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possible to suppress fingering by increasing the nitric acid con- 
centration because R,,’ will asymptotically approach R,, which 
is unity and optimal for finger f0rmati0n.l~ The difference between 
thc descending velocity and the reaction-diffusion velocity should 
apprwch ;I constant v;iIuc a t  highcr acid concentrations. Un- 
fortunately, this could not bc confirmed because the solutions were 
not stable a t  high acid conccntrations. 

I n  the chlorite-thiosulfatc system, the descending fronts were 
the fiistcst a t  low conccntrations, while a t  higher concentrations 
the rcvcrsc bchnvior occurred.” How can this be, given that the 
stability ratio is indcpcndcnt of concentration? The chlorite- 
thiosulfatc systcm is not adiabatic and is profoundly affected by 
the mcdiuiii that surrounds the tubc. The stability ratio, R,,, is 
approximotcly 8, bascd on a Ap( of 2 X IOw4 g/cm3 for [CIO<], 
= 0.03 M . ”  At low conccntrations, R,,’ < 8 and fingers form. 
At high conccntrations, R,,’ is closer to R,$. A stability ratio of 
8 is apparently sufficicnt to suppress fingering. This contrasts 
with thc finding of Huppcrt and Manins” that the critical R,, must 
cxcccd 700. Howcvcr, thcir work was based on an analogy with 
thc sugar-salt systcm and much largcr density differences. 

Conclusion 

Bccausc thcrc is a n  isothermal increase in density, Apt,  which 
conipcnsatcs for thc thcrmally induced density decrease caused 
by the hcat rcleascd during the reaction, simple convection is not 
cxpcctcd to occur in the iron([[)-nitric acid system. However, 
bec,iusc the two factors affecting thc density have different 

transport coefficients, “double-diffusive” or multicomponent 
convection may take place. 

Ascending fronts produce a solution configuration that corre- 
sponds to the “diffusive” regime in which the hot, salty water lies 
under cool, fresh water. Convection can increase the effective 
mass transport coefficient by as much as 10 times, resulting in 
an increase in propagation velocity of a factor of 3. The front 
remains sharp with convection occurring above it. 

Descending fronts produce a solution configuration that cor- 
responds to the “fingering” regime in which hot, salty water lies 
over cool, fresh water. “Salt fingers” occur which increase the 
effective mass transport coefficient by as much as 5 orders of 
magnitude. Front velocities can be increased by as much 100 
times, depending on the width of the tube. 

In  order to obtain a quantitative model of the experiments, more 
work must be done on the theory of multicomponent convection. 
,Perhaps results from experiments on chemical waves may also 
assist in understanding multicomponent convection in narrow 
tubes. 
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Rate Parameters for the Two-step Photofragmentation of Aromatic Endoperoxides in 
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The formation of dimethylhomoocoerdianthrone (HOCD) following subpicosecond laser photolysis of its endoperoxide (PO) 
was studied by laser-induced fluorescence (LIF)  in the solvents dichloromethane and toluene. The measured rise time of 
thc I.IF signal refers to a time constant of T* = 1.7 f 0.5 ps at 22 O C .  The study of the characteristic rate constant at different 
tcmpcraturcs gives an activation energy of E, = 5 . 5  f 0.5 kcal/mol and a preexponential factor of A = 10’5.7*0.3 S K I  i n  toluene. 
Tlicsc parameters arc consistcnt with our earlier model for the two-step photofragmentation of aromatic endoperoxides, which 
assuiiics a short-lived 1,6-biradical intcrmcdiate crossing an activation barrier. The photolysis study of the newly synthesized 
cndopcroxidc or anthrabisbenzothiopyran (ABTPO) reveals that photocycloreversion starting from S3(na*)  proceeds w i t h  
a time constant of T~ = 46 f 6 ps in dichloromethane (at 22 “C). I n  this case the activation parameters amount to E,  = 
5.9 f 0.6 kcal/mol and A = 10’4.8*0.3 s-’. The observed activation barrier on the potential energy surface can be a result 
from resonance effects in the chromophores of the peroxy biradical. The large A factors reflect the importance of internal 
dcgrccs 01‘ freedom in  the transition state. 

