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ABSTRACT: The aggregation behavior of cationic ammonium gemini

surfactant hexamethylene-1,6-bis(dodecyldimethylammonium bromide) (12- Increasing Concentration f \
6-12) with chelating molecule ethylenediaminetetraacetic acid (EDTA) and S /
the effects of calcium bromide (CaBr,) on the structure and morphology of : X

the aggregates in the mixture have been investigated by surface tension, ° .ﬂ
isothermal titration microcalorimetry, electrical conductivity, { potential, ™
dynamic light scattering, cryogenic transmission electron microscopy, M w
freeze—fracture transmission electron microscopy, and 'H NMR techniques. EDTA ;}\:\ L ! e
It was found that the electrostatic attraction between the carboxyl groups of ° =¥ =l
EDTA and the headgroups of 12-6-12 leads to the formation of oligomeric- 12612 Ca?t > “’% S,r
like surfactant EDTA(12-6-12), at an EDTA/12-6-12 molar ratio of 0.50. % “t&r
The critical aggregation concentration of the EDTA(12-6-12), complexes is %@1 %
much lower than that of 12-6-12, and the complexes form loose, large

network-like premicellar aggregates and then transfer into small micelles with an increase in concentration. Moreover, the
addition of CaBr, induces the transition from the loose aggregates and micelles to vesicles owing to the coordination interaction
between the calcium ion and EDTA and the electrostatic interaction between EDTA and 12-6-12. The work reveals that as a
bridging molecule between the calcium ion and the gemini surfactant, the chelating molecule greatly promotes the assembly of
the gemini surfactant and strengthens the molecular packing in the presence of calcium ions.

B INTRODUCTION

The calcium ion is one of the main components in hard water
and can induce a serious salting-out phenomenon in an
aqueous solution of ionic surfactants.'~* It significantly elevates
the Krafft points’ of ionic surfactants and decreases the
surfactant solubility in water.””'" The problem seriously limits

surfactants may show a different binding situation with either
EDTA or calcium ions from conventional single-chain
surfactants. Therefore, understanding the effect of Ca?" ions
on the aggregation behavior of ionic gemini surfactants in the
presence of EDTA will guide the applications of gemini
surfactants in hard water.

the applications of surfactant household and industrial products
in water of a high hardness level and weakens the cleaning
efficiency of detergents. To solve this problem, chelating
molecule ethylenediaminetetraacetic acid (EDTA) is often
applied in detergents to prevent the precipitation of surfactants
by forming strong, water-soluble metal complexes with
transition-metal ions.'> It has also been approved that EDTA
cannot be absorbed into the skin or be bioaccumulated in living
organisms.'”'* Gemini surfactants possess two amphiphilic
moieties connected by a spacer at the level of headgroups.
Compared to conventional single-chain surfactants, gemini
surfactants have lower critical micellization concentrations
(CMCs), lower Krafft points, and diverse aggregation
morphologies and other unique properties.”> " Tonic gemini

-4 ACS Publications  © 2017 American Chemical Society

Understanding the binding situation of EDTA with gemini
surfactants is a prerequisite to comprehending the effect of Ca**
ions on the aggregation behavior of gemini surfactants in the
presence of EDTA. In the literature, the interactions of EDTA
with traditional monomeric surfactants in the presence of metal
ions have been widely studied. Soontravanich et al.”* found that
a mixture of amphoteric surfactant DDAO with EDTA can
effectively solubilize soap scum at high pH, the solubility of
which is several orders of magnitude larger than that in EDTA-
free systems. Moreover, the chelation of a calcium ion with
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EDTA and the solubilization of stearate anions by forming
mixed micelles with DDAO were hypothesized to be
responsible for the dissolution of soap scum. Salahi et al.”’
found that EDTA and sodium dodecyl sulfate (SDS) are able to
clean a calcium-induced, organic-fouled reverse-osmosis mem-
brane. EDTA removes calcium ions through a ligand-exchange
reaction, and SDS significantly breaks up the binding of calcium
ions with foulant and then the foulant can be more easily rinsed
off of the membrane surface. In addition, in the presence of
EDTA, surfactants have a greater capacity to extract heavy
metals such as cadmium, lead, and zinc from contaminated soil
by choosing the proper type and concentration of surfac-
tants.”*~>° These studies have demonstrated that the perform-
ance of surfactants could be significantly improved with the
assistance of EDTA in metal-ion-containing systems. However,
so far, the interactions of EDTA and gemini surfactants with
and without calcium ions have not yet been reported. Oda’s
group27’28 previously proved that tartrate containing two
carboxylate groups significantly reduces the CMC of cationic
ammonium gemini surfactant 14-2-14 better than does lactate
containing one carboxylate group. It can be concluded that the
introduction of carboxylate salts is an effective way to tune the
surface activity and aggregation behavior of ionic surfactants,
and the effects depend on the number of carboxylate groups.
Thus, the chemical structure of EDTA containing four
carboxylate groups must favor strong electrostatic interaction
with cationic surfactants and generate significant effects on the
aggregation of gemini surfactants. To apply ionic gemini
surfactants in hard water, the effects of EDTA on the
aggregation behavior of ionic gemini surfactants and the
influences of calcium ions on the mixtures must be investigated
in detail.

