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Room temperature imidazolium-based ionic liquids such as 1-butyl-3-methylimidazolium hexafluo-
rophosphate (BMIMPFg) have been used as effective liquid media for the synthesis of pure Au and
bimetallic PdAu nanoparticles by direct synthesis and phase-transfer methods. The mode-of-stability,
long-term stability, and long lifetimes of these ionic-liquid supported nanoparticle catalysts, all of
which are important factors in determining the overall “greenness” of such materials, were investigated.
Four different stabilizing systems in BMIMPFg ILs were investigated: poly(vinylpyrrolidone) (PVP), 1-

ﬁer)]/ivc‘/(l)izjj;ds methylimidazole, 1-(2’-aminoethyl)-3-methylimidazolium hexafluorophosphate, and pure BMIMPFg IL
Nanoparticles with the absence of a secondary stabilizer. The stability of pure Au nanoparticles synthesized by the above
Catalysis four stabilizers was studied using UV-vis spectroscopy and transmission electron microscopy (TEM). It

was found that PVP-stabilized nanoparticles were the most stable to aggregation. The catalytic activ-
ity of the resulting PdAu nanoparticles was examined for the hydrogenation of 1,3-cyclooctadiene and
3-buten-1-ol across all of the systems to understand which stabilizer(s) are most optimal for nanoparti-
cle catalyst synthesis and usage; particularly which systems have high catalytic activity and selectivity
as well as long catalyst lifetimes. In agreement with Au nanoparticle stability results, PVP-stabilized
PdAu nanoparticles were the most catalytically active due to improved nanoparticle stability, followed

by nanoparticles stabilized by 1-methylimidazole, amine-functionalized IL, and the pure BMIMPFg IL.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Due to their unique physiochemical properties such as high
polarity, excellent thermal stability and negligible vapor pres-
sures, room temperature ionic liquids (ILs) have provided an
opportunity for chemists to studying reactions in an unique reac-
tion media [1-3]. In the past few years ILs have also proven
to be excellent solvents for the immobilization and stabiliza-
tion of metal nanoparticles, thus providing an excellent media
for quasi-homogeneous catalysis [4-19]. In particular, 1-butyl-3-
methylimidazolium (BMIM)-based ILs have emerged as an effective
media for the stabilization of nanoparticles [4-7,14,17-22]. Though
there have been reports of the synthesis of gold and bimetallic
nanoparticles in pure BMIM ILs without any additional stabiliz-
ers [17-19], a number of groups also reported the aggregation
of gold nanoparticles in pure ILs [16,23,24]. To avoid these prob-
lems various secondary stabilizers such as poly(vinylpyrrolidone)
(PVP) [25,26], task-specific ILs [27-34], and ionic liquid copoly-
mers [35] have also been used for the synthesis of stable metal
nanoparticles in ILs. In addition, our group has recently shown
that low levels of 1-methylimidazole additives have dramatic
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effects on the stability of Au and bimetallic PdAu nanoparticles
in imidazolium-based ionic liquids [36]. Thus while there have
been a large number of different routes to synthesize and sta-
bilize nanoparticle catalysts in ILs, to our knowledge there have
been no comparative studies documenting the relative stability
of nanoparticles using stabilizers in ILs or the effective relative
activities and lifetimes of such nanoparticle/IL mixtures. This work
is similar in nature to earlier pioneering work by El-Sayed and
co-workers who showed that varying the type of stabilizer and
the stabilizer/metal ratios had a profound effect on the activity
and stability of Pt nanoparticles for Suzuki reactions in aque-
ous media, with the highest activities over short time periods
often associated with particles which have the poorest long-term
stabilities [37-39].

Deshmukh et al. were the first to show the formation of Pd
nanoparticles in 1,3-di-n-butylimidazolium tetrafluoroborate ILs
during Heck reactions [13]. Dupont and co-workers synthesized
stable transition metal nanoparticles in pure imidazolium-based
ILs without any secondary stabilizer, and the resulting nanoparti-
cle catalysts were found to be active for a range of hydrogenation
reactions [4-7,14,20]. Gomez and co-workers synthesized stable
Pd nanoparticles stabilized by pure ILs and showed that the result-
ing nanoparticles had higher catalytic activity for a variety of
Suzuki C-C cross-coupling and sequential reactions [40-42]. Sev-
eral groups have indicated that the stabilization of nanoparticles in
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ILs may be due to weak anion or cation interactions with nanopar-
ticle surfaces [7,8,15,16], while others have noted that impurities
such as halides and water could also have significant effects on
nanoparticle stability [11,43]. Recently, we have shown that mil-
limolar levels of 1-methylimidazole, a common starting material
in imidazolium-based IL syntheses, can have dramatic effects on
the stability of nanoparticles in ILs, which was a previously undoc-
umented mode of stabilization [36]. In addition, we previously
showed that highly stable Au, Pd and bimetallic PdAu nanoparticles
can be synthesized by a simple phase-transfer method of PVP-
stabilized nanoparticles from methanol to ILs, and that the resulting
nanoparticles were catalytically active for a range of hydrogenation
reactions [26].

