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lized siloxane oligomer facilitated
synthesis of subnanometer colloidal Au particles†

Zhen Wang,ab Evgeny V. Beletskiy,a Sungsik Lee,c Xianliang Hou,ab Yuyang Wu,d

Tiehu Li,b Mayfair C. Kung*a and Harold H. Kung*a

Amine-functionalized siloxane oligomers were synthesized and used successfully to prepare colloidal Au

particles smaller than 1 nm. Using NMR to follow the interaction of Au(THT)Cl with the functionalized

siloxane, it was determined that the amine ligands displaced the THT ligand effectively. By comparison

with other functionalized siloxane oligomers/compound, parameters such as density of ligating groups,

oligomer steric barrier and reduction rates were found to be essential for the formation and stability of

subnanometer Au particles. Without further treatment, the formed Au particles were active catalysts for

the reduction of p-nitrobenzaldehyde by triethylsilane, forming an imine as the major coupling product.

Deposition of the Au colloids onto silica, followed by thermal treatment to remove the organic groups

resulted in subnanometer Au on silica, indicating this to be a promising method of fabricating

subnanometer supported Au catalyst.
A Introduction

Colloidal gold particles with diameters smaller than around 2
nm exhibit many interesting properties. When the size of a Au
cluster is comparable to the Fermi wavelength, the plasmon
resonance greatly diminishes, while size-dependent uores-
cence and molecule-like HOMO–LUMO transition emerges.1–7

Strong size-dependent catalytic properties have been observed
in this size range.8–12 For example, large Au particles are
signicantly less active in catalytic oxidation than small parti-
cles11,13 and in water–gas shi than atomic Au (or Au cations),14

and there is a change in selectivity from hydrogenation to
epoxidation in the reaction of propene in amixture of H2 and O2

in the range of 1 to 3 nm.9 Small Au particles have also found
applications in DNA or drug delivery, as the efficiency in cell
membrane penetration increases with decreasing Au particle
size.15–17 In view of these, there have been intensive effort to
develop methods to synthesize small Au particles,18 particularly
those 2 nm and smaller.

Among the methods explored, colloidal preparation is
attractive because it is easily scalable for commercial applica-
tions. In colloidal preparation, a Au salt precursor in solution is
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reduced in the presence of a stabilizer. The choice of stabilizer
is essential, since large Au particles would form if the stabilizer
interacts too weakly with Au, whereas stabilizers that interact
too strongly could alter the properties of the Au particles
signicantly. The propensity of Au to adsorb sulfur compounds
makes thiols popular stabilizers for the preparation of small Au
colloidal particles, and clusters with 1–4 nm average diameter
can be prepared regularly.19–23 In addition to thiols and phos-
phines,24,25 bifunctional stabilizers have been successfully
employed also, and these include hydroxy mercapto glycol,26

hydroxy thiolate,27 tetraalkylammonium bromide,28 mercapto-
succinic acid,29 phosphonated mercapto compounds,30 amino-
phosphonate,31 and ethylenediamine tetraacetate.32 In these
bifunctional stabilizers, one functional group ligates the Au
particle, and the other renders a charged layer around the
particle, thereby stabilizing the particles from agglomeration by
charge–charge repulsion. Recently, preparations of atomically
monodisperse thiolate-stabilized clusters have been reported
for Au11, Au25, Au38, Au102, Au144, etc.3,33–36 A rapid small-scale
synthetic method that produces thiolate-coated gold nano-
clusters (d < 2 nm) in 2 min has also been reported.37

While effective in stabilizing nanosize Au particles, the
strong chemical interaction of sulfur or phosphorus with Au
could affect the chemical properties of the colloidal Au, espe-
cially those that depend on surface Au atoms. Removal of the
stabilizer typically entails rst the deposition of Au clusters on a
support followed by oxidative thermal treatments that are oen
harsh enough to result in signicant coarsening of the Au
particles. Residual S or P, in the form of stable sulfate and
phosphate, could poison the Au particles when used as cata-
lysts. Thus, there is a strong interest to identify alternate
J. Mater. Chem. A, 2015, 3, 1743–1751 | 1743
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stabilizers that interact more weakly with Au and can be
removed by oxidation more easily, such as ligands with amino
or carboxylate groups, since the strength of interaction follows
the order (SH > P > N > O).

