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ABSTRACT: Defects in metal organic frameworks (MOFs) play important roles in MOF reactivity and catalysis. Now we report
evidence of the reactivity and the quantitative characterization of the missing linker defects on the Zr;,0,, nodes in the MOF
hcp Ui0-66 (these are paired ZrsOg nodes bridged by OH groups) and those on the ZrsOg nodes of the MOF UiO-66. The defect
sites catalyze the ring-opening reactions of epoxides with alcohols, and new sites formed by removal of bridging OH groups
on the Zr;,0,; nodes also participate in the catalysis. The hcp UiO-66 was synthesized from Ui0-66 as well as from molecular
precursors, and under various synthesis conditions, the nodes incorporated acetate ligands where linkers were missing, with
the numbers of these ligands controlled by the synthesis conditions. These ligands are inhibitors of the catalytic reactions,
and their removal by reaction with, for example, methanol (to form, for example, methyl acetate) preceded catalysis on the
defect sites. The former MOF incorporated more defect sites than the latter, correspondingly being a more active catalyst. The
defect sites on the Zr;,0,; nodes are 2-6 times more active per site than those on the isolated Zr;Og nodes, with the bridging
OH groups increasing the catalytic activity of the neighboring node defect sites because new sites are formed after removal
of them. The results help point to way to design and control of catalytic sites on metal oxide-like MOF nodes by tuning of the

number and reactivity of the defect sites.

INTRODUCTION

Among the most widely investigated metal organic
frameworks (MOFs) are those that incorporate ZrsOg (or
Hf;0g) nodes connected by linkers terminated with
carboxylate groups. These MOFs are exemplified by the UiO-
66 family, which has drawn wide attention because some of
them (e.g., Ui0-66) offer the advantages of high stability,
structural tunability, and high densities of reactive groups,
all of which are important for potential applications as
catalysts and catalyst supports. -3

Ideally, each ZrsOg node of Ui0-66 would be bonded to 12
linkers, but the number is usually less, because components
present in the MOF synthesis compete with the linker
precursors for bonding sites on the nodes. Ligands on the
nodes may include formate, formed from
dimethylformamide (DMF) used as a solvent in the
syntheses,* 5 and others, such as acetate, formed from
modulators such as acetic acid used in the syntheses.* ¢
Thus, these MOFs have defects associated with the node-
bound ligands: these ligands may be removed to leave open
bonding sites; they may be replaced by other ligands (such
as those undergoing catalytic reactions); and they may be

reactive themselves, possibly being parts of catalytic sites.>
7-11

Defects in MOFs are commonly classified as missing linker
or missing node defects, and some have been investigated
thoroughly.'>1¢ Researchers have developed a number of
approaches to counting and understanding node defects
and tuning them.* 5 15 The performance of some MOF
catalysts is correlated with the number of defects.>7 17

A compelling advantage of MOFs is their tunability—to
give crystalline materials having wide ranges of surface
areas, pore dimensions, and reactivities. MOFs with Zr¢Og
nodes have commonly been tuned by variation of the
lengths and compositions of the linkers.? Recent work
illustrates MOFs with layered pairs of ZrsOg nodes bridged
by 6 W,-OH groups (Figure 1).18-2! These offer unexplored
opportunities for tuning MOF properties by control of the
defect sites.

The MOF hcp Hf-UiO-67, reported by Grey’s group,!®
incorporates Hf;,(u3-0)s(p3-OH)g(n-OH)g nodes, but it lacks
stability, being transformed under ambient conditions into
a 2-D layered hxl phase. The similar MOF, hcp Zr-UiO-68,
reported by Lin’s group,?! has not yet been assessed for its
stability, but the comparable MOFs hcp Zr-UiO-66%2 and hcp
Hf-Ui0-66,2 were found to maintain their structures for
more than a year under ambient conditions.
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Figure 1. Structural representation of (a) ZrgO4(us-
0OH)4(CO0)1, node (abbreviated as Zrs0g node), (b) Ui0-66
viewed from [101] direction, (c) UiO-66 viewed from [001]
direction, (d)  Zry;0g(us-OH)g(p,-OH)6(CO0)1s  node
(abbreviated as Zr;,0,; node), (e) hep UiO-66 viewed from
[100] direction, (f) hcp UiO-66 viewed from [001] direction.

