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B
ioinspired inorganic nanomaterials
have received much attention due to
the potential to generate novel thera-

peutics, drug delivery systems, electronics,
sensors, and catalysts.1�10 For example,
biofunctionalized metal probes for trans-
fection and for the detection of oligonu-
cleotides have been developed,11,12 and
nanomaterials syntheses with peptides
have been explored for the controlled fab-
rication of biosilica, titania, and noble metal
nanostructures.13�19 A common advantage
over traditional synthetic approaches is
the use of renewably sourced, complex,
and programmable capping agents. By ex-
ploiting the complexity found in materials
binding peptides, an ultimate goal in
peptide-derived nanotechnology is to con-
trol the materials properties by rational

sequence design. This is particularly true in
non-Edisonian development of catalytic
materials, wherein peptide-enabled nano-
catalysts have previously demonstrated
sequence-dependent catalytic properties.8,9,20

To fully realize this goal, however, a thorough
understanding of the biotic/abiotic interface
and atomic-level structural motifs is required.
Extensive experimental and computational
efforts have thus been employed to deter-
mine nanoparticle-bound peptide config-
urations in an effort to elucidate materials
properties,8,9,19,21�31 yet structural compre-
hension remains elusive, particularly for
irregular surfaces, and hence limits rational
nanomaterials property engineering.
Our previous work with peptide-capped

Pd nanocatalysts demonstrates the capa-
bility to modulate catalytic properties by
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ABSTRACT Peptide-enabled synthesis of inorganic nanostructures represents an avenue to

access catalytic materials with tunable and optimized properties. This is achieved via peptide

complexity and programmability that is missing in traditional ligands for catalytic nanomaterials.

Unfortunately, there is limited information available to correlate peptide sequence to particle

structure and catalytic activity to date. As such, the application of peptide-enabled nanocatalysts

remains limited to trial and error approaches. In this paper, a hybrid experimental and computational

approach is introduced to systematically elucidate biomolecule-dependent structure/function

relationships for peptide-capped Pd nanocatalysts. Synchrotron X-ray techniques were used to

uncover substantial particle surface structural disorder, which was dependent upon the amino acid

sequence of the peptide capping ligand. Nanocatalyst configurations were then determined directly from experimental data using reverse Monte Carlo methods

and further refined using molecular dynamics simulation, obtaining thermodynamically stable peptide-Pd nanoparticle configurations. Sequence-dependent

catalytic property differences for C�C coupling and olefin hydrogenation were then elucidated by identification of the catalytic active sites at the atomic level

and quantitative prediction of relative reaction rates. This hybrid methodology provides a clear route to determine peptide-dependent structure/function

relationships, enabling the generation of guidelines for catalyst design through rational tailoring of peptide sequences.
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altering amino acid content (see Table 1).8,9,16 Sub-
4 nm Pd nanocatalysts were synthesized using the
biocombinatorially derivedPd4peptide (TSNAVHPTLRHL)
and various one or two-site amino acid substitution
analogues at the strongly interacting histidines.8,9,16,32

Remarkably, these minor alterations in the native Pd4
sequence result in nanocatalysts with varying turnover
frequencies (TOFs) for Stille coupling reactivity.8,9 Cat-
alytic differences were initially explained in terms of
peptide orientation and total coverage at the biotic/
abiotic interface, which affects the availability of reac-
tive Pd surface atoms.8,9 Although such considerations
are likely to play a role in the catalytic activity, the
underlying presumption is that the available catalytic
Pd atoms on the different particles are structurally
similar, thus not contributing to the observed cata-
lytic property differences. Yet given the presence of
Pd-binding peptides in solution with PdCl4

2� during
reduction and growth, it is probable that variation in
the peptide composition and secondary structure
imparts atomic-scale structural differences at the
nanoparticle surface. Such variations likely have a
profound effect on the formation of catalytically active
Pd, where elucidation of such structural detail would
support the development of design rules to optimize
nanomaterial reactivity.
In this contribution, a hybrid experimental and com-

putational approach is taken to examine sequence-
dependent structure/function relationships at the
atomic level by using extensive structural characteriza-
tion methods as the foundation of the investigation.
Atomic pair distribution function (PDF) analysis of
high-energy X-ray diffraction (HE-XRD) patterns and
X-ray absorption fine-structure spectroscopy (XAFS)
are used to probe atomic-scale structure details of
peptide-derived Pd nanocatalysts. These techniques,
sensitive at the subangstrom level, reveal struc-
tural differences over varying length scales for each
peptide-capped nanocatalyst (Table 1). Following
structural modeling of the experimental data, mole-
cular dynamics (MD) simulations were performed in
aqueous solution with binding peptide monolayers
to obtain thermodynamically stable atomic arrangements

