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Abstract

The primary mechanism responsible for the dynamic fluorescence quenching of polycyclic aromatic compounds (PACs) by Ag+ ions is
enhanced intersystem crossing from the lowest singlet excited state to the lowest triplet excited state. For some PACs, however, exciplex
formation with Ag+ in polar organic solvents has also been reported. Quenching of pyrene fluorescence by Ag+ in two polar solvent
systems (aqueous and ethanolic solutions) was examined here using steady-state and time-resolved fluorescence techniques. In both
solvents, quenching led to the formation of a pyrene–Ag+ exciplex,(1Py· · · Ag+)∗, which rapidly equilibrated with excited singlet pyrene
molecules (1Py∗) and Ag+ ions. The exciplex and pyrene monomer emission spectra strongly overlapped, with the dominant exciplex
peaks in water and ethanol red shifted from the 0–0 transition of pyrene by 5.08 and 2.56 kJ/mol, respectively. Rate constants for the
formation and dissociation of the exciplex were much larger than the radiative and nonradiative decay rate constants for both the excited
state monomer and exciplex. The short exciplex fluorescence lifetimes and very low quantum yields observed in the two solvents can
be attributed to enhanced nonradiative decay processes for the exciplex. The emission quantum yield of the exciplex formed in aqueous
solution was approximately an order of magnitude larger than that in ethanolic solution, which is likely to be attributable to the higher
polarity of water versus ethanol.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

It has been known for some time that mixed or heteroex-
cimers (i.e., exciplexes), formed from the interaction be-
tween a singlet excited state fluorophore and a quencher, can
be intermediates in some fluorescence quenching processes
[1,2]. The stability of exciplexes is generally restricted to
nonpolar solvents, because in polar solvents the transient
complex typically dissociates into radical ions due to the sta-
bilization energy available via solvation[3]. However, even
though exciplex formation is observed predominantly in sol-
vents having relatively small dielectric constants, several
research groups have recently reported properties of exci-
plexes formed in polar organic solvents[4–7]. For example,
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Dreeskamp and coworkers[8,9] demonstrated the formation
of an exciplex between perylene and Ag+ ions in polar or-
ganic solvents and proposed the reaction model shown in
Scheme 1. In this scheme,k1 and k2 are overall rate con-
stants for excited monomer and exciplex relaxation, respec-
tively, and ka and kd are rate constants for the formation
and dissociation of the exciplex, respectively. Dreeskamp
and coworkers also investigated exciplex formation between
other polycyclic aromatic compounds (PACs) and Ag+ in
polar organic solvents based onScheme 1 [10]. For all PACs
studied, Dreeskamp and coworkers showed thatka is much
larger thankd.

The results of Dreeskamp and coworkers[8–10] sug-
gest that some portion of PAC fluorescence quenching by
Ag+ ions in polar solvents may be due to exciplex for-
mation. Other research groups[11–13], however, did not
observe exciplex emission from pyrene and various metal
ions, and instead proposed intersystem crossing (ISC) as
the mechanism responsible for fluorescence quenching. For
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example, based on transient absorption spectra, Saito et al.
[11] proposed that the quenching of pyrene fluorescence
by Ag+ in ethanol was due to triplet state formation from
1Py∗. Nosaka et al.[12] proposed that the quenching of
fluorescence from pyrene–caffeine complexes by Ag+ ions
in caffeine-solubilized aqueous solution was due to ac-
celerated ISC of1Py∗ and enhanced internal conversion,
both brought about by the electron distortion resulting from
caffeine-pyrene–Ag+ complexes in the ground state. Based
on results of pyrene fluorescence quenching by metal ions
in sodium dodecyl sulfate micelle solutions, Nakamura
et al. [13] reported that complexes such as(1Py· · · Ag+)∗,
which are formed diffusionally with an efficiency depend-
ing upon the specific metal ion, enhance the mixing of
spin states leading to ISC. Nakamura et al. also suggested
that enhanced ISC resulting from complex formation in the
excited state might be applicable to conventional organic
solvents as well as aqueous micellar solutions.

