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Surfactants with polyoxometalates (POMs) as polar head groups have shown fascinating self-assembly
behaviors and various functional applications. However, self-assembly them into reverse micelles is still
challenging owing to the large molecular size and intermolecular strong electrostatic repulsions of POM
heads. In this work, a zwitterionic POM-based surfactant was synthesized by covalently grafting two
cationic long alkyl tails onto the lacunary site of [PW;;039]7~. With decreased electrostatic repulsions and
increased hydrophobic effect, the POM-based reverse micelles with an average diameter of 5 nm were ob-
tained. Interestingly, when these reverse micelles were applied for catalyzing the oxidation of styrene, an
unprecedented B-hydroxyl peroxide compound of 2-hydroxyl-2-phenylethan-1-tert-butylperoxide was
produced in high selectivity of 95.2%. In comparison, the cetyltrimethylammonium electrostatically en-
capsulated POMs mainly generated the epoxides or 1,2-diols. A free radical mechanism was proposed for

the oxidation reaction catalyzed by the zwitterionic POM surfactants.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Reverse micelles (RMs) are nanometer-sized assemblies of sur-
factants organized around a core of water molecules within a bulk
nonpolar solvent. RMs have wide applications in the extraction of
protein, enzymatic reaction, nanomaterial synthesis, drug delivery,
and catalysis [1,2]. With loading catalysts into the special con-
fined water core, RMs have shown many unique catalytic behav-
iors [3]. Several reports indicated that some catalysts, like enzymes
or metal nanoparticles, appeared to behave differently when con-
fined in RMs than in bulk solution, because of the conformational
changes of reactants, the local concentrated of catalysts and sub-
strates, and the confined water that may lead to an altered hy-
dration state of the active sites [4-6]. With the development of
RMs, integrating the catalytic activity and amphiphilic properties
into one surfactant molecule is an emerging field, which offers
more possibilities for novel catalytic systems with excellent perfor-
mance, high stability, or even new reactions [7]. Recently, the mul-
tifunctional polyoxometalates, with variable negative charges and
notable redox properties, were facilitated as the polar head groups
of anionic surfactants. These compounds have shown unusual self-
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assembly behaviors, interesting photochemical properties, and ex-
cellent catalytic activity [8-10].

However, the self-assembly of RMs by POM-based surfactants
is extremely challenging, and their further catalytic applications
are rarely explored. As the nanoscale size of the POM head group
results in a large hydrophilic area, the packing parameters (P) of
POM-based surfactants are often less than 1, which favors the for-
mation of micelles, vesicles, or emulsions. Whereas, a larger P is
essential for the assembly of RMs. In addition, the multiple neg-
ative charges of the POM clusters lead to strong electrostatic re-
pulsions, which prevent the POMs from approaching each other,
thus hamper the self-assembly process of RMs. There have been
studies for increasing the P, such as fabricating two long alkyl
tails modified Keggin-type POMs or using Anderson-type POMs as
a smaller head [11-13]. However, only liquid crystals or reverse-
vesicular structures were obtained. Beyond the anionic POM-based
surfactant, a new type of the surfactant structure is crucial to be
synthesized for self-assembly into the RMs. What is more, it is also
an opportunity to develop the novel catalytic behaviors of POMs
when they are concentrated and confined in the core of RMs.

In this work, we prepared a series of novel POM-based zwit-
terionic surfactant molecules that two cationic quaternary amine
long chains were covalently grafted on the Keggin POM anion via
Si—0—W bonds. For the first time, the POM-based reverse micelle
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Scheme 1. Illustration for the self-assembly of reverse micelles by zwitterionic
POM-based surfactant Na—PW;; —NC;s which facilitate the oxidation of styrene to
B-hydroxy peroxide (left), and the self-assembly of W/O emulsions by electrostat-
ically bonded POM-cationic surfactant salt CTA + PWy; which favor the epoxides
and 1,2-diols products (right).

systems were successfully fabricated through the self-assembly
of zwitterionic surfactants. On the contrary, the cationic surfac-
tants encapsulated POMs were assembled into the water in oil
(W/0) emulsion systems under the same condition. When eval-
uating their catalytic behaviors in the oxidation of styrene, the
reverse micelles highly selective produced a S-hydroxyl peroxide
compound while the emulsions mainly generated the epoxides and
1,2-diols (Scheme 1).

