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Discussion 

Our results clearly indicate an electron-exchange mecha
nism for the fluorescer-enhanced chemiluminescence. On the 
one hand, a fluorescer like rubrene catalyzes the decarboxyl
ation of the a-pyrone endoperoxide 1 with concurrent light 
amplification; on the other hand, the enhanced emission in
tensity is an exponential function of the oxidation potential of 
the fluorescers. Both criteria together are taken as evidence 
for the CIEEL mechanism.13 

It was not possible to trap the o-dioxin 3 in the thermal de
carboxylation of 1 even with such reactive dienophiles as 4-
phenyl-1,2,4-triazoline-3,5-dione. Either 3 is not formed or it 
suffers valence isomerization to the diacylethylene 4 before 
bimolecular trapping with the dienophile occurs. If the latter 
situation should apply, it would also be unlikely that bimole
cular electron exchange between the o-dioxin 3 and the fluo
rescer would compete with valence isomerization into 4. This 
expectation is especially reasonable since the concentration 
of the triazolinedione trapping agent is fivefold that of the 
fluorescer electron donor. Furthermore, the fluorescer cata
lyzes the decarboxylation of the endoperoxide 1, i.e., 1 disap
pears faster in the presence of rubrene. This is contrary to the 
observation made for the benzo-annulated endoperoxide (eq 

The study of bilayer and micellar assemblies with fluores
cence probes is well established.' Recently, we2 showed the 

3), for which the fluorescer does not directly catalyze the de
carboxylation of the endoperoxide. 

On the basis of our results we suggest the electron exchange 
mechanism shown in Scheme I to rationalize the enhanced 
chemiluminescence of a-pyrone endoperoxides 1 with easily 
oxidized fluorescers. Apparently the electron transfer between 
1 and the fluorescer in the first step is quite inefficient since 
the catalyzed decomposition of 1 by Fl is slow and thus the 
enhanced light yield low. 

Presently we are exploring the possibility of altering the 
structure of the endoperoxide 1 to increase the enhanced light 
efficiency by affording the intriguing o-dioxins 3. For example, 
benzoannulation (eq 3) is very effective in enhancing the light 
yield by promoting the formation of the xylylene peroxide 5a,6 

and the latter enters into an efficient electron-exchange 
mechanism. In the case of our a-pyrone endoperoxides 1 it 
seems that decarboxylation takes place concurrently with 
peroxide bond cleavage to afford 4 directly without the inter
vention of the o-dioxin 3. 
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usefulness of using nitroxyl radicals as fluorescence quenchers3 

in ionic micellar environments. Further, we have presented a 
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Abstract: The self-association of 4-[7V,A'-dimethyl-A'-(«-hexadecyl)ammonium]-2,2,6,6-tetramethylpiperidinyl-J'V'-oxyl bro
mide (1), a surfactant nitroxyl radical, into micelles was studied by ESR spectroscopy giving an estimate of its critical micelle 
concentration (cmc) as (4.6 ± 0.5) X 1O-4 M, in the absence of added salt. The fluorescence quenching of a series of cationic 
fluorophors of the structure [(l-pyrenyl)(CH2)„N(CH3)3]

+ X - (2-n) by 1 was investigated over a concentration range below 
and above the cmc. A comparison of fluorescence lifetime and yield measurements indicates that 2-1 and 2-5 are quenched by 
a simple diffusional mechanism while 2-11 is quenched by a static mechanism below the cmc. Discontinuities occur in the 
Stern-Volmer plots at the cmc owing to the onset of static quenching of fluorophors solubilized in the micelle phase. Analysis 
of a kinetic scheme incorporating the several quenching mechanisms operating below and above the cmc leads to estimates of 
Kb/N for the 1-n fluorophors: (2-1), 27; (2-5), 336; (2-11), 38 000 M - 1 , where Kb is the association constant with the micelle 
and N is the aggregation number of the host micelle. 
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Figure 1. ESR spectra of 1-Br in water under nondegassed conditions at 
modulation amplitude of 2.0 G: (a) at 6.0 X 10 - 5 M, (b) at 9.0 X l O - 4 M 
in presence of 9.2 X l O - 3 M KBr. 

kinetic model for such systems, based on substrate binding via 
a multistep equilibrium, that is consistent with the often ob
served (a) upward curvature in steady-state Stern-Volmer 
plots and (b) the biexponential decay of the probe fluores
cence.4 

The present work describes the fluorescence quenching of 
several cationic pyrene derivates (2) by the surfactant nitroxyl 

CH3(CH2I15-N^ X1-01 x 

CH, r- i 

:cH2 ,n -N(CH^3 

2-n 

radical 4-[Ar,A'-dimethyl-A'-(«-hexadecyl)ammonium]-
2,2,6,6-tetramethylpiperidinyl-7V'-oxyl (1) over a concentra
tion range below and above the critical micelle concentration 
(cmc) of the latter. The self-association of 1-Br into micelles 
is studied by ESR spectroscopy,5 yielding an estimate of its cmc 
that agrees well with observations in the fluorescence 
quenching experiment. This study elucidates the several flu
orescence quenching mechanisms6 operating below and above 
the cmc of the surfactant nitroxyl radical. 

