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PREFACE

1

In an oscillating cheiical réaction thé concentrations of catalyst and /ot
mtermediate ‘Speeies undergo osullations in time. This behavivr is drivén by
the Gibiby-frée-erergy decrease of an overall chemical réactivh occurriig faf
froin thérmodynantic equilibrinm Diffusion of these species iy éouplé with
chetiucal reachion under some circunistances and léad io waveling waves
(spatial inhoinogenerties) of chemical activity ih whitch their concentrations are
fat abové or below those 1 the bulk of the reacting mixture, Thése waves often
propagaie in a thanner reiminiscent of nerve-iipulse transmission. '

Thus volume provides a comprehensive treatinen( of the expéiimental belav-
101 of thess remarkable systems. Their niechanistic interpreétation and relation-
ship to fapidly developing theorie$ of oscillatory aiid related beliavior in these
and sinlar systems are also treated in detail Beyond their very great intninsi
scieniific vitefest and importance.” this direct Jink between expeninent and
theory has Helpéd ranke osoillatinig chemical reaclions dan exciling and active
area of vurren; rofeafch Bdch chapter n this book 15 writted by 4 petson who
has made fundamental contribetions 1 tfie development of the subgect covered
A master bibogfaphy Wieh'Tiled prodidts 4 key to ifie literatare of chemical
oséﬂi&tiliﬁg and trdveling Waves

The history of oscitfations 1n chemical aystems 15 Yong: the Arst exaniple, a
gdé-phase systeth, was dfscovered in 1828 1ts richricss hay iftrbased gréatly
oveér the fagt two decades of interse adtivily. A very early theorttieal suggestion
of thé éxistence of chemlcs) reactivits in which ostiMations in the toncentra-
tioné of intérdediite speciés otcur Solely as 4 result of homdgentous chemical
Kinttics was made By A. J. Lotk in o series of papers appeating Ih the period
19101930, W. C. Bray discovered i 1921 the fust hquid-phabe example of
nich a redction, the fodafe-lon-tatdlyred dscodmposition of hydrogen peronide,
add he repogsized the votiection beiween his dnd Lotka’s work wven though
the expefitental sysiin was comfiplicated by the evotution of vxygen These
discoveries [aRgilshed Y6 About 40 years, howeévér One feasofr for ths

vi




viii . PREFACE

guiesvence was the relatively low level of development at that time of methods
of unraveling the mechanisms of complex chemical reactions. Another reason
was the widespread, mistaken impression that the second law of thermody-
namics forbids such oscillations even in systems maintained far from equi-
librium. Indeed, it turns out that an important reason o study oscilliting -
chemical reactions is to de\elop cxamples of what is powble urider far-from-
equilibriuti circumstances.

The modertt history of the study of oscillating chemlcal reictions in the
liquid phase began in Russia in 1951, when B. P. Belousov discovéred temporal
oscillations in the ratio [Ce(IV)]/[Ce(1f)] during the cerium-ion-catalyzed
oxidation of citric acid by bromate ion. However. Belousov was not able to get
his discovery published until 1958 (and then only in an obscure proceedings
seen only by a very few modern workers in the field). The first English
translation of Belousov's original manuscsipt appears in this valurhe. and it
shows that he also knew of the traveling waves that oceuf in this system. A. M.
Zhabotinskii conlipued Belousov's work, dnd the glass of oscﬂlalorfy metal-
ion-catalyzed oxidations of vrgafiic cmhpohnd# by bromtdte ion is now referred
{o as the Belousov-Zhabotinskii (BZ) reaction. 7hahoumkn describes here
carly Russian wotk on the BZ rea(.uon i

The situation was much different i in the late 19605, when ihe ekisterice of the
BZ reaction becamme well known, from what it was 45 years earlier, when Bray
and Lotka made 1Reir discoveries. Methods of elucndatmg the ‘mechanisms
of complex chemkal reactions had become qulte highly develnped by this
time. and within a few years a basic mechanistic undcrktandmg of the BZ reac-
tion was atained. Field treats the experimental characterization of the BZ
reaction and othet bromate-ion-drivén oscillators as well as the éurfent state of
detailed understanding of their mechamsms.Numencal mmu|almn and mndeiy
ing technigues. thc been of great use in auammﬁ thils anderlstandmg, and the.
applncatmn of these methods, including recent work on ﬂle use of sensitivity
analysis, is disuuqseﬂ by Edelson and Rabitz. :

