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Herein, supramolecular systems with improved aggregation, solubilization and catalytic activity have been con-
structed by self-assembly of gemini surfactants with two cationic centers separated by the spacer chain of 10
atoms long and hydroxyl functionality in their head group or in the spacer. Itwas found that hydroxylic dicationic
surfactants capable of forming hydrogen bonds exhibit the ability to micelle formation at a concentration sub-
stantially lower than that of theirmonocationic and non-functionalized dicationic counterparts. They are capable
of initiating additional solubilizationmechanisms, which are responsible for the enhanced solubilization capacity
of the surfactants. The use of the dicationic hydroxylic surfactants in hydrolytic decomposition of esters gives rise
to the high catalytic effect and substrate selectivity: the highest, 430-fold, acceleration was observed for p-
nitrophenyl caprate.
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1. Introduction
Cationic surfactants find expanding use as micellar catalysts, corrosion inhibitors, solubilizing agents, drug and diagnostic agent mediators, and an-
timicrobial agents [1–3]. Innovative applications in these fields require surfactants, which are operable undermild conditions (acidity of media, temper-
ature and concentration range) andpossess high solubilization capacity, considerable catalytic efficiency and selectivity. Importantly, primary (chemical)
structure of amphiphiles is mainly responsible for the secondary (supramolecular) architecture of aggregates and their practical application. Therefore
themajority of recent publications in the field of organized solutions have focused on the evaluation of the correlation between the structure of amphi-
philic compounds, their solutionbehavior and functional activity. In this connection, designof novel surfactants and exploration of their fundamental and
practical properties is of current importance. To modify the aggregation and functional activity of cationic surfactants different approaches have been
used including covalent and non-covalent ways. Non-covalent way (supramolecular design) assumes the development of polycomponent systems,
with surfactants admixedwith hydrotropic agents, co-surfactants, polymers,macrocycles, andmetal ions [4,5]. Alternativeway (chemical design) focus-
es on the variation of molecular platform of amphiphiles and introduction of functional groups responding to internal stimuli, capable of multicentered
interactions, cleavable or biodegradable [6–8]. The latter approach is very promising, since provides the wide possibility for the development of
nanocontainers andnanoreactorswith high efficacy and controlled characteristics. Analysis of recent literature demonstrates steady interest to dicationic
Gemini surfactants (GS), whose structure involves two hydrophobic moieties and two head groups covalently bound by the spacer chain [9–15]. Char-
acteristics of such surfactants are extremely low critical micelle concentration (cmc), large hydrophobic domain, high positive surface charge, and con-
formationmobility as a contributory factor for the spatial “adjustment” during self-association. There are these properties, which are of interest in design
of GS. In this case the possibilities for use of GS as nanocontainers and nanoreactors, nonviral vectors for gene delivery to the living cells, and in analytical
chemistry are considerably increased [4,16–20]. Noteworthy, in the case of GS the length and chemical nature of spacer fragment is an additional tool of
controlling the aggregation behavior, toxicity and functional activity of the systems [21–23].

Analysis of recent publications covering bothmonocationic and dimeric surfactants revealed high research activity directed toward the design of
amphiphilic molecules bearing polar groups, including thosewith H-bonding ability. This can significantly improve practically important properties,
such as aggregation and solubilization behavior, morphological lability, guest-host interactions, cleavability, etc. This can be exemplified by the so-
called esterquat surfactants with improved biodegradability [24,25], geminis with oligooxyethyl spacer, capable of lyotropic phase formation [26,
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27], surfactants with OH groups in spacer, head groups or alkyl chains [28–35], strongly influencing cmc values, packing density and morphological
behavior of systems. Therefore, design of new GS functionalized with polar moieties is a promising way to initiate additional solubilization mecha-
nisms by hydrogen bonding and thereby affect the cmc value and the properties of the reaction medium [36–41]. It is likely that the number of hy-
droxyl groups and their position in the head group or in the spacer may be the factors responsible for the functional properties of the micellar
solutions.

