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Evidence that pyrene excimer formation in membranes 
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Kinetic and steady-state measurements of pyrene fluorescence in a variety of model membranes are 
evaluated in terms of the theory of collisional excimer formation. In the region of 10-3-0.1 M pyrene, 
molecular fluorescence decay in membranes is biphasic and the two component lifetimes do not depend on 
the pyrene concentration. The lifetime data are consistent with the rate constant for collisional excimer 
formation being of the order 10 6 M - t .  s - l  or less. The concentration dependence of the component 
amplitudes is inconsistent with the theory of collisional excimer formation and suggests that pyrene exists in 
two forms in membranes: a slowly diffusing monomeric form and an aggregated form. The component of 
molecular fluorescence decay associated with aggregated pyrene is highly correlated with steady-state 
excimer fluorescence, suggesting that excimer fluorescence in membranes arises from aggregated pyrene in 
which excimers are formed by a static rather than a collisional mechanism. It is suggested that the 
concentration dependence of excimer to molecular fluorescence intensity ratios in membranes is related to 
the equilibrium constant for exchange between monomeric and aggregated pyrene forms rather than to the 
collisional excimer formation rate constant. 

Introduction 

Pyrene is the classical example of molecules 
that form excited-state dimers (excimers) [1-3]. 
Excimer formation is a bimolecular reaction; thus," 
if it is diffusion-controlled, the reaction rate con- 
stant can be related to the diffusion coefficient of 
pyrene and the viscosity of the solvent [3]. Pyrene 
fluorescence kinetics in organic solvents are de- 
scribed well by a theoretical model of collisional 
excimer formation [1-3]. The model predicts a 
particular functional dependence of the kinetic 
parameters on the pyrene concentration when the 
reaction is diffusion-controlled. Thus, a collisional 
mechanism of excimer formation can readily be 
established by studying the concentration depen- 
dence of the rate parameters. 

Pyrene excimer formation in aqueous disper- 

sions of lipids or detergents has been used to 
estimate lateral diffusion coefficients of pyrene 
[5-11] and lipid-pyrene adducts [8]. It has been 
assumed in most studies that excimer formation is 
a diffusion-controlled reaction in membranes. This 
assumption was extrapolated from the studies in 
organic solvents and has not been adequately 
tested by means of studies of the concentration 
dependence of fluorescence-decay kinetics. We 
have therefore studied pyrene fluorescence kinet- 
ics in several model membrane systems to evaluate 
the validity of the technique in terms of the theory 
of collisional excimer formation. 

Theoretical section 

The theory o f  collisional excimer formation 
Table I summarizes the analysis developed by 
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Birks and coworkers [1-3] to describe collisional 
excimer formation. M and D denote monomers 
and dimers, and asterisks denote excitation. The 
kinetics depend on four parameters: the monomer 
and excimer fluorescence-decay constants, kM and 

kD; the second-order rate constant of excimer 
formation, kDM , and the excimer dissociation rate 
constant, kMD. The excitation intensity is consid- 
ered to be low enough that the concentration of 
ground-state pyrene is independent of time so that 

TABLE I 

SUMMARY O F  THE THEORY OF COLLISIONAL EXCIMER FORMATION 

For details, see Refs. 1-3. c x = molar concentration of X. IM(D)(t ) = intensity of molecular (excimer) fluorescence at time t. 
OM(D) = molecular (excimer) fluorescence quantum yield. 

Kinetic scheme 

Process Description Rate parameter 
(1) M* --, M + h v M monomer fluorescence ktM ~ km ) 
(2) M* ~ M monomer radiatiouless deactivation kiM / / X 
(3) M* + M ~ D* excimer formation kDMC M ) 
(4) D * - ,  M + M + h p  D excimer fluorescence k m } k D  } 
(5) D* --* M + M excimer radiationless deactivation kiD Y 
(6) D* --, M* + M excimer dissociation kMD 

Rate equation 

d(CM.)=R(CM.l,whereR~( - X  k~ , )  
dt c D. kcD.] kDMC M 

(7) 

Eigenvalues of R 

-1= Y ~ ( ( Y -  X )  +4kMDkDMCM) ) 7.1,2 RI,2 = I ( X q _  2 1/2 (8) 

Solutions 

I M ( t )  Ale - t / r l  + A2e-t/T2; A 1 
IM(0) 

I D ( t )  kDMCM (e-t/T1 _e-t/T2) 
/M(0) R2"R1 

R 2 - X  
R 2 -- R 1 ' A2 

X -  R 1 

R 2 - R 1 
(9) 

(lO) 

Concentration dependence and asymptotic values 
d ( R l +  R2) 

dc M kDM (11) CM --' 0 7"1 ~ k ~  1 

T 2  - ~  y - l 

A1 .--* 1 
A2 ---* 0 

(12) CM ---~ o0 T 1 -* kD 1 

T2--~(kD+ X) -1 
AI~O 
A2 --*1 

(13) 

Steady-state solution a 

OD kmkDMCM - - z  
OM kfM(kD+kMD) 

(14) 

a Obtained from the solution of Eqn. 7 assuming photostationary conditions. 
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kDMC M is a pseudo-first-order rate constant. Ex- 
cimer formation kinetics can then be represented 
by a rate matrix, R in Eqn. 7, and the fluores- 
cence lifetimes T 1 and T 2 are determined by di- 
agonalization. Theoretical expressions for time-de- 
pendent monomer and excimer fluorescence inten- 
sities, IM(t) and ID(t),  respectively, are obtained 
from the eigenvectors of R and are given in Eqns. 
9 and 10. 

