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Clear distinction between CAC and CMC revealed
by high-resolution NMR diffusometry for a series of
bis-imidazolium gemini surfactants in aqueous
solutions¥
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The aggregation behavior in the transition region was studied for a series of dicationic surfactants 3,3'-[e,w-
(dioxaalkane)]lbis(1-dodecylimidazolium)dichlorides with varied spacer length from two to twelve carbon
atoms. We employed Nuclear Magnetic Resonance diffusometry and Bayesian DOSY analysis to obtain
the aggregate size distribution in the transition

independently obtained from surface tension, electric conductivity, UV-Vis and NMR methods. The

region. The critical concentrations CC were

micelle aggregation numbers were estimated from the self-diffusion coefficients and were
independently confirmed using steady-state fluorescence quenching. The morphology of the aggregates
was characterized by small-angle scattering of synchrotron radiation and molecular dynamics
simulations. The obtained CC values are identified as critical aggregation concentrations CAC. A broad
transition region was observed, and stable micelles were obtained at much higher concentrations than
CAC. The accurate CMC values could not be identified for the systems in the study. We indicated that
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Accepted 1st November 2018 the distribution of aggregate size becomes small and the system becomes homogeneous at much larger
concentrations than CAC (typically 15-20 mM). The existence of a slow exchange between two

DOI: 10.1035/c8ra07081d environments, an aggregate and aqueous environment, was confirmed by *H NMR and 2D HSQC NMR
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1 Introduction

Gemini surfactants at the molecular level consist of a dimer of
two monomeric surfactants. The gemini molecule contains two
aliphatic chains, two hydrophilic heads, and a spacer group.*
Two hydrophobic tails can be either symmetric (m-s-m) or
asymmetric (n-s-m), where m, n and s denotes two different
chains and the spacer accordingly.

The properties of gemini surfactants, such as the critical
micelle concentration CMC, wetting, foaming, and solubility are
significantly better than those of the monomeric counterparts.>*
Accordingly, because considerably lower concentrations can be
applied, gemini surfactants are proposed to be better for
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technological and biological purposes such as cosmetics formu-
lations, oil recovery, detergency, nanotechnology, catalysis as well
as drug delivery.*** The last one, namely, the drug delivery is of
special concern. It involves the application of the micellar solu-
tions, vesicles or lyotropic liquid crystals solutions as colloidal
drug carrier systems. For those purposes the stability of the
system is of utmost importance to provide stable and repeatable
adsorption, carrying and release of a drug.*®

Gemini surfactants are extremely surface active at the CMC
(two-fold decrease of the surface tension of water). However, the
lower values of CMC do not usually say much about the prob-
able morphology of the aggregates except the fact that the broad
transition region from monomers to stable aggregates is
observed in the case of small micelles.”” It seems that they do
not follow simple geometric packing behavior concerning the
size and generally the spherical shape of the micelles.""
Instead, it is expected they would behave much like natural
surfactants, e.g., phospholipids, and will tend to create bila-
yers.’® Moreover, recent coarse-grained simulation investiga-
tions confirmed the complexity of morphologies of gemini
surfactants.”

The critical micelle concentration (CMC) defines the point at
which amphiphilic molecules assemble into larger spherical

This journal is © The Royal Society of Chemistry 2018
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aggregates, whereas critical aggregation concentration (CAC)
determines the concentration at which premicellar aggregates
are formed. The CMC value can be learned from the slope of the
surface tension isotherm. The smaller the value of CMC the
better solubilization properties of hydrophobic species in
aqueous solutions. While the solubilization capacity of
aliphatic chains or hydrophobic proteins is proportional to the
surfactant's chain length, the values of CMC of gemini surfac-
tants do not always follow this dependency.>*** Such a response
means that some physical properties of gemini surfactants with
varying tail/spacer lengths are not necessarily linear. The reason
for that is the molecular rearrangements of monomer mole-
cules and preaggregation phenomena such as the existence of
the sub-micellar aggregates in the solution.” In general, the
surfactant molecules may exist in the so-called premicellar state
as dimers, tetramers and larger aggregates."** Molecules of
gemini surfactants may rearrange, bend and induce self-coiled
structures given that the spacer is flexible enough. The molec-
ular rearrangement is a three-stage process, and preassembly
process precedes the sub-micellar state." The phenomenon of
pre-micelle formation for normal and gemini surfactants below
CMC concentration was studied recently by NMR diffusometry
and relaxometry.”***

