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(chlorobenzene) in the presence of 5 equiv of ethanol, the ester 
22 (22%), carbamate 23 (32%), and 2-amino-3-chloro-N-
phenylmaleimide (21)10 (20%) were isolated. The ester and 
carbamate arise from ethanol addition to the respective cu-
mulenes. The amino compound 21 is of particular note since 
its formation suggests that a nitrene may precede zwitterion 
formation and is trapped by hydrogen atom abstraction. 
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Oscillations in Chemical Systems. 15.' Deliberate 
Generation of Trigger Waves of Chemical Reactivity 

Sir: 

The oxidation of malonic acid by acidic bromate exhibits 
remarkable behavior when catalyzed by some 1-equivalent 
redox couples. Belousov2 first observed homogeneous oscilla­
tions with the Ce(III)-Ce(IV) system, and Zhabotinsky3 ob­
served moving regions of alternating oxidation and reduction 
of the indicator catalyst ferrous phenanthroline. 

Winfree4,5 has studied the latter system in detail. When the 
solution is spread in a thin film saturated with air, the indicator 
may remain almost indefinitely in the reduced form without 
oxidation. However, this steady state situation is excitable, and 
reaction at a localized heterogeneous "pacemaker" can create 
a region of oxidation that then travels outward undamped at 
constant velocity as a thin band or trigger wave. Winfree5 re­
ports fascinating spirals and scrolls that can result from per­
turbation of these bands. Field and Noyes6 measured band 
migration rates at different reagent concentrations and elu­
cidated the mechanism of propagation. They also developed 

a model7 of how the medium in the steady state could be ex­
cited by localized depletion of bromide ion. 

The pacemakers observed by Winfree4,5 were apparently 
adventitious dust particles, and he had no way to control the 
initiation of specific bands. Field and Noyes6 found that ni-
chrome wire could act as a pacemaker broadcasting repetitive 
pulses at a definite frequency. However, they still had no 
control over initiating individual pulses of oxidation. We report 
here a system in which such pulses can be generated at will. 

Silver seemed a logical reagent to involve in local depletion 
of bromide ion, and we found that either a small crystal of silver 
nitrate or a piece of silver wire acted as an excellent pacemaker 
and generated successive waves of chemical activity. However, 
the pacemaking activity of a silver wire electrode could be 
suppressed by biasing it negative with respect to a platinum 
electrode in the same solution. The negative bias obviously 
suppresses the reaction Ag(s) + Br -(aq) -» AgBr(s) + e~. 

If such a biased silver electrode is pulsed positive by a square 
wave lasting a few milliseconds, the oxidizing region that is 
generated moves outward as a trigger wave. The duration of 
the pulse necessary to generate such a wave is reduced if the 
pulse potential is more positive, and it is a fairly reproducible 
function of reactant concentrations. For the experiments at 25 
0 C reported here, trigger waves were suppressed by a negative 
bias of 0.6 V, and square wave pulses were 2.0 V positive. 

The critical pulse width necessary to initiate a trigger wave 
varied between 1 and 7 ms and decreased linearly with in­
creasing concentration of either H2SO4 or NaBrC>3. Extrap­
olations suggested the critical pulse width would go to zero 
either at [BrO3

-] = 0.12 M, [H2SO4] = 0.37 M or at [BrO3-] 
= 0.075 M, [H2SO4] = 0.60 M. If [BrO3

-][H2SO4] > 0.045 
M2, the 0.6-V negative bias apparently can no longer suppress 
pacemaking activity. 

When critical pulse widths were plotted against concen­
trations of malonic acid, ferrous phenanthroline, or bromo-
malonic acid, the best lines through the points were horizontal 
or had slightly positive slopes; these reagents either have no 
effect on or slightly inhibit trigger wave generation. These 
results are consistent with our previous conclusions that both 
the rate of autocatalytic generation of bromous acid8'9 and the 
rate of trigger wave propagation6 depend only upon the product 
[H+ ] [BrO3

-] and not upon other concentrations. 
Following a pulse of duration t, an ion reacting at an elec­

trode should exhibit an approximately linear concentration 
gradient for a distance 2{Dt/tr)^2 where D is the diffusion 
coefficient. We have previously6 estimated D for Br - to be 1.8 
X 10 - 5 cm2 s - 1 . Then a pulse of 4 ms would influence bromide 
concentration for a distance of about 3 /um; this distance is 
comparable to the calculated6 width of the band front in an 
advancing trigger wave. 

We also measured the voltage drop across a 100 ohm resis­
tance in series with the electrode. The current during the pulse 
was about 0.6 mA and the electrode area was about 0.016 cm2. 
This current is about 104 times that sufficient to deplete all of 
the estimated6 4 X 1O-7 M bromide ion in the zone of possible 
influence, and it is obvious that other species contributed to 
reaction at the electrode. 

A trigger wave from a pulsed silver electrode can be directed 
down a channel in a Teflon waveguide at a rate of the order of 
millimeters per minute as measured previously.6 When the 
wave reaches a platinum electrode, it will generate a response 
that can be introduced as a signal to an electronic circuit. We 
therefore have a homogeneous solution that can model a sit­
uation very like a nerve axon in that a controlled input at one 
point can generate a wave of chemical activity that moves 
unidirectionally at a known rate and delivers a signal to another 
predetermined point with a predictable delay. 