Therefore, the present work has investigated the effects of
EDTA on the aggregation behavior of cationic ammonium
gemini surfactant 12-6-12 and the effects of calcium ions on the
EDTA/12-6-12 mixtures. The chemical structures of 12-6-12
and EDTA are presented in Scheme 1. The results demonstrate

Scheme 1. Chemical Structures of 12-6-12 and EDTA
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that 12-6-12 and EDTA form the EDTA(12-6-12), complex
through electrostatic interaction, and the complexes undergo
transitions from large network-like premicellar aggregates to
small micelles with the increase in concentration. With the
addition of CaBr,, owing to the chelating ability to calcium
ions, EDTA is partially dissociated from the complex, acting as
linkages between calcium ions and surfactant molecules, and
the Ca®>*/EDTA/12-6-12 mixture form vesicles as the CaBr,
concentration increases.

B EXPERIMENTAL SECTION

Materials. Ethylenediaminetetraacetic acid (EDTA, >99.995%)
was purchased from Sigma-Aldrich. Calcium bromide (CaBr,), with
99.978% min purity, was purchased from Alfa Aesar. Cationic
ammounium gemini surfactant hexamethylene-1,6-bis(dodecyldi-
methylammonium bromide) [C,,H,;(CH;),N(CH,)(N-

(CH;),C,H,5Br, (12-6-12) was synthesized and purified according
to the literature.”” Milli-Q water (18 MQ: cm™') was used in all
experiments.

Surface Tension Measurements. The surface tension of the
EDTA/12-6-12 aqueous solutions at different molar ratios (Rg,g) was
measured using the drop volume method. Each surface tension value
(y) was determined from at least five consistent measured values, and
every surface tension curve was repeated at least two times. The
measurement temperature was controlled to 25.00 + 0.05 °C using a
thermostat.

Isothermal Titration Microcalorimetry (ITC). A TAM 2277-201
isothermal titration microcalorimeter (Thermometric AB, Jirfilla,
Sweden) was used to measure the value of the critical aggregation
concentration and the enthalpy change of aggregate transitions in the
mixed solution. The sample cell was initially loaded with pure water,
EDTA, 12-6-12, or an EDTA/12-6-12 aqueous solution. An aqueous
solution of EDTA/12-6-12, EDTA, or CaBr, solution was injected
consecutively into the stirred sample cell in portions of 10 yL using a
500 pyL Hamilton syringe controlled by a Thermometric 612 Lund
pump until the desired concentration range was covered. During the
whole titration process, the system was stirred at 60 rpm with a gold
propeller, and the interval between two injections was 9 min. AHy,
was obtained by integrating the peak for each injection in the plot of
heat flow P against time t. All experiments were performed at 25.0 +
0.01 °C.

Electrical Conductivity Measurements. The conductivity of the
EDTA/12-6-12 mixture at different Rg,g values was measured as a
function of surfactant concentration using a JENWAY model 4320
conductivity meter. The EDTA/12-6-12 mixed solution was titrated
into water gradually, and the conductivity value was recorded until the
system reached equilibrium. All measurements were performed in a
temperature-controlled, double-walled glass container with the
circulation of water controlled at 25.0 + 0.1 °C.

&-Potential Measurements. {-Potential characterization of the
surface charge of the aggregates in the EDTA/12-6-12 mixtures with
and without CaBr, was carried out with a Malvern Zetasizer Nano-ZS
instrument equipped with a thermostated chamber and a 4 mW He—
Ne laser (A = 632.8 nm). Disposable capillary cells were used for the
measurements. Each sample was measured three times. All experi-
ments were performed at 25.00 + 0.01 °C.

Dynamic Light Scattering (DLS). DLS measurements for the
EDTA/12-6-12 aggregates with and without CaBr, were performed at
25.0 + 0.1 °C by an LLS spectrometer (ALV/SP-125) with a multi-z
digital time correlator (ALV-5000). A solid-state He—Ne laser (output
power of 22 mW at A = 632.8 nm) was used as a light source. The
measurements were carried out at a scattering angle of 90°. All of the
freshly prepared mixed solutions were filtered through a 450 nm
membrane filter and injected into a 7 mL glass bottle. The correlation
function of the scattering data was analyzed via the CONTIN method
to obtain the distribution of diffusion coefficients (D) of the solutes.
The apparent equivalent hydrodynamic radius (R;,) was determined
using the Stokes—Einstein equation R, = kT/6anD, where k is the
Boltzmann constant, T is the absolute temperature, and # is the
solvent viscosity.

