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Very Narrow Size Distributions

Yong-Gu Kim, Sang-Keun Oh, and Richard M. Crooks*

Department of Chemistry, Texas A&M University, P.O. Box 30012,
College Station, Texas 77842-3012

Received September 29, 2003

Highly monodisperse, 1—-2-nm diameter Au nanoparticles were prepared using poly-
(amidoamine) (PAMAM) dendrimers as templates. The synthesis is carried out in water,
takes less than 30 min, and requires no subsequent purification. Au nanoparticles having
diameters of 1.3 + 0.3 and 1.6 &+ 0.3 nm were obtained when 55 and 140 equiv, respectively,
of HAuUCI, per dendrimer were used. For unpurified Au nanoparticles in this size range,
this represents more than a 200% improvement in size distribution compared to previous
reports. The high monodispersity is a function of the template synthesis, which avoids size
variations arising from random nucleation and growth phenomena, and the use of magic
number equivalent ratios of AuCl, /dendrimer. When a nonmagic number of AuCl,~
equivalents per dendrimer was used, a significantly more polydisperse distribution of Au

nanoparticles was obtained.

Introduction

We report the synthesis of nearly size-monodisperse
Au nanoparticles prepared using a dendrimer templat-
ing approach.1~7 Specifically, Au dendrimer-encapsu-
lated nanoparticles (DENSs) containing an average of 55
and 140 atoms and having sizes and size distributions
of 1.3 +£ 0.3 and 1.6 &+ 0.3 nm, respectively, have been
prepared within surface-functionalized poly(amidoam-
ine) (PAMAM) dendrimers. For unpurified Au nanopar-
ticles in this size range, this represents more than a
200% improvement compared to previously reported
synthetic approaches where size distributions are
reported.”~° Moreover, the nanoparticle synthesis is
performed within a single aqueous phase and there are
no variables in the synthesis that require careful control
or that are difficult to reproduce.

Metal nanoparticles <4 nm in diameter are interest-
ing because of their inherent size-dependent optical,

electrical, catalytic, and magnetic properties.19-15> These
materials have been integrated into new Kkinds of
biosensors,6 used to study the effects of particle size
on heterogeneous catalytic reactions,’>1” and used to
fabricate nanometer-scale electronic devices, such as
single-electron transistors,'® supercapacitors,!® and data
storage devices.?® Further development in these fields
awaits better synthetic approaches for preparing nano-
materials. Here, “better” means simpler syntheses that
require minimal subsequent purification steps, more
uniform particles having controllable architectures,
higher levels of particle stability, particles having at
least partially exposed surfaces, and simple linking
chemistries that allow the particles to be attached to
surfaces, polymers, and biomaterials without altering
their physical and chemical properties.

A number of synthetic approaches have been used to
improve the quality and control the physical properties
of metal nanoparticles. These include stabilization of
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nanoparticles with micelles,?* polymers,?? and organic
ligands.?>2* For example, Boyen and co-workers pre-
pared stabilized Au nanoparticles in the 1—8-nm size
range using block copolymers and showed they self-
assembled onto a variety of substrates.?>26 Nanopar-
ticles protected by organic ligands are particularly
stable,?* so quite a bit of effort has been focused on these
materials. A major step forward in this regard is the
phase-transfer synthetic approach for preparing mono-
layer-protected clusters (MPCs) first described by Brust,?’
and subsequently exploited by others for a variety of
applications and fundamental studies.892829 MPCs typi-
cally have sizes ranging from 1.1 to 3.5 nm.?3% The size
monodispersity is typically about £1.0 nm, but it can
be greatly improved by repeated fractional crystalliza-
tion,?® extraction and annealing,'23! or chromatogra-
phy2232 into the range of +0.2 to £0.3 nm.
Dendrimers are good candidates for preparing metal
nanoparticles because they can act as structurally and
chemically well-defined templates and robust stabiliz-
ers. In addition, encapsulated nanoparticle surfaces are
accessible to substrates so that catalytic reactions can
be carried out.®3 Moreover, the solubility and reactivity
of DENs can be controlled by appropriate functional-
ization of the peripheral groups. We and others have
previously shown that metallic (Cu,! Pd,3435 Pt,3436.37
and Au®38), bimetallic (Pd—Pt),2® and semiconductor
(CdS)*° nanoparticles can be prepared within dendrim-
ers. A typical synthesis is carried out by first sequester-
ing metal ions within the dendrimer and then chemi-
cally reducing the resulting inorganic/organic nano-
composite.23 In most cases, hydroxyl-terminated PAM-
AM dendrimers (Gn-OH, where n represents the gen-
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eration of the dendrimer) are used for this purpose
because dendrimers having metal-complexing ligands,
such as amine groups, on their periphery usually (but
not always)*! cross-link and precipitate in the presence
of metal ions such as Cu, Pd, and Pt.#?43 However, the
synthesis of Au DENs within Gn-OH dendrimers is
complicated by the fact that the Au precursor complex
(HAuCIy) can be prematurely reduced by the peripheral
hydroxyl groups.3844 This results in the formation of
large Au particles that are not encapsulated within a
single dendrimer.

