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Novel Fluorescent Probe for Micellar Systems.

1,3-Dialkylindoles
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Abstract: The fluorescent properties of several 1,3-dialkylindoles are described in terms of their potential value as fluorescent
probes for micellar systems. These compounds display shifts in fluorescence Amax from 370 to 350 nm and in fluorescence
lifetime from 19 to 8 nsec in going from aqueous to micellar environment. One such compound, 11-(3-hexyl-1-indolyl)unde-
cyltrimethylammonium bromide (5), forms micelles at concentrations above 107% M and is readily incorporated into mi-
celles of other cationic surfactants, This indole is useful in determining the critical micelle concentrations (cmc’s) of cationic
surfactants because of the large shift in its fluorescence spectral distribution upon incorporation into a host surfactant mi-
celle. In addition, use of a wavelength-correlated single photon-counting technique allows resolution of the fluorescence of
this compound into aqueous and micellar components in the vicinity of its cmc.

The nature of the intramicellar environment has been the
subject of extensive study for decades.! Over the years, a
simple schematic description of the micelle has evolved
based predominantly on measurements of macroscopic solu-
tion properties and effects of micelles on chemical reac-
tions.! Figure 1 illustrates the typical spherical micelle that
is formed in aqueous solutions of roughly 103 to 1072 M
ionic surfactant. The micelle consists of a liquid hydrocar-
bon-like core surrounded by a highly charged layer (Stern
layer) containing ionic head groups of the individual surfac-
tant molecules, oppositely charged counterions, and water.
The simplicity of this model raises a number of questions
concerning its applicability in detail. For example, how hy-
drocarbon-like is the micellar core, with respect to polarity
(i.e., presence or absence of water), viscosity, or air solubili-
ty? Micelles are in dynamic equilibrium with monomeric
(i.e., unassociated) surfactant molecules in solution; indi-
vidual micelles are thought! to remain intact no longer than
10~% sec. Thus techniques used to probe the micelle must
operate on short enough time scales to provide essentially
instantaneous rather than time-averaged information. Mea-
surements of processes such as fluorescence, operating over
very short (e.g., nanosecond) time periods, appear to be
uniquely adaptable to studies of this nature.

Fluorescent probes have long been employed to provide
information on the microenvironments of biological macro-
molecules and larger structures including membrane sys-
tems.> More recently, the use of fluorescent probes in sur-
factant systems has become popular as interest in the na-
ture of the micellar interior grows.? In earlier studies, ionic
or zwitterionic aromatic molecules were commonly em-
ployed due to the extreme sensitivity of their fluorescent

yields to solvent polarity. Recently, however, objections
have been raised concerning the validity of using highly
polar probes for hydrophobic regions such as micellar inte-
riors,** and most recent studies®® have utilized aromatic
hydrocarbons as probes that would be less likely to perturb
the properties of the host system under investigation.

The versatility of the fluorescence technique is illustrated
in the varied nature of these studies. Included among the
types of measurements involved are excitation and emission
spectra,® emission decay rates’ and quantum yields,® and
static as well as dynamic fluorescence polarization.® Fluo-
rescence spectra and polarization experiments®®! support
the general contention that the core of the micelle is liquid
hydrocarbon-like with respect to polarity and viscosity, but
other studies based on quantum yields of excimer fluores-
cence indicate a very high (or perhaps anisotropic) viscosity
in the micellar interior.3¢8 Fluorescence lifetime and
quenching measurements*®%3 have provided information
concerning the general location of solubilized fluorescent
molecules in the micelle and their accessibility to quenchers
located either in the bulk aqueous medium or deep inside
the micelle. With regard to these studies, the question of
oxygen solubility in micelles has arisen;3*3 as yet, no clear-
cut answer has been forthcoming on this point.

We report here an extension of earlier studies made in
these laboratories® using fluorescence-decay techniques!0!
to analyze the behavior of small fluorescent molecules in so-
lutions of micelle-forming surfactants. We have evaluated a
series of 1,3-dialkylindoles as potentially versatile and pow-
erful fluorescent probes for micelle structure, amenable to
both static and dynamic, including time-resolved, fluores-
cence spectral measurements.

Journal of the American Chemical Society [/ 97:9 |/ April 30, 1975



Results and Discussion

1. Synthesis of Indoles. In view of the favorable fluo-
rescent properties of 1,3-dialkylindoles (vide infra), com-
pounds 1-5 were prepared for use in this survey (Scheme I).

Scheme [
H (For brevity, indoles

@[_/I( = In—H are abbreviated as
N |

shown in the equations

H H below.)
compounds 1 and 2:
In—CH, I NaNH, Iln—CHa 1 (DMI) (R = CH,-), 90%
Z R 2 (BMI) (R = n-CH,-), 70%

compound 3:
In—CH;,

In—CH; 1 NanH, Bry, PhyP
—_— —_—
H 2. 173;;011,),,011 (CH,),,OH 1;;;01-‘
In—CH; (cn,),y In—CHs
—_— _
(CH,), Br  C:Hs;OH  (CH,);N(CHy)"Br
6 3 (1-In-11)
compound 4:
In—H 1. C,H;MgBr In—CO(CH,),CH, LiAlH,
}‘I 2. CHy(CHy,cOC1 ¢ (C4Hy),0
35% 7 68%
Iln—(CH2)5CH3
H
8
C,H;0CH==CH,
Br(CH,)OH - Br(CH,);OCH(OC,H,)CH,
95% 9
In—(CH,);CH,4 |, NaNH, In—(CH,%CH; L Het
_— ., ———
H 2.9 (CHQ)GOCH((EQH5X:H3 2. Bl’z. Pth
8 74% 22%

In—(CH,)CH; (cHy),N  In—(CH,%CH;

—
C,H,0H

(CH,)¢Br (CHpsN(CHy);"Br~
10 4 (6-In-6)
compound 5:
In——(CHy:CH; | wang, In—(CH,)»CH; ~ cpr,, PhyP
l - s
2. Br(CH,),,0H (C,H,),0
H 8 1(;0% i (CHg),,OH gon
In—(CH,);CH; (CHy,N In—(CH;)%CHj,
——
(CH,),,Br GHOH (0l N(CHy) Br™

1l 5 (6-In-11)

Compounds 1 and 2 were prepared in 90 and 70% yields, re-
spectively, by alkylation of the sodium salt of skatole with
either methyl iodide or n-butyl iodide in liquid ammonia-
diethyl ether.!> Compound 3 was prepared in three steps
from skatole by alkylation of the sodium salt with 11-bro-
moundecanol, conversion of the alcohol to the bromide 6
with bromine and triphenylphosphine in dimethylformam-
ide (low yield),! and quarternization with trimethylamine
in ethanol.!* For 4 and §, indole magnesium bromide was
acylated'® with hexanoyl chloride to yield 3-hexanoylindole
(7) in 35% yield, and the latter compound was then reduced
to 3-hexylindole (8) with lithium aluminum hydride in 68%
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Figure 1. Cross-section of a typical micelle in aqueous solution.

