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Abstract

In bicontinuous microemulsions, the increase of the solubilisation capacity of a surfactant,
e.g. by the addition of amphiphilic block copolymers (“boosting effect”) is normally
accompanied by the formation of liquid crystalline mesophases. We studied a new class of
amphiphilic polymers as “boosters”, so called gradient polymers, with a gradual change from
the hydrophilic to the hydrophobic part. Phase diagram measurements and static and
quasielastic neutron scattering experiments reveal that the polymers cause a stiffening of the
amphiphilic film while simultaneously the saddle splay modulus decreases such that the
formation of liquid crystalline mesophases, normally present with diblock polymers as
“boosters”, is suppressed, while bicontinuous structures are geometrically favoured. In
addition these findings are supported by theoretical calculations following the works of
Lipowsky. Hence gradient amphiphilic polymers not only increase the efficiency of
surfactants but simultaneously suppress the formation of liquid crystalline phases thereby

greatly increasing their application potential.



1. Introduction

Despite their multitude of beneficial properties, like ultra-low interfacial tension ', tunable
nanostructure > > and thermodynamic stability *’ microemulsions lack general application.
This is mainly due to the comparably high amounts of surfactant required to formulate a
balanced microemulsion. In 1999 Strey and coworkers utilized amphiphilic diblock
copolymers as so-called efficiency boosters to dramatically reduce the amount of amphiphiles
to prepare a microemulsion °. The diblock copolymers act as a much larger version of a
surfactant molecule, with the hydrophilic block sitting on the water side of the surfactant
membrane like a mushroom, the hydrophobic part on the oil side of the membrane. While
they observed the suppression of lamellar phases, which usually accompany highly efficient
microemulsions °, for very low polymer content, increasing the polymer content leads to even
more pronounced lamellar and other mesophases, that completely cover the desired isotropic

microemulsion phase '*'?

. In the following years, more research regarding amphiphilic
polymers and their effect on microemulsions was conducted and lead among other things to
an explanation for the occurring effects *'°. Simultaneously different types of polymers like
sticker polymers '®'7 | bola polymers '®, gradual polymers '*** or star-shaped polymers *"" >
were designed. While for some of these polymers a similar boosting effect was observable,

also "anti-boosting" could be shown, but not fully explained >

. Lately, a new type of
polymer emerged, that does not include the common diblock or multiblock structure. These so
called tapered or gradient polymers feature a gradual structure, wherein the nature of polarity
changes gradually from hydrophilic to hydrophobic along the polymer chain with additional

hydrophilic and hydrophobic terminal domains (see ***

and references therein). Whereas
gradient copolymers directly go gradually from one type to the other, tapered polymers
contain pure blocks of one or the other type at both ends similarly to a diblock copolymer. In
2013 Allgaier et al. resolved the composition profile for tapered and gradient copolymers of
ethyleneoxide and 1,2-butylencoxide * and the question arose regarding their potential as
efficiency boosters. In this paper we report on the efficiency boosting of gradient copolymers
and display a structure - mode of action correlation regarding the effect of the gradient
copolymers by starting with diblock copolymers and systematically changing their structural
nature via triblocks containing a moderately polar middle block until a gradient copolymers is
reached. The gradient polymer has a pure PBO side on one end (as for a tapered polymer),
and a EO rich opposite side and is in this way partly a pure tapered, partly strictly speaking a

gradient polymer. In the following we stick to the nomenclature of a gradient polymer. First, a

short introduction into the theory of membranes is given.






2. Theory

30-33

In literature, the theory for single-sided anchored polymers (and later for free polymers

**) has been developed. The anchoring point of amphiphilic diblock copolymers seems to be

defined exactly '+ "> %

, and anchoring conditions for single-sided sticker polymers have been
examined '* '7. For the anchored polymers, it was assumed that only the conformational
entropy of the polymer acts as an additional term on the bending rigidity. This means that the
anchoring is not questioned, and no gradual energetic terms do appear for the whole problem.
For ideally gradient polymers, the anchoring is accompanied with a gradual energy of &(N;-
N/2)* that describes the dependence on the block length N; in the aqueous domain for a
symmetric polymer with the degree of polymerization N (N-N; is the block length in the oil
domain). The energetic parameter ¢ in relative units to the thermal energy kg7 is high (¢ > 1)
for strong anchoring and low for loose anchoring. This means that for a diblock polymer, the
anchoring point (the part of the polymer which is inside the surfactant membrane) is the
position where the amphiphilic and hydrophilic parts are connected, and the parts which are
on the oil side and water side are the complete hydrophobic and hydrophilic blocks
respectively. In the case of the gradient polymer, the loosely anchored gradual transition

region (instead of the abrupt transition) can slide more to the oil- or water-side respectively.

