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1M* + Q -/* 1M + Q (ii) 

In fact the seemingly universal nature of the heavy-atom in
teraction i has established its role in an accurate method for 
determining triplet quantum yields which uses relative mea
surements of triplet absorbance (as determined by flash ab
sorption spectroscopy) and fluorescence intensities in the 
presence and absence of heavy-atom quenchers.3a,s 

The unusual fluorescence enhancement noted above can
not be solely attributed to the aromatic constituent, DBA, 
in that this molecule exhibits normal fluorescence quench
ing with potassium iodide in 95% ethanol.2 Also, increased 
fluorescence in these systems is little influenced by solvent 
polarity since we have observed qualitatively similar behav
ior in cyclohexane solution. 

To better assess the excitation-relaxation distribution re
sulting from the interaction of DBA with benzene and ethyl 
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iodide we have studied the concentration dependence ([Q] 
= [benzene], [ethyl iodide]) of the relative fluorescence 
yield, relative triplet yield, and triplet state deactivation of 
DBA in cyclohexane solution. Our results are consistent 
with an interaction mode 

1 M + H - Q — - 1M + Q + hvu (iii) 

common to both the DBA-ethyl iodide and DBA-benzene 
systems suggesting that the observed fluorescence enhance
ment can be explained in terms of collision-induced lumi
nescence. For the DBA-ethyl iodide combination this pro
cess accounts for only 20% of the total 1 M + - Q interaction. 
We also find that ethyl iodide quenching of 3M* contrib
utes to the triplet decay of DBA in cyclohexane solution. 

Our experimental study of the DBA-benzene, ethyl io
dide systems has revealed the following additional charac
teristics, (a) No new fluorescence bands were found for the 
DBA-Q solution systems. In fact the shape and energy dis
tribution of fluorescence spectra in the presence and ab
sence of Q were essentially equivalent implying that the flu
orescence component associated with process iii is struc
tured and closely corresponds to the unperturbed molecular 
fluorescence of DBA. (b) No spectroscopic evidence could 
be found for ground state complexes, (c) A flash spectro
scopic search revealed that triplet DBA was the only tran
sient present with a lifetime greater than ~10 /xsec. 

Experimental Section 

Our experimental method consists of four basic measurements 
as outlined below. 

(1) Relative Triplet Yields, Triplet Quenching. The triplet re
sponse, yj(t), for the solution systems DBA in cyclohexane as a 
function of [Q] (Q = benzene, ethyl iodide) was measured by flash 
absorption spectroscopy. In these experiments yj(t) = 
'"K^a)[3M*]/ is the transient absorbance corresponding to triplet-
triplet absorption from the lowest triplet state (3M*) of DBA at 
the analysis wavelength, Xa = 425 nm, with extinction coefficient, 
t-r, in an optical path length, /. yj(t) was analyzed by nonlinear re
gression methods1 to yield the triplet response extrapolated to t = 
time = 0, >>T(0), and the first-order triplet decay parameter, a. In 
the absence of Q these parameters are designated >>T0(0), a0. The 
relative triplet yield and the triplet quenching functions are thus 
defined, respectively. 

([Q], rT), r T = yT(0)/yT°(0) 

([Q], a - aa) 

Each sample solution corresponding to a different [Q] was si
multaneously degassed with the corresponding Q = O solution 
(lifetime blank)1 to account for degassing variations among the 
DBA-Q samples comprising a given run. The degassing procedure 
consisted of exposing each frozen solution to a high vacuum 
(<10 - 5 Torr) line for a 7-hr duration which was interrupted with 
repeated cycles of thawing, refluxing, and refreezing. No measur
able solute or solvent loss was detected under these conditions. The 
parameter set >>T(0), a (and >>T°(0), a0) corresponding to a given 
specimen solution was obtained from an average of five or more 
replicate decay curve samples. 

The flash apparatus employed in this investigation has been de
scribed previously.1 The flash energy is derived from a 125-J 
source and is delivered to an 8.5-cm linear Cajon7 lamp filled with 
30 Torr of pure argon. The half-peak width of the flash profile was 
11 jtsec. The sample housing has provisions for flash filtering with 
planar glass filters and reproducible cell location, and it incorpo
rates a flash lamp intensity monitor; these features are essential to 
ensure reliable comparative measurements as described above. 

Appropriate filters were chosen to make certain that benzene 
and ethyl iodide did not absorb any light from the excitation flash 
or the steady state monitoring source. Uv and visible absorption 
spectra taken before and after flashing revealed no detectable de
composition in these systems. The relative triplet yield and quench
ing data are summarized in Table II. 

Table I. Molecular Parameters for DBA 

Solvent 

Cyclohexane 
95% ethanol" 

i? FM 

0.094 
0.097 

TM, nsec 

1.56 
1.61 

sec-1 

6.03 
6.02 

<?TM 

0.79 
aFrom ref 1. 