This paper reports detailed physico-chemical studies of the aggregation behavior, solubilization capacity and catalytic action of the surfactants
with two cationic centers separated by the spacer chain 10 atoms long and hydroxyl functionality in their head group or in the spacer. The surfactants
used are shown below:
The properties of the surfactants were compared with those of their monomeric counterparts - cetylhydroxyethylammonium bromide (CHAB)
and hydroxyl-free dicationic surfactant, 1,10-decalyden-bis-(dimethylammonium) dibromide, 16-10-16 and widely used in research 1,6-
hexalyden-bis-(dimethylammonium) dibromide, 16-6-16.
2. Methods and materials

2.1. Materials

The surfactant 16-10(ОН)-16 was synthesized by the procedure re-
ported earlier [37] by heating of 2,13-diaza-6,9-dioxa-2,13-dimethyl-
4,11-dihydroxytetradecane with cetyl bromide in acetonitrile followed
by recrystallization of the reaction mixture. The surfactant 16–10-
16(MEA) was obtained via quaternization of hydroxyethylmethylcetyl
aminewith hexamethylendibromide by analogywith the procedure re-
ported elsewhere [36]. The structure of the compounds was confirmed
by elemental analysis, IR- and NMR-spectroscopies data. Commercially
available esters of carboxylic acids, p-nitrophenol, Orange OT and
pyrene (Sigma, Aldrich) were 99% pure. All solutions were prepared
with double-distilled water purified by a Direct-Q 5 UV apparatus; the
water resistivity was 18.2 MΩ·cm at 25 °С. Experimental temperatures
were maintained at 25 ± 0.1 °C, unless otherwise indicated. All experi-
ments were accurate within 4%.
2.2. Instruments and methods

Surface tension measurements were performed by the anchor-ring
method using KRUSS 6 tensiometer. Specific conductivities were mea-
sured with Inolab Cond 720 conductometer. Krafft points were deter-
mined in the solutions at a surfactant concentration substantially
higher than cmc. The solution was cooled to precipitation of the surfac-
tant and then, as the solution was exposed to heating at a rate of 0.5 °С/
min, conductivities of the supernatant fluid were measured.

Solubilization effects toward the Orange OT in the micellar systems
were determined as described elsewhere [40,42] by following the
change in the absorbance of their saturated solutions with concentra-
tion of the surfactant added. The spectra were recorded in the range
from 250 to 600 nm with Specord-250 Plus spectrophotometer using
the thermostated quartz cells of a 0.5–1.0 cm path length.

Fluorescent spectra of pyrene at a concentration of 1 · 10−6mol·l−1

in the solutions of the surfactants were recorded using Varian Cary
Eclipse spectrophotometer. Emission spectra were recorded within
the interval of 350–500 nm at a scanning rate of 120 nm/min using in
a 1.0 cm path length cuvette; the excitation of the sample was occurred
at a wavelength of 335 nm.

Surface potential of the aggregates was estimated from spectropho-
tometry data by following the changes in acid-base properties of the in-
dicator (p-nitrophenol) with surfactant concentration as described
elsewhere [40]. The extinction coefficient (ε) of the phenolate form
was determined from optical density (D) at wavelength corresponding
to the absorption maximum at pH N 10. Concentration of p-
nitrophenolate (CPhO-) at a certain pH was obtained from equation
CPhO- = D / εL (L is the path length).

The pKa value of p-nitrophenol at a given surfactant concentration
was calculated from Henderson-Hasselbalch equation:

The average values of three to five measurements were used, with
the reproducibility being of ±0.05.

The kinetics of alkaline hydrolysis of carboxylic acid esters was stud-
ied spectrophotometrically (Specord-250 Plus) by following the chang-
es of absorbance at 400 nmcorresponding to absorptionmaximumof p-
nitrophenolate anion at the initial substrate concentration of (2–5)
10−5 mol·l−1 up to the conversion degree of N90%. The observed rate
constants (kobs) were calculated from equation ln(D∞ − D) = − kobst
+ const, where D andD∞ are the absorbances at a time t and on comple-
tion of the reaction, respectively. The values of kobs were calculated by
the least-square method.
3. Results and discussion

3.1. Aggregation behavior of dicationic surfactants 16-10-16(MEA) and 16-
10(OH)-16

At the initial stage of the studies, the temperature and concentration
ranges of micelle formation of GS 16-10-16(MEA) and 16-10(OH)-16
were determined by tensiometry and conductometry techniques. Inter-
ception point of the straight line portions of the concentration plots of
conductivity and surface tension isotherms corresponds to the critical



Table 1
Krafft temperatures, cmc and solubilization capacity of mono- and dicationic surfactants.

