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ABSTRACT: Synthesis methods for the preparation of monodisperse, supported nanoparticles remain problematic. Traditional
synthesis methods require calcination following nanoparticle deposition to remove bound ligands and expose catalytic active
sites. Calcination leads to significant and unpredictable growth of the nanoparticles resulting in polydisperse size populations.
This undesired increase in nanoparticle size leads to a decrease in catalytic activity due to a loss of total surface area. In this work,
we present the use of silylamines, a class of switchable solvents, for the preparation of monodisperse, supported nanoparticles.
Silylamines are switchable molecules that convert between molecular and ionic forms by reaction with CO,. Upon addition of an
alkane, the switchable solvent behaves as a switchable surfactant (SwiS). The SwiS is used to template nanoparticles to aid in
synthesis and subsequently used to release nanoparticles for deposition onto a support material. The use of SwiS allowed for the
preservation of nanoparticle diameter throughout the deposition process. Finally, it is demonstrated that supported gold
nanoparticle catalysts prepared using SwiS are up to 300% more active in the hydrogenation of 4-nitrophenol than their

traditionally prepared analogues.

B INTRODUCTION

Traditional synthetic methods of preparing supported nano-
particle catalysts typically require activation steps that
significantly impact properties of the resulting catalyst, affecting
characteristics such as size and shape and ultimately reduce
catalytic activity of the nanoparticles on the catalyst support.'
Precipitation and impregnation synthesis methods rely on
physical processes that convert a metal precursor solution to a
solid material followed by additional activation steps.”*
Precipitation often leaves the catalyst vulnerable to poisoning
throu$h the incomplete removal of anions during washing
steps. Additionally, impregnation methods generally lead to
the formation of large and polydisperse nanoparticle
populations.s_7 In contrast to precipitation and impregnation
methods, colloidal synthesis techniques have the advantage of
nanoparticle size control via the use of stabilizing ligands. In
many cases, nanoparticle size can be manipulated by varying
ligand concentration® " where increased concentrations of
ligand inhibit nucleation and growth of the nanoparticle. After
synthesis, the nanoparticles may be deposited onto a support
material via methods similar to impregnation and precipitation.
Calcination is required to remove the stabilizing ligands that
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block catalytic active sites prior to use. It has been reported in
the literature that exposure of nanoparticles to elevated
temperatures significantly increases nanoparticle size, resulting
in decreased total surface area.”''™'* While chelating agents
can be used to diminish or control the size change during
calcination,'* the inevitable size changes remain unpredictable.
This unpredictability is not conducive to size-dependent studies
or reactions that require fine control over nanoparticle size.
Therefore, colloidal synthesis routes possess many of the same
drawbacks as traditional heterogeneous catalyst synthesis
techniques. Developing methods of supported nanoparticle
synthesis and preparation in which nanoparticle size is finely
controlled remains a nontrivial task. To our knowledge, a facile
method for developing size-controlled, supported nanoparticle
catalysts has yet to be established. In this study, we present the
use of stabilizing ligands with switchable moieties, which offer
novel strategies to avoid the drawbacks of calcination.
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Switchable molecules are those that can undergo reversible
structural changes in response to an external stimulus. One
class of switchable solvents, termed reversible ionic liquids
(RevIL), was originally designed for CO, sequestration.” " In
these systems, a silylamine molecular liquid (i.e., a nonionic
liquid) can be converted to an ionic liquid by reaction with
CO, forming ammonium—carbamate ion pairs (see Scheme
1)." Tt is accepted in the literature that the equilibrium reaction

Scheme 1. Reversible Reaction of a Silylamine Molecular
Liquid with CO, To Form a Reversible Ionic Liquid
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of CO, with a primary amine in traditional organic solvents
produces a 2:1 amine to CO, mole ratio consisting of only
ammonium and carbamate ion pairs.'*"** Upon heating the
ionic liquid to its unique reversal temperature, the CO, is
released and the original amine is restored. The reversible
nature of these liquids can be leveraged to prepare
monodisperse nanoparticles as demonstrated by Ethier et al.”’
It is hypothesized that the mechanism behind the solubility of
the gold precursor in the RevIL involves multiple equilibria that
promote self-assembly of the reversible ionic surfactant through
a reverse micelle formation during the synthesis of stabilized
gold nanoparticles.””™** In this work, we demonstrate that
RevIL dissolved in a hydrocarbon act as switchable surfactants
(SwiS) to aid in the preparation of monodisperse nanoparticles
and facilitate the deposition of surface-clean nanoparticles onto
a catalyst support, eliminating the need for additional activation
steps.

B EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0;
49% Au), platinum(0)—1,3-divinyl-1,1,3,3-tetramethyldisiloxne (Pt—
DVDS; ~2% platinum), allylamine (C;H;NH,; 98%), and triethylsi-
lane (C4H,sSi; 99%) were obtained from Sigma-Aldrich. Sodium
borohydride (NaBH,; >97%), 1-hexanol (C¢H,O, 99%), and silica
(Si0O,; 0.060—0.2 mm) were obtained from Alfa Aesar. 4-Nitrophenol
(C¢H3NO3; 98%) and 1-dodecanethiol (C;,H,¢S; 98%) were obtained
from Acros Organics. Toluene (C,Hg >99.5%), n-hexane (C¢H,;
>95%), trisodium citrate (Na;C¢H;O5; >99%), and hydrochloric acid
(HCl; 36.5—-38%) were obtained from J].T. Baker. Acetonitrile
(C,H3N, HPLC grade) was obtained from Fisher Chemical. The

200 mesh carbon/formvar-coated copper grids were purchased from
Ted Pella. Toluene was dried over molecular sieves for at least 24 h
prior to use. All other materials were used without further purification.

Synthesis of 3-Aminopropyltriethylsilane Molecular Liquid.
3-Aminopropyltriethylsilane (APTES) is not commercially available
and therefore was synthesized according to a literature procedure."
Triethylsilane (160 mmol, 1 equiv) and Pt—DVDS (1.6 mmol, 0.001
equiv) were mixed in a 250 mL round-bottom flask under nitrogen at
room temperature. 80 mL of toluene was added to the reaction flask
under magnetic stirring. The allylamine (320 mmol, 2 equiv) was
added to the flask. The temperature was increased to 110 °C, and the
reaction was allowed to proceed under refluxing toluene for 24 h. The
conversion was monitored by '"H NMR on a Bruker DRX 400. The
crude product was then vacuum distilled at 3 Torr and 65 °C. The
purified product was stored under dry nitrogen. "H NMR with CDCl,
was used to confirm the structure and purity of APTES. "H NMR (400
Hz, CDCly), &: 2.57 (t, 2H, —CH,NH,), 1.33 (m, 2H,
—CH,CH,CH,), 0.99 (s, 2H, —NH,), 0.84 (t, 9H, —CH,CH,), 0.44
(t, 2H, —CH,(CH,),NH,), 0.41 (q, 6H, —CH,Si).

Reversible lonic Liquid Formation. 4 mL of the synthesized
APTES molecular liquid was added to a sealed and nitrogen purged
vial containing a magnetic stir bar. The sample was sparged with CO,
using a stainless steel needle to form the RevIL. The mass of the vial
was measured every 10 min. Sparging was stopped when no mass
change was seen for three consecutive measurements (~3 h).

Switchable Surfactant-Stabilized Gold Nanoparticle Syn-
thesis. Switchable surfactant (SwiS)-stabilized gold nanoparticles
were synthesized using a modified version of a method available in the
literature.”® HAuCl,-3H,0 (0.0298 g; 0.076 mmol) was dissolved in
the RevIL (3.9911 g; 0.010 mol). 17.6 mL of hexane was added to the
vial. The resulting one-phase solution was mixed at 600 rpm until the
HAuCl, was completely dissolved. 400 L of a 0.1 M aqueous solution
of NaBH, was added to the vial while stirring at 600 rpm. The
resulting solution was stirred for 30 min to allow for complete
reduction of the gold precursor. A small aliquot of the nanoparticle
solution was diluted with hexane and deposited on a carbon/formvar-
coated copper grid via drop-casting.

