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ABSTRACT: A self-assembled mesoporous polyoxometalate-based
ionic hybrid catalyst [TMGHA], ,H,cPW was prepared by
combination of alcohol amino-tethered guanidinium ionic liquid
[TMGHA]CI with Keggin phosphotungstic acid H;PW,,0,, (PW). °©
Nitrogen sorption experiment validated the formation of meso-
structure with moderate BET surface area, and scanning and
transmission electron microscopy (SEM and TEM) showed a fluffy g
coral-shaped morphology for the hybrid. The contact angle test
displayed that the hybrid owned hydrophilic—hydrophobic balanced
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surface that exhibited well wettability for both water and organic

substrate like benzyl alcohol. Therefore, the hybrid can efficiently catalyze the water-mediated triphasic oxidation of benzyl
alcohol with H,O,. During the reaction, the triphase catalytic system showed a special “on water” effect mainly due to the suitable
mesostructure and surface wettability, thus providing some clues for the preparation of green heterogeneous catalyst.
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1. INTRODUCTION

The development of new green catalytic technology has
attracted great attention because of the increasingly energy
and environmental crisis, and to a large extent, it depends on
the exploration of new catalysts." Heterogeneous catalysts for
liquid—liquid—solid (L-L-S) triphase oxidations of organic
compounds with pure water as the solvent are important in
both academia and chemical industry”* because of the
advantages in facile separation of not only the solid catalyst
but also the product from the triphasic system, as well as the
non-toxic and non-flammable characteristics of the green
solvent water. In addition, more than just the role of a solvent,
reactivity and selectivity of organic reactions under heteroge-
neous conditions can be, in some cases, promoted by “on-
water” effect.’ In 2005, Sharpless’s group® observed that several
reactions between water and insoluble organic compounds
were dramatically accelerated when carried out in vigorously
stirred aqueous suspensions. Subsequently, many on-water
reactions, with or without catalyst, emerged encllessly.é_8
However, water-mediated triphasic reaction systems usually
suffer from mass transfer resistance in the interfacial
catalysis.”~'* To overcome this problem, the recent focus is
on tunin§ the mesoporosity and surface wettability of a solid
catalyst,"> "> which is a lively and attractive topic in the area of
heterogeneous catalysis.

Polyoxometalates (POMs), a class of transition metal oxygen
clusters with tunable rigid structures and redox properties, have
been used extensively as efficient catalysts in various oxidation
reactions,"®!” which however suffers from the isolation of those
homogeneous POM catalysts. To improve catalyst recovery,
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many efforts have been made to design POM-based
heterogeneous catalysts, in which immobilization of catalytically
active species POMs onto various porous supports is the mostly
common strategy. The supports include polymers,'® meso-
porous silica,"” and metal—organic frameworks (MOFs).*® For
water-mediated oxidation of hydrophobic organic substrates,
surface modification of the supported POM catalysts are
attempted to obtain a hydrophilic—hydrophobic balance inside
the catalyst pores, such that exceptional adsorptive and catalytic
properties are obtained.”™>* In addition, self-assembly of
POM-anions with appropriate organic cations is another
approach for preparing POM-based hybrids, and some of
them are heterogeneous catalysts.”® Taking cationic surfactants
as the organic moieties, the obtained surfactant-encapsulated
POM-based catalysts usually possess tunable morphologies and
hydrophilic/hydrophobic properties, showing enhanced cata-
lytic performances in oxidations of sulfides and alcohols.”®™*°
In spite of the fact that high specific surface areas of the
heterogeneous POM-derived catalysts would favor the increase
of their catalytic activities because of benefits of mass transfer,*®
POM:-based ionic hybrids with considerably high surface areas
and hydrophilic—hydrophobic balanced surface have not been
reported as yet.

On the other hand, ionic liquids (ILs) have attracted
increasing attention as reaction media and catalysts in many
organic syntheses,”>> as well as versatile modifiers for
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improving the surface and electronic properties of various
functional materials.>*™3° Particularly, “task-specific” IL cations
tethered with functional groups can provide great opportunities
for creating diversified ionic liquid-based polyoxometalate (IL-
POM) hybrid catalysts via the ionic self-assembly strategy.>*~>’
In our recent work, a mesoporous IL-POM hybrid catalyst was
prepared by employing the dihydroxyl-tethered guanidinium
IL-cation, and both dihydroxyl functional group and meso-
structure can enhance its catalytic activity in heterogeneous
epoxidation of olefin.** This encourages us here to design a
new self-assembled IL-POM hybrid catalyst
[TMGHA], ;H, ;PW towards the triphase oxidation of benzyl
alcohol with H,O, using pure water as the reaction medium
(Scheme 1). The hybrid catalyst is prepared by pairing the