Dendrimers having functional groups on their sur-
faces other than hydroxyl groups have been used to
prepare Au nanoparticles. Esumi et al. studied the
formation of Au nanoparticles within PAMAM dendrim-
ers carrying amine,*® sugar,** methyl ester,* and alkyl
groups*® on their periphery. However, relatively large
particles (2.1-12.8 nm) typically having broad size
distributions were formed both in the interior and on
the dendrimer exterior. Amis et al. reported the syn-
thesis of Au nanoparticles synthesized using amine-
terminated PAMAM dendrimers (Gn-NHy).547 They
prepared relatively large Au nanoparticles (2.0—4.0 nm)
using G2—G10 dendrimers, but the size distributions
determined by TEM were not clearly defined.> In
addition, they reported that larger nanoparticles (4 nm)
were obtained with G2 dendrimers than nanoparticles
prepared in the presence of higher generations. This
result indicates that low-generation dendrimers act
exclusively as surface stabilizers, similar to the n-
alkanethiols used to prepare MPCs.

Recently, we described PAMAM dendrimers having
both quaternary ammonium groups and primary amines
on their periphery (Gn-Qp, where p represents the
number of quaternized peripheral groups) (Scheme 1).48
We chose to use Gn-Qp dendrimers as templates in this
work for two reasons. First, Gn-Qp dendrimers provide
a synthetic handle (specifically, the unfunctionalized
primary amines) for subsequent covalent attachment of
the Au DENSs to surfaces and other molecules. Second,
the quaternized amines provide a large positive charge
on the dendrimer periphery and thereby reduce the
likelihood of DEN agglomeration. For example, we
previously showed that highly monodisperse Pd and Pt
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nanoparticles could be prepared within Gn-Q, dendrim-
ers and that the resulting composites could be covalently
linked to a self-assembled monolayer (SAM).4849

Experimental Section

Chemicals. Partially quaternized fourth- and sixth-genera-
tion dendrimers (G4-Qs; and G6-Qa116) Were synthesized from
fourth- and sixth-generation amine-terminated PAMAM den-
drimers (G4-NH, and G6-NHy>) as previously reported.*® G4-
NH; and G6-NH; in methanol were obtained from Dendritech,
Inc. (Midland, MI) and dried under vacuum to remove the
solvent prior to use. HAuCl, and NaBH, were purchased from
the Aldrich Chemical Co. (Milwaukee, WI) and used as
received. NaOH was purchased from the EM science (Gibb-
stown, NJ) and 18 MQ-cm Milli-Q water (Millipore, Bedford,
MA) was used throughout.

DEN Synthesis. A 10 uM Gn-Q, aqueous solution (0.5 mL)
and 55, 100, 140, or 300 equiv of 2 MM HAuUCI, in water were
mixed. This pale yellow solution was vigorously stirred for 20
min to provide enough time for HAUCI, to be extracted into
the dendrimer interior. A 5-fold molar excess of NaBH, in 0.3
M NaOH was quickly added to this solution with stirring to
reduce the Au complex to zerovalent Au, and immediately the
color changed from yellow to brown. NaBH, was dissolved in
0.3 M NaOH, which helps to decrease the rate of reduction.®
Following the synthesis, the total solution volume was 5 mL
and the final concentration of DENs was 1 uM. G4-NH;
dendrimers were also used to prepare Au DENs (G4-NH.-
(Auss)) using the same method described for the synthesis of
G4-Q32(Auss). All DENs were characterized without being
purified.

Characterization. UV—vis absorbance spectra were ob-
tained using quartz cells and a Hewlett-Packard 8453 UV—
vis spectrometer system (Hewlett-Packard, Wilmington, DE)
at 25 + 2 °C. UV—vis spectra were obtained using 1 uM G6-
Q116 and 140 uM HAuUCI, aqueous solutions or 0.5 uM aqueous
Au DEN solutions. High-resolution transmission electron
microscopy (HRTEM) was performed using a JEOL 2010
electron microscope (JEOL USA Inc., Peabody, MA). Samples
were prepared by placing 3 drops of 1 uM aqueous Au DEN
solutions on carbon-coated copper grids (EM science, Gibbs-
town, NJ) and allowing the solvent to evaporate in air.