In Lipowsky’s theory *'* for anchored polymers the partition function is purely entropic and
reflects the polymer conformations. As analytic terms become complicated, the expansions of
the partition function in the limit of weakly curved surfactant membranes were examined.
From these considerations the purely entropic free energy was calculated and then compared
to the curvature dependence of a free energy of a membrane, from which the polymer

influence on the bending rigidity and saddle splay modulus was derived.

In parallel to these considerations we extend the partition function to multiple realizations of
the anchoring point and extend the purely entropic partition functions Z(N;) and Z(N-N,) of
single-sided blocks by the energetic term described above. The partition function of an ideally

gradient polymer anchored in a membrane then reads:

()]

The considerations after that follow the ideas of Lipowsky, the terms of which are derived to

f dN, exp (Z(N,)-Z(N - N,)) (1)

asymptotically weak curvatures for spherical and cylindrical membranes, and then related to

the bending rigidity x and saddle splay modulus k. More details are given in the



supplementary material. The characteristic coefficients Z and Z for the two elastic moduli «
and « are free from trivial dependencies of the polymer concentration (or grafting density o)
and the polymer size in terms of the typical end-to-end distance of the free polymer (Ree,, and

Reew, in the oil and water domain):

L=&+Ec;(R2 + RZe) )
kBT kBT ee,o eew

K K -
kB_T = m - '-‘O-(Rge,o + Rge,w) (3)

Note that the polymer size in this dependence does not depend on the anchoring point,
because for each block R, *~N;., and an asymmetrically locked polymer would have the same
change in the elastic moduli as the symmetric diblock copolymer. The relative dependence of
the two characteristic coefficients Z and Z as a function of the normalized anchoring strength
eN* is discussed in theory and compared with the experimental findings of this manuscript in
context to Figure 2.1. For weak anchoring the parameter eN” is around 1 to 10, and for well-
defined anchoring it is above 1000 up to virtually infinity. The relative dependence of the
coefficients stays nearly unchanged from the ideal diblock copolymer for anchoring
parameters above 30, and can reach 30% to 40% diminished values in the limit of tapering
with loosely defined anchoring. This arises from the additional degree of freedom that allows
the polymer to give way to the membrane curvature. Experimentally, the general dependence
is confirmed for the saddle splay modulus «x and its coefficient Z. Using small angle neutron
scattering (SANS), the relative change of the coefficient = for the gradient polymer is much
stronger than predicted, while using neutron spin echo (NSE) spectroscopy there seems to be
no considerable dependence of Z. Thus, the coefficient of the bending rigidity seems to

depend on the experimental method, and is in the focus of this study.
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Figure 2.1: The relative changes of the polymer effect on the bending rigidity and saddle splay modulus,
expressed by the coefficients = and Z, as a function of the anchoring strength. The theory is depicted as
continuous lines, while data points correspond to different polymers: gradient polymer, triblock copolymer with
longer / shorter mid-block, and diblock copolymer (from left to right). For the gradient polymer, the change of =
depends on the experimental method (NSE and SANS).

3. Experimental
3.1 Materials

Water was double-distilled using a quartz column and n-decane was purchased with a purity
>99.50% from Fulka AG, Buchs, Switzerland (batch-no.20396APV). The surfactant
tetracthyleneglycol-mono-n-decylether (C,0E4) was purchased from Bachem, Bubendorf,
Switzerland at a purity >97% with a critical temperature 7c =33.48 °C for the binary
aqueous mixture (batch-no. 1027622). The experimental technical grade amphiphilic
poly(ethylene/butylene)-b-polyethylenecoxide  diblock  copolymer  Tego EBE 55x (1)
(PEBA4.8 - PEO4.8, with 4.8 kg/mol per block) with the batch-no. 95E001 was a gift from the
Th. Goldschmidt AG, Essen, Germany. The copolymer itself was supplied at 45% purity with
the remainder being xylene residues originating from its synthesis. Before use, the copolymer
was dried at elevated temperatures (7= 40 °C) and reduced pressure (p = 50 mbar) for two

weeks to constant mass.