We posit that more MOFs in this family that incorporate
12 Zr atoms per node will emerge and include some with
various linkers, such as those reported for the related MOFs
having 6 Zr atoms per node—and, further, that
understanding and control of defects in these new MOFs
might lead to the recognition of new ways to control MOF
reactivity and catalytic properties. This subject has been
largely overlooked, although it was recently addressed
briefly by Grey’s group.?® They synthesized hcp Hf-Ui0-66
from a solution of DMF, water, and formic acid, reporting
NMR results showing that 26-47% of the node bonding
sites were occupied not by linkers but rather by formate
ligands, the number of which could be tuned by the amount
of water used in the synthesis. This work raises questions
about the reactivity and catalytic properties of the MOF. To
address this topic, we focused on hcp Zr-UiO-66,
synthesizing it separately from two precursors,
7Zr0Cl,-8H,0 and a MOF, UiO-66. We determined the
stabilities of the samples with X-ray diffraction (XRD)
crystallography and infrared (IR) spectroscopy, quantifying
the defect sites (those occupied by acetate) by 'H NMR
spectroscopy of samples dissolved in aqueous NaOH + D,0%
5> and testing the MOFs as catalysts for ring-opening of
epoxides with alcohols.

The results presented herein afford a comparison
between the hcp Zr-UiO-66 samples and the Ui0-66 from
which some of these samples were made. They show that
the transformation of Ui0-66 to hcp UiO-66 in the presence
of water and acetic acid yielded a more defective MOF than
the sample made from ZrOCl,-8H,0—and thereby a more
active catalyst. The hcp UiO-66 was found to be less stable
than UiO-66—undergoing dehydration resulting from
removal of node p,-OH groups that ensued even at a
temperature of only 230 °C. However, the data also
demonstrate an advantage of the node u,-OH groups
adjacent to defect sites—these defects facilitate the removal
neighboring p,-OH groups (to make water) and thereby
open new sites and thereby increase the catalytic activity.

RESULTS

Direct synthesis of hcp Zr-UiO-66 within a narrow operating
window

In contrast to the synthesis of Ui0-66 in the presence of
DMF, the reported synthesis of hcp Zr-UiO-66 is done with
a solution of acetic acid in water without DMF.20 22 We
varied the acetic acid:water ratio to elucidate the roles of
these components, finding that hcp Ui0-66 formed only
when this ratio was 1:1 (volume). More water led to
noncrystalline product, and more acetic acid led to a
zirconium acetate characterized as of
Zr6(0)4(OH)4(CH3COO)1Z (Figure 2).24
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Figure 2. XRD patterns characterizing MOF samples
synthesized from (A) ZrOCl,-8H,0 and H,BDC and (B) UiO-
66 in the presence of solutions with various acetic acid (AA)
and water volume ratios. H,;BDC is benzene-1,4-
dicarboxylic acid.

Both components are clearly needed, water, evidently, to
provide oxygen and/or hydrogen to form ligated Zr¢Og
nodes (such as Zrs0,(0H)4)% and, we infer, more important,
to facilitate the formation of bridging p,-OH groups that
help to stabilize the dimers of ZrsOg nodes. Acetic acid was
also essential, we infer—Dby virtue of the stabilization of the
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nodes by acetate ligands—by facilitating the MOF
crystallization and hindering further aggregation in the
presence of water.

To determine whether the solvent DMF that is crucial for
the crystallization of Ui0-66, of hep Hf-Ui0-66/Ui0-67, and
of hep Zr-Ui0-68%18 2123 j5 also important for the synthesis
of hcp Zr-Ui0-66, we varied the concentrations of DMF,
water, and acetic acid in the synthesis of hcp Zr-Ui0-66—
finding, however, that none of the combinations led to a
successful synthesis. We also used formic acid and benzoic
acid as modulators in attempts to synthesize hcp Zr-UiO-66,
but these experiments also failed to lead to synthesis of the
MOF.

Determination of structures of MOFs and tuning of the node
chemistries

To investigate the stability of hcp Zr-UiO-66, we did X-ray
diffraction crystallography (XRD), finding that the MOF in
air started losing crystallinity at 280 °C and collapsed at 400
°C (indicated by the disappearance of the 4.9° peak (Figure
S1in the SI). We emphasize that these are the first XRD data
demonstrating the thermal stability of hcp Zr-UiO-66 and
that they indicate that this MOF is not as stable as Ui0-66.
Thermogravimetric analysis (TGA) data (Figure S2, SI)
show that the hcp Zr-UiO-66 was more dense than the ideal
structure, consistent with the presence of water and with
reported results.?> The calculated number of water
molecules per node was about 14, and we suggest that they
were likely locked in the nest of bridging OH groups by
hydrogen bonds and therefore difficult to remove by
conventional activation at 150 °C under high vacuum. These
results were bolstered by IR spectra (Figure S3, SI)
including a broad band centered 3362 cm™ and a band at
1656 cm! assigned to adsorbed water—which decreased in
intensity as the temperature was ramped up. Yet a
substantial amount of water was retained even when the
temperature increased to 350 °C, indicating strong
hydrogen bonding of the water molecules to the p,-OH
groups. In contrast, physisorbed water in UiO-66 is readily
desorbed under these conditions.?® The properties of the
bridging OH groups and the nests formed by them have not
been explored before.

