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This study investigates the temperature responsive behavior of inclusion complexes formed by weakly
anionic alkyl ethoxy carboxylates and o (2CD) and B-cyclodextrins (BCD). Small-angle neutron scattering
(SANS) was performed to probe the structural behaviour at the 1-100 nanometer scale of the hierarchi-
cal assemblies at different temperatures. The phase transitions and thermodynamics were systematically
monitored as a function of the degree of ionization of the surfactant by differential scanning calorimetry
(DSC). Herein, we investigate the effect of the surfactant degree of ionization on the thermoresponsive
properties of the inclusion complex supramolecular assemblies. Inclusion complexes formed with the
ionized surfactant spontaneously assemble into multilayered structures, which soften with increasing
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temperature. We also found that the presence of charges is not only required to impart order to the
supramolecular assemblies, but also induced in-plane crystallization of the inclusion complexes. Finally,
the use of a weakly anionic surfactant allows us to probe the interplay between the charge density and
temperature on the assembly of surfactant-cyclodextrin inclusion complexes. This study helps to
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1 Introduction

Cyclodextrins (CD) are cyclic oligosaccharides able to form
inclusion complexes with various molecules. o-cyclodextrin
(2CD), B-cyclodextrin (BCD) and y-cyclodextrin (yCD) are the
most commonly used types, containing six, seven and eight o-p-
glucopyranose units, linked by o-1,4 glycoside bonds forming a
truncated cone-shaped ring. The hydrophilic rims decorated
with the primary hydroxyl groups and a hydrophobic cavity con-
taining high-energy water provide these molecules with unique
features which are at the origin of their very rich supramolecular
assembly behavior." Because of their versatility, cyclodextrins are
widely used as hosts to build functionalized supramolecular
materials, with polymers,>™ and surfactants.>®
Cyclodextrin-surfactant inclusion complexes systems exhi-
bit particular physicochemical properties, remarkable versati-
lity, and enriched structural behaviour arising from a delicate
balance of repulsive interactions of electrostatic or steric origin
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improve the design of multi-responsive supramolecular systems based on cyclodextrins.

between surfactants and hydrogen-bond mediated interactions
between cyclodextrins.””*° Non-covalent interactions are at the
basis of the reversible and stimuli-responsive behaviour of
cyclodextrin-surfactant systems. Moreover, chemical modifica-
tions of CDs and the large variety of surfactants available allow
the experimentalist to integrate the system with the desired
functionalities. In a reversible process, the assembly of inclusion
complexes into highly-ordered structures relies on directional hydro-
gen bonding between adjacent CDs and CD-water interactions.
Hydrogen bonding also plays a critical role in the balance of the
electrostatic interactions and macro phase stability, therefore, also
influencing the assemblies’ morphologies.”""

The knowledge of a system’s thermodynamic and structural
behaviour and its particular characteristics provide essential
tools to regulate and modulate the interactions involved in the
assembly.’” It can also provide essential information on the
role of the guests and hosts and their characteristics’ effect on
the structure and responsiveness.

The complex interplay of interactions governing the supra-
molecular assembly of surfactant-CD inclusion complexes is a
widely exploited strategy to design responsive materials relying
on environmental conditions. For instance, inclusion com-
plexes which respond to light,"*™"> pH,'® redox potential,"”*°
solvent exchanges®*?" or temperature®*>* have been prepared
for the design of stimuli-responsive assembled materials.'*>*
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Fig. 1 Schematic representation of representative chemical formula of an
alkyl ether carboxylic acid composed by a hydrophobic alkyl chain con-
taining 12 carbons, 5 or 10 ethylene oxide units and terminal carboxylic
group. See Experimental section for further details.

(o)

Because of the large effect on the solubility, molecular
vibrational states and strength of interactions, particularly
hydrogen bonds, temperature is one of the most common
and efficient stimuli employed in controlling molecular
conformation and self-assembly processes.** Temperature-
controlled phase transitions of highly ordered assemblies
of mixtures of CD with dimethyl tetrammonium bromide,’
tetradecyl dimethylammonium propane sulfonate,> sodium
6-(4-((4-(dimethylamino)phenyl)diazenyl)phenoxy)hexanoate,>*
1-decyl-3-methylimidazolium bromide®*” and sodium dodecyl
sulphate (SDS)***° have been investigated before. For these
mixtures, thermo-switchable phases of microtubes, lamellas,
hydrogels and vesicles have been reported, and the microco-
confinement potential via a co-assembly process by SDS@2BCD
has also been reported.****

In a recent study, we described the properties of inclusion
complex formed by cyclodextrins with weakly anionic alkyl
ether carboxylic acids (AEC).'® In particular, the possibility
offered by the weakly anionic head group allowed us to probe
the effect of surfactant charge density on the formation of
inclusion complexes through the pH of the solution without
any change in the chemistry of the system. Very interestingly,
multilayered aggregates are formed irrespective of the surfac-
tant charge. However, electrostatic repulsion is essential for the
formation of well-defined, ordered structures.

