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Fluorescence quenching with exponential distance dependence:
Application to the external heavy-atom effect

M. Rae, A. Fedorov, and M. N. Berberan-Santosa)

Centro de Quı´mica-Fı́sica Molecular, Instituto Superior Te´cnico, 1049-001 Lisboa, Portugal

~Received 3 March 2003; accepted 16 April 2003!

A model for fluorescence quenching with exponential distance dependence is developed and applied
to external heavy-atom quenching. The systems studied are C70-bromobenzene and
phenanthrene-iodide, in liquid solutions at room temperature and in rigid glasses at 77 K. The
predicted parameter correlation is observed in the two systems, which correspond to two extreme
and opposite situations, strong and weak quenching. A detailed analysis of the fitted parameters
allows the determination of the effective Bohr radiiL and of the intrinsic unimolecular rate constants
for quenching at contact,k0. The unusually high value ofL for the C70-bromobenzene pair is
tentatively attributed to the extended size of the external part of thep orbitals of the fullerene. The
room temperature quenching rate constant computed with the determined low-temperature
parameters is shown to be in good agreement with the experimental one for both systems studied.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1580806#
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I. INTRODUCTION

The intermolecular quenching of phosphorescence
resonance electronic energy transfer and the intermolec
quenching of luminescence~both fluorescence and phosph
rescence! by electron transfer are known to closely follow a
exponential dependence with distance,1

k~r !5AexpS 2
2r

L D5k0expF2
2~r 2d!

L G , ~1!

wherek0 is the quenching rate constant for the distance
closest approach~collisional radius! d, and L is called the
effective tunneling length in the context of electron transf
and effective average Bohr radius in the context of electro
energy transfer. Equation~1! is only approximate, one reaso
being that the molecular shape is usually far from spheri
The true rate constant is not only a function of relative d
tance but also of relative orientation. The exponential d
tance dependence of Eq.~1! results from the extent of spatia
overlap of the electron clouds of excited molecule a
quencher. The parameterL, initially introduced by Dexter for
resonance electronic energy transfer between atoms by
exchange mechanism,2 originated from the simplified form
of the electronic wave functions at large distances from
nuclei. In the molecular case,L is best regarded as an em
pirical parameter. For energy transfer by the excha
mechanism,L was reported to take values between 0.7 an
Å, depending on the donor–acceptor pair.3 A typical value of
L for intermolecular electron transfer4,5 is 1.5 Å.

Luminescence can also be quenched by off-resona
enhanced intersystem crossing. This may occur either by
teraction with paramagnetic quenchers, or by quenchers
strong intramolecular spin–orbit coupling, the so-call
heavy-atom quenchers. According to Minaevet al.,6 in the

a!Electronic mail: berberan@ist.utl.pt
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last case, the off-resonance quencher promotes intersy
crossing by back-charge transfer. In a study of the fluor
cence quenching of several aromatic compounds by the p
magnetic O2 molecule, and where off-resonance enhanc
intersystem crossing is probably operative, Camyshanet al.7

found values ofL between 1 and 2 Å. Finally, for the exte
nal heavy-atom effect, values ofL similar to those of the
other mechanisms are expected. An estimate ofL for this
effect can be made on the basis of the already mentio
theoretical work by Minaevet al.,6 where from the computed
distance dependence of the radiative constant forT1→S0 in
ethylene in the presence of Br2 one obtains an exponentia
dependence withL50.94 Å. In studies of the quenching o
carbazole8 and phenanthrene9 fluorescence by iodide, Najba
et al. report estimated values ofL of 1.3 and 1.8 Å, respec
tively.

The decay law for luminescence quenching with exp
nential distance dependence was considered by severa
thors. In a pioneering work, Inokuti and Hirayama10 obtained
a much used decay law~hereafter called IH law! for the
decay of luminescence in rigid medium, under the assum
tion of point particles. Later, Hara and Gondo11 considered
the case of particles of finite size, but their results contain
some errors that were corrected by Taen.12 Before Hara and
Gondo, Rikenglaz and Rozman13 also considered the prob
lem with d.0,obtaining the correct solution and also a sim
plified but not very accurate equation for the decay~later
used by Brown and Wilkinson,3 but given with two errors in
the respective paper!. Several extensions of the decay la
taking into account the effect of molecular diffusion, a
available.1