Results and Discussion 
ESR Study of the Self-Association of 1-Br. The ESR spec

trum of 1.0 X 10-5 M 1-Br in water at 25 0C shows the char
acteristic nitroxyl radical three principal line pattern of 1.7 G 
width and «N = 16.9 G.5a Additional hyperfine structure (~0.5 
G) is observed in oxygen-free solutions at low modulation 
amplitude.5b At concentrations >5 X 1O-4 M, the spectrum 
consists of a single, broad line (~15 G) superpositioned over 
the narrower three-line spectrum as shown in Figure 1. We 
assign the broad, single line spectrum to aggregates of 1-Br 
where fast spin exchange occurs. 

Because of the low amplitude of the broadened signal in the 
region of the low-field line in the spectrum of monomeric 1-Br, 
the contribution of the former to peak-to-peak intensity mea
surements on the latter is estimated to be <5% in most of our 
experiments. Thus, monomeric [1-Br] can be directly moni
tored by intensity measurements on the low-field line. 

The broadened, aggregate signal contour does not appear 
to vary with surfactant concentration and its intensity was 
monitored by peak-to-peak measurements at 7.5 G below and 
above (arrows in Figure 1) the monomer middle-field line 
where intensity contributions from the latter are negligible. 
Thus, both monomer and aggregate 1-Br can be simulta
neously monitored in the ESR experiment. 

Plots of monomer and aggregate signal intensities vs. total 
[1-Br] are shown in Figure 2. In Figure 2a, aggregation is 
readily noted through the sharp discontinuity in the monomer 

[NITROXYL RiDICALj 

Fiure 2. Plots of relative peak-to-peak signal intensity vs. the concentration 
of surfactant nitroxyl radical 1-Br: (a) in pure water, (O) monomer, ( A ) 
aggregate; (b) in presence of 9.2 X 10 - 3 M KBr, ( • ) monomer, (A) ag
gregate. (---) Theoretical monome, spin intensity plot based on 4-keto-
2,2,6,6-tetramethylpiperidinyl-iV-oxyl as a standard. 

profile and the development of the broadened, aggregate signal 
at (4.6 ± 0.5) X 1O-4 M which we assign as the critical micelle 
concentration (cmc) of 1-Br.7 

In the concentration range below the onset of the aggregate 
signal, the monomer signal profiles in Figures 2a and 2b are 
within 10% of the theoretical slopes (dashed lines) based on 
measurements relative to the signal intensity from 4-keto-
2,2,6,6-tetramethylpiperidinyl-Af-oxyl. However, we have 
observed that spin intensity measurements on very dilute so
lutions (<2 X 1O-5 M) of 1-Br, in the absence or presence of 
O2, are significantly less than theory. For example, peak-to-
peak measurements of the low-field line indicate a spin in
tensity that is only ^ 40% of the theoretical level at a concen
tration ofl.0X,10_5M. The spin intensity at this concentra
tion is 100% of the theoretical level in the presence of 0.02 M 
cetyltrimethylammonium chloride which solubilizes and dis
perses the nitroxyl radical in the CTAC micelles.5b 

Because of the apparently "normal" spin intensity mea
surements between 2 X 10-5 M and the cmc, we do not believe 
that this spin intensity loss is due to premicellar aggregation 
of the nitroxyl radicals in solution, since in that case the in
tensity loss would be enhanced with increasing concentration. 
At this time, we speculate that surface adsorption of the ni
troxyl radicals, with accompanying severe peak broadening, 
is a possible explanation. Such a phenomenon would show a 
saturation limit as is observed and would be consistent with the 
effect of added CTAC. Since the surface tension measure
ments7 indicate that only ~ 1 % of the surfactant nitroxyl rad
icals are adsorbed at the water/air interface8 under conditions 
of the ESR experiment, it is likely that the majority of the spin 
intensity loss arises from adsorption on the glass walls of the 
capillary tubes used in the ESR experiment which provides 
orders of magnitude more surface area than the water surface. 
The unexpected spin loss, and possibly related immobilization 
of a significant fraction of the surfactant nitroxyl radicals in 
very dilute solutions, does not jeopardize the results or con
clusions in this or the earlier5*3 work which were carried out at 
higher concentrations. 

In the presence of 0.0092 M potassium bromide, the cmc is 
lowered to (8.5 ± 0.5) X lO - 5 M (Figure 2b). The monomer 
intensity profile in the presence of 0.0050 M potassium bro
mide (not shown) shows a discontinuity at (1.3 ± 0.1) X 10-4 

M surfactant. The cmc's in the absence and presence of 0.0050 
and 0.0092 M potassium bromide follow the expected log-log 
linear relationship9 in eq 1, where the slope and intercept are 
least-square values. 

log (cmc) = -0.54 log (cmc + [KBr]) - 5.1 (D 
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Figure 3. Stern-Volmer plots. (Upper) 2-11, slopes: (region A) 7200 M-1; 
(region B) 38 000 M-1. (Inset) Expanded scale. (Middle) 2-5, slopes: 
(region A) 220 M-1; (region B) 370 M-1. (Lower) 2-1, slopes: (region 
A) 200 M-1; (region B) 30 M-1. 

The decrease in monomer concentration above the cmc in 
Figure la is predicted by the law of mass action approach to 
micellization.10 Qualitatively, this decrease results from a 
lowering of the cmc with increasing counterion concentration 
in accord with eq 1. Note that in the presence of 0.0050 and 
0.0092 M potassium bromide, where [Br -] is approximately 
constant, the monomer intensity does not vary above the cmc 
(Figure 2b). 