Scheme 1. Synthesis of Alcohol Amino Group-
Functionalized Guanidinium Polyoxometalate
[TMGHA], ,H, ;PW and [TMGHA], ;H, ;PW-Catalyzed
Triphase Oxidation of Benzyl Alcohol with H,O,
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alcohol amino group-functionalized guanidinium cation
(TMGHA) with PW,,0,,>” anions (PW), which is fully
characterized by 'H NMR, B¥C NMR, elemental analysis, FT-
IR, UV—vis, ESR, TG, SEM, TEM, and nitrogen sorption
techniques. The hybrid proved to be a mesoporous material
with suitable surface wettability and to behave as an efficient
triphasic catalyst for water-mediated oxidations of various
alcohols with H,O,. For comparison, corresponding imidazo-
lium and pyridinium IL-POM counterparts are also prepared
and catalytically tested (Supporting Information Scheme S1). A
possible on-water interfacial catalysis pathway is proposed for
understanding the catalytic behavior.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. All the chemicals were analytical
grade and used as received. FT-IR spectra were recorded on a Nicolet
iS10 FT-IR instrument (KBr discs) in the region 4000—400 cm ™.
Solid UV—vis spectra were measured with a SHIMADZU UV-260
spectrometer and BaSO, was used as an internal standard. ESR spectra
were recorded on a Bruker EMX-10/12 spectrometer at the X-band.
"H NMR and "*C NMR spectra were measured with a Bruker DPX
500 spectrometer at ambient temperature in D,0 or D®-DMSO using
TMS as internal reference. The CHN elemental analysis was
performed on an elemental analyzer Vario EL cube. X-ray diffraction
(XRD) measurements were measured with a SmartLab diffractometer
(Rigaku Corporation) equipped with a 9 kW rotating anode Cu source
at 40 kV and 200 mA, from 5° to 80° with a scan rate of 0.2° s™'. SEM
images were performed on a HITACHI S-4800 field-emission
scanning electron microscope and TEM images were obtained by
using a JEOL JEM-2010 (200 kV) TEM instrument. BET surface areas
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were measured at the temperature of liquid nitrogen (77 K) using a
BELSORP-MINI analyzer and the samples were degassed at 150 °C
for 3 h to a vacuum of 107> Torr before analysis. Contact angles were
measured with a contact angle meter (DropMeter A-100P) at 25 °C.
Melting points were measured using an X4 digital microscopic melting
point apparatus with an upper limit of 250 °C.

2.2. Catalysts Preparation. The major catalyst in this work,
[TMGHA], ;H,PW, is synthesized according to the three steps in
Scheme 1. First, the glycidyl-tethered tetramethylguanidinium chloride
[GITMG]CI was synthesized by reaction of N,N,N’,N’-tetramethyl-
guanidine (TMG) with epichlorohydrin following our recent work.*’
Next, the alcohol amino group-tethered IL N”-(3-amino-2-hydrox-
ypropyl)-N,N,N’,N’-tetramethylguanidinium chloride [TMGHA]CI
was prepared by ring-opening reaction of [GITMG]CI with aqueous
ammonia. In detail, [GITMG]CI (1.0 g, 4.8 mmol) was dissolved in
water (20 mL), followed with the addition of aqueous ammonia (2.0 g,
14.4 mmol). The obtained mixture was stirred at 60 °C for 24 h in a
tightly closed screw-cap flask. After reaction, the excess ammonia and
water were removed by distillation at reduced pressure, and then the
resultant was dried under vacuum at 70 °C for 12 h to give a light
yellow glassy product with a stoichiometric yield. Finally, the hybrid
[TMGHA], ;H,,PW was prepared by adding [TMGHA]CI aqueous
solution (0.15 mol/L) to the H;PW,,0,, aqueous solution (0.05 mol/
L) with 3:1 molar ratio and the aqueous suspension was stirred at
room temperature for 24 h. The product light yellow precipitate was
filtered, washed with water (4 X 20 mL), and dried in a vacuum at 80
°C to give the final product (yield 94%). [TMGHA], H,,PW:
Elemental analysis calcd (wt%) C 6.92, H 1.54, N 4.03; Found C 6.90,
H 1.45, N 3.94; '"H NMR (300 MHz, D-DMSO, TMS) (Figure S1,
Supporting Information) & 2.90 (s, 12H; N—CH,), 3.50-4.00 (m, SH;
CH,, CH), 4.85 (s broad, 1H; OH), 6.19 (s broad, 2H; NH,), 7.75
ppm (s, 1H; NH); *C NMR (75.5 MHz, D®-DMSO, TMS) (Figure
S2, Supporting Information) & 39.50 (N—CH,), 52.05 (CH,), 61.09
(CH,), 67.83 (CH), 160.94 ppm (C=N). FT-IR (v, KBr) 3436,
2929, 1617, 1560, 1473, 1410, 1080, 979, 896, 808, 595, 519 cm ™.

