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ABSTRACT:

Co-Ni and Mn-Ni bimetallic trimesate MOFs prepared by a fast aqueous synthesis
method are excellent and reusable catalysts for the selective oxidation of cumene to
cumene hydroperoxide. Isolation of Co?" (or Mn?") in an inert Ni-BTC framework is a
good strategy to optimize CHP selectivity above 90%: since only Co?* sites catalyze CHP
decomposition, a drop of the CHP selectivity is observed as the cobalt content increases.
The statistical probability of having isolated Co?" sites is calculated as a function of the
total cobalt content of the bimetallic compound, assuming homogeneous distribution of
Co?" ions in the Ni-BTC framework and preferential occupation of terminal sites. Thus,
in our best sample, with a Co:Ni ratio of 5:95, 73% of the total Co?" ions are isolated so
that CHP decomposition/over-oxidation processes at the surface of the catalyst are not
likely to occur before CHP desorption. This can explain the excellent CHP selectivity
(91%) attained over this material. This “site isolation™ effect is further supported by

similar findings on Mn-Ni bimetallic compounds.

Keywords : MOF catalysis - Aerobic cumene oxidation - Bimetallic MOFs - Site
isolation - Single-site catalysts
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INTRODUCTION

Selective aerobic oxidation of cumene (CM) to cumene hydroperoxide (CHP)
(Scheme 1) is a relevant reaction from the industrial point of view, since CHP is an
important intermediate in the production of phenol, which can then be further converted
into phenolic resins and polycarbonates via bisphenol A.!2 Near 90% of phenol produced
worldwide is obtained through the cumene route. CHP is also used in the Sumitomo

process as oxygen carrier for the production of propylene oxide.>#

OOH OH o)
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_— —_— +
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Scheme 1. Aerobic oxidation of cumene (CM) to cumene hydroperoxide (CHP). The first
reaction can be auto-catalytic or catalyzed by metal ions (M""). These M"" ions can also
catalyze CHP decomposition (second reaction), leading to the formation of 2-phenyl-2-

propanol (PP) and acetophenone (AP) as the main by-products.

Typically, CM oxidation to CHP is carried out in the absence of any catalyst
(autooxidation process) and using small amounts of self-initiator CHP, 2,2'-Azobis(2-
methylpropionitrile) (AIBN) or N-hydroxyphthalimide (NHPI)>#® in the temperature
range between 80°C and 120°C and from atmospheric pressure up to 7 bars in air. Main
side products of the reaction are 2-phenyl-2-propanol (PP) and acetophenone (AP). As all
organic peroxides, CHP is sensitive to heat, and to the presence of acids, metal ions etc.
For this reason, alkaline agents like NaOH,’ Na,COs,'° or NH4;NaCQO3,!'! are commonly
added to neutralize the formation of organic acid by-products and prevent phenol
formation, which can have negative effects on selectivity and productivity of CHP.!2
Selectivity to CHP attained under these conditions is typically above 90-92%. However,
the productivity of such autooxidation processes (expressed in terms of grams of CHP
produced per liter of CM and per hour; g L' h'!) is usually below the desired values.
Therefore, in order to increase the CHP productivity, while maintaining the excellent
selectivity to CHP, different catalysts have been proposed, either homogeneous or

heterogeneous, mainly based on transition metal salts and oxides.!3-?!

ACS Paragon Plus Environment

Page 2 of 19



Page 3 of 19

oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

We and others have shown that several Metal-Organic frameworks (MOFs) can
be used for the aerobic oxidation (i.e., using only air or oxygen as the oxidant) of activated
alkanes, such as tetralin,?? cyclooctane,?? indane,>* and various alkylbenzenes,? including
cumene. Alternatively, MOFs can also be used as hosts in which other active species,
such as metallo-phthalocyanines?® or metal-oxide nanoparticles.?’

In spite of their high potential, catalyst preparation is an important limitation for
the large scale application of MOFs. Indeed, they are usually prepared in DMF or other
organic solvents that can be toxic and/or dangerous to handle, and often require the use
of non-commercial and/or expensive organic ligands, which introduce additional
synthesis steps and rise up the final price of the catalyst, making the resulting materials
less economically appealing, as compared to cheaper alternative catalysts. Moreover, the
use of high synthesis temperatures (100-200°C in many cases), overpressures, and long
synthesis times (one week or longer in certain cases) are also undesired characteristics of
most existing MOF preparations described so far.8-3!

