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Glossary

Nanoparticles These, also called nanoclusters, are atomic
agglomerates having the size less than 100 nm at least
in one dimension.

Bulk material The material which grain sizes are in the
micrometer scale or larger.

Self-assembly method A method that a system uses to
develop and form particular structure using only pre-
existing components.

Definition of the Subject

Freestanding and supported, nanoscale metallic clusters
(i.e., nanoclusters or nanoparticles) constitute complex
systems as they span an enormous space of potential struc-
tures, each having different collective properties, with only
few potentially stable (or metastable) structures that ex-
hibit technologically beneficial properties. The synthesis
and design of collective properties is a critical area of cur-
rent research — with technological beneficial outcomes of-
ten equivalent to finding a “needle-in-the-haystack”. Yet
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the synthesis and application of nanoparticles with spe-
cific properties has had, and will have, an increasing im-
pact on technology, whether for improving toothpaste,
‘green(er)” energy production (e. g., in petroleum refine-
ment, catalysis, or batteries), biotechnology and national
security issues (e. g., biosensors). From the perspective of
theory, freestanding or supported nanoparticles constitute
an enormous challenge in terms of property assessment
as well as comparison of results, where the experimen-
tal processing routes to produce samples must be con-
sidered within theory for one-to-one comparison to mea-
sured data and understanding of the controlling physics to
that observed.

Here we provide a glimpse into the complexity of the
search space and a subset of the critical experimental and
theoretical analysis tools that are capable of providing
quantitative assessment of structure-property relations ac-
tually found, such as assessment of structure and reactiv-
ity, say, for catalytic performance. Hence, it is necessary
(and desirable) to have a direct and meaningful coupling
of experimental and theoretical analysis. It is our purpose
to provide a brief overview of current quantitative meth-
ods and examples of such coupling of experiment and the-
oretical analysis.

First, to exemplify the challenges, we provide an exam-
ple list of issues. Even with an established synthesis route
for a single-component nanoparticle, one cannot control
with certainty the size, only the distribution - a narrow
distribution is great but the nanoparticles properties will
still depend, at a minimum, on surface-to-volume ratio
(i.e., inversely as particle radii or size, 1/R), an example
of which is melting [1]. Already with a two-component
nanoparticle, such as Pb-Bi, melting is controlled again
in part by 1/R but also by thermal and electronically-
driven effects such as chemical segregation, leading, for
example, to shell-like nanoparticles with differing melt-
ing temperatures for inner and outer regions [2]. In ad-
dition, for a particle of fixed number of atoms, N, there
can be an enormous number of structural isomers possi-
ble, or bonding motifs. For example, in Fig. 1 are the calcu-
lated lowest-energy, 13-atom (N = 13) freestanding iso-
mers of Pt, [3] similar results have been obtained for other
elements. From Refs. [3,4,5] it can be garnered (amongst
many other points) that (i) high-symmetry structures
are not necessarily low in energy, (ii) structures can be
degenerate in energy, (iii) there is no simple correlation
between structure and local properties, such as coordina-
tion number or bond lengths, (iv) both 3d and 2d struc-
tures compete in energy, and a structure (and concomi-
tantly their properties) will be strongly affected by plac-
ing the particles on a support, and (v) intuition regarding

the important structures can be helpful but not reliable.
Additionally, for fixed N and only two types of atoms (A
and B) within the cluster Ay, By, such that N = m + n,
there are a binomial number N!/(N — m)!m! of possi-
ble “alloy” configurations (i. e., homotopic groups of clus-
ters, homomers that include stereoisomers) within a single
structure (The term “homotops” has been introduced by
J. Jellinek to describe such clusters that form homotopic
groups. But, to be consistent with standard chemistry use
of isomers and the general symmetry descriptions, such as
enantiomers, diastereomers, and stereoisomers, we refer
to these as homomers). There have been two recent and
excellent reviews [6,7] thoroughly discussing these issues,
mainly from a theoretical perspective. Finally, nanoparti-
cles with structures that have useful properties may be only
possible through self-assembly of organic stabilizers, e. g.
Au nanoparticle stabilized via thiol ligands [8]. Clearly, the
possible configuration space is daunting. Yet, it is critical
that we can assess the structural properties of synthesized
freestanding and supported nanoparticles in order to sort
out many factors influencing their complex behaviors and
correlate them with property design requirements. This is
the principal scope of what follows, where we focus on the
integrated use of several advanced analytic techniques —
x-ray absorption fine structure (XAFS), and atom-count-
ing methods of electron microscopy, and ab initio theoret-
ical methods to achieve these goals and answer questions
central for many complex systems, including nanoscale
atomic clusters.

Introduction

Metallic nano-sized clusters (i. e., nanoclusters or nano-
particles) play a crucial role in modern science and tech-
nology. The application of design at the atomic scale can
be found in petroleum refinement, catalytic converters,
and nanofabrication. On a more academic level, metallic
nanoparticle research can be found integrated in materi-
als science, biotechnology, and organic chemistry [8]. De-
spite the ever-increasing interest of nanoparticles in dif-
ferent fields of study, catalysis remains perhaps the essen-
tial application of metallic nanoclusters, due to its poten-
tial technological impact.

The enhanced catalytic activity of these nanomateri-
als results from an increased number of atoms exposed to
the surface compared to the corresponding bulk material.
As a corollary, the number of neighbors to which a given
atom is coordinated decreases, giving rise to nonbulk-like
behaviors [9,10,11,12,13]. The energetic considerations of
such systems lead to important synthetic pathways such as
hydrogenation of olefins and silylation of polymers [14].
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(1) (2) (3) (4) (3)
(56.99 0.15 3.89) (56.99 0.31 3.97) (56.93 0.00 3.83) (56.80 0.31 3.78) (56.71 0.16 3.85)
[4.15 2.60 1.54] [4.62 2.66 1.48] [4.31 2.61 1.41] [5.08 2.69 1.08] [4.16 2.61 1.26]

(6) (7 (8) (9) (10)
(56.68 0.15 3.83) (56.48 0.15 3.83) (56.48 0.153.89)  (56.37 0.00 3.78) (56.32 0.00 3.86)
[5.23 2.70 1.23] [5.08 2.68 1.32] [4.31 2.61 1.45] [4.62 2.62 1.15] [4.31 2.61 1.41]

(11) (12) (13) (14) (15)
(56.29 0.31 3.97) (56.24 0.16 3.92) (56.06 0.30 3.92) (55.95 0.00 3.76) (55.77 0.31 3.81)
[4.31 2.63 1.47] [4.92 2.68 1.04] [3.69 2.56 1.40] [5.54 2.68 1.47] [6.54 2.70 1.08]

(16) (17) (18)
(65.56 0.00 4.02) (54.08 0.46 3.67) (53.87 0.16 3.59)
[3.69 2.56 1.60] [5.54 2.68 0.67] [6.46 2.73 0.57]

Nanoscale Atomic Clusters, Complexity of, Figure 1

Ptq3 isomers in order of decreasing binding energy calculated via density functional theory (see text). Properties listed below the
structure are (in parentheses) energy (eV), magnetic moment (xg/atom), mean inter-atomic distance (A), and [in brackets] first near-
est-neighbor coordination number, first NN bond length (A) and s-d hybridization index, see Ref. [3]. Structures 17 and 18 are the
compact Oy, and I, isomers, and 14 is the 2-layer cuboctahedrally stacked cluster, which forms the basis of bulk fcc Pt. Reprinted
figure with permission from [3]

The syntheses of these nanoscale materials can be cat-  sition [15,16,17] and laser ablation [15,18]. In both these
egorized as physical or chemical methods. Physical meth- methods different sources of energy are utilized to gen-
ods involve a “top-down” approach where starting mate- erate atoms from bulk material. Typically, the vaporized
rial is sculpted down to the atomic scale in the gaseous atoms are then deposited onto a substrate under vac-
state. Once in the gaseous state the atoms can then con- uum, where particles form by nucleation [19]. Again, the
dense into larger structures. Examples of physical meth- reactive surface of these particles results in aggregation
ods in the synthesis of nanoclusters are metal-vapor depo-  and reduction of the surface area leading to self-assem-
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bly of a metallic cluster [20]. One of the drawbacks asso-
ciated with this method of synthesis is the financial bur-
den due to the expensive equipment required. Another
limitation is the broad distribution of cluster sizes gen-
erated in the syntheses [15,18]. Yet despite recent ad-
vancements in physical methods for nanoclusters synthe-
sis, [21,22,23] the field is predominantly controlled by
chemistry [15].

