current understanding of human population substructure and ge-
netic differentiation inferred from extensive anthropological sam-
pling of blood groups and enzymes.

All of these approaches, even the first, require information about
actual allele frequency distributions in a wide variety of ethnic
subgroups that are likely to be relevant in forensic applications.
Without the type of subpopulation studies already carried out for
blood groups and enzymes, estimates of the probability of a
matching DNA profile based on VNTR data, as currently calculat-
ed, are unjustified and generally unreliable.
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Oscillatory Kinetics and Spatio-Temporal
Self-Organization in Reactions
at Solid Surfaces

GERHARD ERTL

Chemical reactions far from equilibrium on solid surfaces
may exhibit typical phenomena of nonlinear dynamics, as
exemplified by the catalytic oxidation of carbon monoxide
on a platinum(110) single-crystal surface. Depending on
the external parameters (temperature and partial pres-
sures of the reactants), the temporal variation of the

reaction rate may become oscillatory or even chaotic. In a
parallel way, the concentration distributions of the ad-
sorbed species on the surface form spatio-temporal pat-
terns including propagating and standing waves, rotating
spirals, as well as irregular and rapidly changing struc-
tures denoted “chemical turbulence.”

tions with fixed external parameters, it will usually also exhibit
a constant, steady-state rate of product formation. In certain
cases, however, the response of the system may vary periodically or
aperiodically with time. The most famous example is offered by the
Belousov-Zhabotinsky (BZ) reaction in well-stirred homogeneous

I F A CHEMICAL REACTION IS OPERATED UNDER FLOW CONDI-

The author is at the Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6,
W-1000 Berlin 33, Federal Republic of Germany.
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solution (1), in which periodic color changes reflect varying com-
position. Apart: from other homogeneous reactions (2), certain
heterogeneous processes occurring at gas-solid or liquid-solid inter-
faces were also found to exhibit such phenomena of temporal
self-organization. These comprise electrochemical systems (3) as
well as heterogeneously catalyzed reactions, either. occurring with
“real” catalysts near atmospheric pressure (4) or under ultrahigh
vacuum conditions with well-defined single-crystal surfaces (5).

As an example (6), the variation of the potential U can be shown
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as a function of time (Fig. 1) for an electrochemical system
consisting of a Pt wire as the working electrode in a solution
containing dissolved H, and Cu?* (as well as Cl~ and ClOQ, ") ions.
A constant current j flows through the cell, causing the reactions

H,— 2H"' + 2¢” (1)
Cu®* + 2¢” s Cu (2)

For small values of the current density j, the potential U adjusts to
a constant stationary value (Fig. 1A) but starts to oscillate with a
small amplitude (Fig. 1B) that grows further with increasing j (Fig.
1C). Atj = 92 pA (Fig. 1D) another qualitative change (bifurca-
tion) occurs, distinguished by alternating smaller and larger ampli-
tudes. This first “period doubling™ is followed by a second one (Fig.
1E), until for j = 126 p.A the time series becomes aperiodic. This is
an example of experimental verification of a transition from a
stationary state through a series of period doublings to a chaotic
state (Feigenbaum scenario) by stepwise variation of the external
control parameter j (7). In fact, in this case, the chaotic state (Fig.
1F) can even undergo a further qualitative change to another chaotic
state (Fig. 1G)—a transition denoted “interior crisis” (8).

The formal reason for such effects has to be sought in the mathemat-
ical structure of the equations that model the temporal behavior of the
concentrations W = 4y, 4, . . . , 4, of the species involved in the reaction,
which are nonlinear, coupled, ordinary differential equations, namely

du —
—=f) NE)

The nonlinear function f{u) depends on the external control param-
eters (such as the current density j and the ion concentrations in the
preceding example) and on the kinetics of the individual reaction-
steps in the overall reaction. In fact, this approach represents a type
of mean field approximation that assumes random spatial distribu-
tion of the reacting particles; that is, it neglects any specific
interactions. Even more important, however, is the underlying
assumption that the concentrations u depend solely on time, a
condition that can be achieved experimentally by, for example,

