The lack of additional NMR-active
species suggests that the capping species present in this cluster-
defective material are likely bdc®™ or OH™ with energy-
dispersive X-ray spectra indicating no presence of chlorine
(Figure 513).29

After determining the minimum water content for which a
consistently crystalline material could be produced, we began
exploring the effect of excess water on crystallinity and
defectiveness of UiO-66. We employed solvothermal con-
ditions with increasing water content in the synthesis until a
crystalline product could not be isolated. Up to 57.5 equiv
(400 uL) of added water, the crystallinity of the material was
maintained, as can be seen from the PXRD patterns in Figure
2a. At water contents greater than 57.5 equiv, the crystallinity
of the resulting product was low and highly variable between
trials. At 14.4, 28.7, and 43.1 equiv of water (100, 200, and 300
uL of water added, respectively), the broad, symmetry-
disallowed peak present in the PXRD patterns again indicates
the presence of cluster defects in these materials. Although this
feature was missing in the highest water content trial, TGA
combustion of these samples indicated a defectiveness of ~1
linker/formula unit with an increase in defectiveness with
higher water content (shown by the red symbols in Figure 2b).

DOI: 10.1021/acs.chemmater.9b01383
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Again, NMR digestion indicated the absence of formate in
these samples regardless of number of water equiv (Figure
S34), suggesting that although the frameworks display missing
cluster defects, adjacent clusters remain capped with bdc®~ or
hydroxide. These NMR results, in combination with PXRD
and TGA results, suggest that NMR cannot be used in
isolation to judge defectiveness in UiO-66 materials, as
although no formate is present in the MOF as a capping
anion, both TGA and PXRD indicate significant defectiveness.
These results also indicate that water content plays a large role
in the nature of the capping ligand in defective materials.

In an attempt to decrease the defectiveness of UiO-66 below
the observed ~1 missing linker/formula unit with these initial
syntheses (red symbols in Figure 2b), we synthesized UiO-66
at increased L/M ratios. From the formula unit of the hydrated
structure, ZrsO,(OH),(BDC), the theoretical minimum L/M
ratio required to form the defect-free framework is 1:1.
Increasing the L/M ratio beyond this point consistently
afforded a material that was essentially defect-free as judged
from TGA combustion experiments (Figures $22—S31). At a
1.5:1 L/M ratio with the minimum amount of water to yield a
solid material (~8 equiv), the resulting highly crystalline solid
contained less than 0.25 missing linkers/formula unit
determined via TGA (black symbols in Figure 2b). At this
L/M ratio, samples synthesized with higher water contents had
consistently low TGA defectiveness at 0.27, 0.22, 0.12, and
0.13 missing linkers/formula unit for syntheses utilizing 14.4,
28.7, 43.1, and 57.5 equiv of water, respectively. Further
increasing the L/M ratio to 2:1 afforded lower defect materials
(blue symbols in Figure 2b). PXRD patterns indicate that the
highest and lowest water content samples at both the 1.5:1 and
2:1 L/M ratios lack cluster defects, while the others may have
low levels of cluster defects. This is corroborated by NMR
spectra of the digested samples (Figure S36), which indicate
that the samples are devoid of a formate capping unit from
decomposed DMF.

Surface area analyses are also consistent with this
interpretation. We observe surface areas with median BET
values of 1272, 1107, and 1070 m*/g for the 1:1, 1.5:1, and 2:1
L/M ratios, respectively (Figures S40—S42). These surface
areas are approaching the value expected for a perfectly defect-
free material (954 m?/g).”* Previously reported BET surface
areas for UiO-66 range from ~600 to 1800 m?/ g, with higher
defectiveness associated with higher surface area.”” In
comparison to our materials, the reported 1800 m?/g
framework has a significantly greater surface area, as it is one
of the most defective UiO-66 materials reported with nearly
two missing linkers/formula unit, as opposed to the frame-
works prepared by the routes described here, which have a
maximum of ~1 missing linker/formula unit. It should be
noted that previous studies have suggested that the TGA
method of determining defectiveness in UiO-66 is problematic
and that the pore volume, as determined via N, adsorption at
77 K, should be used as an indicator of lack of defects in
samples. Median pore volumes for the three L/M samples
prepared here are 0.52, 0.46, and 0.47 cm®/g for 1:1, 1.5:1, and
2:1, respectively, approaching the value expected for the
defect-free material (0.43 cm®/g) and in agreement with TGA
and surface area results.

