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Determining the detailed photoreactivity of radicals that are of importance in atmospheric 
processes requires information from both laboratory and field measurements and the- 
oretical calculations. Laboratory experiments and quantum calculations have been used 
to develop a comprehensive understanding of the photoreactivity of chlorine dioxide 
(OCIO). The photoreactivity is strongly dependent on the medium (gas phase, liquid 
solution, or cryogenic matrix). These data reveal details of the complex chemistry of OCIO. 
The potential role of this radical in stratospheric ozone depletion is discussed in accord 
with these laboratory measurements. 

A .  . .  
signlflcant effort has been made in re- 

cent years to elucidate the photoreactivity 
of polyatomic radicals. Advances in theo- 
retical and experimental physical chemistry 
provide the tools needed to obtain detailed 
information on the molecular behavior of 
such complex systems. Modern spectroscop- 
ic techniques allow the mapping of reactive 
potential energy surfaces (PES's) and the 
unambieuous determination of reaction - 
pathways, product yields, and their associ- 
ated efficiencies. Advances in computa- 
tional methodologies have made possible 
the generation of accurate ground-state and 
excited-state PES's for reactive small mole- 
cules. Understanding the effect of the me- 
dium on reactivity has provided a further 
challenge to experimental and theoretical 
chemists. Techniaues currentlv used to 
bridge the understanding of reac;ivity from 
the gas phase to complex media include 
time-resolved studies in solution, reactions 
at surfaces, and molecular beam studies of 
van der ~ a a l s  complexes. In this article we 
discuss the use of the complementary exper- 
imental and theoretical techniques men- 
tioned above to study the photoreactivity of 
OClO in gas and condensed phases. These 
findings are discussed in the context of the - 
atmospheric chemistry of this radical. 

The  assessment of the role of OClO in 
stratospheric processes has a long and inter- 
esting history. After the initial observations 
by Farman et al. (1)  of the precipitous de- 
cline of Antarctic ozone ( 0 3 )  at sunrise, the 
search for the molecular processes responsi- 
ble prompted research into atmospheric 
measurement and modeling (2-4). Field 
measurements of the Antarctic stratosphere 
established a link between polar 0, loss and 
halocarbon chemistry (5-8); the increase of 
chlorine in the stratomhere correlated with 
the anthropogenic production of chlo- 
rofluorocarbons, Ground-based and air- 

borne exoeriments discovered large en- " 

hancements of the concentrations of two 
oxides of chlorine, C1O and OClO, in the 
stratosphere above Antarctica (2-8). 

In addition to the catalytic reaction with 
0, (9), C1 reacts with other trace gases in 
the stratosphere to form HC1 and C10N02.  
These molecules do not undergo reaction in " 
the gas phase and therefore provide reser- 
voirs for chlorine. It is not ~ossible  to ac- 
count for the huge Antarctic O3 losses 
without including reactions that occur on  
the surfaces of cloud particles (1 0-14). O n  
the surfaces of polar stratospheric clouds 
(PSC's), HCl and C 1 0 N 0 2  react to release 
active C1 and keep the stratospheric reac- 
tive C1 concentrations very high (10-14). 
Consequently, in accounting for the chem- 
istrv of the 0, hole. research has focused on  
both homoge;eous'(gas phase) and hetero- 
geneous (aerosol) catalytic cycles involving 
oxides of chlorine. 

Although a complete discussion of 0, 
depletion is outside the scope of this report, 
laboratorv studies of the ~hotochemistrv of 
chlorine bxides generally Bgree that phoiol- 
vsis of the C1O dimer is the dominant 
chemical reaction responsible for Antarctic 
O3 loss (15, 16). The  coupling of chlorine 
and bromine chemistry (reaction of C1O 
and BrO) to form the thermally unstable, 
asymmetric isomer ClOO (and Br) is an- 
other important O3 loss pathway (17). The  
ClOO molecule fragments into C1 atoms 
and 02. 

The  im~ortance of these different chem- 
ical processes to O, depletion depends on  
geographical concerns. For example, the 
higher winter temperature in the Arctic 
relative to the Antarctic ~recludes PSC 
formation. Consequently, in the Arctic 
there are lower chlorine concentrations, 
lower C1O concentrations, and as the C1O 
dimer concentration scale with the sauare 

tant role than other processes (3). Current 
restrictions that still allow some use of chlo- 
rine and the lack of regulations on  bromine 
suggest that one can expect a n  increasing 
impact of this chemistry on  stratospheric 
processes. 

