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Structural features of the single and mixed micellar systems of sodium dodecyl sulfate (SDS) and
dodecyltrimethylammonium bromide (DTAB) were characterized using the fluorescence probe 6-propionyl-
2-(dimethylamino)naphthalene (Prodan). In particular, our investigations capitalized on the spectral sensitivity
of Prodan to its environment as well as the extensive solubility of Prodan in solvents of varying polarity
and/or hydrophobicity to effectively use a three-mode factor analysis technique to resolve the coincident
emission from Prodan in multiple microenvironments of single and mixed micelle systems. Our investigations
reveal parameters of Prodan fluorescence that reflect the relative polarities of the surfaces of SDS and DTAB
micellar cores, the permeability of the SDS micelle interface, and the heterogeneity of SDS-DTAB mixed
micellar systems. In particular, we observe a strong affinity of Prodan for both SDS and DTAB micelles at
the water-surfactant interface with the emissionλmax of Prodan consistent with greater water accessibility in
the SDS interfacial region. Reduction in SDS head-group repulsion upon the addition of both an alkali metal
series of counterions (Li+ f Na+ f K+) and a tetrasubstituted ammonium series of counterions (NH4

+ f
N(CH3)4+ f N(CH3CH2)4+ f N(CH3CH2CH2CH2)4+) appears to induce a more nonpolar environment for
Prodan. Each one-phase and two-phase region of the dilute aqueous binary SDS-DTAB pseudoternary diagram
is identified by distinct Prodanλmax values. Evidence is presented for the presence of SDS-DTAB mixed
micelle systems.

Introduction

Incorporation of molecular probes into aqueous micelles
effectively reveals such parameters as the critical micelle
concentration (cmc), roughness of the micelle surface, and
degree of water penetration into these surfactant aggregations.
Many studies employ molecular probes with fluorescence
characteristics that reflect their microenvironment. Attributes
such as fluorescence intensity values, excitation and emission
wavelength maxima, and fluorescence lifetime and polarization
values are potential indicators of the features of a probe’s
surroundings. Most probes have been chosen for their particular
affinity for one or two of the principal micelle regions: the
hydrocarbon core formed from surfactant tails, the interface
composed primarily of the amphiphile head groups, or the
surrounding aqueous solvent phase. Selective targeting of
specific micellar domains has been precisely achieved with
fluorophores such as polycyclic aromatic hydrocarbons (e.g.,
pyrene, naphthalene, and anthracene) and with ionic derivatives
of aromatic chromophores (e.g., pyrenesulfonic acid, pyrenebu-
tyric acid, and 1-anilinonaphthalene-8-sulfonate).1

However, the probe 6-propionyl-2-(dimethylamino)naphtha-
lene (Prodan) is a novel molecular reporter with potential added
advantages for a new approach to micelle characterization.
Prodan is soluble in an extensive range of media, suggesting
the possibility of the simultaneous partitioning of the probe into
all regions of the micelle. This neutral, hydrophobic probe
displays appreciable shifts in the wavelength of maximum
emission with a variation in solvent, enabling the location of
the probe in distinct regions to be established. For example,
maximal fluorescence emission ranges from 400 nm in the
nonpolar solvent cyclohexane to 530 nm in aqueous solution.
In addition to this spectral sensitivity, Prodan has the advantage
of exhibiting measurable fluorescence intensities in both polar

and apolar solvents. Thus, fluorescence signatures from a
location in the bulk solvent as well as within the various
microenvironments of a surfactant aggregation are ascertainable.
Both the polarity-dependent spectral shift and the fluorescence
intensity variation enable the fluorescence contributions from
multiple populations of probe molecules to be easily resolved.2,3

A further advantage of Prodan over other common probes such
as 1-anilinonaphthalene-8-sulfonate (1,8-ANS) is the absence
of a permanent charge, eliminating complications from ionic
interactions.2

The surfactants sodium dodecyl sulfate (SDS) and dodecyl-
trimethylammonium bromide (DTAB) constitute an interesting
system to study as both single and mixed micelle systems. The
anionic SDS and the cationic DTAB possess identical hydro-
carbon tails (12-carbon alkyl chains) but oppositely charged head
groups. These single-chain surfactants with relatively large
head-group areas form spherical micelles of low polydispersity
in aqueous solution.4 For SDS, a cmc value at 25°C of 8.1
mM is generally well accepted5-8 but a wide range of values
from 56 to 80 have been reported for the measured aggregation
numberN under comparable experimental conditions.5,7,9,10

Similarly, a rather constant cmc value of 14.8-15.6 mM5,8,11

but a variable aggregation number ranging from 43 to 745,9,11

are characteristic of DTAB micelles at 25°C. For both SDS
and DTAB, aggregation number and the polydispersity of the
sample increase as the concentration of surfactant increases
above the cmc.4 Measurements under the same conditions
consistently reveal a larger aggregation number for SDS micelles
than for DTAB aggregates (e.g., 80 for SDS vs 50 for DTAB,5

64 for SDS vs 55 for DTAB,12and 77 for SDS vs 74 for DTAB9).
With increased ionic strength (e.g., high [Na+] for SDS, high
[Br-] for DTAB), the micelles undergo substantial transforma-
tions in size and shape to create cylindrical micelles with large
aggregation numbers. For example, aggregation numbers for
SDS micelles at 25°C in the presence of increasing [NaCl]X Abstract published inAdVance ACS Abstracts,June 1, 1996.

