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ABSTRACT: Bioinspired approaches represent emerging methods for the fabrication and
application of nanomaterials under desirable ambient conditions. By adapting biomimetic
processes to technological applications such as catalysis, new directions could be achieved for
materials that are reactive under energy efficient and ecologically friendly conditions. Such
materials have been prepared using a self-assembling peptide template in which non-spherical
Pd nanostructures can be generated. Based upon the Pd/peptide ratio, different inorganic
morphologies can be prepared within the peptide scaffolds, including nanoparticles, linear
nanoribbons, and complex nanoparticle networks (NPNs). These materials are catalytically
reactive; however, the effects of the template and Pd morphology remain poorly understood.
To ascertain these effects, we present an in depth catalytic analysis of the bioinspired peptide-
based system using two vastly different reactions: Stille C-C coupling and 4-nitrophenol reduction. For all of the systems studied,
enhanced reactivity was observed for the Pd nanoparticles andNPNs over the nanoribbons. This effect is suggested to arise from two
key structural characteristics of the materials: the amount of inorganic surface area and the penetration depth within the peptide
scaffold. Such results are important for the design and development of selective nanocatalytic systems, where the composite
structure works in conjunction to mediate the overall activity.
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’ INTRODUCTION

A tremendous amount of research has been focused upon
noble metal nanoparticles because of their numerous applica-
tions ranging from catalysis1-7 to energy production/storage8-12

to biomedical diagnostics.13-16 These materials gain their high
degree of functionality from their inherent properties, which are
typically a function of their size, shape, and composition.17,18

Various nanostructures have been produced for catalytic applica-
tions, from which their three-dimensional morphology plays a
key role in their functionality. To fabricate stable and reactive
nanocatalysts, ligands must be present that passivate the surface
to prevent bulkmaterial aggregation of the inorganic component.
Typically, these ligands bind to the nanoparticle surface, where
either electrostatic repulsion or steric effects stabilize the
materials.17-19 Unfortunately, binding of the ligands directly to
the nanoparticle surface can significantly hinder access to the
inorganic component, which could diminish or prevent reactiv-
ity. This factor is critically important for nanocatalysts where the
reagents must come in direct contact with the metal, typically Pd
or Pt, to drive the reaction.17,20-23 To overcome this effect,
various materials synthetic routes have been derived to maximally
expose the inorganic surface of the nanoparticle.4 For instance, bulky
ligands such as peptides and branching dendrons have been
employed1,3,24 where the steric bulk and surface bindingmodes of
these ligands results in greater inorganic exposure as compared to
standard alkane thiols.25 Other methods have employed templates

to generate the inorganic nanostructure within an organic
scaffold,2,4,21,22 which does not require covalent surface binding of
the inorganic component for stability.26-28 Such template-based
materials are promising for catalytic applications and may allow
for desirable reagent selectivity; however, the effect of the actual
template on the catalytic process remains unclear.

A variety of templates have been used for the production of
catalytically reactive Pd nanomaterials including dendrimers,4,29

polymers,30,31 peptides,2 and micelles.32-34 Employing Pd as the
inorganic component is ideal because of its high degree of rea-
ctivity for awide variety of catalytic reactions ranging fromC-Ccou-
pling1-3,17,20,35-38 to hydrogenation.4,21,22,24,34,37,39 For these
template-based materials, the inorganic components are wholly
contained within the organic framework to prevent bulk aggrega-
tion. To that end, Pd ions, typically Pd2þ or Pd4þ, are seques-
tered within the scaffold that, upon reduction, forms the metallic
nanomaterial. From this structure, the exterior template is likely
to play a significant role in the reactivity of the material such that
it could allow for selectivity based upon the size, composition,
and polarity of the catalytic reagents.40 As such, the organic
framework may act as a size or composition selective gate, thus
allowing only certain molecules access to the reactive surface, which
is ideal for reactions with multiple substrates. Furthermore, the
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template may also play a role in controlling the reaction rate; by
having a complex structure, the reagents must penetrate through
the organic scaffold, react at the metallic component, and then
traverse back through the template for release to solution.2,40

Unfortunately, it is difficult to accurately probe such template-
based effects because the structural morphology of nanocatalysts
prepared via these routes is typically limited. To fully ascertain
these effects, it would be advantageous to employ a template-
based synthetic approach that allows for a significant degree of
structural control over both the catalytic component depth
within the template and the reactive surface area.

Bioinspired materials41,42 have recently been developed for
the generation of precisely controlled nanostructures that serve
as highly reactive catalysts,1-3,43,44 efficient Li-ion batteries,8-10

and sensitive biobased sensors.45 Such highly promising materi-
als are attractive as they operate under energy efficient and
environmentally benign conditions,41,42 thus enhancing their
range of use. We have recently demonstrated a bioinspired
approach to the production of nanocatalysts using a peptide
template,2 as shown in Scheme 1. The template employs the R5
peptide (SSKKSGSYSGSKGSKRRIL) isolated from the diatom
Cylindrothica fusiformis for the production of biosilica.46,47 Pre-
vious studies have demonstrated that the R5 is able to self-
assemble from the C-terminal RRIL motif to generate large
peptide frameworks on the order of ∼800 nm.48 Using this
biomimetic template, catalytically reactive Pd nanostructures of
three different morphologies can be prepared based upon the
Pd/peptide ratio employed during the synthesis; spheres, rib-
bons, and nanoparticle networks (NPNs) can be fabricated using
a ratio of 60, 90, and 120, respectively.2 Preliminary evidence
suggests that the individual structures are able to drive Stille
coupling, shown in Scheme 2a,49,50 which forms a C-C bond
between an aryl halide and an organostannane in water at room
temperature using low Pd loadings. The turnover frequency
(TOF) of the three differently shaped systems was suggested to
be a function of the Pd surface area and the reagent penetration
depth required to reach the reactive surface. These two factors
are likely the result of the composite structure of the materials;2

however, additional in depth studies are required to confirm this

unique reactivity to determine if these structural attributes
universally effect the catalytic reactivity of template-based mate-
rials. Interestingly, by using these unique peptide templates, the
reagent penetration depth to reach the Pd surface and the Pd
surface area can be tuned by the Pd/peptide ratio. Such structural
control is difficult to achieve using other template-based materi-
als, thus suggesting that the peptide templated structures are
positioned well for catalyst structural studies.