Surfactant ТКr, °С cmc,М∙105 S
(Orange OT)

Tensiometry Conductometry Fluorescence

16-10-16(MEA) 16 1.3 1.5 0.045
16-10(OH)-16 22 3.0 4.8; 5.5 [40] 5.1 0.034
16-10-16 2.6 [43] 2.8 [43], 4.1 [44] 3.2 [43]
16-6-16 4.0 [38] 5.19 [45] 2.0 [45] 0.027
CHAB 27 [46] 80 [38] 21 [46] 0.022

231A.B. Mirgorodskaya et al. / Journal of Molecular Liquids 250 (2018) 229–235
micelle concentration. The plots thus obtained are shown in Figs. 1 and
S1.

It should be noted that tensiometric procedure failed to obtain reli-
able cmc for the surfactant 16-10-16(MEA). Presumably, the micelle
concentration is too much low and escape detection by tensiometry
technique. This restricts the use of anchor-ringmethod in such systems.
Conductometry technique, which takes account of the processes in the
bulk solution, is more informative for the 16-10-16(MEA).

The results in Table 1 revealed that micellization of GS 16-10-
16(MEA) and 16-10(OH)-16 starts at substantially lower concentra-
tions than in the case of their monocationic counterpart, CHAB, and
structurally related non-functionalized surfactant, 16-10-16.Most likely
the additional hydration of themicellar surface by hydrogen bonding of
hydroxyl groups with water molecules gives rise to decreased electro-
static repulsion of head groups and, hence, to decreased cmc.

Critical temperature of micellization (Krafft temperature) calculated
from the temperature plots of conductivity (inset in Fig. 1 and Fig. S2) is
of 16 °С and 22 °С for 16-10-16(MEA) and 16-10(OH)-16, respectively.
A comparison of aggregation behavior of the above surfactants shows
that the concentration and temperature thresholds of micellization for
the surfactant with hydroxyethyl functionality in the head group are
lower than those for the surfactant with hydroxyl in the spacer. It
should be expected that the functional properties (solubilization effects
andmicellar catalysis) of dicationic surfactants can be exhibited at their
micromolecular amount in solution.

3.2. Solubilization effect in micellar solutions of GS 16-10-16(МEА) and 16-
10(OH)-16

One of the key features of surfactant-based systems is their capabil-
ity for solubilizing the low-polarity organic compounds and, hence, in-
creasing their solubility in aqueous media. In order to describe and
compare solubilization capacity of various surfactant-based systems,
spectral probe methods are widely used. Variations in nature and prop-
erties of the probe make it possible to draw conclusions about solubili-
zation effects in the micellar systems and determine such important
micellar characteristics as micropolarity, surface potential, cmc and ag-
gregation numbers. Structure of probes studied is given below:
Fig.
con
1. Concentration plots of surface tens
ductivity of solution 16-10(OH)-16 (1
ion in solutions of 16-10(OH)-16
.5 mM) versus temperature.
range ОТ
 Pyrene
 p-Nitrophenol
O
at 25 °С; inset:
3.2.1. Solubilization of hydrophobic dye, Orange OT
Orange OT, almost water-insoluble compound (concentration can

reach ~2 · 10−9 M at most [42]), is frequently used in characterization
of solubilization capacity (S) of the micellar solutions. This made it pos-
sible to compare the surfactants different in their nature and structure.
An increase of solubility of this dye in the surfactants solution is ob-
served at a concentration higher than cmc and is reflected in a sharp in-
crease of absorbance in the visible region (Fig. S3). The absorption band
at 495 nm is the most convenient for operation with Orange OT in the
solutions of cationic surfactants (molar extinction coefficient ε
18,200 l/mol cm). Spectrophotometry data on absorbance of the Orange
OT under conditions of its limiting solubility depending on the surfac-
tant concentration allow one to measure solubilization capacity of the
system: S = b / ε, where b is the slope of the plot D/L = f (C), D is the
absorbance at 495 nm, L is thewidth of the absorption layer, C is the sur-
factant concentration. Figs. 2, S4 give an indication of theD495 variations
in the solutions of the Orange OT depending on the nature of the surfac-
tants and their structurally related compounds.

