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Abstract: The small size of nanoparticles makes them attractive in catalysis due to their large surface-
to-volume ratio. However, being small raises questions about their stability in the harsh chemical environment
in which these nanopatrticles find themselves during their catalytic function. In the present work, we studied
the Suzuki reaction between phenylboronic acid and iodobenzene catalyzed by PVP-Pd nanopatrticles to
investigate the effect of catalysis, recycling, and the different individual chemicals on the stability and catalytic
activity of the nanoparticles during this harsh reaction. The stability of the nanoparticles to the different
perturbations is assessed using TEM, and the changes in the catalytic activity are assessed using HPLC
analysis of the product yield. It was found that the process of refluxing the nanoparticles for 12 h during the
Suzuki catalytic reaction increases the average size and the width of the distribution of the nanoparticles.
This was attributed to Ostwald ripening in which the small nanoparticles dissolve to form larger nanopatrticles.
The kinetics of the change in the nanoparticle size during the 12 h period show that the nanoparticles
increase in size during the beginning of the reaction and level off toward the end of the first cycle. When
the nanoparticles are recycled for the second cycle, the average size decreases. This could be due to the
larger nanoparticles aggregating and precipitating out of solution. This process could also explain the
observed loss of the catalytic efficiency of the nanoparticles during the second cycle. It is also found that
the addition of biphenyl to the reaction mixture results in it poisoning the active sites and giving rise to a
low product yield. The addition of excess PVP stabilizer to the reaction mixture seems to lead to the stability
of the nanoparticle surface and size, perhaps due to the inhibition of the Ostwald ripening process. This
also decreases the catalytic efficiency of the nanoparticles due to capping of the nanoparticle surface. The
addition of phenylboronic acid is found to lead to the stability of the size distribution as it binds to the
particle surface through the O~ of the OH group and acts as a stabilizer. lodobenzene is found to have no
effect and thus probably does not bind strongly to the surface during the catalytic process. These two
results might have an implication on the catalytic mechanism of this reaction.

Introduction small in size is expected to increase the nanopatrticle surface
tension. This makes surface atoms very active. The question is
now raised as to how active they become. Are they active

materials. The field of nanocatalysis has been very active lately beyond their catalytic function and thus become reactants rather

with numerous review articles published during the past decadetnan catalysts? Are they active enough to change the size and
in both heterogeneous catalysis in which the nanoparticles areShape of the nanoparticles during catalysis?

Because of their large surface-to-volume ratio, nanoparticles
offer higher catalytic efficiency per gram than larger size

supported on solid surfaces (e.g., silica or aluniin&)and The purpose of our present research is to follow the changes
homogeneous catalysis with colloidal nanopartiéfes! Being in the average size, size distribution, and the shape of metallic
nanoparticles as they are used in different catalytic reactions. It
@ fg’g;erloq geupprechter, G.; Guczi, L.; Somorjai, G.APhys. Chem. B s expected that catalysis in high-temperature colloidal solutions
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began examining the stability of metallic nanoparticles in free palladium catalysts such as Pd(REhPd(Oac), [(°-
catalytic reactions in colloidal solution. C3Hs)PdClp, and Pd(dbay CeHs.33-37 The use of palladium

In the bulk of the catalysis with colloids, TEM characteriza- nanoparticles as catalysts for Suzuki reactions has been a fairly
tion of the nanoparticles before and after catalysis is not given. recent phenomenon. Palladium nanoparticles stabilized with
However, there are a few studies in the literature where size tetraalkylammonium salt§ PVP 3940 PAMAM dendrimers?!
distribution of the nanopatrticles after recycling along with the PSb-PANa block copolymet! 1,5-bis(4,4bis(perfluorooctyl)-
catalytic activity is reported for characterization. In these studies, phenyl)-1,4-pentadien-3-oréKeggin-type polyoxometalate,