The intense IR band of hydrogen-bonded water almost
swamped those of any hydroxyl groups of hcp Ui0-66, but
the latter could nonetheless be identified; the band
characterizing p3-OH groups in hep UiO-66 (Figure 3) was
evident at 3674 cm’!, matching the frequency of the
equivalent band in the spectrum of Ui0-66. However, as the
temperature was increased to 230 °C and then 250 °C, the
peak split and shifted to 3686 cm! (Figure 3). Earlier work
showed that the frequencies of bands characterizing the -
OH groups are sensitive to the ligand environment of the Zr,
node,® and the data (Figure 3) comparing the two MOFs
reflect differences in the ligands on the nodes in the two
MOFs. Taking these results together with the XRD results,
we infer that removal of p,-OH groups by dehydration
caused the IR band shifts and made the MOF less stable.
Because the p,-OH groups were bonded directly to the
nodes, the node structure lost its symmetry when these
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groups were partially removed.
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Figure 3. IR spectra in hydroxyl-group region
characterizing hcp Ui0-66 in flowing N as the temperature
was ramped from 30 to 350 °C. The colored numbers at the
right represent temperatures in °C.

The p,-OH groups are close enough to each other to be
hydrogen bonded, as shown by calculations at the level of
density functional theory (DFT).2” The 3630-cm™ band is
tentatively assigned to the hydrogen bonded species that
link the OH groups, because it matches the trend calculated
by DFT?7 and appears at lower frequencies than the p3-OH
band. However, no single p,-OH IR band was observed at
temperatures lower than 200 °C, although a band did
appear at 3726 cm! upon partial dehydration of the sample
at 230 °C, accompanied by a decrease in intensity of the
3630-cm™ band. Thus, we infer that dehydration by
reaction of p,-OH groups with each other started at a lower
temperature (230 °C) than reaction of isolated p;-OH
groups (~ 300 °C),?® and the removal of p,-OH groups
ultimately leads to the collapse of hcp Ui0-66. We
emphasize that the terminal OH groups suggested by Firth
et al.?® (with an IR band expected at about 3780 cm}, as
reported for Ui0-662%), were not evident for hcp UiO-66 in
our experiments. A summary of the IR band assignments is
given in Table 1.

Table 1. IR hydroxyl band assignments

MOF IR band Assignment of band
frequency,
cm’?

Ui0-664 3780 terminal OH
3674 u3-OH

hcp Ui0-66> 3726 Single p,-OH
3686 us-OH (dehydrated node®)
3674 uz-OH

3630-3650 hydrogen bonded p,-OH¢

as reported;?¢ "this work; °partial dehydration by removal
of p,-OH groups; “tentative assignment.
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The tight window of conditions demonstrated by these
results for synthesis of hcp Zr-UiO-66 evidently limits
opportunities to tune its properties, including the number
of defects. Thus, we were motivated to take a different path
forward and turned to the methods reported by Grey’s
group in converting Hf-Ui0-66 to hcp Hf-UiO-66—which
they carried out by adding increasing amounts of water in
the transformation.? Thus, we attempted to convert Ui0-66
into hep UiO-66, with the former first synthesized as before
with acetic acid as a modulator.> ¢ The structure was
confirmed by XRD data to be fcu Ui0-66 (Figure 2B). To
initiate the desired transition, we treated the UiO-66 in a
solution of acetic acid and water under conditions similar to
those applied for synthesis of hcp UiO-66. Again, the acetic
acid:water ratio was varied. The data demonstrate the high
stability of Ui0O-66 in pure DI water at 150 °C. But when the
reactant solution contained 25 vol% acetic acid, the UiO-66
was transformed, as shown by the XRD pattern indicating
the disappearance of the fcu phase and the appearance of a
new peak at 4.9° indicating the formation of hcp UiO-66.
Further increases in the acetic acid concentration to 75
vol% led to increased formation of the hcp UiO-66.
However, when pure acetic acid was used, a mixture of
zirconium acetate (Zrs(0)4(0OH),(CH3C00),;)?** and poorly
defined components formed.

These data show that both water and acetic acid are
needed for the conversion of fcu UiO-66 to hcp Ui0-66. We
suggest that acetic acid played a role by breaking node-
linker bonds and forming node-acetate bonds, presumably
in reactions similar to those observed for reactions
involving UiO-66 nodes and alcohols.> We emphasize that
the water was necessary to trigger the dimerization of the
Zrq0g nodes and that, as a result of the transition from
Zrs04(0OH)4(BDC)g to Zr;,05(0OH)14(BDC)y, some of the BDC
linkers were removed, washed away with DMF in the
subsequent synthesis steps.