Chemical methods take a “bottom-up” approach to-
ward synthesis. Unlike physical methods, applying chem-
istry toward nanoparticle synthesis implies the assembly
of the structures from chemical precursors. Traditionally,
nanoparticle synthesis involves the reduction of metal salts
in solution followed by the use of a capping agent to pre-
vent aggregation of the particles. Reducing agents such as
alcohols, [24] hydrogen gas, [25] and hydrides [26] can be
used in the reduction of the ionic metal. Capping agents
typically used are organic polymers, [24] as well as surfac-
tants [25,26]. Coupling of the reducing and capping agent
can be accomplished with molecules such as sodium cit-
rate [27]. Chemical methods offer better control of parti-
cle size, with the assistance of capping agents, and greater
flexibility because of the variety of chemical precursors
that can be utilized in synthesis. In contrast to physi-
cal methods, fabrication of nanoparticles using chemistry
is relatively inexpensive. Even with the improved preci-
sion intrinsic to chemical methods however, reproducibil-
ity of size, structure, and catalytic ability at the nanoscale
regime (1-10 nm) is not concrete. On the other hand, de-
velopments in chemical synthesis of nanoparticles have
opened doors toward other innovative methods of gener-
ating metallic nanoclusters [14].

Despite the relatively large number of available struc-
tural techniques, most of them obtain the overall, vol-
ume-average properties of nanoparticles, and give little, if
any, insight into sometimes very elaborate actual arrange-
ment of atoms within the particle. Two state of the art
methodologies, synchrotron x-ray absorption fine-struc-
ture (XAFS) and quantitative scanning transmission elec-
tron microscopy (STEM) have been best positioned for de-
termining the 3D structure and structural habits, both in-
dividually and as an ensemble, critical for understanding
metallic nanoclusters. XAFS technique is one of the pre-
miere tools to study both atomic and electronic structure
of small ensembles due, in part, to its local structure sen-
sitivity and excellent spatial resolution. By measuring co-
ordination numbers, bond lengths and their disorder up
to the 5th coordination shell, one can reliably determine
the size of the nanoparticles, their shapes (e. g., oblate, raft-
like, or truncated polyhedral), surface morphology as well
as effects of surface disorder in 1-2nm-size clusters as

a function of external conditions (temperature, alloy com-
position, support material, etc.).

Complementary information on site-specific structure
and chemistry can be obtained by STEM, which has
a unique capability for providing structural and spectral
information simultaneously. Supported metal nanoclus-
ters of size of 1-100 atoms make an ideal system for
examination by high-angle annular dark-field (HAADF,
also known as Z-contrast) imaging. Correlating the ab-
solute image intensity to the scattering cross-section has
been advanced recently within the STEM-based imag-
ing method. With this improvement, one can directly
count, with accuracy of 2 atoms, the number of atoms
in a supported nanocluster avoiding complexities associ-
ated with coherent diffraction. By utilizing state of the art
electron and x-ray probe methodologies, one can explore
substrate/nanoparticle interactions as a function of sup-
port and nanoparticle material, as well as by size, com-
position and 3-D structure of the supported nanoparti-
cles.

Most state-of-the-art experimental work is integrated
with theoretical calculations to help interpret and accel-
erate identification of cluster bonding motifs, possible
metastable structures, and determine electronic proper-
ties and reactivity of relevant clusters. Realistic nanome-
ter-sized, metallic clusters (i.e., those equivalent to ex-
periment) can be reliably simulated by electronic-struc-
ture and molecular-dynamic techniques to address the is-
sues of complex geometries (cluster size and correspond-
ing thermodynamically- or kinetically-stabilized shapes
and atomic arrangement), of shape evolution (kinetics),
as well as local bonding effects that determine reactivity.
As such, a correlated, self-consistent interpretation of the
experimental data from methods discussed above can ac-
celerate identification of cluster bonding motifs, possible
metastable and dynamic structures, and determination of
the electronic properties of relevant clusters.

In the remainder of the article will first review the
methods of synthesis of nanoparticles, including those
guided by self-assembly (Sect. “Synthesis of Nanoparti-
cles Through Self-Assembly”). The modern experimen-
tal and theoretical methods of nanoparticle analysis will
be reviewed in Sect. “Observation and Characterization:
Synergy of Experiments and First Principle Modeling”.
Complexity of several typical cluster systems, mono- and
bimetallic, supported and freestanding, will be illustrated
by examples from recent works (Sect. “Observation and
Characterization: Synergy of Experiments and First Prin-
ciple Modeling”). Sect. “Structural Relaxation of Nanopar-
ticles” discusses the possible origins of structural relax-
ation and surface reconstruction observed experimentally
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and studied theoretically in ultra-small clusters. Future di-
rections are outlined in the final section.

Synthesis of Nanoparticles Through Self-Assembly

Besides traditional methods of chemical synthesis, the field
has expanded to include many other routes toward pro-
duction of metallic nanoparticles. Among these newer
techniques are photochemical synthesis, electrochemical
synthesis and sonochemical synthesis. Another departure
from standard chemical methods of nanoparticle synthe-
sis is in the production of bimetallic nanoparticles [7]. The
classic framework for creating nanoparticles, although ef-
ficient for some elements, requires various reagents and
consequently rigorous reaction conditions [28].

Photochemically induced synthesis of nanoparticles
offers the advantage of using ultraviolet light to assist in
the reaction without the addition of capping or stabiliz-
ing agents [14,28,29]. The reduction reaction can be ex-
plained by the photoexcitation of a metal salt and organic
molecules containing carbonyl groups. The photoexcita-
tion of the organic compound often results in the forma-
tion of radical [28,30] or subsequent formation of a radi-
cal [29]. Reduction of the metal ion ensues by the formed
organic radical. In the case of multivalent metals, reduc-
tion occurs until the atom reaches a neutral state and ag-
gregation of a nanoparticle follows thereafter. Although
the formed particles aggregate without the inclusion of
a capping agent, crystal growth is mediated by the ionic
liquid solution of the original reaction mixture. The sur-
faces are stabilized electrostatically by the concentration of
ions in the solution [28,29]. Other methods of photochem-
ical synthesis often use reducing agents which also serve as
capping agents; physically adsorbing to nanoparticles and
arresting further aggregation [30,31,32,33].

Another alternative to traditional methods of synthe-
sis is sonochemistry. The inner workings of sonochem-
istry stem from the extreme temperatures and pressures
achieved by the expansion and implosion of bubbles in so-
lutions, a process known as cavitation [14,34,35]. The in-
tense energy released upon collapse of the bubbles results
in the decomposition of molecules and the formation of
free radicals. As with photochemical synthesis, the result-
ing free radicals initiate the reduction reactions used to re-
duce the metal ions in solution [36]. Particle size is main-
tained by the use of capping agents [37,38,39]. The main
advantages of using sonochemical methods are the fast re-
action rates and the ability to generate very small sized
nanoparticles. On the other hand, a broad distribution of
particle sizes is also typically obtained from this type of
synthesis [40].

Electrochemical synthesis of nanoparticles is another
viable option capable of generating metallic nanoclusters.
In this method an anode is placed in solution and oxi-
dized in the presence of a chaperone molecules or sta-
bilizing agents. The oxidized atoms from the anode mi-
grate to the cathode where they are reduced. Aggregation
shortly follows after the migration to the cathode where
cluster growth is mediated by the stabilizing agents. Isola-
tion of the particles is accomplished by precipitation of the
product from the cathode [14,41,42,43]. There are meth-
ods where a rotating cathode [44] or a double pulse tech-
nique [45,46] is implemented to improve size distribution
and yield, but ultimately the chemistry that occurs is iden-
tical to the standard electrochemical method. Compara-
tively, reduction using electrochemistry has many advan-
tages over its counterparts. Once formed, the nanoparti-
cles can be easily isolated as they begin to precipitate out
of solution. The size of the clusters generated can be con-
trolled varying the current intensity of the cell, [42,45,46]
but perhaps the greatest advantage of this method is the
high yields achieved [14].

Another area of synthesis important in the field of
metallic nanoparticles is bimetallic nanocluster prepara-
tion. The interest in bimetallic nanoclusters arises from
the changes in physical and chemical properties com-
pared to monometallic species [47,48,49,50,51,52]. As with
monometallic clusters, many routes exist toward the syn-
thesis of bimetallic clusters. These materials can be synthe-
sized by traditional forms of reduction, using metal ion-
containing salts (precursors). Additionally, this system of
reduction can be accomplished simultaneously or sequen-
tially. In simultaneous synthesis both metallic precursors
are reacted in the same solution in the presence of cap-
ping agents. The mixture can result in the spontaneous
formation of a core/shell structure as well as other alloyed
structures [39,53]. Alternatively, successive addition of the
metallic precursors has proven to be a more efficient way
to control particle structure [14,39,54,55]. In the succes-
sive method the formation of the initial metal cluster be-
haves as a nucleation site for the growth of the second
metal, affording a core shell motif. Incidentally, this self-
assembly of core/shell structures has been induced sim-
ply by the mixing of nanoclusters of two different met-
als [56,57]. The structural motif has been attributed to
a balance between surface energies as well as binding en-
ergies where size and composition of the clusters is detri-
mental to structural refinement [56]. Studies have also
shown that the core/shell structure can be inverted at
extreme temperatures [53]. Furthermore bimetallic nan-
oclusters can be synthesized by using a sacrificial layer of
hydrogen adsorbed onto the surface of the core metallic



5894

Nanoscale Atomic Clusters, Complexity of

cluster. Using the adsorbed hydrogen layer as a reducing
agent, incoming metallic ions are reduced onto the surface
of the core cluster forming a shell. Thus far this method
has only been generated with specific metallic species [58].
In addition to the aforementioned methods of synthesiz-
ing bimetallic particles, synthesis can also be accomplished
by sonochemical, [39] electrochemical [54] and photo-
chemical [55] methods.