representative of the complete 3D structure of the
peptide-capped Pd catalysts. These configurations
were used to uncover sequence-dependent struc-
ture/function relationships for mechanistically differ-
ent C�C coupling and olefin hydrogenation reactions
resolving catalytically active sites for both systems.
Extensive experimental structural studies reveal sig-
nificant, and unexpected, nanoparticle structural dis-
order that serves as the foundation to computationally
assess and predict catalytic properties that could not
otherwise be elucidated using either experimental
or computational methods alone. The approaches
demonstrated in this contribution are readily applic-
able to similar heterogeneous catalytic systems and
electrocatalysts, opening up a new avenue to under-
standing structure/property relationships of complex
bioinspired nanocatalysts.

RESULTS AND DISCUSSION

Pd nanocatalysts were synthesized with the pep-
tides listed in Table 1 and lyophilized to powders for
structure characterization. Swapping of histidine resi-
dues at the 6 and 11 position with alanine (weaker
binding) and cysteine (stronger binding) was per-
formed to vary site-specific binding strengths of the
peptide. X-ray absorption near edge structure (XANES)
data for the cysteine analogues (Supporting Informa-
tion Figure S1) show similarities between nanoparticles
yet stark contrast from bulk Pd. This difference in
features from the XANES data indicates chemical and
structural differences between bulk Pd and the Pd
nanocatalyst, likely a contribution of unreduced Pd2þ

in the sample.25,33 After background subtraction and
edge-step normalization, the extended XAFS (EXAFS)
data was converted to k-space, k2-weighted, and Four-
ier transformed into r-space as shown in Figure 1a. The
EXAFS data for the Pd nanocatalysts made from cys-
teine analogues of Pd4 show characteristic features for
Pd�Pd distances at 2.5 Å and a broader peak in the
lower-r range corresponding to nanoparticle-peptide
interactions (Figure 1a). Fitting of the r-space data
(Supporting Information, Figure S2) yields Pd�Pd,
Pd�O/N and Pd�S/Cl coordination numbers (CNs),

TABLE 1. Peptide Sequence, Pd Nanocatalyst Size, Catalytic Properties, and Computed Adsorption Energies

peptide sequence size (nm)a,b TOF (Stille coupling)a,c TOF (olefin hydrogenation)c adsorption energy (kcal/mol)d

Pd4 TSNAVHPTLRHL 2.1 ( 0.4 2200 ( 100 5000 ( 200 �34.7 ( 1.1
A6 TSNAVAPTLRHL 2.2 ( 0.7 5200 ( 400 6100 ( 200 �26.8 ( 1.0
A11 TSNAVHPTLRAL 2.6 ( 0.4 1300 ( 10 2900 ( 700 �14.5 ( 1.0
A6,11 TSNAVAPTLRAL 2.8 ( 0.7 360 ( 20 2600 ( 300 �28.2 ( 1.0
C6 TSNAVCPTLRHL 2.2 ( 0.3 3960 ( 30 1300 ( 200 �23.0 ( 1.0
C11 TSNAVHPTLRCL 2.4 ( 0.4 6140 ( 60 800 ( 500 �24.0 ( 1.0
C6,11 TSNAVCPTLRCL 2.3 ( 0.4 4000 ( 300 0 �22.5 ( 1.0
C6A11 TSNAVCPTLRAL 2.4 ( 0.4 4100 ( 70 500 ( 200 �35.0 ( 1.0
A6C11 TSNAVAPTLRCL 2.4 ( 0.4 6100 ( 300 900 ( 100 �20.6 ( 1.0

a Data taken from our previous reports.8,9 b Average diameters from HRTEM. cMoles of product (mol Pd � h)�1, 0.05 mol% Pd d The reported values are the computed
adsorption energies per peptide molecule.
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as shown in Figure 1b, compared to known values for
the noncysteine-based materials.25,33 The CNs reflect
all atomic species in the nanoparticle sample. Unfortu-
nately, EXAFS is unable to distinguish between O and
N or S and Cl due to similarities in atomic number,
and thus the EXAFS results are reported as a com-
bined value for the two elements. Pd�Pd CNs for
particles capped with cysteine analogues of Pd4 show
sequence-based trends. C6 and C11, consisting of one
cysteine residue at the 6 or 11 position, respectively,
yielded similar average Pd�Pd CNs of 5.1 ( 0.6 and
4.8( 0.3. Replacement of both histidineswith either an
alanine or cysteine residue (A6C11 andC6A11) resulted
in an increase in average Pd�Pd CN to 5.7 ( 0.7 and
5.6 ( 0.7, respectively, suggesting the placement of
an alanine at either position enhances the degree of
local atomic ordering due to the presence of a weakly
interacting functionality at the key locations in the
sequence. Placing cysteine residues at both the 6 and
11 positions (C6,11) resulted in a decrease in average
Pd�Pd CN to 3.7 ( 0.9. Information regarding
Pd�peptide interactions are obtainable from r-space

