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ABSTRACT: The article represents the results of research in
self-organization of new lanthanide systems in water—decanol
medium. The systems are based on N,N-dimethyldodecyl-
amine oxide, a zwitterionic surfactant. The study covers the
complex formation of lanthanide ions with C;,DMAO
molecules and the influence of Ln(III) ions and medium
composition on surfactant association in diluted solutions. The
analysis of adsorption isotherms was carried out on the basis of
the combination of Gibbs and Langmuir adsorption equations.
The results were used to determine physicochemical properties

and parameters of a monomolecular adsorption layer. The research objects were various lanthanide ions with identical
coordination centers. A number of spectroscopic methods (UV, NMR self-diffusion, EPR, dynamic light scattering (DLS), and
fluorescent analysis) were involved in the research for comparative estimations of molecular dynamics, critical micellization
concentration, geometry, sizes, and aggregation numbers of micellar aggregates. Micelle structure simulation revealed good
agreement between experimental data and quantum chemical calculations.

B INTRODUCTION

Self-organization of surfactants in solutions attracts strong
interest because of its wide application range in various areas of
science and technology. Self-assembly of surfactant molecules
into micellar structures with specified geometry provides
opportunities for design and synthesis of hybrid nanoscale
organic/inorganic materials.'® Accuracy of reduplication of
self-organization processes provides an accessible control tool
for the molecular architecture, size, and geometry of nano-
objects.”'® This method is based on a biochemical approach
similar to the technology of template synthesis of biological
materials involving biopolymers and low molecular weight polar
lipids as natural origin surface active components.'”® The
duality of zwitterionic surfactants makes them perfect objects
for simulation of biological processes occurring both in micellar
state and in more concentrated systems, such as combinations
with membrane proteins.'> Special interest is attracted to the
studies of interaction processes of lanthanides in different phase
states represented by the aforementioned model systems, as
lanthanide ions demonstrate a certain affinity to calcium
bonding centers of proteins, membranes, and proteolipids.'>~"
Despite being abiotic, lanthanide ions are popular components
of diagnostic systems for their unique optical and magnetic
properties. Complex lanthanide compounds are successfully
applied as highly efficient luminescent labels and probes for UV
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(Ce(HI) and Gd(III)), visible (Tm(II), Tb(III), Dy(I),
Eu(Ill), and Sm(II)), and near-infrared (Yb(IIL), Nd(IIL),
Ho(III), and Er(III)) spectral regions'® > as well as molecular
recognition agents."*” Gadolinium cations are used as
contrasting agents for magnetic resonance tomogralphy.zs"24
Our earlier publications were dedicated to research in
lanthanides containing C;,DMAO-based lyotropic systems,
determination of types of forming mesophases, their concen-
tration limits, and phase transition temperatures.”> Original
results were presented for studies in synthesis and nematic
mesophase characterization in the C,,DMAO/Ln/H,0/
C,oH,,;OH system. The main purpose of the current research
was to study the association and complex formation of
zwitterionic surfactant molecules and lanthanide ions, the effect
of organic additives on self-organization in aqueous media, as
well as selection of adequate physicochemical methods for
study of micellar solutions. Different physicochemical methods
are well-known to provide diverse information for character-
ization of surface properties and aggregation behavior of
surfactant solutions. One of the objectives of the present
contribution was to investigate micellization of Ln-containing
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Figure 1. The effect of molar ratios C;,DMAO:LaCl;-SH,0 (a) and C;,DMAO:La(NO;);-6H,0 (b) on the molar extinction coefficient.

surfactant systems by interfacial tensiometry and various
spectroscopic methods. Pulsed-gradient spin—echo (PGSE)
nuclear magnetic resonance (NMR) was used to determine the
structure and molecular dynamics of micelles and monomers.
Electron paramagnetic resonance with Gd(III) ions as a spin
probe was used for the study of the micelle formation process.
Fluorescence probing allowed us to estimate micelle sizes and
aggregation numbers in aqueous and aqueous-decanol media.
Dynamic light scattering (DLS) was carried out to estimate the
approximate size of micellar aggregates and the polydispersity
of the systems under study. The results of experiments and
quantum chemical calculations were compared to select
adequate methods for the study of micellar aggregation.

B EXPERIMENTAL SECTION

Materials. Commercial samples of zwitterionic surfactant,
N,N-dimethyldodecylamine oxide CH;(CH,);;N(O)(CHj,),
(C;,DMAOQ), hydrated lanthanide nitrates La(NO,);:6H,0,
Gd(NO;);-6H,0, Eu(NO;);-6H,0, lanthanum chloride penta-
hydrate LaCl;-:SH,0O (Ln(II)), decanol C,oH,,OH, pyrene
CiHyp, and cetylpyridinium bromide C,H;BrN (CPB),
supplied by “Aldrich”, were used for experiments without
additional purification.