Introduction 
T o  obtain extensive information about the intramolecular 

transfer of excitation energy in condensed molecules, steady-state 
and time-resolved investigations of the photochemistry of aromatic 
cndopcroxides (POs) have been performed in the last decade. On 
thc basis of  orbital and state correlation diagrams, Kearns and 
Khan’,? expected that the photofragmentation of POs starts in 
contrast to the commcnly accepted rule of Kasha,’ from upper 
excited ( x , , ~ , , )  singlet states Sll12, reproducing the parent hy- 
drocarbon i n  S,, and singlet oxygen (‘E,’). The photochemical 

( I )  Kearns, D. R.; Khan, A. U. Photochem. Photobiol. 1969. IO, 193. 
( 2 )  Kcnrns. D. R .  J .  Am. Chem. Soc. 1969. 19. 6554. 
( 3 )  Kn.;ha. M. Di.rcrtsr. F o r o h ) ,  SOC. 1950. 9, 14. 
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reaction path was characterized to be concerted and adiabatic and 
is denoted “photocycloreversion”. Another route envisaged takes 
place from SI ( T * u * ) ,  leading exclusively to the homolytic rupture 
of the peroxide bridge, followed by recombination or irreversible 
rearrangement. The reverse reaction path corresponds to the 
sensitized photooxygenation of the aromatic compound. 

Numerous steady-state investigations on the wavelength de- 
pendence of the photochemistry of POs have confirmed these 
predictions meanwhile.4-R However, two important questions 

(4) Schmidt, R.; Drews, W.; Brauer, H.-D. J .  Am. G e m .  SOC. 1980, 102, 

( 5 )  Drews, W.;  Schmidt, R.; Brauer, H.-D. Chem. Phys. L e f t .  1980, 70, 

(6) Drews. W. Dissertation, University of Frankfurt am Main, 1980, FRG. 
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TAR1.E I: Time Constants T~ and Quantum Efficiencies Q, for the 
Photocvcloreversion of Aromatic Endoperoxides (at 22 "C) 

P O  7 2 .  PS QC 

I IOCDPO' 7 f 7 (1.6 f 0 . 9 )  0.57 
11 ECDPO' 40 f 1 0  
ADCPO'I 55 f I5 
BDX PO" 68 f 8 
9, I 0-DM DP04c I S  f 20 
1 .4 -DMDPO 50f IS 
9. I 0- DPA PO" 9 5 f  10 
9,  IO-I'AP(J 60 f 7 

0.27 
0.13 
0.18 
0.3 I 
0.8 
0.28 
0.28 

"Kcfcrciicc 11-13, 'Rcfcrcncc 14. "POs  of l94-dimethyl-9,I0-di- 
phcnylanthraccnc.x "PO of 9.10-diphenyIanthra~ene.'~ PO of 9- 
p hc n y I ;I n t h rnccnc, I" 

concerning thc mcchanism of photocycloreversion arise: (a) The 
existcncc of the prcsumed product O,('Z,+) cannot be verified 
prcscntly in cxpcrimcnts, bccausc its radiationless deactivation 
to O2(I&) occurs too fast in solution. Thus, the precise state of 
the primary product IO! remains an open question. (b) For a series 
of cndopcroxidcs ;I 1 : 1  corrclation in the formation of the an- 
thruccnc fragnicnt (A)  and '0: was ob~erved .~  In the first instance 
onc tcnds to adopt the concept of a concerted one-step mechanism, 
which consists of brcaking both C - 0  bonds simultaneously. 

this assumption can be verified solely by information 
c cvolution of photocycloreversion, for the rise time 

or photofragmcnts ( A  + IO?) has to be equal to the lifetime of 
the cxcitcd singlct stutc i n  thc conccrtcd case. 

