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ABSTRACT: The aperture-opening process resulting
from dissociative linker exchange in zirconium-based
metal-organic framework (MOF) UiO-66 was used
to  encapsulate  the  ruthenium  complex
(|"*PNP)Ru(CO)HCl in the framework (®"PNP = 2,6-
bis((di-tert-butyl-phosphino)methyl)pyridine). The
resulting encapsulated complex, [Ru]@UiO-66, was
a very active catalyst for the hydrogenation of CO, to
formate. Unlike the analogous homogeneous cata-
lyst, [Ru]l@UiO-66 could be recycled five times,
showed no evidence for bimolecular catalyst de-
composition, and was less prone to catalyst poison-
ing. These results demonstrated for the first time
how the aperture-opening process in MOFs can be
used to synthesize host-guest materials useful for
chemical catalysis.

Host-guest composites have proven to be a versa-
tile platform for a wide variety of applications includ-
ing gas storage,’ drug delivery,” chemical sensing,’
and catalysis.* Recently, much attention has been
drawn to the utilization of metal-organic frameworks
(MOFs) as host materials.” MOFs are crystalline co-
ordination polymers that are formed by the self-
assembly of organic bridging linkers and metallic
nodes used as secondary building units (SBU). The
advantage of MOFs as host materials stems from the
ability to tune their molecular structure. This versa-
tility has led to a number of methods to construct
catalytically active MOF systems, including encapsu-
lation of homogeneous catalysts into MOFs during
their synthesis (i.e. de novo synthesis),® construction
of molecular catalysts in the MOF pores after MOF
formation (i.e. ship-in-a-bottle synthesis),” function-
alization of linkers with catalytically competent spe-
cies,® and utilizing the modified MOF nodes as the
active sites.”

Recently, we have developed a new approach to
encapsulate guest molecules into MOFs that circum-
vents lengthy synthetic sequences and incompatible
reaction conditions.” In this approach, molecular
guests larger than the aperture size of a MOF host
are encapsulated into the pores by taking advantage
of aperture-opening events that occur as a result of
dissociative linker exchange reactions (Scheme 1). In
this work, we show that the aperture-opening pro-
cess exists even in a robust MOF and is highly de-
pendent on the identity of the solvent used,” which
led us to pursue a unique strategy for using MOFs to
synthesize host-guest composites for chemical catal-
ysis (Scheme 1).

Scheme 1

Linker
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The strategy involves encapsulating catalysts and
running catalytic reactions under different condi-
tions. We use solvents that favor dissociative linker
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exchange to promote the encapsulation of a molecu-
lar complex via aperture-opening events (e.g. (1) to
(4), Scheme 1). In contrast, molecular catalyst leach-
ing from the framework during catalysis is prevented
by carrying out catalytic reactions in solvents where
dissociative linker exchange is slow (e.g. (4) to (3),
Scheme 1). Herein, the successful implementation of
this strategy is demonstrated for the first time with
the encapsulation of a highly active homogeneous
CO, hydrogenation catalyst” into the robust metal-
organic framework, UiO-66.° The encapsulated cata-
lyst exhibited properties that were hybrid between
homogeneous and heterogeneous catalysts, and evi-
dence is provided that demonstrates that the majori-
ty of the active catalyst was encapsulated inside of
the MOF rather than on its surface.

We anticipated that the robust UiO-66 would be
compatible with a variety of reaction conditions. As a
result, UiO-66 was selected as the host material to
demonstrate the concept. In order to verify that the
aperture-opening events in UiO-66 can be used to
encapsulate guests similarly to what we have ob-
served in ZIF-8, the fluorescent dye Rhodamine 6G
(R6G) was used as a model guest molecule (see SI for
detailed experiments). Dye encapsulation was ob-
served when UiO-66 was suspended in protic polar
solvents (Table S1), and encapsulation of R6G was
depressed when exogenous terephthalic acid was
present (Figure Sz). These results are similar to re-
sults obtained with ZIF-8, suggesting that R6G en-
capsulation occurred as a consequence of aperture-
opening events that result from linker dissociation."
The surface area of UiO-66 obtained from nitrogen
sorption before (947.6 m?®/g) and after aperture-
opening events (948.8 m*/g) indicated that no addi-
tional defects were generated after the encapsulation
(Figure Sq).5°

