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Despite their lack of thermodynamical stability, nanoemulsions can show a remarkable degree of kinetic
stability. Among the various different preparation methods the phase-inversion concentration method is
particularly interesting as it occurs spontaneously. Here we investigate such a system composed of a surfactant,
cosurfactant, and oil that upon dilution with water forms long time metastable oil-in-water nanoemulsion droplets.
The dynamics of the amphiphilic monolayers and its elastic properties is important for their stability and therefore
the monolayer dynamics have been investigated by neutron spin echo (NSE). Despite the difficulties arising
from the inherently polydisperse nature and the large number of different components necessarily contained
in commercial nanoemulsion formulations, information concerning the membrane rigidity was extracted from
the combination of small angle neutron scattering and NSE and several different formulations are compared.
These results show that small amounts of different admixed ionic surfactants can modify the monolayer rigidity

substantially and similarly effects of surface bound polyelectrolytes have been evaluated.
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I. INTRODUCTION

Nanoemulsions differ from microemulsions by the fact
that in contrast to the latter they are not thermodynamically
stable. Nonetheless nanoemulsion droplets, being typically
in the size range of 20-100 nm, are only somewhat larger
than microemulsion droplets and a thorough structural char-
acterization of nanoemulsions is a central aspect for the
understanding of their stability, where so far the criteria
for having kinetically stabilized nanoemulsions are still not
really established. Nanoemulsions are conventionally formed
either by higher-energy input methods (high-pressure homog-
enization, ultrasonication, etc.) [1,2] but low-energy methods
such as the phase inversion temperature (PIT) method [3-5]
or the phase inversion concentration (composition) (PIC)
method [6-9] have been employed increasingly in recent times.
Especially the PIC method, where one obtains a nanoemulsion
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simply by diluting an appropriate surfactant-oil mixture with
water is very attractive as it is a very mild method for
obtaining nanoemulsions in a very simple fashion. However,
so far the requirements on the molecular composition of the
surfactant-oil mixture are far from being clear and as well
the mechanism of formation and even the structural details
about the nanoemulsion droplets are not really clear. The other
key issue apart from the formation process is the stability
of the formed nanoemulsions as they are prone to Ostwald
ripening and coalescence processes. For the classical case
of nanoemulsion or miniemulsion formulation an osmotic
agent is added, which is insoluble in the continuous phase
[for instance squalene or polyethylene in the case of oil-in-
water (OW) nanoemulsions] and thereby Ostwald ripening
is effectively suppressed due to the osmotic pressure that is
building up in the droplets that become smaller in the classical
Ostwald ripening process [10-12]. The other mechanism of
emulsion ripening, which cannot be prevented by an osmotic
agent, is coalescence. Here, as well as for the dynamics in
microemulsions, it can be assumed that the bending rigidity
of the surfactant film plays a key role in determining the rate
of coalescence [13,14]. Accordingly the bending modulus of
the surfactant monolayer of a nanoemulsion is an important
quantity for understanding its stability.
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In arecent investigation [9] we studied the formation of na-
noemulsions based on polyglyceryl-4 laurate/dilauryl citrate as
surfactant and bis(2-ethylhexyl) carbonate-phenoxyethanol-
parabens as oil, which are long-time stable even without
the addition of an osmotic agent. Below a concentration of
surfactant-oil of 20 wt% metastable nanoemulsion droplets are
formed with an average droplet radius of 20—40 nm. Structural
investigations by means of cryotransmission electron mi-
croscopy (cryo-TEM), small-angle neutron scattering (SANS),
and dynamic light scattering (DLS) interestingly pointed to the
presence of a bimodal size distribution containing rather small
droplets of 12-15 nm radius and larger ones of 3040 nm
radius, which are present at the same time. To gain further
insight into the system and to improve our understanding
of the mechanisms governing the stability of nanoemulsions,
combined SANS and NSE measurements have been performed
on several nanoemulsion formulations, investigating if and
how an increased concentration of charged surfactant and the
addition of oppositely charged polyelectrolyte influences the
rigidity of the nanoemulsion membrane, as that for sure is of
importance for controlling the coalescence in such systems.
An additional advantage of neutron scattering in that respect
is the possibility to employ contrast variation and this is
particularly useful for nanoemulsions in the shell contrast,
where the information about the dynamics of the droplets is
much more pronounced than in the case of bulk contrast [15].
By this combination of static information with complementary
dynamic information on these nanoemulsions a much more
refined picture can be deduced and it demonstrates the power
of neutron scattering to deduce information regarding the
properties of the important class of nanoemulsion, which is
not similarly accessible by other methods.

