CLUSTERS:
CHEMISTRY AND
PHYSICS
IN A
FINITE WORLD



Small collections (~ 1000) of atoms and/or
molecules that are typically studied in the

gas phase. These could behave as extremely
small images of a bulk liquid or solid —

How small does the collection have to become,
before it fails to function in the same way as
a bulk material?



how many water molecules do we need to dissolve
common salt (sodium chloride)?

or

how many metal atoms do we need to make a
piece of copper wire?
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Important physical and chemical
properties of bulk materials:

Structure

Melting

Conduction of electricity
Solubility

Magnetism

Chemistry



(spherical cluster model)

R radius of a single atom

a

R radius of cluster

Cc
Volume of 1 atom — 4/3=R_3
Volume of a cluster — 4/3nR 3

no. of atoms (N) is «

Scaling cluster properties:

Melting temperature of N atoms of gold T,,/ K = 1336.15 — 3/NY3



No. of atoms on the surface (N,) is « 4(R./R,)?> = 4N23
Fraction of surface atoms F,= NN =

F, < 0.01 (1%) for N > 64,000,000 atoms

The significance of surface atoms is that when F, is large,
surface energy (surface tension) becomes as important
as bulk binding energy in determining the properties of a
material.



no. of atoms radius
N R.(A)
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* start of nanotechnology

atoms on the surface

N/N (%)
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1 A =0.0000000001 m = 0.1 nm



Production of clusters
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Temperature:. 300K — 1K
Time taken for an atom to reach the vacuum is 0.000001 s
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Structure






For clusters, one way to investigate structure
IS to look for stable collections of atoms in a
mass spectrum —

- a stable structure will be strongly bound and so will
give a comparatively intense signal.

- structures that are less stable will yield weaker
signals .



Intensity

+

mass spectrum of Kryop ——s-
clusters produced 25894 amu
from krypton

Mass / amu =



All stable icosahedra
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SEVEN-ATOM
PENTACONAL
BIPYRAMID

HEXACONAL cusIC
CLOSE-PACKING CLOSE-PACKING ICOSAHEDRON

13-ATOM

For single-atom systems there is no bulk equivalent — the structure is
only stable because of surface energy.



The driving force for this effect in small
clusters Is surface energy, and a cluster
needs to contain about 2000 atoms before
the bulk binding energy Is high enough

for them to adopt stable close-packed
structures.



Melting
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Melting is Initiated by the presence of mobile
atoms or molecules on surfaces.

On a piece of metal 1cm? in size, fewer than
0.000000001% of the atoms are on the
surface and so they have almost no influence
on how the metal behaves at low temperature.

However, in a cluster F, is large and so melting
can take place at much lower temperatures.
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Electrical conductivity

How small is a piece of wire?



lonisation energy

\ / single metal atom
O

/ metallic solid
work function (¢ or o)

metal surface
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None of the electrons are associated with any particular atom
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lonisation energy of mercury clusters as a function of 1/radius




Solubllity



Sodium chloride (salt) in water
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Na*(H,0) + H,0 — Na*(H,0),

Na* + nH,O ( + + + ...



lon

H+
Li*
Na*
K+

6 water
molecules

1123
515
403
333

Bulk

1129
520
405
321






For singly-charged metal ions it is possible to
reproduce the essential energetics of ion
solvation with ~ 6 - 10 molecules.

To dissolve sodium chloride we need
approximately 12 water molecule for each

NacCl unit



No comparable data on how metal ions
carrying more than one charge dissolve.

Almost all of the metals that are
Important for our existence and quality
of life carry more than one charge:

Experiments suggest that these ions
need 20 — 30 water molecules to
dissolve.






Chemistry



(100 km)

Most abundant species is NO*

NO originates from activities on the surface of the
Earth and because it has a low ionisation energy,
It acts as a charge sink.

As the altitude drops, ions of the form (H,O) H*
begin to appear and these are thought to be
precursors to cloud formation.



The clouds that are formed are often referred to
as "night-shining"” or Noctilucent clouds.

They form in an upper layer of the Earth’s
atmosphere called the mesosphere during the
Northern Hemisphere’s summer season, and
they are also seen during the summer months in
the Southern Hemisphere.
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(90 km)

NO* — (H,0), H*

NO*.(H,0); + H,O0 —» (H,0);H* + HONO
Cluster equivalent

NO*.(H,0), — (H,0);H* + HONO



Relative intensity
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n, number of water molecules



Where Is cluster science going?



and the possibility
of creating new catalysts —
reactions take place on the
surface and clusters offer a high
surface to volume ratio.

fcc Icosahedron




Internal
temperature
of 0.38 K







1 Chemical Reactions at 0.38 K
2) Magnetic behaviour
3) Superconductivity

4) Spectroscopy



Structure (regular) ~13 atoms

Structure (bulk) ~2000 atoms
Melting ~1,000,000 atoms
Becoming a metal ~200 atoms
Solvation ~ 6 molecules (Na®)

~ 30 molecules (Cu?")