The connection of synthetic conditions to defectiveness in
acid-free syntheses is one of the first of its kind and allows for
tuning of defectiveness for desired applications on the range of
0—1 linker missing per formula unit. This unprecedented
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synthetic control will allow for tunable defect-related proper-
ties including surface area for gas adsorption and loading of
cargo for drug delivery applications. However, the differences
in these synthetic conditions do have other effects on the
material, such as the size of the yielded particles, another factor
which can influence the material’s usefulness in its desired
application.

Impact of Synthetic Conditions on UiO-66 Particle
Size. To further characterize the explicit role of water and L/
M ratio in UiO-66 synthesis, SEM was utilized to observe
trends in size and to unambiguously determine the geometric
diameters (Dg) for each synthetic condition. Figure 3 shows a

Figure 3. SEM images of UiO-66 nanoparticles. Representative SEM
images used for the sizing of 15 samples across water addition and L/
M ratios. Each column shows samples synthesized at different L/M
ratios (1:1, 1.5:1, and 2:1, respectively). Each row indicates particles
synthesized with increasing water content [(a) is 7.2 equiv of H,O,
(b) is 14.4 equiv, (c) is 28.7 equiv, (d) is 43.1 equiv, and (e) is 57.5
equiv]. The scale bar of 100 nm shown for la applies to all images.

panel of representative SEM images of the UiO-66 nano-
particles, which demonstrates a variation of particle size as a
function of both water content (rows) and L/M ratio
(columns). These trends in size are quantified and displayed
graphically in Figure 4a, which shows D, measurements as a
function of water equivalents in series corresponding to the
three different L/M ratios. As can be seen from the images in
Figure 3 as well as from the D, sizing data in Figure 4a, the
largest nanoparticles were formed at 14.3 equiv of water for
both the 1:1 and 1.5:1 L/M ratio syntheses (118.2 + 18.1 and
87.8 + 122 nm, respectively), whereas the nanoparticles
synthesized at a 2:1 L/M ratio exhibited a maximum D, at 7.2
equiv of water added (91.9 + 21.0 nm). As a general trend,
syntheses with higher water contents led to smaller particle
sizes with a plateau in size beyond 42.8 equiv of water for all
L/M ratios. A similar trend was observed for the three L/M
ratios, with Dg decreasing as the L/M ratio increased. These
trends suggest that both the water content and the L/M ratio
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Figure 4. Defectiveness and particle sizing for UiO-66. For all plots, red, black, and blue represent 1:1, 1.5:1, and 2:1 L/M, respectively. (a)
Geometric particle size measured via SEM as a function of water content. (b) Hydrodynamic diameter measured via DLS as a function of water
content. (c) Hydrodynamic diameter vs geometric diameter for 1:1 L/M samples. Linear correlation yielded an R* value of 0.763. (d)
Hydrodynamic diameter vs geometric diameter for 1.5:1 L/M samples. Linear correlation yielded an R? value of 0.774. (e) Hydrodynamic diameter
vs geometric diameter for 2:1 L/M samples. Linear correlation yielded an R* value of 0.309. (f) Plot of correlations between geometric and
hydrodynamic particle size as a function of defectiveness. Data in (a) are representative single values from repeated experiments. Data in (b) show

mean =+ SD for independently synthesized samples (n = 3).

have a significant impact on the particle D,, which was
confirmed via two-way ANOVA (see Table S7).

