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Am--A kin& anafysIs of heavy-atom cnbanccd intersystem crossing is prcscnrcd. wIIh Ihc obrcr of using 
this pcrturbatiea mertnnl for determining whcthcr Ihe majonIy of a photoproduct originates from an excited sir&I 
or an excited tripk~ precursor. Expressions are derived whKh rchtc ~hc quantum ctlkicncies of product formation 
(&I and S, +TI intcrsystcm crossing (&) with potential quenching or enhancement by ~hc heavy-atom TheK 
allow IimiIs I0 bc placed on the possibk quenching 0I cnhanccmcnl Ihal may bc observed in parIicular cases (xc 
Fii. 4 and 6) and ~bcrcby make an interpretation of ~hc data less ambiyous than has been suggested in rcccnl 
discussions. A pa&ularly useful okrvafion is what for thou mokcuks (for cxampk. aromaIics1 having ~ripk~r 
which arc relatively unatTccIcd by bcavy_aIoms. quenching of a product by more than 50% dcmonstraIcs thaI a 
majorily of this producI must bc derived frown the cxciIcd smgkt sIaIc. 

Heavy-atom enhanced St +T, intersystem crossing has 
proven quite useful in synthetic and mechanistic photo- 

is that the quenching of P photoreaction by more than 

chemistry. Mokcuks having a a.n* S, state are parti- 
50% requires thar a majority of the product is dtriwd 

cularly susceptible to such enhancement’ and xenon. for 
from the singlet slalc. regardless of Ihe substrate &,,. 

example. has been used to determine 6,. and to probe 
for the involvement of singlet and/or triplet states in olscuz 

photoproduct formation.” One approach to the latter A. -tins and kin& scheme 
appliurtion is to determine whether xenon quenches or We will initially consider the following prOcesses”: 
enhances a photoreaction. Thus, if separate Stcm-Vd- 
mer analyses of XCM)II quenching of a reactant’s 
duoresceace and of its product formation give identical 
slopes, the reaction is entirely derived from the excited 
singlet state.’ However, it is commonplace for both 
singlet and triplet states to participate in a phoIoreaction, 
and kinetic analyses by Birks‘ and by Caroll’ have 
demonstrated that. under such circumstances, quenching 
unambiguously confvms that a majority of the product is 

hr 
A-S, 

S,AA(+hv’) 

kR.s 
S-P 

excitation (1) 

singkt decay (2) 

sin&l product formation (3) 

sin&t &rived so long as the unp&tu&d & k 0.5. The 
observation of xenon induced enhancement likewise in- 
dicates a triplet dominated reaction when the unpertur- 
bed I& r0.S. Unfortunately. 6, is frequently dimcult 
to measure and the above cited restrictions imply large . 
regrons of amblgulty even when &,, IS known. These 
limitations have led to a justifiable questioning of the 
utility of heavy-atom perturbation as a general 
mechanistic tool.’ 

We have considered the kinetics of xenon perturbation 

kr 
St-T, 

T,L’A(+h/) 

LIT 
T,-P 

S,+HAT,+H 

in greater detail. with particular emphasis on the rok of 

intersystem crossing (4) 

triplet decay (5) 

tripkt product formation (6) 

enhanced intersystem (7) 
crossing. 

Quantum etIkiencics are then defined as follows: bus for 
product formation from the singlet state. dRT as the 
fraction of triplet which goes to the product (the “in- 
trirtsic” tripkt state quantum efficiency) and 4r as the 
uoperturbed total quantum efsciency for product for- 
matioa (i.e. qn 8). A “predominantly singlet derived 

the quantum efficiency of product formation (&) in the 
interpretation of the data. We assume that the substrate 
tipkt will be ineffectively quenched by xenon,” an 
assumption for which there is ample experimental evi- 
dence with aryl triplet~~.’ and which is readily tested’ 
(the kinetic implications of a large T,-So effect are 
discussed later in this paper). Our conclusion is that the 
regions of ambiguity are smaller than previously wspec- 
ted and that limits can be placed upon the amount of 
quenching &ore&ally observable for a pr&minantly 
Iripltl derived photoproduct. or the amount of 
tnhaacemcnl observabk for a predominantly sin&r 
derived photoproduct. An especiafly useful observation 

bl=h+&UkT (8) 

duct” is 0w which h> &hT. and a “prc- 
domirmatly tripkt &rived product” is one for which 
h C &hr. The xcmn perturbed eP&ocy of product 
formation is represented as h’. 