In the section that follows, we examine the fluorescence 
quenching of the cationic pyrene derivatives 2-1,2-5, and 2-11 
by 1. 

Fluorescence Quenching of the Cationic Fluorophors. The 
emission from dilute ( ~ 1 0 - 5 M) aqueous solutions of 2-1,2-5, 
or 2-11 is very similar to the typical pyrene monomer spectrum. 
Fluorescence quenching of these fluorophors is observed as 
1-Br is added, but the data give unconventional Stern-Volmer 
plots as shown in Figure 3. 

The fluorescence lifetimes of the 2-n fluorophors, in the 
absence and presence of 1-Br, appear in Table I. A very modest 
(5-10%) decrease in the lifetimes is noted as 1-Br is added up 
to the cmc, but thereafter the lifetimes show a tendency to 
lengthen with addition of quencher. 

For diffusional quenching6 of an excited fluorophor (F*) 
by a quencher (Q), both the fluorescence lifetimes (eq 2) and 
fluorescence yields (eq 3) should decrease with added Q ac
cording to 

Tobsd ' - Tf + MQ] (2) 

and 

*o /$ = 1 + V r [ Q ] (3) 

where r0bsd and Tf are the fluorescence lifetimes in the presence 
and absence of Q, /cq is the bimolecular rate constant for dif
fusional quenching, and $o and $ are the fluorescence quan
tum yields in the absence and presence of Q. Accordingly, it 
is clear that much of the fluorescence quenching is not by a 
simple diffusional mechanism. 

This dichotomy between the fluorescence yield and lifetime 
measurements is characteristic of static quenching.6 Note that 
the steady-state quenching profiles in Figure 3 are discontin-

conditions 
fluorophor, Tf X IQ9, sh 

2-1 2-5 2-11 

pure water 
water with 1-Br, 2.5 X 10~4 

5.0X 10-4M 
1.0 X 10~3M 
2.0X I0--1 M 
4.0 X IO"3 M 
5.0X IO-3 M 
1.0 X 10"2M 
2.0X 10~2M 

water with 0.0050 M NaBr 

M 
51 

46 

46 
48 
48 

102 

95 
95 
97 
99 

99 

99 
90 
87 
87 

90 

" Measured in 1-cm2 Pyrex cuvettes under nondegassed conditions. 
Excitation at 337 nm with a nitrogen laser. * Multiple determinations 
with error limit of ±3%. Decays measured over two to three life
times. 

uous in the concentration region near the cmc of 1-Br. We 
suggest that the Stern-Volmer slopes in region B primarily are 
due to static quenching of fluorophors partitioned into the 
micelle phase. Accordingly, in region B above the cmc, fluo
rescence is observed only from fluorophors residing in the 
aqueous phase. The tendency of the fluorescence lifetimes to 
lengthen slightly with added nitroxyl radical through this re
gion is understandable since, in the absence of added salt, the 
concentration of monomeric 1-Br in the aqueous phase, in fact, 
tends to decrease as noted in the ESR experiment.12 An 
analysis of the Stern-Volmer data from region B is given 
later. 

Quenching below the cmc. The quenching mechanisms op
erating below the cmc (region A) can be elucidated to some 
degree by comparing the fluorescence yield and lifetime data. 
For 2-5, the slope of 220 M - ' in region A, in combination with 
the Tf = 102 ns, leads to A:q « 2 X 109 M - 1 s_1 for a diffusional 
quenching mechanism (eq 3). This value agrees well with the 
estimate of /cq « 1.4 X 1 0 9 M - ' s~' which is derived from the 
decrease in the fluorescence lifetimes with added 1-Br through 
region A (eq 2). We conclude that a diffusional mechanism 
accounts for the majority, if not all, of the quenching of 2-5 
below the cmc. 

The apparent Stern-Volmer slope of ~200 M - 1 in region 
A for 2-1, and the Tf = 51 ns, indicates kq*> 4 X 1 0 9 M - 1 s_1 . 
This same value is indicated by the lifetime data, assuming that 
monomeric 1-Br is present at its cmc for the entries in Table 
I. It appears that fluorescence quenching of 2-1 below the cmc 
also can be associated with a diffusional mechanism. 

The above type of analysis leads to a different conclusion 
for 2-11. The Stern-Volmer slope of 7.2 X 103 M - 1 in region 
A, along with the Tf = 99 ns, would require kq « 7 X 10'° M - ' 
S -1, which significantly exceeds the diffusion limit in water at 
room temperature. Further, the lifetime measurements, which 
presumably measure only the aqueous phase diffusional 
quenching, indicate /cq » 4 X 1 0 9 M - 1 s_1 with a related pre
dicted Stern-Volmer slope for the steady-state experiment of 
only 400 M - ' . We conclude that the steady-state experiment 
below the cmc primarily is measuring static quenching,13 

implying some form of ground-state association between the 
fluorophor and quencher. 