'H NMR. 'H NMR measurements of the EDTA/12-6-12 mixtures
with and without CaBr, were carried out on a Bruker AV400 FT-NMR
spectrometer operating at 25 #+ 2 °C. Deuterium oxide (99.9%) was
purchased from CIL (Cambridge Isotope Laboratories) and used to
prepare the stock solutions of the mixed systems. The center of the
HDO signal (4.79 ppm) was used as the reference in the D,0O
solutions. In the experiments, the number of scans was adjusted to
achieve good signal-to-noise ratios depending on the surfactant
concentration.

Cryogenic Transmission Electron Microscopy (Cryo-TEM).
The EDTA/12-6-12 mixtures with and without CaBr, were embedded
in a thin layer of vitreous ice on freshly carbon-coated holey TEM
grids by blotting grids with filter paper. Then the samples were
plunged into liquid ethane cooled by liquid nitrogen. The frozen
hydrated specimens were imaged with an FEI Tecnai 20 electron
microscope (LaB6) operated at 200 kV in low-dose mode (about 2000
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e/nm?*) and a nominal magnification of 50 000. For each specimen
area, the defocus was set to 1—2 pm. Images were recorded on Kodak
SO163 films and then digitized by a Nikon 9000 with a scanning step
of 2000 dpi corresponding to 2.54 A/pixel.*’

Freeze—Fracture Transmission Electron Microscopy (FF-
TEM). Samples were prepared by a freeze—fracture replica technique
(FF-TEM) according to standard techniques. Fracturing and
replication were carried out in a high-vacuum freeze-etching system
(Balzers BAF-400D). A JEM-100CXII electron microscope was used
for microscopic observation at a working voltage of 100 kV.

B RESULTS AND DISCUSSION

Because EDTA is a pH-sensitive compound, the interaction
between EDTA and 12-6-12 will be highly dependent on pH.
EDTA has six protonation constants, i.e., the pK, values are 0.9,
1.6, 2.0, 2.67, 6.16, and 10.26 for carboxylic groups and amino
groups, respectively. At pH 7.0, most EDTA molecules carry
three net negative charges due to four deprotonated carboxylic
groups and one protonated amino group. Thus, pH 7.0 is
chosen in all of the following investigations.

Binding of EDTA with 12-6-12. To understand the
association process of EDTA with 12-6-12, an ITC experiment
was carried out by titrating a 15.00 mM EDTA solution into a
5.00 mM 12-6-12 solution. The observed enthalpy changes
(AH,,) versus the EDTA/12-6-12 molar ratio (Rgg) are
presented in Figure 1. The AH g, value for the dilution of 15.00
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Figure 1. Variation of observed enthalpy changes (AH,,) against the
EDTA/12-6-12 molar ratio (Rg/g) by titrating 15.00 mM EDTA
solution into 5.00 mM 12-6-12 solution at 25.0 °C.

mM EDTA into water has been deducted from the ITC curve.
The ITC curve has a sigmoidal shape, and the value of AH,
changes gradually from endothermic to zero. The binding
number (n) of EDTA per 12-6-12 molecule is obtained by
fitting the ITC curves using the standard Marquardt method
with an ITC package (supplied by Microcal Inc.) embedded in
an Origin program. The n value that is derived is close to 0.5,
confirming the binding of EDTA with 12-6-12 in a 1:2 ratio.
Because the four carboxylic groups of EDTA are deprotonated
at pH 7.0, two 12-6-12 molecules are needed to saturate the
binding sites of each EDTA molecule, and then the EDTA(12-
6-12), complexes are formed through intermolecular electro-
static binding in aqueous solution. Previously, our group has
fabricated some oligomeric-like surfactants by using 12-6-12
and connecting molecules through noncovalent bonds.” = It
was found that 12-6-12 and a pH-sensitive N-benzoylglutamic
acid (H,Bzglu) form linear oligomeric surfactants by electro-
static attraction, 7— interaction, and hydrogen bonds, and the
oligomeric structures make the system efficient in forming a

12721

coacervate.”’ Tetrameric and hexameric oligomeric surfactant
analogues were also formed by pH-sensitive connecting
molecule (2R,2'R)-N,N’-(dodecane-1,12-diyl)bis(2,6-diamino-
hexanamide) (Lys-12-Lys) and SDS through electrostatic
attraction and hydrogen bonding.>’ These constructed
oligomeric surfactants show superior physicochemical proper-
ties without cumbersome organic synthesis and complicated
purification. A recent review has summarized the progress in
constructing gemini and oligomeric surfactants through non-
covalent interactions.”* Herein, that EDTA and 12-6-12 form
complexes at a molar ratio of 1:2 provides another instance of
constructing oligomeirc surfactants through noncovalent bonds.

EDTA and 12-6-12 molecules bind with each other in two
possible ways (Figure 2): (a) each 12-6-12 molecule binds with

Figure 2. Two binding modes between EDTA and 12-6-12.

two carboxylate groups connected to different amino groups of
EDTA or (b) each 12-6-12 molecule binds with two
carboxylate groups connected to the same amino group of
EDTA. The density functional theory (DFT) calculation was
utilized to understand the binding mode of EDTA and 12-6-12
by the Gaussian 09 program.”® The initial geometries of EDTA
and 12-6-12 molecules were first optimized by molecular
mechanics. Then, optimization calculations (a) and (b) were
performed with the DFT method at the B3LYP/6-31G(d)
level,*® and the solvent (water) effect was also added. The
calculated binding energy of mode (a) is S5 kJ/mol lower than
that of mode (b), indicating that mode (a) is more stable for
the binding between EDTA and 12-6-12.

