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Summary

This paper presents general equations for treating sensitized reactions
when two different excited states of the sensitizer both contribute to
sensitization. Specific equations are presented for common limiting condi-
tions, including cases where the two excited states are and are not inter-
convertible.

1. Introduction

Electronic energy transfer can be exploited in several ways to obtain
mechanistic information about photoreactions [1, 2]. Stern—Volmer
quenching studies have been widely used to estimate excited state lifetimes.
Sensitization studies allow measurements of intersystem crossing yields. A
combination of selective quenching and sensitization experiments can often
identify the multiplicity of the excited state responsible for a given photo-
reaction. Quantitative sensitization studies [2] can also disclose excited state
lifetimes, although they have not been used very often for this purpose.
There are some situations where only sensitization experiments can provide
the necessary information.

(1) Only a comparison of k,r values derived from sensitization studies
with k,7 values derived from quenching studies can tell whether the same
excited states are involved [3, 4] and whether quenching is wholly due to
energy transfer [4].

(2) Only sensitization studies can disclose excited state lifetimes of
sensitizers which undergo no detectable emission or reaction [5, 6].

{3) Sensitization studies can detect excited states with lifetimes in the
1 ns > 7 > 10 ps range, i.e, too short for conventional flash spectroscopic
identification and even, at the shorter end, too short for significant quench-
ing {3, 71.

(4) Sensitization studies can expose the presence of two independent
excited states when either or both are subject to constraints (2) or (3) [7, 8].
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This paper is devoted to situation (4). Interest in bichromophoric com-
pounds has mushroomed recently. It is obvious that in such compounds
excitation may be spread over both chromophores. At the same time,
recognition has grown that single compounds may exist in different
conformations which upon excitation become kinetically distinct excited
states [7 - 9].

2. Basic equations

The following equation describes the well-known linear double
reciprocal relation between sensitized quantum yields and acceptor concen-
tration [ A] when only one excited state of the sensitizer D is involved:

® 3 = 00 (14 ) @)
ke A)7ps

where ¢+ is the probability that light absorption yields the requisite
donor excited state (¢;sc in triplet-sensitized reactions), a is the efficiency
with which the acceptor excited state undergoes the sensitized reaction being
monitored, &, is the bimolecular rate constant for energy transfer from D*
to the ground state of A and 7. is the kinetic lifetime of the donor excited
state [2]. It must be remembered that if the sensitized reaction is reversible,
or if the product is also a quencher, eqn. (1) must be corrected for conver-
sion as described in ref. 2. The intercept of a plot of ®,}, vs. [A]™! is

5% a7t if either is known, the other is thereby measured [10]. The ratio of
intercept to slope equals k,7p+; as usual, if k; is known or diffusion
controlled, rp+ is thereby measured.

Let us now consider a compound (or mixture of two compounds) that
absorbs light to yield two distinct but interconverting excited states L and
S* (the L and S arbitrarily but conveniently distinguish the longer and
shorter lived excited states, as determined by the values of k41, and k45,
the pseudo first order rate constants for irreversible decay of each state by
all chemical and physical processes available to it). Scheme 1 indicates all the
relevant processes, rate constants and probabilities.

Steady state analysis of [A*], [L*] and [S*] produces

(1 +KgA)1+KLA) —dsLéLs

adyl = (2)
P KgA{Fs(1 + KL A) + FLois} + K A{F(1 + KgA) + Fsps}
where
brs = krs(kLs + kay) ' = krsTL (3a)
#sL = ksL(ks, + kd(S))_l = kgLTs (3b)

Ks =Ris7s Ky =kt (3c)
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_ (1 +¢5 + KsA)1 + ¢pps + KLA) —dspdLs 2
KsA{Fg(1+¢1s+KLA)+FLops +KL A{FL(1+¢5, +KsA)+ Fgogr}
where
érs = krs/Raw) = RLsTL (3a")
#s1 = ksL/kas) = KusTs (3b%)
K5 =klkasy Ki = kalkaw) (8¢’

In these equations a has the same meaning as in egn. (1) and A stands for the
concentration of acceptor. The meanings of F;, and Fg vary as indicated in
Table 1. The differences between eqns. (2) and (2') involve the definitions of
rg and 71, as indicated in eqns. (3) and (3'); one or the other form is more
easily manipulated under different boundary conditions. Unless specifically
indicated, r values will be defined as in egns. (3).