The D, range achievable with the two simple modulators of
water content and L/M ratio spans an order of magnitude and
approaches the smallest reported size for UiO-66."">" This is
also the first reported synthesis of defect-free UiO-66 covering
such a large particle size range (20.2 = 4.0 to 91.9 + 21.0 nm;
see Table SS). Furthermore, this method of modulating defects
and particle size, by tuning L/M ratio and water content, has
not been utilized in previous reports for UiO-66 synthesis. The
use of these modulators provides a new, facile synthetic handle
for control of particle size while also affording consistently
spherical, monodisperse, and nearly defect-free nanoparticles;
features that have seldom been reported for syntheses without
the use of acid as a modulator.”’

Particle Sizing Correlations. As there is typically
considerable cost and low throughput associated with SEM
imaging, DLS was also used for particle size characterization.
Figure 4b shows the hydrodynamic diameter (D) of the UiO-
66 nanoparticles as measured via DLS. General trends
observed with DLS sizing matched those for SEM sizing: Dy
decreased both with an increased L/M ratio and increased
water equivalents, and maximum Dj occurred at the same
water content for all three L/M ratios, 14.4 equiv of water.
However, the measured D, were much greater than the
measured D, (see Table S5). Similar discrepancies between
light scattering methods and geometric sizing methods have
previously been reported, with the difference for MOF
particles commonly attributed to aggregation.”***” However,
intensity size distribution and low PDI results from light
scattering measurements indicated that aggregation is not a
factor for the UiO-66 nanoparticles (Figures S35—549). This
observation, coupled with the similar trends observed for the
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Dy, and D, measurements, led us to consider alternative sources
of the discrepancy.

Size measurements made with DLS utilize the Stokes—
Einstein equation to calculate z-averaged Dy, which reports the
diameter of a hard sphere diffusing at an equivalent rate with
the particles being measured.” This diameter equivalence will
not necessarily be accurate for particles that are porous in
nature, as drag both through and around the porous particles
will impact rates of diffusion. This discrepancy has been
reported previously for MOFs.* We hypothesized that
elevated D;, measurements were linked to the degree of
defectiveness, and thus porosity, of the particles, leading to the
discrepancy between the two measurements (Dg and D,). This
was tested by plotting measured D}, and D, for each L/M ratio,
which have distinct defectiveness (Figure 4c—e). If a linear
correlation between Dy, and D, is assumed, the slopes of the
correlations (Figures S63—S65) between Dy, and D, increase
with increasing nanoparticle defectiveness (and decreasing L/
M ratio) as shown in Figure 4f. Thus, as D, increases, higher
defect nanoparticles will experience a greater relative increase
in Dy than lower defect nanoparticles. This supports our
hypothesis that increased defectiveness, and thus porosity,
yield increased drag and result in overestimation of Dy from
DLS. A similar comparison of the correlation intercepts shown
in Figure 4f also yields a highly linear trend. Taken together,
these correlations enable correction of Dj, sizing to predict D,
using only defectiveness testing and link the role of increasing
porosity on overestimated Dy, sizing of MOF particles.

Particle Growth Kinetics Yield Decreased Defective-
ness with Increased Size. In an effort to understand particle
growth and defect development, time was also used as a
modulator in a series of kinetic growth examinations from 15
min to 24 h using a subset of synthetic conditions (samples 1b
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Figure S. Defectiveness, particle size, and particle growth kinetics for UiO-66. For all plots, red, black, and blue represent 1:1, 1.5:1, and 2:1 L/M,
respectively. (a) Plot of TGA defectiveness of samples 1b, 1d, 1.5c, 2b, and 2d over time. (b) Plot of Dy, of samples 1b, 1d, 1.5¢, 2b, and 2d over
time as measured via DLS. Measurements made from isolated supernatants are shown with open symbols; those made from resuspended dry
powders are shown in filled-in symbols. (c) Representative SEM images of sample 1b showing growth of the nanoparticles over time. Data in (a,b)

are representative single values from repeated experiments.
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Figure 6. UiO-66 fluorescence and correlations. (a) Fluorescence emission spectra for UiO-66 samples 2a (blue star, D, = 91.9 nm, 1.36%

defective), 1b (red square, D

= 66.8 nm, 12.11% defective), and 1c (red circle, D

; = 90.2 nm, 10.70% defective) following exc1tat10n at 280 nm.