50
A j=60 pA.
400
500/ 72 A
400 ‘
500I¢
NMVVWWWWWVVWWWN
400
500 92 pA
- WWWWMMMMMWY
> 400
E
<., S00[E
F o0 VMMM
S 400 1 R
SUF 126 pA
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Fig. 1. Variation of the potential U 500Gy
of a Pt electrode under galvanostatic
conditions at varying current densi-- 400,
ties j (increasing from A to G) in an
aqueous solution with 1 M HCIO,, 300}
1.5 x 107* M Cu®*,and 5 x 10~*
M CI~; the solution is saturated with 0 5 10 5
dissolved H, (NHE = normal hy- 20 %
drogen electrode) (6). Time (s)
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Fig. 2. Schematic mecha- CO co 0,
nism of the reaction 2CO N Vs }
+ O, — CO, on Pt sur- 88 8 )
faces. The symbol (*) de- d 77777‘7777?177'37777-
notes a free site on the Pt
surface. 0, 0, Co,
\ \-- ./
0808 A
CCC 0‘\ o/
i &

[ 2co + 0, — 2c0, |

CO+ % = COqad
02+2% =024 — 204
Oad + COad —> CO2 +2%

sufficiently rapid stirring of a solution. Otherwise, phenomena of
spatio-temporal pattern formation would occur that have to be
described theoretically by extending Eq. 3 into reaction-diffusion
equations, as will be outlined below.

Specification of the function f{u) requires a detailed elucidation of
the mechanism underlying the reaction studied, which may be rather
complex: With the BZ system about 20 individual reaction steps are
involved. However, for successful mathematical modeling these
steps could be reduced to a much smaller set of effective variables
(9). With the electrochemical reaction just presented, competition
for free sites on the Pt surface between the H, molecules to be
oxidized, the Cu®* ions, and the anions acting as inhibitors is of
importance, although the detailed mechanism has not yet been
elucidated. In this article we concentrate on a conceptually simple
reaction, the catalytic oxidation of CO on a Pt(110) single-crystal
surface under low-pressure, isothermal conditions; the underlying
elementary steps of this process have been analyzed in great detail
and exhibit the full richness of oscillatory kinetics as well as of
spatio-temporal self-organization.

Oscillatory Kinetics in the Catalytic Oxidation
of CO on Pt(110)

The mechanism of the reaction 2CO + O, — 2 CO, as catalyzed
by surfaces of the Pt group metals has been well established (10)
(Fig. 2). The two components to be adsorbed compete for the free
sites on the surface, with a major difference, however: For dissocia-
tive chemisorption of O,, a fairly large ensemble of neighboring
unoccupied surface atoms is required, and adsorbed CO acts as an
inhibitor for oxygen adsorption. The adsorbed O atoms O, 4, on the
other hand, form a relatively open adlayer into which adsorption of
CO is still possible. Thus, there is not substantial influence of
preadsorbed oxygen on the adsorption probability for CO. The
formation of CO, proceeds through recombination of CO,y with
0,4, Which is followed by immediate release into the gas phase, and
within the framework of a mean field-type continuum description, the
reaction rate can hence be simply formulated as R = k, u, u,, where
4, and u, denote the surface concentrations (covcragcs) of adsorbed
CO and O, respectively, and k(T is the rate constant for the surface
recombination reaction (T" = temperature). The state variables 4, and
u, are in turn determined by the sequence of reaction steps as

du 1
i s(CO)pco — ka1 — kiyus “4)
du2
y =s(O2)po, — kw142 (5)
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where s(CO) and s(O,) are the sticking probabilities for adsorption
of CO and O, (normalized to the impingement rates from the gas
phase as determined by the partial pressures pco and pg,) and ky(7T)
is the rate constant for CO desorption. Thermal desorption of
oxygen can be neglected at the temperatures of interest. The sticking
-probabilities s(CO) and s(O,) are in turn functions of u, and u,,
reflecting the just-mentioned effects of site blocking. Hence, the
kinetics are described by a set of nonlinear ordinary differential
equations for the state variables u, and u,, the solutions of which
depend on the control parameters pco, po,, and T.