In a precedent report, we described the preparation of various isoreticular mono-
(Co?*, Ni**, Cu?" and Zn*") and bimetallic (Co-Ni, Co-Zn, Mn-Ni) trimesate MOFs using
a facile and “green” synthesis method.?? (This manuscript is provided to the reviewers as
a "Supporting Information for review only") The procedure used showed a series of
advantages that improved the sustainability and industrial feasibility of the MOF
preparation, including: synthesis from non-toxic, aqueous solutions, room temperature
and atmosphere pressure, very short synthesis time (~ 10 min.), high yield (> 90%), easy
separation and washing protocols, easily scalable method, and a cheap and commercially
available ligand precursor, trimesic acid (H;BTC). Herein, we extended our studies on
“green” MOFs by exploring their catalytic properties as selective catalysts for the aerobic

liquid phase oxidation of cumene to cumene hydroperoxide.

EXPERIMENTAL SECTION

Materials preparation. The synthesis method used for preparing mono- and bimetallic
trimesate MOFs was described in detail elsewhere.’? Briefly, an aqueous solution of
trisodium benzene-1,3,5-tricarboxylate (Na;BTC) was poured onto a suitable divalent
metal salt solid precursor at room temperature under vigorous stirring. The amounts of
Na;BTC solution and metal precursor used were adjusted to have a 2:3 molar ratio.
Ethanol (1:2 v:v ratio with respect to total water) was also added to the above mixture, to

accelerate the precipitation of the MOF and to increase the final yield obtained, which

3
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was typically higher than 90% in all cases. Stirring of the mixture was continued for 10
minutes, and the solid obtained was separated by centrifugation and carefully washed
with distilled water (three times) and ethanol (once). Finally, the powder so obtained was
air-dried overnight at room temperature. The materials will be hereafter referred to as
either M-BTC or MxM’-BTC, for monometallic or bimetallic compounds, respectively.
M and M’ indicate the metal(s) used in each case, while x represents the (nominal) molar
percentage of metal ions M in the bimetallic compound.

Catalytic studies. CAUTION!! The following reaction conditions have been carefully
selected to avoid flammable mixtures. Any deviation from these conditions must be
carefully evaluated. In a typical catalytic experiment, 1 mL (7.14 mmol) of cumene (CM,
99% Sigma-aldrich) and the desired amount of solid catalyst were placed inside a home-
made glass microreactor (volume = 6 mL) equipped with magnetic stirring, a manometer,
a gas inlet and a liquid sampling valve. The reactor was connected with a cannula to an
O, supply system, fixed at a total pressure of 4 bars. This reservoir system provides a
continuous supply to restock the O, consumed during the oxidation reaction, so that the
concentration of O, was constant throughout the reaction. The reactors were placed in
iron hot-plate at the desired temperature. Time-evolution of products was carried out by
GC analysis (Agilent Technologies 7890A, capillary column 10m x 320pm x 0.1pum) on
sample aliquots taken at fixed time intervals. The samples were injected directly on-

column to minimize the possible decomposition of the hydroperoxide at the injector.

RESULTS AND DISCUSSION
Structural characterization of mono- and bimetallic trimesates. In a previous paper
we described in detail the synthesis and structural characterization of the MOFs studied
herein, so we will only briefly summarize the main conclusions extracted from our
previous study.3?

The aqueous synthesis method used produced highly crystalline, isoreticular Co,
Ni, Cu and Zn-BTC monometallic compounds of general formula M;BTC,-12H,0,
analogous to those first synthetized by Yaghi and co-workers using a conventional
solvothermal method.’* These compounds feature a layered structure consisting of
infinite zigzag chains aligned along [101] direction that are formed by the alternation of
BTC with M atoms. The repeating unit (black rectangle in Fig. 1) contains two types of
M atoms, bridging and terminal, in a 2:1 ratio. Bridging M atoms are connected to two

BTC units in unidentate mode along the chain, while terminal M atoms are coordinated

4
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in a bidentate fashion by one free carboxylate group on alternate BTC molecules.
Individual zigzag chains stack along the b axis (Fig. 1b) to form layers in the (10-1) plane,

while these layers are stacked along the ¢ axis with an ABA arrangement (Fig. 1¢ and d).

