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ABSTRACT: Exceptionally high surface area and ordered
nanopores of a metal—organic framework (MOF) are
exploited to encapsulate and homogeneously disperse a
considerable amount of phosphotungstic acid (PTA).
When combined with platinum nanoparticles positioned
on the external surface of the MOF, the construct shows a
high catalytic activity for hydroisomerization of n-hexane, a
reaction requiring hydrogenation/dehydrogenation and
moderate to strong Brensted acid sites. Characterization
of the catalytic activity and acidic sites as a function of
PTA loading demonstrates that both the concentration
and strength of acidic sites are highest for the catalyst with
the largest amount of PTA. The MOF construct
containing 60% PTA by weight produces isoalkanes with
100% selectivity and 9-fold increased mass activity as
compared to a more traditional aluminosilicate catalyst,
further demonstrating the capacity of the MOF to contain
a high concentration of active sites necessary for the
isomerization reaction.

M etal—organic frameworks (MOFs) are crystalline porous
solids constructed from metal ion nodes linked in three
dimensions by organic linkers.'" MOFs have attracted much
research attention because of their remarkable physical and
chemical properties including but not limited to high surface
area, tunable pore dimensions, adjustable chemical composition
and surface functionality, and well-defined metal sites.” As a
consequence, the performance of MOFs in some key gas
storage and molecular separation applications is beginning to
rival traditional microporous solids, such as zeolites and
activated carbons.” Additionally, the number of reports on
the use of MOFs in heterogeneous catalysis is increasing
rapidly.” A select subset of such materials can be designed to
contain coordinatively unsaturated metal sites that can serve as
adsorption or catalytic sites for small molecules.” Another
approach to designing a MOF based heterogeneous catalyst is
to use MOF as a high surface area support or host for
dispersing or encapsulating catalytically active species such as
metal or metal oxide nanoclusters, organometallic complexes,
and biological molecules or enzymes.’

In this work, we show that a MOF can serve as a bifunctional
catalyst for n-hexane hydroisomerization, which requires
moderate to strong acidic sites and hydrogenation/dehydrogen-
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ation sites. The MOF (MIL-101) is “acidified” by encapsulating
a large amount of phosphotungstic acid (PTA, H;PW,,0,) in
the pores of the framework. Unlike with conventional
mesoporous materials, complete dispersion of a significant
amount of PTA (up to 60% by weight) is obtained with MIL-
101 due to its exceptionally high surface area, ordered
nanopores, and relatively high chemical stability. More
importantly, well-defined platinum nanoparticles can be
deposited on the external surface of the “acidified” MOF to
obtain a highly active and selective bifunctional catalyst
(PTACMOEF/Pt). At 250 °C and 1 bar, PTACMOF/Pt
catalyzes vapor-phase n-hexane isomerization with 100%
selectivity and 9-fold increased mass activity as compared to a
more traditional aluminosilicate bifunctional catalyst (Al-MCF-
17/Pt).

Synthesis and Characterization of PTACMIL-101. We
synthesized PTACMIL-101 by adding the necessary amount of
PTA to a precursor mixture and crystallizing the MOF under
hydrothermal conditions [see Supporting Information (SI),
Section S1]. This method allowed us to uniformly disperse an
extremely large amount of PTA without jeopardizing structural
and compositional features of MIL-101 and the acid cluster.
The primary reason for achieving high loading and high
dispersion might be the formation of homogeneous mixture of
PTA and the MOF precursors before crystallization. For more
accurate characterization of the effect of PTA loading on the
structure of the MOF, pure MIL-101 was compared to the
MOF that contains 25% and 60% (by weight) PTA. Powder
XRD patterns and TEM images of the samples are presented in
Figure 1. Consistent with previous studies, pure MIL-101
particles were found to be octahedral in shape and possess
highly crystalline and porous structure. Likewise, XRD patterns,
TEM images, and N, physisorption studies of 25% and 60%
PTACMIL-101 are indicative of porous and crystalline
structure of the samples. However, PTA containing MIL-101
crystals are highly aggregated and possess smaller and less
uniform crystallite size than pure MIL-101 as shown in TEM
(Figure 1b—d) and SEM (Figure S4) images. Scanning
transmission electron microscopy (STEM) and elemental
phase mapping of chromium (in MIL-101) and tungsten (in
PTA) are also consistent with highly uniform distribution of
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Figure 1. Powder XRD patterns for pure PTA, 60% PTACMIL-101, 25% PTACMIL-101, pure MIL-101 and simulated XRD pattern for pure MIL-
101 (a). TEM images of pure MIL-101 (b) and MIL-101 that contains 25% (c) and 60% (d) phosphotungstic acid (PTA). Representative HDAAF-
STEM image of 60% PTACMIL-101 (e) and corresponding color-coded EDS spectral maps of chromium (Cr) in the framework of MIL-101
represented in green (f) and tungsten (W) in PTA cluster represented in red (g).