reactions such as hydrogenation of ethyl pyru¢atg;drogena- and cyclodextriff* have all been used to catalyze various Suzuki
tion of arene&? carbonylation of methandt the intra- and reactions.
intermolecular PaulserKhand reactions; and hydrogenation In this paper, PVP-Pd nanoparticles are used to catalyze the

of alkened® are reported. There have also been some paperssuzuki reaction between phenylboronic acid and iodobenzene.
that discuss the catalytic activity of the nanoparticles upon The aim of this study is to examine the effect of catalysis,
recycling, but which do not examine the stability of the recycling, and the different chemicals involved in the reaction

nanoparticles after catalysis. Such studies were conducted foron the stability and catalytic activity of the PVP-Pd nano-
reactions such as hydrogenation of alkeflesleck reaction particles.

between aryl halides and-butylacrylate?® hydrogenation of
olefins2® and hydrogenation of unsaturated fatty acid esfers. Experimental Section

In a review of transition metal colloids as reusable catalsts, ) ) ]
Synthesis of PVP-Pd NanoparticlesThe PVP-Pd nanoparticles

it w in hat the major inter fr ility of th
t was pointed out that the major interest of reusability of the were synthesized by the reduction of the Pd ions with ethanol similar

nanoparticle catalysts has not been systematically studied orto that described previousf§:*%4>The palladium precursor solution

published |r? the metal colloid literature. . . . (H-PdCl) was prepared by adding 0.0887 g of Pg&@d 6 mL of 0.2

For reactions catalyzed by metal nanoparticles in colloidal \ hc|, and diluting to 250 mL with doubly distilled water. A solution
solution, there has not been any detailed examination in the containing 15 mL of 2 mM of HPdCl, 21 mL of doubly deionized
literature of what causes the size distribution to change, the rolewater, 0.0667 g of PVP, and 4 dropsM HCI was heated. When
of the individual chemicals present in the reaction mixture, and the solution began to reflux, 14 mL of ethanol was added. The solution
whether the changes in the nanoparticles affect the catalyticwas then refluxed for 3 h, and this resulted in a dark brown colloidal
activity upon recyc”ng_ A detailed examination is necessary to Pd solution. A drop of the solution was spotted onto Formvar stabilized
evaluate the nanoparticles’ usefulness in catalyses and to®ePPer TEM grids, and JEOL 100C TEM was used to characterize the
understand in detail the mechanism of “nanocatalysis”. This will Sizé of the nanoparticles.
enable a much better understanding of what kind of nano- Suzuki Reaction.The Suzuki reaction between phenylboronic acid
particles are the best for catalysis and also provide insight on and iodobenzene was catalyzed using the PVP-Pd nanoparticles as

) . " ; . }
how to make the nanoparticles more stable and maintain theirdescnbEd previousf§ ! For this reaction, 0.49 g (6 mmol) of sodium

. . acetate, 0.37 g (3 mmol) of phenylboronic acid, and 0.20 g (1 mmol)
catalytic activity.

. ; . . . of iodobenzene was added to 150 mL of 3:1 acetonitrile:water solvent.
It is our premise that, in harsh reactions, there will be great 1, soiution was heated to 10®. and 5 mL of the PVP-Pd

changes in the average size (center of size distribution) and thepangparticles was added to start the reaction. The reaction mixture was

width of the size distribution of the nanoparticles after catalysis, refluxed for a total of 12 h.

recycling, and in the presence of different chemicals. Also, there Recycling the PVP-Pd Nanoparticles for the Second Cycle of the

will be great changes in the catalytic activity of the nanoparticles suzuki Reaction. The same reaction mixture solution was used for

upon recycling. To test this idea, the Suzuki reaction between recycling after the addition of fresh amounts of the reactants. For

phenylboronic acid and iodobenzene catalyzed by PVP stabilizedrecycling, an assumption was made that all of the iodobenzene was

Pd nanoparticles is chosen because it is a harsh reaction due tosed up because it is the limiting reactant. Initially, there are 1 mmol

the need to reflux the reaction mixture at 19D for 12 h. The of iodobenzene and 3 mmol of phenylboronic acid present in the