In this paper, the fluorescence decay law resulting fr
quenching by a mechanism with an exponential depende
and nonzero distance of closest approach, Eq.~1!, is applied
to the external-heavy atom effect. The formalism is rea
lyzed in Sec. II, with some new parameters introduced, a
3 © 2003 American Institute of Physics
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2224 J. Chem. Phys., Vol. 119, No. 4, 22 July 2003 Rae. Fedorov, and Berberan-Santos
recast in a convenient form for infinite three-dimension
rigid and fluid media~rapid diffusion limit!. The problem of
parameter recovery is considered in some detail. In Sec
the results are applied to the experimental study of the fl
rescence quenching of two molecules, C70 and phenanthrene
by two heavy-atom quenchers, bromobenzene and iod
respectively. The main conclusions are summarized in S
V.

II. THEORY

A. Formalism

Fluorescence decay by quenching is in competition w
the intrinsic decay~rate constant 1/t0). It is efficient only if
the rate constant for quenching is greater than or equal to
intrinsic decay rate. In their pioneering treatment of e
change energy transfer, Hinokuti and Hirayama10 defined a
dimensionless parameterg,

g5 ln~At0!5 ln@k~0!t0#. ~2!

This parameter is a measure of the efficiency of quench
for r 50. By analogy with the dipole–dipole mechanism
where a critical distanceR0 is defined as the distance fo
which the intrinsic decay and the transfer process~in a pair!
have identical rate constants, Inokuti and Hirayama10 also
defined the same critical distance for the exchange me
nism. From the condition

k~R0!5
1

t0
~3!

one easily obtains that

R05
L

2
ln~At0!5

L

2
g. ~4!

The introduction of a nonzero distance of closest
proachd leads us to the following generalization of param
eterg:

g5 ln~k0t0!5 ln~At0!2
2d

L
, ~5!

where k0 is the quenching rate constant at contact,k0

5k(d).
Note that a low value ofg can result either from a low

absolute quenching effect~low k0), or from a short intrinsic
lifetime t0. Likewise, a high value ofg can result either
from a high absolute quenching effect~high k0), or from a
long intrinsic lifetimet0.

The critical radius can now be written

R05d1
L

2
g, ~6!

and the rate constant

k~r !5
1

t0
expF2

L
~R02r !G5

1

t0
expFgS 12

r 2d

R02dD G . ~7!

For the dipole–dipole mechanism of electronic ene
transfer, the distancer max52R0, for which the rate constant i
1/64th of the intrinsic decay rate, is usually taken as
Downloaded 15 Jul 2003 to 193.136.128.7. Redistribution subject to AI
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maximum distance for which the quenching is significan14

Application of the same criterion to the exchange mechan
yields

r max5R013ln2L'R012L5d12LS 11
g

4D . ~8!

This definition ofr max ~distance for which the rate con
stant is 1/64th of the intrinsic decay rate! does not imply that
quenching for distances larger thanr max cannot occur. How-
ever, the respective probability is very low, andr max is a
useful measure of the interaction range.14

It follows from Eq. ~8! that the lowest meaningful valu
for the parameterg is 24, corresponding tor max5d, and thus
to very weak quenching. Below this value, the quenching
entirely negligible. In general, the quenching process can
said to take place almost exclusively in a spherical sh
around the excited molecule delimited by spheres of radd
and r max, and whose thickness is 2L(11g/4).

It is interesting to note that for very low quenching ef
ciencies the exponential mechanism implies negativeR0 val-
ues, whereas in the dipole–dipole mechanism, values c
to zero are obtained. In both cases this is a consequenc
the respective distance dependence, and no direct phy
meaning is attributable to these hypothetical distances.

B. Decay law

The decay law is conveniently obtained from the follow
ing approach:15

The general decay lawI (t) with quenching is given by

I ~ t !5exp~2t/t0!expS 2E
0

t

k~u!duD , ~9!

where the time-dependent rate constant is

k~ t !5E
0

`

N~r ,t !k~r !dr, ~10!

andN(r ,t) is the number of quenchers at a distancer at time
t. Note that Eq.~10! implies an assumption of additivity o
contributions from different quenchers. It is also implicit
assumed in Eq.~9! that the intrinsic lifetime is the same
irrespective of the distance between fluorophore a
quencher. This assumption is a reasonable one for fluo
cence.

In a fluid medium,N(r ,t) is obtained from a diffusion
equation.1 Two limiting cases suffice for our purposes.