Next, similar dye encapsulation experiments
were used to identify the appropriate conditions re-
quired for encapsulation of a transition metal com-
plex and to discern the orthogonal conditions need-
ed to suppress leaching of the guest catalyst mole-
cules during catalysis (Figure 1a, top). R6G encapsu-
lation was highest at elevated temperatures in polar
protic solvents (e.g., methanol) and did not occur to
a large extent in most polar aprotic solvents (e.g.,
DMF, Figure S3). Similarly, in experiments that in-
volved exposing R6G encapsulated in UiO-66 to var-
ious solvents, dye leaching into solution was highly
suppressed in aprotic solvents compared to protic
solvents (See Figure Ss).

Due to the linker exchange reaction occurring at
the solid-liquid interface and due to the transient
nature of the intermediate involved, direct observa-
tion of the proposed aperture-opened intermediate
(e.g., 2, Scheme 1) would be difficult. Therefore, to
further probe the mechanism for guest encapsula-
tion, two additional experiments were carried out
(Figure 1). Evidence for the existence of the aperture-
opened intermediate was obtained by subjecting
UiO-66 to dialysis under conditions that were best
for encapsulation (Figure 1b). We hypothesized that
if linkers were to dissociate from UiO-66 to form the
aperture-opening intermediate, then they would dif-
fuse through the dialysis bag instead of reassociating
with UiO-66. Periodic removal of water external to
the dialysis bag would ultimately result in UiO-66
that contained more missing terephthalic linkers.
Consistent with these expectations, thermogravimet-
ric analysis (TGA) revealed that the UiO-66 after di-
alysis in water for 18 days had less terephthalic acid
linkers per zirconium node compared to UiO-66 be-
fore dialysis®” (Figure S6).

[BBG]: 0.01
mmol/mg

Zrs04(OH)4(CgH 0 4)236 ZrgO04£0H)4(CeH404)3.24

Figure 1. a) Encapsulation of R6G in UiO-66 in metha-
nol at 55 °C for 5 days; [Ru]@UiO-66 in DMF at 55 °C
for five days resulted in no change in [R6G]; b) At-
tempted encapsulation of BBG in UiO-66 in methanol
at 55 °C for five days. c)Dialysis experiment with UiO-
66 in water at 55 °C for 18 days; empirical formula for
UiO-66 as determined from TGA analysis of MOF

shown below corresponding dialysis bags.
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Next, to illustrate that encapsulation of guest
molecules requires properly-sized guest molecules

for diffusion through opened apertures (e.g. 2 — 3,
Scheme 1), Brilliant Blue G (BBG) was subjected to
the same encapsulation conditions (Figure 1a, bot-
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tom). BBG (26 A) is larger than the successfully-
encapsulated R6G (12 A) (Figure S7 and S8), and the
size of the opened apertures that would result upon
dissociation of a terephthalic acid linker (12 A).
Therefore, if aperture-opening was the key step for
R6G encapsulation, BBG should not be encapsulated.
Consistent with this rationale and unlike R6G, BBG
demonstrated no appreciable incorporation (0.01
mmol/mg) beyond the amount adsorbed to the sur-
face of the MOF (Figure Sg).

With aperture-opening in UiO-66 established as
a viable synthetic method for guest encapsulation,
we identified ("'PNP)Ru(CO)HCl (™'PNP = 2,6-
bis((di-tert-butyl-phosphino)methyl)pyridine) to
have the properties appropriate to demonstrate our
strategy for catalysis. This complex was popularized
by Milstein'* and explored extensively by Pidko and
coworkers for CO, hydrogenation.”” It is suitable as
a guest molecule in UiO-66 because it is larger than
the UiO-66 aperture size but smaller than its pore
size (Figure S10). It is also appropriate for our strate-
gy because it is soluble and stable in methanol, and it
is an active catalyst for CO, hydrogenation in
DMF/1,8-diazabicyclo(s.4.0)undec-7-ene (DBU)
mixtures.™ We found that the mixtures of DMF and
DBU were appropriate for catalysis, because R6G dye
leaching was prevented with this mixture even upon
prolonged heating of the host-guest system (See Ta-
ble S3).