- This ificrease in mcehamsuc sophisticatioi Was matched in mc la;e i%ﬂs by '
the developmem of the mathertatics of oscillations and patier 1
chemical systems. Pionecting wotk was dope by Tuiing (1952) and deve'k:ped )
ther¢after by Prigogine and w-workets to a point where theré was 4 sound
theorehcal framéwork within which to interprel oscillations as well as tra Hng_
and stationary waves in chiemical systemss The. current statug of. tfug ‘
theory s treated by Oibrmer (temporal_oscillation) and’ by Ortal
Schidt (waves); The direct connection between the BZ reaction and thegry.
was made by (he teductian of tbe BZ mechanism to 4 relaine}y traetable'i
nioxel that fetain. the essence of the chemistry. The derivition, propéties, and<
mathemahcs of this Hiodel are discissed by Troy. and by ”f’yscm h

Kinice the fate 1970% (here has béen a further surge of aglivity mvolvn the._
B2 reactioi as well 4 many other oscillating reactions and ifiging from

several related sources: The first of thesé is the study of the mechanisms of

previously knowri but not understood chemical oscillators. Thus Furiow de- -
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scribes the experimental characterization and current state of understanding of
both Bray’s hydrogen peroxide-iodate ion system (now known as the
Bray Liebhafsky ( BL) reaction) and a syslem (knewn as lhe Briggs-Ruauscher
oscillator) derived from a combination of the BZ and BL reactions. Bewers
and Noyes. dtscuss the very old class of gas-evolutiop oscillqmrs, which have
only recently bcen understgod in teims of the supersaturation of a gas in a
liquid.

A second and most lmpommt source of activity has bey:n the mtrod;uuon
of flow reactor lechnology This has led to much greater expgnmemal control
over oscillating reactions as well as the appearance in ‘them of previously
unobserved nonlingar phenomena, including such things as multistability (par-
uw]arly blstablluy). two-cycle ascillations, and apenodlc or chaotic oscilia-
tions, It is possible with the high degr!;c of control of experimental parameters
attainable in flow reactor expc imeriis: to relate experlmema! observations
directly ta the sorts of bifurcation lheqry discussed by Qthmer, De Kepper and
Boissonade,. and Rehmus and Koss. Flow reactor theory, esp(:c;ally regardmg
the relal;onshlp belwecn bistability and the appearance of oscillations, and
important expe(lmema! results are covered by De Kepper and BQI&SQﬂddL

A most important impact of flow reactors has resulted from their use in the
sysiematic design of new chemical oscillators. [t is jmportant to ingreasc the
nuinber of known chemical osciliators i in grder to make generalizations about
the appearance and characteristics of chemical nscillations in terms of their
theorcucal basis. A host of new, oxyhalogcnﬂ(m -based chemical oscillators
haye been discovered usang this tcehmquc. These, espegially the large and
diverse class of chloriie-ion ascillators, are discussed by Epstein and Orbin.

Finally, much recen| dc;mty has resulted from the recognition that osciltat-
ing, chemical rcacmns may be used as’ pratotype examples of the behaviors
posslblc; in systems gm'cmed by nanlinear dynamic laws. Such systems appear
in chemistry, physics,. geology, biology, and engineering, Results from the
study of osullaung chemical reactions are of interest to pmplc working in ail
of these fields. The connection between theory and experiment is made through
mathcmauwl modcls dcqu from the me,cham»ma of ehemlcal oscillators.
()rlolcva and SChmldl dmcuss the telalnonshlp between chemical kinetics and
pattern formation. Rehmug' amj Ross show that chemical oscillatars driven by
oulside permdu, quasl~periodlc, or chaotic perurbations can be used to obtain
information not only about chemical omllalur.s themselves, but alse about the
lhcrmodynamlc and kinglic properties of a large number of related chemical,

phiysical, engineering, and. bmloglcal systems.