Initially, a series of cationic organosilane ligands
(EtO)3Si(CH,)3N*™(CH3),ChHy 1 were synthesized by a nucle-
ophilic substitution reaction of (3-iodopropyl)triethoxysilane with
long-chain N,N-dimethyalkylamines (CHs3),N(CH,),.1CH3 (n 8,
12, 16) [26]. The ligands were characterized and denoted as the
abbreviation of NC, (Figs. S1-S10 in Supporting information). It
has been reported that the neutral organosilane species can be
covalently inserted into the pocket of the lacunary Keggin anion in
H,0/CH3CN mixed solution [14,15]. While for the modification of
cationic ligands, unfavorable electrostatically interacted POM salts
may be formed and further precipitated out due to their low solu-
bility in water. Therefore, an excess tetramethylammonium (TMA)
salt was added into the reaction solution for competing with the
cation-anion interaction between ligands and POMs. Besides, a
high portion of CH3CN was used as a good solvent for finely dis-
persing the reactants. With the modified preparation methods, the
desired products TMA[PW;;034(SiOg5(CH;)3N(CH3),CrHon 112)]
(TMA—PWy; —NGC,) were obtained. Subsequently, the counterions
were exchanged to sodium ions for increasing the amphiphilicity
of POM-based surfactants.

The resulting POM surfactants were characterized by FT-IR, H
NMR, 3C NMR, 2°Si NMR, 3P NMR and electron spray ioniza-
tion mass spectra (ESI-MS). The characterization results of repre-
sentative sample Na—PW;;—NC;g were shown in Fig. 1. In FT-IR
spectroscopy of Na—PW;;—NCyg (Fig. 1a and Fig. S24 in Support-
ing information), peaks of the alkyl chains (2924, 2852, 1463, 1078
cm~!) and the POM cluster (1038, 967, 900, 871, 822, 712 cm™1)
were visible. The peaks of 1112 and 1078 cm~! represented the
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Fig. 1. The characterizations of Na—-PW;;—NC;s with a formula of
Na{PW;;039[SiOg5(CH;)3N(CH3),Ci6H33 ]2} by (a) FT-IR spectrum, (b) 'H NMR
spectrum, (c) solid-state 29Si NMR spectrum, (d) 3'P NMR spectrum and (e) ESI-MS
spectrum.

vibrations of the Si—0-Si bond and the stretching vibrations of
the C—N bonds for quaternary amine cations, which inferred that
the cationic ligands were modified onto the POM cluster. It should
be noted that the Si—OEt groups were crucial to link the organic
ligands with PWy;, while they were highly sensitive to the wa-
ter, which may result in hydrolysis and self-polymerization. In 'H
NMR spectra (Fig. S25 in Supporting information), signals of the
quartet at 3.83 ppm and the triplet at 1.24 ppm (stars signs)
suggested that the Si—OEt groups existed in NCyg ligands. After
the covalent modification, these signals were disappeared, indi-
cating the replacement of Si—OEt to Si—0-Si or Si—O—W groups
in TMA—PW;; —NC;g samples. For TMA—PW1; —NCyg, the intensity
ratio of the protons of N,N-dimethyl in two ligand chains (3.04,
3.06 ppm, 12H, square) and methyl protons of TMA* (3.11 ppm,
12H, triangle) was around 1 suggesting that the whole polar head
had one negative charge, which was in agreement with the theo-
retical net charge. The complete counterion exchange from TMA*
to Na® was proven by the absence of the signals of TMA* in
Na—-PW;;—NCyg (Fig. 1b). The modification of the POM cluster can
also be confirmed by the unique signals of —13.77 ppm in 3'P NMR
and —51.7 ppm in 2°Si NMR spectra, which were attributed to the
structure of two organosilicate embedded to the lacunary site of
the PWy; cluster (Figs. 1c and d). Moreover, only one signal ex-
ists in both spectra indicated that the product was pure. From the
ESI-MS spectrum (Fig. 1e), the molecule mass of Na—PW;;—NCyg
with a formula of Na{PWn O39[Si00.5(CH2)3N(CH3)2C]6H33]2} was
determined as 3372.09 m/z, which was consistent with theory. Fur-
thermore, from the analysis of the TG curve (Fig. S43 in Sup-
porting information), the ligand chains were degrade from 372.6
°C to 506.5 °C and the POM head was retained even the tem-
perature higher than 700 °C, confirming the considerable ther-
mal stability of Na—PWy;—NCyg. The co-existence of anionic and
cationic centers in Na—PW;;—NC;s was proven by the dye ex-
traction experiments. With adding one drop of the aqueous solu-
tion of cationic dye methylene blue into the chloroform solution
of Na—PW;;—NCyg, the blue color was extracted to the nonpolar
phase. The same phenomenon was also observed when the dye
was anionic methyl orange. These phenomena suggested that both
the cationic dye and anionic dye could be captured by the zwitteri-
onic center of the Na—PW;;—NC;g surfactant (Fig. S29 in Support-
ing information). Based on the above characterizations, the struc-
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Fig. 2. (a) TEM image of the Na—PW;;—NCys assembled reverse micelles with an
average diameter around 5 nm. (b) Magnified HR-TEM image of one POM-based
reverse micelle showed the aggregation of POM clusters as 1 nm dark spots. (c)
SEM image of the emulsions assembled by Na-PW;;_NCy,. (d) Optical microscope
image of W/O emulsions assembled by CTA + PWy;.