Table I. Fluorescence Properties of Indoles in Cyclohexane and
Water Solutions?

CH,, Water CH,,b Waterc

Compd TF,NS€C TF, NS€C Ap,nm A, nm
Indole 7.7 4.1 289 344
1-Methyl- 5.5 8.5 295 347
2-Methyl- 3.7 2.0 289 350
3-Methyl- 3.2 9.1 292 362
5-Methyl- 7.9 2.7 296 344
1,3-Dimethyl- 3.8 15.6 304 371
1,2,3-Trimethyl- 8.2 294 382

aSource: ref 18a and 18d. » Wavelength of 0—0 band. ¢Wave-
length of fluorescence maximum.

yield. Completion of the synthesis of 5§ from 8 was carried
out similarly to the synthesis of 3 from skatole, except that
the penultimate alcohol-to-bromide conversion was carried
out with much greater success in nonacidic media using car-
bon tetrabromide and: triphenylphosphine in ether.!® Alkyl-
ation of 3-hexylindole magnesium bromide with 6-bromo-
hexanol was unsuccessful as a practical route to 4; however,
protection of the alcohol as as ketal (9) by treatment with
ethyl vinyl ether and p-toluenesulfonic acid in ether!” al-
lowed the alkylation of the indole Grignard reagent to pro-
ceed smoothly. Evidently, the unprotected alcohol under-
went (intramolecular?) elimination of HBr since evidence
for a terminal olefin was obtained by NMR. The synthesis
of 4 was completed as for 3, above, following removal of the
alcohol-protecting group with dilute acid.

2. Fluorescent Properties of Indoles. Indoles have been
shown to have highly solvent dependent fluorescent proper-
ties (Table I).!® Clearly 1,3-dimethylindole (DMI) best dis-
plays properties consistent with a useful fluorescent probe,
having both a large lifetime dependence as well as spectral
distribution dependence on solvent. In the latter respect, it
provides an additional observational parameter that does
not exist for the vast majority of simple aromatic probes
used in micellar studies. Fluorescence spectra of DMI in
hexane and water are compared in Figure 2, emphasizing
the potential value of this spectral shift. The causes of this
sensitivity of fluorescence to solvent polarity are apparently
complex and have been discussed elsewhere;!® we will not
present any novel explanations of our own. The only data
that we have that bears on this point come from measure-
ments of fluorescent lifetimes which clearly show that in-
dole fluorescence is prompr under all our conditions. In no
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Figure 2. Fluorescence of 1,3-dimethylindole in water and hexane. Ex-
citation wavelength 280 nm.
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Figure 3. Fluorescence Amax for compounds 1, 3, and 4 in aqueous solu-
tion as a function of added HDTBr.

case do we see a slow build-up of fluorescence that might
indicate the presence of any process occurring prior to fluo-
rescence with a rate less than 10° sec™!,

3. Fluorescence of Indoles 1-4 in Solutions of Micelle-
Forming Surfactants. Compounds 1-4 show essentially
identical behavior in dilute aqueous solution, having AFpax
= 371 &+ 1 nm and 7 = 18 £ 2 nsec. Addition of hexade-
cyltrimethylammonium bromide (HDTBr, cmc = 9.2 X
10~* M)'% has no effect on the fluorescence spectra of com-
pounds 1-4 until the cmc is reached, at which point a grad-
ual shift of fluorescence to shorter wavelengths is seen (Fig-
ure 3). At high [HDTBr], the spectra of all four indole de-
rivatives show a fluorescence Amax = 354 = 1 nm and 7¢ =
9-10 nsec. In none of these cases, do we see anything other
than strictly single exponential decay. The intermediate na-
ture of both the lifetime and spectral data leads us to con-
clude that these compounds are solubilized fairly close to
the micelle-water interface, in the presence of a substantial
number of water molecules.!? This conclusion is consistent
with studies of naphthalene in HDTBr micelles,® taking

Table II.  Fluorescence Data for Aqueous Solutions of Indoles 14

Compda Additived AFnax® T gd
1 372 16
1 TMABr 371 17
1 HDTCI 358 10
1 HDTBr 355 9
2 371 17
2 TMABr 372 17
2 HDTCI 355 9
2 HDTBr 352 10
3 371 17
3 TMABr 371 16
3 HDTC1 357 10
3 HDTBr 353 10
4 370 18
4 TMABr 370 18
4 HDTC1 355 9
4 HDTBr 353 10

aIndole concentrations 1.4 to 2.0 X 10-* M. b Additive con-
centrations 2.5 to 2.7 X 10-? M. TMABr = tetramethylammonium
bromide. ¢Values in nm, +1 nm. dValues in nsec, ¢ 1 nsec.

into account the increased hydrophilic nature of indole over
naphthalene.

Analogous results are found using hexadecyltrimeth-
ylammonium chloride (HDTC1); of interest is the lack of
bromide quenching in going from HDTCI to HDTBr (see
7F values, “able II). This effect was confirmed by the ob-
servation that addition of tetramethylammonium bromide
to indole solutions has no effect on any spectral properties
(Table 1I).!8 The indoles consistently show smaller fluo-
rescent shifts in HDTCI than in HDTBr; this probably re-
flects a difference in solubilizing ability between the two
surfactants. The same result has been obtained in studies of
naphthalene partitioning between bulk aqueous solution
and either HDTCI or HDTBr .3

The gradual nature of the fluorescent shifts evident from
Figure 3 indicates the reluctance with which these indoles
are incorporated into micelles. In particular, it is interesting
that the two indole-containing surfactants are not solubi-
lized by host surfactants any better than the neutral indoles.
In the case of 6-In-6 (4), the indole moiety may simply be
too close to the ionic head group to allow for sufficient aver-
age micellar penetration. It is striking, therefore, to note
that 1-In-11 (3), with an indole separated by 1] carbons
from the trimethylammonium ion, is solubilized no better
than, and perhaps worse than, the other three compounds in
host micelles! The indole clearly has not been forced deeper
into the micelles even though it is at the end of a long hy-
drocarbon chain. Surfactants containing 1,4-dialkoxyben-
zene moieties at the end of a long chain are similarly poorly
solubilized;2h in these cases, attaching a second hydrocar-
bon chain to the aromatic system improved the micellar in-
corporation tremendously. This was the philosophy behind
the synthesis of 6-In-11 (5).

