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Fluorescence Analysis of Single and Mixed Micelle Systems of SDS and DTAB
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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 BB 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 emissidgax 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 (fi— Nat — K*) and a tetrasubstituted ammonium series of counterions{NH
N(CHz)4™ — N(CH3CH,)4t — N(CH;CH,CH,CH,),*) appears to induce a more nonpolar environment for
Prodan. Each one-phase and two-phase region of the dilute aqueous binafp BB pseudoternary diagram

is identified by distinct Prodannmax values. Evidence is presented for the presence of-SDISAB mixed

micelle systems.

Introduction 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 resobved.

A further advantage of Prodan over other common probes such

characteristics that reflect their microenvironment. Attributes L .
. . L —_.__as l-anilinonaphthalene-8-sulfonate (1,8-ANS) is the absence
such as fluorescence intensity values, excitation and emission S L o
of a permanent charge, eliminating complications from ionic

wavelength maxima, and fluorescence lifetime and polarization . .
values are potential indicators of the features of a probe’s interactions’ _
surroundings. Most probes have been chosen for their particular The surfactants sodium dodecy! sulfate (SDS) and dodecyl-
affinity for one or two of the principal micelle regions: the trimethylammonium bromide (DTAB) constitute an interesting
hydrocarbon core formed from surfactant tails, the interface System to study as both single and mixed micelle systems. The
composed primarily of the amphiphile head groups, or the anionic SDS and the cationic DTAB possess identical hydro-
surrounding aqueous solvent phase. Selective targeting ofcarbon tails (12-carbon alkyl chains) but oppositely charged head
specific micellar domains has been precisely achieved with groups. These single-chain surfactants with relatively large
fluorophores such as polycyclic aromatic hydrocarbons (e.g., head-group areas form spherical micelles of low polydispersity
pyrene, naphthalene, and anthracene) and with ionic derivativesin agueous solutiof. For SDS, a cmc value at 2% of 8.1
of aromatic chromophores (e.g., pyrenesulfonic acid, pyrenebu-mM is generally well acceptéd® but a wide range of values
tyric acid, and 1-anilinonaphthalene-8-sulfondte). from 56 to 80 have been reported for the measured aggregation
However, the probe 6-propionyl-2-(dimethylamino)naphtha- number N under comparable experimental conditiéris:'°
lene (Prodan) is a novel molecular reporter with potential added Similarly, a rather constant cmc value of 1485.6 m\p8.1
advantages for a new approach to micelle characterization.but a variable aggregation number ranging from 43 t6%4
Prodan is soluble in an extensive range of media, suggestingare characteristic of DTAB micelles at 2&. For both SDS
the possibility of the simultaneous partitioning of the probe into and DTAB, aggregation number and the polydispersity of the
all regions of the micelle. This neutral, hydrophobic probe sample increase as the concentration of surfactant increases
displays appreciable shifts in the wavelength of maximum above the cmé. Measurements under the same conditions
emission with a variation in solvent, enabling the location of consistently reveal a larger aggregation number for SDS micelles
the probe in distinct regions to be established. For example, than for DTAB aggregates (e.g., 80 for SDS vs 50 for DTAB,
maximal fluorescence emission ranges from 400 nm in the 64 for SDS vs 55 for DTABZand 77 for SDS vs 74 for DTAB.
nonpolar solvent cyclohexane to 530 nm in aqueous solution. With increased ionic strength (e.g., high [Ndor SDS, high
In addition to this spectral sensitivity, Prodan has the advantage[Br~] for DTAB), the micelles undergo substantial transforma-
of exhibiting measurable fluorescence intensities in both polar tions in size and shape to create cylindrical micelles with large
aggregation numbers. For example, aggregation numbers for
€ Abstract published irAdvance ACS Abstractdune 1, 1996. SDS micelles at 25C in the presence of increasing [NaCl]

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
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steadily increase: for [NaCHK 0.1, 0.2, and 0.4 MN = 91, single and mixed micelle systems. In particular, the emission

105, and 129, respectively.DTAB micelles show a corre-  AmaxOf Prodan fluorescence and the variable distribution of the

sponding (but less dramatic) increase in aggregation humberprobe reveal the microviscosity of the micelieater interface,

with added NaBr:N = 71, 76, and 78 at [NaBrj 0.0175, the permeability of the lipidwater boundary, the degree of

0.05, and 0.10 M, respectively. water penetration into the micelle shell, and the extent of
The phase behavior of dilute<g wt % surfactant) aqueous Separation of micellar head groups.

mixtures of SDS and DTAB at 28C has previously been

characterized via a pseudoternary diagfaifhis phase diagram  Experimental Section

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 54 gyrfactants sodium dodecyl sulfate and dodecyltrimethyl-
mlc.ellar reglhons (;]ontaln _DTAB' and S,DS,'”Ch }r1n|celles. T_hﬁ ammonium bromide (Aldrich) were used without further puri-
region of the phase diagram constituting the DTAB-rich fication.  |nvestigations that focused on the permeability of