Solutions were prepared by dissolution of Ln(IIl) salts in
water. The amounts of salts were calculated by the
surfactant:Ln(III) molar ratio. Required amounts of surfactants
and decanol were added in the next step (the surfac-
tant:C,yH,;OH = 3.81:1 ratio used for calculation of decanol
additives corresponds to decanol amounts used™® for further
preparation of lyotropic mesophases). Solutions were agitated
by a magnetic stirrer for 25 min. All the other concentrations
were prepared from the initial solution by sequential dilution.
Bidistilled water was used as a solvent, and its purity was tested
by conductivity (5.5 uS/m) and surface tension (72.5 N/sm?*)
methods.

Surface Tension Measurements. Equilibrium surface
tension of a system—air interface was measured using the
modified Wilhelmy plate method. All the measurements were
performed in the thermostatted cell at 25 + 1 °C.

Dynamic Light Scattering (DLS). The properties of
micellar aggregates were studied by dynamic light scattering.
A Malvern Zetasizer Nano analyzer was used for the
measurements. The source of laser radiation was a He—Ne
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gas laser with 10 mW power and 633 nm wavelength. The value
of the light scattering angle was 173°. Dust removal was
accomplished before each measurement with a 0.45 ym Millex
HYV Filter Unit provided by Millipore.

Ultraviolet (UV) Spectroscopy. UV spectra were taken
with a scanning double beam Instrumental Lambda 35 UV/vis
Spectrometer by Perkin-Elmer. The measurements were carried
out at 25 °C. Quartz cells with 1 cm optical path length were
used.

Pulsed-Gradient Spin—Echo (PGSE) Method. The self-
diffusion coefficient (D) was measured by an Avance 400
spectrometer (Bruker) with a magnetic field pulsed gradient
attachment. The proton resonance frequency value was 400.15
MGz, and the maximum value of the gradient was 0.535 T/m.
Self-diffusion coeflicients were measured by the PGSE method.
The experimental value of the gradient was 0-0.5 T/m
assuming constant diffusion times (for every experiment) and
the duration of gradient impulses. The diffusion time for every
experiment was selected within the range 60—100 ms. D values
were determined by the analysis of the diffusion curves
representing dependencies of spin—echo integral intensities
(obtained by excitation of specific lines in proton NMR
spectra) on the square magnetic field gradient.

Electron Paramagnetic Resonance (EPR) Measure-
ment. Stationary EPR spectroscopy was used to study self-
organization processes. Spectra were recorded at room
temperature with a Bruker EPR EMX/plus spectrometer with
ER4122 SHQE resonator. The X-band has been used to
measure the EPR spectra.

Fluorescent Analysis. Excitation and fluorescence spectra
were obtained using a Varian Cary Eclipse spectrofluorimeter.
The pyrene excitation wavelength was A = 335 nm, while the
range of spectra taken was 350—500 nm. Cetylpyridinium
bromide was used as a quenching agent. The measurements
were taken in a centimeter width quartz cell with a 90° signal
registration angle in relation to the excitation light beam. Light
filters were used in the automatic mode. The parameters of
excitation slit and radiation slits were 20 and 5 nm, respectively.

Computer Simulation. The HyperChem 8.07 software
package was used for computer simulation by molecular
dynamics®® with the MM+ method selected for optimization in
each point.”” This method was already tested,”® it considers
potential fields of all system atoms, and it is the most general
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Table 1. Chemical Shifts (A, ppm) of Protons of C,,DMAO, C;,DMAO-La(III), and C;,DMAO/Gd(III) in an Aqueous
Solution with Cg, ¢ = 8 X 107> mol/L (TMS as Reference)

chemical group C,DMAO/H,0 C,DMAO/La(IlI)/H,0 C,DMAO/GA(III)/H,0
CH; (end group) 0911 0.925 0.940
—(CH,)y— 1.329 1.344 1.361
—~N—CH,—CH,— 1.821 1.839 1.856
O-N—(CH,), 3200 3240 3248
—-N—CH,—CH, 3.308 3.141 3348
(@)es - (b) 287
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Figure 2. Adsorption isotherms of C;,DMAO-based systems in the presence of La(III) (a), Gd(III) (b), and decanol.