11125J. Phys. Chem.1996,100,11125-11132

S0022-3654(96)00993-8 CCC: $12.00 © 1996 American Chemical Society

+ +

+ +



steadily increase: for [NaCl]) 0.1, 0.2, and 0.4 M,N ) 91,
105, and 129, respectively.7 DTAB micelles show a corre-
sponding (but less dramatic) increase in aggregation number
with added NaBr:N ) 71, 76, and 78 at [NaBr]) 0.0175,
0.05, and 0.10 M, respectively.11

The phase behavior of dilute (<5 wt % surfactant) aqueous
mixtures of SDS and DTAB at 25°C has previously been
characterized via a pseudoternary diagram.9 This phase diagram
is dominated by two micellar one-phase regions and two two-
phase regions consisting of a 1:1 crystalline precipitate and an
isotropic solution of micelles or vesicles. The single-phase
micellar regions contain DTAB- and SDS-rich micelles. The
region of the phase diagram constituting the DTAB-rich
mixtures begins with the two-component solution of DTAB at
its cmc in water (0.46 wt %) and extends to the three-component
solution with an SDS/DTAB weight ratio of approximately 0.15.
In this isotropic region the aggregation number of the micelles
shows limited growth from 74 for pure DTAB to 111 for the
system of SDS/DTAB weight ratio of 0.10. Almost all of the
added anionic dodecyl sulfate ion becomes incorporated within
the mixed micelle. A two-phase region of isotropic micellar
liquid and crystalline equimolar precipitate exists for SDS/
DTAB weight ratios between 0.15 and 1.0. The SDS-rich
micelle region is demarcated by the two-component aqueous
solution of SDS at its cmc (0.23 wt %) to the three-component
solution with an SDS/DTAB weight ratio of approximately 1.86.
As DTAB is added to SDS in this isotropic region, micelles
show substantial growth in aggregation number from 77 for pure
SDS to 210 for a 4:1 SDS-DTAB mixture. This increase in
micelle size is attributed to the incorporation of all of the added
cationic dodecyltrimethylammonium ions within the predomi-
nantly SDS micelle to reduce head-group repulsion. A narrow
two-phase region of isotropic micellar solution and solid
equimolar precipitate exists for SDS/DTAB ratios between 1.0
and 1.5. SDS/DTAB mixing ratios between 1.5 and 1.86 lead
to a one-phase vesicle region at high water concentrations and
a multiphase region also containing vesicles as the water content
is lowered.
To isolate the coincident emission from Prodan in multiple

microenvironments of single and mixed micelle systems, we
employ fluorescence data analysis techniques capable of resolv-
ing the emission from a mixture of fluorophores. Our method
of data analysis, known as the PARAFAC trilinear model,13 is
a three-mode factor analysis that enables the resolution of
distinct yet overlapping excitation and emission spectra for each
fluorescing component in a mixture of fluorophores. This
mathematical tool permits a determination of the number of
fluorescent components and their individual excitation and
emission spectra without prior knowledge of either the individual
components or their spectra. The basis for this technique is
that the overall fluorescence intensity of a mixture of fluoro-
phores is separately linear in functions of excitation wavelength,
emission wavelength, and any parameter that alters fluorescence
quantum yield or fluorophore concentration. In mathematical
terms, trilinear analysis decomposes a three-way array into a
sum of products of parameters using nonlinear least-squares
techniques. The computational methods yield excitation and
emission spectra for each fluorescing component as well as a
concentration curve to establish the relative amounts of the
fluorescing components. In this application, then, this math-
ematical tool permits a determination of the number of distinct
Prodan environments and the individual excitation and emission
spectra that characterize each population of Prodan molecules.
Our investigations demonstrate that Prodan is a sensitive

indicator of both static and dynamic features in SDS and DTAB

single and mixed micelle systems. In particular, the emission
λmaxof Prodan fluorescence and the variable distribution of the
probe reveal the microviscosity of the micelle-water interface,
the permeability of the lipid-water boundary, the degree of
water penetration into the micelle shell, and the extent of
separation of micellar head groups.

Experimental Section

Reagents Used.Fluorescent probe 6-propionyl-2-(dimeth-
ylamino)naphthalene (Prodan, Molecular Probes, Eugene, OR)
and surfactants sodium dodecyl sulfate and dodecyltrimethyl-
ammonium bromide (Aldrich) were used without further puri-
fication. Investigations that focused on the permeability of
SDS micelles employed the following reagents (supplied from
Aldrich unless otherwise noted): sodium salts of chloride,
sulfate, and acetate ions (EM Science); benzyl alcohol (Mallinck-
rodt, analytical grade); chloride salts of ammonium, tetra-
methylammonium, tetraethylammonium, and tetrabutylammo-
nium ions. Quenching studies employed sodium iodide and
tetrabutylammonium iodide (Eastman) as quenchers. To ex-
amine the solvent dependence of Prodan emission, solvents of
the highest available purity were obtained commercially from
Aldrich and J. T. Baker and were used without further puri-
fication. All aqueous solutions were prepared using 18.2 MΩ
ultrapure water obtained from a Milli-Q Plus Millipore water
filtration system.
Protocols To Examine Features of Single-Surfactant

