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Sodium dodecyl sulfate (SDS) in 0.8 M NaCl in D,O has been
studied by small-angle neutron scattering (SANS), dynamic light
scattering (DLS), and time-resolved fluorescence quenching
(TRFQ) measurements in the concentration range from 10 to 80
mM and at temperatures from 25 to 45°C. Examination by cryo-
transmission electron microscopy revealed the presence of a vari-
ety of structures, from broad band-like or lace-like aggregates to
multiconnected threads. It is suggested that these structures are
formed at the air—solution interface. To verify that they are not
present in the bulk solution, SANS, DLS, and TRFQ were studied
on the same solutions. The SANS results confirm, on the length
scale available using this technique, a local cylindrical structure
for the micelles. Assuming a rod model, with the slow mode corre-
sponding to translational diffusion and the fast mode to the rota-
tional dynamics of cylindrical SDS micelles, the DLS data at 25°C
in 0.8 M NaCl would correspond to a hydrodynamic length L =~
150 nm, employing a radius of about 2 nm. The TRFQ shows a
transition from small micelles at high temperature and low surfac-
tant concentration to long structures at low temperature and high
concentration.  © 1998 Academic Press

Key Words: surfactant; micelles; SANS; dynamic light scatter-
ing; fluorescence quenching; cryoTEM; sphere-to-rod transition;
interfacial aggregates.

INTRODUCTION

In common with many other ionic surfactants, sodium
dodecy! sulfate (SDS) forms rod-like micelles at high con-
centration and high ionic strength. This was demonstrated
in the pioneering X-ray studies by Reiss-Husson and L uzzati
(1). In an attempt to visualize such micelles, SDSin 0.8 M
NaCl was investigated by cryo-TEM. In this method a very
thin film of the agueous solution is rapidly vitrified, and
directly examined at liquid nitrogen temperature in a trans-
mission electron microscope (2, 3). Dynamic and solvent-
dependent structures can be captured and examined, and
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both rods and thread-like micelles have been observed in
various surfactant systems (3). In the investigation of the
SDS micelles, however, rather strange and unusual structures
were found, as described below. The micrographs have fea-
tures suggesting that the observed aggregates were present
at the air—liquid interfaces but not in the bulk solution. This
is important and is regarded either as an artefact of the
cryo-TEM method or as a new possibility for the study of
aggregates at interfaces. To ensure that the structures were
not already present in the solution, we decided to study the
aggregation using several methods on the same solution as
used in the cryoTEM study.

SDS micelles in agueous salt solutions have been investi-
gated with various methods in numerous studies following
the work of Reiss-Husson and Luzzati. A critical account of
investigations using small angle scattering methods was
given by Cabane (4) and of static and dynamic light scatter-
ing by Candau (5), Magid (6), and Schurtenberger (7).

Mazer and co-workers (8—10) made extensive light scat-
tering measurements on SDS and related surfactants and
interpreted the results using a simple thermodynamic *‘lad-
der’” model for the growth of rod-like micelles. In essence,
the model assumes the surfactant to be present in two distinct
states in the micelles, either in the cylindrical portion or in
the half-spherical endcaps. Such a model implies, as has
been shown earlier by others (11, 12), that the rod-like
micelles have a broad, exponential size distribution starting
from the minimum size of a spherical micelle without a
cylindrical region. The weight average aggregation number,
at given salt concentration, should be proportiona to the
square root of the surfactant concentration. The results could
be given a consistent interpretation within the model, and
even if theinvestigation can be questioned in many details—
for instance, intermicellar interactions are not considered—
the picture that emerges probably captures the essentia
features of the systems.

