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Introduction

Although it was known that gold ACHTUNGTRENNUNG(III) acted as a Lewis acid
to catalyze cycloisomerizations,[1] Haruta et al. showed that
metallic gold particles are also very efficient at promoting
the low-temperature oxidation of CO and that the size of
the particle is one of the key parameters that controls the
catalytic activity.[2] This work triggered intense research into
the preparation of gold nanoparticles on various solid sup-
ports so that the newly discovered catalytic activity of gold
could be used in other reactions.[3–10]

A general problem of metal nanoparticles is their tenden-
cy to undergo agglomeration, which increases their particle
size, and therefore, dramatically reduces the catalytic activi-
ty.[5,11] Two general strategies have been developed to stabi-
lize the particle size of the metal, namely, supporting the

metal nanoparticles on suitable solid surfaces or by using
suitable ligands.[3,4,12–16] New possibilities for gold catalysis
could be developed if one could stabilize gold nanoparticles
by encapsulating them in a structured host to combine the
unique catalytic properties of gold nanoparticles with reac-
tion shape-selectivity effects.

Organic capsules would be suitable hosts to improve the
stability and solubility of gold nanoparticles in common sol-
vents. In this context, nanoparticles have recently been en-
capsulated in cyclodextrins by means of laser ablation of
colloidal gold suspensions in the presence of cyclodex-
trins.[17] However, owing to their conical shape, cyclodextrins
cannot ensure permanent encapsulation of the incorporated
nanoparticle, and as a result of the larger dimensions of the
capsule entrance, nanoparticles are free to exit the host and
diffuse into the solution in which they agglomerate. In this
work, we have achieved permanent encapsulation and stabi-
lization of gold nanoparticles (�1 nm) in a cucurbituril
(CB) that contains seven glycoluril units (CB[7]).

CBs are organic capsules that are shaped like a pumpkin
with a larger diameter in the center of the capsule than at
the rims.[18–20] In addition, the two portals of CBs are flanked
by polar carbonyl groups that exert a strong influence on
access to the interior of the capsule and also on the associa-
tion constant through electrostatic interactions.[21–26] By
using these capsules we have encapsulated gold nanoparti-
cles that are highly stable in the presence of a large variety
of ligands and reagents. The resulting supramolecular assem-
bly of gold nanoparticles encapsulated in CB are promising
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for applications in gold-catalyzed reactions and in nanotech-
nology.[13,27,28]

Results and Discussion

Encapsulation of gold nanoparticles within CB[7] was ach-
ieved by gas-phase adsorption of gold atoms onto dry pow-
ders by using a 1:1 molar ratio of gold/CB[7] in a vapor dep-
osition chamber. Alternatively, gold nanoparticles can be
encapsulated by using a liquid-phase process that involves
solutions of CBs in a 1:1 mixture of water/ethanol and the
reduction of HAuCl4 by NaBH4. All CBs were soluble at
10�4

m in this solvent mixture. Importantly, irrespective of
the preparation procedure employed, visual differences in
color were observed that depended on the size of CB used,
that is, whether it was CB[5], CB[6], or CB[7]. Figure 1

shows a photograph of the solutions after addition of
NaBH4 in the presence of CBs of different sizes. It can be
anticipated that these color variations are related to changes
in the particle size distribution of gold in the nanometer
length scale because it is well known that lmax and the shape
of the surface plasmon band in the visible region, which are
characteristic for gold nanoparticles, depend on the particle
size.[5]

The size of the gold nanoparticles was measured by TEM.
Figure 2 shows selected images of the gold nanoparticles
formed by gas adsorption or liquid-phase reduction in the
absence and in the presence of CB[7]. For Au@CB[7], ob-
tained either by gas-phase adsorption or by NaBH4 reduc-
tion, the particle size distribution was significantly narrower
and with an average size that was considerably smaller than
when the process was repeated in absence of CB[7]. The
CB[7] samples obtained have been labeled Au@CB[7]GP
for the sample obtained by gas-phase adsorption and Au@
CB[7]BH4 for the sample obtained by NaBH4 reduction.
These data suggest that for CB[7], gold atom diffusion
inside the capsule or effective interaction between CB[7]
and AuCl4