1. Rapid diffusion limit

This limit is, for instance, verified in liquid solutions a
room temperature with relatively low quenching efficiencie
In such a case,N(r ,t) is time independent, and constant
equal to the equilibrium valueN(r )5N(r ,0),

N~r !5N f~r !5NA@Q#4pr 2g~r !, ~11!

where f (r ) is the distance distribution function andg(r ) is
the radial distribution function. It is clear that the short-tim
rate constant for any system, whether with or without diff
sion, coincides with the rapid diffusion limit result, since th
initial distribution of acceptors is always the equilibrium on
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Assuming that the radial distribution function is a st
function, i.e., that the quenchers are randomly and indep
dently distributed around the excited molecule, and that
stable charge-transfer complex exists,

g~r !5H 0 if r ,d

1 if r .d,
~12!

whered is the distance of closest approach, one obtains, w

k5kq@Q#, ~13!

that the decay is exponential, with

kq5
4

3
pNAE

d

`

3r 2k~r !dr, ~14!

and if the rate constant is assumed to vary exponentially w
distance according to Eq.~1!, one gets from Eq.~14! that the
quenching rate constant is in the rapid diffusion limit,

kq5krd5pNAF112
d

L
12S d

L D 2GL3k0 . ~15!

This equation was obtained before in a different but equi
lent form.13

2. Static limit

This limit corresponds to diffusionless molecules, e.g.
a low-temperature glass. One has

N~r !5N f~r !exp@2k~r !t#

5NA@Q#4pr 2g~r !exp@2k~r !t#, ~16!

and therefore, with the previously assumed step radial di
bution function, Eq.~12!,

kq~ t !5
4

3
pNAE

d

`

3r 2k~r !exp@2k~r !t#dr, ~17!

hence

E
0

t

kq~u!du5
4

3
pNAE

d

`

3r 2~12exp@2k~r !t# !dr. ~18!

Inserting Eqs.~1! and ~18! into Eq. ~9!, the decay law
becomes12,13

I ~ t !5expS 2
t

t0
DexpH 24pNA@Q#

3E
d

`

r 2@12exp~2Ate22r /L!#drJ . ~19!

This decay law admits several alternative forms. A con
nient one is obtained by performing the change of varia
x52(r 2d)/L, giving

I ~ t !5expS 2
t

t0
DexpH 2aE

0

`

3~x1b!2

3F12expS 2
t

t0
eg2xD GdxJ , ~20!

with
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a5Vm@Q#, ~21!

where

Vm5
4

3
pNAS L

2D 3

, ~22!

and with

b5
2d

L
, ~23!

and g is given by Eq.~5!. The decay law is therefore
function of the dimensionless parametersa, b, andg. This
decay law reduces to the Inokuti–Hirayama one forb50.
The general decay law also converges to the IH law for v
long times. Indeed, the integrand’s maximum increases
shifts to higherx values with time, as shown in Fig. 1 fo
b54 andg58.

C. Numerical aspects

The integrand in Eq.~20! decays very quickly to zero
after a certain value ofx ~this value ofx increases with time!.
This means that for the computation of the decay law w
recourse to numerical integration, it is appropriate to us
finite upper integration limit. This value can be found
follows: The longest time for which the decay is record
seldom exceeds 5t0. Also, takingL51 Å, d55 Å, andR0

510 Å, an upper bound forg is obtained from Eq.~6!,
g510. A plot of the integrand of the decay law, Eq.~20!, is
shown in Fig. 2 fort55t0, g510, and forb50, 5, and 10.
Inspection of the plot suggests that the upper integra
limit can be set equal to 20, or to even less, depending on

FIG. 1. Integrand function in Eq.~20! for several values of the dimension
less timet/t0, and forg58 andb54.

FIG. 2. Integrand function in Eq.~20! for t55t0, g510, and forb50, 5,
and 10.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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system~cf. also Fig. 1!. This was confirmed by a rigorou
evaluation of the truncation error, that was always negligib

One also observes that the integrand goes as 3(x1b)2

almost up to the maximum, and then decreases sharp
approximatelyx5g1 ln(t/t0). This means that for very long
times, or very largeg, the integrand can be approximate
replaced by 3(x1b)2, and the upper integration limit byg
1 ln(t/t0), yielding

I ~ t !5expS 2
t

t0
DexpS 2aE

0

g1 ln~ t/t0!