The qucstion of conccrtcd mcchanism was tackled by us recently 
in using picosecond pulsed light sources to study the photo- 
cyclorcvcrsion of thc PO of hctcrococrdianthrone (HECD).9 
From thc rathcr slow time evolution of hydrocarbon (40 ps) and 
the short-livcd excited S , ( m * )  state (C3 ps) followed, in contrast 
to Kcxrns' prcdiction. that photocycloreversion must proceed via 
an intcrmcdiatc. The time constants for decay of the intermediate 
yiclding A and IO2 arc found to range between 1.6 and 95 ps 
dcpcnding on PO (SCC Table I ) .  The quantum efficiency of this 
proccss (Q,) is limited only by a deactivation path leading from 
thc KK* stntc via internal conversion to SI and amounts for some 
POs up to 80%.c.x In light of the fact that the kinetics of pho- 
tocyclorcvcrsion is not influcnccd by the polarity or viscosity of 
solvent, we favor thc niodcl of scqucntial C-0 bond rupture via 
a biradical intcrmcdi;itc." A tcmpcrature-dependent study of 
thc dqnainica of the photocyclorcvcrsion of HECDPO exhibits 
thnt thc dccny of intcrmcdiatc yiclding HECD (S,) and IO! is 
activation controllcd.'? 

Thc fiistcst kinetics for the photocycloreversion of an aromatic 
PO was obscrvcd by usI3 and independently by Ernsting et aI.l4 
i n  thc cast of dimcthylhomoocoerdinanthrone endoperoxide 
(HOCDPO).  This conipound can bc treated as a n  isomer of 
HECDPO having two additional methyl groups. In our past 
photolysis study of HOCDPO we have measured a time constant 
of r2  = 2 f 2 ps for the rate-determining step of photocyclo- 
rcvcrsion, which is coniparablc to the response time of the pico- 
second appiiriitus (T,,,,? = 2.5 ps). Using subpicosecond transient 
absorption tcchniqucs, Ernsting found briefly that HOCD for- 
mation following photolysis of its PO happens with a time constant 
of r 2  = 1.6 f 0.5 ps. The motivation of this work lies now i n  
providing coiiiprchcnsivc information on the striking dynamics 

(7 )  Brauer, H.-D.; Schmidt, R. Photochem. Photobiol. 1985, 41, 119. 
(8 )  Eiscnthal. K .  B.: Turro, N .  J.: Dupuy. C. G.; Hrovat, D. A.; Langan. 

(9 )  Blumenstock, T.: Comes. F. J.: Schmidt, R.; Brauer, H.-D. Chem. 

( I O )  Sitzinann. E. V.: Langan. J .G . :  Hrovat, D. A,; Eisenthal. K. B. Chem. 

( I  I)  Blunicnstock, T.: Jcssc. K.: Comes, F. J . ;  Schmidt, R.: Brauer. H.-D. 

( I  2) Jcssc. K.: Comcs. F. J.: Schmidt. R.: Brauer, H.-D. Chem. Phys. Lett. 

( 1 3 )  Jcsac. K.; Markcrt, R.; Comcs, F. J . ;  Schmidt, R.; Brauer, H.-D. 

(14) Ernsting, N.; Schmidt, R.; Braucr, H.-D. J .  Phys. Chem. 1990. 94, 

J.; Jenny. T.: Sitzmann. E. V.  J .  Phys. Chem. 1986, 90, 5168. 

Phy.r. Lett. 1986, 127, 452. 

Phys. Lett. 1989. 162. 157. 

Chenr. Phj'.y. 1989. 130. 289. 

1989. 160. R .  

Chenr. Phj,.r. / ,e / ( .  1990. 166. 95. 
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observed in the case of HOCDPO decomposition. Therefore, a 
subpicosecond light source was developed, and laser-induced 
fluorescence (LIF)  was applied as detection tool. The photo- 
cycloreversion of HOCDPO was studied in two solvents and a t  
different temperatures. The rate parameters are presented i n  
Arrhenius' and Eyring's formulation. 