_mixture§ begins with the two-component solution of DTAB at gpg micelles employed the following reagents (supplied from
its cme in water (0.46 wt %) and extends to the three-component aqrich unless otherwise noted): sodium salts of chloride,

solution with an SDS/DTAB weight ratio of approximately 0.15. g tate and acetate ions (EM Science): benzyl alcohol (Mallinck-
In this |s.ot.rop|c region the aggregation number of the micelles rodt, analytical grade); chloride salts of ammonium, tetra-
shows limited growth from 74 for pure DTAB to 111 for the  ethylammonium, tetraethylammonium, and tetrabutylammo-
system of SDS/DTAB weight ratio of 0.10. Almost all of the 1, "ions.  Quenching studies employed sodium iodide and
added anionic dodecyl sulfate ion becomes incorporated W'th'”tetrabutylammonium iodide (Eastman) as quenchers. To ex-
the mixed micelle. A two-phase region of isotropic micellar 5 mine the solvent dependence of Prodan emission, solvents of
liquid and crystalline equimolar precipitate exists for SDS/ he highest available purity were obtained commercially from
DTAB weight ratios between 0.15 and 1.0. The SDS-rich aigrich and J. T. Baker and were used without further puri-
micelle region is demarcated by the two-component aqueoUsfication, All aqueous solutions were prepared using 182 M
solution of SDS at its cmc (0.23 wt %) to the three-component irapyre water obtained from a Milli-Q Plus Millipore water
solution with an SDS/DTAB weight ratio of approximately 1.86. fijtration system.

As DTAB is added to SDS in this isotropic region, micelles Protocols To Examine Features of Single-Surfactant

show substantial growth in aggregation number from 77 for pure \jicelies. (a) cmc Values. We conducted investigations with
SDS to 210 for a 4:1 SDSDTAB mixture. This increase in \anving surfactant concentration in order to confirm the cmc

micelle size is attributed to the incorporation of all of the added \51e for each surfactant and estimate the polarity of the micellar
cationic dodecyltrimethylammonium ions within the predomi- jqterface. Surfactant concentrations ranged from 0 to 18 mM

nantly SDS micelle to reduce head-group repulsion. A narrow for sps and from 0 to 3 mM for DTAB. All micellar solutions
two-phase region of isotropic micellar solution and solid \yare allowed to equilibrate overnight. Prodan #Bl) was
equimolar precipitate exists for SDS/DTAB ratios between 1.0 4qqed prior to fluorescence measurements, with micellar equi-
and 1.5. SDS/DTAB mixing ratios between 1.5 and 1.86 lead |ibrjym and probe partitioning presumed to be established by

to a one-phase vesicle region at high water concentrations angpe apsence of any time-dependent variation in Prodan fluores-
a multiphase region also containing vesicles as the water conteni,qpce.
is lowered. (b) Probe Distribution within SDS Micellar Regions. We

To isolate the coincident emission from Prodan in multiple also examined the effect of varying the order of addition of
microenvironments of single and mixed micelle systems, we reagents so that Prodan was (a) added to samples after micelle
employ fluorescence data analysis techniques capable of resolvformation (i.e., standard order of addition) and (b) present in
ing the emission from a mixture of fluorophores. Our method solution prior to micelle formation by adding the surfactant to
of data analysis, known as the PARAFAC trilinear mote aqueous solutions of probe. SDS was added to water (experi-
a three-mode factor analysis that enables the resolution ofment a) or aqueous solutions of Prodan (experiment b) to yield
distinct yet overlapping excitation and emission spectra for each final concentrations of [SDS¥ 18 mM. Trilinear analyses were
fluorescing component in a mixture of fluorophores. This performed for variable [Prodan] values from 2 to AKI.
mathematical tool permits a determination of the number of  (c) Reductions in the Accessibility of the Micellar Interface
fluorescent components and their individual excitation and to Water. We also examined methods to reduce the degree of
emission spectra without prior knowledge of either the individual water penetration within the micelle and/or trap Prodan in the
components or their spectra. The basis for this technique isinterior of the micelle by adding counterions tl.iNa", K*,
that the overall fluorescence intensity of a mixture of fluoro- NH,*, N(CHa)s*, N(CHsCH,)s*, and N(CHCH,CH,CH,)s™)
phores is separately linear in functions of excitation wavelength, to reduce the electrostatic repulsion between the SDS surfactant
emission wavelength, and any parameter that alters fluorescencyead groups. All cations were added as the chloride salt up to
quantum yield or fluorophore concentration. In mathematical 0.40 M for Li*, Na, NH4", N(CHa)4t, and N(CHCH,)4™, to
terms, trilinear analysis decomposes a three-way array into a0.075 M for N(CHCH,CH,CH,),*, and to 0.010 M for K.
sum of products of parameters using nonlinear least-squaresinvestigations involved micellar samples with [SDS] fixed at
techniques. The computational methods yield excitation and 10 mM. Counterion was added prior to the addition of Prodan
emission spectra for each fluorescing component as well as aprobe.
concentration curve to establish the relative amounts of the  \ve also examined the effect of the identity of the anion

fluorescing components. In this application, then, this math- coupled with the added sodium counterion. Investigations
ematical tool permits a determination of the number of distinct jnvolved micellar samples with [SDS] fixed at 18 mM and added
Prodan environments and the individual excitation and emission sodium chloride, sodium acetate, or sodium sulfate. As sulfate
spectra that characterize each population of Prodan moleculesgnjons (added as the sodium salt) and benzyl alcohol are known
Our investigations demonstrate that Prodan is a sensitiveto increase micelle permeability by adsorbing at micellar
indicator of both static and dynamic features in SDS and DTAB interfaces and driving surfactant head groups further dpeet,