Corti and Degiorgio (13) used the same methods in their
study of the same system and addressed in particular the
intermicellar interactions, as modeled with the DLVO the-
ory. Their analysis of the results, for salt concentrations
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up to 0.6 M NaCl, indicated only a dlight increase of the
aggregation number (in this analysis obtained by extrapola-
tion to zero surfactant concentration). A strong increase in
size with surfactant concentration at high ionic strength was
not ruled out; the authors speculated about the formation of
linear clusters of globular micelles as a result of attractive
interactions. It is not clear, however, if both interactions and
aggregation numbers can be determined from the concentra-
tion dependence of the scattering, when a growth of the
micelles occurs. To our knowledge, no completely satisfac-
tory analysis has been presented. In a more recent study,
Mishic and Fisch (14) combined dynamic and static light
scattering in an attempt to determine the flexibility of the
rods in SDS solutions at high salt concentration (0.8 and
1.0 M NaCl).

In further light scattering contributions, Hayashi and Ikeda
(15) and lkeda et al. (16) confirmed the growth of the
micelles at high salt concentrations and also discussed the
flexibility of the rods. The authors noted an anomal ous angle
dependence of the scattered intensity under certain condi-
tions and speculated about the formation of clusters of mi-
celles(**'microgels'’) asapossiblereason for the interaction.
The anomal ous angle dependence, which was not accompa-
nied by an increased scattering at 90°, occurred at high salt
concentration and a a temperature just above the Krafft point.

Cabane (4, 17) presented a high-resolution SANS study,
from which it is clear that long rod-like micelles are present
a high salt concentration (rather than clusters of spheres).
He also observed, for SDSin 0.8 M NaBr at 25°C, that the
intensity at very low values of the scattering vector, in-
creased above that for the cylinder model, and proposed that
microcrystals of the surfactant could be responsible for this
peak.

Even if the earlier results show convincingly that rod-
like micelles (although probably flexible) are the prevalent
structures at high salt concentration and low temperature,
the available results are not clear about the intermicellar
interactions; could the observed cryo-TEM structures arise
from a clustering of rod-like micelles in the bulk solution?
To resolve this question, a set of samples was investigated
with cryo-TEM and dynamic light scattering, as well as
with SANS (the latter method dictated the choice of D,O
as solvent), to give directly comparable results. The mea
surements were complemented with time-resolved fluores-
cence gquenching studies, from which average aggregation
numbers are obtained when the micelles are small and which
would indicate a transition to long micelles by aclear, quali-
tative change in the decay curves (18, 19).

EXPERIMENTAL AND DATA ANALYSIS

Sample Preparation

Sodium dodecyl sulfate, especialy pure grade (from
BDH), was used without further purification. SDS solutions
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in 0.8 M NaCl were prepared in D,O for neutron scattering
experiments. The solutionswere prepared and stored at 45°C.
When stored at room temperature precipitation occurred, in
line with the fact that the critical micellar temperature has
been reported to be close to (16) or even above (20) 25°C
in 0.8 M NaCl solution. The samples were analysed at three
different temperatures, 45, 35, and 25°C, in this order, and
no visible turbidity was apparent during the measurements
at the lowest temperature. It is possible that the SDS prepara-
tion was not completely pure, which would lower the critical
temperature; otherwise the measurements at 25°C were per-
formed on undercooled samples. This is not expected to be
a problem. Crystallization below the critica temperature
does not occur by aggregation of micelles and would not be
accompanied by attractive interactions between the micelles
that could interfere with the scattering measurements or pro-
duce a secondary aggregation that could explain the cryo-
TEM micrographs.

Prior to the dynamic light scattering measurements, the
warm sampleswere filtered through 0.1 m pore size Anctop
filters into glass ampules that had been soaked in chromic
acid and rinsed with distilled water and filtered ethanol. The
use of a filter pore size close to or even smaler than the
characteristic size of the structuresis not arisk for changing
the concentration with dynamic micelles; any disruption oc-
curring during the passage of anarrow pore would be revers-
ible and not expected to influence the equilibrium size distri-
bution. For SANS measurements, the samples were mounted
in sealed quartz containers (Suprasil from Hellma, FRG),
with 2 mm flight path. The neutron spectrum of water, used
for calibration, was obtained in a 1 mm thick quartz cuvette.

