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Ozone Isotope Enrichment: 
Isotopomer-Specif ic Rate 

Coefficients 
K. Mauersberger,* B. Erbacher, D. Krankowsky, J. Ciinther, 

R. Nickel 

Six rate coefficients of relative ozone formation contradict the role of molecular 
symmetry in the process that results in the enrichment of heavy ozone iso- 
topomers. The results show that collisions between light atoms, such as 160, 

and heavy molecules, such as 3402 and 3602, have a rate coefficient advantage 
of about 25 and 50 percent, respectively, over collisions involving heavy atoms 
and light molecules. These results suggest that the observed isotope effect for 
each isotopomer may be caused by the preponderance of a single reaction 
channel and not through molecular symmetry selection. 

A problem in molecular and atmospheric 
physics has puzzled scientists for almost two 
decades: the unusually high enrichment in 
most of the heavy isotopomers of ozone (1 ). 
This isotope effect has been observed in tro- 
pospheric (2) and stratospheric (3) ozone and 
has been studied in detail in numerous labo- 
ratory experiments (4) Despite the progress 
that has been made during the past 10 years, 
a convincing physical explanation of the pro- 
cess that results in enriclu~~ent is still missing. 
Ozone is perhaps the inost important trace 
gas in the atmosphere, and its isotope effect is 
not only an unresolved problem in n~olecular 
physics but is also of importance for atino- 
spheric cl~emistiy ( 5 ) .  

Laboratory production of ozone in amlo- 
spheric oxygen (6) pennits the detenllination of 
isotopomers and 'OO,, where I7O is 
substituted in the second molecule and 1 8 0  is 
substituted in the third molecule of these isoto- 
pomers After the discovery of an almost equal 
eixiclment (7) in the hvo h e a y  ozone mole- 
cules. which cannot be understood as a conveil- 
tional isotope effect, a symmetry-selective pro- 
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cess in the foilnation reaction was suggested 
(8).  For ozone species "903 and 5003, about 
one-third of all n~olecules are symmetric (for 
example, 1G0180160), and two-thirds are 
asyminetric (for example, 1601G0'80);  it was 
proposed (8 )  that the asymmetric reaction 
intermediate in the 0 + 0, collision has a 
longer lifetime than the symmetric reaction 
interlnediate, which results in an efficient 
quenching to ground state ozone [a proposal 
that was not confirmed by experiments (4)]. 

.%I apparent role of symmetry was found 
again when the distribution of all ozone isoto- 
ponlers was measured (Fig. 1). A slight deple- 
tion of heavy symmetric molecules '701'01'0 
and 180180180 was obsei~red, whereas the 
highest enhancement (- 18%) was measured in 
the isotopic combination 160"0'80, which is 
an isotopomer with a mass of 51 atomic mass 
units (aunu) and is composed exclusively of 
asymmetric molecules. All other isotope frac- 
tionations are about one-third less. Because of 
this, -4ndersoa et 01. (9) proposed a mechanism 
in which, during the ozone formation process, 
symmeby-selective relaxation from low-lying 
electronic inetastable states to the ground state 
occurs. Metastable states have indeed been 
found (lo), but a connection to the isotope 
effect has not been made to date. 

Gellene (11) recently modeled the isotope 
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fractionation shown in Fig. 1 based on nuclear 
symmetry. In his approach, symmetry restric- 
tions arise for hombnuc~ear diatomic; (for ex- 
ample, 100IGO and 180180)  involved in the 0 
+ 0, collision because a fraction of their rota- 
tional states ( f  parity) correlate with those of 
the corresponding ozone molecule. In contrast, 
in the case of heteronuclear oxygen molecules 
(for example, 1G0180) ,  a11 of their rotational 
states (e and f parity) correlate with those of the 
resulting ozone molecule. Gellene's theory can 
reproduce the general features of the emich- 
ment pattern quite well. A number of other 
attempts have been made (12) to find an expla- 
nation for the isotope anomaly; none were able 
to account for the experimental results (4). 