As a contrast, alcohol amino group-containing imidazolium
[MimHA]Cl and pyridinium [PyHA]Cl ILs were synthesized
according to the previous literature.*' The corresponding IL-POMs
[MimHA],PW and [PyHA];PW were prepared similarly as shown in
Supporting Information Scheme S1. [MimHA];PW: Elemental
analysis caled (wt %) C 7.56, H 1.00, N 3.78; Found C 7.60, H
1.38, N 3.67. FT-IR (1, KBr) 3448, 3151, 1619, 1562, 1449, 1170,
1080, 979, 897, 807, 623, 595 cm™". [PyHA];PW: Elemental analysis
caled (wt %) C 8.64, H 1.18, N 2.52; Found C 8.76, H 1.77, N 2.48;
FT-IR (v, KBr) 3563, 3091, 1632, 1497, 1415, 1079, 979, 895, 811,
681, 595 cm™.,

Besides, N”-aminoethyl-N,N,N’,N’-tetramethylguanidinium bro-
mide [TMGAM]Br was synthesized according to the previous
literature.* (The details are described in the Supporting Information.)
The corresponding amino group-functionalized guanidinium-based
POM hybrid [TMGAM], H,oPW was prepared for comparison.
[TMGAM], Hyo,PW (white solid, yield 90%): Elemental analysis
caled (wt%) C 5.50, H 1.25, N 3.66; Found: C 5.51, H 1.48, N 3.66;
'H NMR (300 MHz, D®-DMSO, TMS) & 2.67 (m, 2H; CH,), 2.90 (s,
12H; N—CH,), 3.10-3.13 (m, 2H; CH,), 3.35 (s broad, 2H; NH,),
7.75 ppm (s, 1H; NH); FT-IR (v, KBr) 3449, 3252, 2963, 1618, 1560,
1459, 1410, 1080, 978, 895, 808, 595, 520 cm™". In addition, other two
control catalysts, TMG-based [TMG];PW and monohydroxy-tethered
[TMGOH],,H,sPW, were prepared according to our recent work.*’
Scheme S2 in the Supporting Information shows the chemical
structures of the above three IL-POM hybrids.

Moreover, three different POM anion-paired control catalysts with
the same IL-cation, [TMGHA];HSiW, [TMGHA], ,H,,PMo, and
[TMGHA],HPMoV,, were synthesized by employing the correspond-
ing heteropolyacids H,SiW,,04, H;PMo,,04, and HiPMo,,V,04,
respectively. Elemental analysis for [TMGHA];HSiW calcd (wt %): C
837, H 1.87, N 4.88; Found C 824, H 198, N 4.72. For
[TMGHA], ,HyPMo caled (wt %): C 10.13, H 226, N 591;
Found C 9.82, H 2.38, N 5.64. For [TMGHA],HPMoV, calcd (wt %):
C 1543, H 3.44, N 8.90; Found C 15.36, H 3.52, N 8.83.
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2.3. Catalytic Tests. The catalytic performance was assessed by
the oxidation of various alcohols with H,O, in various reaction media.
In a typical run, benzyl alcohol (10 mmol), water (6 mL), and catalyst
(0.1 g, 0.03 mmol) were successively added in a reaction tube and
stirred at 90 °C for five minutes, and then 30 wt % H,0, (15 mmol)
was added drop by drop. The reaction was continued for 6 h with
heating at 90 °C with reflux and stirring. For accurate analysis of the
product, after reaction ethanol (10 mL) was added to the formed L-L-
S triphase system, which immediately turned to a liquid-solid biphasic
mixture. The liquid phase was collected, and analyzed by gas
chromatography (GC, SP-6890A) equipped with a FID detector and
a capillary column (SE-54 30 m X 0.32 mm X0.3um). Conversion
(based on benzyl alcohol) = mmol (benzyl alcohol) converted/mmol
(initial benzyl alcohol) X 100%, selectivity of benzaldehyde = mmol
(benzaldehyde) / mmol (benzyl alcohol converted) X 100%. The
reaction data were repeated for three times and the error range of the
conversions and selectivities was +2%, mainly because of the GC
measurements and experimental operation. To test the catalytic
recyclability of [TMGHA], ,H,cPW, after reaction, the catalyst was
separated by filtration, washed with ethanol three times, dried in
vacuum at 80 °C for 6 h, and then used for the next run.

