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S
urfactants can self-assemble into a rich
array of ordered phases depending on
their molecular structure, temperature,

and the amounts of polar, nonpolar, and
surfactant ingredients present. There has
been a long-standing interest in capturing
these phases by covalent bonds to prepare
ordered nanomaterials.1-5 Covalent cap-
ture of micelles,6-9 vesicles,10-14 inverted
hexagonal phases,15-18 and even bicontin-
uous phases19-22 of small-molecule amphi-
philes has all met with considerable success
and been thoroughly reviewed.1-5 Fixing
these self-assembled phases with covalent
bonds not only enhances their stability but
also enables their practical applications in-
cluding as templates for further material
synthesis. Gin and co-workers, for example,
employed cross-linked liquid crystalline
phases of surfactants for nanocomposite
preparation,23 size-selective filtration,24

catalysis,25 and lithium conduction.19

Reverse micelles (RMs) are formed when
a small amount of water is added to a
mixture of a suitable surfactant in nonpolar
solvent(s). RMs are widely utilized as media
for catalysis and templates to prepare inor-
ganic nanomaterials.26,27 Nevertheless, the
dimension of the inorganic materials ob-
tained from the template synthesis rarely
correlates directly with the size of the RM
templates. Collision of these dynamic, non-
covalent assemblies results in coalescence
as well as rapid exchange of the entrapped
water and dissolved contents, making it
difficult to predict the size and morphology
of the final materials.28,29

Covalent capture of the RMs is expected to
circumvent these problems. Once the RMs

are fixed by covalent bonds, intermicellar
exchange of water can only happen if water
molecules leave the core of one cross-linked
RM, enter the nonpolar solvents, and get into
the core of another cross-linked RM. The
energetic cost associatedwith suchaprocess
is unthinkable. In addition, a cross-linked RM
haswell-definedboundary, unlike the parent
RM. Growth of inorganic materials within a
RM template thuswill be confinedwithin the
hydrophilic core, and the size of the inorgan-
ic nanoparticles should be controlled directly
by the amount of the metal precursors used
in the synthesis.
Unfortunately, the same problems pla-

guing the RM-templated synthesis also pla-
gue its covalent capture. The exchange of
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ABSTRACT A single- and a double-tailed cationic surfactant with the triallylammonium

headgroup formed reverse micelles (RMs) in heptane/chloroform containing a small amount of

water. The reverse micelles were cross-linked at the interface upon UV irradiation in the presence of

a water-soluble dithiol cross-linker and a photoinitiator. The resulting interfacially cross-linked

reverse micelles (ICRMs) of the single-tailed surfactant aggregated in a solvent-dependent fashion,

whereas those of the double-tailed were identical in size as the corresponding RMs. The ICRMs could

extract anionic metal salts, such as AuCl4
- and PtCl6

2-, from water into the organic phase. Au and

Pt metal nanoparticles were produced upon reduction of metal salts. The covalent nature of the

ICRMs made the template synthesis highly predictable, with the size of the metal particles controlled

by the amount of the metal salt and the method of reduction. Nanoalloys were obtained by

combining two metal precursors in the same reaction. Reduction of the ICRM-entrapped aurate also

occurred without any external reducing agents, and the gold nanoparticles differed dramatically

from those obtained through sodium borohydride reduction. The same template allowed the

preparation of luminescent Au4, Au8, and Au13-Au23 clusters, as well as gold nanoparticles several

nanometers in size, simply by using different amounts of gold precursor and reducing conditions.

KEYWORDS: template synthesis . reversemicelle . thiol-ene reaction . gold clusters .
nanoalloy . luminescence
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surfactants between different RMs via intermicellar
collision is nearly diffusion-controlled, far exceeding
the rate of most chemical reactions including free
radical polymerization. For this reason, free radical
polymerization of surfmers (i.e., polymerizable
surfactants) is not confined within a single reverse
micelle.30 Before a growing polymer radical reacts with
another monomer, it has experienced many intermi-
cellar collision, coalescence, and division. This was
probably why, when De Schryver et al. polymerized
N,N-didodecyl-N-methyl-N-(2-(methacryloyloxy)ethyl)
ammonium in the RM configuration, they obtained
polymers with molecular weights significantly higher
than those of the original RMs.31 For many years, cross-
linking of RMs received little attentionwhile cross-linking
of other surfactant phases was studied intensively.1-5 It
was not until recently that McQuade and co-workers
reported the first example to capture RMs by free radical
polymerization and obtained spherical particles ∼7-12
nm in diameter.32,33 The key to successwas the design of
an AOT-like surfactant with two polymerizable groups in
the midsection of the molecule.
In this paper, we employ the highly efficient

