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Ionizing radiation is a powerful method in the syntheses of nanoparticles (NPs). The application of ionizing
radiation in supramolecular assemblies can afford us more unique conditions to control the composition and
morphology of the NPs. So far, most work focused on water-in-oil (W/O) microemulsions or reversed
micelles. In this supramolecular organization, it has been proved that the effects of many conditions on the
yield of eaq− play a key role, remarkably different from the mechanism in routine chemical method. Besides,
some supramolecular assemblies of cyclodextrins and ionic liquids have been used in the syntheses of NPs by
ionizing radiation, and many novel and interesting phenomena appeared. This review is intended to
underline the three significant aspects of the radiolytic syntheses of NPs in supramolecular assemblies.
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1. Introduction

In the realm of nanoscience and nanotechnology, the largest activity
has been focused on the syntheses of new nanoparticles (NPs) with
different sizes and shapes, which have strong effects on their widely
varying properties and applications [1–6]. To realize the size and shape
control of NPs, a variety of methods have been employed. Meanwhile,
supramolecular assemblies (such as microemulsions, liquid crystals,
vesicles, and so on) are powerful templates for preparing NPs [1,7–18],
which are polymolecular entities that result from the spontaneous
association of a large undefined number of components into a specific
phase having more or less well-defined microscopic organization and
macroscopic characteristics depending on its nature [19]. As for the
radiolytic syntheses of NPs concerning supramolecular assemblies,most
work is focused on water-in-oil (W/O) microemulsions or reversed
micelles. W/O microemulsions, consisting of surfactant, oil, water as
well as cosurfactant in most cases, can provide us with particularly
attractive microreactors for preparing NPs, whose morphology can be
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Table 1
Standard redox potentials of some radiation-generated species.a

Species eaq− •CO2
− (CH3)2ĊOH CH3ĊHOH •CH2OH ·OH

E0/V −2.9 −1.9 −1.5 −1.1 −0.9 1.9

a Taken from Ref. [33].
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well controlled [1,7,9–13]. Now, the combination of ionizing radiation
andW/O microemulsion has become a novel and important way in the
synthesis of NPs, and has attracted much attention. Especially, it was
found that this method can afford us more unique conditions to control
the composition, morphology and size of NPs. Furthermore, it was
confirmed that the effects of these conditions on the yield of eaq− play a
key role, remarkably different from the mechanism in routine chemical
method. Besides, ionizing radiation is also important in the research on
the growth kinetics of NPs. However, there is no review article published
so far.

Besides W/O microemulsions, other supramolecular assemblies
began to attract attention in the radiolytic syntheses of NPs.
Cyclodextrins (CDs), a series of cyclic oligomers consisting of six or
more α-l,4-linked D-glucopyranose units, are the most important
hosts in supramolecular chemistry. They can form plentiful assem-
blies (e.g., aggregates of CDs, aggregates of CD inclusion complexes,
cyclodextrin rotaxanes and polyrotaxanes, cyclodextrin nanotubes
and their secondary assembly) [20,21]. Ionic liquids (ILs), a kind of
organic salt, are liquids at or near room temperature. Now, they are
regarded as an attractive class of green solvents in the syntheses of
nanoparticles and nanostructures because of their novel and tunable
physical–chemical properties [22–24]. In ILs, there also exist three-
dimensional supramolecular networks with polar and non-polar
regions [25–27]. These supramolecular assemblies of CDs and ILs
have been used in the syntheses of NPs by ionizing radiation, and
many novel and interesting phenomena appeared, which are also
worthwhile to be reviewed.

Therefore, in the present article, the above three significant aspects
on the radiolytic syntheses of NPs in supramolecular assemblies will
be included.

2. Radiolytic syntheses of nanoparticles in
water-in-oil microemulsions

The radiolytic syntheses of NPs in W/O microemulsions combined
the characters of the syntheses of NPs in solutions by ionizing
radiation and inW/Omicroemulsion by routine chemical method, and
appeared many novel properties. For comparison, firstly, the principle
and characters of the syntheses of NPs by the two methods are simply
described, respectively.

2.1. Principle of radiolytic syntheses of nanoparticles in solutions

Among the numerous methods of preparing NPs, ionizing radiation
(such as γ-irradiation, electron beam irradiation and so on) is powerful,
since it can conveniently produce a series of species with tunable redox
potentials, not be achievable by other means, in a wide range of
temperature [28–31]. For example, in aqueous solution, the water
molecules absorb the irradiation energy and generate many reactive
species, such as hydrated electrons (eaq−),•H and •OH (Eq. (1)) [32].

H2O→
irradiated

e−aq; •H; •OH;H3O
þ
;⋯⋯ ð1Þ

The reducing species, i.e., eaq− and •H, reduce the precursors in aqueous
solution, leading to the formation of NPs via a series of coalescence
processes. Because the oxidizing radicals (such as ·OH) can react with
reducing species (see Eq. (2) [32]) and oxidate the reduction product,
it should be eliminated by some additives (such as alcohols, formates)
(Eqs. (3) and (4) [32]). Different additives will generate a series of
reducing radicals with tunable redox potentials (Table 1) [33], which
can reduce the precursors selectively.

e
−
aq þ •OH→OH

− ð2Þ

ðCH3Þ2CHOH þ •OHð•HÞ→ðCH3Þ2C
:
OH þ H2OðH2Þ ð3Þ
HCO
−
2 þ •OHð•HÞ→•CO

−
2 þ H2OðH2Þ: ð4Þ

In organic solvents, similar reactions and processes take place, too.
As a typical example, the detail formation process of metal clusters
and NPs in solution by ionizing radiation is illustrated in Fig. 1.

In general, dose rate and additives (such as ligand, surfactant, etc.)
are always used to control the size, shape and structure of the
obtained NPs. So far, besides few report about metal halide and
nonmetal NPs [34–37], great efforts have been focused on the
syntheses of metal, core–shell metal or alloy, and metal chalcogenide
NPs in aqueous solution and organic solvent, which have been well
reviewed in the reference [28–31,38,39]. Recently, for the first time,
we obtained BaSO4 NPs by precipitating Ba2+ ions with SO4

2− ions,
which were generated via the radiolytic reduction of S2O8

2− (Eq. (5))
[40]. This extends the application of ionizing radiation in nanoscience
and nanotechnology.

