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ABSTRACT: Self-assembly of amphiphilic molecules into micelles occurs on very short times scales of typically some
milliseconds, and the structural evolution is therefore very challenging to observe experimentally. While rate constants of
surfactant micelle kinetics have been accessed by spectroscopic techniques for decades, so far no experiments providing detailed
information on the structural evolution of surfactant micelles during their formation process have been reported. In this work we
show that by applying synchrotron small-angle X-ray scattering (SAXS) in combination with the stopped-flow mixing technique,
the entire micelle formation process from single surfactants to equilibrium micelles can be followed in situ. Using a sugar-based
surfactant system of dodecyl maltoside (DDM) in dimethylformamide (DMF), micelle formation can be induced simply by
adding water, and this can be followed in situ by SAXS. Mixing of water and DMF is an exothermic process where the micelle
formation process occurs under nonisothermal conditions with a temperature gradient relaxing from about 40 to 20 °C. A kinetic
nucleation and growth mechanism model describing micelle formation by insertion/expulsion of single molecules under
nonisothermal conditions was developed and shown to describe the data very well.

B INTRODUCTION

Surfactants are ubiquitous in consumer products as important
ingredients, such as detergents, solubilizers, emulsifiers,
rheology modifiers, surface grafting agents, etc.'™” Their ability
to self-assemble into a wide range of morphologies, depending
on surfactant type, solvent, temperature, pH, and concen-
tration,® makes them an attractive choice for the bottom-up
approach of engineering nanostructured and responsive
materials. This has led to new applications of surfactant
systems in nanomedicine and biotechnologies, e.g., vehicles for
drug delivery,” "' as well as templates for nanostructure
fabrication.""?

Equilibrium micelle structures have been widely studied over
the last decades with numerous examples in the liter-
ature.”'*™>® For this purpose small-angle scattering is very
valuable as it probes the length scales that are relevant for
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surfactant micelles and provides structural information on the
overall micelle shape and size as well as the cross-sectional
(radial) micelle profile.** While equilibrium structures are well-
studied, only relatively few studies concern the transient
structures during transitions between different micellar
morphologies. Such transitions occur since surfactant micelles
are not static structures, but soft, dynamic systems that
rearrange in response to changes in the environment. This
aspect is particularly exploited in the technological applications
of surfactant systems.”>?® In order to understand and utilize
these systems efficiently, it is thus highly important to obtain a
more fundamental insight into the underlying mechanisms of
their self-assembly properties. This is a general subject in soft
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matter science as self-assembly is at the origin of many
fascinating features of amphiphilic systems. For surfactant
systems, the basics of micellar kinetics have been discussed for
decades, and this work brings in new insight by presenting
direct structural information over the relevant size and time
scales. By designing a model system, the self-assembly process
could be initiated in a very controlled and reproducible manner.
Using time-resolved small-angle X-ray scattering (SAXS), the
structural evolution during the entire kinetic process of micelle
formation from a solution of surfactant unimers was probed
down to the millisecond range. Such structural kinetics,
covering the entire micellization event, is crucial to understand
the underlying mechanism and has not previously been
reported. The results are interpreted based on a classical
theory for equilibration of surfactant systems which was shown
to account for the entire time evolution during micelle
formation.

In general, the details of kinetic processes in micellar systems
are extremely challenging to follow experimentally. Already
from the 1960s and in the following decades, various methods
including shock tube,”*® temperature jump,27_3’3 and pressure
jump>”?*3*73¢ experiments were developed to follow micellar
formation/dissociation kinetics after small perturbations of the
system. Nevertheless, it was not possible to study the entire
micelle formation process using these techniques. Larger
perturbations were obtained using mixing experiments
(junction flow”” or stopped-flow®), leading to results on
micelle dissolution. In all these experiments, the relaxation
processes were followed by light absorption,””>>** light
scattering,30 fluorescence,”®** and conductivity measure-
ments.””*#3*73¢ Thus, the structural information content in
the data is relatively low, and the main outcome is the
estimation of relaxation times. While the experiments
established that micelle formation kinetics typically occurs on
a millisecond time scale, not much mechanistic insight was
gained about the corresponding structural pathways. Also in
more recent studies, significant attention was given to kinetic
processes in micelle solutions, mainly applying larger
perturbations leading to morphological changes of the
structures, ie., from globular micelles to rods by mixing with
salt solutions,*** from globular micelles to vesicles by a
temperature jump,*®*' or micelle dissolution by stopped-flow
dilution.** Light scattering at a fixed angle®™*' or fluo-
rescence® were used as probes, again giving only limited
structural information.