thiol-ene “click” reaction34-36 to cross-link RMs exclu-
sively at the interface. The interfacially cross-linked
reverse micelles (ICRMs) were found to have highly
unusual properties as templates for metal nanoparticle
synthesis. Different reducing conditions had an enor-
mous impact on the nanoparticle production. Nano-
alloys were simply obtained by combining two metal
precursors in the same reaction. Noble metal clusters
recently have shown great promise in their applica-
tions in photonics37-47and catalysis.48-52 In the litera-
ture, subnanometer gold clusters were usually
prepared with dendrimers templates, which require
multiple steps for synthesis. The reaction was reported
to take days to complete, and postpurification (e.g.,
centrifugation) was needed to remove large particles
formed as side products.38,40 In contrast, the synthesis
of both the cross-linkable surfactant and the ICRMswas
extremely simple in our method. The template synth-
esis was also fast and straightforward to control.

RESULTS AND DISCUSSION

Design, Synthesis, and Cross-Linking of Surfactants in the RM
Configuration. Both the structure of the cross-linkable

surfactant and the cross-linking reaction are critical to
the covalent capture of RMs. Because the stability of a
RM mainly derives from the noncovalent interactions
at the core, the cross-linkable groups should be near
the headgroup of the surfactant. As the cross-linkable
groups move away from the headgroup (toward and
along the hydrophobic tail), the cross-linked RM will
become more dependent upon noncovalent interac-
tions for core stabilization and the likelihood of inter-
micellar cross-linking will increase in the meantime.
Another important requirement for the system is that
the cross-linking reaction should cause minimal dis-
turbance to the packing of the surfactants in the RM, or
the structure would reconfigure itself during cross-
linking. High cross-linking density, especially near the
core, is beneficial by maximizing the stability of the
cross-linked RM. A fast cross-linking reaction is also
desirable, potentially allowing the structure to be set
before any reconfiguration can take place.

Although it is possible to prepare cross-linked
RMswith free radical polymerization,32 we reasoned that
another reaction, the so-called thiol-ene reaction,34-36

has several attractive features for the purpose. First, the
reaction is extremely efficient, even in highly demanding
situations such as the synthesis of dendrimers53,54 and
selective functionalization of proteins.55 Second, incor-
poration of vinyl (i.e., ene) groups is extremely simple in a
surfactant. Cationic surfactant1 (Scheme1), for example,
contained three vinyl groups in the headgroup and can
be prepared easily from commercially available materi-
als. Having three cross-linkable groups in a concentrated
fashion enhances the cross-linking density at the core
and is advantageous to the stability of the cross-linked
micelle. Third, there is great flexibility in the structure of
thiol cross-linkers. In particular, if the distance between
the thiol groups matches reasonably well with the
average distance between the surfactant headgroups
in the RM, cross-linking should cause minimal distur-
bance to the packing of the surfactants. Free radical
polymerization of vinyl monomers, on the other hand,
tends to make the structure more compact. Fourth,
the thiol-ene reaction has excellent tolerance for func-
tional groups.34-36 A wide range of commercially
available thiol cross-linkers may be used, and introduc-
tion of additional functional groups to the RM is
straightforward.