(2) Relative Fluorescence Yields. The ratio of the unnormalized 
fluorescence yield in the absence (F0) and presence (F) of Q is 
given by the following expression 

rF = F"/F = (A0M)(Z//0) ((w°) 2 M 
where A is the integrated area under the corrected fluorescence 
spectrum corresponding to F, and/is the fraction of light absorbed 
by the specimen solution of refractive index n at the exciting wave
length Xx ( = 391 nm). The superscribed quantities A0, J0. and n0 

are defined identically but with reference to F0. r? as defined 
above specifies the relative fluorescence quantum yield as used in 
this study. 

The fluorescence spectra corresponding to F0 and F (fully cor
rected for emission monochromator-photomultiplier response) 
were collected in one experiment under identical excitation-emis
sion conditions for the same solution systems used in the flash pho
tolysis experiments. A small bathochromic shift of the 0-0 fluores
cence transition due to added Q = benzene, ethyl iodide was ob
served; this shift was not greater than 3 nm for either case at 
LQJ max-

Fluorescence spectra were recorded (ratio recording) on a Hita
chi Perkin-Elmer MPF-2A spectrofluorimeter and were observed 
at 90° to the excitation beam. The refractive index of each DBA-
cyclohexane-Q solution was measured with an Abbe refractome-
ter. The values of r? obtained are reported in Table II. 

(3) Fluorescence Quantum Yield. The fluorescence quantum effi
ciency F̂M of DBA in dilute cyclohexane solution (absorbance in a 
1 cm path length at Xx was less than 0.015) was determined by the 
same method as described above by employing quinine bisulfate in 
1.0 N H2SO4 as a quantum standard.8 The value of qFM obtained 
(<jFM = 0.094 ± 0.006) was derived from an average of four repli
cate determinations. 

(4) Fluorescence Lifetime. The fluorescence response function9 

ZMM = f e(t - x)iu{x) dx 
-Jfs 

was collected for DBA in cyclohexane solution by the single photon 
counting technique. Analysis of/M(0 by the method of moments10 

revealed a single exponential decay curve giving a fluorescence 
lifetime TM = 156 nsec. The photon counting fluorometer con
structed by Brand and coworkers has been described elsewhere." 
The molecular parameters TM and q FM determined in this work 
are compared with those obtained in 95% ethanol in Table I. 

All fluorescence solutions were degassed by purging them with 
solvent saturated argon for 10 min. This technique proved quite 
satisfactory when tested against the more rigorous method pre
viously described for the flash photolysis solutions; no discernible 
difference was discovered. All measurements were made at room 
temperature. 

Chemicals. DBA, obtained from Eastman Kodak, was chroma-
tographed on alumina in three cycles. The final fraction was vacu
um sublimed (<10~3 Torr) twice. Spectroscopic grade cyclohex
ane and benzene were used without further purification. Ethyl io
dide, reagent grade, was carefully distilled on an efficient, packed 
fractionating column. 

Results and Discussion 

The relative fluorescence intensity of DBA in cyclohex
ane as a function of [Q] for Q equal to ethyl iodide and ben
zene is plotted in the normal Stern-Volmer fluorescence 
quenching representation 

([Q], »-r). ^ F = F»/F 

in Figure 1. It is observed that these plots manifest definite 
curvature and are characterized by a negative slope the 
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Figure 1. Relative fluorescence yield of DBA in cyclohexane with 
added (A) benzene and (O) ethyl iodide. 
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Figure 2. Relative triplet yield of DBA in cyclohexane with added (A) 
benzene and (O) ethyl iodide. 

magnitude of which is similar for both ethyl iodide and ben
zene "quenching" in the data range examined. Although 
the fluorescence of DBA in the presence of added Q has in
creased the designation "quenching" will be retained to de
scribe this behavior.12 

The relative triplet formation, rx = >'T(0)/>'TO(0), of cy
clohexane solutions of DBA with added Q (ethyl iodide, 
benzene) is displayed in Figure 2. Both plots show that the 
addition of Q causes a decrease in the molecular triplet 
state population. This decrease is much greater for the ethyl 
iodide perturbation than it is for the benzene perturbation. 

Triplet quenching of DBA by ethyl iodide and benzene is 
represented in the linear plot of Figure 3. A small contribu
tion to the first-order triplet decay due to ethyl iodide 
quenching was found. No correlation of triplet decay with 
benzene concentration was observed. 

