Effect of Headgroup Variation on the Self-assembly of Cationic

Surfactants with Sulfonatocalix[6]arene

Véronique Wintgens,® Jozsef G. Harangoz(),b Zsombor Miskolczy,” Jean-Michel

Guigner,® Catherine Amiel ? Laszl6 Biczék”

®Université Paris Est, ICMPE (UMR7182), CNRS, UPEC, F 94320 Thiais, France

®Institute of Materials and Environmental Chemistry, Research Centre for Natural Sciences,
Hungarian Academy of Sciences, P.O. Box 286, 1519 Budapest, Hungary

® Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie (IMPMC, Sorbonne
Universités - UPMC Université Paris 06, UMR CNRS 7590, Muséum National d’Histoire
Naturelle, Institut de Recherche pour le Développement UR 206 4 Place Jussieu F-75005

Paris, France

“ Corresponding author. Phone: (+36 1) 382-6614; E-mail: biczok.laszlo@ttk.mta.hu

1



Abstract

The effect of headgroup variation on the association of supramolecular amphiphiles
composed of 4-sulfonatocalix[6]arene (SCX6) and cationic surfactant possessing tetradecyl
substituent was studied in aqueous solutions at pH 7. When the surfactant contained
hydrophilic trimethylammonium, pyridinium, or 1-methylimidazolium headgroup, highly
reversible temperature-responsive nanoparticle—supramolecular micelle transformation could
be attained at appropriately chosen component mixing ratios and NaCl concentrations. In
these cases, the substantial negative molar heat capacity change (4Cp) rendered nanoparticle
formation strongly endothermic at low temperature, whereas the assembly to supramolecular
micelle was always accompanied by enthalpy gain. The 4C, values became less negative
when the charge density and the hydrophilic character of the surfactant headgroup
diminished. The association of the more hydrophobic 6-methoxyquinolinium and
quinolinium surfactants with SCX6 did not lead to supramolecular micelle formation because

the self-assembly into nanoparticles was highly exothermic.
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1. INTRODUCTION

Understanding the relationship between the molecular structure of surfactants and the
properties of their aggregates is of crucial importance for the prediction and rational design
of physico-chemical parameters in a wide range of applications. The effect of headgroup
alteration on the micellization of cationic surfactants has been extensively examined,® but
no systematic studies are available in the literature for supramolecular amphiphiles. These
non-covalently bound associates are produced by self-assembly of hydrophobic and
hydrophilic constituents.”® Macrocyclic cavitands are especially suitable building blocks for
the construction of supramolecular amphiphiles with easily controlable properties and
versatile structures.'®*

The m-electron-rich apolar interior and the polyanionic character of 4-
sulfonatocalix[n]arenes (SCXn) promote the encapsulation of cationic and aromatic
compounds in their cavity.®® The inclusion complexes of the homologue comprising four
sulfonatophenol units (SCX4) usually assemble to supramolecular vesicles.***" Mixing 1-
pyrenemethylammonium and 4-sulfonatocalix[5]arene (SCX5) solutions resulted in
unilamellar vesicles with temperature-controllable reversible association and dissociation
behavior.®® When supramolecular vesicles were composed of SCX4 and 1-dodecyl-1'-
methyl-4,4'-bipyridinium, gradual disintegration into constituents was found with rising
temperature but the particle size barely diminished.® Reduction of the 4,4’-bipyridinium
moiety to radical cation decreased the particle diameter, whereas the supramolecular vesicles
completely disappeared upon further reduction. The vesicles prepared from myristoylcholine
and SCX4 could be disrupted by enzymatic cleavage of the amphiphilic component to
myristic acid and choline.!* An amphiphilic anthracene derivative produced
thermoresponsive spherical nanoparticles (NP) with a narrow size distribution in the presence

of SCX4.* The self-organization to these NPs significantly accelerated the



photodecomposition. Both nanoparticle and vesicle formations were reported upon mixing
chitosan, a biocompatible and biodegradable polysaccharide with SCXn in acidic solution
and the produced species were capable of encapsulating pharmaceutically active
compounds.?*#?

Alkyltrimethylammonium bromide surfactants readily formed complex with
hexamethylated 4-sulfonatocalix[6]arene (HMSCX6) in which the cationic headgroup
interacted with the oxygen atoms of the methoxy substituent of the macrocycle.?® Such 1:1
binding of dodecyltrimethylammonium (C1,TA") ion induced association to supramolecular
micelle (SM) in much more dilute solutions than the critical micelle concentration (cmc) of
the free surfactant.* The size and composition of SM scarcely changed as long as unbound
HMSCX6 remained in the solution.”® The self-organization of fluorescent compounds and
calixarene type of macrocyclic amphiphile was employed for the creation of color-tunable
photoemitting nanomaterials.?®?® Pillar[5]arene functionalized with galactose and dodecyl
groups produced vesicles in water, which slowly rearranged to nanotubes capable of
agglutination of bacterial cells.®® The vesicles composed of another amphiphilic
pillar[5]arene transformed to micelles upon pH diminution and self-assembled to microtubes
after 4 months.*® The pH change in water by bubbling CO, was exploited to design CO,-
responsive supramolecular amphiphile from sodium dodecyl sulfate (SDS) and pillar[5]arene
containing tertiary amine groups at the two rims. The protonated form of the host produced
pseudorotaxane with SDS which associated into spherical bilayer vesicles.*