Scheme 1. Preparation of ICRMs by the thiol-ene addition.
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Surfactant 1was prepared by alkylation of 4-hydro-
xybenzaldehyde with 1-bromododecane, reduction
of the aldehyde with sodium borohydride, bromina-
tion of the resulting alcohol with phosphorus
tribromide, and nucleophilic displacement of the
bromide with triallyl amine. Optically clear RM solu-
tions were obtained in a 2:1 heptane/chloroform
mixture with W0 up to 15 (W0 = [H2O]/[1]). Similar
conditions were reported to allow single-tailed CTAB
(hexadecyltrimethylammonium bromide) to form
RMs.56 Although RMs could form without chloroform
in our hands, this solvent was needed to dissolve the
cross-linker (dithiothreitol or DTT) in the nonpolar
solvent mixture. We chose DTT as the cross-linker with
the hypothesis that thewater pool inside the RMwould
dissolve some of the hydrophilic dithiol. In this way, the
vinyl and thiol reactive groups are brought into close
proximity, which would greatly accelerate the already
fast free radical chain reaction. A double-tailed surfac-
tant (2) was also prepared to investigate the effect of
alkyl corona on the ICRM's property (vide infra). It
should be mentioned that, although double-tailed
surfactants (e.g., AOT) are commonly used to form
RMs,26,27 single-tailed surfactants such as SDS
(sodium dodecyl sulfate)27 and CTAB are able to do
the same under appropriate conditions.56

Cross-linking of the RMs was achieved by UV irra-
diation of the solution (W0 = 5) in the presence of 2,20-
dimethoxy-2-phenylacetophenone, a photoinitiator
(Scheme 1). After cross-linking, the sharp peaks in the
1H NMR spectrum of a 2:3 mixture of 1 and DTT
(Figure 1a) became broad and the alkenic protons of
1 and those on the cross-linker disappeared almost
completely (Figure 1b). We chose the 2:3 stoichiometry
because the surfactant has three alkenyl groups and
the cross-linker two thiols. The reaction was fast, but a
small percentage of the alkenyl groups remained even
after 10 h of UV irradiation. After evaporation of
solvents and washing with water, the materials ob-
tained were soluble in common organic solvents such
as chloroform and tetrahydrofuran but insoluble in
polar protic solvents such as water and methanol or
highly nonpolar solvent such as hexane. Notably, the
methyl and methylene protons of the dodecyl chain
were sharp and well-resolved in the 1H NMR spectrum
of the materials, whereas the protons near the ammo-
nium headgroup were broad and weak/absent
(Figure 1c). These results are consistent with cross-
linking at the interface in the RM configuration, which
constrains the movement of the ammonium head-
group but not that of the hydrocarbon tails pointing
outward.

Characterization of ICRMs. The ICRMs were character-
ized additionally by dynamic light scattering (DLS) and
transmission electron microscopy (TEM). Table 1 sum-
marizes the hydrodynamic diameters of the RMs and
ICRMs determined in various solvents. The RMs were

captured in 2:1 heptane/CHCl3. Instead of trying to
obtain the refractive index and viscosity for the mixed
solvent, we calculated the diameter of the RMs using
the parameters of heptane (entry 1) and CHCl3 (entry 2),
respectively.57 The sizes (5-6 nm) obtained were
indeed very close and compared favorably with those
of conventional AOT RMs (2-3 nm),26 considering
the (longer) dodecyl tail of 1 and the extra phenylene
spacer.

The size of the ICRMs of 1 obtained by DLS strongly
depended upon the solvent. The particle size averaged
ca. 190 nm in CHCl3 but only 13 nm in THF (Table 1,
entries 3 and 4). It is certainly possible that some
coalescence occurred during cross-linking, and the
resulting ICRMs were larger than the original RMs, as
reported in some of McQuade's examples.32 The huge
change of size in different solvents, however, indicates
that the cross-linked materials (whether in the desired
form of ICRMs or something else) aggregated in a
solvent-dependent manner.

Surfactant 1 was soluble in many organic solvents,
including methanol, chloroform, and THF. The materi-
als obtained after cross-linking remained soluble in
chloroform and THF but were insoluble in methanol.

Figure 1. 1H NMR spectra of a 2:3 mixture of 1 and DTT (a)
before irradiation, (b) after UV irradiation for 10 h, and (c)
after washing with H2O.