The role of molecular symmetry was 
questioned by Anderson et a1 (13), who pre- 
sented rate coefficients of four selected ozone 
formation channels. Whereas three channels 

had similar rates of foinlation, which were 
consistent with a value of -6 X lop3" cm6 
s-', the fourth reaction channel 

resulted in a rate coefficient that was 50% 
higher than the other three; M represents a 
third-body molecule. The difference in the rate 
coefficients of reactions 2 and 4 was unexpect- 
ed. As seen in Fig. 1, molecules with masses of 
50 and 52 amu that were substituted with "0 
show similar isotope enrichments of - 13.0 and 
14.4%, respectively (14). Reactions 2 and 4 
produce mainly asymmetric molecules (with 
the colliding atom becoming the end member of 
the ozone molecule) (15). Thus, the difference 
in the rate coefficients of reactions 2 and 4 does 
not support an important role of symmeny in 
the isotope enrichment process A similar con- 
clusion was reached by Sehested et a1 (16), 
who performed rate coefficient studies for the 
'60- 's0 system on dual-channel processes, us- 
ing CO, and Ar as third-body molecules, but 
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Fig. 1. Measured~nr i chment  or  depletion o f  al l  
possible ozone isotopes (7 ,  74). Labels 6, 7,  and 
8 stand for 1 6 0 ,  1 7 0 ,  and "0, respectively. 
Ozone was produced in  t w o  isotopically en- 
riched oxygen mixtures o f  wel l-known compo- 
sition at  70 torr  and room temperature. The 
statistical abundance o f  each isotope was cal- 
culated and used t o  derive the isotopic frac- 
t ionation f rom the measured values. The values 
in the graph are normalized so tha t  4a0, has 
zero enrichment. Figure 1 is reproduced f rom 
work by Krankowsky and Mauersberger (7). 

without isolating the process contributing to the 
enrichments. 

Here, we report the experimental results 
of single-channel ozone recombination reac- 

u 

tions involving the 170 isotope. Using gas 
mixtures that were highly enriched in 
1701'0, we considerably increased the num- 
ber of processes studied. The experimental 
technique has been somewhat altered and 
simplified in comparison with the earlier ab- 
solute measurements (13). Relative rate coef- 
ficients were determined to eliminate the ne- 
cessity of knowing the atomic concentration 
in the gas in which ozone is formed. 

The experimental procedure can be summa- 
rized as follows. With a mixture of two molec- 
ular oxygen gases (for example, 3202 and 3002) 
that are pure, nonscrambled, and at 20 t o r  each 
(with N2 added to create a total pressure of 200 
torr), ultraviolet photolysis produced atomic ox- 
ygen species that reacted with molecular oxy- 
gen to form four ozone isotopomers (4803, 
5003, 5203, and 5403), as shown in reactions 1 
through 4. Other mixtures of 340, and 3202, as 
well as mmxhu-es of 3402 and 3602, enabled the 

Table 1. Relative rate coefficients of six ozone 
formation channels. References are the three 
homonuclear ozone recombination rates resulting 
in 4803, 5103, and 5403. To a first approximation, 
their formation rates can be considered as equal. 

Relative rate 
Reaction 

coefficient 

l60 + 3602/160 + 3202 1.53 + 0.03 
leo + 3202/180 + 3 6 0 2  0.90 t 0.03 
1 6 0  + 3402/160 + 3202 1.23 t 0.03 
170 + 3202/170 + 3402 1.01 t 0.05 
1 8 0  + 3402/180 + 3602 1.00 i 0.06 
1 7 0  + 3602/170 + 3402 1.29 + 0.07 

Table 2. Measured and derived rate coefficients for ozone formation processes. The rate coefficients are 
relative t o  the standard rate for 1 6 0  + 3202 + M of 6.05 X cm6 s 1  (20). Derived rate coefficients 
are the sum of the reaction that results in a symmetric molecule and the reaction that results in an 
asymmetric molecule, which has been omitted for clarity. The enrichments (in percent) are also displayed 
in Fig. 1. Dashes, not applicable. 