The values of S for 16-10-16(MEA) and 16-10(OH)-16 (Table 1)
show that their solubilization capacities exceed those for CHAB and
non-functionalized dicationic surfactant. This suggests that the high sol-
ubilization properties of hydroxyl-containing surfactants can provide
efficient binding of hydrophobic reactants and the resulting increase
in the reaction rate.
Fig. 2. Absorbance of saturated solutions of Orange OT at 495 nm versus surfactant
concentration.
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3.2.2. Solubilization of pyrene fluorescent probe
Micropolarity of the area of the reactant localization is another im-

portant factor affecting the rate of chemical interactions. Hydrophobic
fluorescent probes, pyrene in particular [47,48], are frequently used in
estimation of micropolarity of micelles. Fluorescent spectra of pyrene
incorporated into micelle have 3 peaks of its monomeric species in the
range of 370–390 nm, and another peak in the range of 460–470 nm at-
tributed to its excimer, i.e. dimer involving one excited and one unexcit-
ed molecule. The position of absorption maxima depends only slightly
on the solvent, whereas their intensity respondsmarkedly to the chang-
es in the reaction medium, mainly to the microenvironmental polarity.
The ratio of the intensity of the first peak (II) at 373 nm to the intensity
of the third (IIII) at 384 nm can be served as a parameter for assessment
of themedium effects [48,49]. For aqueous pyrene solution, the value of
II/IIII amounts to 1.51. If II/IIII b 0.6, this corresponds to the probe local-
ized in the hydrocarbon core of the micelle. The pyrene location at the
surface layer is characterized by the ratio in the range of 1.0–1.4. Varia-
tions of (II/IIII) with surfactant concentration are given in Fig. 3; the typ-
ical spectra of pyrene in the solutions of 16-10(OH)-16 are instanced in
the inset.

The values of II/IIII for GS studied are close to one another and fall in
the range of 1.02–1.04, thus indicating that the fluorescent probe is lo-
calized at the surface layer of the micelle. It should be noted that these
values are less than that of their monocationic counterpart, CHAB (II/
IIII 1.14) [50]. It is likely that the covalent bonding between the head
groups of the dicationic surfactant provides more tight packing of the
surfactant molecules and hinders the penetration of water into the mi-
celle. The plots presented have two portions of different slopes, their in-
tersection point is usually taken as the cmc (Table 1). The cmc values of
the fluorometric method agree closely with those determined by other
techniques.

The pyrene spectra in the surfactants studied exhibit excimer fluo-
rescence as a broad band with a maximum near 475 nm (inset in
Fig. 3). Such behavior takes place at a high concentration of pyrene in
the micellar phase (usually at a possibility of the tight stacked arrange-
ment of pyrene molecules), and is an evidence for the high solubiliza-
tion effect of the surfactants.

3.2.3. Solubilization of hydrophilic probe (p-nitrophenol), рKа shift
Determination of such important characteristic of the micelles as

their surface potential requires the studies of spectral properties of hy-
drophilic probe molecules capable of participating in acid-base equilib-
ria [51,52]. The essence of the method is that the charged surface of the
Fig. 3. Changes of II/IIII with surfactant concentration; inset: fluorescence absorption
spectra of pyrene in solutions of 16-10(OH)-16.
micelle binds the neutral and ionic species of such probes in different
ways thus resulting in shift of their рKа. This study uses p-nitrophenol
as a spectral probe whose рKа was measured at a maximum absorption
band of its anionic species (λ 400 nm, ε ~ 18,000 mol/l·cm). The ob-
served рKа,obs were calculated by Henderson-Hasselbalch equation
from the absorption spectra of p-nitrophenol at various рН [53]. Chang-
es in рKа,obs of p-nitrophenol with the concentration of the surfactants
16-6-16(MEA) and 16-10(OH)-16 are given in Fig. 4; the inset illus-
trates the effect of pH on the spectra of the latter.

Solubilization of organic compounds in the micellar solution of the
ionic surfactant and the resulting change in рKа occursmainly due to hy-
drophobic and electrostatic interactions. Non-electrostatic component
of solubilization by surfactants is usually modeled using non-ionic sur-
factants, such as Triton-X-100, whereas the electrostatic component is
controlled by the surface potential, Ψ.