Vanderkooi and Callis [5] pointed out that in 
highly viscous media it may be improper to ne- 
glect the time dependence of the excimer forma- 
tion reaction rate and they used an equation of the 
form 

IM(t) = IM(0)exp-(k M + [1+ a(~rDt) -1/2] kDMCM)t 

(9') 

rather than Eqn. 9 to describe molecular fluores- 
cence decay kinetics, with a the interaction radius 
(0.5-1 nm) and D the pyrene diffusion coeffi- 
cient. They suggested that the t 1/2 term accounts 
for nonexponentiality of pyrene molecular fluores- 
cence decay rather than biexponential kinetics and 
they assumed k u o  = 0. We feel that their treat- 
ment is incorrect for the following reasons. It is 
easy to see by inspection of R in Table I that if 
kMD is zero, monomer and excimer fluorescence 
kinetics are uncoupled and, as a result, this model 
cannot describe biphasic molecular fluorescence 
kinetics, even when the amplitudes A 1 and A 2 in 
Eqn. 9 are not near their asymptotic values in 
Eqns. 12 and 13. Eqn. 9' is based on the theory of 
bimolecular reactions in isotropic media [12] and 
although the theory for anisotropic media [13] is 
more complicated, when D is of the order 10 -8 
cm 2. s -1 or less, the isotropic theory will be ap- 
proximately correct in anisotropic media through- 
out the pyrene fluorescence lifetime. It is straight- 
forward to show that the time dependence of the 
reaction rate is accounted for by multiplying the 
r i gh t  s ides  o f  E q n s .  9 a n d  10 by  
e x p ( -  k D M  a c  M [ t / o r D  ] 1 / 2 )  a n d  
exp(kOMaCM[t/~rD]i/2), respectively. Thus, the 
model in Table I remains valid when the reaction 
rate is time-dependent. Moreover, the exponential 
correction factors are within 2% of unity 
throughout the pyrene fluorescence lifetime, even 

when kDM and D are as low as 10 ~ M -1 • s -1 and 
10-10 cm 2" s-1, respectively, at pyrene concentra- 
tions as high as 0.1 M. We therefore neglect the 
time dependence of the excimer formation reac- 
tion rate. 

Experimental tests of diffusion control 
Birks et al. [1-3] described the criteria for 

establishing that pyrene excimer formation is a 
diffusion-controlled reaction. Firstly, to establish 
that excimer formation results from collisional 
encounters it is necessary to demonstrate that the 
concentration dependence required by the model 
in Table I is satisfied. Secondly, in order to estab- 
lish that the reaction is under diffusional rather 
than chemical control, it is necessary to demon- 
strate that the second-order rate constant of ex- 
cimer formation, kDu, has the same value and the 
same viscosity and temperature dependence as the 
theoretical molecular collision parameter, calcu- 
lated in isotropic media by means of the Stokes- 
Einstein and Einstein-Smoluchowski theories [3]. 

The concentration dependence of fluorescence 
kinetics in collisional excimer formation. It is evi- 
dent in Fig. 1 that the lifetimes and amplitudes 
are independent of the concentration except for 
relatively sharp transitions which occur in regions 
where the cross term 4kMDkoMC u in Eqn. 8 be- 
comes comparable to the diagonal elements of R. 
Outside these transition regions, the amplitudes 
and lifetimes approach their asymptotic values, 
given in Eqns. 12 and 13 of Table I. The transi- 
tions are essentially complete within one or two 
orders of magnitude change in concentration. 
Transitions similar to the ones in Fig. 1 can be 
expected whenever k D > k u. The transitions may 
be characterized by the concentration, cl/2 at 
which half the total change occurs. 

Fig. 1 illustrates that kDu influences primarily 
the q/z  values of the curves, whereas kMD in- 
fluences eWE values and to some extent, the shapes 
of the curves. Fig. 1A and B shows that if koM 
alone is decreased by an order of magnitude, the 
c1/2 values increase by an order of magnitude but 
the curves do not change shape. This is true 
regardless of the values of kuD. Fig. 1C and D 
shows that so long as k u o  is of the order of 
magnitude of kra and k D or smaller, it has little 
influence on the shape of the concentration curves 
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for T 1 and T2. When k MD becomes larger than k M 
and k D the transitions broaden somewhat for the 
amplitudes and T 1 and the cl/2 values increase. 
The Cl/2 value for T 2 is independent of the rela- 
tive magnitude of kMD, but the asymptotic value 
of T2 as CM = 0 will obviously be affected accord- 
ing to Eqn. 12. However, it is not likely to be the 
case that kuD >> k M, k D, kDu in membranes. 
The molecular equilibrium constant for excimer 
formation, kDM/kMD, is of the order 10 -3 M -1 
in organic solvents and is independent of environ- 
ment [3]. Both kDM and kMD have Arrhenius-type 
temperature dependences, i.e., 

kDM = kDM, exp( -- E f / R T )  

k M D  = k M D ,  exp( - Ed/RT  ) (15) 

v-" . . . . . . . . . . . . . . . . . . .  
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Fig. 1. Semi-log plots of  theoretical pyrene concentration curves 
for the lifetimes T 1 and T2, and slow phase amplitude A1, of 
pyrene molecule fluorescence decay, calculated using Eqns. 8 
and 9 of Table I. A, C: concentration dependences of T 1 (solid 
curves) and T 2 (dashed curves). B, D: concentration depen- 
dence of A 1. All symbols are defined in Table I. In A and C, 
kM 1 and k ~  1 correspond to the asymptotic values of T 1 at low 
and high concentrations, respectively, and y -  1 = (kD + 
kMD) -1  corresponds to the asymptotic value of T 2 at low 
pyrene concentrations, shown in Eqns. 12 and 13 of Table I. 
The curves in A and B were calculated with kMD=106  S -1 
and  kDM =106, 107, 108, and 109 M - L s  -1 from right to left. 
The curves in C and D were calculated with kDM =10  s M - L  
s -1 and kMD =106, 107, l0  s, 109 S -1  from left to right for T 1 
and A 1 and from top to bot tom for T 2. The values k M = 2.22- 
106 s - ]  and k D =1.55.107 s -1 for pyrene in cyelohexane were 
used in the calculation. 

and the activational barriers to excimer formation 
( E f )  and dissociation (Ed) have been observed to 
be influenced in similar ways by environmental 
factors, thus conserving the value of the equi- 
librium constant [3]. 