� has occurred to control the size of the gold
nanoparticles. The particle size distributions for Au@
CB[7]GP and Au@CB[7]BH4 were determined by statistical
analysis of �200 particles. Figure 3 shows the particle size
distribution for some of the samples prepared. Au@

CB[7]GP and Au@CB[7]BH4 had a large percentage of
nanoparticles that were sufficiently small enough to be in-
cluded inside the CB[7] capsule (�1.0 nm). For Au@
CB[7]BH4, about 20% of Au particles are much too large to
occupy internal positions.

For Au@CB[7]GP, about 50% of the gold atoms form
clusters that were sufficiently small enough to be accommo-
dated within CB[7], whereas the rest of the particles were
too large to go inside the organic capsule.

Additional high-angle annular dark field (HAADF) imag-
ing studies of the samples prepared in the presence of CB[7]
confirm the presence of a majority of gold nanoparticles
with diameters below 1.5 nm (Figure 4, left). Likewise high-
resolution electron microscopy (HREM) images reveal that
these nanoparticles are crystalline with regular fcc structures
(Figure 4, right).

Figure 1. Photograph of suspensions of colloidal gold particles in H2O/
EtOH 1:1, which were formed in the presence of (from left to right) no
CB, CB[5], CB[6], and CB[7].

Figure 2. TEM images of gold nanoparticles obtained in the absence of
CB (top, left) and in the presence of CB[5] (top, right), CB[6] (bottom,
left), and CB[7] (bottom, right).

Figure 3. Size distribution of gold nanoparticles prepared by AuCl4
� re-

duction in the absence (right) and presence (left) of CB[7].
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The generality of the above finding that particle size
could be controlled by forming the nanoparticles in the
presence of CBs of the appropriate diameter was addressed
by using the positively charged [AuACHTUNGTRENNUNG(NH3)4]

3+ complex to
form colloidal gold. CBs interact with cations through the
negative carbonyl groups of the portals[22,24] and it is possible
that negatively charged AuCl4

� as a precursor behaves dif-
ferently from the positive [Au ACHTUNGTRENNUNG(NH3)4]

3+ complex. However,
we have also observed that NaBH4 reduction of [Au-
ACHTUNGTRENNUNG(NH3)4]

3+ in the presence of CBs gave similar results to
those obtained when AuCl4

� was used.
Interestingly, when CB[5] and CB[6], which have smaller

entrances to their cavities than CB[7] (2.4 and 3.9 K, respec-
tively, relative to 5.4 K for CB[7]),[29] were used to encapsu-
late gold, TEM images of the resulting samples show that
the majority of the gold particles are equal or larger than
4.0 nm and have the same particle distribution as those pre-
pared in the absence of cucurbiturils. These results suggest
that gold is not encapsulated in CB[5] and CB[6], and small-
er particles are not stabilized by CB[5] and CB[6]
(Figure 5).

The reason for this contrasting behavior between CB[7]
and CB[5] and CB[6] cannot be owing to different abilities
to stabilize small gold nanoparticles. It is more likely that
the different behaviors are observed because it is more diffi-
cult to include gold atoms or their precursors inside CB[5]
and CB[6] than inside CB[7]. On the other hand, it is possi-
ble that stabilization of gold nanoparticles can occur by en-
capsulation within the cavities of CB[7] and/or by stabiliza-

tion of externally formed gold nanoparticles by CB to pre-
vent particle growth because CB surrounds and interacts
with the external surface of the particle. Considering the
size of the cavity in CB[7], only particles with a diameter of
1.0 nm or less can be accommodated inside, which corre-
sponds to the results shown in Figure 3, and applies to 80%
of the total number of gold atoms.