TABLE 1. Hydrodynamic Diameters of RMs and ICRMs

Determined by DLSa

entry sample solvent diameter (nm)

1 RMs of 1 2:1 heptane/CHCl3 6b

2 RMs of 1 2:1 heptane/CHCl3 5c

3 ICRMs of 1 CHCl3 190
4 ICRMs of 1 THF 13
5 RMs of 2 2:1 heptane/CHCl3 5b

6 RMs of 2 2:1 heptane/CHCl3 4c

7 ICRMs of 2 CHCl3 5
8 ICRMs of 2 THF 4

a The diameters were averages of five measurements. Each measurement was based
on 20 accumulations of data collection. The relative standard deviations within the
five measurements ranged from 1 to 9%. b The diameter was calculated using the
viscosity and refractive index of heptane. c The diameter was calculated using the
viscosity and refractive index of CHCl3.
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The result was expected of the configuration of ICRMs,
whose alkyl chains are oriented outward. TEM results
(vide infra) also suggested successful capture of the
RMs. It is perplexing, nonetheless, that the ICRMs,
being completely hydrophobic on the outside, could
aggregate in chloroform.

For good solubility, solvent-particle interactions
must be able to overcome the particle-particle inter-
actions. Strong interparticulate interactions lead to
aggregation and, ultimately, insolubility. Unlike self-
assembled RMs whose components (surfactants and
entrapped water) can exchange rapidly, ICRMs are
covalently fixedmacromolecules. Because amacromo-
lecule gains much less entropy when going into the
solution phase, its dissolution is more difficult than its
small-molecule components.58 The ICRMs can interact
with one another through van derWaals interactions of
the alkyl chains on the surface. Their cores consist of
charged ammonium headgroups, and aggregation
thus can benefit as well from electrostatic interactions,
which could operate over a long distance.

The best solvents are apparently those with inter-
mediate polarity, such as chloroform and THF. Neither
highly polar (methanol and water) nor highly nonpolar
(hexane) solvents dissolved the ICRMs. We also studied
the ICRMs of 1 in acetone and butanone. The particles
dissolved readily in butanone, but dissolution in acet-
one required gentle heating. The average hydrody-
namic diameter was about 30 nm in both solvents for
freshly made samples (Figures 1S and 2S in Supporting
Information) at 25 �C. Over 1-2 h, however, the
scattering intensity increased significantly for the acet-
one sample and large particles, micrometers in size,
began to form (Figure 3S). These large particles even-
tually became insoluble in acetone and precipitated
out of the solution, at which time the scattering
intensity became extremely low. On the other hand,
the size in butanone was stable over time. Most likely,
acetone lies in between butanone and methanol with
regard to its ability to dissolve the ICRMs;although
dissolution is possible with heating, aggregation is so
strong at room temperature that the particles even-
tually precipitate out of the solution.

Given the bulkiness of the benzyltriallylammonium
headgroup, the surface density of alkyl chains for the
ICRMs of 1 is quite limited. When the ICRMs approach
one another, the alkyl chains from different particles
can interdigitate, greatly enhancing the van der Waals
interactions among the alkyl groups (Figure 2, left).
Aggregation and alkyl interdigitation thus can fill the
“gaps” in the ICRM shell in a highly efficient manner.
The same process can also release entrapped solvent
molecules between the alkyl chains;an entropically
favorable process. As the nanoparticles get closer,
electrostatic interactions among the ICRM cores would
increase, making the aggregation even more energe-
tically advantageous.

If the above hypothesis is correct, the best way to
prevent the aggregation is probably to increase the
alkyl density on the ICRM surface (Figure 2, right). We
thus prepared the double-tailed 2 and obtained ICRMs
following similar procedures. 1H NMR spectroscopy
once again showed disappearance/weakening of pro-
tons near the headgroup and sharp, well-resolved
peaks for the alkyl tails (Figure 4S). The cross-linking
reaction seemed to be more complete in the double-
tailed surfactant, as judged by the amount of residual
alkenic proton in Figures 1c and 4S. It is possible that
the conical shape of the double-tailed surfactant
makes its RMs more stable59 and facilitated the intra-
micellar thiol-ene reaction. Most importantly, the RMs
of 2 have identical sizes (4-5 nm in diameter) before
and after cross-linking, independent of solvents
(Table 1, entries 5-8). As expected, with an increase
in the alkyl density at the exterior, the nanoparticles
became even less soluble in polar solvents. The ICRMs
of 2, for example, were completely insoluble in acetone
even upon heating.