Results and Discussion

Preparation of Au DENs. Au nanoparticles were
prepared within fourth- and sixth-generation PAMAM
dendrimers having about 50% of their peripheral amine
groups modified with ammonium chloride (G4-Qs; and
G6-Qu16, respectively, Scheme 1).*® Because they are
quaternized, Gn-Q, dendrimers have permanent posi-
tive charges at their periphery. This high charge density
minimizes the likelihood of dendrimer aggregation® and
of multiple dendrimers stabilizing a single nanopar-
ticle,**2 and it therefore enhances the probability of
intradendrimer nanoparticle formation. Encapsulated
Au nanoparticles were synthesized within quaternized
dendrimers using a two-step process: extraction of
aqueous AuCl,~ into the dendrimer interior, followed
by reduction with NaBH,4 in 0.3 M NaOH solution.®
Specifically, HAuCl, (55, 100, 140, or 300 equiv per
dendrimer) was mixed with 0.5 mL of an aqueous 10
uM Gn-Qp aqueous solution. This pale yellow solution
was vigorously stirred for 20 min to provide enough time
for HAUCI, to be extracted into the dendrimer interior.
Second, a 5-fold molar excess of NaBH,4 in 0.3 M NaOH

(49) Scott, R. W. J.; Ye, H.; Henriquez, R. R.; Crooks, R. M. Chem.
Mater. 2003, 15, 3873—3878.
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Figure 1. (a) UV—vis spectra of aqueous solutions of (1)
AuCl,~, (2) G6-Q116(AUCIl4™)140, and (3) G6-Q116 Obtained using
H>0 as a background spectrum. For comparison, spectrum 4
was obtained by subtracting spectrum 3 from spectrum 2. The
spectra were obtained using solutions containing 1.0 uM G6-
Q16 and 140 uM AuCl,~. (b) UV—vis spectra of aqueous
solutions containing (1) G6-Q116(AUs00), (2) G6-Q116(AU140), (3)
G6-Q116(Auigo), and (4) G6-Qi16(Auss). The spectra were ob-
tained from 0.5 uM Au DEN solutions.

was quickly added to this solution with stirring to
reduce the Au complex to zerovalent Au. This resulted
in conversion of the initially pale yellow solution to the
characteristic brown color of Au nanoparticles (<2 nm).

UV—Vis Absorbance Spectroscopy. Figure la
shows UV—vis absorbance spectra of aqueous solutions
containing AuCl,, G6-Q116, and G6-Q116(AUC|4_)140
before reduction with NaBH,4. The UV—vis spectrum of
AuCl,~ reveals a strong absorption band at 220 nm and
a shoulder at 290 nm. These bands were previously
assigned as ligand-to-metal-charge-transfer (LMCT)
transitions.*® The spectrum of G6-Qi¢ is featureless,
except for a rapidly increasing absorbance below about
230 nm. When G6-Q116 and AuCl,~ are mixed, the
resulting spectrum, after subtraction of the G6-Qii6
background, is different from the spectrum of a solution
containing only AuCl,~. Specifically, the intensity of the
band at 220 nm decreases and shifts to lower energy
by 5 nm, while the intensity of the shoulder at 290 nm
increases and broadens. The broad band centered
around 290 nm is characteristic of ion-pair formation
between AuCl;~ and G6-Q116.43

Absorbance spectroscopy is useful for studying metal
nanoparticles because the peak positions and shapes are
sensitive to particle size. For example, Au nanoparticles
larger than 2 nm typically have a plasmon band in the
range of 500—550 nm.114 However, when the particle
size is less than 2 nm, the distinctive plasmon band is
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Figure 2. HRTEM images of (a) G4-Qs2(Auss) and (c) G6-Qu16-
(Auss) and corresponding particle size distributions (b and d,
respectively). The average Au particle diameters are 1.3 + 0.4
nm for G4-Qs»(Auss) and 1.3 & 0.3 nm for G6-Q116(AuUss).

replaced by a featureless absorbance, which increases
monotonically toward higher energies.®> This behavior
is apparent in Figure 1b. There is no plasmon band
apparent in spectra 2—4, which correspond to Au DENs
containing an average of 140, 100, and 55 atoms,
respectively. This result suggests that these particles
are less than 2 nm in diameter. When the [HAuUCl,]:
[G6-Q116] ratio increases to 300, however, a plasmon
band appears as a broad and indistinct feature centered
at 510 nm (Spectrum 1, Figure 1b).