ture of the surfactant Na—PW;; —NC, could be proposed, in which
the nonpolar tail groups were two alkyl long chains and the polar
head group was the covalently linked POM anion and quaternary
amine cations. For comparison, the cationic surfactants encapsu-
lated POM salts were prepared by directly mixing the K;PW1;039
with surfactants like cetyltrimethylammonium bromide (CTAB) in
an aqueous solution and collecting the resulted salt precipitates
(CTA + PWyq).

After determining the structures, the self-assembly behaviors
of the Na—PW;;—NCyg zwitterionic surfactants were developed.
It showed that the hydrophilicity of the POM group was signif-
icantly decreased after grafting the organic ligands, which was
still not improved even after the counterions were exchanged to
Na*. Solubility experiments were conducted by preparing 1 mg/mL
Na—PW;;—NCyg in different solvents. The results suggested that
the Na—PW;;—NCyg was highly soluble in DMF, DMSO, acetone,
and acetonitrile, while less soluble in water, methanol, toluene,
and chloroform. To construct the reverse micelle systems, the
Na—PW;;—NCyg (10 mg) were firstly dissolved in 0.2 mL DMF, and
then the above solution was slowly titrated into the chloroform
(10 mL) with stirring. A colorless transparent solution was formed
after adding 1 mL tert-butyl hydroperoxide (TBHP) 70% aqueous
solution. Transmission electron microscopy (TEM) revealed that the
assemblies had a spherical appearance in a size range of 3-8 nm
(Fig. 2a, Figs. S30 and S31 in Supporting information). The men-
tioned value fits well to the diameter expected for a reverse micel-
lar aggregate constructed from zwitterionic POM surfactants. Tak-
ing advantage of the characteristic of high electronegativity and the
well-fitted 1 nm molecular size of Keggin clusters, the PW;; head
groups could be easily observed in these small particles as 1 nm
dark spots in HR-TEM images (Fig. 2b). Thus, it was believed that
the Na—PW;;—NCys zwitterionic surfactants were self-assembled
into the reverse micelles, and their PW;; head groups were com-
pactly located into the nano-sized core of RMs.

Then, the self-assembly mechanism of RMs was discussed. The
TBHP in solution seemed to play an essential role in the assembly
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process. Instead of 70% TBHP aqueous solution, 300 pL water was
added to trigger the assembly. A cloudier solution was obtained,
and some water drops were observed on the inner surface of the
glass vial. Thus, it was speculated that the TBHP served as a co-
surfactant inserting among the intermolecular of Na—PW;;—NCg
to strengthen the stability of the interface and promote the sol-
ubilization of water. The conformation of TBHP in RMs was pro-
posed that tert-butyl group located in the nonpolar area and hy-
droperoxide group pointed to the core water area. The corre-
sponding experiments with the CTA + PWy; (Fig. 2d and Fig. S28
in Supporting information) in the same conditions showed the
large size W/O emulsions with a non-transparent milky white ap-
pearance. The results suggested that the electrostatically bonded
CTA + PWj; was incapable of self-assembly into the RMs and
the covalent modified zwitterionic head groups contributed to the
RMs’ formation. In fact, the zwitterionic properties of surfactants
could significantly decrease the electrostatic repulsions among the
head groups, which favored the compact arrangement of head
groups and thus forming the thermodynamically stable RMs. More-
over, considering the assembly was driven by the balance be-
tween electrostatic interaction and hydrophobic effect, influence
from the chain length of POM surfactant was investigated. The
results showed that neither Na—PW;;—NCy; nor Na—PW;;—NCg
could assemble into the RMs. Instead, emulsions with ~0.5 pm
size for Na—PWy; —NCy, (Fig. 2¢) and large amounts of precipitates
for Na—PWy; —NCg (Fig. S27 in Supporting information) occurred.
It was suggested that the shorter chain length had less solubility
in chloroform, and the corresponding lower strength of hydropho-
bic interaction was insufficient to overcome the electrostatic re-
pulsions. Therefore, the self-assembly of RMs was synergistically
driven by the decreased electrostatic repulsions and the increased
hydrophobic interaction, as well as the co-surfactant effect from
TBHP.