Different theoretical approaches have been followed in order
to describe and explain the processes of micelle formation and
equilibration.>"*~>" An early, classic theory by Aniansson and
Wall** described the equilibration after small perturbations
from equilibrium, assuming that only the event of insertion or
expulsion of single surfactant molecules to/from a micelle
contributes. Kahlweit included in addition the mechanism of
fusion or fission of micelles to explain observations made for
the long relaxation times.** The theoretical predictions for the
dependencies of the relaxation times on surfactant concen-
tration have been tested against experimentally obtained
relaxation times.”® In order to obtain more conclusive insight
into the kinetics and its pathways, the structural evolution
should be investigated simultaneously; something that cannot
be achieved with the applied classical methods.

With the development of high-brilliance X-ray beamlines at
third-generation synchrotron radiation sources and of advanced
instrumentation, time-resolved SAXS has become possible with
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a temporal resolution in the millisecond time range and even
below.>* This, in addition to the structural resolution of SAXS,
makes this technique very powerful for studying kinetic
processes in surfactant solutions.>>>* Employing this technique,
detailed structural information on the shape, size, and
aggregation number of the micelles can be determined in situ
during the equilibration process. So far, synchrotron SAXS has
been applied in combination with stopped-flow mixing for
several studies of surfactant vesicle formation®>~®* and in one
case for investigating block copolymer micelle formation.*®
Direct observation of micelle formation processes of surfactant
systems, however, is to our knowledge so far lacking.

Here we show that it is possible to obtain complete real-time
structural information on the micelle structures during the
entire course of surfactant micelle formation by combining
stopped-flow mixing and synchrotron SAXS to and probe this
key fundamental process. This is done by mixing singly
dissolved dodecyl maltoside (DDM) surfactant molecules
(‘unimers’) in dimethyl formamide (DMF) with water, which
results in a lower solubility of the surfactant and hence induces
micelle formation. A similar approach was used to investigate
block copolymer micelles.*® Here we show that it is possible to
follow the process even for small surfactant molecules for a
relatively wide range of surfactant concentrations. Mixing water
and DMF is an exothermic process, causing the equilibration
process to take place under nonisothermal conditions
mimicking classical temperature jump experiments. However,
in contrast to earlier experiments, a complete structural
resolution is provided during the kinetic process. We show
that by employing a nucleation and growth model and allowing
for a time-dependent system temperature during the micelle
formation process, the results can be understood quantitatively.
This gives considerable fundamental insight into the mecha-
nism of self-assembly that most certainly will pave the way for
more quantitative design of surfactant systems in future
applications. The work also serves to demonstrate the general
potential of the combination of synchrotron SAXS and
stopped-flow mixing for studying kinetic processes in soft
matter and other physicochemical systems on the millisecond
scale. In particular, the data analysis using advanced scattering
models as well as kinetic nucleation and growth models is
pertinent to a wide range of physicochemical problems and is
likely to inspire similar works in other fields.

B EXPERIMENTAL SECTION

Materials. Dodecyl-f}-p-maltoside (dodecyl maltoside, DDM) was
purchased from Glycon Biochemicals GmbH (>99.5%). N,N-
Dimethylformamide (DMF) was purchased from Sigma Aldrich.
Both DDM and DMF were used as received.

Determination of the Critical Micelle Concentration. The
critical micelle concentration (cmc) of DDM in 50 vol% DMF was
determined by surface tension measurements, dynamic light scattering
(DLS) measurements, and static SAXS measurements of solutions at
different DDM concentrations in the range from 0.1 to 2 wt %. A cmc
of 0.65 wt % was determined from the surface tension measurements
and confirmed by both DLS and SAXS. The results are presented in
the Supporting Information (SI).

Synchrotron SAXS. The time-resolved SAXS measurements were
performed at the ID02 beamline at the European Synchrotron
Radiation Facility (ESRE) in Grenoble.** This undulator beamline
provides intensities which allowed for collection of high-quality data
with acquisition times of 2—10 ms. We found that 10 ms exposure
time was enough to ensure good statistics but at the same time
minimize radiation damage effects with higher flux (10'* photons/s).
The two-dimensional time-resolved SAXS patterns were recorded
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using a fast read-out, low-noise CCD detector (FReLoN). The
incident X-ray wavelength A was 0.995 A, and the sample—detector
distance was 1 m, giving a range of the modulus, g, of the scattering
vector of 0.01—0.6 A™!, where q = 47 sin(0)/1 and 20 is the scattering
angle. A BioLogic SFM-400 stopped-flow device was used for rapid
mixing of water and DDM/DMF solutions.>* Experiments were
performed for DDM concentrations in DMF of approximately 1.5, 1.8,
2, 2.6, and 3 wt %. For each mixing experiment, 200 uL of DDM
solution was mixed with an equal volume of water. After mixing, the
solution was transferred to the measurement capillary with a dead time
of ~2.5 ms, and this set the earliest kinetic time for which data can be
collected. The detector read-out time was t,.,q.o,c = 190 ms for the 4 X
4 pixel binning, and the low noise readout mode used. To avoid
oversampling, the time between each consecutive measurement, t;..4,
was increased in a geometric progression with each data frame i
according to fye.q; = teadoug » With g = 1.11. The solvent scattering
was measured by mixing water and DMF using the stopped-flow
apparatus in the same way as for the kinetic experiments. As this
mixing is exothermic, the temperature was not constant with time but
rather equilibrated with time from higher temperature obtained upon
mixing.

