
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 19 February 2013, At: 11:34
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals Incorporating
Nonlinear Optics
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/gmcl17

Reaction Front Dynamics in Diffusion-Controlled
Particle-Antiparticle Annihilation: Experiments and
Simulations
Y. E. Koo a , L. Li a & R. Kopelman a
a Department of Chemistry, University of Michigan, Ann Arbor, MI, 48109, U.S.A.
Version of record first published: 04 Oct 2006.

To cite this article: Y. E. Koo , L. Li & R. Kopelman (1990): Reaction Front Dynamics in Diffusion-Controlled Particle-
Antiparticle Annihilation: Experiments and Simulations, Molecular Crystals and Liquid Crystals Incorporating Nonlinear Optics,
183:1, 187-192

To link to this article:  http://dx.doi.org/10.1080/15421409008047455

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand, or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl17
http://dx.doi.org/10.1080/15421409008047455
http://www.tandfonline.com/page/terms-and-conditions


Mol. Crysr. Liq. Cryst., 1990, vol. 183, pp. 187-192 
Reprints available directly from the publisher 
Photocopying pennitted by license only 
6 1990 Gordon and Breach Science Publishers S.A. 
Printed in the United States of America 

REACTION FRONT DYNAMICS IN DIFFUSION-CONTROLLED PARTICLE- 
ANTIPARTICLE ANNIHILATION: EXPERIMENTS AND SIMULATIONS 

Y. E. KOO, L. LI and R. XOPELUAN 
Department of Chemistry, University of Michigan, Ann Arbor, MI 
48109, U.S.A. 

mstract When electrons diffuse into a domain of holes, or 
defects into a domain of anti-defects, or  molecules A meet 
molecules B with a reaction: A + B 4 C ,  what are the time char- 
acteristics of the reaction front and and reaction rate? A scal- 
ing argument by Galfi and Racz predicts that the reaction boundary 
will propagate as t1/2 (the more numerous particles penetrating 
the less numerous antiparticles domain). The width o f  the reac- 
tion front should increase as t1i6 and the rate of reaction as t- 
2/3. 

suggest that the reaction boundary may be even more compact. 
Experiments were performed in round and square capillary domains, 
using colored reactant A molecules, colorless €3 molecules and a 
colorless product (C). Preliminary results support the t1I2 reac- 
tion front propagation rate. This is the same as the Einstein 
diffusion law for a non-reacting dye (which we also confirmed 
experimentally with the same apparatus). However, the width of 
the reaction front is significantly more compact than that of a 
diffusion front. 

Monte Carlo simulations confirm the first prediction but 

INTRODUCTION 

There has been much recent activity concerning anomalous reaction 

kinetics in low dimensional Theory and simulations have been 

well correlated with experiments for A + A + Product and A + C + 
Product reactions, e.g., exciton fusion and trapping in low-dimensional 

and mixed crystals, polymer chains and molecular aggregates.2-4 How- 

ever, for the most important case, A + B + Product, which is 
applicable to most chemical reactions, as well as electron-hole, 

defect-antidefect or soliton-antisoliton reactions, the elegant 

theories and colorful simulations have not yet been correlated with 

laboratory experiments. Here we give some preliminary experimental 
results, as well as Monte-Carlo simulations, which are mutually 

consistent and comparable with a recent analytical formalism.5 

may also be the first 'laboratory test on the feasibility of keeping the 
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reactants A and B segregated throughout the reaction (and the formation 

of the product). 

The binary chemical reactions are carried out in a solution or gel 

inside a capillary, allowing efficient diffusion but little or no con- 

vection. At time "zero" there is a sharp boundary between the reac- 

tants A ("left" side of boundary) and B("right" side). We ask three 

 question^:^ 1) What is the rate (R) of product formation as a function 

of time? 2 )  What is the time dependence of the width (w) of the reac- 

tion front (defined by the-zone of product formation)? 3)  What is the 

time dependence (and initial concentration dependence) of the position 

(X,) of the reaction front? 