Host-guest complexation of 1-alkyl-3-methylimidazolium (C,mim®) cations with
SCXn facilitated the self-organization to SM or NP depending on the conditions and the
structure of the interacting molecules when the aliphatic group contained n = 12, 14, or 16

carbon atoms.®3* In the presence of NaCl, highly reversible SM—NP transformation was

achieved by temperature alteration in a narrow range when the macrocycle composed of 6 or



8 hydroxybenzenesulfonate moieties. The smaller and more rigid SCX4 generated only NP
formation in a substantially exothermic process.®* We have revealed how the macrocycle
size, ionic strength, temperature, mixing ratio of the components, and chain length of the
alkyl substituent affect the diameter, morphology and thermodynamics of C,mim*-SCXn
aggregates.*>** Now, we focus our attention to the effect of headgroup variation on the
association of 4-sulfonatocalix[6]arene (SCX6) with tetradecyl type of cationic surfactants
(C14X™). Our main objective is to unravel whether stimuli-responsive NP—SM transition can
be accomplished with various C14X"™—SCX6 supramolecular amphiphiles and to uncover the
impact of the properties of the headgroup on the thermodynamics of the association. The

formulas of the employed surfactants and cavitand are presented in Scheme 1.
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Scheme 1. Chemical formulas of the studied compounds

2. EXPERIMENTAL SECTION

Materials. Tetradecyltrimethylammonium bromide (CisTA'BrY) (Fluka), 2-hydroxy-
substituted nile red (HONR), also called 9-diethylamino-2-hydroxy-5H-benz[a]phenoxazin-
5-one (Aldrich) were used as received. 4-Sulfonato-calix[6]arene (SCX6) (TCI) was dried
under vacuum at 333 K overnight. The water content of the latter compound was determined
by total organic carbon analysis. N-tetradecylpyridinium bromide®® (C.Py'Br) was
prepared as reported. The synthesis of N-tetradecylquinolinium bromide (C14Q*Br") and N-
tetradecyl-6-methoxyquinolinium bromide (C14sMOQ'Br-) are described in Supporting

Information.



Sample preparation. NPs were prepared by mixing the appropriate amounts of surfactant
solutions under stirring at 150 rpm at 25°C. SCX6 concentration was 0.1 mM unless
otherwise stated. lonic strength was adjusted by 2.5 M NaCl stock solution.

Stoichiometry of the components in the NPs. NPs were separated from the liquid phase by
a Beckman Coulter (Optima Max-XP, type TLA 110 rotor) ultracentrifuge. SCX6 or
C14MOQ concentrations in the supernatants were determined by spectrophotometric method,
whereas total organic content (TOC) analysis provided information on the sum of the
concentrations of SCX6 and surfactant. The amounts of the components in NPs were
obtained as a difference of total and solved quantities. Further details have been reported.*
Application of fluorescent probe. 23 nmol HONR in methanol was put into 5 ml flask and
the solvent was evaporated by letting nitrogen flow over the solution. After adding the
supramolecular surfactant solution, the sample was kept for 2 days in the dark for
equilibration.

Instrumentation. Corrected fluorescence spectra were recorded on a Jobin-Yvon
Fluoromax-P photon-counting spectrofluorometer. Particle size and zeta potential were
measured on a Zetasizer Nano-ZS (Malvern Instrument). The mean diameter of the NPs was
derived on the basis of number distribution. The mean error of the particle sizes determined
by dynamic light scattering is ~15% (average of at least 3 different experiments). Total
carbon analyses were carried out on a Shimadzu TOC-L CSN instrument, which was
calibrated by a potassium hydrogen phthalate solution in ultrapure water (2.125 g dm™
corresponding to 1000 mgC dm™). Isothermal titration calorimetry (ITC) measurements
were performed with a MicroCal VP-ITC microcalorimeter. 10 ul of surfactant solutions
were injected from the computer controlled microsyringe into the cell containing 0.1 mM
SCX6 solution at pH 7, while stirring at 450 rpm. The dilution heat was always subtracted.

