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A new Fe-based metal-organic framework (MOF), termed Fe-TBAPy Fe,(OH),(TBAPy)-4.4H,0, was
solvothermally synthesized. Structural analysis revealed that Fe-TBAPy is built from [Fe(OH)(CO,),]. rod-
shaped SBUs (SBUs = secondary building units) and 1,3,6,8-tetrakis(p-benzoate)pyrene (TBAPy*") linker
to form the frz topological structure highlighted by 7 A channels and 3.4 A narrow pores sandwiching
between the pyrene cores of TBAPy*~. Consequently, Fe-TBAPy was used as a recyclable
heterogeneous catalyst for benzene hydroxylation. Remarkably, the catalysis reaction resulted in high
phenol yield and selectivity of 64.5% and 92.9%, respectively, which are higher than that of the other Fe-
based MOFs and comparable with those of the best-performing heterogeneous catalysts for benzene
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H the quantitative yield of phenol.'® Indeed, this could be
1. Introduction q y p
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Phenol is an important chemical for the production of bakelite
and phenolic resins. Currently, the global production of phenol
is over 7.2 megatons per year.” Traditionally, phenol is
produced from benzene by three-step cumene process, which
suffers low yield (~5%),®> high energy consumption,* and
generates the explosive cumene hydroperoxide intermediate,*
as well as the unnecessary by-products (e.g. acetone, a-methyl-
styrene).® Recently, significant efforts have been devoted to
developing the greener and safer one-step hydroxylation
protocol for production of phenol from benzene.® In this regard,
various catalysts have been used; however, the phenol yields are
low for most catalytic systems, for examples FeOCl (43.5%);"
VPO@GO (32.8%);” Fe-ZSM-5 (22.9%);* Cu,0-8/dG (19.2%)° (see
ESI, Table S3t). On the contrary, only a few examples showed
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attributed to the fact that phenol is more reactive toward
oxidation than benzene.®

Metal-organic frameworks (MOFs) are a new class of porous
extended materials assembled from well-defined inorganic and
organic building units, which link together by strong bonds to
shape the periodic structure. Attributing to the flexibility in
choosing the building blocks, various MOFs with adjustable
pore sizes and shapes as well as tunable internal chemical
environments are designed and synthesized.” Up to now, a vast
number of MOFs are synthesized and used in a wide range of
applications including but not limited to gas and vapour
storage/separation,®*® proton conduction,'*® catalysis,"**"
sensing,”?* and drug delivery.>*** Recently, various Fe-based
MOFs were synthesized and exhibited interesting proper-
ties.”*** Especially, the employment of Fe-based MOFs as the
catalysts for the direct C-H bond activation showed excellent
performance.**** On the other hand, studies using MOFs for
benzene hydroxylation are rarely reported. Indeed, an example
employing MIL-100(Fe) and MIL-68(Fe) for benzene hydroxyl-
ation showed less than 30.6% benzene conversion.****

With this in mind, we wish to report the synthesis and
characterization of a new iron-based MOF, termed Fe-TBAPy.
Structural analysis of Fe-TBAPy, formulated as Fe,(OH),(-
TBAPy)-4.4H,0, revealed that Fe-TBAPy is built from
[Fe(OH)(CO,),].. rod-shaped SBUs linked by TBAPy*~ to form
the frz topological framework.*® This structure is highlighted by
7 A channels along the O, axis and 3.4 A pores sandwiching
between the pyrene cores of TBAPy'~. With this feature, Fe-
TBAPy was employed for benzene hydroxylation reaction. As

This journal is © The Royal Society of Chemistry 2019
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a result, the catalysis reaction using 1.0 mol% Fe-TBAPy pro-
ceeded with the optimized phenol yield and selectivity of 64.5%
and 92.9%, respectively. This value is higher than that of the
other iron-based MOFs (e.g. MIL-100(Fe), MIL-126, MIL-68(Fe),
MIL-88(Fe), and VNU-20)*"*" and comparable with those of
the best-performing heterogeneous catalysts for benzene
hydroxylation.