Other groups have focused on the synthesis of task-specific
ILs, which have specific functional groups attached to the imida-
zolium cations [30,31,44]. Such task-specific ILs have been shown
to lead to enhanced nanoparticle stability and thus can be used to
enhance catalytic activity of nanoparticles in ILs [27-30,32-34,45].
For example, Kim et al. have documented the synthesis of gold and
platinum nanoparticles using thiol-functionalized ILs which bind
to the nanoparticle surface and act as stabilizers [28]. Similarly,
nitrile-functionalized ionic liquids have been used as a stabilizer
to prevent agglomeration of Pd nanoparticles for the Stille cou-
pling reaction between iodobenzene and tributylphenyltin, and
were found to prevent catalyst deactivation [33]. Recently, Niu
and co-workers synthesized stable Au nanoparticles using a func-
tionalized IL, 1-(3-aminopropyl)-3-methylimidazolium bromide,
and the resulting nanoparticles showed enhanced electrocatalytic
activity and high stability [32]. Intrigued by this work, we chose
to use a similar amine-functionalized task-specific IL as a stabi-
lizer/surfactant dissolved in BMIMPFg for the synthesis of Au and
bimetallic PdAu nanoparticles, and compare this stabilizer with
other known methods for the stabilization of nanoparticles in ILs.

Given the numerous routes towards the synthesis of “sta-
ble” nanoparticles in ILs which exist in the literature, it can
be very difficult to generalize as to which method(s) can lead
to the optimal formation of stable, catalytically active nanopar-
ticles. Thus, in order to compare a variety of stabilization
methodologies, we synthesized pure Au and bimetallic PdAu
nanoparticles in 1-butyl-3-methylimidazolium hexafluorophos-
phate (BMIMPFg) ILs by four different methods. Nanoparticles
were synthesized in BMIMPFg ILs by either direct synthesis
or phase-transfer methods. In three different systems, PVP,
1-methylimidazole, and 1-(2’-aminoethyl)-3-methylimidazolium
hexafluorophosphate (aemimPFg) were added as secondary sta-
bilizers while in the fourth system nanoparticles were directly
synthesized in BMIMPFg ILs without any additional stabilizer.
The long-term stability of pure Au nanoparticles in each of these
systems was studied by UV-vis spectroscopy and transmission
electron microscopy (TEM). Finally, in order to understand the
effect that nanoparticle stability has on catalytic activity and cat-
alyst lifetimes, bimetallic PdAu nanoparticles were synthesized
by the four above-mentioned methods. Hydrogenation of two
substrates, 1,3-cyclooctadiene and 3-buten-1-ol, was carried out
to monitor their catalytic activity, and 'H NMR spectroscopy
was used to measure the activity in terms of turnover number
(mol product/mol catalysts).

2. Experimental
2.1. Materials
1-Methylimidazole (99%) and 1-chlorobutane (99.5%) were

purchased from Alfa and were distilled over KOH and P,Os,
respectively, before use. Hexafluorophosphoric acid (ca. 65% solu-

tion in water), poly(vinylpyrrolidone) (M.W. 40,000), hydrogen
tetrachloroaurate hydrate (99.9%), potassium tetrachloropalladate
(99.99%), 3-buten-1-ol (98+%), and ethylenediamine (99%), and N-
(2-bromoethyl)phthalimide (98+%) were purchased from Alfa and
were used without further purification. 1,3-Cyclooctadiene (95%)
and sodium borohydride powder (98%) were obtained from Aldrich
and was used as obtained. Deuterated solvents were purchased
from Cambridge Isotope Laboratories. 18 M2 cm Milli-Q de-ionized
water (Millipore, Bedford, MA) was used throughout.

2.2. Catalyst preparation

2.2.1. Synthesis and purification of ILs

Synthesis of the 1-butyl-3-methylimidazolium hexafluorophos-
phate (BMIMPFg) ILs was carried out under nitrogen and purified
according to previously published procedures [26]. The purity of the
BMIMPFg ILs was verified by 'H NMR and UV-vis spectroscopy. In
the final BMIMPFg ILs, the levels of 1-methylimidazole were below
0.5 mM through both careful NMR detection limit studies and col-
orimetric titrations with Cu?* salts while the water level was below
30 ppm by Karl-Fischer titration.