Temperature Profile during Mixing of DMF and Water. The
temporal evolution of the temperature after mixing a solution in DMF
with water was determined by collecting time-resolved scattering
patterns after mixing pure DMF and water 1:1. The sample
temperature can be written as T = T, + AT, where T, is the
temperature at equilibrium (room temperature). For a homogeneous
liquid mixture, the scattered intensity, I, at low g scales with absolute
temperature, the square of the density, and the osmotic compressibility
of the mixture. Since density and compressibility only have a weak
temperature dependence in the relevant temperature interval,*>** AT
can be determined according to the equation AT/ Ty, = (I — 1)/ L.
I was taken as the average intensity in the g range from 0.05 to 0.13
A™!, where the scattering is nearly flat and well-defined. AT is plotted
against time after mixing, ¢, in Figure 1. The full line is a fit to an offset
exponential decay, giving decay time of 74, = 7.8 £ 0.4 s.
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Figure 1. Temporal evolution of the sample temperature, calculated
from the average scattered intensity in the interval g = 0.05 to 0.13
A, after mixing of DMF and water 1:1 by volume.

Temperature Dependence of Solvent Viscosity. The viscosity
of a 1:1 water—DMF mixture was measured in the relevant
temperature interval. The results are shown in the SI. An Arrhenius
function was fitted to the data, giving the temperature dependence:
7(T) =ny + A exp(=T/T"), with 17, = (0.753 £ 0.007) mPa s, A = 4.69
+ 001, and T’ = (21.9 + 0.1) °C.

Solution Densities and Determination of Specific Volumes.
The contrasts for the DDM head and tail group were determined from
measurements of specific volumes, V5 for DDM at 25 °C using an
Anton Paar DM 5000 densimeter. A literature value of V,,; = 352.4 A®
for the specific volume of the C, tail was used.®® The volume of the
headgroup was Vi = Vius — Vi = 353.7 A3, using this value for the
tail. The temperature was not constant during a kinetic experiment,
which led to a slight change of the specific volume of DDM. However,
the contrast of DDM in a 1:1 water—DMF solvent changed only
marginally with temperature, as the density of the solvent also
decreased with temperature (see SI). Furthermore, it is very difficult to
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quantify the change in contrast for the headgroup and the tail
separately, as this required a value for the specific volume of the tail as
a function of temperature, which to our knowledge is not available.
Thus, the same contrasts were applied for all temperatures.

B MODEL THEORY

Structural Model. All the SAXS data were fitted on
absolute scale by a structural model consisting of contributions
from oblate micelles and singly dissolved surfactants. A
schematic drawing of the model is shown in Figure 2. The

Thead  Ttail
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Figure 2. Structural model fitted to the SAXS data. A fraction ¢ of the
surfactant molecules is aggregated into ellipsoidal micelles with core
radii R, and €R_,. and a corona thickness Ty, The remaining
molecules are singly dissolved and modeled by points on a line (see
text).

characteristic scattering from the singly dissolved surfactants
can be observed in the first data frames for the experiment at
the lowest investigated DDM concentration of 0.77 wt %. The
oscillation in the scattering data stems from the interference in
the scattering from the hydrocarbon tail, which has a negative
contrast, and the maltoside headgroup, which has a positive
contrast. To describe this characteristic pattern, an expression is
suggested, in which the scattering pattern is parametrized by
the scattering from a linear array of 14 scattering points, which
serves as a rough model for the individual surfactant molecules.
Whereas an actual molecule is expected to have a variety of
conformations, this model reflects the limited spatial resolution
of SAXS and is able to account for all features in the observed
scattering patterns. The excess scattering length of the
headgroup is associated with 2 points at one end, and the
excess scattering length of the tail with the remaining 12 points.
The scattering from the surfactant model can be obtained as a
sum over the interference contributions from each of the point
pairs, where i and j denote the points:

sin(gr;
N OEDY ApiAp,-ViVjﬂ
7.