4. Fluorescence Behavior of 6-In-11 (5) in Aqueous Solu-
tion?® At high dilution (1075 M), the fluorescence spec-
trum and lifetime of S closely resemble the corresponding
data for compounds 1-4, i.e., NFpax = 370 nm and 7g = 19
nsec. In the vicinity of 10™* M, the fluorescence spectrum
shifts to shorter wavelengths (Figure 4), and the fluores-
cence-decay curve shows dual exponential character with
components 7, = 6 nsec and r, = 17 nsec. Comparison of
this spectral shift with data obtained from the solubilization
of 1-4 in HDTBr lead us to conclude that this reflects mi-
cellization of 6-In-11 itself; indeed, we have independently
determined?! the cme of 6-In-11 to be approximately 1.5 X
10~* M, roughly at the inflection point of the curve in Fig-
ure 4 (A\Fn.« = 360 nm). No significant change occurs in
the absorption spectrum throughout this concentration
range, as shown in the Beer’s law plot, Figure 5.
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Figure 4, Fluorescence Amax of aqueous 6-In-11 as a function of con-
centration.

We have analyzed the fluorescence decay of 6-In-11 at
360 nm at several concentrations in terms of eq 1, which de-

I(t) = I:(0)a exp(-t/7,) + bexplt/7)] (1)

scribes the fluorescence intensity as a function of time,
Ig(t), for a system in which a fraction a of the emission has
a lifetime 7, and a fraction b has a lifetime 7. Figure 6
shows a typical dual exponential-decay curve for 6-In-11 in
the vicinity of its cmc; the longer lifetime 7y, is determined
by the slope of the decay after allowing the shorter-lived
emission to decay essentially to zero intensity. The shorter
lifetime 7, is then determined by subtraction of the extrapo-
lated 7, curve from the total fluorescence decay. It is also
possible to determine 7, directly from the initial slope of the
fluorescence-decay curve, but some error is introduced
when the initial contribution b of 7, is relatively large, or
when 7, and 7, are comparable. The coefficients @ and b
are obtained by extrapolation of the two resolved decay
curves to time ¢ = 0.

In Table III, values for the fluorescence lifetimes and
coefficients at 360 nm are given for several concentrations
of 6-In-11 in water. Qualitatively, the buildup of short-lived
fluorescence emission reflected in the a value parallels the
shift of the overall fluorescence Amax (Figure 4), suggesting
that time resolution!! of the spectral data might be feasible.
This is manifest in the wavelength dependence of a and b at
one [6-In-11] as shown in Table IV, In order to apply such
data to the generation of time-resolved spectra, it is neces-
sary to convert a and b values to total intensities (integrated
over time) in order to compare them with static fluores-
cence data. For any exponential function, eq 2 may be ap-
plied. We have taken static fluorescence spectra at several
concentrations of 6-In-11 and resolved the fluorescence in-
tensity at various wavelengths, I(\), into contributions

Table III.  Fluorescence Decay of Aqueous Solutions of 6-In-11 asa
Function of Concentration?
Tas Th,
[6-In-11], M am nsec bw nsec
1.09 x 10-% 1.00 20
5.45x 10-% 1.00 18
1.09 x 10-4 0.29 6 0.71 18
1.36 x 10-% 0.43 6 0.57 18
1.82 x 10-4 0.51 6 0.49 17
234 x 104 0.65 7 0.35 17
545x 104 0.71 7 0.29 16
7.03 x 104 0.79 5 0.21 14
1.03 x 10-° 0.86 6 0.14 15

aFluorescence monitored at 360 nm. Error limits in ap and
by £0.05;in 7 values, 1 nsec.
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Figure 5. Beer’s law plot at several wavelengths for aqueous 6-In-11.
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Figure 6, Fluorescence decay of 2.56 X 10~* M aqueous 6-In-11. Mon-
itoring wavelength 360 nm. In this experiment, am = 0.64, 72 = 6 nsec,
bw = 0.36, and r, = 18 nsec. The shorter lived component was re-
solved by subtraction of the longer lived decay from the total curve as
shown.

Table IV, Effect of Wavelength on Fluorescence-Decay
Components of Aqueous 6-In-11 at One Concentration?

Monitoring
AF, nm am bw
440 0.19 0.81
400 0.25 0.75
380 0.32 0.68
360 0.47 0.53
340 0.65 0.35

a[6dn-11] = 1.36 x 10~ M.

I.(A\) and Iy(\), corresponding to lifetimes 7, and 7y, re-
spectively, using eq 3 and 4.

A fﬂ L(ndt = J: L,(0) exp(~t/7,)dt = L,00)T,
0

@)
a(\)T

LW = ooy, r soor ) = X0 @)
b(\)T

L) = ml(x) = X,F1(0) 4)

Figures 7-10 show the total and component fluorescence
spectra obtained in this manner for four concentrations of
6-In-11. In each spectrum, we note the presence of two
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Figure 7. Time-resolved fluorescence spectra of aqueous 6-In-11 at
1.36 X 107* M.
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Figure 8. Time-resolved fluorescence spectra of aqueous 6-In-11 at
1.56 X 1074 M.

components with A\F,, values, 7¢ values, and relative con-
tributions consistent with the data in Figure 4 and Table
III. These spectra provide direct evidence supporting the
premise that indole emission takes place at a much more
rapid rate than does exchange between micellar and aque-
ous environment. Thus the observed fluorescence shift is
due solely to the overlap-of different contributions of two
distinct fluorescence emissions, one due to essentially aque-
ous indole, and the other due to indole incorporated into a
micelle. We have not determined relative fluorescence
quantum yields for aqueous vs. micellar indole surfactant
and therefore do not know the absolute partitioning of the
surfactant between the two environments from the above
data.