1-Dodecanethiol-Stabilized Gold Nanoparticle Synthesis.
Trisodium citrate-stabilized gold nanoparticles were synthesized
using a procedure available in the literature.*® Stock solutions of 0.5
mM aqueous trisodium citrate and 0.5 mM gold chloride were
prepared. 10 mL of each stock solution was added to a 25 mL round-
bottom flask under magnetic stirring. 100 uL of 0.1 M aqueous NaBH,,
was added to the reaction flask. The solution was stirred at S00 rpm
for 20 min.

The citrate-stabilized gold nanoparticles were phase-transferred into
an organic phase for deposition onto the support. 10 mL of hexane
containing 50 uL of 1-dodecanethiol was added to 20 mL of the
nanoparticle solution in a round-bottom flask. 2 mL of HCI was added
to the flask. The flask was capped and shaken vigorously for 1 min.
The aqueous phase was removed and discarded. The remaining

Table 1. Deposition Conditions, Nanoparticle Sizes, Gold Loadings, and Gold Surface Atoms for All Catalyst Samples”

supported nanoparticle

diameter

(nm)

Au surface atoms/g catalyst X
gold loading (mg Au/g catalyst) 10"

deposition volume support mass

(mL hexane) (g Si0,) precalcination  postcalcination  precalcination postcalcination  precalcination  postcalcination
SwiS-stabilized 52.5 1.5 33+ 0.6 7.6 + 2.5 0.157 + 0.003 0.449 + 0.003 61.1 + 3.4 106.0 + 1.9
52.5 3 34 +0S5 5.6 + 1.8 0.170 + 0.004 0.398 + 0.008 439 + 1.6 132.6 £ 9.1
102.5 1.5 33+ 06 6.1 + 1.7 0.266 + 0.005 0.772 + 0.004 57.6 + 1.6 1129 + 32
102.5 3 33 +0.7 6.1+ 19 0.177 + 0.004 0.475 + 0.000 66.1 +2.2 109.1 + 4.1
152.5 1S 33+07 63 + 19 0.226 + 0.004 0.654 + 0.017 46.6 + 2.9 76.7 + 2.3
152.5 3 34 + 0.6 5.6 + 1.8 0.163 + 0.003 0.368 + 0.004 72.8 + 3.7 75.6 + 1.9
thiol-stabilized 3.7+ 1.0 133+ 7.1 0.050 + 0.001 0.185 + 0.003 257 + 1.9

“Volume of the deposition solution was manipulated by addition of hexane. Diameter of the dispersed SwiS and thiol-stabilized nanoparticles was 3.4

+ 0.7 and 8.4 + 2.3 nm, respectively.
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organic phase containing the nanoparticles was washed with DI water
three times. A small aliquot of the nanoparticle solution was diluted
with hexane and deposited on a carbon/formvar-coated copper grid via
drop-casting.

Nanoparticle Deposition. The SwiS-stabilized gold nanoparticles
were deposited in six unique conditions. For each of the six conditions
described in Table 1, 2.5 mL of the prepared nanoparticle solution was
added to a 250 mL Erlenmeyer flask containing a large stir bar. Hexane
(50, 100, or 150 mL) was added to the flask. Silica (1.5 or 3 g) was
subsequently added to the flask. The mixtures were stirred at 400 rpm
for the duration of the deposition process. The Erlenmeyer flasks were
heated to reflux conditions (69 °C) and held for 30 min. The resulting
solution was allowed to cool to room temperature. The colorless
supernatant was removed and discarded. The remaining supported
nanoparticles were thrice washed with 5 mL of hexane. The
Erlenmeyer flasks containing the supported nanoparticles were placed
in a vacuum oven set at 45 °C until the samples were dry.

The thiol-stabilized nanoparticles were deposited by adding 10 mL
of nanoparticle solution to a 250 mL Erlenmeyer flask containing a
large stir bar. 50 mL of hexane and 3 g of silica gel were added to the
flask. The flask was heated to reflux conditions (69 °C) while stirring
and held for 30 min before cooling to room temperature. The colorless
supernatant was removed and discarded. The supported nanoparticles
were thrice washed with 5 mL of hexane then placed in a vacuum oven
set at 45 °C until dry.