The aim of the present work is to investigate the effect of
surfactant ionization on the thermoresponsiveness of the sur-
factant/CD supramolecular assemblies. We investigated the
structural behaviour of the inclusion complexes assemblies
between two alkyl ether carboxylic acids, the pentaoxyethylene
dodecyl ether carboxylic acid (C;,EsAc) and the decaoxyethylene
dodecyl ether carboxylic acid (C;,E10Ac) (chemical structure in
Fig. 1), with oCD and BCD by small-angle neutron scattering
(SANS) over a wide temperature range of 15-70 °C. The
temperature-induced phase transitions and thermodynamics
were monitored by differential scanning calorimetry (DSC). We
report the differences in the thermal responses of the struc-
tures resultant of the chemical architecture of surfactants,
cyclodextrins, and the surfactant’s degree of ionization,
given as the sodium hydroxide and surfactant molar ratio
(o = [NaOH]/[Stot))-

This study delivers a micro and nanometer perspective on
the temperature responsiveness of the microstructure and CD-
surfactant inclusion complexes’ lattice assembly, opening the
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prospects on the guest role and evaluation of the host exchange
in cyclodextrin complexes and also in the development of
stimuli-responsive materials in the cosmetic, food, and phar-
maceutical fields.

2 Experimental section
2.1 Materials

Pentaoxyethylene dodecyl ether carboxylic acid (C;,EsAc) and
decaoxyethylene dodecyl ether carboxylic acid (C;,Eq0Ac) are
technical surfactants provided by KAO chemicals under the
commercial names AKYPO RLM45CA (444 g mol %, 92% purity)
and AKYPO RLM100 (686 g mol !, 90% purity), with 7.3 and
9.8 wt% water content, respectively.'® The hydrophobic part of
the surfactants is a mixture of C;,, C;4 and C; in approx. Ratio
2:1:0.25. The ethylene oxide units (EO) are Gaussian distrib-
uted over a mean of 4.6 and 9.4 for AKYPO RLM45CA and
AKYPO RLM100, respectively, and a degree of carboxymethyla-
tion of 0.95 for both surfactants determined by NMR.**** oCD
and BCD were acquired from TCI Europe. The water content of
the cyclodextrins was determined from thermo-gravimetry and
it is 10.1 for e and 11.5 wt% for BCD. Sodium hydroxide (Fluka,
puriss) was used to adjust the pH of the solutions. The water
content in the reagents was considered for sample preparation.
All mentioned chemicals were used as received. All the solu-
tions were prepared with D,O (D content > 99.8%) from
Eurisotop (Gif-sur-Yvette, France).

2.2 Sample preparation

The samples were prepared by mixing aqueous solutions of the
respective components, adding the cyclodextrin to the surfac-
tant solution to obtain the desired concentrations in the
samples at ambient conditions. Samples were heated for
30 minutes at 60 °C and left to stabilize for 24 hours.

2.3 SANS

SANS patterns were recorded using 1 mm path quartz cells on
D22%* at the Institut Laue-Langevin (Grenoble, France), with a
two *He detector setup, one fixed at 1.4 m sample-to-detector
distance and, the second, used in two sample-to-detectors
centre distance configurations of 5.6 and 17.6 m distance with
corresponding collimation of 5.6 and 17.6 m, covering a total
grange of 0.03 to 6.5 nm ', where g = 4msin(0/2)/4. The
samples were measured at temperatures 15, 25, 45 and 70 °C.

2.4 DSC

DSC measurements were performed with a sensitive multicell
DSC (micro-DSC, TA instruments) under nitrogen flow in the
range from 10 to 95 °C with scan rate of 1 °C min~'. The
hastelloy sample cells of 1 cm® contained approximately 500 mg
of sample solution. The AH is expressed in J g * of surfactant. It
is noteworthy that no signal was detected for the pure CD
solutions, i.e., in the absence of surfactant. The analysis con-
sisted in two heating and cooling cycles. The data were analysed
using the freely available tool pyDSC.**

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 SANS intensity as a function of scattering vector (g) covering 0.03-6.5 nm™. The measurements of (I) C12EsAc systems and (Il) C15E10AcC systems
ato = 0and o = 1 with aCD (a and b) and BCD (c and d) were performed at 15, 25, 45 and 70 °C, at ratio CD/surfactant = 2, (surfactant = 5 wt%). Curves are
scaled by successive factors of 10 to improve readability. Non scaled SANS curves are depicted in lll and IV. The insets represent an enlargement of the

high g region.