W e  now consider the reaction of C10 
and BrO (1 7) which in addition to forming 
ClOO as mentioned above, also forms the 
symmetric isomer OClO (18) 

This reaction is the only established chem- 
ical process in the stratosphere that gener- 
ates OClO. Laboratory results indicate that 
the photochemical decomposition of 
C1C102 also generates OClO (19), but the 
reactivity and role of C1C102 in the atmo- 
sphere remain to be determined. The rela- 
tive yields for the formation of ClOO and 
OClO from the reaction of C10 and BrO 
are temperature-dependent, and the sym- 
metric isomer is preferentially formed below 
250 K (18). Until recently (20), OClO was 
thought to play n o  role in O3 loss chemis- 
try, although it is present in high concen- 
trations. The  gas-phase photochemistry was 
thought to only involve formation of O 
atoms, which would subsequently react with 
O2 to reform O3 

O C l O  + hv -+ C1O + O ( 2 )  

(The photon energy is given by Planck's 
constant h multiplied by the frequency of 
the light v.) Thus, formation and destruc- 
tion of OClO would not result in any net 
loss of 03. 

In the remainder of this article, we focus 
on  the current understanding of the reactiv- 
ity of OClO. The results from gas phase, 
liquid solution, matrix spectroscopy, and 
photochemical studies are combined with 
theoretical calculations of the ground-state 
and excited-state PES's to provide a n  unam- 
biguous identification of new photoreactive 
channels of OC10. Several of these suggest 
new mechanisms bv which OClO can cause 
O, loss chemistrv in the stratosphere. 

Thermal Reactivity of 
Chlorine Dioxide 

The  available information on  the ground- - 
of the C10 concentration, significantly state reactivity of OClO is given as part of 
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tions provide information on the equilibri- 
um structures and the frequencies of the 
vibrational normal modes for both isomers. 
Although ClOO is thermodynamically 
more stable than OC10, ClOO is kinetical- 
ly unstable and dissociates into C1 and 0, 
(22). Most of the relevant information on 
ClOO has been derived from electron spin 
resonance and infrared (IR) ex~eriments in . .  . 
matrices (23, 24) and ultrafast measure- 
ments in solution (25-29). In good agree- 
ment with experiment, calculations by 
Peterson and Werner (21) suggest a geom- 
etry in which the C1-0 agd 0-0 bond 
lengths are 2.139 and 1.291 A, respectively, 
and the bond angle is 115.7"; the 0-0 
bond length is nearly that of free 0, (1.207 
A). 

Because of its kinetic stability, OClO 
has been the subject of detailed experimen- 
tal studies. The ground-state geometry is a 
near prolate asynimetric top with a bond 
length r,(C10) = 1.47 A and a bond angle 
of 117.4". Experimental data yield the fol- 
lowing ground-state fundamental vibration- 
al frequencies (30, 31): vl = 946 cm-' 
(symmetric stretch), v, = 448 cm-' 
(bend), and v, = 11 10 cm-' (asymmetric 
stretch). The energies are in excellent 
agreement with theory (21 ); however, the 
experimentally observed IR intensities for 
these normal modes cannot be auantita- 
tively explained. The discrepancy between 
theoretical and experimental intensities is 
best explained in terms of the ground-state 
dynamics. The spectral lines corresponding 
to reactive modes are characterized bv laree , n 

linewidths and diminished peak intensities. 
S~ect rosco~ic  studies of the overtone and 
combination transitions of isotopically la- 
beled molecules (035C10 and - 0 ~ ~ ~ 1 0 )  
have focused on the ground-state potential 
away from equilibrium. However, the part 
of the potential that can be probed in this 
fashion does not include the energy region 
relevant to reaction. For the energy region 
studied, the intensities of overtones (2v2) 
and combinations (v, + v,, v, + v2 + v3) 
containing the bending mode are low com- 
pared to the intensities of transitions in- 
volving the same number of quanta of the 
symmetric (2v1) and asymmetric stretch (v, 
+ v3, 2vI + v,). The intensities of the v, 
and v, fundamentals are nearly the same. A 
harmonic approximation for the PES's pre- 
dicts that the combinations and overtones 
of these modes should also have nearly 
equal intensities. The observed small inten- 
sities of bending modes can be attributed to 
large linewidths caused by short lifetimes. 
This result suggests the involvement of the 
bending mode in promoting the ground- 
state reactions of OC10. 

