¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

Confined bicontinuous microemulsions: nanoscale

’ '.) Check for updates ‘
dynamics of the surfactant film+:i

Cite this: Soft Matter, 2024,

20, 8692 *3 Olaf Holderer,

¢ Jessica Hubner,” Thomas Hellweg

® René Haverkamp, {2 € Ingo Hoffmann,
© and Stefan Wellert (= ¢

Margarethe Dahl,
Kathleen Wood,

A confined bicontinuous CioE4—D,O—-n-octane microemulsion is studied using neutron spin echo
spectroscopy (NSE). Controlled pore glasses serve as confining matrices with pore diameters ranging
from 24 to 112 nm. Firstly, the microemulsion in bulk is investigated by NSE and dynamic light scattering,
which allows the determination of the unperturbed collective dynamics as well as the observation of the
undulation of the surfactant film. In confinement, it is observed that the collective modes are drastically
slowed down in all investigated pore sizes. The undulations of the surfactant film in the largest pores are
found to be comparable to those of the bulk and decrease with decreasing pore diameter. Fitting proce-
dures of the intermediate scattering function revealed that the long wavelength undulations are cut off

Received 1st August 2024,
Accepted 15th October 2024

DOI: 10.1039/d4sm00925h

Open Access Article. Published on 16 October 2024. Downloaded on 6/17/2026 5:58:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/soft-matter-journal

1 Introduction

The influence of hard confinement on simple fluids, binary
fluid mixtures and colloidal liquids has attracted considerable
attention during the last two decades.’” It was found theore-
tically and experimentally, that significant changes in the fluid
properties occur when the confinement becomes comparable
to a characteristic length of the confined liquid.® In simple
fluids, it is primarily the molecular size and the extent of the
wetting layers away from the confining surface that determine
the structural properties of the fluid."”” For example, the NMR
field-gradient technique was used to explore the dynamics of
cyclohexane inside controlled pore glasses (CPG) and a
decrease of the self-diffusion coefficients was observed and
attributed to the existence of free liquid and adsorbed liquid.
In that case, the observed decrease of the diffusivity was mainly
due to the geometric restriction rather than to the interaction
with the surface.® The fundamental work shows that even simple
liquids in pores exhibit strong changes in phase behavior.
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from the spectrum of fluctuation modes due to the interactions with the pore walls.

Mixtures, and especially binary mixtures that have been studied
extensively, show changes in their critical behavior inside
porous materials compared to free mixtures.”'® In both, experi-
ments and theoretical work, a particularly complex phase
behavior was found. Here, the geometric properties of the pore
network, the details of the penetration of the fluids, the pore
matrix as well as the potentially competitive wetting behavior
of the liquid components and the resulting preferential adsorp-
tion play a major role.">'? For the binary model system
isobutyric acid and D,O the concentration fluctuations during
the phase transition from the one-phase to the two-phase
region was monitored in confinement with neutron spin echo
spectroscopy (NSE) showing that the method is able to reveal
interesting information also for 3D confined systems. It was
found that the fluid behaves in a bulk-like manner until the
correlation length of the fluctuations exceeds the pore size. The
microphase separation extends over a wider temperature range
than in bulk.'*'*

In more complex structured fluids, additional length scales
become important. In systems such as bicontinuous microe-
mulsions, correlation functions exhibit exponentially damped
oscillatory behavior and an isotropic periodic internal structure
occurs, in which randomly oriented oil and water domains,
separated by a surfactant interface, form a sponge-like structure.

In addition to the fundamental structural and physical
properties of such complex fluids, the physical properties in
restricted geometries also play a significant technical role and,
as a result, attract scientific interest. For example, this includes
the flow properties of such fluids when forced through porous
or membrane-like structures or technically relevant microchan-
nels such as in microfluidic applications™ or the formation of

This journal is © The Royal Society of Chemistry 2024
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microemulsions when penetrating porous rocks, which plays a
major role in enhanced oil recovery when surfactant solutions
are used to extract the reservoir fluid.'® A series of experimental
and numerical works explored the properties of these situations.
For example, in rheological and small angle neutron scattering
experiments (SANS) it was found that at sufficient high shear flow
a transition from a sponge-like or bicontinuous to a lamellar
structure is induced, which is accompanied by a change in
the dynamic viscosity of the complex fluid.">"""*® Moreover, the
influence of confinement by planar surfaces on the equilibrium
structure and the related physical properties was explored with
scattering experiments. The near-surface structure of sponge
phases and bicontinuous microemulsions on planar surfaces
was investigated by scattering methods (neutron reflectometry,
grazing incidence scattering).'**° Additionally, the combination of
grazing incidence geometry with neutron spin echo spectroscopy
was established and used to study the dynamics of C;E; and sugar
surfactant based bicontinuous microemulsions near solid surfaces
as a function of the neutron penetration depth.*** Surface force
measurements were performed to study surface induced phase
transitions of bicontinuous microemulsions of different composi-
tions. Due to the flexibility of the interfaces, bicontinuous micro-
emulsions exhibit repulsive force barriers which is attributed to
the overlap of the lamellar structures induced between the con-
fining mica surfaces. Depending on the composition of the
microemulsion and hence, its position inside the phase diagram,
additional attractive forces due to water capillary condensation
were observed.” It was found that the presence of the confining
solid surface modifies the free energy of the surfactant interface
due to the interaction of the microemulsion with the solid surface.
In the case of a C,;,E,—D,0O-n-decane bicontinuous microemulsion
adhered to a hydrophilic planar surface an increase of the
relaxation times of the height fluctuations of the surfactant
interface was found.*" In the case of a sugar surfactant-based
microemulsion from the system Cg/10G; 3-pentanol-D,0O-cyclo-
hexane, a slight increase of the relaxation times was observed
but without a notable difference between hydrophilic and
hydrophobic planar surfaces.”