3 Results and discussion
3.1 SANS

In order to elucidate the microstructural aspects of the aggregates’
responsiveness to changes in temperature, small-angle neutron
scattering (SANS) measurements were performed. SANS curves of
nonionized (o = 0) and ionized (« = 1) surfactant-CD systems at
different temperatures are depicted in Fig. 2. We opted for
showing in the main text both the intensity-scaled and non-
scaled scattering curves: the former allows to highlight of struc-
tural features such as correlation peaks and slope changes, and the
latter provides a comparison of the evolution of the scattering
intensity, proportional to the mass of the aggregates. A further
I(q)q> vs. q representation of the data is given in the ESI{ (Fig. S3).

Most scattering curves exhibit a g~> power law, the char-
acteristic signature of locally flat structures (Fig. 2. III and IV).
The increase of the degree of ionization («), e.g. increase in
charge density, provides order to the multilayered structure but

This journal is © The Royal Society of Chemistry 2023

without affecting the overall shape and mass of the supramo-
lecular aggregates, as evidenced by the presence of the peaks at
mid-g in the SANS curves with a peak-to-peak ratio g,/q, = 2 and
by the fact that the data exhibit the same scattering intensity at
low-g values. Depending on the molecular architecture of the
host and guest, the typical spacing of the CD-surfactant layers
is 10-15 nm. A table summarizing the different characteristic
distances observed in the systems is given in the ESLft It is
important to note that the pure CD solutions are featureless at
the given experimental conditions and that the surfactant
assembles into simple vesicles (C;1,EsAc) and globular micelles
(C12E10Ac) (see ref. 32 and Fig. S2 in the ESIT).

At « = 0, no particular effect of the temperature was
observed, except for C;,EsAc-aCD. For this system, the SANS
patterns at 15, 25, and 45 °C are equivalent, exhibiting an
extended g > power law at mid g, a decay of the scattering
intensity at ~0.6 nm~". Such scattering patterns, which closely

Soft Matter, 2023,19, 1523-1530 | 1525
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resemble that of the aqueous solutions of the surfactant,*
indicate the presence of CD-decorated vesicles in the solution.
At 70 °C, a ¢ * power-law at low-q values is observed, and a
pronounced correlation peak appears at ¢ = 0.98 nm ™' corres-
ponding to a characteristic size of 6.4 nm. This value corre-
sponds to the length of the surfactant chain, and a correlation
peak at ¢ ~ 1 nm ™" is found in several dense-packed Cy,EsAc
systems.>**® Moreover, C1,EsAc was shown to undergo liquid-
liquid phase separation around 55 °C.** Accordingly, the
presence of aCD does not prevent phase separation of the
surfactant from the solution. Interestingly, upon the addition
of BCD, no temperature-induced structural changes are
observed by raising the sample temperature up to 70 °C.

Temperature effects are more marked at « = 1, where increasing
the temperature from 15 to 45 °C causes the correlation peaks —
characteristic of the multilayer structure - to broaden. The broad-
ening of the correlation peak can be ascribed either to a reduction
of number of layers in the supramolecular aggregate, or by redu-
cing the long-range order, ie., by increasing the flexibility of the
layer. Both interprepations are consistent with the recorded SANS
data. However, a weakening of the later, CD-CD hydrogen bonds
which are at the origin of the high rigidity of the inclusion complex
layer, is better supported by the endothermic peak observed by
differential scanning calorimetry (see next section). Further heating
the C;,E;0Ac-0CD and C;,EsAc-BCD complexes at 70 °C, causes the
peaks characteristic of the multilayered structure to fully disappear,
and a strong single peak appears at ¢ ~ 0.36 and 0.44 nm ',
respectively. Such changes in the scattering pattern are consistent
with a transition from multilayered aggregates to unilamellar ones,
such as disks or vesicles, as found in similar systems.>**° In detail,
while the two structure peaks at temperatures <45 °C arise from
intra-aggregate correlations, the peak found at 70 °C arises from a
typical inter-particle distance of 18 and 14 nm. Similarly, inclusion
complexes between sodium dodecyl sulfate and BCD show a
structural phase transition from tubular structures to vesicles
between 40 and 43 °C.*®*° The values of the repeating distances
found in the investigated complexes are summarized in Table S1 in
the ESL¥

