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Abstract: MIL-101(Cr), as a prototypical mesoporous metal-organic framework (MOF), can be
facially prepared by involving different modulators to fit various demands. In this paper, a range of
MIL-101(Cr) products were prepared under similar conditions. It was found that one of the additives,
phenylphosphonic acid (PPOA), could give a stable hierarchical structure material. Compared to
other MIL-101(Cr)s, though hierarchical MIL-101(Cr) showed less porosity, it gave a better catalytic
performance in the oxidation of indene and 1-dodecene.
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1. Introduction

MIL-101(Cr), found by the group of G. Férey, manifested ultrahigh porosity (BET surface area
allowed to 4100 + 200 m?/g, BET= Brunauer Emmett Teller) and excellent hydrolytic/chemical
stability [1] which received great attention [2,3] and extended to various applications [4-6]

Nowadays, the most common synthetic procedure was employing hydrofluoric acid, as a so-called
mineralizing agent, to improve its crystallinity and porosity [1]. However, hydrofluoric acid (HF), as a
toxicant, is not suitable for large-scale synthesis, and the work-up procedures are quite tedious [1,4].
Thus, in order to avoid the using of HF in the synthesis, the researchers also developed other synthetic
approaches by using other additives instead of HF. These substitutes could be alkalis acids or salts.
For instance, NaOH was used to replace HF in the synthesis, which gave a nano-sized product with
relatively good porosity (Sper > 3200 m?/g) and fairly good yield (~ 40 %), which revealed a higher
CO, uptake [7,8]. Tetramethylammonium hydroxide (TMAOH) was used to improve the properties of
MIL-101(Cr), which produced high quality material with repeatable BET surface areas and showed
excellent performance in catalysis or water adsorption [9,10]. Furthermore, the particle sizes of
MIL-101(Cr) could be changed from 19 to 84 nm by adding a suitable amount of monocarboxylic
acid [11]. Acetic acid and nitric acid promoted either porosity or yield of MIL-101(Cr)—the difference
is that the former possessed nano-sized particles [12] while the latter gave large and micron-scale
crystals [13]. Adding lithium/potassium acetate was proven efficient in obtaining highly porous
MIL-101(Cr) whose BET surface area could measure up to 3400 m?/g [14].

Hierarchically porous metal-organic frameworks (HP-MOFs) state increasing interest due to
their ascendancy performance compared to their parent MOFs in catalysis [15-17], large molecules in
adsorption/separation [18,19], sensors [20] and energy storage applications [21,22], etc. Due to its high
thermal stability and harsh synthesis temperature (220 °C usually), the directly synthesis of hierarchical
MIL-101(Cr) was hard to achieve. In the previous research, we developed a template-free hydrothermal
method to prepared HP-MIL-101(Cr) with large mesopores of around 4-10 nm via employing
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phenylphosphonic acid (PPOA) as an additive [23]. Additionally, the prepared HP-MIL-101(Cr)
presented better catalytic activity in the oxidation of indene compare with additive-free MIL-101(Cr).
However, the catalytic performance of HP-MIL-101(Cr) in other reactions, especially compared with
highly porous MIL-101(Cr) via the addition of other modulators, was still lacking investigation.
Herein, we systematically compared the properties of HP-MIL-101(Cr), such as structure, morphology
and catalytic activity. All the MIL-101(Cr) samples were synthesized under similar conditions (220 °C,
with the hydrothermal method in an autoclave; for details, please see the Experimental Section), but with
different additives in the synthesis. The selected modulator, including phenylphosphonic acid (PPOA),
nitric acid (HNOs), hydrofluoric acid (HF), sodium hydroxide (NaOH), Tetramethylammonium
hydroxide (TMAOH) and acetic acid (HOAc), and the corresponding products were named as
PPOA-MIL-101(Cr), HNO3-MIL-101(Cr), HF-MIL-101(Cr), NaOH-MIL-101(Cr), TMAOH-MIL-101(Cr)
and HOAc-MIL-101(Cr), respectively. The analytic results revealed that, though PPOA-MIL-101(Cr)
possessed the lowest BET surface area, it had the highest catalytic activity in the oxidation of indene
and indene and 1-dodecene.

