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Experimental results demonstrate that the fluorescent problsh2)adecylamino)-naphthalene-6-sulfonate
(HANS) and 2-(-decylamino)-naphthalene-6-sulfonate (DANS) are solubilized in two distinct regions, that

is, the headgroup and core, within micelles of cetyltrimethylammoniumbromide (CTAB), tetradecyltrimethyl-
ammoniumbromide (TTAB), dodecyltrimethylammoniumbromide (DTAB), cetyltrimethylammoniumchloride
(CTAC), and tetradecyltrimethylammoniumchloride (TTAC). The fluorescence lifetime decays for both
chromophores are biexponential in all the different micelles. The population associated with the shorter
lifetime (r1 = 4—5 ns) is located in the Stern layer, where reduction of the fluorescence lifetime occurs
because of quenching induced by the bromide counterions. The second population of chromophores is located
in the hydrocarbon core region of the micelle. In this environment the chromophores have a considerably
longer lifetime ¢, = 19—20 ns) because there is no significant quenching by bromide counterions. Evidence
of water penetration places them fairly close to the e@tern layer interface. Time-dependent fluorescence
anisotropy is analyzed in terms of these two populations. The measurements show that the orientational
relaxation of the probes in the hydrocarbon core region is considerably slower than orientational relaxation
in the Stern layer. When the lifetime measurements and the orientational relaxation measurements are
combined, the partitioning of the chromophores in the core and headgroup regions of the micelles can be
determined.

I. Introduction located in the target environment, various probe properties, like
the positions and shapes of the absorption and fluorescence

. Iq this paper exper.iment.s on and anqusis of the quorescencebandS’ can be compared to those in bulk-phase systems that
lifetimes and the orientational relaxation of two fluorescent mimic the conditions in the microenvironments. The choice

probes, 24{-hexadecylamino)-naphthalene-6-sulfonate (HANS) of these com . : : .

- L parative systems is not always straightforward, since
and 2-N-decylamino)-naphthalene-6-sulfonate (DANS), infive o - itions in bulk-phase analogues of the environments in
micelles, cetyltrimethylammoniumbromide (CTAB), tetrade- : oo

: - . : the microheterogeneous system can actually be quite different
cyltrimethylammoniumbromide (TTAB), dodecyltrimethylam- from the latter systerf. This is true in particular for the
moniumbromide (DTAB), cetyltrimethylammoniumchloride hydrocarbon corg of al micelle. It is offen mimicked with
(CTAC), and tetradecyltrimethylammoniumchloride (TTAC), hy d b vents. th I. tin th tabl i tent
are reported. Careful analysis of the data and comparison of ydrocarbon solvents, thus negiecting the notable water conten

of the regions close to the interface layer, where water

the micelle data with data taken in a variety of homogeneous . be sianif B he f
solvents of varying concentrations of micelle counterions reveals PE€netration can be significant. Because the fluorescence proper-

a remarkable feature of these systems. While the majority of €S Of many probes are quite sensitive to the presence of water,
the HANS and DANS chromophores are located in the head- especially if there is hydrogen bonding, it becomes necessary
group region (Stern layer) of the micelles, a detectable amount o understand th_e behz_awor of th(_e probe in cons_lderable detail
of the probes dissolves in the hydrocarbon core. The location before an unequivocal interpretation of the experimental results
of the probes in the two regions is evidenced by differences in ¢an be made.
lifetimes and orientational relaxation times. The fraction ofthe ~ When a chromophore is dissolved in the Stern layer of an
probe chromophores that reside in each region can be determinedonic micelle, the local environment is very complex due to the
by analyzing the time-dependent data. presence of charged headgroups and counterions in an aqueous
The use of fluorescent probes has become a Widesprea(50|uti0n of limited spatial extent. The high ionic strength (salt
approach for investigating properties of micelles, vesicles, and concentration equivalent te3 M%) and the presence of electric
membrane$:® Various types of fluorescence experiments have fields in the interface region make it difficult to find a well-
been employed to study these systems, but steady-state fluo€defined model system in which to study the fluorescence
rescence spectroscopy remains the most widely used techniquebehavior of the probe prior to its applicatidh. Despite these
For a method based on the use of fluorescent probes to beconsiderations, fluorescent chromophores have been successfully
applied successfully, the fluorescent molecule must be tailored used to probe microheterogeneous environments. Time-resolved
to probe the desired environment within the microheterogeneoustechniques, such as time-resolved fluorescence lifetime and
medium under investigation. To ascertain that the probe is depolarization measurements, can add a wealth of information
on a particular system, thus overcoming some of the limitations
* Corresponding author. mentioned before.
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SCHEME 1 TABLE 1: Micelle Properties
micelle cmé(@inmM) Nad [S](inmM) rp(in AP 7, (in nsy

n CH
\ ~ 3
Chromophores: (CHan HANS: =15 CTAB 0.955 92 93.0 35.5 44.7
o DANS: n=9 CTAC 1.3 90 91.3 27.2 20.1
als