Micelles. (a) cmc Values.We conducted investigations with
varying surfactant concentration in order to confirm the cmc
value for each surfactant and estimate the polarity of the micellar
interface. Surfactant concentrations ranged from 0 to 18 mM
for SDS and from 0 to 3 mM for DTAB. All micellar solutions
were allowed to equilibrate overnight. Prodan (5µM) was
added prior to fluorescence measurements, with micellar equi-
librium and probe partitioning presumed to be established by
the absence of any time-dependent variation in Prodan fluores-
cence.
(b) Probe Distribution within SDS Micellar Regions. We

also examined the effect of varying the order of addition of
reagents so that Prodan was (a) added to samples after micelle
formation (i.e., standard order of addition) and (b) present in
solution prior to micelle formation by adding the surfactant to
aqueous solutions of probe. SDS was added to water (experi-
ment a) or aqueous solutions of Prodan (experiment b) to yield
final concentrations of [SDS]) 18 mM. Trilinear analyses were
performed for variable [Prodan] values from 2 to 14µM.
(c) Reductions in the Accessibility of the Micellar Interface

to Water. We also examined methods to reduce the degree of
water penetration within the micelle and/or trap Prodan in the
interior of the micelle by adding counterions (Li+, Na+, K+,
NH4

+, N(CH3)4+, N(CH3CH2)4+, and N(CH3CH2CH2CH2)4+)
to reduce the electrostatic repulsion between the SDS surfactant
head groups. All cations were added as the chloride salt up to
0.40 M for Li+, Na+, NH4

+, N(CH3)4+, and N(CH3CH2)4+, to
0.075 M for N(CH3CH2CH2CH2)4+, and to 0.010 M for K+.
Investigations involved micellar samples with [SDS] fixed at
10 mM. Counterion was added prior to the addition of Prodan
probe.
We also examined the effect of the identity of the anion

coupled with the added sodium counterion. Investigations
involved micellar samples with [SDS] fixed at 18 mM and added
sodium chloride, sodium acetate, or sodium sulfate. As sulfate
anions (added as the sodium salt) and benzyl alcohol are known
to increase micelle permeability by adsorbing at micellar
interfaces and driving surfactant head groups further apart,1 we
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also measured the Prodan fluorescence parameters of SDS
micelles treated with benzyl alcohol. Benzyl alcohol concentra-
tions ranged from 0.05 to 0.30 M, and the concentrations of
NaCl, NaOOCCH3, and Na2SO4 ranged from 0.05 to 0.40 M.
(d) Use of Iodide as a Collisional Quencher.To enhance

the identification of Prodan molecules situated in a more
nonpolar position within the micelle, we used iodide ion as a
collisional quencher to reduce the emission from Prodan in the
more accessible regions of the micelle. The remaining fluo-
rescence spectrum should reveal a greater contribution of the
inaccessible probe molecules. NaI (up to 0.40 M) was added
to SDS micelles at [SDS]) 10 mM. To distinguish the
contribution to the overall fluorescence signal of the effect of
added Na+ counterion, fluorescence emission spectra were also
recorded for SDS micelles treated with similar concentrations
of NaCl.
Systems of SDS-DTAB Mixed Micelles. SDS-DTAB

mixed micellar solutions were prepared by a simultaneous
addition of both surfactants and fluorescence probe in the
requisite amounts to Millipore water. Four regions of the SDS-
DTAB-water dilute solution ternary diagram were explored:
the one-phase region of DTAB-rich micelles (weight ratio of
SDS/DTAB between 0.040 and 0.13), the one-phase region of
SDS-rich micelles (weight ratio of SDS/DTAB between 3.0 and
8.0), the two-phase region of DTAB-rich micelles and DTAB-
SDS precipitate (weight ratio of SDS/DTAB between 0.25 and
0.70), and the two-phase region of SDS-rich vesicles and
DTAB-SDS precipitate (weight ratio of SDS/DTAB between
1.10 and 1.35). After standing overnight, solutions containing
the equimolar SDS-DTAB precipitate were centrifuged to
separate the solid material prior to fluorescence measurements
of the remaining solution. Samples contained 10µM Prodan
for fluorescence measurements.
Fluorescence Measurements.Fluorescence spectra were

obtained at 25°C using Perkin-Elmer LS-5 and LS-50B
fluorescence spectrophotometers. Excitation wavelengths were
varied in 10-nm increments from 280 to 360 nm, and emission
spectra were recorded over the range from 400 to 550 nm.
Excitation and emission slit widths were set at 5 nm. For
investigations of SDS micelles treated with benzyl alcohol, shifts
in the Prodan emission spectrum prompted an adjustment in
the scan parameters to the following ranges: excitation wave-
lengths from 330 to 410 nm and emission wavelengths from
440 to 550 nm.
Data Analyses via Trilinear Analysis. From the recorded

emission spectra at the nine fixed excitation wavelengths,
fluorescence intensities were determined at 5-nm intervals over
the emission wavelength range. For trilinear analyses, the data
were organized into a matrix of nine excitation wavelengths,
31 emission wavelengths, and seven to nine surfactant, coun-
terion, or quencher concentrations. Nonlinear least-squares fits
to the trilinear model were performed on a VAX8600. Each
data set was tested for the best fit to a system of one to four
fluorescing components.