II. THEORETICAL BACKGROUND

A. Small-angle neutron scattering (SANS)

The scattering intensity /(Q) of polydisperse droplets
observed in SANS can in general be described as

1(Q0) = 'NS(Q) / F(Rx12.. )P(Q,R,ASLp)dR + Ipyg,
0
(1)

where !N is the number density of aggregates, ASip the
difference of scattering length density (SLD) between
the droplets and the average SLD of the solution, S(Q)
the effective structure factor accounting for interparticle
interferences, f(R,x;», ;) the normalized size distribution
function, which depends on radius R and parameters x5,
Ik the incoherent background, P(Q,R) the form factor, and
Q is the vector of momentum transfer Q = 4 /A sin(6/2),
with wavelength A and scattering angle 6. The scattering
amplitude of a sphere is given by

47 R3 sin(QR) — QR cos(QR)
F(Q,R,AS1p) = ASip3 ,
(Q LD) 3 LD (OR)?
2)
and the form factor of a homogeneous sphere is

Py(Q,R,AS p) = F(Q,R,AS;p)?*, whereas for a sphere with
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core-shell structure it reads
P(Q.R. Ry, ASLp1.ASLp2)
= [F(Q.R.ASip1) — F(Q.R — R, AS1p2)]*. 3)

where R is the overall radius of the sphere, R; is the thickness
of the shell, A Sy p  is the difference in scattering length density
between the shell and the solvent and A Sy p is the difference
between shell and core.

The normalized size distribution function f(R,x;, ;) can
be of any type but for our purposes we focused on a bimodal
log-normal distributions, which has previously been shown to
fit data from such systems [9]. The normalized log-normal
distribution function is defined as

1 [In(x) — p]?
fx,p,0)= N exp <—T> , “4)

where the parameters ¢ and o are the mean value and the
standard deviation of the logarithm of x. The arithmetic
mean value of the distribution is M = exp(u + 1/202), the
standard deviation is Sp = \/[exp(c2) — 1]exp(u + 1/202).
The particle number density can be rewritten as a function of
the volume fraction and the size distribution, for spheres

¢
Jo” 4m/3R3 f(R,w,0)dR

'N(p,pu,0) =

(&)

Thus, for a bimodal log-normal distribution of spheres with
S(Q) = 1 and assuming that both modes have the same SLD

1(Q) = ‘N<¢1,m,ol)/0 f(R,u1,01)Ps(Q,R,ASLp)d R

o0
+ 'N(¢2, 102,02) f f(R,u2,02)
0
x Py(Q,R,ASLp)dR + Ik, (6)

where ¢ = ¢ + ¢ is the volume fraction of spheres. An anal-
ogous expression [with Py(Q,R,Rs,ASip.1,ASLp2)] holds
for spheres with a core-shell structure. Since a significant part
of the material (in particular the cosurfactant) is in the bulk
solution a factor f has to be introduced such that the volume
fraction of droplets is related to the macroscopic volume
fraction ¢,, by ¢ = ¢,,(1 — f). Furthermore, the fraction of ¢
that is in ¢; is expressed in terms of @1re], such that ¢ = ¢Pire

and ¢2 = ¢(1 - ¢1rel)-

B. Neutron spin echo (NSE)

Neutron spin echo allows the direct access of the interme-
diate scattering function s(Q,#). The normalized intermediate
scattering function due to diffusion of a single species is

S(Q.1) = s(Q,1)/s(Q,0) = exp(—=D Q*1). (N

According to the Stokes-Einstein equation, the diffusion
coefficient D of a sphere is related to its radius Rby D = 6’jfnTR ,
with Boltzmann’s constant kg, temperature 7, and solvent
viscosity 1. If the sample is polydisperse or dynamics other
than simple translational diffusion are observed, often S(Q,?)
can still be described in a similar manner with a Q-dependent

effective diffusion coefficient D¢s(Q).
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For a bimodal distribution of diffusing spheres, the exact
expression for the intermediate scattering function reads

N1, p1,00) [
- - < R’ 9
10) ; f(R,u1,01)

x Py(Q,R,ASip)exp[—D(R)Q*tldR

N(¢2,112,02) /OO
- R’ 9
+ 10) ; f(R,12,02)

x Py(Q,R,ASp)exp[—D(R)Q*t]1dR. (8)

S(Q,t) =

An additional component to the decay of S(Q,t) comes
from the dynamics of the droplet membrane. This can be
described in terms of the theory developed by Zilman and
Granek for the undulations of flat membranes [16,17]. Starting
from a Helfrich bending Hamiltonian [18]