Dynamic Light Scattering

Dynamic light scattering measurements were performed
using a Coherent Innova Ar ion laser operating at 488 nm.
The scattering cells were immersed in alarge diameter ther-
mostated bath of decalin. Both the incident beam and the
scattered light were vertically polarized using a Glan-
Thompson polarizer (extinction 107°). The detector optics
included a 4 um diameter monomodal fiber coupled to an
ITT FW130 photomultiplier. The output was digitized by an
ALV-PM-PD amplifier—discriminator, and the signal was
analyzed with an ALV-5000 digital multiple = correlator
with 288 exponentially spaced channels. It has a minimum
sampling time of 0.2 us and a maximum of about 100 s.
Measurements were performed at different scattering angles,
6, giving a q range of (5.9-25) x 10 ° A~!, where q =
(4mns/\o)sSin(#/2), with n the refractive index of the solu-
tion (1.33 for agueous solutions) and A\, the wavelength of
the radiation in vacuum.

The DL S measurements were performed in the homodyne
mode (21). The data were analyzed by a nonlinear regres-
sion procedure. g,(t) is the measured normalized intensity
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autocorrelation function. It is related to the normalized field
autocorrelation function, g, (t), through the Siegert relation:

%(t) — 1= 8la:(1)% [1]
where § is a nonidedlity factor (0 < g = 1). g;(t) can
be written as the Laplace transform of the distribution of
relaxation rates, G(I'):

a(t) = f " G(D)exp(~ T, [2]

where I' is the relaxation rate. In terms of the corresponding
relaxation times, 7, g1 (t) will be expressed here as

0:(t) = J: TA(T)exp(—t/T)d In 7, [3]

where TA(7) = I'G(I") on alogarithmic scale. TA(7) was
obtained by regularized inverse Laplace transform (RILT)
of the experimental data using a constrained regularization
calculation algorithm called REPES (22-24) which is es-
sentially similar to CONTIN (25), except that REPES di-
rectly minimizes the sum of the squared differences between
experimental and calculated g,(t) functions. For a diffusion
process in the limit of small g, the average relaxation rate
of a particular mode, (T, is g? dependent and is related to
the trandlational mutual diffusion coefficient D,, as

(T) = Dng?. [4]

Small-Angle Neutron Scattering

The measurements were carried out at the Risg SANS
facility. Scattering data were obtained using neutrons with
wavelength A = 1.50 or 0.65 nm. The sample-to-detector
distance was 3 m, giving a g range of (4 X 107°)—(4 X
107%) A"t and 10 %-10"2 A, respectively. The neutron
wavelength resolution was AN/\ = 0.18, and the beam di-
vergence was determined by a collimation length of 3 m
with pinhole sizes 16 and 7 mm in diameter at the source
and sample positions, respectively. The scattering data were
corrected for background arising from the quartz container
with D,O and from other sources, as measured with the
neutron beam blocked by plastic containing boron at the
sample position. The incoherent scattering from H,O was
used to take into account deviation from uniform detector
response and to bring the data to an absol ute scale, according
to standard procedure (26).

The neutron scattering data were all azimuthally isotropic.
The data have therefore been reduced to the one-dimensional
I(q) scattering functions which are only dependent on the
absolute value of q. From Bendedouch et al. (27) and Sheu
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et al. (28) it appears that for SDS micelles in D,O the
scattering length density of the outer hydrophilic region of
hydrated polar head groups closely matches the scattering
length density of the solvent, pp,o = 6.34 X 10~** cm/nm°.
Therefore, the scattering function is determined by the inner
hydrophobic core of compact hydrocarbon chains. The
SANS scattering results were fitted to various anaytica
model functions. Least-squares fitting, including instrumen-
tal smearing, showed that the data agreed best by a model
for rod-like micelles with the expression (29)

™2 2B, (R sin «)

I = cApS
(q) =chp . GRSna

y sin(gL cos a)/2 5

d ’
gL cos a/2 @

[5]

where q = (4n/\)sin(6/2) is the scattering vector, \ is the
neutron wavelength, 6 the scattering angle, and « isthe angle
between rod-director and scattering vector. R and L are the
radius and the length of the rod-like micelle, respectively,
and B; is the first-order Bessel function. ¢ is the concentra-
tion, and Ap isthe scattering contrast factor. More elaborate
models including micelle flexibility and length polydisper-
sity would fit the data equally well, but the inclusion of
further parameters was not warranted for the available data.