b gl 1
V; is the volume associated with point i. Thus, for a point in the
headgroup, V; = Vj,.,q1/2, and for a point in the tail, V; = V,;y,/
12, where V}..4; and Vi, are, respectively, the specific volume
of the maltoside headgroup and the C,, tail of the singly
dissolved surfactant. V,,4; and V,;; were taken as fit
parameters since one cannot expect them to be identical to
those determined by densimetry (see above) at higher
concentration where the micellar state is predominant, and
since the model does not describe the actual structure of the
molecule exactly. Their values determine the scattering length
density of the head and the tail, pp.q; and pyy;, respectively.
Ap; is the excess scattering length density of point i with
respect to the solvent (and is thus equal to the contrast of
either the headgroup or the tail, Appe,q; or Apgy), and r; is the
distance between point i and j. The data were fitted by a model
using the distance between the two headgroup points, .4, as a
fit parameter. As the length of a stretched C,, chain is 16.7 A,
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the distance between the points associated with the tail was
fixed at (16.7 A)/12.

The micelles are modeled as ellipsoidal core—corona
particles with a core of radius R, an aspect ratio &, and a
corona of thickness T, formed by the maltoside head
groups. Thus, the total micelle radius is Rio; = Regre + Teoronar AS
the corona thickness should be the same along each ellipsoid
axis, the aspect ratio of the total micelle is &g = (€R. e +

Teorons)/ (Reore + Teorona)- The scattering amplitude from a
sphere of radius R is given by ®(qR) = 3[sin(qR) —
qRcos(qR)]/(qR)>. Then, the scattering form factor for the
ellipsoidal micelles is given by®

/2
mlc(q) f [Apcorona V;otq) (qutot )

+(Ap

core

A'Ocorona) coreq)(qR’COre ) ]2 sin ada
)

where R/core = R, (sin* @ + e%cos’ @)"/? and R',,, = R, (sin’
+ gglcos? )2 V,, and V. are the volumes of the total
micelle and the core, respectively: V... = (4/3)7R.. ¢, and
Viee = (4/3)7R €. The excess scattering length densities
(contrasts) Ap were determined from the specific volumes for
the DDM head and tail group (see Experimental section), Vi..q
and Vi a8 Aphead = Znead/ Viead and Apyg = Zy/ Vi, where
Zeaq and Z,,; are the number of electrons in the surfactant head
and tail group, respectively. For all fits presented here, it was
assumed that the micelle cores are dry, giving Ap .. = App.
The corona contains solvent, and the contrast of the corona is
given by A[)corona = Aphead(‘/tot core)/(pmlcvhead)

The total scattering from the surfactant solution is described

by the model:

1) = T LBu@) + (1 = 9)Bur@)

©)

where N/V is the total number concentration of surfactant
molecules, and ¢ is the fraction of surfactant molecules in the
micelles. A constant to describe any residual flat background
was also added to the model when performing the fits to the
data.

Kinetic Model. Following the approach by Lund et al,*
which is based on the model by Neu et al,* it is assumed that
only single insertion/expulsion steps dominates the growth of
the micelle (see Figure 3). With this assumption the flux for
creation of micelles of aggregation number p + 1 can be written
as

mic

,p¢1¢ —,p+l¢p+1

(4)

p+1 =

}p

jp+l p+l

Figure 3. Mechanism for micelle formation by stepwise insertion/
expulsion of single surfactant molecules into a micelle of aggregation
number p resulting in an aggregation number p + 1. This mechanism
results in a flux j,,; from micelles of aggregation number p to micelles
of aggregation number p + 1.
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where @, is the volume fraction of aggregates of aggregation
number p, and k,, and k_,,, are the rate constants for the
insertion and expulsion, respectively. Applying the detailed
balance condition giving that k, @9, = k_,.1¢,,, the
following expression is obtained*

+,p¢1[¢ ¢p+1 exp(G(p + 1, ¢’1) - G(p, ¢1))]

()
Here it is used that ¢, = exp[—G(p,@,)], where G(p,,) is the

potential (in units of k; T where kg is Boltzmann’s constant and
T is the absolute temperature) of formation of a micelle of
aggregation number p at a volume fraction ¢, of singly
dissolved surfactants in the solution.

The potential G(p,p;) can be written as™®

G(p, ) = pE = (p — 1) In(¢,/c,..)