Based on this analysis, we make the following 
general statements about the concentration depen- 
dence of collisional excimer formation: (1) the  
amplitudes A 1 and A 2 and lifetimes T 1 and T2 
should display sharp transitions qualitatively simi- 
lar to those in Fig. 1 with cl/2 values that reflect 
the magnitude of the excimer formation rate con- 
stant kou,  so long as kMD is not much larger 
than k o and k M, and k D > kM; and (2) in any 
case, the concentration curve for the lifetime T2 
will indicate the order of magnitudes of both kMo 
and kDM. 

The value of the theoretical molecular collision 
rate parameter for pyrene in membranes. Birks and 
coworkers [1-3] found that the values of kDM in 
cyclohexane agree closely with the theoretical 
molecular collision rate parameter, K, calculated 
from the Stokes-Einstein and Einstein-Smoluch- 
owski theories 

K = 8RTpa/3000 I~b (16) 

with p the viscosity of the suspending medium, a 
the interaction radius, p the reaction probability 
per collision and b the Stokes radius. They found 
that for pyrene, pa/b  = 1 [3]. The temperature 
dependence of kDM and K in a variety of organic 



solvents yields identical activation energies [3], i.e., 

K = K '  exp(  - Ef/RT) (17)  

with E f  a s  defined for Eqn. 15, further supporting 
the argument that excimer formation in organic 
solvents is diffusion-controlled. 

The activational barrier to pyrene diffusion in 
hydrocarbon solvents is in the region 10-15 kJ .  
M -1 [3,10]. Dorrance and Hunter [9-11] de ter -  
mined that the activational barrier to pyrene dif- 
fusion was 35 k J - M  -1 in cationic detergent 
micelles, 37 k J-  M-a  in aqueous dipalmitoylphos- 
phatidylcholine (DPPC) dispersions, and 39 kJ .  
M-1  in aqueous dispersions of egg yolk PC. Based 
on differences in diffusional barriers, we would 
estimate the theoretical molecular collision param- 
eter in membranes, Kin, to be of the order 

rm --- r exp( (e ,  - E , . ) / R r )  (18) 

with Etm the activational barrier to diffusion in 
the membrane. At 298 K, RT is 2.48 kJ.  M -1. 
Calculating the largest and smallest values of the 
exponential factor in Eqn. 18, we estimate that at 
298 K, g m will be smaller than K by a factor in 
the region 8.3- 10-6-1.4 • 10 -4. Since K for pyrene 
in cyclohexane is 6.7.109 M -1 • s -1, we estimate 
that K m in membranes will be in the region 
6 • 104-1 • 1 0  6 M - 1  • s - 1  at 298 K. This would 
result in the observation of concentration depen- 
dence in the lifetimes and amplitudes at con- 
centrations higher than those achievable in mem- 
branes. Eqn. 18 does not take into account dif- 
ferences in the theoretical expressions arising from 
the anisotropy of diffusion in membranes, but 
these should not change the order of magnitude of 
K m. A more serious source of error in Eqn. 18 is 
that it does not include effects of changes in 
viscosity on the preexponential factor K '  in Eqn. 
17. Thus K m in Eqn. 18 should be regarded as an 
upper limit, since the membrane viscosity is likely 
to be larger than that of cyclohexane. 

The model in Table I imposes the following 
additional constraints on the observed kinetics if 
pyrene excimer formation in membranes involves 
a mechanism of collisional encounters: (1) the 
lifetimes T~ and T 2 should be the same for both 
monomer and excimer fluorescence kinetics, 
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according to Eqns. 9 and 10; and (2) the lifetimes 
should satisfy th6 dependence on the concentra- 
tion of ground-state pyrene given in Eqn. 11. We 
note that failure to satisfy the theoretical criteria 
would mean that the relationship between steady- 
state molecular and excimer fluorescence intensi- 
ties and kDM given in Eqn. 14 is not applicable, 
since Eqn. 14 is derived from Eqn. 7 assuming 
photostationary conditions. 

Experimental section 

Material and Methods 
Soya bean PC (99%), egg yolk PC (99%) and 

pyrene from Sigma Chemical Company Ltd. and 
soya bean asolectin from Associated Concentrates 
were used as purchased. Total polar lipid extracts 
of spinach chloroplast thylakoid membranes were 
isolated according to a procedure described 
elsewhere [14]. Neutral lipids and pigments were 
removed from the lipid extracts by colunm and 
thin-layer chromatography [15]. Thylakoid mem- 
brane PC was purified from total polar lipid ex- 
tract by thin-layer chromatography. Where noted, 
catalytic hydrogenation was carried out as previ- 
ously described [16]. Lipids were quantified by 
gas-liquid chromatography according to the 
method in Ref. 17. 

Aqueous lipid dispersions were prepared as fol- 
lows. Appropriate amounts of lipid and pyrene 
were combined from stock solutions and the 
solvent was evaporated under a stream of nitro- 
gen. The mixtures were taken up in chloroform, 
dried under nitrogen and finally taken up in di- 
ethyl ether. After complete evaporation of the 
solvent the mixtures were dispersed in distilled 
water (pH 5) by ultrasonication in a water bath. 
Under these conditions, we expect aqueous lipid 
dispersions to consist of liposomes in a broad 
distribution of sizes, including both uni- and mul- 
tilamellar vesicles (see Refs. 18, 19). All samples 
were placed in quartz cuvettes fitted with Subaseal 
rubber stoppers and bubbled with nitrogen for 10 
min prior to fluorescence measurements. 