Here we present an in depth analysis of the effects of the
peptide scaffold on the catalytic reactivity of the Pd nanomateri-
als prepared within the biomimetic template. Based upon the
structure and synthetic methods, shown in Scheme 1, we find
that the amount of surface area and the penetration depth to
reach the inorganic surface vary based upon the Pd loading within
the peptide template. To that end, the Pd nanoparticles produced
at a Pd/peptide ratio of 60 (termed Pd60) possess the largest
metallic surface area; however, they are highly dispersed within
the scaffold and have the largest reagent penetration depth.
As the Pdmorphology changes to theNPNs prepared at a ratio of
120 (termed Pd120), the surface area decreases; however, the
reactive Pd materials are pushed closer to the template surface,
thus significantly minimizing their depth within the peptide
framework.2 As a result, the reactive Pd materials are closer to
the scaffold/solution interface for more rapid interactions with
the reagents. By enhancing one of these two structural criteria,
the Pd60 and Pd120 materials demonstrate maximal reactivity;
however, for the nanoribbons prepared with a Pd/peptide ratio
of 90 (termed Pd90), both structural factors are diminished. For
these materials, the reactive surface area is lower than the Pd60
nanospheres and the penetration depth is greater than the Pd120
NPNs, thus lower catalytic activity is observed. These effects
were probed using two different catalytic reactions: Stille cou-
pling and 4-nitrophenol reduction, both of which are presented
in Scheme 2. These two reactions were specifically chosen as they
follow significantly different catalytic pathways, thus allowing for
a complete analysis of the effects of reaction mechanism and the
catalyst composite structure. Furthermore, by studying 4-nitro-
phenol reduction, an in depth reaction analysis can be completed
to kinetically isolate the two structural effects that likely play a
significant role in the reactivity. These results are important for
three key factors. First, they expand the degree of reactivity for
biomimetic and peptide-based materials toward new and im-
portant catalytic reactions. Second, these results demonstrate
that highly reactive structures can be generated in various
morphologies for reactivity under eco and energy efficient
conditions that cannot typically be employed. Third, critical
catalytic and structural factors for template-based materials are

Scheme 1. Synthetic Scheme Employed to Prepare the Pd
Nanomaterials within the Biomimetic Templatea

aThe top pathway employs a low Pd/peptide ratio to result in Pd
nanoparticles, while the bottom pathway possesses a higher Pd/peptide
ratio to prepare Pd NPNs. In the scheme, the green spheres represent
Pd2þ ions that complex to the peptide template, which, upon reduction,
form the zerovalent Pd nanomaterials.

Scheme 2. Catalytic Reactions Employed to Probe the
Structure/Function Relationship of the Peptide-Templated
Pd Nanomaterials: (a) Stille Coupling and (b) 4-Nitrophenol
Reduction
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demonstrated that could be used to tune the reactivity and
selectivity of nanocatalysts. As a result, key structure-function
relationships are elucidated that may play a significant role in
future nanocatalyst structural design.

’EXPERIMENTAL SECTION

Chemicals. K2PdCl4, 4-biphenylcarboxylic acid, 4-t-butylphenol,
4-iodophenol, and 4-bromobenzoic acid were purchased from Sigma
Aldrich, while 3-iodobenzoic acid and 4-nitrophenol were acquired from
Acros Organics. 4-Chlorobenzoic acid, 4-bromophenol, and 4-chloro-
phenol were purchased from TCI America. NaBH4 was purchased from
EMD chemicals, while dimethylformamide (DMF), methanol, and
acetonitrile were purchased from Pharmaco-Aaper. FMOC protected
amino acids and WANG resins for the synthesis of the R5 peptide were
purchased from Advanced Chemtech (Louisville, KY). All materials and
solvents were used as received. Eighteen MΩ cm water (Millipore;
Bedford, MA) was used for all experiments.
Characterization. UV-vis analysis was conducted on an Agilent

8453 UV-vis spectrometer employing a 1.00 cm path length quartz
cuvette (Starna). Transmission electron microscopy (TEM) was per-
formed using a JEOL 2010F electron microscope operating at 200 kV
with a resolution of 0.19 nm. All samples were prepared on 400 mesh
carbon coated Cu grids (EM Sciences), where 5.00 μL of the reaction
solution was pipetted onto the grid surface and allowed to dry in a
desiccator.
Peptide-Template Synthesis of Pd Nanostructures. The

R5 peptide was synthesized using standard automated FMOC
procedures51 on a TETRAS peptide synthesizer (CreoSalus; Louisville,
KY). All peptides were purified by HPLC and confirmed via Matrix-
Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF)
analysis. For the synthesis of the Pd nanostructures, the production
of spherical nanoparticles is described using a Pd/peptide ratio of 60;
however, identical procedures were employed that increased the
Pd/peptide ratios to prepare the non-spherical structures. Initially,
4.93 μL of a 4.97 mM (10 mg/mL) R5 peptide stock solution in water
was added to 3.00 mL of deionized water. To this solution, 14.7 μL of
100 mM K2PdCl4 was added to achieve a Pd/peptide ratio of 60. For
Pd/peptide ratios of 90 and 120, 22.05 and 29.39 μL of the K2PdCl4
stock solution were added, respectively. The solution was allowed
to stir vigorously for 15.0 min and then 75.0 μL of a freshly prepared
0.10 M NaBH4 solution was added to reduce the materials to zerovalent
Pd. The materials were allowed to reduce for 1.00 h to ensure complete
reduction. The solution was then dialyzed using cellulose dialysis tubing
(14 kDa cutoff) against water for 24.0 h.
Catalytic Stille Coupling. The Pd nanomaterials were employed

as catalysts for the Stille reaction using standard methods.1-3 Here,
different aryl halides that varied the halogen position and identity were
coupled with phenyltin trichloride (PhSnCl3) to generate their respec-
tive biphenyl product. For these reactions, 0.50 mmol of the aryl halide
and 0.60 mmol of PhSnCl3 were dissolved in 8.00 mL of 2.25 M KOH.
Under vigorous stirring, the Pd nanomaterials were added to the
reaction at a Pd loading of 0.050 mol %. The reactions were then
allowed to proceed for 24.0 h in air. Once completed, the reactions were
quenched with 50.0 mL of 5.00% HCl, the product was extracted three
times using diethyl ether, and finally washed with a saturated NaCl
solution. The product in the ether layer was then dried using Na2SO4, to
which 0.50 mmol of the internal standard was added (t-butylphenol for
carboxylic acid substrates and 4-biphenylcarboxylic acid for phenol sub-
strates). The ether was subsequently evaporated using a rotary evapora-
tor and then a small amount of product was dissolved in deuterated
chloroform and characterized using a 400 MHz NMR spectrometer.