TEM allows us to directly visualize the ICRMs. Ne-
gative staining with phosphotungstic acid afforded
good images in the case of ICRMs of 1 (Figure 5S) but
caused severe aggregation in the ICRMs of 2 (data not
shown). McQuade reported similar behavior for their
cross-linked RMs.32 Fortunately, both surfactants have
a bromide counteranion; its electron density was high
enough to enable us to image the nanoparticles
without any staining, albeit the contrast was not ideal
(Figure 3). The results were consistent with those from
the DLS. For the ICRMs of 1, both small (diameter
≈10 nm) and large particles (diameter ≈50 nm) could
be found in a sample prepared from THF. The large
ones could be aggregates of the small ones, as sug-
gested by the DLS study. It is also possible that some

Figure 2. Schematic representation of the aggregational
mechanism.

Figure 3. TEMmicrographs of the ICRMs from (a) 1 and (b) 2.
The samples were prepared by evaporating a THF solution
of the ICRMs.
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large particles might result from coalescence of RMs
during cross-linking and thus were permanent. We
were not sure whether the slightly lower cross-linking
in the RMs of 1 also contributed to the aggregation.
Importantly, the ICRMs of the double-tailed surfactant
weremuch smaller (Figure 3b), with themajority of the
particles 5-7 nm in diameter, completely in line with
the DLS sizes (Table 1).

Template Synthesis of Metal Nanoparticles with ICRMs with
NaBH4 as the Reducing Agent. With introverted ammo-
nium groups at the core, the ICRMs should be particu-
larly suitable for template synthesis with anionic metal
precursors. Indeed, these organic nanoparticles easily
extracted tetrachloroaurate (AuCl4

-) from water to
chloroform. Addition of NaBH4 to the chloroform solu-
tion immediately turned its color from light yellow to
dark purple.

When an equivalent amount of auratewas used (i.e.,
[AuCl4

-]/[1] = 1), the UV-vis spectrum showed broad
absorption with a peak at 520 nm (Figure 4, red),
indicating the formation of gold nanoparticles >2 nm
in diameter.60-62 The solutionwas stable indefinitely in
our hands, showing no signs of precipitation and/or
aggregation. The surface plasmon absorption band at
520 nm became significantly weaker, and a higher-
energy peak appeared at ca. 330 nm when the
[AuCl4

-]/[1] was reduced to 0.1, indicating formation
of both large (>2 nm)60-62 and ultrasmall (<1 nm)37

nanoparticles under this condition (Figure 4, green).
The amount of ultrasmall nanoparticles increased even
more as the [AuCl4

-]/[1] ratio was reduced to 0.02. The
absorption at 330 nmbecame stronger, and that at 520
disappeared completely (Figure 4, blue). Notably, the
size of the gold nanoparticles seemed to be mainly
controlled by the amount of aurate. Different amounts
of water (W0 = 1 or 5), which controlled the size of the
water droplet in the RM, for example, caused very little
difference in the position of the absorption (compare
the blue and violet spectra in Figure 4). The results
indicated that the template synthesis was mainly con-
trolled by the stoichiometry of the reactants. Template
synthesis using the ICRMs of 2 gave similar results. Only
the sample with [AuCl4

-]/[2] = 1, for example, gave
strong surface plasmon band (Figure 6S).

The conclusions from the UV studies were con-
firmed by TEM. The particles obtained at [AuCl4

-]/[1]
= 1 averaged about 3 nm in diameter (Figure 5a).
Similar-sized nanoparticles were also observed at
[AuCl4

-]/[1] = 0.1, but far fewer particles appeared in
the micrograph even though the concentration of the
TEM sample in Figure 5b was much higher than what
was used in Figure 5a. Presumably, subnanometer gold
particles existed in sample 4b but could not be de-
tected by TEM. This trend continued as [AuCl4

-]/[1]
was reduced to 0.02. Even fewer particles were ob-
servable in TEM and what could be seen were very
small (1 nm or less), as shown by Figure 5c.