The encapsulated catalyst, henceforth referred to
as [Ru]@UiO-66, was prepared by exposing UiO-66
to (P*PNP)Ru(CO)HCI in methanol at 55 °C for five
days. After a pretreatment procedure to remove sur-
face-bound complex (See SI), the loading was deter-
mined from analysis of the digested solid by induc-
tively coupled plasma optical emission spectrometry
(ICP-OES). From the Ru to Zr ratio, the catalyst load-
ing was determined to be 0.35 wt. %o. The P to Ru
ratio was 2.1, which suggested that the ligand did not
dissociate from the ruthenium complex.” 'H-NMR
analysis of the ruthenium complex that remained in
the supernatant indicated that it was unchanged
during encapsulation, which further supported the
absence of complex decomposition during the load-
ing process. Powder X-ray diffraction (PXRD) analy-
sis indicated that the crystal structure of UiO-66 was
unchanged after encapsulation (Figure Su1). For com-
parison, a sample in which the complex was ad-
sorbed to the MOF crystals was also prepared, which
will be referred to as [Ru]onUiO-66. After pretreat-
ment of [Ru]lonUiO-66, the catalyst loading was de-
termined to be nearly an order of magnitude lower

([Ru] = 0.0375 %0) than the loading in [Ru]@UiO-66.
A size- selective poisoning study was also used to
reveal that the complex was encapsulated in UiO-66
rather than adsorbed on the external surface (vide

infra).
Ru cat.

CO, + Hy » [HCOO][DBUH]

(3Bar) (12 bar) DMF, DBU (3.30 mmol)

27 °C, 30 min.

a) b)

4.0x105 T T

3.0x10°%
& 2.0x105
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1.0x105 1

0 T T T T 1 ) t
1 2 3 4 5 m[Rul@UiO-66
Cycle (®"PNP)Ru(CO)HCI

Figure 2. a) Activity of [Ru]@UiO-66 (TON = mmol
HCOO /mmol Ru) upon catalyst recycling. b) compari-
son of catalyst activity in first cycle (dark) to that upon
addition of a second aliquot of DBU (light).

Consistent with the complex integrity being
maintained during the encapsulation process was the
observation that [Ru]@UiO-66 is an excellent cata-
lyst for CO, hydrogenation. A key difference between
the homogeneous ("*PNP)Ru(CO)HCI catalyst and
the [Ru]@UiO-66 encapsulated catalyst is the ability
to recycle the catalyst.® As shown in Figure 2a,
[Ru]@UiO-66 retained its activity through five cy-
cles. PXRD analysis after the fifth cycle (See Figure
S3) and the absence of terephthalic acid in the 'H-
NMR spectrum of the reaction supernatant provided
support that the UiO-66 host maintained its integri-
ty. The ruthenium loading in Ru@UiO-66 after the
fifth cycle detected by ICP-OES was 0.35 wt. %0 with
a P:Ru ratio of 2.4, which was similar to the catalyst
composition prior to the first cycle. Additionally, the
supernatant from reactions using [Ru]@UiO-66 was
inactive for CO, hydrogenation, which provides more
evidence that catalyst leaching did not occur.

