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Effect of Pd Nanoparticle Size on the Catalytic Hydrogenation of Allyl Alcohol
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We report that the rate of hydrogenation of allyl alcohol is a 20 ="fp T
function of the diameter of the Pd nanoparticles {113 nm) used _a * | E 08 e surioce atoms |
to catalyze the reaction. Furthermore, kinetic data indicate that this _ €., T8 defeatstoms
effect is electronic in nature for particles having diameteds5 T rsf 2
nm, but for larger particles it depends primarily on their geometric 2 g ]
properties. This is a significant finding, because it represents a £ "7[ # ' :_3"-3‘ /
part!cle size effec_t for hydrogenatlon over unsupport_ed Pd nano- | G os ‘f ~ ]
particle catalysts in a size range that has not been widely studied. AP, Tl
Dendrimer templates have been used to exert a high degree of  ~ " “piameterm) " " biameteramy
control over the size, composition, and structure of catalytically rig,re 1. (a) Plot of the rate of hydrogen consumption as a function of
active nanoparticles in the3 nm size rangé.Because of this, particle diameter. (b) Plot of the total, calculated (Table S2, Supporting

dendrimer-encapsulated nanoparticles (DENs) are well-suited for Information) numbers of surface, defect, and face atoms for each particle
studying the effect of particle size on catalytic functione have size. The data are normalized to the largest number of each type of atom.

reviously briefly n litative link n the size of DEN . . .
pre ous_yb ! oted agqua tat € between the size o =INS function of the size of the cuboctahedron. Figure 1b shows that
and their catalytic properti€ss This paper represents our first : . . -

only the total number of face atoms increases with particle size,

guantitative analysis of the origin of these trends. : .
The procedure used to prepare Pd DEN catalysts has beerlwhlle the numbers of surface and defect atoms both decrease. This

previously reported.For the experiments reported here, the total IS beca_use the decrease in the number of particles dorr_unates the
: . - _.___increasing number of surface and defect atoms per particle as the
moles of Pd used for each hydrogenation reaction was maintained

constant for all experiments, but the Pd/dendrimer ratio was varied particle S'Z.e |ncrgases. .

to yield DENs having different sizes. Specifically, sixth-generation, . As mentioned in the previous paragraph, the total amount of Pd
hydroxyl-terminated polyamidoamine dendrimers (G6-OH) were IS cqnstant for each reaction, a_nd th_eref_ore the numb_er of catalyst
used to synthesize Pd DENs containing an average of 55, 100, 147 particles decre.ases as the part.lcle size increases. This could result
200, or 250 Pd atoms (G6-OH(Rdwheren is the average number in the TOF being at least partially controlled by transport rather

of atoms per particle). These particles have measured (by TEM, :E?n Ign;ﬂ(l:“s fo;;g:utlsnzlgtti)g:gn;ng éagﬁ r pa;\tlc\l?ns. ToanIﬁ out
Figures S1 and S2, Supporting Information) and calculated (in S Pos Y, ysts 0 -OH(Rg having concen-

parentheses) diameters of 1.3 (1.2), 1.4 (1.4), 1.5 (1.6), 1.7 (1.8) trations that span the range corresponding to the data in Figure 1la
and 1.9 (1.9) nm respective‘i? R B R “"’were prepared, and then hydrogenation rates were determined. The
Alkéne Hydrog;anation occur.s via the HoriuRolanyi mecha- results (Figure S3a, Supporting Information) indicated that the

nism, which involves dissociative adsorption of éhto the catalyst reaction rates (mol kiconsumed/h) are independent of catalyst

. . concentration. Therefore, the reaction is zero order with respect to
surface, followed by stepwise hydrogenation of the@double the catalyst concentration, and the particle-size-dependent change
bond® Here, the rate of hydrogenation of allyl alcohol was y on, parti 1z P 9

determined by measuring hydrogen uptai@siefly, 20.0 mL of in hydrogenation rate (Figure 1a) is not attributable to transport.

the catalyst solution (3.0mol of Pd) was transferred to a Schlenk ﬁ;nmugf: clj(())v;/er dg?ﬁ?;; E%lctimrgﬂgnj%“ (5 M‘|20|D qweo\gerér ed
flask. The system was sealed and purged wigtfdd 10 min and spor s : Inetics W IS Observ

then stirred for an additional 10 min. Allyl alcohol was added, and (:;?urewiStr)’ Supnpdortln? Itnhform%tlc:rn)t. Impnort?:r“);i ?] plcltt;; In-
differential H, pressure measurements were obtained every 10 s[ a] (whe €a anda are the substrate concentrations at t/me
for 10 min? Turnover frequencies (TOFs, mobkol active site- 0 andt, respectively) vs time (Figure S3c) results in a straight line,

h) were determined from the slope of plots of turnover (mol Icnodr:(c::itrlw?r%titcljr?to;gtlel [Z?ggﬁ; is first order with respect to the
Hy/mol catalyst) versus time. . ) i ' . . .
. o Differences in reaction rates as a function of catalyst size arise
Figure 1a shows that the rate of hydrogen consumption increases,