Time-Resolved Fluorescence Quenching (TRFQ) Data

The single-photon counting set up has been described in
detail earlier (30). Pyrene at a low concentration was em-
ployed as the hydrophobic probe and dimethylbenzophenone
as guencher, at concentrations corresponding to less than
one quencher per micelle for small micelles. To increase
the accessible time window, the samples were deaerated by
freeze—pump—thaw cycles.

TRFQ data treatment. Rapid quenching occurs in small
micelles containing quenchers. Excited states survive to long
times only in micelles without quenchers, and decay with
the same decay constant, ko, asin a solution without quench-
ers. A characteristic decay pattern is the result, with parallel
tails in a semilogarithmic plot, that can be analyzed using
the simplified Infelta—Tachiya model (19, 31, 32) to obtain
the aggregation numbers:

In[F(t)/F(0)] = —kot + (m}{exp(—kit) — 1}. [6]

F(t) and F(0) are the fluorescence intensities at time t
and at the moment of excitation, respectively, (n) = [Q]./
[mic] is the average number of quenchers per micelle, and
k, the first order rate constant for quenching in a micelle
with one quencher. With the concentration of micellised
surfactant known, an average aggregation number is ob-
tained from (n), as discussed earlier (19). Most of the sam-
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FIG. 1. Neutron scattered intensity 1(q), as a function of the scattering

vector, q, for asolution of 30 mM SDSin 0.8 M NaCl at different tempera-
tures: (+) 45°C, (A) 35°C, and (O) 25°C.

ples in this study contained micelles which were too long
for the model to apply and reliable aggregation numbers
could be obtained only from the results at the lowest SDS
concentration and the highest temperature.

The model and procedure for diffusion-controlled quench-
ing in one-dimensional cylinders were discussed in Refs.
(19, 33, 34). In infinitely long micelles, i.e. for L > DAt,
where At is the time window of the measurement and D the
sum of the diffusion coefficients of the excited probe and
guencher in the micelle; all excited probes are accessible
for quenching, and the decay curves do not attain a final
exponential tail. An analysis of the data can only give the
product DR* (34), where R is the radius of the cylinder in
which the reactants are confined. This model applies at high
SDS concentrations and low temperature.

Cryo-TEM. Within a chamber of controlled humidity
and temperature, a small drop of the sample was deposited
on a copper grid covered by a porous polymer film. After
careful spreading of the drop, excessliquid was blotted away
with filter paper. By thistechnique, thin (100—-500 nm) sam-
ple films, spanning the ~5 um large holes in the polymer
film, were formed. After blotting, the sample was plunged
into liquid ethane kept just above the freezing temperature.
The vitrified sample was transferred under liquid nitrogen
to aZeiss EM 902 electron microscope. During examination
the specimen temperature was kept below 108 K, and all
observations were made in zero-loss brightfield mode at an
accelerating voltage of 80 kV.
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RESULTS AND DISCUSSION

Figures 1 and 2 show the influence of temperature and
concentration on the neutron scattered intensity. The best
fitsto the cylinder model of Eq. [ 5] are shown as solid lines.
As mentioned above, the scattering length density of the
D,0 and the hydrated head groups match closely, whereas
there is significant contrast with the hydrocarbon micellar
core. Fitsto the cylinder model, independent of SDS concen-
tration and temperature, gave a micellar core radius of the
order of 1.9 = 0.1 nm.

The micelle length varies with temperature and concentra-
tion. The sample with 30 mM SDSin 0.8 M NaCl contains
rod-like micelles which at 25°C have a length of the order
of L = 160 nm. At 35°C, L = 47 + 1 nm, and at 45°C, L
= 31 = 1 nm. At a fixed temperature of 45°C, the average
micelle length varied as 15, 29, 31, and 33 = 1 nm for
concentrations of 10, 30, 50, and 80 mM, respectively. Since
the flexibility and polydispersity were not taken into account
in the model, the length estimates are very uncertain, even
as averages or persistence lengths.