MONTE-CARL0 SIMULATION 

A graphic presentation of the above questions is given by a sample sim- 

ulation (Figure 1). Here, at t = 0, the reactant A was homogeneously 

9. 

FIGURE 1 Monte Carlo simulations for A + B --s Product. 
local A concentration (site occupation probability) and C, that of B. 
R is the instantaneous local production rate of the Product (above 
values averaged over Y coordinate for given X value). R* - 500 R and w 
is the width of the reaction front (R distribution). All values are 
shown for T = 200 steps on a 100 X 100 lattice (averaged over 200 
runs). Initial conditions (t = 0) are: C, = 0 . 6 ,  C, - 0 for X < 50; 
C, = 0, C, = 0.2 for X > 50 and Xf = 0 at X = 50 (shown by arrow). 

CA is the 
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REACTION FRONT DYNAMICS I N  DIFFUSION-CONTROLLED ANNIHILATION 189 

d i s t r i b u t e d  t o  t h e  l e f t  of t h e  boundary X - 50 (des igna ted  by an arrow) 

a t  a concen t r a t ion  of C, - 0 . 6  whi le  t h e  r e a c t a n t  B was t o  t h e  r i g h t  of 

it, a t  a concen t r a t ion  C, 0 . 2 .  The f i g u r e  g i v e s  t h e  p r o f i l e s  of C,, 

C, and R* - 500 R a t  t - 200 s t e p s .  W e  see t h a t  t h e  r e a c t a n t s  A and B 

are still  p r a c t i c a l l y  segrega ted  a t  t - 200, t h a t  each one shows a 

d e p l e t i o n  zone nea r  t h e  r e a c t i o n  f r o n t  (X f ) ,  t h a t  t h i s  r e a c t i o n  f r o n t  

has  moved t o  t h e  " r igh t "  (Xf  i s  about 5 5 )  and t h a t  t h e  in s t an taneous  

product ion  r a t e  (R)  i s  peaked a t  Xf with  a f a i r l y  narrow width ( w ) .  

This  p a r t i c u l a r  s imula t ion  was c a r r i e d  ou t  on a two-dimensional (100 x 

100) l a t t i c e  and is averaged over 200 runs .  Following G a l f i  and Racz5 

w e  d e f i n e  t h e  fo l lowing  exponents: F igu re  

2 i s  an example of a test on t h e  v a l i d i t y  of such an exponent (a). The 

Xf - tar w - t B  and R - t-7. 

I 

2 0  2.5 3.0 3.5 4.0 4.5 5 9  55 80 6.5 7A 
In t 

FIGURE 2 Monte Car lo  s imula t ion  of exponent a, p l o t t i n g  I n  Xf vs. 
I n  t, f o r  1 0 0  X 1 0 0  l a t t i c e  (200 r u n s ) .  Curve 1: same t = 0 condi- 
t i o n s  a s  i n  f i g u r e  1, g iv ing  a - 0.52 (see T a b l e  I ) .  Curve 2:  A t  t - 
0, C, - 0.5,  C, - 0 f o r  X < 50; C, - 0, C, - 0 . 3  for X > 50, g iv ing  a = 
0 . 4 9  (see Table I ) .  Curve 3 (dashed) : T h e o r e t i c a l  s l o p e  (a - 1/2). 
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slopes are close to 0.5 and the results are sumnarized in Table I. 

TABLE I Exponents a, B, and y from simulations* 

Lattice cAO CBO a B Y 

2-d 0.6 0.2 0.52 0.15 0.52 

100 x 100 0.5 0.3 0.49 0.16 0.52 

0.5 0.5 1-0 1 0.18 0.53 

0.5 0.05 0.55 0.08 0.54 

1 -d 0.6 0.2 0.56 1-01 0.52 

1000 x 1 0.5 0 . 3  0.54 [-01 0.54 

0.5 0.5 1-01 1-0 1 0 . 4 7  

*Linear least square fits for reaction front Monte Carlo data (range: 
t - 100 to 800) on 2-dim (100 x 100) and 1-dim (1000 X 1) lattices. 
CAo and C,, are t = 0 concentrations. Galfi 
and Racz predictions: a = 1/2, B - 1/6, y = 2/3. 