A newly synthesized endoperoxide with similar chromophore 
structure is anthrabisbenzothiopyran endoperoxide (ABTPO). The 
results from a photolysis study on ABTPO support further the 
outlined biradical model. 

Experimental Section 
The picosecond laser system has been characterized re~ent1y.I~ 

For direct observation of the dynamics of photocycloreversion, 
the method of pump-probe interrogation is used, probing the 
aromatic moiety with LIF. The picosecond pulses are generated 
in a hybridly mode-locked dye laser (Model Coherent 702.1 CD; 
2 ps fwhm, I O  nJ) working with rhodamine 6G as gain medium 
and DODCI as saturable absorber. The pulse energy can be 
increased up to 0.3 mJ in a three-stage dye amplifier (Model 
Lambda Physik FL2003), which is pumped by a XeCl laser a t  
I -Hz repetition rate. After frequency doubling in a KDP crystal 
with 10% efficiency of UV light, the pulses are split into the second 
and first harmonic by means of a dichroic mirror. The visible 
pulses travel eventually a variable delay line and are focused 
collinearly with the UV pulses into the sample cell. The response 
time of the apparatus ( T , ~ ~  = 2.5 ps) was determined by observing 
the stimulated SI emission from bleached rhodamine B mole- 
cules." 

To investigate the photochemistry of HOCDPO, we optimized 
the time resolution of the picosecond laser system in compressing 
the visible pulses by addition of malachite green to the saturable 
absorber and by using a compressor stage. 

M) 
to the absorber dye DQOCI shortens the pulses by a factor of 
about 7 due to the optical properties of malachite green, such as 
a n  ultrafast absorption recovery time of 2.1 ps and a large ab- 
sorption cross section.Ih Thereby pulses with a duration of 320-fs 
fwhm and a n  energy of 7 nJ are generated. The central wave- 
length A, of the laser pulses is slightly blue shifted by malachite 
green ( 3 4  nm) and can be tuned in the range 570-590 nm with 
the help of a Lyot filter (LA = 1 nm). 

Further pulse compression is acquired i n  coupling the 320-fs 
pulses into 80 cm of polarization-preserving, single-mode optical 
fiber (Newport Research Corporation F-SPV) with 60% coupling 
efficiency. Self-phase modulation and the group velocity dispersion 
act together and broaden the pulses both spectrally and temporally. 
Finally, the recollimated pulses are compressed by passage through 
a dispersive delay line consisting of two 1200 line/mm holographic 
diffraction gratings (separation of I O  cm, 70% diffraction effi- 
ciency). The resulting pulses have a width of about 100-fs fwhm 
and an overall energy of 1.5 nJ, being insufficient for studying 
state-selective photochemistry. Therefore, we start in our ex- 
pcriments with 320-fs pulses having an energy of 7 nJ. Ampli- 
fication of these pulses in the three-stage dye amplifier FL2U03 
increases the energy to 0.1 5 mJ and the high peak power to 450 
mW. The response time of the subpicosecond laser system is 
determined as pointed out above and amounts to T , ~ ~  = 0.8 ps. 
The apparatus function A ( r )  has to be taken into account when 
fitting the experimental data by a single-exponential rise term 
j A ( r ) [  1 - exp(-t/~,)] dr. 

The procedure of temperature variation is described in ref 12. 
HOCDPO was prepared and purified following earlier published 
 procedure^.^' The synthesis of ABTPO is described in ref 18. 

The additional mixing of malachite green ( c  = 2 X 

(15) Shank, C .  V.;  Ippen, E. P.:Teschke, 0. Chem. Phys. Let!. 1977, 45, 

(16) Watanabe, A.: Takemura, H.: Tanaka, S.; Kobayashi. H.; Hara, M. 