Reagents Used.Fluorescent probe 6-propionyl-2-(dimeth-
ylamino)naphthalene (Prodan, Molecular Probes, Eugene, OR)
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also measured the Prodan fluorescence parameters of SDSABLE 1: Characteristics of Prodan Fluorescence in
micelles treated with benzyl alcohol. Benzyl alcohol concentra- Various Solvents

tions ranged from 0.05 to 0.30 M, and the concentrations of AexdNME Aem/NIMP
NacCl, NaOOCC!d, and NaSO_4 ranged from 0.05 to 0.40 M. water 351 502

(d) Use of lodide as a Collisional Quencher.To enhance 287 433
the identification of Prodan molecules situated in a more deuterium oxide 360 522
nonpolar position within the micelle, we used iodide ion as a 292 436
collisional quencher to reduce the emission from Prodan in the ~ €thanol 360 488
more accessible regions of the micelle. The remaining fluo- ggcanol : 360 470

L imethyl sulfoxide 360 466

rescence spectrum should reveal a greater contribution of the  gimethylformamide 353 461
inaccessible probe molecules. Nal (up to 0.40 M) was added p-dioxane 347 426
to SDS micelles at [SDSFE 10 mM. To distinguish the cyclohexane 340 402
contribution to the overall fluorescence signal of the effect of 280 395
added N4 counterion, fluorescence emission spectra were also ~ ePtane 2:;?)2 3322
recorded for SDS micelles treated with similar concentrations
of NacCl. aUncertainty in excitation wavelength maximutnl nm. Deter-

Systems of SDSDTAB Mixed Micelles. SDS-DTAB mination of excitation wavelength maximum restricted to the wave-

length range experimentally employed, 2850 nm.? Uncertainty in

mixed micellar solutions were prepared by a simultaneous emission wavelength maximugl nm.

addition of both surfactants and fluorescence probe in the
requisite amounts to Millipore water. Four regions of the SDS 1.00

DTAB—water dilute solution ternary diagram were explored:

the one-phase region of DTAB-rich micelles (weight ratio of > ggo |

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 E 060 |

8.0), the two-phase region of DTAB-rich micelles and DTAB = '

SDS precipitate (weight ratio of SDS/DTAB between 0.25 and o

0.70), and the two-phase region of SDS-rich vesicles and ﬁ 0.401

DTAB—SDS precipitate (weight ratio of SDS/DTAB between g

1.10 and 1.35). After standing overnight, solutions containing z'c'> 020}

the equimolar SDSDTAB precipitate were centrifuged to

separate the solid material prior to fluorescence measurements 0.00 _ ) A , , , ) ‘
of the remaining solution. Samples containediM Prodan 380 400 420 440 460 480 500 520 540 560
for fluorescence measurements. Emission A / nm

F'FOfescence Measyrementg.FIuorescence spectra were Figure 1. Resolution of the Prodan fluorescence spectrum in water
obtained at 25°C using Perkin-Elmer LS-5 and LS-50B  into two contributing components. The normalized emission spectra
fluorescence spectrophotometers. Excitation wavelengths wereare presented for the predominant component (C1) with an excitation
varied in 10-nm increments from 280 to 360 nm, and emission maximum of 3514+ 1 nm and an emission maximum of 5221 nm
spectra were recorded over the range from 400 to 550 nm. and the minor component (C_:2) with an excitation maximum at 287
Excitation and emission slit widths were set at 5 nm. For 1 "M and an emission maximally at 4331 nm.
investigations of SDS micelles treated with benzyl alcohol, shifts
in the Prodan emission spectrum prompted an adjustment in I ) ”
the scan parameters to the following ranges: excitation wave- revealed two distinct fluorescence components illustrated in

lengths from 330 to 410 nm and emission wavelengths from Figure 1. The predominant component (C1) at longer wave-
440 to 550 nm. length has an excitation maximum of 351 1 nm and an

Data Analyses via Trilinear Analysis. From the recorded ~ €Mission maximum of 52 1 nm. The fluorescence of the
emission spectra at the nine fixed excitation wavelengths, Shorter wavelength component (C2) is excited at 287 nm

fluorescence intensities were determined at 5-nm intervals over@nd iS emitted maximally at 43% 1 nm. The minor short-

the emission wavelength range. For trilinear analyses, the dataVavelength component has been attributed to selseévent

were organized into a matrix of nine excitation wavelengths, complexes formed via hydrogen bonditg.These two fluo-

31 emission wavelengths, and seven to nine surfactant, coun.JESCENCE components were also observedd: IC1 attexc =

terion, or quencher concentrations. Nonlinear least-squares fits360+ 1 nm andlem = 522+ 1 nm aqd C2 a‘ﬂ?m:_ 292+ 1 .
nm andiem = 436+ 1 nm. The relative contribution of C2 is

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 Significantly reduced in D.