Suzuki cross-coupling reaction is an effective synthetic route reaction mixture. After the first cycle, it is as_sumgd that there is no

toward the production of biaryls by the coupling of arylboronic iodobenzene left and 2 mmol of pheqylboronlc acid left. As a result,

acids and haloarenes. It was first discovered by A. Suzuki in for the second cycle, 1 mmol of iodobenzene and 1 mmol of

198%2 and is sometimes referred to as the SuziMivaura phenylboronic acid were added. The reaction mixture was then refluxed
. . - . y for another 12 h to complete the second cycle.

coupling. The Suzuki cross-coupling reactions are a method of

C_C_bond formation tha_t_ is widely used in I_ndUStry' S!‘IZUkI (33) Suzuki, A. InMetal-Catalyzed Cross-Coupling Reactipim¥ederich, F.,

reactions have been traditionally catalyzed using many different = Stang, P. J., Eds.; VCH: Weinheim, 1998; p 49. _

kinds of phosphine-based palladium catalysts and phosphine-(34 Alo, B. I.; Kandil, A.; Patil, P. A.; Sharp, M. J.; Siddiqui, M. A.; Snieckus,
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(24) Wang, Q.; Liu, H.; Han, M.; Li, X.; Jiang, DJ. Mol. Catal. A: Chem. (38) Reetz, M. T.; Breinbauer, R.; Wanninger, Retrahedron Lett1996 26,
1997 118 145. 4499.
(25) Kim, S.; Son, S. U.; Lee, S. S.; Hyeon, T.; Chung, Y Gfem. Commun. (39) Li, Y.; Hong, X. M.; Collard, D. M.; El-Sayed, M. AOrg. Lett.200Q 2,
2001, 2212. 2385.
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(29) Dupont, J.; Fonseca, G. S.; Umpierre, A. P.; Fichtner, P. F. P.; Teixeira, S. 4524,
R. J. Am. Chem. So@002 124, 4228. (43) Kogan, V.; Aizenshtat, Z.; Popovitz-Biro, R.; Neumann{JRg. Lett.2002
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Table 1. Summary of Gaussian Fits Showing the Widths and Centers of Size Distributions of PVP-Pd Nanoparticles before and after
Various Perturbations

before after before after
condition width (nm) width (nm) center (nm) center (nm)
Suzuki reaction after first cycle after first cycle
2.8+ 0.4 2.94+0.3
11+02 after second cycle 21401 after second cycle
0.9+0.2 2.2+0.2
Suzuki reaction in the presence of PVP £D.1 1.8+ 0.4 21+01 24+ 0.1
reflux in solvent 1.0+0.1 22+ 04 21+0.1 4.5+ 0.2
reflux in solvent+ PVP 1.1+ 0.1 1.6+0.1 2.1+ 0.1 2.5+ 0.3
reflux in solvent+ sodium acetate 14£0.1 1.7+ 0.2 21+ 0.1 3.9+0.1
reflux in solvent+ sodium acetate- phenylboronic acid 1.60.1 15+0.1 2.1+ 0.1 2.3+ 0.1
reflux in solvent+ sodium acetate- iodobenzene 1201 1.8+0.3 21+0.1 3.6+0.1
The TEM Studies To Assess Nanoparticle StabilityTo examine concentration of biphenyl standards. The standards prepared were