(17) Schmidt, R.: Drews, W.; Brauer, H.-D. 2. Naturforsch 1982, 37a, 

(18)  Schaffner. K. Dissertation. University of Frankfurt am Main, 1989, 

291. 

I E E E  J .  Quant. Electron. 1983, QE-19. 533 .  

551.  
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Aromatic Endoperoxides in Solution 
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Figure I .  Structure formulas of  some 9.10-endoperoxides from the an- 
thriiccne series (HECD = heterocoerdianthrone. HOCD = dimethyl- 
hotiiijococrdi;in~hronc. ADC = iinthradichromene, BDX = benzodi- 
xantlicnc, AUT = ;inthrabiabcn7othiopyranc). 

TABLE II:  Energetics of the Photocycloreversion of Some 
9,lO-Endoperoxides with 'O2(AR) as Primary Product 

PO SA *a*) E .  cm" AH, cm-' 
I IOCDPO s, 28 500 17 000 
HECDPO s, 31 800 19700 
ADCPO s2 32 000 21 700 
BDXI'O s2 31 800 21 500 
A BP 1'0 s2 28 000 not given 

31 000 not givcn 
SI, 40 000 not givcn 

As solvents we used dichloromcthanc and toluene from the Uvasol 
scrics of Mcrck. 

Results 
The structural formulas of the investigated 9,lO-endoperoxides 

from the anthracene series are shown in Figure 1 .  In comparison 
with thc POs studied by Eisenthal et a1.8-10 the phenyl substituents 
of our POs are connected with the anthracene frame by carbonyl, 
ether, or sulfur bridges in  the 1.4 or 1.5 position. Consequently 
this causes a rigid conformation of PO and leads to an enormous 
red shift in absorption of the aromatic compound due to conju- 
gation effects. 

Upon excitation into S,,(*a*) states of the aromatic chromo- 
phores, POs undergo cycloreversion to form the anthracene moiety 
and singlet oxygen. The energetic location of these singlet states 
( E )  and the cxothcrmicity of photocycloreversion (AH) are listed 
in Table 11. While the energetics of the singlet photochemistry 
is taken from the clcctronic spectra of POs, the excess energy of 
products ( A  + 'OJAJ) is estimated on the basis of Hess's 
thcorcm. We can calculate AH easily as the difference E - (AH,  
- AHp*), where E is the excitation energy and AHTI ,  AHp* are 
the cnthalpics of activation of thermolysis and photoo~idat ion.~ 
Thc lattcr process occurs wi th  almost zero activation enthalpy 

Thc absorption spcctrum and the wavelength dependence of 
Q, are illustrated for HOCDPO i n  Figure 2;  the solvent is di- 
chloromethane. I t  is obvious that Q, does not change significantly 
in thc region 260-370 nm, where the S3(mr*)  and S4(m*) bands 
ovcrlnp. Hcncc. Braucr ct nl.  conclude that the deactivation of 
the S, statc to S, occurs completely nonradiatively via internal 
convcrsion ( IC).h In our past study on the photochemistry of POs 
we could demonstate the IC between the upper excited singlet 
states must proceed at least 1 order of magnitude faster than the 
observed second step in photocyclore~ersion.~~ This behavior can 
also bc expected on the basis of the energy gas rule for radiationless 

(AH,,* 5 0).'9 

(19) Scikcl. K Diwrtation, University of Frankfurt am Main, 1990, FRG. 
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Figure 3. Arrhenius plot of the rise time T*  of HOCD from photolysis 
of  its PO; the solvent is toluene: slope = -2780 K;  intercept = 36.3; 
correlation = 0.985. 