Cryo-transmission electron microscopy (TEM) images were taken on an Ultrascan 2K CCD



camera (Gatan, USA), using LaB6 JEOL JEM 2100 (JEOL, Japan) cryo-microscope as

previously described.*

3. RESULTS

3.1. Micelle Formation of Surfactants. The critical micelle concentration (cmc) and

thermodynamic parameters of association into micelles for various amphiphiles possessing

tetradecyl moiety (C14X"Br”) were determined by isothermal calorimetric titrations. Micelle

solutions were injected into the corresponding solvent and the cmc values were obtained from

the maximum of the first derivative of the enthalpograms, which corresponds to the inflection

point. The experimental results obtained at 298 K are summarized in Table 1, whereas Figure

S1 presents the small change of cmc values with temperature. The charge distribution of the

Table 1 Headgroup properties, cmc values and thermodynamic parameters of micelle

formation at 298 K in water and 50 mM NaCl aqueous solution

[/I\I:Ii/ll] C14TA+BF_ C14mim+Br_ C14Py+Br_ C14Q+Br_ C14MOQ+BI'_

Headgroup
charge per 6.48 5.61 6.33 3.74 2.89
volume /
electron nm™
Headgroup 056 0.43 1.39 2.16 1.01
log P
cmc(298 K) / 0 3.73 2.56 2.89 1.11 0.66
mM 50 1.25 0.72 0.75 0.24 0.12
AH(298 K) / 0 -5.0 —6.1 -6.5 -75 -11.9
kJ mol™ 50 —0.61 —2.0° ~1.3 2.7 -5.9
AC, / 0 -0.52 —0.595" —0.47 —0.60 -0.60
kJ mol K™ 50 —0.52 —0.54° —0.46 —0.50 —0.45
Intercept / 0 150 135 171 166
kJ mol™ 50 155 160° 135 146 129
To/K 0 288 286 285 277

50 298 296 293 292 287

2 Ref 3238 Pfor C1,mim*CI~ Ref *




surfactants, headgroup van der Waals volume and logarithm of the partition coefficient
between n-octanol and water (log P) of the headgroup were calculated by HyperChem 8.0.10
software as described in Supporting Information. The headgroup charge per van der Waals
volume was used to characterize the charge density on the cationic group of surfactant,
whereas increase of log P parameter indicated the rise of its hydrophobicity. A correlation was
found between the cmc values and the charge density of the cationic moiety of surfactants
indicating that the diminution of the electrostatic repulsion among the headgroups facilitates
the association into micelles. The addition of 50 mM NaCl brought about considerable cmc
lessening due to the effective screening of the electrostatic interaction among the headgroups
within the micelle. The enthalpy change upon micelle formation (4H), which was determined
as described by Blume and coworkers,*” significantly decreased in the series of Ci,TA'Br >
Cumim'Br~ > Cy4,Py'Br~ > C14Q"Br > C;4MOQ'Br . This trend resembles the diminution of
the headgroup charge per volume of the cationic headgroup. The slope of the linear
correlation between AH and temperature (T) provided the molar heat capacity change (4C,).
The isoenthalpic temperature (Tic), where AH = 0 kJ mol™, was calculated using the slope and
the intercept (Int) of AH vs. T relationship as follows: Tie = —Int /4C,. Micelle formation was
always exothermic above 298 K. The variation of AC, and Int was less than 25 % in the series
of surfactants and did not exhibit a trend. This indicates that the alteration of the water
structure around the tetradecyl substituent is the dominant factor affecting AC,, whereas the
changes in hydration and interactions for the cationic headgroup have a smaller contribution.
AC, found in the present study for C1sTA"Br~ agrees within the limits of experimental errors

with that (—0.499 kJ mol™ K™) reported by Bashford and Woolley.*®

3.2. SCX6-induced Nanoparticle Formation in Water. Particle formation started in

aqueous solution at pH 7 immediately after mixing C14X*Br~ and SCX6 at equimolar ratio.
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Nanoparticles (NPs) were investigated at various mixing ratio (r). At a specific mixing ratio,
NPs became unstable and coalesced due to the compensation of the positive charges of the
surfactants cationic headgroup by the negative charges of SCX6. At neutral pH, SCX6 had 8
negative charges. Not only the six sulfonate groups were deprotonated but also two phenolic

OH substituents dissociated because their pKa values were 3.29 and 4.91 in 0.1 M NacCl
solution at 298 K.** The mixing ratio where NP destabilization began (Iyimi) Slightly
diminished in the series of CiyTA'Br™ (Nimit=8.5) > C14sPy'Br  ~ Cymim'Br  (Fimit=8) >
CQ'Br ~ C1uMOQ'Br (Mimit=7).

Among the various studied surfactants, C;4,TA"Br~ produced the least stable NPs over
one day. In the case of this surfactant, NPs were stable over one day only at molar ratio of 6 <
r < 7. These NPs had mean diameter of d = 92 nm (mean polydispersity index PDI ~0.1) and
negative zeta potential (~ -22 mV at r=7), at 298 K. At 1 < r < 6, NP diameter substantially
increased with time. Figure S2 presents the average of the results of three experiments as a
function of r. For example, the diameter of NPs increased within one day from 45 nm to 105
nm for r = 4, and from 20 nm to 120 nm for r = 2. More stable NPs were produced when
Cw4Py'Br  was used. The mean diameter of these NPs scarcely varied within one day, but
increased from 30 nm to 95 nm (mean PDI ~0.1) when the [C1Py'Br]/[SCX6] mixing ratio
was raised from 2 to 7 (Figure 1A). In the 2 < r < 6 domain, the negative zeta potential
slightly grew from -30 mV to -25 mV, but then increased steeply until the vanishing surface
charge led to destabilization (Figure 1B). The SCX6-initiated NP formation of
CwuPy'Br closely resembled that reported for C1smim*Br~in our previous paper.>* The mean
diameter of NPs comprising C14Q" and C1sMOQ" slowly grew until reaching a constant value
in ~7 h. As seen in Figure S3, the NP size also increased with the growth of the surfactant