The numerators and denominators of eqns. (2) and (2') can both be
divided by A2 [11] since [A] is never zero in a sensitization experiment.
After regrouping, eqns. (2) and (2) reduce to

b=l = KKy + (Kg + Ky)x + (1 — ¢prspsp)*” (4)

51 =

fKsKy +{(Fs + FLors)Kg + (Fp + Fspsr) K} x

ot = KaKL + (KL +9Ls) + Ki(1+ 0 )}x + (1 + s + )
y fKsKy + {(Fs + fo1s)Ks + (Fu + fés)KL)}x

where x = [A] ! and f = F, + Fg. Both equations are of the basic form

(4')
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TABLE 1
Fy, and Fg in different situations of L. and 8§23

Multiplicity Different compounds Bichromophoric Different conformations®
eLiL] €L €LXL
Singlet, FL —— e e ——— XL
eLl[L] + eg[S] €L *+ €5 €LXL + €sX8
es[S] €s €sXs
Singlet, Fg —_—_—— — = Xg
eL[L] + eg[S] €L *+ €5 €LX1, + €sXs
L
. er[L) d1sc eLdisc eLXL Prsc L
Triplet, Fy, e — "~ xL9I5C
eL[L] + €g[S] €L + €5 ELXL *+ €sXs
) s
es[S] disc €sPisc €sXs®Pisc
Triplet, Fg _— -_— Xs‘i’?sc
eL[L] + eg[S] €L + €g €LX1, + €sXs

8The €s are ground state extinction coefficients; the Xs are ground state equilibrium frac-
tions: X1, + Xs = 1.
PThe approximate values are exact when €, = €5.

exemplified by

a+ bx + cx?
a®p! = ——x— (5)
fa + dx

where the values of g, b, ¢ and d are obvious from eqns. (4) and (4'). Equa-
tion (5) indicates a hyperbolic dependence of 3! on [A]™ 1, so that the
usual double-reciprocal plot curves but attains an asymptotic linearity at low
acceptor concentrations (high values of x). In this respect the sensitization
equations resemble those for quenching when two excited states are involved
[12 -14]. As with curved quenching plots [15], it is best to analyze data by
computer fit. Good precision requires far more data than for a linear plot,
especially in the region of maximum curvature and at low enough [A] values
to establish the oblique asymptote.

The first derivative of egn. (5) evaluated at x = 0 establishes values for
the intercept and the initial slope:

intercepty = f_ (6)

intercept,  fa 0
slopeg fo—d :

Solving for the oblique asymptote yields the following equations for
the final slope and the intercept of the asymptote extrapolated to x = 0:

bd — fac

a2 (8)

intercept, =
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intercept, bd — fac

slope; cd ©)

Equations (4) and (4') contain seven independent parameters of mech-
anistic interest: a, Fy, Fg, kesTs, BiL7L, RLsTy and kg, 7s . The factor a relates
only to the behavior of the excited acceptor and therefore appears on the left-
hand side of the equations. It would be silly to do studies with two sensitizer
excited states unless the value of o« were already known,

The other six parameters all relate to the sensitizer. The actual intercept
at x = 0 always equals (Fy, + Fg)™! no matter what boundary conditions
simplify a, b, ¢ and d. The F values are composed of two ground state para-
meters (extinction coefficients and concentrations) which usually can be
measured independently and, for triplet sensitization, intersystem crossing
yields. The k,7 terms are what usually emerge from intercept/slope ratios.

The ¢p5 and ¢g;, terms indicate how efficiently interconversion of the
two excited states competes with irreversible decay; their values can vary
from 0 to 1 (in eqn. (4)) or from 0 to o« (in eqgn. (4’)). Each extreme defines
a boundary condition which represents a common mechanism. In general,
only four independent parameters can be evaluated from plots which follow
eqn. (5). Therefore, some of the six independent parameters on the right-
hand side of egns. (4) and (4') must be evaluated by experiments other than
sensitization.