fitting (Figure 1b, blue and red symbols/lines). Unsur-
prisingly, CNs for Pd�S/Cl are much higher than those
for Pd�O/N in the cysteine analogues, demonstrating
the high affinity of the cysteine residues to Pd. While
Pd�thiol interactions are likely the major contributor
to Pd�S/Cl CNs, Pd�Cl interactions have been noted
for nonthiol containing peptide generated mate-
rials (Figure 1b) and cannot be ruled out.33 Minimal
Pd�O/N contributions were obtained for Pd capped
with cysteine analogues of Pd4, further indicating
binding exclusively through the thiol functionalities.
Note that Pd�O/N CNs are readily obtainable from Pd
capped with Pd4 and corresponding alanine ana-
logues. Thereby, as previously observed,33 coordina-
tion numbers lower than expectations can result from
interactions between unreduced Pd2þ ions and pep-
tides prior to reduction with 10-fold excess of NaBH4.
For example, specific Pd2þ-peptide interactions in case
of weakly binding A11 may explain an overall lower
Pd�Pd CN in comparison to more strongly binding
C11. A summary of all relevant EXAFS data is given in
Table S1.

Figure 1. Structural characterization of peptide-capped Pd nanoparticles. (a) r-space EXAFS data of Pd capped with cysteine
analogues of Pd4, (b) coordination numbers (CN) of Pd�Pd, Pd�O/N, Pd�S/Cl as determined bymodeling of the EXAFS data,
(c and d) atomic PDFs of peptide capped Pd nanoparticles (black line) and corresponding RMC modeling (red line). PDFs are
vertically offset for clarity.
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While XAFS is a valuable method for probing local
structural and chemical environments, information
sensitive to the atomic arrangement beyond the first
coordination sphere is needed to build accurate struc-
tural models. Such information can be obtained using
atomic PDF analysis of HE-XRD patterns. Atomic PDFs
of Pd nanocatalysts were obtained by converting HE-
XRD patterns first into total reduced structure factors,
Q[S(Q) � 1], (Supporting Information, Figure S3) and
Fourier transformed intoatomicPDFs,G(r) =4πr[F(r)� F0],
wherein r is the atomic pair distance and F(r) and
F0 are the local and average atomic densities, respec-
tively (see Supporting Information). As evident from
Figure S3, peaks that may be described in terms of a
face-centered cubic (fcc) lattice are observed. Minor
sharp peaks of substantially lower intensity are also
observable, which are attributed to Pd2þ in the lyoph-
ilized powder.25,33 Because of the sharp, Bragg-like
character of these peaks and their comparatively smal-
ler integral intensity, these features contribute very
little to the important features in the PDFs due to the
nature of the Fourier transform used to obtain the PDF.
PDFs of the Pd nanocatalysts, shown in Figure 1c
and 1d (black lines) reveal clear sequence-dependent
structural differences. Overall, the particles resemble a
disordered fcc arrangement, with structural differences
noted at various pair lengths for all Pd nanocatalysts. Of
particular note, the cysteine-based analogues tend to
exhibit the largest deviation from an ideal fcc lattice as
compared to the Pd4 and alanine analogues. Signifi-
cant broadening and shifting of Pd atomic pairs
peaks were evident for all nanocatalysts possessing
surface thiol functionality, while also displaying a low-r
shoulder at ∼2.3 Å for strong Pd�S atomic pairs. A
decrease in structural order was anticipated since
thiols are known to invoke structural disorder in other
metallic nanomaterials,34�37 either through surface
relaxation and/or the formation of staple motifs.38,39