1

H =k / [V2h()] dr, )

with the the undulation amplitude A (¥), they predict a stretched
exponential behavior for the intermediate scattering function
with a stretch exponent of 2/3

S(Q.1) = exp[—(Tx Q*1)*], (10)
with [x = 0.025y,/*L AL, with the bending modulus of the

membrane « and the viscosity of the solvent 7. To first order
y ~ 1 —3kpT/(4mk)In(QE), so y ~ 1 for sufficiently large
k. & is a length on the order of the size of the objects (i.e.,
the droplets in our case). The absolute values obtained for «
with NSE applying the above formula are known to be wrong
in many cases [19,20] and some attempts have been made
to correct the problem [19,21]. For example, the approach of
Richter et al. [19] explicitly takes into account the dependence
on the length scale considered. The resulting formula makes
it necessary to evaluate some nested integrals and the value of
k as a function of length scale and relaxation frequency has
been mapped in a range of parameters. Watson and Brown [21]
adapted the theory of Seifert and Langer [22], which involves
contributions from lateral flow in bilayers and interbilayer
friction in addition to the bending energy of the membrane to
the framework of the Zilman-Granek model. As a somewhat
more straightforward approach using an effective viscosity
Neff = 31 instead of the macroscopic solvent viscosity to
account for dissipation between the solvent and the membrane
has proven to yield good results [20,23]. For monolayers
surrounded by two different solvents (e.g., oil and water as
in our case or in microemulsion sponge phases) the average
of the two viscosities may be used instead of the solvent
viscosity [24] to obtain more realistic values of «. In any case,
the dissipation of energy via the viscosity of the solvent(s)
is an issue that will cause some uncertainty and even more
so the dissipation of energy within the membrane/monolayer
that typically is not considered at all. In general, some caution
should be taken with regard to absolute values of k. In contrast,
the relative changes deduced can be considered to be reliable.

So, if in addition to simple diffusion undulations of the
membrane of the larger droplets (@) < u;) are observed,
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S(Q,t) becomes

lN o0
S(0,1) = %/0 F(R.j1,01)Py(Q. R, ASLp)
1
x exp[—D(R)Q*t1dR + —N(?”Q‘jm)
X / f(vaLZaUZ)PY(Q’R’ASLD)
0
x exp[—D(R)Q*t], (11)

where the parameter a(Q) describes the ratio between the
signal coming from membrane dynamics and the signal
coming from simple diffusion for the larger-sized distribution.
Even though this may look like a somewhat complicated
expression at first, it should be kept in mind that the only
free parameters here are in fact a(Q) and I'y, since the size
distribution is known from SANS. Also, the use of the Zilman-
Granek model, which has been developed for flat membranes,
may seem to lack justification, but since the droplets we are
dealing with here are quite large the surface appears as almost
flat in the relevant Q range. For instance, a Q value of 1 1/nm
corresponds to a length scale of [ = 2w/ Q & 6 nm, which in
turn corresponds to only about 6 nm/(18 nm - 27) & 5% of the
circumference of a circle with a radius of 18 nm.

III. MATERIALS AND METHODS

A. Materials

The oil-surfactant mixture Tego Wipe DE® consists
of 66 wt% di(2-ethylhexyl) carbonate [DEHC, (Tegosoft®
Evonic Industries)], 12 wt% of Euxy1® K300 (Schiilke and
Mayr GmbH) and 21.12 wt% polyglycerol-4 laurate and
0.88 wt% dilauryl citrate (Tego® Care PL 4, Evonic Industries,
see Fig. S1 and Fig. S2 [25]), where Tegosoft® and Euxyl®
K300 are the oil components (where the phenoxyethanol and
the parabens can be considered like a cosurfactant in that
system) and Tego® Care PL 4 is the surfactant component.

Euxyl® K300 consists of 72 wt% phenoxyethanol and
several different parabens [methyl- (16 wt%), ethyl- (4 wt%),
propyl- (2 wt%), butyl- (4 wt%) and isobutylparabene
(2 Wt%)]. The compositions of Euxyl® K300 and Tego Wipe
DE® are summarized in tables S I and S II.

Texapon N70 (Cognis GmbH, Germany) is a sodium
dodecyl ether sulphate (SDES) surfactant with a mass average
molecular weight of 337 g/mol as determined by ESI-MS,
assuming equal ionizability of all species. Mainly chains with
12 and 14 carbon atoms and 0 to 3 ethylene oxide groups are
present in the mixture. According to the supplier the main
component is sodium 2-(2-dodecyloxyethoxy)ethyl sulfate.
AOT [sodium-1,4-bis(2-ethylhexyl) sulfosuccinate, 98%, see
Fig. S3] was obtained from Sigma-Aldrich.

