
tions of diffractive and optical 21 The orentaton ofriethy groLlps exposed at the s~rface K. Kondo Appl Phys Lett. 69. 623 (1-336), M Chta, 
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correction ill lenses, spectral dispersion, im- ,.vth~r tiiese SAMs are t t ed  awa\!from tiis surface nor- 26. Past studes have re~or ted electrochem~cal ~ S S O ~ D -  

aging from a single optical element, and 
other lnanipulatiol~s of light (7). T h e  capa- 
bility to pattern LCs o n  curved surfaces also 
provides routes for the  fabrication of dis- 
plays with wide viewing angles. 
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Perturbed Equilibria and Statistical Energy 
Redistribution in a Gas-Phase S,2 Reaction 

Stephen L. Craig and John I. Brauman* 

The relative translational energy of one set of reactants in the gas-phase equilibrium 
between chloride ion and chloroacetonitrile 3 5 C I  + 37CICH,CN 3 7 C I  + 35CICH,CN 
is varied without affecting the energy distribution of the other set. The steady-state ratio 
of ionic isotopes changes so that there is an increase in the concentration of energized 
reactants. The ratio provides a measure of the translational energy dependence of the 
rate constant for the bimolecular nucleophilic substitution (S,2) reaction. The observed 
energy dependence is indistinguishable from that predicted by Rice-Ramsperger-Kas- 
sel-Marcus theory, suggesting that the increased translational energy redistributes sta- 
tistically in the collision complex. 

w e  report here two interestillg results ob- 
tained in  a study of the  translational energy 
dependence of the  gas-phase, chloride-ex- 
change reaction of chloroacetonitrile 

i, jic1 + ~ T C I C H ~ C N  + j7c1- 
i, 

+ j5C1CHICN ( 1 )  

where ic, and k,, are the  rate constants for the 
for~vard and hack reactions, respectively. 
First, we show that selectively increasing the 
center-of-mass collision energy between one 

Departrrert of Cherrstry Starford Clnversty Starford, 
CA 943C5-508C USA 

'To vnor r  correspordence should be addressed 

set of reactants in Eq. 1 without changing 
the  energy of the  other set causes the con- 
centration of the energized reactants to in- 
crease. Although this behavior may seem to 
colltradict LeChatelier's principle, it is not 
exceptional and is qualitatively consistent 
with a well-known kinetic model. Second, 
we examine the energy dependence of the 
rate constant and conlpare our results to 
those of earlier studies of gas-phase SK2 re- 
action dynamics, which have focused o n  ha- 
lide-methyl halide reactions. Although the 
methyl halide systems exhibit l~onstatistical 
behavior, the dynamics of the larger SN2 
systenl in Eq. 1 appear to be statistical, in 
that the reaction rates are consistent with a 
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statistical reaction rate theory analysis. 
T h e  experiments were conducted in  a 

Fourier-transform ion cyclotron resonance 
spectrometer ( ICR).  T h e  kinetic energy of 
ions of a particular mass-to-charge ratio (mi 
7 )  is nlanipulated by a radio-frequency (rf) 
potential that is resonant with the  cyclo- 
tron frequency of the  ions. T h e  rf signal is 
used in a reversible nlode ( I ) ,  so that it 
alternately accelerates and then decelerates 
the  resonant ions, nit11 n o  net effect o n  the  
llonresonant ions ( 2 ,  3) .  Thus, two sets of 
ions with different velocitv distributions 
may be simultaneously trapped in  the  ICR: 
the  nonresonant ions. whose velocitv distri- 
bution is thermal, and the  resonant ions, 
n*hose distribution is shifted o n  average to- - 
ward higher velocities. 

When enerov is added to onlv one set of 
L ,  

reactants in a system at eiluilibrium, LeChat- 
elier's principle would seem to suggest that the 
steady-state concentrations would shift to 
loner the concentration of energized reac- " 

tants. For many systems, this expectation is 
correct, because an  increase in reactant ener- 
gy leads to an  increased rate of product for- 
mation and a si~nultaneous reduction in the 
concentration of energized reactants. Gas- 
phase S,2 rate constants, hon-ever, provide a 
contradiction to this expectation, because 
they are well known to exhibit negative en- 
ergy dependencies (4-7). Equation 1 is such a 
reaction, and we obsene that, when we in- 
crease the reactant energies, the concentra- 
tlon of energized reactants Increases. 

LVe have established that the  observed 
changes in the  isotope ratio are not artifacts 
and that they reflect changes in  the  reac- 
t ion rate constant of the  translationally ex- 
cited reactants (8 ) .  A t  the  steady state 

and so 

T h e  pressure of the neutrals remaills con- 
stant in the  ICR. Under therinal conditions. 
k ,  and ic, are equal (isotope effects are neg- 
ligible). and the  ratio of the C I  isotones is - , ,  

the naturally occurring ratio of 3 :1 (Fig. 
I A ) .  Selective acceleration of 35CI- does 
not affect k,,, and so the increase in the 
isotope ratio reflects a decrease in k, with 
additional kinetic energy (Fig. 1B). Similar- 
ly, acceleration of 3 'C l  reduces kb and re- 
sults in  a decreased ratio of 35CI- to 3'Cl- 
(Fie. 1C) .  