A kinetic study of the thermal decom- 
position of OClO initiated by a shock wave 
revealed an activation energy for reaction 

of -15 kcallmol (32). The experimental 
observations suggest a collisionally induced 
dissociation of OClO into C1(2Pu) + 
02(3ZR-). The spectroscopic and kinetic 
data (30-32) suggest that bending pro- 
motes dissociation to C1 and 0, on the 
ground-state PES. Two ~ossible reaction co- - 
ordinates can be followed during the reac- 
tion. First, the reaction may proceed by a 
symmetrical process in which a C,, symme- 
try is preserved throughout the reaction. 
Second, the reaction may proceed asym- 
metrically, with the possible involvement of 
ClOO as a reaction intermediate. Matrix 
isolation experiments (23, 24) and theoret- 
ical calculations (21) suggest that isomer- 
ization of OClO to ClOO has a lower acti- 
vation energy than the symmetric dissocia- 
tion to C1 and 0,. These data argue that 
the 15-kcal/mol barrier observed in the ki- 
netic measurements (32) corresponds to the 
activation energy needed for the OC10- 
ClOO isomerization reaction. Vaida et al. 
determined (26) that the barrier height for 
this reaction in water solution is 12 kcall 
mol, slightly lower than the value measured 
in the gas-phase reaction. 

Photoreactivity of 
Chlorine Dioxide 

Excitation of OClO in the near-ultraviolet 
(near-UV) accesses a set of coupled PES's 
on which reaction occurs efficiently. Pho- 
toreactivity from this complex manifold of 
states is susceptible to intermolecular inter- 
actions and leads to significant differences 
between.the gas-phase photoreactivity and 
the photoreactivity observed in condensed- 

phase environments such as liquid solutions 
and solid matrices. We examined those dif- 
ferences in photoreactivity in an effort to 
develop a unified model for the photoreac- 
tions of OC10. 

Symmetry considerations. In the energy 
range relevant to atmospheric photochem- 
istry, there are three closely spaced elec- 
tronic states. The adiabatic electronic-state 
correlations for two symmetry cases (C,, 
and C,) are considered in Fig. 1. The C, 
axis is taken to be the z axis, and the x axis 
is defined to be perpendicular to the plane 
of the molecule. 

In C,, symmetry, the combination of 
ground-state chlorine, C1('PU), and ground- 
state oxygen, 02(3ZK-), correlates to the 
ground 'B1 and the excited 'Al and 'A, 
electronic states. Energetic considerations 
suggest that 0, can be generated in several 
different electronic states (3ZR-, 'A,, 'Xu+). 
The combination of ground-state chlorine 
C1(2Pu) and excited-state oxygen 02('AK) 
correlates to the first electronic excited 
state of OClO of ,B2 symmetry, among 
several others. All three of these excited 
doublet states (,A,, 'A1, and 'B,) correlate 
with dissociation into ClO(,II) + O(3P). 

In C, symmetry, the same combination, 
C1(,PU) + O,(,Z -), correlates to three 
electronic states o P 0 ~ 1 0 :  two of 'A" sym- 
metry and one of ,Af symmetry. The first 
,A" state correlates to the ground states of 
ClOO and OC10. The 'Af state correlates 
with a low-lying excited state of ClOO and 
to the first excited state of OClO (IB, in 
C,,). The second 'A" state correlates to a 
higher excited state of ClOO and to the 
third excited state of OClO (,A, in C,,). 

Fig. 1. Orbital correlation diagrams 
for the reactivity of OClO assuming 
a C, (blue) and C,, (red) reaction 
coordinate. State energies are cal- 
culated (21) equilibrium values. 

SCIENCE VOL. 268 9JUNE 1995 



The combination of Cl('P,) + 02('Ag) 
gives rise to three 'A' states and three 'A" 
states. One of these 'A' states correlates 
with the second 'A' excited state in ClOO 
and with the second excited state in ClOO 
(formerly 'Al in C2,) All of these states 
(two 'A' and two 'A" states) correlate to 
C10(211) + O(,P,) products. Calculations 
predict that all doublet excited states of 
ClOO are repulsive along the C1-0, coor- 
dinate. Only the ground 'A" state is bound 
along this coordinate. O n  the basis of ex- 
tensive calculations (21, 33, 34), the two 
'A' and one 'A" excited states of ClOO are 
positioned at 44, 55, and 65 kcal/mol, re- 
spectively, well above the ClOO ground- 
state level. These states are nearly isoener- 
eetic with the doublet excited states of 

through experimental measurements of the 
photofragment internal energies and ab in- 
itio calculations of PES's and reaction 
paths. 