TTAB 3.5 68 71.5 27.9 21.6
o TTAC 5.40 65 70.4 24.5 14.6
®| ° DTAB 15.4 54 69.4 24.1 14.1
wisN CH; © CTAB: n=15
HC o B TTAB: n=13 .
Hc? T (CHa DTAB: n=11 depends on the pH, the pH of all solutions was measured to
Surfactants: CHe ensure a value between 7 and 8.
® B. Instruments. UV-—vis spectra were recorded with a
H’ggg?"”\(wzgcm Ca CraCin-ls Varian Cary-13e spectrometer, and steady-state fluorescence

spectra were measured using a Perkin-Elmer LS-50B fluores-
cence spectrometer. Fluorescence lifetime and fluorescence
depolarization decays were measured using a time-correlated
single photon counting system. The excitation pulse from a
o supriing hat ot probes prefer a spciic soubizaion S5 oo s 1 STEITONRUEY pmped v aser (e, LDS
site within such a system, depending on the nature of the tuned to 355 nm. The details of the appar&usnd the

particular probe molecule. However, the application of time- technique have been previously describedriefly, the laser
resolved fluorescence technigues clearly demonstrates that for

the probe/micelle systems studied here, the probe is in factpuIse repetition rate was 823 kHz. The fluorescence was
pre . yst . » (€ p collected from the front face of the sample and passed through
solubilized in two distinct regions of the micelles. To our

knowledge this is the first report of such dual solubilization a subtractive double monochromator to a Hamamatsu micro-
ge U . port . " channel plate detector. The instrument response function was
The remainder of this paper is organized as follows. In

. . : . ~50 ps fwhm. For the fluorescence lifetime measurements, the
section Il, the materials and experimental setup are described

. L - ‘polarization of the excitation beam was set at 84magic
In section IIl, the time-dependent fluorescence lifetime and angle) respective to the polarizer in front of the detector. For

gﬁg?f;ﬁiﬂgﬂ ?\);pse(;ﬂsgﬁéfusdﬂ:s a:;inpgisseg:gdrﬁ:éjeanalyzedthe measurement of fluorescence depolarization decays, the
9 ) excitation beam was rotated with a Pockels cell while the

detector polarizer was held fixed. Decays parallg) and

perpendicularlg) to the polarization of the excitation beam were
A. Materials. 2-(N-Hexadecylamino)-naphthalene-6-sul- collected in an alternating manner under computer control for

fonate (HANS) and 2{-decylamino)-naphthalene-6-sulfonate equal amounts of time (changing every 20 s) until at least 20 000

(DANS) (both as the respective sodium salts) were purchasedfluorescence counts were registered in the peak chanrigl of

from Molecular Probes Inc., Eugene, OR, and checked for purity The time-dependent fluorescence anisotrafiy, was calculated

by TLC using a series of eluents of different polarity. Cetyl- from these data by using the equation

trimethylammoniumbromide (CTAB), cetyltrimethylammoni-

umchloride (CTAC), tetradecyltrimethylammoniumchloride r@) =, — 1/, + 21 (2)

(TTAC), and tetramethylammoinumbromide (TMAB) were

obtained from Fluka. Tetradecyltrimethylammoniumbromide All measurements were carried out at room temperature

(TTAB) and dodecyltrimethylammoniumbromide (DTAB) were (stabilized at 24.6 0.5 °C).

obtained from Aldrich Chemicals, Milwaukee, Ml (see Scheme

1). All compounds were purchased in the highest available Ill. Results

grade and checked for fluorescent impurities but otherwise used 5 [ ifetime Measurements. Figure 1 displays typical

as received from the manufacturer. 2-Aminonaphthalene-6- ,,rescence lifetime decay data for the HANS chromophore

sulfonic acid was obtained from TCI America Corp. AqUEOUS  yisqqlved in CTAB solution using a wide detection bandwidth

solutions of 2-aminonaphthalene-6-sulfonate (ANS) were ob- coniared around 410 nm. This setting of the monochromator

tained by neutralizing the acid with an equimolar amount of 6,y detection of photons emitted over the entire fluorescence

NaOH. S . band. The data in Figure 1 are displayed on a log plot over 5
The chromophore concentration in micellar solutions was 1 yocades of decay. The decay is clearly nonexponential in

, - . y. /
x 107 M. To guarantee a low probability of having two or  ¢hyast to the single-exponential fluorescence decay charac-

more chro_mophores occupy a ;ingle micelle, the micelle o gyic of a homogeneous solution. Analysis of the decay curve
concentration, [M], was 10 times higher than the chromophore gpq\yeq that it could be fit successfully with a biexponential
concentration (1x 102 M). For Poissonian chromophore decay function of the form

occupation statistics, this ensures that less than 5% of the
occupied micelles carry two or more chromophores, effectively —t —t

preventing electronic excitation transport among the chro- Fi=A exp{—) +A29XF(T_) A=AIA, (3)
mophores. The micelle concentration is a function of the ! 2
surfactant concentration, [S], the aggregation nuniigg, and
the critical micelle concentration, cmc, as follows:

As a result of the amphiphilic nature of surfactant molecules,
the difference in the properties of the microheterogeneous
environments they form is usually quite distinct. Itis therefore

Il Experimental Procedures

with a fast lifetime component = 4.0 ns, a second component
72 = 19.1 ns, and a ratid), of the preexponential factors of
9.1. The data analysis was carried out following the concepts
[M] = ([S] — cmC)N,4q (1) laid out by Grinvald and Steinbeitand otherd516 A program
based on the Levenberg/arquardt algorithr¥18 was devel-
The values used for these quantities are listed in Table 1.oped to fit the experimental data to eq 3 convolved with the
Because the fluorescence spectrum of ANS chromophoresinstrument response. The instrument response function, mea-
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membrane$-2°due to the large variations in their fluorescence
properties in environments of different polarity. For example,
these chromophores exhibit strong fluorescence in apolar
environments but weak fluorescence in water. The large shifts
in the peak wavelength of the fluorescence emission in different
solvents can be explained in terms of a large difference between
the dipole moment of the chromophore in the ground spafe (
and the first excited stateud). Seliskar and Brand have
extensively characterized a series of ANS chromopRbé?éand
reported the value for the difference of the dipole moments
between the ground and first excited electronic states-(ug)
obtained by an analysis of the solvent-dependence of the steady-
state fluorescence energies. They measured a vaRi®dor
Ue — Ug for the parent 2-aminonaphthalene-6-sulfonate and an
even larger difference of 23 D for the monosubstitulédy-
0 20 40 60 80 100 120 140 160 180 clohexyl-2-aminonaphthalene-6-sulfonate. Although the authors
Time (ns) warn of errors on the absolute values of as much as 50%, it is
Figure 1. Time-dependent fluorescence decay data of a1@ nevertheless evident that in these molecules the first excited
solution of HANS in CTAB (chromophore concentration/micelle State is much more polar than the ground state. Large
concentration= [HANS)/[M] = 1:10) (black line) and corresponding  differences in the dipole moments of the ground and first excited
fit to a biexponential decay function (gray line). The parameters for states cause a red shift in the position of the steady-state
the biexponential decay afe= 9.1,7: = 4.0 ns, and, = 19.1 ns (for fluorescence band in polar solvents compared to nonpolar ones.
an explanation of the parameters see text). Furthermore, the time-dependent fluorescence of the chro-
mophore is affected as the solvent reorganizes around the excited
sured using a scatterer, was fit to a sum of three Gaussians sghromophore. In recent years, several groups have studied the
that fast analytical convolutions could be used during the fitting time-resolved solvation of similar chromopho?ég324 De-
procedure. The quality of the fit was evaluated by inspection pendent on the viscosity of the environment, the time scales on
of the reSidUalS, the autocorrelation function of the residuals, which these time_dependent solvent relaxation processes take
and the value of the redUCQa ratio. A rigOI’OUS error analysis p|ace are on the order of a picosecond to several nanosec-
on the parameters obtained from the convolved biexponential gps20.25.26
fits to the fluorescence data is difficult to accomplish. We  since the micellar environment is often characterized as fairly
estimate an error of 5% on the lifetime and the ratio of the yiscous, it would not be impossible for the decay curves for
preexponential factors from the range of values obtained from the HANS/CTAB system to show signs of solvent relaxation
several repeated experiments and from visual inspection of theprocesses on the nanosecond time scale. However, due to the
fits. In no case was the quality of the fit significantly improved  |arge bandwidth of the monochromator used in the previous
by using tri-exponential or higher multiexponential fitting set of experiments, signs of a time-dependent spectral shift
funCtionS, thUS Valldatlng the ChOICE Of a bleXponentIa| funCtion. Would be d|ff|cu|t to resolve_ Therefore, experiments were
A very similar fluorescence decay is also measured for the conducted usig a 5 mmslit to limit the monochromator
DANS chromophore in CTAB solution. For DANS, the  pandwidth to a fwhm of-14 nm. Fluorescence lifetime decays
measured fluorescence curve can be fit Atk 8.7,71=5.0  were then measured by tuning the monochromator to different
ns, andr; = 19.3 ns. wavelengths from 375 to 510 nm. With this series of decay
A possible explanation for the biexponential decay is a curves,D(t,1), it was then possible to reconstruct the fluores-
partitioning of the chromophores between the micellar environ- cence spectrunfy(i,t), for a desired time after the excitation
ment and the surrounding aqueous solution, leading to two pulse. This was done following the method of Maroncelli et

distinct populations with different fluorescence lifetimes. An g 27 by relative normalization of the different Wave|engths using
observation of partitioning between a micelle and water has beenthe steady-state fluorescence spectrGst), as follows:

made for naphthalene in CTAB solution by Hautala et k.