A simple transformation of the fluorescence data in Fig
ure 1 

Figure 3. Triplet quenching of DBA in cyclohexane by (A) benzene 
and (O) ethyl iodide. 
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Figure 4. ([Q] ', [rF - 1] ') relative yield representation of DBA flu
orescence in cyclohexane for Q = benzene. 

results in a linear representation for both Q = benzene 
(Figure 4) and Q = ethyl iodide (Figure 5). This result 
suggests that the parameterization in the original Stern-
Volmer metric defines a hyperbola of the general form 

rv = 
1 + a, 
1 + 6, 

Q̂  
Q] &F > o (D 

([QJ, ([QJ-1, [rF - I]"1) 

For nonzero b? the total fluorescence quantum yield (</>F = 
^FMAF) is a sum of two terms indicating that the observed 
fluorescence in the presence of Q (benzene or ethyl iodide) 
is derived from two sources. And, the concentration depen
dence of the total fluorescence quantum yield as expressed 
in eq 1 clearly points to a mechanism involving collisional 
interaction and subsequent photoassociation of singlet ex-
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Figure 5. ([Q]-1, [/F - I]-1) relative yield representation of DBA flu
orescence in cyclohexane for Q = ethyl iodide. 

cited DBA with Q. Qualitative observations of the relative 
triplet yield and triplet quenching of DBA as a function of 
[Q] are not so instructive and a full kinetic analysis is nec
essary to explain the observed behavior. 

In Scheme I a general reaction mechanism is presented 

Scheme 1 

P r o c e s s 

1M + hv —*• 1M* 
1M* —»- 1M + huu 
1M* — " 1M 
1M* — • 3M* 
1M* + Q ^ 1E* 

1E* — - 1M 4- Q + hvE 
1 E* — • 1M + Q 
1 E* — - 3 E* 
3 M* + Q «=* 3 E* 

3E* — * 1M + Q (+hvx) 
3M* — - 1M {+hvT) 
3M* + A — • 1M + A 

^M = ^FM + *IM + ^ G H = 

^E = &FE + feXE + feGE = 

/?-p = r?pT ' K Q 1 J 

kx = fepx + &GX 

Rate P a r a m e t e r 

I A M 
1AE 

^FM I 

* G M J 

^EM (""' 
feME ( ) 

^ F E 

" G E 

"XE 

^ X T ( 

^TX ( 

^X 
kT 

^ G T S 

- ) 
- ) 

K 

kE 

(D 
(2) 
(3) 
(4) 
lb) 
(6) 
(V) 
(8) 
(9) 

(10) 
(H) 
(12) 
(13) 
(14) 

which involves reversible photoassociation in both the mo
lecular singlet, 1M*, and triplet, 3M*, manifolds of DBA.13 

1E* and 3E* represent the singlet and triplet exciplex popu
lations derived from ' M * - Q and 3 M*-Q photoassociation, 
respectively. Q stands for either benzene or ethyl iodide and 
A represents adventitious triplet quenchers (including 1 M). 
We now investigate the implications of this mechanism and 
test them against the fluorescence quenching, triplet 
quenching, and triplet formation observations under study. 

Kinetic Relations and Consequences. Photostationary 
reaction kinetics based on Scheme I imply the following flu
orescence relations: 

molecular fluorescence quantum efficiency 

?FM = & F M / * M = T M / T F M 

exciplex fluorescence quantum efficiency 

Q FE = ^ F E / ^ E 

molecular fluorescence quantum yield 

0FM = F̂M / (*„ + Keks[Q]) 

exciplex fluorescence quantum yield 

0 F E = KJiTE[Q]/{ku + ^efeE[Q]) 

total fluorescence quantum yield 

0F = 0FM + 0FE = 

(̂ FM + KekFE[Q])/(kM + ^ E [ Q D (2) 

where 

Ke = 
CEM 

K + ky, 

Transient reaction kinetics determines the triplet quantum 
yield, in the absence of Q 

<7TM = *TM/^M 

and in the presence of Q (see Appendix) 

_ feTM + | > T x f e x E # e [ Q ] / ( f e x + ^ T x ) ] (*) 
0 T _ K + *>.LQ] Ki) 

The relative fluorescence yield, r?, and the relative triplet 
yield, r r , may now be expressed in terms of the rate param
eters of Scheme I. 

i + «I[Q: 
i + &, LQ: 

El 
F 

<?FM for j = F (4) 

yT(Q) _ 0 T tnr. i 
—UTTvT — — t o r i 

= bT - Tyfifo 

aT = k, 

ftp — T F M ^ e ^ F E 

TM'HfeTX^XE^Afex + kT*) 

T (5) 

(6) 

(7) 

(8) 

The experimental observations dr^/d[Q] < 0, drj/d[Q] < 0 
impose the following conditions on the molecular parame
ters 

a F < 6F- <7FM < <7FE (9 a) 

aT < bT, <7TM > {kTX/{kx + kTX))qXE (9b) 

where qxE = ^ X E / ^ E is the 3E* formation efficiency origi
nating from 1E*. 

A useful linear expression relating rp and rj is obtained 
by eliminating [Q] in eq 4 and 5 

rT - 1 = mh(h - 1) (10) 

with h = rprj and gradient = mu = ( ^ F — 6 F ) / ( O T — ^ F ) -
The function (h — 1, /1F — 1) is independent of [Q] and 
therefore independent of kinetic activity factors which may 
be necessary to describe the effective value of [Q] in these 
experiments. Equation 10 will therefore serve as a control to 
determine whether parameters obtained from eq 4 and 5 
need be modified by activity factors. 