If often happens that ks = ky;,, i.e. when both energy transfer processes
are diffusion controlled. Replacement of ks and ki, with a single k&, value
does not simplify egns. (4) and (4') significantly but does simplify some
equations coming later,

3. General case

The most complicated scheme assumes that all interconversions and
decay processes are competitive. The parameters in eqns. (4) and (4') are
then fitted to eqgns. (7) - (9) as follows:

intercepty fKsKjy, (10)
slopeg FsK;,(1 —¢g,) + FLKg(1 — ¢15)
intercept, Ks K7
Plo _ fKsKy, (10"

slopeg - FgK; + Fi Kg

intercept; = (Fy +Fs¢s.) KL +(Fs +FLoLs)K§ +(FLoLs +1oLsdsr) K1 Ks
{(FL + FgpgL)Ky, + (Fs + Fpé15)Ks}?

(11)
intercept, =
(FL+fos Y1 +¢5 )K12 +(Fs+fo1s)(1 +15)KE +{(Fy +fosL)oa + (Fs +fo1s)o1s HKLKS
{(Fs + fors)Ks + (Fy, + fosL)KL}?

(11)
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intercepty  (Fr + Fsos )K1? + (Fs + FLo1g)Ks® + (FLoLs + oLstsi)KiKs

slopey (1 — ¢ dLs){ (FiL + Fsos )Ky, + (Fs + Frops)Ks}
. (12)
intercept;
slope, B
(Fy +fosp)(1 +05.) K12 +(Fs+fo1s) (1 +01.5)KE +{(FL +fosL)d s +(Fs +f015)01s} KiLKs
(1 +ors + oM (Fs + fors)Ks + (Fr + fosL)Ki} (12)

These equations are not as complicated as they appear. For example,
the coefficient of K in the numerators of eqns. (11) and (12) is simply the
total probability of forming L* -~ both from ground state L and from S*.
Depending on the F values and the extent of excited state interconversion,
the initial and final slopes can be determined primarily by Kg and K
respectively or by mixtures of the two.

Although the 1 — ¢g ¢#1s term in the denominator of eqn. (12)
approaches zero as the extent of interconversion increases, the K;, and Kg
terms also decrease so that the slope does not approach infinity. In fact, as
the equivalent eqn. (12') shows, with the Ks independent of the ¢s the slope
decreases as the extent of interconversion increases. This fact will be made
more obvious by the examples given later.

As has been pointed out previously, plots according to any equation
like egn. (5) can curve up or down or be linear [12 - 14]. The second
derivative of eqn. (5) yields the following expression for the curvature:

2 42
curvature = 2a(d” + f7ac —fbd) (13)
(fa + dx)®

A linear plot results whenever d2 + f2ac = fbd, as well as in the trivial
case when there is no energy transfer from one or the other excited state
(a = 0). Incorporation of the coefficients in eqn. (4) results in

(Fs —NKE (Fy —PKE _(2FLFs —fFy —FOK.Ks |

., Fy FoFs
4 3 —¢LIS¢?L)KLKS >0 (14)
FLF, 2
Fs=Fs+Fpéus (15a)
Fy,=Fy + Fgosy, (15b)

The first three terms in expression (14) must be negative (or zero) since
Fi, < f > Fg; the fourth term is positive (or zero), since ¢ps < 1 > ¢g1.
Therefore the following expression describes the conditions for curvature:

(Fs —NK3 +(F'z — K3 +(2F'sFi, —fFy —fFs)K .1 K
Fy, Fg FiFs
f2(1 —orsdsL)KLKs
FLFg

(186)

ANV
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A linear plot results if the two sides of expression (16) are equal. The plot is
concave downward if the left-hand side is larger than the right-hand side; the
plot is concave upward if the opposite inequality obtains.