T h e  kinetic energy distribution of the  
accelerated ions for these ex~er i rnenta l  
conditions has been determined (8 ) ,  and we 
can compare the  observed change in  reac- 
t ion rate with theory. T h e  double-well po- 

tential energy surface for Eq. l has been 
characterized experimentally and theoreti- 
cally and is shown in  Fig. 2 (9) .  LWe model 
the reaction as shorn-n in  Scheme 1. A 
two-body collisioll (ic,,,,) forms an  interme- 
diate ion-molecule conlplex that may either 
undergo SN2 chloride exchange (ice,) to  
form the  isorneric coinplex or dissociate 
hack to reactants (kLi,,,): 

k~ ss 
3 7 ~ 1 -  + ~ 3 5 ~ 1  

Scheme 1. 

T h e  overall rate constant (here, kf) is de- 
rived from the  steady-state assu~nption to  
give Eq. 4: 

where b = k,,/(kdl,s + 2ic,,) is the  fraction 
of collisions that lead to  product formation. 

T h e  overall energy dependence of ic, re- 
flects the  energy dependence of and b. 
T h e  energy dependence of km,, depends o n  
sel-era1 factors, including the relative trans- 
lational energy of the  reactants and the di- 
pole, polarizahility, and the  rotational energy 
of the  neutral. All of the  relevant physics 
may be accounted for implicitly by use of 
trajectory calculations to calculate kcoll. Su 
has recently reported a parameterized formu- 
la that reproduces the  results of trajectory 
calculations accurately, and we use this 
method in our analysis (10) .  LWe find that 
although kmll decreases slightly with added 
kinetic energy, the observed change in the  
overall rate constant of E q  1 is far too large 
to  be attributed solely to this effect. blast of 
the  energy dependence, therefore, is found 
within b, which reflects the  competition 
between the dissociation and C 1  exchallge 

Both kLi,5s and  kc. increase wi th  the  
energy of the  reactant complex. For Eq. 1,  
kL,,,, increases inore rapidly with energy 
t h a n  does itex, and + decreases (Fig. 2 ) .  
T h e  energy dependence of b is calcu- 
lated with Rice-Ramsperger-Kassel-blar- 
cus (RRKM) theory (1 I ) ,  in  which it is 
assumed tha t  all of the  available energy 
redistributes statistically across the  active 
degrees of freedom of the  system ( 1 2 ) .  
Desnite concerns about the  validity of this 
assukpt ion (5 ,  13-1 6 ) ,  t he  energ\: depen- 
dence of the  reaction calculated with 
RRKhl  theory is illdistinguishable from 
that  determined experimentally (Fig. 3 ) .  
T h e  temperature dependence of Eq. 1 has 
been sholvn to  agree with tha t  predicted 
by RRKhl  theory across a siinilar range of 
total  energy (6 ,  17) .  T h a t  k, varies simi- 
larly as a f~ullction of total  energy for two 
drainaticallv different initial energv distri- - ,  
butions indicates that  most of the  energy 
is randonlized in  the  collisioll complex. 

T h e  agreement between theory and ex- 
periment for this reaction stands in  con-  
trast to  a growing body of literature. Re- 
cent  theoretical and experirnental work 
o n  gas-phase S,2 reactions has questioned 
the  principal assumptions of statistical 
theories (13-16), especially that of corn- 

Fig. 2. Double-well potentla1 energy surface for 
Eq. 1 .  The S,2 barrler heght IS 5.9 kcal mol-' 
below the separated reactants so that the S,2 
reaction IS favored at total energies below or just 
above the energy of the entrance channel, where- 
as the entropcaly favorable dissociation pathway 

patllxvays. predominates at hgher energes. 

mlz mlz mlz 

Fig. 1. Steady-state chorde isotope sgnals (In 
arbitrary units) for Eq. 1 under (A) thermal condi- 
tons,  (0 )  selectve acceleration of "GI,  and (C) 
selective acceeraton of "CI .  The concentraton 
of the energzed reactants Increases relatlve to the 
thermal values; m h ,  mass-to-charge ratio. 

t o.o- 0,51 
0.00 0.05 0.~10 0. i5  0.20 0.25 

I 

KE,,,, (eV) 

Fig. 3. Observed (@)and expected (RRKM theory 
-1 S.42 rate constant for Eq. 1 as a function of 
average center-of-mass collis~on energ),, KE, ,, . 
Error bars reflect the uncertainty in the relatlve rate 
constants. Uncertainty in the absolute rate con- 
stants s 230%. 
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plete energy randomization. The translation- 
al energ\- dependence of the C1- + CH3Br 
S,2 reaction (5, 8) ,  for example, is signifi- 
cantly greater than that predicted by statis- 
tical theory (16) and differs dramatically 
from the observed temperature dependence 
of that reaction (5). Graul and Bowers (14, 
15) have shown that the kinetic energy re- 
lease distribution (KERD) of the product 
ions of exothermic halide-methyl halide 
SN2 reactions is significantly lo~ver than that 
predicted by statistical models, and the prod- 
uct neutral is therefore internallv "hot." 