Results

Resolution of Prodan Fluorescence in Several Solvents.
To establish the solvent dependence of Prodan emission, we
examined the emission of Prodan in several solvents of varying
polarity: water, deuterium oxide, ethanol, decanol, dimethyl
sulfoxide, dimethylformamide,p-dioxane, cyclohexane, and
heptane. Table 1 summarizes the characteristics of the major
emission bands resolved in each solvent. In particular, we
observed the sensitivity of the emission maxima of Prodan to
solvent conditions as previously demonstrated by Weber and
Farris.2

Trilinear analysis of fluorescence data acquired in water
revealed two distinct fluorescence components illustrated in
Figure 1. The predominant component (C1) at longer wave-
length has an excitation maximum of 351( 1 nm and an
emission maximum of 522( 1 nm. The fluorescence of the
shorter wavelength component (C2) is excited at 287( 1 nm
and is emitted maximally at 433( 1 nm. The minor short-
wavelength component has been attributed to solute-solvent
complexes formed via hydrogen bonding.14 These two fluo-
rescence components were also observed in D2O: C1 atλexc)
360( 1 nm andλem ) 522( 1 nm and C2 atλexc ) 292( 1
nm andλem ) 436( 1 nm. The relative contribution of C2 is
significantly reduced in D2O.
Two distinct components were also resolved by trilinear

analysis for Prodan in both heptane and cyclohexane. The
components in heptane were characterized by excitation maxima
of 280 and 342 nm and emission maxima of 393 and 402 nm,
respectively. In cyclohexane, the parameters of the fluorescence
components were quite similar, with excitation maxima of 280
and 340 nm and emission maxima of 395 and 402 nm,
respectively. These two emission bands have been attributed
to the presence of two closely spacedπ f π* transitions in the
absorption spectrum of Prodan in various solvents.15 All
wavelengths have uncertainties of( 1 nm.
The fluorescence data acquired for solutions of Prodan in all

other solvents revealed a single component (C1) of varying

TABLE 1: Characteristics of Prodan Fluorescence in
Various Solvents

λexc/nma λem/nmb

water 351 522
287 433

deuterium oxide 360 522
292 436

ethanol 360 488
decanol 360 470
dimethyl sulfoxide 360 466
dimethylformamide 353 461
p-dioxane 347 426
cyclohexane 340 402

280 395
heptane 342 402

280 393

aUncertainty in excitation wavelength maximum(1 nm. Deter-
mination of excitation wavelength maximum restricted to the wave-
length range experimentally employed, 280-360 nm.bUncertainty in
emission wavelength maximum(1 nm.

Figure 1. Resolution of the Prodan fluorescence spectrum in water
into two contributing components. The normalized emission spectra
are presented for the predominant component (C1) with an excitation
maximum of 351( 1 nm and an emission maximum of 522( 1 nm
and the minor component (C2) with an excitation maximum at 287(
1 nm and an emission maximally at 433( 1 nm.
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emission wavelength decreasing in the order ethanol> decanol
> dimethyl sulfoxide> dimethylformamide> dioxane.
Prodan Emission as a Function of [SDS].Fluorescence

studies varying the SDS concentration revealed a significant
increase in Prodan fluorescence above 8 mM SDS. Trilinear
analyses of the emission spectra yielded a three-component fit
with Prodan emission at 433( 1 (λexc ) 287( 1 nm), 507(
1 (λexc g 360 nm), and 521( 1 nm (λexc ) 355 ( 2 nm).
Figure 2 presents the normalized emission spectra of the three
components resolved by trilinear analysis as well as the intensity
of each fluorescence component as a function of [SDS]. The
emission peak at 521 nm dominates at [SDS] below the cmc,
contributing 90( 4% to the overall fluorescence observed at 2
mM SDS. The intensity of the 507-nm component rises
dramatically above the cmc with 96.9( 0.8% of the overall
fluorescence arising from this component. The 433-nm emis-
sion is negligible at all [SDS], contributing 2.8( 0.3% to the
overall fluorescence intensity at 2 mM SDS and decreasing to
an overall contribution of 1.8( 0.1% at 18 mM SDS. The
emissionλmax values of 433 and 521 nm correspond to the
maximal wavelengths recorded for aqueous solutions of Prodan.
Prodan Distribution within SDS Micelles. Variation in

Order of Reagent Addition. Addition of SDS to aqueous
solutions of Prodan (to assure the presence of probe prior to
micelle formation) led to an overall increase in the intensity of
Prodan fluorescence. Trilinear analyses of emission spectra
acquired for varying excitation wavelength and Prodan con-
centration yielded a single fluorescence component at 507( 1
nm for samples prepared by adding probe to SDS micelles and
resulted in two fluorescence components at 496( 1 and 507
( 1 nm for samples prepared by adding SDS to aqueous Prodan
solutions. The shorter wavelength component comprised 24.3
( 0.7% of the overall fluorescence independent of [Prodan].

Prodan Emission as a Function of Added [Counterion]
in SDS Micelles. Increasing concentrations of added counterion
(Li+, Na+, K+, NH4

+, N(CH3)4+, N(CH3CH2)4+, N(CH3CH2-
CH2CH2)4+ added as chloride salts) increase the overall
fluorescence of Prodan in micellar systems. For example, for
those cations that could be added at concentration levels of 0.40
M, the fluorescence intensity at the emissionλmax induced by
360-nm excitation increased by a factor of 2.02 for Li+, 2.06
for Na+, 2.18 for NH4+, 3.18 for N(CH3)4+, and 3.34 for N(CH3-
CH2)4+. Trilinear analyses of the Prodan emission in alkali
metal-treated micelles and in SDS micelles treated with the
ammonium tetraalkylammonium cations yielded two fluores-
cence components. The dependences of the components on
[Na+] are illustrated in Figure 3. Table 2 summarizes the
emissionλmax values observed and the percentage contribution
of each component to the overall fluorescence. For the alkali
metal series, theλmax of the two components shift to shorter
wavelength as the cation size increases. Furthermore, the
relative fluorescence intensity of the shorter wavelength com-
ponent increases in the order Li+ < Na+ < K+. For the series
of alkyl-substituted ammonium cations with increasing alkyl
chain length, the results reflect an increasing contribution of
shorter wavelength components to the overall fluorescence
spectrum. For example, NH4+-treated SDS micelles exhibit two

Figure 2. Resolution of the fluorescence of Prodan in aqueous SDS
solutions at 25°C into three components corresponding to emission
from hydrogen-bonded Prodan molecules (2), non-hydrogen-bonded
Prodan molecules (b), and Prodan molecules interacting with micelles
(9). The three resolved components are characterized by normalized
emission spectra and fluorescence intensities as a function of [SDS].