The aggregate morphologies of gemini surfactants are more
diverse than those observed for their monomeric counterparts.
The determination of the morphology at the transition region
(above CMC) can be useful for specific applications where
narrow size distribution of micelles is desired such as the
transmembrane peptide structure elucidation.*

We would like to expand the analysis of pre-micellization
phenomenon for a whole family of bis-imidazolium cationic
gemini surfactants with a varied spacer length. We have
derived the critical concentrations values without naming
them directly as either CAC or CMC. The main experimental
technique was diffusion NMR spectroscopy.”** Furthermore
we have applied complementary techniques such as surface
tension isotherms, electric conductivity, UV-Vis absorption,
steady-state fluorescence quenching (SSFQ), 2D nuclear Over-
hauser spectroscopy (NOESY), 2D heteronuclear single-
quantum correlation NMR (HSQC) as well as small-angle
scattering of synchrotron radiation (SR-SAXS). Our primary
objective was the quantitative analysis of aggregate size
distribution from the distribution of diffusion coefficients
employing Bayesian Diffusion Ordered SpectroscopY Trans-
formation (BDT NMR) in the concentration dependent tran-
sition region where surfactant molecules assemble from
monomers into larger aggregates.

Table 1 Synthesized compounds
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Fig. 1 The schematic representation of dicationic gemini surfactants
3,3 -[o,w-(dioxaalkane)lbis(1-dodecylimidazolium)dichlorides with
varied length of the spacer R.

2 Experimental
2.1 Synthesis and sample preparation

A series of dicationic surfactants 3,3'-[a,w-(dioxaalkane)]bis(1-
dodecylimidazolium)dichlorides denoted as C12JCR, where R
is the number of methylene groups in the hydrophobic part of
the spacer (Table 1). The chemical structure of synthesized
compounds is presented in Fig. 1. The surfactants were
synthesized according to previously reported procedure.> The
purity and the structure of surfactants were validated using "H
and "*C NMR.

2.2 Surface tension isotherms

The surface tension was determined using the pendant drop
method. The measurements were carried out by the use of
a Drop Shape Analysis System DSA100 (Kriiss GmbH, Germany,
accuracy £0.01 mN m™'), at 25 °C. The temperature was
controlled using a Fisherbrand FBH604 thermostatic bath
(Fisher, Germany, accuracy 0.1 °C). The pendant drop method
is a widely used technique to measure the surface tension

Gemini surfactant name Short name Spacer name
3,3'{a,w-(dioxaethane)]bis(1-dodecylimidazolium)dichloride C12JC2 C2
3,3/-[a,w-(dioxabutane)]bis(1-dodecylimidazolium)dichloride C12JC4 C4
3,3'{a,w-(dioxahexane)]bis(1-dodecylimidazolium)dichloride C12JC6 Cé6
3,3[a,w-(dioxaoctane)|bis(1-dodecylimidazolium)dichloride C12JC8 C8
3,3'{a,w-(dioxadecane)]bis(1-dodecylimidazolium)dichloride C12JC10 C10
3,3[a,w-(dioxadodecane)]bis(1-dodecylimidazolium)dichloride C12JC12 C12

This journal is © The Royal Society of Chemistry 2018
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between gas-liquid and liquid-liquid interfaces. We have ob-
tained the values of the surface tension by fitting the Young-
Laplace equation to a shape of the drop captured by a digital
camera suspended at the end of a capillary tube. The detection
of a drop edge from the digital image yielded in a set of
geometrical points describing the shape. The Young-Laplace
equation for an axisymmetric interface was solved for given
initial parameters; then the best fit was obtained by minimizing
a summation of the squared distances between the experi-
mental points and the theoretical drop profile.*

2.3 Electric conductivity

Electric conductivity measurements were carried out using
pHenomenal CO 3100L conductometer (VWR, Pennsylvania)
equipped with a 2-pole graphite probe and the available
conductivity range from 0.001 pS cm ™' to 1000 mS cm™'. We
have obtained the conductivity values by the titration of
surfactant in the concentration range between 0 p and 5 mM.
We have determined the critical concentrations CC as the point
of the inflection.