2. Experimental

Chemicals

N,N-Dimethylformamide (DMF), acetic acid (CH;COOH, 98%),
dichloromethane (CH,Cl,, 99.9%), and anhydrous methanol
(MeOH, 99.8%), were obtained from EMD Millipore Chemicals.
Iron chloride anhydrous (FeCl,, 98%) were obtained from Acros
Organic.  Palladium-tetrakis(triphenylphosphine)  (99%),
benzene (99.9%), toluene (99.8%) H,0, (30 wt%) were
purchased from Sigma-Aldrich. 1,3,6,8-tetrabromopyrene
(purity > 98%) and methyl 4-boronobenzoate (purity > 96%)
were purchased from Tokyo Chemical Industry Co. All starting
materials and solvents were used without further purification.
Fe-based MOFs and H,TBAPy were synthesized according to the
published procedures.>*

Synthesis of Fe-TBAPy

A mixture of anhydrous FeCl, (0.050 g, 0.39 mmol) and
H,TBAPy (0.040 g, 0.058 mmol) was dissolved in 15 mL DMF.
Subsequently, acetic acid (250 pL) was added and the solution
was sonicated for 5 minutes, divided into glass tubes (1.5 mL
each tube), which were flame-sealed under ambient atmosphere
and temperature. Following this, the tubes were placed in an
isothermal oven at 180 °C for one day. The resulting yellow
micro-crystalline product was collected, washed with DMF (10
mL), methanol (10 mL) and dichloromethane (10 mL) for 3 d,
respectively. During the solvent-exchange, each solvents were

TBAPy*

Fe-TBAPy
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decanted and replenished 5 times per day. Finally, the product
was evacuated under vacuum (10> torr) at room temperature to
yield Fe-TBAPy (67% yield, based on H,TBAPy). Elemental
analysis (EA) of activated sample: calcd for Fe,Cy4Hz, 60144 =
Fe,(OH),(TBAPy)-4.4H,0: C, 58.46; H, 3.41; N, 0%. Found: C,
58.5; H, 3.69; N, 0.31%. FT-IR (ATR): 1605 (m); 1580 (m); 1516
(m); 1380 (s); 1179 (m); 1144 (w); 1103 (w); 1019 (w); 1007 (m);
979 (w); 900 (w); 862 (m); 742 (m); 816 (m); 784 (m); 767 (m); and
716 (m); 641 (m) (Fig. S51).

3. Results and discussion
Synthesis and characterization of Fe-TBAPy

A mixture of H;TBAPy and FeCl, was dissolved in DMF in the
presence of CH;COOH and isothermally heated at 180 °C for
24 h to yield yellow micro-crystalline material of Fe-TBAPy. The
as-synthesized material was further collected, washed and
activated under dynamic vacuum at room temperature. The
PXRD pattern of the activated sample was collected and indexed
(Fig. S2t). The resulted unit cell parameters were refined against
the experimental profile by Pawley method. Accordingly, Fe-
TBAPy is found to crystallize in the monoclinic space group,
P2/c (no. 13), with unit cell parameters, a = 14.2972; b =
15.5453; ¢ = 14.0069 A and § = 84.79° (Section S4+). We found
that the obtained unit cell parameters are similar to that of the
distorted structures of [Iny(OH),(TBAPy)].*> Therefore,
a modelled structure of Fe-TBAPy was built based on the atomic
connectivity of [In,(OH),(TBAPy)] (Table S171). With this struc-
tural model, the full range Rietveld refinement against the
experimental profile was performed to optimize the atom
positions in the unit cell. Finally, the structure was successfully
refined with low R-values (20 = 2-80°, R, = 7.53% and R, =
9.92%, Fig. 2 and S3t). The refined structure clearly showed that
Fe-TBAPy is built from the commonly observed [Fe(OH)(CO,),]«
rod-shaped SBUs (Fig. 1a),****** which are connected by
TBAPy"~ linkers (Fig. 1b) to expand into the frz topological