2. Results and Discussion

The modulators were not only affecting the surface areas of MIL-101(Cr)s, but also influenced
the particle sizes of the products. Figure 1 clearly demonstrates the particle size difference of the
MIL-101(Cr)s. According to the previous report, the MIL-101(Cr) without any additives possessed a
relatively large particle size (300~400 nm) [8,12]. When adding additives in the synthesis, the particle
sizes of MIL-101(Cr) would decrease in varying degrees, which depended on the type and amount
of the additives. This is because the modulators would compress the framework extension of MOF
in the synthesis procedure [24]. In most cases, the particle sizes can be simply recognized to fall in
the range of 100~200 nm (Figure 1). The only exception was nitric acid; HNOj; slowed the nucleation
speed and, at a lower pH environment, would yield larger crystals of MOF [13,25]. Thus, the addition
of modulators significantly affects the morphology of MIL-101(Cr) products.
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Figure 1. SEM images of MIL-101(Cr)s with various modulators in the synthesis, all the images with
the same magnification and the scale bar is 1 um.

N physical sorption isotherms of all MIL-101(Cr)s and their corresponding pore size distribution
curves (PSDs) are displayed in Figure 2. Though all the MIL-101(Cr)s followed the same
treatment procedure, the porosities demonstrated great difference (for details, please see Table 1).
NaOH-MIL-101(Cr) possessed the highest BET surface area (Sggr > 4000 mz/g) and the largest
pore volume (2.01 cm?/g), which may be attributed to the shift in the equilibrium of the formation
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of MIL-101(Cr) that was caused by the increased pH value [7]. The second echelon involved
HF-MIL-101(Cr) and HNO3-MIL-101(Cr), whose BET surface area exceeded 3000 m?/g. Although the
use of HF in MIL-101(Cr) synthesis cannot reach the high BET surface area (> 4000 m?/g) as the
original report described [1], HF-MIL-101(Cr) with a BET surface area of 3498 m?/g was also considered
acceptable. HNO3-MIL-101(Cr) possessed not only a high BET surface area (3187 m?/g), but also
revealed the highest yield (>80%), which was much larger than any other cases (around 50%, Table 1).
Hence, the use of HNOj in MIL-101(Cr) was considered the best proposal for the large-scale synthesis
of MIL-101(Cr) material [8,13]. Moreover, HOAc-MIL-101(Cr) and TMAOH-MIL-101(Cr) had fairly
good porosity (Sggr was close to 3000 m?/g) and relatively small particle sizes, especially in the case of
acetic acid; when its concentration reaches 3.5 mmol/mL, a nano-sized MIL-101(Cr) product with an
average diameter of~90 nm can be achieved [12].
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Figure 2. (a) Nitrogen adsorption-desorption isotherms of MIL-101(Cr)s, (b) and the corresponding
pore size distribution curves (PSDs), which were calculated by the nonlocal-density functional theory
(NL-DFT) model.

Table 1. The yield, surface area and pore volume of MIL-101(Cr) products with distinct modulators.

Sample Yield (%)? SgeT (M%/8)®  Spangmuir M?/8)  Vpore (cm®/g)°
PPOA-MIL-101(Cr) 46 2329 3350 1.49
HF-MIL-101(Cr) 49 3498 4985 1.72
HNO5-MIL-101(Cr) 81 3187 4636 1.65
HOAc-MIL-101(Cr) 53 2894 3914 1.38
NaOH-MIL-101(Cr) 47 4065 5796 2.01
TMAOH-MIL-101(Cr) 51 2939 4245 1.55

? The Cr: bdc ratio is always 1:1, and the yield is based on Cr. b Sper were determined in the pressure range 0.05 <
p/po < 0.2 from N, sorption isotherms at 77 K with an estimated standard deviation of + 50 m?/g. ¢ Obtained from
Nj sorption isotherm at 77 K (p/py = 0.95) for pores < 20 nm.

Powder X-ray diffraction (PXRD) analysis disclosed that all the PXRD diffractograms of
MIL-101(Cr)s matched the simulated PXRD pattern very well (Figure 3). Thus, the modulators
we used here with suitable amounts did not affect the formation of MIL-101(Cr) products.