Recyclability and stability of the encapsulated
catalyst was further evaluated by an alternative
method. A second aliquot of DBU was added to reac-
tions catalyzed by (""PNP)Ru(CO)HCI and
[Ru]@UiO-66, and the reaction mixtures were then
re-subjected to the hydrogenation conditions. A sig-
nificant decrease in activity was observed for the re-
action catalyzed by ("PNP)Ru(CO)HCI, whereas
activity remained virtually the same for the reaction
catalyzed by [Ru]@UiO-66 (Figure 2b). This out-
come suggests that bimolecular decomposition lim-
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its recyclability of the homogeneous catalyst, which
is not the case for [Ru]@UiO-66."" Additional evi-
dence that the homogeneous catalyst undergoes bi-
molecular catalyst deactivation more readily than the
encapsulated catalyst was obtained by evaluating the
activity of the two catalysts at different catalyst con-
centrations (Figure S12). The homogeneous catalyst
demonstrated a polynomial decrease in turnover
number with increasing catalyst loading, which is
characteristic of a catalyst that undergoes bimolecu-
lar catalyst deactivation. In contrast, turnover in
[Ru]@UiO-66 was constant irrespective of catalyst
loading, which is expected for a catalyst that does not
undergo bimolecular decomposition.

To provide additional support that the rutheni-
um complex in [Ru]@UiO-66 is encapsulated in the
MOF rather than on its surface, CO, hydrogenation
reactions were carried out in the presence of thiols
(Figure 3). Thiols are known poisons for many transi-
tion metal catalysts. As expected, when
("®"PNP)Ru(CO)HCI was exposed to dodecanethiol,
catalytic activity was reduced by 60%. Additionally,
[Ru]onUiO-66 was poisoned by dodecanethiol to a
similar degree as the homogenous catalyst. In con-
trast, when [Ru]@UiO-66 was exposed to dodecan-
ethiol, catalytic activity was only reduced by 10%.

The susceptibility of the catalysts to poisoning
was further probed by carrying out catalysis in the
presence of a series of thiols (Figure 3). The absence
of appreciable inhibition for Ru@UiO-66 in the
presence of large and bulky thiols (e.g. dodecanethi-
ol, and tert-butylthiol) demonstrates that the active
species is encapsulated in the framework rather than
bound to the surface. In all cases, catalytic activity
was higher for [Ru]@UiO-66 compared to
("®"PNP)Ru(CO)HCI in the presence of the thiol poi-
sons. Moreover, all reactions catalyzed by
(""“PNP)Ru(CO)HCI were poisoned to approximately
the same degree regardless to the identity of the thiol
poison. In contrast, poisoning in reactions catalyzed
by [Ru]@UiO-66 was dependent on the identity of
the thiol, with the most effective poisons being the
least sterically demanding. These results are con-
sistent with the catalyst being situated inside instead
of on the surface of UiO-66 because more facile dif-
fusion of the smaller thiols through the aperture of
UiO-66 is expected, resulting in more poisoning of
the catalyst than with larger and more sterically
bulky thiol poisons.”

Ru cat.

CO, + H, > [HCOO][DBUH]

(3Bar) (12 bar) DMF, DBU (3.30 mmol)

27 °C, 30 min.
H [Ru]@UiO-66
= (BYPNP)Ru(CO)HCI
[ 1 (®BPNP)Ru(CO)HCI on Ui0-66
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Figure 3. Comparison of the activity of homogeneous
(left) and encapsulated (right) catalysts in the presence
of differently sized thiol poisons.
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In summary, a new method for encapsulation of
a transition metal complex within a MOF was devel-
oped that capitalizes on the existence of solvent-
dependent, aperture-opening events resulting from
dissociative linker exchange reactions in MOFs. An
encapsulated catalyst for CO, hydrogenation pre-
pared using this method exhibited greater recyclabil-
ity, slower bimolecular deactivation events, and re-
sistance to poisoning compared to its homogeneous
counterpart. These benefits are a direct consequence
of the molecular size-selectivity and isolation of in-
dividual complexes encapsulated within the solid
framework. Notably, the new method for encapsula-
tion does not require engineering of the guest or host
materials, allowing for independent modification of
the host material and guest catalyst structure. This
feature holds great promise to exploit the unique ad-
vantages for catalysts encapsulated in molecularly
sized cages.”® These capabilities will be pursued
along with extending the aperture-opening encapsu-
lation methodology to synthesize host-guest cata-
lysts that will be suitable for a broader array of cata-
lytic transformations and MOF materials.

ASSOCIATED CONTENT

Supporting Information.
Procedures and additional data. This material is availa-
ble free of charge via the Internet at http://pubs.acs.org.
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