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Abstract—A kinetic analysis of heavy-atom enhanced intersystem crossing is presented. with the object of using
this perturbation method for determining whether the majonty of a photoproduct oniginates from an excited singlet
or an excited triplet precursor. Expressions are derived which relate the quantum efficiencies of product formation
(¢/) and Si~T, intersystem crossing () with potential quenching or enhancement by the heavy-atom. These
allow limits 10 be placed on the possible quenching or enhancement that may be observed in particular cases (see
Fig. 4 and 6) and thereby make an interpretation of the data less ambiguous than has been suggested in recent
discussions. A particularly useful observation is that for those molecules (for example. aromatics) having triplets
which are relatively unaffected by heavy-atoms. quenching of a product by more than S0% demonstrates that a
majonty of this product must be derived from the excited singlet state.

Heavy-atom enhanced S, - T, intersystem crossing has
proven quite useful in synthetic and mechanistic photo-
chemistry. Molecules having a =.7n* S, state are parti-
cularly susceptible to such enhancement’ and xenon. for
example, has been used to determine é...** and to probe
for the involvement of singlet and/or triplet states in
photoproduct formation.® One approach to the latter
application is to determine whether xenon quenches or
enhances a photoreaction. Thus, if separate Stern-Vol-
mer analyses of xenon quenching of a reactant’s
fAluorescence 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 photoreaction,
and kinetic analyses by Birks® and by Caroll” have
demonstrated that, under such circumstances, quenching
unambiguously confirms that a majority of the product is
singlet derived so long as the unperturbed ¢,.. <0.5. The
observation of xenon induced enhancement likewise in-
dicates a triplet dominated reaction when the unpertur-
bed @i =0.5. Unfortunately, .. is frequently difficult
to measure and the above cited restrictions imply large
regions of ambiguity 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
in greater detail, with particular emphasis on the role of
the quantum efficiency of product formation (¢r) in the
interpretation of the data. We assume that the substrate
triplet will be ineffectively quenched by xenon,”” an
assumption for which there is ample experimental evi-
dence with aryl triplets*’ and which is readily tested*
(the kinetic implications of a large T, S effect are
discussed later in this paper). Our conclusion is that the
regions of ambiguity are smaller than previously suspec-
ted and that limits can be placed upon the amount of
quenching theoretically observable for a predominantly
triplet  derived photoproduct, or the amount of
enhancement observable for a predominantly singlet
derived photoproduct. An especially useful observation

is that the quenching of a photoreaction by more than
50% requires that a majority of the product is derived
from the singlet state, regardiess of the substrate d,...

DISCUSSION

A. Definitions and kinetic scheme
We will initially consider the following processes’*:

he

A—— S, excitation )

S, —>+ A(+hv) singlet decay Q)

S, —=,p

singlet product formation (3)

S, —= LT, intersystem crossing (4)
T —— A(+hv") triplet decay (5)

T2, p

triplet product formation (6)

Si+H——s Ti+H  enhanced intersystem  (7)

crossing.

Quantum efficiencies are then defined as follows: éns for
product formation from the singlet state, ¢pr as the
fraction of triplet which goes to the product (the “in-
trinsic” triplet state quantum ecfficiency) and ¢n as the
unperturbed total quantum efficiency for product for-
mation (i.c. eqn 8). A “predominantly singlet derived

On = Ons + Gucdur (8)

product™ is one which éns> di.dnr. and a “‘pre-
dominantly triplet derived product” is ope for which
@ns < dubxr. The xenon perturbed efficiency of product
formation is represented as ¢x".
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B. Xenon quenching of product formation

The concept of limiting 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 (10).

AP - kusl$11+ kel 9

B |
T ke kis Koo + k-[H] [k'ls '

on" kar(k..c + ko[H))
* ks + kgt ’

(10)

Using ¢t = kat{ks + kar), '7 = 1(k; + Kns + Kisc), dns =
krs't and .. = kin'1, eqn (10) reduces to eqn (11). We
may define the

_drt énr' 7k:[H]

P
¢ = T o)

(n

fraction of quenching (Q) as in eqn (12), and combining
eqn (11) and

_dr-dn" _ . o’
Q_—_¢n =1 o (12)

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

_ (o — @r1)'1ks[H]

Q=31+ "rko(H))

(13)

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

é o it [ h 'rki{m]

(14)

from eqn (14) that (1) when ér1 > dn. Q is negative and
this represents enhancement of reaction, (2) when énr <
or, Q is positive and this represents quenching of reac-
tion, (3) limiting quenching occurs at infinite [H). at
which point eqn (15) becomes valid (note that at [H]..
ér" becomes ot and d.c = 1.0, see eqn (12)).

o~ brt _ I_m

Qum = =g .