Figure 1. a) M3BTC,-12H,0 zigzag chains. The black rectangle single out the repeating
unit. b) Single M;3;BTC,-12H,0 layer representation along (001) direction. Hydrogen
atoms and water molecules have been removed for clarity. Cell borders are indicated by
black lines. Layer packing representations along (001) and (010) directions are shown in
parts c¢) and d) respectively. Chain are colored depending from the layer in which they
lay.

By adapting the above method leading to monometallic trimesates, we succeeded
in preparing isoreticular Co-Ni and Co-Zn binary mixtures in the entire range of
compositions (i.e., from 0% to 100% of cobalt in each series), as well as Mn-Ni
compounds up to a maximum Mn concentration of 50%. By combining powder and
single-crystal X-ray diffraction with SEM/EDX analysis, we demonstrated
unambiguously that bimetallic compounds form true solid solutions, rather than simple
physical mixtures of the two phases. In these solid solutions, the two metal ions were
found to distribute homogeneously throughout the whole crystal, without appreciable
enrichment of any of the metals at any region of the crystal (such as tips or rims).
Moreover, a careful analysis of the evolution of the cell parameters with the composition

of Co-Ni and Co-Zn bimetallic compounds strongly suggested that Co?" ions occupy

5
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preferentially terminal framework positions, leading to well-defined and predictable
environments for the metal ions in the framework as a function of the chemical
composition of the binary materials. As far as Mn-Ni mixtures is concerned, our data
were not conclusive enough to state with certainty whether preferential siting of terminal
positions also applied to Mn?* ions in Mn-Ni compounds.

Clear implications of preferential site occupation can be envisaged on the catalytic
behavior of the materials, since this should influence, e.g., the average distance between
neighbor metal active sites as a function of the chemical composition of the solid solution,
or the probability to have metal site isolation. In the following, we will show that this is

indeed the case for the aerobic oxidation of cumene.

Catalytic studies

In order to evaluate the catalytic activity of the materials for the aerobic oxidation
of cumene, we first considered the monometallic compounds, Co-BTC, Ni-BTC, Cu-BTC
and Zn-BTC. Table 1 summarizes the results obtained, together with a blank (auto-
catalyzed) reaction measured under the same conditions. While Ni-BTC and Zn-BTC
were basically not active under the reaction conditions used, Cu-BTC produced only a
slight increase of the CM conversion as compared with the auto-catalyzed process (entries
1 and 4 in Table 1). Conversely, Co-BTC afforded a noticeable 10-fold increase of the
CM conversion with respect to the blank experiment (entries 1 and 2). Thus, 49%
conversion of CM was obtained after 7 h over Co-BTC. Meanwhile, the auto-catalyzed
reaction produced only 5% CM conversion after the same reaction time. However, the
CHP selectivity attained over Co-BTC was only moderate, 69%, being 2-phenyl-2-
propanol (PP) the main side product formed (30% selectivity), along with a small amount
(ca. 1%) of acetophenone (AP) coming from non-selective decomposition side reactions.
This is in sharp contrast with the excellent CHP selectivity obtained in the blank
experiment (94%). The reason for the lower selectivity to CHP attained over Co-BTC
with respect to the non-catalyzed reaction is that Co-BTC can also catalyze the
decomposition of CHP, producing PP and AP and decreasing the final CHP yield
(Scheme 1). The time evolution of products and selectivity to CHP obtained over Co-

BTC is shown in Fig. 2.

ACS Paragon Plus Environment

Page 6 of 19



Page 7 of 19 ACS Sustainable Chemistry & Engineering

Table 1. Summary of results of CM oxidation over monometallic MOFs.“

Conversion® Selectvity to  Productivity of E-factor®
Entry  MOF (%) CHP (%)  CHP (oL -h')

Blank 5 94 8 0.070
Co-BTC 49 69 53 0.453
Ni-BTC 6 91 8 0.102
Cu-BTC 12 94 18 0.057

14 5  Zn-BTC 3 95 4 0.048

15 @ Reaction conditions: 1 mL of cumene (7.17 mmol), catalyst (cumene-to-metal molar
16 ratio = 150), p(O,)= 4 bar, 90°C, 7 h of reaction. » Conversion (mol%), determined by
GC. ¢ Environmental factor, calculated as the mass ratio of waste to desired product.
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43 Figure 2. Cumene conversion (-m-), yields of CHP (-o-), PP (-o-), AP (-0-), and
selectivity to CHP (-*-) obtained over Co-BTC. Reaction conditions: 1 mL of cumene
(7.17 mmol), catalyst (cumene-to-Co molar ratio = 150), p(O,)= 4 bar, 90°C.