Gas-phase photochemistry. Figure 2 shows 
the symmetric part of the PES's calculated 
by Peterson and Werner (21) for the near- 
equilibrium geometry of OClO in the 'A, 
(black), 'A, (orange), and 'B2 (green) 
states. The axes reflect the change in bond 
angle (A8, in radians) and in the symmetric 
bond length (Ar, in angstroms) relative to 
the equilibrium structure in the ground 
state. Clearly, the minima of these states 
indicate different bond lengths and angles, 
which can affect reactivitv. Electronic di- 
pole selection rules predict that the 'B2 + 
'B, transition is forbidden: the 'A, + 'B, 

6~10. Coupling between the excited states tr&ition is allowed but is'of perpendicula; 
of ClOO and OClO needs to be considered ~olarization (weak): the 'A, + 'B, transi- . . 
in discussing excited-state reactivity. tion is allowed and is of parallel polarization 

These symmetry considerations make it (strong). Spectroscopic experiments detect 
possible for us to identify possible reactions. excitation only to the 'A, state. 
Correlation diagrams do not provide infor- The symmetric part of the potential de- 
mation on the detailed reaction coordinate; termined on the basis of the spectroscopic 
the photoreactive pathways shown in Fig. 1 information (35, 36) is shown in Fig. 3. The 
mav not actuallv occur because of internal vertical band drawn in Fie. 3 indicates the - 
conversion (from the 'A, state to lower part of the potential that is accessed by 
energy excited states) or the presence of a absorption spectroscopy (the Franck-Con- 
potential barrier along a particular reaction don region). The corresponding spectrum 
coordinate for an electronic state that can (shown along the y axis) consists of intense 
decompose by several competing pathways. and long progressions in the symmetric 
These issues can, however, be addressed stretch (v,) and combinations of the bend 

(v,) and even auanta of the asvmmetric 
&itch (v3) built'on v,. All of thLse bands 
show isotopic shifts reflecting the presence 
of both 035C10 and 037C10. Analysis of 

I the bands (energy, intensity, and isotopic 
shifts) obtained from high-resolution rovi- 

Fig. 2. Calculated (21) near-equilibrium PES's for 
the ground (2Bl: black) and for the lowest three 
excited states of OClO (2A2: black, 2A1: orange, 
2B2: green). The energy for each state is plotted as 
a function of the change in the symmetric bond 
length Ar and the bond angle A 8  relative to the 
equilibrium structure of the ground electronic 
state. The excited states are significantly dis- 
placed from the ground-state structure. However, 
the PES's are closely spaced within the Franck- 
Condon region. A total energy spacing among the 
three states is estimated to be on the order of 12 
kcal/mol. 

Fig. 3. Spectroscopically obtained PES's for 
OClO (35, 36) for the 2Bl ground and 2A2 excited 
states of OClO plotted as afunction of the change 
in the symmetric bond length Ar and the bond 
angle A 8  relative to the equilibrium structure of 
the ground electronic state. The pink band indi- 
cates the Franck-Condon region associated with 
the symmetry-allowed 2A2 + 2B1 transition. The 
corresponding absorption spectrum is given 
along they axis. 

brational spectra provides insight into the 
molecular structure on this excited PES 
(35-38). These data are consistent with a 
decrease in bond angle (117" to 107") and 
an ingrease in C1-0 bond length (1.47 to 
1.63 A)  associated with excitation to the 
'A, state. High-resolution jet-cooled spectra 
have made it possible to determine the ex- 
cited-state structure of OClO alone all nor- - 
ma1 coordinates. The optical spectrum sug- 
eests that all modes are active in transitions - 
to the excited state, and therefore all can 
play a role in the near-UV photochemistry. 

The high-resolution jet-cooled spectra 
could also be exploited to give dynamical 
information (36). In particular, the natu- 
ral linewidths of the rovibronic transition 
provide important insights into mode-spe- 
cific excited-state lifetimes. Transitions to 
the 'A2 excited state exhibit lifetimes 
ranging from 20 ps to 200 fs. The lifetime 
is independent of the particular rotational 
level excited for a given vibrational mode, 
but there is a strong vibrational depen- 
dence on the dynamics. The large line- 
widths for combinations of v2 and v, in- 
dicate short lifetimes. Thus. the bend and 
the asymmetric stretch facilitate reaction. 
In combination with the theoretical cal- 
culations of Peterson and Werner (21), 
these data show that the asymmetric 
stretch accesses the reaction channel that 
forms C10 + 0 ,  whereas the bend en- 
hances ~roduction of C1 + 0,. 

Zewail's group (39) recently measured 
the corresponding time scale for decay into 
these two channels to be 200 and 60 fs, 
respectively. Photofragmentation studies 
(40-44) detected the products C10(211) + 
O(3P) and Cl('P,) + 02(3Zg-, 'Ag), which 
suDDorts the conclusion that both reaction 

L L 

channels occur. The nascent C10 fragment 
has been shown (40) to be rotationallv cool . . 
and vibrationally excited, with the real dis- 
tribution remaining to be determined. Re- 
cent experimental work clearly establishes 
that the two reaction channels are mode- 
specific. Bishenden and Donaldson (41) re- 
ported that excitation of the asymmetric 
stretch enhances the production of C10 
over that of C1. This point had been con- 
jectured on the basis of spectroscopic infor- 
mation (35, 36) and theoretical calcula- 
tions (21, 33, 34). Davis and Lee (42) 
found that excitations of the bend enhances 
0, production. These studies highlight the 
complexity of the excited-state dynamics 
that can arise from the nested manifold of 
excited states. 