frz framework

Fig. 1 Fe-TBAPy is constructed from [Fe(OH)(CO,)s]. rod-shaped SBUs (a), linked by tetratopic TBAPy?~ linkers (b) to expand into the frz
topologically based framework (c and d). Atom colors: Fe, blue polyhedra; C, black; O, red. All hydrogen atoms are omitted for clarity.
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framework (Fig. 1c and d) highlighted by 7 A channel and 3.4 A
pores sandwiching between the pyrene cores of TBAPy ™
(Fig. S4t).%5°

Fourier transform-infrared (FT-IR) spectroscopy analysis of
the activated sample showed the structural stability with the
vc—o stretching peak of coordinated carboxylate at 1605 cm ™"
(Fig. S5t). Elemental microanalysis (EA) confirmed the
proposed chemical formula of Fe-TBAPy to be Fe,(OH),(TBAPy)-
4.4H,0: C, 58.46; H, 3.41; N, 0%. Found: C, 58.5; H, 3.69; N,
0.31%. The thermal stability and the permanent porosity of Fe-
TBAPy were further investigated by thermogravimetric analysis
(TGA) and 77 K N, adsorption measurements. TGA showed that
Fe-TBAPy is stable up to 300 °C with a small weight percentage
loss (<4.5 wt%) (Fig. S61). Furthermore, the weight percentage
of the residual oxide (assigned to Fe,03) is 22.2 wt%, which is
consistent with the theoretical value calculated from the
modelled structure (19.5 wt%) (Fig. S6T). N, isotherm of Fe-
TBAPy exhibits reversible uptake, with BET (Langmuir) surface
area of 650 m” g~' (703 m”> g~ ") (Fig. S71). These values are in
agreement with the theoretically predicted surface area (Mate-
rials Studio 8.0; Langmuir SA = 820 m* g~ !). Furthermore, pore
size distribution analysis derived from N, isotherm confirmed
the existence of the 7 A channel in Fe-TBAPy (Fig. S81).

Subsequently, the activated Fe-TBAPy were immersed in the
water solution of HCl or KOH with pH from 2 to 10 for 5 days.
Following this, these samples were exchanged with DMF,
MeOH, CH,Cl,, and activated under dynamic vacuum at room
temperature. As shown in Fig. S9,7 the PXRD profile of the
water-immersed samples showed the peak-shifts compared
with the PXRD pattern of the activated sample. Further Pawley
refinement against the experimental profile of these samples
indicated the maintenance of the periodic structure; however,
the slight changes of the unit cell parameters were found
(Fig. S97). Indeed, such structural flexibilities are also observed
for [In,(OH),(TBAPy)] and common Fe-based MOFs.*>**%” FT-IR
analysis of water-immersed samples also confirmed the

110

S Monoclinic P2/c
- a=142972A — Simulated
. b=155453 A  « Experimental
S c=14.0069 A  + Bragg position
@© B=84.79° — Difference
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= Rwp =9.92%
/2]
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Fig. 2 Experimental (green) and refined (red) PXRD patterns of acti-
vated Fe-TBAPy after Rietveld refinement. The difference plot (black)
and Bragg positions (blue) are also shown. Full range Rietveld refine-
ment data (20 = 2—-80°) is provided in the ESI (Section S47).