The chemigal osullaxors thal have been most. widely investigated are those
in the hqu;d phase. However, the hmory of hamogeneous, mullawry gas-phasa
reagtions is longer and equally as rich. Ga»phase. oscillators-cap be sepurdled
mm isothermal and thermokinetic systems. The oscillatory oxidation of carhon
monoxxde was discovered in 1939 and is now the best understood isothermal
system. Gray and Scoit develop the history of this reaction, leading up io
eurrent studies and present understanding. The most fascinating ponisother-
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mal, oscillatory ges reactions are the “cool flame™ oxidatigns of organic vapars
“handled hefe” by ‘Girifihs. Their character was first recognized ‘in’ 1938,
although thiey Were discavered Very garly {1817). Attempts at explanagion go
back ‘40 years, but unifying thermokinetic pictures were nat drawn unil 1969.
These- chapiers, 3s.-well a5 those by Edelson and Rabitz, De Kepper and
Boissonade, Rehmis and Ross, and Othmer will be of particular interesi (o

~ chiemical engineers. , : ‘
T:gv'_elit_jg?wa'"'@;g of chemical activity are intimately connected to chemical
osciflatjons and often appear in the same systems. Ortoleva and Schmidt

~ discugs from a mainly theoretical viewpoint the general steucture and variety of
chemical waves. Showalter and Saul demonstrate their retationship o bistabjl-

ity within (g Sontext of a defailed experimental and theoretical analysis of 3
single system. The best-known and best-understodd examples, howeyer, are
those that appear in'modifications of the BZ reaction. The télationship of fhiese
1o the chemistfy of the’ BZ reaction is discussed by Figld ‘and 't

, ed by Field and by Tyson
Wiptree treats-their elegant geometry in two and thrge dfmensions as well ds
their analogy to ideas from topology and relationship to " similar pattérn
formation phenomena in biological systems. - SR e
" This research area has grown in the Tast 20 years from a situation of very
“little activity into an exciting and productive field with many workers. {ts
developmient ¢an bg viewed as ‘a microcosm ef the develo nent of ‘sclenge
itself. Burger and Bujdoso present ah analysis of the fiteratuse of homogeneous
oscillating ghemjical reactions that Teads to cé@q!us@ogiggpﬁgé;rrﬁr}‘g the personal
and scientific inferactions that have been involved in its growth, .
1t is ot pessible 1o predict the exatt course of devslopment in this still vital

research arga, However, whatever the fyture holds will surely be builf on the
work descri

bed in this volume. Bach chapter portrays an area of intense

eurrent sctivity and pairits out where future reséarch and application are likely
twoceur, oS
Some things seem clear. There is much mechanistic and modefing work yet

to be done with presently known chgmical oscillators. Editally important will
be the discovery of new oscillating réactions, especiglly -ones ol based un
" oxyhaldgen chamijstry. Nitroggn and sulfur chemistry seem regsonable places
1o Took. A class of oxygen-driven oscillators is aiready pn'the scene (Jenseh, *-
1983), and ané of these (Burger-and Field, 1984) involves sulfur cliemisiry.
‘Appligations in such diverse disciplines as biology, geoldgy, and ¢hginesing
will became more important as oyr understanding matures. Possible applica-
fios it hiclogioal problems inclyde the quantitative evaluation of reacting
& .
‘sion in Tiving ofganisms, and mitosis. Studies of pattern formation will be of

incréasing importance in both biological ‘systems (Winfree) and geological

systems (Ortolevd and Schmidt). A .
. Engincering ‘spplicatiords such as thase discussed by Kehmus and Rogs,

* ‘8cest and CGray, and Griffiths dre expected to grow rapidly. There is virtually
0o limit to the potential applications of the analytical-and numierical mpthods .

zyme systems (such as those regulating metabolic processes), signal transmis- . -
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of ana]ysls of ordmary and pamal differefitial equatmm dévelopcd while
studying nscdiaucns and traveling wavés in chemical systemns. ‘Substantial
progtess can be expected here in buth basic theoty and appluanons Meéthods
of iodeling reacting chemiical systems will also be greatly iniproved. .