To investigate the possibility of diffusing gold atoms
through the pores of different CBs, we have carried out
semiempirical calculations at the MM2 level. The energy
changes that occur when a single gold atom follows a trajec-
tory in which it approaches a CB molecule perpendicular to
the portal planes, passes through the center of the organic
capsule, and exits through the opposite portal have been es-
timated. These calculations were performed for CB[5],
CB[6], and CB[7], and the results are summarized in
Figure 6. For CB[5], only a shallow minimum is estimated
for the gold atom located outside the CB and interacting
close to the carbonyl oxygen atoms of the portals. Notably, a
huge energy barrier is predicted for the gold atom to enter
the cavity. In other words, the situation in which a gold

atom is inside the CB[5] cavity appears to be energetically
unfavorable with respect to the situation in which the gold
atom is outside the cavity. Analogously, for CB[6], when the
gold atom interacts with the carbonyl oxygen atoms outside
the portal or at the center of the capsule, clear minima in
energy are estimated. According to the theoretical model,
the problem for CB[6] occurs when the gold atom crosses
through the portals for which energy barriers of about 7 kcal

Figure 4. Left: HAADF image obtained on Au@CB[7]BH4 that shows
Au nanoparticles (white dots) in the order of 1 nm in diameter. Right:
HREM detail of these Au nanoparticles. Note the presence of {111} type
planes of the fcc structure in both the image and the corresponding digi-
tal diffractogram (inset).

Figure 5. Size distribution of gold nanoparticles prepared by AuCl4
� re-

duction in the presence of a) CB[5] and b) CB[6].

Figure 6. Energy variations estimated by MM2 calculations of a system
that consists of a gold atom and a CB capsule as a function of the dis-
tance between the centers of the atom and CB.
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mol�1 are estimated. The situation for CB[7] is completely
different than for CB[5] and CB[6]. Importantly, the energy
barrier for the penetration of a gold atom into the cavity
disappears, and the situation in which a gold atom is at the
geometrical center of CB is exothermic by 6 kcalmol�1.
Therefore, the theoretical calculations support the experi-
mental results in the sense that for CB[5] and CB[6] encap-
sulation of gold atom should be disfavored, whereas CB[7]
can, in principle, accommodate gold atoms without passing
any energy barrier because the gold atom at the center of
the capsule is in a clear energy minima with respect to the
energy of the atom outside CB[7]. A simple calculation
based on the volumes of CB[7] (0.279 nm3) and gold atoms
(0.013 nm3) indicates that undeformed CB[7] can host up to
a few tens of atoms, which corresponds to a cluster of the
size expected to fit inside the CB[7] capsule. This number of
gold atoms agrees relatively well with the count that can be
made from the HREM image (see Figure 4).

The same type of semiempirical calculations show that
AuCl4� has no opportunity to enter any of the CB molecules
studied. Thus, the most reasonable rationalization of gold
cluster encapsulation when AuCl4� is used as a precursor is
that reduction of AuCl4� by BH4

� to form gold atoms must
occur prior to entering the capsule.

To address the internal versus external location of gold
nanoparticles for CB[7], we carried out extraction of gold
nanoparticles from the aqueous phase into a toluene phase
for aqueous solutions that contained CB[5], CB[6], CB[7],
and those without CB by using tetraoctylammonium bro-
mide (TOABr) as a phase transfer agent following the pro-
cedure described for the two-phase preparation of gold
nanoparticles.[5] The results show that all of the gold can be
transferred from the aqueous solutions that do not contain
CB and those containing CB[5] or CB[6] into the toluene
phase, whereas 90% of the gold remains in the aqueous so-
lution when it contains CB[7] because the particle size dis-
tribution of the sample is very similar to the distribution
before treatment with tetraoctylammonium bromide. Migra-
tion of gold nanoparticles to toluene from aqueous solutions
that contain CB[5] and CB[6] is reflected by the remarkable
change in the UV-visible spectra of the aqueous solutions
before and after treatment with TOABr. In addition,
Figure 7 shows that there was a blueshift in lmax for the sur-
face plasmon band for Au@CB[7] relative to gold nanoparti-
cles in the presence of CB[5] or CB[6]. Figure 7 shows se-
lected spectra that illustrate the dramatic variations in the
spectra for CB[5] and CB[6] after extraction with toluene,
and also the fact that there is almost no change for CB[7].
These results firmly indicate that there is a strong interac-
tion between the small gold nanoparticles and CB[7] to
keep the nanoparticles in the aqueous phase.