I ) . . from either electronic or geometric effeét&or example, as the
significantly as the measured particle diameter increases. However,Size of a nanoparticle decreases. its electronic pronerties change
this relationship does not correlate to a simple change in the total from those of apmetal 10 an insulat’or and then to sF:)mF()athin akin tg
number of surface Pd atoms. This is because the total amount of 011 . ga

- ; S a molecule®11 These changes modulate the catalytic properties of
Pd used in all these experiments is fixed, and therefore the number . . : .

. . . ._ nhanoparticles. Geometric effects are most evident when a reaction
of catalyst particles present is smaller for the larger particles. This requires a specific tvoe of surface atom. because the ratio of defect
point is illustrated in Figure 1b. Here, the total number of Pd atoms (vgrtex and zd e) tg?ace atoms chan e‘s dramatically as a function
present at particular locations on cuboctahedra are plotted as a' , . ge) ; g€ Y

of size for<5-nm-diameter particles. While geometric effects have
t The University of Texas at Austin. been observed for homogeneous colloidal Pd catalysts for both the

*Texas A&M University. Heck? and Suzuk# coupling reactions, literature reports pertaining
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Figure 2. Plots of normalized TOF (mol #Amol active site-h)) as a
function of particle diameter for the three different types of possible active
sites and for the total number of nanoparticles.

to size effects in hydrogenation reactions focus almost exclusively
on supported (heterogeneous) Pd catalfst$. In addition to
catalyst size, the preparation and structure of nanoparticles are als

it is likely that changes in TOFs for smaller catalysts (diameters
<1.5 nm) are dominated by differences in their electronic properties
rather than the relative numbers of particular types of surface
atoms?

To summarize, we have shown a correlation between catalyst
size and TOF for the hydrogenation of allyl alcohol. This structure/
function relationship is a direct consequence of the nanoscale size
of the catalysts. The hydrogenation reaction is sensitive to both
the electronic and geometric properties of the catalytic Pd nano-
particles, both of which change quickly in the £B9-nm diameter
size range. Our analysis indicates that the hydrogenation kinetics
are dominated by electronic effects for the smallest partictdsY
nm diameter) and by geometric effects for larger particles<1.5
1.9 nm diameter). Results of the type described here are enabled
by the high degree of monodispersity resulting from the dendrimer
templating approach to nanoparticle synthesis. We recently dis-
covered that this same templating approach can be used to control
the compositioh2?2 and structur& of metal nanoparticles, and
therefore we are presently studying the effect of these variables on

cg:atalyst performance.
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To determine the origin of the size effect shown in Figure 1a,
we calculated the number of moles of surface, defect, and face
atoms (Tables S2 and S3, Supporting Information), as well as the
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number of moles of Pd DEN$,and then plotted the TOF, relative

to each of these four parameters, vs nanopatrticle size (Figure 2).
That is, the TOF in Figure 2 is given in units of moles of per
mole of surface, defect, or face atoms (or number of particles) per
hour, and then each data point is normalized to the highest TOF

for each series. The absolute, measured values for the TOFs are

provided in Table S1 and Figure S4 (Supporting Information). For
three of the four plots, there is a monotonic increase in the TOF as
the particle size increases. This indicates that, if the size effect
shown in Figure 1a is due to geometric factors, the active site does
not correlate to the number of surface atoms, defect atoms, or
nanoparticles. However, when only face atoms are considered, the
plot attains zero slope for particle diameterd.5 nm. Because
this TOF is calculated in terms of the number of face atoms (mol
H,/mol face atoms-h), it means there is a 1:1 correspondence

between the rate of hydrogen uptake and the number of face atoms

for particles in this size range. This result is related to that shown
in Figure 1b, which shows that, as the particle size increases, only
the total number of face atoms in solution increases. From this result
we conclude that, for Pd DENs having diameters in the range of
1.5-1.9 nm, the hydrogenation of allyl alcohol occurs preferentially
on the face atoms. Previous work focusing on ethene hydrogenation
on model catalysts has indicated that the reaction is structure-
insensitive and depends only on the number of Pd surface atoms
available!® Doyle et al. reported similar results for hydrogenation
of ethene on Pd/AD; catalysts in UHV, but catalyst size did affect
the hydrogenation rate dfans-2-pentene under identical condi-
tions* The latter observation was attributed to preferential
hydrogenation ofrans-2-pentene on face atoms. In our experiments,
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