Calcination. 0.5 g of each of the six samples was calcined in air in a
furnace. The temperature was ramped at S °C/min to 500 °C from
room temperature, held for 2 h, and then allowed to cool to room
temperature.

Nanoparticle Characterization. Nanoparticle size was deter-
mined using transmission electron microscopy (TEM) utilizing an FEI
Technai G2 T20 Twin TEM with an operating voltage of 200 kV.
Samples were diluted in hexane and drop-cast onto 200 mesh carbon/
formvar-coated copper grids. Image analysis was performed using
Image]J software. A minimum of 500 dispersed nanoparticles and 300
supported nanoparticles were manually sized for each sample by
measuring the longest particle axis.

Dispersed nanoparticle concentrations and supported nanoparticle
gold loadings were determined with inductively coupled plasma-mass
spectroscopy (ICP-MS) utilizing an Agilent 7700 at the Peter Hooper
GeoAnalytical Lab at Washington State University. A known mass of
catalyst (or volume of dispersed nanoparticles) was digested in aqua
regia and diluted to 2% HNO; for analysis.

Nanoparticle surface area was determined using a modified method
available in the literature.”” Chemisorption of 1-dodecanethiol was
measured in order to determine the number of accessible gold surface
atoms. For each sample, a known concentration (typically ~2.5 mM)
solution of 1-dodecanethiol in acetonitrile (MeCN) was prepared.
Roughly 200 mg of each catalyst sample and pure silica support were
individually suspended in 3 mL of the 1-dodecanethiol solution and
allowed to stir in a sealed flask for 24 h. The suspension was then
quantitatively filtered through a syringe filter with a 0.2 pm nylon
membrane into a 10 mL volumetric flask and the filter washed with
approximately 6 mL of MeCN. 1-Hexanol was added to the volumetric
flask as an internal standard such that the final concentration of 1-
hexanol was 0.5 mM. The resulting solution was brought to 10 mL
with MeCN to be analyzed with a gas chromatograph (GC) with a
flame ionization detector. A ThermoFisher Trace 1300 GC was
calibrated with six solutions of 1-dodecanethiol varying in concen-
tration from 300 to 2000 uM, each containing 0.5 mM 1-hexanol.
Filtrates of all samples were analyzed by GC to determine the
concentration of 1-dodecanethiol that remained in solution after
adsorption. The difference in 1-dodecanethiol concentration before
and after filtration was assumed to be adsorbed on the gold surface
(taking into account any 1-dodecanethiol potentially adsorbed on to
the silica support).

Fourier transform infrared spectroscopy (FTIR) was used to
characterize the catalyst surface as well as the molecular and ionic
liquid utilizing a ThermoScientific Nicolet IS10. Spectra were collected
from 650 to 4000 cm™".

Catalytic Activity Evaluation. The catalytic reduction of 4-
nitrophenol was used to evaluate the activity of the catalyst samples
(see Scheme 2). 16.8 mL of DI water was added to a 25 mL round-

Scheme 2. Gold-Catalyzed Reduction of 4-Nitrophenol to 4-
Aminophenol Proceeding through the 4-Nitrophenolate
Intermediate

OH O™ Na* OH
NaBH4 Au NPs
H,0
NO, NO, NH,

bottom flask with a magnetic stir bar. The contents of the flask were
stirred at 500 rpm for the duration of the experiment. 0.6 mL of a 3
mM aqueous solution of 4-nitrophenol was added to the reaction flask
followed by 0.6 mL of a 3 M aqueous solution of NaBH,. The reaction
solution rapidly turned bright yellow, indicating the formation of the 4-
nitrophenolate ion. 1 mL of the reaction solution was transferred to a
polystyrene cuvette with a 1 cm path length and then analyzed via
UV—vis on an Agilent Cary Series 100. The absorbance value at 400
nm was taken as the initial absorbance of 4-nitrophenol. A known mass
of catalyst sample (typically 0.05 g) was added to the reaction flask and
a timer was immediately started. Samples were taken at 1 min intervals
and immediately filtered through a syringe filter with a 0.2 ym nylon
membrane for UV—vis analysis. Samples were taken until the reaction
was complete, indicated by a color change from yellow to colorless. All
activity tests were run in triplicate.