tool for all the molecular mechanics methods. Calculations that is, in turn, caused by La—O chemical bonding resulting
considered the solvent factor in the explicit form: water from C;,DMAO-LaCl;-5SH,O interaction. Figure 1 represents
molecules were assigned around the model structure by the the dependence of the extinction coefficient on the
“Periodicbox” procedure in the HyperChem package. This tool C,DMAO:La(IlI) molar ratio. Inflection points in the curves
places the target structure into a predimensioned cell with a indicate the formation of a thermodynamically stable complex.
homogeneous distribution of water molecules in a free volume. 'H NMR experiments provided data for analysis of chemical
shifts in the studied binary and triple systems (Table 1).
B RESULTS AND DISCUSSION Comparative analysis of NMR proton spectra of C;,DMAO

and C;,DMAO-La(IIl) micellar solutions revealed that, in the

Interaction of Lanthanide lons with C12DMAO in presence of lanthanum, chemical shifts of resonance signals

Aqueous Solution. Lanthanum ions in the concentrated move to the weaker field area. This effect results from
liquid crystalline state are capable of complexing with N,N- complexing of an oxygen lone electron pair in the organic
dimethyldodecylamine oxide molecules through intermolecular ligand molecule with an unoccupied orbital of the Ln(III) ion.
hydrogen bonding of coordinating ions by oxygen atoms in the These effects become more significant in the presence of
molecules of zwitterionic surfactant.”> In this case, the Gd(111) ion.
coordination sphere includes water molecules and a nitro The Influence of Ln(lll) lons and Decanol Additives on
group with bidentate bonding. C,,DMAO Micellization. Figure 2 represents surface tension
Complex formation in aqueous solutions was confirmed by isotherms plotted on the basis of tensiometry data. Classical
the analysis of electron spectra taken for various C;,DMAO:Ln- curves describe the behavior of all studied systems, and curve
(III) (1:1 to 11:1) molar ratios. Electron spectra of individual breaks correspond to CMC values. Adsorption isotherms allow
components (in particular, La(NO;);-6H,0) demonstrate two calculating geometrical parameters of micellar aggregates in
bands with 4 ~ 200 nm and 4 = 301 nm absorption maxima. binary and multicomponent systems. Adsorption capacity was
C;,DMAO interaction with lanthanum nitrate did not result in calculated with the Shishkovsky equation (eq 1) combining the
the formation of new bands; a more intensive absorption, Gibbs and Langmuir adsorption isotherm equations for surface
however, was observed at A = 301 nm. Absorption in the 250— tension concentration dependence:

325 region corresponds to the 6% « n transition,” typical for

saturated compounds with a lone electron pair, such as La:--O— Ar(b, Iy)) = RTT In(1 — b-C) (1)
N in this case. Because of possible signal overlapping from where I', is the limiting adsorption. Adsorption equilibrium
lanthanum crystalline hydrate’s nitro group, lanthanum chloride constant b and I', values can be obtained from approximation
LaCl;-SH,0 was used to study interaction of La(Ill) ions with of the Ay,,—C experimental plot in the low concentration
N,N-dimethyldodecylamine oxide. Titration of LaCl;-SH,O salt range with the least-squares regression method applied to eq 1.
by C;,DMAO solution was accompanied by a new 265 nm Adsorption layer parameters were calculated from I, values,
absorption band formation, indicating the ¢* « n transition, So and O, where S, is the area occupied by one adsorbed
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Table 2. Surface Activity Characteristics and Adsorption Layer Parameters of C,,DMAO-Based Systems

system composition 7 (mN/m) CMC-10°* (mol/L) I,,:10" (mol/sm?) Sy (A?) 5 (A) N R (nm)
C;,DMAO/H,0 37.0 £ 0.5 10 4.50 + 0.09 369 + 0.8 103 + 0.2 70 1.7
C,DMAO/H,0/dec 22.8 £ 0.3 0.14 2.77 + 0.06 60.0 + 1.3 10.8 +£ 0.2 30 2.0
C,,DMAO:La(Il1)/H,0 297 + 0.4 1 1.63 + 0.03 102.1 + 2.1 63 + 0.1 24 18
C,DMAO:La(I11)/H,0/dec 224 + 03 1 1.85 + 0.04 1100 + 2.3 71+ 02 48 19
C,,DMAO:Gd(IIT)/H,0/dec 22.1 + 03 1 144 + 0.03 1154 + 2.4 5.5+ 0.1 40 1.8
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Figure 3. Self-diffusion concentration dependence for the C;,DMAO:La(IlI)/H,0 (a) and C;,DMAO:La(Ill)/H,0/dec (b) systems.

molecule equal to the area of its polar hydrophilic part and § is
the thickness of an adsorption layer. Equation 3 assumes that
the molecules are adsorbed at the interface in a vertical
conformation:

g -1
"IN, ©)
5 - Mo

p 3)

Surface tension isotherms provided data for calculation of
aggregation numbers (N) by the Rusanov>’ method.