Additional evidence for such an interaction may be indicated 
in the electronic absorption spectra of 2-11 in the absence and 
presence of 1-Br. Upon addition of the surfactant nitroxyl 
radical in the concentration range ~ 1 0 - 4 M, the spectrum of 
2-11 shows an increase in absorption as a shoulder near 355 
nm. There is an abrupt loss of this red-shifted shoulder when 
the concentration of 1-Br is approximately equal to its cmc. 
Further, there is a narrowing of all absorption bands of 2-11 
so that the extinction coefficients at the absorption maxima 
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increase significantly. The absorption spectrum is unchanged 
with addition of 1-Br above the cmc except that contributions 
due to the spectrum of the nitroxyl radical become signifi
cant. 

This same trend is noted when cetyltrimethylammonium 
choride (CTAC) is added as shown in Figure 4. Because 
CTAC is a nonquenching surfactant, it is possible to monitor 
the emission from the complexed fluorophor as well. These 
spectra (inset, Figure 4), which are all normalized to the 
monomer emission, reveal the development of a structureless 
emission (red-shifted from the highly structured monomer 
emission) as CTAC is added at concentrations below the cmc 
of the latter (~5 X 1O-3 M).5b This structureless emission 
tends to red shift as more CTAC is added. At and above the 
cmc, this emission is identical in wavelength with the well-
known pyrene excimer emission." As more CTAC is added, 
the intensity of the excimer emission decreases relative to the 
monomer emission. 

We suggest that the red-shifted shoulder in the absorption 
spectra in Figure 4 is due to ground state interaction between 
two pyrene rings in an aggregate structure, and that the red-
shifted structureless emission, even below the cmc of CTAC,14 

comes from pyrene excimers.15 Note that, at the concentration 
of 2-11 used in this experiment (2.5 X 10~5 M), excimers 
cannot be formed by a diffusional mechanism but rather must 
come from aggregates that include at least two fluorophors. 
These aggregates must contain at least one CTAC since the 
latter seems to promote the formation of excimers. The gradual 
red shift in the excimer emission with more added CTAC 
might reflect greater mobility of the pyrene chromophores 
within aggregate structures of increasing size that allows the 
excimers to reach the energetically preferred pyrene excimer 
geometry."15 The decrease in excimer emission with added 
CTAC above the cmc is due to dilution, and eventual isolation, 
of 2-11 among the CTAC micelles. 

This same aggregation probably occurs between 2-11 and 
1-Br except that all emission from these structures is statically 
quenched. At this time, we have no information on the size of 
these aggregate structures. Note that data obtained so far with 
2-1 and 2-5 give no indication of similar aggregation, which 
probably reflects the importance of the hydrophobic interaction 
for this association. 

Fluorescence Quenching above the cmc. As shown earlier, 
the discontinuities in the steady-state fluorescence quenching 
profiles of the three fluorophors by 1-Br observed at, or near, 
the cmc are assigned to the onset of static quenching of the 
fluorophors solubilized in the micelle phase. In addition, the 
previous analysis indicates that diffusional quenching of 2-1 
and 2-5, but static quenching of 2-11, occurs below the cmc. 

These several quenching pathways are incorporated into 
Scheme I. Micellization of 1 (Q in scheme) is given by step i. 
The association of the fluorophor (F) with Q to form smaller 
premicellar aggregates (Q-F) is given by ii. Note that Q-F 
represents an ensemble of aggregates which have not been 
elucidated in detail, and that Kc is only an apparent equilibrium 
constant. The association of F with the micelles (MQ) is de
scribed by a multistep equilibrium (iii-v) which leads to an 
ensemble of micelles, MQ-F„ (n = 0, 1, 2 . . . ) . Steps vi-viii 
account for excitation of F distributed among MQ-Fn, F, and 
Q-F with Xm, Xa, and Xc being the mole fractions of F in each 
of the three states. Steps ix and x describe the first-order decays 
(k\ = Tf-1) and diffusional quenching by Q of F* in the 
aqueous phase. The possible reversible association of F* with 
the micelles is provided by xi. Note that xi is important only 
if the rates of fluorescence decay of F* in the aqueous and 
micellar phases are comparable to, or slower than, /cmq[MQ] 
and k-mq, respectively. 

A few observations and comments would be helpful before 
proceeding further. Static quenching of excited fluorophors 

300 350 400 
wavticngth , nm 

Figure 4. Absorption and emission spectra of 2.5 X 10 5 M 2-11 in aqueous 
solutions in the absence and presence of CTAC. Concentrations of CTAC: 
(A)O1(B) 1.0 X 10"3, (c)4.0X 10~3, (D) 5.0 X IO"3, (E) 3.0 X IO""3, (F) 
6.0X 10"3 M. 

in the micelle phase implies that Nk^' is faster than all other 
processes potentially available to the excited fluorophor in
cluding radiative and nonradiative decays as well as dissocia
tion from the micelle (km).]b In agreement, only simple ex
ponential decays are observed below and above the cmc. The 
latter is informative because more complex decays could arise 
from either (a) mixed fluorescences from aqueous and micelle 
phase solubilized excited fluorophors or (b) fluorescence only 
from aqueous phase fluorophors but with some contribution 
by 

* — mq 

MQ-F* * M Q + F* 

Static quenching of MQ-F* precludes both a and b. 
Diffusional encounter between F* and the micelle is not 

important because the fluorescence lifetimes do not decrease 
with added Q above the cmc where [MQ]T (the total concen
tration of micelles) increases according to [ M Q ] T = J[Q]T — 

cmc\/N with [Q]T being the total concentration of Q and A' 
being the aggregation number for the micelle. If a reasonable 
value for Â  is assumed,17 [MQ] i s~10 - 5 M under the exper
imental conditions. 