For the TOF analysis, the reaction was scaled up 5 fold to a final
volume of 40.5 mL. Immediately after catalyst addition, a 4.00 mL

aliquot was extracted and quenched, after which subsequent aliquots
were extracted and quenched every 60.0 min. Once finished, the product
yield in each aliquot was quantitated from which the TOF was determined
using standard methods.1-3

Reduction of 4-Nitrophenol. The catalytic reduction of 4-
nitrophenol to 4-aminophenol was modeled on previous literature
precedent.52,53 Briefly, in separate quartz cuvettes, 500 μL of the Pd60
sample, 335 μL of the Pd90 sample, and 250 μL of the Pd120 sample
solution were added to the reaction, to which 500 μL of a 63.0 mM
NaBH4 solution was added to ensure complete reduction of the Pd
materials. These values of the Pd materials were selected to ensure the
same Pd concentration for all reactions (79.0 μM), regardless of the Pd
shape. Additionally, sufficient water was added to reach a volume of 1.00
mL. The solution was then left undisturbed for 15.0 min, after which
2.00 mL of an 85.0 μM aqueous 4-nitrophenol solution was added.
Immediately after substrate addition, time dependent absorption spectra
were recorded at 7.00 s intervals for 5.00 min at temperatures between
10.0 and 60.0 �C. All spectra were background subtracted against a
solution of the appropriate Pd nanomaterials and NaBH4 at the reaction
concentrations in water. Triplicate reactions were studied from which
statistical analysis of the reactivity could be extracted.

’RESULTS AND DISCUSSION

Synthesis and Characterization of the Pd Nanomaterials.
The Pdmaterials used for the catalytic analysis were prepared in a
simple two-step process in water.2 When the R5 peptide is
dissolved in aqueous solution, it is able to self-assemble and
form aggregates on the order of∼800 nm,48 resulting in localized
areas of amines. These structures are then used to template the
production of Pd nanomaterials of different morphologies rang-
ing from spheres to NPNs. In the first step, Pd2þ ions are
introduced to the peptide template, from which complexation of
the metal ions to the peptide amines is possible. As a result, the

Figure 1. TEM images of the materials fabricated using the peptide
template employing Pd/peptide ratios of (a) 60, (b) 90, and (c) 120.
Panel (d) presents a high-resolution image of the NPNs prepared with a
ratio of 120 demonstrating their polycrystalline structure. The inset of
panel (d) presents a TEM image of a dispersed sample of NPNs.
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Pd2þ is extracted from the solution and sequestered within the
biological scaffold. In the second step, the metal ions are reduced
using a significant excess of NaBH4. This causes the formation of
zerovalent Pd nanomaterials of various morphologies and depths
within the assembled peptide framework as dictated by the
amount of metal loaded within the template.
Figure 1 presents a TEM analysis of the Pd materials prepared

with a Pd/peptide ratio of 60, 90, and 120, termed the Pd60,
Pd90, and Pd120 samples, respectively. For the Pd60 materials,
spherical nanoparticles with a size distribution of 2.6 ( 0.5 nm
were generated, which is similar to previous results.2 For the
Pd90 and Pd120 materials, shown in Figures 1b and c, respec-
tively, non-spherical structures that possessed a linear morphol-
ogy were generated. For the Pd90 sample, nanoribbon like
materials were prepared, while for the Pd120 sample, NPNs
were achieved that possessed a high degree of inorganic branch-
ing. Figure 1d presents a high-resolution image of the NPNs that
displays lattice fringes with d spacings of 2.5 Å and hexagonal
atomic arrays, both of which are consistent with the face-centered
cubic structure of Pd. Additionally, the inset of Figure 1d pres-
ents a medium resolution micrograph of a low-density
region of the NPNs demonstrating their linear and branching
morphology.
The structural effects of the template control the morphology

of the inorganic materials, as shown in Scheme 1. To that end, the
peptide structure possesses numerous amines distributed within
the scaffold that can greatly disperse the Pd2þ ions throughout
the template. As a result, when a Pd/peptide ratio of 60 is used,
the metal ions are separated by greater distances as compared to
when a ratio of 120 is employed that more fully loads the peptide
framework. Upon reduction, Pd nanoparticles nucleate within
the scaffold where the average distance between the particles
varies based upon the metal loading; at lower ratios, the distance
between the particles is quite large, while for the higher loadings,

smaller interparticle distances are produced. At the lower ratios,
the particle distance is large enough to prevent aggregation;
however, at the higher ratios, the particles are close enough to
allow for their specific aggregation in a linear fashion because of
the steric effects of the branches of the peptide framework. As
numerous particles begin to linearly aggregate, formation of the
networked morphology occurs to generate the final NPN
structure. The networked arrangement is produced via the
formation of branching points within the inorganic component
because of the organization of multiple particles at a single
location. The degree of linear network formation is controlled
by the amount of Pd within the template such that as the ratio
decreases, lesser aggregation is anticipated until no aggregation
occurs as observed for the Pd60 spherical particles.
Effects of the Peptide Template on the Stille Coupling