We have been exploring different approaches to synthesize
nanosize metal particles.38,39 In one approach that was facili-
tated by amine and titanyl modied oligomeric hydrosiloxanes,
Au nanoparticles between 1.75 and 2.25 nm and with very tight
particle size distributions were obtained.39 This method has an
advantage in that oxidative removal of the organic groups
attached to the siloxane oligomer would result in the metal
particles dispersed in a mixed Ti–Si oxide. This is also a high
yield process because all the added metal could be incorporated
into the resulting colloid, a fact that could be important for
noble metals. Thus, it appears that this is a promising approach
that deserves further development and understanding for the
synthesis of subnanometer Au particles.

We report here the results of using a modied version of this
method by using only amine functionalized hydrosiloxane to
successfully prepare subnanometer Au particles with narrow
size distributions – a feat that has been known difficult to
accomplish without using a strong stabilizer. In following the
synthesis process with solution NMR and with use of model
compounds, we gained important insights into the parameters
that control Au particle sizes. We evaluated the requirement for
proximal placement of the amine ligand and the reductant and
established the importance of the steric hindrance offered by
the oligomer. We collected evidence of binding of the amine
ligand to the Au cation precursor and to the Au particles.
Finally, we demonstrated that these Au nanoparticles are cata-
lytically active.
Scheme 1 Synthesis of N–PMHS IV and N–SiH–PMHS V, and structure

1744 | J. Mater. Chem. A, 2015, 3, 1743–1751
B Experimental
B.1 Materials

Poly(methylhydro)siloxanes (PMHS I) with trimethylsiloxy
termination (1700–3200 g mol�1 average molecular weight, 12–
45 cSt viscosity, average degree of oligomerization estimated by
NMR spectroscopy 38 siloxane units), palladium hydroxide on
carbon (20 wt% loading), tetrahydrofuran (anhydrous, 99.9%),
hexanes (95%), triethylsilane (99%), Au(III) chloride trihydrate
($99.9% trace metals basis) and Au(III) chloride ($99.99% trace
metals basis) were purchased from Sigma-Aldrich. Celite 545
(lter aid, powder) and sodium sulfate (anhydrous, $99.0%)
were from EMD Chemicals. Ethyl ether (anhydrous, $99.0%)
was from Mallinckrodt Chemicals. Calcium sulfate (CaSO4)
(Drierite, without indicator, 20–40 mesh) was from Acros
Organics. N-Methyl-aza-2,2,4-trimethylsilacyclo-pentane was
purchased from Gelest. All solvents (anhydrous), reagents and
catalysts were used without further purication.
B.2 Synthesis of siloxanes oilgomers/compounds

B.2.1 Oligomers based on PMHS: N–PMHS IV, N–SiH–PMHS
V, and Me–SiH–PMHS VI

N–PMHS IV. Synthesis of IV is shown in Scheme 1. 0.64 mL
PMHS I possessing 10 mmol of SiH was added to 10 mL THF in
a Schlenk ask. Excess H2O (17 mmol) was used to completely
oxidize SiH to silanols (SiOHs) in the presence of 30 mg Pearl-
man's catalyst (20 wt% Pd(OH)2/C) to form II.40 This reaction
was followed by monitoring the hydrogen gas evolved. At the
cessation of H2 evolution, the reaction mixture was dried thor-
oughly using Na2SO4. The Pd catalyst was removed using
column chromatography. The solution containing II was
s of VI, VII, and VIII.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Scheme for synthesis of amine-stabilized Au colloid. Filled black
circles denote Si atoms, open circles denote amine functionality, and
gold circles are Au atoms. For clarity, only a section of two function-
alized PMHS oligomers are shown (rearrange so it goes with the rest of
the figure).
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layered under N2 ow onto a column composing of a layer of
CaSO4 sandwiched between layers of Celite using diethyl ether
as the eluent.39 The puried II was kept as a dilute solution to
minimize self-condensation until use. The desired oligomer IV
was formed by reacting the SiOH groups of II quantitatively with
N-methyl-aza-2,2,4-trimethylsilacyclopentane in a Schlenk ask.
The mixture was stirred for 20 min at room temperature fol-
lowed by solvent removal at 50 mtorr pressure to generate IV,
which was a viscous clear liquid. The 1H, 13C, 29Si and HSQC
NMR spectra of N–PMHS IV are shown in Fig. S1;† 1H NMR (400
MHz, CDCl3) d 0.1–0.2 ((–Si(CH3)3, –Si(CH3)2, –SiCH3); 0.38
(–SiCH2); 0.63 (–SiCH2); 0.80 (NH); 0.89 (CH3CH–); 1.74 (CH3CH–);
overlapped 2.35 (–NHCH2, –NHCH3); 7.26 (CDCl3).