Synthesis of the functionalized IL, 1-(2’-aminoethyl)-3-
methylimidazolium hexafluorophosphate (aemimPFg) was carried
out according to a previous literature procedure developed by
Singer and co-workers, with minor modifications [46]. Briefly,
N-(2-bromoethyl)phthalimide (113 mmol) was added to 100 ml
freshly distilled toluene in a flask. Under N, atmosphere, freshly
distilled 1-methylimidazole (125 mmol) was added to the flask,
which was then heated at 70 °C for 72 h with constant stirring. After
this step, the white crystalline powder, 1-(2’-phthalamidoethyl)-
3-methylimidazolium bromide, was washed with 25ml of cold
toluene 3-4 times, dried after each washing step under vacuum,
then stored in a desiccator under P,05 for 2-3 days, and obtained
in 38% yield. 1-(2’-Phthalamidoethyl)-3-methylimidazolium
bromide (43 mmol) was dissolved in 100ml of de-ionized
water. A white precipitate was formed after the addition of HPFg
(54 mmol) while cooling in an ice bath. The white precipitate, 1-(2'-
phthalamidoethyl)-3-methylimidazolium hexafluorophosphate,
was dried under vacuum for 6 h and then stored in a desiccator for 2
days, and obtained in 70% yield. Finally, aemimPFg was synthesized
by gradual addition of ethylenediamine (200 mmol) over 15 min
to a mixture of 1-(2’-phthalamidoethyl)-3-methylimidazolium
hexafluorophosphate (25 mmol) in 200 ml of 1-butanol. The final
solution was heated at 90°C for 24 h under refluxing conditions.
The reaction mixture was cooled to room temperature and washed
with freshly distilled cold 1-butanol (distilled over K;CO3). The
white solid, aemimPFg, formed after 1-butanol was removed under
vacuum for 8 h, and was then stored in a desiccator overnight. The
yield of the final product was 50%. The purity of the product after
each step was monitored by '"H NMR.

2.2.2. Synthesis of metallic and bimetallic nanoparticles

PVP, 1-methylimidazole stabilized, and “unstabilized” Au and
bimetallic 3:1 PdAu nanoparticles were synthesized according to
previously reported methods [26,36]. For all Au nanoparticle syn-
theses, the total gold concentration was 1.1 mM. PVP-stabilized
nanoparticles were synthesized by a phase-transfer method from
methanol to BMIMPFg. “Unstabilized” nanoparticles were directly
synthesized in pure BMIMPFg using NaBH,4 as a reducing agent,
while nanoparticles stabilized by 1-methylimidazole were made
similarly except in the presence of 1 mM 1-methylimidazole addi-
tives [36].

Au nanoparticles using aemimPFg as a stabilizer were synthe-
sized by a phase-transfer method. A 10 mM solution of aemimPFg
was dissolved in 10 ml water in a round-bottomed flask. In another
flask, 1.0ml of 10 mM HAuCly in BMIMPFg was added to 8.0 ml
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of pure BMIMPFg. The mixture was stirred for 15 min, followed
by the addition of 1.0 ml of a 0.10 M NaBH,4 solution in BMIMPFg
prepared 12 h before use. The total solution volume was 10.0 ml.
The immediate formation of a deep red solution occurred upon
addition of NaBH4 to the solution, indicating the formation of Au
nanoparticles. Then, the aqueous solution of aemimPFg was added
with vigorous stirring to the Au nanoparticles in BMIMPFg, fol-
lowed by the removal of water under vacuum. Bimetallic 3:1 PdAu
nanoparticles were also made directly in BMIMPFg using aemimPFg
as a stabilizer. First, 9.38 ml of a 107 mM solution of aemimPFg in
BMIMPFg was prepared. This solution was stirred for 15 min, fol-
lowed by the addition of 0.165 ml of 10 mM K;PdCl, in BMIMPFg
and 0.055 ml of 10 mM HAuCl, in BMIMPFg. The mixture was stirred
for 15 min, followed by the addition of 0.40 ml of 0.10 M NaBH4 in
BMIMPFg prepared 12 h before use. The total solution volume was
10.0ml.

2.3. Catalytic reactions

Hydrogenation reactions were carried out in a three-necked
round-bottom flask at 40°C. One end of the flask was connected
to the Hy gas source, the other end was attached to a differential
pressure gauge (Model 407910, Extech Instruments Corp.) and the
central portion was closed with a rubber septum. First, 10 ml of
the catalyst solution was placed in the flask, followed by purging
the system with continuous H, flow. Next, the 1,3-cyclooctadiene
and/or 3-buten-1-ol substrate was added by syringe under vigor-
ous stirring conditions (at 1080 rpm), followed by measurement
of samples by 'H NMR. The hydrogen pressure used for all reac-
tions was 1.0atm, and the substrate:catalyst ratios were 400:1
for the 1,3-cyclooctadiene substrate and 15904:1 for 3-buten-1-ol.
The turnover number (TON, mol product/mol catalyst) and selec-
tivities for product distributions were determined by 'H NMR.
After 1 and 17h intervals, 1 ml of the solution was placed in a
vial and then CDCl3 was added. The vial was shaken to transfer
the products into the CDCl3 phase which was then removed and
used for NMR analysis. All conditions (temperature, stirring speed,
etc.) were kept constant throughout all hydrogenation reactions.
For 1,3-cyclooctadiene, the reaction was also followed by measure-
ment of the Hy uptake through differential pressure measurements
every 10s. This, in turn allowed calculating the moles of hydrogen
consumed, which by NMR measurements was found to correlate
within 3% to the moles of cyclooctene product. This allowed for
real-time measurements of the effective turnover number of the
catalyst system.