excess. After stabilization time, NP diameters varied within the 2< r <6 mixing ratio range
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Figure 1 (A) Mean diameter of nanoparticles at 1 (4), 2 (®), 7 (V) h after mixing C14Py'Br~

and SCX6 solutions in various ratios at 298 K. Average of the diameters measured at 0, 2, and
24 h after mixing (A) [SCX6] = 0.1 mM. (B) Zeta potentials as a function of

[C14PY"Br]/[SCX6] mixing ratio.

from 39 nm to 78 nm for C14Q"—SCX6, whereas an increase from 50 nm to 82 nm was
observed for C;4MOQ"-SCX6. The mean PDI was always ~0.1. Zeta potentials at r = 6 were
around -32 mV and -22 mV for C14Q"~SCX6 and C1,MOQ"—~SCX®, respectively.

The stoichiometry of NPs was determined from the difference between the total
concentrations and the concentrations in the aqueous phase after ultracentrifugation of the
NPs, as previously reported.** The mean values of the results, obtained using at least three
different mixing ratios for each surfactant, are summarized in Table 2. The stoichiometry was
always close to the charge neutralization but the volume of the cationic headgroup had a

slight influence. The lowest surfactant:SCX6 molar ratio in NPs and the highest zeta
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potential were found when the surfactant contained the most spacious 6-methoxyquinolinium

moiety (Table 2).

Table 2 Zeta potentials, mean values of surfactant cation/SCX6 molar ratios in nanoparticles

at 298 K and the calculated volume of the headgroup

Surfactant C14TA+BF_ C14mim+ Br- C14Py+Br_ C14Q+Br_ C14MOQ+BI'_
Zeta potential® / mV

-34 -35 -35 -32 -22
atr=6
NP stoichiometry 75 7.4 7.7 7.2 6.6
Headgroup van der 0.108 0.115 0.105 0.180 0.235
Waals volume / nm®

% average of the results of three independent measurements

3.3. Morphology of Nanoparticles. Cryo-TEM measurements allow the observation of
particles in their aqueous environment. It is important to preserve the sample in a frozen
hydrated state because dehydration may induce structural change. To gain information about
the shape and internal structure of NPs, cryo-TEM images were recorded one hour after
mixing the components at 298 K. Representative results are presented in Figure 2. SCX6
concentration of 0.2 mM was employed and the surfactants had 6- or 7-fold molar excess
relative to SCX6. C14,TA™-SCX6 particles were less stable under electron beam irradiation
than the NPs of other surfactants. Spherical external appearance was found for the small
C14TA'-SCXG6 particles, whereas the larger aggregates exhibited ellipsoid shape (Figure 2A).
Parallel lines about 3.5 nm apart were observed in the core of C14Py"—SCX6 NPs (Figure 2B)
indicating lamellar inner structure similar to that reported for Cy,mim*~SCX6 NPs.*> The
majority of C14Py"—SCX6 NPs were spherical but about one third of them showed slightly

oblate spheroid contour. In contrast, spherical NPs were detected for both C;14Q"—SCX6 and
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Figure 2 Cryo-TEM images for (A) C14TA'-SCX6 solution of molar ratio r = 7, (B)
C1sPy"~SCX6 solution of molar ratio r = 6, (C) C14Q"—~SCX6 solution of molar ratio r = 6,
and (D) C14sMOQ"-SCX6 solution of molar ratio r = 6. The solutions were equilibrated at 298

K for one hour before recording images. [SCX6] = 0.2 mM.

C14sMOQ*-SCX6, but lamellar arrangement with a repeat spacing of ~2.5 nm appeared only
in the former case (Figure 2C). The lack of pattern in C;4sMOQ*-SCX6 NPs (Figure 2D)
arises probably from steric reasons. The methoxy substituents may partly hinder the n—n

interaction among the quinolinium rings.

3.4. Effect of NaCl Concentration. Figure 3 presents how the gradual addition of NaCl
affects the size of C14TA"™—SCXG6 associates at 298 K. Substantial diameter growth was found

in the 4 <r <7 domain. The NPs were coagulated when the amount of NaCl reached 100

12
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Figure 3 Effect of NaCl concentration on the particle mean diameter for C1,TA"Br:SCX6

solution of molar ratio (A) 6, (B) 4, and (C) 2 at 298 K. The NP solutions were equilibrated

(A) 4.5, (B) 7, and (C) 28 h before the titrations. DLS measurements were performed 2 min

after each successive NaCl addition. [SCX6] = 0.1 mM.

mM at r = 7 or 150 mM at r = 6 but such a change did not take place at lower component

mixing ratios. At twofold molar excess of C1,TA'Br™ relative to SCX6, particles of ~7-9 nm

mean diameter were found at [NaCl] > 25 mM. This structure alteration resembled that

reported for Cosmim*—SCX6 NPs* and assigned to supramolecular micelle (SM) formation.