(15)

The dependence of Qum oOn drs. dur and i is
obtained by combining eqn (8) and eqn (15), and dividing
by é.c. to give eqn (16). It may be seen from this
equation that (1) Qum—1.0 Gi.c.

drs  _ | -1
¢R1¢-u ¢nc“ - anm)

(16)

100% quenching) as érs/d.dar—x (i.c. pure singlet
derived product), (2) for a particular d... the equation
defines dns/dar ratios for which Qua =0, with further
decreases in dns/dnrdie Jeading to negative Qun values
(i.c. enhancement). Heavy atom enhancement is treated
later, and eqn (16) is plotied in Fig. 1 to show positive
values of Qum for several values of ... Note, in this
figure. that é.. = 0.5 is an important cross-over point;
any quenching observed for é.. 0.5 requires that
dns > dncdrr (6. that a majority of the reaction is
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singlet derived) but when ¢... > 0.5, qucnchin‘g may also
be observed for triplet dominated reactions.”™

Limiting triplet quenching. For any ¢.. value >0.5,
there is a maximum Q.. that a triplet dominated reaction
can attain, and this limit is reached as drs/dncdar—1.0.
Using this fact, one can insert ¢ars = dicdnr iNto €qn
(16) to obtain a limiting Q value for a triplet dominated
reaction (Qne); see eqn (17). Equation (17) is plotted in
Fig. 2 and it is obvious that the maximum possible
quenching that can be observed for a photoproduct

]

2du.c

Que=1 an

which is predominantly triplet derived is approached at
é.. ~ 1.0, and equals 50% quenching. Thus, if greater than
50% quenching is observed for a photoproduct, it must be
predominantly singlet derived, regardless of the values of
On. Prs. Bic. Onr OF the fraction of singlet states inter-
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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benznorbornen-2-yl methanesulfonate ('r ~ 7 nsec).”®
and 61% quenching of the photoinduced anti-Markov-
nikov addition of methanol to 2-isopropylidenebenz-
norbornene ('r = 4 nsec).'’ Measurements of Q exceed-
ing S0% should therefore be experimentally feasible for
many singlet dominated reactions.

The concept of maximum quenching. Discussion so far
has centered on the influence of ¢uc 0Nt Qua. The rela-
tionship of Qum t0 g is also instructive and it is clear
from eqn (15) that Q.. increases as ¢n increases. Since
dn depends on dérs and d..dar (eqn B8). this is
equivalent to stating that S, internal conversion to So
reduces the potential ¢, and we can define a maximum
Qum ("Qumax’) as the Qua when S, — S, decay is absent
(eqn 18).

thll = th whcn éls =1~ ¢nc- “8)
Substituting eqn (18) into eqn {8). solving for ¢xr and
inserting the resulting expression into eqn (15) provides
an expression for Qm,. in terms of éx and é,.c (eqn 19}

_ (e = IXm = 1)

drdisc (9

Qmas

A further restriction results from the requirement that
dus S dp. 50 that at Q... (where dps = | = @), duc =
1 - ¢w. With this boundary condition, eqn (19) is plotted in
Fig. 3ior ¢x = 0.4; the plot defines theoretically attainable
quenching values for a photoproduct of such ¢y, as a
function of ... and regardless of the degree of singlet or
triplet involvement. Were such a plot to be drawn for other
dn's. it would be evident that the “impossible Q" region
increases as ¢y, increases.

Quenching plots. One can now combine eqn (17)
[which defines the limiting quenching of a predominantly
triplet derived photoproduct (see Fig. 2)] with eqn (19)
{which defines maximum gquenching regardless of origin
{see Fig. 3)] to produce “quenching plots” for any value
of on (see Fig. 4 for éx =0.4). Point H in Fig. 4 cor-
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Fig. 4. “Quenching plot" for &x = 0.40 using eqn (17) and eqn
(19).

responds to eqn (20), and therefore, to egn (21).
1 (b= IXon-1)

o™ onbn (20
-9
bue=1-22 @

Such quenching plots may be conveniently subdivided
into several well defined regions.