Fluorescence Counts

their experiments, the fluorescence lifetime of one component 0 = DIt 4 S4) 4
matched the lifetime of naphthalene in water, supporting the SO =D(t 4) “D(t. 1) dt 4)
proposition that the chromophores partition between the micelles ,/(‘) (. 2)

and the surrounding water. For the probe/micelle systems
studied in this work, this explanation is incorrect because HANS
does not dissolve in pure water. DANS has a low solubility in
water, and the fluorescence lifetime of DANS in wateris3.5

ns, matching neither the short nor the long lifetime component
of the DANS decay in the CTAB micelles. Furthermore, the

The steady-state spectrum was recorded at 1 nm resolution,
convolved with a 14 nm fwhm Gaussian, and fitted to a log-
normal curvé®in order to approximate the steady-state spectrum
as measured by our time correlated single photon counting
system. The log-normal curve had the following f8fm

fluorescence depolarization decay of DANS in water is very In(A+2b(v— vp)/A) 2
fast,7, = 77 ps ¢; is the orientational relaxation decay time), g(v) =gpexp —In 2 b
and on the same order as the instrument response. The fastest (5)

component of the anisotropy decay of DANS in CTAB is at 2o(v — v )IA > —1

least a factor of 45 larger (see below). The biexponential P

decays are not due to a partitioning of the probes between thewhere g is the peak height=£1 in the normalized spectrunt),

micelles and water. the peak asymmetry—0.170), v, the peak frequency at the
Substituted aminonaphthalenesulfonate (ANS) chromophoresmaximum (24 016 cmt), andA the peak width (3160 cr),

have been widely used as fluorescent probes in proteins andwhich is related to the fwhni, by I' = A(sinh{)/b).



Fluorescent Probe Solubilization in Micelles

0.2 1

Norm. Fluorescence Intensity

b
o
I

420

) B AY ELENE A

T —
380 400 440 460 480 500

Wavelength (nm)

Figure 2. Time-dependent fluorescence spectrum of & M solution

of HANS in CTAB (chromophore concentration/micelle concentration
= [HANS]/[M] = 1:10) shown 0.3, 5, 10, 15, and 100 ns after excitation
by the laser pulse. See text for details.

Nonlinear least-squares fits to the decay data using the
function given in eq 3 were used fBx(t, 1) instead of the actual
data sets, permitting the calculation of the integral in the
denominator of eq 4 analytically and circumventing problems
due to a low signal-to-noise ratio at very long times. The result
of this procedure is the series of fluorescence spectra in time
as depicted in Figure 2. At= 0 the fluorescence spectrum
peaks at 411 nm, then shifts toward the red, reaching an endpoin
at 424 nm, 100 ns after the excitation pulse. A red shift of
only 13 nm due to solvent relaxation is atypical for an ANS
chromophore, and the time scale is very long.

Furthermore, the fact that each individual decay cuel)
could be fit to a decaying biexponential function rules out a

J. Phys. Chem. B, Vol. 102, No. 37, 199819

causes of the observed biexponential decays of HANS and
DANS in CTAB micelles. A third possibility is that the probe
chromophores are partitioned between two distinct environments
within the micelles. The two microenvironments, the headgroup
and core regions of the micelles, have quite different properties.
While the inside of the micelle is usually characterized as a
viscous, apolar, and hydrocarbon-like liquid, the headgroup
interface layer (Stern layer) has a large concentration of ionic
headgroups and counterions in a partially aqgueous medium with
dramatically different properties from the interior of the micelle.
Normally it would not be assumed that the chromophore could
be present in both microenvironments at the same time. If the
chromophore is in a single region, then a single-exponential
decay would be expected. Nevertheless, the results presented
below provide compelling evidence supporting the fact that
while the chromophores are mainly located in the headgroup
region, a non-negligible fraction{10%) of the chromophores

is located in the core. To our knowledge, no such system has
been reported previously. The chromophores, located in the
core near the coreStern layer boundary, give rise to the slow
component of the decay in Figure 1, and the chromophores
located in the Stern layer give rise to the fast component of the
decay.

While it is well established that the bromide counterion in
CTAB micelles can quench the fluorescence of aromatic
chromophore$;2°-32 the nature of the quenching mechanism
is still a matter of debate and probably depends on the
chromophore. Two possible mechanisms for the quenching
process have been proposed, namely, quenching by the external
heavy-atom effeé®31 and quenching by electron transfer

t(charge-transfer complexe¥)3® It is also known that the

chloride counterion in CTAC does not significantly quench the
fluorescence of these compounds. To determine the influence
of the bromide counterion on our system, we therefore replaced
the CTAB surfactant by CTAC, which differs only in the
counterion. Again, a biexponential fluorescence decay is

time-dependent solvent relaxation phenomenon as a cause foppqeryed. The nonlinear least-squares fit yielded values of

the 13 nm spectral shift. If solvent relaxation is responsible
for a nonexponential decay, it has different characteristics when
monitoring the blue and red portions of the spectrum. The
spectrum shifts from blue to red. If a blue portion of the
spectrum is monitored, the spectrum shifts partially out of the
window that is being observed. This produces a fast decay
component at a rate associated with the rate of solvent relaxation
At long time, once solvent relaxation is complete, the fluores-
cence lifetime is observed. If a red portion of the spectrum is
monitored, the spectrum shifts partially into the window that is
being observed. This produces a buildup of the fluorescence
at a rate determined by the rate of solvent relaxation, followed
by a decay with the fluorescence lifetime at long time.
Therefore, if solvent relaxation caused the time-dependent