Enrichment Measured rate coefficient Derived late coefficient 
Isotope mass 

mass spectrometric 
(%) Reaction Value Reaction Value 

study of different reaction channels. The fast 
isotope exchange reaction (13, 17) between 
oxygen molecules and atoms kept atomic oxy- 
gen in isotopic equilibrium with molecular ox- 
ygen in the reaction cell; that is, atomic 
oxygen essentially maintained the isotopic 
composition of the molecular bath gas. 
However, heteronuclear species such as 
1601S0 or l70lS0 formed rapidly. There- 
fore, photolysis times had to be kept short 
(typically <2 min) to ensure a small 
amount of ozone formation (a few percent) 
through heteronuclear channels. A mass 
spectrometer molecular beam system (18) 
monitored the development of the gas com- 
position in the cell. The relative rate coef- 
ficient of reaction channels involving the 
same atomic oxygen species were directly 
calculated from the ratio of mass peak inten- 
sities and the ratios of molecular oxygen 
concentrations. The final data analysis in- 
cluded corrections for ozone channels that 
resulted from impurities (particularly from 
newly formed heteronuclear oxygen species). 

The high rate coefficient for reaction 4 
that was previously found (13) has been con- 
firmed and is given as a ratio of 1.53 (relative 
to 4803) (Table 1). Reaction 2 shows a value 
that is below that of 180 + 300,. The four 
new relative rate coefficients involving 170 
provided the necessary information to inves- 
tigate the surprising rate coefficient advan- 
tage of reaction 4: The relative rate coeffi- 
cients for the two reactions involving light 
isotopes in the molecule and heavy atomic 
oxygen are close to 1: whereas the relative 
rate coefficients for the other two reactions 
where the positions of light and heavy iso- 
topes are reversed are 23 and 29% higher, 
respectively. 

Two inmediate observations can be made. 
First, molecular synmetry cannot explain the 
ozone isotope enhancement process. All six 
reactions (relative to a homonuclear ozone mol- 
ecule) produce asymmetric molecules. There- 
fore, if molecular symmetry was the driving 

factor, the rate of formation of asymmetric mol- 
ecules should be about equal to and higher than 
the rates for homonuclear ozone. Similarly, 
Gellene's theory of nuclear symmetry-induced 
kinetic isotope effects (11) cannot explain the 
obsemed variation of the formation rate coeffi- 
cients. His model predicts a rate coefficient 
advantage of up to a factor of 2 when the 
oxygen molecule reactant is heteronuclear. Sec- 
ond, a rule can be derived for the rate coeffi- 
cient advantage that is apparent in the data 
shown in Table 1: A collision between a light 
oxygen atom and a heavier molecule will result 
in a rate coefficient that is higher than the 
coefficient from reactions involving only one 
isotope, whereas collisions between heavier at- 
oms with lighter molecules will not. The reac- 
tion of the lightest atom ("0) with the heaviest 
molecule e602) clearly has the fastest rate. The 
rate coefficient advantage of 160 + 3402/160 + 
3202 in Table 1, where 360, has been replaced 
by 3402, is about half that of 160 + 3602/160 + 
3202. The slowest reaction is ''0 + 32021180 
+ 3002 , with the atom being the heaviest in 
relation to the molecule, and "O + 360,/170 + 
3402 is of the same lund as 160 + 340 2' /l6O + 
3*02. 

The absolute and relative rate coefficients 
for ozone isotopomer formation are casting 
new light on past mass spectrometric isotope 
studies (Fig. 1). Those studies were all per- 
formed in scrambled oxygen mixtures, and 
during photolysis or electric discharge of mo- 
lecular oxygen, more than one process con- 
tributed to the formation of an ozone isoto- 
pomer of a specific mass. For example: 500, 
in atmospheric oxygen is formed almost ex- 
clusively through reaction 2 and the follow- 
ing processes: 

From the data presented in Table 1, it is clear 
that reaction 2 cannot contribute to the en- 
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richinents of 13% (Fig. 1) and may actually 
result in a slight depletion. Consequently, 
reactions 5a and 5b must be responsible for 
the enrichment. A tunable diode laser exper- 
iment (19) revealed that the symmetric mol- 
ecule fonned in reaction 5b may contribute 
only 10% to the enrichment, and therefore 
reaction 5a must carry a large rate coefficient 
advantage of -43% to account for the inass 
spectrometric observations. 