(1) FED. Defined by arc FD (eqn 11). 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 possible quenching observ-
able for a predominantly triplet derived photoproduct is
point H, for ¢a = 0.40 any quenching greater than 37.5%
indicates a majority of the product is of singlet origin,
regardless of ¢, or the percentage of singlet states
intercepted by xenon.

(3) CHD. This is a region where the photoproduct
must be primarily triplet derived (i.e. if ¢..>0.8 and
én =040, dns <0.2 and SucPrr > dns).

{4) BHC. This is the only region which is ambiguous;
quenching in this region could indicate a majority of the
product is tniplet derived or could correspond to in-
complete quenching of a singlet dominated product. By
plotting 1/Q vs 1/[H] (see eqn 14), one can obtain Qum
from the intercept (see eqn 15) and eliminate the remain-
ing ambiguity.

Although a knowledge of ¢. is useful to interpret Q
values below point H, the regions of ambiguity are not
large and, for example, 30% quenching when ¢g = 0.40 is
only ill-defined for ¢:,. between 0.73 and 0.80. Though
the exact ¢.. may not be known, a comparison with a
model system may well permit one to say that ¢, is less
than 0.7. Finally, if é... can be measured, a plot of 1/Q vs
1/{H] (eqn 14) will give Qua and the use of eqn (16) and
eqn (8) will provide ¢ns and éar.

C. Xenon enhancement of product formation
It was poted earlier that —Q represents enhancement,

* i.e. compare eqns (12) and (22). We can thus expand our
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plot of eqn (16) (see
_dn— '
Q= o ()
on —dn
= A 2
E ™ 4]
E=-Q {23)

Fig. 1) to include - Q values (Fig. 5). As before, ¢y = 0.5
is the critical cross-over point; any enhancement obser-
ved for ¢unc 2 0.5 requires thal d..dur > dns. but when
die < 0.5 enhancement may also be observed for singlet
dominated reactions.”™® In fact, one can see from the
Figure that the latter effect may be quite large.

The concepts of limiting singlet enhancement (Ei.)
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and maximum enhancement (Ea...) are analogous to
those used for Qi 804 Quus. Ed= is defined by eqn (24)
(see eqn (17)) and En., is eqn (22) with " = 1.0, i.¢. eqn
(25). These equations ailow the construction

i
Efn= T i {24
_1-ds
Ewur = “om (25)

of “enhancement plots”, an example of which is given in
Fig. 6 for éw = 0.2.

The Figure may be subdivided as follows:

(1) DFGC. Since arc DC represents eqn (24}, any
enhancement observed in this region requires that the
photoproduct be predominantly triplet derived. Note that
line ED is defined by eqn (25).

{2) AEDB. This is the region where the photoproduct
must be primanly singlet derived (i.c. if d.c<1.0 and
& = 0.20, drs > diucOnr).

(3) BDC. This is the ambiguous region where
enhancement could indicate a majority of the product is
singlet derived or there is incomplete quenching of a
triplet dominated reaction. A plot of 1/Q vs 1/[H] could
resolve the ambiguity by providing E.. and, as with
quenching, an additional measurement of &... would then
furnish ¢=s and déar.

D. Xenon perturbation with triplet quenching

The kinetic scheme presented at the beginning of this
paper presumes no effect by [H] on T, (eqn 26). In-
clusion of this reaction changes " (eqn 11) to eqn (27)
and eqn {13) to eqn (28).

Ti+H~S+H {26)

p_ Ortlons tkze + dur'rko[H]
Qe = T Tkl HINT + riofH]) @n
Q=1- o+ [dns 1Ko ¢ur'1k7][H] (28)

dx(l+ rkaa[HIX! + Trk{H))’

Expansion and inversion gives eqn (29)." Only in rare
circumstances

'}_2 ¥+E‘Tkr+’rknnﬂl~? 1k, kool HY
Q ['rkAddn— dar)+ ‘rkoeldn ~ éas)}%{;} + hﬁh’?iuf}ﬁx
(29)

would eqn (29} give rise to a linear dependence of [Q] on
[H}]; curvature of a 1/Q vs 1/[H] plot would be the more
general observation and an indication that triplet
quenching was setting in.
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