S2O
2−
8 þ e

−
aq→SO

2−
4 þ •SO

−
4 ð5Þ

2.2. Principle of syntheses of nanoparticles in microemulsions by routine
chemical method

In the syntheses of NPs in microemulsions by routine chemical
method, a two-microemulsion method is most popular [10,11]. In the
method, two microemulsions, containing one corresponding reagent,
aremixed (Fig. 2A). Thereafter, thewater pools collide, coalesce to form
transient water pool dimers, exchange the water contents, and
disintegrate into new water pools, continuously. Then, the reaction
takes place inside the water pools, which is followed by nucleation,
growth, ripening, and coagulation of primary particles, resulting in the
formation of the final NPs surrounded by water and/or stabilized by
surfactants. In addition, a single-microemulsionmethod that includes a
number of variations has also been frequently used for the nanoparticle
synthesis in microemulsion [10,11]. In this approach, one of the
reactants can be added directly, in the form of a solution or a solid,
liquid, or gas, to themicroemulsion carrying the other reactant (Fig. 2B).

Because the reaction takes place in the water pool or on the
interface of water and oil, the nucleation and growth processes of NPs
are affected by the size and shape of water pool, the rigidity of the
interface, the concentration of reactant, and so forth. Moreover, the
size and shape of water pool, and the rigidity of the interface could be
controlled by ω value (molar ratio of water to surfactant), additives
(such as short-chain alcohols, salts), etc. Thus, the size and
morphology of NPs could be well adjusted [41–47]. For example, the
presence of short-chain alcohols and benzyl alcohols can reduce the
rigidity of a microemulsion, and increase the exchange rate of water
pool, resulting in the formation of the bigger NPs with a wider size
distribution [41,42]. Bagwe and Khilar [41] found that there is a weak
effect of cations on the average size of the synthesized AgCl NPs in
AOT-based microemulsions. However, the use of hydrolyzable
monovalent cations (such as Li+ and Na+) can lead to a higher
exchange coefficient, which is propitious to the formation of AgCl NPs
[41]. In addition, the preferential adsorption of surfactant or counter
ions on some crystal faces of NPs could be used to control the
aggregation or growth of NPs, and the resulting morphology [48–51].
Filankembo et al. [51] found that Cl− favors the generation of Cu
nanorods with higher aspect ratio in a Cu(AOT)2–isooctane–water



Fig. 1. Scheme of the reduction of metal ion in solution by ionizing radiation. Additive (such as alcohol) is added in order to scavenge oxidizing radicals (such as •OH). The isolated
atoms formed M0 coalesce into clusters. They absorb excess ions. They are stabilized by ligands, polymers or supports. The redox potential E0(Mn

+/Mn) increases with the nuclearity.
The smallest oligomers may undergo reverse corrosion. Taken from Ref. [31].
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system, where hydrazine was used as a reducing agent. This
phenomenon was ascribed to the preferential adsorption of Cl− on
the {001} faces and the faster growth on the {111} faces of Cu
nanocrystals (NCs). However, NO3

− did not exhibit a similar action.

2.3. Composition and morphology control of nanoparticles depending on
the structural change of microemulsions and absorbed dose in irradiation
method

Different from routine chemical method, the generation of
reducing species in microemulsion is in situ. Thus, the combination
of ionizing radiation and W/O microemulsion is an effective way in
the synthesis of NPs. So far, Au [52], Ag [53–56], Cd–Ag Alloy [56], Cd
[57], Pd [57], Cu [57], Zn [58], Ni [59], CdS [60–62], ZnS [60], PbS [63]
and Fe3− xO4 [64,65] NPs have been synthesized by this means in
different research groups, which are summarised in Table 2. However,
most of the synthesized NPs are spherical [53,56,57,59,60,62–65].
Meanwhile, a few documents reported how to control the size
[53,56,60] and shape [61] of the obtained NPs.

In a sodium dodecyl sulfate (SDS)-based microemulsion, Kapoor
et al. [56] accommodated ω value to control the size of Ag NPs by
electron beam irradiation. Zhang et al. [53] synthesized Ag NPs in a
sodium bis-(2-ethylhexyl)sulfosuccinate (AOT)-basedmicroemulsion
by γ-irradiation. They found that the addition of sodium dodecyl
benzene sulfonate (SDBS) could significantly lower the AOT propor-
tion and make the Ag NPs larger [53]. Furthermore, they transferred
the radiolytic reduction of S2O3

2− (Eq. (6)) and the formation of metal
sulfide NPs from aqueous solution to microemulsions, and synthe-
sized CdS and ZnS NPs in a SDS-based microemulsion, whose size was
controlled via adjusting the ratio of water to oil [60].

S2O
2−
3 þ e

−
aq→S

2− þ SO
2−
3 : ð6Þ

Later, they added hydroxyethyl cellulose (HEC) into the microemul-
sion, where octylphenyl poly(ethylene glycol) ether (n=4) (OP-4)
and octylphenyl poly(ethylene glycol) ether (n=10) (OP-10) were
used as surfactant, and transformed the morphology of CdS NPs from
sphere to nanorod [61]. Moreover, the length and diameter of the CdS
nanorod reduced with the decrease of ω value [61].

In the radiolytic syntheses of NPs, the precursors also affected
the reduction products. In a SDS-microemulsion, when the absorbed
dose was 16 kGy and the concentration of Cu2+ in water pool was
1×10−3 mol L−1, the reduction product of CuCl was Cu NPs, while
that of CuSO4 was a complex of Cu+ with SDS [57]. Kapoor et al. [57]
considered that the reaction between Cu2+ and eaq− (Eq. (7)), rather
than that between Cu+ and eaq− (Eq. (8)), takes place under such
conditions and the generated Cu+ is stabilized by SDS when CuSO4 is
used as precursor. While CuCl is used, there is no competitive reaction
with reaction (8), which favors the generation of Cu NPs.