- ® TOTAL
A AQUEOUS
& MICELLAR

Ig i rel

icelle. g 705

T;mur, 16.7ns

450 400 350 300
Af, Am
Figure 9. Time-resolved fluorescence spectra of aqueous 6-In-11 at
415X 1074 M.
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Figure 10. Time-resolved fluorescence spectra of aqueous 6-In-11 at
1.28 X 1073 M,

S. Fluorescence of 6-In-11 in Solutions of Micelle-Form-
ing Host Surfactants. Addition of hexadecyltrimethylam-
monium bromide to dilute (10~% M) 6-In-11 solutions caus-
es a sudden and dramatic shift in the fluorescence Apax of
the indole when the concentration of the host surfactant ap-
proaches its cmc (Figure 11). Indeed, the inflection point of
this curve occurs at a concentration of HDTBr (8.8 X 10~4
M) very close to the known!® cmc of HDTBr (9.2 X 10—4
M). The fluorescence lifetime of the indole as a function of
[(HDTBr] is shown in Table V. In general, as with indoles
1-4, single exponential decay is observed.!! At the cmc of
HDTBr, however, the decay is neither strictly exponential
nor readily resolvable into two components, The wavelength
dependence of the “best-guess” single 7 is evidence for the
same type of time-resolved spectral overlap seen for 6-In-11
alone. In the case of the host surfactant, however, the values
of 7f for micellar and aqueous indole appear to be too simi-
lar to allow resolution simply by visual inspection of the
decay curve,

Journal of the American Chemical Society | 97:9 | April 30, 1975



LIT. emec.

[s-I-n] 211 X107%m

I
{
|
|
|
I
|
I
|
\

350 |- ——
| L 4 1 !
0.4 08 1.2 1.6 20

[Horer | mx10?

Figure 11, Fluorescence Amax of aqueous 6-In-11 as a function of added
HDTBr. ’

Table V. Dependence of 6-In-11 rr upon HDTBr Concentration?
[HDTBI] M T400 T380 T360 7340

0 17
5.0x 104 18
9.2 x 10-* 13 12 10 10
1.4 x 10-3 9
2.7 X 10-3 9

a[6-In-11] =2 X 10-° M or less; values +1 nsec.

The value of r¢ for 6-In-11 incorporated into HDTBr mi-
celles (9 nsec) is similar to the 7 values obtained for in-
doles 1-4 in HDTBr and significantly longer than the value
for 6-In-11 incorporated into its own micelle (6 nsec). We
suspect that this reflects a self-quenching process, i.e., the
quenching of an excited-state indole by a neighboring
ground-state indole. In support of this explanation, we have
found that the lifetime of 1 in water is somewhat concentra-
tion dependent, dropping from a value of 20 nsec at 1075 M
to 16 nsec at 4 X 10~* M, indicating a diffusion-controlled
rate for self-quenching (~3 X 101 2/~1 sec™!). An energy-
transfer process has been observed in micelles containing a
tryptophan-derived surfactant.d The rf in this case was
found to be 4.7 nsec for, formally, a 3-methylindole located
relatively close to the micelle-water interface. Qur 7 data
seem to indicate that we are seeing a similar quenching phe-
nomenon in the 6-In-11 micelles.

The sensitivity of the 6-In-11 AFp,, to the emc of a cat-
ionic host is a general and potentially useful phenomenon.
As a second example, we have observed the fluorescence
shift of 6-In-11 in solutions of decyltrimethylammonium
bromide (DTABE, lit.22 cmc = 6.4 X 1072 M, our sample
had a cme = 5.7 X 1072 M as determined by color change
of added eosin dye).?? As in the case of HDTBr, a plot of
AFoax vs. host-surfactant concentration displays a steep
slope in the vicinity of the independently measured cmc; for
DTABEr, the inflection point occurs roughly at 5.7 X 102
M (Figure 12). In the above determination, [6-In-11] ~
107¢ M. Above the DTABr cmc, 6-In-11 possesses a 7f ~
10 nsec, indicative of solubilization near the micelle-water
interface as we have already shown for HDTBr and
HDTCI. The AFpnax of 6-In-11 at high [DTABr] is about
347 nm, blue shifted wih respect to that seen in HDTBr
(351 nm). This may reflect a slightly lower water content in
the smaller and more compact micelle derived from the ten-
carbon surfactant. Otherwise, there appear to be no other
significant differences between the DTABr and HDTBr mi-
celle systems with regard to their effect on 6-In-11 fluores-
cence.
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Figure 13, Outline of the fluorescence properties of 6-In-11 as a func-
tion of environment.

Summary

The 1,3-dialkylindole fluorophore has been evaluated as
a fluorescent probe in micellar systems. Four such systems
show limited applicability as useful probes, being too polar
to be readily incorporated into micelles. A fifth, 11-(3-
hexyl-1-indolyl)undecyltrimethylammonium bromide (6-
In-11), forms micelles itself with a cmc of about 10=4 M. In
addition, it is readily incorporated into micelles of other
cationic surfactants, showing a striking and easily observ-
able change in both fluorescence spectral distribution and
lifetime which is quantitatively useful in determining cmc
values for host surfactants. This is summarized in Figure
13.

Analysis of the wavelength-dependent fluorescence decay
of 6-In-11 enables resolution of the fluorescence spectrum
of the surfactant into an emission due to micellar indole and
an emission due to aqueous indole. The relative intensities
of these emissions correlate qualitatively with the increasing
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proportion of micellized surfactant as the surfactant con-
centration is increased beyond the cmc.

Having established the general structural characteristics
required for an indole moiety to be useful as a micelle
probe, it is possible to design indole-containing molecules
that might be useful as probes for other systems as well.
Preparation of a 6-In-11 with the trimethylammonium
group replaced by sulfate would lead to a potential probe
for anionic micelles which could serve as a cmc indicator
and provide information concerning the similarities and dif-
ferences between the interiors of cationic and anionic sur-
factant. Similarly, appropriate indole-containing molecules
may be prepared for use in membrane systems. Fluores-
cence polarization is an attractive technique that may be
applied in membrane studies, perhaps in comparison with
micelle work. The fluorescence lifetime range of the 1,3-
dialkylindole makes it very suitable for nanosecond polar-
ization, further illustrating the potential versatility of the
system as a fluorescence probe.