Recently, the synthesis of B-hydroxy peroxides by direct oxi-
dation of olefins has gained great attention for the preparation of
active 1,2,4-trioxane units, which are present in the anti-malarial
drugs artemisinin (Qinghaosu) and play a crucial role in the drug’s
mechanism of action [16]. The POMs are widely used as cata-
lysts in the oxidation of olefins due to their notable redox proper-
ties, strong persistence against oxidants, and environmental com-
patibility [17-19,23-25]. In most cases, the oxidation products are
epoxides or 1,2-diols, the peroxy-containing products are rarely re-
ported.

Taking the opportunity of POMs self-assembly into the novel
RMs, an unprecedented product 2-hydroxyl-2-phenylethan-1-tert-
butylperoxide was obtained by applying the RMs as nanoreactors
with styrene as substrate. The structure of the product was de-
termined by the 'H NMR, 3C NMR and ESI-MS spectra. In the
TH NMR spectrum (Fig. $32 in Supporting information), three pairs
of dd characteristic peaks at 5.34, 425 and 4.16 ppm with an
integration ratio of 1:1:1 were corresponding to the protons of
ethyl groups. After comparing with the characteristic protons in
the same position of styrene oxide (3.83, 2.96, 2.71 ppm) and 1-
phenylethane-1,2-diol (4.88, 4.13, 3.88 ppm), we confirmed that
the C=C bond of styrene was substituted by two functional groups
(Fig. S36 in Supporting information). Combined with the fact that
the tBu peak (s, 1.28 ppm, 9H) in the 'H NMR spectrum and the
mass peak at 249.06 (M + K*) in the ESI-MS spectrum (Fig. S33
in Supporting information), it was suggested that the substituted
functional groups were hydroxyl and tert-butyl peroxy, separately.
For the structure of isomers, it was hard to determine whether the
peroxy group was added to the o or B position of styrene only
by 'TH NMR results, because the shielding effect from the peroxy
and hydroxyl group on ortho protons were almost the same. There-
fore, the 3C NMR spectrum (Fig. S35 in Supporting information)
was acquired for the carbon atoms that were more sensitive to
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Table 1

Catalysts control experiments of styrene oxidation reaction®.
Entry Catalysts Yield (%) ® Sel. (%) b

A B C A B+ C

1 Na—-PW;;—NCyg 43.1 2.2 0 95.2 4.8
2 NCig trace 0 0 - ——
3 PW1; 14.3 2.9 1.9 69.6 304
4 HNCy6 + PWyy 5.7 17.2 0 24.9 75.1
5 CTA + PWy4 6.2 18.1 3.2 229 771

@ Reaction conditions: Styrene (1 mmol), TBHP (70% aqueous solution, 6 mmol),
DMF (0.2 mL), CHCl; (10 mL).

b Yield and selectivity were determined by using 'H NMR analysis with an inter-
nal standard.

the connected groups. A styrene difunctional compound (1-(tert-
butylperoxy)-3,3,3-trifluoropropyl)benzene, in which the peak of
the tBuOO group linked carbon atom appeared at 80.83 ppm,
was selected as the isomer standard [20]. In the 3C NMR spec-
trum (Fig. S34 in Supporting information) of the obtained product,
peaks at 76.65 ppm and 81.09 ppm were attributed to the carbons
at o and B, respectively. Thus, the tBuOO group was located at
the B position, the OH group was linked with the « position of
phenylethane.