acid clusters within the MOF despite the markedly high mass
loading. The lack of crystalline PTA domains detectable by
powder XRD confirms that the acid cluster is indeed well
dispersed throughout the structure and not only positioned on
the external surface of the MOF. This is because the external
surface area is less likely to accommodate such a high amount
of PTA without forming crystalline structures. Previous studies
on supported PTA showed that even the loading of the acid
cluster on high surface area mesoporous silica with PTA
amount as low as 20—30% (by weight) produces crystalline
domains.” Furthermore, incorporation of PTA clusters in MIL-
101 changed the porosity of the MOF as characterized by XRD
and N, adsorption—desorption studies. With the loading of
PTA in MIL-101, XRD pattern of the MOF underwent a
noticeable change at low angles (4°—8°, Figure 1a). The degree
of the change is highest for the sample that contains the largest
amount of acid (60% PTACMIL-101). These observations are
in line with previous studies on PTA/MOF composite
materials, suggesting the presence of ordered PTA assemblies
residing in the pores of MIL-101. Consistent with XRD
patterns, N, adsorption measurements clearly demonstrated the
effect of PTA loading on the pore structure of the MOF. The
incorporation of PTA not only changed the pore size
distribution significantly but also decreased the accessible
surface area of MIL-101 as presented in Figure S2. Finally, the
samples were characterized by *'P magic angle spinning nuclear
magnetic resonance (*'P MAS NMR) and inductively coupled
plasma atomic emission spectroscopy (ICP-AES) to ensure that
the composition and Keggin structure of PTA in the MOF are
intact. *'P MAS NMR spectra of the both PTA containing
MOF samples (25% and 60% PTACMIL-101) showed a single
peak at the same position as pure PTA (Figure SS), indicating
that the Keggin structure of PTA was not altered during
synthesis. In addition, elemental analysis by ICP-AES confirms
that both 25% and 60% PTACMIL-101 samples contain
phosphorus (P) and tungsten (W) with the exact ratio of 1:12
as in the PTA Keggin cluster (H;PW;,0,).

n-Hexane Hydroisomerization. In hydroisomerization of
alkanes, acidic sites are coupled with metallic sites to produce

more efficient bifunctional catalysts.” Metals such as platinum
and palladium activate alkanes to form dehydrogenated
intermediate species, which then undergo protonation and
isomerization at Brensted acid sites.” In this work, platinum
nanoparticles with well-defined particle size were synthesized
using poly(vinylpyrrolidone) (PVP) as a capping agent and
postsynthetically deposited on the external surface of
PTACMIL-101 (Figure S3). Isomerization of n-hexane was
carried out at 250 °C and 1 bar on the MOF catalysts indicated
as 60% PTACMIL-101/Pt, 25% PTACMIL-101/Pt, and MIL-
101/Pt. As presented in Figure 2, the catalyst that contains the
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Figure 2. Total mass activity (blue) and isomer selectivity (red) of
60% and 25% PTACMIL-101/Pt and MIL-101/Pt for hydro-
isomerization of n-hexane in the gas phase at 250 °C and 1 bar.

highest amount of PTA was the most active and selective
toward isoalkanes. However, the catalytic activity of 25%
PTACMIL-101/Pt and MIL-101/Pt was minimal.

The apparent difference in catalytic activity between PTA
containing bifunctional catalysts indicates that the catalytic
activity is not directly proportional to the amount of PTA
cluster in the MOF. A similar phenomenon has been observed
for PTA supported on mesoporous silica and metal oxides. It
was demonstrated that HPAs possess strong acidic sites that
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can react with surface oxides/hydroxides of silica and metal
oxide supports, and lose some of their acidic character.'®
Similarly, upon loading of PTA in MIL-101, the acid might
react with metal oxidic structural units of the MOF and lose a
fraction of its acidic protons. Consequently, the catalyst with
the lower amount of the acid (25% PTACMIL-101/Pt) showed
negligible catalytic activity indicating that most of its acidic
protons were neutralized. In contrast, 60% PTACMIL-101/Pt
catalyzed n-hexane hydroisomerization with relatively high
activity and selectivity as shown in Figure 2. This is presumably
because the catalyst still contains a considerable amount of
PTA with active Bronsted acid sites sufficient to isomerize n-
hexane.