Experimental Section

Reagents. All inorganics were reagent grade and used without
further purification. Either tap distilled or doubly distilled (all
glass apparatus) water was used without any observed difference.
Tetramethylammonium bromide (Eastman) was used as received.
Hexadecyltrimethylammonium bromide (Matheson Coleman and
Bell) and chloride (Eastman) were washed with ether and recrys-
tallized from ethanol-ether mixtures.

Preparation of 1,3-Dimethylindole (1).'2 Ammonia (200 ml) was
condensed in a three-necked flask flushed with nitrogen and fitted
with a Dry Ice-acetone condenser. Several small crystals of ferric
nitrate nonahydrate (Baker) were added with stirring (Teflon-
coated magnetic stirring bar). Cut-up sodium metal (2.0 g, 0.09
mol) was added over a period of 30 min, and the solution allowed
to stir for an hour. A solution of 10.0 g (0.08 mol) of skatole (Al-
drich) in 50 ml of dry ether was added rapidly and the solution
stirred for another hour. Methyl iodide (Baker) (15.0 g, 0.10 mol)
was added dropwise over a 15-min period, and the solution was
stirred for several hours, during which time the Dry Ice in the con-
denser evaporated, allowing the ammonia solvent to evaporate.
The solid residue was treated with 50 ml of water and 75 ml of
ether and stirred. The ether was separated and the water layer ex-
tracted with an additional 75 ml of ether. The combined ether ex-
tracts were washed with water, dried over Na2SQOy, and evaporated
to give 9.0 g (90% yield) of crude 1 as a red-brown liquid. The
product was flash distilled twice, collected by VPC (2 ft X 4 in.
10% SE-30 on Chromosorb P) and redistilled for spectral use:
NMR (CCly) §2.28 (d, J = 1 Hz, 3 H), 3.64 (s, 3 H), 6.61 (m, 1
H), 6.75-7.17 (m, 3 H), 7.25-7.55 (m, 1 H).

Preparation of 1-n-Butyl-3-methylindole (2). The procedure for 1
was followed exactly but scaled down by a factor of % using 0.4 g
(0.017 mol) of sodium, 2.0 g (0.015 mol) of skatole, and 4.0 g
(0.22 mol) of n-butyl iodide (Matheson Coleman and Bell). Crude
yield of 1.7 g (70% yield) was purified as for 1, above: NMR
(CCly) 6 0.75-2.05 (m, 7 H), 2.29 (s, 3 H), 4.00 (t, J = 6.5 Hz, 2
H), 6.70 (br s, 1 H, indole H-2), 6.90-7.50 (m, 4 H); MS m/e (%)
188 (14, M + 1, caled for C13H 7N, 14), 187 (95), 145 (30), 144
(100, Cy1oH1oN).

Preparation of Methyl 11-Bromoundecanoate. The general ester-
ification procedure of Kadaba??® was used. 11-Bromoundecanoic
acid [10.3 g (0.039 mol)] (Aldrich) was dissolved in 100 ml of
methanol and 10 ml of boron trifluoride etherate (Matheson Cole-
man and Bell) added. The mixture was refluxed 18 hr, cooled
mixed with saturated aqueous NayCO3, and extracted with ether.
The ether was washed with water, dried over MgSOQy, and evapo-
rated leaving 10.8 g (97% yield) of crude ester which was used
without purification: NMR (CClg) § 1.10-2.10 (m, 16 H), 2.22 (br
t,J = 6.5 Hz, 2 H), 3.34 (t, J = 6.5 Hz, 2 H), 3.60 (s, 3 H).

Preparation of 11-Bromoundecanol.24 Methyl 11-bromoundeca-
noate [10.8 g (0.038 mol)] was dissolved in 100 ml of dry ether
and cooled to 0°. A suspension of 1.0 g (0.024 mol) of lithium alu-
minum hydride (Alfa-Ventron) in 20 ml of ether was added over a
10-min period and the mixture stirred at 0° for 45 min. Then 1 ml
of water, 1 ml of 15% aqueous NaOH, and 3 ml of water were

added successively. The ether solution was filtered through MgSO,
and evaporated, leaving 9.5 g (100% yield) of solid alcohol [mp
44.0-47.5° (1it.25 mp 46.0-46.5°)], which was used without purifi-
cation: NMR (CCly) § 1.00-2.00 (m, 18 H), 2.64 (br, s, 1 H,
-OH), 3.20-3.70 (m, 4 H).

Preparation of 1-(11-Bromoundecyl)-3-methylindole (6). The pro-
cedure for 1 was followed in a modified form. A sodamide solution
was prepared as before using ferric nitrate and 0.67 g (0.029 mol)
of sodium in 100 ml of ammonia. Skatole [1.3 g (0.010 mol)] dis-
solved in 20 ml of dry tetrahydrofuran (freshly distilled from
LiAlH,4) was added and the solution stirred for an hour. A solution
of 4.0 g (0.017 mol) of 11-bromoundecanol in 20 ml of dry THF
was added dropwise and the solution stirred under a Dry Ice-ace-
tone condenser for 20 hr. The solvent was allowed to evaporate and
the residue treated with dilute aqueous HCI and ether. The ether
extract was washed with several portions of water, dried over
MgSO0;, and evaporated, leaving a mixture of 1.0 g of unreacted
11-bromoundecanol and 2.2 g (73% yield) of 1-(11-hydroxyunde-
cyl)-3-methylindole (by NMR) which was used directly in the next
step: NMR (CCl) 6 1.10-2.00 (m, 18 H), 1.77 (s, 1 H, -OH),
2.29 (s, 3H), 3.50 (t, J = 7.0 Hz, 2 H), 4.00 (t, J = 6.5 Hz, 2 H),
6.70 (brs, 1 H), 6.90-7.50 (m, 4 H).