Trilinear analysis of fluorescence data acquired in water

fluorescing components. Two distinct components were also resolved by trilinear
analysis for Prodan in both heptane and cyclohexane. The
Results components in heptane were characterized by excitation maxima

Resolution of Prodan Fluorescence in Several Solvents. of 280 and 342 nm and emission maxima of 393 and 402 nm,
To establish the solvent dependence of Prodan emission, werespectively. In cyclohexane, the parameters of the fluorescence
examined the emission of Prodan in several solvents of varying components were quite similar, with excitation maxima of 280
polarity: water, deuterium oxide, ethanol, decanol, dimethyl and 340 nm and emission maxima of 395 and 402 nm,
sulfoxide, dimethylformamidep-dioxane, cyclohexane, and respectively. These two emission bands have been attributed
heptane. Table 1 summarizes the characteristics of the majorto the presence of two closely spaced- 7* transitions in the
emission bands resolved in each solvent. In particular, we absorption spectrum of Prodan in various solvéhtsAll
observed the sensitivity of the emission maxima of Prodan to wavelengths have uncertainties 6f1 nm.
solvent conditions as previously demonstrated by Weber and The fluorescence data acquired for solutions of Prodan in all
Farris? other solvents revealed a single component (C1) of varying
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-l --. Figure 3. Dependence of the fluorescence intensity emitted by Prodan
> / in aqueous SDS solutions on added"Ndaunterion and on the presence
% 30r / of the collisional quencher-l Prodan fluorescence is resolved by
g / trilinear analysis into two contributing components with emissigs
= ool ! equal to 503@) and 497 nmM) in the presence of NaCl and at 503.1
e J nm (O) and 501.9 nm@) in the presence of Nal.
2
S 1ot TABLE 2: Distinct Prodan Fluorescence Components
< Resolved in Cation-Treated SDS Micelles
~&
P IRPOURUUE ¥, AT SR component 1 component 2
6 2 4 5 8 1‘0 1’2 1'4 1‘5 1'3 counteriod AlnmP %° Alnm %
[SDS]/mM untreated d 507 98
Figure 2. Resolution of the fluorescence of Prodan in agueous SDS Li i 501 16 504 84
solutions at 25°C into three components corresponding to emission Ni‘ 497 28 503 72
from hydrogen-bonded Prodan moleculas,(non-hydrogen-bonded K N 48; 33 502 gl
Prodan molecules®), and Prodan molecules interacting with micelles “%H N 296 z716 géz 5411
(m). The three resolved components are characterized by normalized NEEth?IA) 4 496 45 503 55
L : s ; "
emission spectra and fluorescence intensities as a function of [SDS]. N(Butyl)s* 486 67 503 33
emission wavelength decreasing in the order ethandécanol a Fluorescence values reported for fixed counterion concentrations:

: : : - : [Li*] = [Na*] = [NH4"] = [N(CHa)s"] = [N(CHsCH,)s"] = 0.40 M;
> dimethyl sulfoxide> dimethylformamide> dioxane. [K] = 0.010 M: and [N(CHCFH,GH,CHy)s'] = 0.075 M. [SDS]=

Prodan Emission as a Function of [SDS]. Fluorescence 10 mM. b Emissionimaxvalues expressed with uncertaintiestf nm.
studies varying the SDS concentration revealed a significant ¢ Percent values represent the percentages contributed by each com-
increase in Prodan fluorescence above 8 mM SDS. Trilinear ponent to the overall fluorescence intensity at the given [counter-
analyses of the emission spectra yielded a three-component fition]. Uncertainties in percent values are estimated to4ti%.

with Prodan emission at 438 1 (ie.c= 287+ 1 nm), 507+ The [emaiing canbufion 1 fie overay Procr oo o o
1 (Aexc = 360 nm), and 52H 1 nm (Aexc = 355 + 2 nm).

R micelles.
Figure 2 presents the normalized emission spectra of the three

components resolved by trilinear analysis as well as the intensity  progan Emission as a Function of Added [Counterion]
of each fluorescence component as a function of [SDS]. The i, sps wmicelles. Increasing concentrations of added counterion
emission peak at 521 nm dominates at [SDS] below the cmc, (Li*, Na*, K*, NHs™, N(CHs)st, N(CHsCHo)s*, N(CHsCHy-
contributing 90+ 4% to the overall fluorescence observed .at 2 CH,CH,)s" added as chloride salts) increase the overall
mM SDS. The intensity of the 507-nm component rises fjyorescence of Prodan in micellar systems. For example, for
dramatically above the cmc with 968 0.8% of the overall  yose cations that could be added at concentration levels of 0.40
fluorescence arising from this component. The 433-nm emis- M, the fluorescence intensity at the emissigy induced by
sion is negligible at all [SDS], contributing 28 0.3% to the 360-nm excitation increased by a factor of 2.02 fot,[2.06
overall fluorescence intensity at 2 mM SDS and decreasing t0 for Na+, 2.18 for NH;+, 3.18 for N(CH)4*, and 3.34 for N(Ch
an .ov.erall contribution of 1.8 0.1% at 18 mM SDS. The CH,)4*. Trilinear analyses of the Prodan emission in alkali
emissionimax values of 433 and 521 nm correspond to the metal-treated micelles and in SDS micelles treated with the
maximal wavelengths recorded for aqueous solutions of Prodan.gmmonium tetraalkylammonium cations yielded two fluores-
Prodan Distribution within SDS Micelles. Variation in cence components. The dependences of the components on
Order of Reagent Addition. Addition of SDS to aqueous [Na'] are illustrated in Figure 3. Table 2 summarizes the
solutions of Prodan (to assure the presence of probe prior toemissioMmax vValues observed and the percentage contribution
micelle formation) led to an overall increase in the intensity of of each component to the overall fluorescence. For the alkali
Prodan fluorescence. Trilinear analyses of emission spectrametal series, thémax of the two components shift to shorter
acquired for varying excitation wavelength and Prodan con- wavelength as the cation size increases. Furthermore, the
centration yielded a single fluorescence component at$5Q7 relative fluorescence intensity of the shorter wavelength com-
nm for samples prepared by adding probe to SDS micelles andponent increases in the order'Li Na" < K*. For the series
resulted in two fluorescence components at 496 and 507 of alkyl-substituted ammonium cations with increasing alkyl
+ 1 nm for samples prepared by adding SDS to aqueous Prodarchain length, the results reflect an increasing contribution of
solutions. The shorter wavelength component comprised 24.3shorter wavelength components to the overall fluorescence
+ 0.7% of the overall fluorescence independent of [Prodan]. spectrum. For example, Nittreated SDS micelles exhibit two
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Prodan emissions at 502 and 512 nm, while N§CH,CH,-
CH,),"-treated micelles display two Prodan populations with
Amax at 486 and 503 nm. The 502-nm component contributes
79% of the fluorescence observed in micelles with added™NH
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 Nal led to a decrease
in the overall fluorescence intensity of Prodan-treated SDS
micelles. Trilinear analysis identified two Prodan fluorescence
signals with similar emissioAmax but distinct dependences on
[I7]. The component emitting at slightly longer wavelength,
Amax = 503.1 nm (with excitatiommax = 360 nm), was the
dominant component in the absence of iodide, exhibited an
increase in fluorescence intensity as][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 excitatioldmax = 354+ 1 nm), rose in intensity
as [I'] increased and remained the dominant component fr [I
> ~ 0.2 M. Figure 3 illustrates these trends. To separate the
effects of the cation Nafrom the collisional quencher) Figure
3 also presents the dependence on'[Na the two emission
components resolved for NaCl-treated SDS micelles. ASTNa