Recently, we reported on a novel technique that uses
fluorescence quenching to quantify ground-state complexes
between PACs and Ag+ in dilute aqueous solution[14].
For molecules such as naphthalene, Ag+ complexation
constants can be determined directly from their steady-state
and time-resolved fluorescence data. However, for pyrene
we found that additional steps were necessary to obtain its
Ag+ complexation constants. These additional steps were
needed to correct for a wavelength-dependent emission
interference, presumably resulting from a pyrene–Ag+ ex-
ciplex [14]. In this study, we examine in more detail the
quenching of pyrene fluorescence by Ag+ ions in aqueous
and ethanolic solutions to determine if similar photophys-
ical processes occur in these two polar solvent systems
and to identify whether exciplex formation may be a con-
tributing component to the dynamic quenching of pyrene
fluorescence in these solvents.

2. Experimental

2.1. Chemicals

AgClO4 (99.9%), NaClO4 (99.0%), naphthalene (99.0%),
pyrene (99.0%) and HPLC-grade ethanol (denatured with
5% isopropanol and 5% methanol) were purchased from
Aldrich and used without further purification. Spectroscopic
grade methanol and glycerol (99.6%, Certified A.C.S.) were
purchased from Fisher Scientific. Distilled, deionized water

(Super-QTM Plus, Millipore) having a resistivity greater than
18.0 M� cm was used to prepare all aqueous solutions.

2.2. General procedures

Pyrene, naphthalene and AgClO4 stock solutions were
prepared at room temperature (21± 2 ◦C) and stored in
dark containers to minimize photoreactions. Samples for
fluorescence measurements were prepared in an anaerobic
chamber (95% N2, 5% H2; Coy Laboratory Products Inc.)
using deoxygenated solvents and then sealed in 1 cm screw
cap anaerobic fluorescence cells (Starna) to exclude oxy-
gen. The ionic strength of most samples was fixed at 0.1 M
with NaClO4, except for selected studies that used higher
Ag+ concentrations (0.1 to 0.2 M) to confirm/refute its
formation of an exciplex with pyrene and naphthalene. In
general, Na+ and ClO4

− are not considered to be quenchers
of PAC fluorescence[15]. Also, AgClO4 and NaClO4 solu-
tions have no appreciable absorption bands at wavelengths
longer than 300 nm[16].

Ultraviolet–visible (UV–vis) absorption spectra (reso-
lution of 0.05 nm) were measured with a double-beam,
double-monochromator spectrophotometer (Shimadzu
2501PC) using appropriate background solutions as ref-
erences. Steady-state fluorescence spectra were recorded
with a PTI QuantaMasterTM spectrometer (Photon Tech-
nology International, Inc.) equipped with a 75 W xenon arc
lamp. The primary excitation wavelength used for pyrene
was 334 nm, and fluorescence emission was monitored over
a wavelength range of 370 to 455 nm. When necessary,
observed fluorescence intensities were corrected for inner
filter effects and/or Raman scattering from the background
solution [17,18]. For a limited number of experiments, an
excitation wavelength of 304 nm was used to confirm the
results obtained with 334 nm. For example, pyrene fluores-
cence spectra in the absence and presence of Ag+ ions had
to be corrected for Raman scattering when the excitation
wavelength was 334 nm. To ensure that this correction did
not create artifacts in the spectra, the corrected spectra were
compared to those obtained using an excitation wavelength
of 304 nm for which Raman scattering did not interfere
with pyrene emission. In all cases, corrected spectra for
334 nm were identical to those obtained using 304 nm. Ex-
citation and emission slits were adjusted to a resolution
of 0.25 nm. Steady-state fluorescence spectra emission ar-
eas were determined using the integrating tool in Origin
6.0 (Microcal Software, Inc.). Fluorescence lifetimes and
time-resolved fluorescence spectra were obtained with a
PTI TimeMasterTM spectrometer using a nitrogen-filled
nanosecond flashlamp and a stroboscopic optical boxcar
detection methodology. Pyrene monomer and exciplex
emission decay lifetimes were determined at wavelengths
corresponding to the major bands of pyrene’s vibrational fine
structure (e.g.,I1 = 373 nm,I2 = 379 nm,I3 = 383 nm,
I4 = 389 nm,I5 = 393 nm). Lifetime data analyses were
performed using TimeMaster ProTM for Windows provided
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with the PTI system. Observed fluorescence decays were
deconvoluted using a sum of exponentials model and a
measured excitation pulse by the Marquardt nonlinear
least-squares method. Goodness of fit was characterized by
the reduced chi-square statistic (χ2), Durbin–Watson pa-
rameter, runs test, and plots of the weighted residuals and
the autocorrelation function of weighted residuals. Best fit
values for the pre-exponential factors (Ai ) and lifetimes (τ i )
were then utilized in subsequent calculations and analyses.