Characterization of Acidic Sites. On the basis of this
hypothesis, we carried out qualitative characterization of acidic
sites by adsorbing deuterated acetonitrile (CD;CN) and taking
infrared (IR) spectra of the catalysts. It is noteworthy to
mention that so far no satisfactory technique exists for
unambiguous characterization of acidic site strength and
concentration for MOF based catalysts.'' The conventional
techniques such as pyridine adsorption/desorption and
temperature-programmed ammonia desorption (NH;-TPD)
are not suitable for MOF catalysts due to the overlap of IR
peaks of MOFs and probe molecules and limited thermal
stability of MOFs. Here, we used CD;CN as a probe molecule
because it shows IR peaks in the clean region of the spectrum
and the C=N stretching absorption band has been shown to
be highly sensitive to the interaction between the probe
molecule and acid sites.'” As presented in Figure 3, three bands
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Figure 3. FTIR spectra of deuterated acetonitrile (CD;CN) species
adsorbed on pure MIL-101 and MIL-101 that contains 25% and 60%
phosphotunstic acid (PTA).

of peaks were observed for the catalysts, one in the 2320—2312
cm™! region, one at 2271-2270 cm™), and another at 2262—
2260 cm ™. The intensity of the IR peaks is quite low, making
the quantitative characterization of acidic sites unrealistic. This
is typical for CD;CN presumably due to low basicity of the
molecule. Nevertheless, on the basis of plentiful literature data
on the characterization of zeolitic acid sites, the bands around
2271-2270 cm™' and 2262—2260 cm™' can be assigned to
CD;CN molecules adsorbed on nonacidic hydroxide groups
(M—OH) and physisorbed CD;CN, respectively."” The peak

at 2320 cm™' observed for pure MIL-101 is consistent with
adsorbed CD;CN species on Lewis acid sites as previously
determined for MIL-53 and zeolites."””'* The additional
adsorption bands at 2318 cm'and 2312 cm™' observed for
25% and 60% PTACMIL-101, respectively, are more likely due
to protonated CD;CN species at Bronsted acid sites. That is
because PTA cluster contains only Brensted acid sites in its
structure. In addition, temperature dependent desorption
studies on zeolites demonstrated that IR band around 2315
cm™" corresponds to protonated species, acetonitrilium."’

The data on the characterization of acidic sites correspond
well with the catalytic performance of the samples. The IR peak
at 2312 cm™! observed for 60% PTACMIL-101 is noticeably
higher in intensity than the peak at 2318 cm™' observed for
25% PTACMIL-101. Higher intensity of the peak suggests that
the catalyst possesses higher concentration of Brensted acid
sites. Furthermore, the IR peak assigned for protonated
CD;CN species on 60% PTACMIL-101 is observed at
considerably lower wavenumbers than for the CD;CN species
on 25% PTACMIL-101 (2312 vs 2318 cm™). The red-shift of
the peak indicates the formation of stronger bonds between the
probe molecule and the acidic sites. Accordingly, 60%
PTACMIL-101/Pt contains not only a larger number of acidic
protons, but the strength of these acidic sites, necessary for the
isomerization of dehydrogenated intermediate species, is
substantially higher than the strength of the acidic sites of
25% PTACMIL-101. All in all, the data indicate that both the
concentration and strength of PTA clusters increase as a
function of its incorporation in MIL-101.

PTACMOF vs Aluminosilicate Catalyst. The performance
of the catalytically active 60% PTACMIL-101/Pt was evaluated
against aluminosilicate catalyst previously studied for n-hexane
hydroisomerization. AI-MCF-17/Pt was used as a reference
bifunctional catalyst because of its high catalytic activity and
remarkable selectivity toward hexane isomers.® As presented in
Figure 4, both the MOF and aluminosilicate catalysts converted
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Figure 4. Mass activity (blue) and isomer selectivity (red) of the MOF
based and aluminosilicate bifunctional catalysts and platinum nano-
particles supported onan inert mesoporous silica.

n-hexane with almost 100% isomer selectivity. Nevertheless, the
mass activity of 60% PTACMIL-101/Pt was significantly higher
than the mass activity of AI-MCF-17/Pt and MCF-17/Pt. At
250 °C and 1 bar, 60% PTACMIL-101/Pt showed 9-fold
increased mass activity as compared to the aluminosilicate
catalyst. The catalytic activity of MCF-17/Pt, which contains no
acidic sites, was extremely low confirming the significance of

DOI: 10.1021/jacs.7b06629
J. Am. Chem. Soc. 2017, 139, 1238212385


http://dx.doi.org/10.1021/jacs.7b06629

Journal of the American Chemical Society

Communication

Bronsted acid sites for alkane isomerization. Finally, time-on-
stream stability test of the MOF catalyst showed noticeable
deactivation (Figure S8). Structural degradation might be
contributing to the catalyst deactivation as revealed by XRD, N,
uptake, and SEM characterization before and after the reaction
(Figure S9). Nevertheless, the deactivation rate observed for
the MOF catalyst is comparable to the deactivation of PTA
supported on conventional oxides.'® As such, common
deactivating factors such as deposition of carbonaceous species
or “coke” on active sites might also be contributing to the
deactivation.
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