2.4. Characterization

UV-vis spectra were obtained using a Varian Cary 50 Bio UV-vis
spectrophotometer with a scan range of 300-900 nm with an opti-
cal path length of 1.0 cm. The 'H NMR spectra were obtained using
a Briiker 500 MHz Advance NMR spectrometer. 'H NMR chemical
shifts were referenced to the residual protons of the deuterated
solvent. TEM micrographs were obtained with a Philips 410 micro-
scope operating at 100 kV. To prepare samples for TEM, a drop of a
methanol/IL mixture containing the nanoparticles was placed on a
holey-carbon-coated Cu TEM grid (200 mesh) which had been pre-
oxidized by air plasma treatment, followed by evaporation of the
methanol. Typically the size of 150 nanoparticles was measured for
each sample from several different locations on the grid.

3. Results and discussion
Unraveling the possible modes of stabilization of nanoparticles

in ionic liquids is a considerable challenge, particularly given the
unique nature of the medium. In order to most effectively probe

nanoparticle aggregation in solution, Au nanoparticles were cho-
sen as the first system to investigate. The dipole-dipole interactions
between plasmon bands of aggregated gold nanoparticles is mani-
fested as a shift of the plasmon band wavelength, and thus a change
in colour of the solution from red to purple, which can be easily
monitored by UV-vis spectroscopy [47]. The initial system studied
is the formation of gold nanoparticles in pure BMIMPFg ionic lig-
uids, i.e. “unstabilized” Au nanoparticles. As noted in Section 1, a
number of groups, including ours, have shown that Au nanopar-
ticles are prone to aggregation in ionic liquids over a time period
ranging from minutes to weeks [16,23,24,36]. It should be noted
that extremely clean ILs need to be used in order to compile repro-
ducible results in such systems; in our case, the BMIMCI precursors
are recrystallized at least four times from acetone, and Cl~ impu-
rities from the final BMIMPFg ILs are removed via multiple washes
with de-ionized water until no AgCl precipitates form in the wash-
ings upon addition of AgNO3. The final BMIMPFg ionic liquids are
then dried overnight under vacuum, resulting in water levels below
30 ppm by Karl-Fischer titrations. Karl-Fischer titrations have been
used by a large number of other groups for the determination of
water levels in ILs [3,48]; however, it should be noted that such
titrations may lead to systematic underestimation of water content
as water tightly bound to anions and/or cations or trapped in the IL
structure and may be inaccessible for titration [49]. Finally, detailed
NMR detection limit studies have shown that 1-methylimidazole
impurities are below 0.5 mM in the clean ILs.

Fig. 1A shows the UV-vis spectra over time of Au nanoparti-
cles synthesized in pure BMIMPFg. A decrease in the intensity of
the plasmon band at 530 nm along with an increase in the high-
wavelength region of the absorption spectra over 17h is seen,
which is indicative of particle aggregation in solution [23,50].
Indeed the nanoparticles precipitated out from the solution after
several weeks. It should be noted that while the particles are prone
to aggregation and precipitation, the particles do not grow in size
as a consequence of aggregation; TEM images indicate the final
precipitates are composed of particles of similar size as the orig-
inally synthesized nanoparticles (see below). We are still unsure
as to exactly what the dominant mode of stabilization of such
nanoparticles in pure BMIMPFg solutions, particularly compared
to conventional solvents in which nanoparticle aggregation and
precipitation is nearly instantaneous in the absence of external
stabilizers. Others have indicated that weak anion and/or cation
interactions with the nanoparticles can lead to steric stabilization
of the nanoparticles [7,8,15,16], but it is unlikely that this could lead
to conventional double-layer stabilization given the high polarity
of the IL media. Another factor is the possibility of impurities in
the IL promoting nanoparticle stabilization; control reactions have
indicated that the addition of chloride and/or bromide salts do not
enhance nanoparticle stability, but 1-methylimidazole additives do
(see below) [36]. Thus it is possible that 1-methylimidiazole impu-
rities below the NMR detection limit could be contributing to partial
nanoparticle stability. Finally, one major factor in the slow aggre-
gation and precipitation of the nanoparticles is the high viscosity
of ILs, which is typically two orders of magnitude greater than con-
ventional solvents (BMIMPFg has a viscosity of ca. 450 cP) [3]. The
high viscosity of BMIMPFg would result in a dramatically reduced
number of nanoparticle-nanoparticle collisions in ILs due to Brow-
nian motion of the particles. However, if stability were simply a
consequence of the nanoparticle-nanoparticle collision frequency,
then stirring Au nanoparticle/BMIMPFg suspensions should lead
to increased rates of aggregation; however this is not observed
experimentally. Instead, stirring of Au nanoparticle/BMIMPFg sus-
pensions tends to break apart aggregates, suggesting the force(s)
driving nanoparticle aggregation are quite weak in BMIMPFg.

