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HIGHLIGHTS

e Alkylamide di-N-oxide derivatives
represent a new class of dicephalic
amphoteric surfactants exhibiting
profound surface properties.

® Aggregation behavior of C,-MEDA’s
at free surface or in bulk at physio-
logical pH was studied by means of
interfacial tensiometry, EPR and DLS.

e Structural properties of C,-MEDA’s
were performed on the theoretical
basis by employing in silico tech-
niques (DFT and QSAR).
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ABSTRACT

A series of dicephalic-type 1,1-bis{[3-(N,N-dimethylamino) ethyl]amido}alkane-di-N-oxide surfactants
were synthesized and their aggregation behavior in an aqueous environment was described, both exper-
imentally and theoretically. Surface tension and electron paramagnetic resonance (EPR) spectroscopy
were applied to monitor the micellization behavior of the studied dicephalic surfactants in aqueous solu-
tions. In the EPR experiments two nitroxide spin probes (5- and 16-doxylstearic acids) were used whereby
not only the critical micelle concentrations could be determined, but also the microenvironment of the
formed aggregates could be investigated as a function of temperature and surfactant concentration. Fur-
thermore, the size of the micellar aggregates and the polydispersity indexes of the micellar solutions were
established by dynamic light scattering (DLS). The structures of the formed aggregates, defined by the
critical packing parameter, were predicted using the QSAR approach. The hydrodynamic radii, micellar
volumes and aggregation numbers were computed with the long range corrected B3LYP hybrid functional
(CAM-B3LYP). In order to put the results obtained for the dicephalics into perspective the experiments
and computations were performed for the standard 2-(dodecanoylamino)ethyldimethylamine-N-oxide.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

of physicochemical methods, such as: tensiometry, neutron scat-
tering, dynamic light scattering, electron spin resonance, nuclear

Rearrangement through the self-aggregation of surfactants in
a solution and at the interfaces has long been a matter of exten-
sive interest to scientists. Thanks to the availability of a variety
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magnetic resonance, conductance, microcalorimetry, ellipsometry
and fluorescence spectroscopy, it has become possible to describe
many micellar solutions from the point of view of their ther-
modynamic and/or kinetic parameters [1-5]. It is important to
control the morphological and structural characteristics of many
self-organized surfactant systems in order to obtain both a vari-
ety of classical performance properties (e.g. wetting and foaming
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ability, solubilization, detergency) and new desired features (e.g.
engineering surfaces and nanostructures, encapsulation and reac-
tion media, models for membranes) [1,6-8]. Among a variety of
environmentally friendly surfactants (the so-called soft surfac-
tants), N-oxide structures have received much attention because
of their pH-sensitive aggregation behavior, improved performance
(e.g. emulsifying ability, low irritant action, gelating and antioxida-
tive properties), better biodegradability and lower toxicity [9-13].
They are widely used commercially as foaming and wetting agents
and thickeners in shampoo formulas, hair conditioners, body care as
well asin dish and laundry detergents and fabric softeners [9]. Gen-
erally, N-oxide surfactants are easily prepared by oxidizing tertiary
amine compounds with aqueous hydrogen peroxide in an aque-
ous or aqueous-alcoholic medium. Furthermore, it has recently
been found that through even slight modifications of the molecular
structure of amine oxide type surfactants, e.g. by inserting a weak
bond (the so-called ‘labile’) into the hydrophobic N-oxide backbone
or/and by introducing hydrophilic or hydrophobic entities into the
surfactant structure, one may achieve high quality products with
multifunctional capabilities [14-16].

In our recent papers we described the preparation and
surface properties of 2-(alkanoylamino)ethyldimethylamine-N-
oxides having a single-chain and single-head structure [15,17],
and of the so-called dicephalic N,N-bis3,3’-(dimethylamino)
propyl]alkylamide di-N-oxides comprising one hydrophobic tail
and two hydrophilic entities linked by a connector to a nitro-
gen bridge [16]. As the continuation of the studies of ecologically
safe products [15-18], a new family of dicephalic 1,1-bis{[3-
(N,N-dimethylamino) ethyl]amido}alkane-di-N-oxides (for the
structures and abbreviations see Chart 1) was synthesized and char-
acterized with regard to the effect of changes in the molecular struc-
ture and in the environment around the dicephalic surfactants on
their self-aggregation behavior in an aqueous solution at the phys-
iological pH. Chart 1 shows that the studied surfactants provide a
homologous series of single tail-double head structures with both
hydrophilic entities being grafted by the amide labile bond.

In the present contribution we aimed to describe the aggre-
gation behavior of C,-MEDA derivatives by means of interfacial
tensiometry, electron paramagnetic resonance (EPR) spin probe
technique and dynamic light scattering (DLS). The concentrations of
the nonionic C,-MEDA form at a pH close to physiological (~7) was
evaluated potentiometrically. In all the performed experiments 2-
(dodecanoylamino)ethyldimethylamine-N-oxide was treated as a
standard surfactant. As regards the EPR measurements, 5- and 16-
doxylstearic acids (respectively denoted as 5-DSA and 16-DSA in
Chart 1) were used as spin probes, whereby critical micelle con-
centration (CMC) values and the microviscosity and local polarity
of the C,-MEDA micelles could be determined. The further analysis
of the structural properties was carried out on the theoretical basis
by employing in silico techniques (DFT and QSAR). The obtained
results will be useful in the targeted design of bifunctional N-oxide
surfactants to be used in a variety of modern consumer products.
Owing to their structural features, the surfactants are expected
to exhibit beneficial self-organization behavior, high performance
properties and environmental acceptance.