3. RESULTS AND DISCUSSION

3.1. Characterization of [TMGHAI], H,cPW. For the
major IL-POM hybrid sample, the elemental analysis found (wt
%) C 6.90, H 1.45, and N 3.94, well corresponding to the
calculated values of C 6.92, H 1.54, and N 4.03 based on the
formula of [TMGHA], ;H,,PW. This result suggests that the
hybrid is composed of two point four (average value) IL cations
of [TMGHA]* and one PW,,0,,>" anion, with protons as
charge compensation. In addition, the data for 'H NMR and
BC NMR spectroscopy listed in the Experimental Section
confirm the chemical structure of alcohol and amino group-
tethered guanidinium-based POM [TMGHA], ,H,PW. In the
"H NMR spectra, the broad signals for [TMGHA], ;H, PW at
5 = 4.85 (OH) and § = 6.19 (NH,) imply the existence of
active protons in the hybrid sample. The TG curve in Figure 1
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Figure 1. TG curve of the hybrid [TMGHA], ,H, ,PW.

indicates that [TMGHA], ;H,sPW possesses a thermally stable
structure up to 240 °C. The slight weight loss can be observed
at temperature less than 200 °C due to the release of moisture
and constitutional water, and the drastic weight loss ranging
from 240 to 600 °C is attributed to the decomposition of
organic IL-cation moiety plus the subsequent collapse of the
inorganic Keggin-type POM structure (forming P,O; and
WOs,). The total weight loss is 14.0% in the range of 240—600
°C, consistent with the theoretical data 13.6% on the basis of
the formula [TMGHA], H,cPW, once again verifying the
rationality of the chemical composition for the hybrid.
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Figure 2 illustrates the FT-IR spectra of pure H;PW,0,4 and
hybrid [TMGHA], ,H,cPW. Four characteristic vibration
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Figure 2. FT-IR spectra of (a) H;PW,0,, (b) the fresh
[TMGHA], ;H, ¢PW catalyst, and (c) the recovered
[TMGHA], ;H, PW.

bands for Keggin structure of PW,0,,* anion are observed
for H;PW,,0,, at 1080, 983, 889, 803 cm™" (Figure 2, curve a),
assignable to the stretching vibration of the central oxygen
v(P—0,), terminal oxygen (W=0,), inter-octahedral oxygen
v(W—0,—W), and intra-octahedral oxygen v(W—O.—W),
respectively.43 For [TMGHA], H,PW (Figure 2, curve b),
the four Keggin featured bands are also observed with only
slight shifts, and the peaks located at 1617, 1560, 1473, and
1410 cm™ are assigned to the IL cation TMGHA moiety,**
indicating the formation of the IL-POM hybrid
[TMGHA], ;H,cPW via strong ionic bond interactions. The
strong broad peak at 3435 cm™" for the stretching vibrations of
O—-H and N-H indicates the existence of hydroxyl- and
amino-containing hydrogen-bonding networks. Both strong
ionic bond and hydrogen bond interactions may account for
the solid-state of [TMGHA], ,H,cPW with a high melting
point of approximately 250 °C, and the hybrid is sparingly
soluble in DMSO but is insoluble in most common solvents,
such as water, alcohols, ethyl acetate, acetic acid, acetone, and
acetonitrile. The electronic behavior of [TMGHA], ;H, ;PW is
characterized by UV—vis and ESR spectra, as shown in Figure
3. In the UV—vis spectrum of [TMGHA], ,H,cPW, the weak
broad absorption band (Figure 3A, curve a) ranging from 600
to 800 nm indicates the intramolecular charge transfer from
W% to W and the band was undetectable for pure
H,PW,,0,, (Figure 3A, curve b). The sharp signal at 3500 G
for the low-valent W™* species in the ESR spectra (Figure 3B,
curve a) is observed for [TMGHA], ,H,c,PW but not for
H;PW,,0,, (Figure 3B, curve b). Therefore, both UV—vis and
ESR results confirm the coexistence of W& /W’ in hybrid
[TMGHA], ;Hy PW.*

The SEM images of [TMGHA], H,;,PW (Figure 4A, B)
show irregular flufty coral-shaped morphology with micrometer
size and nanoscale hollow structure, which may be a reflection
of the interconnected IL-POM secondary structure. The TEM
images of [TMGHA], ,H,,PW (Figure 4C, D) demonstrate
the existence of random mesopores among the intertwined
particles and micropores among IL-cations and POM-anions.
The use of an analogous IL imidazolium cation [MimHA]* and
pyridinium cation [PyHA]" resulted in the observation of
different morphologies for the corresponding IL-POM hybrids
[MimHA];PW and [PyHA],PW, as shown in Supporting
Information Figure S3. It is seen that [MimHA];PW possesses

dx.doi.org/10.1021/am5001757 | ACS Appl. Mater. Interfaces 2014, 6, 4438—4446
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Figure 3. (A) UV—vis and (B) ESR spectra of (a) [TMGHA], ;H,cPW and (b) H;PW,0,.