Figure 3. Dependence of the fluorescence intensity emitted by Prodan
in aqueous SDS solutions on added Na+ counterion and on the presence
of the collisional quencher I-. Prodan fluorescence is resolved by
trilinear analysis into two contributing components with emissionλmax
equal to 503 (b) and 497 nm (9) in the presence of NaCl and at 503.1
nm (O) and 501.9 nm (0) in the presence of NaI.

TABLE 2: Distinct Prodan Fluorescence Components
Resolved in Cation-Treated SDS Micelles

component 1 component 2

counteriona λ/nmb %c λ/nm %

untreated d 507 98
Li+ 501 16 504 84
Na+ 497 28 503 72
K+ 497 39 508 61
NH4

+ 502 79 512 21
N(CH3)4+ 496 46 502 54
N(Ethyl)4+ 496 45 503 55
N(Butyl)4+ 486 67 503 33

a Fluorescence values reported for fixed counterion concentrations:
[Li +] ) [Na+] ) [NH4

+] ) [N(CH3)4+] ) [N(CH3CH2)4+] ) 0.40 M;
[K+] ) 0.010 M; and [N(CH3CH2CH2CH2)4+] ) 0.075 M. [SDS])
10 mM. b Emissionλmax values expressed with uncertainties of(1 nm.
c Percent values represent the percentages contributed by each com-
ponent to the overall fluorescence intensity at the given [counter-
ion]. Uncertainties in percent values are estimated to be(1%.
d The remaining contribution to the overall Prodan emission spectrum
arises from a small amount of “free” Prodan not associated with SDS
micelles.
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Prodan emissions at 502 and 512 nm, while N(CH3CH2CH2-
CH2)4+-treated micelles display two Prodan populations with
λmax at 486 and 503 nm. The 502-nm component contributes
79% of the fluorescence observed in micelles with added NH4

+

counterion, but the 503-nm Prodan emission in micelles with
added tetrabutylammonium ion yields only 33% of the total
fluorescence signal.
Selective Quenching of Prodan Emission in SDS Micelles.

Addition of increasing concentrations of NaI led to a decrease
in the overall fluorescence intensity of Prodan-treated SDS
micelles. Trilinear analysis identified two Prodan fluorescence
signals with similar emissionλmax but distinct dependences on
[I-]. The component emitting at slightly longer wavelength,
λmax ) 503.1 nm (with excitationλmax g 360 nm), was the
dominant component in the absence of iodide, exhibited an
increase in fluorescence intensity as [I-] increased to 0.1 M,
and then decreased significantly in intensity at higher iodide
concentrations. The second component, emitting maximally at
501.9 nm (with excitationλmax) 354( 1 nm), rose in intensity
as [I-] increased and remained the dominant component for [I-]
> ≈ 0.2 M. Figure 3 illustrates these trends. To separate the
effects of the cation Na+ from the collisional quencher I-, Figure
3 also presents the dependence on [Na+] of the two emission
components resolved for NaCl-treated SDS micelles. As [Na+]
increases, the intensity of each component rises, with the longer
wavelength emission (503 nm) saturating at about 0.2 M Na+

and the shorter wavelength emission (497 nm) steadily increas-
ing with added Na+.
To determine the fraction of Prodan fluorescence accessible

to quenching by added iodide, conventional and modified
Stern-Volmer analyses16,17 were performed. To focus solely
on the effect of added I- and not on the influence of Na+ on
the Prodan fluorescence, fluorescence intensities of NaI-treated
micelles were compared with those treated with an iden-
tical concentration of NaCl. The conventional Stern-Volmer
equation,

relates the Prodan fluorescence intensity in the absence and
presence of I-, Fo, and F, respectively. For each quencher
concentration, fluorescence emission intensities at the observed
λmax usingλexc ) 330 nm were used. The data did not yield a
linear fit with a y-intercept of 1, indicating incomplete acces-
sibility of the Prodan fluorescence to quencher. The modified
Stern-Volmer equation,

permits the calculation of thefa parameter, the fraction of Prodan
fluorescence accessible to quenching by I-. The value of∆F
is defined as the decrease in the Prodan fluorescence intensity
induced by the given iodide concentration, i.e.,Fo - F. The
modified Stern-Volmer plot, presented in Figure 4, indicates
a value offa ) 0.62( 0.03 and a Stern-Volmer quenching
constant of 5.2( 0.1 M-1.
Dependence of Anion of Na+ Salt on Prodan Emission in