InFig. 3isshown theforward scattering, | (0), normalized
by the SDS concentration, plotted versus resulting micellar
rod length. We see a nearly perfect linear relationship be-
tween 1(0), which represents the micellar mass, and the
micellar rod length, as if the SDS micelles really were rod-
like, and not worm-like aggregates where the length ob-

SDS in 0.8 mM NaCl, T=45°C
10° | ,

80 mM SDS
50 mM SDS
mM SDS

<

INTENSITY [em™"/mM]
S 3

1072 ' '
1073 1072 107
q [A™']
FIG. 2. Neutron scattered intensity normalized by concentration, |1 (q)/

¢, as a function of the scattering vector, g, at 45°C for SDS solutions in
0.8 M NaCl at various concentrations: (X) 10 mM, (+) 30 mM, (A) 50
mM, and (O) 80 mM.
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FIG. 3. Forward scattering from SANS, normalized by concentration,
plotted against the estimated rod length.

served from SANS would be interpreted as a persistence
length.

The | (0) versus micellar length can be used to gain infor-
mation on the micellar mass per unit length. The total micel-
lar mass is given by

3
vl 10° -
C NAApm

where c is the concentration in mg/mL (the factor 10° con-
verts mg to g), N, is Avogadro’s number, b the scattering
length, and Ap,, is the scattering contrast per unit mass:

Apm = M(_Zl}i(ZCHb - pDZOVCH)a [8]
where the index CH denotes that the molecular mass and
the sum over scattering lengths, b, refers to the hydrocarbon
part of the SDS molecules, b = —1.38 X 10~ cm. With
Ven = 0.346 nm® (35), we obtain Ap,, = 1452 x 10 *
cm, and thus with the data shown in Fig. 3, the hydrocarbon
core mass per length:

Mcu/L = 5.89 x 107** g/cm,

corresponding to 20.9 SDS molecules per nm, or a radius
of 1.52 nm.

The latter value is appreciably smaller than the value of
1.9 nm estimated above. The discrepancy may have several
aternative causes, for example, the headgroups of the surfac-
tant micelles may give some contrast, which would mean
that 1.9 nm is larger than the hydrophobic core radius. This
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is corroborated by the fact that a radius of 1.54 nm can
be calculated from the results in Ref. (17), Fig. 10, from
SANS studies of perdeuterated SDS in water. If the latter
value corresponds to the radius of the hydrophobic core of
the micelle, a somewhat larger vaue would be expected
from measurements of normal SDS in D,O. On the other
hand, the data in Fig. 3 would tend to overestimate the mass
per unit length, and thence the radius, since the true contour
length of the micelles would be longer than the estimates
from the scattering curves. The reason for the deviations can
possibly be a deviation from a circular cross-section of the
cylinder or that the interface between the core and the aque-
ous environment is not sharp. The rod lengths are also ex-
pected to be highly polydisperse, and the different measure-
ments of length are not weighted in the same way.

As a side comment, we note here that measurements of
time-averaged light scattering intensities show a weak peak
as a function of scattering vector, although the variations in
the data are close to the experimental error in the points.
The effect was sufficient to inhibit calculations of the radii
of gyration and so we did not further pursue the analysis of
the time-averaged intensities, but restrict the discussion be-
low to the dynamic light scattering data. The location of
the weak maximum appears, however, to be dependent on
concentration and temperature and may thus reflect partial
alignment of the rod-like micellesin solution, since it cannot
have an electrostatic origin in 0.8 M salt. The position of
the maximum on the q axis will then be related to the average
distance between micelles and on the length scale of the
interactions.

The dynamic scattering data for SDS at 25°C were first
analyzed using inverse Laplace transformation (ILT) em-
ploying the algorithm REPES. Measurements were made at
four concentrations at 16 angles. In all cases the relaxation
time distributions were bimodal as shown by typical datain
Fig. 4afor Csps = 30 mM in 0.8 M NaCl at angle 90°.