3. Results and discussion

3.1. Evidence for pyrene–Ag+ exciplex formation in
aqueous and ethanolic solutions

Representative steady-state pyrene fluorescence emission
spectra in the absence and presence of Ag+ ions (0.12 M)
are shown inFig. 1a and bfor aqueous and ethanolic so-
lutions, respectively. Because Ag+ strongly quenched the
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Fig. 1. Representative steady-state fluorescence emission spectra of pyrene in the absence (– – –) and presence (—) of 0.12 M AgClO4. The curves
were normalized to a value of one at the 0–0 transition to highlight the presence of the exciplex. (a) Aqueous solution. Measurement conditions:
[Pyr] = 4.5×10−7 M, λex = 334 nm,λ0–0 = 373 nm. (b) Ethanolic solution. Measurement conditions: [Pyr]= 2.0×10−5 M, λex = 334 nm,λ0–0 = 373 nm.
(c) 60–40% water–glycerol mixture. Measurement conditions: [Pyr]= 4.5 × 10−7 M, λex = 336 nm,λ0–0 = 376 nm.

pyrene fluorescence, the corresponding curves were normal-
ized to a value of 1 at the 0–0 transition (373 nm), where the
least amount of emission interference occurred[14]. Differ-
ences between spectra such as those shown inFig. 1a and b
have previously been attributed to exciplex emission[8–10],
presumably resulting here from a(1Py· · · Ag+)∗ exciplex.
To confirm that the normalization procedure did not create
artifacts due to a poor signal-to-noise response in lieu of
highlighting the presence of an exciplex, we performed the
same normalization procedure (75×) on the spectrum of a
diluted (4.5 × 10−9 M) pyrene solution with no Ag+ and
observed that the corresponding curves were identical when
normalized to a value of 1 at the 0–0 transition (373 nm)
(data not shown).

As noted in the Introduction, exciplex formation is ob-
served predominantly in relatively nonpolar solvent systems.
For the spectra shown inFig. 1, then, several considerations
might suggest against the possibility of exciplex formation.
First, the emission from the proposed exciplex is relatively
close in energy to that of pyrene itself, which might have
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been expected to lead to formation of radical ion products
[3] or the pyrene triplet state due to enhanced ISC via spin
orbit coupling in the presence of Ag+ [11–13]. Regarding
the latter scenario, however, it is important to note that the
primary fluorescence quenching mechanism for pyrene in
these two solvents was likely ISC, consistent with the large
normalization factors needed to highlight the exciplex emis-
sion in Fig. 1 and with the very small estimated exciplex
quantum yields (see below). Second, since it is known that
pyrene forms ground-state complexes with Ag+, one might
argue that the observed emission resulted from ground-state
complexes rather than from a pyrene–Ag+ exciplex. How-
ever, additional measurements made to test this ground-state
complex hypothesis appeared to rule out this possibility.
For example, steady-state fluorescence excitation scans in
the absence and presence of high concentrations of Ag+
in water and ethanol did not reveal the presence of emis-
sive ground-state complexes (data not shown). In addition,
steady-state fluorescence emission scans of pyrene and Ag+
in 60–40% (by mass) water–glycerol mixtures were indis-
tinguishable from those measured in the absence of Ag+
(Fig. 1c). Because this, latter solvent mixture has a dielec-
tric constant between that of pure water and ethanol but a
viscosity of∼3.7 cP, the result clearly demonstrates that the
emission in question results from a diffusional process (i.e.,
exciplex formation) rather than from a ground-state com-
plex. Finally, to further verify our results, we performed the
same types of experiments and analyses as those described
above using naphthalene, but never detected any evidence of
emission resulting from a naphthalene–Ag+ exciplex. These
observations with naphthalene also provide additional sup-
port for the idea that PAC–Ag+ ground-state complexes are
not emissive.