The salt-promoted reassembly of Ci, TA™ and SCX6 to SM was less abrupt than for

C1smim*=SCX6 NPs and occurred at higher salt concentration. Both the size and the inner

structure of SMs basically differ from those of NPs. In the much smaller SMs, only the

apolar aliphatic chains are located in the core of the particles and the SCX6 macrocycles are
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bound to the cationic headgroups at the surface in contact with surrounding water. In
contrast, the inner part of NPs is composed of (C14mim™*),—SCX6 units (n=7-8).

NaCl addition was unable to induce the rearrangement of Cy,Py"—SCX8,
C14Q"-SCX6, or C;sMOQ*~SCX6 NPs to SM at any mixing ratios at 298 K. The gradual
increase of NaCl amount brought about an initial NP growth, but the size leveled off above
~50 mM NaCl concentration reaching ~125 nm and ~185 nm mean diameters in the case of
quinolinium type of surfactants and C14Py", respectively (Figure 4). These NPs are quite

stable in the presence of salt. No size change was observed after one day.
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Figure 4 Mean diameter of (A) C14Py'-SCX6, (B) C14Q"-SCX6 and (C) C1;MOQ*-SCX6
NPs produced at r = 4 mixing ratio as a function of NaCl concentration at 298 K. NP
solutions were equilibrated for 7 h. DLS measurements were performed 2 min after each

successive NaCl addition. [SCX6] = 0.1 mM.

3.5. Effect of Temperature Variation. The cooling of C14Py*~SCX6 NPs in 50 mM NaCl

solution to 288 K or below this temperature led to transition from NP of 250 + 10 nm to SM

14



of 4.8 + 0.4 nm mean diameters at r = 3 mixing ratio. In contrast, no SM formation was
attained at r > 4. The repeated cooling and heating cycles provided highly reversible NP-SM

transitions with reproducible particle sizes (Figure 5). Similar results were obtained for

A
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T T T T T T T T T T T
298 288 298 288 298 288 298 288 298 288 298

Temperature /K

150 +

Mean diameter / nm

100

50 +

0

293 283 293 283 293 283 293 283 293 283 293
Temperture / K

Figure 5 Particle size alteration measured by dynamic light scattering (A) at r = 3 for
C14Py"—SCX6 in 50 mM NaCl solution and (B) at r = 4 for C;4,TA™-SCX6 in 15 mM NaCl

solution 25 min after repeated temperature change.

C1sTA™-SCX®6. In this case, 15 mM NaCl concentration was sufficient for the temperature-
induced NP-SM interconversion, but this structure change did not occur at r > 4. Figure 5B
shows that the structure switch from NPs of 136 + 6 nm to SMs of 6.8 = 0.5 nm mean
diameter was achieved upon temperature alteration between 293 and 283 K at r = 4.
Representative size distributions obtained by dynamic light scattering method are presented in
Figure S4. The tuning of the mixing ratio of the components to r = 3 shifted the thermal-
initiated size change to the 298 — 288 K range. Temperature alteration did not induce the
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conversion of C14Q"-SCX6 and C1sMOQ*~SCX6 NPs to SMs under any the experimental

conditions.

3.6. Isothermal Titration Calorimetry. ITC experiments provided insight into the
thermodynamic origin of the differences in the association characteristics of the various
supramolecular amphiphiles. C14X"Br~ solution with 50 mM NaCl was added to 0.1 mM
SCX6 and 50 mM NaCl mixture at pH 7. The dilution heat of the titrant, determined by the
titration of 50 mM NaCl, was always subtracted. Because of their low cmc, the quinolinium
surfactants were injected into 0.02 mM SCX6 solution. The other C14X"Br~ compounds were
added to 0.1 mM SCX6 solution. As a representative example, Figure 6 displays the
enthalpograms for the titration with Ci,TA'Br~. At 278 K, the rise of 4H values in the
r=[C1sTA']/[SCX6] < 0.7 mixing ratios is assigned to association of several C14TA" cations to

the polyanionic SCX6. The gradual increase of the number of complexed surfactant ions is

N
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Figure 6 Results of ITC measurements at 298 (®), 288 (A ), and 278 K (m) in 50 mM NacCl

solutions after correction with dilution heat; 0.1 mM SCX®6 solution was titrated with 3.0 mM