Cu
2þ þ e

−
aq→Cu

þ ð7Þ

Cu
þ þ e

−
aq→Cu: ð8Þ

Different from the syntheses of NPs in aqueous solutions, in
microemulsions, the precursors insoluble in aqueous solution can be
used, which make the selection of the precursors more plentiful. In an
OP-4 and OP-10-based microemulsion, PbS quantum dots were
obtained by the reactions between Pb2+ ions with S2− ions, which
were generated via the reduction of CS2 by eaq− (Eqs. (9) and (10)) [63].

CS2 þ e
−
aq→S

− þ CS•
− ð9Þ

S
− þ e

−
aq→S

2−
: ð10Þ

Zhang et al. [63] suggested that the reducing reaction take place
at the oil–water interface (Fig. 3). In a SDS-based microemulsion,
Pd3[SSP(OC2H5)2](Ph3P)2S2, insoluble in water, was used as precursor
to synthesize Pd NPs by ionizing radiation [57]. Kapoor et al. [57]



Fig. 2. Schematic illustration of the synthesis of NPs in microemulsions by routine chemical method. Taken from Ref. [11].
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considered that the Pd precursorwas reduced by the eaq− diffused in the
oil phase.

In the radiolytic preparation of NPs, the precursors can not only be
soluble in water pool, oil–water interface or oil phase, but also be pre-
existing NPs. In a Triton X-100-based microemulsion, Gotic et al. [64]
obtained goethite NPs by routine chemical method, which were about
200–300 nm long and up to 10 nmwide. Through γ-irradiation under N2

atmosphere, the goethite particleswere transformed to substoichiometric
magnetite (Fe3−xO4) NPs, with the diameter ranging from 5 to 20 nm, at
anabsorbeddoseof 460 kGy in themicroemulsion [64]. Later, they further
found that the x value decreased with the increase of absorbed dose [65].

Indeed, it has been found that the combination of ionizing
radiation and microemulsion can afford us more unique conditions
to control the composition, morphology and size of NPs.

2.4. Composition and morphology control of nanoparticles by the yield of
hydrated electrons in microemulsions

In the preparation of NPs in microemulsion by irradiation method,
most of the work always considered that eaq− comes from the radiolysis
of water in the water pool, which is similar to the situation in the
radiolytic syntheses of NPs in aqueous solution. Indeed, according to the
results of pulse radiolytic investigation on the microemulsion system,
when a microemulsion is irradiated, eaq− can be mainly generated from
the scavenging of excess electrons, which are produced originally
through the radiolysis of oil, bywater pool (Fig. 4) [66–72]. Although the
radiolysis ofwater in thewater pool can also generate eaq− directly (Fig. 4
and Eq. (1)), it is less important [66–72]. In the radiolytic syntheses of
Ag, Cd, PdandCuNPs inSDS-basedmicroemulsion,Kapoor et al. [55–57]
have ever mentioned the dual resources of eaq− . Gotic et al. [65] also
noticed the existence of this regularity in the synthesis of Fe3−xO4 NPs
by γ-irradiation in the Triton X-100-based microemulsion. How to
control the composition and morphology of NPs by this regularity?
Before our systematic work, it is not clear.

Besides, in microemulsions, the yield of eaq− , always less than 2
[68,69], is verymuch lower than that in purewater, which is known to
be 2.7. As the increase of ω value, the yield of eaq− usually increases
[66–69,71,72], and the rate constant of the reaction between eaq− and
manymetal ions (e.g., Ag+, Tl+, Co2+, Ni2+, Cd2+ and Cu2+) increases
[55–57]. Nevertheless, these rate constants are all much lower than



Table 2
Summary of the radiation-synthesized NPs in microemulsion by other research groups.

Shape Precursor Surfactant Cosurfactant Oil phase Factors affecting the size or shape Type of irradiation Refs.

Au HAuCl4 PEGDE n-Hexane EB [52]
Ag Spherical AgNO3 AOT; AOT+SDBS Kerosene γ-Ray [53]

AgNO3 AOT Isooctane γ-ray [54]
AgClO4 SDS 1-Pentanol Cyclohexane EB [55]

Spherical AgClO4 SDS 1-Pentanol Cyclohexane ω value EB [56]
Cd–Ag Alloy Spherical CdSO4+AgClO4 SDS 1-Pentanol Cyclohexane EB [56]
Cd Spherical CdSO4 SDS 1-Pentanol Cyclohexane EB [57]
Pd Spherical Pd3[SSP(OC2H5)2](Ph3P)2S2 SDS 1-Pentanol Cyclohexane EB; γ-ray [57]
Zn Zn(HCOO)2 AOT Isooctane γ-ray [58]
Ni Spherical Ni(NO3)2 AOT Isooctane γ-ray [59]
Cu CuCl SDS 1-Pentanol Cyclohexane EB [57]
CdS Nanorod CdSO4+Na2S2O3 OP-10+OP-4 Cyclohexane HEC as additive; ω value γ-ray [61]

Spherical Cd2++Na2S2O3 OP-10+OP-4 Kerosene ratio of water to oil γ-ray [60]
Spherical CdCl2+thioacetamide OP-10+OP-4 Cyclohexane γ-ray [62]

ZnS Spherical Zn2++Na2S2O3 OP-10+OP-4 Kerosene ratio of water to oil γ-ray [60]
PbS Spherical Pb(CH3COO)2+CS2 OP-10+OP-4 Kerosene γ-ray [63]
Fe3− xO4 Spherical FeCl3+FeSO4+OH− Triton X-100 1-Penthanol Cyclohexane γ-ray [64]

Spherical FeCl3+OH− Triton X-100 1-penthanol Cyclohexane γ-ray [65]

PEGDE, pentaethylene glycol dodecyl ether; EB, electron beam; AOT, sodium bis-(2-ethylhexyl)sulfosuccinate; SDBS, sodium dodecyl benzene sulfonate; SDS, sodium dodecyl
sulfate; OP-10, octylphenyl poly(ethylene glycol) ether (n=10); OP-4, octylphenyl poly(ethylene glycol) ether (n=4); HEC, hydroxyethyl cellulose; Triton X-100, (CH3)3CCH2C-
(CH3)2C6H4(OCH2CH2)nOH (n=9–10).
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those in aqueous solution, respectively [55–57]. In cationic-surfac-
tant-based microemulsions, the yield of eaq− remains almost constant
at 0.9, which is almost one-third of the value in bulk water [70].
Fendler group [73] reported that in the AOT-basedmicroemulsion, the
reactivity of eaq− could be reduced by an increase in the viscosity of the
water pool. These regularities should be useful in the composition and
morphology control of NPs by irradiation method.