= 8.2, 71 = 9.4 ns, andr, = 19.9 ns for the HANS/CTAC
system andA = 7.8, 71 = 9.6 ns, andr, = 19.6 ns for the
DANS/CTAC system. Compared to data from the same
chromophores in CTABz7; is longer by a factor of-2 while

7 is virtually unchanged. Both the external heavy-atom effect
and electron-transfer mechanisms act at short range, and it is
therefore necessary for the chromophore and the counterion to
diffuse together for quenching to occur. It can therefore be
concluded that in a CTAB solution, the population of chro-
mophores with the shorter lifetimes, is in close proximity to

the bromide ions, as indicated by the change in fluorescence
lifetime upon exchange of the counterion.

Experiments on the parent ANS chromophore in different salt

spectral shift, at the detection wavelengths far to the red an initial solutions provide further information on the nature of the
buildup of fluorescence intensity should be observable. Since fluorescence quenching. In a seridslaM solutions of KCI,
a buildup with a time scale the same as the faster componentKBr, and Ki, the fluorescence lifetime is a single exponential.
of the decay shown in Figure 1 was not observed when the redFigure 3 shows decays from the three solutions along with
edge of the fluorescence band was monitored, time-dependensingle-exponential fits to each data set. The observed lifetimes
solvent relaxation does not significantly affect the data, at least are 14.3, 11.3, and 2.3 ns in the three solutions compared to
not at times longer than-2 ns. Small deviations from the  14.1 ns in pure water.nl1 M tetramethylammoniumbromide
convolved fits to a biexponential decay at times less than 2 ns (TMAB), a salt very similar to CTAB except without the long
were observed in the wavelength-resolved experiments. Thesenydrocarbon tail, 11.2 ns was measured for the ANS fluores-
might be caused by fast solvent relaxation but were not analyzedcence lifetime. This value is basically identical to the one
in further detail. obtained in the KBr solution. One can therefore conclude that
The analysis presented above rules out solvent relaxation andhe anion is responsible for the observed quenching process.
partitioning of the probes between the micelle and water as The quenching rate increases in the series from the chloride
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approximately the same in polar and nonpolar media. Then,

5_]
103 the total fluorescence intensitl,emitted from the sample can
0 be calculated by integrating the biexponential fluorescence decay
g function (eq 3) over time:
S 10°
O 3 00
g = [TFO dt=1,A +1,A, =1, +1, (6)
S i
? 104 To obtain the partitioning coefficient, the measured intensities
g ] for the two componentt, andl, have to be weighted by the
3 ] quantum yields ¢, and ®;) to correct for differences in the
w j nonradiative decay processes in the two environments:
£ 10°3
] E T,A T
pd j 1= e 15 = é @)
N — D, @,
0 20 40 60 80 100 120 — - . .
. Then the partitioning coefficien®, is obtained by
Time (ns)
Figure 3. Time-dependent fluorescence decay data ofsa 504 M 5 oA®, TAT A
solution of ANS h a 1 Msolution of KCI (a), h 1 M KBr (b), and in P= == A D, = AT = A =A ®)
1 M KI (c) (black lines). Corresponding fits to a single-exponential I 2P Py e Ty 2
decay function are plotted as the gray lines. The lifetimes are (a) 14.3
ns, (b) 11.3 ns, and (c) 2.3 ns. because the quantum yields can be expressed as the quotient of

the measured lifetime over natural lifetime (lifetime in the
ion, to the bromide ion, to the iodide ion, with the chloride ion absence of nonradiative process&sy A value of 9.1 was
having little effect. These results are consistent with the external obtained forA in the biexponential fit of the fluorescence decay
heavy-atom effect or an electron-transfer mechanism. In either of the HANS/CTAB system. We can now interpret this value
case, the interaction responsible for the effect is a very short- as an estimate for the partitioning of the HANS chromophore
range exchange interaction, and therefore, the anion must be ininto the two solubilization regions. About 9 times as many
close proximity to the chromophore to induce fluorescence chromophores are located in the Stern layer as in the core of
quenching. the micelle. A very similar partitioning is found for DANS in