CwTA"Br at pH 7 keeping 50 mM NaCl concentration constant.
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accompanied by diminishing exothermicity of the binding steps. When the amount of
(C14TA"),—SCX6 complexes exceeds the critical association concentration, self-organization

into SM takes place. In the 0.7 < r < 4 domain, 4H barely alters because only the number of
SMs increases; their size remains practically constant. Further increase of the relative amount
of C14TA" leads to gradual transformation of SMs to NPs. Since the association into NP is an
endothermic process at low temperature, AH significantly grows in the 4.2 < r < 5.2 range. A
plateau is reached at mixing ratios where merely NP exists. When temperature is raised, 4H
for NP formation diminishes to a larger extent than that for the assembly into SM and the
SM-NP transition occurs at considerably smaller r values. The endothermic assembly into
NPs turns to exothermic at 298 K facilitating thereby NP formation. The results of isothermal
calorimetric titrations of SCX6 with C1,TA'Br~ solution resemble those found for the
associations leading to C1Py*—SCX6 (Figure S5) and Cismim*—SCX6.*> When C1.Q* or
C14sMOQ" solutions served as titrant, practically constant heat evolution was obtained due to
the association with SCX6 into NPs as long as no coagulation occurred. 4H remained
negative at all temperatures.

The experiments repeated at various temperatures provided linear correlations between
the enthalpy change (4H) and temperature (T) for both the NP and SM formations. The
temperature dependences of AH for the various self-assemblies are presented in Figure 7. The
intercepts (Int) and the molar heat capacity changes (4Cp) derived from the slopes are listed in
Table 3. The SCX6-initiated self-organization to SM is exothermic at all temperatures in 50
mM NaCl solution and 4Hs are very similar for all surfactants. The Int and 4C, values of SM
production barely differ for Py" and Ci4mim* but somewhat larger Int and more negative AC,
are found for C;4TA®. The Int quantities of NP production diminish in the sequence of

C1aTA™-SCX6 > C1smim*—SCX6 > C14Py"~SCX6 whereas the AC, data exhibit an opposite

17
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Figure 7 Temperature dependence of enthalpy change for association to supramolecular
micelle (A) and NP (B) in the case of Cy4sTA'™-SCX6 (m), C1mim*=SCX6% (®), and
C1Py"—SCX6 (A ) as well as (C) for NP formation of C1,Q"~SCX6 (4) and C1,MOQ*-SCX6

(V) in 50 mM NacCl solution. [SCX6] = 0.1 mM

trend. The association into these NPs is highly endothermic process at low temperature
(Figure 7B). The significantly more negative 4C, of NPs compared with that of SMs leads to
the stabilization of NPs at elevated temperatures. The surfactants of quinolinium type are
unable to assembly into SM because their NP formation is enthalpically favored even at low
temperature (Figure 7C). The lowering of temperature does not destabilize these NPs because

of the small negative AC, values of their formation. When water is used as a solvent instead
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of 50 mM NaCl solution, the formation of C14Q"~SCX6 and C1sMOQ"-SCX6 NPs becomes

even more exothermic and AC, remains much less negative than found for the other NPs.

Table 3 Parameters of the Temperature Dependence of Enthalpy Changes upon Association

Processes in the Presence of 0.1 mM SCXB6.

_ [NaCl] | 4H (298 K) AC, Intercept (Int) Tie
Particle | Surfactant B o M
mM | kImol™? |kImol?K™| kImol K
CuTA'Br 50 -16.9 -0.70 191 273
Cimim'Br~ | 50 -17.0° —0.59° 159 269
SM CuPy'Br 50 ~15.7 -0.57 154 270
C14Q+Br_ 50 b b b b
CuMOQ'Br | 50 b b b b
CuTA'Br- 50 -6.3 -1.54 455 295
Ciamim'Br~ 50 -2.3° —1.44% 428° 297
CuPy'Br 50 -9.6 -1.17 341 291
CuQ'Br 50 ~12.4 -0.44 120 273
NP CuMOQ'Br | 50 -17.1 —0.50 133 266
CuTA'Br 0 —8.36 -0.70 200 286
Cymim'Br 0 -10.8° -0.64% 182° 284
CuPy'Br 0 -10.8 —0.68 192 282
CuQ'Br 0 -13.9 -0.77 216 281
CuMOQ'Br | O -20.8 -0.81 220 272

aRef %22 PSM does not form.

3.7. Critical Aggregation Concentration of SMs. HONR solvatochromic dye (Scheme 2)
was employed as a fluorescent probe for the determination of the critical aggregation
concentration (cac) of SMs. The solubility and the fluorescence quantum yield of this dye are
very low in water and SCX6 aqueous solution, but substantially increase upon confinement in

the Stern layer of micelles.*® The surfactant concentration was progressively raised keeping
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Scheme 2 The formula of 2-hydroxy-substituted nile red fluorescent probe

[surfactant]/[SCX6] molar ratio constant. Initially, the fluorescence intensity did not alter
because the unaggregated compounds did not affect the solubility of HONR. Above cac, the
number of SMs grew and consequently, more dye molecules could be solubilized bringing
about marked fluorescence intensity enhancement. The experimental data obtained at r = 2
and 3 component molar ratios fitted to the same trend (Figure 8). From the break in the plot,

8

Intensity at 590 nm
‘? Q
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v zen n 2%

0.00 0.02 0.04 0.06
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Figure 8 Variation of fluorescence intensity of the saturated HONR solution at 590 nm as a

function of C4,TA™ concentration in 50 mM NaCl at pH 7 and 298 K. [C14TA']/[SCX6] = 2

(m) or 3 (®) were kept constant and excitation was performed at 510 nm.