]p+1

F.(p) - (6)
where F,,(p) is the free energy (in units of k3T) of a micelle of
aggregation number p. F| is the free energy for a singly
dissolved surfactant molecule. It is here approximated by F, =
Fio(1). The third term gives the loss of mixing entropy
associated with the micelle formation. Only roughly estimated,
Csea IS @ correction term for the potential, which can be expected
as the free energy of a unimer. This correction also includes a
reference entropy term for the unimer. The correction factor is
introduced in a way so that it does not change the functional
form of G(p), which still has minima at p = 1 and p = Peg:

The following expression is applied for the micelle free
energy:

E.u(p) =70 + pp° )

The first term gives the surface free energy of the micelle core,
and y’ is the reduced surface tension. For a spherical micelle
core of radius R, consisting of surfactant tails of volume V¢,
with a surface tension y toward the solvent, the surface free
energy equals y47R..>/ksT = y4r (3pVein/(47))*3/ksT =y
(367V¢,; 2)1/ 3p*3/ ks T. Thus, the reduced surface tension is y’ =
4 (367rVCl2 )"/3/ksT. The second term in eq 7 assures that the
energy per surfactant molecule, F,;.(p)/p, increases at high p.
Lund et al.* applied a scaling ~p3/ 2 which can be assumed for
a polymeric surfactant headgroup.®” The scaling ~p>* applied
here approximates the energy increase when stretching the
surfactant talls to accommodate for the larger micelle cores with
increasing pS®

The flux given in eq S can be calculated for each p from the
parameters entering G(p,;) and the rate constant k 4p 1f the
rate of insertion of a unimer into a micelle of aggregation
number p is limited by the diffusion of the unimeric surfactant
molecules and the micelles, k,, (in units of cm®/s) can be
written as®

k,, = 47R (D1 + Dy )

app.p

(8)

The micelle collision radius, Ry can be given as the sum of the
radii of the unimer, R,, and of the micelle, R, R.y; = R, + R,. R,

= (3pVoui/(47))"3, where V,; is the volume of a surfactant
molecule. For R}, the same expression is applied, with p = 1.
D, is the apparent diffusion constant of a micelle of
aggregation number p (for D,,,;, p = 1). It is given by the
Stokes—Einstein equation as D, , = kgT/ (67[17Rp) Thus, the
rate constant can be written as a function of p and the

temperature-dependent solvent viscosity, 7(T):"

app, 1
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2T (1 + p'/3)?

TGS )

where « is a prefactor, which can account for further (p, T, and
1 independent) kinetic barriers for the micelle growth, and
7(T) was determined experimentally (see the Experimental
section). The entire equilibration of the system from surfactant
unimers to the final micelle solution is given by the set of
differential equations:

4,
dt (10)

The temporal evolution of the distribution of aggregation
numbers can be determined by solving this set of equations
simultaneously for a set of the four input parameters ¢, ¥/, 5,
and «x. In the present study, these four parameters were used as
fit parameters to obtain the best possible fit to an
experimentally determined temporal evolution of the weight-
average aggregation number of the micelles. Note that y’ scales
with T7!, which means that the nonisothermal nature of the
process is included through y’ as well as through the expression
for k,, in eq 9.

“hp

= jp - jp+1

B RESULTS AND DISCUSSION

Three examples of time-resolved series of scattering data
showing in situ observation of formation of micelles after
adding water to DDM/DMEF solutions are depicted in Figure
4a,c,e. The remaining SAXS data sets are shown in the SL

g - 246

- &m

a b
Ig)(em™) T — , 1(s)
e I H(g) (em™) . o0.0025
10! . 102 T, .« 139

102

g A"
C«‘ -l . =T
Ig) em™) _~
Iﬂ'I >y
107
=3 |- =
107 51—
102
g™
€ 1
Kg){em™) . 2
- .1 I(g) (cm™) . ?38 .
10 [ 10" - 669
175
527
10-2 . + pre-mixed
10”
101‘(3]. 3
T 20 t(s) )
@ah'® g e
q 10° 10" ¢ (A

Figure 4. (a,c,e) SAXS data collected at times f after mixing water and
a DDM solution in DMF for a final DDM concentration of 0.77, 1.0,
and 1.5 wt %, respectively. (b,df) Representative data plots with
model fits (full lines) are shown.
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For the first few frames for the lowest concentration, the
scattering pattern is very flat, and only a small oscillation at high
q is visible showing that the data corresponds to singly
dissolved DDM molecules. With time, the contribution,
characteristic for the scattering from micelles, increases. Thus,
the entire kinetic process from a solution of singly dissolved
surfactants to the final equilibrium micelle solution is covered
by the experiment.