Observation and Characterization:
Synergy of Experiments and First Principle Modeling

Combination of complementary structural techniques —
electron microscopy and XAFS, as well as DFT/MD sim-
ulations, provide previously unavailable atomic-level un-
derstandings of the structural dynamics of the most im-
portant forms of supported metal clusters. These meth-
ods can provide understandings of the metal framework
bonding present in supported nanoscale clusters and the
significant impacts on them that can originate as a conse-
quence of adsorbate bonding and (more recently revealed)
electronic effects mediated by support interactions. The
data from microscopy now allows one to establish precise
atomic compositions in supported catalyst systems, count-
ing atoms explicitly at the single nanoparticle level. Exper-
imental protocols based on synchrotron x-ray absorption
spectroscopy allow the elucidation of the precise structural
habits adopted by supported forms of metallic nanoparti-
cles - establishing methodologies of modeling that define
the nature of the strains present in such systems; unravel-
ing the complex nature of the atomic level bonding habits
they embed; the dynamical factors that mediate transfor-
mations of these structures due to the impacts of particle
size, temperature-dependent support interactions, and ad-
sorbates; the nature of the size-dependent atomic-bond re-
laxations that these particles embed; and the nature of the
complex electronic structures that are unique to materials
of this sort [59,60,61,62,63,64].

Development and testing of these advanced methods
rely on the availability of synthetic methods that have pro-
vided model systems - both in the form of discrete mono-
layer protected clusters and supported metal nanoparticle
catalysts — with precisely defined compositions and (for
the latter) extremely narrow distributions of atomic mass.

Metal nanoclusters [65] (and gold nanoclusters in par-
ticular [66]) can exhibit structures that differ significantly
from that corresponding to the bulk, ones that depend
strongly on cluster size. Detailed knowledge of these struc-
tures is crucial for understanding and predicting nan-
ocluster properties, including chemical, electrical, mag-
netic, and optical ones. The experimental determination

of atomistic structural information is a very difficult task:
analyses by imaging or scattering methods are presently
limited by insufficient spatial resolution or by the coher-
ent scattering size of these techniques. As a result, most
structural determinations proceed indirectly by compar-
ing experimentally accessible properties (e. g., ion mobil-
ity, photoemission spectra, polarizability, optical absorp-
tion, etc.) with those computed theoretically for candidate
structures. Synergistic approaches, however, combining
several structural techniques into a self-consistent struc-
ture refinement method, make accessible the previously
unknown physical picture of the nanoscale. In the follow-
ing sections, we will show examples of the determination
of size, shape and atomic structures of mono- and bi-
metallic nanoparticles by combining results of extended
x-ray absorption fine-structure (EXAFS), advanced meth-
ods of electron microscopy and DFT/MD calculations.

Structure Determination by EXAFS

By using EXAFS technique, one can extract accurate infor-
mation about the identities, average distances, and coordi-
nations of the neighboring atoms to the x-ray absorbing
atom in nanoclusters [67,68]. The EXAFS signal, y(k), is
the sum of all contributions, y;(k), from groups of neigh-
bors at approximately equal distances from the absorbing
atoms (i. e., the ith shell), which are often written as: [69]

2
Son,-

i(k) = —=
xi(k) kR

fietf( k) ‘

4 — —
- sin |:2kR, — —3 (ri(3)k3 8’(k)i| e 20i2k3e 2R;/A;(k) ,
(1)

where k is the photoelectron wave number, ffff(k) and
8;(k) are the photoelectron scattering-path amplitude and
phase, respectively, S3 is the passive electron reduction fac-
tor, n; is the degeneracy of the scattering path, R; is the ef-
fective half-path-length (which is equal to the interatomic
distance for single-scattering paths), o7 is the mean-square
deviation in R;, 053) is the third cumulant, and A; (k) is the
photoelectron mean free path. Using modern computer
packages, e. g., IFEFFIT, [70] which employs a non-linear
least square method to fit theoretically calculated (with the
help of FEFF6 code [69]) EXAFS signal to the data, one
can be obtain the best-fit values of structural parameters,
together with their uncertainties. The mean-square devia-
tion, o2, of the first nearest neighbor (INN) distance can
be represented to a good approximation as a superposition
of static (0'52) and dynamic (U;) terms:

o’ =((r—(r)’) =0l +o0]. )
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To separate the temperature-independent 62 and temper-
ature-dependent Gj, one can use a simple correlated Ein-
stein model for 03

h 1+ exp(—Og/T)
20p 1 —exp(—O%/T) ’

o; = 3)
where w is a bond vibration frequency, i is the reduced
mass of the INN atomic pair, and @ = hw/kg is the Ein-
stein temperature. Thus, the total o2 in this approximation
depends on three parameters: T, @, and 2. By replacing
the total 0% in Eq. (2) by a sum of the dynamic and static
terms (Eq. (2)), the best fit results for ©¢ and 052 can be ob-
tained from a concurrent non-linear least square fitting of
Eq. (2) to the EXAFS data taken at various temperatures.
From obtaining the best fit values, with their uncertainties,
of n;,R;, 052, oj and 01.(3), one can significantly reduce the
number of possible models of cluster structure and its in-
teraction with the environment (thermal effects, gas atmo-
sphere effects, cluster-substrate, cluster-adsorbate interac-
tions, etc.) EXAFS, however, only yields ensemble-aver-
aged information; thus its application is most valuable for
structure refinement of size-controlled nanoclusters.

There are several approaches that allow one to estimate
cluster size from EXAFS results. The most popular method
is using the first nearest neighbor (INN) coordination
number 7, that can be directly obtained in EXAFS analy-
sis. These data can be compared against exact cluster mod-
els or approximate expressions. For the first approach, cal-
culations of Montejano—Carrizales et al. [71] are useful as
they obtained geometrical characteristic of several regular
polyhedral clusters (cubo-octahedral, icosahedral, body-
centered cubic and simple cubic) analytically as a func-
tion of the cluster order L. Defining L = Ng — 1, where
N is the number of atoms along the edge of a regu-
lar polyhedron, the following relationships can be de-
rived for the INN coordination numbers in cuboctahedral
(closed packed) and icosahedral (non-closed packed) clus-
ters that have the same sequence of their magic numbers
(N = 13,55, 147, 309, 561,923....): [71]

w© 24L (5L* + 3L 4 1)
ny = s
10L3 + 15L% + 11L + 3
2
icos _OL (20L% + 15L 4 7)
! 10L3 + 1502 4+ 11L + 3 °

(4)

Calvin et al. [72] used the second approach by approxi-
mating the cluster shape as a sphere with radius R and ob-
taining the INN coordination number for a cluster with
average 1NN distance r as follows:

3/r 1 /r\3
~ 1__(_) _(_) bulk
" [ AVIRSTAVIA ko

This approach is advantageous for larger clusters, and
when the size distribution is relatively broad.

The method of measuring of INN coordination num-
bers for size determination in supported metal parti-
cles dates back to the end of 1970s [73,74,75,76,77,78,79,
80,81,82,83,84]. An early publication detailing an anal-
ysis of the structures of supported Pt nanoparticles by
EXAFS, found a strong correlation between the measured
first nearest neighbor (INN) metal coordination num-
ber and the disorder of their bond lengths; lower coor-
dination numbers appeared to correlate strongly with in-
creased measured disorder in the first-shell metal-metal
bond lengths [73]. These effects would be most sensitively
seen in particles of the smallest size. The importance of an-
harmonic corrections to the INN pair interaction poten-
tial had yet to be appreciated in this pioneering work. Ne-
glecting this effect leads to a non-physical decrease in INN
bond lengths measured at high temperatures. Enhanced
disorder in the INN bond distance was later correlated
with the influences that result from cluster-support inter-
actions [79]. These studies provide an important insight
into the nature of supported metal nanoparticles, namely
that the bond lengths of surface atoms should exhibit en-
hanced structural disorder.