Reaction. The catalytic reactivity of nanomaterials is controlled
by the three-dimensional structure, which mediates the interac-
tions of substrates with the active surface.1-4,17,20,22,36,39 It is
critical that the structure-function relationship of these materi-
als be determined, which could be used in the future design of
enhanced systems that meet next generation reactivity demands,
where template-based materials such as those of the present
study may make significant contributions. A set of important
reactions that follow very similar mechanisms are those of
C-couplings, which have recently been shown to have the
potential to operate under optimized energy and environmental
conditions using Pd nanoparticle catalysts.17 Of these reactions,
Stille coupling, shown in Scheme 2a, is extensively used to
achieve the formation of C-C bonds.49,50 For this reaction,
the aryl halide is able to oxidatively add to a Pd0 catalyst that then
positions the nucleophile of the tin complex onto the Pd2þ

species via a transmetalation step. Finally, through reductive
elimination, the C-C bond is formed while the Pd0 catalyst is
regenerated. As has been preliminarily shown for a single reac-
tion, the peptide templated Pd nanospheres, nanoribbons, and
NPNs are catalytically active for the Stille coupling of 4-iodo-
benzoic acid with PhSnCl3 to produce biphenylcarboxylic acid in
high yields at low Pd loadings on the order of 0.005 mol % Pd.2

These materials previously demonstrated TOF values for this
specific reaction, which are included in Table 1 and Figure 2, of
452( 16mol product (mol Pd� h)-1 for the Pd60 sample, 334
( 38 mol product (mol Pd � h)-1 for the Pd90 nanoribbons,
and 437 ( 14 mol product (mol Pd � h)-1 for the NPNs
prepared in the Pd120 system.2 While this single reaction
indicates that the materials are catalytically active, the aryl halide
composition and identity can also alter the catalytic reactivity,
which is relatively unknown for non-spherical templated materi-
als. Furthermore, the effects of the template may also be related
to the reagent composition; thus, studies of the reactivity as a
function of reagent identity are required.
When the chemical structure of the aryl halide is altered,

significant shifts in the reactivity of the materials are observed.
For instance, when 3-iodobenzoic acid is employed as the
starting material, lower product yields are achieved as compared
to the 4-iodobenzoic acid species, as shown in Table 1. Employ-
ing the Pd60 sample, product yields of 48.4 ( 0.8% were
achieved in 24.0 h using a Pd loading of 0.050 mol %. When
the Pd90 and Pd120 materials catalyzed the reaction, product
yields of 50.9 ( 2.9% and 46.9 ( 2.4%, respectively, were
achieved. Overall, this represents an approximately 2-fold de-
crease in the product yield with a switch of the halide position
from 4 to 3 in the benzoic acid structure. This trend in decreasing

Table 1. Stille Coupling Results Employing the Pd60 Nano-
spheres, Pd90 Nanoribbons, and Pd120 NPNsa

a Percent yield (%) of the anticipated product are listed above the TOF
value for the individual reactions, which are shown in parentheses.
Reaction conditions: 1.0 equiv. of aryl halide, 1.2 equiv. of PhSnCl3,
0.05 mol % Pd, 8.0 mL of 2.25 M KOH, 25 �C, t = 24.0 h.
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product yields continued with 2-iodobenzoic acid such that no
product was observed when any of the shaped Pd nanomaterials
were employed to catalyze the reaction, consistent with other
comparable catalysts.3,20 Such a trend is likely the result of the
atomic structure of the aryl halide, suggesting that the positioning
of the functional groups within the reagent plays an important
role in the reactivity of the templated Pd nanomaterials.
When the halogen was altered from I to Br or Cl on the

benzoic acid reagent, varied reactivity was observed that followed
specific trends.49,50 For instance, using 4-bromobenzoic acid
resulted in decreased product yields of 19.4 ( 0.9%, 21.9 (
5.8%, and 29.2 ( 9.6% for the reactions catalyzed by the Pd60,
Pd90, and Pd120 materials, respectively, over 24.0 h at room
temperature with a loading of 0.050 mol % Pd. Such reactivity
was somewhat surprising as bromo-based reagents typically
produce negligible product amounts under such conditions.3

Evenmore remarkable, product yields were observed for 4-chloro-
benzoic acid. For this reagent, product yields of 2.3( 0.6% were
observed for the Pd60 nanospheres, while yields of 0.85( 0.08%
and 1.4( 0.6% were noted for the Pd90 nanoribbons and Pd120
NPNs, respectively. While the product yields are quite low
because of the Cl group, they suggest that Pd nanoparticles
could drive the Stille coupling of chlorinated aryl halides that has
proven to be challenging.3,17,20 Together, the effects of the halide
identity indicate maximal yields are achieved for I containing
species and decreasing yields are achieved for reagents with
lighter halogens, which is consistent with known trends in
C-coupling schemes.3,17,20,49,50

Further analysis of the aryl halide structure focused on the
individual functional group of the reagent. It is known that the
rate of Stille coupling can be modulated by the electronic
character of the aryl halide,49 thus changes in the molecular
composition can significantly affect the reactivity. As a result, by
changing the benzoic acid substrate to a phenol-based system,
significant changes to themolecular electronics occurs, which can
be observed in the catalytic results. For instance, when using

4-iodophenol, the product yields decreased to 75.9( 8.9%, 70.5
( 3.6%, and 68.9 ( 3.0% for the Pd60, Pd90, and Pd120
materials, respectively, as compared to 4-iodobenzoic acid, over
the 24.0 h reaction time. Furthermore, similar trends in the halide
identity were observed for the halogenated phenols as compared
to the acid-based reagents. Using 4-bromophenol, yields of the
coupled product diminished to 9.7 ( 4.6% for the Pd60
materials, while 6.5 ( 1.3% was determined for the Pd90
nanoribbons and 5.6 ( 1.0% was quantitated for the NPNs
under identical reaction conditions. For 4-chlorophenol, no
product was detected for any of the materials, consistent with
observed trends in changes to both the functional group and
halogen. Taken together, these results suggest that multiple
characteristics of the aryl halide reagents work in combination
to modulate the C-coupling reactivity of the peptide-templated
materials, including functional group orientation, electronic
character, and halogen identity.
While the actual product yields are indicative of the catalytic