Fit of Structural Model. To obtain more detailed
information on the structural evolution, the structural model
given in eq 3 was fitted to the entire data set on absolute scale.
Examples of the model fits to data are shown in Figure 4b,d,f
for DDM concentrations of 0.77, 1.0, and 1.5 wt %,
respectively. Data and model fits for static SAXS measurements
of equilibrium mixtures (both below and above the cmc) are
given in the SI The fit parameters for the singly dissolved
surfactants were fixed at values obtained by a fit of the
expression in eq 1 to the initial frame of the experiment at the
lowest DDM concentration. The fit gave values V}, 4, = 333 =+
2 A% Vo = 341 £ 1 A3 and req = 6.7 + 02 A, which are
reasonable compared to the physical dimensions of a DDM
molecule, especially taking the simplified model representation
of the molecule into account.

In order to increase the stability of the fits, the thickness of
the micelle corona was fixed at a value of 10 A in all cases. This
corresponds to the value obtained after simultaneous fitting
data for three concentrations of the micelles at equilibrium. The
value corresponds well with the expected size of the maltoside
headgroup, which should not change significantly during the
course of the kinetic process. The parameters resulting from the
fits are plotted in Figure S. Panel a shows the evolution of the
fraction of surfactant molecules in micelles, ¢p. The equilibrium
values of ¢ confirm the same concentration of singly dissolved
surfactants, which equals cmc = (1 — ¢)c. The slope of the
straight line fit in the plot in Figure Sb of (1 — ¢) against ¢
should thus correspond to cmc. The obtained value of 0.66 wt
%, agrees well with the experimentally determined value for
cmc (see SI).

The micelle core radii, R, and €R_,,, only show a slight
growth with time t. In the two long directions, R, increases
from about 18 to 19 A, whereas in the short direction eR.,,
increases from around 9 to 11 A, corresponding to an increase
in aggregation number from about 35 to 47. Thus, no evidence
of very small premicellar aggregates is found. The best fits are
obtained for aspect ratio of the core, & smaller than unity,
suggesting that the micelles are oblate rather than prolate. The
slightly more pronounced increase in R, with time indicates
that the micelles become less aniosotropic (less flattened
oblates) during the relaxation. It should be noted that only
slightly poorer fits are obtained for a model of prolate
ellipsoidal micelles (¢ > 1), and it is thus not possible from
the time-resolved SAXS data alone to determine with certainty
which of these two morphologies are dominant. However,
surfactant systems are very dynamic, and it is likely that, due to
shape fluctuations, both are present. It should be noted that this
choice of oblate micelles over prolate for the structural model
does not change the main conclusions of this study.

Polydispersity is not included in the model fits, as the fit
quality is high for the monodisperse model, meaning that an
additional fit parameter need not be introduced. Furthermore, a
parameter giving the width of a size distribution would couple
strongly with the aspect ratio parameter, €. The only option
would be to include polydispersity instead of ellipticity and
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Figure S. Parameters resulting from the fit of the structural model to the data frames recorded at times t after mixing DDM solutions in DMF with
water 1:1 by volume for DDM concentrations of 0.77 (green squares), 0.92 (black circles), 1.0 (blue upward triangles), 1.3 (magenta downward
triangles), and 1.5 (red diamonds) wt%. (a) Fraction of surfactant molecules in micelles. (b) The final fraction of surfactant molecules in micelles,
@pna plotted as 1 — ¢bg,; against the surfactant concentration. The line is a linear fit, where the slope is expected to be equal to cmc (see text). (c)
Core radius of the ellipsoidal micelles in the two long directions. (d) Core radius of micelles in the short direction.

hence use a model of polydisperse spheres. However, as the
data clearly show that core dimensions exceeding the length of
a stretched surfactant tail are represented in the sample, and
therefore the distribution of the sphere radii would need to
include these dimensions. This is not physically realistic for the
surfactant molecules, and hence this model was excluded.

Fit of Kinetic Model. To obtain a detailed understanding of
the mechanisms underlying the kinetic evolution of the system,
it is necessary to compare the results to a mechanistic kinetic
model. The kinetic model, which was described above,
describes the aggregation process by a mechanism where only
insertion/expulsion of single unimers to the micelles
contributes. The model gives the total expected temporal
evolution of the size distribution of micelles for a set of system
parameters c,., ¥, 3, and x, as described in the section on the
kinetic model. To test the kinetic model against the SAXS data,
these parameters must be optimized to obtain the best possible
fit to the experimental results. Here we fit the kinetic model to
the weight-average aggregation number, p,, which can be
obtained from the scattering intensity at g = 0, I(g = 0), without
making any structural assumptions for the scattering objects
(see SI for details). The resulting values are plotted in Figure 6.