Fig. 1B shows the UV-vis spectra of Au nanoparticles syn-
thesized in the presence of PVP additives. Note that in the case
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Fig. 1. UV-vis absorption spectra of Au nanoparticles over time in (A) pure BMIMPFg, (B) BMIMPFs with 1.39 mM PVP additive, (C) BMIMPFg with 1 mM 1-methylimidazole

additive, and (D) BMIMPFg with 10 mM aemimPFg additive.

for PVP-stabilized nanoparticles, the particles were first synthe-
sized in MeOH and then transferred over to the BMIMPFg IL via
removal of the methanol under vacuum, due to the difficulty in
directly dissolving PVP in the IL. As can be noted in Fig. 1B, PVP-
stabilized Au nanoparticles show no significant aggregation in the
UV-vis spectra observed over a period of 1 week. Fig. 1C and
D shows the representative UV-vis spectra of 1-methylimidazole
and aemimPFg-stabilized nanoparticles. The drop in intensity of
the UV-vis spectra for these systems is due to a fraction of Au
nanoparticles adhering to the sides of the glass reaction flask over
time, which was not observed for the PVP system; however mini-
mal aggregation was observed compared to the “unstabilized” Au
nanoparticles, which have a rising baseline over time (Fig. 1A). Best
results for aemimPFg-stabilized particles were obtained for parti-
cles originally synthesized in pure BMIMPFg followed by addition of
the aemimPFg stabilizer; attempts to synthesize particles directly
in the presence of the stabilizer led to poorly stabilized particles,
likely due to the (surprisingly) low solubility of the aemimPFg phase
in BMIMPFg. Also, attempts to synthesize aemimPFg-stabilized Au
nanoparticles in water or alcohol solvents followed by phase trans-
fer to the IL phase were unsuccessful due to the fast precipitation of
the particles from the aqueous or alcohol phases. Wang et al. pre-
viously noted that aemimBr stabilized Au nanoparticles were quite
stable in water; we believe that the major stabilizer in the latter

case is the Br~ anion [32], which has been observed previously for
both TOAB and CTAB stabilized Au nanoparticles [51,52].

Of all the four systems, the PVP-stabilized Au nanoparticles
in BMIMPFg are definitely the most stable, with no changes seen
via UV-vis for periods of several months. In order to fully study
the nanoparticle stability, TEM images of the nanoparticles as-
synthesized and after several weeks were also collected. It should
be noted that TEM evidence alone should not be used as a proof
of aggregation (or lack thereof) as artifacts can occur upon casting
nanoparticles onto TEM grids. Typically for TEM grid preparation,
solution phase nanoparticles are cast onto carbon-coated grids fol-
lowed by solvent evaporation, which is untenable in the presence
of pure ILs which have negligible volatility. In order to effec-
tively make TEM samples, IL/nanoparticle mixtures were diluted
in methanol and cast onto TEM grids, followed by methanol evapo-
ration, such that the IL solvent is still present under TEM conditions.
Fig. 2 shows the TEM images of Au nanoparticles among the four
stabilizing systems. In the absence of any stabilizers aggregation of
Au nanoparticles was seen even at short periods of time, with an
average particle size of 4.8 +£ 0.7 nm. It should be noted that even
after 2 weeks, only a small change in the size of the nanoparticles is
seen, with the particles growing to 5.3 + 0.8 nm (see Fig. 3A). In the
presence of PVP, the average Au nanoparticle size is much smaller,
3.3+ 0.6 nm, with minimal aggregation seen for the as-synthesized
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Fig. 2. TEM images and particle size histograms of as-synthesized Au nanoparticles in (A) pure BMIMPFs, (B) BMIMPFs with 1.39 mM PVP additive, (C) BMIMPFs with 1 mM
1-methylimidazole additive, and (D) BMIMPFs with 10 mM aemimPFg additive.
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Fig. 3. TEM images of Au nanoparticles after two weeks in (A) pure BMIMPFs and (B) BMIMPFg with 1.39 mM PVP additive.

samples and slight particle size growth to 4.3 4+ 1.4 nm after 2 weeks
with an apparent bimodal distribution developing (Figs. 2B and 3B).
We are not certain why this particle size growth/broadening dis-
tribution is occurring, but it may be indicative of Ostwald ripening
processes at work over long time scales. In the presence of 1-
methylimidazole, minimal particle aggregation with an average
particle size of 4.2 +0.7 nm was seen, while aemimPFg-stabilized
particles were found to be 4.3 + 0.8 nm with moderate aggregation.