0.02 mM cac was derived for C;,TA*-SCX6 SMs in 50 mM NaCl. Analogous experiments

using r = 2 provided 0.016 mM cac for Ci4,Py"—~SCX6 SMs in 50 mM NaCl. These
20



experiments were carried out at 283 K because no SM is produced around room temperature.
The obtained cac values closely resemble the 0.015 mM cac found for C14mim*—SCX6 SMs
at r = 2 in 50 mM NaCl at 298 K.*? The slightly larger cac for C1sTA*—SCX6 is analogous to
the larger cmc of the conventional C14TA'Br~ micelle compared to the other surfactant used

in this study (Table 1).

4. DISCUSSION
Electrostatic attraction and hydrophobic interactions promote the binding of several
surfactant molecules to the anionic SCX6 macrocycle. The supramolecular amphiphiles
produced thereby assembly into NPs in neat water. The surfactant:SCX6 stoichiometric ratio
in NPs is always close to the charge neutralization irrespective of the preparation conditions.
The increase of hydrophobicity of the headgroups in the series of surfactants from C14,TA" to
C14sMOQ" brings about substantial growth in the exothermicity of their NP formation with
SCX6. The 4C, values for the NP formation vary only slightly in water (Table 3) because
this quantity is primarily related to the removal of the hydration shell of the aliphatic chain
upon association.®**>*® The largest AH gain for the self-assembly to NPs composed of
quinolinium type of surfactants probably arises from the combined effects of the hydrophobic
character of quinolinium moieties, the weak repulsion among them owing to the low charge
density, and their efficient n—n interactions. The shorter (2.5 nm) spacing among the layers
of the lamellar inner structure of C14Q*~SCX6 NPs compared to that of C14Py"™~SCX6 (3.5
nm) and C14mim*—SCX6 (3.1 nm) NPs is also attributable to the stronger interaction among
quinolinium units.

Cac values are in the range of 0.015-0.020 mM for the three investigated SMs and
agree with those (0.015 and 0.012 mM) found for SM composed of Cismim* and 4-

sulfonatocalix[8]arene (SCX8)®. The similar 4H and 4C, values of all SM possessing
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tetradecyl chain explain the insignificant variation of cac with the alteration of the molecular
structure of the constituents. The significantly lower cac of SM compared with the cmc of the
corresponding conventional micelles partly stems from the smaller 4H of the former process
at all temperatures. For example, AH of C1,TA* micelle formation is -0.61 kJ mol™ (Table
1), whereas AH of association to SM is -16.9 kJ mol™ in 50 mM NaCl solution at 298K
(Table 3). The association with SCX6 screens the electrostatic repulsion among the
surfactant headgroups to a considerable extent rendering thereby assembly to SM
enthalpically more favorable.

In 50 mM NaCl solutions, the variation of the headgroup of surfactants gives rise to

two entirely different types of SCX6-promoted self-organizations (Scheme 3). Quinolinium

SCX6
NP S SM NP
Y N/ = S =

W e @N/) @ l NZ @/

| | | | |

£ CiaHzg  CigqHae C1aHag C1aHag Ciabag
g C,TA* C,mim* C.Py* | C.Q* C,,MOQ*
Increase of head group volume NP

Increase head group hydrophobicity

Scheme 3 Two types of self-assembly of surfactant-SCX6 complexes

surfactants produce only NPs with SCX6 under all experimental conditions because of the
significant enthalpy gain in their self-organization (Figure 7C). As a result of the moderately
negative AC, in 50 mM NaCl, the increase of 4H upon cooling is not sufficient to make NP
formation endothermic (Tie < 273 K). In contrast, surfactants containing more hydrophilic
headgroups with larger charge per volume, such as trimethylammonium, methylimidazolium

or pyridinium, are able to assembly with SCX6 not only into NPs but also into SM depending
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on the mixing ratio of the constituents, salt concentration and temperature. The steep
temperature dependence of 4H, i.e. the significantly negative 4C, in 50 mM NaCl, renders
the production of these NPs enthalpically strongly unfavorable at low temperature. Under
this condition, self-organization into SM occurs because this process is accompanied by
enthalpy gain at all temperature. The reversible transformation between NP and SM can be
induced by small temperature alteration because of the substantial difference in the 4C, of
the two kinds of aggregations. The temperature intervals of NP—SM transition shifts when
the headgroup of surfactants is varied because the isoenthalpic temperature (T;c) alters. Tie
reaches 291 K for C14Py"—~SCX6 NPs, while 297 and 295 K are found for the least
hydrophobic C1smim*—SCX6 and C1,TA*-SCX6 associates.