To provide further evidence for the stabilization of gold
nanoparticles by CB[7], we subjected Au@CB[7]BH4 to
treatment with an excess of tetrabutylammonium cyanide.
The ability of CN� to form a strong complex with gold ions
is well established. Subsequently, gold nanoparticles that
had been formed in the absence of CBs or in the presence

of CB[5] and CB[6] totally disappeared and were dissolved
in water in the presence of CN�. Again Au@CB[7] showed
contrasting behavior and remained almost unaltered after
this harsh treatment, as shown by UV-visible spectroscopy.

Phase separation of gold occurs when aqueous solutions
that do not contain CBs or in solutions that contain CB[5]
and CB[6] are heated at reflux. However, aqueous solutions
that contain Au@CB[7] were stable after the solutions had
been heated at reflux for prolonged periods.

Careful nanoanalytical experiments by scanning transmis-
sion electron microscopy were also conducted to obtain fur-
ther direct evidence on the encapsulation of gold particles
inside the CB[7] capsule. In particular, electron energy loss
spectra (EELS) were obtained from purely surface locations
of the smaller fraction of gold nanoparticles, the sizes of
which could fit the CB[7] internal space. To avoid any inter-
ference from the underlying holey carbon grid in the EELS
signal of these particles, only those particles that were clear-
ly in positions over holes on the grid were considered for
analysis. This configuration is depicted in the experimental
HREM image of Figure 8 (top). On particles like these, a
0.5 nm electron probe was placed on the surface on the hole
side, at a distance of at least three to four times the probe
width from the grid. By using very short acquisition times,
in the order of one second, and under conditions in which
there was no sample drift, EELS spectra were obtained that
showed a very weak carbon K-edge signal (Figure 8, bottom
right). This result can be considered unequivocal evidence
for the presence of an organic layer that surrounds the
smaller metal nanoparticles. Owing to the much slower
cross section of the nitrogen K-edge relative to the carbon
K-edge, and the smaller number of nitrogen atoms present
in CB[7], it was not possible to detect this element in the
EELS spectra acquired under our experimental conditions.
After acquisition of the EELS spectra, the nanoparticles
were analyzed by X-ray energy dispersive spectroscopy
(XEDS) to avoid any subtle modification in structure of the

Figure 7. UV-visible transmission spectra of aqueous colloidal gold nano-
particles before and after treatment with the phase transfer agent
TOABr. a) Au@CB[7]BH4 before, b) Au@CB[7]BH4 after treatment,
c) Au/CB[6] before treatment, d) Au/CB[6] after treatment, and e) col-
loidal Au solution in the absence of CBs treated with TOABr in toluene.
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surface by the electron beam. Importantly, XEDS analysis
indicates that, within the detection limits, gold is the only el-
ement present in these particles (Figure 8, bottom left).
Thus, we have been unable to detect chlorine in the samples,
which indicates that the gold atoms are zerovalent. This
result is in good agreement with the observations obtained
by HREM.