Both the translational eLergy and 
KERD experiments revresent cases in 
which an ion-molecule cotnplex is formed 
with energy partitioned nonstatistically 
between the vibrational and relative 
translational tnodes of the two saecies. 
Increased translat~onal energy between re- 
actants leads to a reactant co~nnlex formed 
with excited translational modes, whereas 
the neutral molecule in the ~ r o d u c t  com- 
plex is vibrationally hot as a result of the 
reaction exothermicity. In both cases, 
poor translation-vibrational coupling in 
the S,2 intertnediate complex prevents 
statistical redistribution of energy. 

The nonstatistical behavior of the ha- 
lide-methyl halide systems may reflect the 
short lifetimes (10 to 100 ps) (7) of their 
intertnediate complexes, which Boering 
and Brau~nan have sho\vn to be a deter- 
minine factor of the efficiencv of intermo- 
lecula; vibrational energy tiansfer (1 8 ) .  
The short lifetimes are a result of the small 
size and lo\\, association energies (-10 
kcal tnolp') (14, 19) of halide-methyl 
halide complexes, which are not typical of 
many ion-molecule reactions. The associ- 
ation energy of [C1.C1CH2CNI-, for ex- 
ample, is -19 kcal tnolp' (10). Moreover, 
the internal vibrations of the neutral mol- 
ecules have significantly different frequen- 
cies (for example, the methyl umbrella 
mode of CH,Br differs from similar modes 
in C1CH2CN) that might influence cou- 
pling. Although the limits of poor energy 
redistribution are yet to be determined, 
our results for Eo. 1 show that eross non- - 
statistical dynamics are not general to all 
gas-phase S,2 reaction intermediates. 
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Accessible Solitons 
Allan W. Snyder* and D. John Mitchell 

Solitons are ubiquitous. Their description involves abstruse mathematics and is limited 
to a two-dimensional idealization. A nonlocal model is presented that provides a radical 
simplification and allows for an elegant description of soliton collisions, interactions, and 
deformations in two and three dimensions. The model reveals an intimate connection 
between solitons and the linear harmonic oscillator. It foreshadows a photonic switch in 
which a bright beam can steer a distant dim beam, and it predicts the existence of 
noncircularly symmetric solitons. 

Solitary waves create their own channel as 
thev travel in a unifortn medium, retnainine 
localized and preserving their shape ( I  [ 
But, they can be dramatically altered by 
colliding with one another (2 ) .  Solitons are 
solitarv n7aves that are unaltered bv colli- 
sions ('1 ). The conventional models o f  soli- 
ton propagation are complex; we provide a 
simple model. 

Consider the examvle of monochromat- 
ic light beams in a homogeneous medium 
\\,hose (squared) refractive index (3) is n2 = 

n: + En2. Here, n, is the constant linear 
nart of the refractive index, whereas Sn' is 
the nonlinear induced change caused by the 
beam. Typical of many tnaterials (4-7), Sn' 
is positive and obeys 871' << nf. The con- 
ventional model assumes an idealized local 
response when, by definition, S n h t  posi- 
tion x is proportional to the beam's inten- 
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sity at x. This local (Kerr) model admits 
solitons in two dimensions onlv. The result- 
ing Schrijdinger equation doks not have 
explicit closed-form solutions, except for 
special initial conditions. Furthermore, the 
inverse scattering technique that is required 
for solution is excessi\~ely mathematical (1 ). 
This comvlexitv is not fundamental to soli- 
tons, but'rathei, is a consequence of the 
specific model. 

Consider a model of nonlinearity whose 
response is highly nonlocal. Then, by defi- 
nition, a light beam of characteristic radius 
D creates a circularlv svrnmetrical refractive 
index change 871' whose characteristic spa- 
tial extent is much larger than D and whose 
axis is set by the bealnucenter a h  its initial 
direction. Consequently, Sn' depends on 
the integrated intensity of the beam, or 
power, P. The situation of high nonlocality 
is analogous to observing distant point 
sources through a badly blurred lens. When 
the point sources (light beams) are suffi- 
ciently close to the lens axis, the shape of 
the blur circle (nonlocal response) is indis- 
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