Another approach, to use size-dependent INN dis-
tance change as a measure of cluster size, was used by
Frenkel et al. [61] to obtain sizes of alkanethiolate-stabi-
lized Au nanoparticles. Such changes were first observed
by Mays et al. [85] and attributed to surface tension (ST)
in the framework of liquid drop model of nanoclusters. To
analytically estimate particle diameter, d, the ST method
utilized the equation:

4
d= gfrrKO[ B

where f;; and K are the surface stress and compressibility
in the bulk, and o = AR/R is the relative lattice contrac-
tion that can be measured by EXAFS. Montano et al. [86,
87,88] studied Fe, Cr, Ag and Cu nanoclusters by EXAFS
and observed contractions of the average interatomic dis-
tances relative to the bulk in all cases.

An alternative approach by Jiang et al. [89] is based
on the surface multiplayer relaxation phenomenon, pro-
posed by Finnis and Heine [90]. According to their model,
cluster interatomic distances can be calculated for an arbi-
trary polyhedral shape, using known experimental relax-
ation data for macroscopic crystal surfaces.

The 1st shell methods described above are based on
analytical calculations of the coordination numbers or dis-
tances as a function of particle size. However, when clus-
ters are asymmetric, these methods are not accurate since
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Cluster size, shape and structure determination: comparison of the average coordination numbers (up to 5NN), together with their
error bars, measured by EXAFS for the carbon-supported Pt nanoparticle sample and those predicted from the truncated cubocta-
hedron model for various cluster sizes. Reprinted with permission from [68]

model values of n; may be similar when not only the size,
but the shape and structure of the cluster are allowed to
vary. Only when coordination numbers (or path degen-
eracies) corresponding to the more distant shells and mul-
tiple-scattering contributions are measured, one will have
a series of indices: {n;},i = 1,2,3... which should be
unique for any given polyhedral cluster model. Since mul-
tiple-scattering contribution to EXAFS in nanoclusters
can be quantitatively analyzed, [91] not only the single-
scattering coordination numbers but also multiple-scat-
tering path degeneracies could be reliably extracted from
the EXAFS data. Such additional information effectively
communicates size, shape and surface orientation of nan-
oclusters (Fig. 2) [68].

Even though the methods above can be used to de-
scribe metal-metal coordination numbers and, therefore,
size, shape and structure information in monometallic and
heterometallic clusters, the latter are characterized by sig-
nificantly higher level of complexity, due to their chemical
heterogeneity.

In bimetallic clusters, two distinctly different types
of mixing of A and B atoms are possible. They can be
mixed statistically (i. e., randomly, in accordance with the

overall concentration) or non-statistically. The most com-
mon example of non-statistical mixing is segregation of
atoms of different elements, forming a core-shell-type par-
ticle where larger than the concentration-weighted aver-
age number of atoms of one type can be found in the core,
and the other type — at the surface of the particle. In het-
erogeneous samples, where different clusters (A-rich and
B-rich) can be formed, the situation may be further com-
plicated [92].

For random alloys, the average coordination numbers
naa and nap of A and B atoms relative to A atom are in
the same proportion as the bulk concentrations of these
elements in the sample:

NAA XA

nAB XB

For alloys with nonzero short range order, the left part
may be larger or smaller than the right part, indicating pos-
itive or negative tendency to clustering, respectively. In the
former case, the atoms A and B segregate to different re-
gions of the nanoalloy. In the latter, the A atoms are prefer-
entially coordinated with B (with probability greater than
xa/xg) and vice versa.
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We can also introduce a short range order parame-
ter, o, analogously to its definition by Cowley for bulk al-
loys: [93]

nas/nam
o =1 ABTAM
XB

where nan = naa + nap is the coordination number of
the A-metal bonds. For alloys with positive or negative
tendency to clustering, o will be positive or negative, re-
spectively. However, even after the segregation is demon-
strated by examining the experimental values of npa/nap
or o, more experimental information is still needed to find
out whether A is predominantly in the surface or in the
core, as well as for the determination of the particle size.

Such information is available by measuring EXAFS
on both A and B central atoms and extracting coordina-
tion numbers npa, nap and npg. The analysis should be
done concurrently, with obvious constraints imposed on
the heterometallic bonds during the fits: [94]

*B 2 2
nap = —npa; Rap = Rpa; Ojp = O

XA
The atoms of the type A will segregate to the surface of
the nanoparticle and B - to the core, if nay < npy;, since
atoms at the surface have fewer neighbors than those in
the core. This criterion is useful even for alloys contain-
ing elements that are neighbors in periodic table (e. g., Fe-
Ni, Pd-Ag, etc.) where only the total nap, npy numbers
can be measured by EXAFS analysis of A and B absorbing
atoms, respectively, due to the similarity of backscattering
amplitudes of A-A and A-B pairs (as well as B-A and B-B).
Another advantage of analyzing both A and B EXAFS data
is for the particle geometry determination. Indeed, the av-
erage number of metal-metal neighbors per metal atom:

AMM = XAMAM + XBMBM

for the first nearest neighbor shell, combined with other
information (e.g., higher shell coordination numbers,
transmission electron microscopy (TEM) data, etc.) allows
one to estimate the particle size by methods similar to
those described above for monometallic particles.
Random bimetallic alloys have a unique behavior of
these coordination numbers with concentration. Assume,
for simplicity, a bimetallic nanoparticle of a certain size,
with random distribution of A and B atoms, where the fol-
lowing relationships apply:
nAM = NBM = NMM; MAA = NBA = XANMM;

npg = 1A = xpimMm = (1 — xa) MM -

12 - N
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Theoretical partial coordination numbers in random nanoalloys
(assuming nyy = 9) as a function of composition

Thus, partial coordination numbers should depend lin-
early on alloy concentration (Fig. 3) in random nanoal-
loys, provided that the particle size is the same at all con-
centrations.

Structure Determination by Advanced Methods
of Transmission Electron Microscopy

As mentioned above, while multiple-scattering (MS)
EXAFS allows determination of the bonding geometry in
the nanoscale, it does so in the form of ensemble-average
information. Advanced TEM and scanning TEM (STEM)
methods, on the other hand, can probe the atomic-level
structure and chemistry of individual nanoparticles and
allow direct visualization of nano-scale phenomena [59].
Modern electron microscopy is a powerful tool which, if
used in conjunction with EXAFS, can provide a wealth
of information about the samples which otherwise could
not be determined if these techniques were not used
synergistically.

Using “Z-contrast” protocol in STEM, one can corre-
late the absolute image intensity to the scattering cross-
section, so that the number of atoms can be counted ex-
perimentally. Furthermore, high-resolution electron mi-
croscopy (HREM) can visualize the facets and shapes of
nanoparticles and the interfacial structures between the
nanoparticles and their supports. In this way, a full map-
ping can be made of the structural landscape present in
a complex heterogeneous sample.

Transmission electron microscopy has been used ex-
tensively and successfully to study nanoparticles [95]. It
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has a higher level of accuracy than other methods for
samples containing small number (< 100) of atoms [59].
Specifically, TEM methods have been used to examine
clustering sites as well as the shapes of various clus-
ters [95]. For example, one specific problem of interest
in current heterogeneous catalysis research is determin-
ing the elemental distribution in a bimetallic catalyst par-
ticle, e. g., homogeneous distribution of elements or core-
shell structures with separation of elements to the core
and surface of the particles. In addressing these ques-
tions, TEM yields a wealth of information. Conventional
TEM is capable of direct visualization at the resolution
level of < 0.3nm in standard instruments and < 0.1 nm
in aberration-corrected microscopes. Such resolution al-
lows the investigation of structure of catalysts at atomic
level. Transmission electron microscopy uses a parallel
beam of electrons, whereas analytical TEM, or STEM,
methods employ a scanning attachment on the instrument
that focuses the electron probe to enable energy dispersive
spectroscopy (EDS) and electron energy-loss spectroscopy
(EELS) detection to study elemental distribution as well as
oxidation states from specific nanostructures in the sam-
ple. For example, a VG-STEM is an ultrahigh vacuum
(UHV) instrument, and very fine probe (~ 0.5nm diam-
eter) with the ability to simultaneously image (Z-contrast)
and collect EDS and EELS to acquire both structure and
elemental distribution information.

One of the most common TEM techniques is HREM,
which is based on phase contrast, and has been used exten-
sively in nanoparticle studies as well. Thomas and Midg-
ley [96] note that the two major techniques in utilizing
HREM for atomic and nano-scale structures are the multi-
slice method and basic electron diffraction studies which
are analogous to x-ray crystallography. In using the multi-
slice method one essentially matches theoretical quantum
mechanical calculations of the electron diffraction patterns
of the sample with the closest data set taken in order to in-
fer information on the electronic and crystal structure of
the sample [96].