Subnanometer gold and silver clusters attracted
much interest in recent years as novel biolabels and
optoelectronic emitters.37-47 As their size approaches
the Fermi wavelength of electrons, noble metal clus-
ters display dramatically different optical, electronic,
and chemical properties from either bulk or nanoscale
metals. The photoluminescence of these materials
agreed completely with the UV-vis and TEM data.
Under a hand-held UV lamp (365 nm), the Au-ICRMs
prepared with [AuCl4

-]/[1] = 1 gave no signs of lumin-
escence (Figure 5a, inset). As the [AuCl4

-]/[1] ratio
decreased, the sample became increasingly fluores-
cent, with the sample preparedwith the 2mol% aurate
giving the brightest blue light (Figure 5c, inset).

A unique property of subnanometer gold clusters is
their atom-like properties.37-47 Indeed, the excitation/
emission spectra of these Au-ICRMs resembled those
of molecular fluorophores, displaying the maximum at
315/354 nm (Figure 6, blue). The electronic transition
energy of Au clusters is known to scale with inverse
cluster radius.37 The excitation/emission wavelengths
for Au3, Au4, and Au5 clusters, for example, were
reported to be 305/340,63 313/371,40 and 330/385
nm,64 respectively. Comparison with the literature data
suggests that the dominant fluorescent species in our
Au-ICRMs is probably Au4, a reasonable result based on
the amount of aurate used in the synthesis.

Nanoalloys such as Au-Pt could be easily prepared
via our template synthesis. Using PtCl6

2- or a 1:1
mixture of AuCl4

- and PtCl6
2-, we obtained fluores-

cent Pt and Au-Pt clusters starting with 2mol % of the
total metal precursor. The excitation/emission wave-
lengths of the Pt clusters were 346/399 nm (Figure 6,
red). Interestingly, the Au-Pt clusters displayed an
intermediate values (329/390 nm, Figure 6, green). It
seems that the few metal atoms indeed existed as an
alloy instead of separate clusters.

Template Synthesis of Metal Nanoparticles with ICRMs with-
out Externally Added Reducing Agents. We were puzzled by
the nanometer-sized gold nanoparticles formed in the
template synthesis with 100% aurate loading. Even if

Figure 4. UV-vis spectra of Au-ICRMs prepared with
[AuCl4

-]/[1] = 1, 0.1, and 0.02. The dotted green spectrum
was that from [AuCl4

-]/[1] = 0.1 multiplied by 10. [1] = 5 �
10-4 M.
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the hydrophilic core of an ICRM was large enough to
accommodate the metal nanoparticle, a single ICRM
should not contain enough aurate ions to produce a 3
nm diameter gold particle, which should consist of
approximately 1000 gold atoms.60 The only possible
way to form such a large gold nanoparticle was for
gold atoms from many ICRMs to merge. The gold
migration and agglomeration should not be caused
by the aggregation or the somewhat lower cross-
linking density of the RMs of 1, as the same happened
to the RMs of 2, which showed no aggregation and
higher cross-linking. The core of our ICRM mostly
consists of thioether and hydroxyl groups. If a large
number of gold atoms form quickly upon reduction
with NaBH4, lack of proper surface stabilization
might be the reason for the gold migration and
agglomeration. After all, goldmigration and agglom-
eration are norm rather than exceptions whenever
the metal surface is not properly protected. This is
why reduction of aurate tends to give bulk gold
precipitate unless proper surface passivation is
present.65

With the above hypothesis, we decided to attempt
slow reduction of the entrapped aurate. Remarkably,
when the aurate-containing ICRMs were allowed to sit
at room temperature without any NaBH4 added, the
sample became luminescent and turned from yellow
(the distinctive color of aurate) to colorless in a few
hours. Thiols were reported to reduce aurate, although
not all thiols were able to do the same.66 DTT is awidely
used reducing thiol in biology and in our hands could

reduce aurate in water.67 1H NMR spectroscopy indi-
cated that freeDTTwas not present in our sample;the
ICRMs were generally washed extensively with water
before the template synthesis. Although some residual
thiols possibly could be left at the core of the ICRMs if
they become geometrically isolated during the cross-
linking, IR spectroscopy (Figure 7S) showed no peaks
around 2550 cm-1, indicating little if any residual thiol
was present.