2.4 UV-Vis absorption and steady-state fluorescence
quenching

The spectrophotometric method for the determination of the
critical concentrations of gemini surfactants is based on the
tautomerization reaction of benzoylacetone (1-phenyl-1,3-
butanedione, BZA, Sigma-Aldrich Poland). BZA was dissolved
in dioxane (5 mg ml™") and then diluted in water to 140 mM
concentration. The BZA solution and the surfactant were mixed
in a 1: 1 ratio. The final concentration of the BZA sample was
around 70 mM, and dioxane was 1% wt. The UV-Vis spectra were
recorded in the 220-360 nm range using Jasco V-650 spectro-
photometer. The resolution was 1 nm and scanning speed 100
nm min ', A quartz 10 mm long cuvette was used. All
measurements were carried out at a temperature of 25 + 1 °C.

The SSFQ experiments were performed using Jasco FP 6300
for a 10 pM solution of pyrene with rising concentrations of
a quencher Coumarin 153 (Sigma-Aldrich Poland) dissolved in
ethanol and diluted with water to the final ethanol concentra-
tion of 2% wt. according to the procedure given by Turro and
Yekta.** The excitation band was A = 320 nm. We have analyzed
the intensity of fluorescence at A = 383 nm. The aggregation
numbers N,z were obtained from the slope of the In (Ip/Ic153)
vs. the coumarin concentration (uM) using the following equa-
tion: Nage = (Csurt — CMC) X 1000 X Cpic, Where Cp,;c = 1/slope.

2.5 Bayesian DOSY NMR

The diffusion coefficients of aqueous surfactant solutions in
D,0 were measured by using Agilent DD2 600 MHz NMR
spectrometer at 21 °C. Two probes were used: OneNMR liquid
probe 'H-X (z-gradient 60 Gs cm™') and DOTY DSI-1374
(modified to generate z-gradient up to 2800 Gs cm™ ). The
convection compensated DPFGDSTE (Pulse Field Gradient
Double Stimulated Echo) pulse sequence was applied.** The
diffusion time 4 was long enough to obtain a 90% of the signal
attenuation, for OneNMR probe the 4 time was typically varied

38472 | RSC Adv., 2018, 8, 38470-38482
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between 50 and 500 ms. The magnetic field gradient duration
0 was set to 3 ms. Initially, the values of average diffusion
coefficients of surfactants were obtained by VNMR] 4.2 software
using the dependence of integral amplitudes over 0-4 ppm
signal vs. the gradient amplitude and fitting the Stejskal-
Tanner equation. Apart from normal analysis, we have utilized
a semi 2D Diffusion Ordered SpectroscopY displays (DOSY). The
distributions of the diffusion coefficients were obtained using
MestReNova v12.02 (Mestrelab Research S.L.) and Bayesian
DOSY transformation (BDT). Similarly to other authors, we did
not perform an automated BDT transform.*® Initially, we have
applied the exponential apodization with 10 Hz resolution to
decrease the signal-to-noise of PGSE data. Next, auto phase and
auto baseline corrections (Whittaker Smoother method) were
involved. The baseline in the first spectrum in PGSE experi-
ments is usually slightly distorted due to small spin echo shifts
which generally leads to an artificial increase in the value of the
diffusion coefficient. Finally, BDOSY displays were obtained
using the BDT method with the resolution factor 1. The number
of points in the diffusion dimension was 256 to smoother the
diffusion profiles. We have investigated the possible depen-
dence of the distribution of diffusion coefficients on the diffu-
sion times using DOTY DSI-1374 2800 Gs cm ™ * diffusion probe.
For C12JC2 and C12JC4 samples, we have carried out experi-
ments for diffusion times between 20 and 500 ms.

We have estimated the aggregation numbers N, from the
volume ratios V},/Vion, Where V;, is the hydrodynamic volume of
an aggregate and V., is the estimated hydrodynamic volume of
single surfactant molecule. The apparent hydrodynamic volume
is 4/3mRy,%, where Ry, is an effective hydrodynamic radius. The
hydrodynamic radius can be obtained using well known Ein-
stein-Stokes-Sutherland-Smoluchowski (also known as Ein-
stein-Smoluchowski) formula Ry, = kg7/67nD, which relates the
self-diffusion coefficient D with medium viscosity 7, an absolute
temperature T and Boltzmann constant kg. The viscosity of D,O
at 294 K and experimentally obtained diffusion coefficients were
used for further calculations. The hydrodynamic volumes of
monomers V,,n, were obtained from the self-diffusion coeffi-
cients measured at the lowest concentrations.