These previous studies of the dynamics in confined bicon-
tinuous microemulsions have mainly focused on the one-sided
confinement by a planar surface. Their results raise the ques-
tion of how a three-dimensional confinement, as represented
by a mesoporous structure, will influence the structure and
phase behavior of the microemulsions and how this manifests
in the observable dynamics.

In the present work, we use NSE to investigate the thermally
activated internal dynamics of a bicontinuous C,,E;—D,O-n-
octane microemulsion with a temperature-dependent phase
behavior after imbibition into hydrophilic and hydrophobic
geometric confinements without external flows when the sys-
tem has reached its equilibrium state inside the confinement.
The observed dynamics is compared with the dynamics of a free
bicontinuous microemulsion of the same composition, which
was measured with dynamic light scattering and NSE. The
numerous previous studies with this microemulsion system
make it a very well characterized reference system.'®?*72°

This journal is © The Royal Society of Chemistry 2024
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height fluctuations

Fig. 1 Schematic representation of the possible fluctuations in a bicon-
tinuous microemulsion. In addition to concentration fluctuations of the oil
and water domains, height fluctuations occur perpendicular to the amphi-
philic interface. In addition, microscopic flow movements can occur in the
domains, along the interfaces and between the pores.

As confining matrices we use CPG particles with pore sizes of
24, 46 and 112 nm which are pressed into pills (see Fig. 1).
NSE enables a direct measurement of the bending elasticity
constant x of the surfactant film in the microemulsion
as a characteristic feature of the interface.”” This avoids
possible ambiguities in the determination of x due to the
complex superposition of the individual contributions in the

SANS data.

2 Experimental part
2.1 Materials

Water was purified using a Milli-Q system (Millipore) reaching
a final resistance of 18 MQ. Tetraethylene glycol monodecyl
ether (CyoE,) (>95%) was purchased from Bachem. n-Octane,
dichlorodimethylsilane (DCDMS), and anhydrous toluene (99.8%)
were purchased from Sigma-Aldrich. Sulfuric acid (95%) and
aqueous H,0, solution (30%, stabilized) were purchased from
VWR Chemicals. Deuterated water (D,O, 99.9%) was purchased
from Deutero. Chemicals were used as received.

2.2 Surface modification of porous glasses

The surface polarity of the native CPG is hydrophilic due to the
terminal hydroxy groups of the silica skeleton. The surface
polarity was altered following a modified procedure of Bosley
and Clayton.?® Therefore, as described above, the CPG was
freeze-dried to remove any residual moisture. Then 1.5 g CPG-
powder was filled into PTFE tubes with a total volume of 25 mL.
60 mL anhydrous toluene was transferred into a glass reactor,
purged with nitrogen for 30 min, and stirred at 300 rpm.
Afterwards, 14.8 mL DCDMS was added to the toluene and
stirred for 5 min at 500 rpm. Then 25 mL of this solution was
added to each PTFE tube and placed on an orbital shaker for
1 h at room temperature. The CPG powder was separated from
the solution by centrifugation and washed twice with toluene,
acetone, and Milli-Q water. After freeze-drying, the surface
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modification was verified by elemental analysis where it was
monitored as an increase in the carbon content. The hydro-
phobically modified CPG is labeled as CPG-CH3;. For statements
that hold for both CPG-CH; and CPG-OH, the abbreviation CPG
is used.

2.3 Methods

2.3.1 Microemulsion preparation and characterization.
The temperature-dependent phase behavior of the ternary
system C,0E,—H,0-n-octane is well characterized and discussed
in the literature.*®*’ Since the investigated system was already
intensively studied, it was not necessary to fully characterize the
phase behavior. All analyzed samples originate from the bicon-
tinuous phase of the system.>®?® The compositions of the
samples were taken from the literature and the phase structure
was checked with the chemicals used. The bicontinuous micro-
emulsion was prepared using equal volume parts of n-octane
and D,0O

Vp,o

=—"F"—"—=05
VDZO + Vn-octune

and a surfactant amount of 12.84 wt% obtained from

Mgyrfactant

Ay —

Msurfactant T M1D,0 + My-octane

=0.1284.

To ensure that the samples are bicontinuous and single-phase
the microemulsion samples were stored in a thermostated
cabinet at T = 22.5 °C prior to all measurements.