It seeins certain that whatever directions’ dre (aken, théré will bé a very
torisiderable amount of activity in tlie subjeets of this. book for a number of
YeArs. ,

RICiARD J. Fivio
MAkia Burcri

Missoula, Montund
Jidy 1984




B. P-BELOUSOV
ca. 1950
(Courtesy of S E. Scholl and A Pantilov)

A. M. ZHABO TINSKH
Summer 1983
iPhotoby A 1T Winfice)



CONTENTS

Introduction: The Early Period of Systematic Studies of
Oscillations and Waves in Chemical Systems

A. M. Zhabotinskii

1 The Mathematical Aspects of Temporal Oscillations in
Reacting Systems

Hans G. Othmer
‘1.t Reaction Networks, Dynamic Svstems. and Stability of
Fquilibrium Points, 9 i
1.2 Bifurcation of Time-Dependent Solutions. 24
1.3 The Dynamics of Coupled Oscillatorg 4

2 Experimental and Mechanistic Characterization of
Bromate-ton-Driven Chemical Oscillations and
Traveling Waves in Closed Systems

Richard 1. Field

I~

1 The Skeleton FKN Mechantsm of the Classic
BZ Reaction, 56

2.2 Processes 4 and B: Oxvhromine Chemistry. 59

2.3 Swichiometry of the BZ Reaction with Malonic Acid. 60

24 Organic Chemistry: The nduction Period and '
Process €. 62

25 Modeling and Simulation of the BZ Reaction. 67

2.6 Major Modifications of the Classic BZ Reaction 64

27  Substitutions in the BZ Reaction, 78

~

X\



xvi

2.8
19
2.10
2.11

Halide-Ton Additions to the BZ Reaction, 86
Bhiysical Peiturbations of the BZ Reactions, 88
Travelinig and Stationary Coricentration Waves, 89
Conclusion, 92

3 A Quantlta(lvé Account of Osullahons, Bistability, and.
Traveling Waves in the Belousov - Zhabotiniskii Reaction

Joht J. Tyson

11
32
33
34
35

Chemisiry of the BZ Reaction, 94
Simple Models of the BZ Reaction. 108
Well-Stirted Systetns, 116

Unstirred Systenis, 125

Conclusions, 143

4 Matheratical Analysis of the Drégonatm Moﬂél of the
Belousoy - Zhabotinskii Reaction

William C. Troy

4.1
42
4.3
44
45
46

The Oregonutor, 146

“Temporal Oscillations, 148

A Singular Perturbatioh Approich to Oqcnllauons 15!
Ex¢ilability, 156

Butsting Phenoniena in Flow Systems, 157

A Spatial Model, 165

Chemical Osdllators Based on lodate lon ahd

Hydrogen Peroxide

Stanley D. Furiow

5
s
5.2
53

6

" Bray-Liebhafsky Oscillator, 171

Briggs- Rauschier ()sc:llators, 182

‘Compatisons of BL with BR Systems, 191

Numerical Techniques for Modelmg and Analysis of

Oscillating Reactions
David Edelson und Herschel Rabitz

6.1
6.2

Modeling of Temporal Systems, 195
Spatial-Temporal Systems, 201

CONTENTS

R R

R VA

193



CONTENTS

63
6.4

7 Fromm Bistabnlny to Sustamed Osctlhinons i Hﬁmagenéous

Sensitivity Analysis, 206
Conclusion, 222

Chemical Systérhs il Flow ﬁeactor Mode

A
7.3
13
14

13
7.6

P. Deé Kepper and J. Boi ssoridde

Blstabllity Conditions i a CST R, 224
' From Bistability to Oscillahoﬂs 233
‘General Analysis; 215 -

Somie Applications of the Ctoss- Shaped Phase
Diagraiit Analysis, 241

Additional Topies, 252

Conclusion, 256

8 Halogen-Based Oscillaiors Iria Flow Reactor

8.1
8.2
8.3
8.4
8.5

Irving R. Epstéin diid Mikios Orbén
Bromuite Osciliators, 259
Ctilorite Oseillators, 269 -
Todate Oscillators, 280
Moie Comiplex Oséiliators; 282 -
Meécharisim. aind Cmsnﬁeauon 284

9 Periodically Pertuibied Chvémical Systeis
Paul Rehmus and John Ross '

9.1
9.2
9.3

10 The

101
10.2
10.3
104
0.5

Quanmies of Expcnmnuu and Theoretlcal lntereﬂ, 289

Application of Fbrmahsms to Chemwal System& 313

Structure and Variety of Chemical Waves

Peter J. Ortoleva and Sreven L., Schinidt
The Family of Cheinical Waves, 333
Catastroplie and Pmpagmon 334