3~x1b!2 dxD
5expS 2

t

t0
Dexp$2a~@ ln~eg1bt/t0!#32b3!%, ~24!

the limiting form being

I ~ t !5expS 2
t

t0
Dexp$2a@ ln~eg1bt/t0!#3%

5expS 2
t

t0
Dexp$2a@ ln~At!#3%. ~25!

This interesting decay law can be rigorously deriv
from a suitable series expansion.13 However, it is usually
attained only for very long times, and is of little practic
interest in the fields of molecular energy transfer and
hanced intersystem crossing. It is nevertheless approp
for the reaction of solvated electrons.1

D. Parameter correlation

1. General aspects

The general decay law, Eq.~20!, is a function of the
three dimensionless parametersa, b, andg ~the intrinsic life-
time t0 is usually known!. From a fit of this law to the
experimental decay it is, in principle, possible to recov
these parameters, when they have a significant effect on
decay. However, parameter correlation cannot be excluda
priori . Specifically, we investigate here the recovery of p
rameterb, from which the distance of closest approachd can
be calculated.

It was shown by Rikenglaz and Rozman13 and by Taen12

that the introduction of a nonzero distance of closest
proach significantly affects the shape of the decay law,
is, the decay law corresponding to the parameter set~a, b, g!
is in general quite different from that for the IH set~a, 0,g!.
However, it is important to ask if the true parameter
(a1 , b1 , g1) is the only one that adequately describes
experimental decay, recorded in a finite time range and c
taminated with noise. In particular, is there an IH s
(a0, 0,g0) equivalent to the set (a1 , b1 , g1) in terms of
goodness of fit?

This question can be pragmatically answered by p
forming two fits to the experimental decay: The first fit, wi
the general decay law containing the three fitting parame
~a, b, g!, and a second one, with the IH law, which has on
two fitting parameters~a, g!. If the two fits are equally good
as judged by the respective chi-squared values and assoc
residues plot, then parameter correlation is present. An a
Downloaded 15 Jul 2003 to 193.136.128.7. Redistribution subject to AI
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native approach is to perform a correlation analysis of
parameters of the general fit, but the task is much more d
cate and time consuming.

2. Small g

The mathematical form of the parameter correlation
now discussed. Performing a series expansion of the i
grand of the decay law, and integrating term by term

aE
0

`

3~x1b!2F12expS 2
t

t0
eg2xD Gdx

523(
n51

`
1

n!n3 S 2
t

t0
D n

aeng~212nb1n2b2!. ~26!

If the IH decay law~b50! and the general decay law ar
both to fit equally well with the experimental decay, all c
efficients should exactly match. This is not possible in ge
eral, but two coefficients of the expansion can always
made to coincide. Taking the first and second coefficie
the following system of equations is obtained:

a0eg05aeg~11b1 1
2 b2!

~27!
a0e2g05ae2g~112b12b2!,

which gives

a5
112b12b2

~11b1 1
2 b2!2

a0

~28!

g5g01 lnS 11b1 1
2 b2

112b12b2D ,

and thus, if for a given set~a, b, g! a fit with the IH law is
good, the parameters (a0 , g0) of this law will obey Eqs.
~28!. From these equations it is seen that the parameteg0

changes slightly withb, varying betweeng and g1 ln4'g
11.39, while the parametera0 increases continuously with
b.

The series expansion coefficients can be written as

cn5 f ncn
0, ~29!

where

f n5

11nb1
n2

2
b2

11b1 1
2 b2

S 11b1 1
2 b2

112b12b2D n21

. ~30!

It is clear thatf 15 f 251 for all b. The following f n coeffi-
cients (n53,4,...) are still reasonably close to unity for sma
b. Even for largeb, f 350.5625 andf 450.25. Furthermore,
a partial compensation also occurs because the series c
cients are alternately positive and negative. In this way, w
the decay law is well represented by the first few coe
cients, which implies a low value ofg ~g,2!, a correlation
of parameters in the form of Eq.~28! is expected. Note tha
for very low g, not even the second term of the expansion
Eq. ~26! is significant, and only one equation ties the thr
parameters. The situation is, however, of little practical r
evance.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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3. Large g

For reasonably large values ofg ~g.5!, many coeffi-
cients in the expansion contribute to the decay, and Eqs.~28!
are no longer valid. This does not mean, however, tha
these conditions the three parameters can be unambiguo
obtained. In fact, by performing the variable changey5x
1Db, the integral in Eq.~20! can be written as

E
0

`

3~x1b1!2F12expS 2
t

t0
eg12xD Gdx

5E
0

`

3~x1b!2F12expS 2
t

t0
eg2xD Gdx

2E
0

Db

3~x1b!2F12expS 2
t

t0
eg2xD Gdx, ~31!

where

b5b12Db, g5g11Db. ~32!