SDS Micelles. To ascertain the dependence on Prodan emission
in SDS micelles of Na+ salts with varying anions, micellar
samples with [SDS] fixed at 18 mM were treated with added
sodium chloride, sodium acetate, or sodium sulfate. The
fluorescence intensity at the emissionλmax induced by 360-nm
excitation increased by a factor of 2.06 for Cl-, 2.15 for SO42-,
and 1.97 for CH3COO-. SDS micelles treated with Na2SO4
yielded the same emission spectra as those samples with no
added sodium counterion. As previously seen for NaCl, addition

of sodium acetate to SDS micelles enhanced the contribution
of a shorter wavelength component to the emission spectrum
of Prodan, resolved via trilinear analysis. A similar effect was
observed upon the addition of benzyl alcohol to SDS micelles.
Trilinear analysis of Prodan emission in benzyl alcohol-treated
SDS micelles revealed a two-component fit with Prodan
emission at 469 and 511 nm. Table 3 summarizes the Prodan
emission characteristics in these systems.
Prodan Emission as a Function of [DTAB]. Fluorescence

studies varying the DTAB concentration display a sizable
increase in Prodan fluorescence at 1.98 mM DTAB. Trilinear
analyses of the emission spectra yielded a three-component fit
with Prodan emission at 436( 1, 497( 1, and 520( 1 nm.
The emission peak at 520 nm dominates at [DTAB] below the
cmc (contributing 90.0( 1.0% of the total fluorescence intensity
at 0.50 mM DTAB), while the intensity of the 497-nm
component rises dramatically above the cmc to contribute
essentially 100% of the observed fluorescence at 3.00 mM
DTAB. The contribution of the 435-nm emission is negligible
at all [DTAB], falling from 10.0( 1.0 to 0.0% as [DTAB]
rises from 0.50 to 3.0 mM. As observed earlier, theλmaxvalues
of 436 and 520 nm correspond to the maximal wavelengths
recorded for aqueous solutions of Prodan and have been
attributed to emission from hydrogen-bonded and non-hydrogen-
bonded Prodan molecules, respectively.

Figure 4. Modified Stern-Volmer plot to assess the fraction (fa) of
Prodan fluorescence in Na+-treated SDS micelles that is accessible to
quenching by the collisional quencher I-. The modified Stern-Volmer
equation is given byFo/∆F ) 1/fa + 1/{faKSV[I-]} whereFo is the
Prodan fluorescence intensity in the absence of I- and the value of∆F
is defined as the decrease in the Prodan fluorescence intensity induced
by the given iodide concentration, i.e.,Fo - F. For each quencher
concentration, fluorescence emission intensities at the observed
λmax using λexc ) 330 nm were used. The analysis yields a value
of fa ) 0.62( 0.03 and a Stern-Volmer quenching constantKSV of
5.2( 0.1 M.

TABLE 3: Distinct Prodan Fluorescence Components
Resolved in Na+-Treated SDS Micellesa

component 1 component 2

Na+ salt λ/nmb %c λ/nm %

none 507 97 d
NaCl 504 93 483 7
Na2SO4 503 100
NaOOCCH3 506 88 482 12
C6H5CH2OHd 511 90.6 469 9.4

a Fluorescence values reported for fixed counterion concentrations,
[Na+] ) 0.40 M. [SDS]) 18 mM. b Emissionλmax values expressed
with uncertainties of(1 nm. c Percent values represent the percentages
contributed by each component to the overall fluorescence intensity at
the given [counterion]. Uncertainties in percent values are estimated
to be(1%. dExperiment conducted for comparison with [C6H5CH2OH]
) 0.30 M-1.

Fo/F ) 1+ KSV[I
-]

Fo/∆F ) 1/fa ) 1/{faKSV[I
-]}
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Prodan Emission in Systems of SDS and DTAB.In each
of the four regions of the binary SDS-DTAB phase diagram
that were examined, trilinear analysis of the Prodan fluorescence
emission yielded three fluorescence components corresponding
to Prodan in three unique microenvironments. Theλmax values
and percentages of the total fluorescence contributed by each
component for each region are presented in Table 4. In the
one-phase region of SDS-rich micelles, the contribution of the
507-nm component to the overall fluorescence spectrum de-
creased with increasing [DTAB], as two shorter wavelength
components appeared. As the SDS/DTAB weight ratio was
lowered from 7.75 to 2.94, a 492-nm component and a 471-nm
component exhibited increases of 6-38 and 11-20%, respec-
tively, in the contributions to the total fluorescence signal. In
the one-phase region of DTAB-rich micelles, the contributions
of the three resolved fluorescence components were independent
of SDS/DTAB weight ratio:λmax ) 498 nm with 68( 1% of
the total fluorescence,λmax ) 493 nm with 26.5( 0.5%, and
λmax ) 459 nm with 5.5( 0.5%. The supernatant of samples
in the two-phase region of DTAB-rich micelles and DTAB-
SDS precipitate yielded two of the same components:λmax )
499 nm with 67( 1% of the total fluorescence andλmax) 493
nm with 22.5( 0.5%. The third component increased slightly
in wavelength and percent contribution:λmax ) 474 nm with
10.5( 0.5%. Finally, the liquid supernatant of the two-phase
region of SDS-rich vesicles and DTAB-SDS precipitate
exhibited three fluorescence components with concentration-
independent contributions to the overall fluorescence yield:λmax
) 489 nm with 67.5( 1.5%,λmax ) 484 nm with 18( 1%,
and 453 nm with 14.5( 0.5%.