The diblock PBO5 - PEO5 was synthesized as explained in reference *° using ethylene oxide
(EO) and 1,2-butylene oxide (BO) as monomers. The triblocks PBOS5 - PPO0.5 - PEOS and
PBO4 - PPO3 - PEO4 were synthesized in a modified way as PBO-PPO diblock intermediates
always contained some poly propylene oxide (PPO) homopolymer. The synthesis of
PBOS - PPOO0.5 - PEOS and PBO4-PPO3-PEO4 is described in the supplementary materials.
For the gradient copolymer P(BO/EO)22 both monomers were polymerized simultaneously.
In anionic ring opening polymerization EO polymerizes visibly faster than BO. As a
consequence at the beginning of the polymerization mainly EO is incorporated into the
growing polymer chains whereas the final sections only consist of BO units. In between the
monomer composition gradually changes. Figure 3.2 shows the calculated compositional
profile in terms of the fraction of EO units using the rate constants and the kinetic model
described in reference *. The polymerization of P(BO/EO)22 was carried out using the low
temperature approach in combination with 18-crown-6. Because of the insolubility of the PEO
rich initial chain sections in cold toluene the polymerization temperature was raised to 10 °C,
compared to -10 °C to -20 °C normally used for the homopolymerization of BO.

Nevertheless, the molecular weight distribution of the product was narrow (Table 3.1).

probability EO
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Figure 3.2: Calculated compositional profile of the gradient copolymer P(BO/EO)22.

The molecular weights, molecular weight distributions and compositions of the polymers are
summarized in table 3.1. The numbers in the sample name (e.g. PBOS) indicate the molecular

weight of this block in 10’ g/mol.



Table 3.1: Composition of the amphiphilic polymers used within this paper and the supplementary material. All
polymers have approximately the same size as their molar mass is almost equal. For more details regarding the

synthesis see text.

Polymer Bl\?vcel;gnﬁng;lar M, [g/mol] M/M,
PEB4.8 - PEO4.8 1.00:0:1.00 9600 -
PBOS5 - PEOS 1.00:0:1.01 11400 1.02
PBOS5 - PPOO0.5 - PEOS 1.00:0.12:1.02 12100 1.02
PBO4 - PPO3 - PEO4 1.00:0.74 : 0.96 10900 1.01
P(BO/EQ)22 (gradient) 1.00:1.17* 21800 1.01

*overall BO/EO molecular weight ratio

Based on the phase behavior measurements given in the results and the supplementary
material all polymers are equal to the nonionic surfactant C;oE4 with regard to polarity and
amphiphilicity. This can be deduced as upon polymer addition no shift in temperature and
phase sequence can be observed. All other chemicals were used as purchased and without

further purification.

3.2 Microemulsion Sample Preparation

In general the microemulsion samples with a total mass of m = 0.5 g were prepared such, that
first the surfactant and the polymer were given into a gas tight sample tube, whereby the
composition is controlled by weight with an accuracy of Am = +0.0005 g. Then, first the non-
polar followed by the polar components were added. Regarding the 7(y)-phase diagrams the
overall composition of the samples is defined by the volume ratio of the polar component A

and the non-polar component B

¢_m+% @
the overall mass fraction of surfactant C and polymer D
me + mp
Y= ©)
mp +mg +me +mp
the mass fraction of polymer D in the surfactant/polymer mixture
m
b= (6)
me + mp




The mass fraction 0 of the polymer is related to the mass of the membrane in the
microemulsion, the typical values of 10-20% mean therefore at 10% surfactant contents that

the total polymer contents in the sample is of the order of 1-2%.

After placing the sample tube in a thermostated water bath, the sample is stirred with a
magnetic stirring bar until macroscopically homogeneous at approximately the phase
inversion temperature of the polymer-free system 7= 30 °C. This process usually takes 5
minutes, but to ensure equilibration the sample was stirred for 1 h. To determine the phase
upon reaching thermal equilibrium, the stirrer is stopped and the number and nature of
coexisting phases is checked by visual inspection of scattered and transmitted light.
Anisotropic (L.) and shear-anisotropic phases (V; and V;) are identified using crossed
polarizers. Phase boundaries are generally determined after waiting for complete phase
separation (usually 1 h) and by continuously readjusting the temperature. The boundaries
given here have an accuracy of AT =0.05°C. Generally speaking phase behavior was
determined as published by Kahlweit and Strey. For more details we refer to Ref °. A simple
phase diagram is given in figure 3.3 including pictures to explain the optically visible features

of phase states.

Bicontinuous Phase (1)

Figure 3.3: Exemplary phase diagram with a nonionic phase sequence redrawn and modified based on °. The
right hand side pictures exemplarily display a lamellar L. phase viewed through crossed polarizers (top) and the

isotropic bicontinuous one phase region 1 (bottom).