Now, the first term in the right-hand side of Eq.~31! is iden-
tical in form to the left-hand side. When the second term
the r.h.s. is negligible with respect to the first, or when it
constant for all times of interest, a correlation is observed
follows from Eqs.~32!, that imply a linear relation betwee
the parametersg andb,

g5~g11b1!2b, ~33!

the parametera remaining constant ata1. The correlation is
possible when the second term in the r.h.s. is a cons
because the decay law is an exponential function of Eq.~31!,
and the constant is absorbed in the pre-exponential fa
that is automatically adjusted in the process of curve fitti
Fulfillment of the linear correlation forDb values signifi-
cantly different from 0 is only possible for largeg. Consider
Fig. 1, for instance~g58, b54!. All the curves shown, in-
cluding the extreme ones, that define the time interval
experimental relevance, practically coincide forx,2. In gen-
eral, it follows from the form of the integrand that the max
mum valuexmax can be found from

t

t0
exp~g2xmax!52.5, ~34!

where 2.5 is chosen so that the term within square brac
in Eq. ~20! is close to unity. Considering a minimum reduc
time t/t050.01, xmax5g25.5. Using Eq.~32!,

xmax5g11Db25.5. ~35!

If Db.0, thenxmax5Db and it follows from Eq.~35! that
the linear correlation is valid forg1.5.5, and for all values
of Db, that is,b50 ~IH law! until b5b1. If, on the other
hand,Db,0, thenxmax50 and it follows from Eq.~35! that
Db.5.52g1. For Db55.52g1, g55.5. For the linear cor-
relation to be valid, the minimum possible value forg is
therefore 5.5. The numerical value, found for a minimu
reduced time of 0.01, can in practice be somewhat low
depending on the relative contribution of the short times
the decay to the overall goodness-of-fit chi-squared par
eter.
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4. Intermediate g

Even when Eqs.~28! and~33! are not valid, i.e., wheng
is neither small~g,2! nor large~g.5!, a correlation is in
principle still possible, with the parametera departing from
a1. This is indeed observed. To demonstrate this correla
in a simple way~the general analytical study being not fe
sible!, the integral in Eq.~20! was numerically fitted with the
integral of the IH decay law. The resulting parameter cor
lation is shown in Figs. 3 and 4. In all cases a satisfactory
was obtained.

It should be noted that the parameter correlation to
observed when fitting the fluorescence decays will not
quantitatively identical to the present one, as a further
rameter~normalization constant! exists. The fact that a satis
factory fit can be made even with one parameter less, c
clusively proves that it is not possible in general to reco
all three parameters~a, b, g! from the experimental fluores
cence decays.

III. EXPERIMENT

A. Systems studied

The systems studied were C70-bromobenzene and
phenanthrene-sodium iodide. Samples were prepared in
vent mixtures that gave good glasses at low temperatures
having constant concentrations of C70 and phenanthrene bu
with several quencher concentrations.C70 ~Aldrich, 99%!
was dissolved in a 7:2~v/v! methylcyclohexane-toluene mix
ture ~to be referred to as MT! and phenanthrene
~Fluka>97.0 % HPLC grade! was dissolved in a 4:1

FIG. 3. Fitted parameterg0 as a function ofb. For each curve,g5g0(0).
the dotted lines correspond to Eq.~28!.