Finally, before moving on to discuss the catalytic activity of
nanoparticles in these systems, several remarks on the generality
of the stability results are warranted; in particular, how changing
the cation and/or anion of the IL can affect nanoparticle stability
and whether borohydride and borohydride oxidation products are
affecting particle stability. BMIMPFg ILs were chosen as the IL of
choice due to the copious literature that exists on nanoparticle sta-
bility in BMIMPFg. We have not examined cation changes beyond
the generation of aemimPFg stabilizers, however, attempts to grow
Au nanoparticles in pure BMIMOTS ILs have been attempted; in
the absence of stabilizer, fast precipitation (~10-20min) of Au
nanoparticles is seen for particles stabilized in pure BMIMOTT,
and we have previously noted that much larger amounts of 1-
methylimidazole (ca. 100 mM) are necessary for stabilization of

Au nanoparticles in BMIMOT( [36]. This result suggests that weak
anion interactions with Au nanoparticles may be partially respon-
sible for the underlying stability of particles in BMIMPFg. Also,
we note that no attempts were made to remove sodium borohy-
dride oxidation products after the synthesis of the nanoparticles;
however, control examples of PVP-stabilized Au particles which
were synthesized in water and dialyzed before phase exchange into
BMIMPFg showed similar stabilities to those mentioned above.

4. Nanoparticle catalysis

Having studied the stability of Au nanoparticles in BMIMPFg
by the four different stabilization strategies above, we wished to
further investigate whether these findings would influence the
catalyst lifetime of nanoparticles in BMIMPFg as well. In order
to do this, we chose to investigate bimetallic 3:1 PdAu nanopar-
ticles as catalysts for the hydrogenation of 1,3-cyclooctadiene
and 3-buten-1-ol. We have previously shown that PVP-stabilized
PdAu bimetallic nanoparticles in BMIMPFg are active hydrogena-
tion catalysts for a range of substrates, and that co-reduced 3:1
PdAu nanoparticles had the highest activity [26]. In addition, we
later showed that bimetallic 3:1 PdAu nanoparticles stabilized
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Fig. 4. TEM images and particle size histograms of as-synthesized 3:1 PdAu nanoparticles in (A) pure BMIMPFg, (B) BMIMPFg with 1.39 mM PVP additive, (C) BMIMPFg with
1 mM 1-methylimidazole additive, and (D) BMIMPFg with 10 mM aemimPFg additive.
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by 1-methylimidazole in BMIMPFg were active catalysts for the
hydrogenation of allyl alcohol [36]. However, the design of stabi-
lized nanoparticles with long catalyst lifetimes (and therefore total
turnover numbers) remains an important challenge, particularly if
“greener” IL solvents are to replace conventional solvents and/or
heterogeneous catalysts.

Bimetallic 3:1 PdAu nanoparticles were synthesized following
similar procedures for the pure Au nanoparticles; PVP-stabilized
particles were synthesized in methanol and transferred to the
IL phase, while other samples were synthesized directly in neat
BMIMPFg IL or in the IL with 1-methylimidazole or aemimPFg
additives present. Fig. 4 shows representative TEM images of the
bimetallic nanoparticles produced by each method. TEM analysis
indicates that the PVP-stabilized particles had the smallest aver-
age particle size of 2.6 + 1.1 nm, with no particle aggregation seen
by TEM, as seen in Fig. 4. Particles synthesized in the presence
of 1-methylimidazole had an average particle size of 3.2 +0.6 nm,
while aemimPFg-stabilized nanoparticles had an average parti-
cle size of 3.6+ 0.7 nm and nanoparticles synthesized in the neat
BMIMPFg IL had much greater average particle sizes (5.3 +3.0nm)
and polydispersity than any of the stabilized samples. These find-
ings are consistent with the earlier Au nanoparticle results; in the
absence of any secondary stabilizer, significantly larger particles are
seen, while PVP stabilizers yield particles with the smallest average
particle sizes. UV-vis spectra for all the particles showed an expo-
nentially decaying absorption towards higher wavelengths and the
complete absence of any Au plasmon bands, which is consistent
with the formation of particles with PdAu alloy structures [53].
Previous work in our group has shown that PVP-stabilized PdAu
nanoparticles synthesized via borohydride reduction of mixtures
of their salts have near-alloy structures via single-particle energy-
dispersive spectroscopy (EDS) and extended X-ray absorption fine
structure (EXAFS) measurements [54]. Unfortunately, we were not
able to collect accurate single-particle EDS measurements for parti-
cles synthesized directly in the ionic liquid, due to sample “burning”
effects caused by the ionic liquid present on the TEM grids.