The activity of Co-BTC calculated as turnover frequency (TOF) at short reaction
50 time was 22.5 h'l; i.e., 22.5 mmols of CM were converted per mmol of metal and per
52 hour. (This TOF value was calculated between 0 and 1 hour of reaction, with a CM
54 conversion below ~15%). However, productivity of the reaction can also be expressed in
terms of grams of CHP produced per liter of cumene and per hour (g L-! h!). Note that
57 this quantity takes into account the CM conversion over time and CHP selectivity, but it

59 is independent of the amount of metal catalyst used. This makes the comparison between
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catalyzed and auto-catalyzed experiments straightforward. Productivities calculated in
this way for catalyzed and auto-catalyzed reactions have also been included in Table 1.
Thus, in spite of affording a lower selectivity to CHP, the use of Co-BTC still produces
an almost 7-fold productivity increase with respect to the blank experiment: from 8 to 53
g L' h'! during the first 7 h of reaction, respectively (compare entries 1 and 2 in Table 1).
However, these results are still far from optimum due to the low CHP selectivity and the
generation of relatively large amount of byproducts (viz. PP and AP), resulting in an E-
factor’* of 0.453 (as compared with 0.070 for the auto-catalyzed process). We then started

an optimization of the reaction conditions to improve these results.

Optimization of the reaction conditions

Reaction temperature. In order to determine the influence of various reaction
parameters on the performance of the trimesate MOFs, we first considered the reaction
temperature. Fig. 3 summarizes the catalytic results obtained for Co-BTC and auto-
catalyzed experiments at reaction temperatures ranging from 50° to 95°C. Conversions

and selectivities reported in this figure correspond to 7 h of reaction.

100 |l Co-BTC -
- Blank .
L me - -
80 e I i
—_ . A
: _— C_’ 5
8 : ./. - 60 >
E ./ %
e P _ :
C - q)
o 404 R
o o
2 I
O O
: - 20
1
) L0
50 60 70 ” i |

Temperature (°C)

Figure 3. CM conversion (bars) and CHP selectivity (lines) attained over Co-BTC and
auto-catalyzed reactions as a function of the reaction temperature.

It is evident from the above results that an increase in the temperature produces a

concomitant and highly desired increase of both CM conversion and selectivity to CHP
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for both, MOF catalyzed and auto-catalyzed reactions in the temperature range from 50°
to 90°C. Unfortunately, increasing further the reaction temperature above 90°C produced
a gradual dehydration of Co-BTC, which was associated with an evident color change
(from pink to purple) and a severe loss of the crystallinity of the MOF (see Fig. S1 in the
Supporting Information). Note that water molecules directly coordinated to the metal ions
engage in a hydrogen bonding network that holds the MOF structure, so their removal
causes the collapse of the framework. This crystallinity loss translated into a severe
decrease of the catalytic activity of the material (from 49% conversion at 90°C to 30% at
95°C) and a slight decrease of selectivity to CHP as well (from 69% to 64%). Therefore,

90°C can be considered as the optimum reaction temperature for this type of materials.

Chemical composition: Bimetallic MOFs. Next, we evaluated the catalytic activity of
various bimetallic MOFs having different Co/Ni ratios. Table 2 summarizes the results
obtained after 7 h at a reaction temperature of 90°C, while time-conversion plots are

shown in Fig. S2 in the Supporting Information).

Table 2. Summary of results of CM oxidation over mono- and bimetallic Co-Ni MOFs
of various compositions.“

CM:Co?** Conv. Select. Productivity E-factor
Entry  MOF ratio (%) CHP (%) CHP (g:L'-h")
1  Blank - 5 94 8 0.070
2 Co-BTC 150 49 69 53 0.453
3 Co33Ni-BTC 450 35 76 41 0.323
4 Co5Ni-BTC 3000 30 91 43 0.098
5  Co2Ni-BTC 7500 19 91 27 0.100
6  ColNi-BTC 15000 14 92 20 0.089
7  Ni-BTC - 6 91 8 0.102

@ Reaction conditions: 1 mL of cumene (7.17 mmol), catalyst (14 mg of MOF, the
resulting cumene to Co?* molar ratio is indicated), p(O,)= 4 bar, 90°C, 7 h of reaction.