The method works by essentially dividing the recipro-
cal space into “slices” with an “electron field/wave func-
tion” corresponding to each slice. The nth field of the nth
slice is given by [97]:

k,
Pny1(b — Ab) = [¢n(b) - gn(D)] * (;) p(b)

where b is a reciprocal space vector and Ab is the shift
in the origin of the wave function and the surface at each
slice. gn(b) is the “phase grating” and p(b) is the free space
propagator. The asterisk represents the convolution of the
two functions [97].

Transmission electron microscopy has an additional
advantage over other techniques such as atomic force mi-
croscopy (AFM) in that the analysis of x-rays created by
the electron beam/sample interaction can be used for ele-
mental mapping [96]. The physical and chemical structure
of the sample, e.g., bond structure (or electronic struc-
ture) can be obtained via analysis of the EELS. From the
energy spectra of scattered or transmitted electrons, one
can determine specific processes that occur in the sample,
i.e., plasmon resonances and phonon excitations. These
in turn offer a way to determine the electronic structures
which give rise to such events in the material. The tech-
niques include energy loss near edge structure (ELNES)
which contains the chemical bond information. One can
also coordinate the various states of excited atoms using
the extended energy loss fine structure (EXELFS), a tech-
nique similar to EXAFS.

Determining the density of states and electronic struc-
tures of material interfaces is of particular importance in
catalysis because the electronic structure at the interface
governs aspects of adsorption, charge transfer and bond-
ing. Thus EELS can be viewed as complementary to the
other techniques mentioned above in allowing a detailed
understanding of the chemical properties of individual
nanoparticles [95] as well as their interaction with the sub-
strate surface [98]. For example, Liu found that by using
EELS analysis on a Pd-Ni bi-metallic system he could de-
termine structural information about the thickness of Pd
shell layer [98].

Perhaps the most important set of tools in nanocataly-
sis studies are incoherent elastic scattering techniques that
are usually performed at large scattering angle. In the case
of the high-angle scattering signals the incoherent scatter-
ing intensity of the signals depends on the atomic number,
Z, as described by Rutherford scattering theory, which is
ideal for imaging heterogeneous catalytic materials where
high Z metals, e.g., Pt, are dispersed on a low Z sup-
port, e. g., alumina. Quantitative STEM which is based on
high-angle annular dark-field (HAADEF), or quantitative
Z-contrast imaging, is the technique based on the acquisi-
tion of these very high scattering signals (> 96 mrad) [95].
HAADEF is especially powerful in catalysis studies because
the electronic structure and catalytic activity are directly
related to the number of atoms in the particle [95]. Because
many particles can be imaged simultaneously by HAADF,
then this quantitative STEM method provides better sta-
tistical information, such as particle size distributions [95].
A major advantage of STEM over HREM is that the tech-
nique readily allows for EELS analysis, and x-ray emission
analysis at the nano-level where scattered electrons can be
simultaneously collected [96,99].



Nanoscale Atomic Clusters, Complexity of

5899

Z-contrast exploits nonlinear interference effects be-
tween the wave-packets of the scattered electrons [99]. The
intensity of scattered electrons can be obtained from the
expression for Rutherford scattering cross section:

do 1 (Zzez)( 1 )
de2 16 \ p2/2m ) \sin (6/2)

Since the differential cross-section of the scattered elec-
trons is proportional to Z2. A large contrast exists be-
tween the supporting structures and the nanoclusters in
the image. By collecting electrons scattered to very high
angles (> 96 mrad), one can suppress the in-column co-
herent such that the intensity of the image is simply the

number of atoms in the cluster times the intensity ex-
pected for one atom of that element. Individual atoms in
a particle within the sample may be counted provided that
the detector has been properly calibrated. When the cal-
ibration is done, one then simply divides the total mea-
sured cross section by the cross section of an individual
atom [100].

As can be seen in the Fig. 4, the contrast between the
standard bright-field (BF) STEM images and the Z-con-
trast images can be striking. The images are those of
monolayer protected gold nanoparticles. There is a large

Cluster 1

d

Nanoscale Atomic Clusters, Complexity of, Figure 4

Cluster 2

contrast in the HAADF image where one can distinguish
between two elements of greatly varying atomic num-
bers, namely the higher atomic number gold versus car-
bon [101]. In that particular study Z contrast was suc-
cessfully employed to determine particle diameters of the
various gold clusters as well as count atoms in individual
particles [101].

Since the scattered signal is directly proportional to the
number of atoms in the scattering center, one can calcu-
late particle diameters measuring both the intensity pro-
files of the gold and then subtracting the profile of the sub-
strate/supporting material alone, resulting in that of the
gold particles [101]. Intensity profiles across the individ-
ual gold particles can then be plotted and measured at full
width at half maximum (FWHM). The relationship be-
tween the number of atoms in the particle and its diameter
is characteristic of the particle’s shape. By comparing the
relative intensities as a function of particle size, one can in-
fer the nucleation and growth behavior of the particles. In
general, the measured intensity and particle growth modes
are intimately related [101]. If the intensity is directly pro-
portional to the diameter cubed then it can be inferred that
the particles are growing uniformly in three dimensions.
However, if the intensity is proportional to the diameter

Thiol-Protected MPCs

Representative BF-STEM images of a mixed ligand (thiols/phosphines) Cluster 1, b mixed-ligand Cluster 2, and c thiol-protected
clusters. Representative HAADF-STEM images of d Cluster 1, e Cluster 2, and f thiol-protected clusters. All images collected at 1 Mx
magnification. Parts a and d are images of the same area collected simultaneously. Reprinted with permission from [100]
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squared, the particles are seen to be forming a two-dimen-
sional mono-layer or bi-layer [102].

The annular dark-field detector is calibrated by tilting
the beam directly onto the HAADF detector, such as by
using micro-diffraction mode, with an attenuated electron
beam current in order to prevent saturation of the detec-
tor. In calibrating the dark-field (DF) detector the current
is reduced by a factor of 100. The image of the HAADF
detector provides the angular dependence of the detector
efficiency, which is taken into account when quantifying
the experimental electron scattering [100]. The nanopar-
ticles are then imaged using the very high angle annu-
lar dark-field detector such that electrons scattered above
~ 100 mrad contribute to the image intensity. The num-
ber of atoms can be quantified as follows:

high
N,* =

30— B NIow(6) £(6)22r sin 6.d ( g )

Y0P (6)227 sin 6 d

where fpip is the inner detector angle (130 mrad), B,y is
the outer detector angle, NI°¥ is the detector response at
the attenuated current, f(6) is the atomic electron scatter-
ing factor of the element, Ipg, is the current of the elec-
tron beam used to image the particles, and Ij,,, is the at-
tenuated beam current used to image the detector for cali-
bration [100]. Once the calibrations have been performed
the intensity of scattered electrons from the nanoparticles
can be measured and the background signals can be sub-
tracted. Once the particle intensities are determined the
data can be used to count the number of atoms.

Menard et al. demonstrated the utility of these tech-
niques in studying gold nanoparticle monolayer pro-
tected clusters on carbon supports using the quantitative
HAADF method and EXAFS [59,100,102]. By utilizing
these techniques in tandem, characterization of the lig-
and-protected Au;; nanoparticle size, shape, and struc-
tural disorder was accomplished. with an uncertainty of
about three atoms. The combination of techniques allows
for a detailed analysis of the transitioning point in terms
of numbers of atoms, between classical and quantum be-
haviors or “bulk metallic and molecular states” as well as
supporting the theoretical calculations such as those of the
scattering amplitudes [59]. In these studies the HAADF
imaging was performed with a field-emission Vacuum
Generator HB501 STEM at 100kV. The “atom counting”
images were taken at 1-million magnification and have di-
mensions of 1024 x 1024 pixels.

Further HREM measurements were performed utiliz-
ing a field-emission JEM 2010F TEM/STEM operated at
200kV to confirm the size and observe the crystallinity of
the individual nanoparticles [59]. The importance of us-

Tiow

ing the quantitative Z-contrast and HREM data is that it
provides a set of constraints on the interpretation of cor-
responding EXAFS data as well as determines the grafting
density of thiolates on the surface of the particles [59].

This summary demonstrates that high spatial resolu-
tion electron microscopies (such as quantitative Z-con-
trast) and HREM, are extremely useful in determining the
behavior of nanomaterials, including nanoparticles, whose
properties are transitional between “bulk” and “molecu-
lar” materials.