B RESULTS AND DISCUSSION

The gold nanoparticles from a single synthesis batch were
deposited in six unique conditions (e.g, varying mass of
support and metal concentration) to allow for a range of
dispersion of the nanoparticles across the support and then
characterized to determine size distributions and catalytic
activity. In this study, we focus only on APTES while other
groups have previously considered the effect of silylamine alkyl
chain length on nanoparticle size.”> The deposition conditions
are summarized in Table 1. For each deposition of SwiS-
stabilized nanoparticles, approximately 0.83 mg of Au was
present in solution. The catalysts synthesized with SwiS were
compared to a traditionally prepared supported nanoparticle
catalyst: thiol-stabilized gold nanoparticles from a modified
Turkevich synthesis.”®

Effect of Deposition on Nanoparticle Size. The average
size of the synthesized dispersed thiol-stabilized nanoparticles
was 84 + 2.3 nm. After deposition, the average diameter
decreased significantly to 3.7 + 1.0 nm. We attribute this
apparent decrease in average size to Ostwald ripening and thiol
etching during the deposition process such that a small
population of very large nanoparticles exists but is not
accurately represented in the TEM analysis.

In contrast to the thiol-stabilized nanoparticles, we observe
no statistically significant (determined by a single-factor
ANOVA analysis and Tukey HSD* with p > 0.05 in all
cases) change in nanoparticle size during deposition of the
SwiS-stabilized nanoparticles in any of the conditions as shown
in Table 1 and Figure 1. We note that this occurs at high gold
loading values when compared to the thiol-stabilized nano-
particles. SwiS-stabilized nanoparticles maintain size through-
out deposition to an extent that traditionally prepared
nanoparticles cannot.

Effect of Calcination on Nanoparticle Size. Ligand-
stabilized nanoparticles typically require a high-temperature
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Figure 1. TEM micrographs and size distributions of a catalyst
prepared with SwiS: (a) dispersed nanoparticles, (b) supported
nanoparticles prior to calcination, and (c) supported nanoparticles
after calcination. The catalyst was prepared with a deposition volume
of 152.5 mL and 3 g of support.

calcination to remove the ligand and expose active sites.”””" As
demonstrated in Figures 2 and 3, the thiol-stabilized nano-
particles used in this study were not catalytically active prior to
calcination. While calcination is required to remove stabilizing
ligands, this exposure to high temperatures significantly affects
nanoparticle size. The size of the previously thiol-stabilized
nanoparticles increased by approximately 260% from 3.7 + 1.0
to 13.3 + 7.1 nm due to calcination.

We hypothesize that the SwiS-stabilized dispersed nano-
particles are deposited onto the support via the reversal of the
SwiS to molecular form and, thus, releasing from the surface of
the nanoparticle. The size increase due to calcination in the
SwiS samples was 130% (increasing from 3.3 + 0.6 to 7.6 + 2.5
nm) in the worst case and only 65% (increasing from 3.4 + 0.6
to 5.6 &+ 1.8 nm) in the best case. The diminished occurrence of
nanoparticle growth in the SwiS samples indicates a more
robust supported nanoparticle and one that is resistant to
sintering. This resistance to sintering occurs even at relatively
high catalyst loadings. Although comprehensive studies have
not yet been completed, it is hypothesized that the diminished
occurrence of sintering in catalysts prepared with SwiS is the
result of the lack of a compressed ligand layer between the
nanoparticle and support surface. The presence of the thiol
ligand on the traditionally prepared catalyst increases the
nanoparticle—support distance, leading to weak van der Waals
interactions between the nanoparticle and support surface.
During calcination, these weak van der Waals interactions allow
for nanoparticle migration and agglomeration. In contrast, the
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Figure 2. Specific rate constants of supported nanoparticle catalysts
(a) before calcination and (b) after calcination. Asterisk () indicates
no observed catalytic activity.
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Figure 3. Turnover frequencies for all catalyst samples (a) before
calcination and (b) after calcination. Asterisk () indicates no
observed catalytic activity.

reversal of the SwiS and the subsequent release of bare
nanoparticles allows for direct deposition onto the support
surface without a compressed ligand layer. As a result, stronger
van der Waals attractions exist between the nanoparticles and
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support surface, thus limiting the migration and agglomeration
at high temperatures in SwiS-prepared samples.