In the absence of complementary information regarding
the conformation of the SDS micelle at 25°C (in particular
our inability to determine the radius of gyration and molar
mass from the time-averaged intensities), we follow the
indications from the SANS data that a rod-like model may
be applicable, and analyze the DLS data along these lines.
While we do not infer that this is the correct model, it does
represent alimiting case which isamenable to analysis. With
the rigid-rod model, the slow mode should correspond to
trandational diffusion of the SDS micelle while the fast
mode should correspond to the rotational dynamics of the
micelle. The latter mode contributes about 15% of the total
intensity at angle 90°, it has a nonzero intercept and its
relative amplitude increases nonlinearly with g in accordance
with the theoretical expectations for this model (36).

Typica behavior for the fast and slow modes is shown in
Fig. 4b for four concentrations. It was found that the most
consistent analysis pattern could be obtained by fitting the



SDS MICELLES AT HIGH IONIC STRENGTH

14 [ T T T T I T T T T T T T T T i
ra ]
12 =
10F -
8 | .
—_ - ]
* L ]
< 6 ]
[ - 7
4F .
0F ]
E N , o, ]
2 3
log(t (ps))
50000 e —
[ o slow 40mM
40000 e fast 40mM
v slow 30mM ]
v fast 30mM
o slow 20mM
= fast 20mM
< 30000 & slow 10mM A
| a fast 10mM
z
—
20000 7
10000 ]
0 "
11
-14 2, -2
10 .q/m
FIG. 4. (a) Relaxation time distribution through inverse Laplace trans-

formation (REPES) of DLS data at angle 90° for an SDS solution C = 30
mM in 0.8 M NaCl at 25°C. (b) Results from a double-exponentia fit to
the gi(t) functions for SDS at the four concentrations shown. Open points
are the slow trandlational diffusion, and filled points correspond to the fast
rotational dynamics.

field correlation function (g,(t)) to a double-exponential
function. Thiswas achieved by initialy plotting as I's versus
g°—i.e. the relaxation rate of the dominant and well-defined
slow exponential decay (I's) —as a straight line passing
through the origin. Then, using the autocorrelation function
measured at each value of g, the corresponding I's value
was next employed as a fixed parameter in a double-expo-
nential fit to extract the fast mode relaxation rate (I's). This
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is a substantially more precise method with many fewer
degrees of freedom than inverse Laplace transformation us-
ing REPES and is particularly suitable here since it is known
that there are only two contributing modes of relaxation.
The data points shown for the fast relaxation in Fig. 4b
were obtained in thisway. To obtain the rotational diffusion
coefficient, ©, we have plotted, following Ref. (36), the
apparent diffusion coefficient D’ (= T";/g?) versus (1/9?),
which yields linear plots of dope 60 as illustrated in Fig.
5a. Figure 5b shows O versus SDS concentration.

Finally, we can make an estimate of the contour length
using the expressions of Broersma for arigid rod, length L
and diameter 2R, and in this way can compare the results
with those from the SANS measurements fitted to a similar
model, although the assumption of the rod model has obvious
weaknesses in ignoring inherent flexibility and polydisper-
sity effects. For more detailed discussions of analysis with
application of the Broersma equationsto DL S data, see Refs.
(36, 37).

Using the approximate value of R = 2 nm for the micellar

10"(I'/q?)

3 ta
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2 — -
1.5 F ]
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1.5 2 2.5 3
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! 1 | 1
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FIG. 5. (a) The apparent diffusion coefficient (D’ = I'(/g?) versus
(1/g?) for the fast mode data at C = 10 mM in 0.8 M NaCl and at 25°C.
The dopeis 60.% (b) The rotational diffusion coefficient (©) as afunction
of SDS concentration in 0.8 M NaCl and 25°C.

o
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radius, together with the rotational diffusion coefficient, we
obtain L = 208 nm at Cgps = 10 mM, increasing to 226 nm
a C =40 mM in 0.8 M NaCl and at 25°C. At infinite
dilution, L = 197 nm. From the Broersma equations for
the trandational diffusion coefficient, on the other hand, we
obtain L = 63 nm at C = 10 mM increasing to L = 88 nm
a C = 40 mM, which are significantly lower values. The
discrepancy between the values of L from the two sources
shows that the trandlational and rotational motions are cou-
pled and are no longer independent. A significant diffusional
anisotropy (AD = D, — Dp) is detected. For 10 mM SDS,
D, =282x 10 " and Dy = 205 x 10 " m? s ™.