The pseudo-first-order triplet decay parameters, a°, in 
the absence of Q and, a, in the presence of Q were derived 
from the transient components of the triplet response func
tions yj°(t) and yj{t) (see Appendix). The triplet quench
ing parameter, Kxk\ is therefore obtained as the gradient 
of the function ([Q], a — a0). 

Journal of the American Chemical Society / 97:12 / June 11, 1975 



3295 

Table II. Relative Yield, Triplet Quenching Data 

Q-[DBA] 

Ethyl iodide 
7.82 X 10"s 

mol l . - 1 

Benzene 
3.91 X 10"5 

mol l . - 1 

[Q], mol L -

0 
0.125 
0.500 
0.625 
0.780 
1.00 
1.25 
1.50 
2.00 
2.50 
3.00 
0 
0.675 
0.900 
1.125 
1.575 
2.025 
3.150 
4.050 
6.750 

T 

1.000 

0.9323 
0.9140 
0.8927 
0.8759 
0.8546 
0.8340 
0.8021 
0.7738 
0.7507 
1.000 
0.9296 
0.9043 
0.8875 
0.8482 
0.8077 
0.7400 
0.6883 

( < * -
T 

1.000 
0.9848 
0.9250 
0.9196 
0.8962 
0.8592 
0.8375 
0.8114 
0.7659 
0.7152 
0.6875 
1.000 
0.9931 

0.9884 
0.9727 
0.9770 

0.9485 
0.9160 

- a0) X 1O-2 

sec-1 

1.0 
3.0 

15 
16 
18 
17 
26 
33 
40 
48 
60 

0.0 
-7 .0 

3.0 
0.0« 
1.0 

-12.0* 
0.0 

a A triplet "lifetime blank" was not run with this data sample. 

Data Analysis.The functions rj =rj([Q])(j = F, T) define 
hyperbolas and may be linearized by the following transfor
mation 

rj — - iri ~ D ' 1 

resulting in 

( r , - I)"1 = (a, - ^)-HQ]- 1 + bfa - &,)-1 (11) 

The reciprocal functions (/-j — I ) - 1 are linear in [ Q ] - 1 with 

slope = WLj = {as - b^'1 

and 

intercept = ns = bj{aj - bj)ml 

giving bt = Wj/mj and aj = (1 + «j)mj which may be ob
tained by linear regression analysis (LRA) of the reciprocal 
data with eq 11 properly weighted for the specified metric 
transformation. 

Alternatively the yield parameters aj and bj may be re
covered from eq 4 and 5 directly by using nonlinear regres
sion analysis (NLRA).1 This method is more precise than 
the approximate linearization technique described above. 
The yield parameters that were used to generate rate pa
rameters were always taken from NLRA when appropriate. 

The functions (h — 1, T — 1) and ([Q], a — a0) as well 

Figure 6. ([Q], rj l) relative yield representation of DBA triplet state 
production in cyclohexane for Q = benzene. 

as the other linear representations described above were an
alyzed by LRA. 

The data corresponding to the relative yield and triplet 
quenching measurements as a function of [Q] are summa
rized in Table II and graphically displayed in Figures 1-9. 
Table III contains the parameter estimates mj, Hj, aj, bj, 
kxKx obtained from both LRA and NLRA for comparison. 
Finally in Table IV are collected the derived rate parame
ters predicted by Scheme I. 

DBA-Benzene Interaction. As noted previously the recip
rocal fluorescence yield representation (Figure 4) for Q = 
benzene is linear. The fluorescence yield parameters ob
tained by NLRA (Table III) with eq 4 generate the solid 
line fit in Figure 1. The ratio a^/bf = <?FM/<7FE = 0.093 is 
within experimental error equivalent to the measured value 
of ^FM = 0.094 (Table I) and we may immediately con
clude that <7FE ~ 1. 

This result predicts that /CXE + ^GE ~ 0 and establishes 
the condition aj ~ 0 in eq 5 which suggests a new linear rel
ative triplet yield representation for this system viz. 

rT-x = 1 + 6T[Q] 

This function is plotted in Figure 6 and LRA determines bj 
= 0.0132 ± 0.0018 1. mol - 1 which is within the estimated 
uncertainty equivalent to <ZF-

The concentration independent representation (eq 10) for 
the DBA-benzene system is plotted in Figure 7 and is no
ticeably linear with a gradient equal to (Table III) 

- 1 = 1 - U F M / < 7 F E ) mh = 0.904 
-bT 

Table III. Parameter Estimates 

Function 

( [ Q ] 1 T ) 
( [ Q ] - M T - I ] 
(h - l , r F - \)a 

( [Q] , T ) 
( [Q] , T " ) 
( [Q] , <*-<*") 