Catalyst Loading. Gold loading values were calculated for
all supported catalysts samples based on ICP-MS data collected
before and after calcination. These values are displayed in Table
1. Prior to calcination, it was expected that the samples
prepared with 3 g of support material would display roughly
half the gold loading as the samples prepared with 1.5 g of
support material. As displayed in Table 1, the catalysts generally
follow the expected trend with the exception of the catalyst
prepared with 1.5 g of support and a deposition volume of 52.5
mL. We see a significantly lower gold loading value than
expected for this sample, which we attribute to either
incomplete deposition of nanoparticles onto the support or
deposition of nanoparticles on the glassware. After calcination,
there is a significant increase in mass of gold per gram of
catalyst, indicating the removal of water or other remaining
species interacting with the catalyst surface. This observation is
further addressed later using spectroscopic techniques.

Catalytic Activity. Apparent rate constants obtained from
catalytic activity testing were converted to specific rate
constants using gold loading values from ICP-MS and are
shown in Figure 2. Specific rate constants are used as a measure
of overall nanoparticle mass utilization. Prior to calcination,
only the catalysts prepared with SwiS are catalytically active as
the presence of the thiol ligand blocks active sites. The catalysts
prepared with 3 g of support have higher specific rate constants
than those prepared with 1.5 g of support in every case. We
hypothesize that the enhanced rates of these samples are due to
better dispersion of the nanoparticles across the surface of the
support and decreased formation of multilayers of nanoparticles
as the samples with 3 g of support provide greater deposition
surface area. The SwiS sample with the highest specific rate
(52.5 mL, 3 g) is approximately 60% more active than the next
most active sample. Postcalcination, catalytic activity was
observed in the thiol-prepared sample as stabilizing ligands
were thermally degraded. The most catalytically active SwiS
sample prior to calcination is approximately 300% more active
than the catalyst prepared with thiol after calcination, indicating
the presence of available active sites on the SwiS catalysts prior
to calcination. In general, calcination significantly reduced the
catalytic activity of the SwiS-prepared samples. The decrease in
catalytic activity after calcination is a result of a loss of total
nanoparticle surface area due to nanoparticle growth. Despite
the reduction in activity, five of the six catalysts prepared with
SwiS remained significantly more active than the catalyst
prepared with the thiol. The catalyst with the highest specific
rate after calcination is approximately 120% more active than
the catalyst prepared with the thiol.

In order to obtain a better comparison of fundamental
catalysis, specific rate constants were converted to turnover
frequencies (TOF) before and after calcination by quantifying
the surface area of gold on the catalyst samples. TOF is defined
as

TOF=m

Np

where nyp is the number of moles of 4-nitrophenol consumed,
f1p, is the moles of gold surface atoms (shown in Table 1), and ¢
is the time of reaction. TOF for all samples are displayed in
Figure 3. Similar to the specific rate constants, TOF of the SwiS
samples prior to calcination are significantly higher than TOF
after calcination in every case. The sample with the highest

TOF (also the sample with the highest specific rate constant) is
roughly 80% larger than the next highest sample. Additionally,
the sample with the highest TOF is roughly 500% larger before
calcination than the catalyst prepared with thiol after
calcination. As is the case with the specific rate constants,
every catalyst prepared with SwiS has a higher TOF than the
catalyst prepared with thiol both before and after calcination,
indicating the presence of sites that are fundamentally more
active on the catalysts synthesized with SwiS. One would expect
all of the TOF values prior to calcination to be relatively similar
as the main contributing factor to TOF variability is
nanoparticle size: larger nanoparticles typically possess a
decreased fundamental catalytic activity.”> Considering every
catalyst sample exhibits the same average nanoparticle size prior
to calcination, very little site-to-site variability was expected.
The underlying reasons for this phenomenon are unclear
without further investigation.