The mixture of alcohols (3.0 g, 0.010 mol of total alcohol) was
brominated!?® by dissolution in 100 ml of dimethylformamide
(dried over molecular sieve and distilled) containing 2.8 g (0.011
mol) of triphenylphosphine (Aldrich), followed by dropwise -addi-
tion of 1.7 g (0.011 mol) of bromine (Fisher), keeping the solution
temperature below 55°. After 5 min of stirring, the mixture was
poured into 300 ml of cold water which was then extracted with
ether. The ether was washed with dilute aqueous Na,CO3; and then
water, dried over MgSOy, and evaporated leaving a semisolid.
Trituration with pentane and filtration gave a solution which was
evaporated, leaving 3.8 g of an oil which was chromatographed on
silica gel (Merck) using pentane as eluent. Initial fractions con-
tained 1,11-dibromoundecane,?6 an unidentified indole,2” and tri-
phenylphosphine. A total of 0.6 g (22% yield) of 6 was then collect-
ed as a nearly colorless oil: NMR (CCly) 6 1.10-2.10 (m, 18 H),
2.30(d,J =1 Hz, 1 H),;3.33 (t,J = 6.5 Hz, 2 H), 4.01 (t, J = 6.5
Hz, 2 H), 6.71 (m, 1 H), 6.85-7.55 (m, 4 H); MS mj/e (%) 366 (4,
M + 1, caled for CaoH3oN, 4), 365 (17), 364 (4), 363 (17), 145
(30), 144 (100, C1oHoN).

Preparation of 11-(3-Methyl-1-indolyl)undecyltrimethylammeon-
ium Bromide (3),14 6 (0.3 g) was dissolved in 30 ml of absolute eth-
anol {Commercial Solvents Corp.), and 5 ml of anhydrous trime-
thylamine (Eastman) was distilled in using a Dry Ice-acetone con-
denser. The stirred solution was refluxed 6 hr and cooled and the
solvent evaporated. Addition of 25 ml of ether created an emulsion
which yielded a gummy solid upon scratching and cooling. The ex-
tremely hygroscopic product was collected but not weighed. A
sample was prepared for spectral use by recrystallization from ben-
zene, removal of solvent by decantation followed by drying under
vacuum, and lyophilization of a filtered aqueous solution: NMR
(D30) é (approx) 0.9-1.8 (m, 18 H), 2.28 (s, 3 H), 3.0 (br, 2 H),
3.08 (s, 9 H), 3.75 (br, 2 H), 6.65 (s, | H), 6.8-7.5 (m, 4 H). Anal.
Calcd for ngHggNzBr-HzO: C, 62.59; H, 9.30; N, 6.35. Found: C,
62.98; H, 9.16; N, 6.08.

Preparation of 3-Hexanoylindole (7). This procedure was adopt-
ed from that of Jackson, Naidoo, and Smith.!3 To a solution of 21
g (0.18 mol) of hexanoic acid (Aldrich) in 25 ml of dry benzene
(distilled from CaHa) was carefully added 75 g (0.60 mol) of oxa-
1yl chloride (Matheson Coleman and Bell). The mixture was re-
fluxed for 30 min and allowed to stir at room temperature under
nitrogen until used as below.

A flask containing 3.6 g (0.15 mol) of magnesium turnings
(Mallinckrodt) was flame dried under nitrogen, cooled, and
charged with 150 ml of dry ether. Ethyl bromide [21 g (0.20 mol)]
(Matheson Coleman and Bell) was added dropwise, and the mix-
ture stirred (overhead mechanical stirrer) and refluxed until all the
Mg had reacted. Then, 150 ml of dry benzene was added and the
mixture warmed under a stream of nitrogen to evaporate the ether
and excess ethyl bromide. A solution of 17.4 g (0.15 mol) of indole
(Aldrich Gold Label) in 60 ml of dry benzene was added slowly
and the mixture refluxed for 30 min. Excess oxalyl chloride was
evaporated from the hexanoyl chloride solution prepared previous-
ly, and this solution was then added dropwise to the well-cooled
and vigorously stirred indole magnesium bromide mixture.
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A dark-red solid formed which was thoroughly mixed with 150
ml of 2 N HCl and 500 ml of warm ethyl acetate. The ethyl ace-
tate solution was washed with 150 ml of water, 2 X 150 ml of satu-
rated aqueous NaHCOs3, 150 ml of water, and 100 ml of saturated
aqueous NaCl. The solution was dried over MgSOy, the solvent re-
moved, and the residue recrystallized from acetone to yield 10,0 g
(35% yield) of 7 as a tan powder, mp 147.0-150.5°, Four addition-
al recrystallizations from acetone yielded white crystals: mp
158.0-154.5°; NMR (DMSO-dg) & 0.70-1.80 (m, 9 H), 2.80 (t, J
= 6.5 Hz, 2 H), 6.95-7.60 (m, 4 H), 8.00-8.20 (m, 2 H); ir (KBr)
3130 (NH), 1630 (C=0), 748 cm™! (indole H-2). Anal. Calcd for
Ci4H17NO: C, 78.10; H, 7.96; N, 6.51. Found: C, 78.35; H. 8.08;
N, 6.40.

Preparation of 3-Hexylindole (8). To a suspension of 5.0 g (0.025
mol) of 7 in 400 ml of dry ether was added dropwise a suspension
of 2.5 g (0.60 mol) of LiAlH,4 in }50 ml of dry ether. The solution
was refluxed under nitrogen for 15 hr, cooled, and treated with 2.5
ml of water, 2.5 ml of 15% NaOH, and 7.5 ml of water. The ether
was filtered through MgSQOy4 and evaporated leaving 4.7 g of an or-
ange oil which was flash distilled at 120° (1 mmHg) to give 3.4 g
(68% yield) of a pale-yellow oil which was suitable for use without
further purification: NMR (CCly) § 0.70-2.20 (m, 11 H), 2.70 (t,

= 7.0 Hz, 2 H), 6.72 (m, 1 H), 6.80-7.70 (m, 5 H); ir (neat)
3330 (NH), 740 cm™! (indole H-2); MS m/e (%) 202 (2.3, M + 1,
caled for Ci4Hi9N, 2.3), 201 (15), 131 (13), 130 (100, CgHgN).

Preparation of Methyl 6-Bromohexanoate. 6-Bromohexanoic
acid [5.0 g (0.025 mol)] (Aldrich) was dissolved in 50 ml of meth-
anol and 3.5 g (0.025 mol) of boron trifluoride etherate added. The
reaction was carried out and worked up as for methyl 11-bromoun-
decanoate, yielding 4.7 g (87% yield) of ester, used without purffi-
cation: NMR (CCL) 6 1.40-2.10 (m, 6 H), 2.28 (br t, J = 6.5 Hz,
2 H), 3.40 (t, J = 6.5 Hz, 2 H), 3.63 (s, 3 H); ir (neat) 1740 cm™!
(C=0).