3.2 Neutron Scattering Experiments

All small angle neutron scattering (SANS) experiments were performed at the KWS-1
instrument operated by JCNS at the Heinz Maier-Leibnitz Zentrum (MLZ), Garching,
Germany, while the neutron spin echo (NSE) measurements were conducted at the SNS-NSE

instrument at the spallation neutron source at the Oak Ridge National Laboratory (ORNL).
10



While the SANS samples were all prepared in bulk contrast by replacing water with equal
volume of heavy water, the NSE experiments were done in film contrast matching the
scattering length densities of the polar and the nonpolar phase using deuterated oil. The
respective samples were all prepared at amphiphile concentrations corresponding to the
concentration at the optimal point of the polymer-free microemulsion and the phase inversion
temperature of each sample. More details regarding each individual sample are given in the
results section. Temperature stability of the samples was ensured by using a furnace with
AT =+0.1 K. Details regarding data analysis are given in the results section. All data were

reduced using the latest version of QtiIKWS as supplied by JCNS.
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4. Results

In the following the influence of the synthesized diblock copolymer and the gradient polymer
on the phase behavior of the microemulsion system H,O/NaCl - n-decane - C;oE4/polymer
will be given in detail, while the synthesis of the polymers are described in the supplementary
material. All phase diagrams were measured at equal volumes of polar and non-polar phase
(¢ =0.50) and with the inclusion of NaCl at a mass fraction of salt in the polar phase of
wracl = 0.001 to screen ionic impurities stemming from reaction byproducts. The lamellar
phase has been identified by its optical anisotropic lamellar domains observed with crossed
polarizers. The analysis of the phase behavior is followed by a systematic small angle neutron
scattering (SANS) and neutron spin echo (NSE) study of the polymer P(BO/EO)22 to reveal
its mode of operation. The characteristic length scales and elastic properties of the membrane
have been obtained with the neutron scattering techniques in the one-phase region of the

phase diagram.

4.1 Phase Behavior

The first polymer tested is the diblock copolymer PBOS - PEOS. Hence, the phase diagrams
in figure 4.1 display the effect of the diblock at different weight fractions 8 of copolymer
within the amphiphile mixture ranging from zero to twenty percent. In the absence of
polymer, the microemulsion exhibits typical non-ionic phase behavior as known from
literature (compare e.g. °) with a bulky lamellar L, - phase region in the middle of the one
phase region (1) that is more stable at lower temperatures. The phase inversion temperature of
the pure microemulsion is highlighted with a red dashed line in all figures to come to improve
the visibility of possible temperature shifts induced by the polymer. Considering polymers
like PEP5 - PEO5 ®, the majority of the polymers used here differ regarding the hydrophobic
block as it is no pure polyalkylene, but a hydrophobic polyalkylene oxide. To our knowledge,
the boosting capabilities of such polymers have not been studied before. If five weight percent
of the surfactant are replaced with PBOS5 - PEOS three key aspects of the phase behavior
change, while the system retains its phase inversion temperature and the non-ionic phase
sequence. As to be expected, the amount of surfactant required to produce a one phase region
decreases from y = (0.141+0.005) to y = (0.084+0.005), simultaneously, the dominance of the
lamellar phase decreases. This is indicated by absence of deformation of the lower phase
boundary and by a regression of the lamellar phase from v(L.)=(0.233+£0.005) to

v(L.) = (0.235+0.005). While this at first sight might not seem to be regression of the lamellar
12



phase in absolute terms of surfactant mass fraction, the distance of the lamellar phase to the
phase boundaries of the one phase region increases from Ay(d = 0.00) = (0.092+0.005) to
Ay(0 = 0.05) = (0.151£0.005), resulting in a more extended one phase region. Upon increasing
the polymer content to ten percent of the amphiphile mixture (note that 0 is the fraction of the
polymer in the membrane, not in the whole sample) the solubilization capacity grows even
further to y = (0.058+0.005) without an observable shift in phase inversion temperature, while
the shape of the lamellar phase changes from the previously bulky one, that resembles the
shape of the one phase region, to a more elongated, almost needle-like shape, that extends to
lower surfactant contents y(L.) = (0.165+0.005). As the gap between lamellar and one phase
region is not significantly smaller with Ay(6 = 0.10) = (0.107+0.005) it is safe to assume, that
the lamellar phase is growing more dominant. This dominance is fully exerted if the polymer
content is increased to twenty percent. Here hardly any microemulsion phase is present (lower
part of Fig. 4.1). The isotropic one phase region is almost exclusively covered by a variety of
liquid crystalline mesophases. The change of hydrophobicity of PBO-PEO (wrt. PEP-PEO)
first extends the one-phase region, but leads to an extended lamellar phase at higher

concentrations.