Fluorescence measurements were made at room 
temperature (20°C). Steady-state emission was 
measured using a model MPF 44A spectropho- 
tometer from Perkin Elmer. Kinetics were mea- 
sured using a model SP-70 Nanosecond Fluores- 
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cence Spectrometer from Applied Photophysics 
Ltd. The full width at half maximum of the excita- 
tion flashes was 3-4  ns. Monochromators selected 
wavelengths for excitation (340 nm) and emission 
(390 nm for molecular and 480 nm for excimer 
fluorescence). Decay curves were transmitted to a 
Vector 3 microcomputer from Vector Graphics 
Inc. for analysis. 

Results 
Eoidence that pyrene is incorporated into lipo- 

somes. It has usually been assumed [4-6,9,11,15] 
that pyrene partitions completely into the lipid 
phase of aqueous lipid dispersions. Dembo et al. 
[7] determined the partition coefficient of pyrene 
in erythrocyte membranes to be 7 + 2 .104  at 
room temperature. Jones and Lee [20] used a 
centrifugation assay to determine the binding of 
pyrene and pyrene derivatives to PC membranes. 
They assumed that pyrene remaining in the super- 
natant after high-speed centrifugation was not as- 
sociated with lipid. Under our experimental condi- 
tions, with lipid-to-pyrene molar ratios in the re- 
gion 100-500, we found that 10-30% of pyrene 
fluorescence remains in the supernatant after 
high-speed centrifugation of aqueous lipid disper- 
sions. It seemed unlikely to us that such a high 
percentage of pyrene would remain in the aqueous 
phase. We therefore determined the lipid content 
of supernatants and pellets after centrifugation of 
soya bean PC liposomes at 175 000 × g for 1.5 h. 
We found that pyrene in the supernatants is asso- 
ciated with lipid in the same l ip id /pyrene  ratio as 
in the original suspensions and the pellets. 

Fluorescence spectra also suggest that aqueous 
pyrene does not contribute significantly to pyrene 
fluorescence in aqueous lipid dispersions. Fig. 2 
shows steady-state fluorescence emission spectra 
of 0.25 /~M pyrene in distilled water and in an 
aqueous suspension of 0.25 mg.  m1-1 soya bean 
PC. It is evident that the fluorescence emission of 
pyrene in water differs markedly from that of 
pyrene in aqueous lipid dispersions in the relative 
intensities of the vibronic transitions; e.g., the 
transition at 375 nm is more intense than the 
transition at 398 nm in water, whereas the reverse 
is true in lipid dispersions. Changes in the relative 
intensities of vibronic transitions in response to 
changes in solvent polarity ( 'Ham effects') are 
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Fig. 2. Fluorescence emission at 20°C from 0.25 #M pyrene in 
distilled water on a 0.1 V scale (solid line) and in an aqueous 
dispersion of 0.25 mg. ml-1 soya bean PC on a 0.2 V scale 
(dashed line). Fluorescence was excited at 340 nm. 

characteristic of aromatic hydrocarbons like 
pyrene [11,21]. Taking the ratio R H = I 3 8 5 / / I 3 9 s  to 
indicate the magnitude of the Ham effect, we 
found that R H --0.92 + 0.03 for pyrene in water, 
whereas RI~ = 1.09 + 0.01 for pyrene in disper- 
sions of soya bean PC and in both supernatant 
and pelleted material after centrifugation at 
175 000 × g. 

As found by Jones and Lee [20], the fluores- 
cence emission of pyrene in Fig. 2 is more intense 
in aqueous lipid dispersions than in water. The 
fluorescence intensity of pyrene in liposomes can 
be as much as 4-times greater than that of the 
same concentration of pyrene in water [20]. This 
effect will also tend to diminish the relative contri- 
bution of fluorescence from any aqueous pyrene. 

Concentration studies of pyrene fluorescence 
kinetics. We studied the effect of the pyrene con- 
centration on fluorescence kinetics in aqueous sus- 
pensions of the following lipids: soya bean 
asolectin (five experiments), thylakoid membrane 
total polar lipids (three experiments), thylakoid 
membrane PC (three experiments), and soya bean 
or egg yolk PC (five experiments). We also studied 
thylakoid PC which had been subjected to cata- 
lytic hydrogenation and had a double-bond index 
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Fig. 3. The concentration dependence of the halftime of pyrene 
molecular fluorescence decay at 20°C in aqueous dispersions 
of thylakoid total polar lipid extract (,x), thylakoid PC with a 
double-bond index of 3.7 ( I )  and hydrogenated thylakoid PC 
with a double-bond index of 0.2 ( , ) .  Fluorescence was excited 
at 340 nm and measured at 390 nm. 

of 0.2, compared with 3.7 in untreated thylakoid 
PC. T h e  fatty acid composition of this preparation 
was 76% stearic acid and 24% palmitic acid. We 
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estimated the concentration of pyrene in the lipid 
phase via the following equation 

(rmnol pyrene) (ml l ip id ) -  z = MpDL m L Z" 103 (19) 

where M e is the molarity of pyrene in the suspen- 
sion in units of tool- 1-1, D L is the lipid density in 
the liposomes in units of g. ml-1, and m L is the 
molality of lipid in the suspension in units of 
g. 1-1. Eqn. 19 assumes a high partition coeffi- 
cient for pyrene between the lipid and aqueous 
phases, and we assumed a value of unity for D L 

[18,19]. 
Fig. 3 shows the effect of the pyrene concentra- 

tion on the halftime of molecular fluorescence 
decay in normal and hydrogenated thylakoid PC 
liposomes and in liposomes of thylakoid total 
polar lipids. There is no obvious concentration 
dependence of the decay kinetics in the concentra- 
tion region 10-3-10 -1 M pyrene. Indeed, we did 
not observe an obvious concentration dependence 
of fluorescence kinetics in any of the lipids we 
studied, and often found that the kinetic traces at 
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Fig. 4. Semi-log plot of the molecular fluo- 
rescence kinetics of 0.5 #M pyrene in an 
aqueous dispersion of 0.2 mg. m l -  1 soya bean 
PC. A: dots, experimental decay data; solid 
curve, theoretical decay obtained from de- 
convolution of the lamp profile combined 
with least-squares analysis assuming two ex- 
ponential components. B: lamp profile. C: 
residuals of the least-squares analysis. Mea- 
surement conditions were the same as in Fig. 
3. 
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the high and low ends of the concentration range 
were virtually superimposable. 