Addition of Ln(III) ions reduces surface tension y values and
lowers the CMC in the range of 1 order of magnitude
compared with the basic C;,DMAQO/water system. Addition of
electrolytes to nonionic surfactant solutions reduces the CMC
as the result of the salting out effect.>’** The complexing
process increases system polarizability in the case of systems
under study through ion—dipole interactions of Ln ion and
polar groups of surfactant molecules and decrease of their
hydration degree followed by CMC reduction. These data are
in agreement with our previous studies,>>>* where this effect
was observed for nonionic surfactants.

Addition of decanol to a basic water/surfactant system is
accompanied by 14 N/m reduction of surface tension and
CMC shifts to 2 orders of magnitude lower area as well. Such a
significant change of C;,DMAO surface activity is caused by a
cosurfactant effect of 3.8 mol of decanol additives resulting in a
mixed micellization process and respective increase of hydro-
phobic effect.

However, addition of decanol to triple C,,DMAO/Ln(III)/
H,O systems does not provide a substantial synergetic effect.
Ln(III) ions do not exert an influence on the ¢ value, so it
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remains at the level typical for C,,DMAO/H,0/C,H,,OH
systems, while CMCs of metal-containing systems do not
change in the presence of decanol.

Table 2 summarizes the main adsorption parameters of
studied systems and the sizes of micellar aggregates assuming a
spherical shape of particles.

The micellar structures described in Table 1 are characterized
by much lower values of S area (the area occupied by a single
adsorbed molecule and equal to the area of the hydrophilic
group of a surfactant molecule) in binary C,,DMAO/H,0
systems than of micelles formed involving lanthanide ions. As it
was mentioned before, lanthanide ion can coordinate up to six
surfactant molecules, thus increasing the size of the molecule’s
polar segment. Added decanol molecules penetrate into
spherical micelles and contribute to enlargement of hydrophilic
molecular segments as well. It was proven in ref 34 that decanol
can interact with polar parts of surfactant molecules (1-
hexadecyl-3-methylimidazolium chloride) through hydrogen
bonding and increase their volume. For metal-containing
systems, intermolecular hydrogen bonding is possible involving
coordination of Ln(IIl) ions with alcohol oxygen atom and
resulting growth of the polar segment caused by steric factor.

The behavior of adsorption layer (5) thickness is not
smooth; this parameter decreases in systems containing decanol
and Ln(III) ion. As the presence of a metal ion in the system
does not exert a significant influence on a surfactant’s
hydrocarbon radical conformation, the & decrease can be
explained by the favored inclined orientation of nonpolar
fragments in the adsorption layer. Compared to the basic
surfactant/water system, the series of studied multicomponent
systems reveals a decrease of aggregation numbers (1) being in
agreement with the growth of hydrophilic segments.

The Study of Self-Organization Processes by Spectro-
scopic Data Analysis. NMR Self-Diffusion. The nuclear

dx.doi.org/10.1021/jp400875b | J. Phys. Chem. B 2013, 117, 5355—5364
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magnetic resonance relaxation method is an efficient and
informative tool for study of molecular motions in micellar
systems. The analysis of NMR self-diffusion data is mainly
based on a simplified two-state model.*>*® According to this
model, surfactant molecules are in the monomer state at
concentrations far below the CMC, while the increase of
concentration is followed by their aggregation into the bound,
micellar state. Determination of self-diffusion coefficient (D)
within the tens of milliseconds range is carried out in fast
molecular exchange conditions because the surfactant molecule
lifetime in a micelle is within 107°—1077 5.3” Thus, the observed

D values express the weight average of monomer and micellar
diffusion mobilities:

Dobs = prf + mem (4)
where p; and p,, are the molar parts of monomer (free) and
micellar surfactant molecules, respectively, and D; and D,, are
self-diffusion coefficients of monomer and micellar surfactant
molecules, respectively.

Correlation between molar parts, monomer ¢; micellar c,,
and total ¢, surfactant concentrations is expressed by the
following equation:

Ce C
=
£

t Ct

ptp = L
! (s)

Modification of eqs 4 and S leads to an expression for
monomer surfactant concentration:

I)obs_I)m
G=C—Cp =
o ‘D - D, ©)

Figure 3 represents the concentration dependences of
C;,DMAO molecules D in diluted solutions with added
decanol and lanthanum ions.

The concentration dependence contains two fragments
where D values are constant within the experimental error
and thus correspond to the monomer state of C,,DMAO
molecules. Lower D values are observed in the lower
concentration range, indicating molecular structural trans-
formations, when surfactant molecules change their state in
solution due to micellization. The two-state model assumes the
CMC to be the intersection of two linear fragments in D — 1/C
coordinates.