We note that the values of the contour length from the
rotational diffusion coefficient are of the same magnitude as
that deduced from the SANS data (L = 160 nm for Ceps =
30mM in 0.8 M NaCl at 25°C). The variations are attributed
mainly to the low intensity of the rotational contribution in
the DL S experiment, but the overall agreement in magnitude
is gratifying.

Figure 6 shows representative decay curves from TRFQ
measurements with 10 mM SDSin 0.8 uM NaCl, at 45 and
25°C, respectively. The decay data are presented as (the
logarithm of ) F(t)exp(kst), i.e. in a form that corrects for
the natural decay of the probe. In this representation, a con-
stant level would be reached at long times, if the probes and
guenchers were entirely confined to small micelles. With
only long micelles, a continuous curvature should result. At
the higher temperature the decay curve seems to approach,
but not attain, a constant level, indicating that both shorter
and longer micelles are present. The apparent aggregation
number obtained by assuming the constant level to be given
by the end of the recorded decay was about N ~ 350 at
the lowest quencher concentration (0.028 mM), and de-
creased to 250 at the highest (0.047 mM; SDS concentration,
10 mM). Such avariation of the apparent aggregation num-
ber is to be expected in strongly polydisperse samples
(38, 39).

From the aggregation number at 10 mM and 45°C, N
~ 350, we may calculate the length of the micelles, if we
assume them to be cylinders with half-spherical endcaps.
Taking the hydrophobic radius to be R = 1.5 nm the length
isL = 18 nm; with aradius of 1.9 nm the length is 12 nm.
The length deduced from the SANS measurements was 15
nm at the same concentration and temperature.

The decay curve at the low temperature shows the ex-
pected form for quenching in long rod-like micelles. The
decay could be well fitted to the expression for one-dimen-
sional quenching, which was not the case for the decay at
45 and 35°C (data not shown). The value obtained for the
sum of the diffusion coefficients of the probe and quencher
was D = 4.3 x 10" m? s™*, assuming the rod radius to be
1.5 nm as indicated by the SANS measurements. Since the
D value depends critically on the value assumed for the
radius, it should not be given too much significance. It is
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FIG. 6. Pyrene fluorescence decay curves, corrected for the natural

decay of the probe to show the deactivation from quenching only. (a) At
40°C: 10 mM SDS, 0.8 M NaCl, 0.037 mM quencher, dimethylbenzophe-
none. (b) The same system at 25°C. In both figures the uppermost curve
is the intensity of pyrene without quencher.

about a factor of 3 larger than that obtained previously for
the same probe—quencher pair in rod-like micelles of the
nonionic surfactant, C,.EQ, (x = 5, 6, 8); with a radius of
1.9 nm the values would agree. According to previous tests,
decay curves from structures that in reality have large exten-
sions in two dimensions give good fits to the one-dimen-
sional model, but the resulting value for the diffusion coeffi-
cient is then unphysically large, by afactor of 10-100 (33).

The fluorescence quenching results are in good agreement
with a growth from globular to cylindrical micelles when
the temperature is decreased from 45 to 25°C and give no
indication of growth in the width of the micelles. The size
estimated for the micelles at the highest temperature agrees
reasonably well with the SANS results.