Peak emission is at 390 nm for all samples. (b) Plot of peak fluorescence vs D, for all 1S samples. The general positive correlation between the two
variables has an R* of 0.512. (c) Plot of peak fluorescence divided by D, vs defectiveness for all 15 samples. The general negative correlation
between the two variables has an R? of 0.442. Data in (b,c) plotted as mean + SD (n = 3).

red square, 1d red triangle, 1.5¢ black circle, 2b blue square,
and 2d blue triangle). These samples were chosen to explore
the effects of time on particles with a variety of particle sizes,
defectiveness, and synthetic conditions. As seen in Figure Sa,
nanoparticle defectiveness generally decreased as a function of
time for all five samples before reaching a plateau that
corresponded to the reported defectiveness at 24 h (Figure
2b). Consistent with results for the full 24 h reactions, the 1:1
L/M ratio samples were the most defective materials across all
time points. Samples that had previously been observed to be
defect-free or nearly defect-free yielded 10% defective material
(indicating 1 missing linker/formula unit) after just an hour of
reaction time. Unlike the 1:1 L/M ratio samples, the nearly
defect-free samples reached an observed plateau in defective-
ness by the 6 h time point. This may indicate that the particle
growth for these lower defect samples is completed earlier,
which is similarly reflected in the particle sizing results for
these samples (Figure Sb).

Measuring the size of UiO-66 kinetics samples synthesized
at less than 1 h time points posed a challenge because of the
lack of visible precipitates in the reaction vessel after initial
centrifugation. To further test if there were nanoparticles
forming in solution that were not visible (D, less than 20 nm),
the supernatants from the samples that reacted for less than 1 h
were sedimented via ultracentrifugation. As this process
successfully separated the remaining nanoparticles, this
procedure was employed for all time points without visible
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precipitates to allow for particle sizing via DLS. Utilizing the
isolated nanoparticles from supernatant suspensions allowed
for detection of particles with Dy as small as 30 nm and
monitoring of particle growth over time. Particle size changes
over time are shown in Figure Sb, which demonstrates
considerable particle growth over the 24 h study for all
samples. Interestingly, samples 2d (blue triangle) and 1.Sc
(black circle) show arrested growth after the 4 h time point,
reaching sizes similar to those observed for previous samples
synthesized for 24 h. The three other samples, however,
continue to grow over the entire 24 h timeframe, suggesting
that larger particle diameters may be achievable with longer
time points. SEM measurements (Figure 5c) corroborate the
growth of monodisperse nanoparticles starting at 30 min for
sample 1b (red square) with gradual growth in D, occurring
similar to that of Dy,

These results indicate that time, in addition to water content
and L/M ratio, can be utilized to modulate both the particle
size and defectiveness of UiO-66 nanoparticles, providing
another facile synthetic handle to tune the aforementioned
characteristics for desired applications. Furthermore, the
results of the study for higher water content samples may
indicate that the kinetics of particle growth and formation of
defects are linked to and arrested by the amount of water in the
solvent, potentially an important result in explaining the
mechanism of the formation of this MOF.
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UiO-66 Fluorescence as a Function of Size and
Defect. There have been previous reports of the fluorescence
of UiO-66 with amine-functionalized bdc ligands (UiO-66-
NH,)***"** and for other bdc-containing MOFs;** however,
fluorescence of UiO-66 has not previously been reported.
Figure 6a shows representative fluorescence spectra of UiO-66
samples 1b (red square), 1c (red circle), and 2a (blue star) in
water following excitation at 280 nm, demonstrating inherent
fluorescence of the UiO-66 framework. The fluorescent peak
observed at 380 nm corresponds to a similar peak emission
wavelength reported for other bdc-containing MOFs, which
typi;:ghlz exhibit emission maxima between 358 and 430
nm. '