The obtained concentration dependence of surfactant D
values can be adequately described in terms of the two-state
model and eq 4. D, = Dg for infinitely dilute solutions with no
micelles. The micellization process in the above CMC
concentration range leads to an increase of the number of
micelles, while the concentration of free surfactant molecules
stays almost constant. This process is accompanied by a rapid
drop of Dy, values tending to D,, in the extreme case and
depending on the total surfactant concentration and the size of
micelles. This effect is confirmed by Figure 4 data comparing
contributions of monomer (curve 1) and micellar (curve 2)
molar fractions of surfactant to its total concentration.

CMC values of studied systems are summarized in Table 3
and are in good agreement with tensiometry data. Addition of
decanol leads to a slight change of D values, thus confirming
mixed micellization. Calculations carried out by the Einstein—
Stokes equation prove that the size of aggregates increases as
well.

EPR Spectroscopy. EPR spectroscopy, such as spin probe
EPR, is a unique instrument for studying molecular dynamics
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Figure 4. Dependence of the molar fraction of C;,DMAO individual
molecules (curve 1) and C;,DMAO molecules in micelles (curve 2)
on surfactant concentration in the C;,DMAQO:La(IIl)/H,O system at
T =298 K

and structures of micellar systems as well as processes of metal
ion binding with proteins and peptides in micellar systems
being the models of membrane-mimic systems.”> *' As a
micelle is a complex microheterogeneous system, it is of
principal importance to consider localization of labels in a
micelle if spin probes are used.*® We studied association in
multicomponent systems containing Gd(III) ions because they
have the longest relaxation time of all lanthanide ions (10~°—
107" s). In addition, Gd(III) ion is a structural complexing
component and is a priori incorporated into micelles, thus
offering advantages for EPR studies.

Figure Sa represents EPR spectra of C;,DMAO:Gd(III)/
H,0/C,,H,,0H solutions in the 8 X 107 to 1 X 10~ mol/L
concentration range. The spectra contain a wide singlet in the
studied concentration range.

The radius of the micelles (R) was calculated by the
Einstein—Stokes equation assuming that micelles are of
spherical geometry:

3kTz,
47

R

i )

where 7. is the rotation correlation time, k is the Boltzmann
constant, T is the absolute temperature, and # is the water
viscosity.

The rotation correlation time was obtained from EPR spectra
and the ratio™

_ 5 AH

32 D:D (8)
where AH is the EPR line width and the D:D parameter is
calculated using the equation

DD = %DZ + 2E*

%

)

where D and E are the fine structural parameters characterizing
local crystalline field symmetry on a gadolinium ion.

According to eq 7 based calculations, the radius of micelles
(R) in aqueous-decanol C;,DMAO solutions is about 1.5 nm in
the presence of Gd(III) ions with no significant changes in the
studied concentration range.

Comparison of aqueous-decanol systems (Table 4) reveals
close values of micellar aggregates. Correlation of these results

dx.doi.org/10.1021/jp400875b | J. Phys. Chem. B 2013, 117, 5355—5364
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Table 3. Self-Diffusion Coefficients of C;;DMAO Molecules in Multicomponent Systems and Respective Micellization

Parameters
system monomer D, D; (107'° m?/s) micellar D, D,, (107'° m?/s) CMC-10* (mol/L) radius of micelles, R, (nm)
C,,DMAO:La(Il1)/H,0 6.10 1.18 1.39 2.08
C;,DMAO:La(III) /H,0/dec 5.3 0.45 1.13 S.44
C;,DMAO:Gd(111)/H,0 6.20 1.03 1.47 2.38
C,,DMAO:Gd(II1)/H,0/dec 6.10 0.41 1.72 5.86
(a) (b) 165
1.60
£ 1.55
-
—
—
1.50 4 —m
\I
1.45
y T T T T ! 1'4022 2‘0 1I8 1l6 1I4 1I2 1I0
1000 2000 3000 4000 5000 6000 - - o o v o :
H, Gauss IgcC“DMAO’ mol/L

Figure S. EPR spectra of C,DMAO:Gd(III)/H,0/C,,H,,OH aqueous solutions at T = 300 K at various concentrations (a) and the sizes of

aggregates calculated from these spectra (b).

Table 4. Rotation Correlation Times and Sizes of Micellar
Aggregates

system C-10? (mol/L) 7. (ns) R (nm)
C,,DMAO: Gd(III)/H,O s 1.19 1.10
C,,DMAO: Gd(III)/H,0 1 145 117
C,,DMAO: Gd(III)/H,0/dec s 1.10 1.07
C,,DMAO: Gd(III)/H,0/dec 1 1.60 121

with tensiometry and NMR self-diffusion data leads to a
conclusion that EPR data describe in this case the size of
coordination environment closest to the paramagnetic center
which is a Gd(III) ion.