Xf - ta , w - tp, R - t-7. 

We note that in the analytic formalism,5 a = 1/2, B = 1/6 and y = 2/3 

(and a t B - y ) .  

bosom, and our simulations are based on a lattice model of fermions, 

w e  believe that the agreement between our two-dimensional simulations 

and the Galfi and Racz formalism is encouraging (note that the latter 

predicts Xf - 0 and thus a - 0 for C, - C, while, in addition, our 

fermion lattice model inevitably results in u = 0 and thus 

d -  1). 

As this formalism is based on a continuum model of 

B = 0 for 

FXPERIMENTAL RESULTS 

The experimental observations included three sets of systems: 1) An 

organic reaction in an organic liquid solvent. 2) An inorganic reac- 

tion in a gel (water t agarose). 3)  Non-reacting diffusion processes 

of dyes in a gel (for comparison purposes). The preliminary a expo- 
nents are given in Table 11. In addition, the boundaries formed in the 
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0.47 

0 . 5 6  

0 . 5 5  

TABLE I1 
s i o n  p rocess  

Exponent a i n  experimental  r e a c t i o n s  and r e a c t i o n l e s s  d i f f u -  

round c a p i l l a r y  I . D .  = 0.25 t o  0.75 mm 

square  tube  I . D .  = 4x2 mm 

square  tube  I . D .  = 2x2 mm 

Reaction 

2X10-4 H Cu-te t ra  complex 
i n  aga rose /ua te r  

a Reactor 

0.55 

~~ ~~ 

2.4 M CsHIO + 10-1 M B r 2  

1 . 5 ~ 1 0 - ~  M Cu + M t e t r a  

1 . 5 ~ 1 0 - ~  M cu + 10-3 M t e t r a  

D i f fus ion  

5X10-4 M Sulfonazo I11 
i n  a g a r h a t e r  

10-4 M Cu-te t ra  complex 
i n  a g a r o s e h a t e r  

I 

0.57 

0.4E 

round c a p i l l a r y  I . D .  = 0.25 t o  0.75 mm 

square  tube I . D .  = 4x2 mm 

square  t u b e  I . D .  = 2x2 mm 

"C6H10n i s  cyclohexene ( so lven t  is ccl,). "cu" is Cut+ ( so lven t  i s  H 2 0  
+ 0.15% agarose)  . " t e t r a "  is  disodium e t h y l  b i s  (5 - t e t r azo ly l azo )  ace- 
t a t e  t r i h y d r a t e .  

r e a c t i o n  p rocesses  were cons iderably  sha rpe r  than  t h o s e  i n  the 

r e a c t i o n l e s s  d i f f u s i o n  processes ,  i n d i c a t i n g  t h a t  << a 1 / 2  

( q u a n t i t a t i v e  measurements a r e  i n  p r o g r e s s ) .  A sample graph (F igure  3) 

i s  given f o r  t h e  r e a c t i o n  Cut+ + " t e t r a "  + 1:l complex. We n o t e  t h a t  

t h e  1 M  bromine i n  CC14, cyclohexene and CuN03 were ob ta ined  from 

Aldrich; a g a r  and agarose  from Sigma and "tetra" was syn thes i zed  and 

r e c r y s t a l l i z e d  as described by Jonassen a1.6 
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192 Y. E. KOO, L. LI AND R. KOPELMAN 

1. mo 4. zm 7.400 

FIGURE 3 
I n  t, f o r  1 .5  X 10-1 M Cu + 
g i v i n g  a = 0.55  (see Table 11). 

Experimental  d e r i v a t i o n  of exponent a, p l o t t i n g  l n  Xf VS.  

M " te t ra"  i n  2 X 2 nun squa re  tube ,  
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