Figure 4. SEM images (A, B) and TEM images (C, D) of [TMGHA], jH,,PW.

a flower-like structure with the length on a micrometer scale,
which is formed by the packing of nanoscale primary particles,
while [PyHA];PW changes to random close-packed blocks at
the micrometer level.

The XRD patterns of pure H;PW,0, and the hybrid
[TMGHA]J, ;H, PW are illustrated in Figure S. The character-
istic sharp Bragg peaks observed for Keggin-type H;PW,,0,,
disappears in the case of [TMGHAJ, ;H,cPW. For the latter,
only a new broad Bragg peak is detected at 26 = 8.0° with a d
spacing of 1.1 nm, very close to the theoretical size of a primary
structural unit of IL-POM ionic hybrid. This phenomenon also
corresponds to the observed result from the high resolution
TEM image (Figure 4D), which the primary structural units
(~1.1 nm) are clearly observed throughout the IL-POM
secondary structure. As a result, the hybrid
[TMGHA], ;H,cPW possesses a non-crystal structure but
with certain regular ion-pair array.45

The specific Brunauer—Emmett—Teller (BET) surface areas
and porous structures of [TMGHA], ;H, (;PW and the IL-POM
analogues are characterized by nitrogen sorption experiments.
As shown in Figure 6A, the nitrogen sorption isotherms of
[TMGHA], ;HyPW (curve a) and [MimHA];PW (curve b)
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Figure S. XRD patterns of (a) H3;PW,,0,, and (b)
[TMGHAJ, ,H, PW.

are type IV with a clear H1-type hysteresis loop in the relative
pressure P/P, ranging from 0.8 to 0.9, indicating the formation
of mesoporous materials. The Barrett—Joyner—Halenda (BJH)
pore size distribution curves in Figure 4B give the most
probable pore sizes centered at 16.0 and 37.9 nm for
[TMGHA], ,HocPW and [MimHA];PW, respectively. In

dx.doi.org/10.1021/am5001757 | ACS Appl. Mater. Interfaces 2014, 6, 4438—4446



ACS Applied Materials & Interfaces

Research Article

200

)

¢}
N
o
S
N

1004

(€1
o
L

Volume Adsorption (cm®

_

0.2

0_
0.0

0. 4 0. 6
Relative pressure (P/P)

0.016

0.000 7 = f

10
Pore diameter dp/nm

Figure 6. (A) N, adsorption-desorption isotherms and (B) BJH pore size distributions of (a) [TMGHA], ,H,cPW, (b) [MimHA];PW, and (c)

[PyHA],PW.

contrast, the nitrogen sorption result for [PyHA];PW is
indicative of a nonporous solid (Figure 6, curve c). Table 1

Table 1. Textural Parameters of Various IL-POM Samples

IL-POM samples Sper” (m? g7') Vpb (em*g™") D, (nm)
[TMGHA], ;H, ;PW 250 0.11 18.1
[MimHA],PW 319 035 439
[PyHA],PW 62 0.01 64

“BET surface area. “Total pore volume. “Average pore size.

lists the data of BET surface areas, pore volumes, and average
pore sizes. The results indicate that [TMGHA]MH%PW has a
moderate BET surface area of 25.0 m> g~! with a pore volume
of 0.11 cm® g !, similar to the results of [TMGDH];PW in our
recent work.*® Also, the control catalyst [MimHA],PW has a
higher BET surface area of 31.9 m* g~' with a large average
mesopore size of 43.9 nm and total pore volume of 0.35 cm®
g~!, matching up to previously reported POM-based meso-
porous hybrid materials specially modified by macrocations.**”

The low BET surface area of 6.2 m* g”' for [PyHA]PW is
consistent with the low surface areas (<10 m* g™*) for common
organic POM salts. As a result, we obtain two mesoporous IL-
POM hybrid catalysts with moderate BET surface areas.

Figure 7 shows the surface wettability of
[TMGHA], sH,PW and its analogues. When a water droplet
contacts the sheet of [TMGHA], ,H,cPW, it yields a contact
angle of 73° (Figure 7A), implying its moderate hydrophilicity.
For the analogue samples [MimHA];PW and [PyHA],PW with
the IL-cation changed (Figure 7B, C), slightly lowered contact
angles 68° and 69° are detected, indication similar hydro-
philicity. With benzyl alcohol as the testing droplet, Figure 7D—
F show contacted angles of 12—15° on the surfaces of three IL-
POM hybrids, demonstrating good surface wettability for
benzyl alcohol.*® Therefore, the hybrid [TMGHA], ;H,,PW
shows good wettability for both water and alcohol, which is the
substrate for the oxidation reaction below.