increases, the intensity of each component rises, with the longer.

wavelength emission (503 nm) saturating at about 0.2 M Na
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Figure 4. Modified Stern-Volmer plot to assess the fractiofy)(of
Prodan fluorescence in Ndreated SDS micelles that is accessible to
guenching by the collisional quencher IThe modified SterrVolmer
equation is given byF/AF = 1/f, + 14 fKsV[l 7]} whereF, is the
Prodan fluorescence intensity in the absence @irld the value oAF

is defined as the decrease in the Prodan fluorescence intensity induced
by the given iodide concentration, i.és — F. For each quencher
concentration, fluorescence emission intensities at the observed
Amax USING Aexe = 330 nm were used. The analysis yields a value
of f; = 0.62+ 0.03 and a SteraVolmer quenching constartsy of

5.2+ 0.1 M.

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

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 analyse$:17 were performed. To focus solely
on the effect of added land not on the influence of Naon

the Prodan fluorescence, fluorescence intensities of Nal-treated

micelles were compared with those treated with an iden-
tical concentration of NaCl. The conventional Stekf'blmer
equation,

F/F=1+Kg/[l 1]

component 1 component 2

Na* salt AlnmP %° Alnm %
none 507 97 d
NaCl 504 93 483 7
NaSO, 503 100
NaOOCCH 506 88 482 12
CsHsCH,OHd 511 90.6 469 9.4

@ Fluorescence values reported for fixed counterion concentrations,
[Nat] = 0.40 M. [SDS]= 18 mM. P Emissionimax values expressed
with uncertainties oft1 nm. ¢ 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 be41%. 9 Experiment conducted for comparison withsfGCH,OH]

relates the Prodan fluorescence intensity in the absence and= g.30 M.

presence of1, Fo, and F, respectively. For each quencher

concentration, fluorescence emission intensities at the observedf sodium acetate to SDS micelles enhanced the contribution
Amax USiNgAexc = 330 nm were used. The data did not yield a of a shorter wavelength component to the emission spectrum
linear fit with ay-intercept of 1, indicating incomplete acces- of Prodan, resolved via trilinear analysis. A similar effect was

sibility of the Prodan fluorescence to quencher. The modified observed upon the addition of benzyl alcohol to SDS micelles.

Stern—Volmer equation,
FJ/AF = 1A, = 1{T Ks [l 1}

permits the calculation of thig parameter, the fraction of Prodan
fluorescence accessible to quenching by The value ofAF

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

is defined as the decrease in the Prodan fluorescence intensityncrease in Prodan fluorescence at 1.98 mM DTAB. Trilinear

induced by the given iodide concentration, ile;,— F. The
modified Stera-Volmer plot, presented in Figure 4, indicates
a value off; = 0.62 4+ 0.03 and a SternVolmer quenching
constant of 5.2 0.1 ML,

Dependence of Anion of N& 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 emissitiux induced by 360-nm
excitation increased by a factor of 2.06 forC2.15 for SQ?,
and 1.97 for CHCOO™. SDS micelles treated with N8O,

analyses of the emission spectra yielded a three-component fit
with Prodan emission at 436 1, 4974+ 1, and 520+ 1 nm.

The emission peak at 520 nm dominates at [DTAB] below the
cmc (contributing 90.@ 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, thgxvalues

of 436 and 520 nm correspond to the maximal wavelengths
recorded for aqueous solutions of Prodan and have been

yielded the same emission spectra as those samples with nattributed to emission from hydrogen-bonded and non-hydrogen-

added sodium counterion. As previously seen for NaCl, addition

bonded Prodan molecules, respectively.
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TABLE 4. SDS and DTAB Single and Mixed Micelle Systems. Emissiomax Valuest and Intensities of Micelle-Associated
Prodan Fluorescence Components

system Alnm % Alnm % Alnm % Alnm % SDS/DTAB
pure SDS micelles 507 100 00
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 ppt! 453 15 487 85 1.33
14 87 1.09
DTAB-rich micelles+ 1:1 ppt 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 Emissionimax Values expressed with uncertaintiesdef nm.° 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 %. b&/eight ratio of
SDS/DTAB. Uncertainties estimated to #€.01 for ratios of>1.00 and+0.002 for ratios of<1.00.¢ Fluorescence measured for solution obtained
after centrifugation to separate 1:1 SBSTAB precipitate.