Therefore, the condition for controlling the syntheses of NPs
should be plentiful. If adding some electron scavengers (such as
aromatic compounds in oil phase, NO3

− in water pool and the (co)-
surfactant containing aromatic rings at interface) or adjusting the ω
value, the yield of eaq− will be well accommodated, which is further
used to control the composition and morphology of the synthesized
Fig. 3. The role of microemulsion on the formation of
NPs by ionizing radiation. This idea for controlling the yield of eaq− is
well illustrated in Fig. 4. Contrasting to the routine chemical methods,
the application of radiation technology on microemulsions is
characteristic, the picture of the mechanism is clear, and affords us
more unique conditions to control the composition and morphology
of NPs.
2.4.1. Controlled reduction of Cu2+ in microemulsions
In nonionic surfactants (Brij 30, Brij 56 and Triton X-100) based

microemulsions, the ω value, the counterions of Cu2+ and surfactant
can remarkably affect the reduction of Cu2+ by γ-irradiation (Table 3)
[74]. It was proved that the effects of these conditions on the yield of
spherical PbS quantum dots. Taken from Ref. [63].



Fig. 4. Schematic illustration of the generation, migration and quenching of electrons in W/O microemulsions.
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eaq− play a key role. The idea for controlling the radiolytic syntheses of
NPs was realized.

With the increase of the ω value from 4.5 to 7.0, the yield of eaq− is
increased, leading to the transformation of the reduction product of
Cu(NO3)2 from Cu2O to Cu in Brij 30-based microemulsions (Table 3)
[74].

Because eaq− is mainly generated from the scavenging of solvated
electron in oil phase (eoil− ) by water pool, the concentration of eaq− in
water pool will decrease if eoil− is scavenged by some groups during its
migration into water pool, i.e., the aromatic ring in toluene,
naphthalene or Triton X-100 (Fig. 4). This does not favor the further
reduction of Cu+ by eaq− and is therefore propitious to the formation of
Cu2O. Because there is no aromatic ring in the molecular structure of
Brij 56, under the identical ω value, the concentration of eaq− in the
water pool of the Brij 56-based microemulsion is higher than that in
the Triton X-100-based microemulsion. So the reduction product of
CuSO4 in Brij 56 system is Cu, while it is Cu2O in Triton X-100 system
(Table 3) [74]. When toluene or naphthalene is added to Brij 56
system, the reduction product of CuSO4 can be transformed from Cu to
Cu2O [74].

As the rate constant of the reaction between eaq− and NO3
−

(9.7×109 Lmol−1s−1) is much higher than those of other reactions
between eaq− and Cl− (or SO4

2−) (b1.0×106 Lmol−1s−1) [32], NO3
−

can scavenge eaq− and decrease its yield effectively, while the abilities
of SO4

2− and Cl− are much weaker. Although the rate constant of the
reaction between eaq− and Br− is short, it is logical to extrapolate that
the ability of Br− and Cl− to scavenge eaq− is similar because of their
similar nature. Thus, in Brij 56 system, the reduction product of Cu
Table 3
Summary of the reduction products of Cu2+ under different conditions.a

Surfactant ω Cu(NO3)2 CuSO4 CuCl2 CuBr2

Triton X-100 9.0 Cu2O Cu2O Cu Cu
12.0 Cu2O – – –

Brij 56 9.0 Cu2O Cu Cu Cu
Brij 30 4.5 Cu2O – – –

5.4 Cu2O and Cu – – –

6.0 Cu – – –

7.0 Cu Cu Cu Cu

Triton X-100, (CH3)3CCH2C(CH3)2C6H4(OCH2CH2)nOH (n=9–10); Brij 56, CH3-
(CH2)14CH2(OCH2CH2)10OH; Brij 30, CH3(CH2)10CH2(OCH2CH2)4OH.

a Taken from Ref. [74].
(NO3)2 is Cu2O, while those of CuSO4, CuCl2 and CuBr2 are Cu (Table 3)
[74].

Besides the effect on the chemical composition, anions can also
affect the morphology of the reduction product of Cu2+. In Brij 30
system, the morphologies of the reduction products of Cu2+ are much
different (Fig. 5) [74]. The aspect ratio of rod-like Cu NPs obtained
from Cu(NO3)2 is obviously larger than those obtained from CuSO4

and CuCl2, and there seldom appear rod-like Cu NPs when CuBr2 is
used as precursor [74]. This phenomenon could not be explained by
the preferential adsorption of anion on some crystal faces of NPs
[51,75], and may be ascribed to the strongest effect of NO3

− on the
yield of eaq− [74]. It is known that different crystal faces of NCs have
different growing rates. This difference is obvious when the
generation rate of NCs is slow enough. In this system, NO3

− may
reduce the yield of eaq− and thus the rate of reduction to such an extent
that the difference of the growing rates between different crystal faces
is large enough to form Cu nanorod in Brij 30 system [74]. It is
suggested that the morphology of reduction product may be
controlled by the yield of eaq− [74].