JR 400 (Dow Chemical, USA, see Fig. S4) is a cationically
modified cellulose ether with a molecular weight of about
500000 g/mol [26] and a degree of substitution of 0.27,
resulting in a charge density of 1000 g per mole of positive
charges [27].

The samples with fully hydrogenated oil were diluted
down to a concentration of 5 wt% oil-surfactant mixture in
aqueous solution, where 0, 2 (AOT) or 6.8 wt% (Texapon
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N70) of Tego Wipe DE (not the overall sample) have been
replaced by one of the anionic surfactants. The solvent was
either pure D,O (Eurisotop) or D,O in which 0.36 wt%
of the D,O (not the overall sample) have been replaced by
the cellulose-based polycation JR 400 (Dow Chemical). For
simplicity these samples will be referred to as Tego Wipe
NE (no additional surfactant), AOT NE (additional AOT)
or Texapon NE (additional Texapon N70). Samples with
additional JR 400 will be referred to as X/JR 400, where X is
the name of the additional surfactant.

The oil-surfactant mixture in the samples for contrast
matched measurements consisted of 5 wt% of the oil-surfactant
mixture P88 which has the same composition as Tego Wipe
DE, except that dilauryl citrate has been replaced by AOT since
it was not commercially available. The exact composition is
given in table S III and either hydrogenated DEHC (h-DEHC)
or deuterated DEHC (d-DEHC) has been used. The solvent was
a 1/9 (wt/wt) mixture of H,O and D,O to match the contrast
of the oil component with d-DEHC. For comparison the same
sample but with hydrogenated DEHC has been measured.
These samples will be referred to as d-DEHC NE and
h-DEHC NE. The exact composition of all samples is given in
Table S IV.

Fully deuterated DEHC (d-DEHC) was synthesized
as follows (see Fig. S5): A solution of triphosgene in
dichloromethane (DCM) was added dropwise to a solution
of deuterated 2-ethylhexanol and pyridine in DCM. The
solution was left to react overnight. Pyridine was removed
by washing with an aqueous solution of hydrochloric acid
twice. The organic phase was dried with Na,SO4 and the
solvent was removed from the product by distillation. Details
of the preparation and subsequent purification can be found
elsewhere [28].

B. Methods
1. Small-angle neutron scattering (SANS)

SANS experiments were performed at the instruments
D11 and D22 at the Institut Laue Langevin (ILL), Grenoble,
France. To cover a large Q range measurements were done
at sample-detector distances of 1.2, 6, and 39 m (D11) and
1.4 m, 8, and 17 m (D22). The wavelength was 6 A, except for
the 17 m configuration on D22, where a wavelength of 12 A
was used. The transmission was measured with the attenuated
direct beam and water was used to correct for the detector
efficiency and to obtain absolute intensities. The software
package BerSANS [29] was used for data reduction and radial
averaging of the two dimensional scattering pattern.

2. Neutron spin echo (NSE)

The NSE experiments were performed on the instrument
IN15 of the ILL, Grenoble (France) with wavelengths of
(longest Fourier time in parentheses) 17 (250 ns), 10 (50 ns),
8 A (25 ns) and 6 A (12.5 ns) to cover a Q range from 0.12 to
1.9 1/nm and the instrument J-NSE of the FRMII, Garching
(Germany) with wavelengths of 8 (33 ns) and 12.8 A (90 ns)
to cover a Q range from 0.36 to 1.5 1/nm. Details of the
experiments and the method are explained elsewhere [30-32].
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IV. RESULTS AND DISCUSSION

A. Samples with core-shell structure

The investigated system is a multicomponent system, where
we concentrate on the already well-studied nanoemulsion
range [9]. In order to obtain detailed structural and dynamical
information we studied this system by means of SANS and
NSE using both the hydrogenated and deuterated oil (DEHC).

As stabilizing ionic surfactant AOT was employed, as with-
out such an ionic surfactant the stability of the nanoemulsions
is significantly lower [28]. By using a 1/9 mixture of H,O and
D, 0 the solvent should match the contrast of the oil core of the
droplets and highlight the surfactant membrane, which should
also make membrane dynamics more visible. For comparison,
the same sample but with hydrogenated DEHC (h-DEHC) has
been measured as well, which should results in a homogeneous
contrast profile of the droplets.