As the temperature was not constant during the experiment,
the kinetic model had to be modified to take into account the
time-dependent temperature profile. The temperature depend-
ence is included through the reduced core surface tension, ¥/,
which is inversely proportional to the temperature (eq 7) and
through the rate constants, which depend on the temperature
both directly and through the viscosity #(T) (eq 9). The time-
dependent reduced surface tension is given by y’(¢) = (298 K)
X 7o/ T(t), where 7', is the reduced surface tension at T = 298
K and is applied as a time-independent free fit parameter. The
time-dependent solvent viscosity is determined experimentally
and can be described by #(t) =1, + A exp(=T(t)/T") with 5, =
(0.753 + 0.007) mPa s, A = 4.69 + 0.01 mPa s, and T" = (21.9
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Figure 6. Weight-average aggregation numbers, p,,, of DDM at times ¢
after mixing DDM solutions in DMF with water 1:1 by volume,
obtained by model independent Guinier fits to the scattering data for q
< 0.07 A~ The DDM concentrations in the final solutions are 0.77
(green squares), 0.92 (black circles), 1.0 (blue upward triangles), 1.3
(magenta downward triangles), and 1.5 (red diamonds) wt%. The
solid lines are simultaneous fits to the kinetic model (see Kinetic
Model section). The dashed line gives the excess temperature, AT,
used in the fit of the kinetic model.

+ 0.1) °C, as explained in the Experimental section. The time-
dependent temperature was included as

T(t) = 298K + AT(1 — exp(—t/7)) " exp(—t/7)  (11)

The amplitude for the temperature increase, AT, the time for
the increase, 7, and the time for the decay, 74, were then
included as additional parameters in the fit to the kinetic model.
The exponent of 42 in eq 11 was chosen to ensure a
sufficiently steep temperature increase so that the temperature
had increased to its maximum at the time corresponding to the
first SAXS data frame.

The simultaneous fit of the kinetic model to p,, for all DDM
concentrations is plotted in Figure 6 as the full lines. The model
fits the experimental values rather well for all concentrations of

dx.doi.org/10.1021/ja312469n | J. Am. Chem. Soc. 2013, 135, 7214-7222



Journal of the American Chemical Society

DDM. This supports the interpretation that the mechanism of
insertion/expulsion of single unimers to the micelles is indeed
the dominant mechanism for the micelle formation and growth.
Other pathways cannot be completely excluded, but they seem
to be of relatively low significance. The fit was obtained for a set
of parameters of which some were fixed and others were
optimized. The sensitivity of the fit toward the different free
parameters has been tested, showing that the possible variance
of each of them is <1%. The final values of fit parameters
correspond to physically realistic values, which further validates
the results. The time constant giving the initial temperature
increase was fixed to an arbitrary value of 0.06 ms, effectively
corresponding to an instantaneous increase of the temperature
as the sample is mixed. The exact value should be comparable
to the mixing dead time (~0.1 ms), but it is of no consequence
for our results as the transfer dead time before the first SAXS
acquisition is much larger (2.5 ms). The temperature decay
time obtained from fitting was 74 = 7.3 + 0.3 s, which coincides
well with the value 74.,, = 7.8 + 0.4 s determined from a
separate scattering experiment when mixing the pure solvents,
water and DMF (see Experimental section). The fitted
amplitude for the temperature increase, AT = 28 °C, is
reasonably close to AT = 22 °C, that was derived from the
mixing of pure water and DMF, and also to the increase of 17.6
°C observed when mixing large quantities of water and DMF
(40 mL of each).

The reduced surface tension was determined to be y,’
10.30 + 0.01, giving a surface tension for the core of 17.6 mN/
m at T = 298 K. This value will be influenced by the type and
surface density of the surfactant head groups. The value is
comparable to an experimental value of 22.0 mN/m that was
reported at 20 °C for the aliphatic polymer poly(ethylene-alt-
propylene), which, however, has a chemical structure deviating
from that of the C;, chain of DDM. The scale factor for the
second term of eq 7 is f = 0.0689 + 0.0001, and c,,, the
correction factor, is ¢, = 60.20. = 0.01. In an earlier work on
micelle formation of polymeric surfactants, a significantly higher
correction factor of 2.8 X 10° was necessary in order to describe
the data. Thus, we speculate that the correction factor is
associated with the loss in entropy for a unimer due to the
interconnectivity of the surfactant chain.