2.3.2 CPG characterization. Nitrogen adsorption/desorp-
tion isotherms were recorded with an Autosorb-1 (Quanta-
chrome) at 77 K. Before the measurements, the samples were
degassed under vacuum at 90 °C for 24 h to remove any
adsorbates. The specific surface area (A;) was obtained by
applying the multi-point Brunauer-Emmett-Teller (BET)
method in a range of 0.04 < p/p, < 0.2. The pore diameter
(dn,1g), pore volume (Vp), and porosity (¢ = Vp/V) of the
mesoporous CPG17 was determined from these N,-desorption
isotherms by using the Barrett-Joyner-Halenda (BJH) method.
Hg-intrusion experiments for characterization of the macro-
porous CPG50 and CPG100 were conducted using an AutoPore
III from Micromeritics. The results can be found in Table 1.

2.3.3 Small angle neutron scattering. Small angle neutron
scattering (SANS) experiments were performed at the Quokka
instrument at the Australian Nuclear Science and Technology
Organisation (ANSTO, Sydney, Australia).*® The Quokka instrument
was used with three different configurations. The wavelength (1)

Table 1 Pore diameter dy,ng pore volume Vp, porosity & which is the
fraction of pore volume to total volume, and the specific surface area A
obtained from Hg-intrusion and N,-adsorption measurements. Pore dia-
meter dp obtained from Teubner—Strey fit of the air-filled CPGs by multi-
plication of the ds (Table 2) with the porosity

CPG dn,mg (M) Ve (mLg™) & Ag (m*g™")  dp (nm)
CPG17 24.4 0.87 0.66 124.6 20.4 £ 0.3
CPG50 46.0 1.16 0.72 68.1 42.9 + 3.0
CPG100 112 1.57 0.78 35.9 122.5 £ 7.0
8694 | Soft Matter, 2024, 20, 8692-8701
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and sample-to-detector distance (lsp) were set to 1 = 6 A I =
1.35 m (high g), 1 = 6 A, Isp = 8 m (mid g), 4 = 8.1 A with a lens
focusing optics, lsp = 20 m (low g). With these configurations a
g-range of 5 x 10~ * to 0.6 A~* was covered. All data are expressed as
the scattering cross-section against the magnitude of the scattering
4r .

—sin

vector q given by ¢ = |q| = (0/2), where 0 is the scattering

A
angle and A is the neutron wavelength. The CPG powder was

pressed into cylindrical tablets to minimize the voids between the
CPG particles. 0.1 g CPG was pressed into a PTFE ring with a
diameter of 10 mm and a height of 0.1 mm.

2.3.4 Neutron spin echo spectroscopy. In order to achieve a
compact porous sample, 0.5 g powder was pressed into a PTFE
ring with a diameter of 30 mm and a thickness of 1 mm.
A hydraulic press was used with 60 bar. This pressure was held
for 6 min. These tablets were placed between two quartz
windows in an aluminum sample holder. All samples were
placed in a tempered cabinet at 22.5 °C prior to the measure-
ment. The neutron spin echo experiments were performed at
the IN15 beamline at Institut Laue-Langevin (ILL) in Grenoble,
France. All samples were measured at 9 different magnitudes of
the scattering vector g in the range of 0.05-0.122 A™*, as shown
as red crosses in Fig. 2. This was achieved by using neutrons
with three different wavelengths, A = 8, 10, 12 A with three
different scattering angles, 0 = 8, 6.5, 4.5° and splitting the
detector in three areas. The data of the bulk microemulsion
were background corrected with a pure D,O sample to correct
for solvent dynamics at very short Fourier times. The corres-
ponding background correction for the bicontinuous microe-
mulsion imbibed in the CPG matrices was done with reference
data measured with D,O inside the three CPG matrices. The
data was mainly analyzed using the scipy library in Python,
which uses the trust region reflective algorithm for fitting
procedures. The numerical analysis of the dynamic structure
factor was performed using the standalone Fortran routine
previously discussed in the literature.?"

NSE range
10 CPG17-OH

I — bkg (cm™1)

CPG50-OH
107" CPG100-OH
o ME ;
107 = > -
10 10 10
q A1)

Fig. 2 SANS signal of the hydrophilic D,O-filled CPG and the bicontin-
uous microemulsion in bulk (ME). The solid line represents the fit to the
egn (2). The red crosses represent the investigated g-range by NSE.

This journal is © The Royal Society of Chemistry 2024
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2.3.5 Dynamic light scattering. The microemulsions
in bulk were investigated by dynamic light scattering with a
3D-spectrometer from LS instruments (Fribourg, Switzerland).
The instrument is equipped with a He-Ne laser wavelength of
623.8 nm. The samples were measured at 22.5 °C in scattering
angles in the range of 40-100° in steps of 10°. The data was
analyzed with the software SimplightQt.**

3 Results and discussion

3.1 Structural properties of the confining matrices and the
confined microemulsion

The CPGs are formed by a silica skeleton which establish
interconnected pores with a sponge-like structure, similar to
the bicontinuous structure from the microemulsion.**™?
Therefore, all SANS curves exhibit the characteristic broad
correlation peak and are described by the Teubner-Strey (TS)
model.*® A detailed description of the structure of the confining
matrices and the confined microemulsion can be found in our
previous work.?”