Preparation of 6-Bromohexanol. Methyl 6-bromohexanoate [4.7
g (0.022 mol)] was dissolved in 25 ml of dry ether and treated with
0.5 g (0.013 mol) of LiAlH4 in the manner described for 11-bro-
moundecanol. Crude yield was 3.5 g (87% yield), used without pu-
rification: NMR (CClg) 6 1.35-2.15 (m, 8 H), 2.50 (br s, 1| H,
-OH), 3.25-3.75 (m, 4 H); ir (neat) 3350 cm~! (OH).

Attempted Alkylation of 3-Hexylindole Sodium Salt with 6-Bro-
mohexanol. The procedure for 6 was repeated starting with 0,40 g
(0.017 mol) of sodium to form the sodamide followed by addition
of 8 (0.90 g, 0.005 mol) in 15 ml of THF, and finally 1.9 g (0.011
mol) of 6-bromohexanol in 10 ml of THF. NMR of the crude
product mixture showed unreacted 3-hexylindole, evidence for a
terminal olefin (6 4.70-6.20, perhaps 5-hexen-1-ol), and only a
minute amount (<5% yield) of desired product.

Preparation of 6-Bromohexyl 1-Ethoxyethyl Ether (9).17 6-Bro-
mohexanol [1.5 g (0.008 mol)] was dissolved in a mixture of 10 ml
of ethyl vinyl ether (Aldrich) and 40 ml of dry ether. p-Toluenesul-
fonic acid monohydrate [0.05 g (0.0003 mol)] was added and the
solution stirred at room temperature for an hour. Then 10 ml of 1
N NaOH was added and the mixture stirred for several min, The
ether layer was separated and washed several times with water
made slightly basic with NaOH solution, The ether was dried over
K>COs; and evaporated leaving an orange liquid, 2.0 g (95% yield),
which was used without purification: NMR (CCly) 6 1.13 (t, J =
6.5 Hz, 3 H), 1.22 (d, J = 5.0 Hz, 3 H), 1.31-2.10 (m, 8 H),
3.20-3.75 (m, 6 H),.4.58 (q, J = 5.0 Hz, 1 H); MS m/e (%) 253
(0.5, M — H), 251 (0.5), 239 (16), 237 (16), 209 (16), 207 (16),
165 (41), 163 (40), 73 (100, C4H,0).

Preparation of 1-(6-Bromohexyl)-3-hexylindole (10). The proce-
dure for 6 was repeated starting with 0.06 g (0.0026 mol) of sodi-
um in 50 ml of ammonia to form sodamide followed by addition of
8 (0.46 g, 0.0023 mol) in 10 ml of THF, and finally 1.71 g (0.0067
mol) of 9 in S ml of THF. In the work-up, dilute acetic acid was
used in place of dilute HCI. The isolated product contained 0.68 g
of unreacted 9 and 0.63 g (74% yield) of 6-(3-hexyl-1-indolyl)hex-
yl 1-ethoxyethyl ether: NMR (CCL) 6 0.85-2.10 (m, 25 H), 2.65
(brt,J =7.0 Hz, 2 H), 3.15-3.65 (m, 4 H), 4.00 (t, J = 6.5 Hz, 2
H), 4.55 (q, J = 5.5 Hz, 1 H), 6.72 (br s, 1 H), 6.80-7.50 (m, 4
H).

The alkylation product mixture was dissolved in 50 ml of metha-
nol and treated with 3 drops of concentrated HCI. After 90 sec of
stirring, 50 ml of saturated aqueous NaHCQj; was added, followed
after another minute by 200 ml of water. The mixture was extract-
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ed with 2 X 100 ml of ether which was washed with aqueous
NaHCOs3, water, and aqueous NaCl and dried over MgSQy. Evap-
oration left the crude alcohol, 1-(6-hydroxyhexyl)-3-hexylindole:
NMR (CCly) 6 0.80-2.20 (m, 19 H), 2.00 (s, | H, OH), 2.75 (br t,
J=70Hz, 2H),3.50(t,J=7.0Hz 2H),4.00(t,J = 7.0 Hz, 2
H), 6.68 (s, | H), 6.80-7.50 (m, 4 H).

Bromination was carried out as for 6. The mixture of alcohols
(0.95 g, 0.004 mol total alcohol), 1.15 g (0.004 mol) of triphenyl-
phosphine, and 0.60 g (0.004 mol) of bromine were reacted in 35
ml of dry DMF. Work-up and silica gel chromatography yielded
1,6-dibromohexane,?8 an unidentified indole,?” and 0.15 g (24%
yield) of 10 as a yellow oil: NMR (CCly) 5 0.70-2.05 (m, 19 H),
2,70 (brt, J = 7.0Hz, 2 H),3.28 (t,J = 6.5 Hz, 2 H), 4.03 (t, ] =
6.5 Hz, 2 H), 6.70 (br s, 1 H), 6.78-7.55 (m, 4 H).

Preparation of 6-(3-Hexyl-1-indolyl)hexyltrimethylammonium
Bromide (4). The procedure used for 3 was repeated, using 0.1 g of
10 and 2 ml of anhydrous trimethylamine in 15 ml of absolute eth-
anol. This product also proved to be highly hygroscopic so no
weight was taken; small samples were prepared for spectral use by
recrystallization and lyophilization: NMR (D;0) é (approx) 0.9-
1.9 (m, 19 H), 2.83 (br, 2 H), 2.9 (br, 2 H), 2.94 (s, 9 H), 3.93 (br,
2 H), 6.71 (br s, 1 H), 6.7-7.6 (m, 4 H). Anal. Calcd for
C23H39N,Brl5H,0: C, 63.89; H, 9.26; N, 6.48. Found: C, 63.84;
H, 9.20; N, 6.28.

Preparation of 1-(11-Bromoundecyl)-3-hexylindole (11), The pro-
cedure for 6 was followed starting with 0.70 g (0.030 mol) of sodi-
um in 250 ml of ammonia to form sodamide followed by addition
of 8 (2.00 g, 0.010 mol), in this case, neat, and finally 4.70 g
(0.019 mol) of 11-bromoundecanol in 80 ml of dry THF. The
product contained 2.4 g of unreacted bromoalcohol and 3.6 g
(100% yield) of 1-(11-hydroxyundecyl)-3-hexylindole: NMR
(CCly) 6 0.80-2.00 (m, 29 H), 2.10 (brs, 1 H, -OH), 2.68 (br t, J
= 7.0 Hz, 2 H), 2.50 (m, 2 H), 3.97 (t, J = 7.0 Hz, 2 H), 6.70 (br
s, 1 H), 6.80-7.50 (m, 4 H).