Cluster Studies by First Principle Theories
and Molecular Dynamic Simulations

Theoretical methods also can greatly advance understand-
ings of catalytic materials. First-principles, molecular dy-
namic (MD) simulations based on density functional the-
ory (DFT) have been advanced to a point now where they
can play a significant role in the interpretation of experi-
mental data, revealing critical factors that determine and
underlie specific metal cluster properties, see recent re-
views [6,7]. (For brevity no attempt is made to include the
many pertinent theoretical investigations and new meth-
ods, only a few critical papers regarding each key issues.) It
immediately becomes more difficult to do this, however, as
the cluster size or the chemical complexity (such as due to
promoters, defects, adsorbates) of the system is increased,
as noted already. In such cases, the DFT search space be-
comes daunting. Theory then becomes increasingly de-
pendent on the direct experimental input and the avail-
ability of computing resources. Even with such capacities,
however, the ability to identify relevant low-energy struc-
tures lying within a complex, and chemically rich, energy
landscape remains a significant challenge and the insights
coming from chemical “intuition” remain an important
resource for developing useful analytical models.

Examples of Integrated Methods of Cluster Analysis

A recent combination of EXAFS and atom counting
methods of transmission electron microscopy (TEM)
on such specially-synthesized nanoclusters (Au;3[PPhs]4
[S(CH3)11CH3]4) has found them to be highly mono-
disperse, with their overall structure possessing, on av-
erage, 13 gold atoms, with Au-Au coordination num-
ber of 6.7+ 0.7, an average Au-Au bond length of
2.8540.02A, and an average Au-ligand distance of
2.324 4 0.007 A [59]. The presence of eight ligands per
cluster was deduced from x-ray photoelectron spec-
troscopy data [100].

The data presented in Fig. 5a,b illustrate such inte-
grated analyses as applied to several Au nanoclusters - the
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Fourier transformed EXAFS spectra (blue) and fits (red) for a Au;3(PPh3)4(SCy2)4, and b fully-thiolated clusters. The insets show icosa-
hedral (a) and truncated octahedral (b) units. The arrow indicates the fingerprint of the 2NN path in the closed packed structure

b R A

(shown green in the inset) missing in the icosahedral clusters (a) but present in the truncated octahedral ones (b)

Nanoscale Atomic Clusters, Complexity of, Figure 6

a High-resolution electron micrograph of the mixed-ligand clusters. The inset shows a filtered image of a single cluster with icosa-
hedral structure. b Thiol-protected MPCs with cubic packing. The inset shows an indexed u-diffraction image taken from a single
particle with a 2 nm diameter. Reprinted with permission from [59]

new mixed-ligand Au;3[PPh3]4[SCi2]4 as well as a mono-
layer protected cluster (MPC) system comprised of larger
thiol-protected particles. The differences seen in the EX-
AFS data (Fig. 5) are profound and can be directly re-
lated to features of the atomic-level bonding present in
each case. The mixed-ligand clusters adopt quasi-spher-
ical shapes for their 13 atom cores (Figs. 6, 7). The full
analyses unambiguously establish that an icosahedral ge-
ometry is present in each case, a bonding motif that
stands in marked contrast with the fcc truncated octahe-
dral structures adopted by the larger, fully thiolated MPCs
(Fig. 5). These interpretations were independently verified
by HRTEM and electron microdiffraction measurements
(Fig. 6), and Z-contrast technique (Fig. 7) which identi-

fied the same structural motifs, albeit with less accurate
detail [59,100].

While the combination of the experimental results
points towards an icosahedral shape of the Au;s core,
theoretical verification and a detailed interpretation of
such a model was lacking. In particular, two central ques-
tions - ligand placement and anomalously high Au-Au
bond length disorder — were left unanswered by the ex-
perimental results. First, EXAFS is not capable of dis-
criminating between Au-S and Au-P neighbors, treating
them cumulatively as Au-L (L = S/P) pairs and obtaining
the overall Au-L coordination number as the total num-
ber of Au-S and Au-P bonds divided by the total num-
ber of Au atoms. However, the phosphines and the thio-
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Core atom counts for gold clusters measured using the quantitative HAADF-STEM technique for the mixed ligand (a) and thiolate-
protected clusters (b), respectively, plotted against measured particle diameters. The blue, red and black lines are the spherical, hemi-
spherical and monolayer island (111) models. The black and green dots are the data and the sample average. Reprinted with permis-

sion from [100]

lates may have distinctly different bonding motifs: on-top
for phosphines [103] and bridge sites for thiolates [104].
Thus, the preferred ligand placement remains ambigu-
ous. Second, the experimental distribution of Au-Au bond
lengths was 02 = 0.017 % 0.005 A2, which is much larger
than in bulk gold (0.008 A?) at the same temperature
(300K) [59]. Such enhanced o> must be configurational
in nature, because the temperature-dependent, dynamic
component in nanoparticles has previously exhibited only
weak, if any, size dependence [68]. However, neither EX-
AFS nor TEM provides enough information to uncover its
origin.

Guliamov et al. [105] used the EXAFS and TEM re-
sults as a starting point for a theoretical analysis based on
density functional theory (DFT) [106] of the mixed-lig-
and Auj; nanocluster, Au;3[PPhs]4[S(CH;);; CH3]4. For
bare Au;3 nanoclusters, many structures-including icosa-
hedral [107], cuboctahedral [108], biplanar [109], and
amorphous [110] ones-have been predicted theoretically
as comprising the lowest energy configuration. Both or-
dered and disordered structures were predicted theoret-
ically for ligated Ausg structures [111,112,113] and ex-
perimental verification was limited to scattering methods
(e.g., x-ray diffraction) which are less than ideal for clus-
ters of this size. This may reflect the existence of several
energetically close isomers [113].

Calculations of different ligand structures relaxed from
an initial icosahedral Au core geometry established that
the symmetric bonded-ligand configuration, shown in
Fig. 8, is energetically preferable. Here, the results of the
calculations were found to be in good quantitative agree-
ment with the EXAFS data: The mixed on-top and bridge
thiol geometry was maintained, the average Au-Au bond
length was 2.88 A with a standard deviation of 02 =
0.018 A2, the coordination number, Na,_1, was 0.77, and

Nanoscale Atomic Clusters, Complexity of, Figure 8
Optimized structure of the icosahedral Auy3 cluster. Red: Au;
Green: S; Purple: P; Gray: C; White: H

the average Au-ligand distance was 2.35 A, i.e., in good
agreement with all experimental results [59].

Further analysis of the ligand-induced deviation from
the ideal icosahedral symmetry of the Au core reveals
that the variation in the radial distances from the central
atom to the other Au atoms is very small: R(Au-Au) g =
2.78 A with 02 = 0.005 A%. However, the in-shell tan-
gential Au-Au bond lengths exhibit a much greater dis-
persion: R(Au-Au)y, = 2.92A with 62 = 0.017 A2,
with the smallest distance found between two thiol-lig-
ated Au atoms and the largest between one thiol-lig-
ated and one free Au atom. This is consistent with the
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strong covalent interaction expected between the S and Au
atoms [114,115]. For comparison, we studied the radial
versus tangential bond length distribution in the relaxed,
bare icosahedral Au;;. There, we found R(Au-Au),,q =
2.73 A and R(Au-Au), = 2.87 A.

The above results clearly reveal that the tangential
strain induced by the ligands is much larger than the radial
one. Both radial and tangential bond lengths in the ligated
cluster are larger by ~ 1.8% with respect to the bare one,
but the induced dispersion in tangential bond lengths is
much larger than in the radial ones. These findings can be
interpreted via a combination of the asymmetry of the ef-
fective pair potential and the non-close-packed structure
of the icosahedron. The ligands do not disorder the rela-
tively stiff radial bonds, but do disorder atoms within the
shell. The results suggest that it is the weakness of the in-
shell Au-Au bonds, and thus lower energy penalty com-
pared to the strong radial Au-Au bonds, that relieves oth-
erwise strong stresses due to the asymmetry in the nature
and bonding sites of thiolate and phosphine ligands.

Experimental characterization of randomness of
atomic distribution may be found by EXAFS. It is done by
comparing experimental values of metal-metal coordina-
tion numbers against the model of (Fig. 3). For example,
dendrimer-stabilized Pd/Au nanoalloys [116] are shown
to be quasi-random or core-shell like, depending on the
details of their preparation (Fig. 9).

This method is a powerful tool for quantifying short-
range order in monodisperse clusters. However, a broad
range of composition is required, to make such determina-
tion. If only one composition is available, the answer may
be obtained from the combination of EXAFS, advanced
electron microscopies (EDS, HREM, STEM) and DFT cal-
culations. For example, EDS method revealed that the dis-
tribution of Pt:Ru was uniform, where each nanocluster
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Coordination numbers in nanoalloys: quasi-random dendrimer-stabilized Pd/Au alloys (a), and core-shell alloys (b). Samples courtesy

of Crooks RM, U. of Texas at Austin

contained both Pt and Ru. Using the Z-contrast method
for determining the number of atoms, Yang et al. [117]
discovered that the average measured scattering cross-sec-
tion corresponded to four PtRus groups or 24 atoms. The
diameters of these clusters were also measured from the
STEM (Fig. 10) as well as by HREM, and the average was
15.6 A. Using an averaged number density of Ru and Pt,
if the shape of the cluster is spherical, then, for a diame-
ter of 15 A, the particle contains 21 PtRus groups, whereas
for a hemispherical shape, the cluster contains 11 PtRus
groups. These data shows that the particles are “raft-like”
on the carbon black.