Understanding OClO photoreactivity 
requires multidimensional calculations like 
those reported by Peterson and Werner 
(21). The experimental observations (35, 
36.40-44) are in excellent accord with the , .  - . ,  

theoretical predictions of Peterson and 
Werner (21, 33, 34). Mechanisms consis- 
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tent with product distributions and molec- 
ular symmetries need to be proposed to 
account for these observations. The pro- 
posed reaction mechanisms are sketched in 
Fig. 4. Excitation to the ,A, state is fol- 
lowed by internal conversion to the 'A, 
state through spin-orbit coupling. This state 
accesses allowed reaction pathways path- 
ways that form ClO(,II) + O(3P) and 
Cl(,P) + O,('Ag, 3C,-). Vibronic coupling 
can also result in internal conversion from 
the 'A, state to the reactive ,B, state. Here, 
the reaction channels mentioned are open 
as well as isomerization to form ClOO. A t  
the present time, the quantum yields for 
different reaction channels are still contro- 
versial. The  model we present suggests that 
photochemical quantum yields will be 
wavelength-dependent. Once these wave- 
length-dependent quantum yields are ob- 
tained experimentally, the rate constant ( J  
values) can be determined and the quanti- 
tative impact of OClO on atmospheric pro- 
cesses can be assessed. Theoretical calcula- 
tions reveal barriers to reaction from the 
,Al state, which has led to the current view 
that all photoreactivity of OClO emanates 
from the 'B, state (21, 33, 34). 

The above discussion demonstrates how 
modern physical chemistry techniques can 
be used to provide detailed information 
about the photoreactions of small mole- 
cules. With the discovery of reaction chan- 
nels leading to C l  production, it is clear that 
the photoreactivity of OClO can impact 
the current understanding of stratospheric 
photocycles. Recently, there has been con- 
siderable interest in elucidating the role of 
heterogeneous catalysis reactions of chlo- 
rine oxides. Toward this end, it is important 
to examine how the effects of the medium 
alter the molecular photoreactivity of 
OClO. 

Solution photochemistry. The photochem- 
istry of OClO in solution has recently been 
studied in detail (25-29, 45, 46). Here, we 
focus on the reactivity of OClO in water and 
sulfuric acid (H,S04) solutions. In water, 
OClO photochemically reacts to form HCl 
and HClO,; the reaction products in H,SO, 
are not known. Solvation broadens the sharp 
spectral features observed in the gas-phase 
'B, +'A, absorption band, thereby preclud- 
ing any detailed information on the elec- 
tronically excited molecular structure and 
dynamics from a spectroscopic analysis. In 
solution, vibrational relaxation and internal 
conversion in the excited-state manifold 
generally occur on time scales more rapid 
than photoreactions. Thus, one expects that 
all of the observed solution chemistry will 
occur from the 'B, excited state. 

In accord with this expectation, and in 
contrast to the case of the isolated mole- 
cule, the chemistry observed in solution is 
independent of excitation wavelength. Pi- 

cosecond time-resolved spectroscopic stud- 
ies of the photoreactivity of OClO in water 
reveal that 90% of the excited molecules 
fragment into OC1 + O with the remaining 
10% generating C1 + O2 (28). Examination 
of the orbital correlations given in Fig. 1 
shows that C1 can be formed by two distinct 
mechanisms: (i) direct elimination of C1 
from OC10, maintaining the C,, symmetry 
axis along the reaction coordinate to form 
C1 + 02('A,); and (ii) isomerization to 
ClOO, which thermally dissociates into C1 
+ 0,. In the gas phase, the identification of 
O,('A,) is a challenging experiment. The 
time-of-flight data in the photofragmenta- 
tion experiments of Davis and Lee (42) 
suggests that this channel is open. In solu- 
tion, 0, ('A,) can be directly quantified by 
measuring the intensity of the 0, emission 
( 3 C ,  + 'A,) relative to known standards. 
The emission quantum yield after excita- 
tion of OClO in water shows that the direct 
elimination of C1 constitutes 5% of the 
total C1 generation (29). The remaining C1 
forms from the thermal decomposition of 
ClOO. In turn, ClOO is formed within the 
time resolution of the experiment, probably 
through excited-state isomerization of 
OClO. These data unequivocally show that 
C1 is produced by two competitive path- 
ways. The quantum yield for C1 + O,('A,) 
production is solvent-dependent, increasing 
in efficiency as the dielectric constant of 
the solvent decreases. 