For a further comparison, we chose hcp UiO0-66
synthesized from ZrOCl,-8H,0 and Ui0-66 made with the
same acetic acid:water ratio of 1:1, labeling the samples hcp
Ui0-66 and hcp UiO-66T (where T refers to the transition
from Ui0-66), respectively. Further, we compared the
results with those obtained with UiO-66 (the parent for the
synthesis of hcp Ui0-66T) and with MOF-808,2° because
these MOFs both have Zr;04 nodes but different numbers of
defects per node and different pore apertures and
diameters.!2°

The two hcp Ui0-66 samples were found to have similar
N, uptakes and BET surface areas, but the values were both
lower than those characterizing Ui0-66 and much lower
than those characterizing MOF-808 (Table 2, Figure S6 in
SI). The trend is consistent with reported data?? that have
been explained by the higher MOF density associated with
the Zry,0,, cluster than with the ZrsOg cluster. Pore size
distributions were calculated by a DFT method and are
shown in Figure S6B, SI. Ui0-66 had a major pore with a
diameter of 9.3 A and two large pores, with diameters of
12.7 and 14.8 A. We have suggested that the large pores are
associated with defects,® and possibly missing linker and
missing node defects, respectively, because larger pores are

expected for defective structures, and pore sizes associated
with missing node defects are also expected to be larger
than those associated with missing linker defects. hcp UiO-
66 and hcp UiO-66T were found to have major pores with
diameters of 8.6 A, which are smaller than those in Ui0-66.
The larger pores appeared at 12.7 and 14.8 A for hep UiO-
66 and at 11.8 A and 14.8 A for hcp UiO-66T, and we
associate these with missing linker and missing node
defects, respectively. Further, dV/dD values characterizing
these pores (V is volume, D is diameter) indicate that hcp
Ui0-66 has fewer defects, specifically missing linkers, than
hcp UiO-66T. As expected,?® MOF-808 has larger pores, with
a maximum at a diameter of 17.1 A.

TGA data characterizing the MOFs determined the
number of defects per Ui0-66 node to be 1.4, as before,® but
we could not determine comparable results for the other
MOFs by TGA because of their low stabilities. We instead
quantified the numbers of defects and ligands on the MOF
nodes by using 'H NMR spectroscopy of digested samples,
as before® ¢ (Table 2). The data show that, per node, Ui0-66
had 0.73 acetate ligands (from the modulator) and 0.29
formate ligands (formed by decomposition of DMF),® giving
a total of 1.02 defect sites, consistent with reported results.
The hcp UiO-66 and hep UiO-66T had only acetate and not
formate ligands on the node defects because they were
synthesized in acetic acid and water without DMF.
Moreover, we exclude the possibility of terminal OH groups
as ligands on node defects of our hcp UiO-66 samples,
because the IR spectra do not include bands characteristic
of such species. The results also demonstrate that hcp UiO-
66T has more defect sites per node than hcp Ui0-66, a result
that is consistent with the pore size distribution data.

Taken together, the data demonstrate a methodology for
tuning the number of defects on the Zr;,0,, nodes and the
viability of obtaining a relatively high density of defect sites
on these nodes by using UiO-66 as precursor in the MOF
synthesis. For comparison, the data show that MOF-808
incorporated 5.35 formate ligands per node, in agreement
with its structure, ZrsO5(OH);(BTC),(HCOO0)s(H,0),,
determined by Yaghi’'s group.?® We emphasize the total
number of defects per node of MOF-808 was 6 (a value
determined by its crystal structure), and the remaining 0.65
defects are inferred to have been occupied by water
molecules, which are not identifiable in our 'H NMR
spectroscopy experiments.® The structures of the defects in
these MOFs are summarized in Figure 4.

Figure 4. Illustration of missing-linker defects on Zr¢Og
nodes of (a) Ui0-66 and (b) MOF-808 and (c)Zr;,0,, nodes
of hep UiO-66. Ligands on defects are highlighted in blue.
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Table 2. Data characterizing the MOFs: N, adsorption isotherms, numbers of nonlinker ligands per MOF node determined by 'H NMR spectroscopy, and catalytic performance for
ring-opening reaction of propylene oxide by methylation.