( [Q] , T ) 
( [ Q ] - M T - I ] 
(h - i , / - F - iy 

( [Q] , T ) 
( [ Q ] - , [ T - I ] 
( [Q] , a - a 0 ) 

-1) 

- ) 

- ) 

Graphical 
representation 

Figure 1 
Figure 4 
Figure 7 
Figure 2 
Figure 6 
Figure 3 

Figure 1 
Figure 5 
Figure 9 
Figure 2 
Figure 8 
Figure 3 

Type of 
analysis 

NLRA 
LRA 
LRA 

LRA 

NLRA 
LRA 
LRA 
NLRA 
LRA 
LRA 

"j mj, mol 1. ' 

DBA-Benzene 

-1 .10 ± 0.053 
0.002 ± 0.0005 

0.997 ± 0.04 

-8 .51 + 0.26 
0.904 ± 0.042& 

0.0132 ± 0.0018c 

DBA-Ethyl Iodide 

-2 .00 ± 0.077 
0.001 ± 0.0004 

-1.05 ± 0.20 
0.075 

-6.10 + 0.18 
0.516 ± 0.0186 

-6 .46 ± 0.32 
2.03 ± 0.48 X 103^ 

aj, 1. mol - 1 

0.0118 ±0.001 
0.0117 ± 0.006 

0.168 ± 0.008 
0.164+ 0.013 

0.0098 ± 0.004 
0.008 ± 0.03 

bj, 1. mol - 1 

0.127 ± 0.011 
0.129 ± 0.007 

0.0132 ± 0.0018 

0.334 ± 0.019 
0.328 ± 0.016 

0.165 ± 0.01 
0.163 ± 0.03 

a See footnote 15. b Dimensionless. c Units of 1. mol"'. d Units of 1. mol-1 sec" 
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Figure 7. (h - 1, r? — 1) Q = benzene concentration independent rep
resentation for DBA in cyclohexane solution. 

which implies <?FM = 0.096, and the molecular fluorescence 
quantum efficiency is again generated. This result confirms 
that concentration dependent activity factors play a minor 
role in describing the benzene concentration for the concen
tration range employed. 

As mentioned earlier no correlation was observed with 
the function ([Q = benzene], a - a0) which describes ex
ternal triplet quenching according to step 10, Scheme I 
(Figure 3). 

Our results for the DBA-benzene study reveal that pro
cesses 8-12 of Scheme I are absent. 'M*-Q interaction is 
consistent with the overall process 

1M* + Q 
1E* 1M + Q + hvE 

with a bimolecular interaction rate parameter given by 
KekFE = AF/TM = 7.6 X 106 1. mol-1 sec-1. While the col-
lisional efficiency of this interaction is low the observation 
of a single energy dissipation channel for 1E* (i.e., fluores
cence only, confirmed by both the fluorescence and triplet 
yield measurements) unmasks a maximal fluorescence 
quantum efficiency (<?FE = I)-

DBA-Ethyl Iodide Interaction. The concentration, [Q], 
dependence of the rf and rj data is consistent with eq 4 and 
5, respectively. The reciprocal plots Figures 5 and 8 are well 
behaved in each case and the yield parameters a-} and bj ob
tained by NLRA with eq 4 and 5 (Table III) produce the 
solid line fits in Figures 1 and 2 for Q = ethyl iodide. From 
eq 4 and 5 the following identifications can be made with 
the experimental yield parameters (Table III) 

KekE = av/Tu = 10.8 x 107 1. mol"1 s e c 1 

KekFls = &F/rFM = 2.01 x 107 1. mol"1 sec-1 

KekIE = KekE - KekYE = 8.79 x 107 1. mol"1 sec'1 

^ A E ^ I X A ^ X
 + feTx)) = «T<7TM/TM

 = 

0.51 x 10r 1. mol-f sec-1 

In the calculation of the triplet yield interaction parameter, 
KekxEkjxJ(kx + kjx), the value of gru for DBA in etha-
nol1 was used since qjM was not available from the present 
analysis. The triplet formation efficiency, I?TM, has been de
termined for DBA in ethanol1 (Table I) by correlating r? 
and r j as a function of potassium iodide concentration and 
this value is assumed in cyclohexane for the following rea
sons, (i) The fluorescence quantum yields and lifetimes of 
DBA determined in cyclohexane and in ethanol are equiva
lent within experimental accuracy (Table I) implying a sim
ilar solvent perturbation on the fluorescence (&FM) and in-

Figure 8. ( [Q] - 1 , [ T — I ] - 1 ) relative yield representation of DBA 
triplet state production in cyclohexane for Q = ethyl iodide. 

ternal quenching (&IM) probabilities for DBA in these two 
solvents, (ii) The fluorescence quenching of DBA by ethyl 
iodide in cyclohexane shows similar behavior in ethanol. 
(iii) We qualitatively observed a/-r/a[Q] < 0 for DBA in 
ethanol for Q = ethyl iodide, and at [Q] = 3.0 mol I.-1 rj ~ 
7.0, a value very similar to that obtained in cyclohexane. 