Based on Scheme I, but with the omission of step xi, the 
derivation in the Appendix leads to the Stern-Volmer ex
pression 

( $ 0 / $ ) = (1 + Kc[Q] + Kb[MQ]T)(l + ATqTf[Q]) (4) 

where [Q] is the concentration of monomeric Q and [MQ] T is 
the concentration of micelles. 

For the limiting case where K0[Q] and K11[MQ]T « 1, 
meaning that both static quenching mechanisms are insignif
icant, (4) simplifies to (3). This case is observed with 2-1 and 
2-5 below the cmc. 

For these same two fluorophors above the cmc, static 
quenching by MQ competes with diffusional quenching. This 
case is described by (5) which is a simplification of (4). Note 
that, above the cmc, the diffusional quenching term (A;qTrcmc) 
is a constant, and the onset for eq 5 as the defining Stern-
Volmer relationship is at [Q]T = cmc which is readily observed 
as a point of discontinuity in the Stern-Volmer plots for 2-1 
and 2-5. 

(<V*) = (1 + VrcmcKl + Kb|[Q]T - cmc}/A0 (5) 
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Scheme I 

(i) /?Q — - M1, 

(ii) F + Q *=* Q.F 

feb 
(iii) F + M„ 5 = t M,,-F 

fe-b 

feb 
(iv) M0-F + F * = £ M..-F, 

( ' , 2fe-b " | " 

! feb 
(V) M„-F„ , + F « = * M<,-F„ ) 

nfe-b 

Xm^a 

(vi) Mo-F, + Â  «• Mo-F*-!F„ 

Xa'a 
(vii) F + hv • F* 

Xc'a k 1 
(viii) Q-F + h* >- Q-F* — > Q-F 

Nk , 

M0-F,, 

(ix) F* —*• F 

(X) F* 4- Q — » F + 

«mq Nfe , 
(xi> F* + M(J-F,,., 5 = £ Mo-F*-F„-, • M„-F„ 

fe-mq 

For the case of mixed static and diffusional quenching below 
the cmc, as occurs with 2-11, (4) simplifies to 

(*o/*) = U+Kc[QDd +Vr[Ql) (6) 

However, the fluorescence lifetime measurements indicate that 
^qT[Q] < 1, in the concentration range covered, so that the 
observed fluorescence quenching below the cmc is approxi
mated by ( O 

(*o /* ) - 1 + *c[Q] (7) 

which is a description of the static quenching alone in region 
A. Note that Kc is only an apparent equilibrium constant as 
pointed out above. We do not wish to imply that the measured 
slope in region A is actually a measure of the association con
stant for a 1:1 complex of 2-11 and Q. 

In region B, above the cmc, static quenching of 2-11 occurs 
by two independent mechanisms, and (4) reduces to 

(8) (*o /*) = ' + Kccmc -I- Kb\[Q]T - cmc\/N 

Again note that Kccmc is a constant and that the onset for 
the above relationship is revealed by the point of discontinuity 
in the Stern-Volmer plot which occurs at [ Q ] T = cmc. 

Analysis of the Stern-Volmer above the cmc. The Stern-
Volmer slopes in region B for 2-1 and 2-5 are 30 and 370 M - 1 

and the contributions from diffusional quenching (given by 
&q7fcmc) are 0.09 and 0.10, respectively. These values lead to 
estimates of Kb/N of 27 and 336 M - ' for 2-1 and 2-5, re
spectively, using eq 5. The Stern-Volmer slope in region B for 
2- 11 of 3.8 X 1 0 4 M - ' is a direct measure of Kb/N according 
to (8). If iV (aggregation number) for the host micelle is in
dependent of the guest fluorophor (the indistinguishable cmc's 
from the three Stern-Volmer plots supports this assumption), 
the relative magnitudes of Kb for 2-1:2-5:2-11 = 1.0:12:1400. 

micellization of Q 

ground-state association of 
F with Q 

multistep association of 
fluorophor with micelle 

excitation of micelle-phase 
fluorophors with subsequent 
static quenching 

excitation of aqueous-phase 
fluorophors 

excitation of aggregated 
fluorophors with subsequent 
static quenching 

first-order decays of 
excited fluorophors in 
aqueous phase 

diffusional quenching of 
excited fluorophor by 
mono'meric Q 

association of excited 
fluorophor with micelle 
phase and subsequent 
quenching 

Further, if a reasonable range is assumed of 60 < N < 80,'7 

the absolute values for Kb are (1.6-2.2) X 103, (2.0-2.7) X 104 

and (2.3-3.0) X 106 M~' for 2-1,2-5, and 2-11, respectively. 
The strong dependence of Kb on methylene chain length in the 
fluorophor is in accord with known thermodynamic parameters 
for the distribution of hydrocarbons between organic and water 
phases.18 Table II summarizes the values of the important 
parameters below and above the cmc. 