Critical Aggregation Concentrations of the EDTA/12-
6-12 Mixture. To know the surface activity and aggregation
behavior of the EDTA/12-6-12 mixture, surface tension, ITC,
and electrical conductivity experiments have been carried out.

Figure 3a shows the surface tension curves of the EDTA/12-
6-12 aqueous solution plotted against the 12-6-12 concen-
tration (Cyy61,) at different Ry values. The surface tension
curve of pure 12-6-12 solution is also included for comparison.
All surface tension curves exhibit similar varying tendencies.
Upon increasing C,, .15, the surface tension decreases rapidly at
lower concentration, and then the decrease becomes moderate
beyond an inflection point. The inflection points correspond to
the critical aggregation concentrations, and they are 0.58, 0.31,
and 023 mM for Rg/g values of 0.25, 0.50, and 1.00,
respectively. These critical aggregation concentrations of the
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break points move to lower surfactant concentrations as Rgg
increases.

To confirm the critical concentrations determined from the
g ITC curves, the electrical conductivity measurements were also
% conducted. Figure 4 shows the specific conductivity k of the
> =
Clyern(mM)
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Figure 3. (a) Surface tension curves of the mixed EDTA/12-6-12
solutions plotted against the concentration of 12-6-12 (Cp41y) at
different molar ratios (Ryg). (b) Observed enthalpy changes (AH,,)
against Cj, 4, by titrating EDTA/12-6-12 solution into water at
Ciz612 = 5.00 mM for Rg/g = 0, 0.25, and 0.50 and at Cj, 4, = 3.00
mM for Rg,q = 1.00. The dashed lines in (b) are the differential curves
of the ITC curves for the determination of C; and C, at Rg/g = 0.50.
The temperature is 25.0 °C.

EDTA/12-6-12 mixture are lower than the CMC of pure 12-6-
12, demonstrating that the EDTA/12-6-12 binding effectively
screens the electrostatic repulsion between the headgroups of
12-6-12, and thus the EDTA(12-6-12), complexes exhibit
much stronger aggregation ability than the 12-6-12 molecules
themselves in bulk solution. However, the corresponding y
values at the break points increase slightly with the increase in
Rg /i, which may be caused by the adsorption of EDTA(12-6-
12), complexes at the air/solution interface and the resulting
less tight packing of the alkyl chains of 12-6-12 at the interface
limited by the steric hindrance due to the existence of EDTA.
The lower aggregation concentration values and the continual
decrease of y values above the aggregation concentrations
resemble the situation of tetrameric cationic surfactant PATC.*”

Figure 3b shows the variation in AH,,, against the final
surfactant concentration, whereas the EDTA/12-6-12 mixed
solutions at different Rg,; values are separately titrated into
water. The ITC curve of 12-6-12 being titrated into water only
has one transition point corresponding to the CMC of 12-6-12
(Rg/g = 0); however, the ITC curves by titrating the EDTA(12-
6-12), complexes show a complicated enthalpy change process.
All of the ITC curves experience a similar interaction process at
different molar ratios: the AH_ values first increases rapidly to
an endothermic value and then follow a decreasing—
increasing—decreasing mode. The ITC curves display two
maxima and a minimum and finally coincide with the varying
trend for titrating the 12-6-12 micelles into water. Two critical
concentrations can be determined in the process. The situation
at Ry = 0.50 is taken as a representative to show the
determination of the two critical concentrations (C; and C,),
which are located at the maxima in the differential curves of the
ITC curves shown by the blue dashed lines in Figure 3b. The
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Figure 4. Variations of specific conductivity x against the Cj,4,
(black cube, bottom abscissa) and the molar conductivity A with
C% 6.1 (red circle, top abscissa) for the mixed solutions at different
R/ values and 25.0 °C.

EDTA/12-6-12 mixture against Cj,4;, and the molar
conductivity A against Cy., at different Ry, values, where
A = (k—Ky)/Ciy.6.12 and Ky is the specific conductivity of water.
The appearance of the maximum in A against the Cl5 |, curves
confirms the existence of premicellar aggregates in the mixture,
similar to the phenomena reported in many ionic surfactant
systems.38_4o Cir6.12 at the A maximum corresponds to C,.
However, the k values keep increasing with the increase in
Ciy6.12 over the whole concentration range, but the increasing
slopes decrease above a critical concentration (marked as the
red arrows where A starts to decrease in each A ~ Cl¢ ),
curve), the values of which are consistent with the C, values
from the ITC curves and the critical aggregation concentrations
from the surface tension curves. The critical points are normally
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caused by the formation of micelles and the accompanying
binding of counterions.