B. Xenon quenching of producf forrnofion 
The concept of limifing quenching. Equation (9) gives 

the rate of product formation which. upon using the 
steady-state approximation and incorporating heavy- 
atom perturbed intersystem crossing. leads to eqn (IO). 

y= k&,1 + kttrIT,l 

I 
dRp = k> - k,ss + k,, + k7IHl 

kls + kadk,.< + kAH1) 1 kc+k,,T (IO) 
Using 4~ = kdk, + kd IT = Ifi, + kls + kd & = 

J(Rs’T and &, = k,,‘r. eqn (IO) reduces to cqn (I I). We 
may define the 

I + ‘Tk,[ H] 
(II) 

fraction of quenching (Q) as in eqn (12). and combining 
eqn (I I) and 

dn-61aP daP 
Q=-TF=l-- &I 

(12) 

(12). gives eqn (13). Inversion of cqn (13) and expansion 

Q = (da - dm)‘rk#41 
&(I + ‘:k,IHl) 

(13) 

then gives eqn (14). the dependence of quenching on xenon 
concentration. Note 

from eqn (14) that (I) when &T > da, Q is negofice ond 
fhis represents enhoncemenf of reocfion. (2) when &T < 
&,. Q is posit& and fhis represents quenching oj reac- 
tion, (3) limifing quenching octurs of injinife [H]. at 
which point eqn (IS) becomes valid (note that at [HI-. 
dpp becomes ~JIT and do,, - 1.0. see eqn (12)). 

&T Qllm = 9 = I- _.m._, (15) 

The dependence of Qllm on I&SS &IT and do,= is 
obtained by combining eqn (8) and eqn (15). and dividing 
by L. to give eqn (16). It may be seen from this 
equation that (I) Qllm + I .O (i.e. 

drs I 
- = &(I - Q,,m) - l h?TdhC 

(16) 

10% quenching) as ~RS/&A~T~~ (i.e. pure singlet 
derived product), (2) for a particular d,,. the equation 
defines dd&rr ratios for which Qba = 0. with further 
decreases in &s/&~~& leading to negative QUA. values 
(i.e. enhancement). Heavy atom enhancement is treated 
later. and eqn (16) is plotted in Fig. I to show positive 
values of Qti for several values of &. Note, in this 
figure. that & = 0.5 is an important cross-over point; 
any quenching observed for d,, ~0.5 requires that 
dRs > ~~~~RT (i.e. that a majority of the reaction is 
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singlet derived) but when I$,, > 0.5. qucnchin may also 
he observed for triplet dominated reactions. Tf 

Limiting friplef quenching. For any & vahre >0.5. 
there is a maximum Qm that a triplet dominated reaction 
can attain, and this limit is reached as &S/~&M r -. I .O. 
Using this fact. one can insert &S = I$,,&IT into eqn 
(16) to obtain a limiting Q value for a triplet dominated 
reaction (Qb); see cqn (17). Equation (17) is plotted in 
Fig. 2 and it is obvious that the maximum possibk 
quenching that can be observed for a photoproduct 

which is predominantly triplet derived is approached at 
I$, -, I .O. and equals 50% quenching. Thus. ifgmler fhun 
50% quenching is obserccd for a phofoproducf, if must be 
predominanfly sing& derived, regardless of flu oolues of 
&, I&. 6,. bIT or the fraction of sing/cl stafes infer- 
cepted by xenon.’ 

Obviously, experimentally attainable Q values will 
depend on the xenon concentration and substrate singlet 
lifetime (cf eqn (14)). Using previously described tech- 
niques.’ we have readily observed as much as 79% 
quenching of the photosolvolytic rearrangement of exo- 
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bcnznorbo~nea-2-yi methaacruIfonatt (‘I - 7 ~sec),‘~ 
and 61% quenching of the photoinduced an&Markov- 
nikov addition of methanol to 2-isopropybdcnebcnt- 
norbornene (‘T = 4 nsec).” Mcasurcmcats of Q exceed- 
ing 50% should therefore be experimentally feasibk for 
many sin8lct dominated reactions. 

The concept of maximum quenching. Discussion so far 
has centered on the inl?ucnce of &,= on Qb. The rcla- 
tionship of Qhm to cb~ is also instructive and it is clear 
from eqn (15) that Qhl. increases as drr increases. Since 
&R depends on 44~ and &ART (eqn 8). this is 
equivalent to stating that S, internal conversion to & 
reduces the potential I$R. and we can define a maximum 
Qb (“Q-.“I as the Qbs when S, + So decay is absent 
(eqn 18). 

Q LIY. = Qb., when 61% = I - 4,. (18) 

~stituti~ eqn (18) into eqn (8). solving; for I$RT and 
inserting the resulting expression into eqn (IS) provides 
an expression for QN, in terms of btr and & (qn 19). 