13C NMR
(100 MHz, CDCl3) d �2.65 (–Si(CH3)3); 1.07 (–SiCH3); 1.34
(–Si(CH3)2); 20.90 (CH3CH–)); 24.49 (–SiCH2); 29.02 (CH3CH–);
36.53 (–NHCH3); 61.62 (–NHCH2); 77.00 (CDCl3).

29Si NMR (80
MHz, CDCl3) d �67.90 (–SiCH3); 6.99 (–Si(CH3)3); 8.49
(–Si(CH3)2).

N–SiH–PMHS V and Me–SiH–PMHS VI. Using the same
procedure to form II, but with the added H2O limited to 5mmol,
III was formed with only 50% of SiH oxidized to the corre-
sponding SiOH groups. Aer the SiOH groups in III was reacted
quantitatively with N-methyl-aza-2,2,4-trimethyl-silacyclo-
pentane, N–SiH–PMHS V was formed. V was characterized with
NMR and the spectra were shown in Fig. S2.† 1H NMR (400
MHz, CDCl3) d 0–0.013 (–Si(CH3)3, –Si(CH3)2, –SiHCH3, –SiCH3);
0.36 (–SiCH2); 0.61 (–SiCH2); 0.82 (NH); 0.9 (CH3CH–); 1.79
(CH3CH–); overlapped 2.42 (–NHCH2, –NHCH3); 4.7 (Si–H); 7.26
(CDCl3).

13C NMR (100 MHz, CDCl3) d �2.61 (–Si(CH3)3); 1.05
(–SiCH3); 1.33 (–Si(CH3)2); 20.92 (CH3CH–); 24.51 (–SiCH2);
29.04 (CH3CH–); 36.56 (–NHCH3); 61.64 (–NHCH2); 77.00
(CDCl3).

29Si NMR (80 MHz, CDCl3) d �66.82 (–SiCH3); –36.51
(–SiHCH3); 6.28 (–Si(CH3)3); 7.90 (–Si(CH3)2).

III was reacted for 2 h with butyl(chloro)dimethylsilane in
the presence of diethylamine as the chloride scavenger to form
Me–SiH–PMHS VI. Aer the reaction, the white solid diethyl-
amine hydrochloride was removed by ltration and VI was
puried by vacuum evaporation to 50 mtorr. The clear viscous
liquid VI was characterized using NMR (Fig. S3†). 1H NMR (400
MHz, CDCl3) d 0.12–0.37 (–Si(CH3)3, –Si(CH3)2, –SiHCH3,
–SiCH3); 0.48 (–SiCH2); 0.84 (CH3CH2–); 1.17 (–SiCH2CH2CH2);
1.60 (CH3CH2–); 5.01 (Si–H); 7.26 (CDCl3).

13C NMR (100 MHz,
CDCl3) d �3.17 (–Si(CH3)3); –0.44 (–Si(CH3)2); 0.5 (–SiCH3); 1.21
(–SiHCH3); 13.34 (CH3CH2–); 17.37 (–SiCH2); 24.95 (CH3CH2–);
25.95 (–SiCH2CH2CH2); 77.00 (CDCl3).

29Si NMR (80 MHz,
CDCl3) d �66.47 (–SiCH3); –34.85 (–SiHCH3); 7.23 (–Si(CH3)3);
8.66 (–Si(CH3)2).

B.2.2 Trisiloxanes: HSiMe2OSiPh2OSiMe2C4H8NHCH3 VIII.
Disiloxane HSiMe2OSiPh2OH VII was prepared following the
procedure described in ref. 41 by coupling diphenylsilane diol
with dimethylchlorsilane. VII (5 mmol) was dissolved in 10 mL
dry THF in a Schlenk ask in a N2 glove box. While stirring, 5
mmol N-methyl-aza-2,2,4-trimethylsilacyclopentane was added
to react with the SiOH groups of VII quantitatively. The mixture
was stirred for 20 min and the solvent was removed by evacu-
ation to 50 mtorr to yield a viscous colorless liquid of the
desired product VIII. NMR characterization are shown in
This journal is © The Royal Society of Chemistry 2015
Fig. S4.† 1H NMR (400 MHz, CDCl3) d 0.12 (–Si(CH3)2CH2); 0.19
(–SiH(CH3)2); 0.44 (–SiCH2); 0.71 (–SiCH2); 0.90 (CH3CH–); 1.77
(CH3CH–); overlapped 2.33 (–NHCH2, –NHCH3); 4.84 (Si–H);
7.32–7.39 and 7.56–7.58 (–C6H5); 7.26 (CDCl3).