Four grams (0.0133 mol total alcohol) of the above mixture was
dissolved in 75 ml of dry ether containing 8.84 g (0.0267 mol) of
carbon tetrabromide (Matheson Coleman and Bell). According to
the method of Hooz and Gilani,!6 a solution of 7.00 g (0.0267 mol)
of triphenylphosphine in 125 ml of dry ether was added dropwise
under nitrogen at room temperature and the solution stirred for an
hour. The mixture was filtered and the solids washed with 2 X 50
ml of ether. Evaporation of the combiued filtrates left material
that was triturated with pentane followed by filtration and evapo-
ration of solvent. The oily residue was chromatographed on silica
gel using pentane, as for 6 and 10. This time, no anomalous indole
was detected. Essentially pure 11 was isolated as a colorless oil,
1.91 g (69% yield): NMR (CCls) 6 0.88 (t, 7 = 5.0 Hz, 3 H),
1.05-2.10 (m, 26 H), 2.68 (br t, J = 6.5 Hz, 2 H), 3.30 (t, / = 6.5
Hz, 2 H), 3.98 (t,/ = 6.5 Hz, 2 H), 6.68 (s, | H), 6.70-7.55 (m, 4
H); MS mfe (%) 436 (28, M + 1, calcd for CasHggN, 28), 435
(100), 434 (28), 433 (100), 365 (25), 364 (98), 363 (25), 362 (98),
284 (7), 282 (11), 240 (6), 226 (5), 214 (38), 144 (42), 130 (45).

Preparation of 11-(3-Hexyl-1-indolyljundecyltrimethylammon-
ium Bromide (5). The procedure used for 3 was followed using 1.0 g
of 11 and 10 ml of anhydrous trimethylamine in 100 ml of absolute
ethanol. Again, the hygroscopic product was collected but not
weighed, and small samples were prepared for spectral purposes:
NMR (D;0) 6 (approx) 0.65-2.00 (m, 29 H), 2.60 (br, 2 H), 3.0
(br, 2 H), 3.09 (s, 9 H), 3.75 (br, 2 H), 6.63 (br s, | H), 6.75-7.65
(m, 4 H). At 100 MHz and 50°, the signals at 6 2.60 and 3.75 are
resolved as triplets, / = 6.5 Hz. Anal. Calcd for CsH4oN2Br: C,
68.13; H, 10.01; N, 5.77; Br, 16.19. Found: C, 67.94; H, 10.06; N,
5.77; Br, 16.15.

Spectroscopy. Fluorescence spectra were recorded on a Hitachi
Perkin-Elmer MPF-2A spectrofluorimeter using 280 nm as the
wavelength of excitation. Fluorescence Amax values are precise to
41 nm. Absorption data were obtained at individual wavelengths
using a Gilford uv-visible spectrometer.

Fluorescence-decay curves were obtained using a single photon-
counting technique.!! An air-spark flash lamp gave an excitation
pulse with a half-width of 2 nsec. The fluorescence was monitored
at several wavelengths using a Jarrell-Ash 82-410 monochrometer.
The multichannel pulse-height analyzer was generally calibrated
at 0.238 nsec/channel using a time-to-amplitude converter range
of 0.3 usec. The number of counts in the peak channel was general-
ly 104 to 10°.
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Table VI, Data for 1.36 X 10~* M 6-In-11 as Plotted in Figure 7;
T 17.2 nsec

AF nm XbF IFtOtal(K) Tp(N)
440 0.92 0.096 0.088
400 0.89 0.450 0.400
380 0.85 0.746 0.635
360 0.74 0.847 0.626
340 0.61 0.528 0.322
Table VII. Data for 1.56 X 10-* M 6-In-11 as Plotted in Figure 8;
T4 = 6.1 nsec; 7 = 18.0 nsec
AF, nm X,F Iptotal(x) I\
430 0.20 0.133 0.027
420 0.21 0.200 0.042
410 0.25 0.293 0.074
400 0.32 0.407 0.130
390 0.34 0.533 0.183
380 0.38 0.655 0.252
370 0.46 0.737 0.340
360 0.51 0.737 0.374
350 0.54 0.635 0.340
340 0.62 0.444 0.277
330 0.65 0.233 0.152
320 0.69 0.071 0.049
Table VIII. Data for 4.15 X 10-* M 6-In-11 as Plotted in Figure 9;
Ta = 6.7 nsec; ry, = 16.7 nsec
AF, nm XbF IFtOtal(h) Iy (W)
440 0.58 0.050 0.029
420 0.54 0.123 0.067
400 0.45 0.283 0.127
380 0.39 0.550 0.214
370 0.34 0.695 0.236
360 0.26 0.809 0.210
350 0.22 0.814 0.179
340 0.18 0.694 0.125
320 0.12 0.132 0.016

Table IX. Data for 1.28 X 10-3 M 6-In-11 as Plotted in Figure 10;
75 = 5.8 nsec; 7, = 14.2 nsec

AF, nm XbF IFtOtal(h) Tp(N)
460 0.33 0.018 0.006
440 0.25 0.037 0.009
420 0.17 0.092 0.016
400 0.12 0.223 0.027
380 0.10 0.483 0.048
370 0.09 0.643 0.058
360 0.06 0.792 0.047
350 0.05 0.860 0.043
340 0.04 0.786 0.035

The decay curves were analyzed as described in the Results and
Discussion. It was found that the elimination of scatter by the use
of polarization filters greatly simplified the visual analysis of the
dual-component decay curves without affecting the values of 7¢ or
a and b to any significant extent.

The data used for the generation of time-resolved spectra, Fig-
ures 7-10, are listed in Tables VI-IX. In these tables, A\F is the
monitoring wavelength; X,F and XiF are the coefficients defined in
eq 3 and 4; It as 4 function of wavelength was taken directly
from static fluorescence spectra.

Ia(N) + Iy(N) = Ig"#(N)
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