reactivity, the TOF values associated with each template-based
nanomaterial represents a more quantitative analysis of the cat-
alytic capability and could reflect differences associated with the
complex composite structure. When considering the benzoic acid
aryl halides, the highest TOF values are observed for 4-iodo-
benzoic acid2 that decrease with changes to the halogen identity
and functional group position. This follows the trend that was
observed above with the product yields, and is shown in Figure 2.
For instance, when using 3-iodobenzoic acid, TOF values of 244
( 4.4 mol product (mol Pd� h)-1, 221( 16 mol product (mol
Pd � h)-1, and 237 ( 15 mol product (mol Pd � h)-1 were
observed for the Pd60, Pd90, and Pd120 materials, respectively.
These values are lower than those previously reported for the
4-iodobenzoic acid species2 and are consistent with the de-
creased product yields. No TOF analysis could be completed
for 2-iodobenzoic acid because of its lack of activity. When the
halogen identity was altered to Br in 4-bromobenzoic acid,
significantly lower TOFs were observed as anticipated because
of the low product yields that were detected. For this reagent, the
Pd60 nanospheres demonstrated a TOF of 17.9 ( 3.2 mol
product (mol Pd�h)-1, while the Pd 90 nanoribbons possessed
a value of 16.1( 0.5 mol product (mol Pd� h)-1. For the highly
integratedNPNs, a TOFof 18.4( 3.6mol product (mol Pd�h)-1

was observed using the bromo-based acid reagent. These low
values are consistent with the minimized product yields, which
are likely attributed to the halogen identity and its effects on the
reaction mechanism and degree of reactivity. While product
generation was observed for the 4-chlorobenzoic acid species,
further TOF analysis was not conducted because of the extremely
low product amounts over the 24.0 h time period.
When TOF analyses were conducted for the phenol-based

substrates, lower values were observed as compared to the
benzoic acid reagents. When using 4-iodophenol, TOF values
of 141( 9.4 mol product (mol Pd�h)-1, 122( 18mol product
(mol Pd�h)-1, and 135( 1.4 mol product (mol Pd�h)-1 were
observed for the Pd60, Pd90, and Pd120 nanomaterials, respec-
tively. When 4-bromophenol was studied, the values were
significantly lowered to 5.8 ( 2.1 mol product (mol Pd�h)-1

for the Pd nanospheres fabricated from the Pd60 sample, while
the Pd90 nanoribbons and Pd120 NPNs demonstrated TOFs of
3.3 ( 0.9 mol product (mol Pd � h)-1, and 4.0 ( 0.7 mol
product (mol Pd�h)-1, respectively. Again, no reactivity was
observed for the 4-chlorophenol reagent; therefore, a TOF
analysis was unable to be conducted.

Figure 2. TOF analysis of the Stille coupling reaction employing the
selected aryl halides that probe reagent structural effects. Note that for
every reaction, the Pd90 materials demonstrate a lower TOF value, on
average, as compared to the Pd60 and Pd120 materials.
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The results gained from the Stille analysis suggest key reagent
composition and catalyst structural motifs that are important for
the design of template-based nanocatalysts. For instance, the
identity and position of the functional groups within the ring
structure of the aryl halide directly impact the reaction. To that
end, reagents that possess an electron-withdrawing group, such
as the benzoic acid reagents, demonstrated higher reactivity and
TOF values as compared to their counterparts that possess
electron donating hydroxyl groups of the phenol compounds.
Furthermore, the halogen species played a critical role in the
functionality such that as lighter halogens were used, the
reactivity of the system decreased. These observations follow
previously observed trends in reactivity for the aryl halide reagents
when employing traditional organometallic catalysts.49,50 Such
effects are likely to mediate both the oxidative addition and
transmetalation steps to alter the reactivity; however, the struc-
ture of the inorganic materials and the actual nanoparticle-based
mechanism could also play a significant role in the reactivity.
At present, a unique atom leaching mechanism has been pro-
posed for C-coupling reactions employing Pd nanoparticle
catalysts.1,17,35,54,55 In this mechanism, during the oxidative
addition step, Pd2þ ions are leached from the nanomaterial
surface from which the reaction is driven in solution. Upon
completion, the regenerated Pd atoms either recombine with the
remaining nanomaterials or form bulk Pd black, which is
catalytically inactive and precipitates from solution. In this
approach, alterations in the particle structure, size, and distribu-
tion are anticipated; however, full analytical determination of the
actual mechanism remains challenging because of the limited
techniques available to probe particles on this size scale at the
dilute concentrations. Interestingly, when these reactions are run
at relatively high template catalyst loadings, g 0.10 mol % Pd, a
black precipitate is observed that suggests the atom leaching
mechanism is responsible for the reactivity.
While aryl halide oxidative addition at the Pd surface is the

likely cause of Pd leaching, the reactions are processed in air, thus
chloride-assisted oxidation of the Pd materials in the presence of
O2 could drive the leaching process. To minimize this effect, the
nanocatalysts were dialyzed to remove excess Cl- prior to the re-
action; however, PhSnCl3 is used as the transmetalation reagent.
To confirm that aryl halide oxidative addition controls Pd leach-
ing, Stille coupling of 4-iodobenzoic acid with PhSnCl3 was
catalyzed by the Pd60 nanospheres under N2 at a loading of 0.10
mol % Pd. Here, quantitative product yields were achieved in
24.0 h under conditions that disfavor chloride-based oxidation,
thus suggesting oxidative addition of the aryl halide does indeed
drive Pd leaching.
Based upon these controls and results, for the present peptide-

template-based Pd nanocatalysts, oxidative addition at the inor-
ganic surface is likely required for reaction initiation via Pd-
leaching; thus, the Pd surface area is involved in the reactivity. For
this, the reagents must penetrate into the peptide scaffold, locate,
react, and extract Pd2þ from the inorganic surface, drive the Stille
coupling, and finally diffuse out of the peptide template. To that
end, a higher surface-to-volume ratio would expose more of the
reactive metal to the reagents, thus allowing for a more rapid
abstraction process and thus increasing the TOF of the system.
Furthermore, the positioning of the functional groups within the
ring structure may impede oxidative addition.3,20 For instance,
employing the 2-iodobenzoic acid substrate, the halogen and
carboxylic acid functionalities are closely spaced that upon
oxidative addition at the inorganic surface, the acid group will