3.2. Catalytic Assessment. The catalytic performances of
different IL-POM materials are assessed in the oxidation of
benzyl alcohol with H,O, in aqueous media, and the results are

A B

C

Figure 7. Contact angles of water droplets on the surface of (A) [TMGHA], H,PW, (B) [MimHA];PW and (C) [PyHA];PW; contact angles of
benzyl alcohol droplets on the surface of (D) [TMGHAJ, H,(PW, (E) [MimHA],PW and (F) [PyHA],PW.
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Table 2. Catalytic Performances of Various POM Catalysts and Effect of Solvent for Oxidation of Benzyl Alcohol with H,0,”

entry catalyst reaction solvent reaction system” conversion®(%) selectivity? (%) yield® (%)
1 none water LL 6.0 100 6.0
2 H;PW,,0,, ‘water L-L 97.0 92.4 89.6
3 [TMGHAJ, ;H, PW water LLS 97.9 93.5 915
4 [TMGHA], ;H, PW ethanol L-s 592 96.6 572
5 [TMGHA], ;H, ;PW tert-butanol LS 80.5 96.7 77.8
6 [TMGHA], H,,PW acetonitrile L-S 69.8 91.8 64.1
7 [TMGHA], ;H, ;PW toluene Ls 65.4 98.9 64.7
8 [TMGHA], H, ,PW ethanol/water L-S 729 99.2 72.3
9 [TMGHA], H, ;PW tert-butanol /water L-S 911 94.2 85.8
10 [TMGHA], H,,PW acetonitrile/water L-S 98.7 91.7 90.5
11 [TMGHA], ,H, ,;PW toluene/water L-L-S 93.6 97.8 91.6
12 [TMG],PW water LL 90.1 89.8 83.8
13 [TMGOH], ,H, sPW water LL 90.6 89.2 80.8
14 [TMGAM], ,Hy,PW water LL 96.3 89.7 86.4
15 [MimHA] s PW water L-L-S 95.5 95.4 91.1
16 [PyHA] s PW ‘water L-L-S 72.8 95.8 69.7
17 [TMGHA],HSiW water LLS 16.1 99.5 160
18 [TMGHAJ, ;H,PMo water LLS 742 924 686
19 [TMGHA],HPMoV, water LLS 289 99.0 286

“Reaction conditions: benzyl alcohol (10 mmol), 30 wt % H,0, (15 mmol), catalyst (0.03 mmol), solvent (6 mL, water or volume ratio for organic
solvent/water 1:1), 90 °C, 6 h. °L (liquid, water phase), L (liquid, organic phase), and S (solid, catalyst). “Conversion based on benzyl alcohol.
¥Selectivity for benzaldehyde (by-product benzoic acid). “Yield (%) = conversion X selectivity X100%.

summarized in Table 2. The benzyl alcohol conversion is as low
as 6.0% in the absence of a catalyst (entry 1). Neat HyPW,0,,
exhibits a high catalytic activity with the conversion of 97.% and
selectivity of 92.4%, with the yield of 89.6% (entry 2). The
H;PW,,0,4-catalyzed reaction presents a liquid—liquid (L-L)
biphasic system because of the well solution of the catalyst and
poor solubility of benzyl alcohol in aqueous media.*”*® In
contrast, [TMGHA], ;Hc,PW is a heterogeneous catalyst for
this reaction and exhibits higher conversion of 97.9% and
selectivity of 93.5%, with a yield of 91.5% (entry 3). This result
is obtained under the optimized condition after the detailed
investigations of various reaction parameters including the
amounts of catalyst and water, reaction time, and molar ratio of
H,0, to benzyl alcohol, as shown in Supporting Information
Figure S4. In this case, the reaction mixture turns out to be L-L-
S triphase because of the insolubility of the solid hybrid and the
immiscibility between water and benzyl alcohol. Figure 8

Figure 8. Photographs of water-mediated oxidation of benzyl alcohol
with H,O, catalyzed by [TMGHA], ,H,,PW. (A) Before mixing:
Upper layer water, middle layer oil, and bottom catalyst power. (B)
during reaction: The powdered catalyst is well-dispersed in liquid
mixture. (C) After reaction: Upper layer water, bottom layer oil, and
in-between solid catalyst.