With the Pt(110) surface, if operated under strictly isothermic
low-pressure conditions, the reaction rate for a narrow range of
control parameters is in fact not stationary but becomes oscillatory
(11) (Fig. 3), as does the variation of the work function, A, and
that of pco. The quantity Ad is proportional to the oxygen
coverage, u,, and parallels the reaction rate. This reflects the fact that
with this system kinetic oscillations are confined to conditions under
which adsorption of oxygen is rate-limiting. This observation is in
turn the key for rationalizing the physical mechanism underlying
these phenomena as follows. ,

The clean Pt(110) surface does not in fact exhibit the atomic
configuration that would correspond to the bulk termination (1 X
1, see Fig. 4) but is reconstructed into a “missing row” 1 X 2
structure that is energetically more stable. On the other hand, the
heat of adsorption of CO on the 1 X 1 phase exceeds that on the 1
x 2 phase, and as a consequence a 1 X 2 — 1 X 1 transformation
[by homogeneous nucleation and small local displacements of Pt
atoms in the topmost layer (12)] takes place as soon as the CO
coverage exceeds a critical value of about u, .; = 0.2 (13). The 1 X

1x2
Fig. 4. The two structural modifications of the Pt(110) surface.
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Time (s)

Fig. 5. Time series resulting from numerical integration of the three coupled
differential equations modeling the kinetics of CO oxidation on Pt(110) for
a particular set of control parameters (T = 540 K, po, = 6.7 X 10~ mbar,
and pco = 3.0 X 1075 mbar; ML = monolayer).

1 phase exhibits, on the other hand, a higher oxygen sticking
probability than the 1 x 2 phase; hence, for a narrow range of
control parameters the surface structure will continuously switch
between states of low (1 X 2) and high (1 X 1) reactivity. For
mathematical formulation a third variable u; (the fraction of the
surface area present as 1 X 1 phase) denoting the state of the surface
has to be introduced, which enters into the oxygen sticking proba-
bility of Eq. 5 and is in turn determined by the CO coverage u,. A
series of typical time series resulting from numerical integration of
this set of three coupled equations has been calculated (Fig. 5) (14).
All input parameters were taken from independent experimental
measurements. The qualitative agreement with the data of Fig. 3 is
remarkable. (Differences in the time scale have to be attributed to
the differing temperatures). Nevertheless, this model represents only
an approximation and is thus not able to reproduce all the experi-
mentally observed features characterizing the nonlinear dynarhics of
this system.

As in the electrochemical reaction presented in the introduction,
the CO system may again undergo a transition from regular
harmonic oscillations to chaotic temporal behavior through a se-
quence of period doublings during stepwise variation of one of the
control parameters (15). One can illustrate this effect by converting
the experimentally recorded time series into the so-called phase
portraits by applying the time-delay method (16). Here the signal at
time ¢, x(¢), is plotted versus x(¢ + ), where 7 is an arbitrarily chosen
but fixed delay time. A harmonic periodic time series is thus
converted into a single closed loop (Fig. 6A). Time series after the
first and second period-doubling bifurcations are accordingly char-
acterized by two and four loops (Fig. 6, B and C, respectively). The
widths of these loops reflect the scatter in the experimental data, but
within these limits the temporal behavior follows these “attractors”
and is always clearly predictable. This predictability is no longer
possible for the “strange” attractor for the chaotic state (Fig. 6D).
The conditions underlying these results differ only by about 1%
with respect to a single control parameter.
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Fig. 6. Time series for
the oscillatory CO oxi-
dation on a Pt(110) sur-
face (left) and corre-
sponding phase portraits
(right). Control param-
eters: T = 550K, po, =
4.0 x 10™* mbar; (A)
Pco = 1.65 x 107*
mbar, (B) pco = 1.62 x
10~* mbar, (C) pco =
1.60 x 10~* mbar, and
(D) pco = 1.58 x 107
mbar.

Chaotic temporal behavior can be quantified by the Lyapounov
exponents \; (17), which characterize the separaton of adjacent
points in phase space by proceeding along the variable x;, that is,
e If all of the \; < 0, the trajectories in phase space will converge
and stay together (Fig. 6, A through C). However, as soon as one
of the \; becomes positive, even very small differences in the inital
state will lead to divergence, and the system becomes chaotic (Fig.
6D). Recent detailed analysis of various chaotic time series from the
CO system revealed that even two of the Lyapounov coefficients
may become positive—a situation that is denoted “hyperchaos” and
has so far not yet been identified with a chemical reaction (18).