16786 | RSC Adv., 2019, 9, 16784-16789

View Article Online

Paper

maintenance of the coordinated bond with the characterized
peak at 1605 cm™ ' (Fig. S107). Furthermore, the absence of
peaks of free carboxylic acid implied the full maintenance of the
atomic connectivity without exfoliation (Fig. S101). This data
showed that Fe-TBAPy is stable in acidic and basic water and
such property endow this material to be employed as the
oxidative catalyst under harsh conditions, in which common
MOFs cannot retain the structure.*®

Catalytic activity

Since the catalysis activity of MOFs strongly depends on the
constituent metal SBUs*"** and/or the adsorption and diffusion
of the substrates onto the internal surface,’®** the materials,
whose structures are characterized by substrate-fitting pores,
tend to show the enhancing or selective catalysis.>** Inspired
by In,(OH),(TBAPy) compound, whose structure is found to
allow the toluene molecules to sandwich into the narrow pores
between the pyrene cores of TBAPy*~,* we anticipated that 3.4 A
pores sandwiching inside Fe-TBAPy could be the strong
adsorption-sites for benzene because of the strong m-m inter-
action of this substrate and pyrene cores of TBAPy" . This
consequently boost the catalysis activity of Fe-TBAPy catalyst for
the benzene hydroxylation reaction (Fig. S47).

To take this further, the benzene hydroxylation reactions
using Fe-TBAPy catalyst were evaluated according to a pub-
lished procedure; however, with the slight modification of
reaction parameters.** Initially, the reaction was carried out at
room temperature, in which the catalyst (4.3 mol%), benzene
(50 pL) and H,0, (30 wt%, 100 uL) were used. The reaction
resulted in 36% GC yield for phenol after 24 h while the by-
products were not detected (Table S2, entry 1). Increasing the
reaction temperature to 50 °C resulted in an increase of phenol
yield to 40.1% with 94.5% selectivity found (Table S2, entry 27).
In comparison, MIL-100(Fe) showed 30.6% benzene conversion
after performing the catalysis reaction for 24 h (used
equal mol% of iron metal with Fe-TBAPy),** the high phenol
yield catalyzed by Fe-TBAPy, therefore, indicated the out-
performed catalysis activity of Fe-TBAPy over MIL-100(Fe). We
further carried out the catalysis reactions using 1 mol% Fe-
TBAPy with increasing temperature and amount of H,0, (100,
300 and 600 pL) to maximize the performance of Fe-TBAPy. This
resulted in the phenol yield of 17.9%, 33.9%, and 57.8%,
respectively, at 70 °C and 24 h (Fig. 3 and Table S2, entry 6, 7 and
81). Extending the reaction time resulted in the steady increase
of phenol yield until 33 h with 45.6 and 64.5% yield detected
(corresponding to 300 and 600 pL H,0,, respectively) (Fig. 3 and
Table S2, entry 9 & 161). Interestingly, gas chromatography (GC)
analysis showed the high phenol selectivity of 92.9% at the
optimized condition (Fig. S11 and Table S2, entry 97). In addi-
tion, we found that the catalysis activity of Fe-TBAPy is
comparable with that of the best-performing catalysts for
benzene hydroxylation such as FeOCl (43.5%)," V-Si-ZSM-22
(30.8%),> TS-1 (29.5%),"* PMO-1 (27.4%),”* Cu,0-8/dG
(19.4%),° CuCr,05® (65%)° (Table S37).

The control experiment was further carried out to verify the
heterogeneous nature of Fe-TBAPy. As expected, phenol

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 GC yield of phenol in the presence of Fe-TBAPy catalyst (red
cycle) and the control reaction with the removal of the catalyst after
9 h (green triangle).

formation was no longer detected after the isolation of Fe-
TBAPy from the reaction medium. This implied the benzene
hydroxylation reaction catalysed by Fe-TBAPy and the contri-
bution of the iron metal leached out from Fe-TBAPy is negligible
(Fig. 3). The durability of Fe-TBAPy as a catalyst was further
evaluated by carrying out the catalysis experiments for up to five
cycles. Experimental results indicated that Fe-TBAPy could be
reused without a significant reduction in catalytic activity.
Specifically, up to 60.9% GC yield of phenol was found after the
fifth cycle using the recycled Fe-TBAPy sample (Fig. 4). More-
over, the structural maintenance without significant degrada-
tion of Fe-TBAPy after consecutive catalytic experiments was
confirmed by FT-IR and PXRD measurements (Fig. S13 and
S14%).