TABLE 111: Rate Parameters for the Photocycloreversion of Some 
Aromatic Endoperoxides (at 22 "C) 

E,, 
PO solvent A. s-I kcal/mol AS', eu AH', kcal 

HOCDPO toluene 10157 5.5 = I  I 4.9 
HECDPO toluene 1014* 5.7 -7 5.1 

chlorobenzene 5.3 =7 4.7 
ABTPO CH2CI2 10147  5.9 =7 5.3 

transitions.'" The experimentally observed reaction pathway of 
HOCDPO thus consists of an excitation of the PO with a fem- 
tosecond pulse at 293 nm to the S4(m*) state, which decays via 
IC to S 3 ( m * )  from which photocycloreversion proceeds. The 
formation of HOCD is monitored by LIF using a weak probe pulse 
at  586 nm with variable time delays. The probe wavelength lies 
close to the absorption maximum of HOCD in order to avoid 
temperature effects on the red wavelength onset of the S,  band 
that may result from the large excess energy of 17000 cm-'. 

The rise of LIF signal refers to a time constant of 7 2  = 1.7 f 
0.5 ps (at 22 "C) in the two solvents dichloromethane and toluene 
and confirms the result obtained by Ernsting et al.I4 The tem- 
perature dependence of the rate constant is depicted by an Ar- 
rhenius plot in Figure 3. Apparently, r2  decreases from 4.5 to 
0.8 ps when the temperature is increased from 0 to 60 "C. An 
activation energy of E, = 5.5 i 0.6 kcal/mol and a preexponential 
factor of A = 10" 7*03 s-I can be calculated from the slope and 
intercept of the drawn straight line, which is a result of a regression 
analysis. The A factor for the photofragmentation of HOCDPO 

(20) Turro, N. J .  Modern molecular phorochemistry; Benjamin Cumming: 
Menlo Park, CA. 1978; p 182. 
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Figure 5. Biradical mechanism for photocycloreversion of aromatic cn- 
doperoxides provides two pathways: (a)  the sequential C-0 bond 
breaking to form a 1,6 biradical or (b) the homolytic rupture of both 
C-0  bonds to produce singlet oxygen and an aromatic valence isomer. 

to be ruled out. Consequently, if a biradical is the intermediate 
in the two-step photofragmentation of POs, it is the 1,6 biradical 
(BR). 

The first step of photocycloreversion to form BR is expected 
to occur very rapidly. Beswick and Jortner characterized direct 
dissociation dynamics by two distinct time scales.23 A time scale 
of -10-'4-10-'5 s is assumed for the dephasing of the initial 
nuclear wavepacket on the dissociative potential surface and re- 
spectively a time scale of - s for bond rupture, which is 
typically a vibrational period. 

The investigated 9, IO-endoperoxides (except HOCDPO) de- 
compose from the excited (***) state on a time scale of  about 
50 ps, which is an extension of 2 orders of magnitude with respect 
to BR formation and must be related therefore to the lifetime of 
BR. Now, the essential and difficult question arises as to what 
parameters determine the biradical lifetimes. In  principle, various 
mechanisms can be responsible to control the decay of a biradical 
intermediate in unimolecular reactions. For instance, intersystem 
crossing (ISC) is known to determine the biradical lifetime in 
many cases. The rate of intersystem crossing depends on the 
distance between radical centers and orbital orientation (Salem's 
rule).24 However, the short time scale of photocycloreversion and 
the I : 1 formation of products in singlet states are actually against 
the idea of an ISC-controlled decomposition. 

Moreover, the possibility of a biradical recombination to yield 
ground-state PO has to be thought over in analogy to the radia- 
tionless deactivation of PO@,) molecules, which occurs chemically 
via homolytic 0-0 bond rupture and subsequent 0-0 bond re- 
f ~ r m a t i o n . ~  However, this idea is out of the question, because 
T~ depends on temperature, but not Qc." Therefore T~ must be 
related to the reaction BR - A + IO2. 