In summary, this study indicates that fluorescence 
quenching of the 2-n fluorophors by the surfactant nitroxyl 
radical 1-Br occurs by three different mechanisms. Below the 
cmc, 2-1 and 2-5 are quenched by a simple diffusional mech
anism while 2-11 is quenched by a static mechanism. Above 
the cmc, static quenching of the fluorophors solubilized in the 
micelle phase of the surfactant nitroxyl radical becomes in
creasingly important, while the quenching processes involving 
nonmicellized quencher are expected to level off since [Q] = 
cmc. The relative Kb's, derived from the Stern-Volmer slopes 
above the cmc, vary by ~10 3 and increase, as expected, with 
increase in methylene chain length. 

Experimental Section 

Stock Solutions. AU aqueous solutions used for spectroscopic 
measurements were prepared from commercial deionized water (<5 
ppm) that was further purified by distillation from potassium per
manganate. Stock solutions of 1-Br (~10~3 M) were prepared and 
diluted as needed. Some crystallization occurs after several days with 
solutions containing S l O - 3 M 1-Br, which can be redissolved upon 
sonication. The UV-vis absorption spectra of these stock solutions do 
not change over several weeks. Stock solutions containing 2-1, 2-5, 
and 2-11 ( M O - 4 M in water) were prepared and used as needed. The 
exact concentrations of these fluorophors in the precipitate-free final 
solutions were determined by UV-vis absorption spectroscopy. 

ESR Spectra and Intensity Measurements. All spectra were re-
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Table II. Stern-Volmer Slopes and Important Derived Parameters 

system 

2-1 
2-5 
2-11 

Stern-Volmer slopes, 
M-1 

region A 

~200" 
220° 

7200* 

region B 

30 
370 

38000 

derived val 
kqX 10"*, M - ' s - ' 

~4 
~2 
~4<-

lues 
Kb/A1, M - ' 

27 
336 

38000 

" Diffusional quenching. * Static quenching. c Obtained from 
lifetime measurements. 

corded on a Varian E-12 X-band spectrometer equipped with a V-
4532 dual cavity operated in the TE 102 mode with a resonance fre
quency near 9.5 GHz and a modulation frequency of 100 kHz. The 
sample tubes were 100-fiL disposable micropipets (Corning Glass Co., 
no. 7099S) which show tube-to-tube reproducible signal intensity of 
±5%. The intensity measurements were made relative to standard 
aqueous solutions of 4-keto-2,2,6,6-tetramethylpiperidinyl-/V-oxyl 
(Aldrich Chemical Co.) in the second channel of the dual cavity. 
Identical microwave power, crystal biasing current, field-scanning 
rate, and modulation amplitude were used in each cavity. 

Electronic Spectra. UV-vis absorption spectra were recorded on 
a Beckman Acta M VI spectrophotometer. Emission spectra were 
recorded on an American Instrument Co. spectrofluorimeter with 
nondegassed samples in 1-cm2 Pyrex cuvettes, 

Fluorescence Yield Measurements. Absorption and emission spectra, 
of nondegassed aqueous solutions of 2-1 (3 X 10~5 M), 2-5 (3.0 X 10-5 

M), and 2-11 (1.5 X 10-5 M) were recorded in the absence and 
presence of varying amounts of 1-Br. At the excitation wavelengths 
of 340 and 335 nm for 2-1 and 2-5, respectively, there was no change 
in absorbance with added 1-Br. The pronounced changes in the ab
sorption spectrum of 2-11 with addition of 1-Br (see text) eliminated 
the possibility of finding such a wavelength for that system. Accord
ingly an excitation wavelength of 313 nm was used and the fluores
cence yields were corrected for changes in optical density at 313 nm. 
The maximum correction was ~30%. There was no significant ab
sorption of incident light at the excitation wavelengths by 1-Br in the 
experiments with 2-1 and 2-5, while this effect was <5% with 2-11. 
The fluorescence yields of the latter were not corrected for this fil
tering. The relative fluorescence yields were determined from intensity 
measurements at the emission maxima of 376 and/or 395 nm and were 
in agreement with relative yields based on measuring the integrated 
area of the emissions. The error in the yield measurements is less than 
±5%. 

Fluorescence Lifetime Measurements. Nondegassed solutions of 
the fluorophors in 1-cm2 Pyrex cuvettes were excited with the output 
of a pulsing nitrogen laser (337 nm, 10 ns pulse width). The emission, 
perpendicular to the exciting beam, was passed through a 0.5-m 
Bausch and Lomb monochromator set at 376 or 395 nm, onto an RCA 
1 P21 photomultiplier tube. The resulting signal was displayed on a 
Hewlett-Packard 183 oscilloscope (250 MHz) and photographically 
recorded. Lifetimes were determined by a least-squares fit of log 
(intensity) vs. time data. Exponential decays were noted over two to 
three lifetimes. 

Synthesis of 2-1. 1-Pyrenylmethyldimethylamine. A solution of 2.3 
g (0.010 M) of 1-pyrenecarboxaldehyde (Aldrich Chemical Co.) in 
4.4 g (0.060 M) of d'imethylformamide and 0.55 g (0.010 M) of formic 
acid was refluxed for 4 h. The excess dimethylformamide was removed 
in vacuo and the liquid residue was dissolved in 200 mL of anhydrous 
ethyl ether and filtered. Dry, gaseous hydrochloric acid was bubbled 
through the ether solution for several minutes and the precipitated 
amine salt was filtered, washed with fresh ethyl ether, and dried to 
yield 2.0g of product. The amine salt was suspended in 100 m L of dry 
ethyl ether and neutralized by stirring for 1 h with I M aqueous so
dium hydroxide. The ether layer was separated, dried over anhydrous 
magnesium sulfate, and concentrated in vacuo to yield a viscous oil 
which solidified upon standing. The solid was triturated with ethyl 
ether and filtered to give 1.5 g (60%) of yellow crystals, mp 54-56° 
C: N MR (CDCl3) & 8.0-8.8 (multiplet, 9 H, aromatic), 4.6 (singlet, 
2 H, methylene), 2.6 (singlet, 6 H, methyl). 