1. SANS

The SANS curves can be well described with two log-
normal distributions of spheres using the same parameters of
the distribution for both curves (see Fig. 1, Table S V and
Ref. [9]), where for that concentration of 5 wt% the small
microemulsion droplet distribution accounts for about 15 v%,
making our assumption, that we mainly observe dynamics of
the larger nanoemulsion droplets well justified since its static
scattering intensity exceeds that of the smaller microemulsion
droplets by about a factor of at least 1.2 (see Fig. 2). According
to the theory by Safran and Milner [33-35], which describes
the membrane dynamics of the smaller microemulsion droplets
in this Q range the membrane dynamics can account for no
more than about 20% of the signal, which is the case at the
first minimum and would correspond to a factor 6 between
the signal from the large droplets and the signal from the
dynamics of the small droplets and we can safely neglect the
membrane dynamics of the smaller droplets as in Eq. (11).
For a more detailed discussion see Sec. II of the supporting
information [25]. The minimum, which can be observed for
the sample with d-DEHC at high O (Fig. 1, inset), shows
that a core-shell structure is formed and the thickness of the
shell is 1.6 nm. To obtain good fit results, the contrast of the

1 [1/cm]

"iT6s 2 ‘

EXES o4 6h
Q[1/nm]

FIG. 1. (Coloronline) SANS curves of d-DEHC NE (red squares)
and h-DEHC NE (black circles), fits: bimodal log-normal distribution
of spheres, both curves are described with the same distribution; inset:
high O with subtracted background, the shell thickness is determined
from the minimum.
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FIG. 2. (Color online) SANS intensities due to small particles
(black) and big particles (red) obtained from the same parameters as
in the fits for h-DEHC NE; inset: intensity ratio (big/small).

shell has to be somewhat reduced, which means that some
intermixing of the cosurfactant (or oil) and the surfactant takes
place in the shell. Interestingly, a similar minimum is observed
for the sample with h-DEHC as well, which shows that even
there some core-shell structure can be seen even though it is
less pronounced due to the less favourable contrast. At low Q
some deviations become visible for the sample with deuterated
oil, which may be attributed to some structure factor effects,
since it is known that especially for polydisperse samples
the effective structure may differ quite strongly for different
contrast conditions and therefore may not be visible in bulk
contrast, whereas it is visible in core-shell contrast [36]. These
deviations should not play a role in the later analysis of NSE
data, since such low-Q values can not be reached by that
method. The fitted standard deviations seem extremely high
(see Table S V) but are necessary to obtain good fits as can be
seen in Fig. S7, where the relative standard deviation has been
fixed at 20%. It is not clear, whether these high polydispersities
are real or are just due to membrane fluctuations, which would
make static scattering curves appear to be more polydisperse.
Therefore, for analyzing NSE data, we employed both the
obtained polydispersities and a relative standard deviation of
20% thereby making our analysis largely independent of the
details of the prevailing polydispersity of the droplets.

2. NSE

The same two samples have been measured with NSE. The
initial slope of S(Q,#) has been fitted with a simple exponential
to obtain an effective diffusion coefficient D.¢, which shows
a Q dependence (Fig. 3, data shown for d-DEHC NE). This
may be due to an additional relaxation mode or just due to the
polydispersity of the sample. That the latter is not the case here
is shown by the line in Fig. 3, which represents the effective
diffusion coefficient obtained from the initial slope, that would
result from polydisperse droplets with the distribution obtained
from SANS according to Eq. (8). In fact, an increase of D
with Q is observed, but at lower Q, where the ratio of the
intensities between the two populations changes (see Fig. 2).
To check this further, it was attempted to describe the obtained
intermediate scattering functions with the full expression
for diffusion of Eq. (8). Good fits are obtained indeed (see
Fig. S9 and Fig. S10), using the distribution obtained from
SANS, however the ratio between the two droplet populations
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FIG. 3. Circles: Apparent diffusion coefficient Dy of d-DEHC
NE. D¢y increases linearly with Q, line: Diffusion coefficient,
calculated from initial slope of Eq. (8) with parameters obtained from
SANS, diffusion and polydispersity alone are not able to explain the
data.