More detailed conclusions from the rela- 
tive rate coefficients that are shown in Table 
1 can only be drawn when the values of the 
three homonuclear reaction rates for ozone 
are knowm Using the absolute values for 1 6 0  

+ 320, and '9 + 3602 that were derived by 
Anderson et al. (20), we inferred by interpo- 
lation that the rate coefficient for 170 + 3402 
is 6.15 X 10-3"m6 s-' (21). The missing 
rates contributing to a specific isotope can 
now be calculated from the total enrichments 
measured in scrambled oxygen mixtures (Fig. 
1). The derived rate coefficient ratios in Table 
2 represent the sum of the symmetric and 
asymmetric reaction channels, which may be 
separated in future tunable diode laser exper- 
iments. The rule derived for atomic oxygen 
collisions also holds for reactions with het- 
eronuclear species: 1 6 0  collisions result in a 
higher rate of formation. whereas collisions 
with ''0 are close to the fonnation rate of the 
reaction 1 6 0  + 3202. Reaction 1 6 0  + 1s0160 
is the fastest, 160 + 1 7 0 1 6 0  and 1 7 0  + 
1s0170 are similar but slower, 1 7 0  + 1 6 0 1 7 0  

and "0 + "01'0 are even slower. and ''0 
+ 160180 is the slowest. 

The results presented here provide new 
insights into the puzzling ozone isotope ef- 
fect. It is not the symmetry of a molecule that 
determines the magnitude of the enrichment, 
but rather it is the nature of the collision 
process that occurs when ozone is produced 
in a nitrogen-oxygen gas mixture. 
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Self -Assembly of Ordered 
Microporous Materials from 
Rod-Coil Block Copolymers 

Samson A. Jenekhe* and X. Linda Chen 

Rod-coil diblock copolymers in a selective solvent for the coil-like polymer 
self-organize into hollow spherical micelles having diameters of a few mi- 
crometers. Long-range, close-packed self-ordering of the micelles produced 
highly iridescent periodic microporous materials. Solution-cast micellar films 
consisted of multilayers of hexagonally ordered arrays of spherical holes whose 
diameter, periodicity, and wall thickness depended on copolymer molecular 
weight and composition. Addition of fullerenes into the copolymer solutions 
also regulated the microstructure and optical properties of the microporous 
films. These results demonstrate the potential of hierarchical self-assembly of 
macromolecular components for engineering complex two- and three-dimen- 
sional periodic and functional mesostructures. 

Ordered mesoporous solids with nanoscale pore 
sizes are of interest in areas such as catalysis, 
sensors, size- and shape-selective separation 
media; adsorbents, and scaffolds for composite 
materials syntllesis (I: 2). Those with pore sizes 
on the order of 50 nrn to 10 ym are also of 
interest for applications in photonics, optoelec- 
tronics, ligl~tweight structural materials, and 
thermal insulation (2-5). Most current general 
methods for preparing diverse porous materials 
use self-organized surfactants, block copoly- 
mers; or colloidal particles as templates in con- 
junction with sol-gel techniques (1-3). In these 
methods, the organic templates are eventually 
removed by themlal decomposition or solvent 
extraction to achieve the porous solid. Recently 
reported hollow spherical micelles of rod-coil 
diblock copolymers ( 6 )  represent a previously 
unknown class of colloidal particles (7). Their 
self-organization into long-range crystalline or- 
der could open the way to novel colloidal crys- 
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tals (8, 9); unusual microgels, and direct self- 
assembly of ordered microporous materials. 

Polymer latex and silica spheres are known 
to form colloidal crystals (8: 9); but long-range 
ordering of suspensions of block copolymer 
micelles into body-centered cubic (bcc) and 
face-centered cubic (fcc) lattices was observed 
and elucidated more recently (10). Micelles of 
coil-coil block copolymers in a selective sol- 
vent for one of the blocks are spheres consisting 
of a dense core of the insoluble block and a 
diffuse corona of the solvated block (IGI2) .  
Copolymer architecture and solution chemistry 
have been used to vary their diameter between 
about 10 and 80 nm and the corona thickness 
relative to the core radius (1&12). Micellar 
crystallization into either an fcc or a bcc lattice 
is detemlined by the length scale and steepness 
of repulsive interactions that can be controlled 
by the ratio of the coronal layer thickness to 
the core radius (10). However; the implica- 
tions of the unusual micellar structures of 
rod-coil block copolymers ( 6 ,  13) for reg- 
ulating these repulsive interactions, micel- 
lar crystallization, and crystal lattice selec- 
tion are yet to be investigated. 

We report the self-organization of hollow 
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