13C NMR (100
MHz, CDCl3) d 0.73 (–Si(CH3)2CH2); 1.34 (–SiH(CH3)2); 20.97
(CH3CH–); 24.40 (–SiCH2); 28.93 (CH3CH–); 36.47 (–NHCH3);
61.52 (–NHCH2); 127.6, 129.76, 134.10, 136.09 (–C6H5); 77.00
(CDCl3).

29Si NMR (80 MHz, CDCl3) d �46.03 (–Si(C6H5)2); –4.76
(–SiH(CH3)2); 10.08 (–Si(CH3)2CH2).

B.2.3 Synthesis of amine functionalized Au colloid. Chlor-
o(tetrahydrothiophene)gold(I) (Au(THT)Cl) was synthesized
similar to the work of Uson et al.42 Aliquots of 6 mM Au(THT)Cl
solution in THF in a N2 lled Schlenk ask was added to ice-
cooled vials containing either oligomer IV, V, or VI, or
compound VIII in THF solution (Fig. 1). The amount of olig-
omer used was calculated to result in a functional group (amine
or –Me2BuSi) to Au molar ratio of 10. When SiH reductant was
not an integral part of the oligomer, triethylsilane diluted in
THF was added as the reducing agent 1 h aer mixing. Two
different ratios 3 : 1 and 10 : 1 of SiH : Au were examined. Then
THF was added to result in a total solution volume of 10 mL and
a Au concentration of 3 mM. The mixture was stirred in an ice
bath for another hour. Au/SiO2 was prepared by depositing Au
colloid solution in THF onto Cabosil-L90 and calcined in a
stream of O3 at 150 �C, similar to the work of Mashayekhi et al.39
B.3 Characterization
1H, 13C and 29Si NMR spectra were recorded with an Agilent
DD2 spectrometer, operated at 400 MHz for 1H, 100 MHz for
13C, and 79 MHz for 29Si. NMR spectra of the moisture sensitive
compound were recorded in sealed J. Young NMR tubes. The 1H
and 13C NMR chemical shis, reported relative to SiMe4, were
determined by secondary references to the residual 1H and 13C
peak of the deuterium solvent resonances. 29Si NMR chemical
shis were referenced to TMS at 0.0 ppm. The chemical shis
reported are in ppm and coupling constants in Hz. All the NMR
data were processed and analysed by MNova 9.0 soware.
J. Mater. Chem. A, 2015, 3, 1743–1751 | 1745
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Fig. 2 1H NMR of various sample after addition of Au(THT)Cl to
N–PMHS IV or SiH–N–PMHS V after 1 or 5 h. (Left) region of spectra
that showed resonances of unbound THT (marked by dotted line), NH
(blue ovals), and CH3 + CH2 at d � 2.3 to �2.4 ppm. (Right) expanded
view of the resonances at d � 2.3 to �2.4 ppm.
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High angle annular dark eld (HAADF) STEM images were
obtained using a JEOL 2100-F transmission electronmicroscope
with a eld emission gun at 200 kV, which has a spatial reso-
lution of 0.3 nm. Particle size analyses were performed using
the program Image J. A Brookhaven BI9000 high speed corre-
lator. Dynamic Light Scattering (DLS) instrument was used to
measure the hydrodynamic diameters of the oligomer-coated
Au nanoparticles. The incident light source was a 3 W Ar-ion
laser operating at 514 nm. The sample concentration was
1 mg mL�1 and the cuvette volume was 300 mL. UV-vis
absorption spectra of the Au colloid solutions were acquired
using a HP (Agilent) 8452 diode array spectrophotometer. In a
typical procedure, a freshly prepared Au colloid sample was
diluted to 0.5 mM with cold THF and kept at ice temperature
and away from light until analysis. The procedure was the same
for aged samples that had been stored in the refrigerator at
3 mM concentration.

Small angle X-ray scattering and X-ray absorption measure-
ments of 3 mM Au colloids in THF was measured at the 12-ID-B
and 12-BM-B line of the Advanced Photon Source of Argonne
National Laboratory. The SAXS data were tted with Shulz–
Zimmerman distribution function.
Fig. 3 1H NMR of N–PMHS IV and Au–IV.
B.4 Catalytic reduction of p-nitrobenzaldehyde with
triethylsilane