has to be left as a free parameter and attains significantly
higher (and Q dependent) values for the fraction of small
droplets than in the SANS fits, which is 15 v% (see Fig. S8).
This means that relaxation is faster than it should be, if only
diffusion were present and this indicates that we do observe
the fluctuations of the surfactant monolayer here. Applying
Eq. (11) yields good fit results regardless of the polydispersity
(see Figs. 4 and S14) but certainly the obtained values for Iy
and a differ (see Fig. S11). It can also be seen that huge error
bars result if both a and I'y are fit to individual curves. After
an initial increase, a takes a constant value between roughly
0.8 and 1.4 1/nm and increases again for even higher Q,
probably because of shape fluctuations of the smaller droplets
becoming visible. To obtain more stable values for Iy the data
was analyzed again with different fixed global values of a
(see Fig. 5). Regardless of a, Iy takes more or less constant
values between 0.8 and 1.4 1/nm. This is probably the range in
which our approximations (sufficiently large Q to describe the
membrane as more or less flat, sufficiently small Q to neglect
the dynamics of small droplets) hold. Since good results were
obtained with constant a, its apparent Q dependence is omitted
and all S(Q,r) data in the appropriate Q range was fitted
simultaneously to obtain a and I'; (and hence «). Figures 6
and S16 show the data and fitted curves, confirming that this
approach yields reliable values for I'; and therefore allowing
to deduce the mean bending modulus «.

S(Q.u/S(Q0)

T T T
0 50 100 150 200
t [ns]

FIG. 4. (Color online) Intermediate scattering functions of d-
DEHC NE, fits taking into account fluctuations, high polydispersity.
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FIG. 5. (Color online) I'; of d-DEHC NE for different (constant)
values of a, as indicated in the graph, high polydispersity.

After it has been shown that information about the bending
rigidity could be extracted from such a complex system with
the aid of SANS and NSE in core-shell contrast, it has
been attempted to apply the same scheme to the sample
with hydrogenated oil in bulk contrast. In fact the qualitative
behavior is very similar. Both ¢ and I'; are more or less
constant above 0.8 1 /nm and good fit results are obtained with
a single value of a and I'y (Figs. 7 and S17). The obtained
fit parameters are summarized in Tables I and S VI. Using
the high polydispersities obtained from SANS (able S V),
the obtained I'; for both bulk and core-shell contrast are in
agreement within (the admittedly considerable) error, while
there is a considerable discrepancy between the obtained
values if lower polydispersities are used. Namely, it appears
that the sample with deuterated oil would have a very soft
membrane, while the sample with hydrogenated oil would
have a rather stiff membrane. This is unrealistic as the
deuteration of the oil should basically have no effect on the
elasticity of the membrane. Apparently only the use of the
high polydispersities obtained from SANS leads to consistent
results, even though there is a certain risk to treat some of
the effects that are due to the dynamics of the membrane as
polydispersity.

B. Measurements with different ionic surfactants and
encapsulation with the polycation JR 400

After having established that membrane dynamics can be
studied in such complex systems in both bulk and core-shell

S(Q.0/S(Q.0)

t [ns]

FIG. 6. (Color online) Intermediate scattering functions of d-
DEHC NE, simultaneous fits taking into account fluctuations, high
polydispersity.
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FIG. 7. (Color online) Intermediate scattering functions of h-
DEHC NE, simultaneous fits taking into account fluctuations, high
polydispersity.

contrast, we went on and studied the influence of different
anionic surfactants and addition of the cationic polyelectrolyte
JR 400, which can be expected to attach to the surface
of the oppositely charged nanoemulsion droplets, on the
structure and dynamics of nanoemulsion systems. The exact
conditions under which nanoemulsions are stable are still
poorly understood, especially with respect to the effect of the
individual molecular components (for instance in this case the
choice of anionic surfactant). The idea behind the addition of
JR 400 is its principal ability to encapsulate the nanoemulsion
droplets, which might be a potentially promising approach
to increase the stability of nanoemulsions, since it might
stiffen the membrane and also prevent Ostwald ripening by
preventing monomers from entering or leaving the droplets. In
order to allow efficient encapsulation however the membrane
must be charged in the first place and therefore a part of the
original Tego Wipe DE formulation was replaced by an anionic
surfactant (AOT or Texapon N70).

1. SANS

The SANS curves of the nanoemulsion systems with and
without additional surfactant are shown in Fig. 8. The effect of
additional JR 400 on nanoemulsions with AOT and Texapon
N70 is shown in Fig. S22 and Fig. S23, respectively.

SANS data could be described with Eq. (6). The obtained
fit parameters are summarized in Table II and show rather

TABLE 1. Parameters obtained from NSE with high polydis-
persity, Q-independent Zilman-Granek relaxation rate I'y, bending
modulus x and the amplitude of membrane dynamics a [see Eq. (11)].
Kk is calculated with 5. = 03, its error Ak is 2AT',/ T’k and does
not account for any systematic errors, Ax and Aa are taken from the
fits.