High-Resolution Transmission Electron Micro-
copy. Figure 2 shows HRTEM images and size-
distribution histograms for G4-Qz(Auss) and G6-Qi16-
(Auss). The images reveal widely separated Au nano-
particles and little aggregation. This may be a conse-
guence of the high charge density on the surface of the
guaternized host dendrimers. The average sizes of the

(50) Roldughin, V. I. Russ. Chem. Rev. 2000, 69, 821—843.
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Table 1. Comparison between Calculated and Measured
Diameters of Au DENs

measured
calculated diameter®
DEN diameter?(nm) (nm)

G4-Q32(AU55) 1.2 1.3+04
GG-QllG(AUE,s) 1.2 1.3+0.3
G4-Q32(AU140) 1.6 1.6+04
G6-Q116(Au14o) 1.6 1.6+0.3
GG-Qlle(AUj_oo) 1.4 1.4+0.6

a Calculated using the equation: n = 4z(R — 6)33v,, where n
is the number of Au atoms, R is the radius of Au nanoparticle, 6
is the length of the protecting ligands (in this case, 0 = 0), and vq
is the volume of one Au atom (17 A3).51 b Measured from HRTEM
images.

G4-Q32(Auss) and G6-Q;16(Auss) DENs are 1.3 + 0.4 and
1.3 + 0.3 nm, respectively. A few particles having
diameters larger than 2 nm are also present, but we
suspect these arise from two or more overlapping small
particles that appear in the two-dimensional HRTEM
projection as a single larger particle. Note that the
average size of the Auss nanoparticles measured by
HRTEM is very close to the value of 1.2 nm calculated
by assuming that these materials are spherical in shape
(Table 1).51

Figure 3 shows HRTEM images of G4-Qs2(Aui40) and
G6-Q116(Aui4g) and corresponding histograms of particle
size distributions. The measured diameters of G4-Qs,-
(AU140) and GB-Qlle(AUMo) are 1.6 £ 0.4 and 1.6 + 0.3
nm, respectively. As for the 55-atom DENSs, these
nanoparticles do not agglomerate and the average size
(1.6 nm) is identical to the calculated value for particles
containing this number of atoms. The measured diam-
eters of Au nanoparticles from HRTEM images are
compared to calculated values and summarized in Table
1.

An interesting conclusion that can be drawn from
Figures 2 and 3 is that the size of the Au nanoparticles
does not depend on the dendrimer generation, but
rather only on the [HAuUCL]:[Gn-Qg] ratio. In contrast,
it has previously been reported that for amine-termi-
nated PAMAM dendrimers the size of Au nanoparticles
decreases as the dendrimer generation increases.#24345
Although not conclusively demonstrated, the contention
was that multiple low-generation dendrimers stabilize
each nanoparticle, whereas for higher generations,
smaller Au nanoparticles are encapsulated within in-
dividual dendrimers. That is, in the former case the
nanoparticles are stabilized by primary amine periph-
eral groups rather than by true encapsulation within
single dendrimers. Therefore, the observed indepen-
dence of nanoparticle size on the dendrimer generation
here provides evidence that the nanoparticles are truly
templated by the interior of individual dendrimers.

Itis also interesting to note that 140-atom DENSs can
be formed within the interior of the G4-Qs, dendrimer,
which only contains 62 internal tertiary amine groups.
With one exception,> previous reports from us? and
others®37 have shown that the number of metal atoms
that can be contained within a dendrimer is approxi-
mately equal to or less than the number of interior
tertiary amines. This is because metal ion encapsulation

(51) Leff, D.V.;Ohara, P. C.; Heath, J. R.; Gelbart, W. M. J. Phys.
Chem. 1995, 99, 7036—7041.
(52) Niu, Y.; Crooks, R. M. Chem. Mater. 2003, 15, 3463—3467.
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Figure 3. HRTEM images of (a) G4-Qs2(Au140) and (c) G6-
Q116(Au140) and corresponding particle size distributions (b and
d, respectively). The average Au particle diameters are 1.6 +
0.4 nm for G4-Qsx(Aui40) and 1.6 & 0.3 nm for G6-Q116(AU140).

of Cu, Pd, and Pt salts are driven by specific interactions
with these interior functional groups. In the one excep-
tion to this general finding the metal ions were driven
into the dendrimer interior by differences in the dielec-
tric strength of the solvent and dendrimer interior.52
Taken together, these findings may suggest that AuCl,~
encapsulation within Gn-Q, is driven by electrostatic
interactions and perhaps also solubility differences of
AuCl,~ in water compared to the dendrimer interior.>7
However, this is just speculation, and at the present
time the driving force for AuCl,~ encapsulation is
unknown.