Triethylsilane (0.05 mL, 0.3 mmol) was added to an ethanol
suspension (1.5 mL) of p-nitrobenzaldehyde (43 mg, 0.28 mmol)
and Au–N–SiH–PMHS (1.5 mL, 3 mM Au in THF). The resulting
mixture was stirred in the dark under N2 for 16 h, aer which
the solvent was evaporated and the products were analyzed by
1H NMR aer dissolving in CDCl3. The resonances of the
aldehyde group of the starting material (10.17 ppm) and the
imine product (10.12 ppm) and the CH2 signal of the alcohol
product (4.84 ppm) were used for quantication.
C Results and discussion
C.1 Interaction of Au(THT)Cl with N–PMHS IV and
N–SiH–PMHS V

The interaction of Au(THT)Cl with the amino groups on
N–PMHS IV and N–SiH–PMHS V were examined as a function of
time using 1H and 13C NMR. Exposure of IV or V to Au(THT)Cl
resulted in three sets of changes in the spectra (Fig. 2, 3, and
S5†): (1) appearance of sharp resonances at d 1.9 and 2.8 ppm
due to unbound THT. (2) Changes in the resonance associated
with the majority of the –NH protons (Fig. 2, highlighted by
ovals) and the protons of N–CH3 and N–CH2– groups at �d 2.3–
2.4 ppm (Fig. 2). (3) Appearance of a broad resonance at d� 2.92
ppm (Fig. 3) assigned to the N–CH3 of the amino groups of IV
coordinated to Au(I), and at d � 2.60 ppm assigned to the
N–CH2– of the same group. These changes will be discussed in
the ensuing paragraphs. It should be noted that with an amine
to Au ratio of 10 in these samples, direct observation of amine
coordination to Au would be difficult because of its limited
concentrations. The large excess of amine also implied that in
the mixture of Au and N–SiH–PMHS, there was a large excess of
1746 | J. Mater. Chem. A, 2015, 3, 1743–1751
–SiH groups to reduce Au(I) to Au(0). This contrasted with the
mixture of Au and N–PMHS where there was�1 residual –SiH to
60 –RNH in the oligomer, which was equivalent to 1 –SiH to 6Au
(determined from NMR peak area of Si–H).

C.1.1 d 1.9 and 2.8 ppm resonances. Aer mixing Au(THT)
Cl and N–PMHS IV or N–SiH–PMHS V, the appearance of
resonances at d 1.9 and 2.8 ppm in the 1H NMR due to unbound
THT and the disappearance of the broad resonances of bound
THT (d 1.9–2.4 and 3.1–3.6 ppm) were indicative of displace-
ment THT originally coordinated to Au (Fig. S5†). A similar
displacement of the THT ligand from Au(I) was also observed in
a control experiment in which diethylamine (Et2NH) was used
instead of N–PMHS (Fig. S6†). These observations were consis-
tent with eqn (1) and with previous reported literature.43 Using
an added standard for quantication, it was determined
that the displacement of THT was complete within 1 h for both
Au–IV and Au–V. The strength of the interaction of amine with
AuCl was purported to derive from hydrogen bonding between
N–H and Cl and aurophilic interactions.44

–NHR + Au(THT)Cl ¼ THT + Au(NHR)Cl (1)
This journal is © The Royal Society of Chemistry 2015
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C.1.2 –NH, N–CH3 and N–CH2– protons. The resonances
of these protons are shown in Fig. 2. The two protons of the
N–CH2– are diastereotopic and appeared as the broad multiplet
at the same general position as the N–CH3 resonance (�d 2.3–
2.4 ppm, right panel). Within �20%, the integrated areas of
–NH, N–CH2– and N–CH3 accounted for all, or at least a large
majority, of the protons associated with the amines in the
samples.

The presence of SiH in V caused rapid reduction of Au(I) aer
mixing and large changes in the resonances of –NH, and
N–CH2– and N–CH3 (Fig. 2). The –NH resonance was shied
from d 0.8 to 2.1–2.4 ppm. The overlapping N–CH2– and N–CH3

peaks now appeared as two peaks, a broader one at d � 2.38
ppm and a narrower one at d � 2.42–3.43 ppm. These extensive
spectroscopic changes indicated structural changes in the
oligomer. We hypothesized that the reduction of Au(I) by silane
resulted in the formation of –SiCl (eqn (2)). The formed –SiCl
could readily react with a nearby free –RNH in the manner
shown in eqn (3) (ref. 45) to form a new silazane bond and the
concomitant protonation of another amine. These structural
modications caused conformational changes of the oligomer
and the observed spectroscopic changes.