the changes in the nanoparticles after catalysis, samples of the reactior0.0005, 0.001, 0.0015, 0.002, 0.0025, and 0.003 M biphenyl. For HPLC
mixture before and after refluxing for 12 h were spotted onto Formvar measurements, all samples were dilutedf fof the original concentra-
stabilized copper TEM grids. The JEOL 100C TEM was used to tion so that the peak areas will be within the range of the calibration
determine the changes in the width and center of the size distributions curve. The actual concentration was determined by taking the concen-
of the PVP-Pd nanoparticles. The widths and centers of the size tration of the diluted sample and multiplying by 4. The concentration
distributions of the PVP-Pd nanoparticles during various time periods of biphenyl was determined before the first cycle, after the first cycle,
in the first cycle such as 1, 3, 6, and 10 h were also obtained. The before the second cycle, and after the second cycle. Also, the effect of
effect of recycling on the nanoparticles was also investigated using PVP on the amount of biphenyl formed was also determined. In
TEM. In addition, TEM was also used to understand the roles of the addition, the impact of the presence of biphenyl in the Suzuki reaction
different chemicals present during the Suzuki reaction. The effects of mixture on the formation of biphenyl product was also investigated
refluxing the PVP-Pd nanoparticles in the solvent, in the solvent using HPLC.

sodium acetate, in the solvefitsodium acetaté- phenylboronic acid, . .

and in the solvent sodium acetate- iodobenzene were investigated.  esults and Discussion

The impact of adding 0.5 g of PVP with the PVP-Pd nanoparticles | thjs paper, a detailed examination of the stability of the
solution was also investigated. PVP-Pd nanoparticles after catalyzing the Suzuki reaction
For all of the above experiments, the concentration of the Pd ions between phenylboronic acid and iodobenzene, after recycling
5 ; . 4 ) )
present in the nanoparticles is 6.8010™ M, and when 5 mL of the 5,4 iy the presence of chemicals has been investigated. Also,
nanoparticles is added to 150 mL of the 3:1 acetonitrile:water solvent, . . .

. o p . the reasons why the changes in the width and center of the size
the concentration of the Pd ions is 1.2410°°> M. For the experiments, distributi di d. Table 1 . h idth
the samples were spotted by placing a drop of the solution onto a Istributions OCC[_Jr gre _|scusse - lable Summarlzgst e widths
Formvar stabilized copper grid and allowing it to evaporate in air. The @nd centers of distributions of the PVP-Pd nanoparticles before
spotted samples take approximately 30 min to dry. Because the same2nd after various conditions.
deposition conditions are employed for all samples, the evaporation Effect of Catalysis and Recycling. Figure la shows a
rate of the solvent is fairly reproducible from one sample to another. representative TEM image of the PVP-Pd nanopatrticles before
For each of the experiments, the internal reproducibility of the observed the first cycle of Suzuki reaction, and Figure 1b shows the
particle size and distribution was verified by spotting the sample onto Gaussian fits of the size distributions of the nanoparticles. It
three separate TEM grids. TEM images were also obtained from ¢an pe seen that the PVP-Pd nanoparticles are monodispersed
different sections of the TEM grids to verify the reproducibility of the with an average size (center of distribution) of 2:10.1 nm
particle size and distribution. The general reproducibility of the observed Figure 1c shows a representative TEM image of thé nan.o ar-
particle size and distribution was verified by conducting each of the . Y . P . 'g . P

ticles after the first cycle of the Suzuki reaction, and Figure 1d

experiments three times. As a result, it is possible to compare the particle ; . . R
size and distribution changes under various conditions. shows the Gaussian fits of the size distributions of the

The nanoparticle size and distribution were determined by counting nanqpartlcles._By 9ompar|ng f[he Gaussian fits before and after
approximately 1800 nanoparticles from nine enlarged TEM images the first cycle in Figure 1b, Figure 1d, and Table 1, we could
(approximately 200 nanoparticles from each TEM image). The size S€e that both the widths and the centers of the size distributions
distribution plots were fit using a Gaussian model with Microcal Origin  Of the nanoparticles increase after the first cycle and that the
5.0 graphing software to determine the widths and centers of the sizesize distribution shifts toward larger size. Also, the width of
distributions. The width of the distribution gives an idea of how narrow the size distribution after the first cycle is very broad. The
or wide the size distribution is, and the center of the distribution is the gpservation of the increase in the size of the nanopartic]es m|ght
most probable_or average size of the nanoparticles (depending on thepg explained by the Ostwald ripening processes during the
shape of the distribution). . N refluxing of the reaction mixture containing the nanoparticles