The entrapped aurate ions seemed to be comple-
tely reduced under our experimental conditions. Addi-
tion of extra DTT or hydrazine, for example, changed
neither the color of the Au-ICRMs nor their lumines-
cence once they were formed. The samples with 2%
aurate emit blue light, the same as those reduced with
excess NaBH4. Moreover, when the ICRMs in chloro-
form were stirred with a large excess of aurate (>50
equiv) in the aqueous phase, the aurate was extracted
continuously into the organic phase and reduced. The
luminescence disappeared, and the solution turned
brown, indicative of larger particles.

Tetrachloroaurate is a strong oxidizing agent. Spon-
taneous reduction of aurate has been reported in the
literature, typically in the presence of a polymer or
dendrimer. Hydroxyl,68,69 ether,68,70-72 or amide73

were all found to reduce aurate at room temperature
without any externally added reductant. The ICRMs
contain ether, hydroxyl, thioether, and bromide coun-
teranions; all are potential reducing agents. It is not
exactly clear what the reducing agent was in our
system, as the IR spectra of the ICRMs and Au-ICRMs
were very similar (Figure 7S). We did not see obvious
oxidized products such as ketone or carboxylic acid by
the IR spectroscopy. The spontaneous reduction of
aurate was reported to be assisted by its dehydration
within block copolymer micelles74 or encapsulation
within dendrimers.72 Although structurally different
from these polymeric micelles and dendrimers, the
ICRMs were essentially doing the same (i.e., dehydra-
tion and encapsulation) as they extracted the aurate
from the aqueous phase to their interior.

In the absence of NaBH4, the gold clusters formed
within the ICRMs were no longer prone to migration
and agglomeration. UV-vis spectroscopy showed no
surface plasmon absorption even when 1 equiv of
aurate was used in the template synthesis. The Au-ICRM
samples, with [HAuCl4]/[1] from 0.02 to 0.1 to 1, all

Figure 5. TEM micrographs of Au-ICRMs with (a) 1:1, (b) 0.1:1, and (c) 0.02:1 [HAuCl4]/[1]. The gold nanoparticles appear as
dark spots due to their high electron density. The insets are the corresponding photographs of Au-ICRMs under a hand-held
UV lamp (365 nm).

Figure 6. Excitation (dotted lines) and emission spectra
(solid lines) of Au, Au-Pt, and Pt nanoparticles prepared
with ICRM templates.
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became luminescent (Figure 7). The excitation/emis-
sion wavelengths for the 2% aurate sample (blue) was
308/368 nm (Figure 8), very similar to those of the Au4
clusters obtained from NaBH4 reduction. The 10%
aurate sample (pink) had the maximum excitation
wavelength at 375 nm, similar to what was reported
for Au8 clusters in the literature.64 The emission spec-
trum showed twomaxima at 451 and 622 nm, with the
former being stronger. Au8 clusters were reported to
emit at 456 nm.64 The extra peak at 622 nmmust come
from a small population of larger gold clusters
formed in the synthesis. When 1 equiv of aurate
was used in the template synthesis, the maximum
excitation wavelength shifted to 403 nm and two

maxima (at 478 and 617 nm) appeared in the emis-
sion spectra. We were not able to find the exact
matching of our data in the literature, but the major
emission at 617 nm suggests that the size of the
cluster was between Au13 and Au23, assuming the
ligands on the surface do not have a significant effect
on the luminescent properties.37 Template synth-
eses with the ICRMs of 2 gave very similar results,
except the emission spectra showed more homoge-
neous Au particle formation (Figure 8S).

CONCLUSIONS

The thiol-ene reaction indeed is well-suited for the
covalent capture of RMs. The combination of a surfac-
tant with a triallylammonium headgroup and a hydro-
philic thiol cross-linker directs the cross-linking to the
surfactant-water interface. The efficiency of the reac-
tion is enhanced when the hydrophilic cross-linker is
concentrated into the water pool inside the RMs.
Although the ICRMs from the single-tailed surfactant
are soluble in many organic solvents, the particles
aggregate extensively, as the alkyl chains from differ-
ent ICRMs could interdigitate. Aggregation is probably
driven by a combination of van der Waals interactions
among the alkyl chains and electrostatic interactions
among the charged cores. Consistent with the hypoth-
esis, the ICRMs of the double-tailed surfactant do not
aggregate and are identical in size compared to the
RMs prior to cross-linking.
Importantly, the ICRMs can extract metal salts easily