Generally, no changes are observed in the CD packing upon
the temperature increase for fCD. However, the temperature
effect on the CD-CD and CD-water interactions in the lattice
assembly can be observed in the high g region for C;,E;¢Ac-0CD
systems, at o = 0 and « = 1, and C;,EsAc-0.CD ionized systems.
For Cy,EsAc-0CD, the singular peak observed at g = 4.43 nm ™"
at low temperatures diverges in two peaks at 3.6 and 5.3 nm"™
as the temperature increase indicates changes in the packing
lattice. Interestingly, the positions of the peaks at 70 °C are
equivalent to the scattering profile observed for the respective
nonionic system. Similar transitions are observed for C;,E;pAc
systems with the same CD at o = 0 and o = 1.

The structural effect of the different ethylene oxide units and
the different behaviour upon thermal stimulus is evidenced at
the high g region of « = 0 with o-CD of both surfactants in
Fig. 2I-a and II-a. Whereas in Fig. 2I-a the scattering curves point
to no temperature responsive of the surfactant with smaller
number of EO and similar profile for all the temperatures, in

1
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Fig. 2II-a, it is possible to observe the lattice phase transition
evidenced by the changes in the CD-CD organization.

3.2 Differential scanning calorimetry

Calorimetric methods are well-established techniques to char-
acterize thermodynamically supramolecular structures of sur-
factants, polymers, inclusion complexes and self-assembled
structures. DSC allows to characterize the enthalpic change
associated with the structural reorganization observed by
small-angle scattering experiments. The DSC thermograms of
the different mixtures are shown in Fig. 3, and the obtained
enthalpic changes (AH) and temperature of the melting peak
are given in Fig. 4.

The general trend in the systems is the increase of AH with
the increase of the surfactants’ degree of ionization o. This
observation well correlates with the increased crystallinity pre-
viously found in self-assembled supramolecular complexes of
CD and alkyl ether carboxylic acids with increasing degree of
ionization.'® The values of AH are very similar for all mixtures,
varying from a basically undetectable transition at low degree of
ionization to a value of AH of 40 J mol™' of surfactant. An
exception is made by the complex formed between C;,E;(Ac
and aCD, which shows a significant endothermic peak also for
the surfactant in the nonionic state. The temperature of the
transition increases for mixtures of C;,EsAc with increasing
degree of ionization, while an almost constant value of x40 °C
is found for C;3E;0Ac. The increasing melting temperature
observed indicates a higher crystal stability with increasing
degree of ionization. The fact that this phenomenon is
observed for the surfactant with the shorter ethylene oxide
spacer only, points towards the importance of the location of
the charge in the crystallization of surfactant/CD inclusion
complexes.

A further interesting point is given by the fact that the
thermograms of oCD complexes show the same onset, except
for the mixture at a full degree of ionization. This indicates that
for a given surfactant/CD inclusion complex, increasing the
degree of ionization causes the amount of structure which are
able to melt to increase, but not the energy of the crystal.

Taking into account the results from the SANS analysis, it
can be stated that the endothermic peak probed by DSC is
correlated with structural changes on the 10-20 nm scale. For
all BCD inclusions complexes and the complex of aCD with the
non-ionized C;,EsAc, no changes in the CD-CD packing,
probed in the high-g region of the scattering pattern could be
observed.

Our results agree well with similar studies performed on
SDS@2BCD mixtures,”® where similar values for the melting
enthalpy and a melting temperature of approx. 40 °C
were found.

4 Conclusions

In summary, we have studied the thermoresponsive behaviour
of the hierarchical assemblies of o and B-cyclodextrins and

This journal is © The Royal Society of Chemistry 2023
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weakly anionic alkyl oligoethylene oxide carboxylic acids. The
presence of a weakly acidic surfactant head group allowed us to
probe the effect of the surfactant degree of ionization on the
thermoresponsive properties of the inclusion complex supra-
molecular assemblies. This represents an important advantage

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

v — 80

(3)—— CuEAc+ @
—— Ci,EsAc + @

170

_(b)+ C1I2E10AC + I@
—— CppEi0Ac + (@

AH (3 g™ (closed symbols)

N
oo
T max (°C) (open symbols)