To better delineate the exciplex emission versus that of
the pyrene monomer, all fluorescence emission spectra were
ratioed to the unquenched spectrum and then normalized to
a value of one at the 0–0 transition band (Fig. 2a and b).
In aqueous solution, a broad, relatively featureless exciplex
emission band can be observed in the wavelength region
375–385 nm (Fig. 2a). This band, centered at approximately
379 nm and coincident with the second vibrational peak
(I2) of the pyrene fine structure[19], is shifted to the red
(5.08 kJ/mol) as compared to the 0–0 transition (373 nm)
of pyrene. In ethanolic solutions, however, exciplex emis-
sion spectra appear to have four maxima between 370
and 395 nm (Fig. 2b). These peaks, centered at approxi-
mately 376, 380, 386 and 391 nm, respectively, generally
fall between the peaks associated with the pyrene monomer
emission fine structure. The strongest band at 376 nm is
red-shifted approximately 2.56 kJ/mol, as compared to the
0–0 transition of pyrene.

Pyrene monomer fluorescence has five predominant peaks
resulting from different vibrational levels, some of which
are sensitive to the molecular solvent environment. For ex-
ample, Kalyanasundaram and Thomas[19] have shown that
the I1/I3 ratio (or, alternatively, the reciprocalI3/I1 ratio)

of pyrene is correlated with solvent polarity as measured
by the dielectric constant. Our attempts to use steady-state
measurements of theI1/I3 ratio to monitor potential changes
in pyrene solvation in water upon addition of AgClO4 were
generally unsuccessful due to the overlapping exciplex
emission. Time-resolved emission spectra acquired after
appropriate detection delay times (e.g., 30 ns) removed the
exciplex interference (data not shown), but instrument sen-
sitivity limited this approach to solutions of relatively low
Ag+ concentration (<5 mM). These low concentrations, in
turn, did not allow for adequate resolution of a significant
I1/I3 trend with [Ag+].

Because the maximum exciplex emission band in aque-
ous solution was observed near the second vibrational peak,
we used theI2/I1 ratio in the present study to follow for-
mation of the exciplex (Fig. 2c). Although none of the
exciplex emission peaks coincided with 379 nm in ethanolic
solutions, theI2/I1 ratio could be used to monitor exciplex
formation in that solvent as well. This was verified by the
identical slopes of the regression lines for the ratio using
I2 and ratios using the exciplex emission maxima wave-
lengths of 376 and 380 nm. In both aqueous and ethanolic
solutions, theI2/I1 ratio increases linearly with increasing
Ag+ concentration indicating that the height ofI2 and thus
the exciplex concentration is directly dependent on the Ag+
ion concentration, consistent withScheme 1.

As previously noted, formation of an exciplex generally
occurs only in nonpolar solvents because of its tendency
to dissociate to radical ions in polar solvents (ε > 20.0)
[20]. Recently, however, several research groups have re-
ported exciplex formation in polar organic solvents such
as acetone, methanol and acetonitrile (ε = 20.7, 32.6 and
37.5, respectively)[4–10]. Figs. 1 and 2demonstrate that
(1Py· · · Ag+)∗ exciplex formation is also possible in aque-
ous solution, which has a very high dielectric constant (ε =
80.1).

Time-resolved fluorescence measurements were made to
verify formation of the exciplex in aqueous and ethano-
lic solutions and test the above assumptions related to the
steady-state emission spectra.Fig. 3 shows a representative
fluorescence-decay curve atI2 for pyrene in aqueous solu-
tion with 5.0 mM AgClO4. Values inTable 1show that flu-
orescence lifetimes of the pyrene monomer (τ) in aqueous
solution systematically decrease with increasing AgClO4
concentration, but that the fluorescence lifetime of the exci-
plex (τexc) is relatively constant and independent of AgClO4
concentration. In addition, the pyrene monomer fluorescence
lifetimes measured atI2 (Table 1) are consistent with those
determined atI1 and the other selected wavelengths within
the limits of uncertainty[14]. Results inTable 1provide con-
firmatory evidence toFigs. 1 and 2for the formation of an
exciplex in aqueous solution. Similar trends with Ag+ ion
concentration were observed forτ andτexc in ethanolic so-
lutions (data not shown), again confirming the formation of
an exciplex in that solvent system. Finally, it is noteworthy
that the values ofτexc measured in our two solvent systems
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Fig. 2. Representative normalized steady-state fluorescence spectra ratios for aqueous (a) and ethanolic (b) solutions with Ag+ concentrations of 0 (1),
0.03 (2), 0.06 (3), 0.09 (4), 0.12 (5), and 0.15 M (6). The effect of Ag+ concentration on exciplex formation as monitored by changes in apparent fine
structure ratios is shown in (c) for aqueous pyrene (4.5 × 10−7 M; (�) I379/I373) and ethanolic pyrene (2.0 × 10−5 M; (�) I376/I373, (�) I379/I373, (�)
I380/I373) solutions.