_ 8r0(1 — P)ASLD? /¢
T @ =-2b¢r+ ¢

2
m\? 1 m\? 1
here i = [ (== ) += db= (=) 4=
where a ((de) +£2> an (a’) —Q—éz

The SANS curves of the D,O-filled CPGs are shown in Fig. 2.
Additionally, the surface of the powder particles contributes
with a power-law decay at low g. Combined the SANS signal can
be described by:

1(q) 1)

1(q) = Aq" + (1 — A)I(q)rs. (2)

The solid lines in Fig. 2 are the fits to eqn (2), where @ is
substituted by the porosity ¢ and the contrast ASLD is the
difference of the scattering length density between D,O and
the CPG (SLD of silica). In the first term, n is the exponent of
the power law with n = —4 in case of Porod scattering. The
overall shape of the SANS curves was not altered by the surface
modification, the SANS curves of the hydrophobic CPGs and
the CPGs imbibed with the microemulsion can be found in the
ESIL,x Fig. S1 and S2. Thus an average of the fitted inter-domain
distance drg and correlation length &rs of the hydrophilic and
hydrophobic CPG can be found in Table 2. The pore diameter
dp can be calculated from multiplication of the dys and the
porosity ¢ and is in good agreement with the pore diameter
obtained from porosimetry measurements, as listed in Table 1.
The SANS signal of the bicontinuous microemulsion is shown

Table 2 Fit parameters of the SANS signal of the CPG matrices and the
bicontinuous microemulsion in bulk

Label drs (nm) s (nm)

CPG17 31.1 £ 0.5 12.8 £ 1.8
CPG50 59.7 £ 4.2 16.3 £ 1.5
CPG100 158.0 £ 9.1 20.3 = 1.0
ME 32.7 £ 3.3 22.2 £ 1.5

This journal is © The Royal Society of Chemistry 2024
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in Fig. 2 and the fitted characteristic length scales are listed in
Table 2. They are in good agreement with the literature.>® From
the inter-domain distance (drs) and the correlation length (&rs)
of the bicontinuous microemulsion, the bending elasticity
Ksans can be determined from:*®

10v/3n
KSANS = — 7 — %ks T. (3)

Using the parameters from Table 2 the bending elasticity of
the bicontinuous microemulsion is xgans = 0.577kgT, which is
in good agreement with the literature."®

A comparison of the results from SANS measurements
shown in Tables 1 and 2 shows that the structural sizes of
the microemulsion fit several times into the largest pores and
are comparable to the diameter of the smallest pores. Accord-
ingly, the strongest effect on the dynamics can be expected for
the smallest pores.

3.2 Confinement effect on bicontinuous microemulsion
dynamics

The thermally excited dynamics in a bicontinuous microemul-
sion extend over several g regions and time scales, which can be
observed using dynamic light scattering and NSE. In the g
range g > 1/drs, height fluctuations of the amphiphilic inter-
face predominate, while in the range g < 1/drs, continuous
topological changes of the structure (rearrangement, new for-
mation and degradation of channels and connections between
membranes) occur. These can be observed very well with NSE.
At ¢ < 1/drs, long-range collective fluctuations occur in the oil
and water domains, which is optimal for observation with
DLS.*!

3.2.1 Dynamics in the bicontinuous microemulsion in
bulk as seen with DLS and NSE

3.2.1.1 Dynamic light scattering measurements. With its g-range
from 7 x 10°*A 1 to 2 x 107> A%, DLS observes concentration
fluctuations inside the bicontinuous microemulsion structure at
lengths of several 10 nm. That extends over several oil and water
domains. Hence, the measured intensity autocorrelation functions
were fitted with a simple exponential to extract the decay rate I'p;s

&(1) — 1= fexp(—2Iprs7) (4)

where f§ is a coherence factor of the instrument, I'p;g is the
decay rate and 7 is the correlation time. This approach has been
repeatedly tested and applied in previous studies.*'*° The
decay rates depend linearly on ¢°. Thus, they exhibit typical
diffusive behavior. Therefore, the diffusion coefficient of the
hydrodynamic modes can be obtained from:

I'pis = DC,DquZ- (5)

From fitting eqn (4) to the measured intensity-auto-
correlation functions g*(t) — 1 the relaxation rates I'pig were
extracted and plotted as a function of ¢>, which can be seen in
the ESIL% Fig. S3. The inset exemplarily depicts the correlation
function measured at a scattering angle of 90°. The monomodal

Soft Matter, 2024, 20, 8692-8701 | 8695
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behavior of the correlation function is clearly visible. A linear fit
to I'pis(q®) confirms the validity of eqn (5) from which
the diffusion coefficient D.prs = 1.98 x 10~'" m> s~ was
determined. This corresponds well to D. values of previously
measured bicontinuous microemulsions.*’

Although derived as the relation between the diffusion
coefficient of spherical particles in a dilute suspension, the
Stokes-Einstein equation can be applied to estimate a char-
acteristic length R; of the concentration fluctuations. With

kgT

Rl =——"7—
" 6mnDepLs

(6)
at a temperature of 7 = 22.5 °C and an averaged dynamic
viscosity of # = 0.87 mPa s a value of R; =12.4nm was
estimated. The use of the average of the solvent viscosity
N = Hwhw T Moo is based on the assumption that on the
observed length scale mainly membrane fluctuations and sol-
vent flow of the bulk solvent domains contribute to the friction
dissipating the thermal activation while the sample averaged
viscosity is up to 5 times larger than the pure solvent
viscosities.>"*°