2NHRAuICl + 2R3SiH ¼ 2NHRAu0 + 2R3SiCl + H2 (2)

R3SiCl + 2NHR2 ¼ R3Si–NR2 + R2NH2
+Cl� (3)

C.1.3 d � 2.92 and �2.60 ppm resonances. The third
spectroscopic change aer mixing Au(THT)Cl with IV was the
appearance of a new broad resonance at d � 2.90 ppm (Fig. 3).
This new resonance was observable only for this Au–IV mixture
and not for the Au–Vmixture, or in samples without Au. Thus, it
was due to the interaction of Au(I) with IV. We assigned this
peak to the protons of N–CH3 that was directly ligated to Au(I)Cl.
The assignment was supported by HSQC data (Fig. S8†).

The assignment of the very broad, low intensity peak around
d 2.60 ppm to N–CH2– of the amine ligated to Au(I) was also
based on HSQC results, but was less denitive due to the low
intensities of the resonance peaks consequent of the protons
being diastereotopic and being split by multiple neighboring
Table 1 Average Au particle size in different preparations

Amine and silane carrier

Synthesis solution conditionsa

[Olig]b or [trisiloxane] mM [Amine]c mM

a N–SiH–PMHS V 1.6 30
b Et3SiH + N–PMHS IV 0.8 30
c Et3SiH + N–PMHS IV 0.8 30
d Trisiloxane VIII 30g 30
e Et3SiH + N–PMHS IV 0.8 30

a N/Au atomic ratio was 10. b Based on an average of 38 siloxane units pe
units and assuming an average of 38 siloxane units per oligomer. d Based
particles onto SiO2 and thermal treatment in an O3 atmosphere at 150 �C
sample a.

This journal is © The Royal Society of Chemistry 2015
protons (Fig. S8†). Nonetheless, the assignment was supported
by the fact this correlation in HSQC was more obvious when the
Au concentration was increased to an amine/Au ratio of 2.5
(Fig. S9†).

The ratio of ligated amine to Au was 1.6 and 1 for the mixture
of IV and Au(THT)Cl when the amine/Au ratios were 10 and 2.5,
respectively. In contrast, the ratio was 2 using the model
compound Et2NH. This lower ratio for Au–IV could be due to the
fact that in IV, there might not be two amino groups in the same
vicinity and the right conguration to coordinate to Au(I)
simultaneously.

Addition of the reductant Et3SiH to the solution of IV bound
to Au(I) (amine/Au ¼ 2.5) caused the d 2.90 ppm peak to
disappear within 10 min (Fig. S10†), thus further conrming
that this peak was associated with amines coordinated to Au(I).
This was also in line with the observation that this peak
decreased in intensity 5 h aer mixing Au(THT)Cl and IV, which
could be explained by the small amount of residual SiH groups
in IV, and its absence in the Au–V samples that had little
unreduced Au.
C.2 Determination of particle size and stability of Au
colloidal particles

The importance of the role of oligomer and the proximity of
ligating amine and silane reductant on the Au particle size was
examined by using four different combination of silane reduc-
tant and amine ligands:

(1) amine and silane on the same oligomer (N–SiH–PMHS V).
(2) Amine on oligomer and silane added independently

(Et3SiH + N–PMHS IV).
(3) Oligomer possessing silane but no amine (Me–SiH–

PMHS VI).
(4) Trisiloxane molecule containing both silane and amine

(HSiMe2OSiPh2OSiMe2C4H8NHCH3 VIII).
In all these experiments, the Au/amine ratio was kept the

same at 10. Additional experiments were conducted to examine
the effect of preparation temperature and Au/SiH ratio. Table 1
shows the result of these experiments where the average Au
particle sizes were determined from STEM and representative
STEM images are shown in Fig. 4. Not shown in the table is the
preparation using an oligomer without amine ligand (Me–SiH–
Au colloid diameter (nm) Au/SiO2 diameterf (nm)Au/SiH T (�C)

1 : 10 0 0.69 � 0.13d 0.92 � 0.70d

1 : 3 0 0.89 � 0.24d 1.95 � 0.67d

1 : 10 0 0.94 � 0.32d 1.87 � 0.72d

1 : 10 0 3.05 � 2.51e 4.03 � 3.09e

1 : 3 25 2.55 � 1.94e 2.99 � 1.89e

r oligomer. c Calculated using the extent of conversion of SiH to amino
on 200 particles. e Based on 500 particle. f Aer deposition of colloidal
. g Same concentration of SiO unit as that present in the preparation of
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PMHS VI) which produced large nonuniform Au agglomerates
>10 nm (STEM image Fig. S11†). Thus, not surprisingly, stabi-
lization by amine ligands is essential for the formation of small
Au particles.