Combining all of the above results, two critical aggregation
concentrations, i.e, C, and C,, are determined from the clear
break points of surface tension, ITC, and electrical conductivity
curves at different molar ratios as summarized in Table 1. At

Table 1. Critical Aggregation Concentrations of EDTA/12-
6-12 in Aqueous Solutions at Different Molar Ratios (Rg/¢)
Determined by Three Methods at 25.0 °C

critical aggregation concentrations (mM)

Ry surface tension calorimetry conductivity
0.25 C, 0.20 0.26

C, 0.58 0.59 0.40
0.50 G 0.14 0.13

C, 0.31 0.57 0.30
1.00 G 0.0 0.10

C, 0.23 0.23 0.22

mixing Rg,q values of 0.25, 0.50, and 1.00, two critical points
are found in the ITC and conductivity curves, whereas only one
break point is found in the surface tension curve. The first
critical points C; are not found in the surface tension curves,
probably because the concentrations are too low and the values
of the surface tension at C; are close to that of pure water. The
second critical concentrations C, obtained by ITC and
electrical conductivity curves are consistent with those from
the surface tension curves within experimental error. Compared
to the CMC value of 12-6-12 itself, the EDTA/12-6-12
mixtures show much smaller aggregation concentrations and all
of the critical concentrations decrease with the increase in Rgc,
possibly because the number of oligomeric-like EDTA(12-6-
12), complexes with a stronger aggregation ability increases
with the increase in Rg,g. To gain further insight into the
transition process divided by C, and C,, DLS, {-potential, and
cryo-TEM measurements are carried out by taking the EDTA/
12-6-12 mixture at Rg,g = 0.50 as a representative in the
following text.

Aggregate Transitions of the EDTA/12-6-12 Mixture.
Figure Sa,b summarizes the distribution of the hydrodynamic
radius (R,) and zeta potential ({) of the EDTA/12-6-12
aggregates against Cjy¢.1, at Rg/q = 0.50. The corresponding
scattering intensity from DLS measurements is shown in Figure
S1. The cryo-TEM image of the EDTA/12-6-12 aggregates at a
concentration beyond C, is shown in Figure Sc.

It is surprising that even below C; the EDTA/12-6-12
aggregate presents a larger size and a narrower size distribution
at ~150 nm. The { potential of the aggregates is positive and
becomes more positive with increasing concentration (Figure
Sa,)b). This can be attributed to the fact that the added EDTA
molecules electrostatically bind with 12-6-12 and result in more
compact packing of the 12-6-12 molecules with increasing
concentration. Moreover, the scattering intensity of the
aggregates is larger (Figure S1). Meanwhile, the initial addition
of the EDTA/12-6-12 mixture generates a larger exothermic
AH,, value for a higher EDTA/12-6-12 molar ratio, suggesting
that the increase in the relative content of the EDTA(12-6-12),
complexes at higher Rg,; values leads to a larger dilution of
exothermic enthalpy values. The formation of the larger
aggregates may result from the joint effect of electrostatic
interaction, hydrophobic interaction, and the release of
counterions and dehydration of the headgroups as indicated

/\ 3.00mM
g I /\ 100 =M Ci16127C
g AN
5 '—N G <G~y
é . / N OIS mM

//.\\ Cis12<G
= .

Figure S. Distribution of hydrodynamic radius R, (a) and zeta
potential ¢ (b) of the EDTA/12-6-12 aggregates against Cj,.1, at a
fixed Rg/¢ of 0.50 at 25 °C. (c) Cryo-TEM image of the EDTA/12-6-
12 aggregates for Cjy4, = 5.00 mM and Cgpra = 2.50 mM.

by an increasing endothermic AH,, in Figure 2b. The large
premicellar aggregates are speculated to exhibit network
structures as PATC does in the low-concentration region.”’
However, unfortunately we did not obtain clear structures of
the aggregates during this period under cryo-TEM because the
surfactant concentration is very low and the molecular packing
may not be compact enough to be imaged.

When Cj,.1, exceeds C,, the scattering intensity from DLS
becomes extremely weak (Figure S1) and the size distribution
of the aggregate becomes very wide (Figure Sa). This means
that the aggregates undergo an aggregate transition. At the
same time, the {-potential values and AH,, vary in a similar
mode in this concentration range: fall to a minimum and then
rise back to a certain value. The minimum in { potential and
ITC curves may be attributed to the fact that the aggregate
transition is accompanied by the binding of Br~ onto the
headgroups of 12-6-12 in the complexes, as approved by the
obvious decrease in A (Figure 4b).
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Figure 6. "H NMR spectra of the EDTA/12-6-12 aggregates against different Cy, ., (indicated in the plot) at a fixed Ry of 0.50 and at 25 °C.