2.6 'H-"C HSQC NMR

The two-dimensional "H-'C HSQC (Heteronuclear Single
Quantum Correlation spectroscopy) experiments were conducted
on Agilent DD2 600 NMR spectrometer equipped with three
channels and "H"C/">N/*"'P Penta probe head with an inverse
detection of 'H. The experimental datasets were collected as 2048
x 32 complex points (acquisition times 85 ms and 8 ms) in 'H
and *C dimensions respectively, using States-TPPI quadrature
detection.® Each trace was averaged over 32 scans. All spectra
were referenced to external sodium 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS) and processed with NMRPipe software.*

2.7 Small-angle X-ray scattering of synchrotron radiation
(SR-SAXS)

SAXS scattering experiments were performed using the
synchrotron radiation (A = 0.09919 nm) on the BM29 SAXS

n
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Beamline®® at ESRF (Grenoble, France). We have investigated
the SAXS curves for two surfactant concentrations (15.2 and 42
mM) using Pilatus3 S 1M detector (active area: 981 x 1043
pixels) (Dectris, Switzerland). The typical sample volume was 30
ul. Samples were injected into the capillary flow cell at 15 °C,
using a robotic auto-sampling system. The sample-to-detector
distance was fixed at 2.867 m. The momentum transfer axis
(s-range) was calibrated using silver behenate (where s =
4 sin 0/1).” The SR-SAXS data were recorded within the s-axis
range from 0.06 to 4.2 nm ™. For each sample, 10 successive
frames were accumulated (exposition time 10 s per frame). The
recorded SAXS data were analyzed and processed using the
program PRIMUS from the ATSAS package.*®

3 Results and discussion
3.1 Surface tension isotherms

In this part of the work, we have decided to use a notion of the
critical concentration (CC) instead of naming the obtained
concentrations as CAC or CMC directly. The surface tension
isotherms are shown in Fig. 2. The CC values decrease with an
increasing spacer length, and the highest value of CC was ob-
tained for the surfactant with the shortest spacer (C2). Accord-
ingly, the CC values decrease with an increasing spacer length
from 0.71 mM for C12JC2 down to 0.26 mM for C12JC8
respectively. Further increase of the number of methylene
groups does not promote substantial decrease of the CC values.
Although it can be noticed that C12JC12 surfactant seems to
decrease surface tension more effectively. With this in mind,
the surface tension observed at the lowest concentration for C8,
and C10 spacers are around 65 mN m~ " while the correspond-
ing value of the surface tension for the C12 spacer drops down
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551
501
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Fig. 2 The surface tension isotherms for C12JC2-C12JC12 gemini
surfactants. The solid lines represent linear fits.
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to 55 mN m ™. The values of the surface tension at CC, ycmc,
increase with the spacer length from 37 mN m™" for C2 spacer
up to 42.5 mN m~ " for the C12 spacer.

Furthermore, the values of the surface area of a single
molecule also increase with an increasing spacer length from 3
x 107" m* for C2 up to 8 x 10~ *? m? for C12. It must be noted,
that the values of the molecular area obtained from the Gibbs
isotherm, usually do not agree with the values obtained from
the neutron reflectivity studies.>® We expect that differences
between CC values obtained for C8, C10, and C12 spacers will be
higher. In contrast to monomeric surfactants, long-tailed
gemini surfactants may have problems with immediate align-
ing at the interface. The lower surface activity than expected for
gemini surfactants was observed for longer chains." Under
those circumstances, the resulting CMC values derived from the
surface tension might be underestimated. For example, for
xylylene diphosphate and stilbene spacer gemini surfactants for
which surface tension experiments may give either under-
estimated or overestimated CMC values." An alternative expla-
nation may be provided assuming that the Gibbs adsorption
equation, which describes the dependence of the surface
tension vs. surfactant concentration is dependent on the ionic
state of the surfactant, described as the n parameter. Commonly
accepted values of n for non-ionic single chain surfactant are 1
and 2 for cationic and anionic surfactants respectively.
Regardless, it is still not obvious which value should be applied
for gemini surfactants, either 2 or 3.* It is even more compli-
cated since neutron reflectometry showed that n is not constant
and can vary between 2 and 3 with respect not only to the spacer
length but also to the concentration, assuming the same tail
lengths.*® We provide the summary of the obtained values of the
CC, surface tension at CC (ygc), the surface excess I', molar area
A, and free energy of adsorption of a single molecule AG,q45 in
Table S1.7

3.2 Electric conductivity

The dependence of the specific conductivity ¢ on the concen-
tration for C12JC2-C12JC12 surfactants is shown in Fig. 3. The
transition of the conductivity at the CC is not very sharp
although the fitting procedure gave relatively good agreement of
the CC with the results of the surface tension isotherms. The CC
values decreased from 0.7 mM for C2 spacer down to 0.18 mM
for C12. Similarly to the surface tension results, the differences
between the values of the critical concentrations derived for
C12JC8, C12JC10, and C12JC12 surfactants were small.