Sample Node Linker N, adsorption isotherms Number of nonlinker ligands Catalyst performance®

pre-cur- determined by H NMR spectroscopy

sore BET surface Diameters of formate acetate  total of Convers Selectivi Selectivi TON¢ TOF9 (min)

area (m?/g) pores (A) b ligands per ligands nonlinker ion(%) tyA(%) tyB(%)
node per ligands per
node node

Ui0-66 Zrs04(0H), BDC 1327.6 9.3,12.7,14.8 0.29 0.73 1.02 11.9 64.0 36.0 6.7 0.0093
MOF-808 Zrs05(0H)3 BTC 1590.5 17.1 5.35 6.00 50.3 60.6 394 6.6 0.0092
hcp Ui0-66  Zr;,05(0H) 14 BDC 709.5 8.6,12.7,14.8 1.43 1.43 371 82.3 17.7 379 0.053
hcp Ui0-66T  Zr;,04(0OH) 44 BDC 672.3 8.6,11.8,14.8 2.48 2.48 57.1 58.6 41.4 35.4 0.049
Blank 4.7 79.4 20.6

?BDC is benzene-1,4-dicarboxylic acid; BTC is benzene-1,3,5-tricarboxylic acid. ?Calculated by a DFT method. ‘Reaction conditions: propylene oxide 20 pL (0.29 mmol), methanol
1.0 mL (24.7 mmol), MOF catalyst 5.0 mg, temperature 55 °C. “Conversions determined in the blank experiments were subtracted for calculation of the TON and TOF values.
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Probing MOF defect sites with a catalytic test reaction: ring-
opening of epoxides with alcohols

As a further test of the reactivities of the MOFs, we used
them as catalysts for ring-opening reactions of epoxides
with alcohols. The test reactions were chosen because (1)
they take place at low temperatures and pressures (e.g., 55
°C and 1 bar), ensuring the stability of the MOFs;30 31 (2)
patterns of reactivity can be elucidated in experiments with
families of alcohols and epoxides; and (3) these reactions
have been shown to be catalyzed by defects in MOFs.'”

OH OH
[o] MOF catalysts
/Q + MeOH ———> -0 + /O\)\
55°C
product A product B

Scheme 1. Ring-opening reaction of propylene oxide with
methanol catalyzed by the MOFs investigated in this work.

We first tested the catalytic reaction of propylene oxide
with methanol (Scheme 1, Table 2). MOF-808 was found to
have a higher activity (measured by conversion) than UiO-
66—consistent with its six-fold higher number of defect
sites per node. However, the catalytic properties calculated
as TON (number of turnovers) and TOF (turnover
frequency—rate per defect site) were almost the same for
these two MOFs. Our results are consistent with reported
results!” and support the conclusion that the reaction was
catalyzed by defect sites on the ZrsOg nodes.!” Similarly, the
activity of hcp UiO-66T measured by conversion was found
to be higher than that of hcp UiO-66, consistent with its
higher density of defect sites, but again the reaction rates
per defect site (TOF) were nearly the same (Table 2). More
important, however, our results show that defect sites on
the Zr;,0,; nodes are markedly more active than the defect
sites on Zrs0g nodes—as indicated by the fivefold difference
in TOF values (Table 2).

To generalize these catalytic results, we investigated a
family of ring-opening reactions involving pairs of reactants
selected from among two epoxides (propylene oxide and
styrene oxide) and five alcohols (methanol, ethanol,
isopropanol, isobutanol, and tert-butyl alcohol). The
catalyst performance data (Table S3, SI) bear out the trends
stated above—showing that defect sites on Zr;,0,; nodes
are 2-6 times more active (have higher TOF values) than
defect sites on ZrsOg nodes.

The data in Table 2 and Table S3 in the SI show general
trends indicating that the activity of each of the MOF
catalysts in the reaction with a given epoxide decreased as
the reactant alcohol became larger, and styrene oxide was
characterized by a higher reactivity than propylene oxide
for each reaction partner.

Each alcohol-epoxide reaction gave two products, the
primary alcohol (A) and the secondary alcohol (B), and the
selectivities for product A were always higher than those for
product B. The data also show that the selectivities for the
two products were not controlled by the alcohols, but rather
by the substituent on the epoxide, with styrene oxide being
more selective for product A than propylene oxide.

Catalytically active sites on MOF nodes

To gain insight into the chemistry of the catalytic sites on
the nodes, we used IR spectroscopy to monitor the Ui0-66
and hcp UiO-66 as each reacted with either methanol or
propylene oxide.

IR data (Figure S4, SI) indicate that methanol vapor at 1
bar was almost unreactive with Ui0-66 at 55 °C when
formate ligands (with a v¢o + 8¢ band at 2745 cm™) were
present on the MOF node defects. However, at 150 °C,
significant reaction took place, with formate being replaced
by monodentate methoxy ligands (characterized by vcy
bands at 2931 and 2827 cm™ and a v¢o band at 1157 cm™?).
The reaction forms methyl formate as a desorption product,
identified by gas chromatography (Figure S13, SI). These
results are consistent with our previous results.> We note
that methoxy was bonded to the node defects of Ui0-66
entirely as monodentate, but not bidentate, ligands. DFT
calculations in our previous work?® demonstrated that the
former species has much lower free energy than the latter
and is a favored bonding species on defect sites of Ui0-66.
The reaction that we infer is shown in Scheme 2.