As the surfactant concentration is increased, pKa,obs tends to the
value of its рK in the micellar phase (pKa,m), the latter is related with
the surface potential by equation:

pKa;m ¼ pKa;0–FΨ=2:303 RT;

where pKa,0 is the рKа in the micellar solutions of non-ionic surfactants
(Triton-X-100, pKa of p-nitrophenol is of 7.6), F is the Faraday number
(96,486 C·mol−1), R is the gas constant (8.314 J·K−1 mol−1). At T =
298 K the equation can be presented in the form:

Ψ ¼ 0:0591 pKa;0−pKa;m
� �

:

With the data in Fig. 4, pKa,m of p-nitrophenol in the solutions of 16-
10(OH)-16 and 16-6-16(MEA) were calculated to be 6.25 and 5.80, re-
spectively. This corresponds to the surface potentials of 80 and
109 mV, whereas those for trialkylammonium surfactants are signifi-
cantly higher (120–130 mV for CHAB and 140 mV for 16-6-16 [38]). It
may be assumed that the approach proposed takes no account of hydro-
gen bonding in such systems. It is the possibility of the efficient hydro-
gen bonding of the neutral p-nitrophenol with the micelles of the
hydroxyl surfactants that can be responsible for not too significant influ-
ence on pKa of this probe as opposed to the non-functionalized
surfactants.
Fig. 4. Change in рKа,obs of p-nitrophenolwith surfactant concentration; inset: spectra of p-
nitrophenol (С 0.1 mM) in solution of 16-10(OH)-16 (C 0.15 mM) at various pH.



Scheme 1. Schematic representation of the hydrolysis of p-nitrophenyl esters.
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3.3. Micellar catalytic effects of dicationic surfactants 16-10-16(MEA) and
16-10(OH)-16

The solutions of the GS 16-10-16(MEA) and 16-10(OH)-16, were
used as a reaction medium in alkaline hydrolysis of carboxylic acid es-
ters. Cationic surfactants are known to accelerate significantly nucleo-
philic substitutions [2,54–57], especially ion-molecular reactions. In
particular, concentrating of hydroxyl ions at a positively charged micel-
lar surface in hydrolysis of ester groups increases the probability of the
interaction between hydrophilic nucleophile and solubilized substrate
in the micelle thus accelerating the process. Catalytic effect of the
hydroxyethyl surfactants can be different from that of their non-
functionalized counterparts. For instance, the specific interactions (in-
termolecular hydrogen bonding), together with hydrophobic and elec-
trostatic forces, may be operative in the interaction of the micelles
with reactants. For this reason the influence of the surfactants on the
rate of alkaline hydrolysis of p-nitrophenyl esters of carboxylic acids,
different in their hydrophilic-lipophilic balance, was also studied. The
reaction scheme is shown below (Scheme 1).

Fig. 5 gives the concentration plots of the observed hydrolytic rate
constants of p-nitrophenyl acetate (PNPA), caprate (PNPC) and laurate
(PNPL) in the micellar solutions of GS 16-10-16(MEA) and 16-
10(OH)-16 in the borate buffer (рН 9.2) at 25 °С. The plots are typical
for the reactions catalyzed by micelles: rather sharp increase of the
rate constant followed by flattening out of the curve. This suggests
that the kinetic experiment can be described by a pseudophase model
of micellar catalysis [58] (Eq. (1)):

kobs ¼
kmKSC þ k0
1þ KSC

; ð1Þ
Fig. 5. Observed rate constants of alkaline hydrolysis of PNPA (a), PNPC and
where k0 and km (s−1) are the first-order rate constants in aqueousme-
dium and micellar phase, respectively; KS (l·mol−1), is the constant of
substrate binding, C is the overall concentration of the surfactant less
cmc.