A comparison of sample a, prepared using N–SiH–PMHS V
with both silane and amine present in the oligomer, and sample
c, prepared with N–PMHS IV that did not possess silane, showed
that both the Au particle size and size distribution (Table 1)
were smaller for synthesis mediated with V. The contribution of
the proximity of silane and amine to these differences may be
minor as our NMR results established that Au(I) was bound to
the amine upon mixing of Au(THT)Cl and IV. Thus, when Au(I)
was reduced by the externally added silane, a high concentra-
tion of amines was in the proximity of Au, and the environment
would be similar to the reduction of Au using V. On the other
hand, the two synthesis were conducted with different
concentrations of oligomers in order to maintain an identical
concentration of amine. Since V had half the amount of amine
as IV, its concentration was twice as high. Thus, the Au density
per oligomer V was half of that per oligomer IV. The lower Au
density would result in a thicker layer of the viscous siloxane
surrounding every Au particle, which should be more effective
in retarding agglomeration by inter-oligomer diffusion of Au
particles.

The importance of steric barrier rather than the proximity of
the reducing and ligating functionalities in controlling the Au
particle size was further underscored by the large and highly
non-uniform Au particles present in sample d. This preparation
was conducted under identical conditions as sample a, except
that a small molecule disiloxane VIII was used. Although VIII
also possessed both SiH and amine functionalities, it was much
less effective in providing steric barrier than the long exible
oligomer V in deterring Au particle agglomeration.

When the silane Et3SiH was added externally, the prepara-
tion using a lower concentration of reductant resulted in
smaller Au particles (compare samples b and c). Possibly, this
was because the rate of reduction was slower at a lower reduc-
tant concentration, allowing more effectively amine coordina-
tion before Au agglomeration could take place. That the rate of
reduction was important was consistent with the experiments to
Fig. 4 STEM images of the Au colloid, (a)–(e) corresponded to
experiments 1 to 5 in Table 1, respectively. Scale bar is 20 nm.

1748 | J. Mater. Chem. A, 2015, 3, 1743–1751
examine the effect of preparation temperature. With all other
synthesis parameters identical, the Au particles prepared at ice
temperature were smaller and more uniform than those
prepared at room temperature (compare samples b and e). At a
higher temperature, both the reduction rate and mobility of Au
were expected to be higher, which would lead to larger Au
particles.

In addition to ST0045M, other techniques were also used to
characterize the Au–siloxane colloidal complexes. Dynamic light
scattering (DLS), which provides information about the hydrody-
namic diameters of colloidal particles, showed that the mean
sizes of the colloidal particles were 1.5, 2.0, 2.7, and 5.6 nm,
respectively for samples a–d (Fig. S12†), consistent with the trend
found with STEM. Since the DLS data reected the size of the
colloid particles, that is, Au particles embedded in a shell of
organosiloxane oligomers, the particle sizes determined by this
method was expected to be slightly larger than the Au particle size
derived from the STEM data. For similar reasons, SAXS charac-
terization of sample a (Fig. S13†) also showed much larger parti-
cles than those derived from STEM. XANES spectra of all these
samples conrmed that all the Au were metallic (Fig. S15†).

Since the intensity of the DLS signal is proportional to
(diameter),6 the very narrow size distribution shown in the data
indicated sample uniformity – a testimony that the method
reported here was indeed facile and versatile, as no purication
or separation step was employed aer mixing the Au precursor
and the oligomer.

UV-visible spectroscopy was also used to characterize the Au
colloids. As shown in panel A of Fig. 5, only sample d showed
the characteristic surface plasmon resonance at 525 nm for Au
nanoparticles >2 nm.1 Spectra of all other samples showed only
weak features: small peaks at 330 and 280 nm for sample a, the
barely detectable absorption at �560 and �410 nm, and more
intense absorption at 330 nm for sample b. For sample c the
absorptions at 560, 410, and 330 became easily identiable.

The small absorption features detected for samples a–c
suggested the presence of signicant concentrations of some
well-dened species. It has been shown by matrix isolation that
atomic to trimeric Au showed electronic transitions within 200–
400 nm due to transitions between discrete HOMO–LUMO
levels.46 For Au clusters encapsulated in well-dened poly(-
amidoamine) dendrimers, Zheng et al.47 reported that the
maxima of the excitation spectra for Au5, Au8 and Au13 clusters
were 332, 385 and 431 nm, respectively. Negishi et al. found that
the absorbance maximum of their glutathione capped clusters
ranged from 330 nm to 570 nm for clusters with Au core sizes
that ranged from 10–22.48 Thus literature results suggested that
these absorption features corresponded to very small Au clus-
ters (<1 nm) It is likely that many of these clusters were too
small to be observed with the STEM instrument we used (limit
�0.6 � 0.2 nm). Thus, in samples where UV-vis data suggested
their presence, the average particle size of these samples should
be smaller than those shown in Table 1. The variation of the
density of these smaller particles were consistent with the
trends determined by STEM.