The observations ii and iii suggest that the differing sol
vent nature cyclohexane vs. ethanol is not significantly af
fecting the dissimilar "quenching" behavior experienced 
with ethyl iodide and KI but that this behavior is peculiar to 
specific DBA-Q interaction. The fact that <?TM cannot be 
determined from the DBA-ethyl iodide analysis reflects the 
complexity of interaction in this system and, therefore, ex
poses one limitation of the heavy-atom quenching method 
for determining <?TM-3a 

With koE = 0,16 the total nonradiative component of &E 
is quantitatively accounted for in the intersystem crossing 
process (XE) which populates 3E*. The fraction of this ex
citation (3E*) which relaxes to form 3M* by dissociation is 
given by kTx/{kx + ^Tx) ~ 0.06 implying that kx/krx ~ 
16. The remaining leakage path for 3E* relaxation is speci
fied by the fraction kx/(kx + &TX) = 0.94 and appears as 
an overall internal conversion relative to the 1M* relaxation 
scheme but which is really a process susceptible to heavy-
atom perturbation (3E* -»• 1E).18 These conclusions are 
succinctly expressed by writing, for the total 1E* relaxation 
parameter, 

(ir+te)+ kxE fer^Vx) 
The (h - 1, /-F - 1) representation for this system is lin

ear (Figure 9) giving mh = 0.516 ± 0.018. The component 
OT may be calculated from the relation 

aT — 
_ aY + 6F(m„ ~ D = 0.012 

aF and AF were taken from the NLRA. The value of mh is 
consistent with the concentration dependent determinations 
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-0.2 -0,3 -0.4 

Figure 9. (h — 1, r? - 1) Q = ethyl iodide concentration independent 
representation for DBA in cyclohexane solution. 

of OF, ^ F , <JT, and bj again suggesting the insignificant role 
played by activity factors in describing [Q] for these inter
actions. 

A measurable enhancement of the triplet decay rate of 
DBA in the presence of ethyl iodide consistent with steps 
10-12 of Scheme I has been observed. The function ([Q], a 
— a0) describing this behavior is ploted in Figure 3. LRA 
extracts the triplet quenching parameter, Kxk\ = 2.0 X 103 

1. mo l - 1 sec - 1 . 
The above analysis shows that DBA-Q interaction for Q 

= ethyl iodide is considerably more complex than for the Q 
= benzene case. The data for the DBA-ethyl iodide system 
are consistent with all the processes defined in Scheme I.16 

The dominant relaxation sequence resulting from ' M * - Q 
interaction is as follows 

1M* + Q 1 E * . 
• fluorescence 

-3E* —»• 1M + Q 

The values of the derived interaction rate parameters for 
this system are summarized in Table IV. 

General Discussion and Conclusions 

We have considered the interaction of benzene and ethyl 
iodide with DBA in terms of a general reaction mechanism 
involving the photoassociation products 1E* and 3E*. 
Scheme I defines a single ' M * - Q interaction which speci
fies the formation step of a photoassociation process be
tween the species 1 M* and Q. The observed quenching and 
fluorescence enhancement is attributed to the involvement 
of a new component, 1E*, which undergoes its own charac
teristic photophysics. For the DBA-ethyl iodide system flu
orescence competes favorably with internal quenching in 
1E* ((JFE ~ 0.2). This internal quenching component is as
cribed to the intersystem relaxation specified in kxs which 
provides an internal pathway for populating 3E*. Enhanced 
molecular triplet state production depends not only on the 
parameter /CXE but also on the fraction of the 3E* excitation 
which dissociates (kjx/(kx + kjx)) to form 3M*. This 
fraction is small for the present case (~0.06) suggesting 
that the dominant mode of triplet exciplex relaxation is 3E* 
-» 1E intersystem crossing. Both the triplet quenching data 
and the transient relative triplet yield data are consistent 
with reversible photoassociation in the triplet manifold. For 

Table IV. Derived Rate Parameters for DBA in 
Cyclohexane Solution 

Molecular Rate Parameters, sec" 
ky[ 

^FM 
^GM 
^TMfl 

a" 

64.1 X 107 

6.03 X 10 
<7.5 X 10" 
50.6 X 107 

4.11 X 10 

Interaction Rate Parameters, 1. mol - 1 sec -1 

Q = benzene(fc£ = fepE). 
<?FE = 1 

Q = ethyl iodide 

(*E = ^FE + *XE). 
kxlkjx = 16, 
<?FE = 0.19, 
<?XE<0.81 

DBA-Q 

AfefcpE 

KekE 

A"e/cFE 

kjX 
K1 

7.6 X 106 

8 X 107 

01 X 107 

79 X 107 

K 

Zcx + kTX 

kx 

kx + ^TX 
Kxkx 

kxi 

kXE 

kXE 

0.51 x 107 

.28 X 107 

.03 X 103 

.2 X 10' 
a?TM determined in 95% ethanol, ref 

the benzene system internal quenching in ' E* is absent and 
enhanced fluorescence corresponds to an exciplex fluores
cence quantum efficiency of unity. 