3.2.1.2 Neutron spin echo spectroscopy measurements. Neu-
tron spin echo (NSE) spectroscopy studies on bicontinuous
microemulsion capture the height fluctuations of the amphi-
philic interface due to undulations. Additionally, hydrody-
namic modes with characteristics of diffusive motion
contribute to the measured normalized intermediate scattering
functions S(q,7)/S(¢,0), within the length and time scale of the
technique. In Fig. 3 a set of normalized intermediate scattering
functions is shown for the g-range from 0.03 A~* to 0.122 A~
It can be seen that with increasing g-values the curves decrease
with an increasing relaxation rate. In accordance with
previously published results on the dynamics in bicontinuous

View Article Online
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microemulsions we analyze the data within the Zilman-Granek
approach for thermally excited membrane undulations.*! Thus,
the NSE signal can be described by the following equation
which combines the stretched exponential relaxation for the
membrane undulations with a single exponential relaxation for
the concentration fluctuations:

S(g,7)
S(q,0)

In this model, 4 is the amplitude weighting the contribution of
the undulation mode of the surfactant membrane with
its relaxation rate I', and [I'. is the relaxation rate of the
concentration fluctuations of the oil and water domains.

ks T\ kg T |,
K n 7

= (1 — A4) + A(exp(—T-1))*P | exp(~Ter).  (7)

I.= O.OZSV,C( (8)
In this relation I', = D*¢?, the apparent diffusion coefficient D*
depends on the bending elasticity constant x and the solvent
viscosity 7. For values of k¥ » kgT the parameter y, accounting
for angular averaging of the membrane orientations takes
values of 7, ~ 1 — 3(kgT/4nk)ln(gé).>' Here, ¢ is a measure
for the size of the fluctuating membrane platelets and thereby
the mode spectrum excited by the thermal fluctuations.

The solid lines in Fig. 3 are fits of eqn (7) to the data. The
fitted values for A, I', and I, are listed in the ESL,{ Tables S1-S7.
According to the predictions of eqn (5) and (8) in Fig. 4 the
resulting relaxation rates are plotted, as I'. oc ¢* in graph (a)
and as I', oc ¢° in graph (b) and the amplitude A is shown as a
function of g in plot (c).

The slope in graph (a) of Fig. 4 yields the collective diffusion
coefficient D, = 1.83 x 10~ m? s~ which corresponds well
with D, p1s obtained in the DLS measurements. This is a strong
indication that the underlying diffusive contribution stems
from the breathing modes measured with DLS. Note, that at

1.0 10
08 08 o8
% ¢ g=00324
go.e 0.6 061 ¢ g=00414
; ¢ g=0054
@ =
04 04 04 ¢ q=006A
¢ g=00714
¢ g=00814
02
00— 00—
107" 10° 10' 10° 107" 10° 10’ 10°
T (ns) T (ns)
Bo4 0
Eo02 0.0 R
o
0.0 | i »..aa:-w%-@#/ -0
107" 10° 10' 10° 107" 10° 10' 10° 107" 10° 10' 10° 107" 10° 10' 10°
T (ns) T (ns) T (ns) T (ns)

Fig. 3 Normalized intermediate scattering functions of (a) the bicontinuous microemulsion in bulk and the confined microemulsion in the hydrophilic
CPG100-0OH (b), CPG50-OH (c) and CPG17-OH (d) for several g values. The solid lines are fits to the eqn (7). The dotted lines are the fit to the eqn (9).

Bottom: Normalized residuals of the fit.
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Fig. 4 Results of fitting the NSE data of Fig. 3(a) with egn (7): (a) relaxation
rate I'. of the collective motions inside the bicontinuous microemulsions
(b) relaxation rate I', of the membrane undulations and (c) amplitude A as a
measure of the weight of the contribution of both dynamics.

g > 0.1 A" the results deviate significantly from the initial
progress. That indicates the onset of an increasing contribution
of the membrane undulations.

A linear fit to the data in Fig. 4(b) yields a slope of
D* = 167 A® ns™'. This is in agreement with values of D* of
other microemulsions.

A direct way to analyze the intermediate scattering functions
that avoids simplifications and assumptions leading to eqn (7)
and (8) uses a previously developed numerical computation
routine for S(q,7).*"*?

1 (R
S(g,7) ocJ d,uj drrJy (qr\/l - ,u2>
o Jo

kgT 5 o (fmdk ok
X exp (f;t—quuzJ F(l — Jo(kr)e U‘)’)).