A closer examination of the PDFs yielded additional
structural information. For example, the full width
at half-maximum (fwhm) of the first PDF peak
(Supporting Information Table S3, Figure S4) can also
be used to measure the relative degree of structural
order between nanocatalysts, as this quantity reflects
the structural distortions in the first atomic coordina-
tion sphere. The Pd4 and corresponding alanine ana-
logues have fwhms ranging from 0.36 to 0.43 Å, while
the cysteine analogues of Pd4 have fwhms ranging
from 0.45 to 0.54 Å. This increase in fwhm for the
cysteine analogues is indicative of a less defined first
coordination sphere, which is consistent with the
known disorder inducing behavior of thiol groups as
stated above. Note that these trends are similar to
those seen in EXAFS, but that the CNs from EXAFS
consist of both reduced and unreduced Pd, whereas
unreduced Pd contributions are effectively masked in
the PDF. Further examination of atomic PDFs at longer

atomic pair distances shows additional structural dif-
ferences between each sample (Supporting Informa-
tion, Figure S4). In the 3.5�11.0 Å range, atomic pairs
are more distinct for Pd4 and the alanine analogues
when compared to the cysteine analogues. Again, this
is evidence of a more ordered nanoparticle for the
noncysteine samples. Note that for the A6,11-capped
nanoparticle sample with more pronounced features
in the PDF, the particle is ∼1 nm larger than the
remaining samples, and hence has a lower fraction of
surface atoms. For comparison, the atomic PDF of Pd
black (bulk precipitation of PdCl4

2� with NaBH4) was
collected (Supporting Information, Figure S5). The
peaks of Pd black are much better defined than those
for Pd nanocatalysts, reflecting the presence of long-
range periodic atomic order. Overall, the atomic PDF
and XAFS analyses demonstrate clear atomic-scale
structural differences associated with changes at key
locations in the peptide sequence, which ultimately
affect their catalytic properties.
The experimental PDFs of the nanocatalysts were

then modeled using reverse Monte Carlo (RMC) simu-
lations (red line, Figure 1c and d). RMC simulations are
an established and ideal technique for modeling
structure functions of highly disordered materials that
requires no crystallographic information.36,40 Using the
CN values obtained from XAS modeling as a guide,
resulting RMC nanocatalyst configurations model the
PDF data of the peptide-derived materials reasonably
well, as shown in Figure 2 (RMC column). The resulting
configurations, modeled directly from experimental
data, exhibited a significant amount of high-energy
surface Pd atoms, and are vastly more disordered than
commonly presumed idealized single crystals. Bond
angle distributions were calculated from the RMC-
generated configurations as well, further showing a
disordered fcc-type structure (Supporting Information,
Figure S6). Additional analysis of the configurations
demonstrated that the majority of disordered Pd is
present at the surface, with the interior atoms better
resembling an fcc arrangement typically observed
in high-resolution transmission electron microscopy
(HRTEM) (Figure 2). No such constraints were given in
the RMC simulation. As such, these disordered nano-
catalyst surfaces are likely a direct result of the capping
peptide, which showed sequence-dependent differ-
ences in surface disorder.
While RMC is a valuable technique to model experi-

mental structure functions, the configurations are
entropically driven and can result in an overestimation
of atomic disorder. Furthermore, the RMC generated
configurations represent an average structure of a
large number of nanoparticles used to generate the
diffraction pattern, which will unavoidably have a
distribution of sizes and atomic structures. Therefore,
the manifestation of all size/structural differences into
one singular configuration likely exaggerates structural
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disorder. On the other hand, MD simulations alone
could not reproduce meaningful PDF data without
experimental information on the number of atoms

and particle shape. Here, we employ a hybrid approach
wherein RMC produced models of single averaged
particles to be further used in MD simulations to relax

Figure 2. Morphology of the nanocatalysts and of surface-adsorbed peptides from experimental structure studies, HRTEM,
and simulations. RMC denotes the structures generated by reverse Monte Carlo simulations of atomic PDFs. These structures
exemplify a size-averagedmorphology of the synthesized Pd particles represented using a singular configuration. RMC Core
denotes the interior of the RMC structures, which better resemble the nanocatalysts observed with HRTEM. MD denotes
thermodynamically stable morphologies of the particles as well as of particles in contact with a superficial monolayer of
corresponding peptides using molecular dynamics simulation. RMC simulations matching PDF data provided the initial 3D
arrangements of the particles for MD simulations.
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atomic positions and achieve stable morphologies.
These simulations were completed using the estab-
lished CHARMM-INTERFACE force field,38,39 resulting in
energetically more stable structures than the RMC-
generated configurations (Figure 2 and Movie S1).
Note that MD optimized configurations also do not
exhibit perfect nanoscale crystallinity and contain sig-
nificant surface metal structural disorder. From these
particle configurations, MD simulations were per-
formed to incorporate amonolayer of capping peptide
in aqueous solution on the nanocatalyst surface to
determine the spatial location and binding energies of
peptides (see Methods and Movie S1 for details of
calculations). The computationally derived binding
energies per peptide are provided in Table 1, while
MDgenerated configurations are shown in Figure 2. Com-
puted adsorption energies lower than �15 kcal/mol per
peptide (Table 1) indicate a strong interaction be-
tween the peptides and particles, which is likely the
origin of perturbed bulk crystal growth.41,42 The MD
calculations indicated that the parent Pd4 peptide and
C6A11 analogue adsorb more strongly to the particles
compared to the other seven analogues (Table 1).
Furthermore, the presence of cysteine in some of the
peptide sequences pins the biomolecules to the sur-
face and reduces the conformational flexibility of the
bound ligands, while peptides without cysteine pos-
sess more transitional and conformational flexibility at
the biotic/abiotic interface.8