Table 1
Fluorescence decay parameters atI2 (379 nm) for aqueous pyrene solutions (4.5 × 10−7 M) upon addition of AgClO4a

[AgClO4] (mM) τ (ns) τexc (ns) Ab, 10−3 Aexc
b, 10−3 χ2c τeff

d (ns) Aeff
b, 10−3 χ2c

0 210.0 (4.1) – 7.5 (0.10) – 1.03 210.0 (4.1) 7.5 (0.10) 1.03
1.0 135.7 (2.3) 3.6 (0.3) 6.9 (0.06) 5.3 (0.07) 1.04 113.2 (3.1) 7.4 (0.10) 1.45
2.0 88.5 (1.9) 3.8 (0.3) 6.7 (0.09) 5.1 (0.04) 0.94 79.6 (2.1) 7.6 (0.06) 1.62
3.0 70.1 (1.4) 3.7 (0.4) 6.4 (0.05) 4.9 (0.07) 0.91 62.3 (1.3) 7.3 (0.10) 1.08
4.0 57.6 (2.6) 3.2 (0.3) 6.2 (0.08) 5.3 (0.05) 0.87 48.4 (2.0) 7.3 (0.06) 1.24
5.0 44.9 (1.5) 3.4 (0.2) 6.1 (0.05) 5.2 (0.07) 0.75 39.3 (1.2) 7.1 (0.09) 1.08

a Mean values and standard errors (in parentheses) were obtained from double or single exponential model fits to the fluorescence lifetime data.
b Relative amplitudes of each component.
c Reduced chi-square statistic for each best fit. For all double exponential fits, the Durbin–Watson parameter was always greater than 1.75 and the

Runs Test always generated values ofZ > −1.96, indicating satisfactory fits at the 95% confidence level.
d Single exponential fluorescence lifetime consistent with the assumptions thatk3[Q] and k4 are much larger than (k1 + k2) and kp (seeScheme 2).
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Fig. 3. Representative fluorescence decay curve of pyrene (4.5×10−7 M)
in aqueous solution in the presence of 5.0×10−3 M AgClO4 measured at
379 nm (curve b) plotted together with the lamp–pulse profile (curve a).
The decay curve was best fit by deconvolution using a double exponential
model with τ = 44.9 ± 1.5 ns andτexc = 3.4 ± 0.2 ns (Table 1).

are much longer than the reported lifetimes of radical ion
pairs[21,22].

3.2. Rate constants for pyrene–Ag+ exciplex processes

A detailed kinetic scheme for(1Py. . . Ag+)∗ exciplex
formation and decay in aqueous and ethanolic solu-
tions adapted from previous reports[2,7,23] is shown in
Scheme 2, wherek1 andk2 are the radiative and nonradia-
tive decay rate constants of excited state pyrene monomer,
k3 andk4 are the formation and dissociation rate constants
of the exciplex, andk5 andk6 are the radiative and nonra-
diative decay rate constants of the exciplex. InScheme 2,
the nonradiative decay pathways (2 and 6) are likely due
to a combination of mechanisms such as ISC and internal

1Py* + Ag+
(1Py....Ag+)*

k1 k2

k3

k4

k5
k6

Py + hv  Py or 3Py*

Py or 3Py* + Ag+
Py + Ag+ + hv

Scheme 2.

conversion. An equation to quantify the dynamic quenching
of pyrene monomer fluorescence can be derived from the
Stern–Volmer equation andScheme 2 [2,7,23]:

τ0

τ
= kqτ0[Q] + 1 = k3kpτ0[Q]

k4 + kp
+ 1 (1)

whereτ0 andτ are the pyrene monomer fluorescence life-
times in the absence and presence of Ag+ ions, respectively,
[Q] is the concentration of the quencher (Ag+ ions), and

kp = (k5 + k6) = 1

τexc
(2)

The bimolecular quenching constant,kq, for the present
system can therefore be expressed as:

kq = k3kp

k4 + kp
(3)

In aqueous solution, thekq value of (3.31 ± 0.09) ×
109 M−1 s−1, calculated usingEq. (1) and the monomer
τ values from Table 1, is larger than thekp value
of (2.79 ± 0.18) × 108 s−1, calculated from theτexc
values also fromTable 1. Similarly, the kq value of
(1.72±0.07)×109 M−1 s−1 determined in ethanol is larger
than thekp value of(3.09± 0.12) × 108 s−1.

Previous researchers[2,7,23] have demonstrated that if
k3[Q] andk4 are much larger than (k1+k2) andkp, then equi-
librium between1Py∗ and (1Py· · · Ag+)∗ will be reached
very quickly inScheme 2. In this situation, an effective de-
cay rate constant (keff ) for both species combined will be
close to a single-exponential decay rate (1/τeff ) as expressed
in Eq. (4) [2,7,23]:

keff = τ−1
eff = (k1 + k2)

(
k4

k4 + k3[Q]

)
+ kp

(
k3[Q]

k4 + k3[Q]

)

(4)

FromEq. (4), the effective pyrene fluorescence lifetime (τeff )
in the presence of Ag+ ions is:

τeff = 1 + K[Q]

τ−1
0 + Kkp[Q]

(5)

whereK = (k3/k4) is the equilibrium constant for exciplex
formation. RearrangingEq. (5), the Stern–Volmer equation
for dynamic quenching can then be expressed as:

τ0

τeff
= 1 + Kkpτ0[Q]

1 + K[Q]
(6)

To obtainK andkp from the pyrene dynamic quenching data
in Table 1, Eq. (6) can be rearranged to a linear form for
simplicity:

(τ−1
eff − τ−1

0 )−1 = K−1(kp − τ0
−1)−1[Q]−1 + (kp−τ0

−1)−1

(7)

Fig. 4 shows representative plots of (τ−1
eff τ

−1
0 )−1 versus

[Q]−1 generated from our values obtained in aqueous and
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k3[Q] and k4 are much larger than (k1 + k2) and kp in Scheme 2. (�)
aqueous solution, (�) ethanol.

ethanolic solutions. From the slope and intercept of each re-
gression line, values forkp andK can then be calculated. The
kp values determined with this technique were consistent
with (i.e., within 10% of) the values previously calculated
from the experimentalτexc values in aqueous and ethanolic
solutions. The excellent regressions obtained (Fig. 4) and
consistentkp values indicate that the assumptions leading
to Eqs. (4)–(7)are valid in the present systems.

Despite very different solvent polarities (ε = 80.1 and
24.3 for water and ethanol, respectively),kp values in aque-
ous and ethanolic solutions were similar (i.e., within 5%)
and consistent with trends reported by Rath et al.[7]. Con-
versely, the value forK in aqueous solution was more than a
factor of two larger than its corresponding value in ethanolic
solution, indicating that the exciplex is more stable in water
than ethanol. With the values above forK andkp, the previ-
ously determined values forkq, and usingEq. (3), values for
k3 andk4 were also computed. Finally, a value for (k1 + k2)
was calculated withEq. (4)using all previously determined
rate constants (Table 2).

3.3. Quantum yield considerations

Monomer and exciplex quantum yields pertinent to
Scheme 2have been defined by Ware et al.[2]:

Φ0
mo ≡ k1

k1 + k2
(8)

Φexc ≡ k5

k4 + kp
(9)

where Φ0
mo is the quantum yield of the monomer in the

absence of quencher andΦexc is the quantum yield of the
exciplex. If the monomer and exciplex fluorescence intensi-
ties (Imo andIexc) measured in the presence of quencher are
integrated over their entire emission bands, then the ratio