3.3 Absorbance of BZA studied by UV-Vis

The dependence of the As10/A250 absorbance obtained for the
C12JC2-C12JC12 gemini surfactants with BZA in the UV-Vis
range is shown in Fig. 4. Additionally, we provide the exem-
plary UV-Vis absorption spectra of the bare C12JC2 and C12JC12
surfactants in Fig. S1.F The inset figures in Fig. 4 represent the
dependence of the UV-Vis spectra in the 240-360 nm range
obtained for each specific concentration. To determine the
critical concentration CC (CAC or CMC) we utilize the fact that
BZA can exist in ketonic and enolic tautomeric forms.** While in

RSC Adv., 2018, 8, 38470-38482 | 38473
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the pure aqueous solutions BZA mainly exists in the ketonic
form, the non-polar environment such as the hydrophobic
interior of a micelle transforms BZA into the enolic form.
Accordingly, the method is susceptible to the polarity of the
solvent.

The maximum absorption of the enolic form of BZA is
observable at A = 310 nm while the ketonic form is observable at
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12[ c12Jc4 f c12jc1o
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12f c12)ce c12jc12
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log C log C

Fig. 4 Absorbance of BZA tautomeric forms as a function of
concentration and spacer length.
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A =250 nm. In our case, at high concentrations (above 10 mM)
the absorption peak from the surfactant imidazole group is
overlapped with the absorption band of the ketonic form
(Fig. S17). Therefore it was not possible to measure this ratio for
a broader concentration range. The position of the imidazole
peak is placed at around 213 nm, and it slightly changes with
the spacer length albeit the maximum shift was around 1 nm
between spacer length 2 and 12. Accordingly, we have assumed
that this minor change is not affecting the A;1¢/A,s0 ratio, at
least at lowest concentrations.

The primary conclusion from the results of the BZA tauto-
merization reaction is that the obtained CC values are larger
than those obtained from surface tension isotherms as well as
electric conductivity. Subsequently, for C2 spacer the value of
the CC is twice as large (1.4 mM) as one obtained from surface
tension isotherm and electric conductivity (0.7 mM). This
difference is even more significant for longer spacers C8-C12
where the values of CC are four times higher (ca. 0.8 mM instead
of 0.2 mM). This difference may arise from the fact that the
method involving BZA is not sensitive to small aggregates since
the aggregates just above CC are still too small to mimic the
non-polar environment and capture BZA molecules for a suffi-
ciently long time to observe a difference. Once sufficiently large
aggregates are developed, their interior efficiently mimic the
non-polar solvent. Accordingly, the ratio between enolic and
ketonic form will be varied what will be immediately detectable
using the UV-Vis absorption spectra.

In the next part we provide diffusion NMR results in order to
estimate the size of the aggregates.

3.4 Self-diffusion studied by PGSE NMR

We show the dependence of self-diffusion coefficients for a set
of C12]JC2-C12JC8 surfactants in the concentration range 0.05-
20 mM in Fig. 5. The values of self-diffusion coefficients D were
derived from the BDOSY displays in such a way that a single
diffusion coefficient is resolved when the distribution of D is
narrow. Accordingly, two limiting values of the diffusion coef-
ficients are plotted at each concentration point to pronounce
the distribution width. To clarify this approach, we show
exemplary BDOSY spectra for C12JC6 sample in Fig. 6 in which
the distribution of D is shown on the vertical axis. The selected
2D DOSY displays for three selected concentrations of all six
surfactants are provided in the ESI Fig. S2.7 Those three
concentrations represent diffusion results below CC, just above
CC and for the highest concentrations to show the distinctive
differences between D distributions.