FIG. 4. Fitted parameter ratioa0 /a as a function ofb. The value ofg is
displayed for each curve. The dotted line corresponds to Eq.~28!.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ethanol-methanol mixture~to be referred to as EM!. Pure
bromobenzene also gives a clear glass at 77 K. Methylcy
hexane ~Aldrich, 99% spectrophotometric grade!, toluene
~Merck, spectroscopic grade!, ethanol~Merck, spectroscopic
grade!, methanol~Riedel de Hae¨n, spectroscopic grade!, bro-
mobenzene~Riedel de Hae¨n, 98%!, and sodium iodide~Al-
drich, 99.999%! were used as supplied. Fullerene a
phenanthrene concentrations were typically
31025 mol L21 and 131025 mol L21, respectively. The
solutions were not degassed. The concentrations of
quenchers in the low-temperature glasses were calcul
from the room-temperature ones, by using the appropr
volume contraction factors.16

B. Fluorescence decays

Time resolved picosecond fluorescence measurem
were performed using the single-photon timing method w
laser excitation. The setup consisted of a mode-locked
herent Innova 400-10 argon-ion laser that synchronou
pumped a cavity dumped Coherent 701-2 dye~Rhodamine
6G! laser, delivering 3–4-ps pulses~with approximately 40
nJ pulse! at a frequency of 3.4 MHz. Intensity decay me
surements were made by alternate collection of impulse
decay, with the emission polarizer set at the magic an
position. Impulse was recorded slightly away from excitati
wavelength with a scattering suspension. For the decay
cutoff filter was used, effectively removing all excitatio
light. C70 solutions were excited at 593 nm and phenanthr
solutions at 292 nm. The emission signal passed throug
depolarizer, a Jobin-Yvon HR320 monochromator with
grating of 100 lines/mm, and was recorded on a Ha
mamatsu 2809U-01 microchannel plate photomultiplier a
detector. A time scale range of 1.37–2.75 ps/channel
used for the C70 samples and 96.7–286 ps/channel
phenanthrene samples. The instrument response function
an effective full width at half maximum of 35 ps. Usually n
less than 10 000 counts for C70 and 20 000 counts fo
phenanthrene were accumulated at the maximum chann

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. C70-bromobenzene

The room-temperature fluorescence decays in MT w
single exponential for all quencher concentrations. In the
sence of quencher, the measured lifetime was 630 ps. In
bromobenzene, the measured lifetime was 270 ps. Both
ues are in good agreement with previous reports.17,18

The room-temperature quenching of C70 fluorescence by
bromobenzene in MT follows a linear Stern–Volmer plo
both in terms of lifetimes and in terms of steady-sta
intensities18 with a redetermined quenching constantkq

5krd5(2.360.3)3108 L mol21 s21. The low-temperature
fluorescence decays in the MT glass were single expone
in the absence of quencher, with a lifetime of 720 ps,
were nonexponential in the presence of bromobenzene
expected from Eq.~20!. The low-temperature decays we
always well fitted with Eq.~20!, with the intrinsic lifetime
fixed at 720 ps.
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For a bromobenzene concentration of 8.23 mol L21, sev-
eral fits were performed, using different values of parame
b between 0 and 12. The fits were equally good for all valu
of b ~chi-squared values always less than 1.1!, demonstrating
the predicted parameter correlation. The fittedg parameter is
shown in Fig. 5 as a function of parameterd, the distance of
closest approach. This distance is computed for eachb using
Eq. ~23!. It is seen that the quenching is weak, the high
value ofg still being negative. The solid line is the predicte
parameter correlation from Eq.~28!, and is in very good
agreement with the results from the individual fits.

The calculated effective average Bohr radiusL, com-
puted from parametera according to Eqs.~21! and ~22!, is
shown in Fig. 6 as a function of parameterd. The solid line
is again the predicted parameter correlation from Eq.~28!,
and is seen to be in very good agreement with the res
from the individual fits. The rate constantk0, calculated from
Eq. ~5!, is shown in Fig. 7 as a function of parameterd. The
solid line is again the value predicted from Eq.~28!.

For this system, the computed rapid diffusion rate co
stant takes the same value irrespective ofd, as expected for a
weak quenching case. For the 8.23 mol L21 bromobenzene
solution, the computed value iskrd51.63108 L mol21 s21,
very close to the experimental room temperature val
(2.360.3)3108 L mol21 s21.

Given the existence of parameter correlation, it is on
possible to obtain values for parametersL andk0 if a value
of d is assumed. The distance of closest approach can
calculated from known or estimated van der Waals radii. T

FIG. 5. Fitted parameterg as a function ofd for the C70-bromobenzene
system. The solid line corresponds to Eq.~28!. The horizontal dotted line is
the asymptotic value forb→`.