4. Special cases

4.1. Case 1: no interconversion of states (kg 7g = kr577 = 0)
Under these conditions 1/ = k4 and eqgn. (2) collapses to

(1 + RegTsAN1 + Ry, 7 A)

ad™t = amn
FgkistsA(1 + Ry, 7 A) + FrLky 1 A(L + Ryg75A)
Equations (4) and (4’) collapse to
KKy + (Kg + Kp)x +x2
ap-1 = KsKe (Ks L) (18)
KK, +(FsKs+F Ky )x
where
intercepty, _ fKsK;, _ fRsTs (19)
Slopeo FLKS +FSKL Fs + FLK
. FsK% + FLK{ : F(1 +k2Fy)
intercept; = 5 = (20)
(FsKg + FLK )2 1+ 2kFg/Fy +k%F2/F}?
intercept; FsKg + FLKE Fy, +x 2FS
= = RyTL ('—“———'—) (21)
slope, FgKg +FK,, F, +kFg
K = RisTs/RiLTL o ’ (22)

This set of boundary conditions has already been reported twice in the
literature, for benzoylcyclohexanes [9] and benzoylpiperidines [8] although
a curved sensitization plot was reported for the latter only.

Equations (19) - (21) are factored to emphasize what happens when
kts‘rs < ktLTL (i.e. O) and Fs FL

intercepty/slopeg = kyg7g(1 + Fy, /Fg) (23)
intercept, ~ F}! . o (24)
intercept, /slope, ke Ty, (25)

Although the final intercept and slope approach is determined only by
Fy, and k7)., the initial slope is not determined simply by kisTs and Fg but
is affected by the value of F,.

If it is known from independent experiments that L.* and S* do not or
cannot interconvert, analysis of data plotted according to eqn. (18) affords
all the parameters of mechanistic interest.
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4.2. Case 2: complete equilibration of states

Equation (4) collapses to 1/f when ky g7y, and kg 7y are set exactly
equal to unity, so eqn. (4’) must be used. However, inspection of eqn. (4)
shows that the x2 term disappears as equilibrium is approached, reflecting
the linear plot actually obtained. The new boundary conditions are
kg7 ksts > 1; there is only one actual lifetime 7.

Under these conditions, egn. (4') simplifies to

K5Ki, + (K5 + Kp)x + (o051, + d15)x2

adbp! = — - . (26)
fKsKy, + f(Ks + Ky )x
Because of the boundary conditions chosen d = fb, so that
PR B )
B fa + fbx f a + bx

The intercept remains 1/f but the initial slope is zero! This anomaly arises
because the boundary condition implies k4 = 0 for both states. The actual
plot is described by

. 1 v?2 1

intercept = — ;1 - z = — (28)
f kisko(ksy + kus)Te r

7 = xskRis + xLBw (29)

k k
Xs+xp=1= —2 _+ U (30)
ks +kys  ksy + ks

1/7e = XsRacs) + XLRaw) ) (31)

intercept kisk

.-...-.E.f:-yfe——-—t-i-tll——%'yfe (32)

slope, (ks + Rrs)Y

The plot deviates only slightly from being linear throughout since the second
term in eqn. (28) is extremely small.

Note that when ks = Ry, = k¢, ¥ = k;. Equations (28) and (32) indicate
curvature in the plot when k, > (kg + kprg). This corresponds to interference
by acceptor in the equilibrium, a phenomenon which has already been shown
to cause curvature in Stern—Volmer quenching plots [16]. However, because
of the boundary conditions chosen, a sensitization plot has already reached
within experimental error of 5 = fa by the time enough acceptor is present
to upset equilibration.

It is important to note that a linear sensitization plot is no more indic-
ative of a single excited state donor than is a linear quenching plot {12 - 14].
With luck, a combination of quenching and sensitization studies can distin-
guish three situations: one donor, two equilibrated donors and two partially
equilibrated donors in which the curvature coincidentally equals zero. This
differentiation is possible only if the two donor states undergo different
quenchable reactions.
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4.3. Case 3: interconversion of states is irreversible in one direction
1/rs = kas) 1/ry = Raq) * Rrs kg, =0

One clear-cut example has appeared involving rotation of an unreactive
excited conformation into one which reacts far faster than it can rotate back
to an unreactive form [7]:

KgK; + (Kg + Kp)x + x2
fKsKy, +(FgKg +Fy Ky )x
intercept, _ fKsK;, _ Kg
slope,  FgKy +FLFs(1—01s) Fs + Fu(1 —¢ys)
FLK} +F3K% +F1¢13KsKy, ol 1+ Fgk?Fy, + ¢prgk

a®g! =

(33)

(34)

intercept,; = =
TSP T FRKT + FRKE + 2FLFsKoKy ¢ I+ (Fak)YFE+2F /Py,
(35)
intercepty _ FLKi + FgK% + FréusKsKi _ Ky, + Kg(dLs + FsK/Fy)
slope, FLK;, + F3sKg 1+ Fyx/Fy,
(36)
intercept
— " = ki ty * dLskests (37)
slope,

Again, the equations are factored to show that eqns. (34) and (35)
approach eqns. (23) and (24) respectively as k approaches zero, while eqn.
(36) approaches eqn. (37).

It is equally possible to derive analogous equations for the case where
kys = 0. Since the two states have been defined arbitrarily, this exercise is un-
necessary.

4.4. Case 4: one state only converts into the other, which only decays
1/7s = kacs) 1/, = ks kg, =0

This case is a special example of case 3, so eqns. (34) - (36) collapse to
intercept,  fkis7s

38
slope, Fg (38)
intercept,
FLK% +FLKLKS +fK§ _ _1( 1 + K +fK2/FL ) 39
= FIKE + 3fF K Ks + PKE ¥ \T+ of/F, + PR (39)
intercepty _ F LK% + fK§ + FLK K¢ _ kT * RegTg(1 + fx/FL) (40)

Slopef FLKL + st 1+ fK/FL

|
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5. Examples

Figure 1 displays four examples of case 1 (no interconversion of states)
with Fg = F, = 0.5 (f=1).

1 L
50 100
A-1

Fig. 1. Representative sensitization plots for two non-interconverting excited states with
Fg = Fi, = 0.5. The numbers on each curve indicate the values of Kg and Kj, respectively.

It is noteworthy that, of the examples shown, that with the biggest
spread of K values (Ks =1 M™%, K;, = 1000 M) is the farthest from having
reached its oblique asymptote. The x = 50 and x = 100 points determine a
line with intercept 1.94 and intercept/slope ratio of only 822 M1, whereas
the true asymptote intercepts at 2.0 and has an intercept/slope value of 999.
In the (1, 100) case, the same two concentration points determine a line with
intercept 1.90 and intercept/slope ratio of 94 M~1, in comparison with the
asymptotic values of 1.96 and 99 M~1; in the (1, 10) case, the same two
points (not shown in the Fig. 1) yield apparent values of 1.64 and 9.0 M™?
compared with the true values of 1.67 and 9.2 M~ 1, The (10, 100) plot has
the same shape as the (1, 10) plot except for a ten-fold stretching of the
ordinate; its true asymptote has intercept 1.6'7 and intercept/slope ratio 91.8
M™1; the x = 50 and x = 100 points lie on a line with intercept 1.42 and inter-
cept/slope ratio 72. The higher the K value, the lower are the values of [A]
required to determine the final slope accurately.

Figures 2 and 3 illustrate how varying amounts of state interconversion
alter the plots. In both cases, Fg =2, F, =1, Kg=1M™" and K = 300 M™%,
In Fig. 2 either ¢15 or ¢5, is zero. The middle curve exemplifies both ¢1.5
and ¢g,;, being zero; its asymptotic intercept and intercept/slope ratio are 2.96
and 2.98 M1 respectively, and its initial intercept/slope ratio is 1.5 M1,
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Fig. 2. Representative sensitization plots when interconversion between two excited states
is one way with Fg = 2/3, Fy, = 1/3, K5 = 1 and K}, = 300. The numbers on each curve
indicate the values of ¢'5y, and @1 g respectively.