The prefactor for the rate constant, k,, (eq 9) was
determined to be x = 4.25 X 107 Since x < 1, it represents
an additional reaction barrier (of 7.8 k5 T). As the barrier for the
insertion process itself is expected to be quite small,** this must
relate to the fact that a certain orientation of the surfactant
toward the micelle, as well as an exposed area of the micelle
core facing the surfactant, is needed for a successful insertion
event. This interpretation was introduced by Mohan and
Kopelevich, based on a simulation study of micelle formation in
a different surfactant system.*” If it is assumed that the reaction
barrier only stems from the surfactant orientation (neglecting
other contributions, such as enthalpic barriers or cooperative
reorganization in micelles), the allowed angular deviation of the
surfactant orientation toward the micelle, + 6 ;.. can be
determined. The values x and 6, are related by x = Q .../
47, where Q... is the solid angle that the allowed surfactant
orientations cover, Qe = 27(1 — c0s(@,sienc)). The
determined value for x corresponds to a value for 6., of
2.4°, indicating that the surfactant must adopt a very specific
orientation for a successful incorporation into the micelle.
Other effects which might contribute to the additional barrier
for the process could be the necessity for the surfactants in the
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micelles to rearrange to make room for the incorporating
molecule or the unfavorable process of pushing the hydro-
carbon tail of the inserting surfactant through the headgroup
shell of the micelle.

The temporal evolution of the distribution of aggregation
numbers for the unimers/micelles resulting from the kinetic
model is plotted in Figure 7 for the lowest and highest DDM

Figure 7. Temporal evolution of the distribution of aggregation
numbers according to the kinetic model fitted to the experimentally
determined weight-average aggregation numbers for surfactant
concentrations of (a) 0.77 and (b) 1.5 wt %.

concentrations, respectively. For the highest concentration,
micelles are formed already at the first measurement time at ¢ =
2.5 ms, whereas only small oligomers are present for the lowest
concentration. At the time where the temperature decreases
again, t = 74 even more micelles are formed for the highest
concentration, and the average micelle aggregation number
increases. This is associated with a decrease in concentration of
small oligomers. For the lowest DDM concentration, a small
increase in the oligomer contribution is observed around t = 7.
After 7, the concentration of the oligomers decreases again, as
micelles are formed. Plots of the time evolution of unimers and
dimers are given in the SL The smallest oligomers follow the
same trends as the dimers.

In general, the size distributions are bimodal as only unimers
(and oligomers of very low aggregation numbers) and micelles
of an aggregation number close to the final equilibrium micelle
aggregation number contribute. This is consistent with the
entire scattering patterns, as they could be described by a model
consisting of only unimers and micelles of an aggregation
number close to their final value. Thus, the kinetic model is not
only consistent with the forward scattering (through p,,), but
with the information obtained from the entire g range covered.
The polydispersity of the micelles, as shown in Figure 7, cannot
be compared to the results from the structural model fit, as the

dx.doi.org/10.1021/ja312469n | J. Am. Chem. Soc. 2013, 135, 7214-7222



Journal of the American Chemical Society

structural model did not include polydispersity of the micelles
for the reasons given above.

B CONCLUSIONS

By rapid mixing of a solution of singly dissolved DDM
molecules in DMF with water, we have observed for the first
time the structural kinetics underlying the nonisothermal
formation of micelles from a reservoir of unimers by
synchrotron SAXS. The series of time-resolved scattering data
for different surfactant concentrations could be modeled by a
mixture consisting of singly dissolved surfactants and nearly
formed ellipsoidal micelles.

The results are consistent with a mechanism where the
micelles form and grow by stepwise insertion/expulsion of
single surfactant molecules. This applies both for the scattered
intensities at low g, giving a model independent determination
of the weight-average aggregation numbers, and for results
obtained for the modeling of the full scattering patterns in
terms of singly dissolved surfactants and ellipsoidal micelles.
Thus, it is concluded that insertion/expulsion of single
surfactant molecules is the dominant mechanism for the
equilibration process in surfactant solutions. Fusion/fission of
micelles cannot be ruled out; however, the absence of
indications for premicellar aggregates with aggregation numbers
significantly below that of the final micelles is consistent with
the insertion/expulsion mechanism.

In summary, this work provides a detailed insight into the
complete process of surfactant micelle formation under
nonisothermal conditions. By resolving the structural evolution
in real time and describing the kinetics involved, the results
presented give highly quantitative information that can be very
useful for designing surfactant systems for potential applica-
tions. The presented experimental method and modeling
approach are also likely to find applications to studies of
other physicochemical kinetic processes.

B ASSOCIATED CONTENT

© Supporting Information

Determination of cmc by surface tension measurements,
dynamic light scattering, and SAXS is given together with
solvent viscosity measurements for the relevant temperature
interval and X-ray scattering contrast determinations from
densimetry. Time-resolved SAXS data for all the investigated
surfactant concentrations are shown as well as data and model
fits for premixed samples. The calculation of the weight-average
aggregation number from the scattering data is given. The
temporal evolution of the number of unimers and dimers, as
resulting from the fit of the kinetic model, is plotted for the
lowest and highest investigated surfactant concentration,
respectively. This material is available free of charge via the
Internet at http://pubs.acs.org.
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