A fluorescence lifetime of 7.9 ns was measured in a saturated CTAB with A= 8.7. The affinity for the Stern layer seems to
(~3.6 M) TMAB solution. The actual concentration of bromide be slightly reduced in the CTAC micelles, where partition
ions in the Stern layer of CTAB has been estimated to-Be coefficients ofA = 8.2 andA = 7.8 were found for the HANS
M.10 The lifetime measured in the saturated TMAB solution and DANS chromophores, respectively.
is in agreement with the measurement of the CTAB micelles if  In consideration of the time-dependent spectral shifts dis-
we consider that in micelles, the lifetime is already lower in cussed above, the apparent shift is due to the faster decay of
the absence of bromide ions (in CTAC) than in water. The the Stern layer chromophore population, leaving more of the
bromide concentration in the intermicellar water region is very slow micelle core component behind at long times. The spectral
low.36 Therefore, for the observed fluorescence lifetime to be shift to the red as time increases arises because the fluorescence
so short in the micellar solution, the excited chromophore has spectrum of the chromophores in the inside of the micelle is
to be in close proximity to the high local bromide concentration red-shifted compared to that of the chromophores in the Stern
in the Stern layer. The lifetime; is also reduced by a factor layer. A chromophore’s fluorescence in a homogeneous apolar
of 2 by the presence of bromide counterions compared to the environment is normally blue-shifted compared to its fluores-
chloride ions, which further substantiates this conclusion. cence in a more polar solvent. This is also the case for ANS-

As can be seen from the lifetime data presented above, thetype chromophore®4446 However, high ionic strength and
second population of chromophores (with lifeting is nearly the presence of an electric field in the Stern layer are both
unaffected by the exchange of the bromide for chloride ions. believed to shift the fluorescence of the chromophores in the
This indicates that the chromophore is in a microenvironment Stern layeil® possibly to the blue, leading to an apparent
where it cannot be reached by these ions. The second populatioranomalous red shift between the two components. Another
is not in the surrounding water phase for the reasons outlined possible factor contributing to the blue shift of the Stern layer
at the beginning of this section. The micelle interior is the chromophores is hydrogen bonding between the chromophores
region where the chromophores cannot be reached by bromideand water molecules in the Stern layer. As a result of spatial
ions. Although some authors suggested the possibility that a constraints, the chromophore/water hydrogen bonds in the Stern
low concentration of bromide ions can reach the interior of the layer may be different from those formed in bulk watehus
micelle via water channels penetrating into the hydrocarbon further affecting the position of the fluorescence emiséfon.
core?%3741 such penetration would not result in the high Other specific surfactant/chromophore interactions have been
bromide concentration necessary to produce a significant proposed for aromatic sulfonat&s!® possibly further shifting
decrease in the fluorescence lifetime. the emission band position.

In the partitioning model, where the same type of chro- B. Orientational Relaxation. In addition to the information
mophore is present in two distinct regions of the micelle, we presented above on fluorescence quenching by bromide coun-
can calculate the fraction of chromophores in each environmentterions, analysis of fluorescence depolarization data gives further
if we assume that the extinction coefficient of the chromophore insights into the solubilization of the probe chromophores,
in the two environments at the excitation wavelength is the same.HANS and DANS, into two regions, the headgroup and core
This is a reasonable approximation. The chromophore is not of the micelles. It is impossible to fit the fluorescence
very polar in its ground state. The absorption spectrum is depolarization data acquired for HANS in CTAB satisfactorily
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Figure 4. Time-dependent fluorescence anisotropy decay data obtained

in the measurement of a sample of a4 solution of HANS in
CTAB (chromophore concentration/micelle concentratiofHANS]/

[M] = 1:10) (black line) and the fitting function to these data (in gray).
The fit was obtained for a two-component mixture. The first component
is modeled as a biexponential anisotropy decay wiith= 0.12,77 =

0.48 ns,r¥Y = 0.16, andrl)) = 2.9 ns. The second component is
modeled as a single-exponential decay with= 0.16 andr® = 10.7

ns. The fraction of component 1 was= 0.9, as obtained from the fit

of the time-dependent fluorescence spectrum. The residuals of the fit
and the autocorrelation of the residuals are shown as a diagnostic for

the quality of the fit in the upper part of the plot. See text for explanation
of parameters.

with a multiexponential decay function. As can be seen in
Figure 4, the decay curve flattens betweeh0 and 20 ns and
then decreases more rapidly again. At first glance this might
look like an artifact. However, the theoretical functional form
of the anisotropy decay(t), for a fluorescent probe partitioned
between two microenvironments is not straightforward, as
chromophores in different environments may have distinct
fluorescence lifetime and anisotropy properties. Lentz ét al.
have previously worked out formulas foft) in a multicom-
ponent system. Here, the problem will be treated in a slightly
different and more general form.

For a macroscopically homogeneous and isotropic sample,

the fluorescence intensity in the parallg)) @nd perpendicular

(Ip) directions as measured in the experiments is composed of

the following contributions in a two-component system:
1,0 = 100 + £,1P00)

(1) = F1 5O + LI )
f, andf, are the fractions of photons emitted by fluorescence
from components 1 and 2, respectivefy ¢ f, = 1) and are
linked to the pre-exponential factofg and A, in the biexpo-
nential fluorescence decay (see eq 3(}(?(0 andl%‘)(t) are the
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L) = 150
F©
£,080 — 190) + L0210 — 190)
0800 + 281) + £L,020) + 22()

r(t) =

whereF(t) = Ij(t) + 2Ip(t) is the total fluorescence decay; see,
for example Figure 1. This can be further simplified into

Fi) FA)