Compared to other MIL-101(Cr)s, PPOA-MIL-101(Cr) had the lowest Sggr of 2329 mz/g, but it
showed a special hysteresis loop between the adsorption and desorption isotherms (Figure 2a), which
was clearly different from the other samples. This character revealed the presence of larger mesopores,
which indicated a hierarchical structure of PPAO-MIL-101(Cr) [23,26]. The pore size distributions
of the MIL-101(Cr)s with the nonlocal-density functional theory (NL-DFT) method disclosed that
PPOA-MIL-101(Cr) possessed mesopores with diameter around 4~10 nm, while the other MIL-101(Cr)s
only had the natural pores of the framework (Figure 2b). Thus, it would be interesting to see the
catalytic performance of these MIL-101(Cr)s.
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Figure 3. The powder X-ray diffraction (PXRD) diffractograms of MIL-101(Cr)s compared with
simulated pattern.

Aswe knew, MIL-101(Cr) was an effective catalyst for the oxidation of indene and 1-dodecene [5,23].
The catalytic activities of the MIL-101(Cr)s are listed in Table 2. Moreover, for intuitive comparison,
the columnar illustration of conversion of indene and 1-dodecene with the first run and the fifth run
is presented in Figure 4. Obviously, PPOA-MIL-101(Cr) had the best catalytic activities among all
MIL-101(Cr)s. In the first run, PPOA-MIL-101(Cr) showed the highest conversion for the oxidation of
indene (92%) and 1-dodecene (88%), respectively. Additionally, the corresponding turnover frequency
(TOF) value up to 46 mmol-g~"-h~! and 8.8 mmol-g~!-h~! (Table 2). Moreover, after five cycles,
PPOA-MIL-101(Cr) still revealed a relatively good catalytic capability, the conversion of indene and
1-dodecene were 66% and 59%, respectively, while, for other samples, they also displayed a good
catalytic performance at the first run (Table 2). This was especially the case for NaOH-MIL-101(Cr),
whose conversion (91%) and TOF values (45.5 mmol-g~!-h~!) were very close to PPOA-MIL-101(Cr).
However, after five cycles, all the other MIL-101(Cr)s without hierarchical porosity demonstrated a
large decrease in conversion for both reactions. Furthermore, the conversion of PPOA-MIL-101(Cr)
was over 20% higher than that of other MIL-101(Cr)s in both catalytic tests (Table 2). Thus, hierarchical
MIL-101(Cr) (PPOA) indeed accelerated the diffusion rate and exposed more coordination in the metal
sites of MIL-101(Cr), which eventually led to better catalytic performance in the oxidation of indene
and 1-dodecene, though it had a lower BET surface area. Another point which needs to be noted
is that TMAOH-MIL-101(Cr) and HOAc-MIL-101(Cr), which had relatively lower porosity, did not
show the worst catalytic behavior (Table 2). On the contrary, HNO3;-MIL-101(Cr), which possessed
relatively high porosity, exhibited the worst catalytic performance compared to other MIL-101(Cr)s,
especially after five cycles (Table 2). This is because HNO3-MIL-101(Cr) had much larger crystals
than other MIL-101(Cr)s (Figure 1). In addition, larger particle size increased the difficulty for the
external substrates, such as indene and 1-dodecene molecules, in accessing the internal activity sites of
MIL-101(Cr), hence decreasing its catalytic activity.
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Table 2. The conversion of indene and 1-dodecene by MIL-101(Cr) with different modulators.

Conversion/TOF Conversion Conversion/TOF Conversion

Sample ? (mmol-g-1-h-1) (indene b, (mmol-g~1-h-1) (1-dodecene

(indene ?, 15t run) 5t +un) (1-dodecene Y, 15t run) b 5th ryn)

PPOA-MIL-101(Cr) 92%/46 66% 88%/8.8 59%
HF-MIL-101(Cr) 87%/43.5 42% 79%/7.9 33%
HNO3-MIL-101(Cr) 82%/41 39% 71%(7.1 32%
NaOH-MIL-101(Cr) 91%/45.5 45% 83%/8.3 35%
TMAOH-MIL-101(Cr) 84%/42 44% 73%]7.3 29%
HOAc-MIL-101(Cr) 83%/41.5 41% 71%(7.1 30%