Discussion

Single-Surfactant Micelles. The results of this study
demonstrate that the fluorescence probe Prodan is a powerful
indicator of structural features of SDS and DTAB micellar
systems. At low concentrations, Prodan exhibits a strong
affinity for a micellar region in either SDS (λmax) 507 nm) or
DTAB (λmax ) 497 nm) aggregates, with little free Prodan in
the surrounding aqueous exterior (λmax ) 520 nm). For both
types of micelles, then, Prodan most likely resides at the water-
surfactant interface, i.e., on the surface of the micelle in a polar
disposition.18 The naphthalene ring does not penetrate deep into
either micelle, as a greater emission wavelength shift from an
aqueousλmaxof 520 nm would have been expected. Our studies

show that Prodan emission in ethanol, for example, occurs at
488 nm and at considerably shorter wavelength in more nonpolar
solvents.
The sensitivity of Prodan fluorescence to its microenviron-

ment is responsive enough to distinguish between the interfacial
regions of SDS and DTAB micelles. The 10-nm difference in
Prodan emission wavelengths for SDS and DTAB micelles is
significant and most likely reflects the relative extent of water
accessibility of the Prodan environments. Prodan at the interface
of SDS micelles exhibits emission at a longer wavelength,
consistent with a more polar microenvironment. The enhanced
polarity of the surroundings can be attributed to greater water
penetration of the micelle interface. In support of this inter-
pretation, there is general agreement that micelles with anionic
sulfate carboxylate head groups (e.g., SDS) are usually found
to be more hydrated than those with trimethylammonium head
groups (e.g., DTAB).19

The variable accessibility of water to Prodan at micellar
interfaces can be further supported by an estimate of the surface
areas per surfactant head group. TheeffectiVe surface area per
head group can be calculated by dividing the total surface area
of the micelle interior by the aggregation number. For spherical
micelles, the length of the hydrocarbon tail of a surfactant
dictates the radius of the spherical core with the maximum radius
equal to the fully extended length of the hydrocarbon tail.20 Thus
the surface area of the interior core of dodecyl groups may be
considered constant for SDS and DTAB. The generally larger
aggregation number for SDS micelles suggests a smaller
effectiVe surface area per head group for this surfactant by a
factor ranging from as low as 1.049 or 1.1612 to a high of 1.6.5

However, our estimates of cross-sectional diameters of the
tetramethylammonium cationic and sulfonate anionic head
groups using Hyperchem molecular modeling software predict
a ratio ofactualsurface areas for DTAB-SDS head groups of
2.37 [ratio) (rDTAB/rSDS)2 ) (2.0Å/1.3Å)2]. Thus, the amount
of Void space around the DTAB head group is less than around
the SDS head group, consistent with a smaller degree of water
permeability for DTAB micelles. The more nonpolar environ-
ment for Prodan near the DTAB head groups is consistent with
this argument.
Variations in SDS Head-Group Spacing.The distribution

of Prodan within the micelle may be altered by changes in the
head-group spacing on the micelle interface. For example, SDS
head groups are brought closer in proximity by a reduction in
the electrostatic repulsions by added counterion. Our results

TABLE 4: SDS and DTAB Single and Mixed Micelle Systems. Emissionλmax Valuesa and Intensitiesb of Micelle-Associated
Prodan Fluorescence Components

system λ/nm % λ/nm % λ/nm % λ/nm % SDS/DTABc

pure SDS micelles 507 100 ∞
SDS-rich micelles 487 14 506 86 7.75

16 84 3.50
54 46 2.94
58 42 1.50

SDS vesicles+ 1:1 pptd 453 15 487 85 1.33
14 87 1.09

DTAB-rich micelles+ 1:1 pptd 474 13 496 87 0.667
13 87 0.400
11 89 0.286

DTAB-rich micelles 486 25 496 75 0.127
21 79 0.083
19 81 0.044

pure DTAB micelles 497 100 0.000

a Emissionλmax values expressed with uncertainties of(1 nm. b Percent values represent the percentages contributed by each component to the
overall fluorescence intensity at the given SDS/DTAB weight ratio. Uncertainties in percent values are estimated to be(1%. cWeight ratio of
SDS/DTAB. Uncertainties estimated to be(0.01 for ratios ofg1.00 and(0.002 for ratios of<1.00.d Fluorescence measured for solution obtained
after centrifugation to separate 1:1 SDS-DTAB precipitate.
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suggest that an incorporation of Prodan in a slightly more
nonpolar environment accompanies the modification in head-
group repulsive forces with either alkali metal cations or alkyl-
substituted ammonium cations. This conclusion is consistent
with the observation of an increased contribution of the shorter
wavelength emission component(s) to the overall Prodan
fluorescence spectrum as counterion is added (Table 2). The
slightly more nonpolar environment could be achieved by
reduced water penetration at the micellar surface. Stern-
Volmer analysis of the quenching of Prodan fluorescence in
Na+-treated SDS micelles by added iodide further suggests
that the shorter wavelength fluorescence component is consis-
tent with Prodan in an environment made more nonpolar
as a consequence of reduced water penetration. Prodan held
more deeply in the micellar interface with reduced contact
with water could not undergo collision with iodide ions in the
external aqueous solvent. As a consequence the shorter
wavelength fluorescence would be inaccessible to collisional
quenching by I-.
For the alkali metal series Li+ f Na+ f K+ and the

tetrasubstituted ammonium ion series NH4
+ f N(CH3)4+ f

N(CH2CH3)4+ f N(CH2CH2CH2CH3)4+, the increasing con-
tribution of the shorter wavelength components and the decrease
in the wavelengths of the components resolved reflect decreasing
exposure of Prodan to water. Water penetration at the micellar
interface is more restricted with larger (e.g., K+ vs Li+) or more
bulky (e.g., N(butyl)4+ vs NH4+) counterions. In particular,
hydrophobic forces enhance the binding strength of the alkyl-
substituted ammonium ions.21 This interpretation is in agree-
ment with observations in an infrared absorption study of SDS
micelles that suggest a decrease in the roughness of micelle
surfaces and in the extent of hydrocarbon-water contacts for
the series Li+ f Na+ f N(CH3)4+ f N(CH2CH3)4+.21 A
small-angle neutron scattering study22 also suggests that the
N(CH3)4+ counterion leads to less penetrating water than the
Na+ in dodecyl sulfate micelles. At variance with these findings
are the results of electron spin resonance23 and electron spin-
echo modulation24 techniques that suggest more water penetra-
tion in dodecyl sulfate micelles synthesized with an ammonium
counterion (as opposed to treated with added cation) rather than
a sodium counterion.
Alternatively, the SDS head groups may be pushed further

apart by the interaction of bulky additives on the micelle surface
such as the adsorbed benzyl alcohol or the presence of
multivalent anions such as divalent SO4