As can be seen from representative spectra in Figure 6a, the
magnitude of fluorescence intensity varied between UiO-66
samples. These representative spectra demonstrate the two
general trends in fluorescence observed for UiO-66. First, as
particle size increases, the maximum fluorescence intensity at
constant mass concentration also increases. This trend is
observed by comparing spectra from samples 1d (red triangle,
D, = 66.8 £ 10.2 nm, 12.11% defective) and 1c (red circle, D,
= 902 + 109 nm, 10.70% defective), which have similar
defectiveness but varied particle size. The trend in fluorescence
with varying particle size can be seen more generally in Figure
6b, which demonstrates the positive correlation between peak
fluorescence and D, for all synthesized samples. Second, as the
defectiveness of the nanoparticles is reduced, the maximum
fluorescence intensity at constant mass concentration
increases. This trend is observed by comparing the spectra
from samples 1c (red circle, D, = 90.2 nm, 10.70% defective)
and 2a (blue star, D, = 91.9 + 21.0 nm, 1.36% defective),
which have similar particle sizes but varied defectiveness. By
decoupling the role of particle size from fluorescence intensity,
Figure 6c demonstrates that fluorescence scaled by D, is
negatively correlated with defectiveness. Thus, lower defect
nanoparticles exhibit greater maximum fluorescence intensities
than higher defect nanoparticles.

Comparable to other MOFs based on bdc®™ ligands,
fluorescence in UiO-66 is likely either a result of either
ligand-to-metal charge transfer (LMCT) or ligand-based
fluorescence.”” Lower defect particles, which would have
more ligand per formula unit and thus more sites for LMCT or
linker-based fluorescence, would be expected to have greater
fluorescence after decoupling other effects such as size. This
trend was further explored through the implementation of a
factorial analysis of the nanoparticle fluorescence (see Table
S12), which confirms this result and indicates that the
fluorescence is also a function of the interaction between D
and defectiveness. This is the first report of the inherent
fluorescence of nonfunctionalized UiO-66 and also connects
peak nanoparticle fluorescence to both particle size and
defectiveness, confirming the hypothesis that lower defect
nanoparticles have greater peak fluorescence relative to higher
defect nanoparticles.

B CONCLUSIONS

We have devised a facile approach to tune the physical
characteristics of UiO-66 nanoparticles using water content, L/
M ratio, and reaction time as modulators. Modulation of water
content and addition of ligand beyond the stoichiometric
requirement during synthesis yielded tunable control of highly
monodisperse UiO-66 nanoparticles on a geometric size range
of 20—120 nm. These modulators also afforded significant
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control over framework defectiveness, which was observed to
decrease over time during particle growth. Simultaneous
control over the combination of nanoparticle sizes and
defectiveness has not previously been reported for UiO-66.
Accordingly, this work represents the first step toward
application-specific tuning of these parameters, as both factors
have effects on gas storage and drug delivery, as smaller, more
defective nanoparticles typically have higher gas adsorption
capacities and particle uptake is dependent on particle size. We
also report that nanoparticle defectiveness is linked to common
overestimation in DLS particle sizing and have determined a
correlation to correct elevated values of D, using TGA
quantification of defectiveness. Finally, we report inherent
fluorescence of nonfunctionalized UiO-66, which exhibits peak
fluorescence at a wavelength of 390 nm following excitation at
280 nm and is maximized in large, defect-free nanoparticles.
The fluorescence of nonfunctionalized UiO-66 may enable
utilization of these nanoparticles as fluorescent probes. Overall,
this synthetic approach and characterization of defect, size, and
fluorescence represent new opportunities to tune the
physiochemical properties of UiO-66 frameworks for a wide
range of applications in gas storage, membranes, and drug

delivery.
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