1-Pyrenylmethyltrimethylammonium Iodide. Excess methyl iodide 
was added dropwise to an ice-cold solution of the amine in dry acetone. 
The white precipitate was allowed to sit 1 h at 0 0C and was then fil
tered and washed with fresh acetone. After two recrystallizations from 

methanol, fine, white crystals were obtained, mp 232 0C dec. Anal. 
Calcd for C20H20NI: C, 59.86; H, 5.02; N, 3.49. Found: C, 59.80; H, 
5.17; N, 3.69. 

An aqueous solution of the iodide salt (~10 -3 M) was ion ex
changed on Amberlite IRA-400 CP to give the corresponding am
monium chloride. 

Synthesis of 2-5. 5-(l-Pyrenyl)pentanoic acid was prepared as 
previously described,19 mp 173-174 0C, lit. mp 165-166 °C19 and 
converted into the acid chloride by standard procedures with oxalyl 
chloride, mp 132-1350C. 

5-(l-Pyrenyl)pentyldimethylamine. A solution of 1.60 g (0.0050 mol) 
of the acid chloride was dissolved in 2 mL of dry dimethylformamide 
and refluxed for 4 h at 150 0C. The reaction mixture was cooled and 
the precipitated solid was filtered, washed with 50 mL of water, suction 
filtered, dissolved in chloroform, and dried over anhydrous magnesium 
sulfate. The mixture was filtered and the solvent removed in vacuo 
yielding the A'.A'-dimethylamide as a pale yellow powder (1.2 g, 70%): 
mp 85-87 0C; IR (CHCl3) 1635 cm"1 (s, C=O); NMR (CDCl3) 8 
7.8-8.3 (multiplet, 9 H, aromatic), 3.38 (t, 2 H, 1-Py-CH2-), 2.95, 
2.93 (d, 6 H, -CON(CH3)2), 2.36 (t, 2 H, -CH2CO-), 1.87 (multi
plet, 4 H, -CH2CH2-). 

A solution of 2.4 g (0.010 mol) of the amide in 50 mL of anhydrous 
ethyl ether was added dropwise to a stirred suspension of 0.38 g (0.010 
mol) of lithium aluminum hydride in 10 mL of anhydrous ethyl ether. 
The mixture was stirred and refluxed for 24 h. After cooling to room 
temperature, 10 mL of water was added dropwise with stirring, fol
lowed by a cold solution of 5 g of sodium hydroxide in 10 mL of water. 
The ether phase separated and the aqueous phase was extracted with 
fresh ethyl ether. The combined ether extracts were dried over po
tassium pellets. Concentration of the filtered ether extracts yielded 
1.2 g (50%) of the amine as a clear oil: NMR (CDCl3) S 7.8-8.3 
(multiplet, 9 H, aromatic), 3.33 (t, 2 H, 1-Py-CH2-), 2.22 (s, 6 H, 
-N(CH3)2), 2.3 (t, 2 H, -CH2-N), 1.8 (broad multiplet, 2 H, 
-CH2CH2CH2-), and 1.4-1.6 (broad multiplet, 4 H, -CH2CH2-). 

5-(l-Pyrenyl)pentyltrimethylammonium Iodide and Chloride. The 
ammonium iodide was readily prepared by addition of excess methyl 
iodide to a concentrated ethyl ether solution of the secondary amine 
at 0 0C. The precipitated salt was filtered and recrystallized from 
ethanol/benzene to give needle sharp white crystals, mp 178-179 0C. 
Anal. Calcd for C24H28NI: C, 63.02; H, 6.17; N, 3.06. Found: C, 
61.81; H, 6.11; N, 2.96. NMR (CDC13/CD3S0CD3, 4/1): 5 7.8-8.3 
(multiplet, 9 H, aromatic), 3.4 (two superpositioned triplets, 4 H, 
1-Py-CH,-, -CH2-N+), 3.22 (s, 9 H, -N(CH3J3), 2.6 (multiplet, 
6H1-CH2CH2CH2-). 

An aqueous solution of the chloride salt was obtained by ion-ex
change chromatography of aqueous solution of the iodide salt on 
Amberlite IRA-400. The exact concentration of 2-5 in the resulting 
solution was determined by UV-vis absorption spectroscopy. 

Synthesis of 2-11. 11-Bromoundecanoyl chloride was prepared by 
conventional means from 11-bromoundecanoic acid. 