Fig. 4 shows molecular fluorescence kinetics in 
a suspension of 0.50 #M pyrene and 0.20 mg- ml-  1 
soya bean PC. The solid curve in Fig. 4A is the 
theoretical decay curve obtained from deconvolu- 
tion of the emission (Fig. 4A) and excitation (Fig. 
4B) profiles and least-squares analysis assuming a 
biexponential decay. The nonlinearity of the log 
plot of the decay in Fig. 4A indicates that at least 
two exponential components are necessary, while 
the residuals of the analysis (Fig. 4C) indicate that 
two exponential components are sufficient to 
parameterize the decay. Owing to the large dif- 
ference in time scales between excitation and 
emission events, deconvolution did not have a 
significant influence on the least-squares analysis. 
Decay curves were therefore routinely analyzed 
without deconvolution, using the expressions for 
IM(t) and ID(t) in Eqns. 9 and 10 as the ideal 
curves and k i ,  kD, kMD and kDMC M as the 
adjustable parameters. Values of the amplitudes, 
A 1 and A 2, and lifetimes, T 1 and T 2, were calcu- 
lated according to Eqns. 8 and 9. 

The biexponential character of the decay in 
Fig. 4 is typical of the decays we observed in all of 
the lipids we studied. The major part of pyrene 
molecular fluorescence in membranes arises from 

a component with a lifetime in the region of 
100-200 ns and the remainder of the decay arises 
from a component with a lifetime in the region of 
25-50 ns. The relative amplitude of the fast phase 
is not reproducible, and varies somewhat between 
different lipid types and on different days in the 
same lipid. Typically, the contribution of the fast 
phase is 10-20% when the pyrene concentration is 
1 mM, but we have observed it to be as low as 5%. 
Table II is a compilation of rate parameters ob- 
tained for pyrene in membranes in the present 
study as well as in previous studies in other 
laboratories. A 100-200 ns lifetime component 
has been reported whenever pyrene fluorescence 
kinetics have been studied in membranes, and 
Dembo et al. [7] have also observed a 29 ns 
lifetime component in red cell ghosts at 25°C. 
Lianos et al. [21] reported that pyrene molecular 
fluorescence decay was well parameterized by a 
single exponential decay component in egg PC 
under unspecified conditions, whereas in studies 
on a number of different lipids Vanderkooi and 
Callis [5] observed nonexponential fluorescence 
decays, and a lack of appreciable concentration 
dependence of the molecular decay kinetics is also 
evident in their data. 

Fig. 5A and B show the concentration depen- 
dences of the lifetimes of the fast and slow decay 

TABLE II 

PYRENE FLUORESCENCE KINETIC PARAMETERS IN MEMBRANES 

Membrane type T (°C) k~a 1 (ns) kD 1 (ns) 

Egg yolk PC 24 20 
20 - - 
25 113 - 

Soya bean asolectin 20 146 + 10 45 + 3 
Dimyristoyl PC 30 135 - 
Dipalmitoyl PC 45 - 100 
Soya bean PC 20 100 + 1 34 + 2 
Thylakoid PC 20 136 + 10 37 + 4 
Erythrocytes 25 155 

25 182 29 b 
40 143 21 b 

Sarcoplasmic reticulum 20 - - 
Thylakoid polar lipids 20 147 + 12 40 + 1 

k D M  

(10 7 M-~.s  -1) 

0.01 
2.2 

< 0.1 
2.2 
4.2 

< 0.1 
<0.1 

2.1 
4.4 

11.0 
4.4 

£ 0.1 

Ref. 

9,11 
5 

21 
a 

5 
6 
a 

a 

5 
7 
7 
5 
a 

a This study. 
b (kD + kMD)-1. 
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components  and the amplitude of the fast compo- 
nent for pyrene in thylakoid PC liposomes. It  is 
evident in Fig. 5A that neither of the lifetimes is 
concentration-dependent within the experimental 
error in the concentration region 10-3-0.1 M 
pyrene. The amplitude of the fast component  
shows a significant increase, f rom 20-25% at 10 -3 
M pyrene to 40-50% at 0.1 M pyrene. 

Let us assume for the sake of argument that the 
two components of the decay in Fig. 5A corre- 
spond to the two phases of the decay of a homoge- 
neous pyrene poptdation, consistent with Table I. 
A series of theoretical curves are presented in Fig. 
6 which were calculated with the molecular fluo- 
rescence lifetime, k ~  1, set equal to the average 
value of the slow phase lifetime in Fig. 5A, 136 _+ 
10 ns, and the excimer lifetime, kD 1, set equal to 
the average value of the fast phase lifetime, 37 _+ 4 
ns. Curves were calculated for the cases kDM = 108, 
10 7 and 106 M -1 • s -1, with kMD = 106 • S -1. The 
concentration invariance in Fig. 5A of both life- 
times and the non-zero value of the fast-phase 
lifetime, when compared to the theoretical trends 
in Fig. 6A, suggests that the excimer formation 
rate constant, kDM , is not larger than about 10 6 
M - 1 .  s-1. Linear regression of the data in Fig. 5A 
using Eqn. 11 yields a negative value of kDM as 
result of the apparent  increase in lifetime of the 
slow phase. This increase is not reproducible, and 
the average value of the slope from three experi- 
ments in thylakoid PC is smaller than the experi- 
mental error in Fig. 5A. Similar results were ob- 
tained in all the lipid systems we studied. 