H
oGy 2CH:OH  HCOOCH; CHy
H
/.o\i N A - (|) (H)
Zr\g/ r Zr<c'):Zr

Scheme 2. Reaction of methanol with formate ligands on a
node defect of UiO-66. The reaction between methanol and
acetate ligands is suggested to proceed equivalently, with
methyl acetate as a product.

Further, the IR data (Figure S4, SI) show that methanol is
more reactive with Zr;,0,, nodes of hcp Ui0-66 than with
Zrq0s nodes of Ui0-66 at 55 °C, as the reaction is
characterized by the appearance of bidentate methoxy
ligands indicated by the spectrum of the former
(characterized by vc.y bands at 2925 and 2816 cm™ and a v.
o band at 1031 cm), but not the latter MOF. (Bidentate
methoxy ligands on bulk ZrO, have been reported,3?
characterized by vcy bands at 2923 and 2817 cm and a vc.
o band at 1032 cm?, close to the values observed here.) The
data are consistent with the inference that these new
bidentate methoxy ligands were not present on the node
defects that accommodate only monodentate methoxy
ligands. Therefore, we infer that these bidentate ligands
must have been bonded on different sites—site present on
Zr1,0; nodes but not on ZrsOg nodes—and thus we suggest
that the bidentate methoxy ligands formed in the reaction
of methanol with p,-OH groups on the Zr;,0,, nodes—that
is, OH groups bridging individual Zr¢ nodes. Consistent with
the suggestion of the replacement of hydrogen-bonded p,-
OH groups by bidentate methoxy, the intensity of the 3650-
cm! band decreased during the reaction with methanol.
The results demonstrate that methanol is more reactive
with p,-OH groups than with formate or acetate ligands on
node defects at 55 °C.

Although the reaction between methanol and acetate
ligands on defects of hcp Ui0-66 nodes did not occur
measurably in our experiments at 55 °C (consistent with
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what was observed with Ui0-66), that reaction did occur as
the temperature was increased to 150 °C. Thus, the band at
1157 cm increased in intensity, indicating the formation of
monodentate methoxy ligands on defect sites, replacing
acetate, and the desorption product was identified by gas
chromatography as methyl acetate (Figure S13, SI).

In summary, the data show that methanol reacts with
formate and acetate on defect sites to form monodentate
ligands on those sites and, separately, methanol reacts with
po-OH groups (which are present in MOFs with Zr;,0,,
nodes but not in MOFs with isolated Zr;Og nodes) to form
bidentate methoxy ligands.

Evidently, the reaction is selective, with methoxy ligands
formed only on Lewis acid metal sites (with methoxy
ligands are bonded directly to Zr atoms), but not reacting
directly with Brgnsted acid hydroxyl sites (u3-OH or p,-OH
groups) to form bonds with them.

In contrast to methanol, propylene oxide was found to be
highly reactive with p;-OH or formate ligands on the nodes
of Ui0-66 and hcp UiO-66 at 55 °C (Figure S5, SI). IR bands
representing these latter species either disappeared or
were significantly decreased in intensity after exposure of
the sample to propylene oxide. As a result of the reaction,
the propylene oxide ring opened, evidenced by the
appearance of a band at 1046 cm!, which matches the v¢o
band of propylene glycol.33 It is clear from the data that
propylene oxide is more reactive than methanol with the
MOF nodes; however, the reactions are not selective, as
propylene oxide reacts at both Lewis acid metal sites
(indicated by the reaction with formate ligands) and
Brgnsted acid hydroxyl sites (indicated by the reaction with
us-OH groups); details of the chemistry remain to be
elucidated.

To determine the number of node sites that can be
occupied by methoxy ligands, we treated each of the three
MOFs, UiO-66, hep Ui0-66, and hep UiO-66T, with methanol
vapor at 1 bar and 150 °C for 24 h to allow the complete
replacement of the reactive formate or acetate ligands (or
K2-OH groups when they were present) with methoxy
ligands, and then held each sample under high vacuum for
12 h to remove any physisorbed methanol. Further XRD
experiments showed that these three MOFs were all stable
under the treatment conditions, but when the comparable
experiments were done with MOF-808, the data showed
that it was not stable.