U-Keto-ll-(l-pyrenyl)undecanyl Bromide. To a magnetically 
stirred ice-cold solution of 2Og (0.071 mol) of 11-bromoundecanoyl 
chloride and 17 g (0.085 mol) of pyrene in 200 mL of 1,2-dichloro-
ethane was added in small portions over 15 min 11 g (0.085 mol) of 
anhydrous aluminum chloride. The reaction mixture was allowed to 
warm to room temperature and was stirred for 24 h and then poured 
into 300 mL of water. The aqueous phase was saturated with sodium 
chloride, 300 mL of fresh, 1,2-dichloroethane was added and the or
ganic and water layers were separated. The organic layer was washed 
with a saturated sodium chloride solution, dried over anhydrous 
magnesium sulfate, filtered, and concentrated in vacuo to give 28 g 
(90%) of a greenish yellow solid: mp 60-62 °C; IR (CCl4) vco 1675 
cm"1; NMR (CDCl3) 5 7.8-8.2 (multiplet, 9 H, aromatic), 3.3 
(triplet, 2 H, methylene), 3.1 (triplet, 2 H, methylene), 1.2-2.0 (broad, 
16 H,-(CHz)8-). 

ll-Keto-ll-il-pyrenyliundecanyltrimethylammonium Bromide. To 
an ice-cold solution of 10 g (0.020 mol) of 11-keto-l l-(l-pyrenyl)-
undecanyl bromide in 100 mL of a 75:25 ethyl ether/benzene mixture 
was added 4.8 g (0.080 mol) of chilled trimethylamine. The mixture 
was kept at 5 0C for several days. The precipitate was filtered to give 
7.0 g of a pale yellow powder. Recrystallization from methanol-
benzene yielded fine, pale yellow crystals, mp 171-172 0C. Anal. 
Calcd for Ci0H18NOBr: C, 70.85; H, 7.53; N. 2.76. Found: C, 69.53; 
H, 7.21; N, 2.42. 

ll-(l-Pyrenyl)undecanyltrimethylammonium Bromide. A mixture 
of 7.2 g of mossy zinc, 0.72 g of mercuric chloride, 0.5 mL of con-
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centrated hydrochloric acid and 15 mL of water was stirred for 5 min. 
The solution was decanted and 2.6 g (0.005 mol) of the previously 
prepared ketone precursor was added to the amalgamated zinc fol
lowed by 12 mL of concentrated hydrochloric acid and 5 mL of water. 
The mixture was refluxed for 48 h and 4 mL of fresh concentrated 
hydrochloric acid was added every 8 h. The hot solution was filtered 
off from the remaining zinc and cooled and the precipitated pale, 
yellow crystals were filtered (1.0 g, 40%). Recrystallization from 
methanol gave fine, granular, pale yellow crystals: mp 182-184 0C; 
NMR (CDCI3/CD3SOCD3, 3/1) S 7.8-8.4 (multiplet, 9 H, aro
matic), 3.35 (two superimposed triplets, 4 H, -CHj-N+ and 1-py-
renyl-CH2-),3.1 (singlet, 9 H,-N+(CHj)3), 1.2-2.0 (broad, 18H, 
-(CH2J9-). 

Appendix 

From Scheme I, where 2 ° = 1 [ M Q - F „ _ I ] = [ M Q ] X and 2"^1 

[MQ-F*-F„-,] = [ M Q - F * ] 2 0 and assuming NKq' » k-mq', 
d[F*]/dt = xa/a - (*i + M Q ] + W M Q ] X ) [ F * ] , whereXa 
= [F]/([F] + [F-Q] + [ M Q - F ] ) , which at the steady-state 
provides 

[F*] = Xa/aTa (a) 

where r a = (£, + km[MQh + V Q ] ) - ' - Note that [Q] varies 
between zero and the cmc, and is a constant above the cmc. 
Recognizing that static quenching occurs for the excited 
species M Q - F * and F*-Q, the fluorescence quantum yield is 
given by 

$ = $ a = A: r[F*]//a = *fXaTa (b) 

Since <i>0 = V f 

( * 0 / $ ) = Xa-'lTf/Ta) 

= Xa-'Tf(*, + W M Q ] T + M Q ] ) (C) 

[MQ]jTf« 0, (c) simplifies to 

CVS) = Xa-1U + V d Q ] ) (d) 

Recognizing that Xa = [ F ] / [ F ] T , where [ F ] T is the total 
fluorophor concentration, gives 

(*o /* ) = ([F]T / [F])(1 + V f [ Q ] ) (e) 

From the multistep equilibrium for association of the fluoro
phor with the micelle phase 

[ F ] T = [F] + [Q-F] + ± / ! [MQ-F 1 , ] (0 
»=l 

We have previously shown that the multistep equilibrium leads 
to5b 

[ F ] T = [F] + [Q-F] + K b [M 0 ] [F]Bl^[F]I ( g ) 

Similarly 

[ M Q ] T = [M 0 ] + t [M0-Fn] (h) 
n=i 

where 

[ M Q ] X = [M0JeI^IfIi (i) 

Substituting (i) into (g) gives 

[ F ] x = [F] + [Q-F] +Kb[F][M 0 ]T (J) 

which directly leads to 

[ F ] T / [ F ] = 1 + [Q-F]/[F] + K 1 5 [ M Q ] X (k) 

From step ii in Scheme I, it follows that 

[ F ] T / [ F ] = 1 + K C [ Q ] + Kb[M0]T (1) 

which when substituted into (e) gives 

(*o /* ) = (1 + Kc[Q] + K b [M 0 ] T ) ( l + V f [ Q ] ) (m) 

Equation m is the comprehensive Stern- Volmer relation that 
takes into account static quenching by Q and M 0 and dif-
fusional quenching by Q. 
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