An interesting trend is seen in the number of surface atoms/g
catalyst before vs after calcination as shown in Table 1. It was
expected that the number of Au surface atoms would decrease
after calcination due to an increase in average nanoparticle size;
however, the opposite is seen. While nanoparticle size does
increase, the number of Au surface atoms also increases while
TOF decreases. This shows further evidence that an unknown
species is possibly interacting with the surface of the catalyst
and blocking active sites prior to calcination. However, the fact
that TOF decreases after calcination implies that the catalysts
are significantly more active prior to calcination even with a
species potentially blocking active sites.

FTIR was used to address the presence of unknown species
on the surface of the SwiS catalysts prior to calcination. FTIR
spectra of all synthesis components are shown in Figure 4. The
molecular liquid is evidenced by the CH, peak at 2900 cm™
and the N—H stretching band at 3250—3370 cm™". A CH, peak
is again seen in the ionic liquid spectrum; however, the
presence of the ionic species is characterized by a shift in the
N—H stretching band at 2600—3100 cm ™', corresponding to
the ammonium cation as well as the presence of the asymmetric
CO,” stretch of the carbamate anion at 1575 cm™.'” The
dispersed SwiS nanoparticles are stabilized by only ionic liquid,
as the N—H stretch of the molecular species is absent. The
supported nanoparticles exhibit the CH, peak as well as the
characteristic N—H stretching band of the molecular liquid at a
relatively low intensity. It has been shown in the literature that
when the amine is chemically bound to Au nanoparticles, there
is a complete disappearance of this characteristic N—H
stretch.”® Thus, the presence of these peaks indicates that
unbound molecular liquid interacts with the catalyst surface
postdeposition. Pure silica support was subjected to the
deposition process in the absence of nanoparticles to further
investigate how the molecular liquid interacts with the catalyst
surface. The synthesis and deposition process was repeated
without the addition of the gold precursor nor NaBH,. The
FTIR spectrum of the “silica deposition” indicates that
molecular liquid wets the surface of the support even after
deposition and washing. While we can conclude that molecular
liquid interacts with the support surface postdeposition, it
remains unclear if the molecular liquid interacts with the gold
surface as well. A complete absence of the N—H stretch band
between 3250 and 3370 cm ™" is required to confirm that there
is any molecular liquid bound to the nanoparticle surface
postdeposition. In comparing the deposited silica with the as-
purchased silica, we see a broad peak associated with water
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Figure 4. FTIR spectra of all synthesis components for supported
nanoparticle catalysts prepared with SwiS. The wavenumber axis is
broken from 1700 to 3100 cm™" in (b).

from 3100 to 3500 cm™" in both spectra. We suspect that the
large water peak, which overlaps with the N—H stretch region
of the molecular liquid, is responsible for an underrepresenta-
tion of the intensity of the N—H stretch of the molecular liquid
in the supported nanoparticle sample, providing further
evidence of the presence of the unbound species. This supports
the hypothesis that the actual number of active sites is larger
than that determined by the 1-dodecanethiol adsorption
studies. While some molecular liquid does remain on the
catalyst surface after nanoparticle deposition, it does not
impede catalysis by completely blocking active sites.

B CONCLUSIONS

A facile method to utilize the reversible nature of silylamines to
prepare and deposit relatively surface-clean nanoparticles onto a
support material while preserving nanoparticle size has been
demonstrated. Supported nanoparticle catalysts prepared with
SwiS do not require calcination as after the RevIL is reversed
during deposition, a highly active catalyst with minimal or no
other species bound to the surface of the nanoparticle is
formed. Additionally, we have shown calcination leads to
increased nanoparticle size and thus a loss of total surface area
for catalysis. Calcination results in nanoparticle growth in every
case; however, nanoparticles prepared with SwiS are signifi-
cantly more resistant to sintering. Even after calcination,
nanoparticles prepared with SwiS are superior to supported
nanoparticle catalysts prepared via traditional methods.
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