To be consistent with the concentration invari- 
ance of both lifetimes, the amplitudes should have 
their asymptotic values A 1 = 1 and A 2 = 0, clear 
in the theoretical trend in Fig. 6B. Instead, the 
molecular fluorescence decay in Fig. 5B is sub- 
stantially biphasic over the region 10-3-0.1 M 
pyrene. We could find no set of rate parameters 
which would account for the concentration depen- 
dences of the amplitudes and lifetimes in terms of 
the model in Table I in any lipid system we 
studied. Thus the assumption that the slow and 
fast decay components  correspond to the two 
phases of molecular fluorescence decay in Table I 
leads to inconsistencies, and we conclude that the 
theory of collisional excimer formation in Table I 
does not describe pyrene fluorescence kinetics in 
membranes.  

Concentration studies of steady-state molecular 
and excimer fluorescence. Fig. 5C shows the con- 
centration dependence of the steady-state ex- 
c imer /molecu la r  fluorescence ratio, I ' / I ,  for 
pyrene in thylakoid PC liposomes. I '  and I were 
measured at the respective emission maxima at 
470 and 398 nm. In Fig. 5C, I ' / I  increases from 
0.1-0.2 at 10 -3 M pyrene to 0.4-0.6 at 0.1 M 
pyrene. The theoretical curves for I ' / I  in Fig. 6C 
were obtained using Eqn. 14 of Table I and the 
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Fig. 5. Experimental concentration curves for pyrene molecular 
fluorescence parameters in aqueous dispersions of thylakoid 
PC. A:  concentration dependences of the lifetimes obtained 
from least-squares analysis of molecular fluorescence decay 
assuming two exponential components. B: concentration de- 
pendence of the amplitude of the shorter lifetime component 
obtained from least-squares analysis. C: concentration depen- 
dence of the excimer/monomer fluorescence intensity ratio 
from measurements of steady-state fluorescence emission. 
Steady-state intensities were measured at 470 nm for excimer 
and 398 for monomer emission. Other measurement conditions 
were the same as in Fig. 3. 
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same assumpt ions  as for  Figs. 6A and  B, p lus  the 
a s sumpt ion  that  klM and  kiD in Eqns.  2 and  5 are 
i n d e p e n d e n t  of  the  solvent,  as was suggested by  
Birks  and  coworkers  [1-3].  L inear  regress ion of  
the  da t a  in Fig. 5C using Eqn. 14 and  the same set 
of  a s sumpt ions  yields a value  of  2 .6 .107  M - 1 .  s -1 

for  kDM. This  value  is cons is ten t  wi th  values ob-  
t a ined  f rom previous  s tudies  of  I ' / I ,  which are 
typ ica l ly  in the  region ( 2 - 4 ) -  107 M - 1 -  s -1. 

The relation between time-dependent and steady- 
state pyrene fluorescence. The value of  kDu  calcu-  
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Fig. 6. Concentration curves for pyrene molecular fluorescence 
parameters at three different values of the excimer formation 
rate constant kDM using the theoretical model in Table I. A: 
concentration dependences of T 1 (solid curves) and T 2 (dashed 
curves) calculated using Eqn. 8. B: concentration dependences 
of the amptitude of the fast phase A 2 calculated using Eqn. 9. 
C: concentration dependence of the exeimer/monomer fluo- 
rescence intensity ratio calculated using Eqn. 14. The values 
assumed for ko~ are indicated in the figure. The other three 
parameters had the values k~ 1 ~136 ns, kD 1 ffi37 ns, and 
kMD ~lO 6 S -1. 

l a ted  f rom Eqn. 11 and  f luorescence l i fe t ime da t a  
is c lear ly  i nc ompa t ib l e  wi th  the  value  ca lcula ted  
above  f rom Eqn. 14 and  s teady-s ta te  f luorescence 
data .  W e  bel ieve that  the exp lana t ion  for the 
incons is tency  be tween  the kinet ic  and  s teady-s ta te  
f luorescence data ,  as well as the incons is tency 
be tween  the concen t ra t ion  invar iance  of  the life- 
t imes  and  the b iphas ic i ty  of  the decays,  is that  the 
excimer  f luorescence observed  in membranes  
comes  f rom a p o p u l a t i o n  of  pyrene  molecules  
which  gives rise to the fast molecu la r  decay  com-  
p o n e n t  and  that  the  slow c o m p o n e n t  arises f rom a 
d i f ferent  p o p u l a t i o n  of  pyrene  molecules.  This  
view is suppor t ed  b y  the high degree  of  cor re la t ion  
be tween  the amp l i t ude  of  the fast  phase  and  I ' / I .  
F o r  the d a t a  in Fig.  5B and  C we ca lcu la ted  a 
cor re la t ion  coeff ic ient  of  0.85 be tween  I ' / I  and 
the amp l i t ude  of  the fast componen t ,  co r re spond-  
ing to a p r o b a b i l i t y  of  less than  5% that  I ' / I  and  

':~ x,. ~ , , A 
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Fig. 7. Molecular and excimer fluorescence kinetics. A: 1 mM 
pyrene in absolute ethanol. (a) dots, molecular fluorescence 
decay data; solid line, best-fit curve from nonlinear least- 
squares analysis; (b) dots, excimer fluorescence data collected 
from the same sample; solid tines, excimer kinetics predicted 
using the best fit parameters from the analysis for curve (a). B: 
1 ~tM pyrene in an aqueous dispersion of 0.05 mg.ml - l  
thylakoid PC. (a) dots, molecular fluorescence decay data; 
solid line best-fit curve from least-squares analysis of molecu- 
lar decay; (b) excimer fluorescence data collected from the 
same sample; (c) excimer kinetics predicted using the best-fit 
parameters from the analysis for curve (a). Exeimer fluo- 
rescence was measured at 480 nm. Other measurement condi- 
tions were the same as for Fig. 3. 
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Fig. 8. The quality of theoretical fits to experimental molecular 
and excimer fluorescence kinetics for pyrene in aqueous disper- 
sions of thylakoid PC. i ,  values of reduced chi-square for the 
best-fit curve from least-squares analysis of molecular fluo- 
rescence decay; o, values of reduced chi-square for the fit of 
the excimer kinetics predicted using the best-fit parameters 
from the analysis of the molecular fluorescence decay to ex- 
timer fluorescence data collected from the same sample. 

the fast component are uncorrelated [22]. Natu- 
rally, this corresponds to a negative correlation 
between 1'/1 and the amplitude of the slow com- 
ponent. 