To demonstrate this point, Fig. 11 is a plot of the clus-
ter diameter vs. the number of atoms per cluster for dif-
ferent 3-dimensional shapes. The two theoretical fits show
the number of atoms for a (a) spherical shape with di-
ameter, d, and (b) a hemispherical shape. Clearly, since
the number of atoms is considerably less than would be
predicted for a hemisphere, this demonstrates that the
structure of the PtRus is oblate on the carbon black sup-
port [117]. This result confirms the truncated cuboctahe-
dral model proposed by Nashner et al. [94] based on re-
sults of their EXAFS analysis.

Wang et al. [118] confirmed EXAFS and electron mi-
croscopy results using DFT calculations, including the ex-
perimentally observed enhanced Pt-Pt bond length disor-
der. They revealed the origin of this disorder as due to
the cluster/carbon-support interactions when samples are
annealed in helium, whereas samples treated in hydrogen
have disorder controlled by intraparticle effects, as dis-
cussed later. They explained the EXAFS observations that
supported [PtRus] metal clusters have fcc (111) cuboc-
tahedral geometry and bulk-like metal-metal bond dis-
tances, even for small nanoparticles for which the aver-
age coordination number is much smaller than that in the
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BF image of PtRus (a) and the corresponding HAADF image (b). Reprinted from [117]
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Plot of diameter vs. number of atoms for different shapes: a
Sphere, b Hemisphere and c are the experimental data with the
best fit where the 3-D aspect ratio is kept constant. Reprinted
from[117]

bulk, and that Pt in the bimetallic clusters segregates to the
top (111)-layer of the nanoparticle, as hypothesized based
on EXAFS results.

Structural Relaxation of Nanoparticles

The data discussed above illustrate one level of new knowl-
edge that comes from direct measurements of atomic scale
structure. It is useful, though, to look at additional levels of
insight that can be developed from data of this sort. Metal
nanoclusters contain many distinct types of atoms - the

various habits found at the cluster surfaces, those resid-
ing at the metal support interface or cluster core, etc. [119]
The metal-metal bonding, as a result of this diversity, is
present as an ensemble embedding substantial configura-
tional, static (as opposed to vibrational, dynamic) disor-
der.

Structural Relaxation in Freestanding
and Supported Clusters

The case of the icosahedral Au clusters provides an inter-
esting example in this regard. In this case, one moment of
this effective disorder in the first shell bonding can be iso-
lated and this in turn enables one to evaluate separately
the nature of the icosahedral strain that it embeds. The
latter parameter is one that directly illustrates the nature
of the energetics that selects such non-bulk habits for the
smallest clusters. The EXAFS analysis (Fig. 5a, inset) re-
vealed the presence of an icosahedral strain of ca. 2.5%
as compared to the 5% strain predicted by geometrically.
This strain relaxation is correlated with and can be un-
derstood in terms of the ligand bonding - the simplest
model of a support interaction (see below) - that terminate
the cluster’s surface. Obtaining such levels of structural
understanding, however, is only possible if the synthetic
protocols used deliver samples that are comprised of ex-
tremely monodispersed nanoparticles, a condition where
it becomes possible to discriminate intra vs inter particle
disorder (where the latter arises as a result of size-depen-
dent atomic bond-length relaxation [61,85]).

It is also now well understood that more general forms
of structural relaxations are common to the energy land-
scapes of supported metal clusters. The smallest clusters,
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Side view of the relaxed structures calculated with DFT-LDA for PtRu clusters supported on a graphite surface. The small dark sphere
stands for C atoms, large light (dark) spheres for Pt (Ru) atoms. Both the intra-layer buckling and inter-layer distance are listed.

Reprinted with permission from [118]

for example, are known to show contractions of their
metal-metal bonding distances, [85] an outcome that can
be understood intuitively in the context of the large num-
ber of non-bulk like atoms that would be found in a cluster
that is 1nm in size - the relative fractions of surface and
support-bonded atoms being large in such cases.

The data in Fig. 13 illustrate this point in greater de-
tail, highlighting EXAFS measurements made on a series
of rigorously characterized Pt catalysts supported on y-
AL O3 [9]. As synthesized, the cluster distributions of
atomic mass were held to exceptionally low values (a prop-
erty stiffly characterized by microscopy). The data show
the strong size dependent scaling of the average first-shell
Pt-Pt bonding distances found in these samples. These dis-
tances are plotted here in terms of the number of first shell
neighbors found experimentally by EXAFS, a parameter
that explicitly correlates with both the particle’s shape and
diameter (as discussed for the data presented in Fig. 3,
and for these samples showing by microscopy diameters
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The size-correlated average first shell M-M bonding distances for
a series of Pt catalysts supported on y-Al,03

spanning a range from 0.9 to 2.8 nm). The sample with
the smallest Pt particles (0.9nm) consisted of a highly
homogeneous sample of Pt;5 clusters (HAADF-STEM).
The EXAFS data illustrate that size effects, in this case,
elicit strong contractions of the metal-metal bonding dis-
tances — a structural relaxation that also develops a corre-
lated and significant degree of interatomic disorder in the
catalytic clusters. These relaxations are responsive to the
presence of adsorbates — the data in the figure illustrate
that hydrogen, which dissociates and passivates the surface
bonds of the clusters lifts the relaxations (albeit not fully to
bulk values for all but the largest clusters). The larger body
of data implicitly suggests a model for the structural relax-
ations in which the bonding present at the ambient cluster
surfaces/interfaces play an exceptionally important role —
establishing the biases seen in the average distances and
effective disorder measured by EXAFS.

Advances made in the first principle theory and MD
simulations allow one to investigation of structural relax-
ation and relative stability of various cluster morpholo-
gies. Nonetheless, DFT-based simulations must be care-
fully validated before use in each system. For example,
Wang and Johnson [120] have shown that N-atom (for
N < 20) cluster morphologies are highly sensitive to the
DFT exchange-correlation functional, and standard gen-
eralized gradient corrected, local (spin) density approxi-
mation often yield incorrect structural properties and en-
ergetics compared to high-level quantum chemistry. In ad-
dition, with the numerous geometrical and chemical con-
figurations associated with finding ground state and low-
est-energy excited-state morphologies (e. g., as in Fig. 1),
one cannot be assured with absolute certainty that a sim-
ulation has found the absolute ground state for compari-
son to observation because the simulation times are short
(order of nanoseconds to pico-seconds) and starting ge-
ometries are few. In this regard, the most commonly em-
ployed global-optimization strategies are simulated an-
nealing (sometimes combined, e. g., see [4] with empirical
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First-principles MD global (potential energy surface) optimization for 500 time steps for a Pt;3 cluster that starts with an Oy, cluster.
Simulation was held at 2000 K for 4 to 10 picoseconds at time steps of 20 femtoseconds and used a single k-point in a periodic box
with large vacuum. Two low-energy basins are circled, with their corresponding structures shown in insets after full relaxation of the
cluster. All structures in Fig. 1 were found using this approach. Reprinted figure with permission from [3]

force-fields not containing proper cluster correlation ef-
fects), genetic and evolutionary algorithms (e. g., see exam-
ple review [121] and with improved GAs [122]), and vari-
ants of basin-hopping that utilize temperature as a tunable
parameter to sample large, but not all, portions of solu-
tion space (e. g., Monte Carlo [123] and molecular dynam-
ics [3,4] using very small (not converged) k-meshes). Ge-
netic algorithms and basin hopping are comparable in effi-
ciency, both superior to simulated annealing. An example
of basin hopping within MD is shown in Fig. 14, and used
to obtain results in Fig. 1.

An illustrative example of DFT studies of structural
relaxation and morphological transitions in nanoparticles
is shown in Fig. 15, where Wang et al. [118] were able
to characterize fully the adsorbate-dependent morpholog-
ical habits of a model Pt3; cluster supported on carbon.
Importantly, for comparison to experiment, consideration
was made for the annealing stages in the synthesis, includ-
ing post-processing in hydrogen atmosphere before char-
acterization. With an anneal in hydrogen, the preferred
structural habit for the cluster is a truncated cuboctahe-
dron with large Pt-Pt bond length disorder in the bond
distribution (from 2.62 to 2.93 A) that arises from struc-
tural anisotropy within a cluster. This disorder is highest
for bare clusters and is reduced when hydrogen atoms are
allowed to adsorb. The disorder seen in each case provides
a near quantitative agreement with values deduced from
experiment [118,124]. These DFT calculations further re-

veal that the Pt3; truncated cuboctahedron (TCO, shown
in Fig. 15a) has a morphological instability driven by the
shearing of (100) to (111) facets to lower the surface energy
(see Fig. 15b) — a remnant of the electronic mechanism re-
sponsible for (100)-surface reconstruction in semi-infinite
bulk Pt. [124] However, with H passivation, this shear in-
stability is removed and the TCO is highly stable, [124] as
observed in experiments [94] and which is clearly a result
of the annealing in H,.