Prodan Emission in Systems of SDS and DTAB.In each show that Prodan emission in ethanol, for example, occurs at
of the four regions of the binary SB®TAB phase diagram 488 nm and at considerably shorter wavelength in more nonpolar
that were examined, trilinear analysis of the Prodan fluorescencesolvents.
emission yielded three fluorescence components corresponding The sensitivity of Prodan fluorescence to its microenviron-
to Prodan in three unique microenvironments. Thgvalues ment is responsive enough to distinguish between the interfacial
and percentages of the total fluorescence contributed by eachregions of SDS and DTAB micelles. The 10-nm difference in
component for each region are presented in Table 4. In the Prodan emission wavelengths for SDS and DTAB micelles is
one-phase region of SDS-rich micelles, the contribution of the significant and most likely reflects the relative extent of water
507-nm component to the overall fluorescence spectrum de-accessibility of the Prodan environments. Prodan at the interface
creased with increasing [DTAB], as two shorter wavelength of SDS micelles exhibits emission at a longer wavelength,
components appeared. As the SDS/DTAB weight ratio was consistent with a more polar microenvironment. The enhanced
lowered from 7.75 to 2.94, a 492-nm component and a 471-nm polarity of the surroundings can be attributed to greater water
component exhibited increases of 88 and 11+-20%, respec- penetration of the micelle interface. In support of this inter-
tively, in the contributions to the total fluorescence signal. In pretation, there is general agreement that micelles with anionic
the one-phase region of DTAB-rich micelles, the contributions sulfate carboxylate head groups (e.g., SDS) are usually found
of the three resolved fluorescence components were independento be more hydrated than those with trimethylammonium head
of SDS/DTAB weight ratio: Amax = 498 nm with 68+ 1% of groups (e.g., DTAB}?
the total fluorescencé,max = 493 nm with 26.5+ 0.5%, and The variable accessibility of water to Prodan at micellar
Amax = 459 nm with 5.5+ 0.5%. The supernatant of samples interfaces can be further supported by an estimate of the surface
in the two-phase region of DTAB-rich micelles and DTAB  areas per surfactant head group. Efffectie surface area per

SDS precipitate yielded two of the same componentgix = head group can be calculated by dividing the total surface area
499 nm with 67+ 1% of the total fluorescence argax= 493 of the micelle interior by the aggregation number. For spherical
nm with 22.5+ 0.5%. The third component increased slightly micelles, the length of the hydrocarbon tail of a surfactant
in wavelength and percent contributionmax = 474 nm with dictates the radius of the spherical core with the maximum radius

10.5+ 0.5%. Finally, the liquid supernatant of the two-phase equal to the fully extended length of the hydrocarbor?4llhus
region of SDS-rich vesicles and DTABSDS precipitate the surface area of the interior core of dodecyl groups may be
exhibited three fluorescence components with concentration- considered constant for SDS and DTAB. The generally larger

independent contributions to the overall fluorescence yiglgi aggregation number for SDS micelles suggests a smaller
= 489 nm with 67.5+ 1.5%, Amax = 484 nm with 18+ 1%, effectve surface area per head group for this surfactant by a
and 453 nm with 14.5- 0.5%. factor ranging from as low as 1.04r 1.16%to a high of 1.6

However, our estimates of cross-sectional diameters of the
tetramethylammonium cationic and sulfonate anionic head
groups using Hyperchem molecular modeling software predict
Single-Surfactant Micelles. The results of this study a ratio ofactualsurface areas for DTABSDS head groups of
demonstrate that the fluorescence probe Prodan is a powerful2.37 [ratio= (rpras/rspg9? = (2.0A/1.3A)?]. Thus, the amount
indicator of structural features of SDS and DTAB micellar of void space around the DTAB head group is less than around
systems. At low concentrations, Prodan exhibits a strong the SDS head group, consistent with a smaller degree of water
affinity for a micellar region in either SDSlgax = 507 nm) or permeability for DTAB micelles. The more nonpolar environ-
DTAB (Amax = 497 nm) aggregates, with little free Prodan in  ment for Prodan near the DTAB head groups is consistent with
the surrounding aqueous exteridig = 520 nm). For both  this argument.
types of micelles, then, Prodan most likely resides at the water Variations in SDS Head-Group Spacing. The distribution
surfactant interface, i.e., on the surface of the micelle in a polar of Prodan within the micelle may be altered by changes in the
dispositiont® The naphthalene ring does not penetrate deep into head-group spacing on the micelle interface. For example, SDS
either micelle, as a greater emission wavelength shift from an head groups are brought closer in proximity by a reduction in
agueousmax 0f 520 nm would have been expected. Our studies the electrostatic repulsions by added counterion. Our results

Discussion
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suggest that an incorporation of Prodan in a slightly more nm as [I'] increases) is most likely another example of opposite
nonpolar environment accompanies the modification in head- effects of Na and I~ on the head-group spacing within the
group repulsive forces with either alkali metal cations or alkyl- SDS micelle.