The resulting experimentally derived and MD
optimized configurations were then used to uncover
sequence-dependent catalytic properties for Stille
coupling reactions. Previously, we have shown that
these materials are reactive for the coupling of
4-iodobenzoic acid (4-IBA) with trichlorophenyl stan-
nane (PhSnCl3) to generate biphenylcarboxylic acid
(BPCA) at low catalyst loading in environmentally
friendly aqueous solvents.8,9,16 Mechanistically it is
anticipated that 4-IBA oxidizes and abstracts a surface
Pd atom from the nanocatalyst,28,40 forming a Pd2þ-
complex in solution. A C�C bond is then formed upon
transmetalation with PhSnCl3 and reductive elimina-
tion to produce the biphenyl product (Figure 3a). In this
sequence of reactions, it was previously suggested that
the abstraction of Pd atoms from the surface of the
nanoparticle is the rate-determining step.31 The cata-
lytic efficiency is therefore highly dependent on the
amount of energy required to remove individual Pd
atoms from the surface that is in turn dictated by
surface structural disorder. The computation of the
reaction rate first involved the analysis of the abstrac-
tion energies of all individual atoms from the particle
surface using the CHARMM-INTERFACE force field
(Figure 3b, and Supporting Information, Figures S7
and S8).43,44 Then, the sum of Boltzmann-weighted
individual abstraction energies, normalized by the total
number of atoms in the nanoparticle, yields the total

relative rate of atom abstraction, i.e., the computed
relative TOF (Figure 3c, and Supporting Information,
section S1.2).31 As shown in Figure 3c, the computed
relative abstraction rate per atom correlates well with
the experimental TOFs in the Stille coupling reaction,
indicating that the model structures of the surface of
the nanocatalysts, which are ultimately dictated by the
peptide sequence, are remarkably realistic. In general,
the cysteine analogues introduced greater surface dis-
tortions at the Pd surface through the strong Pd�S
bonds, resulting in a higher number of atoms with
minimal abstraction energies required for initiation of
the Stille reaction. Among the alanine permutations of
the Pd4 analogues, A6 shows a critical combination of

Figure 3. Correlation of catalytic performance in experi-
ment with estimates from MD simulations for Stille C�C
coupling. (a) Mechanism of the Stille coupling reaction,
(b) illustration of the abstraction energies for individual
atoms of the Pd4 nanocatalyst, indicating the locations of
the lowest energy Pd atoms (i.e., active sites), (c) correlation
of the computed leaching rate of Pd nanoparticles with the
measured catalytic TOF values for the Stille reaction.8,9
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peptidebinding strength andbinding conformation that
leads to formation of a nanocatalyst that exhibits a high
number of leachable atoms of low abstraction energy.
The vivid correlation between the computed TOFs