) @ @y — 1
. fie 170 ~ 180 + 1" S0P ~12)
© R0 R D

r(t) = [f Fa®)ry(t) + fF(Or ()] (11)

F(t)

where F1(t) and F,(t) are the total fluorescence decays and

ri(t) and ry(t) are the anisotropy decay functions for pure

environments 1 and 2, respectively. Itis simple to extend this
formula to ann-component system whergt) is given by

rit) =

F(t)[f 1F1(Or(0) + BFOr,) + ...+ fF0Or, (0]

(12)

Itis clear from this result that the observed anisotropy decay
for the mixture depends on both components simultaneously.
Because each anisotropy constituent is weighted by its own
fluorescence decay function, there will be regions of the total
anisotropy decay that are more sensitive to one or the other
anisotropy component. A fitting procedure implementing this
functional form for the total anisotropy decay can take advantage
of this and obtain a fit fory(t) andr,(t) simultaneously. A
fitting program based on the Levenbefiflarquardt algo-
rithm1718was developed for this purpose. The following two
anisotropy decay functions were fit to the data:

rit) = r{ exptr?) + rP expury)

r(t) = r® exp(-t/z®) (13)
The anisotropy decay associated with the faster fluorescence
decay/[i(t), is modeled as a biexponential decay function. This
is consistent with the wobbling-in-a-cone model for restricted
orientational diffusion for a chromophore in the Stern layer of
the micelle, which predicts one or two dominant contributions
in a multiexponential decai?:>! The anisotropy decay of the
population in the core region of the micelie(t), is modeled

as a single-exponential decay. No obvious restriction of the
motion of the interior chromophore population is apparent.
Therefore, it is modeled as an isotropic orientational diffusion
process, leading to a single-exponential anisotropy decay.

As a representative example of these fits, Figure 4 depicts
the fluorescence depolarization decay of HANS in CTAB as
well as the corresponding fit. In addition, the residuals and
the autocorrelation of the residuals are shown. Clearly, the
functional form and the fit to the data are in excellent agreement
with the data. The numerical values of the parameters in eq 13
obtained from fitting the data for all the chromophores and
micelles used in this study are listed in Table 3. A rigorous

time-dependent parallel and perpendicular intensities of the two error assessment of the fit parameters is not possible. As a result
componentsk, that would be measured in our experiment if of the many parameters necessary to describe the anisotropy
all the probes were uniquely in environmeat Starting the decays, the errors on the decay constants are larger than those
derivation from eq 2, the following expression is obtained: of the lifetimes given in Table 2. The first column in Table
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TABLE 2: Fluorescence Decay Analysis
biexponential decay parameters

chromophore  micelle/solvent ratia/A, T1 T2
HANS CTAB/HO 9.1 4.0 19.1
HANS CTAC/H,O 8.2 9.4 19.9
HANS TTAB/HO 9.2 4.3 19.3
HANS TTAC/H,O 8.7 9.7 19.8
HANS DTAB/H,O 10.1 4.8 19.4
DANS CTAB/HO 8.7 5.0 19.3
DANS CTAC/H,0O 7.8 9.6 19.6
DANS TTAB/H,O 7.9 438 19.2
DANS TTAC/HO 7.1 9.8 19.5
DANS DTAB/H,0O 8.3 5.1 19.1

TABLE 3: Anisotropy Decay Analysis

Stern layer component  core component

ratio
system  fyf, P D D @ B g
HANS/CTAB 9.0 0.12 048 0.16 29 0.16 10.7 14.1
HANS/TTAB 81 0.14 042 0.15 20 020 6.3 89
HANS/DTAB 10.1 0.15 0.39 0.13 1.7 018 48 7.3
DANS/CTAB 81 0.15 061 0.13 3.1 0.12 10.7 141
DANS/TTAB 81 0.14 044 013 20 015 6.0 83
DANS/DTAB 9.0 0.13 034 0.13 13 024 36 48
HANS/CTAC 8.1 0.12 040 0.13 18 029 6.9 105
HANS/TTAC 9.0 0.11 030 0.15 13 034 48 7.2
DANS/CTAC 7.3 0.16 0.49 0.12 26 0.11 10.8 233
DANS/TTAC 81 010 029 0.14 12 032 39 53

3gives the ratidy/f,. This is the equivalent of the ratids/A;

in Table 2, but it is obtained from the fluorescence depolarization

data. While not identical, the ratios in the two tables are very

similar (note the order of presentation of the samples is different

in Tables 2 and 3). While the two-component hypothesis is

mainly based on the lifetime and fluorescence quenching data
presented above, the two-component model is strongly supporte
by the analysis of the anisotropy data (see below), which has a

very distinct shape that would be difficult to obtain using a
different model.