We investigated the catalytic activity of 3:1 PdAu nanoparti-
cles towards the hydrogenation of cylcooctadiene and 3-buten-1-ol
using each of the four stabilizer systems as previously examined in
the pure Au system. Fig. 5A shows the plot of the effective turnover
number vs. time for the partial hydrogenation of cylcooctadiene
for each of the four systems. We have previously shown that 3:1
PdAu catalysts are extremely selective for the partial hydrogena-
tion to cyclooctene [26], and NMR results confirmed that the major
product of this reaction was cyclooctene with 98-99% selectivi-
ties for all of the systems studied. Effective turnover numbers were
collected in real-time for all samples by monitoring the decrease
in partial pressure of Hy during the reaction; NMR results indi-
cated that the H, consumed correlated nearly exactly with the
amount of product formed (£3%). As can be seen in Fig. 5A, the PVP-
stabilized PdAu nanoparticles initially showed the lowest activity,
but retained their activity during the course of the reaction, while
the particles synthesized in the absence of any additives showed
a dramatic drop off in activity in the first 10 min of the reaction
and showed a visible precipitate after 1 h. Particles stabilized by 1-
methylimidazole and aemimPFg had intermediate activities for the
hydrogenation and did not show any visible precipitation. Fig. 5B
shows the similar plot in which the effective turnover number is
normalized for the moles of surface metal on the particles; this
was done to compensate for the dramatically different particle
sizes as seen by TEM. We note that the unstabilized particles have
significantly initial activities for this reaction; these results sug-
gest that the PVP, 1-methylimidazole, and aemimPFg stabilizers do
partially passivate the particle surface during the hydrogenation
reaction. Attempts were made to examine the effect of PVP load-
ing on the catalytic activity of the particles, however, it was found

Fig. 5. (A) Effective turnover number (moles H,/moles Pd + Au) vs. time plot and (B)
plot of surface turnover number (moles H,/moles surface Pd + Au) vs. time plot for
hydrogenation of 1,3-cyclooctadiene in the presence of additives. Substrate:catalyst
ratio=400:1.

that at lower PVP loadings of 0.7 mM and below the particles were
unstable to aggregation upon phase exchange, while at higher PVP
loadings of 2.8 mM and above the IL was so viscous that negligible
activity was observed due to mass transfer limitations.
3-Buten-1-ol was used as a second substrate to probe the long-
term activity and stability of the PdAu nanoparticle catalysts. Allylic
alcohols such as allyl alcohol and 2-buten-1-ol can also form
extensive amounts of aldehyde products under hydrogenation con-
ditions [55]. The observed reaction products for the hydrogenation
and/or isomerization(s) of 3-buten-1-ol are shown in Scheme 1. Ini-
tially, PVP-stabilized PdAu nanoparticles were used to optimize the
catalyst conditions. While high activities could be observed at low
catalyst concentrations, attempts to increase the substrate:catalyst
ratio and thus the theoretical maximum turnover numbers in these
reactions by lowering the amount of catalyst were unsuccessful, as
extremely low yields were seen as the catalyst concentration was
lowered. It was found that the optimal conditions for maximizing
the turnover number of the desired product/lifetime of the catalysts
was for 0.22 mM 3:1 PdAu catalysts with a substrate:catalyst ratio
of approximately 16,000:1; 100% substrate conversion with and a
1-butanol-specific TON of over 10,000 was obtained. The selectiv-
ity towards the hydrogenation product was only 68%, as the other
minor products in this reaction were the isomerization product,
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Scheme 1. Products detected during the hydrogenation of 3-buten-1-ol.

2-buten-1-ol (22%), and a minor amount of 1-butanal (10%), a dou-
bleisomerization/tautomerization product [56]. The PVP-stabilized
PdAu nanoparticles were stable over the reaction period of time
and no precipitation was observed during the reaction. Similar
results were seen for PVP-stabilized PdAu nanoparticles synthe-
sized and dialyzed in water prior to phase exchange into BMIMPFg;
thus the presence of borohydride oxidation products does not have
any significant effect on the catalytic activity of the particles. We
note that pure Pd nanoparticles typically show selectivities of ca.
55% for this reaction with lower activities; thus a mild enhance-
ment of selectivity for the PdAu nanoparticles is seen for this
substrate.

These optimized conditions were used to compare each of the
four stabilizing systems, and the results can be found in Table 1.
The PVP-stabilized PdAu nanoparticles had the highest catalytic
activity of all the systems studied, while particles synthesized in
pure BMIMPFg showed the lowest conversions. Indeed, “unstabi-
lized” PdAu nanoparticles were found to precipitate out of the IL
solution within a period of several hours; however, it is interest-
ing to note that while the catalytic activity of the particles is much
lower, they still remained catalytically active even after precipita-
tion. Because of this aggregation over time, we make no attempt
to normalize activities to account for different particle sizes. Inter-
estingly, the isomerization product 2-buten-1-ol was observed as
a major impurity in all the catalytic reactions; the lower amounts
of 2-buten-1-ol seen for the PVP-stabilized nanoparticles may be
due to the secondary hydrogenation of this substrate to give 1-
butanol, although catalytic data suggests the PdAu catalysts are
less active for the hydrogenation of 2-buten-1-ol compared to the
original substrate 3-buten-1-ol. Two catalytic tests were attempted
with the methylimidazole stabilized PdAu nanoparticles, at 1-
methylimdiazole concentrations of 1 and 100 mM, respectively.
Interestingly, much higher TONs were seen for particles in the pres-
ence of 1mM 1-methylimidazole, suggesting that passivation of
catalytic sites is occurring at higher 1-methylimidazole concen-
trations. Such passivation was not previously seen at short time
periods for 1-methylimidazole stabilized PdAu nanoparticles [36].