As it can be seen in Table 2 and Fig. S2, there is a progressive and gradual increase of
CM conversion with the Co content of the MOF in the bimetallic compound, on passing
from the pure Ni-BTC (6%) to pure Co-BTC (49%). Meanwhile, the selectivity to CHP
is maintained above 90% for a Co content below 5%, and then starts to decrease rapidly
as the Co content increases further. Therefore, the Co5Ni-BTC bimetallic compound
(containing 5 mol% of Co) was considered to be the best compromise between CM

conversion and CHP productivity and selectivity. With respect to the auto-catalyzed
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reaction, Co5SNi-BTC provides a much higher productivity, 43 vs. 8 g L-! h'!, while still
maintaining an excellent selectivity to CHP (91% CHP vs 94%). Accordingly, the E-
factor obtained with this bimetallic catalyst is low (0.098) and not far from that of the
auto-catalyzed process (0.070).

The gradual slowdown of the oxidation reaction on moving from Co-BTC to Ni-
BTC, and all the bimetallic compounds in between, can be attributed to a dilution effect,
since the total amount of Co?* ions in the solid is progressively reduced (from a CM:Co?**
ratio of 150 in pure Co-BTC down to 15000 in ColNi-BTC). Note that Ni*" ions are
basically inactive for this reaction (compare entries 1 and 6 in Table 2). In turn, Co?" ions
also catalyze side reactions leading to CHP decomposition (again Ni*" ions are inactive
for CHP decomposition, see Fig. S3 in the Supporting Information for the corresponding
CHP decomposition experiments), so this can also explain the observed progressive
decrease of CHP selectivity as the cobalt content of the solid increases.

Nevertheless, we wanted to explore in more detail if this “dilution effect” was the
only reason for the excellent CHP selectivity attained over our best catalyst, the Co5Ni-
BTC sample. To address this point, we determined the catalytic properties of a physical
mixture of pure Ni-BTC and Co-BTC monometallic compounds in the appropriate ratio
to obtain a Co:Ni molar ratio of 5:95; i.e., the same Co:Ni ratio found in bimetallic Co5Ni-
BTC, and keeping a CM:Co?" ratio of 3000. This physical mixture produced a similar
level of CM conversion (28%) as the bimetallic MOF (30%) after 7 h of reaction, with a
CHP selectivity of 85% (see Table 3). However, although this CHP selectivity was much
higher than that of pure Co-MOF (i.e., 69%), it was still significantly below the selectivity
obtained for the Co5Ni-BTC bimetallic compounds at the same level of conversion (85%
vs. 91%). The differences between Co5Ni-BTC and the physical mixture are even higher
if we analyze the data corresponding to lower CM conversion and shorter reaction time,
as it is clearly seen in the conversion-selectivity plot shown in Fig S4 in the Supporting
Information. Therefore, although the physical dilution effect probably plays an important
role, it is probably not the only effect determining the excellent CHP selectively attained

over Co5Ni-BTC.

10
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Table 3. Catalytic results obtained for the CM oxidation over bimetallic Co5Ni-BTC and
a physical mixture of pure Co-BTC and Ni-BTC in a 5:95 ratio. The results obtained with

pure Co-BTC are also included for comparison.”

Conv.  Select. Productivity
Entry MOF (%) CHP (%) CHP (g-L!h'))
1 Co-BTC? 49 69 53
2 Co5Ni-BTC 30 91 43
3 Co-BTC + Ni-BTC 28 85 38

@ Reaction conditions: 1 mL of cumene (7.17 mmol), catalyst (Co:Ni = 5:95 and CM to
Co?" molar ratio = 3000), p(O,)= 4 bar, 90°C, 7 h of reaction. * Same conditions as in
Table 1 and 2; i.e., CM to Co?" = 150).

As we concluded in our previous work,’> Co?" ions in the bimetallic MOFs
distribute homogeneously throughout the whole crystalline framework, with a high
tendency to occupy terminal positions in the first place (up to a 33% concentration). It is
then reasonable to assume that at such a low concentration (5% total cobalt content), most
of the Co?* ions will occupy terminal positions.