Spatio-Temporal Pattern Formation

So far our discussion has been concerned with the temporal
behavior of integral properties of chemical systems, such as the
reaction rate, and the state variables u; were assumed to depend
solely on time. With a reaction in a homogeneous solution, such as
the BZ reaction, these conditions may be realized by vigorous
stirring, but with a heterogeneous reaction at a surface, “stirring” is
not feasible. Generally, one has to conclude that with a macroscopic
system the state variables depend also on spatial coordinates. As a
reasonable approximation, such a system may be considered as
consisting of subsystems, or cells, that are still large enough to justify

Fig. 7. Two PEEM images, recorded at
an interval of 3 s, from a Pt(110) surface
under steady-state CO oxidation condi-
tions (T = 485 K, pco = 1 x 107*
mbar, and po, = 3.5 x 107* mbar).
Dark regions with enhanced oxygen cov-
erage propagate as solitary waves along
the directions indicated.
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Fig. 8. Spiral wave pattern on
Pt(110) as imaged by PEEM. T =
435 K, pco = 3.8 X 1075 mbar,
and p, = 3.0 x 10™* mbar. Diam-
eter of the image is 0.4 mm.

the continuum concept of concentration variables 4, but that are
small enough to ensure that within an individual subsystem the u;
are only time-dependent as given by the nonlinear kinetics of the
reaction as expressed in Eq. 3. Concentration differences between
adjacent cells will then give rise to transport processes, and Eq. 3 has
to be extended accordingly into a set of partial differendal equations
of the type

Ju 2
;=f(u)+DVu (6)

which are known as reaction-diffusion equations (D = diffusion
coefficient). Apart from diffusion as a consequence of the existence of
concentration gradients, there may also be coupling between neigh-
boring cells through heat conductance if the reaction conditions are
nonisothermal and locally varying reaction rates give rise to tempera-
ture gradients. The latter effect is dominant, for example, with
supported catalyst particles at higher pressures where the heat release
by the exothermicity of the reaction together with a low heat
conductance may give rise to substantial temperature changes (19).
This effect will be of no importance with the system under discussion
here; however, another global (that is, long-range) feedback mecha-
nism may become relevant: As can be seen from Fig. 3, as a conse-
quence of the varying reaction rate the partial pressures of the reactants
are also subject to slight (<1%) modulations that are practically
instantaneously (<10~*s) effective everywhere on the catalyst surface.

The generic types of spatio-temporal patterns for extended sys-
tems modeled by reaction-diffusion equations in either bistable,
excited, or oscillatory states have been widely studied theoretically
(20) and have recently become accessible to experimental observa-
tion with the CO system as well.

Contrary to the BZ reaction in solution, for which concentration
differences are easily made visible by color changes on the macro-
scopic scale, in the case of CO oxidation a more refined technique is
required to display local variations in the coverages of adsorbed
species. This can be achieved by application of a newly designed
photoemission electron microscope (PEEM) (21). Because a chemi-
sorption complex is associated with a dipole moment, local regions
on the surface covered by different species will differ from each other
with respect to their work function. As a consequence, irradiation

Fig. 9. A sequence of PEEM images
from a 0.2 by 0.3 mm? section of a
Pt(llog surface at T = 427 K, pco = 3
x 107> mbar, and po, = 3.2 x 107*
mbar (target patterns). The time inter-
val between the last two images is 30 s,
between the others it is 4.1 s.
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with ultraviolet light gives rise to locally varying intensities of
emitted electrons. The latter can be projected through a system of
electrostatic lenses onto a fluorescent screen where they produce a
gray-scale image that can be recorded by a charge-coupled device
(CCD) camera and stored on videotape. In the present version the
lateral and temporal resolutions are about 0.5 pm and 20 ms,
respectively. In the images presented below, typically from a section
of the surface 0.4 mm in diameter, oxygen-covered regions appear
dark, and those covered by CO are bright.

For conditions outside the range of oscillatory kinetics, the system
may be in a state of excitability that manifests itself in various types of
propagating “chemical waves.” Among these, solitary waves (Fig. 7)
(22) are particularly remarkable. These are single-wave pulses with a
bell-shaped profile propagating with constant speed of about 3 wm/s
along the directions indicated by arrows that correspond to the crystal-
lographic [001] orientation of the substrate Pt(110) surface. If two
pulses traveling in opposite direction collide with each other, in most
cases either one or both of them is annihilated, but in some cases the
two waves emerge again with the same shapes and velocities. Phe-
nomena of this type were first discovered with the numerical solution
of a nonlinear wave equation from hydrodynamics (Korteweg-de
Vries equation) and were denoted “solitons™ (23). This name reflects
the quasi-particle character of these events, which exhibit analogies to
the nature of particles in quantum mechanics: After collision it cannot
be decided if the wave pulses were reflected from each other or if they
mutually penetrated and continued to propagate in their original
direction—in other words, they become indistinguishable.