HPLC Experiments To Measure Catalytic Activity. HPLC  for 12 h. The Ostwald ripening process is a mechanism for
measurements were conducted on a Hitachi-4500 HPLC equipped WIthClUStel’ growth. In this growth process, there is detachment of
a L4500A diode array detector in which the absorbance was monitored gtoms from the smaller clusters and then reattachment on the

at 254 nm. The separation was carried out on a reversed-phase packe 7
column (Rainin Microsorb-MV C18, 300 A, dim 4.6 250 mm) using more stable surface of the larger clust®&$. As a result, the

a 60:40 acetonitrilewater mixture and a flow rate of 1 mL/min. The ~ &rger clusters grow in size, while the smaller clusters shrink
area of the chromatographic peaks was calculated with a D-6000 - -
(46) Howard, A.; Mitchell, C. E. J.; Egdell, R. Gurf. Sci.2002 515, L504.

interface-integrator. A calibration curve for determining the concentra- (47) Imre, A Beke, D. L.; Gontier-Moya, E.; Szabo, I. A.; Gillet, Eppl.
tion of biphenyl was constructed by plotting the peak area versus the Phys. A200Q 71, 19.
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Figure 1. TEM images and Gaussian fits of the size distributions of PVP-Pd NPs before the Suzuki reaction (a,b), after the first cycle (c,d), and after the

second cycle (e,f).

Table 2. Concentration of the Product Biphenyl after the Various percentage change in the biphenyl concentration formed is also
Conditions As Determined by Using HPLC compared. The catalytic activity of the nanoparticles after the
condition HPLC (quantitative) first and second cycle of the Suzuki reaction is compared by
after first cycle of 3.00= 0.32 mM biphenyl using HPLC to find out if the nanoparticles remain catalytically
Suzuki reaction (39 £ 4% yield) . . . .
after second cycle of 411+ 0.12 mM biphenyl active during the second cycle or if they become less catalyti-
Suzuki reaction (54 + 2% overall yield) cally active. A calibration curve of the peak area versus
(15+ 3% yield in second cycle) . .
after Suzuki reaction in 2.28-+ 0.18 mM bipheny concentration of biphenyl standards was constructed. The
the presence of 0.5 g of PVP (30 2% yield) equationy = (5.79 x 10°)x — 618422.75, generated from the
before Suzuki reaction in 7.61+ 0.42 mM biphenyl . . . . .
the presence of 1 mmol of biphenyl  (started with theoretical calibration curve is used to determine the concentration of
o yield of biphenyl) biphenyl in the Suzuki reaction mixtures. HPLC chromatograms
after Suzuki reaction in 10.20+ 0.47 mM biphenyl . . . .
the presence of 1 mmol of biphenyl (34 + 6% yield) were obtained of the reaction mixtures before the first cycle,

after the first cycle, before the second cycle, and after the second
cycle. The concentration of biphenyl was determined after the
first cycle and after the second cycle. After the first cycle of
the reaction, there is a 32 4% yield of biphenyl. After the
second cycle of the reaction, the overall yield of biphenyl is 54

or dissolve altogether. Furthermore, the solution itself probably
has a large concentration of atomic Pd in monomeric and
different polymeric forms resulting from the reduction of the

It. Th illb d to allow th wth of th rticl : : )
sa ese Wil be LSed 1o allow the growth ot the nanoparticies + 2%, while the yield for the second cycle alone is£53%.