The ClOO produced from photoexcited 
OClO "lives" for about 1 ns in water solu- 
tion (27, 28). This long lifetime makes it 
possible to investigate the solution spectros- 
copy of this reactive molecule. Such data 

can be useful in the structural characteriza- 
tion of this radical ((2100 is difficult to 
study in the gas phase because of its kinetic 
instabilitv). Theoretical calculations sue- 
gest the e'xistence of low-lying excited elec- 
tronic states that would give rise to absorw- - 
tion spectra in the visible region of the 
spectrum (33, 34). However, for gas-phase 
samples, only a UV transition has been 
reported. In many of the solvents studied, 
an absomtion feature in the visible wart of 
the spectrum has been observed that exhib- 
its kinetics identical to those of the known 
UV absorption band of ClOO (27). These 
observations provide compelling evidence 
that ClOO has one or more electronic ex- 
cited states similar in energy to the lowest 
energy states of OC10. 

The observed reactivity of OClO in 
H2S04 is similar to that observed in water. 
Dissociation into both C1O + O and C1 + 
0, are observed; oxygen 3C,- + 'A, emis- 
sion is also detected (27, 29). Unfortunate- 
ly, it is not currently possible to quantify the 
efficiencies of these reaction channels as 
standards for neat H,SO, solutions are not 

7 

known. These data, however, serve as im- 
wortant reference ~ o i n t s  for results obtained 
in H2S04 matrices. 

Matrix photochemistry. Matrix spectra of 
OClO also exhibit significant broadening 
compared to the gas-phase spectrum (23, 
24, 47, 48). This broadening most likely 
results from the heterogeneity of the sites 
occupied by OClO. Thus, matrices, like 
solutions, preclude obtaining geometric in- 
formation about electronically excites states 
of OClO from a spectroscopic analysis. Pho- 
tolysis studies (23, 24, 47, 48) of OClO in 

2A2 *A1 
Fig. 4. Schematic representation of 
the photoreact~vity of OCIO. Excita- 
tion directly populates the ,A2 state. 
Spin-orbit coupling causes a sur- 
face crossing to the 2A, state from 

Vibronic C I ( ~ P )  + O, ( 1 ~ ~  3 ~ ; )  which multiple react~on channels 
coupling can occur. Experimental and theo- 

C I O ( ~ ~ )  + o ( ~ P )  retical results suggest that the 
dominant pathway is internal con- 
version to the %, state through vi- 
bronic coupling. Once the 9, state 
is populated, three reactions com- 

I 
pete: bond cleavage giving CIO + 
0, elimination forming CI + O,, and 
isomerization to C100, which then 
gener.ates CI + 0,. 

1446 SCIENCE VOL. 268 9 JUNE 1995 



matrices have reported quantitative forma- 
tion of ClOO when the photolysis wave- 
length is near the maximum of the near-UV 
transition (360 nm). Recent results (47 ,48)  
suggest that, in the matrix, OClO may dis- 
sociate to form C1 and O,, which then 
recombine to form ClOO. If this is the case, 
there would be a substantial chanpe in the 

D 

quantum efficiency for this process in the 
matrix as compared to that in the gas phase. 
Thus, the behavior of OClO in cold matri- 
ces is sienificantlv different from that ob- " 

served in the gas phase and in room-tem- 
perature solution. 

A Unified Photochemical Model 

From a combination of gas phase, solution, 
and matrix isolation experiments, we con- 
clude that electronically excited OClO un- 
dergoes four competitive reactions: 

OClO  + hv + C10(211,u) + O (4) 

(The u in Eq. 4 indicates that the product 
consists of a distributions between ground 
and excited vibrational levels). The ~ a r t i -  
tioning in these pathways depends on the 
molecule's environment. These effects can 
be understood in terms of the accessible 
electronic surfaces, general mechanism, and , 

correlation diagram shown in Figs. 1 and 4. 
In addition, com~arison of the data obtained , & 

in different environments suggests processes 
that mav occur in the atmosuhere. 