2.4.2. Radiolytic syntheses of octahedral Cu2O nanocrystals
In Triton X-100-basedmicroemulsion, with Cu(NO3)2 as precursor,

octahedral Cu2O NCs smaller than 100 nm were successfully obtained
by γ-irradiation (Fig. 6A and Table 4) [76]. Meanwhile, there was no
Cu generated in the course of irradiation [76]. When the dose rate
increased from 22.7 to 92.2 Gy/min, the average edge length of the
octahedral Cu2O NCs varied from 95 to 45 nm [76]. In the absorption
spectra, the characteristic absorption peaks of Cu2Owere blue-shifted.
As the dose rate increased to 132.0 Gy/min, only quasi-spherical NPs
with diameter of ca. 3 nm but no other shaped NPs could be found
[76]. This is believed to be the results of the competition between the
aggregation mechanism and the diffusion mechanism [76]. Because
the Cu2O is derived from the hydrolysis of Cu+, which is generated via
the reduction of Cu2+ by eaq− , the generation rate of Cu2O increases
with the increase of the concentration of eaq− . When the dose rate is
higher, the concentration of eaq− is higher, the degree of supersatura-
tion of Cu2O is higher, there aremore crystal nuclei generated, and the
aggregation mechanism overwhelms the diffusion mechanism, so
Cu2O forms mainly polycrystals; in contrast, when the dose rate
becomes lower, the Cu2O single crystals are formed [76].

It may be the combined action of NO3
− and the phenyl ring in Triton

X-100 that reduce the yield of eaq− and thus the rate of reduction to
such an extent. This favors the preferential crystal growth along the



Fig. 5. TEM images of the reduction products of Cu2+ in Brij 30-basedmicroemulsions (ω=7.0) by γ-irradiation in the presence of different precursors: (A) Cu(NO3)2, (B) CuSO4, (C)
CuCl2, (D) CuBr2. The insets show the SAED patterns of the corresponding products. Taken from Ref. [74].
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b100N direction and makes the rate far exceed that along b111N, thus
{100} faces shrink and {111} face is formed. Then, octahedral Cu2O
NCs were obtained in Triton X-100-based microemulsion when
Cu(NO3)2 was used as precursor (Fig. 6A and Table 4) [76]. While
in Brij 56-based microemulsion, only the NO3

− can scavenge eaq− . Thus,
the yield of eaq− and the generation rate of Cu2O are higher than those in
Triton X-100 system, respectively, which favor the preferential crystal
growth along the b111N direction and make the rate far exceed that
alongb100N. Thus, {111} faces shrinkand {100} face is formed. Then, the
Cu2O nanocubes were obtained (Fig. 6B and Table 4) [74].

Before our work, although octahedral Cu2O crystals have been
reported in the literature, their edge length was larger than 350 nm
[77,78]. Thus, to the best of our knowledge, this is the first report about
the syntheses of octahedral Cu2O NCs. Later, considerable efforts were
continuously paid to the formation, shape evolution and properties of
octahedral Cu2O NCs with different sizes [79–85]. Especially, Xu et al.
[81] found that the octahedral Cu2O NCs with exposed {111} crystal
surfaces possessmuch higher activity on adsorption and photodegrada-
tion of methyl orange than cubic Cu2O particles. Moreover, with the
decrease of the edge length, the octahedral Cu2O particles exhibited
much higher activities [81]. Therefore, octahedral Cu2O NCs are
promising candidates for the treatment of organic pollutions.

Among the approaches, routine chemicalmethods, such as adjusting
pH, temperature, molar ratio of reactants and selecting different
additives and reductants, were often used in solutions to affect the
growth of different crystal faces. However, the size of the octahedral
Cu2O NCs was always larger than 100 nm. Cu NPs were obtained via
routine chemical reduction in the Triton X-100-based microemulsion
[86]. This indicates that the mechanism of radiolytic reduction is
obviously different from that of the routine chemical reduction, and the
combination of ionizing radiation and microemulsion can afford us
more unique conditions to control the morphology and size of NPs.

2.4.3. Radiolytic syntheses of solid and hollow Cu2O nanocubes
In the further work conducted to confirm themorphology control of

the reduction products by the yield of eaq− , Triton X-100 and Brij 56were
selected to constructW/Omicroemulsionswithn-hexanol, cyclohexane
and aqueous solution of Cu(NO3)2 in the presence of ethylene glycol
(EG) [87]. In the two systems, the effects of theω value and NO3

− on the
yield of eaq− , and the effect of EG on the viscosity of thewater pool should
be similar to a great extent because the components, except the
surfactant, and their contents of the twomicroemulsionswere the same.
The obvious differencewas the phenyl ring in TritonX-100. In the Triton
X-100-based microemulsion, local ordered structure constructed
by solid Cu2O nanocubes was obtained by the radiolytic reduction of
Cu(NO3)2 (Fig. 6C and Table 4) [87]. However, when Triton X-100 was
replaced by Brij 56 in themicroemulsion, hollow Cu2O nanocubes were
synthesized (Fig. 6D and Table 4) [87]. The addition of toluene into the
Brij 56 system could decrease the ratio of hollow nanocubes [87]. It was
suggested that the balance between the reduction rate of Cu2+

depending on the yield of eaq− and the escape rate of the mixed solvent
determined their final morphologies. In the Brij 56-based microemul-
sion, due to the absence of phenyl ring, the yield of eaq− and its generation
rate are higher than those in the Triton X-100-based microemulsion.
Thus, themixed solvent could not escape as soon as possible andmay be
encapsulated in the interior of the generated Cu2O NPs. During the
process of ripening or post treatments, the encapsulated solvent would
gradually escape, leading to the formation of hollow structure [87].



Fig. 6. SEM (A) and TEM (B–D) images of the reduction products of Cu(NO3)2 in Triton X-100 (A and C) and Brij 56 (B and D) based microemulsions (ω=9.0) by γ-irradiation in the
absence (A and B) and presence (C and D) of ethylene glycol. Taken from Refs. [76], [87] and [74].
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In the growth process of Cu2O NPs, there is amass exchange course
betweenwater pools. The presence of EG can reduce the rigidity of the
interface of a W/O microemulsion, which favors the mass exchange.
Besides, the presence of EG can also increase the viscosity of the water
pool obviously, which reduces the reactivity of eaq− similar to the
situation in AOT-based microemulsion. In the Brij 56-based micro-
emulsion with EG, although the reactivity of eaq− is reduced to a certain
extent, the rate of mass exchange between water pools is increased. It
might be the latter effect that plays an important role, enhancing the
growth rate of Cu2O NPs and leading to the formation of hollow
nanocubes [87]. In contrast, solid nanocubes are finally formed in the
Brij 56-based microemulsion without EG (Fig. 6B and Table 4) [74].
However, in the Triton X-100-based microemulsions, the addition of
EG only makes the morphology of Cu2O change from octahedral NCs
to nanocubes. Although the rigidity of the interface is reduced in the
presence of EG, the yield of eaq− and its generation rate in this system
are so low that the polar solvent can escape in time. This may be the
reason that the nanocubes are solid despite of the existence of EG [87].
Table 4
Comparison of the morphologies of Cu2O NCs synthesized in the Triton X-100 and Brij
56 based microemulsions both with and without ethylene glycol (EG).a