during the 12 h refluxing of the solution. B h f biphenvl f d during th d evel
Figure 1e shows a typical TEM image of the nanoparticles . ecause the amount of biphenyl formed during the second cycle

after the second cycle of the Suzuki reaction, and Figure 1f is much lower than the amount_ fprmed in the first cycle., the
shows the Gaussian fits of the size distributions of the PVYP-Pd nanoparticles are definitely much less catalytically

nanoparticles. By comparing the Gaussian fits in Figure 1b, active during the second cycle of the reaction. The reason the
Figure 1d, Figure 1f, and Table 1, we could see that the widths Nanoparticles are much less catalytically active during the second
and centers of the size distributions of the nanoparticles becomecycle might be due to a lower amount of nanoparticles present
much smaller after the second cycle of the Suzuki reaction. This in the solution due to the precipitation of larger nanoparticles.
observation might be due to the aggregation and precipitation Another possibility is that if the number density has not changed,
of the larger nanoparticles formed during the first cycle. As a but only the size is getting smaller, the smaller particles might
result, the average size of the nanoparticles in solution decreaseg1ot be as catalytically active as the larger particles. In a previous
Table 2 summarizes the concentration of biphenyl formed paper?® the catalytic activity of PVP-Pd nanoparticles of
after the first and second cycle of the Suzuki reaction and after different sizes was examined. It was found that the catalytic
the Suzuki reaction in the presence of 0.5 g of PVP. The activity increases with decreasing size of the nanoparticles.

J. AM. CHEM. SOC. = VOL. 125, NO. 27, 2003 8343
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poisoning by the biphenyl product as well as by the increase in
a Particle Size vs. Time the nanoparticle size.
347 Effect of Excess PVP StabilizerFor all of the experiments,
g 321 TEM images and Gaussian fits of the size distributions were
P obtained before each perturbation as shown in Table 1, but to
;F, 2.8 concisely summarize the results in the figure, Figure 3a and b
2 261 shows a typical TEM image and Gaussian fits of the PVP-Pd
"-E‘ 2.4 nanoparticles before any perturbations. Figure 3c and d shows
S22 typical TEM image and Gaussian fits of the size distributions
§ 20 of the nanopatrticles after the Suzuki reaction in the presence of
) J p P 3 o 12 0.5 g of PVP. By comparing the Gaussian fits in Figure 3b,
Reaction Time (hr) Figure 3d, and in Table 1, we could see that the widths and
centers of the distributions after the reaction are slightly larger
than those before the reaction, but are not as large as they are
b Biphenyl Conc. vs. Time without the presence of the PVP, which is shown in Figure 1d
s 407 and Table 1. Because the nanoparticles do not get as large as
§ 857 they do after a normal catalytic reaction, the presence of the
g 2: ) E excess PVP stabilizer probably diminishes the Ostwald ripening
5 0] I [ process by capping many of the free sites in the surface of the
n:ﬂ 151 L3 Pd nanoparticles. As a result, there are less free sites available
S 1.0 for the Ostwald ripening process to occur.
g 0.5 1 The catalytic activity of the nanoparticles in the Suzuki
g 001 = reaction with 0.5 g of PVP present was investigated using HPLC
§ 08+7 s a s g 10 12 and compared to that of a normal catalytic mixture. It was found
Reaction Time (hr) that there is only 3@ 2% vyield of biphenyl when excess PVP
was present in the reaction mixture as shown in Table 2. As a