To observe some kind of shape selectivity effect, we treat-
ed the Au@CB[7]BH4 with amines of various sizes. It was
expected that, depending on their size, gold nanoparticles
could interact with smaller amines and become inaccessible
to larger amines. Therefore, an aqueous solution of Au@
CB[7]BH4 was treated with ethylendiamine, methylamine,
and triphenylamine, such that the amount of amine equaled
that of the Au in solution. Results from Figure 9 clearly
show that there is a relationship between the disappearance
of the surface plasmon band and the nature of the amine.
Indeed, triphenylamine interacts with Au nanoparticles con-
siderably less than smaller amines, which is expected for
protected Au nanoparticles.

With regards to the specific properties of CBs compared
with other organic capsules, and in particular cyclodextrins
(CDs), we attempted to perform similar studies with Au@
CDs as those presented above for CBs. However, although
vapor deposition and NaBH4 reduction of AuCl4

� in the
presence of CDs were apparently also successful for includ-
ing gold nanoparticles inside a, b, and g-CD capsules, mas-
sive agglomeration of Au takes place when the solutions are

allowed to stand. The colloidal gold suspensions are unsta-
ble and do not persist under these conditions. TEM images
of Au@CDs show the presence of very large gold particles
(average size over 20 nm). Thus, we interpret this instability
and particle growth by assuming that even though gold
nanoparticles could have been incorporated inside CDs in
the formation step, these conical capsules cannot retain the
nanoparticles and migration outside the organic host upon
standing for prolonged periods or heating the aqueous solu-
tion occurs, owing to the larger dimensions of one of the
CD portals. Under these conditions, the gold nanoparticles
that are released will easily agglomerate to form large Au
nanoparticles. On the other hand, the very special pumpkin
shape and dipolar structure of CBs would be responsible for
effective encapsulation of gold nanoparticles and their cor-
responding stability.

Conclusion

In conclusion, in the present work we have shown that the
size of metal nanoparticles can be controlled by encapsula-
tion in CB[7], which shows unprecedented behavior at stabi-
lizing very small gold nanoparticles. Gold clusters can be in-
corporated by adsorption from the gas phase or by reduc-
tion of AuCl4

� in solution. We have found that gold nano-
particles stabilized by CB[7] do not interact with cyanide or
large amines, and cannot be extracted by tetraoctylammoni-
um bromide. Prolonged heating does not lead to gold ag-
glomeration. CB[7] is also unique at stabilizing gold nano-
particles compared with cyclodextrins, which upon standing
or heating lead to phase separation of gold from aqueous
solutions.

Figure 8. HREM image (top) of a gold nanoparticle that depicts the geo-
metrical configuration used to perform the EELS nanoanalysis experi-
ments. Note that a portion of the surface projects into the vacuum (no
support interference). The arrow and dashed circle indicate the location
and approximate probe width used to record the EELS spectra. The
HAADF image inset shows an Au particle (ca. 1 nm) on which the
EELS spectrum (bottom right) was obtained. XEDS results (bottom left)
obtained on the particle show Au signals and a Cu signal from the grid.

Figure 9. UV-visible transmission spectra of an aqueous colloidal solution
of Au@CB[7]BH4 before (a) and after addition of equimolar amounts
(Au/probe=1) of triphenylamine (b), methylamine (c), or ethylendi-
ACHTUNGTRENNUNGamine (d).
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Experimental Section

Preparation of gold nanoparticles by vapor deposition : A given amount
of gold metal was placed in a ceramic boat in a vapor deposition cham-
ber. An equimolar amount of the appropriate CB was also placed in a
shallow bed in the appropriate position of the vapor deposition chamber.
The chamber was sealed and a vacuum of 10�7 Torr was reached. At this
pressure, the gold crucible was heated to a temperature of 1200 8C. Gold
sublimed on the CB sample opposite. For CB[5] and CB[6], the final
sample appeared as a metallic mirror covering the white powder. In con-
trast, for CB[7], the solid became slightly pink and no mirror was
formed. After vapor deposition, the CB samples were characterized by
chemical analysis and TEM.