be appropriately positioned for interactions with the Pd. As a
result, two points of chemical interaction occur, which results in
stronger surface adsorption. This effect likely prevents or inhibits
oxidative addition and/or the leaching process to result in no
catalytic turnover as previously demonstrated using smaller
spherical nanoparticles.3,20 When 3-iodobenzoic acid was em-
ployed, reactivity was observed; however, lower yields and TOF
values were determined as compared to 4-iodobenzoic acid.
While the functional groups are further separated as compared
to 2-iodobenzoic acid, this spacing is lower as compared to
4-iodobenzoic acid. As a result, some additional degree of
interaction with the extended one-dimensional Pd nanomaterials
is likely to occur with the 3-iodobenzoic acid species. Previous
results using peptide-capped or dendrimer-encapsulated Pd
nanoparticles were able to achieve quantitative yields for this
reagent;3,20 however, the nanoparticles used for these previous
studies were smaller and were exclusively spherical as compared
to the larger and non-spherical materials of the present study. By
having the larger and/or linear nanostructures, the Pd surface
area in the immediate vicinity of the oxidative addition site is
larger. From this, the ability for the carboxylic acid group of
3-iodobenozic acid to interact with the metallic material is
enhanced to lead to adsorption that partially inhibits Pd2þ

leaching. As a result, less Pd species could be leached from the
inorganic surface to drive the reaction, thus lowering the yields
and TOF values. Based upon this hypothesis, it would be
anticipated that the interaction strength of the aryl halide with
the Pd surface would follow a trend 4 < 3 < 2, where these
numbers represent the position of the halogen group with
respect to the acid moiety. Interestingly, quantitative yields are
observed for 4-iodobenzoic acid, ∼50% yields are noted for
3-iodobenzoic acid, and no product is detected for the 2-iodo-
benzoic acid, thus supporting the suggested variations in the
interaction strength and catalytic affects of the substrate struc-
ture. Further evidence to support such an interaction for the
3-iodobenzoic acid species arises from the lower TOF values that
are calculated; when compared to the 4-iodobenzoic acid TOFs,
values of nearly half are observed, which could be indicative of the
lower reactivity arising from the stronger interactions with the Pd
nanomaterial surface.
While the inorganic morphology is likely to affect the individ-

ual interactions at the metallic surface, the full composite
structure of the peptide-templated materials is likely to control
the overall reactivity. As stated above, the peptide template
presents a barrier that inhibits the reagents in solution from
immediate contact with the Pd surface; the reagents must diffuse
through the framework to reach and interact with the inorganic
component. Furthermore, while the same concentration of Pd
atoms is present in every reaction, the surface area for oxidative
addition changes as the shape of the inorganic nanostructure
varies. Together, these effects are likely to mediate the individual
reactivity and result in the observations for the TOF values for
the different materials as presented in Figure 2. For the Pd60
materials, the highest inorganic surface area is displayed; how-
ever, the penetration depth is likely to be the largest because of
the high dispersity of the materials within the structure. Con-
versely, for the Pd120 NPNs, while the Pd surface area is likely to
be the lowest of all the materials, the highest Pd loading occurs
for these structures, thus pushing the reactive surface closer to
the peptide/water interface to significantly minimize reagent
diffusion. Together, one of these two criteria is maximized for the
Pd60 or Pd120 samples; however, for the Pd90 materials, both of
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these factors are minimized; thus, attenuation of the reactivity for
the nanoribbons is possible. Specifically, for the Pd90 nanorib-
bons, the reactive surface area is decreased, as compared to the
Pd60 nanoparticles, while the penetration depth is maximized, as
compared to the Pd120 NPNs; thus, these two negative struc-
tural characteristics work in combination to minimize the
reactivity for the Pd90 structures. This was previously shown
for a single Stille reaction using 4-iodobenzoic acid;2 however, as
shown in Figure 2 and Table 1, such results are observed, on
average, for all of the aryl halide reagents studied in the present
analysis. While the trend is present, the error in the analysis
precludes a direct correlation, but this is likely due to the
leaching-based mechanism. For 4-iodobenzoic acid, Pd abstrac-
tion is more rapid because of the lack of surface adsorption of the
acid group as discussed above; thus more reactive Pd species are
released in a quicker fashion from the Pd60 and Pd120 materials
because of the maximized surface area and penetration effects,
respectively. As a result, higher catalytic turnover is expected over
the time frame of the TOF studies, which is observed as higher
values as compared to the Pd90 materials. When this abstraction
process is slowed using the additional aryl halides, less Pd is
released; thus, the TOF values for these systems is more
dependent upon the released Pd rather than the initial abstrac-
tion process. As a result, slower TOFs are anticipated from the
lower amount of Pd available for the reaction, which could
generate the observed results that are closer in magnitude for
all three materials. To more fully determine the structural affects
of the materials for catalysis, a rapid reaction that occurs directly
on the Pd surface, such as 4-nitrophenol reduction, is desirable.
This would decouple the leaching process from the actual
catalytic results thus amplifying the structural attributes of the
materials for template-based reactivity.
Effects of the Peptide Template on Catalytic 4-Nitrophe-

nol Reduction. While the Stille reaction appears to be depen-
dent upon the structure of the materials, the proposed leaching
mechanism could impact and/or minimize the effects to the
catalytic reaction. To further confirm, characterize, and identify
key structural elements that control the reactivity for template-
based materials, it is important to study a separate class of
catalytic reactions in which the mechanism is processed directly
on the inorganic surface. To this end, the structural effects of
templated materials could be amplified for surface-based reac-
tions and can be used to further elucidate the structure/function
relationship. For this, we have employed the reduction of
4-nitrophenol to 4-aminophenol using NaBH4 that is catalyzed
directly on the surface of noble metal nanomaterials dispersed in
solution,52,53-59 where the overall reaction is presented in
Scheme 2b.56 This rapid reaction can be monitored using time-
resolved UV-vis spectroscopy from which a full kinetics study
can be completed. This will allow for a highly quantitative
analysis of the nanomaterial structural effects of the various
compositions of materials on the catalytic reactivity.
Figure 3a presents the UV-vis analysis of the 4-nitrophenol