FIG. 6. Computed effective average Bohr radiusL as a function ofd for the
C70-bromobenzene system. The solid line corresponds to Eq.~28!.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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average van der Waals radius of C70 is known from crystal-
lographic determinations to be 5.3 Å.19 For bromobenzene
an average radius of 2.9 Å was estimated by the metho
atomic contributions.20 A value of d58.2 Å is thus obtained
~b56.2!. Using the distanced, values ofL52.6 Å andk0

50.17 ns21 follow. The relatively high value ofL is attrib-
uted to the fact that, owing to the carbon skeleton curvat
in fullerenes,p orbitals are symmetric, with an outer lob
considerably larger than that of planar aroma
compounds.21 The value of k051.73108 s21 should be
compared with the intrinsic intersystem crossing ratio of C70,
kISC'1/t051.53109 s21, and explains why the quenchin
is weak~low g!. The quenching is thus only noticeable f
high quencher concentrations, where more than
quencher molecule is effective.

From Eqs.~6! and~8!, a critical radiusR055.4 Å and a
maximum distance for quenchingr max510.7 Å are obtained
The thickness of the spherical shell where quenching oc
is therefore only 2.5 Å.

A global analysis of three different decays with thr
different quencher concentrations gives essentially the s
results.

B. Phenanthrene-iodide

The room-temperature fluorescence decays in EM w
single exponential for all quencher concentrations. In the
sence of quencher, the measured lifetime was 15.0 ns.

The room-temperature quenching of phenanthrene fl
rescence by iodide in EM follows a linear Stern–Volmer p

FIG. 8. Fitted parameterg as a function ofb for the phenanthrene-iodide
system. The dashed line corresponds to Eq.~33!.

FIG. 7. Calculated rate constantk0 as a function of d for the
C70-bromobenzene system. The solid line corresponds to Eq.~28!. The hori-
zontal dotted line is the asymptotic value forb→`.
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up to a 2 mol L21 concentration~value close to the solubility
limit !, both in terms of lifetimes and in terms of steady-sta
intensities, with a quenching constantkq5krd5(2.160.2)
3108 L mol21 s21. The low-temperature fluorescence d
cays in the EM glass were single exponential in the abse
of quencher, with a lifetime of 64.4 ns, but were nonexp
nential in the presence of iodide, as expected from Eq.~20!.

The low-temperature decays were reasonably well fit
with Eq. ~20!, with the intrinsic lifetime fixed at 64.4 ns.

For an iodide concentration of 0.37 mol L21, several fits
were performed, using different values of parameterb be-
tween 0 and 8. The fits were equally good for all values ob
~chi-squared values always less than 2.6!, demonstrating the
predicted parameter correlation. The fittedg parameter is
shown in Fig. 8 as a function of parameterb. The linear
dependence predicted from Eq.~32! is observed down to
g'4.5. It is also seen that the quenching effect is now mu
more pronounced than for the C70-brombenzene system, th
highest value ofg, g0, being close to 6.

The calculated effective average Bohr radiusL, com-
puted from parametera according to Eqs.~21! and ~22!, is
shown in Fig. 9 as a function of parameterd. The dashed line
is the predicted parameter correlation from Eq.~28!, and is
seen not to be in agreement with the results from the in
vidual fits, as expected for high values ofg. The rate con-
stantk0, calculated from Eq.~5!, is shown in Fig. 10 as a
function of parameterd.

For this system, the computed rapid diffusion rate co
stant is a function of parameterd, as shown in Fig. 11, and is

FIG. 9. Computed effective average Bohr radiusL as a function ofd for the
phenanthrene-iodide system. The dashed line corresponds to Eq.~28!.

FIG. 10. Calculated rate constantk0 as a function ofd for the phenanthrene-
iodide system.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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always significantly lower than the room-temperature exp
mental value.

Given the existence of parameter correlation, it is o
possible to obtain values for parametersL andk0 if a value
of d is assumed.

The distance of closest approach is again calculated f
known or estimated van der Waals radii. The average van
Waals radius of phenanthrene, as obtained by the metho
atomic contributions,20 is 3.4 Å. The radius of the quenche
is either 2.2 Å for the bare iodide ion, or 4.0 Å for th
solvated ion.22 Values of d55.6 Å and d57.4 Å are thus
obtained~corresponding tob55.4 andb58.7, respectively!.
From these distances of closest approach, values ofL52.1 Å
andk050.18 ns21, and ofL51.7 Å andk050.12 ns21, re-
spectively, are obtained. The two values ofk0 are similar,
and much higher than the intrinsic decay rate of phen
threne, 1/t0510.016 ns21, explaining why the quenching i
quite effective~high g!. Unlike the situation with C70, the
quenching is in this case noticeable even for relatively l
quencher concentrations.