Surfactant Without EG With EG

Triton X-100 Octahedral NCs, solid [76] Nanocubes, solid [87]
Brij 56 Nanocubes, solid [74] Nanocubes, hollow [87]

a Taken from Ref. [87].
As to the shape transformation, it may be related to the adsorption of
EG on the special surfaces of Cu2O NPs [87].

According to the work of Yang et al. [88], Cu2O nanocubes possess
photovoltaic characteristics, which may be useful for the fabrication of
photoelectronic devices. In addition, Tang et al. [89] found that Cu2O
nanocubes could catalyze theN-arylations reaction of nitrogen-contain-
ing heterocycles with aryl and heteroaryl halide in high efficiency.

2.5. Research on the growth kinetics of nanoparticles in microemulsion
by ionizing radiation

The study of growth kinetics is always active because a better
understanding on the growth of NPs will favor the rational synthesis
manipulation [90–92]. In the literature, pulse radiolysis has been
applied to investigate the reduction of Au+ [93], Ag+ [28,30], Cu2+

[94], Tl+ [95], Cd2+ [96], Ni2+ [97], Pb2+ [98] and Pd2+ [99] in
aqueous solution, and the formation of colloid metal, which play an
important role in the development of nanoscience and nanotechnol-
ogy. In microemulsions, pulse radiolysis is also important in this field.
In a PEGDE-based microemulsion, Fendler et al. [52] investigated the
reduction of Au3+ and the formation of Au NPs. In a SDS-based
microemulsion, Kapoor et al. [56] found the formation of Ag32+ in the
growth process of Ag NPs. This is the first report about this kind of Ag
cluster. In the experiment of pulse radiolysis, electron beam is used
and the dose rate is very high, and ultrafast detection is required.

In the radiolytic syntheses of NPs with low dose rate, the generation
rate of the reducing species is so slow that the duration of the growth
course is longer, and normal detection methods can be applied. In
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addition, the reducing species are generated with uniform speed and
their concentration is almost constant in the course of irradiation. Thus,
the ionizing radiationwith low dose rate should also be suitably used to
investigate the growth kinetics of NPs,whichwas not noticed before. As
well known, noble metal (such as Ag and Au) clusters and small NPs
exhibit fascinating fluorescence or photoluminescence characteristics,
while the bigger ones do not [1,100,101]. Moreover, Ag clusters and NPs
have corresponding absorption peaks, respectively [28,30]. Therefore,
we took full advantage of the spectra characteristics and irradiation
technique to explore the growth kinetics of Ag NPs [102].

In the W/O microemulsion composed of SDS, n-hexanol, cyclohex-
ane and aqueous solution of AgNO3, Ag NPs were synthesized by γ-
irradiation [102]. The absorption spectra in different formation stages
indicated the coexistence of Ag cluster and NPs. At the same dose rate,
with the increase of irradiation time, the absorption peak corresponding
toAg cluster becameweaker gradually, while the peak related to AgNPs
became stronger. Furthermore, the photoluminescence spectra in
different formation stages also exhibited that the intensity of the
emission peak became weaker with the increase of irradiation time.
Then, a possible mechanism (Eq. (11)) was proposed: at first, only
nonmetallic clusters with less number of Ag atoms are formed; then,
these clusters become larger clusters or NPs by aggregation and/or
further reduction of Ag+ on their surface [102]. Meanwhile, a reversible
equilibrium exists between clusters and NPs (Eq. (11)).

nAgþ→
e�aq

nAg→Agn clusterð Þ⇌k1

k−1

Ag nanoparticle: ð11Þ

Thevaluesofk1+k−1weredetermined tobe(1.60±0.16)×10−2 s−1

and (1.54±0.42)×10−2 s−1 by the nonlinear regression analyses for
Fig. 7. (A and B) TEM images illustrating the self-assembly of Ag NPs into 1-D pearl necklace
hydrogen-bonding interactions between the secondary-OH groups on the surface-attached
the data from the absorption and photoluminescence spectra vs. time,
respectively [102].
3. Radiolytic syntheses of nanoparticles in other
supramolecular assemblies

3.1. Radiolytic syntheses of nanoparticles controlled by cyclodextrins

In the realm of nanoscience and nanotechnology, it is known that
thiolated CDs and the inclusion complexes of CDs and thiol compounds
can be used to stabilize NPs and further construct supramolecular
nanostructures [103–106]. More interestingly, non-thiolated CDs can
also be used to protect NPs independently, which are regarded as a sort
of characteristic protective agents for the preparation of water-soluble
NPs [107]. So far, besides CdS [108], CuS [109], TiO2 [110] and Fe3O4

[111–113] NPs, water-soluble Au [114–121], Ag [122], Au–Ag [123], Ru
[107,124], Rh [125] and Pd [126] metal NPs have been synthesizedwith
the assistance of non-thiolated CDs. Meanwhile, there appear some
novel supramolecular phenomena. For instance, in a biphasic liquid–
liquid system, because of the formation of inclusion complexes of
aromatic compounds and methylated CDs (Me-CDs), aromatic com-
pounds could be transported from oil phase to aqueous solution, and be
hydrogenated on the surfaces ofwater-soluble RuNPs protected byMe-
CDs [107,124]. As the interaction between aromatic compounds and
Me-CDs was stronger than that between the corresponding reduction
products andMe-CDs, the reduction productswere released to oil phase
in time [107,124]. Thus, the efficiently catalytic hydrogenation of
aromatic compounds was realized conveniently [107,124]. Ng et al.
[122] found that theα-CDs alignedon the surfaceof AgNPs could lead to
arrays. (C) HRTEM image of the Ag NPs revealing their crystallinity. (D) Schematic of the
CD (not drawn to scale). Taken from Ref. [122].