Sample Tt [A%/ns] K [kT] a
Tegowipe NE 11 £ 4 8§85 1.0 £ 0.2
AOTIJR 400 NE 15+2 42 £ 09 0.45 £ 0.03
AOT NE 13£1 61 0.63 + 0.03
Texapon/JR 400 NE 17 £ 1 35 £ 0.6 1.00 £ 0.04
Texapon NE 17 £ 1 35+ 05 1.00 + 0.04
d-DEHC NE 10 £2 10 £ 4 0.82 £+ 0.08
h-DEHC NE 82 15 +7 1.0 £ 0.1
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FIG. 8. (Color online) SANS curves of Texapon NE (black), AOT
NE (red), and Tego Wipe NE (green).

insignificant changes compared to the systems without added
JR400. Figure 9 shows the volume-weighted normalized size
distributions of all five samples. While there are two well-
distinguishable peaks for nanoemulsions without additional
surfactant, AOT causes a shift of both peaks towards smaller
radii. Also, the nanoemulsion droplets (second peak) become
more polydisperse and their weight is increased. Addition of
Texapon N70 causes the first peak to be shifted to smaller radii
as well and in addition, the second peak becomes extremely
smeared out. In fact, there is no more well-defined peak to be
observed, which, of course, could also be due to our limited
observation window in Q. For both AOT and Texapon N70,
the addition of JR 400 has hardly any effect on the structure.

2. NSE

NSE data were evaluated with Eq. (11) in the same way as
before (i.e., individual curves were fitted with different values
of a and I'y). Unless the result was obvious (i.e., the value of
a was the same for all curves when both ¢ and I'y were free
parameters of the fit), [’y was fitted to the individual curves
with different constant values of a in order to see which range
was suited for a fit with global parameters. In any case the
suitable range turned out to be above 0.8 1/nm. The curves
obtained from the fits with global parameters are shown in
Fig. 10 (AOT NE, shown here as a representative example),
Fig. S18 (Tego Wipe NE), Fig. S19 (AOT/JR 400 NE), Fig.
S20 (Texapon NE), and Fig. S21 (Texapon/JR 400 NE) and
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FIG. 9. (Color online) Normalized volume weight distributions
of different samples, distributions obtained from SANS.

the fit parameters are summarized in Tables I and S VI. Good
fits are always obtained, but to a lesser extent for the pure Tego
Wipe Solution. This is probably due to the fact that the small
distribution is somewhat larger here and the assumption of the
membrane dynamics being only due to the larger distribution is
less well fulfilled. The effect of the addition of the surfactants
and JR 400 on the bending rigidity of the surfactant monolayer
relative to the one of the pure Tego Wipe system is shown
in Fig. 11, thereby avoiding the uncertainty concerning the
absolute value of «. It is interesting to note that the addition of
ionic surfactant does not seem to stiffen the membrane as could
be expected from a more strongly charged monolayer [37,38].
An explanation for this behavior would be that the addition of
both ionic surfactants leads to an effectively thinner surfactant
monolayer and as the mean-bending modulus « is proportional
to the third power of the thickness [39,40]. This would have
a pronounced effect on the observed modulus. The reduction
is more pronounced for the Texapon N70 where also a higher
degree of admixing was present.

Interestingly also, the addition of the oppositely charged
JR 400 has basically no effect on the Texapon N70 doped
system, while it leads some further reduction of x for the
AOT system. The effects observed are within our nominal
error bars, but it can be assumed that the error obtained from
the fits is somewhat overestimated here, at least as far as the
comparison of trends is concerned. A good part of the error
bars is probably due to systematic errors, since our model is
far from being perfect. However, since the size distributions

TABLE II. Parameters obtained from SANS with different surfactants and JR 400, macroscopic volume fraction
¢m, fraction of material dissolved in bulk f [so that ¢ = ¢,,(1 — f)], relative weight of first distribution ¢,
mean of distribution x M, and its standard deviation Sp , scattering length density of material SLD (with AS;p =
Stp — SLp,buik, Where Spppu is that of D,O, modified by the dissolved material) and incoherent background (bkg).