The  quantum yield for tdtal Cl produc- 
tion from uhotoexcited OClO deserves 
special attention, as it is this channel that 
will have a major impact on  the relevance 
of OClO  to atmospheric concerns. In the 
gas phase, in water solution, and in a 
low-temperature matrix, the quantum ef- 
ficiency for C1 generation is <@.I (mode- 
specific), @. l ,  and l .@, respectively. The  
effect of solvation on  the energetics of the 
allowed photochemical pathways should 
be considered. In the gas phase, in solu- 
tion, and in matrices, photoisomerization 
to C l O O  and direct C,, dissociation to 
C1(2P,) + 02( '4 , )  are highly exothermic 
reactions. Solvation effects will only in- 
crease the exothermicity of channels that 
create atomic C1 (through the formation 
of a C1-solvent donor-acceptor complex) 
and have a negligible effect on the isomer- 
ization reaction (27). 

However, this is not the case for the 
asymmetric C1O + O dissociation reaction. 
The ground-state OClO -+ C10(211) + 
O(3P,) dissociation reaction is endothermic 
by 58 2 2 kcal/mol. The calculations of 

Peterson and Werner (21 indicate that the . , 

,B2 excited state, from which dissociation 
occurs, is only slightly higher in energy, 2 to 
3 kcal/mol, than the C10(211) + O(3P,) 
products. A small barrier, on the order of 
k,T (where kB is the Boltzmann constant 
and T is temperature), is calculated. Given 
this small energy difference, solvent effects 
on the energetics of this reaction can dra- 
maticallv affect the abilitv of this reaction 
channel' to compete with both isomeriza- 
tion to ClOO and direct dissociation to 
C1(2P,) + O2('Ag). 

The difference in solvation free energies, 
4 ( 4 G ) ,  for C1O + O and OC10(2B2) can be 
estimated with dielectric continuum models 
for the liquid (49). Here, A(4G) depends on 
the ratio of the square of the dipole moment 
to the molecular volume. The dipole mo- 
ments of C1O and OC10(2B2) are 1.2 and 
2.46 D, respectively. The energy of the 'B, 
state of OClO will be more sensitive to the 
solvent than the C1O fragment. This ap- 
proach estimates that water stabilizes 
OC10(2B2) by 2.8 kcal/mol more than it 
does the dissociation products. In liquid ar- 
gon at -191 K, 4 (AG)  is estimated to be 
0.74 kcal/mol, still significant compared to 
thermal energy. 

Combining this information with the 
ab initio calculations suggests that solva- 
tion in both liauids and matrices could 
make this reaction channel isoenergetic to 
s l i~h t lv  endothermic. If this reaction bar- - ,  
rier were on  the order of kBT in room- 
temperature solution, it could be as much 
as 4 kBT at 77  K, making this channel 
energetically inaccessible from the 'B2 ex- 
cited state for OClO  in low-temperature 
matrices. Such an  effect could easilv ac- 
count for differences in the quantum effi- 
ciency for C1 + 0, formation observed 
between liquid and matrix H2S04.  (In 
liquid H2S04 ,  photolysis of OClO  gener- 
ates transient species consistent with the 
C1O + O channel and 3 C ,  +- '4, emission 
is observed from the 0, fragment, indicat- 
ing that C1 + 0, is also produced, whereas 
onlv isomerization to ClOO is observed in 
the matrix.) O n  the basis of these observa- 
tions, it is interesting to ask whether in 
matrices there is a partitioning at low tem- 
oerature between direct dissociation to C1 
+ O,, followed by cage recombination to 
form ClOO and isomerization to ClOO. 
Experimental measurements should be able 
to address the relative importance of these 
channels as direct dissociation produces 
02('4,).  As C1(2P,) + 0,('4,) does not 
correlate with any of the accessible states of 
ClOO, 0, must electronically relax before 
reacting. The  resulting 3C,- t '4, emis- 
sion may be observable in the matrix, and a 
determination of the auantum vield could 
further substantiate the unification between 
the liquid and matrix photochemistry. 

A Reevaluation of OClO in 
Stratospheric Processes 

The elucidation of the photoreactivity of 
OClO implicates this molecule in 0, deple- 
tion. The discovery of a reaction path to C1 
and 0, directly couples the photochemistry 
of OClO to 0, loss (20). The importance of 
this process to overall stratospheric O3 de- 
pletion depends on the quantum yield for C1 
generation, a number that is still controver- 
sial (40-44), ranging up to 10% in gas 
phase. The wavelength-dependent quantum 
yields have yet to be measured accurately; 
however, if the quantum yield over the en- 
tire absorption spectrum were I@%, a total 
Antarctic O3 loss of -3% is predicted. The 
full effect of OClO photochemistry on 
stratospheric O3 concentrations requires 
measurement of the wavelength-dependent 
product branching ratios and quantum 
yields, from which the rate constants ( J  val- 
ues) can be determined for subsequent inclu- 
sion in atmospheric models. 