Fig. 8. Simplified two- (A) and three-dimensional (B) supramolecular structures of
imidazolium ILs. Taken from Ref. [26].
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the formation of one-dimensional pearl necklace arrays of Ag NPs
through the hydrogen-bonding interactions between the exposed
secondary hydroxyl groups (Fig. 7).

With respect to the interaction between CDs and NPs, there are two
opinions. One opinion is that the stabilization of the NPswas achieved by
hydrophobic interactions (or inclusion–complexation interaction) be-
tween CDs and NPs [108,114,122,124,125], the other opinion considers
that CDs adsorb on the surface of NPs through their hydroxyl groups and
protect NPs [109,111,116]. The divarication between them is focused on
whether the hydroxyl groups interact with NPs or not. As to the former,
because the size of NPs ismuch larger than the diameter of the cavity, it is
difficult to image the formation of inclusion complexes. Recently, it has
been observed that non-inclusion complexes can also participate in the
CD solubilization of poorly soluble drugs [127]. At low CD concentrations
(at about 1%, w/v) the fraction of CD molecules forming aggregates is
insignificant but the aggregation increases rapidly with increasing CD
concentration [127]. Also, formation of CD complexes can increase the
tendency of CDs to formaggregates and can lead to formation ofmicellar-
type CD aggregates capable to solubilize poorly soluble drugs that do not
readily form inclusion complexes [127]. In the former opinion, the NPs
should be similar to the poorly soluble drugs. Up to now, twoopinions are
still waiting the strong evidence from experiments.

When the aqueous solutions containing CDs is irradiated by ionizing
radiation, it is the •OH that extract the H atoms of the hydroxyl group on
C1 and C5positions, while the reaction between eaq− andCDs is relatively
weak. As the absorbed dose goes beyond some extent, CDs will be
decomposed [128–130]. Therefore, the controlled reduction of Cu2+

took place within the safe absorbed dose. With the increase in the
concentration of β-CD, the reduction product of Cu(NO3)2 could be
gradually transformed from Cu2O to Cu [131]. When the concentration
of β-CD increased to 8.0×10−3 mol L−1, the reduction product was
composed of pure Cu NPs [131]. This was the first report on the
preparation of light transition metal NPs with the assistance of non-
thiolated CDs. In the course of irradiation, there was no Cu2O generated
[131]. It was attributed to the regularity that β-CD is able to scavenge
•OH,which suppresses the reaction between eaq− and ·OH, and increases
the yield of eaq− . This favors the generation of Cu [131].

As a typical light transition metal, Cu NPs were easy to be oxidated
by water in the absence of protective agents and Cu2O NPs were
always obtained [86]. In our research, this radiolytically synthesized
Cu NPs were stable under N2 atmosphere, while they were gradually
oxidated to CuO NPs in the air [131]. Thus, the Cu NPs should be
stabilized in a hydrophobic circumstance, such as the core of the
micellar-type CD aggregates. However, this circumstance could not
prevent the oxidation of Cu NPs by O2.

It is known that the formation of NPs and the sterilization can take
place simultaneously [132], and CDs have been widely used in the
field of biomedicine. Therefore, it is reasonable to believe that the
radiolytic syntheses of NPs in the presence of CDs will be an efficient
and facile way in the preparation of NPs for biomedical application in
the future.

3.2. Radiolytic syntheses of nanoparticles in ionic liquids

Because the obtained inorganic NPs are stable in ILs without the
assistance of stabilizers and bare NPs show high catalytic activities, ILs
have been attracted much attention in the realm of nanoscience and
nanotechnology [22–24]. It is always considered that ILs themselves
act as stabilizers [24]. Indeed, they are able to isolate NPs and prevent
aggregation, due to their characteristics of supramolecular structure
in microdomains [26].

Similar to the normal molecular solvents, macroscopically, ILs are
homogeneous except some improved properties. In fact, with respect
to imidazolium ILs, the typical and most popular ILs, there exists a
supramolecular network of cations and anions connected together by
hydrogen bonding (Fig. 8A) in solid state [25,26]. Besides, other
interactions (such as electrostatic interactions, π–π stacking, C–H⋯π
interactions and combination of these interactions) between the
cations and the anions can also lead to the formation of the
supramolecular network [25,26]. Furthermore, the above two-
dimensional organizationmay evolve to three-dimensional structures
through the chains of imidazolium rings (Fig. 8B) [25,26]. In some
cases, there are π–π stacking interactions among imidazolium rings,
and a relatively weak C–H⋯π interactions via themethyl group and the
π system of the imidazolium ring in 1-alkyl-3-methylimidazolium
salts can also be found [25,26].

When ILs are transformed from crystal to liquid state, the long-
range order is lost, but long-range Coulomb interactions between
cations and anions of the ILs are maintained. It is the long-range
Coulomb interactions in ILs that can lead to longer spatial correlations
than those in classic van derWaals organic liquids. In other words, the
supramolecular structures observed in crystal are reserved in liquid
state [25,26]. Furthermore, in 1-alkyl-3-methylimidazolium ILs (n≥4
in Cn), there also exist polar domains, formed by the head groups of
the cations and anions, and non-polar domains, formed by the alkyl
groups [133–135]. It is considered that the synthesized NPs are
included in the supramolecular network with polar and non-polar
regions without aggregation [26].