Kmin

To include all possible undulation modes of a fluctuating
membrane patch, the integration over all possible undulation
wave vectors k is constrained at high k = kya.x ~ 2n/a values
(corresponding to short undulation wavelengths) by the thick-
ness a of the surfactant membrane determined by the surfac-
tant molecular structure, and at low k = ky;, = 2n/¢ values
(corresponding to long undulation wavelengths) by the correla-
tion length ¢ of the bicontinuous microemulsion reflecting the
size of a undulating membrane patch. It is important to note,
that the scattering vector q and the undulation wave vector k
represent entirely different quantities. The expression of the
nested integral form of S(g,7)/S(q,0) includes three integrals
and the Bessel function of order 0, Jy(kr). The system length
scales knyin and kn.x are the integration limits of the inner
integral as mentioned above. Additionally, R oc n/kyi, defines
the maximal real space length scale and r measures the posi-
tion of a molecule in the membrane. To account for the random
orientation of the membrane patches the integration over the
cosine p of the angle between the scattering vector q and the
normal vector on a membrane patch is done.**** Under these
conditions, the bending elasticity constant of the amphiphilic
interface was used as a free parameter and at ¢ > 0.122 A~ the
amplitude becomes less than one due to background effects.
The normalization of S(g,t)/S(q,0) usually yields an amplitude ~1
and was also used as a free parameter here. The contribution of
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the hydrodynamic modes is included in the fitting by an additional
background term oc exp(—(D.g*)).

The dotted lines in Fig. 3 are fits of the dynamic structure
factor using eqn (9). In Fig. 5 the fitted dynamic structure factor
for the microemulsion in bulk and confined in hydrophilic CPG
is shown exemplary for g = 0.095 A%, The fit for the other tested
g-values can be found in the ESLi Fig. S4. To reduce the
ambiguity in the fitting, the superimposed relaxation of the
collective diffusion of the oil and water domains was fixed
based on D prs from the results of the DLS measurements as
discussed above. As in eqn (8), the viscosity of the solvent
surrounding the amphiphilic membrane is a crucial parameter
in the determination of the bending elasticity constant. On the
very local scale, we assume that the activation energy of the
membrane fluctuations is dissipated by friction from the
molecules of the pure bulk phase liquids. The resulting bend-
ing elasticity constant k yields 2.9kgT with ¢ = 22.2 nm and
D.p1s as obtained with DLS and is somewhat larger than
calculated from the SANS results.

3.2.2 Dynamics of the bicontinuous microemulsion inside
the CPG matrices seen with NSE. The normalized intermediate
scattering functions of the confined bicontinuous microemul-
sion inside the hydrophilic pores are shown in the Fig. 3 panels
(b)-(d). To facilitate comparison with the NSE data of the
unconfined microemulsion, the scaling on the y-axis was kept
constant. (Enlarged scaling can be found in the ESL3} Fig. S5.)
The decay of the normalized intermediate scattering functions
S(g,7)/S(q,0) of panels (a)-(d) shows a slowing down of the decay
within the time window of the NSE measurements. The NSE
data of the microemulsion in hydrophobic pores is shown in
the ESLi Fig. S6. SANS measurements on the bicontinuous

1.0

ME

¢ CPG100-OH
02/ ¢ CPG50-OH
CPG17-OH
107" 10° 10° 107
T (ns)

Fig. 5 Normalized intermediate scattering function of the bicontinuous
microemulsion in bulk (ME) and confined in CPG100-OH, CPG50-OH,
CPG17-OH at g = 0.095 A=t with the fit to the egn (9).
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Table 3 Collective diffusion coefficient D., D* obtained from applying the
eqn (7) to the intermediate scattering function of the bicontinuous
microemulsion in bulk (ME) and the microemulsion inside the hydrophilic
pores (e.g. CPG17-OH-ME) and hydrophobic pores (e.g. CPG17-CHz-ME)

View Article Online

Label D. (x107" m?s71) D* (A* ns™)
ME 1.82 £ 0.13 167 + 14
CPG17-OH-ME ~0 62 £+ 21
CPG17-CH3;-ME ~0 82 £+ 14
CPG50-OH-ME 0.22 + 0.03 135 + 31
CPG50-CH;3;-ME 0.32 £ 0.05 138 + 30
CPG100-OH-ME 0.31 + 0.03 139 + 32
CPG100-CH;-ME 0.49 + 0.06 133 + 26

Paper
0.30 0.30
CPG17-OH a CPG17-CH3 b

4 CPG50-OH 4 CPG50-CH3
025{ ¢ CPG100-OH 025 ¢ CPG100-CH3
0.20
o
Lois
[
0.10 +

R
0.05

i

‘/
0.00 0.0 0.5 1.5 0.00 0.0 05 1.5

microemulsions in confinement showed, that the bicontinuous
structure is largely preserved. Hence, we assume that eqn (7)
and (9) are applicable to analyze the NSE data measured with
the bicontinuous microemulsions inside the confinement.
Analogous to the data of the bulk bicontinuous microemulsion,
S(g,7)/S(q,0) decays were described with the eqn (7). The results
are listed in Table 3 and the fit parameters can be found in the
ESI: This approach reveals that the relaxation rate I'. of the
collective motions decreases drastically compared to the bulk,
as illustrated in Fig. 6. Here, I, is plotted in dependence of ¢°.
For the highest g values I'. deviates slightly from the ideal
linear dependence. This suggests that additional factors are
influencing the propagation of concentration fluctuations
within the pores. The thus derived diffusion coefficients D,
and D* are plotted in dependence of the pore diameter dp and
the specific surfaces A in Fig. 8.