reduction reaction that is catalyzed using the Pd90 nanoribbons.
Here, a Pd concentration of 79.0 μMand a temperature of 50.0 �C
was employed to drive the reaction. Identical analyses were
conducted in triplicate for all materials with the UV-vis spectra
of the process presented in the Supporting Information, Figures
S2-S7, for the Pd60 and Pd120 materials. For this reaction, the
substrate, 4-nitrophenol, exhibits a strong absorbance peak at
400 nm under basic conditions.52,59 As this reagent is catalytically
reduced by the Pdmaterials in the presence of a significant excess

of NaBH4, the intensity of the 400 nm peak decreases and a new
peak at 310 nm is generated corresponding to the 4-aminophenol
final product.52,59 When a control reaction is performed in the
absence of Pd, no change in the 400 nm peak is observed over the
time frame of the study, indicating no reduction of the 4-nitro-
phenol substrate as shown in the Supporting Information, Figure
S1, thus confirming the catalytic activity of the peptide-templated
Pd nanomaterials. Note that an isosbestic point is not observed,
which is likely due to two factors. First, the formation of H2 gas
bubbles during the reaction occurs, which can cause a minor
degree of scattering.59 Second, while 4-aminophenol is unam-
biguously produced, multiple intermediates are generated
(Scheme 2b) that also absorb in this region. As previously
demonstrated, kinetics studies for this reaction are thus com-
pleted using pseudo first order kinetics by monitoring the
consumption of 4-nitrophenol as the concentration of NaBH4,
which is in significant excess, essentially remains constant.52,53-57

Figure 3b displays the diminishing values of the 400 nm intensity
for the catalytic reduction reaction employing all three template-
prepared materials over a time frame of 3.00 min. As anticipated,
a rapid decrease in intensity is observed until the reaction is
completed in ∼2.00 min for all of the materials. Such results are
consistent with previous noble metal nanomaterials for this
reaction,52,53,58,59 suggesting that the present materials are highly
active for the surface-based reaction.
Figure 4 presents the overall kinetic analysis of the 4-nitrophenol

reduction reaction employing the template generated materials. To
isolate the pseudo first order rate constant, k, eq 1 was used,53

- kt ¼ ln
Ct

C0

� �
ð1Þ

Figure 3. UV-vis analysis of the 4-nitrophenol reduction reaction. Part
(a) displays the time-resolved UV-vis spectra used to extract kinetic
information. The presented reaction was studied using the Pd90
nanoribbons at a temperature of 50.0 �C. Monitoring of a decrease in
the absorbance at 400 nm, which arises from the 4-nitrophenol substrate,
demonstrates a rapid decrease in intensity for all reactions studied, which
is presented in part (b) for the Pd60, Pd90, and Pd120 materials at a
reaction temperature of 50.0 �C.
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where Ct represents the concentration of 4-nitrophenol at time t
andC0 represents the initial concentration of 4-nitrophenol at t =
0.00min. Since the absorbance of the reagent is directly related to
the concentration via Beer’s law,60 the absorbance intensities at
the appropriate time points can be substituted to generate the
plots of Figure 4a.53,57 Here, the ln ((Ct)/(C0)) is plotted as a
function of time, where the slope of the best fit line represents the
-k value of the reaction. For all three materials at the selected
reaction conditions, triplicate reactions were completed where
the R2 value for all analyses was >0.90.
To kinetically study the catalytic process, the reaction was

monitored at 10.0 �C intervals between a temperature range of
10.0 and 60.0 �C employing all three nanoparticle morphologies.
The average k-values for each system are presented graphically in
Figure 4b and tabulated in Table 2. For all of the materials
studied, the reaction temperature and rate constants were
directly proportional such that as the temperature increased,
the k-values also increased linearly. For instance, when the Pd60
nanospheres were studied at 10.0 �C, a rate constant of 0.027 (
0.002 s-1 was observed that linearly increased to 0.042( 0.004 s-1

at 60.0 �C. When the Pd90 nanoribbons were used to drive the
reaction, diminished k-values were observed that ranged from
0.021 ( 0.001 s-1 to 0.035 ( 0.001 s-1 over the temperature
range. Finally, when the NPNs prepared in the Pd120 sample
catalyzed the reaction, rate constants similar to the Pd60
materials were noted such that a k-value of 0.024 ( 0.001 s-1

was observed at 10.0 �C that increased to 0.040 ( 0.005 s-1 at
60.0 �C. These values are plotted in Figure 4b, which shows that
while the Pd60 and Pd120 materials were able to catalytically
drive the reaction at equivalent rates, the Pd90 materials demon-
strated diminished rate constants over the entire range of the
reaction temperatures. This suggests that the structures of the
Pd60 and Pd120 materials are optimized to drive the surface-
based reaction, while the Pd90 nanoribbons possess a structure
that limits the reaction rate.

Figure 4c presents the Arrhenius plot for all three-reaction
systems from which the slope of the trend line can be used to
determine the activation energy (Ea). From this analysis, Ea
values of 7.5( 0.9 kJ/mol, 7.2( 0.9 kJ/mol, and 8.7( 1.2 kJ/mol
were calculated for the 4-nitrophenol reduction reaction catalyzed
by the Pd60 nanoparticles, Pd90 nanoribbons, and Pd120 NPNs,
respectively, which are lower than values previously reported for
other nanoparticle-based systems.57,58 From these energy values,
which are strikingly very similar, it can be inferred that the energy
required to drive the catalytic process is very similar for all of the
materials studied. This is likely because in all three systems,
zerovalent Pd is the catalytic agent and is present in all of the
materials studied. The major difference, however, is the three-
dimensional structure of the nanomaterials, which is likely mediat-
ing the process and could result in the observed variations in the
catalytic rate constants.
The results from the 4-nitrophenol reduction reaction are fully