2. Experimental
2.1. Materials

Dicephalic  1,1-bis{[3-(N,N-dimethylamino) ethyl]amido}
alkane-di-N-oxides (C,-MEDA) were synthesized accord-
ing to the directions given in [14]. An equimolar mixture of
diethyl 2-hexadecylmalonate and N,N-dimethylethylenediamine
was stirred and heated at 120-130°C for two days under

nitrogen. The unreacted diamine was evaporated under
reduced pressure. The crude reaction product-1,1-bis{[3-
(N,N-dimethylamino)ethyl]amido}alkane-was purified through
repeated crystallization from hexane. Then 30wt.% of aqueous
hydrogen peroxide was added dropwise over an hour to the amine
dissolved in propanol-2 at 333 K. After cooling to room temper-
ature all the volatile substances were evaporated under reduced
pressure. The solid residue was dried and then purified through
repeated crystallization from chloroform. The C,-MEDA series do
not exhibit Krafft points in the temperature range of 277-373 K.
Spectroscopic and analytical data for C;,-MEDA are presented
as follows; 'H NMR (CDCl3, 500MHz): CH3(CHj;);9CH,CH-
0.85 (t, 3H, 3]HH=6'5 HZ); CH3(CH2)]OCH2CH— 1.23-1.35 (m, 20
H); CH3(CH;)10CH2CH- 1.82-1.87 (m, 2H); CH3(CH);oCH,CH-
3.26 (t, 1H Jyy=7.5Hz); -CONH 8.57 (m, 2H);-CONHCH,CH,;N
3.37-3.47(m, 4H);-CONHCH,CH,N 3.82 (t, 4H Jyy=6.7Hz); -
N(CH3); 3,25 (s, 12H). Elemental analyses were carried out using
a Vario EL IIl CHNS analyzer. Calculated: C: 62.13%; H: 10.88%;
N: 12.60%; found: C: 62.16%; H: 10.86%; N: 12.57%. Electrospray
ionization (ESI) spectra were obtained using a MicrOTOF-Q mass
spectrometer. The ESI-MS (MH+) result for C;;MEDA amounted to
445 4. The chemical stability of the C,-MEDA aqueous solutions
was proved by 'H NMR spectroscopy (solutions in D,0, TSP as the
standard). The '"H NMR spectra taken at weekly intervals during
the month of storage indicated no signals shift relative to the TSP.

2-(dodecanoylamino)ethyldimethylamine-N-oxide (C;-EDA)
was synthesized and purified strictly according to the direc-
tions given in [19]. An elemental analysis and 'H NMR
spectra proved its purity and its chemical structures were
revealed by the spectroscopic and analytical data: 'H NMR
(CDCl3, 500 MHz): CH3(CH,)gCH,CH,- 0,84 (t, 3H, 3]y =6,51Hz);
CH3(CH2)3CH2CH2- 1,20-1.32 (m, 16H), CHg(CHz)g CH2CH2-
1,52-1,57(m, 2H); CH3(CH;)sCH,CH,- 2,24 (t, 2H); -CONH 7,96 (bd,
1H); -CONHCH,CH>N 3,78 (q, 2H); -CONHCH,CH,N 3,61 (t, 2H); -
N(CH3); 2,67 (s, 6H) (s, bd, t, and m, denotes singlet, broad doublet,
triplet, and multiplet, respectively). Electrospray ionization (ESI)
spectra were obtained using a MicrOTOF-Q mass spectrometer. The
ESI-MS (MH+) result for C;,-EDA amounted to 287.6.

The two spin probes, i.e. 5-doxylstearic acid (5-DSA) and 16-
doxylstearic acid (16-DSA), used in the EPR experiments (Chart 1)
were purchased from Aldrich Chemical Co. (Milwaukee, WI) while
the hydrogen peroxide (30% solution) was purchased from POCH
(Gliwice). The other reagents and solvents were of commercial
grade and were not additionally purified before use. The water used
in all the experiments was doubly distilled and purified by means
of a Millipore Milli-Q purification system (Bedford, MA).

2.2. Surface tension measurements

Surface tension measurements were performed at 295 +0.1 K
using a Kriiss K12 microprocessor tensiometer (Kriiss, Ham-
burg, Germany) equipped with a du Nouy Pt-Ir ring (resolu-
tion +£0.01mN/m). The experiments were conducted in the same
manner as in our recent paper [16]. The surface tension data were
reproducible within +0.2 mN m~!. From the obtained data critical
micelle concentration (CMC) values were extracted [14,16,19].

2.3. Potentiometric measurements

Equilibrium constants for the protonation of the N-oxide
groups were determined by pH-potentiometric titrations of 1.5 cm?
samples of surfactant solutions in HCl (C=4 mM, I=0.1 M). The elec-
trode system was calibrated each day by titrating the HCI solution
(C=4mM, I=0.1) against the standard NaOH solution. The result-
ing titration data were used to calculate the standard electrode
potentials. The value of pKy, =13.77 was used as the dissociation
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