The collective diffusion coefficient is reduced from
D.=1.83 x 100" m? s™' to D. ~ 0 in CPG17. The decrease
of D, correlates with the decrease of the pore diameter. In the
smallest pores with dp = 20.4 nm the collective motions are
barely detectable in the time range accessible by NSE and the
collective diffusion coefficient D. ~ 0. (The fits of eqn (7) to the
data of CPG17 was refined with I'. = 0, but there were only
minimal differences as shown in Tables S8 and S9 of the ESL})
Although collective diffusion is significantly slower in both
glasses, there is a notable distinction between hydrophilic

1.0
q*(A73)

1e-3

1.0
q3 (A —3) 1e-3

Fig. 7 Relaxation rate I', obtained from fitting egn (7) in dependence
on g° of the microemulsion confined in hydrophilic (a) and hydrophobic
CPG (b).

05/ ¢ hydrophiic @ 05 b
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77\0.4 ‘_?“0.4
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Fig. 8 The diffusion coefficient D. in dependence of the pore diameter dp

Fig. 6 Relaxation rate I'c obtained from fitting egn (7) in dependence
on g® of the microemulsion confined in hydrophilic (a) and hydrophobic
CPG (b).
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o007/ ¢+ CPGS50-OH o007| ¢+ CPGS50-CHs b
4 CPG100-OH a + CPG100-CH;
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0.005 { 0.005
e e
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0.003 0.003
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0.001 0.001
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(a) and the specific surface area A (b). D* plotted against the pore diameter
dp (c) and the specific surface area A (d). The blue data points are for the
confined microemulsion in hydrophilic pores and yellow for hydrophobic
pores.

and hydrophobic pores except for CPG17. The diffusion coeffi-
cient D, extracted from the data measured in the hydrophilic
pores is lower than that within hydrophobic pores. This implies
that the motions of the oil and water domains depend on the
interaction with the pore wall. The interaction with the hydro-
philic pore wall seems to lower the relaxation rate of the
collective motions, probably due to a stronger adhesion to the
hydrophilic pore wall. Such differences in the diffusion of
simple fluids and binary liquid mixtures inside porous media
have previously been reported in literature** and were observed
by NMR measurements,* incoherent quasielastic neutron
scattering®® and forced Rayleigh scattering.*”

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00925h

Open Access Article. Published on 16 October 2024. Downloaded on 6/17/2026 5:58:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

The observed decrease in D. may have several reasons.
Eqn (6) shows that the decrease occurs due to an increase of
the size of the regions involved in the concentration fluctua-
tions or an increase in the friction responsible for dissipating
the thermal excitation. This means, for the investigated system,
that two effects are possible. Either an increase of the fluctuat-
ing domains due to an increase of the oil and water domain
sizes of the bicontinuous microemulsion or an increase in the
effective viscosity. The latter could be caused by a hindered
fluctuation due to interactions and adhesion to the randomly
oriented rough surfaces of the pore walls. In literature, the
upper limit of the pore wall roughness was estimated to be
2 nm.*

The fits of eqn (7) yield relaxation rates of the surfactant film
I',, which are in the same order of magnitude as in the bulk.
However, the obtained values appear to deviate from the
expected linear behavior of I', oc ¢’ at large g, as shown in
Fig. 7. The residuals of the fit are slightly larger for the
normalized intermediate scattering functions measured at
high g, which limits the accuracy of these data points. Values
of D* = 140 A® ns™* for the CPG50 and CPG100 with pore
diameters of 42.9 nm and 122.9 nm, respectively, were deter-
mined. These values are still comparable to the bulk value of
167 A® ns™!, indicating that the height fluctuations of the
surfactant film are only slightly restricted by large pores.
In the case of CPG17 with the smallest pores, it is difficult to
determine the apparent diffusion coefficient D*, since I', =
0.5 ns™ " over the investigated g-range. Thus fitting the slope
without an intercept, according to eqn (8) leads to large
uncertainties. Nonetheless, the overall decrease of [, in
CPG17 indicates that the undulations of the surfactant film
are slowed down compared to the unconfined microemulsion
or confined in CPG50 and CPG100. Moreover, as can be seen in
the ESL Fig. S7 the amplitude A(g) of the undulation decreases
with decreasing pore size and as the relaxation of the concen-
tration fluctuations slows down.

The undulations of the surfactant film are not influenced by
the chemical composition of the pore wall, as there are no
differences between the D* in hydrophilic and hydrophobic
pores measured in the current work.

According to eqn (8) the expected slope in D* oc ¢ depends
on the bending elasticity constant x, the local viscosity # and,
embedded in the pre-factor y,, on the correlation length ¢.
Since the bending elasticity constant is mainly determined by
the surfactant composing the interface*® and its intermolecular
interactions we propose that the main effect of the confinement
is on the fluctuation modes. The porous structure of a CPG
provides a certain distribution of interconnected pores with a
rough surface. A decrease of D* is in agreement with a decrease
of £. In eqn (9) this is related to an increase of ki, due to the
decrease of the correlation length ¢ of the bicontinuous struc-
ture resulting in an exclusion of fluctuations with longer
wavelengths from the fluctuation mode spectrum. Experimen-
tally, in the NSE measurement this effect manifests itself in a
decrease of I',. To test this hypothesis, the fit of the structure
factor given by eqn (9) and described above for the bulk