13
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Figure 4.1: Phase diagrams as a function of temperature 7 and the overall mass fraction y of the quaternary
microemulsion of the system H,O/NaCl - n-decane - C;(E4/PBOS5 - PEO5 with a symmetric oil to oil and water
volume ratio ¢ =0.50 and a small quantity of salt in the polar phase (wWnac;=0.001) to screen electrostatic
interactions due to impurities. The systems exhibit a non-ionic phase sequence and at high surfactant loads a
dominant lamellar L. - phase can be observed. The phase inversion temperature of the pure model system is

highlighted by a red dashed line. The labels 1, 2/2 and 3 denote the 1-phase/2-phase/3-phase region of the phase
diagram. Hexagonal and cubic phases are denoted with an H and C respectively. We focus here only on the

bicontinuous 1-phase region and the lamellar L.-phase, for further details we refer to the literature®’.

It is to be noted, that most of the related two phase regions were too narrow to be resolved
within the resolution limit of A7=0.05 °C. (This is a common occurrence when studying
microemulsions in general and microemulsions including amphiphilic polymers in particular.

14
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It originates in the fact that within e.g. the one phase region a gradual curvature change occurs
as temperatures changes. So within a one phase region the structure changes continuously
until the geometry of the membrane is broken and the structure changes into another one e.g.
the instability of the lamellar phase compared to the bicontinuous structure (compare e.g. *®
1%)). Close to the slightly elevated phase inversion temperature, a vast lamellar L, phase
stretches almost till the total extend of the one phase region (Ay(8 = 0.20) = (0.031+0.005)).
Symmetrically distributed around the phase inversion temperature are a hexagonal H; and an
inverse hexagonal H, phase at mediocre surfactant content and low or high temperatures,
respectively, and a micellar cubic C; and inverse micellar cubic C, phase at even higher
surfactant content (for more details regarding the phase behavior see the supplementary
material). Considering the shape and symmetry of the occurring phases, the behavior found
here is typical for highly efficient microemulsions as known from literature and as to be
expected for common polymers like PEPS - PEOS. For comparison the technical diblock
copolymer PEB4.8 - PEO4.8 can be found in the supplementary section.

15
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Figure 4.2: Phase diagrams of the system H,O/NaCl - n-decane - C|(E4/ P(BO/EO)22. Besides the nature of the
polymer nothing was changed compared to figure 4.1. However, while the diblock copolymer promotes the

formation of liquid crystalline mesophases at high polymer content, here their formation is suppressed

significantly.
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The gradient polymer P(BO/EO)22 was tested next. Here for polymer contents below thirty
percent, the solubilization capacity increases, while the extension of the lamellar phase does
not change much resulting in a wider one phase region. While for diblock copolymer
concentrations above twenty percent no microemulsion was observable anymore, with
P(BO/EO)22 even polymer contents up to forty percent are possible. Astonishingly, at thirty
percent of polymer, the solubilization capacity of the microemulsion continues to increase and
the lamellar phase decreases in extension even further above 31% of overall amphiphile
mixture. Just at a polymer content of forty percent, a lamellar two phase state appears close to
the closing point of the one phase region. Here, as depicted in figure 4.4 another phenomenon
unknown so far occurs: for amphiphile contents below 14% the microemulsion turns into a
gel-like state for the whole one phase region and does not form at all for amphiphile contents
below seven percent. For the other triblock polymers tracing the change from pure diblock to

gradient polymer we refer to the supplementary material.

4.2 Neutron scattering studies

Comparing the trends visible in figures 4.1 and 4.2 the most striking aspect is, that liquid
crystalline phases are strongly suppressed for P(BO/EO)22, while increasing the
solubilization capacity of the overall amphiphilic mixture dramatically. To further elucidate
this matter systematic SANS and NSE studies were performed. While the other polymers with
different intermediate block lengths were at hand, we did not see a need for detailed scattering
experiment on them, because the differences to the diblock copolymer were too low (see also
Fig. 4.1). SANS and NSE data are measured as a function of the absolute value q of the

scattering vector q, which relates to real space distances d as q=2m/d.

Following the influence of polymer at a constant volume fraction of internal interface
¢cip =0.151 at the maximum extend of the one phase region of the polymer free
microemulsion and hence the phase inversion temperature the structure is expected to be
bicontinuous *°. As shown in figure 4.3 in the absence of polymer the scattering intensity
starts at incoherent scattering at very high g-values turning into a slope of ¢™*. At intermediate
g-values this slope ends in a very pronounced peak that is accompanied by first order multiple
scattering at twice the peak position. Going to even lower g-values the peak declines quickly
leveling to a constant scattering intensity thereby yielding the typical scattering behavior of a
bicontinuous structure. Despite the fact that the samples were only 0.1 mm thick multiple

scattering could not be completely suppressed here, on the other hand the parameter
17