When C,., is just above C,, the wider size distribution
around 100 nm gets narrower, and a weak distribution at ~3
nm appears (Figure Sa). The cryo-TEM image (Figure Sc)
confirms that the smaller aggregates are small micelles. As
Ciy6.12 increases, the relative intensity of the larger size
distribution decreases while the relative intensity of the smaller
aggregates increases, and the large aggregates finally disappear.
This phenomenon suggests that the large aggregates have
transferred into micelles gradually. The { potential of micelles
remains at a large positive value in this concentration range, and
the AH,,, value rises to a maximum at first and then falls back
to zero, showing a typical feature of the surfactant micellization
process. In brief, the EDTA(12-6-12), complexes form large
premicellar aggregates below C,, and the large aggregates
transfer to micelles beyond C,, similar to the aggregation
behavior of synthesized star-shaped oligomeric surfactants that
form network-like aggregates or vesicles first and then transit
into micelles at high concentration.””*"**

To further understand the aggregation process of the EDTA/
12-6-12 mixture, a 'H NMR experiment was performed. The
chemical shifts of the EDTA/12-6-12 mixtures with the
increase in Cj,4,, at Rgg = 0.50 are shown in Figure 6.
Because of the fast exchange with deuterium, the protons of the
ammonium groups of EDTA show no signals in the spectra.
Below C,, the proton signals of EDTA cannot be detected
because the concentration of EDTA is too low and the
formation of large aggregates limits the sensitivity of the 'H
NMR technique. Meanwhile, the protons of 12-6-12 have no
obvious shifts in this concentration range, which confirms the
formation of loose aggregates before C,. When Cj,4,, is
located between C; and C,, the protons H; adjacent to the
carboxyl groups of EDTA move upfield slowly, indicating that
the spacer group of the EDTA(12-6-12), complexes senses a
more polar environment as it curves toward the bulk phase.
Moreover, the binding of Br~ to the EDTA(12-6-12),
complexes also increases the shielding effect and leads to the
upfield shift of proton signals. Below C,, none of the chemical
shifts of the 12-6-12 protons show any changes and the signals
of Hy and He connected to the ammonium headgroups overlap
with that of H, of EDTA. Beyond C,, the chemical shifts of H,
H,, and H; in the headgroup and H, and Hy, in the hydrophobic
tail and the H, proton of EDTA move downfield to a great
extent, and the signals of the Hy and H; protons of 12-6-12
become separated from the H, of EDTA, indicating that the
large aggregates have transferred into the small micelles and the
surfactant molecules pack more tightly in the micelles with the
increase in hydrophobic interaction.
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Aggregate Transitions Induced by Calcium(ll) lons.
Because EDTA is a chelating molecule, the transition-metal ion
is expected to alter the aggregation behavior of EDTA/12-6-12
mixtures through a coordination interaction. The calcium ion
was selected as a representative metal jon as frequently
encountered in hard water. To eliminate the impacts of the
counterions, calcium bromide (CaBr,) was used in the
following experiments.

ITC experiments were performed to get the binding number
of calcium ions with EDTA itself and the EDTA/12-6-12
mixture (Rg,g = 0.50). Figure 7 shows the ITC curves of the

-10 +

(kJ/mol)

2.50 mM EDTA
5.00 mM 12-6-12
v 2.50 mM EDTA
5.00 mM 12-6-12
A HO
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Figure 7. ITC curves of the observed enthalpy (AH,,) against the
molar ratio of calcium ions to EDTA (Rc,z) for 5.00 mM CaBr,
solution being titrated into H,0, 5.00 mM 12-6-12, 2.50 mM EDTA,
and a mixed solution of 2.50 mM EDTA and 5.00 mM 12-6-12 at 25.0
°C.

observed enthalpy (AH,,,) against the molar ratio of calcium
ions to EDTA (Rc,;z) for 5.00 mM CaBr, solution being
titrated into 2.50 mM EDTA or a mixed solution of 2.50 mM
EDTA and 5.00 mM 12-6-12, respectively. For comparison, the
curves of 5.00 mM CaBr, being titrated into 5.00 mM 12-6-12
and water are also presented in Figure 7. Obviously, for both
the EDTA molecule and EDTA/12-6-12 mixture, the ITC
curves present a similar varying tendency: AH,,, initially has
large exothermic values and decreases abruptly until reaching
zero, implying that the interaction is saturated finally. For the
case of EDTA/12-6-12, the exothermic AH,, value is larger
than that of EDTA, suggesting a stronger coordination
interaction of the calcium ion with the EDTA/12-6-12
aggregates than with pure EDTA. The ITC curve of CaBr,/
12-6-12 displays a very small exothermic value, so the
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Figure 8. Distribution of hydrodynamic radius Ry, of Ca**/EDTA/12-6-12 mixtures by adding different concentrations of CaBr, to a mixed solution
of EDTA/12-6-12 at Ry;q = 0.50: (2) Cpy615 = 0.10 mM, (b) Cip6.q, = 025 mM, and (c) Cjp6q5 = 5.00 mM. For (c), the corresponding zeta
potential ¢ is shown in (d). (e) FF-TEM image of the Ca**/EDTA/12-6-12 aggregates for C,4.;, = 0.10 mM, Cgpra = 0.05 mM, and Cc,= 0.05 mM.
(f) Cryo-TEM image of the Ca®*/EDTA/12-6-12 aggregates for Cj, 41, = 5.00 mM, Cgpry = 2.50 mM, and Cc, = 2.50 mM.