(19) 

A further restriction results from the feq~ement that 
~~~.u,thatatQ,.(wheregbu=i-~,),~b,r 
I - &. With this boundary condition, qn (19) is plotted in 
Fig. 3 ior &, = 0.4; the plot defines theoretically attainable 
quenching values for a photoproduct of such &., as a 
function of 4, and regardkss of the degree of sin&t or 
tripkt involvement. Were such a plot to be drawn tot other 
h’s, it would be evident that the “impossibk Q” re8ion 
increases as dI increases. 

Qvcnching plots. One can now combine cqn (17) 
[which defines the limiting quenching of a predominantly 
triplet derived photoproduct (xc Fig. 211 with eqn (19) 
[which defines maximum quenching regardkss of or&in 
(see Fig. 3)] to produce “quenching plots” for any vahJe 
of cblt (see Fig. 4 for & = 0.4). Point H in Fig. 4 cor- 
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Fig. 4. “Quenching plot” for &a = 0.40 using tqn (17) and eqn 
(19). 

responds to eqn (20). and therefore, to eqn (?I). 

I 
I-z= 

(&I& - IX&l - I) 
tbr&c 

(20) 

d,, = I - 4. (?I) 

Such quenching plots may be conveniently subdivided 
into several well dehncd r@ons. 

(If FED. Defined by arc FD (eqn II). this region 
corresponds to theoretically impossible quenching. 

(2) AGFHB. Any quenching observed in this region 
requires that the photoproduct be predominantly singlet 
derived. Since the maximum possibk quenching obscrv- 
abk for a predominantly triplet derived photoproduct is 
point H. for #R = 0.40 any quenching greater than 37.S% 
indicates a majority of the product is of singlet origin, 
rcgardkss of &I= or the percentage of singlet states 
intercepted by xenon. 

(3) CHD. This is a rc8ion where the photoproduct 
must be primarily triplet derived (i.e. if & > 0.8 and 
i$r = 0.400. &C 0.2 and &&T > cbrs). 

(4) BHC. This is the only region which is ambi~ous; 
quenching in this region could indicate a majority of the 
product is triplet derived or could correspond to in- 
complete quenching of a sin8kt dominated product. By 
plotting l/Q vs I/[Hl (see eqn 14). one can obtain QLun 
from tbc intercept (see eqn 15) and eliminate the remain- 
in8 ambiguity. 

Aithoqlh a knowledge of I$~ is useful to interpret Q 
WIWS below point H. the regions of ambiguity a;e not 
large and, for exampk, 3046 quenching when dR = 0.40 is 
only illdefined for & between 0.73 and 0.80. Though 
the exact d, may not be known, a comparison with a 
model system may well permit one to say that & is less 
than 0.7. Fiiy, if tb,= can be measured. a plot of l/Q vs 
l//HI fcqn 14) will 8ive QYI. and the use of qa (161 and 
bQIf8IviuplD*&luand#mT. 

c. xtlson enhancenlenl oj pmdncr jOmlOfion 
St was outed earlier that -Q represents enhancement. 

i.e. coatpue eqas (12) and (22). We can thus expand our 
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and maximum enhancement (E,,..) are a&ogous to 
those used for QL and QM.. EL is defined by qn (24 
(ftt eqn f 171) arid FI is cqn (22) with &’ = 1 .O, ix, qn 
(2% These equations allow the construction 

Fg. 

Q, 1% 

6. “Enh~~cinenr plot” for rbr = 0.20 usi% qa (?4 and qn 
0.9. 

plot of qn (16) (see 

dtr - drn* Q=,. (12) 

E_#Rr-6. 
&I 

(221 

E=-Q (23, 

Fig, I) to include -Q vatucs (Fig. 5). As before, 4~ = 0.5 
is the critical cross-over point; any enhancement obscr- 
ved for Qint z 0.S requires that s$,,&T > &IS, but when 
dilr < 0.5 enhancement may also be observed for singlet 
dominated reactions.‘* In fact, one can see from the 
Fin thpt the tatter effect may be quite Iarge. 

The concepts of limiting singkt enhancement fE?,f 

E 
i-&t 

9u\=- 
&a 

of “‘enhancement plots”, an example of which is g&n in 
Fig. 6 for 6~ = 0.2. 

The Figure may be subdivided as follows: 
(1) DFGC. Since arc DC represents eqn (24). any 

~nha~~m~nF observed in this region requires that the 
pboFopr~uct be pr~domi~ntly triptct derived. Note that 
line ED is defined by eqn (2%. 

(2) AEDB. This is the region where the photoproduct 
must be primarily singlet derived (ix. if cb,% < I.0 and 
&I = 0.M. $15 > &‘bRT). 

(3) BDC. This is the ambiguous region where 
enhancement could indicate a majority of the product is 
sin@ derived or there is incompkte quenching of a 
triplet dominated reaction. A piot of t/Q vs IflH] could 
resolve the ambiguity by providing E&,,, and, as with 
quenching, an addi~n~ rn~asure~n~ of cb,, would then 
furnish (bps and QRT. 

D. Xenon pc~&~ufjon wifh f?ipiplet quenching 
The kinetic scheme prescntcd at the beginning of this 

paper presumes no effect by [HI on TI (eqn 26). In- 
clusion of this reaction changes &I’ (eqn I I) to eqn (27) 
and cqn f 13) to eqn (28). 

Expansion and inversion gives eqn 091.” Only in rare 
circumstances 

w&d cqn (29) give rise to a linear dependence of [Q) on 
[H]; curvature of a I/Q vs Il[Hl plot would be the more 
gene& observation and an indication that Fripkt 
quenching was setting in. 
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