Figure 2. PVP-Pd nanoparticle size as a function of reaction time (a); 'esult, the presence of excess PVP results in a lower amount of
biphenyl concentration as a function of reaction time (b). biphenyl formed after the reaction. The lower catalytic activity
observed when the Suzuki reaction is conducted in the presence
Therefore, the latter explanation is ruled out. As a result, the of 0.5 g of PVP is due to the fact that there are less free metallic
lower catalytic activity observed during the second cycle is due surface sites available for the catalysis because many of the
to a lower amount of nanoparticles present in solution due to free sites are capped by the excess PVP stabilizer.
the larger nanoparticles aggregating and precipitating out of Figure 3e shows a typical TEM image of the nanoparticles
solution. In addition, surface poisoning by the products could tter refluxing them in the 3:1 acetonitrile:water solvent for 12
be another reason. It is noticed that the yield of biphenyl in  and Figure 3f shows Gaussian fits of the size distributions
comparison to the theoretical yield is low. Experiments of of the nanoparticles after refluxing them in the presence of 3:1
conducting the Suzuki reaction in the presence of 1 mmol of gcetonitrile:water solvent. By comparing the Gaussian fits in
biphenyl were done to find out the amount of product that forms. Figure 3b, Figure 3f, and Table 1, we could see that both the
The reason 1 mmol of biphenyl is added is because that is theyidths and the centers of the size distributions of the nanopar-
theoretical yield of biphenyl that can be formed. As seen by ticles become larger after just refluxing them for 12 h in the
the HPLC results shown in Table 2, the presence of biphenyl presence of the solvent. Also, the centers of the size distributions
in the reaction mixture results in inhibition of the reaction, and shift toward larger sized nanoparticles. The increase in the size
the yield of biphenyl is 34t 6%. As a result, the low yield of  of the nanoparticles observed is probably due to the Ostwald
biphenyl both in the first and in the second cycle could be due ripening process. The reason the process is much more
to the biphenyl product formed itself poisoning the active sites. prominent in this case than after the first cycle of the Suzuki
The stability of the PVP-Pd nanoparticles during different reaction is because there is no phenylboronic acid present to
time periods of the first cycle of the Suzuki reaction was also bind to the nanoparticle surface and inhibit the Ostwald ripening
investigated. Figure 2a shows the nanopatrticle size as a functionprocess. The role of phenylboronic acid in the Ostwald ripening
of time. It can be seen that the PVP-Pd nanoparticles smoothlyprocess of the nanoparticles is discussed later.
increase in size during the beginning of the reaction from 0 to  Figure 3g shows a typical TEM image of the nanoparticles
3 h and then level off near the end of the first cycle. This after refluxing in the presence of solvent and 0.5 g of PVP, and
suggests that the Ostwald ripening occurs during the first 3 h Figure 3h shows Gaussian fits of the size distributions. By
and then levels off toward the end of the first cycle of the Suzuki comparing the Gaussian fits in Figure 3f, Figure 3h, and Table
reaction due to the depletion of the small nanoparticles as well 1, we could see that the widths and centers of the size
as free atoms in solution. Figure 2b shows the dependence ofdistributions of the nanoparticles still get larger, but do not get
the concentration of product biphenyl as a function of time. It as large as they do without the presence of the additional PVP,
can be seen that there is rapid formation of biphenyl during the which is shown in Figure 3e,f. It can also be seen that the
first hour of the reaction and then its rate of formation is greatly addition of a large quantity of PVP (0.5 g) to the mixture greatly
reduced. This reduction is probably a result of the surface diminishes the Ostwald ripening process because the additional
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PVP present in the solution caps many of the free metallic of the Suzuki reaction. The impact of phenylboronic acid on
surface sites in the nanoparticles. Because fewer sites arehe Ostwald ripening process is discussed next.
available for the Ostwald ripening process, the nanoparticles  Figure 4e shows a typical TEM image of the nanoparticles
do not greatly increase in size. after refluxing them in the presence of solveénsodium acetate
Effect of Chemicals.For all of the experiments, TEM images  + phenylboronic acid. Figure 4f shows Gaussian fits of the size
and Gaussian fits of the size distributions were obtained before distributions of the nanoparticles. By comparing the Gaussian
each perturbation as shown in Table 1, but to concisely fits in Figure 4b, Figure 4f, and Table 1, we could see that the
summarize the results in the figure, Figure 4a and b shows ananoparticles increase in size only slightly. The reason for this
typical TEM image and Gaussian fits of the PVP-Pd nanopar- observation is that phenylboronic acid in the presence of the
ticles before any perturbations. Figure 4c shows a typical TEM base sodium acetate is in the deprotonated form and as a result
image of the nanoparticles after refluxing them in the solvent binds with the O of the OH group to the free sites in the Pd
+ sodium acetate, while Figure 4d shows Gaussian fits of the nanoparticles and acts as a capping material. When the phe-
size distributions of the nanoparticles. As was evident by nylboronic acid binds to the free sites, it acts as a stabilizer and
comparing the Gaussian fits in Figure 4b, Figure 4d, and Table as a result greatly diminishes the Ostwald ripening process. The
1, the centers and widths of the size distributions increase afterpresence of phenylboronic acid also plays a role in the first cycle
refluxing in solventt sodium acetate. For this experiment, 0.49 and second cycle of the Suzuki reaction. Because of the presence
g of sodium acetate was added to 150 mL of 3:1 acetonitrile: of phenylboronic acid, the Ostwald ripening process is not as
water solvent. The increase in the size of the nanoparticles prominent after the first cycle of the Suzuki reaction as it is in
observed is due to the Ostwald ripening process. Also, becausehe presence of just the solvent, solvensodium acetate, and
there is no phenylboronic acid present to inhibit the Ostwald solvent+ sodium acetate- iodobenzene. In the second cycle
ripening process, the observed centers and widths of theof the Suzuki reaction, the catalytic activity is greatly dimin-
distributions are larger than those observed after the first cycle ished, which suggests that more phenylboronic acid is bound
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Figure 4. TEM images and Gaussian fits of PVP-Pd nanoparticles before any perturbations (a,b), after justisebainim acetate (c,d), after just solvent
+ sodium acetate- phenylboronic acid (e,f), and after just solventsodium acetate- iodobenzene (g,h).