In the M-BTC crystalline framework, each ion in a terminal site is surrounded by
8 closest neighbors: 6 bridging atoms at distances dierm-bridge = 5.89 A (two sites), 5.63 A
(two sites) and 5.60 A (two sites), and 2 terminal atoms at distances dierm-term = 6.53 A.
Beyond these 8 closest neighbors, other metal-metal contacts are too distant (e.g., dierm.
term = 16.11 A, dierm-bridg = 10.40 A and durigg brigg = 8-32 A), so that they can be neglected.
Taking into account this spatial distribution of metal sites and the preferred site
occupation of terminal sites by Co?* ions, the arrangement of Co?* ions in the structure
can be schematically represented as shown in Fig. 4. Then, the statistical probability of
each configuration can be calculated as a function of the total cobalt content of the
bimetallic compound (further details on the calculation procedure are given in the

Supporting Information).

11
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Figure 4. (Left) Possible arrangement of Co?* ions in CoxNi-BTC bimetallic compounds.
In these schematic drawings, a central Co?" ion (black) in a terminal position is
surrounded by 8 closest neighbors (less than 7 A apart): 6 bridging sites (large circles)
and 2 terminal sites (small circles), that can be occupied either by another Co?* ion (black)
or a Ni*" ion (white). The number of Co?" closest neighbors in each arrangement is
indicated below each picture. (Right) Statistical probability of having each of the Co?*
arrangements as a function of the total cobalt content in the bimetallic compound,
calculated as detailed in the Supporting Information.

Note that, according to the simple model considered above, the probability of
having an isolated Co?" site (i.e., a Co?" ion surrounded by 8 Ni** ions) falls sharply at
relatively low cobalt concentration. Thus, the probability of having site isolation would
be of around 73% in Co5Ni-BTC, while this probability would fall down to 15% for
Co020Ni-BTC, and to zero for Co33Ni-BTC, in which all Co?" would be surrounded by
two other Co?* ions. This means that statistically 73% of the total Co?" sites in Co5Ni-
BTC will have no other Co?" atom in any of the 8 closest neighbor positions. Or, in other
words, that two neighbor Co?* ions will be at least 8-9 A apart.

It is well known that site isolation can be crucial in determining the observed
catalytic properties of a material.>3-37 This is also the present case for the aerobic oxidation
of cumene. Once a CHP molecule is formed in the main reaction, it can either desorb into
the liquid phase, or it can undergo secondary oxidation or decomposition events at the
surface of the catalyst that will consume CHP (decreasing the final CHP selectivity of the
overall catalytic process). It is evident that if the average separation between two neighbor
Co?" sites in the bimetallic compound is large due to site isolation, CHP decomposition
and other secondary oxidation events are less likely to take place, and this will result in
an overall higher CHP selectivity of the catalytic process, as show in Scheme 2. Note that

the beneficial effects of site isolation on the catalytic properties of the bimetallic

12
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compounds are only possible because Ni** are inactive in CHP decomposition. Thus,
from a practical point of view, our catalysts can be viewed as an array of Co?" active sites

diluted in an inert Ni-BTC matrix.

@K @k ©k @x @koowoesorpﬁon

Close Co?* sites Distant Co?* sites

Scheme 2. CHP decomposition is more likely to occur on close Co?* sites (left part) than
on distant, site isolated Co?" sites (right part).

To lend further support to this “site isolation” or “matrix isolation” effect as the
responsible for the high CHP selectivities observed, we have extended our results to
another series of bimetallic Mn-Ni compounds, in which the catalytically active sites
(Mn?*) are likewise diluted in an inert Ni*" matrix. As we described in our previous
report,3? we were not able to prepare pure Mn-BTC with the same crystalline structure as
the Co- and Ni-BTC compounds. Nevertheless, we were able to prepare isoreticular Mn-
Ni bimetallic MOFs up to a maximum Mn concentration of 50%.

We thus prepared Mn-Ni1 bimetallic trimesates having 1%, 2% and 5% Mn and
used them as catalysts for the aerobic oxidation of CM. The catalytic results obtained are
summarized in Table 4, which includes also for comparison the results of a physical

mixture of pure Mn-BTC and Ni-BTC in a Mn:Ni molar ratio of 2:98.

Table 4. Summary of results of CM oxidation over mono- and bimetallic Mn-Ni MOFs
of various compositions, and of a physical mixture (Mn-BTC+Ni-BTC) in a 2:98 molar
ratio.”