This journal is © The Royal Society of Chemistry 2024
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microemulsion was performed with a fixed value of k = 1kgT
and the fixed averaged value of the local viscosity. The resulting
fits with ¢ and amplitude (A = 1 £+ 0.02) are shown as dotted
lines in Fig. 3 and 5. The fits to the data yield decreasing values
of &, in particular 11.6 nm for CPG100-OH, 9.5 nm for CPG50-
OH and 6.4 nm for CPG17-OH. Inside CPG100-OH the correla-
tion length is only slightly smaller compared to the bulk value
of 12.2 nm. In case of CPG17-OH with the smallest pore size, ¢
reduces to half the value in bulk. As mentioned above, the size
of one oil or water domain (drs/2) of the bulk structure
mathematically fits up to 10 times the mean pore diameter in
CPG100-OH. Therefore, we expect the least disturbance of the
thermodynamic equilibrium structure and observe a slight slow-
down of the dynamics and the corresponding reduction of &. In the
case of CPG17-OH, the domain size of the microemulsion and the
pore size of the CPG coincide, which leads to the strongest effect
on the dynamics and, accordingly, the equilibrium fluctuations
with large wavelengths are cut off from the fluctuation mode
spectrum. The y* value of the simultaneous fit with 9 increases
from 5 for the pure microemulsion to 10 for the strongest
confinement, indicating (as also visible in the fit) that the model
does not fully describe the NSE data. The restrictions of the model
do not permit a better data description for the confined case and
show the limitations of the fits. A more detailed discussion is given
with the model from eqn (7), allowing an easier qualitative
assessment of collective modes vs. height fluctuations and elastic
contributions.

In addition to a decrease of ¢ and the associated limitation
of the mode spectrum of the thermal fluctuations, it cannot be
ruled out that an increase in the local viscosity is also caused by
interactions with the walls or distortions of the local flow fields
due to the solid, rough and strongly curved pore walls.
In addition, increased interaction between the amphiphilic
membranes can also contribute to the damping of the height
fluctuations. These findings are in agreement with previous
NSE measurements under grazing incidence with bicontinuous
microemulsions of the C;oE;~H,0-n-decane system at planar
substrates. In this case an acceleration of the membrane
dynamics was observed due to the unhindered propagation of
long-wavelength fluctuations.”*>** One can consider the con-
finement on an extended planar surface with very low rough-
ness below 1 nm and the confinement in a porous structure
with highly curved, rough surfaces and pore sizes similar to the
domain size in a confined bicontinuous microemulsion as the
two extreme situations of confinement of a soft complex fluid
by hard impenetrable surfaces.

In a previous publication®” we have put forward the hypoth-
esis that surfactant adsorption to the pore walls leads to a shift
of the surfactant concentration y in the microemulsion towards
lower values and hence to a transition into the three-phase
region. A possibly associated change in the dynamics of the
microemulsion seems to be overcompensated by the observed
slowing down of the dynamics due to the influence of the
confinement, which seems to figuratively freeze the structure as
known for a glass transition of a liquid to a solid-like state. This
damping and decreasing of the fluctuations is only observable
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in a NSE measurement since SANS measures the time-averaged
structure of the microemulsion.

4 Conclusions

The objective of this investigation was to gain insight into the
structural properties and the dynamics of a bicontinuous micro-
emulsion in mesoporous confinement and to compare it with its
behavior in bulk. The bulk behavior was examined through the use
of SANS, DLS and NSE measurements. The combination of the
latter two methods enabled the collective dynamics of the oil and
water domains and the undulations of the surfactant film to be
identified separately. The first mentioned follows the typical
¢*-dependence, which is a hallmark of this type of process. The
later exhibited a ¢° dependency, in accordance to the theory of
Zilman and Granek. In order to study the influence of confine-
ment, the bicontinuous microemulsion was imbibed into CPGs
with three distinct pore diameters and studied using NSE spectro-
scopy. The pore diameters were chosen in such a way that the sizes
of the oil and water domains in the microemulsion were signifi-
cantly smaller than the pore size in one case and larger in another
case. The collective dynamics of the oil and water domains are
found to be impeded in all investigated pore sizes, with a more
pronounced decrease in samples with pore diameter smaller than
the characteristic lengths of the microemulsion in bulk. The
undulations of the surfactant film in the macroporous sample
remain within the same range as those observed in bulk, though
the spectrum of undulation modes seems to be cut off as the pore
diameter decreases. Since both pore diameter and specific surface
area vary among the samples, the reduction in dynamics can be
linked to either parameter. The fit results suggest that increased
interaction with the pore walls cuts off long-wavelength fluctua-
tions from the undulation mode spectrum. Interestingly, the
influence of the chemical composition of the solid pore walls
played a minor role, as the undulations of the surfactant film
remained consistent for both hydrophilic and hydrophobic pore
walls. However, collective dynamics of the oil and water domains
are slightly further reduced in hydrophilic pores, indicating that
the interaction with the solid interface has an influence on these
motions. Time-dependent Gaussian field models can be used to
analyze NSE data of microemulsions.*> This approach will be
explored in future work to describe the dynamics of bicontinuous
microemulsions in confinement.
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