consistent with the theory that reagent penetration depth and
active surface area control the reactivity of the materials. When
studying this process, the catalytic rate of the reaction was
consistently lower for the Pd90 nanoribbons, while the Pd60
and Pd120 materials demonstrated higher rates. Furthermore, all
three materials were calculated to possess equivalent Ea values;
thus, they required the same amount of energy to drive the
reaction. This suggests that the actual catalytic species in the
process (Pd) is the same, but that the three-dimensional struc-
ture of the materials plays an important role in the reactivity. As
discussed above, the substrates must diffuse through the peptide
template to react at the catalytic materials such that those
structures that position Pd closer to the solution interface would
be inherently faster. To that end, the Pd120 NPNs that possess a
more densely packed framework with inorganic components
should drive the process at rapid rates, which is consistent with
the observed data. In addition, it is clear that the quantity of
surface area in solution also impacts the reaction rate. This is
observed by the high k-values for the Pd60 nanospheres, which
would present the highest inorganic surface area of all three
systems. Finally, as with the Stille coupling, the Pd90 nanorib-
bons possess a diminished Pd surface area and a maximized
penetration depth, as compared to the Pd60 and Pd120 materi-
als, respectively, thus resulting in the lower k-values. Taken
together, the quantitative kinetic analysis of the 4-nitrophenol
reduction reaction strongly support these two structural factors,
which was also suggested by the Stille results.
To probe these two structural effects, the following specific

controls were studied. In Figure 5a, the 4-nitrophenol reduction

Figure 4. Kinetic analysis of the 4-nitrophenol reduction reaction
employing the peptide-templatedmaterials. Part (a) presents the pseudo
first order kinetic plots for all of the materials studied at a reaction
temperature of 50.0 �C. The slope of the best fit line represents the-k-
value associated with each reaction. Part (b) presents the k-values for all
of the catalytic systems as a function of temperature, which demonstrates
an increase in kwith an increase in temperature. Finally, part (c) displays
the Arrhenius plots for each of the reaction systems, where the slope of
the line is used to determine the Ea value.

Table 2. Pseudo First Order Kinetic k-Values for the 4-Ni-
trophenol Reduction Reaction Employing the Pd60 Nano-
spheres, Pd90 Nanoribbons, and Pd120 NPNs

Pd Material [10-2 k (s-1)]

temperature Pd60 Pd90 Pd120

10 �C 2.7 ( 0.2 2.1 ( 0.1 2.4 ( 0.1

20 �C 2.7 ( 0.2 2.4 ( 0.1 2.6 ( 0.1

30 �C 3.0 ( 0.1 2.8 ( 0.1 2.9 ( 0.1

40 �C 3.4 ( 0.2 2.9 ( 0.2 3.5 ( 0.1

50 �C 3.9 ( 0.2 3.1 ( 0.1 3.8 ( 0.1

60 �C 4.2 ( 0.4 3.5 ( 0.1 4.0 ( 0.5

Ea (kJ/mol) 7.5 ( 0.9 7.2 ( 0.9 8.7 ( 1.2
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reaction was studied using increasing concentrations of the Pd120
NPNs. As the concentration of the Pd materials increased, the
reaction rate also increased linearly. This control confirms that the
catalytic surface area significantly affects the reaction such that
greater surface areas facilitate a more rapid reaction. To probe the
effect of reagent diffusion in the template, extra R5 peptide was
added to the catalytic reaction employing a constant concentration
of the Pd60 nanospheres. In this event, extraneous, metal free
peptide frameworks would be present in solution into which the
4-nitrophenol molecules could diffuse. Those molecules that
penetrate into the extraneous scaffolds would be inhibited from
reacting with the catalyst until they were released from the empty
template and subsequently diffused into a Pd-containing frame-
work for catalytic turnover, thus lowering the rate constant. Indeed,
as shown in Figure 5b, as the peptide concentration increased with
a constant Pd60 concentration, the k-values for the reaction
decreased, consistent with the diffusion-limited theory.
Additionally, these results suggest that both the inorganic

surface area and the penetration depth play nearly equivalent
roles in the reactivity of the materials. Should one of these
structural considerations play a more significant part in the
process, then a noticeable difference between the k-values of
the Pd60 and Pd120 materials should have been observed. For
instance, if the peptide template allowed for an excessively rapid
diffusion process, and thereby negating this effect, then the
availability of the inorganic surface area would likely become
the limiting factor. Under such conditions, a linear decrease in
the rate for the reduction reaction would be anticipated from
the Pd60 nanospheres to the Pd120 NPNs, which should

demonstrate the smallest k-values. Conversely, if the template
diffusion process was significantly impairing substrate diffusion
to the point that it played a more significant role in the reactivity
over the inorganic surface area, then the reaction rate for the
Pd120 NPNs should be the greatest, with the smallest rates
occurring for the more diffused and deeply packed Pd60 nano-
spheres. Interestingly, for both of the reactions studied that
follow significantly different mechanisms, the Pd60 and Pd120
materials consistently demonstrate similar reactivity that is high-
er in magnitude than the average activity for the Pd90 structures.
Taken together this suggests that the effects of active surface area
and penetration depth work in combination to dictate the final
reactivity of the biomimetic template-prepared nanomaterials.

’SUMMARY AND CONCLUSIONS

In summary, the effects of the composite, three-dimensional
structure of biomimetic template-prepared Pd nanomaterials has
been studied for its effect on the catalytic reactivity. From this study,
key structural criteria have been elucidated that directly affect the
catalytic activity and the overall reaction rate.Here, both themetallic
surface area and the penetration depth within the framework are
demonstrated to play important roles in controlling the func-
tionality. By having the unique ability to load selective amounts
of Pd materials into the scaffolds, these two characteristics can be
judiciously altered to probe these effects. This was observed via
changes in the catalytic TOFs and reaction rates for Stille
coupling and 4-nitrophenol reduction. As this trend was main-
tained for two reactions that follow drastically different catalytic
mechanisms, this suggests that such structural effectsmay be applied
to various different catalytic processes and may be maintained for
other template-based nanostructures. The structure-function
relationship of catalytic nanostructures is extremely important in
order for the design and development of next generation systems
that operate under ecologically friendly and energy efficient
conditions. Such conditions are needed in light of the deteriorat-
ing global condition and diminishing natural resources.
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