extraction from SANS takes place at the peak position and is not affected by multiple
scattering processes with twice the q value. If the content of amphiphilic polymer is increased
at constant ¢c+p the general shape of the scattering curves remains the same. However, with
growing polymer content the sharpness and the height of the scattering peak increases
indicating a more pronounced structure of higher order. Simultaneously the peak position

shifts to lower g-values implying a growth in structure size.
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Figure 4.3: Overview of the absolute SANS-data I(q) of the microemulsion D,O/NaCl - n-
decane - C(E4/P(BO/EO)22 with a constant oil to oil and heavy water volume ratio ¢ = 0.50 and a salt to salt
and heavy water ratio € =0.0009. All sample were prepared such, that the overall surfactant volume ratio
¢c+p = 0.151, which is close to the optimal point of the microemulsion without polymer, was kept constant. The
polymer to polymer and surfactant ratio was varied such, that a range from 0-20% was crossed in 2.5% steps.
Note that the sample of 12.5% was corrupted and is not shown here. Further data exists for higher polymer
content. The data is described with a Teubner-Strey model for bicontinuous structures extended for short range
fluctuations according to Frank, Frielinghaus et al. (Ref. 39). The data is scaled as noted in the diagram for a

better overview.

Based on the general observations the scattering behavior in figure 4.3 can be quantitatively
described using the Teubner-Strey model ** and by accounting for short range fluctuations as

proposed by Frank, Frielinghaus et al. >

I(q) = ( 8mc,(n)/Ers N G- erf12(1.06qRG/\/€)

_thZ + I 7
a, + c,q% + c,q° 1-5CI4RG4 )e incoh. (7)
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with the correlation length & being

-1/2
1 /a2 ¢, \ !
=\l5\= — 8
érs (2 <c2> * 4c, ®)
and the characteristic domain size dts being
-1/2

1/a0\2 ¢, \ !
= S\ -— 9
drs = 2m (2 <c2> 4c, ©)

with the parameters a,, ¢; and ¢; stemming from a semi empiric series expansion and
(n?) = ¢p,¢,Ap? describing the average fluctuations in scattering length density in a two
phase system containing the phases 1 and 2. The short range fluctuations are described by
their radius of gyration Rg, the amplitude G of the fractal Beaucage term and the interfacial
roughness ¢. The quality of the structure in bulk contrast is closely related to the parameter ¢,
and as long as it remains positive the well pronounced scattering peak of the bicontinuous
structure occurs. To describe the quality of this structure the amphiphilicity factor fa was

introduced as

C1
Jadasc, (10)

ranging from -1 for perfectly structured crystals or lamellar phases to above +1 where critical

fa=

phenomena occur. Considering the structural evolution occurring in both cases shown above
¢rs, drsand fa can be easily extracted from the scattering data and are given in figures 4.4 (for

the data see tables S.1 in the supplementary material).
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Figure 4.4: Comparison of the domain size drs and the correlation length Erg (left) derived from the Teubner-

Strey fits shown in Figure 4.3 as a function of polymer mass fraction d. The corresponding amphiphilicity factor
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is given on the right. The red lines correspond to linear regressions of the data as is intended as a guide for the

eye.

In case of the microemulsion system at constant amphiphile volume fraction both the
correlation length and the domain size increase linearly with growing polymer content. While
one would expect the domain size to remain constant based on the assumedly constant amount
of internal interface, the growth in domain size implies that the polymer is participating much
less in the formation of internal interface itself but rather decorates the interface. This was
also confirmed by normal as well as invariant Porod analysis * of the scattering data to
extract the amount of total internal interface which can be rescaled with the polymer fraction
to yield a constant S/V value for all polymer contents (compare supplementary figure S.4). In
comparison to this growth in structure size the periodicity increases more strongly resulting in
a better structurization of the sample that results in a crossover of both linear trends slightly

above 35% of polymer present. The amphiphilicity factor approaches -1 in a similar fashion.

To further understand the effect of gradient polymer on the membrane and its suppression of
the formation of lamellar phases one can extract the renormalized bending rigidity «,.;, and
the renormalized Gaussian modulus . from the scattering data as function of surface

coverage o - (R%. + R%,,) according to Safran and Pieruschka 4 based on:

10mV3 érg @
— S = _ 11
Ksans 61 . dm In(1 - 6) (11)

with corrections for the real surfactant content and based on Morse's expression

ey = — 7= In) (12)

with y being the bare membrane fraction y (1-8) - 0.01 accounting for the real surfactant
content minus the unimer solubility, and 0=3, @ = -10/3. Using said equations and the plots of
Ksans shown below calculated according to equation (11) the membrane parameters of the
pure membrane can be calculated as k,=0.44 kg7 and Kk, = -0.56 kgT. These values are in
good agreement with literature values e.g. by Jakobs and Gompper . The change in bending
rigidity as a function of surface coverage (i.e. the slope in Fig. 4.5, left) is with a value of
0.263 smaller than the same value for diblock polymers of 0.45 (from Ref. '7). In the

discussion the diblock polymer and the gradient polymer are compared in more detail.
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Figure 4.5: Left: The experimentally determined bending rigidity ks (left) derived from the Teubner-Strey fits

shown in Figure 4.3 as a function of the surface coverage 6(R3ey, + RZ,)- Right: The calculated saddle splay

modulus Kegr (left) derived from the Teubner-Strey fits shown in Figure 4.3 as a function of the surface coverage
0(RZew + Réeo)- The red lines correspond to linear regressions of the data. In both cases the black data was
recorded for a constant amphiphile volume fraction of 0.151.

Following the trends depicted on the left of figure 4.3 the bending rigidity increases linearly
with growing polymer content at constant amphiphile volume fraction. At oRZ, > 1.5,
deviations from the linear behavior indicate the polymer brush regime, where polymers along
the membrane come into contact and interact repulsively. At the same time, the saddle splay
modulus decreases linearly with growing surface coverage, until the brush regime is reached.
Hence, while the membrane stiffens at high amphiphile content it does not do as strong as it
would do in case of a normal diblock copolymer resulting in liquid crystaline phases and at
the same time the formation of saddle points is even favorable at low amphiphile content in
the systems with increased efficiency. This results in the suppression of liquid crystaline
phases at low amphiphile content while at high content the formation of such phases is not
enhanced compared to the polymer free system, until the brush regime is reached and gelling

appears.

To confirm the findings based on the calculated membrane parameters NSE measurements
were performed. The neutron spin echo (NSE) experiments have been conducted at the SNS-
NSE instrument® at the spallation neutron source at the Oak Ridge National Laboratory
(ORNL). NSE probes the characteristic time- and length-scales of thermal fluctuations, i.e. in
the nanosecond and nanometer range. In the case of surfactant membrane dynamics, the
intermediate scattering function S(q,t) is the Fourier transform of the height correlation
function of the membrane and allows to determine the bare bending rigidity knsg of the

membrane *° as the only free parameter of the fitting function. At large scattering vectors q,
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approximately q>4qq (i.e.>0.12 A™) the intermediate scattering function is not affected by the
structural features of the microemulsion and reflects the height fluctuations of a small patch of
the surfactant membrane. The often used final approximation of the expression derived by
Zilman and Granek™ for large bending rigidities is a simple stretched exponential decay of
the normalized intermediate scattering function, S(q,t)/S(q,0)=exp(-(Gt)’). For smaller values
of the bending rigidity xnsg of the order of kgT a numerical evaluation of the Fourier
transformed height correlation function is needed, where knsg is then the only fitting

parameter. For a detailed description of the evaluation procedure we refer to Ref. >,
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Figure 4.6: Intermediate scattering function of the samples with 0(R2 +R§e_o) =0 (full symbols) and

ee,w
o(R2,,, + RZ,,) = 2.36 (hollow symbols) for ¢ = 0.059, 0.080. 0.098, 0.135 and 0.172 A™' respectively (top to

bottom), and the Bending rigidity knsg as a function of surface coverage U(Rgeyw + Rge,o).

Figure 4.6 shows the intermediate scattering function for the lowest (zero) and highest
polymer concentration and the resulting bending rigidity.. It has to be pointed out that the
variation with surface coverage is systematic despite the small changes in sample composition

and also in the relaxation rates, owing to the excellent stability of the instrument.

The bending rigidity knsg increases linearly with polymer concentration until the brush
regime is reached at oRZ, ~ 1.5. While neutron spin echo spectroscopy measures the
membrane fluctuations, and therefore obtains a rather bare bending rigidity, the small angle
scattering experiments give rise to an effective bending rigidity, which contains more

contributions than only the original Helfrich bending rigidity *"» **

. The bending rigidity from
SANS is a mixture of the pure bending rigidity and the saddle splay modulus, renormalized
due to the lengthscale where ksans is measured. In the following discussion, we apply the

. . . 48 . .
corrections of kgans as determined in Ref. ™, for details we refer to this reference.
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5. Discussion and Summary