The formation of the highly monodisperse Au nano-
particles reported here is possible in part because
particular [HAUCI4]:[Gn-Qp] ratios were used to prepare
them. Metal nanoparticles containing these “magic
numbers” of atoms form energetically favorable, closed-
shell crystals.?* To verify that magic numbers of metal
atoms are important for high monodispersity, we
prepared Au nanoparticles using an intermediate
[HAUCI4]:[G6-Q116] ratio of 100. Figure 4 shows the
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Figure 4. HRTEM image and corresponding particle size
distribution for G6-Q116(Aui00). The average Au particle diam-
eter is 1.4 + 0.6 nm.
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Figure 5. HRTEM image and corresponding particle size

distribution for G4-NHz(Auss). The average Au particle diam-
eter is 1.3 +£ 0.5 nm.

results of a HRTEM study of G6-Qiis(Auigo). The
important observation is that the particle size distribu-
tion appears somewhat bimodal, and it is therefore not
as narrow as for G6-Q116(Auss) or G6-Q116(AU140). Specif-
ically, the average particle size for G6-Q116(AU10o) is 1.4
4+ 0.6 nm compared to 1.3 + 0.3 nm and 1.6 + 0.3 nm
for G6-Q116(Auss) and G6-Q116(AU140), respectively.

To better understand the impact of the partially
quaternized surface of G4-Qsz; on the properties of
encapsulated Au nanoparticles, we compared the aver-
age Au particle size and size distribution for nanopar-
ticles prepared using G4-NH;, and G4-Q3, templates. In
both cases an [HAuCI,]:[dendrimer] ratio of 55 was
used. A HRTEM image of Au nanoparticles prepared
within G4-NH; (Figure 5) reveals a slightly broader size
distribution (1.3 + 0.5 nm) compared to that of G4-Qz;-
(Auss) (Figure 2a, 1.3 £ 0.4 nm). This result suggests
that the main function of the quaternary amine groups
is to prevent agglomeration of dendrimers, but that the
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charged surface exerts only a slight influence over the
size of the encapsulated nanoparticles. This result is
consistent with the dendrimer interior, rather than the
periphery, controlling the size and size distribution of
the particles. It may also suggest that factors other than
electrostatic interactions control AuCl,~ encapsulation.

Summary and Conclusions

The key result of this study is elucidation of a very
simple, template-based approach for preparing size-
monodisperse Au nanoparticles in the interesting size
range of 1—2 nm. We believe the monodispersity of Au
DENSs prepared within Gn-Q, is enhanced by three
factors. First, because this is a template-based approach,
the variation of nanoparticle size that is inevitable for
methods that rely on nucleation-and-growth phenomena
is avoided. Second, the high permanent charge on the
surface of the Gn-Q, dendrimers lessens the likelihood
of aggregation. Third, we chose to use “magic num-
ber”2453 ratios of [HAUCI4]:[GN-Qp] because it has previ-
ously been shown that Au nanoparticles containing 55
or 140 atoms form energetically favorable structures.®>*
When magic numbers of metal atoms were not used
(e.g., [HAUCI4]:[Gn-Qp] = 100), the formation of a
significantly more polydisperse population of Au nano-
particles was observed.

Robust synthetic routes to monodisperse nanomate-
rials is an essential first step toward technologies that
incorporate these materials, and there are some signifi-
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cant advantages of the approach described here for
preparing Au nanoparticles. First, this approach is
simple and highly reproducible and does not require
careful control of experimental conditions. Second, a
high level of monodispersity is attained without the
need for subsequence purification. Third, as we have
shown previously for Pd DENS,33:34 the surface of the
particles is accessible, and thus these materials can be
used for catalysis. Fourth, the dendrimer itself provides
a convenient means for linking DENSs to other molecules
or surfaces.*® Finally, we have recently shown that both
Pd and Au nanoparticles can be extracted from den-
drimer templates with little or no change to their
physical properties.>> Our next step is to better under-
stand the electronic and photonic properties of these
materials,31:°6 and to further refine the synthesis with
a view toward improving the size distribution to the
resolution of available characterization methods, which
seems to be limited to about +0.15 nm.
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