DLS Method. The DLS method was used for detailed study
of the sizes of micellar aggregates in a wide concentration range
for C;,DMAO solutions and in the presence of decanol and
lanthanide ions (Figure 6).

DLS data allow tracking of general tendencies in the behavior
of C;,DMAO aggregates in the presence of various additives. In
general, all the studied systems in aqueous and aqueous-decanol
media are polydisperse. Polydispersity index (PI) values are the
following: Pl pmao/mo = 0464, Pl pyao/Lamy/m,o = 0.634,
and Plc pmaosLaqur)/m,0/dec = 0.637. The found PI values for

binary systems as well as for multicomponent systems are above
0.2, which indicates a polydisperse character of micellar
solutions. Comparative analysis of surfactant/water systems
demonstrates that, in the presence of decanol, the average
increase of the size of aggregates is 3 nm. The approximate
value of the effective hydrodynamic radius of aggregates Dy, is
5—6 nm, as the result of mixed micellization. A similar tendency
of constant micellar aggregate size can be observed in these
systems when the surfactant concentration increases in the
range (1—8) X 107> mol/L.

It was possible to register the formation of aggregates in the
CMC range for lanthanide-containing systems C,,DMAO/
La(III)/H,O. A bimodal distribution of aggregates with ~2.0
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Figure 6. Concentration dependences of the sizes of aggregates (T =
300 K).

and 5.6 nm sizes was observed at Ccyc = 1 X 107> mol/L
(Figure S2, Supporting Information). The concentration range
of (1-8) X 1072 mol/L is characterized by steady growth of
aggregate sizes with the increase of surfactant concentration
both for systems containing lanthanum ions and for multi-
component systems with decanol C;,DMAO/La(Ill)/H,0/
dec. The size of micelles is 5—7 times larger than in the basic
surfactant/water system when a concentration of 8 X 102 mol/
L is achieved. The presence of surfactant-coordinated
lanthanum ion and free NO;™ counterions favors intensification
of dipole—dipole interactions performed by both water
molecules and surfactant polar groups, thus increasing the
micellar aggregate’s solvation shell. This effect becomes more
significant with the increase of surfactant concentration.

dx.doi.org/10.1021/jp400875b | J. Phys. Chem. B 2013, 117, 5355—5364
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Fluorescent Analysis. The fluorescence method with
pyrene as a luminescent probe was used to study the influence
of Ln(III) ions and decanol additives on self-organization in
zwitterionic surfactant solutions. Aggregation numbers were
determined by the spectrophotometry method described in the
literature.*>** This method is based on stationary fluorescence
quenching measurements and is a reliable tool for determi-
nation of micellar aggregation numbers. The oscillating
structure of luminescence spectra is highly sensitive to changes
in the immediate environment of complexes; this effect is
especially intensive for pyrene, allowing its efficient application
as a fluorescent probe, for example, for measuring CMC and
aggregation numbers.*~**

Figure 7 represents the following example: a concentration
dependence of pyrene signal intensities ratio I;/I; in the

1.5
1.4+

1.34 \

R
-

1.2 \

1.1 4

1.0 ——
4.0 35

T
-3.0

IgC , mol/L
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Figure 7. Concentration dependence of I;/I; pyrene fluorescence
intensity ratios in the C;,DMAO/H,0 system using pyrene additives.

C;,DMAO/H,0 system (Cc pmpo = 1 X 107 to § X 107
mol/L, Coprene = 1 X 107 mol/L). The ratio of the first and
third peaks characterizes the polarity of the probe’s surrounding
environment and can be used to estimate micelle hydro-
phobicity.*” When CMC concentration is reached, probe
redistribution occurs in a solution, therefore leading to rapid
change of probe environment parameters. Abrupt decrease of
the I,/I, ratio is caused by transition from monomer surfactants
to micelles.