substituted ammonium cations. This conclusion is consistent Mixed Micellar Systems. The various phase regions in
with the observation of an increased contribution of the shorter dilute aqueous SDSDTAB mixtures can be distinguished by
wavelength emission component(s) to the overall Prodan the individual components of Prodan emission resolved via
fluorescence spectrum as counterion is added (Table 2). Thetrilinear analyses. As previously noted, Prodan located in pure
slightly more nonpolar environment could be achieved by SDS micelles emits principally at 507 nm, 10 nm above the
reduced water penetration at the micellar surface. Stern emission of Prodan in pure DTAB micelles at 497 nm. For
Volmer analysis of the quenching of Prodan fluorescence in the isotropic one-phase regions of the binary SIDFAB
Na'-treated SDS micelles by added iodide further suggests system, solutions of SDS-rich micelles are characterized by two
that the shorter wavelength fluorescence component is consis-Prodan emissiors507 (primarily containing SDS) and 487 nm
tent with Prodan in an environment made more nonpolar (containing significant amounts of DTAB). As DTAB is added
as a consequence of reduced water penetration. Prodan heltdo SDS micelles, the incorporation of DTAB within the micelle
more deeply in the micellar interface with reduced contact is signaled by the appearance of shorter wavelength components.
with water could not undergo collision with iodide ions in the The reduction in head-group spacing from the opposite charges
external aqueous solvent. As a consequence the shorteof SDS and DTAB and the substantial growth in micellar size
wavelength fluorescence would be inaccessible to collisional provide a larger and less water-accessible (i.e., more nonpolar)

quenching by T. environment in which Prodan may reside. The increase in the
For the alkali metal series ti— Na® — K* and the contribution of the 487-nm component to the overall fluores-
tetrasubstituted ammonium ion series NH— N(CHg)st — cence most likely reflects the increase in the number of mixed

N(CH,CHa)s" — N(CH,CH,CH,CHs)s*, the increasing con- micelles compared to pure SDS micelles. The lack of variation
tribution of the shorter wavelength components and the decreasd" Amax With micellar size (recall aggregation number increases
in the wavelengths of the components resolved reflect decreasing?S DTAB is added) suggests that Prodan is not necessarily
exposure of Prodan to water. Water penetration at the micellar partitioning deeper within the micelle as the number of surfactant
interface is more restricted with larger (e.g; #s Li*) or more molecules increases. Furthermore, since there is at most one
bulky (e.g., N(butyl)" vs NH,;") counterions. In particular Prodan molecule per 30 mixed micelles of the largest possible
hydrophobic forces enhance the binding strength of the alkyl- @g9regation numbers (i.eN ~ 200), the existence of two
substituted ammonium o8, This interpretation is in agree-  distinct Prodan emission wavelengths suggests two populations
ment with observations in an infrared absorption study of SDS ©f Prodan moleculesot contained within the same molecule.

micelles that suggest a decrease in the roughness of micellel herefore, the results are consistent with a heterogeneous system

surfaces and in the extent of hydrocarbavater contacts for ~ ©f Pure SDS and mixed SDSDTAB micelles at each SDS/
the series Lt — Na" — N(CHs)s" — N(CH,CHz)4*.22 A DTAB ratio. Similarly, solutions of DTAB-rich micelles exhibit
small-angle neutron scattering st@@yglso suggests that the Prodan emission at 497 (chiefly DTAB-containing micelles) and
N(CHs)s* counterion leads to less penetrating water than the 486 NM (mixed micelles of SDS and DTAB). The results are
Na* in dodecyl sulfate micelles. At variance with these findings 2/SC consistent with a heterogeneous population of pure DTAB
are the results of electron spin reson&f@nd electron spin- a_nd ml_xsd SDSDTS’?)BS;E@&ES' A I|_m|_te((jj_grométhbof rrr]ncelle I
echo modulatioff techniques that suggest more water penetra- size wit _var%/mg buti fraﬂo I:8I(I; icated by the smah
tion in dodecyl sulfate micelles synthesized with an ammonium 'Ncréase in the contribution of the 486-nm component to the

counterion (as opposed to treated with added cation) ratherthantOtaI fluorescence signal. The data provide no evidence for a

a sodium counterion. _deepef partitioning of Pro_dan within the mixed micelles_, as SI_DS
. is continually added, particularly due to the lack of variation in
Alternatively, the SDS head groups may be pushed further

: . o ; Amax for Prodan in the mixed micelle.
apart by the interaction of bulky additives on the micelle surface The solution of the two-bhase regions containing 1:1 DFAB
such as the adsorbed benzyl alcohol or the presence of P 9 9.

multivalent anions such as divalent $Q125 Benzyl alcohol SDS precipitate and SDS vesicles is delineated by the same

markedly reduces the proportion of bound water hydrating the 487-nm emission as SDS-rich micelles and by a new shorter
o y rec %6 brop yarating e\ avelength emission at 453 nm. As both large unilamellar and
Na" counterions,?® leading to greater freedom of motion for

multilamellar vesicles form in SDSDTAB mixtures, the 453-
the surfactant head group and consequently to a more ope