to the nanoparticles, and as a result the Ostwald ripening processonclusions
is greatly diminished and the nanoparticles do not increase in

cize The center and width of the size distribution of the PVP-Pd

nanopatrticles increase after the first cycle of the Suzuki reaction.
Figure 4g shows a typical TEM image of the nanoparticles The process of refluxing the nanoparticles during the Suzuki
after refluxing them in the presence of solvensodium acetate  reaction seems to cause Ostwald ripening in which the size of
+ iodobenzene, and Figure 4h shows Gaussian fits of the sizepnanoparticles increases at the expense of the smaller ones due
distributions. By comparing the centers and widths of the size to atomization and diffusion between particles. The nanoparticles
distributions shown in Figure 4b, Figure 4h, and Table 1, we ncrease in size during the beginning of the reaction and level
could see that the nanoparticles do increase in size but do notoff toward the end of the first cycle. After the second cycle of
get as large as they did after just refluxing in solvent. The the reaction, the center and width of the size distribution of the
Ostwald ripening process is responsible for the observed increaseyanoparticles become much smaller. This observation is ex-
in the size of the nanopartides. The iodobenzene does not bindp|ained by the aggregation and precipitation of the |arger
to the surface of the nanoparticles and as a result does not inhibityanoparticles leaving the smaller nanoparticles in solution. As
the Ostwald ripening process. Also, phenylboronic acid is not 3 result, the catalytic efficiency of the nanoparticles during the
present to inhibit the Ostwald ripening process. second cycle is diminished. The smaller nanoparticles in solution
It is evident that, in the Suzuki reaction, phenylboronic acid do not increase in size due to the presence of a greater amount
binds to the surface of the palladium nanoparticles and iodo- of phenylboronic acid bound to the free sites which decreases
benzene does not. As a result, any catalytic mechanism for thetheir catalytic activity. It is also found that the presence of
Suzuki reaction between phenylboronic acid and iodobenzenebiphenyl product in the reaction mixture results in it poisoning
has to propose that phenylboronic acid binds to the surface ofthe active sites and giving rise to a low product yield. The
the nanoparticles and then the reaction with iodobenzene occursaddition of PVP stabilizer to the reaction mixture diminishes
by collisional processes. the Ostwald ripening process as well as diminishes the catalytic
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activity of the nanoparticles. This is due to the binding to the consider proposing that the phenylboronic acid binds to the
surface and prevents the adsorption of new metallic atoms orsurface and then reacts with iodobenzene via collisional
the use in catalysis. processes.
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