Cryo-TEM. Four micrographs from the cryo-TEM study
are presented in Fig. 7. No significant difference between
D,0O and H,0 as the solvent was noted, and neither was any
systematic difference observed depending on the tempera-
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FIG. 7. Cryotransmission electron microscopy micrographs from several 30 mM SDS samplesin 0.8 M NaCl. The four examples shown are vitrified
from different temperatures between 55 and 25°C. No clear temperature dependence of the appearance of the structures could be seen, and no difference
between water and D,0 as the solvent. We propose that these micrographs show interfacial structures, one set on each of the two air—water interfaces,
and a background of smaller micelles from the bulk of the film. The arrow points on a patch without interfacia structures, dotted by small micelles;
larger areas of this type are seen in b. Note that most of the long structures are much broader than 5 nm, which would correspond to a cylindrical

micelle. The bar length corresponds to 100 nm.

ture from which the sample was vitrified. In b, which depicts
a sample vitrified from 45°C, there is a dense background
of small dots, representative of globular micelles. However,
the micrograph also shows areas of highly entangled, almost
lace-like, structures, connected by an open network of rather
straight threads. On closer inspection, it appears as if two
overlapping networks are present, suggesting that they may
represent structures at the two air—water interfaces of the
thin film. Also the micrograph from 25°C, d, seems to indi-

cate the presence of two overlapping two-dimensional struc-
tures. The lace-like patches are larger, but otherwise the
sample structureis similar to that observed in b, and contrary
to the expectations, areas showing small micelles (marked
with arrow in Fig. 7¢) are also observed at thislow tempera-
ture. Occasionally, aloose network of entangled and looped
threads, as exemplified in Fig. 7c, was observed during the
cryo-TEM investigation. These structures may well represent
long, flexible, cylindrical micelles, but the fact that no free
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ends can be found, and that no sections show high contrast
as would be seen for portions of the thread that extend per-
pendicular to the interface (such black patches are usually
observed in samples of long cylinder structures (3)), to-
gether with the overall two-dimensional character of the im-
age, suggest that adsorption at the air—water interface is
responsible for the development of the aggregates.

In a careful study using NMR relaxation, self-diffusion
measurements and, in addition, TRFQ (40), evidence for
short rod-like micelles (axial ratio 6:1) were obtained for
2% SDSin 0.6 M NaCl at 25°C. Under the same conditions,
Suss et al. (41) made acryo-TEM study, and concluded that
long thread-like micelles were present. On closer inspection,
however, the published micrograph is very similar (as far
as the quality of print allows a comparison) to some of the
micrographs obtained in our study, as exemplified in Fig.
7a. Thelong structures are clearly much broader than normal
thread-like micelles and, moreover, seem to be confined to
two dimensions, just asin our micrographs, again suggesting
that we are dealing with a type of interfacial aggregate.

In any case, neither isolated, extended thread-like mi-
celles, nor broad and interwoven secondary aggregates of
such threads are consistent with the scattering and fluores-
cence data. Obvioudly, the peculiar structures from the cryo-
TEM are not present in the fluid solutions, and must repre-
sent aggregates that appear either in the thin films, i.e. due
to some interfacial effect, or due to a secondary aggregation
process during the rapid cooling and vitrification. Moreover,
the background of Fig. 7c, from low temperature, still ap-
pears dotted with small micelles, which could indicate that
the concentration of surfactant in the interior of the film has
decreased, due to adsorption at the interface.

In summary; in this system, the sample preparation
method used in the cryo-TEM investigation does alter the
dominant aggregate structure observed. The reason for this
is not completely clear, but it appears as if the large surface
area of the thin film, leads to a substantial adsorption at
the air—water interface which depletes the bulk solution of
surfactant, and causes the formation of extended, two-dimen-
sional structures at the interfaces. However, the morphology
of the aggregates at the air—water interface, and the driving
force behind the adsorption, still remain to be thoroughly
investigated.

CONCLUSION

The neutron scattering data demonstrate a rod-like local
structure of SDS micelles at 25°C and also their limited
length. Dynamic light scattering measurements have been
also interpreted using the rod model, in which the fast decay
reflects rotational contributions to the relaxation of the elec-
tric field correlation function g, (t). The TRFQ results con-
firm that high ionic strength, high surfactant concentration,
and low temperature promote a sphere-to-rod transition of

ALMGREN ET AL.

SDS micelles. The unusua structures observed in the cryo-
TEM examination are proposed to be present only at the
interface of the thin samples, the formation possibly pro-
moted by the cooling to low temperatures.
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