. . "m emission is consistent with Prodan in a more nonpolar
mlcellar_ structure. Our results V‘."th benzyl_ alcohol suggest a environment as in the interior of a multilamellar vesicle. For
greater incorporation of Prqdan Wlt_hln the mlcelles_(the percent- o <olution of the two-phase region of DTAB-rich micelles
age of fluorescence .f.ro”? interfacial Prodqn _decllnes from 97 and 1:1 precipitate, the Prodan emission at 474 nm in addition
to 91%) and a positioning of Prodan within a less Waler- 5 the previously observed value at 496 nm suggests a more
accessible region (hift diax from 5.07 to .469 nm). Add't'on nonpolar and/or less water-accessible region for Prodan within
of some electrolytes, such as the inclusion o3&, in SDS

icell | Its i . I The Neu the micelles. Thus, each one- and two-phase region of the dilute
micelle samples, results in competing effects. i n- aqueous binary SDSDTAB pseudoternary diagram can be
terion would be expected to diminish the electrostatic repulsion

- : identified by distinct combinations of Prodan emission wave-
of the head groups of SDS; however, the divalenf&S@nion lengths.
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 Naas extensively as S&, These investigations are a definitive demonstration of the
generating a pool of Prodan molecules in a more nonpolar regionsensitivity and effectiveness of the fluorophore Prodan as a probe
of the SDS micelle. On the other hand, the effect of added | of micelle structure, including both single-surfactant and mixed
(collisional quenching studies) on the wavelength of the more micelle systems. Coupled with factor analysis techniques to
nonpolar Prodan emission component (shift from 497 to 501.9 resolve multiple Prodan microenvironments, the environmentally

Conclusion
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sensitive emission characteristics of Prodan detect such char-
acteristics as the relative polarities of the surfaces of micellar

Karukstis et al.

(9) Herrington, K. L.; Kaler, E. W.; Miller, D. D.; Zasadzinski, J. A.;

Chiruvolu, S.J. Phys Chem 1993 97, 13792.

(10) Evans, D. F.; Wennerstrom, Hhe Colloidal Domain VCH

cores, the permeability of the micelle interface, and the  ‘ichers: New York, 1994; Chapter 4.

heterogeneity of SDSDTAB mixed micellar systems. The

(11) Jones, M. N.; Piercy, J. Chem Soc, Faraday Trans1 1972 68,

simultaneous partitioning of the probe Prodan into the principal 1839.

regions of aqueous micelles is a promising approach to the

characterization of micellar systems.

Acknowledgment. This research was supported in part by

(12) Lianos, P.; Zana, Rl. Colloid Interface Sci1981, 84, 100.

(13) Leurgans, S.; Ross, R. $tat Sci 1992 7, 289.

(14) Balter, A.; Nowak, W.; Pawelkiewicz, W.; Kowalczyk, &hem
Phys Lett 1988 143 565.

(15) Nowak, W.; Adamczak, P.; Balter, A.; Sygula, A.Mol. Struct

a grant from the National Science Foundation Research Experi-19g47139 13,

ences for Undergraduates Program (CHE-9322804). Acknowl-

(16) Lehrer, S. SBiochemistry1971, 10, 3254.

edgment is also made to the donors of the Petroleum Research (17) Lakowicz, J. RPrinciples of Fluorescence Spectroscppyenum
Fund, administered by the American Chemical Society, for the Press: New York, 1984; Chapter 9.

partial support of this research. K.K.K. acknowledges the Henry
Dreyfus Teacher-Scholar Awards Program for support of this

research.

References and Notes

(1) Gratzel, M.; Thomas, J. K. IModern Fluorescence Spectroscopy
2; Wehry, E. L., Ed.; Plenum Press: New York, 1976; Chapter 4.

(2) Weber, G.; Farris, F. Biochemistryl979 18, 3075.

(3) Torgerson, P. M.; Drickamer, H. G.; Weber, Blochemistryl979
18, 3079.

(4) Israelachvili, J. N. InPhysics of Amphiphiles: Micelles, Vesicles
and MicroemulsionsElsevier Science: New York, 1985; pp 288.

(5) Phillips, J. N.Trans Faraday Soc1955 51, 561.

(6) Elworthy, P. H.; Mysels, K. JJ. Colloid Sci 1966 21, 331.

(7) Krathovil, J. P.J. Colloid Interface Sci198Q 75, 271.

(8) Ottewill, R. H. In Surfactants Tadros, Th. F., Ed.; Academic
Press: Orlando, FL, 1984; Chapter 1.

(18) Chong, P. L.-GBiochemistry1988 27, 399.

(19) Hayter, J. B. InPhysics of Amphiphiles: Micelles, Vesicles and
Microemulsions Degiorgio, V., Ed.; Elsevier Science: New York, 1985;
pp 59-93.

(20) Hiemenz, P. CPrinciples of Colloid and Surface Chemistiarcel
Dekker: New York, 1986; Chapter 8.

(21) Abuin, E. B.; Lissi, E.; Casai, H. L1. PhotochemPhotobiol A:
Chem 1991, 57, 343.

(22) Berr, S. S.; Coleman, M. J.; Jones, R. R. M.; Johnson, J. 8., Jr.
Phys Chem 1986 90, 6492.

(23) Szajdzinska-Pietek, E.; Maldonado, R.; Kevan, L.; Jones, R. R. M.
J. Am Chem Soc 1984 106, 4675.

(24) Szajdzinska-Pietek, E.; Maldonado, R.; Kevan, L.; Jones, R. R. M;
Coleman, M. JJ. Am Chem Soc 1985 107, 784.

(25) Gratzel, M.; Thomas, J. K. Am Chem Soc 1973 95, 6885.

(26) Roberts, R. T.; Chachaty, Chem Phys Lett 1973 22, 348.

JP960993G