The most common spatio-temporal pattern of an excitable reac-
tion-diffusion system is represented by continuously growing spirals
(2, 20, 24), which have been extensively studied with the BZ
reaction (25). An example of this type for the CO system is shown
in Fig. 8 (26). The spiral wave is not circular but elliptic, with the
long axis along the [110] direction and the short axis along the
[001] direction of the substrate single crystal. This effect is due to
the anisotropy of surface diffusion for adsorbed species, which
affects the propagation velocities of the fronts of “chemical waves”
(27); these velocities are 3.3 and 1.2 pm/s, respectively, in the two
directions indicated.

Another type of pattern that may be formed if the control
parameters are slightly changed so that the system becomes oscilla-
tory is illustrated by the sequence of images in Fig. 9. These images
exhibit concentric (again, elliptically shaped) waves emanating
periodically with a frequency of about 0.15/s from nucleation
centers (“pacemakers”) from which they propagate with velocities of
4.2 and 1.5 pm/s, causing wavelengths of the order of 30 and 10 pm
along [110] and [001], respectively. Again, such “target patterns”
had been observed with the BZ reaction (28). Here, colliding wave
fronts annihilate each other and lead, as a consequence, to cusplike
structures as seen in Fig. 9. There are, in addition, features with
much shorter wavelengths due to growing spirals, and the whole
background switches periodically from bright (CO-covered) to dark

Fig. 10. Spatio-temporal patterns of
the standing-wave type on a 0.3 by
0.3 mm? section of the Pt(110) sur-
face, recorded in intervals of 0.5 s
during harmonic kinetic oscillations
of the type in Fig. 6A. T = 550 K,
po‘l= 4.1 x _10'4 mbar, and pco
=1.75 x 10™* mbar.
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Fig. 11. Irregular and rapidly chang-
ing pattern (diameter 0.4 mm) char-
acteristic of “chemical turbulence.”

(O-covered), signaling periodic (“mixed-mode™) oscillations of the
reaction rate integrated over the whole surface area. This periodic
switching occurs fairly rapidly (<1 s) and has to be considered a
manifestation of gas-phase coupling as an additional mechanism for
spatial self-organization.

This latter global feedback process occurs practically instantaneously
(=107* s), as outlined above, and dominates the synchronization
underlying the kinetic oscillations occurring with high frequencies at
more elevated temperatures. Regular rate oscillations, such as those in
Fig. 6A, are associated with standing rather than propagating waves
(Fig. 10). The whole macroscopic surface exhibits approximately
equally spaced alternating dark and bright stripes, the intensities of
which vary with the period of the associated kinetic oscillation. These
spacings are not perfectly constant but may vary slightly even between
neighboring pairs. As a consequence, dynamic “dislocations,” as in
Fig. 10, may be formed that only very slowly drift off.

The transition from regular kinetic oscillations to temporal chaos
upon variation of one of the control parameters, as in Fig. 6, is
accompanied by gradually increasing disorder in the spatio-temporal
patterns. The orientations and spacings of the stripes become
irregular, and finally they break up and no longer form standing
waves but perform rapid motions. As can be seen in Fig. 11, these
patterns are closely reminiscent of a turbulent fluid, and hence this
state of spatio-temporal chaos may be denoted “chemical turbu-
lence,” although the underlying reaction-diffusion equations are of a
mathematical structure quite different from the Navier-Stokes equa-
tions of hydrodynamics.

Conclusions

Phenomena of self-organization far from equilibrium are mani-
fested in quite different areas, ranging from physics to sociology,
and can be traced to common underlying principles of nonlinear
dynamics (29). In addition, with chemical reactions occurring at
solid surfaces, these effects are widespread (although frequently
confined to narrow ranges of control parameters), and the number
of systems for which kinetic oscillations and spatio-temporal pattern
formation are observed will steadily grow. The main example
presented here is of particular conceptual simplicity: The microscop-
ic reaction steps are well established and allow modeling with few
state variables. In addition, the system is genuinely two-dimensional
and is not complicated by nonisothermal or convective processes. It
may thus be considered a prototype for experimental verification and
testing of the theoretical concepts of a fascinating and challenging
field of research.
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