The advantage of using Fe-TBAPy for benzene hydroxylation
was further demonstrated by comparing the catalysis activity
with the other Fe-based MOFs such as MIL-100(Fe) and MIL-
126, which are characterized by both the large pore and high
surface area.’”*® As shown in Table 1 (entry 2 & 3), the catalysis

2 3 4 5

Catalytic cycles

70
60
50
40
30
20
10

0

GC Yield / %

Fig. 4 Catalyst recycling studies of Fe-TBAPy.
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Table 1 The hydroxylation of benzene performed in our laboratory
utilizing different iron-based catalysts?

Entry Catalysts® Yphenot /% S/%
1 Fe-TBAPy 64.5 £+ 0.64 92.9
2 MIL—100(Fe) 45.3 £+ 1.67 93.8
3 MIL-126 42.1 + 0.97 93

4 VNU-20 48.1 £+ 1.22 93.8
5 MIL-68(Fe) 35.4 £+ 0.53 91.6
6 MIL—SS(Fe) 38.2 & 1.27 92.4
7 FeCls- 6H,0 5.9 £ 0.43 100
8 FeCl, 6.7 £ 0.31 100
9 FeSO,-7H,0 5.1 +0.11 100

? Yphenot: GC yield of phenol; S: phenol selectivity. b Reaction
conditions: benzene (50 pL), H,0, (30 wt%, 600 pL), 70 °C and 33 h.
¢ Equal mol% Fe metal in each catalysts were used for comparison.

activity of Fe-TBAPy is significantly higher than those materials.
We further synthesized and tested the catalysis activity of Fe-
based MOFs constructed from the rod-shaped SBUs (e.g. MIL-
68(Fe) and VNU-20). Accordingly, VNU-20 showed slightly
lower catalysis activity comparing to Fe-TBAPy (Table 1, entry 4),
whereas MIL-68(Fe) exhibited poor catalysis activity (Table 1,
entry 5). Additionally, the catalysis reaction using MIL-88(Fe)
and the homogeneous iron salts also showed poor perfor-
mance (entry 6-9). Since Fe-based MOFs (MIL-100(Fe), MIL-126,
and MIL-68(Fe)), whose structure are either characterized by
large pore size and high surface area or built from the similar
[Fe(OH)(CO,),]~ SBUs with Fe-TBAPy,* showed poor catalysis
activity, the high performance of Fe-TBAPy implied the presence
of the narrow pores in Fe-TBAPy actually enhancing the catal-
ysis activity of this material for benzene hydroxylation.

4. Conclusions

In summary, a new Fe-based MOF, termed Fe-TBAPy, is suc-
ceeded to synthesize and characterize. Structural analysis
revealed that Fe-TBAPy is constructed from [Fe(OH)(CO,),]
rod-shaped SBUs, which are linked by TBAPy*~ to extend into
the three-dimensional frz topological framework. The structure
of Fe-TBAPy is highlighted by 7 A channel and 3.4 A pores
sandwiching between the pyrene cores of TBAPy' . With this
structural feature, Fe-TBAPy was employed as the catalyst for
hydroxylation of benzene. The catalytic tests resulted in the
optimized phenol yield and selectivity of 64.5% with 92.9%,
respectively. Remarkably, this value is found to be higher than
that of iron-based MOFs (e.g. MIL-100(Fe), MIL-126, MIL-68(Fe),
MIL-88(Fe) and VNU-20) and comparable with that of the best-
performing catalysts for benzene hydroxylation. We believe
that this experience will inspire the design and synthesis of new
porous frameworks, for examples, via the reticular expansion or
mixed metals approach to maximize the catalysis performance
for benzene hydroxylation.***”
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