I n  the following we try to find a kinetic access to the under- 
standing of the outlined biradical model. The adiabatic photo- 
fragmentation of aromatic POs occurs via sequential C-0 bond 
rupture. The rate parameters that are obtained from a temper- 
ature-dependent study of the rate-determining constant indicate 
that a barrier such as 5-6 kcal/mol appears on the excited PES. 
It is common knowledge in radical chemistry?' that *-conjugated 
biradicals have much longer lifetimes than other biradicals due 
to conjugation between the radical centers and an increased sin- 
glet-triplet gap. Examples for resonance-stabilized radicals are 
the biradicals of naphthcquinodimethane having lifetimes between 
200 ps and 150 s.?~-*~ Thus, it is most likely that the rather high 
activation barrier found for BR decomposition reflects the im- 
portance of resonance interactions associated with the radical 
center and the H electronic systems of the 9,lO-phenyl substituents. 
Eisenthal et al. interpreted the observed long BR lifetimes for 
unbridged POs in terms of structural effects.In We demonstrated 
in a former paper on this topic that the crossing of the barrier 

(23 )  Beswick, J.  A.; Jortner, J .  Chem. Phys. Lett. 1990, 168, 246. 
(24) Salem, L.; Rowland, C. Angew. Chem., Int. Ed. Engl. 1972, 11. 92. 
(25) Viehe. H .  G. ,  Janousek, A.. Merenyi, R., Eds. Substituent effects in 

radical chemistry; NATO AS1 Series; Reidel: Dordrecht, 1986; Series C, Vol. 
189. 

(26) Platz, M .  S.  J .  Am. Chem. Soc. 1980, 102, 1192. 
(27) Gisin, M.; Rommel, E.; Wirz, J. :  Burnett, M. N.; Pagni, R. M. J .  Am. 

(28)  Fisher, J .  J.; Michl, J. J .  Am. Chem. Soc. 1987, 109, 5 8 3 .  
Chem. SOC. 1979. 101, 2216. 
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is a solvent-independent and thermally activated process.I2 
A first attempt to interprete the large preexponential factors 

( s&) relies upon the transition-state (TS) expression of the 
Arrhenius law. The TS expression for the frequency factor notes 
A = 7.7k13T/h exp(AS*/R). where A S *  is the total change of 
entropy in  going from the biradical intermediate to the transition 
state. Thc ratc parameters for photocycloreversion are presented 
both i n  Arrhcnius and transition-state formulation (Table 111). 
Bcnson and O‘Ncal havc discussed extensively the computation 
of  A S *  with the aid of simple bond additivity rules.29 First 
application of this model to gas-phase unimolecular reactions with 
biradical intcrmcdiatcs shows that a barrier of at least 2 kcal/mol 
is cxpcctcd to separate the biradical path from the concerted one. 
I n  addition, ;I valuc of AS* = +8-IO eu is assumed to be typical 
for a uniinolccular rcaction via biradical intermediate (e.g., 
thcrmolysis of cyclobutanc) and a vluc of AS* = 0 to be typical 
for a conccrtcd rcaction (e.g., thermolysis of endodicyclo- 
pentadicnc). I t  should bc stressed that these parameters are not 
strictly cooiparablc to liquid-phasc reactions, although Turro et 
al.”’ hnvc found similar AS* values (+7-IO eu) for a liquid-phase 
thermolysis of POs via biradical intcrmediate. Indeed, the A S *  
values includcd in Tablc I l l  are of the same order, but the biradical 
pathways must bc well distinguished for thermolysis and photolysis 
of POs from the view of correlation diagrams. 

We will address now the question of difference in AS* values 
found for thc photocycloreversion of a few 9,lO-POs. In  com- 
parison w i t h  other POs there is a higher entropy change in the 
biradical transition state of HOCDPO (S* = 1 1  eu). Since the 
number of degrees of freedom of the TS is large, there is enough 
scope in the choice of parameters (e.g., translation, rotation, 
vibration modes, and symmetry change). The point a t  issue is 
whether the two C=O groups of HOCDPO contribute to the 

(29) Bcnson. S. W.: O N e a l ,  H.  E. Kinetic data ongasphase unimolecular 
renc/ion.c: Nat .  Stand. Ref. Data Ser.: U S . ,  Natl.  Bur.  Stand., 1971; 
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vibrational structure of TS in contrast to HECDPO. Our un- 
derstanding about the disposal of thermal excess energy to BR 
decay is still incomplete. 