All studied systems demonstrate similar behavior. Table 5
represents CMC values obtained from curve breaks. All the
data are within one decimal order and agree with tensiometry
and NMR results. They reflect the general tendency of CMC

Table 5. CMC Values, Aggregation Numbers, and the Sizes
of Micelles Based on Fluorescent Quenching Data

system composition CMC-10° (mol/L) L/L Nioge
C,,DMAO/H,0 400 128 79
C,,DMAO/H,0/Dec 0.87 124 49
C,,DMAO:La(IIT)/H,0 1.70 126 56
C,,DMAO:Gd(IIT)/H,0 0.77 126 59
C,,DMAO:La(1II)/H,0/Dec 178 124 50
C,,DMAO:Gd(IIT)/H,0/Dec 1.00 124 31
C,,DMAO:Eu(III)/H,0/Dec 162 124 47
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decrease in the presence of decanol and lanthanide ions
compared with the binary C,,DMAO/H,0 system without
additives. It should be noted that the fluorescent analysis
method proved to be more sensitive to the type of lanthanide
ion forming aggregates in multicomponent systems than
tensiometry. The system with Gd(III) ion is characterized by
the lowest CMC value. Simultaneous presence of lanthanide
ion and decanol provides an antagonistic effect. It is possibly
caused by different mechanisms influencing the CMC: the
properties of decanol as a cosurfactant make it capable of
forming mixed micelles, thus achieving a direct increase of the
hydrophobic effect, while lanthanide ion forms complexes with
amine oxide and reduces the hydration degree of polar
surfactant groups. It should be noted that these effects are
confirmed by the change of pyrene polarity parameter (I,/I;)
and resulting formation of more hydrophobic micelles in the
presence of decanol.

Luminescence of the C;,DMAO/H,0 and C,,DMAO/
H,0/Dec systems was studied for estimation of aggregation
numbers. Measurements were carried out in the presence of
pyrene and various concentrations of cetylpyridinium bromide
(a quenching agent with C = (1-8) X 10~ mol/L).

Aggregation numbers were determined according to eq 10:

_ [Q]Nagg
T T Ic] - [eMc]

Iy

(10)

where I and I, are the intensities of fluorescence with a
quenching agent and without it, respectively, [Q] is the
quenching agent concentration, [C] is the surfactant
concentration, and [CMC] is the critical micellization
concentration. Variation of fluorescence intensity at different
concentrations of a quenching agent and constant surfactant
concentration (Cc_pyao= S X 107> mol/L) makes it possible

to obtain aggregation numbers from In(Iy/I) = f([Q]) line
slopes, according to eq 10.

This method is based on the following assumptions: probe
and quenching agent molecules are solubilized in micelles. A
single quenching molecule in a micelle deactivates all
solubilized probe molecules. The residence time of the
fluorescent molecule and the quencher inside the micelle is
longer than the unquenched lifetime of the fluorescent probe.
Distributions of probe and quencher in micelles obey Poisson
statistics.**

Figure 8 demonstrates pyrene fluorescence spectra (a) and
the linear dependence I;/I in Stern—Volmer coordinate for
various quenching agent concentrations (b).

The analysis of aggregation numbers (Table S) reveals their
decrease for a series of studied multicomponent systems in
comparison with the C,,DMAO/H,O system. This effect
agrees with tensiometry data, while the obtained value N,g, =
79 for a binary C,,DMAO/H,0 system is in agreement with
literature data.>>® The aggregation number N,g, = 70 is typical
for surfactant molecules with 12 CH, groups in a hydrocarbon
chain in a near-CMC range.

The data confirm that introduction of decanol into a binary
system decreases aggregation numbers due to alcohol
penetration into spherical micelles and mixed micellization.
This effect was observed for additives of linear alcohols, such as
butanol, pentanol, and hexanol to micellar systems of dimeric
cationic surfactants.** Lower values of aggregation numbers
N,,, indicate the formation of micelles with a lower density of

agg
packing than in pure aqueous solutions. It favors easier
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Figure 8. Effect of quenching agent (cetylpyridinium bromide) concentration on pyrene fluorescence intensity: spectra (a) and In(Iy/I) vs Q (b) for
C1,DMAO in aqueous micellar solution (C(C;,DMAO) = 1 X 107> mol/L, C(pyrene) = 1 X 10° mol/L).

penetration of alcohol molecules.”” Decrease of micellar
aggregation numbers caused by addition of polar organic
solvents can be generally explained by reduction of interfacial
Gibbs energy. Observed differences in CMC values for systems
containing La(III) and Gd(III) can be explained by various
polarizabilities of ions, determined by their electron structure.
The ionization potential of La(IIl) is 36.5 €V, while this value
for GA(III) is ~40.2 eV.>" Tonic interactions of the Gd ion with
the polar groups of surfactant become more intensive in this
case, and the degree of hydration of these groups decreases.
This results in a more significant CMC reduction.
Computer Simulation. A spherical micelle with 70
C;,DMAO molecules was the initial model system selected
on the basis of the experimental data (Figure 9a). The results of

Figure 9. Spherical micelle simulation: (a) initial structure; (b)
molecular dynamics results.

computer simulation carried out for the gas phase without
consideration of water molecules are summarized in Figure 9b.
Calculation results confirm that the structure of the micellar
aggregate is mostly spherical with inward hydrocarbon tails and
outward polar groups. The radius of the simulated structure is
approximately 2.2 nm, that is, in satisfactory agreement with
tensiometry data.