Preparation of Au@CB[7]BH4 : HAuCl4 (0.672 mg) (10�4
m) was added at

room temperature to a stirred solution of CB[7] (2.32 mg) (10�4
m) in a

1:1 mixture of water/ethanol (20 mL), and the solution allowed to mix
for 15 min. Then, a 0.1m solution of NaBH4 (50 mL) in ethanol was
added. The solution became immediately colored, which indicated the re-
duction of AuIII to form gold nanoparticles. TEM studies were performed
by diluting this suspension about 1000 times with toluene and sonicating
the diluted mixture before depositing one drop of solution onto a carbon/
copper grid. The solvent was allowed to evaporate at ambient tempera-
ture. Identical experimental procedures were followed for CB[5] and
CB[6], but in these cases the colloids were not stable upon reduction
with NaBH4 and spontaneously separated from the liquid phase upon
standing.

The gold content of the Au@CB[7] samples was determined by quantita-
tive atomic absorption spectroscopy by using standards that were cali-
brated by dissolving the solid at 60 8C in a 1:1 HNO3/HCl mixture. UV-
visible spectra of the Au@CB[7] samples were recorded in solution by
using a Shimadzu PC4140 spectrophotometer before treating the ethanol/
water mixture with NaNO3 to precipitate Au@CB[7].

Particle size was estimated by TEM by using a 100 kV Philips micro-
scope. A drop of a suspension that contained gold nanoparticles encapsu-
lated in CB was placed on a conductive graphitized grid.

Extraction with TOABr : An aqueous solution (3 mL) of gold nanoparti-
cles prepared in the presence of CB[5], CB[6], or CB[7] (1 mg) was
stirred with TOABr (3 mg) in toluene (3 mL) for 10 min at room temper-
ature. After this time, the aqueous phase was collected and UV/Vis spec-
tra of these solutions were recorded. In many cases, the intensity of the
surface plasmon band was significantly reduced at the same time as the
toluene phase became intensely colored. However, for Au@CB[7]BH4

the organic phase was practically colorless and the UV/Vis spectrum of
the aqueous solution remained constant after treatment.

Treatment of gold nanoparticles/CB solutions with CN� : An aqueous so-
lution (3 mL) of gold nanoparticles (1 mg) prepared in the absence or in
the presence of CB[5], CB[6], or CB[7] (1 mg) was stirred at room tem-
perature for 15 min in the presence of equivalent amounts of tetrabutyl-
ammonium cyanide (Au/CN� molar ratio equal to 1). After this time,
the solutions were studied by UV/Vis spectroscopy, which revealed the
disappearance of the surface plasmon band in many cases because the
gold nanoparticles had dissolved. In contrast, for Au@CB[7]BH4, the in-
tensity of the UV/Vis absorption band experienced a small decrease of
about 20%.

Shape-selective interaction of Au@CB[7]BH4 with amines : An aqueous
solution (3 mL) of Au@CB[7]BH4 (1 mg) was stirred at room tempera-
ture with equimolar amounts of the appropriate amine that had been pre-
viously dissolved in water (volume amine/volume water=0.01). After
10 min, stirring was stopped and UV/Vis spectra of the solutions were re-
corded. The amines that were used in this study were methylamine, ani-
line, triphenylamine, and ethylendiamine. Control experiments with an
aqueous solution of colloidal gold, which had been prepared according to
the Turkevich procedure, in the absence of CB[7] show that all of the
amines were able to interact with the nanoparticles to give the complete
disappearance of the surface plasmon band.

Preparation of Au/CDs : Gold nanoparticles were incorporated into a, b,
and g-cyclodextrin by vapor deposition and also by NaBH4 reduction by

following analogous procedures to those described above. The samples
were studied by TEM, which indicated large particle sizes. When these
samples were suspended in water, phase separation of gold occurred in
3 h, which indicated that no permanent encapsulation had occurred.
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