Waves as Perturbéd Dynaniic Attraciors, 343

Chemical Waves as Stefan Problems, 353
Universal Behavior Near Criticality, 359

xvhi

223

257

207

333



xviii CONIINTS
10.6  Wave- Electric Field Interactions. 367
10.7  Waves Driven by Pescolation Flows, 375
10.8  Unstable Dissolution Precipitation Fronts and
) Liescgang Bapding, 378
109 BZ Waves and Their Electric Field Interactions. 3RS
11 Propagating Reaction - Diffusion Fronts 419

1”2

Aian Saul and Kenneth Showalter

11.1 Traveling Wave Fronts, 420
Asalytic Solutinins, 427

11.3  lodide Froiits in the lodate -Arsenous Acid Reaciion
with Arsenous Acid in Stoichiometric Excess, 429

11.4  Higher-Velocity Frants, 432

11.5  lodine Fronts and Truneated lodide Fronts in the
lodate-- Arsenous A¢id-Reaction, with Jodate.iii
Stoichiometric Fxcess, 433 :

11.6  Summary. 437

11.7  Appendix: Stability of the Analytic bolutlon for todide
Fronts with Arsenous Acid in Stoichiometric Excess. 478

Organizing Centers for Chemical Waves in Two arid
Three Dimensions o 441

Arthur T. Winfree

12.1 © Terms and Semantics. 441 . ,
i22  Speculation about Pacemaker Mechanisms. 444
2 Pacemaker Life Histories.on Videotape. 447
12.4  Organizing Centers for Chemical Waves in Two and
) Three Dimensions, 451
12,5 Conclusion, 467
126 Appeadix: Uindeveloped Techniques for Creating
Singularitics in Malonic Acid Reagent. 468

Gas Fvotution Oscillators ' 473
Peter Bowers and Richard M. Noves

131 Reactions from Which Oscittatory Gas Evolution
Has Been Observed. 474
112 Experimental Features of Gas Evolution Occillators, 478



CONTENTS

133 Mechanism of the Oscillations, 483
134 Concluding Commenis, 491

14 isothermat Oscillations and Relaxation Ignitions in
Gas-Phase Reactions: The Oxidations of
Carbon Monoxide and Hydrogen 9%

Peter Gray and Stephen K. Seott

141 Special Features of Open Systems, 496
142 Classical Studies of Carbon Monoxide Oxidation, 499
143 Moaodern Studies of CO Oxidation in Closed Systems. 5010
14.4  Theoietical Treatments of lsothermal Uscillatory
Reactions. 507
145 Oscillatory Ignition in the Oxidation of Hvdrogen in
Open Systems (CSTR}, 512
14.6  Modern Studies of CO Oxidation in Open
Systems (CSTR). 518
14.7  Mechanistic Interpretation of Oscillatory
CO) Oxidation, 522
148 dsothermal Oscillations in Other Systems, 527

15 Thermokinetic Oscillations in Homogeneous .
Gas- Phase Oxidations 529

John I Griffichs

1SS0 Survey of *“Classical™ Experimental Work and
fts Interpretation. 531

152 Theoretical Background. 538

<153 Modern Studies in Open Systans, 544

15:4  Modeling the Complexities of Hydrocarbon
Combustion, 555

15.5  Conclusions, 563

16 Oscillating Chemical Reactions as an meph- of the
Development of a Subfield of Science ] 565

Maria Burger and Ernéy Bujdosd

6.1 Methodology., 566
162 Growth of the Research Area, 566
163 Ohsolescence of the Piterature, 87K



" xk : CONTENTS
i6.4 ’lm‘ormalmn Flc)w in Homogeneous Ose;llalmg '
- Chemical Reactions, 579 ,
165 Human Factors, 584
166  Corclusions, 603
© Appendi: APeﬁodicileﬁtﬁvﬁaﬁdits Meélﬁn!ﬁfn et Lo 608
~ B. P: Belousov Lo

Referéricés | 615
Aurthor Index - 561

Subjeet lidex 5 : 673