into their hydrophilic core, making them ideal tem-
plates for nanoparticle synthesis. Although gold and
platinum nanoparticles were prepared in this work, the
general concept is applicable to other materials. The
stability of conventional gold nanoparticles derives
from surface passivation.60-62,75 In our synthesis, the
gold particles/clusters are protected physically and at
most by weak ligands such as thiolether, bromide, and
hydroxyl groups. The straightforward preparation of
the cross-linkable surfactants, the simplicity of the
template synthesis, and the many potential applica-
tions of the noble metal clusters likely will make the
ICRMs highly attractive templates in advanced nano-
materials synthesis.

MATERIALS AND METHODS

General. All reagents and solvents were of ACS certified grade
or higher and were used as received from commercial suppliers.
Routine 1H and 13C NMR spectra were recorded on a Varian VXR-
400andBrukerDRX-400 spectrometer. ESI-MSwasperformedona
FINNIGAN TSQ700 mass spectrometer. DLS studies were per-
formed on a PDDLS/Cool Batch 90 T dynamic light scattering
detector at 25.0 �C. The intensity data were analyzed with the
PRECISION DECONVOLVE program, and the size measurement

was based on five replicates. Fluorescence spectra were recorded
at ambient temperature on a Varian Cary Eclipse fluorescence
spectrophotometer. Transmission electron microscopy (TEM)
studieswere carried out on a PHILIPS CM30 instrument, operating
at 150 kV for ICRMs and 200 kV for Au nanoparticles, separately.

Chemicals. Syntheses of 1 and 2 are reported in the Support-
ing Information.

Typical Preparation of ICRMs. Water (1.8 μL) was added to a
solution of 1 (9.8 mg, 0.02 mmol) in heptane (1.0 mL) and CHCl3
(0.5 mL). The mixture was hand shaken and sonicated at room

Figure 7. Photographs of Au-ICRMs prepared with
[HAuCl4]/[1] = (a) 1:1, (b) 0.1:1, and (c) 0.02:1 under a hand-
heldUV lamp (365 nm). The gold nanoparticleswere formed
without externally added reducing agents.

Figure 8. Excitation (dotted lines) and emission spectra
(solid lines) of Au-ICRMs prepared with [AuCl4

-]/[1] = 1, 0.1,
and 0.02. The gold nanoparticles were formed without
externally added reducing agents.
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temperature for 1 min to give an optically clear solution. After
addition of DTT (4.6 mg, 0.03 mmol) and 2,20-dimethoxy-2-
phenylacetophenone (25.6 mg/10 mL in chloroform, 10 μL, 0.1
μmol), the mixture was irradiated in a Rayonet photoreactor for
ca. 10 h until most alkenic protons in 1 were consumed. The
organic solvents were removed by rotary evaporation and the
residue was washed by water to give a white power (11.2 mg).

Typical Preparation of Au-ICRMs with NaBH4 as the Reducing Agent. A
10 mM aqueous solution of HAuCl4 (2 mL) was added to a
10 mM IRCM solution (W0 = 1 or 5) in chloroform (2 mL). The
aqueous phase became colorless, and the organic phase turned
yellow upon stirring. A freshly prepared aqueous solution of
sodium borohydride (0.2 M, 1 mL) was slowly added to the
vigorously stirred reaction mixture. The organic phase turned
purple immediately, and the color intensified over 2 h. The
organic phase was washed with water three times and concen-
trated by rotary evaporation. The residue could be redissolved in
common organic solvents andwas stable over a periodof several
months.

Typical Preparation of Au-ICRMs without Externally Added Reducing
Agents. A 10 mM aqueous solution of HAuCl4 (2 mL) was added
to a 10 mM IRCM solution (W0 = 5) in chloroform (2 mL). The
aqueous phase became colorless, and the organic phase turned
yellow upon stirring. Upon sitting at room temperature over-
night, the organic phase became colorless. The organic phase
was separated, washedwithwater three times, and concentrated
by rotary evaporation. The residue could be redissolved in
common organic solvents andwas stable over a periodof several
months.
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