interaction between the calcium ion and 12-6-12 can be
neglected. The binding number of Ca®" obtained from the ITC
curves is 0.5 for either the EDTA/12-6-12 aggregates or EDTA
molecules, which means that each Ca®*" can bind with two
EDTA molecules either in aggregates or in the molecular state.
Normally, each calcium ion can complex with one EDTA
molecule stoichiometrically.43 The discrepancy with the
literature may be caused by the difference in experimental
conditions. Here, the pH of EDTA solution is adjusted to 7.0
by adding NaOH solution rather than phosphate-buffered
solution.

To understand the influence of CaBr, on the aggregation
behavior of EDTA/12-6-12, DLS experiments are performed as
a function of the calcium ion concentration. In the following
experiments, the EDTA/12-6-12 mixtures with 0.10, 0.25, and
500 mM 12-6-12 and at Ry = 0.50 were selected as
representatives of the three concentration regions divided by
critical concentrations C; and C,.

12725

When Cj,¢4, is 0.10 mM (below C;), the DLS results in
Figure 8a show that the aggregates of Ca**/EDTA/12-6-12
exhibit one distribution at about 100 nm as the concentration
of calcium ions (Cg,) increases to 0.05 mM. The size
distribution and the relative intensity are constant with and
without CaBr,. However, the EDTA/12-6-12 aggregates
become vesicles with the addition of CaBr, as clearly verified
by the FF-TEM image in Figure 8e. This may be attributed to
the fact that the calcium ion can effectively associate with loose,
large aggregates and result in more compact packing of the 12-
6-12 molecules and the formation of vesicles.

When Cj,45 is 025 mM (between C; and C,), Figure 8b
shows that in the aggregate transition region the addition of
calcium ions almost does not affect the EDTA/12-6-12
aggregates even until 0.125 mM CaBr,. The aggregates
maintain a very wide size distribution from 2 to 1000 nm,
and the light scattering intensity of the aggregates is still
relatively weak. This means that the EDTA/12-6-12 aggregates
exist in the transition stage in the presence of calcium ions.
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Figure 9. "H NMR spectra (a) and Ad,, (b) of Ca**/EDTA/12-6-12 mixtures by adding different concentrations of CaBr, (Cc,) at Ry,g = 0.50 and

Ciye1o = 5.00 mM.

When Cy, 41, is 5.00 mM (beyond C,), Figure 8c indicates
that the Ca’*/EDTA/12-6-12 mixture presents a micelle
distribution of around 2 nm and a large size distribution of
around 100 nm accompanied by an increase in the scattering
intensity (Figure S2). Figure 8d shows that the { potential of
the aggregates increases gradually as Cc, increases until 1.50
mM and then remains at 49 + 3 mV. The cryo-TEM image of
the mixture at Cc, = 2.50 mM (Figure 8f) shows that the
mixture forms vesicles with a size distribution from 50 to 250
nm, and vesicle fusion can be seen. In other words, when C, is
below 1.50 mM, calcium ions are bound on the aggregates by
complexing with the carboxylate groups of EDTA, resulting in
an increase in the surface charge density of aggregates.
However, the calcium ions are saturated on the surface of
aggregates when C, is above 1.50 mM, and thus the size and {
potential do not change anymore. The vesicles carry a larger
number of net positive charges than the spherical micelles
without calcium ions. These results imply that the addition of
calcium ions induces the EDTA/12-6-12 micelles to change
into vesicles in this concentration region, and the fusion of
vesicles results in the formation of larger vesicles. The
coordination interaction, electrostatic interaction, hydrophobic
interaction, and aggregate transition from small spherical
micelles to large vesicles in the Ca**/EDTA/12-6-12 mixture
lead to a larger exothermic enthalpy (Figure 6).

Figure 9a shows the '"H NMR spectra of Ca®*/EDTA/12-6-
12 mixtures by adding different concentrations of CaBr, at Ry g
=0.50 and Cy,.4.1, = 5.00 mM and the corresponding 'H NMR
signal assignments. The variations in chemical shifts (Ad,) for
the protons of 12-6-12 and EDTA against the CaBr,
concentration are presented in Figure 9b for clear observation.
It can be observed that all of the protons in the 12-6-12
molecule move downfield slightly as Cc, increases, suggesting
that the protons experience a slightly less polar microenviron-
ment in vesicles compared to that in micelles. In particular, the
chemical shifts of the H; and H, protons of the EDTA
molecule shift downfield greatly and then remain at a constant
value when Cg, is above 1.50 mM. This means that the
coordination of calcium ions with EDTA results in an electron-
withdrawing effect on the carbon atoms adjacent to the
carboxylate groups and ammonium groups and reduces the
shielding effect on the EDTA protons. Given that each calcium
ion is coordinated by two EDTA molecules, excess calcium ions
cannot further change the environment of the aggregates, and
thus a platform is formed in the A, ~ Cc, curve at a larger
calcium ion concentration. Combined with the aforementioned
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ITC results, it is speculated that the coordinating interaction
between the calcium ion and EDTA may lead to the partial
dissociation of EDTA from the EDTA(12-6-12), complexes, so
two EDTA(12-6-12), complexes are associated through one
calcium ion. Previously, Song et al.** also utilized the
coordination interaction to adjust the aggregate structures in
the mixtures of tetradecyldimethylamine oxide and calcium
oleate. The present observations indicate that chelating
molecule EDTA plays a decisive role as a bridge to associate
12-6-12 and calcium ions through electrostatic binding and
coordination interaction in the transition process, which in turn
promotes the formation of vesicles with more compact
molecular packing assisted by the hydrophobic interaction
between the hydrocarbon chains of the 12-6-12 molecules.