displays the photographs of the reaction process at different
stages. Before the onset of the reaction, the powdered catalyst
[TMGHAJ, ;H, (;PW is placed at the bottom of the immiscible
water—oil biphase, and the hardly soluble property of the
hybrid is observed even at 90 °C. During the reaction, the
catalyst powder is well dispersed in liquid mixture of water and
organic substrate, in other words, the reaction takes place in
aqueous suspensions, which consists with an “on water”
catalytic system.”’ At the end of reaction with a stop of stir,
self-separation of the three phases occurs immediately, forming
a clearly observed L-L-S triphase: the solid catalyst is well
suspended at the interfacial zone between the upper layer of
water and the bottom layer of oil. This triphasic system may
cause facile separation of product and easy recovery of the
catalyst. The influence of the amount of water added in this
reaction is thus investigated (Supporting Information Figure
S4D). Under solvent-free condition, modest conversion of
82.5% and low selectivity of 81.0% are observed. Interestingly,
both conversion and selectivity dramatically increase up to
95.1% and 90.4% with adding 2 mL water into the reaction, and
the maximum values are achieved by adding 6 mL water.
However, the conversion and yield slightly decrease with
adding much more water. These observations indicate that the
volume of water is a crucial parameter for determining the
performance of the catalyst in the triphase alcohol oxidation.
To further explore the above promotional effect of water,
various organic solvents, and organic solvent/water cosolvents
(volume ratio 1:1) are employed. The organic solvents include
ethanol, fert-butanol, acetonitrile, and toluene, and they well
dissolve the substrate benzyl alcohol; however, the catalyst
[TMGHA], ;H, PW is still insoluble in these organic solvents,
causing liquid—solid (L-S) systems. Nonetheless, the resulting
L-S biphasic reactions only give lower conversions of 60—80%
(entries 4—7, Table 2), in agreement with previous
observations using organic solvents.>? By contrast, the
conversions are enhanced dramatically with the cosolvents of
organic solvent/water (entries 8-11). It is worth noting that the
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cosolvents of acetonitrile/water and toluene/water provide
yields of 90.5% and 91.6%, comparable to that of pure water
solvent. The phenomenon validates the significant role of water
in enhancing the activity of the triphasic catalyst
[TMGHA], ;Ho cPW.

Besides [TMGHA], ,H, ;PW, the control catalysts with other
IL cations are also tested in the oxidation of benzyl alcohol. As
shown in Table 2, the catalyst [TMG];PW without a functional
group tethered to tetramethylguanidinium (TMG) is dissolved
in the reaction, presenting a yield of 83.8% (entry 12). When
the tethered functional group is either single hydroxyl (—OH)
or amino (—NH,), the resulting catalysts [TMGOH],,H,sPW
and [TMGAM], H,,PW are still homogeneous, showing the
yields of 80.8% and 86.4%, respectively (entries 13 and 14).
The catalytic performances of these three catalysts are much
inferior than the heterogeneous catalyst [TMGHA], ,H,PW
containing the alcohol amino group-containing TMG cation.
This comparison suggest that the coexistence of —OH and
—NH, groups in TMG cation is not only crucial for the
heterogenization process but also for the higher catalytic
performance. Moreover, the analogues [MimHA],PW and
[PyHA],PW prepared with alcohol amino group-containing
pyridinium and imidazolium cations give rise to the same
triphase reaction process as [TMGHAJ, ;H,,PW does, which
confirms the important role of the tethered alcohol amino
group in forming their heterogeneous nature. Though
[MimHA],PW and [PyHA];PW display similar surface
wettability as mentioned above, they exhibit different catalytic
activities: mesoporous [MimHA];PW shows a benzaldehyde
yield of 91.1% (entry 15), as high as [TMGHA], ,H,PW,
while nonporous [PyHA];PW gives a low yield of 69.7% (entry
16).

For comparing various heteropolyanions, [TMGHA];HSiW,
[TMGHA], ,HyPMo, and [TMGHA],HPMoV, are synthe-
sized with the same IL cation [TMGHA]". They are also
heterogeneous catalysts because of insoluble properties
throughout the reaction, but show lower conversions of
16.1%, 74.2%, and 28.9%, respectively (entries 17—19). The
lower activities compared with the PW-paired
[TMGHA], ;Hy (PW are similar to the results in our previous
report.>® Therefore, the commercial PW anion-based catalyst
[TMGHA], ,HycPW is a highly efficient catalyst for water-
mediated oxidation of benzyl alcohol with H,O,. Besides,
towards other typical alcohol substrates (Table S1, Supporting
Information), [TMGHA], ;H,PW also presents well triphase
catalytic performances for 1-phenylethyl alcohol, benzhydrol,
and cyclohexanol, suggesting that the catalyst
[TMGHA], ,H,(PW is also applicable to water-mediated
oxidations of aromatic and cyclic alcohols.