To determine the number of methoxy ligands on each of
the MOFs after exposure to methanol, we used 'H NMR
spectroscopy of the digested samples. The data give no
evidence of formate or acetate, confirming that these
ligands had been fully removed in the methanol treatments.
The data further show that these groups had been replaced
with methoxy (Figures S9-S11 in SI). Specifically, they show
that UiO-66, hcp Ui0-66, and hcp UiO-66T incorporated
0.90, 4.40, and 7.67 methoxy ligands per node, respectively.
The number of methoxy ligands on Ui0-66 is close to the
total number of formate and acetate ligands in the original
sample (1.02). Thus, it is clear that, in Ui0-66, each node
defect bonded to only one methoxy group, a result that is
consistent with our previous results.’ In contrast—and
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consistent with the results stated above related to the
reactivity of the bridging OH groups, the data show that the
numbers of methoxy ligands on hep UiO-66 and on hep UiO-
66T after the methanol treatment were about 3.1-fold
greater than the numbers of defects determined originally
by the node occupancy by acetate ligands. On the basis of
this difference, we thus reinforce the inference stated above
that methanol reacted not only to replace the acetate
ligands on defect sites, but it also reacted with other groups
on the nodes that we identified as p,-OH groups, in
agreement with the IR data. The quantitative results
determined in the NMR experiments provide additional
important information: they show that not all of the p,-OH
groups are reactive with methanol, because the numbers of
these ligands that were replaced after the methanol
treatment were 2.97 and 5.19 per node for hep UiO-66 and
hcp Ui0-66T, respectively, but the total number of this
ligands per node is six (as determined by the crystal
structure of hcp Ui0-66). The results show that only about
two W,-OH groups per defect site can be replaced by
methoxy ligands, thus we infer that they are adjacent to
defect sites.

A simplified representation of this chemistry involving
methanol and formate ligands on the nodes (including p.,-
OH groups) is suggested in Scheme 3. This chemistry is
consistent with all our observations, but we recognize that
there is more to learn about it.

We suggest a rough comparison between the reactivity of
the u,-OH groups on the nodes with the reactivity of some
OH groups bonded to Zr atoms on bulk zirconia.3? We
suggest that an explanation for the high reactivity of p,-OH
groups adjacent to defect sites on the nodes is that these p,-
OH groups may be bonded to coordinatively unsaturated Zr
atoms which are created on defect sites after replacement
of formate or acetate ligands with monodentate methoxy
ligands (Scheme 3(1)).

CH3
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vo 2CH3OH CH3COOCH; CH

3
H |
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Zr\o/@ Z|I-<o:@
' - (1)
H 2CH30H 2H,0 CH3
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(0]
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Scheme 3. Schematic representation of reactions on
Zr1;0,; nodes of hep Ui0-66 involving methanol and acetate
ligands on a node defect (1) and with p,-OH groups bonded
to a node defect (2). Zr in squares represents the node Zr
atoms that before reaction with methanol are associated
with both defect sites and p,-OH ligands.

Thus, the higher catalytic activities of the defect sites in
hcp UiO-66 and hep UiO-66T than of those in Ui0-66 (i.e.,
the higher TOF of the former MOF) are attributed to the
replacement of p,-OH groups neighboring these defect sites
by methoxy ligands and thereby the creation of more sites
where the reactants in the catalytic reaction can be
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converted. That is, the number of p,-OH groups that can be
replaced for reaction is determined by the number of
defects—the number of sites where acetate ligands initially
reside.

DISCUSSION
Reaction chemistry on the MOF nodes

To clarify, defect sites as we use the term here refer to
non-linker-bonded node sites to which formate, acetate, or
methoxy ligands can be bonded (as shown in Schemes 2 and
3(1)), but they do not include those sites formed by
replacement of u,-OH groups (Scheme 3(2)). We recognize
that this usage of the term “defect sites” should not be
considered to be general. There is more to do to elucidate
the structures and reactivities of sites on MOF nodes.

The data demonstrate that the active sites for epoxide
ring-opening reactions on Zr;;0,, nodes of hcp UiO-66 are
opened defect sites—that is, those after removal of the
initially present formate and acetate ligands, as well as
newly opened sites formed by removal of the adjacent p,-
OH groups, approximately two of them. We emphasize that
the initial ligands on defect sites and their adjacent p,-OH
groups are inhibitors of the catalytic reactions and must be
removed before the sites become active in catalysis. These
inhibitors can be removed by reactions with either alcohols
or epoxides to open the catalytically active sites. These sites
can be readily probed with methanol because of the
favorable chemistry of the reactions between methanol and
the species initially bonded to the node sites. It is helpful for
elucidation of the chemistry that the bonding of methoxy
ligands is rather well understood.

We infer that the p,-OH groups do not themselves
catalyze the reactions—if they alone were the catalytic
groups, then the TOFs would not be related to the number
of defects—and the data show that they are. Further
weighing against the likelihood that the p,-OH groups are
the catalytically active species is the result that the p3;-OH
groups were found to have the same frequency for hep UiO-
66 and Ui0-66 (3674 cm!, Table 1), implying that there
were no significant electronic effects of the p,-OH groups on
node defects, as would be expected if they were the catalytic
species. Moreover, any significant synergy between p,-OH
groups and catalytic sites for accelerating the reactions is
inferred not to be significant, because the TOF values (rates
per defect site) characterizing Zr;,0,, nodes (where p,-OH
groups reside) are 2-6 times greater than those of the ZrsOg
nodes, and the former represent sites that are
approximately threefold more active than the latter.