From Eqs.~6! and ~8!, critical radii R058.2– 9.2 Å and
maximum distances for quenchingr max512.4– 12.6 Å are
obtained. The thickness of the spherical shell where quen
ing occurs is therefore considerable, 6.7 and 5.2 Å, resp
tively.

Analysis of the decays corresponding to different co
centrations of iodide gives essentially the same results.

Although the above results do not allow a clear opti
between bare and solvated iodide ions, the more reason
L value for the second case favors the possibility that
iodide ions present in the glass are always solvated,
never in direct contact with phenanthrene. A stronger rea
favoring this hypothesis is now given. The observed discr
ancy between the experimental and computed rapid diffus
rate constants can be tentatively explained as follows: In
low-temperature glass, the iodide ions are solvated at
moment of excitation of phenanthrene by light absorpti
and remain as such throughout the decay time. On the o
hand, in the fluid solvent at room temperature, the solva
shell is constantly breaking and reforming, and the possi
ity exists that the excited phenanthrene molecule will
rectly interact with the bare iodide ion, forming a very we
complex. Assuming that the low-temperature distance dep
dence for the rate constant still holds, but that shorter
tances are allowed in the liquid, with a new minimum d

FIG. 11. Calculated rapid diffusion rate constantkrd as a function ofd for
the phenanthrene-iodide system.
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tance of 5.6 Å corresponding to the distance of clos
approach between phenanthrene and a bare iodide ion, a
and higherk0 is obtained,k051.0 ns21. The corresponding
krd is now 2.83108 L mol21 s21, in good agreement with
the room-temperature experimental value, considering all
approximations involved.

C. Comparison of the two systems

The two systems studied correspond to two extreme
opposite cases of quenching efficiency. While the intrin
quenching constantsk0 are very similar, in the case of C70

the competing decay processes are faster~very short life-
time!, and the quenching inefficient~low g! while in the case
of phenanthrene the competing decay processes are sl
~long lifetime!, and the quenching efficient~high g!. The
calculated effective average Bohr radius for t
phenanthrene-iodide pair falls in the usual range for this
rameter, while the unusually high L for the
C70-bromobenzene pair is attributed to the peculiar nature
the fullerenep orbitals. The fact that the low-temperatu
intrinsic quenching constantsk0 are very similar for the two
pairs (k050.17 ns21 for C70-bromobenzene andk0

50.12 ns21 for phenanthrene-iodide! deserves detailed at
tention, as the two quenchers used are known to have
different quenching efficiencies for a given molecule: Br
mobenzene is a weaker heavy-atom quencher than iod
This effective quencher order was namely observed
fullerenes, the iodinated quenchers having room-tempera
bimolecular quenching rate constants one order of magnit
higher than those of brominated ones.18,23The same order is
in fact observed with the present systems, if allowance
made for the fact that the iodide ion is solvated at low te
perature, and is for this reason a weaker quencher tha
room temperature, for which the estimated rate constant
the quenching of phenanthrene isk051.0 ns21.

V. CONCLUSIONS

In this work, a model for fluorescence quenching w
exponential distance dependence was studied in detail
applied to external heavy-atom quenching. In this model,
decay law is a function of three dimensionless parametersa,
b, andg. The parametersb andg are shown to be correlated
and cannot be independently determined from fluoresce
decays. The systems studied were C70-bromobenzene and
phenanthrene-iodide, in liquid solutions at room temperat
and in rigid glasses at 77 K. The predicted parameter co
lation was observed for the two systems, which corresp
to two extreme and opposite situations, strong and w
quenching. A detailed analysis of the determined param
allowed the calculation of the effective average Bohr radiL
and of the intrinsic unimolecular rate constants for quen
ing at contact,k0. The unusually high value ofL for the
C70-bromobenzene is attributed to the extended size of
external part of thep orbital of the fullerene. The room
temperature quenching rate constant computed with the
termined low-temperature parameters was shown to be
good agreement with the experimental one for both syste
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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A systematic study of several systems is underway
order to assess the general applicability of the model, an
order to correlate the parameters of the model, namelyL and
k0, with the structure of fluorophores and quenchers.
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