CM:Mn?" Conv. Select. Produc. CHP

Entry MOF ratio (%) CHP (%) (2L -h) E-factor
1 Blank - 5 94 8 0.070
2 Mn5Ni-BTC 3000 43 77 51 0.307
3 Mn2Ni-BTC 7500 30 87 41 0.156
4 MnINi-BTC 15000 25 90 36 0.112
5 Mn-BTC + Ni-BTC 7500 32 82 42 0.222

@ Reaction conditions: 1 mL of cumene (7.17 mmol), catalyst (14 mg of MOF, the
resulting cumene to Mn?" molar ratio is indicated), p(O,)= 4 bar, 90°C, 7 h of reaction.

13

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

As compared with the Co-Ni compounds, the Mn-Ni MOFs were slightly more
active for CM conversion, but less selective to CHP (compare data in Tables 2 and 4).
Nevertheless, the same general trends are also observed throughout the series of
bimetallic compounds: an increase of the Mn:Ni ratio in the solid solution produces a
gradual increase in the CM conversion and a decrease of the selectivity to CHP. Again,
the solid solution compounds provide a higher CHP selectivity than simple physical
mixtures: 87% vs. 82% (compare entries 3 and 5 in Table 4). In our opinion, these finding
support the hypothesis of the site isolation effect as one of the reasons behind the elevated

CHP selectivities obtained with bimetallic trimesate MOFs.

Stability and reusability of the MOFs. When dealing with any process in heterogeneous
catalysis, stability and recyclability of the catalyst become relevant aspects. And
particularly when considering the sustainability of the overall process. According to the
XRD of the materials recovered after the reaction, all Co-Ni and Mn-Ni bimetallic
compounds described above were found to maintain their crystallinity (see Fig. S2 in
Supporting Information). Accordingly, the materials were found to maintain the catalytic
activity and CHP selectivity practically unchanged for at least 5 consecutive catalytic
cycles, as shown in Fig. 5 for sample Co5Ni-BTC (see also Fig. S6 in Supporting
Information for sample Mn2Ni-BTC). Moreover, analysis of the liquid filtrate after the
reaction by ICP-OES does not revealed the presence of significant amounts of metals in
solution (Co?*, Ni** or Mn?"), which indicates that leaching of the metal ions from the

MOF to the liquid medium is very limited.
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Il CM conversion
Reusability of Co5Ni-BTC B CHP selectivity

100

Conversion or selectivity (%)

1 2 3 4 5

Catalytic Cycle

Figure 5. Reusability of the Co5Ni-BTC bimetallic compound in five consecutive

catalytic cycles.

Conclusions
We have shown that bimetallic Co-Ni and Mn-Ni trimesate MOFs prepared by a
fast aqueous synthesis are excellent and reusable catalysts for the selective oxidation of
cumene to cumene hydroperoxide. Isolation of Co?" (or Mn?*) in an inert Ni-BTC
framework by progressively decreasing the total cobalt content of the binary solid
solution is a good strategy to optimize CHP selectivity above 90%, and to minimize
production of side products (mainly PP). This beneficial effect is probably due in part to
a dilution effect: since Co?* are the only sites that can catalyze CHP decomposition, we
can expect a drop of the CHP selectivity as the cobalt content increases. Meanwhile, the
homogeneous distribution of Co?* ions throughout the Ni-BTC framework and their
preferential occupation of terminal sites allowed us to construct a simple model to
calculate the statistical probability of having isolated Co?" sites, surrounded only by
(inactive) Ni** sites in the closest positions, as a function of the total cobalt content of the
bimetallic compound. In this way, the excellent CHP selectivity (91%) obtained over our
best compound, Co5Ni-BTC, can be explained in terms of a “site isolation” or “matrix
isolation” effect. Indeed, according to our model, this sample statistically contains 73%
of the total Co?" ions as isolated sites, so that CHP decomposition/over-oxidation
15
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processes at the surface of the catalyst are not likely to occur before CHP desorption takes
place. This “site isolation” effect was further supported by similar findings on Mn-Ni

bimetallic compounds.

Supporting Information

XRD of pristine and dehydrated Co-BTC; temporal evolution of products over Co-Ni
bimetallic compounds; CHP decomposition experiments; conversion-selectivity plots of
Co5Ni-BTC and Co-BTC/Ni-BTC physical mixture; XRD of Co5Ni-BTC and Mn2Ni-
BTC after 5 reuses; reusability of Mn2Ni-BTC; calculation of probabilities of different

Co?" arrangements
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Synopsis

21 Effective site isolation (“matrix isolation effect”) in bimetallic MOFs leads to highly selective
and reusable catalysts for the aerobic oxidation of cumene to cumene hydroperoxide.
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