Fig. 3. Representative sensitization plots for two interconverting excited states as the
extent of interconversion varies: Fg = 2/3, F1, = 1/3, Kg = 1 and K{, = 300. The numbers
on each curve indicate the values of ¢p51, and 1,5 respectively. The curve marked “eq”’
represents equilibrium (¢gy, = ¢1g = 100).

Increasing ¢ g increases the final slope and decreases the asymptotic inter-
cept. The latter effect is gradual, the value still being 2.78 when ¢35 = 4 but
only 1.25 when ¢1,g = 100. The increase in the slope is closely but not exact-
ly proportional to the decreasing 7, (= 7, = kq + kLg); the value of the inter-
cept/slope ratio decreases from 298 to 148 to 58 to 2.5 M~ ! as ¢ g rises from
0 to 100.

As ¢g;, rises, final slopes and intercepts both decrease gradually so that
the value of the intercept/slope ratio remains constant at 300 M, Rather
remarkably, the initial intercept/slope ratio remains invariant at 2.5 M~ as
both ¢g,, and ¢ increase. Of course, if the main fate of S* or L* is irrevers-
ible conversion to the other, as in the two extreme curves, one observes a plot
that does not deviate experimentally from linearity.

Figure 3 has the same F and K values as Fig. 2. The situation where ¢1
and ¢g;, are both unity results in a curve with final intercept 1.49, intercepty/
slopey ratio 1.5 M™! and intercept,/slope; ratio 200 M1, Further increasing
both ¢15 and ¢g, lowers the intercept until the linear equilibrium plot results.
Note.that its slope is about double that of the (¢35 = 0, ¢5;, = 100) situation
in Fig. 2.

Lowering ¢1g changes the plot only slightly; the (1, 1) case in Fig. 3 lies
only slightly above the (1, 0) curve in Fig. 2.
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Increasing ¢1,5 again raises the final slope substantially but not as dras-
tically as when ¢g, = 0. Thus, at (¢g, = 1, ¢s = 100), intercept; is 1.28 and
intercept,/slope, is 6.3 M1,

Figures 4 and 5 demonstrate how variations in Fg and F}, change sensi-
tization plots. In both cases, Kg =1 M™ and K¢ = 300 M™';in Fig. 4, ¢5, =
dLs = 0;in Fig. 5, ¢g1, = ¢1.s = 1. When Fg = F, = 0.50, the intercept,/slope,
ratio is 2.0 M™1, the intercept; is 1.99 and the intercept, /slope; ratio is 299
M™1, Note that the oblique asymptote adequately defines the behavior of L*
but the initial slope provides a k;7 value double the true value of Kg. Unfor-
tunately, the true value of Kg is difficult to extract from the data. Equation
(4') predicts an «® ! value of 1.20 at [A]* = 0.5 (2 M acceptor). If this one
point is used to estimate the initial slope, a value of 2.5 M~! results.

50,0
71 7+
50,0
5 L
x
i) 25,25
3 12,38
75 .25
50, 50
0,100 : 0, 100
L L 1 i
50 100 50 100
A Al

Fig. 4. Representative sensitization plots for two non-interconverting excited states as
initial populations vary: Kg = 1, K1, = 300 and ¢g, = ¢1,5s = 0. The numbers on each
curve indicate the percentage values of Fg and Fy, respectively.

Fig. 5. Representative sensitization plots for two interconverting excited states as initial
populations vary: Kg = 1, Ki, = 300 and ¢35, = ¢1s = 1. The numbers on each curve
indicate the percentage values of Fg and Fy, respectively.

Keeping f = 1 but increasing the contribution of Fy, lowers both the
final slope and the intercept until a linear plot is obtained with the intercept/
slope ratio still equal to 300 M™! when Fg = 0. As the contribution of Fg is
increased, the final slope and intercept both rise so that their ratio remains
constant. Again, when F; becomes negligibly small a linear plot results.
Cutting f by half while keeping the Fg/F, ratio unchanged doubles all slopes
and intercepts, such that values of intercept/slope ratios are independent
of f.
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Figure 5 demonstrates the very different dependence on F values when
there is state interconversion. The general trends are the same as in Fig. 4
except that distinct curvature is now apparent even when Fy, = 0.
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