As previously mentioned, 4C;, is primarily related to the removal of the hydrate shell
of the aliphatic chain upon association and shows a linear correlation with the number of
hydrogen atoms of the unbranched saturated hydrocarbon chain that become unexposed to
water as a result of micellization.>”***? Since the hydrophobic alkyl group of the surfactants
was not altered in this study, no significant variation of 4Cj, is expected. Indeed, 4C, of SMs
slightly changed with the cationic group of its surfactant component. In contrast, 4C, of NPs
substantially grew with the hydrophobic character of the surfactant headgroup in the series of
C14TA™-SCX6 < Cyymim*~SCX6 < C14Py"~SCX6 < C14Q"~SCX6 ~ C14MOQ*-SCX6. In
SMs and micelles, the headgroups and a few methylene units of the alkyl tail linked to them
remain partly hydrated. Hence, 4C, values of SMs and micelles are moderately negative and
similar. In 50 mM NacCl solution, the AC, values of NPs in the case of Ci4TA™-SCXS6,
C1zmim*~SCX6, C14Py"~SCX6 are much more negative than 4C, of SM formation. This
could be attributed to stronger desolvation of the constituents in the course of the association
into the NP. The more hydrophilic the headgroup is the more water is released from the

hydrated headgroups upon NP formation. Therefore, the charge per volume of the cationic
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surfactant correlates with 4C,, of assembly with SCX6 into NPs. Table 3 demonstrates that
addition of 50 mM NaCl markedly influences the thermodynamic parameters of NP
formation. In the case of surfactants containing hydrophilic headgroup, |AC,| and Int of
SCX6-induced NP production significantly grew upon addition of NaCl, whereas these
quantities diminished in NaCl solution compared to those in water for quinolinium
surfactants. In addition to the factors discussed in our previous paper,* the alteration of the
extent of hydration of the supramolecular surfactants may also contribute to the modification
of the thermodynamics of their NP formation upon addition of NaCl.

Another important aspect to be considered in the self-assemblies is the geometrical
constraints. The variation of polar head size brings about essential differences in the SCX6-
induced self-assembly of C14X*. SM structures should correspond to the coating of surfactant
micellar aggregates with SCX6 caps. This could only occur if there is a size agreement
between the cross-sectional area (A) of SCX6 and the cross-sectional area of the surfactant
headgroup (ap). Indeed, A should be larger than or equal to 7a, assuming charge
neutralization in SMs. When the surfactant headgroup is too large, the geometrical matching
between the SCX6 caps and surfactant headgroups (A < 7ap) is not possible and associations
with large curvature at interfaces can no longer occur. Morphologies with flat curvature, as

the one occurring in NPs are then the only ones favored, as illustrated in Scheme 4.

B) 3)(#)

D O

Scheme 4. Illustrated structures for the associates of SCX6 with (A) surfactants

containing hydrophilic headgroup or (B) with quinolinium type of surfactants
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Calix[6]arenes have inner cavity diameters of 0.76 nm,***

which corresponds to an internal
area of ~0.45 nm?. In fact, A will be much larger than this value due to the six sulfonato
groups which repulse each other strongly at the outer rim. The cross sectional surface areas
of the headgroups can be approximated from surface tension measurements at the air water
interface. The minimum area per molecule at the interface was ~0.50 nm? for C,TA*,*
Cumim*,* and CPy"* and larger values ( ~0.80-0.90 nm? ) was reported for the two
quinolinium surfactants.*” Going from the hydrophilic surfactants to the hydrophobic ones,
there is a more than 50% ay increase (from 0.50 to 0.85 nm?). This brings about a change in

the preferred morphologies of the aggregates (SM and NP for the surfactants possessing

hydrophilic cation moiety to only NP for the surfactants with hydrophobic headgroup).

5. CONCLUSION

SCXn-promoted NP formation seems to be a general phenomenon for cationic surfactants.
We have already shown that the interaction of Cismim™ cations and sulfonatocalix[n]arenes
of various ring size (n = 4, 6, and 8) resulted in NPs.** The present results demonstrate that
SCX6-induced NP production still remains even though the cationic moiety on the tetradecyl
chain of surfactants is altered. Two entirely different types of SCX6-promoted self-
organizations are observed depending on the headgroup of surfactants. The surfactants
containing more hydrophilic headgroups with larger charge per volume are able to assembly
with SCX6 not only into NPs but also into SMs depending on the mixing ratio, salt
concentration and temperature. When more hydrophobic cationic moiety is linked to the
aliphatic chain, only NPs are produced with SCX6 under all experimental conditions. The
thermodynamic studies of the different processes pointed out the importance of the hydration
of the supramolecular surfactants. The alteration of the hydration upon NaCl addition may

contribute to the observed SM and/or NP formation. Moreover, geometrical constraints are in
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favor of NP-SM transition in the case of the headgroup possessing smaller cross-sectional
area. To achieve thermoresponsive reversible NP—SM interconversion in a narrow
temperature range, the application of SCX6 and hydrophilic surfactant are the most

advantageous in the presence of high salt amount.
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