Texapon/JR 400 NE Texapon NE AOT/JR 400 NE AOT NE Tego Wipe NE

O 0.0597 0.0574 0.0599 0.0577 0.0578

f 0.577 0.567 0.425 0.398 0.403
Direl 0.437 0.413 0.112 0.115 0.546

M, [nm] 2.58 2.25 4.21 4.12 9.79

Sp, [nm] 1.97 1.76 2.14 2.10 5.69

M, [nm] 17.5 17.8 18.5 18.9 49.80

Sp, [nm] 12.8 12.6 8.66 8.59 8.73

Sip [nm~2] 3.39E-05 3.38E-05 3.14E-05 3.13E-05 3.07E-05
bkg [cm™!] 0.0616 0.0628 0.0695 0.0732 0.0708
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FIG. 10. (Color online) Intermediate scattering functions of AOT
NE. Fits: fluctuation, shared I'; and a, high polydispersity.

for samples with and without additional polyelectrolyte are
very similar, the results are systematically wrong in the same
manner. Therefore, at least the trends can be thought of as
being significant. Interestingly, the membrane is softened,
rather than stiffened by the addition of JR 400. From the
data, it is not clear whether the polyelectrolyte is actually
bound on the membrane, but it is likely due to the electrostatic
conditions. In general, this effect can be attributed to an
enhanced electrostatic screening, either by simply raising the
ionic strength or compensating the charges directly by having
JR 400 bound to the surface of the nanoemulsion droplets. An
alternative explanation might be that by the presence of the
polyelectrolyte some of the ionic surfactant now is bound to
the polyelectrolyte in solution, thereby reducing the number of
ionic surfactants in the amphiphilic monolayer, which renders
it softer. In any case, apparently the polyelectrolyte-surfactant
interaction is dominating over the effect that a thicker shell
due to the bound polyelectrolyte has.

C. Discussion

The structure and dynamics of several nanoemulsion for-
mulations obtained by the PIC method have been investigated
using SANS and NSE. It could be shown that even in such
complex and polydisperse systems, useful information can be
gained concerning the dynamics of the membrane. It could be
confirmed that a previously assumed [9] bimodal distribution

IR

0.2

K /K Tego Wipe

0.0+

T T
without JR 400 with JR 400

FIG. 11. (Color online) « relative to « of Tego Wipe NE for
nanoemulsions with different added ionic surfactants, with or without
JR 400, high polydispersity, black circles: AOT; red squares: Texapon
N70.
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of spherical droplets is present in the solutions. In this work,
parts of the basic nanoemulsion formulation were substituted
by different ionic surfactants in order to encapsulate the
charged droplets with an oppositely charged polyelectrolyte.

Using size distributions obtained from SANS, it could be
shown that membrane dynamics can be observed with NSE,
and can be described in terms of the bending elasticity using
the model by Zilman and Granek [16]. SANS measurements
with deuterated oil showed, that the droplets have a core-shell
structure with a surfactant shell.

The addition of anionic surfactant (AOT or Texapon N70)
leads to a shift of the bimodal distribution in different
directions, which will be due to the different packing parameter
of the single- and double-chain surfactant. From the NSE
data we could deduce the bending modulus of the surfactant
monolayer, which was reduced in a similar way by both anionic
surfactants. This is presumably explained by an effectively
thinner monolayer due to their incorporation into an otherwise
rather stiff and thick monolayer formed by the polyglycerol-
4-laurate.

The addition of Texapon N70 results in more polydisperse
droplets and less material is in the nanoemlusion as can be
seen from the increase of f (fraction of material dispersed
in the bulk solution) and ¢y, (fraction of material in the
small droplets, see Table II). This is a bit surprising at first,
especially when taking into account that there has been more
Texapon N70 introduced in the system than AOT, which
should result in a stronger charge of the droplets and thereby
result in a higher-bending elasticity. But it might be argued
that the single-chain ionic surfactant having a much smaller
packing parameter [41] than AOT is not well suited to be
incorporated in a relatively flat membrane such as the shell of
the relatively large nanoemulsion droplets. Thus, most of the
Texapon N70 might be in the small microemulsion droplets
and the membrane of the nanoemulsion droplets actually is
less charged and less stiff.

Interestingly adding oppositely charged polyelectrolyte has
no visible effect on the structure of nanoemulsions, nor a larger
effect on the stiffness of the surfactant monolayer. Only in
nanoemulsions with additional AOT, a slight softening of the
membrane can be observed with NSE.

These findings show that the combination of static and
dynamic neutron scattering is very suitable to obtain a detailed
structural and dynamical picture even for such relative complex
colloidal systems as nanoemulsions. Apart from the bimodal
size distribution information regarding the stiffness of the
surfactant monolayer could be deduced and how it varies upon
the modification of the system by added anionic surfactant or
oppositely charged polyelectrolyte. This knowledge deepens
the understanding of such systems and will allow in the future
for a more rational approach in designing them.
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