2-.1,25 Benzyl alcohol
markedly reduces the proportion of bound water hydrating the
Na+ counterions,1,26 leading to greater freedom of motion for
the surfactant head group and consequently to a more open
micellar structure. Our results with benzyl alcohol suggest a
greater incorporation of Prodan within the micelles (the percent-
age of fluorescence from interfacial Prodan declines from 97
to 91%) and a positioning of Prodan within a less water-
accessible region (shift ofλmax from 507 to 469 nm). Addition
of some electrolytes, such as the inclusion of Na2SO4 in SDS
micelle samples, results in competing effects. The Na+ coun-
terion would be expected to diminish the electrostatic repulsion
of the head groups of SDS; however, the divalent SO4

2- anion
apparently prevents such an effect, resulting in a Prodan
emission spectrum identical to that obtained in untreated SDS
micelles. The monovalent chloride and acetate ions apparently
do not hinder the action of Na+ as extensively as SO42-,
generating a pool of Prodan molecules in a more nonpolar region
of the SDS micelle. On the other hand, the effect of added I-

(collisional quenching studies) on the wavelength of the more
nonpolar Prodan emission component (shift from 497 to 501.9

nm as [I-] increases) is most likely another example of opposite
effects of Na+ and I- on the head-group spacing within the
SDS micelle.
Mixed Micellar Systems. The various phase regions in

dilute aqueous SDS-DTAB mixtures can be distinguished by
the individual components of Prodan emission resolved via
trilinear analyses. As previously noted, Prodan located in pure
SDS micelles emits principally at 507 nm, 10 nm above the
emission of Prodan in pure DTAB micelles at 497 nm. For
the isotropic one-phase regions of the binary SDS-DTAB
system, solutions of SDS-rich micelles are characterized by two
Prodan emissionss507 (primarily containing SDS) and 487 nm
(containing significant amounts of DTAB). As DTAB is added
to SDS micelles, the incorporation of DTAB within the micelle
is signaled by the appearance of shorter wavelength components.
The reduction in head-group spacing from the opposite charges
of SDS and DTAB and the substantial growth in micellar size
provide a larger and less water-accessible (i.e., more nonpolar)
environment in which Prodan may reside. The increase in the
contribution of the 487-nm component to the overall fluores-
cence most likely reflects the increase in the number of mixed
micelles compared to pure SDS micelles. The lack of variation
in λmaxwith micellar size (recall aggregation number increases
as DTAB is added9) suggests that Prodan is not necessarily
partitioning deeper within the micelle as the number of surfactant
molecules increases. Furthermore, since there is at most one
Prodan molecule per 30 mixed micelles of the largest possible
aggregation numbers (i.e.,N ≈ 200), the existence of two
distinct Prodan emission wavelengths suggests two populations
of Prodan moleculesnot contained within the same molecule.
Therefore, the results are consistent with a heterogeneous system
of pure SDS and mixed SDS-DTAB micelles at each SDS/
DTAB ratio. Similarly, solutions of DTAB-rich micelles exhibit
Prodan emission at 497 (chiefly DTAB-containing micelles) and
486 nm (mixed micelles of SDS and DTAB). The results are
also consistent with a heterogeneous population of pure DTAB
and mixed SDS-DTAB micelles. A limited growth of micelle
size with varying SDS/DTAB ratio is indicated by the small
increase in the contribution of the 486-nm component to the
total fluorescence signal. The data provide no evidence for a
deeper partitioning of Prodan within the mixed micelles as SDS
is continually added, particularly due to the lack of variation in
λmax for Prodan in the mixed micelle.
The solution of the two-phase regions containing 1:1 DTAB-

SDS precipitate and SDS vesicles is delineated by the same
487-nm emission as SDS-rich micelles and by a new shorter
wavelength emission at 453 nm. As both large unilamellar and
multilamellar vesicles form in SDS-DTAB mixtures9, the 453-
nm emission is consistent with Prodan in a more nonpolar
environment as in the interior of a multilamellar vesicle. For
the solution of the two-phase region of DTAB-rich micelles
and 1:1 precipitate, the Prodan emission at 474 nm in addition
to the previously observed value at 496 nm suggests a more
nonpolar and/or less water-accessible region for Prodan within
the micelles. Thus, each one- and two-phase region of the dilute
aqueous binary SDS-DTAB pseudoternary diagram can be
identified by distinct combinations of Prodan emission wave-
lengths.

Conclusion

These investigations are a definitive demonstration of the
sensitivity and effectiveness of the fluorophore Prodan as a probe
of micelle structure, including both single-surfactant and mixed
micelle systems. Coupled with factor analysis techniques to
resolve multiple Prodan microenvironments, the environmentally
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sensitive emission characteristics of Prodan detect such char-
acteristics as the relative polarities of the surfaces of micellar
cores, the permeability of the micelle interface, and the
heterogeneity of SDS-DTAB mixed micellar systems. The
simultaneous partitioning of the probe Prodan into the principal
regions of aqueous micelles is a promising approach to the
characterization of micellar systems.
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