Additional support for this view is presented in 
Figs. 7 and 8. Fig. 7A shows molecular and ex- 
cimer fluorescence data we obtained for 1 mM 
pyrene in absolute ethanol. The solid curve through 
the data points in curve (a) is the theoretical curve 
obtained by nonlinear least-squares analysis of the 
molecular decay. The solid line in curve (b) is the 
excimer fluorescence kinetics predicted using Eqn. 
12 and the best-fit parameters for the molecular 
decay in curve (a). The agreement between predic- 
ted and observed excimer kinetics was as good at 
all pyrene concentrations we studied in organic 
solvents. Fig. 7B shows the molecular and excimer 
fluorescence kinetics we observed for pyrene in 
model membranes of thylakoid PC. The parame- 
ters which gave the best fit to the molecular decay 
(curve (a)) predicted slower excimer kinetics (curve 
(c)) than those actually observed (curve (b)). The 
computed value of kDMC M in Fig. 7B is lower for 
the molecular decay than it is for the observed 
excimer kinetics, consistent with the value of kDM 
calculated from Fig. 5A and Eqn. 11 being lower 
than the value calculated from Fig. 5C and Eqn. 
14. Fig. 8 shows that parameters which produce a 
fairly good fit to the molecular fluorescence data 
result in a very poor fit to excimer data collected 
from the same sample. Thus, it is clear that molec- 
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ular and excimer fluorescence cannot be char- 
acterized by the same set of kinetic parameters. 

Discussion 

The results presented in this paper suggest that 
pyrene fluorescence kinetics do not satisfy the 
criteria for collisional excimer formation sum- 
marized in section 'Experimental tests for diffu- 
sion control'. First, the substantial biphasicity of 
the molecular fluorescence decay is clearly incon- 
sistent with the theoretical model of collisional 
excimer formation. Second, the concentration 
curves for the lifetimes require a value for kDM 
which is clearly different from the value required 
by the concentration dependence of 1'/1, suggest- 
ing that molecular fluorescence and excimer for- 
mation are uncoupled. The latter conclusion is 
also supported by the finding that molecular and 
excimer fluorescence kinetics are characterized by 
different kinetic parameters. Our results indicate a 
heterogeneity in the distribution of pyrene in lipo- 
somes and a static rather than a collisional mecha- 
nism of excimer formation. We assign the two 
phases of molecular fluorescence kinetics to the 
values of T 1 for two separate populations of pyrene 
molecules, as follows. 

The slow phase of molecular fluorescence decay 
The slow phase of molecular fluorescence ap- 

pears to arise from a population of pyrene mole- 
cules which do not undergo significant excimer 
formation in membranes up to concentrations of 
0.1 M. We would assign the slow phase of pyrene 
molecular fluorescence decay to a population of 
monomeric pyrene molecules which undergo dif- 
fusion in the membrane with a high activational 
barrier and for which kDM is less than or of the 
order 10 6 M -1o s -1.  Thus at pyrene concentra- 
tions up to 0.1 M, the conditions at the low 
concentration asymptote in Table I would apply, 
and the slow phase lifetime would correspond to 
the molecular fluorescence lifetime. The values of 
the slow phase lifetime obtained in a number of 
laboratories are consistent and it would seem that, 
in membranes, kM is in the region of (0.55-1.0). 
107 s -1. This suggestion is not unreasonable in 
that k M has been found to be highly solvent-de- 
pendent, with room-temperature values ranging 
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from 0.2.10 7 S-1 in absolute ethanol to 1.3 • 107 

s -1 in benzene [3]. 
We suggest that the reaction rate constant for 

collisional excimer formation in the membrane 
systems we studied corresponds to the diffusion 
limit [23] and has an upper limit of 106 M -~ • s -1. 
We estimated the value of the molecular collision 
parameter for pyrene in membranes to be in the 
region 6. 104-1 • 106 M -a.  s -1, and a value of 
k DM in this region is consistent with the con- 
centration invariance of T~ in Fig. 5A. Our results 
are in agreement with those of Dorrance and 
Hunter [11], who reported that kDM is roughly 
1.105 M -1-s  -~ in aqueous dispersions of egg 
yolk PC. The low value of kDM arises from the 
high activational barrier to diffusion in mem- 
branes as compared to organic solvents [11] and 
thus does not imply that the reaction is under 
chemical rather than diffusional control [23]. 

The fast phase of molecular fluorescence decay 
The fast phase of molecular fluorescence ap- 

pears to be associated with a population of pyrene 
molecules in a highly concentrated state, for which 
the conditions at the high concentration asymp- 
tote in Table I apply. We would assign the fast 
phase of molecular fluorescence decay to aggre- 
gated pyrene molecules. The fast component life- 
time would correspond to kD 1, the value of T~ at 
the high concentration limit. As shown in Table 
II, the values obtained in several laboratories are 
consistent and suggest that k D is in the region 
(2-5)-107 s -1 in membranes. This is reasonable, 
because k D is known to be solvent-dependent, 
with room-temperature values ranging from 0.89. 
107 s -1 in crystals to 2.3.107 s -1 in acetone [3]. 