The observations reported here reinforce our previous6-7-9 

mechanistic interpretation of this system. We shall publish a 
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more complete account after we have investigated the variation 
of critical pulse width as a function of the potentials at which 
the electrode is pulsed and biased and as a function of the time 
since the last trigger wave. Because a trigger wave propagates 
at a rate influenced by the time since passage of the preceding 
wave, the spacings of pulses received at the platinum electrode 
should differ in predictable ways from the spacings between 
the initiating pulses. 
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Laser Photoelectron Spectrometry of CH2 . 
Singlet-Triplet Splitting and Electron Affinity of CH21 

Sir: 

Laser photoelectron spectrometry of C L b - has been utilized 
to determine the electron affinity (EA) and the intercombi-
nation (1Ai •«— 3Bi) energy difference in methylene. These 
experimental results, coupled with ab initio calculation, and 
a Franck-Condon factor analysis have enabled construction 
of accurate potential surfaces for CFh - ( 2 Bi) and CFh(3Bi) 
and (1Ai). The 3Bi ground state of methylene is found to be 
bent with ZHCH of 138 ± 4°, and the intercombination sep­
aration is 0.845 ± 0.03 eV (19.5 ± 0.7 kcal/mol). 

The experimental method employed consists of crossing a 
mass-analyzed C H 2

- ion beam with an argon ion laser oper­
ating at 488 nm (2.540 eV). The C F h - ions are extracted from 
discharges in both CH4 and CH2N2 gas at ~ 1 Torr, Those 
photodetached electrons that enter the acceptance aperture 
of a hemispherical electrostatic monochromator are energy 
analyzed and counted. The electron binding energies are ob­
tained to a first approximation2 by subtracting the measured 
electron kinetic energy from the laser photon energy. The 
absolute electron energy scale is determined by simultaneous 
photodetachment of C H 2 - and O - , the latter EA being well 
known.3 

The C H 2 - photoelectron spectrum results from one-elec­
tron, dipole allowed transitions between the ground electronic 
state of C H 2 - and the several low lying states of CFh. The 
C F h - ion possesses the same symmetry and molecular orbital 
configuration as the isoelectronic species NFh: (Ib2)2-
(3ai)2(lbi)2X(2Bi). From this state, the following low energy 
transitions are possible. 
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Figure 1. Experimental photoelectron spectrum of CH2~. 

Past work4 on O H - , CFT, S iH - , and S i H 2
- indicates that 

the ground state geometries of hydride negative ions are very 
similar to those of their neutral isoelectronic neighbors. 
Comparing with NH2 , we thus expect the structure of 
CH 2

- ( 2 Bi) to be r e * 1-1 A, and 0e « 100°. This conclusion 
has been verified with a double zeta configuration interaction 
calculation of the C H 2

- geometry. The spectroscopically ob­
tained5 structure of a 1A, CH 2 is re ~ 1.11 A, 0e = 102.4°. 
Thus the ejection of the C H 2

- nonbonding lbj electron results 
in production of CH2(1Ai) with a virtually identical geometry. 
Franck-Condon factors allow essentially only diagonal (AD 
= 0) transitions and a single intense peak is expected in the 
photoelectron spectrum of this state. In contrast, transitions 
to the 3B] and 1B] states involve ejection of an electron from 
a 3a 1 orbital with more bonding character and a large geometry 
change, such that an extended bending vibrational progression 
is expected for these states. 

The observed photoelectron spectrum OfCH 2
- (Figure 1) 

is in accord with these expectations. The prominent peak, G, 
is assigned as the transition to v = 0, CH2(1Ai); the much 
weaker peaks A —»• F spaced at approximately 1200 cm - 1 are 
assigned as a bending progression. The apparent regularity of 
this progression coupled with a constant photoelectron angular 
distribution over the peaks A —>• F (differing markedly from 
that for peak G) and the theoretical Franck-Condon analysis 
discussed below allows unambiguous assignments of peaks A 
—• F as the 3Bj CH2 bending progression. The possibility of 
C H 2

- hot bands is ruled out by the identical photoelectron 
spectra produced from parent CH4 or CH2N2 . 

A similar spectrum results from photodetachment of C D 2
-

ions; the spacing of the 1200-cm"1 progression drops to about 
900 c m - 1 and the single peak "G" essentially does not 
move.The isotope shift can be used to obtain the vibrational 
level numbering in the long progression. Based upon these 
shifts, the only possible identification for the transition "A" 
is v = 0 OfCH2(3Bi). After small corrections for energy scale 
nonlinearities and rotational effects, the following direct ex­
perimental results are obtained: 

EA(CH2) = (0.210 ± 0.03) eV 

Af( 1 A, — 3Bi) = (0.845 ± 0.03) eV 

The present value for the intercombination splitting (19.5 
± 0.7 kcal/mol) is significantly higher than most photo­
chemical estimates. These studies place the 1A] state above 
the 3B] state by about 1-8 kcal/mol.6 Theoretical computa­
tions of this singlet-triplet splitting were initially reported to 
be 24 kcal/mol but over the past 15 years increasingly so­
phisticated computational efforts7 have yielded an extrapolated 
value of 10-12 kcal/mol. 

To confirm the above interpretations, ab initio calculations 
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