Then, the reaction conditions, including solvents, temperature,
and equivalents of reactant, were optimized, and the peroxide
product was obtained with 43.1% yield and 95.2% selectivity (Ta-
bles S1-S3 in Supporting information). Catalysts control experi-
ments were carried out to illustrate the critical role of each com-
ponent on the peroxide reaction. As shown in Table 1 (entries 1
and 2), the reaction could be scarcely possible initiated in the ab-
sence of PWy;, indicating the active catalytic sites were PWy;. As
for the K;PW1;03qg, the clusters were partially dissolved in the po-
lar solvents while most residues remained as solid precipitates. The
catalytic result showed a decreased peroxide yield (14.3%) and se-
lectivity (69.6%), which may be due to the poor accessibility of
styrene to the active sites (Table 1, entry 3). In addition, the physi-
cal mixture of PW; and protonated NCyg ligands showed a signifi-
cantly decreased peroxide yield, and the styrene was mainly trans-
formed into epoxides and 1,2-diols with 75.1% selectivity. When
the CTA + PWj; salts were applied as catalysts, the epoxides and
1,2-diols were also generated in high selectivity of 77.1%. From
the perspective of assembly systems, the surfactants encapsulated
POM catalysts formed emulsion systems, in which the POM clus-
ters were highly hydrated and contacted with a relative bulk water
environment. On the contrary, POMs in the confined water core of
RMs had less hydration states which might be favorable to the §-
hydroxyl peroxide transformation. Moreover, there was no change
in the FT-IR and 3!P NMR spectrum (Figs. S41 and S42 in Support-
ing information) of the Na—PW;;—NCyg after the reaction, which
confirmed that the structure was not affected by the high con-
centration of TBHP. Furthermore, the scope of substrates was also
expanded and the corresponding peroxide products were detected
(Table S4 in Supporting information).

To investigate the mechanism of this peroxide reaction, styrene
oxide was used as a substrate in the same reaction conditions. The
catalytic results showed that no peroxides were produced. Thus,
the possibility can be ruled out that styrene was firstly oxidized to
styrene oxide then ring open by the TBHP to the B-hydroxy per-
oxide product. Subsequently, 2,2,6,6-tetra-methyl-1-piperidinyloxy
(TEMPO) was employed in the reaction system as a radical scav-
enger [21]. When adding 6 equivalents of TEMPO, the reaction
was completely inhibited without any peroxide products. In addi-
tion, when adding a hydroxyl radical scavenger KBr [22], a 1,2-tert-
butylperoxy-phenylethane was obtained (Figs. S35 and S36). Based
on the above results, a free radical pathway was proposed (Fig. S39
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in Supporting information). The distinct oxidation pathway may be
due to the oxidation state variation of POMs after the organic mod-
ification. X-ray photoelectron spectroscopy (XPS) was performed to
support the hypothesis. W 4f spectra (Fig. S26 in Supporting infor-
mation) showed W 4fs, (37.7 eV) and W 4f;, (35.5 eV) of PWy,,
attributing to W6+, As expected, the binding energy of W (36.2
and 38.4 eV) in Na—PW;;—NCys shifted to a higher energy than
that in PWy;. The results indicated that the electron structure of
W was affected by cationic quaternary amine long chains leading
to a higher oxidation state of W in the Na—PW;; —NCyg.

In summary, a new type of zwitterionic POM surfactant was
prepared by covalently modifying two cationic long alkyl chains
onto the mono-lacunary site of [PW;;039]”~. Under the coop-
eration with co-surfactant TBHP, the Na—PW{;—NCyg could self-
assemble into the challenging POM-based reverse micelles with di-
ameters around 5 nm. The mechanism studies demonstrated that
the self-assembly was synergistically driven by the decreased elec-
trostatic repulsions among zwitterionic head groups and the in-
creased hydrophobic effect from long alkyl chains. Furthermore,
by applying the reverse micelles into the oxidation of styrene,
a new compound, 2-hydroxyl-2-phenylethan-1-tert-butylperoxide
was obtained with 95.2% selectivity. On the contrary, the W/O
emulsion systems, which were assembled by the cationic surfac-
tants encapsulated PW;;, generated epoxides and 1,2-diols with
high selectivity of 77.1%. We hope this work will facilitate the fur-
ther development of POM-based supramolecular assemblies and
expand the scope of catalytic applications in fields of new reac-
tions and high value-added peroxide products.
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