The observed photoreactivity of OClO 
suggests the possibility of additional contri- 
butions to O3 depletion that are unex- 
plored. The major photoproduct of the 
near-UV photolysis of OClO is vibra- 
tionally excited chlorine oxide, C1O (,II, 
u). The reactivity of this energized interme- 
diate is not known. Further study of reac- 
tion rates with other molecular species and 
of vibrational quenching rates is needed. 
Anderson and co-workers (50, 51) have 
investigated the C1O catalytic depletion of 
0, by the following mechanism 

C 1 0 + 0 3 + C 1 0 0 + 0 2  (8)  

C lOO + M + C1 + 0, (9) 

C1 + O3 + C1O + 0, 
(10) 

net: 2 0 3  + 3 0 2  (11) 

The measured rate constant for Eq. 8 sug- 
gested negligible loss arising from the above 
cycle. However, Ruhl et al. (40) showed 
that photolysis of OClO generates C1O 
(,II, u) with internal energy in excess of the 
reaction barrier with 03. T o  estimate the 
rate of loss of 0, from reaction with C1O 
(,II, u), the nascent vibrational state distri- 
bution of C1O (211, u), the quenching rate 
of C1O (211, u) by other molecules in the 
atmosphere, and the rate and branching 
ratios of the 0, + C1O (211, u )  reaction 
must all be measured. 

The study of the effects of the medium 
on the photoreactivity of OClO demon- 
strates that the reactivity and quantum 
yields for competing chemical processes can 
change dramatically. In particular, C1 pro- 
duction increases upon solvation and ap- 
proaches unit efficiency (through genera- 
tion of ClOO) in the matrix. These results 
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suggest additional photochemical mecha- 
nisms by which OClO can contribute to O, 
deoletion. should OClO be adsorbed on or 
solvated within aerosols. 

Work in progress (52) measures the 
sticking coefficients for OClO on ice sur- 
faces to obtain the OClO content of atmo- 
spheric aerosols. Recent photochemical 
studies of OClO in warm (80 to 150 K) ice 
matrices find quantitative conversion of 
OClO to ClOO (53). Possible atmospheric 
consequences of OClO in aerosols include 
vertical redistribution of C1 in the Antarc- 
tic vortex, release of active C1 by reaction 
with HC1, and heterogeneous photochemi- 
cal O3 depletion. 
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Bent Helix Formation Between 
RNA Hairpins with 

complementary Loops 
John P. Marino, Razmic S. Gregorian Jr., Gyorgyi Csankovszki, 

Donald M. Crothers* 

The initial interaction between the ColEl plasmid specific transcripts RNA I and RNA II, 
which function as antisense regulators of plasmid replication, comprises a transient 
complex between complementary loops found within the RNA secondary structures. 
Multidimensional heteronuclear magnetic resonance spectroscopy was used to charac- 
terize complexes formed between model RNA hairpins having seven nucleotide com- 
plementary loops. Seven base pairs are formed in the loop-loop helix, with continuous 
helical stacking of the loop residues on the 3' side of their helical stems. A sharp bend 
in the loop-loop helix, documented by gel electrophoresis, narrows the major groove and 
allows bridging of the phosphodiester backbones across the major groove in order to 
close the hairpin loops at their 5'-ends. The bend is further enhanced by the binding of 
Rom, a ColE1 encoded protein that regulates replication. 

Regulation of the replication of the Esch- 
erichia coli plasmid ColEl is mediated by the 
interaction of two plasmid encoded RNA 
transcripts, RNA I and RNA 11, together 
with a plasmid encoded protein, Rom or 
Rop, which acts to control plasmid copy 
number (1) .  RNA I and RNA I1 interact 
initially by base-pairing between their com- 
plementary loop structures (2). Rom blnds 
to the transientlv formed intermediate com- 
plex, thus supp;essing dissociation of the 
two RNAs and facilitating formation of a 
persistent hybrid duplex of the two RNAs 
(3), which in turn results in failure of rep- 
lication initiation. The initial "kissing" (4) 
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interaction between complementary loops 
has been proposed as a structural motif of 
RNA interaction in other systems (5). 

Studies of pairs of hairpins derived from 
the RNA I and RNA I1 transcripts demon- 
strated that the hairoins bind to each other 
solely through the interaction of their com- 
plementary loops, and that Rom specifically 
binds the structure formed by the interac- 
tion of these loops (6, 7). In addition, the 
stability of the co~nplexes formed by these 
RNA hairpins varies in ways that do not 
correlate simply with the potential number 
and kind of Watson-Crick base pairs that 
could he formed between the comnlemen- 
tary loops. The most striking example is the 
stability enhancement, 350 times greater 
relative to the wild type, observed for com- 
plexes formed between hairpins in which 
the wild-type loop sequences are inverted 
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