Table 2
Kinetic and equilibrium parameters forScheme 2a

Aqueous solution Ethanolic solution

kq (M−1 s−1) 3.31 (0.09)× 109 1.72 (0.07)× 109

k1 + k2 (s−1)b 4.76 (0.08)× 106 3.68 (0.03)× 106

k1 (s−1)c 3.28 (0.05)× 106 2.39 (0.02)× 106

k2 (s−1)c 1.48 (0.03)× 106 1.29 (0.01)× 106

k3 (M−1 s−1)d 1.62 (0.03)× 1010 2.50 (0.05)× 1010

k4 (s−1)d 1.18 (0.02)× 109 4.29 (0.06)× 109

kp (s−1)e 3.04 (0.01)× 108 3.16 (0.01)× 108

k5 (s−1)f 7.85 (0.03)× 105 2.43 (0.02)× 105

k6 (s−1)g 3.03 (0.01)× 108 3.16 (0.01)× 108

K (M−1)e 13.7 (0.2) 5.8 (0.2)
Φexc 5.30 (0.10)× 10−4 5.27 (0.06)× 10−5

a Mean values and standard errors (in parentheses) were determined
from three independent replicate experiments.

b From Eq. (4).
c Unique values fork1 andk2 determined from their sum andEq. (8)

using representative values ofΦ0
mo for the two solutions.

d From Eq. (3).
e From Eq. (7) and Fig. 4. Values forkp were within 10% of those

determined from the averageτexc (Table 1).
f From Eq. (10).
g From Eq. (2).

of integrated intensities can be used to estimate the ratio
of the two quantum yields (Φexc/Φmo) [2]. For this case,k5
then can be computed using the following equation[2]:

k5 = k1(k4 + kp)Φexc

k3Φmo[Q]
(10)

To useEq. (10), representative values ofΦ0
mo were first

selected for pyrene in each solution (0.69 and 0.65 for aque-
ous[24,25] and ethanolic[26] solutions, respectively), and
then k1 values were obtained usingEq. (8) and the values
for (k1 + k2) determined above. As shown inFigs. 1 and 2,
it was not possible to compute an exact exciplex quantum
yield (Φexc) in the present systems because of the exten-
sive overlap of the pyrene monomer and exciplex emission
bands. However, we were able to estimate theΦexc/Φmo ra-
tio by integrating the areas under the monomer spectra and
their corresponding exciplex spectra, which were assumed
to be the difference spectra obtained from normalized curves
such as those shown inFig. 1. We then computedk5 using
Eq. (10)with all the previously determined parameter val-
ues. All rate and equilibrium constants that we were able to
obtain for the processes inScheme 2are listed inTable 2.

Using Eq. (9) and the appropriate kinetic values from
Table 2, we were able to calculate approximate values of
Φexc for (1Py· · · Ag+)∗ in both solutions. TheΦexc value in
water (5.30× 10−4), computed in this manner, was approx-
imately an order of magnitude larger than that in ethanol
(5.27 × 10−5). Although this difference was much larger
than the relative difference inΦ0

mo values for the two solu-
tions, it appears to be consistent with reports that the relative
efficiency of ISC from the singlet exciplex,(1Py· · · Ag+)∗,
to the triplet state,3Py, decreases with increasing solvent
polarity [27,28].
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4. Conclusions

Based on the steady-state and time-resolved fluorescence
measurements in aqueous and ethanolic solutions, we have
demonstrated that dynamic quenching of pyrene fluores-
cence by Ag+ ions in polar solvents can lead to formation
of an exciplex,(1Py· · · Ag+)∗. In these systems, exciplex
formation is accompanied by rapid equilibration with1Py∗
and Ag+ ions. Exciplex emission lifetimes in both solvents
were much shorter than their corresponding monomer fluo-
resence lifetimes because the lowest excited exciplex singlet
state has several competitive nonfluorescent pathways with
large rate constants for relaxation to the ground state, such
as the formation of the triplet state by intersystem cross-
ing. The higher equilibrium constant for exciplex formation
in aqueous solution indicates the stronger interaction that
occurs between1Py∗ and Ag+ in water versus ethanol.
Similarly, the higher exciplex quantum yield in aqueous
solution indicates the enhanced stability of the exciplex in
water versus ethanol, most likely because of the decreased
efficiency of ISC in water versus ethanol.
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