Because the ring-opening reactions were catalyzed by
defect sites where both methanol and propylene oxide can
bond (but not by hydroxyl groups, where propylene oxide
but not the coreactant alcohol apparently can bond), we
infer that the catalytic reaction proceeds through a
Langmuir-Hinshelwood  mechanism, whereby both
reactants are bonded to each active node—on neighboring
sites.

Further, the product A has been inferred to form by an Sy1
mechanism through a carbocation intermediate.3* We infer

that the acid sites (likely Lewis acid sites) on node defects
first activate an epoxide to form a secondary carbocation
that is further attacked by adsorbed methanol/methoxy,
ultimately leading to product A. Product B is suggested to
form in an Sy2 mechanism, by which the adsorbed
methanol/methoxy attacks adsorbed epoxides on the
primary carbon side to open the ring and form product B.

For all the reactions tested here, the Syl mechanism
giving product A is favored over the Sy2 mechanism, with
selectivities controlled by the epoxide rather than the
alcohol. The benzene ring of styrene oxide can donate more
electron density than the methyl group of propylene oxide,
which helps to stabilize the intermediate carbocation, and,
as aresult, both reaction rates and selectivities to product A
are significantly higher for reactions with styrene oxide
than those with propylene oxide.

The catalytic activities were also found to be influenced
by the size of the alcohol. As the substituents on the alcohol
become larger and bulkier, the steric hindrance to the
adsorption of alcohols on the active sites evidently becomes
greater, and so the activities decrease significantly.

Controlling microenvironments of MOF nodes

Promotional effects of substituents on the BDC linkers of
Ui0-66 have been reported numerous times. One
investigation3® showed that incorporation of Br groups on
BDC linkers in UiO-66 markedly increased the catalytic
activity for styrene oxide ring opening in the reaction with
methanol, but the mechanism was not fully elucidated. NO,
ligands on BDC linkers in Ui0-66 markedly increased the
catalytic activity for cyclization of citronellal’ and the
activity for the reduction of 4-tert-butylcyclohexanone with
isopropanol®¢-with both reactions catalyzed by defects. The
strong electron-withdrawing effect of the NO, ligands on
the nodes was invoked to explain the high activity of the
modified UiO-66. In another example, NH, ligands on the
BDC linkers of Ui0-66 markedly increased the rate of the
catalytic hydrolysis reaction of nerve agent simulants,3” and
recent results3® demonstrated that these groups controlled
the microsolvation environment of the ZrysOg node defect
sites, thereby increasing the rates.

Further, adjacent node defect sites were inferred to be the
active sites for ethanol dehydration to give diethyl ether—
an inference bolstered by DFT calculations showing that the
activation enthalpy of the reaction on these sites was much
lower than that characterizing reaction on single defect
sites.>

These examples illustrate various roles of groups on MOF
nodes in the UiO family influencing catalytic performance.
The results reported here illustrate a different and
heretofore undiscovered effect of groups on the MOF nodes,
showing that hydroxyl ligands adjacent to node defect sites
can be selectively removed by reaction with reactant
methanol and thereby open new sites to facilitate catalytic
reaction on the node defect sites. Taken together, these
examples demonstrate a broad, emerging set of
opportunities for controlling the microenvironments of
MOF nodes to tune catalytic performance. There are rich
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prospects for the design of catalytic sites in the well-defined
structures of MOFs.

CONCLUSIONS

The MOF hcp Ui0-66, incorporating Zr;,0,, nodes, was
synthesized in a solution of acetic acid and water by using
either ZrOCl,-8H,0 or Ui0-66 as precursor. Acetic acid and
water were both found to be essential for the synthesis. The
MOF was found to be less stable than UiO-66 because of
dehydration resulting from reaction of p,-OH groups with
each other, which took place at 230 °C. hcp UiO-66 formed
from Ui0-66 was found to incorporate more defect sites
than that synthesized from ZrOCl,-8H,0, and these sites
were found to be important for catalysis of ring-opening
epoxidation reactions with alcohols, with the data implying
that the reactions on defect sites of the Zr;,0,, nodes were
increased markedly when new open sites were created by
the removal of neighboring p,-OH groups by reaction with
methanol. We anticipate that the new chemistry of
hydroxyls and defect sites on the nodes will provide new
opportunities for design of MOF catalysts and that the
opportunities for such subtle control of the chemistry will
be richer for structurally well-defined metal oxide-like
nodes on MOFs than for intrinsically heterogeneous bulk
metal oxides.
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