Theory also predicts that M-M bond length contrac-
tions occur — ones that vary substantially with the pres-
ence of adsorbate bonding. They found, for example, that
the DFT derived average first nearest neighbor Pt-Pt bond
length for the model Pts; cluster increases by 3% with H
passivation (2.68 A without H to 2.75A with H) [124].
These values provide a remarkable agreement with those
determined experimentally (EXAFS 2.75 A) when samples
are annealed in hydrogen [68] versus helium [9]. Impor-
tantly, H-passivation effect on the Pt-Pt bond lengths are
strongly dependent on the size of the cluster (both in sim-
ulations and observed); for smaller Pt nanoparticles with
Ist shell coordination number (CN) from 5 to 7, an in-
crease in Pt-Pt bond lengths is observed on various sup-
ports, whereas, for larger clusters with CN beyond 8 (i. e.,
approaching bulk CN of 12), no such effect is observed.
The reason being that the relation between 1st shell CN
and particle size is not linear, but roughly proportional to
the +/D, the particle diameter (D= 2R).
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MD high-T anneal

-1.54 eV

| Requires

Only Relaxation

(001) Sheared TCO

Post-processing anneal in H,
(passivate with 54 H)

Synopsis of the calculated DFT morphological changes of the structure of a Pt3; cluster on a carbon support during high-temperature
anneal and post-processing anneal in H, performed during synthesis of real samples, see [124] for details. a High-T anneal of the
ideal cuboctahedral (TCO) cluster, which b lowers its energy by internal shear of all (100) facets (shown by the red, green and blue
planes) such that they resemble (111) facets, a mechanism which is a remnant of the electronically-driven shear instability for surface
reconstruction in semi-infinite bulk Pt. For direct comparison to experiment, ¢ the structure found in simulated post-processing
anneal in Hy, which d structurally reverts simple by relaxation (downhill in energy) to the observed cuboctahedral structure, showing
then negligible interaction with the carbon support. For structural comparison to experiment, see text. Reprinted with permission

from [118]

Clearly, careful implementation and validation of the-
ory not only shows excellent agreement with a range phys-
ical properties (from bond-length distributions, structural
parameters, electronic properties, etc.) but also reveals the
key physics controlling these manifested behaviors, in-
cluding the important of cluster-support interactions and
charge transfer that impacts the structural and concomi-
tant catalytic behavior, so highly prized for technological
purposes.

Future Directions

With respect to the atomic arrangements present in
nanoparticles, the availability of a new state of the art in-
struments for studies by electron microscopy and x-ray
absorption spectroscopy provides an exceptional oppor-
tunity to gain new levels of understandings of the struc-
tural motives present in these systems. We believe that di-
rect imaging of the 3D atomic arrangement present in such
clusters will become eventually possible. When the future
synchrotron sources with exceptional brightness (equiva-
lent to the counting statistics of 10'? photons/sec at the
Inm focal spot) become available, it will become possi-
ble to measure structural dynamics in individual nanopar-

ticles by EXAFS. With the newest electron microscopes
(e.g., JEOL (JEM) 2200F), high-resolution electron mi-
croscopy imaging will be possible with dramatically bet-
ter resolution and, hence, improved interpretability. Since
the spherical aberration causes delocalization in the im-
ages proportional to @3, where @ is the Bragg angle of
the diffracted beam, the reduction of the spherical aberra-
tion will eliminate the presence of “ghost” images and/or
fringes, leading to significantly improved clarity of im-
ages. The focal series reconstruction of exit wavefunction
can further improve the HREM interpretability. Because
of the ability to obtain spectral information atomic-by-
atomic column, changes in the EELS signal across a sin-
gle nanoparticle, from the surface to the interface, will be
achievable. This will provide detailed information about
individual arrangement of atoms within an individual par-
ticle, such as core-shell structure or surface segregation.
Furthermore, with the significantly improved HAADEF-
STEM imaging resolution to 1A, significantly better than
the 1nm?® tomography resolution available on modern
non-aberration corrected instruments [125]. Additional
possibilities that are being engendered by methods of co-
herent electron diffraction further suggest that it may be
possible to vastly exceed the capabilities afforded by even
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the very advanced capacitiles of the JEOL 2200F instru-
ment for electron tomography. For example, via over-sam-
pling and phase retrieval it will be possible to invert a mea-
sured single cluster nano-diffraction pattern to obtain an
atomic resolution 3D structure directly [126].

Current theoretical methods will be extended by en-
abling DFT-based calculations to identify low-energy
structures, utilizing a rapid - optimization and selec-
tion protocols that appear to be well suited to applica-
tions involving supported nanoscale materials. An exam-
ple is the DFT-based MD approach, in which the sim-
ulated nanocluster is heated to high temperature (e.g.,
2000K) and simulated rapidly using a coarse k-space
mesh, is used to identify (relatively) rapidly several low-
energy conformations, see Figs. 1 and 14. These con-
formations are then revisited with DFT-MD with a fine
k-space mesh and configurations are then identified af-
ter full ionic relaxations. In the future, such protocols
will be integrated with improved DFT exchange-corre-
lation functionals to explore the nature of the energy
landscapes that define the accessible and correct struc-
tures for a large variety of classes of nanoscale materi-
als. Note that improved DFT exchange-correlation func-
tionals [127,128,129,130,131,132,133,134,135] (such as hy-
brid B3LYP or PBEO, WC, and HSC) are computationally
much more expensive than standard gradient corrected or
local density approximation but yield much more correct
results for nanoparticles, surface interactions, and some
solid phases, such as ferroelectronics, which are highly
sensitive to volume errors.

Complexity of nanoscale clusters can be quantitatively
understood. However, due to the complexity of the charac-
terization approaches that such understanding demands,
only self-consistent, integrated, multi-disciplinary analy-
sis methodologies appear to be heading in the direction of
systematically solving their mysteries.
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Glossary

Low dimensional semiconductor nanostructures
Structures that have characteristic dimensions on the
order of nanometers (usually between 1 and 100 nm)
and such that the motion of electrons in them can
be confined spatially. Quantum well heterostruc-

tures were the first low dimensional semiconductor
nanostructures experimentally developed in the early
1970s. Now, a number of different techniques exist to
produce a variety of different low dimensional semi-
conductor nanostructures, including quantum wells,
wires, and dots.

Electronic structure Electrons move from one energy
level to another by emission or absorption of a quan-
tum of energy, a photon. They are placed on electronic
orbitals and their configuration defines the electronic
structure as the arrangement of electrons in an atom,
molecule, etc. The knowledge of the electronic struc-
ture of a specific material or a structure helps us in pre-
dicting its properties.

Electromechanical effects One of the most studied exam-
ples of such effects is piezoelectricity, demonstrated for
the first time by the brothers Pierre Curie and Jacques
Curie in 1880. Now, it is one of the classical examples
of coupled phenomena. In the heart of the piezoelectric
phenomenon is a coupling mechanism between me-
chanical and electric fields which is a two-way inter-
action. In particular, electricity is produced in a piezo-
electric body when stress is applied (the direct piezoef-
fect) and the body is stressed when an electric field is
applied (the converse piezoeffect).

Multiple scales In studying complex systems we have to
deal with coupled phenomena and processes at a mul-
titude of different spatial and temporal scales. Under-
standing interactions in the system and its response at
multiple scales is a fundamental quest of modern sci-
ence.

Nanotechnology A multidisciplinary field that develops
and extends our present knowledge into the nanoscale.
It is the field where two main science and technology
approaches, the “bottom-up” approach and the “top-
down” approach, go hand in hand emphasizing the im-
portance of systems science view.

Mathematical modeling A universal tool of modern sci-
ence and technology that uses mathematical language
to describe the behavior of systems, processes and phe-
nomena in Nature and man-made.

Definition of the Subject

Low Dimensional Semiconductor Nanostructures (abbre-
viated, LDSNGs) is a class of physical systems with charac-
teristic dimensions on the order of 1-100 nm such that the
motion of their charge carriers can be confined from one,
two, or even three spatial dimensions. If we start our con-
sideration from a three dimensional (3D) bulk crystal and
create a structure where the motion of carriers is confined