The high degree of positive correlation between 
I ' / I  and the amplitude of the fast phase suggests 
that fast phase and excimer fluorescence in mem- 
branes arise from the same population of pyrene 
molecules. The fluorescence spectrum of aggre- 
gated pyrene would most likely be a superposition 
of molecular and excimer fluorescence and ex- 
cimer formation would occur by a static rather 
than a collisional mechanism. In highly con- 
centrated solutions, pure liquids and crystals, 
molecules can interact strongly and with sufficient 
overlap for excimer formation to occur without 
diffusion [3]. Two types of aromatic crystal lattice 

have been distinguished [3]: type B, in which there 
is a large degree of molecular overlap; and type A, 
in which overlap is relatively small. In both types 
of crystal, single molecules undergo excitation [3]. 
However, type B crystals give rise to pure excimer 
fluorescence, whereas type A crystals give rise to 
molecular fluorescence. Single crystals of pyrene 
have type B fluorescence properties, whereas 
pyrene microcrystals and powders are a mixture of 
molecular and excimer fluorescence. Since crystal 
defects or impurities" also result in molecular fluo- 
rescence [3], pyrene aggregates in membranes 
would be more likely to have fluorescence proper- 
ties intermediate between type A and type B 
crystals than those of pure pyrene crystals. 

If the model in Table I is not applicable to 
pyrene excimer formation in membranes, then I ' / I  
is not governed by Eqn. 14 and the data in Fig. 5C 
are unrelated to kDM. I ' / I  shows an apparently 
linear dependence on the pyrene concentration, 
e.g. in Fig. 5, and this suggests a Stern-Volmer 
concentration dependence, as noted previously 
[4-6]. However, the concentration independence 
of the lifetimes is inconsistent with a Stern-Volmer 
quenching mechanism [24], and indeed an equi- 
librium or exchange between pyrene molecules in 
the monomeric and aggregated forms would also 
give rise to a Stern-Volmer-type concentration de- 
pendence of I ' / I  [24]. The value of the equi- 
librium constant for exchange between the mono- 
meric and aggregated states, KE, calculated by 
linear regression of the data in Fig. 5B, is 1.4 M -a, 
whereas the value calculated from the data in Fig. 
5C is 2.8 M -1. These values are in reasonable 
agreement and are three orders of magnitude 
higher than the value of the equilibrium constant 
for diffusion-controlled pyrene excimer formation 
and dissociation, 10 -3 M -1, observed in organic 
solvents [3]. Both k o M  and kMD should have 
higher activational barriers in membranes than in 
organic solvents owing to the activational barrier 
to diffusion, and the equilibrium constant for dif- 
fusion-controlled excimer formation should be 
solvent-independent, as pointed out by Birks [3]. 
Thus the high value of K E in membranes provides 
further support for the conclusion that excimer 
fluorescence observed in membranes does not re- 
sult from diffusion-controlled excimer formation. 

We have considered the possibility that our 



results reflect an artefactual situation in our ex- 
perimental system but have not found plausible 
reason why this should be so. Firstly, our data 
strongly indicate that pyrene is always associated 
with lipid and therefore that aqueous pyrene does 
not contribute to the observed fluorescence. Sec- 
ondly, under our experimental conditions we ex- 
pect no polymorphic transitions to occur [16], and, 
with the exception of hydrogenated thylakoid PC, 
all the lipids we used are in the liquid crystalline 
phase at 20°C. Soya bean and egg yolk PCs show 
no phase transitions down to - 1 5  to - 3 0 ° C  [25] 
and no phase transition has been observed in 
thylakoid membranes or total polar lipid extracts 
above - 1 0 ° C  [16,26]. Indeed, mono- and digal- 
actosyldiacylglycerols, which account for 80% of 
the lipid in thylakoid extracts, have been shown 
by X-ray diffraction studies to have transitions at 
or below - 3 0 ° C  [27]. Therefore our results can- 
not reflect effects caused by thermotropic phase 
transitions in these lipids. Thylakoid PC with a 
trienoic content of about 65% is likely to be in the 
liquid crystalline phase at room temperature 
[25,28]. On the other hand, the hydrogenated 
thylakoid PC we used would be expected to be in 
the gel phase due to its high content of stearic and 
palmitic acid [28], but the results in this lipid were 
qualitatively the same as in all the other lipids we 
used. It thus appears that even if the lipid mole- 
cules are in the gel phase, which is well docu- 
mented as interfering with diffusional processes 
[28], our data remain basically the same, making 
the argument that pyrene excimer formation re- 
sults from collisional encounters even less likely. 

Conclusion 

The essential point we are making in this paper 
is that the type, composition and degree of un- 
saturation of the lipid we used niade no qualita- 
tive difference to the results of pyrene fluores- 
cence studies. We never observed any concentra- 
tion dependence of the molecular fluorescence 
lifetimes in any of the lipid systems we studied, 
and we always observed biphasic decay kinetics. 
We conclude that excimer fluorescence in mem- 
branes arises from an aggregated form of pyrene 
and does not reflect diffusion-controlled excimer 
formation. Our results are consistent with the 
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collisional excimer formation rate constant being 
of the order 10 6 M -1 .  s -1 or less and this value is 
consistent with the value estimated in the Theoret- 
ical section for kDu on the basis of the high 
activational barrier to diffusion in membranes 
[3,11]. It is not possible to observe concentration 
dependence of the rate parameters or diffusion- 
controlled excimer formation at concentrations 
achievable in membrane preparations when k DM 
is SO small, and thus pyrene excimer formation is 
not capable of reflecting changes in membrane 
microviscosity. This would explain the observation 
of Kleinfeld et al. [4] that large microviscosity 
changes caused by perturbing agents such as free 
acids and reflected in measurements of diphenyl- 
hexatriene fluorescence depolarization are not 
accompanied by any change in pyrene molecular /  
excimer fluorescence intensity ratios. The results 
presented here suggest that caution should be 
exercised in the interpretation of fluorescence data 
when pyrene or pyrene adducts are used in mem- 
brane systems. 
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