The characteristics calculated by this equation are given in Table 2 as
against those determined earlier for similar surfactants –monocationic
CHAB and dicationic 16-6-16 [38]. Catalytic effect of 16-10-16(MEA)
and 16-10(OH)-16 defined as km/k0 ratio and binding constants of the
substrates in the systems involved are increased in passing from acetate
to caprate and somewhat diminished in passing to laurate. A similar
regularity is also observed for reference compounds and agrees with
the changes in solubility of carboxylic acid esters in passing from
water to micellar solutions of cationic surfactants [38]. Catalytic effect
of 16-10-16(MEA) and 16-10(OH)-16 is substantially higher than that
of 16-6-16 despite the fact that the micelles of non-functionalized sur-
factants exhibit higher Ψ. Usually this results in efficient concentrating
of hydroxide ions at the micellar surface and provides high reaction
rates. Thus, hydrolysis of PNPC in the solutions of 16-10-16(MEA) is ac-
celerated by a factor of 432, whereas for 16-6-16 the acceleration is only
115 times. It can be assumed that, on the onehand, the polar head group
of hydroxylic surfactants increases the micropolarity in the zone of
chemical interaction thus affecting favorably the rate of hydrolysis
and, on the other hand, results in stabilization of the transition state at
the cost of the hydrogen bonding and thereby facilitates the redistribu-
tion of electron density during the reaction. The accelerations observed
for 16-10(OH)-16 are slightly less than those for 16-10-16(MEA) in all
substrates involved. It is likely that hydroxyl functionalities in the
head group, localized in essence at the periphery of the molecule, are
more readily available for hydrogen bonding than those in the spacer
fragment. Not to be overlooked in this respect that the high micellar
PNPL (b) versus concentration of dicationic surfactants (рН 9.2, 25 °С).



Table 2
Hydrolysis of carboxylic acid esters in micellar solutions of dicationic surfactants.

Surfactant Substrate km, s−1 KS, М−1 cmc, M km/k0a

16-10(OH)-16 PNPA 0.0280 220 5.35 · 10−5 56b

PNPC 0.0291 23,200 2.71 · 10−5 363b

PNPL 0.0049 5210 4.16 · 10−5 98b

NPDEPNc 0.0030 460 7.50 · 10−5 200
16-10-16(MEA) PNPA 0.0307 1450 8.13 · 10−5 61

PNPC 0.0346 38,200 4.60 · 10−5 432
PNPL 0.0076 3580 2.14 · 10−5 152

a km/k0 is the acceleration relative to substrate hydrolysis in the solution with no sur-
factant at pH 9.2. The values of k0 are 0.0005 s−1 (PNPA), 0.00008 s−1 (PNPC) and
0.00005 s−1 (PNPL).

b The values of km/k0 in solutions of 16-6-16 are 5, 115 and10 for PNPA, PNPCand PNPL;
respectively; those for solutions of CHAB are 66, 470 and 336, respectively [34].

c k0 1.5 · 10−5 s−1, pH 10.0; data on alkaline hydrolysis of NPDEPN were treated by
Eq. (1) (cf. [34]).
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effect can be caused by a further reaction route – alcoholysis with the
participation of the ionized hydroxyl group (рKа, CHAB≈ 12.4 [59]).

It should be noted that the high acceleration is also observed in the hy-
drolysis of the esters in the solutions of monocationic hydroxyethylated
surfactant, CHAB. Its micellar catalytic effect is actually somewhat higher
than that for dicationic surfactants studied (notes to Table 2). However,
such acceleration requires the surfactant concentration by an order of
magnitude more.

Earlier we showed that 16-10(OH)-16 is capable to catalyze alkaline
hydrolysis not only carboxylic acid esters, but the esters of phosphoric,
phosphonic and toluenesulphonic acid as well [37]. Thus, abnormally
high catalysis by 16–10(OH)-16 was detected in decomposition of p-
nitrophenyldiethyl phosphonate (NPDEP) (Table 2), with the accelera-
tion being N102 times. This significantly exceeds catalytic activity of
cetyltrimethylammonium bromide (km/k0 ~ 36). The fact that catalytic
effect in the reactions involved is reached at a lower surfactant concen-
trations than that for conventional cationic surfactant, is the significant
advantage of the 16-10(OH)-16 surfactant.

4. Conclusions

Thus, hydroxylic dicationic surfactants capable of forming hydrogen
bonds exhibit the ability to micelle formation at a concentration substan-
tially lower than that of their monocationic and non-functionalized dica-
tionic counterparts. They are capable of initiating additional solubilization
mechanismswhich are responsible for the enhanced solubilization capac-
ity of the surfactants. The use of 16-10-16(MEA) and16-10(OH)-16 in hy-
drolytic decomposition of esters gives rise to the high catalytic effect and
substrate selectivity: the highest, 430-fold, acceleration is observed for p-
nitrophenyl caprate. Micelle-forming ability, solubilization behavior and
catalytic activity of 16-10(OH)-16 is slightly lower than that of 16-10-
16(МEА). It is likely that hydroxide functionalities in the head group are
more readily available for hydrogen bonding than those in the spacer
fragment, which is reflected on the behavior of the surfactants.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2017.11.175.
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