The spectral features of the new emission from 1E* 
(shape and energy distribution closely resembling that of 
the parent 1M* fluorescence) indicate that the 1E* fluo
rescent state is most likely weakly bound (e.g., a "contact 
exciplex"). The retention of parent structure in the 1E* flu
orescence spectrum can be rationalized by considering the 
enhanced fluorescence (i) to be derived from a locally excit
ed configuration ' E * F = '(M*Q) which could arise directly 
upon formation, or from an electronic reorganization in 
1E*, or evolve in preequilibrium prior to 1E* formation; (ii) 
to orginate from a delocalized configuration which is 
strongly coupled to the molecular ground state; (iii) to emit 
to a weak, static ground state interaction. It is clear that our 
experiments cannot distinguish the above possibilities; how
ever, it is expected that combined steady state and transient 
fluorescence measurements (including temperature depen
dence) will better define the nature of the 1E* fluorescent 
state in these systems.19 The fact that similar fluorescence 
behavior is observed for Q equal to both benzene and ethyl 
iodide supports the contention that the enhanced fluores
cence of DBA in the presence of Q is interaction and not 
heavy-atom related. 

It is of interest to compare the general quenching behav
ior of the DBA-ethyl iodide combination with that of nor
mal systems1'3 where fluorescence quenching by heavy 
atoms leads exclusively to populating the molecular triplet 
state. If an exciplex mechanism is invoked for normal 
heavy-atom quenching (as suggested by Stevens21 and 
Birks9) which involves enhanced triplet production originat
ing from 3E* (TX) then the following additional restrictions 
to Scheme I must apply 

^XE '>'> ^ F E 

feTX » fex 

Furthermore, linear triplet quenching in fluid solution by 
heavy atoms has been reported for the normal systems an-
thracene-bromobenzene,1 anthracene-ethyl iodide,1 DBA-
KI,1 and molecular pyrene-ethyl iodide3b but there is no di
rect evidence implicating this interaction with 3E* forma
tion. However, if one admits to a fluorescence-heavy-atom 
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quenching mechanism involving the intermediary of 3E* 
which was derived from an initial 1 M + - Q interaction, there 
is no good reason not to expect a parallel interaction 
(3M*-Q) in the triplet manifold leading to 3E* formation 
especially in view of the similar parallel which is believed to 
exist with singlet and triplet excimers of aromatic hydrocar
bons in fluid solution.22 It is likely that the low 3 M*-Q col-
lisional efficiency that is observed in these systems includ
ing DBA-ethyl iodide reflects a low 3E* formation efficien
cy relative to diffusion-controlled encounter.22 Linear trip
let heavy-atom quenching secures the validity of eq A4 and 
hence eq A5 in describing the triplet response under flash 
excitation conditions for both normal systems and DBA-
ethyl iodide. 

The above considerations establish the following impor
tant relations which characterize normal heavy-atom 
quenching behavior 

VT K + KekXE[Q] 

, kTU + ^ A E [ Q ] 

VT K + JSTABLQJ 

a - a0 = (kxkXT/kTX)[Q] 

implying that the molecular triplet state quantum efficien
cy, <?TM, may be derived from the slope of the (h — 1, ^F) 
representation 

r F = {h - 1)<7TM + 1 

According to Scheme I, then, the DBA-ethyl iodide sys
tem is distinquished from normal systems in two respects: 
(i) the DBA-ethyl iodide singlet exciplex, 1E*, sustains sub
stantial fluorescence, i.e., £FE ^ 0; (ii) the DBA-ethyl io
dide triplet exciplex, 3E*, favors 3E* —• 1E intersystem 
crossing to 3E* —«• 3 M* + Q dissociation. The tighter bind
ing in 3E* for this system krx < k\ takes advantage of the 
double heavy-atom perturbation that is available (bromine 
+ iodine) for promoting the 3E* —• 1E intersystem relaxa
tion. 

Since the overall mode of M —* T intersystem crossing 
resulting from ' M * - Q interaction represents several pro
cesses, and only one of these (XE) corresponds to a poten
tially strong singlet —* triplet intersystem crossing, it is not 
surprising to find an example system, viz. DBA-ethyl io
dide, with somewhat different properties. 