These colloidal particles were quite stable on storage in the
absence of light in a refrigerator. Nonetheless there was
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 UV-visible spectra of samples a–d listed in Table 1. Panel A:
spectra taken 2 h after completion of synthesis and panel B: 4 weeks
later. The spectra for samples b–d in panel A were displaced verti-
cally from the baseline by 0.25 absorbance unit for clarity. HPLC
grade THF was the solvent for samples. a–c in panel A, whereas
research grade was used for sample d. The concentrations of Au
were the same for all samples.

Fig. 6 STEM images of Au/SiO2; images (a)–(e) corresponded to
samples in Table 1 (last column). Scale bar is 20 nm.

Scheme 2 Catalytic conversion of p-nitrobenzaldehyde catalysed by

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
5 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Pe

nn
sy

lv
an

ia
 L

ib
ra

ri
es

 o
n 

13
/0

4/
20

15
 0

3:
42

:0
6.

 
View Article Online
evidence of agglomeration with time. As shown in Fig. 5 panel
B, aer 4 weeks of storage, with the exception of sample a the
other samples all developed the plasmon peak around 520 nm
that was characteristic of Au nanoparticles. Even the origi-
nally colorless solution of sample a turned brown, suggesting
some degree of agglomeration. Since the Au particles in these
samples were surrounded by siloxane oligomers, the initial
growth of Au clusters probably occurred within the same Au–
PMHS colloidal particle. With time, collisions between
colloidal particles occurred where interparticle exchanges of
Au particles took place that enabled their subsequent
agglomeration.

Another measure of stability was to examine the degree of
particle agglomeration aer thermal treatment. We depos-
ited these colloidal particles onto silica and thermally treated
them in an O3 atmosphere at 150 �C to remove all the
This journal is © The Royal Society of Chemistry 2015
organics and convert the siloxane into SiO2. Particle growth
occurred, but the Au particle sizes and uniformity for the
different samples maintained the same trend as
was observed for the parent colloidal samples (Table 1 and
Fig. 6). The average Au particle size of sample a remained
subnanometer.
C.3 Accessibility of Au colloids surface

Sample a was chosen to test for catalytic activity to see
whether Au clusters embedded in the oligomer was accessible
to reactants. The test reaction was p-nitrobenzaldehyde
reduction by triethylsilane (Et3SiH) using equimolar quanti-
ties of the two reactants (Scheme 2). In this reaction, the
product IX was formed by rst reduction of p-nitro-
benzaldehyde to p-aminobenzaldehyde, followed by the
subsequent domino reaction of p-aminobenzaldehyde
coupling with the nitrobenzaldehyde to form an imine bond.
At the end of reaction, there were �20% compound IX and
�8% p-nitrobenzyl alcohol in the product. Since the forma-
tion of each molecule IX consumes six silanes, the result
indicated complete consumption of silane. In the absence of
the Au colloid from Expt 1, the yield of IX and p-nitrobenzyl
alcohol were only 2% and 5%, respectively. Thus, the Au
colloid was an active catalyst, and the Au particles were
accessible for reaction.
sample a.
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D Conclusions

Using the preparation of Au particles, we demonstrated a
practical, convenient and facile method that does not rely on
strong stabilizers to prepare metal colloids. The synthesis is
mediated by siloxane oligomers containing both reducing (SiH)
and ligating (amine) functionalities and permits controlled
variation of metal particle size at subnanometer scale. Variation
of the ratios of these functionalities and using small model
molecules allowed us to identify relevant synthesis parameters,
such as the extent of steric and ligand stabilization and the rates
of reduction, that affect the properties of the resultant Au
particles. Monitoring the synthesis with NMR at different stages
of the synthesis showed the ready displacement of THT from Au
by amines in the oligomer with the concomitant appearance of
new NMR peaks associated with amines bound to Au(I). These
peaks subsequently disappeared with the reduction to metallic
Au.

The Au particles obtained by this method were quite stable,
even aer oxidation treatment to remove the organics. Since the
principles used here are general, this method should be appli-
cable to the synthesis of subnanometer particles of other sup-
ported late transition metals. Thus, it could have many
potential applications when such particles are called for, such
as in sensors and catalysis.
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