from experimentally originating configurations and
Stille coupling TOFs shows direct sequence-dependent
structural and catalytic properties. Consideration of the
catalytic mechanism is also important to fully under-
stand structure/function relationships, as disordered
surface morphology may not always lead to enhanced
catalytic activity. For this purpose, we consider the
catalytic hydrogenation of allyl alcohol. This reaction
follows a very different mechanism as compared to the
atom-leaching C�C coupling process as catalysis oc-
curs strictly at the Pd surface. In particular, the alkene
adsorbs onto the hydrogen-saturated metallic sur-
face of the nanocatalyst. Upon substrate adsorption,
surface-activated hydrogen atoms bond with the β
carbon atom of the olefin, and a σ-bond between a Pd
atom and the R carbon atom is formed. This inter-
mediate state facilitates the reductive elimination to
the alkane (Figure 4a).45�47 TOFs for the hydrogena-
tion of allyl alcohol to n-propanol using the peptide-
capped Pd nanocatalysts are shown in Figure 4 b,c and
Table 1, with strikingly different reactivity trends as
compared to the Stille coupling reactions. For the
parent Pd4-capped materials, a TOF value of 5000 (
200 mol product (mol Pd � h)�1 was noted, while the
particles capped with the alanine analogues yielded
TOFs of 6100 ( 200, 2800 ( 300, and 2600 ( 300 mol
product (mol Pd� h)�1 for A6, A11, and A6,11-ligands,
respectively. For the particles prepared using the
cysteine analogues, significantly diminished reactivity
is observed. For the C6-capped nanocatalysts, a TOF of
1300( 200 mol product (mol Pd� h)�1 was obtained
that decreased to a value of 800 ( 200 mol product
(mol Pd � h)�1 for the C11-based structures. The
nanoparticles stabilized with the C6A11 and A6C11
peptides demonstrated TOF values of 500 ( 200 and
900 ( 100 mol product (mol Pd � h)�1, respectively.
Notably, no catalytic activity was observed with the
C6,11-capped nanoparticles.
The trends in catalytic activity observed for allyl

alcohol hydrogenation were also assessed computa-
tionally. Relative TOF values of the Pd nanoparticles
capped with the Pd4 and alanine analogue peptides
were estimated by calculating the number of allyl
alcohol molecules that can be adsorbed on the
peptide-covered Pd surface normalized by number
of metal atoms in the nanocatalyst (see Supporting
Information, section S1.2, for additional details).
The computationally estimated TOF values for these
systems closely correlate with the measured TOFs
(Figure 4b). The relationship suggests that the reaction
rate is controlled by the available surface area on
the peptide-covered, hydrogen-saturated nanoparti-
cle to allow the approach of allyl alcohol. A slightly

diminished TOF for the Pd4-capped materials can be
attributed to the presence of the additional histidine
residue, which anchors more of the peptide to the
surface, reducing the number of exposed Pd atoms.
While A6 and A11 exhibited the same number of
histidine residues, the histidine in A11 is neighbored
by a conformationally restricted proline, thus forcing
more of the peptide directly to the Pd surface and
reducing the amount of available metallic surface for
substrate adsorption. Conversely, the A6,11-capped
particles, which possess no histidine, demonstrated
the lowest reactivity for this set of materials. The lower
reactivity is likely attributed to the increased particle
size (about twice the number of Pd atoms), thus
reducing the surface to volume ratio for this system
(see Supporting Information), as well as to peptide-Pd
interactions through remaining attractive residues
such as arginine at position 10 and serine at position 2.

Figure 4. Correlation of catalytic performance in experi-
ment with estimates from MD simulations for olefin hydro-
genation. (a) Mechanism of the hydrogenation of allyl
alcohol catalyzed by peptide-capped Pd nanoparticles,
(b and c) experimental and computational TOFs for the
hydrogenation of allyl alcohol (insets show peptide binding
to Pd configurations and the available surfaces for hydro-
genation (b) or the location of thiol-Pd pinning (c)).
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Hydrogenation reactions using the particles stabi-
lized with the cysteine analogue peptides showed very
limited reactivity for allyl alcohol hydrogenation. This
diminished reactivity is associated with the tightly
bound and more restricted peptide orientation at the
biotic/abiotic interface due to Pd�S bond formation.
The cysteine residues pin the peptide to the metallic
surface through semicovalent Pd�S bonds (Figure 4c)
and hinder peptide mobility at the biotic�abiotic
interface, requiring a significant amount of energy to
detach these residues from the surface (see Supporting
Information). This pinning effect results in permanent
occupation of active sites and dramatically reduces the
catalytic activity of the particles, whereas Pd4 and
corresponding alanine peptide analogues are more
flexible and thus facilitate substrate interactions with
the Pd surface. The complete lack of reactivity of the
C6,11-capped nanocatalysts further supports the pro-
posed deactivation effect by tight peptide binding.
The sequence-dependent structure/function rela-