? Sample was dried in the vacuum oven over night. b Mole ratio:(indene or 1-dodecene)/H,O, = 4/1, 70 °C,
get 2-(carboxymethyl) benzoic acid (1 h) and undecanoic acid (5 h) respectively. ¢ Turnover frequency (TOF) of the

catalyst = (molar conversion of substrate)/(mass of MIL-101(Cr) X reaction time).
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Figure 4. Comparison of the conversion of (a) indene and (b) 1-dodecene with MIL-101(Cr)s as catalysts
for the first run and the fifth run.

3. Experimental Section

3.1. The Preparation of MIL-101(Cr)s

The MIL-101(Cr)s were obtained with one equivalent of the additive based on Cr (except PPOA,
which was 0.25 equivalently, with respect to Cr). A typical synthesis followed the consequent
procedures. Cr(NO3)3-9H,0 (400 mg, 1 mmol; Aladdin, Shanghai, China), terephthalic acid (166mg,
1 mmol; Aladdin, Shanghai, China) and the selected additive (1 mmol; PPOA is 0.25 mmol; Aladdin,
Shanghai, China) were properly mixed in HyO (5 mL), which were placed in a Teflon liner in a
hydrothermal autoclave (HTLAB, Shanghai, China). Then the autoclave was heated at 220 °C for 8 h
and cooled afterwards, slowly, to ambient temperature.

All the cooled products were separated by centrifugation and treated with hot
N,N-dimethylformamide (DMF, 80 °C, 15 mL; Sinopharm chemical reagent Co., Ltd., Beijing, China) for
1 h. This process was repeated once and then hot ethanol (15 mL, 60 °C; Sinopharm chemical reagent Co.,
Ltd., Beijing, China) was used to wash the products twice (for 1 h each). After centrifugation, the green
products were carefully gathered and dried in a vacuum oven (120 °C, 1200 Pa, 2 h). All chemicals
were purchased from commercial sources without any further treatments.

3.2. Characterization

Powder X-ray diffraction (PXRD) measurements were conducted at room temperature (RT) via an
Ultima IV instrument.

N,-sorption measurements were carried out in a NOVA-4000e instrument.
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Scanning electron microscopy (SEM) characterizations were performed on a Nova
NanoSEM230 instrument.

The conversion of reactants was analyzed via an Agilent Technologies 7890A GC system with
capillary column at room temperature. The dodecane (1 mmol) was added as reference to determine
the concentrations of the products.

3.3. Catalysis Reaction

The oxidation of indene and 1-dodecene: the catalyst (MIL-101(Cr)s, 10 mg), indene (0.5 mmol;
Aladdin, Shanghai, China) or 1-dodecene (0.5 mmol; Aladdin, Shanghai, China) and acetonitrile (2 mL,
Aladdin, Shanghai, China), was mixed in a tube and stirred for 10 min at 70 °C. Then, hydrogen
peroxide solution (500 uL, 30 wt%, 5 mmol; Aladdin, Shanghai, China) was added into the mixture
and the timing of the reaction began. The catalytic products were monitored by gas chromatography
(GC), and the reaction schemes were presented in Scheme 1.

Catalyst C[ CH,COH
——
CH;CN, H:O: CO-_;H
(a)

Catalyst
CH3(CH2)QCH:CH2 m CH3(CH2)QCOOH2

(b)
Scheme 1. The schemes of oxidation reaction of (a) indene and (b) 1-dodecene.

4. Conclusions

In summary, we have exhibited the properties and catalytic performance of MIL-101(Cr)
by involving different additives. Although PPOA-MIL-101(Cr) possessed the lowest porosity,
it demonstrated the best catalytic activity and catalytic stability in the oxidation of indene and
1-dodecene, which can be attributed to its hierarchical structure. Moreover, the larger crystals
decreased the diffusion rate of the external molecules to some extent and affected the catalytic capability
of MIL-101(Cr). Thus, for a porous catalyst like MIL-101(Cr), the catalytic performance is not only
determined by its porosity, but is also affected by its hierarchical structure and particle sizes.
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