Another important point deals with the transfer of thermal 
excess energy to solvent molecules. Intramolecular vibrational 
redistribution (IVR) of excess energy occurs in less than 1 ps and 
results in a “hot” molecule from which phonons may be transported 
to the solvent within a few picoseconds yielding thermally 
equilibrated  molecule^.^' In general the dynamics of vibrational 
relaxation is a function of solvent and solute. Primary HOCD 
is produced “hot” as a result of the large exothermicity of pho- 
tofragmentation (17000 cm-I). The effect of internal temperature 
on HOCD can be seen distinctly in its transient absorption 
~ p e c t r u m . ’ ~  The extinction coefficient on the long-wavelength 
onset of SI is increased due to IVR of excess energy. The probe 
wavelength of HOCD excitation lies close to the =l700-cm-’ broad 
absorption maximum a t  600 nm so that vibrational relaxation has 
only a minor effect on the measured time constant of 1.7 ps. 

In  our study on the photocycloreversion of 9,lO-POs we have 
elucidated the reaction mechanism from the view of rate param- 
eters and emphasized the importance of internal energy flow and 
energy transfer in solute-solvent collisions. 

Conclusion 
The photofragmentation of aromatic endoperoxides into singlet 

oxygen and the aromatic moiety occurs via a 1,6 biradical in- 
termediate. The rate-determining step is the activation-controlled 
crossing of a 5-6 kcal/mol high barrier. The whole photoreaction 
proceeds on a singlet PES. 
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Oscillations of [HBrO,], [ HBrO], [Br-1, and [Ce4+] in the Belousov-Zhabotinsky 
Reaction Reconstructed from Quenching Experiments 
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Department of Chemistry, H.C. 0 r s t e d  Institute, University of Copenhagen, Universitetsparken 5,  
DK-2/00 Copenhagen, Denmark (Received: July 20, 1990) 

Simultaneous measurements of small-amplitude oscillations of [Ce4+] and [Br-] near a supercritical Hopf bifurcation of 
thc Bclousov-Zhabotinsky reaction have been used to reconstruct the oscillations of [HBrO,] and [ HBrO] from previously 
reported quenching experiments. The results provide direct and indirect experimental confirmation and improvement of 
amplitudes and phases of [ Br-] and [ HBrO,] determined from a previous “three-dimensional” reconstruction. Amplitudes 
and phases of [ HBrO] oscillations have not been reported before. Difficulties with the experimental determination of the 
[Br‘] amplitude rcsult in some uncertainty in  the derived [HBrO] amplitude, in particular. 

Introduction 
Quenching of chemical oscillations is an experimental method’., 

for the determination of an (adjoint) eigenvector of the Jacobi 
matrix of an oscillatory chemical ~ y s t e m . ~  It can be used near 
a supercritical Hopf bifurcation. The experimental method has 
been described in detail in ref 2 and will be reviewed below in 
this introduction. 
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Quenching data can be compared directly with models of a 
reaction, or it can be used to determine (“reconstruct”) the am- 
plitudes and phases of the oscillating concentrations of the species 
participating in a reaction. The theoretical basis for such uses 
of quenching data has been given in ref 3, which also gives an 
illustrative example showing the practical use of the method. We 
summarize the relevant results below. 

The method has been used in ref 2 to reconstruct the oscillations 
of [HBrO,] and [Br-] in the Belousov-Zhabotinsky reaction from 
experimental quenching data with [Ce4+] monitored. The 
quenching data obtained there together with the oscillations of 
[Ce4+] allowed a determination of the oscillations of the con- 
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