There are many details about the microemulsions with the different polymers added. All
phase diagrams show increased efficiency when the amphiphilic polymers were added. But
the tendency to form liquid crystalline phases was suppressed when the PPO block gained
importance until the gradient polymer P(BO/EO)22 allowed for incredibly high polymer
concentrations without formation of a lamellar phase. From the phase diagrams, the critical
surfactant concentration was obtained that allowed to determine the sensitivity coefficient of
the saddle splay modulus Z that displays the sensitivity of the saddle splay modulus upon
the polymer addition. All coefficients of the diblock copolymer and gradient polymer are
summarized in table 5.1, while the survey plot was already shown in figure 2.1. For the
gradient polymer the coefficient Z was smaller by a factor of 0.64 than for the diblock
copolymer. This agrees rather well with the predictions from our calculations where we
found a weaker dependence by a factor of 0.75. The path to the theoretical description of
the influence of the anchoring point is shown in the supplementary material X.6. The
value E is calculated as a function of anchoring point (solid lines in Fig. 2.1). The

comparison with experiment is summarized in table 5.1.

Apart from that, the analysis of the bending rigidity is supported by neutron scattering
experiments. The values obtained by neutron spin echo (NSE) spectroscopy relate to dynamic
properties, where we found a nearly unchanged coefficient for the gradient polymer compared
to the diblock copolymer. The theoretical estimation would only predict a by 0.70 smaller

coefficient for the gradient polymer. In parallel we discuss the corrections of the
coefficients to Zgans. The bare coefficient Esansbare = (Esans — 0.855_)/0.15 (corrections
introduced in references 47 and 48) of the gradient polymer differs not much from the
other original coefficients Esans and E, but is a considerably (0.4 times) lower than the

corresponding diblock copolymer value (and than Zxsg).

For the gradient P(BO/EO)22 polymer we find a dynamically nearly unchanged value Z with
respect to the diblock copolymer. This indicates the possibly that the polymer is dynamically
locked in smaller compartments along the chain, because the monomer sequences are either
fully hydrophilic or hydrophobic. Then, the two locked polymer blocks dynamically act like
an ideal diblock copolymer, where the anchoring point is not ideally symmetric but
dynamically rather stable. However, structurally, the different rather stable anchoring points

along the membrane in concert with the neighboring slightly confining membranes give the
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central membrane additional excitations with respect to the centre due to the random different
sizes of the two blocks. Structurally, the membrane appears to be stronger fluctuating, while
dynamically this is not the case at all. However, the averaged effect of = = 0.77 seems to meet
our theoretical expectations. We would like to stress, that we do not expect such a splitting for
the triblock polymers with intermediately polar middle blocks, but the deviations from the

diblock value would be small anyhow. Apart from that, the coefficient of the saddle splay

modulus E seems to show no splitting.

Table 5.1: Comparison of the sensitivity coefficients of the saddle-splay modulus, and the bending rigidity
(determined from NSE and SANS, and a corrected value). The last column displays the theoretical ratio of the
coefficients between the gradient and diblock copolymer. Diblock copolymer values are from 7. All errors are

10% or less.

Coefficient | Diblock Copolymer | Gradient Polymer | Experimental and Predicted Ratio
Gradient / Diblock
] 0.41 0.261 0.64 | 0.75
ENSE 0.56 0.631 1.13 | 0.70
ZSANS 0.45 0.263 0.58 | 2.7?
ESANS-bare 0.68 0.274 0.40 | 0.70

Looking back on the suppression of the liquid crystalline phases with increasingly soft
crossover from hydrophilic to hydrophobic part of the polymer, or reduced eEN* parameter, we
have to discuss the two parameters 2k + « and -k *°. The first one would support overall less
curved membranes. It is growing anyhow in all our cases, be it a little faster or slower. If the
latter parameter is small, it would favor minimal surfaces, i.e. the bicontinuous phase,
contrarily to the lamellar phase when -k becomes large. We observed and predicted a smaller
growth of -« with reduced anchoring strength eN°, which directly leaves the lamellar phase
further away at higher surfactant concentrations. The faster growth of the dynamic k from
NSE experiments supports the observed higher efficiency for gradient diblock copolymers,
while the static picture would not explain the observations. Thus the dynamic appearance of
thermodynamic systems must be analyzed to explain the macroscopic behavior. The obvious
effect of the blockiness of the tapering on dynamic properties was also confirmed in computer

simulations on translocating polymers through lipid bilayers .
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We can summarize that the class of gradient polymers cause a stiffening of the amphiphilic
film similar to diblock polymers, while simultaneously the saddle splay modulus behaves
differently from the diblock polymers with a much smaller change upon gradient polymer
addition. As a result, the formation of liquid crystalline mesophases is suppressed while
bicontinuous structures are geometrically favoured. Hence gradient amphiphilic polymers not
only increase the efficiency of surfactants but simultaneously suppress the formation of liquid

crystalline phases thereby greatly increasing their application potential.
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