Previously, the water-mediated triphase oxidation of benzyl
alcohol with H,0, has also been reported over mesoporous
silica and magnetic nanoparticles supported tungstate-based
POM catalysts.'”**** Compared with them, the present self-
assembled mesoporous IL-POMs show higher activities under
milder conditions. To assess catalytic reusability,
[TMGHA], ;H,,PW was recovered simply by filtration and
then reused for the next run without adding any fresh catalyst.
Supporting Information Figure S5 displays the result of the five-
run recycling test. Only a very slow decrease of conversion is
observed in the recycling runs, implying good potential for
catalyst reuse. Further, the elemental analysis (wt %) for the
recovered catalyst is C 7.12, H 1.65, N 4.05, very close to the
data for the fresh catalyst. In addition, the recycled catalyst also
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shows similar IR spectrum (Figure 2, curve c) as the fresh one.
Four characteristic bands for Keggin PW,,0,,*" are retained,
and no obvious new peak is detected. The hydroxyl groups
attached to the mesoporous hybrid [TMGHA], ,H,cPW are
hardly oxidized to C=O under the experimental conditions,
which attributes to its inherent inertness of f-hydroxyl within
the glycerol-derived structures.”> As a result, the above
elemental analysis and IR spectrum experiments indicate that
the structure of the recovered catalyst is well preserved.

3.3. Insight into Catalytic Behavior of
[TMGHAI, 4Hy ¢PW. As demonstrated above, the mesoporous
[TMGHA], JH, (;PW with dual wettability for water and benzyl
alcohol behaves as a triphasic catalyst and shows a higher
activity than the biphasic systems using organic solvents.
Therefore, the triphase catalysis seems to take place on water.
Scheme 2 illustrates the proposed on-water catalytic reaction

Scheme 2. Proposed On-Water Catalytic Reaction Route for
the Oxidation of Benzyl Alcohol with H,O, over the Catalyst

[TMGHA], ,H, ;PW
T release

diffuse l
H,O,-containing water layer ‘,/
OH NH, (|)H ITJHZ ?H NH; ?H ITIHZ

OH NH;

Mesoporous [TMGHA], 4Ho PW

route. In the reaction, water and H,0O, are chemisorbed on the
hydrophilic surface enriched with hydroxyl and amino groups in
IL cations of the catalyst, forming a H,O,-containing water
layer on catalyst surface.”®*” Previous studies indicate that
about 25% of surface water molecules at hydrophobic interface
have dangling —OH groups where the H atom is no long
hydrogen-bonded to other H,0.** Consequently, the dangling
—OH groups at oil—water interface play a role of the H-bond
donor to promote the interactions between the substrate
(benzyl alcohol) and water, which accelerates the kinetics of on
water catalysis.””>® On the basis of this suggestion, benzyl
alcohol molecules diffuse into the water layer via the formation
of hydrogen bonding between the dangling —OH/—NH,
groups and alcohol. The diffused alcohols are then attacked
by the catalytically active species {PO,[WO(0,),],}>~ which
are formed by the interaction of H,O, with PW,,0,,°,°*%° and
the catalysis is closed by the generation of the product
benzaldehyde. Benzaldehyde could be timely expelled from
water layer, avoiding further oxidation and benefiting high
selectivity. In above process, the suitable surface microenviron-
ment for [TMGHA], ;Hy,PW with dual wettability for water
and benzyl alcohol is the key factor. Besides, the mesostructure
with a considerably high surface area allowing fast mass-transfer
should be a prerequisite for a heterogeneous catalyst to make a
full play of the above on-water catalysis route, which is
demonstrated by another similarly active catalyst [Mim-
HA],PW. Notably, the rationality of this proposal is also
reflected by the contrastive nonporous [PyHA],PW with low
surface area and low activity.
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4. CONCLUSIONS

We develop the mesoporous polyoxometalate-based ionic
hybrid [TMGHA], ,H,cPW for catalyzing water-mediated
triphase oxidations of alcohols with H,0,. The hybrid is
synthesized by finely designing the ionic liquid cation of
tetramethylguanidinium functionalized with hydroxyl and
amino groups, and the self-assembly of that cation with the
Keggin phosphotungstic anion. The high activity of the hybrid
catalyst associates to its mesoporosity and dual wettability for
water and alcohols. An on-water catalysis route is suggested to
understand the superior catalytic performance. The self-
assembling synthesis strategy in this work may provide an
efficient and facile way to fabricate highly efficient triphasic
hybrid catalysts for organic oxidations using pure water
medium.
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Schemes S1 and S2 show the synthesis and chemical structures
of the analogous IL-POM catalysts; Figures S1 and S2 show the
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