40

730

L L L 1 20
0.25 0.50 0.75 1.00

a = NaOH / Surfactant
Fig. 4 The enthalpic changes AH (J geurs 1) as function of the surfactant's
degree of ionization of (a) Ci2EsAc (¢) and (b) C12E1p0Ac (M) systems and the
temperature of the melting peak (O) corresponding to the assembled
systems containing 5 wt% surfactant with «aCD (red) and BCD (blue).

with respect to previous studies performed either with strongly
ionic or nonionic surfactants.”?>>7"2°

Small-angle neutron scattering experiments indicate that
the presence of electrostatic repulsion is required for the
formation of well-defined, ordered supramolecular structures.
Increasing the temperature up to 70 °C softens the structures,
providing a loss of internal order. The structural data were
complemented with differential scanning calorimetry, which
allowed us to probe the effect of the surfactant’s degree of
ionization on the inclusion complex crystal stability. In parti-
cular, the experiments evidenced the importance of the
presence of charges to induce the crystallization of the layered
inclusion complexes. In our previous investigation on the effect
of surfactant charge density on the structure of the supramo-
lecular assemblies,"® we pointed out that a certain degree of
ionization of the surfactant is required for the formation of
ordered aggregates. We rationalized the finding in terms
of electrostatic repulsion between the layers, which promotes
the transition from a disordered multilayered structure to a
more ordered one. The novel results presented herein point
towards a more complex situation. Not only the presence of
charges provides electrostatic repulsion to the bilayers, but it

Soft Matter, 2023,19, 1523-1530 | 1527
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Fig. 5 Schematic representation of the inclusion complex membrane softening induced by increasing temperature, on the example of the fully ionized

sodium alkylether carboxylate treaded with B-cyclodextrin. (a) overview on the components of the system; (b and c) represent the bilayer structure at low
and high temperature respectively; (d and e) represent the multilayer structure at low and high temperature, respectively.

induces crystallization of the same, thus, very likely, increasing
the membrane rigidity.

Temperature might affect the system in many different ways,
e.g., by changing the solubility of the cyclodextrins and of the
inclusion complexes, it causes a partial dehydration of the
surfactant head group, it may cause unthreading events, and,
finally, it affects the CD/CD in-plane interactions. It is useful to
make some consideration to contextualize the relative impor-
tance of the different phenomena. No changes in solubility was
detected by visual inspection of the samples, and the fact that
the scattering intensity at low-q remains unchanged, allow us to
rule out that the observed effects arise from solubility changes
in the system and from unthreading events. This observation is
in agreement with thermodynamic studies, which show that
the equilibrium constant for the formation of CD-surfactant
inclusion complexes - albeit decreasing with increasing tem-
perature - remains significant with Keq > 10* M~ *.>%4>% At the
given experimental conditions, assuming a binding constant of
10* M, only 0.2 mol% of the surfactant would be unthreaded.
Furthermore, increasing the temperature causes the oligo-
ethylene oxide units of the surfactant to dehydrate, at least at
a low degree of ionization. However, the head group area at low
temperature is 58 and 86 A* at low pH and 123 and 130 A at
high pH, for C;,EsAc and Cy,E;0Ac, respectively.®® The area
occupied by o and BCD is 181 and 243 A%, respectively. Accord-
ingly, we do not expect any effect of temperature on the
geometry of the inclusion complexes, since the packing is
determined by the size of the cyclodextrins. Finally, the most
likely event to occur is the weakening of the hydrogen bonds
between adjacent cyclodextrin molecules, with their partial
replacement with CD solvent ones. These bonds represents
the weakest interactions in the system, thus the first ones who
can be disrupted by increasing the systems’ temperature. The
weakening of these later, CD-CD bonds is also in agreement

1528 | Soft Matter, 2023, 19, 1523-1530
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with the observed DSC and SANS results. A schematic repre-
sentation of this phenomenon is given in Fig. 5.

To conclude, cyclodextrin/surfactant complexes have been
shown to be extremely versatile systems, owing to the broad variety
of stimuli they can respond to. Accordingly, they are excellent
candidates for the design of multi-responsive systems. Recent
studies have been focused on the characterization of CD inclusion
complexes which respond to more than one trigger.>>*%** Hence,
alkyl oligoethylene oxide carboxylic acids-cyclodextrin complexes
and their multiple responsiveness demonstrate the importance of
understanding the interplay of interactions and the thermal and
ionic effects on the formation and morphology of supramolecular
assemblies of cyclodextrin/surfactant complexes. It also reinforces
the importance of unveiling fundamental properties and dynamics
aiming for the smart use of guests in developing building blocks
that can further assemble to finally be able to direct them to the
suitable application.
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