Pulse radiolysis work has demonstrated the formation of solvated
electrons and radicals in some ILs in the course of irradiation [136–141].
It is believed that this type of solvated electrons and radicals, acting like
eaq− and those radicals inwater, can reduceprecursors to lowvalence and
lead to the formation of NPs. Recently, Imanishi et al. [142] obtained Au
NPs in 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-
imide ([C4mim][Tf2N]) IL by low-energy electron beam irradiation.
Furthermore, for thefirst time, Tsuda et al. [143] successfully established
a large-scale production method for stable NPs without any stabilizing
agents (Fig. 9). In this method, they synthesized Au NPs at an absorbed



Fig. 9. Scheme of the large-scale preparation of Au NPs in ILs by ionizing radiation, and the TEM images of the Au NPs synthesized at the absorbed doses of 6 and 20 kGy. Taken from
Ref. [143].
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dose of 6 kGy in [C4mim][Tf2N] IL by γ-ray and accelerated electron
beam irradiations. As the absorbed dose increased to 20 kGy, the size
of the obtained Au NPs became larger (Fig. 9). Therein, the obtained Au
NPs were stable without the assistance of additional stabilizers for
more than three months. However, in tributylmethylammonium bis-
(trifluoromethanesulfonyl)imide ([Bu3MeN][Tf2N]) IL, no Au NPs
generated at an absorbed dose of 20 kGy. This phenomenon may be
ascribed to the regularity that imidazolium-based ILs release reactive
species much more easily than non-heterocyclic ammonium-based ILs
[139–141,143,144].

In a special quaternary ammonium-based IL (QAIL), [Me3NC2H4OH]
[Zn2Cl5], Wu et al. [145] realized the radiolytic reduction of Au (III) and
the formation of Au NPs. They suggested that Zn2+ play an important
role in the reduction of Au (III) (Eqs. (12)–(14)). They also found that
the size of the Au NPs can be varied between 10 and 50 nmby changing
the medium composition, i.e., the volume ratios of QAIL to 2-propanol
(or water) [145]. Therefore, the medium composition can be used to
control the synthesis and the size of NPs.Without doubt, the application
of ILs will make the radiolytic synthesis of NPs more abundant because
the physical–chemical properties of ILs can be conveniently adjusted
through altering the kinds of cations and anions.

QAIL→
irradiated

QAILþ + e−sol ð12Þ

e
−
sol þ Zn

2þ→Zn
þ ð13Þ

Zn
þ þ Au

3þ→Au
2þ⋯→Au

þ⋯→Au⋯→cluster: ð14Þ

4. Conclusions and prospects

Ionizing radiation is a powerful method in the synthesis of NPs and
nanostructures. The application of ionizing radiation on supramolec-
ular assemblies can afford us unique conditions to control the
composition and morphology of NPs.

In microemulsion, it has been proved that the effects of many
conditions on the yield of eaq− play a key role, remarkably different
from the mechanism in routine chemical method. For example, the
compounds with aromatic ring could be used to control the syntheses
of NPs, which is difficult to be realized in routine chemical method.
Moreover, anions, especially NO3

−, can affect the composition and
morphology of NPs via its effect on the yield of eaq− , obviously different
from the mechanism in routine chemical method. Simultaneously, via
the controlled syntheses of NPs, the mechanism concerning the
producing of eaq− in microemulsion was well exhibited. However, the
application and validation of this regularity are confined in the
reduction of Cu2+. It is necessary to extend its application fields and
make the controlled synthesis of NPs more free. Moreover, in other
supramolecular assemblies consist of surfactants (e.g., liquid crystals
and vesicles), there also exist many regularities of radiation
chemistry, such as dual solvation sites of the radiolytically generated
electrons in liquid crystals [146]. The application of these regularities
will contribute in a novel and rational way to understand the
formation of NPs and to prepare NPs with special morphology and
function in these systems. In addition, ionizing radiation with low
dose rate is suitable to investigate the growth kinetics of NPs. How to
extend its research object? This is also a subject with challenge.

β-CD has been proved to be useful in the radiolytic syntheses of
water-soluble Cu NPs. This is only the beginning in the field, more CDs
and CD-based assemblies will be used to prepare novel water-soluble
NPs by ionizing radiation, which contribute in a new way to the
preparation of NPs for biomedical application in the future. Luong
et al. [114] have ever speculated that single gold atoms or clustersmay
be enclosed in the CD cavity to form an inclusion complex, which has
not been proved by experiment. Because pulse radiolysis is powerful
in the study of reduction kinetics of metal ions, especially in the
investigation of the formation of nanoclusters, it can be used to
confirm or negate the speculation, and afford us useful information
about the interaction between CDs and NPs.

With respect to the radiolytic preparation of NPs in ILs, although
someprogress has beenmade, it is still in its early stage. Up to now, only
Au NPs were obtained. There is still challenge in this field. Besides, the
application of ionizing radiation in ILs should play an important role in
controlling themorphologyofNPs andnanostructures becausemany ILs
can form thermotropic liquid crystals [27] or take part in the formation
of supramolecular assemblies [26,147–149], e.g., microemulsions,
lyotropic liquid crystals and liquid clathrates.

Considering the advantages of the radiation technique and the
unique natures of supramolecular assemblies, there is promise for a
convenient strategy for the controlled preparation of NPs using this
combinatorial approach.

Abbreviations

AOT sodium bis-(2-ethylhexyl)sulfosuccinate
Brij 30 tetraethylene glycol dodecyl ether

[CH3(CH2)10CH2(OCH2CH2)4OH]
Brij 56 decaethylene glycol hexadecyl ether

[CH3(CH2)14CH2(OCH2CH2)10OH]
[Bu3MeN]+ methyl tributylammonium
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CD(s) cyclodextrin(s)
[C4mim]+ 1-butyl-3-methylimidazolium
EB electron beam
HEC hydroxyethyl cellulose
IL(s) ionic liquid(s)
Me-CDs methylated cyclodextrins
[Me3NC2H4OH]+ hydroxyethyl trimethylammonium
NCs nanocrystals
NPs nanoparticles
OP-10 octylphenyl poly(ethylene glycol) ether (n=10)
OP-4 octylphenyl poly(ethylene glycol) ether (n=4)
PEGDE pentaethylene glycol dodecyl ether
QAIL quaternary ammonium-based IL
SDBS sodium dodecyl benzene sulfonate
SDS sodium dodecyl sulfate
[Tf2N]− bis(trifluoromethanesulfonyl)imide
Triton X-100 4-(1,1,3,3-tetramethylbutyl)phenyl poly(ethylene glycol)
ether (n=9–10) [(CH3)3CCH2C(CH3)2C6H4(OCH2CH2)nOH]
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