The interesting example of DBA and its interactions with 
ethyl iodide (and benzene) has provided a means whereby 
one could probe the photoassociation mechanism9,21 of ex
ternal heavy-atom interaction employing the combined 
studies of photostationary fluorescence and conventional 
microsecond flash photolysis techniques. These studies pro
vide a semiquantitative description of the observed photo-
physical behavior in terms of bimolecular interaction rate 
parameters. To evaluate the individual rate parameters for 
a more complete description, fluorescence lifetime measure
ments are required.19 
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Appendix 

From Scheme I it is observed that there are two routes 
available for populating the molecular triplet state (steps 4 

and 11) and that including these processes defines the total 
triplet quantum yield 

^ T = 0TM + 4>TX 

which is expressed as a sum of two components, originating 
from 1 M* and 3E*, respectively.14 

The parametric form of $ T is properly expressed under 
flash excitation conditions with a light flash of narrow 
width in the initial triplet concentration9 which is obtained 
from the transient solution of the molecular triplet state 
decay extrapolated to time = t = 0. The differential equa
tion corresponding with Scheme I which describes the time 
dependence of [3M*] is conveniently represented in the 
complex frequency domain, s, by employing the right-hand
ed Laplace transform operator, L, giving 

[3m*] = feTM(s + Y11)Js + Yx) + feTxfeXEfeEM[Q] == 

4 7? 

E , 7 x (A1) 

^ t (s + y«) 

where [3m*] = Li[3M*]! 

yuy2 = V2[Xx + Yx T [(Yx - Xx)
2 + 

4kTXkXT[Q]y^} 
y3,Yi = V 2 U E + YE T {(YE - XE)2 + 

4 * M E * B J Q ] } 1 / 2 ] 

*x = a° + kXT[Q], a0 = kT + E ^ Q T A [ A ] 

A 

Yx = % + ^Tx 

^E = ku + fcEM[Q] 
YE = kE + kUE 

and ['M*]o is the initial concentration of excited molecules 
produced by the excitation flash at r = 0. Applying the in
verse Laplace operator to eq Al determines the time depen
dence of [3M*] 

[3M*] = [1M+J0 E Bne-rnt <A2) 

which is expressed as a sum of four exponential terms. The 
experimental triplet decay curves obtained in this study 
(microsecond resolution) were operationally characterized 
by a single exponential function implying that one of the 
terms in eq A2 must be dominant if Scheme I is to provide a 
consistent model for the observed triplet response. Under 
the assumption that the decay parameters which determine 
the relaxation of the excited singlet states involved (1M*, 
1E*) are significantly larger than those which govern the 
decay of the excited triplet states involved (3M*, 3E*), i.e. 
73, 74 » 7 i , 72, and utilizing the mathematical conse
quence that the decay parameters 71, 72 and 73, 74 must be 
real, i.e., 72 > 71 and 74 > 73, the following inequalities are 
valid 

r i < r2 < >"3 < n 
B1 > B2, B3, B4 

so that the first term in eq A2 is dominant, resulting in the 
single exponential triplet decay function 

[3M*] ~ [1M+]OiJ1C-7I' (A3) 
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From the exact relations 

y2 = Xx + Yx - Y1 

Yi = (XxYx - kTXkxr[Q])/y2 

we have 

Vl M ^ [Q] + a°, Kx 
^XT 

Rx + kTX 
(A4) 

which was obtained by putting 72 ~ Yx, a necessary ap
proximation to ensure that triplet quenching by ethyl iodide 
(heavy atoms) sustains a linear concentration, [Q], depen
dence as was observed experimentally (linear triplet 
quenching). 

With the above restrictions, the initial triplet concentra
tion [3M*]o, and hence <J>T, is now defined, from eq A3 

3M* 
7M* 

1 — = 4>T = B1 

feTM + (kTxkXxKB[Q]/[kx + feTT]) , . 
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Abstract: Potassium perchromate undergoes aqueous decomposition with the concomitant generation of singlet oxygen. An 
upper limit for the yield of singlet oxygen, based on potassium perchromate, is estimated to be 6%. Use of the salt in a study 
of photodynamic reactions has demonstrated the occurrence of oxidative pathways other than those involving singlet oxygen 
and hence caution must be exercised in interpreting experiments employing the perchromate system as a source of singlet 
oxygen. In conjunction with this investigation the pH dependence of the rate of decomposition of CrOs3- in buffered solu
tions was investigated in the pH range from 10.0 to 12.5 using electron paramagnetic resonance (EPR) spectroscopy. The de
composition followed the approximate rate law k = fc'[H+], with an order in hydrogen ion deviating slightly from unity, and 
k' = 7 X 107 M~x min-1. The thermal decomposition of solid KaCrOs resulted in conversion to potassium chromate, potassi
um superoxide, and oxygen. No singlet oxygen was observed by EPR during thermal decomposition of the solid salt, estab
lishing an upper limit for singlet oxygen of 0.1% of the ground state oxygen evolved. 

In a recent communication from this laboratory3 it was 
reported that potassium perchromate (KaCrOg) undergoes 
aqueous decomposition which, in the presence of singlet 
oxygen acceptors, results in the formation of typical singlet 

oxygen products and product distributions. These results 
were submitted as evidence that the oxygen evolved during 
the aqueous decomposition of potassium perchromate was, 
at least in part, in the excited singlet state 02(1Ag). 
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