Possible Molecular Packing. Considering all of the results
and analysis above, the possible model of EDTA/12-6-12
aggregates and the aggregation transitions with the addition of
calcium ions are proposed in Figure 10.

@
>4 57
EDTA 3 s
. S
Ca?*

12-6-12

Figure 10. Proposed schematic illustrations of the variation of the
aggregate morphologies in the EDTA/12-6-12 mixed solutions (R
= 0.50) with the increase in Ci,4;, and the aggregate transitions
induced by the addition of Ca™".

In the absence of calcium ions, the EDTA/12-6-12 mixture
forms larger aggregates and then transfers to small micelles with
the increase in the concentration, where each EDTA molecule
bind to two 12-6-12 molecules through electrostatic interaction
and forms oligomeric-like complex EDTA(12-6-12),. When
Che1n is below C,, large premicellar aggregates with a
hydrodynamic radius of about 100 nm are formed. The
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hydrophobic interactions among the four hydrocarbon chains
of the EDTA(12-6-12), complexes promote the entanglement
of the surfactant hydrophobic tails, and the network-like
aggregates may be formed in this region. As C), 4., increases,
the hydrophobic interaction becomes strong and the complexes
pack tightly, thus small micelles are formed when C,4,
reaches C,. Previously, our group® and Piculell's group™
reported that only small micelles were formed in an aqueous
solution of single-chain cationic ammonium surfactant and
dicarboxylate salts, whereas phase separation took place in the
mixture of a single-chain surfactant with trivalent or tetravalent
counterions owing to the stronger interaction of polycharged
headgroups. Therefore, the gemini surfactant with tetravalent
carboxylate salt EDTA shows a complicated aggregate
transition compared to single-chained surfactants.

Upon the addition of calcium ions, the EDTA/12-6-12
aggregates transfer into vesicles no matter whether the original
EDTA/12-6-12 aggregates are large network-like or small
micelles. Because of the high affinity with EDTA, the calcium
ions can occupy some binding sites of EDTA and cause the
partial dissociation of EDTA from 12-6-12. Each calcium ion
can interact with two EDTA(12-6-12), complexes through a
coordinating interaction with the EDTA molecules. EDTA acts
as linkages between calcium ions and 12-6-12 molecules. The
coordination interaction between EDTA and the calcium ion,
the electrostatic interaction between EDTA and 12-6-12, and
the hydrophobic interaction between the hydrocarbon chains of
12-6-12 molecules lead to an increase in the molecular packing
density, resulting in the transformation of large network-like
aggregates and micelles into vesicles.

B CONCLUSIONS

This work investigated the aggregation behavior of cationic
ammonium gemini surfactant 12-6-12 with widely used metal
chelator EDTA and the effects of CaBr, on the aggregate
transitions of the EDTA/12-6-12 mixtures. It is confirmed that
EDTA and 12-6-12 form oligomeric surfactant analogues in a
molar ratio of 1:2, and the EDTA(12-6-12), complexes show
much lower critical aggregation concentrations than 12-6-12.
The complexes form large network-like premicellar aggregates
at low concentrations and then transform into small micelles of
~3 nm as the concentration increases. As the molar ratio of
EDTA to 12-6-12 increases from 0.25 to 1.00, the self-assembly
of EDTA/12-6-12 mixtures follows the same pattern, but the
critical aggregation concentrations move to smaller values.
Furthermore, the addition of calcium ions affects the
morphology and structure of the EDTA/12-6-12 mixture and
causes either the large network-like aggregates or small micelles
to change to vesicles. The results indicate that as a bridging
molecule between calcium ions and the gemini surfactant the
chelating molecule greatly promotes the assembly of the gemini
surfactant and strengthens the aggregate packing in the
presence of calcium ions. The combination of electrostatic
interactions, coordination interactions, and hydrophobic
interactions provides possibilities for tuning the aggregation
behaviors of surfactant/chelator mixtures. This work is helpful
in understanding the interaction between surfactants and
chelators, provides a new way to construct oligmeric-like
surfactants, and may guide the applications of this kind of
gemini surfactant systems in hard water.
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