tionships shown above are only obtainable using this
hybrid experimental and computational approach and
demonstrate the importance of understanding inor-
ganic atomic-level structure along with the peptide
binding effects and morphology at the biotic/abiotic
interface to enable predictions. Understanding in
atomic-level detail is especially critical for catalytic
reactions that proceed by vastly different mechanisms.
In Stille coupling, the abstraction energy of surface Pd
atoms directly influences the catalytic activity, which is
dependent upon the degree of structural disorder at
the nanocatalyst surface. As shown above, the surface
structure is dictated by the chemical functionality and
position of the amino acid residues in the capping
peptide, indicating the potential to engineer nano-
catalyst surfaces to improve performance characteris-
tics through rational peptide design. For the hydro-
genation of allyl alcohol as a strictly surface catalyzed
reaction, folding and mobility of the peptide at the
nanoparticle surface is more influential in determining
catalytic properties. The impact of peptide attachment

was reflected by the drastic catalytic differences be-
tween the nanocatalysts capped with Pd4 and its
alanine analogue peptides as compared to the materi-
als prepared using the cysteine-containing sequences.
These observations stress the need in understanding
the atomic scale structure of the nanocatalysts as well
as the reaction mechanism to elucidate catalytic active
sites for particle design with optimal reactivity.

CONCLUSIONS

Overall, this contribution explains how structure/
function relationships of peptide-capped Pd nanopar-
ticle catalysts can be elucidated using a hybrid experi-
mental and computational approach to support the
rational design of nanocatalysts. Structural character-
ization techniques show that minor changes in amino
acid content strongly influence the structure of the Pd
nanocatalysts, resulting in model configurations that
exhibit a significant amount of highly disordered
surface atoms. Subsequent MD simulations using
experimental structure models as a starting point
demonstrate the strong dependence of the catalytic
activity on the sequence-induced surface disorder and
peptide surface morphology at the biotic/abiotic inter-
face. The results also indicate that relying exclusively
on experimental or computationmethods alonewould
not be sufficient for a complete analysis of bioinspired
nanomaterials, and that the combination of experi-
mental and computational techniques is essential to
determine sequence dependent structure/function
relationships. The scientific approach demonstrated
here can be easily translated to other biomimetic nano-
structures, opening a new route to fully understanding
sequence-dependent structure/function relationships
for the development of nanomaterial surface structural
features with tailored functional properties. Follow-on
challenges also include in situmonitoring of the nano-
particles during and after the reactions to detect
potential restructuring processes, as well as to explore
the potential participation of surface-bound peptides
in the reactions.

METHODS

Synthesis of Peptide-Capped Pd Nanocatalysts. Peptides were
synthesized using standard solid-phase FMOC automated pep-
tide synthesis protocols employing a TETRAS model peptide
synthesizer (CreoSalus) with reagents purchased from Ad-
vanced ChemTech. After preparation, the crude peptides were
purified via reverse-phase HPLC and confirmed by MALDI-TOF
mass spectrometry. All peptide-capped Pd nanoparticle sam-
ples were synthesized as described previously.8,9,16

XAFS. As-synthesized nanoparticle solutions were lyophi-
lized into powders for XAFS and PDF analysis. XAFS experiments
were conducted at the X18B beamline at the National Synchro-
tron Light Source, Brookhaven National Laboratory. Lyophilized
Pd nanoparticle powders were uniformly spread across adhe-
sive tape and examined in transmission mode between 150 eV
below and 1350 eV above the Pd K-edge (24,353 eV). The raw

data was processed using the Athena program and modeled
using the Artemis program from the IFEFFIT XAFS analysis
software package using reasonable theoretical contributions.48

For the r-space fits, an amplitude factor of S0
2 = 0.885 was

obtained from the transmission XAFS data of a Pd foil. The
construction of theoretical contributions for Pd�Pd, Pd�O/N
and Pd�S/Cl were obtained from the known crystal structure of
bulk Pd, PdO, and PdS, respectively.49�51 These contributions
were combined in Artemis into a total theoretical signal and
used for the modeling of all peptide-capped Pd nanoparticles.

PDF Experimentation and Analysis. HE-XRD experiments were
performed at the 11-ID-C beamline at the Advanced Photon
Source, Argonne National Laboratory. Using 115 keV irradiation
and a large area 2-D detector, data was collected over a large
region of reciprocal space vectors (0�30 Å�1) in transmission
geometry with lyophilized peptide-derived Pd nanocatalysts
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placed in 2 mm outer diameter thin-walled quartz capillaries.
The raw HE-XRD data was background corrected and converted
into their corresponding total structure functions S(Q) using the
program RAD52 via

S(Q) ¼ 1þ Icoh(Q) � Σci jfi(Q)j2
j∑cifi(Q)j2

(1)

wherein Icoh(Q) is the coherent part of the HE-XRD pattern and ci
and fi(Q) are the atomic concentration and X-ray scattering
factors respectively for the atomic species i. The atomic pair
distribution functions, G(r), were obtained from the Fourier
transform of Q[S(Q) � 1] via