Before discussion of the anisotropy decay parameters in
further detall, it is necessary to consider the fact that the entire

micelle rotates, causing additional orientational relaxation of
the chromophores bound to it.
relatively large, their rotational diffusion is slow. Therefore,
rotational diffusion of the entire micelle basically affects only

the slowest decay component, that is, the population of

chromophores in the interior of the micelle with the correlation
time 71?. Because depolarization due to rotational diffusion of

the chromophore within the micelle takes place independently

of orientational relaxation due to rotation of the entire micelle,
the decay rates of these two processes can be added, leading
the following relationship between the correlation times:

11

TEZ) T

1

- (14)

rl m
rﬁz) is the measured orientational relaxation correlation time;
7y is the orientational relaxation time of the probe molecule in
the micelle interior. 7, is the correlation time for the micelle
orientational relaxation in water, which can be calculated from
the Debye-Stokes-Einstein (DSE) equation with “stick”
boundary conditions,
Amr 377

m

3KeT

wherern, is the radius of the micelle; the shear viscosity of

(15)

m=

d

Because the micelles are

Matzinger et al.

water (0.98 cP)kg the Boltzmann constant, afidthe absolute
temperature. Due to uncertainty in the measurement of the
micelle radius,ry, and the use of the DSE equation, is a
source of error in the determinationgf. The important point
is that thery values are much longer than th§ andz$}. A
correction of the rotational correlation time§’ and 73 is
unnecessary, since they are much shorter tharand the
resulting correction is negligible.

Analysis of the fluorescence depolarization decays for the
HANS/CTAB and DANS/CTAB systems leads, within the error,
to essentially the same decay parameters. For the chromophores

in the Stern layer, rotational relaxation is quite fast veith =

0.5 ns andr'y = 3.0 ns. These values are consistent with
those obtained in other studtéswhere similar values were
found for chromophores in the Stern layer that are anchored in
the micelle by hydrocarbon chains. No significant difference
in the orientational decay parameters for HANS and DANS is
observed. This is not surprising, because the two chromophores
differ only in the length of their hydrocarbon tail, which does
not participate in the wobbling motion. The second chro-
mophore population in the core region of the micelle experiences
a very different environment, in which orientational diffusion
is much slower withty = ~14 ns. 7 is considerably longer
than the measured decay of DANS in dodecanef.@ ns),
indicating a high local microviscosity at the solubilization site
of the probe chromophores in the micelles. The viscosity of
dodecanol at 20C is 17.4 cP? The microviscosities of the
core regions of alkyltrimethylammonium bromide micelles have
been found to lie in the range $B0 cP53 The values ofry

are consistent with the chromophores being located in the
hydrocarbon core of the micelle.

So far, data and analysis that have been presented have
concentrated on a set of experiments with HANS and DANS
in CTAB and CTAC micelles. The results have demonstrated
that these chromophores are situated in two distinct solubili-
zation regions within these micelles. These two distinct
solubilization regions will each involve a range of slightly
different microenvironments that should result in a distribution
of lifetimes and orientational relaxation dynamics. However,
the microenvironment variations are evidently relatively small
and do not lead to detectable spreads in lifetimes and relaxation
rates. The characteristics that are measured for the two
solubilization sites may actually be averages over a range of
values that are similar for each site but vary substantially
between the two sites.

To learn more about the behavior of these chromophores in
tgifferent trimethylalkylammonium micelles, the same set of
experiments was repeated with TTAB, TTAC, and DTAB
micelles. Generally the results are very similar to the ones
already discussed. The fluorescence lifetime of the component
located in the core of the micelle was measured to be 19.2 ns
for both chromophores in all the micelles with the bromide
counterion. The lifetime was only slightly longer in the micelles
with the chloride counterion (19.7 ns). Within experimental
error, no significant correlation of the lifetime with the size of
the micelles was observed. For the chromophores present in
the Stern layer, a small trend can be observed only for the HANS
chromophore. As the micelles get smaller, a larger fraction of
the chromophores partition into the Stern layer as indicated by
the increase ofA from 9.1 to 10.1 in the series: CTAB, TTAB,
DTAB. This trend might be attributed to the decreasing volume
of the micellar core, thus favoring a position for the HANS
chromophore in the Stern layer. The fluorescence lifetime
increases from 4.0 to 4.8 ns in progressing from CTAB to
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DTAB. In the micelles with the chloride counterion, a parallel The fluorescence lifetime and time-dependent fluorescence
trend can be seen as the lifetime slightly increases from CTAC depolarization experiments on the series of trimethylalkylam-
to TTAC. No systematic trend is, however, detected in this monium micelles produced compelling evidence for the pro-
series of micelles with the DANS chromophore. This is most posed model in which the fluorescent probes are located in two
likely because the hydrocarbon chain of DANS is si(CH,)— distinct regions of the micelles. In addition, the changes in
units shorter than that of HANS. lifetime and orientational relaxation rate with micelle size
More significant differences are found in the analysis of the provide insights into the nature of micelle structure.
anisotropy decays of the various micelles. Considering the
series of CTAB, TTAB, and DTAB micelles, it is found that Acknowledgment. Support for this work was provided by
the orientational correlation time of the core component of the Department of Energy, Office of Basic Energy Sciences
ChromophoresTrll decreases from 14 to 7 ns for HANS and (Gl’ant DEFGOS-84ER13251) S.M. thanks the Swiss National
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