A more accurate model was created by the “Periodicbox”
procedure in the HyperChem package. According to this
procedure, the micelle of C;,DMAO molecules is placed inside
a 5.7 nm cell with uniform distribution of water molecules in
the free volume (Figure 10a). Molecular dynamics optimization

5362

was carried out for T = 300 K and 3922 water molecules in a
cell. Calculations (Figure 10b) confirm the existence of a
sustainable spherical micellar structure. The internal micellar
core is formed by hydrophobic parts of diphilic molecules,
while the surface layer consists of surfactant polar groups
hydrated by water molecules.

B CONCLUSION

The influence of Ln(II) ions and decanol additives on self-
organization processes in zwitterionic surfactant solution was
analyzed in this contribution. Spectrophotometric titration
results confirm complexing of lanthanum ions with C;,DMAO
molecules. This phenomenon leads to a change of surfactant
properties: a decrease of surface tension and CMC value is
observed. Solution—air adsorption layer parameters were
analyzed. It was proven that the presence of lanthanide ions
leads to a significant increase of the surfactant molecule’s polar
part, so complexing of Ln(III) ions with amine oxide’s oxygen
is, therefore, confirmed. Comparison of the aforementioned
parameters with characteristics of the surfactant/water binary
system leads to the conclusion that coordination of several
surfactant molecules is possible. These results are in agreement
with spectrophotometric titration data.

Decanol additives with a molar ratio of 3.8 increase the
surface activity of C,DMAQ: the CMC drops by 2 orders of
magnitude, thus confirming the decanol effect as a cosurfactant.
Additional interfacial adsorption of decanol and its participation
in mixed micellization make a significant contribution to
decrease the interfacial surface energy.

The set of spectroscopic methods was selected for study of
self-organization processes and estimation of the size of
micelles. Table 6 summarizes comparative data of micelle
sizes obtained from adsorption values and the results of
spectroscopic methods.

Various physicochemical methods provide different values for
effective sizes of micellar aggregates. Calculation of micellar
radius by tensiometry applies the adsorption layer model with a
micellar aggregate as a spherical hollow-free compact hydro-
carbon core with no solvation shells taken into consideration.
Size effects arise only if the size of the micelles is significant.
However, analysis of adsorption isotherms for calculation of
adsorption layer parameters is also an appropriate tool for a
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a

b

Figure 10. Spherical micelle simulation with solvent molecules: (a) initial structure; (b) the structure after molecular dynamics calculations (10 ps

interval with 0.001 ps steps).

Table 6. The Sizes of Micellar Aggregates at Ccyc Based on
Data from Various Research Methods

tensiometry DLS NMR fluorescence

system composition R (nm) (nm) (n?n) R (nm)
C,,DMAO/H,0 1.70 16 1.8
C,,DMAO/H,0/dec 1.51 3.1 3.1
C,,DMAO:La(1II)/H,0 1.50 25 208 32
C,,DMAO:La(IIT)/H,0/dec 149 36 Sa44 33
C,,DMAO:Gd(IIT)/H,0 1.50 21 238 3.1
C,,DMAO:Gd(II1)/H,0/dec 154 43 586 43
C,,DMAO:Eu(IIT)/H,0/dec 152 5.0 19

thorough study of lanthanide ion interactions with amine oxide
molecules.

Spectroscopic methods used for estimation of micelle size are
based on the measurements of aggregate diffusion with
rotational and translational components of a micelle as an
integral entity, where micelle dynamics is determined by its
external size with solvation shell taken into consideration. This
is the main reason why NMR self-diffusion and DLS results
demonstrate larger sizes of micelles than tensiometry data.
However, spectroscopic methods are sensitive to the
composition of systems and can, therefore, track changes of
micellar aggregate size caused by lanthanide ions and decanol
additives. A possible interpretation of EPR data can be done in
terms of their correspondence to the volume of the
paramagnetic center surrounding environment. Good correla-
tion between experimental data and computer simulation
results confirms the appropriateness of such an approach for
simulation of a micellar aggregate.

B ASSOCIATED CONTENT

© Supporting Information

Self-diffusion concentration dependence for the
C,DMAO:Gd(111)/H,0 (a) and C,,DMAO:Gd(III)/H,0/
dec (b) systems (Figure S1); size distribution for the
C;,DMAO:La(Il)/H,0 systems at different concentrations
(Figure S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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