Finally, the catalytic activity of the aemimPFg-functionalized
PdAu nanoparticles is intermediate between that of PVP and
the absence of stabilizer, which is in agreement with stability
results using Au nanoparticles. Initially, PdAu nanoparticles were
directly synthesized in BMIMPFg ILs in the presence of 100 mM
of the aemimPFg stabilizer. Alternatively, we tried to synthe-
size aemimPFg-stabilized PdAu nanoparticles by a phase-transfer
method in which PdAu nanoparticles were directly synthesized in
pure BMIMPF; ILs, followed by addition of 10 mM aemimPFg. The
catalytic activity of these nanoparticle catalysts was found to be
much lower (25% conversion at 17 h), possibly due to the lower con-
centration of stabilizer. Low aemimPFg solubility in the BMIMPFg
ILs limited attempts to increase the concentration of aemimPFg
beyond 100 mM. One interesting factor to note in catalytic data
for the aemimPFg-stabilized particles is the complete absence of 1-
butanal formation; the possible reason(s) for this selectivity change
are still unknown, but may involve the in situ formation of 1-
butanal and the subsequent reaction with the primary amine group
of aemimPFg to form imines.

The catalytic results show a similar trend in long-term activity
as seen in the stability studies with pure Au nanoparticles; PVP-
stabilized nanoparticles were the most active system, followed by
1-methylimidazole, aemimPFg, and “unstabilized” PdAu nanoparti-
cles, respectively. The increased activity of the PVP-stabilized PdAu
nanoparticles compared to 1-methylimidazole and aemimPFg-
stabilized particles may be partially due to the slightly lower
nanoparticle sizes of these particles compared to the other systems;
similar average nanoparticle sizes were seen by TEM for both the
Au and PdAu nanoparticle syntheses. PdAu nanoparticles synthe-
sized in pure BMIMPFg ILs had particularly low long-term catalytic
activities due to their fast aggregation and precipitation; however,
it should be noted that unlike other solvent systems, the aggregated
PdAu nanoparticles in BMIMPFg still retain some catalytic activ-
ity even after precipitation. This is likely due to the fact that while
aggregation of the particles is seen during the catalytic reactions, no
significant change in the average particle size in the aggregates was
seen. Finally, we note that PVP-stabilized nanoparticles can easily

Table 1
Hydrogenation of 3-buten-1-ol by four different stabilizers in BMIMPFg ILs.
Stabilizer % conversion 1-Butanol-TON Selectivity
PVP 100 10815 1-Butanol 68%
2-Buten-1-ol 22%
1-Butanal 10%
1-Methylimidazole (1 mM) 83.5 5805 1-Butanol 40%
2-Buten-1-ol 50%
1-Butanal 10%
1-Methylimidazole (100 mM) 325 2016 1-Butanol 39%
2-Buten-1-ol 53%
1-Butanal 8%
aemimPFg (100 mM) 60.6 5590 1-Butanol 58%
2-Buten-1-ol 42%
1-Butanal 0%
Pure BMIMPFg 39.5 1822 1-Butanol 29%
2-Buten-1-ol 62%
1-Butanal 9%

Conditions: 40°C, 0.22 mM [Au +Pd], substrate:catalyst ratio=15,904:1, time=17 h.
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be recovered and used for subsequent catalytic reactions [26], while
the 1-methylimidazole and aemimPFg-stabilized nanoparticles did
not retain their activity over multiple catalytic runs.

5. Conclusions

We have described four stabilization protocols for nanoparti-
cle stabilization in BMIMPFg ILs, and have shown that nanoparticle
stability and thus catalytic activity of nanoparticles is dependent
on the overall stability of the nanoparticles towards aggrega-
tion. The four different stabilization methods in BMIMPFg which
were used include the synthesis of nanoparticles in pure ILs, and
the addition of secondary PVP, 1-methylimidazole, and aemimPFg
stabilizers. The activity and lifetimes of 3:1 PdAu nanoparticle
catalysts synthesized by these four methods were measured by
hydrogenation of 1,3-cyclooctadiene and 3-buten-1-ol substrates.
PVP-stabilized nanoparticles were found to be the most stable,
and had the highest catalytic activity and longer lifetimes than
catalysts prepared by the other stabilization routes. As there
are a large number of routes towards the development of size-
, shape-, and composition-selected nanoparticle syntheses using
poly(vinylpyrrolidone) polymers, the inherent stability of these
particles in IL solvents suggests that a wide range of particles can be
made in more conventional aqueous and alcoholic solvents, trans-
ferred to ILs, and used for subsequent catalytic reactions.
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