G(r) ¼ 2
π

� �Z Qmax

Q¼ 0
Q[S(Q) � 1] sin(Qr) dQ (2)

Atomic structure studies using PDF analysis are advantageous
for materials lacking long-range periodic order, such as nano-
scale materials, as G(r) reflect contributions from both diffuse
and Bragg features in the diffraction pattern as indicated from
the Fourier transform of S(Q) and, furthermore, does not imply
any periodicity.53�56 The atomic PDF is given asG(r) = 4πr(F(r)�
F0), where r is the distance between two atom pairs, F(r) is local
atomic density, and F0 is the average atomic density. Peaks
in the PDF represent distances within the material of a high
number of atomic pairs and valleys represent distances of little
atomic density. The PDF for nanomaterials may not extend to
distances longer than the size of the nanomaterial.

RMC Modeling. Reverse Monte Carlo (RMC) simulations were
used to generate structure models directly from the experi-
mental data using the RMCþþ program.57 Spherical structures
produced by extending the known unit cell for Pd were used as
starting configurations. Initial configurations were generated
from the known crystal structure of Pd and extended in a radial
fashion to a nanocatalyst diameter equivalent to those found
from previous TEM experiments. CNs obtained from XAFS
modeling were also used to guide the RMC modeling. The
simulations are carried out only by the experimental data and
some user inputted restrictions. In RMC, an atom is moved at
random from an initial configuration of atoms and a new
structure function (here, the atomic PDF) is calculated. If the
new PDF provides a better fit to the experimental data,
the move is accepted and the algorithm proceeds. Otherwise,
the move is disregarded at a certain percentage of moves to
prevent the simulation from getting stuck in a local minimum in
configuration space. This process is repeated until the com-
puted PDF converges to the experimental PDF data in very good
detail, with typical agreement factors (Rw) below ∼10%.

Hydrogenation Reactions. Hydrogenation reactions were per-
formed as previously described.58 Briefly, 0.05 mol% Pd was
bubbled with H2 at room temperature and pressure for 30 min
prior to the addition of allyl alcohol. Aliquots were taken at
predetermined time intervals for TOF determination. Product
analysis was performed via gas chromatography (GC: Agilent
7820A) equippedwith aDB-ALC1 column and a flame ionization
detector (FID) without further purification.

Molecular Dynamics Simulations. All-atom molecular dynamics
(MD) simulations were conducted to determine an average
relaxed structure of the nanoparticles derived from PDF/RMC
atomic positions, as well as the conformation and binding
energy of peptides adsorbed on the surface in aqueous
solution. The relaxed particle structures with bound peptides
according to MD simulations were subsequently employed to
identify quantitative correlations with the experimentally ob-
served turnover frequencies (TOFs) of the Pd particles in Stille
coupling and hydrogenation reactions. The simulations were
carried out with the CHARMM-INTERFACE force field including
reactive extensions for thiols and atom abstraction.43,44

The relative TOF of the particles in Stille coupling reactions
was computed using a previously described reactive MD
protocol.31 First, the abstraction energy Ei of individual Pd atoms
was computed as the energy required for the removal of
an atom to a distance of at least 1.2 nm away from the surface
of the particle using single point energy calculations. Then,

the relative TOF (TOF)C,Stille was calculated as a sum of the
Boltzmann-weighted abstraction energies e�Ei/RT of all indivi-
dual surface atoms (NS), equal to a cumulative abstraction rate:

(TOF)C, Stille∼
1
N ∑

NS

i¼ 1
e�Ei=RT (3)

The result was normalized to the total number of atoms of each
particle N to allow direct comparisons with TOF measurements
in experiment.

The computation of relative TOFs in the hydrogenation
reaction of allyl alcohol was carried out for the particles derived
from Pd4 and its alanine mutations. The protocol involved
docking of allyl alcohol molecules onto the peptide-covered
nanoparticles in equilibrium. The reaction rate was found to
be proportional to the number of molecules of allyl alcohol
Nallylalcohol that can be adsorbed to the available surface area for
a given particle shape and specific peptide coverage, normal-
ized by the total number of Pd atoms N that constitute the
particle:

(TOF)C,Hydro∼
Nallylalcohol

N
(4)

Complete details of molecular models, force fields, simula-
tion protocols, and computation of reaction rates are described
in the Supporting Information (section S1 and Movie S1).
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