We found it difficult to measure the self-diffusion coeffi-
cients for C12JC10 and C12JC12 at the lowest concentrations
due to low signal-to-noise ratio. Accordingly, we did not capture
the transition region for C12JC10 and C12JC12 surfactants by
diffusion NMR, therefore, we show only BDOSY plots for several
concentrations in Fig. S2.f The critical concentrations were
indicated in Fig. 5 as dashed lines where each line indicate the
critical concentration. The CC value divides the dependence of
the self-diffusion coefficient vs. the concentration into two
distinctive areas. Simply speaking, the first region (below CC) is

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The concentration dependence of the self-diffusion coeffi-
cients D obtained from BDOSY 2D displays and distribution of diffusion
coefficients for C12JC2-C12JC8 gemini surfactants in D,O.

characterized by a single diffusion coefficient while the other
one (above CC) demonstrates the distribution of diffusion
coefficients. Those will be further presented and discussed
below.

3.4.1 Self-diffusion below the critical concentrations. As in
the previous sections, we identify the CC values without a direct
statement whether this is CAC or CMC concentration. The most
prominent observation is that below CCs, the observed self-
diffusion coefficients are almost independent on the concen-
tration. This behavior is especially pronounced for the surfac-
tants with shorter C2 and C4 spacers. What is more, below CC,
the values of the diffusion coefficients of surfactants with C2
and C4 spacers are comparable. We believe that in this low
concentration region, we capture the self-diffusion coefficients
where the most of the surfactant molecules are in the mono-
meric form. The obtained diffusion coefficients at 0.1 mM for
both C12JC2 and C12JC4 surfactants was around 2.7 x 10~ ° m?
s

Nonetheless, we should expect that some mixed composition
of surfactant molecules exists in the concentration region below
CC.” By mixed compositions we mean, monomers, dimers,
trimers which undergo fast exchange between selected forms.
This fast exchange effectively averages out the diffusion process
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in the NMR time-scale (from milliseconds to seconds). The
existence of such mixed forms such as dimers, trimers and
larger aggregates of gemini surfactants has been predicted
theoretically by evaluation of Potential Mean Force (PMF)
between two gemini molecules.”” The interaction between two
monomers is both, energy (AU) and entropy driven (—TAS)
although it cannot be determined unambiguously which of the
contributions prevails since it is highly dependent on the
chemical composition.*” What is interesting the existence of
dimeric forms was predicted even for monomeric surfactants.*

Still, in this regime, a single-exponential decay is observed in
the FT-PGSE data what is shown in Fig. S3.1 Additionally, we
show in Fig. S4t a linear dependence of the normalized integral
amplitude of CH;, In A vs. g to show that indeed a single
diffusion coefficient is resolved. Also Bayesian DOSY (BDOSY)
analysis did not resolve any distribution of self-diffusion coef-
ficients below CC.

What is interesting, the molecules with longer spacers seem
to diffuse faster at lowest concentrations. The values of the self-
diffusion coefficients for C6 and C8 spacers were around 3 X
107'® m? s~ . This finding, e.g., why surfactant molecules with
longer spacers may diffuse faster, can be explained by employ-
ing Molecular Dynamics simulations. In the Fig. S5 (ESI)} we
provide the rough analysis of the MD trajectory obtained for all
the surfactants during 22 ns of MD simulation. At the beginning
of the simulation (0-4 ns), the surface area per molecule is
highest for the surfactants with longer spacers, but then after
molecules find its minimum conformational energy, the longer
spacer can enhance the flexibility and self-coiling, thus
achieving smaller solvent-accessible areas than those with the
shorter spacers. As a result, the Stokes drag force is weaker and
results in the faster self-diffusion process.

3.4.2 Self-diffusion above the critical concentrations. At
concentrations above CC, the dependence of the diffusion
coefficients follows the typical sigmoidal appearance for all
surfactants. At the same time, the dependence of the In A vs. gz,
where A is an integral of the selected spectral line of the NMR
spectrum and g in an amplitude of the gradient pulse in the FT-
PGSE NMR experiment, becomes non-linear and multi-
component. This is a typical behavior observed in the poly-
disperse systems.***> An example of the non-linear dependence
for 2 mM C12JC2 sample is shown in Fig. S6 and 7.7 Corre-
spondingly, BDOSY analysis resolves multicomponent diffusion
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Fig. 6 The selected BDOSY spectra for C12JC6.
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which herein we simply describe as the distribution of diffusion
coefficients D. This observation either implies that the time-
scale is too short or we indeed observe a distribution of aggre-
gates of various sizes. From the perspective of the inter-particle
mean collision time, PGSE NMR experiment probes the process
of self-diffusion in a vast time scale. The slow-exchange will be
discussed later.

Another interesting behavior upon an increase of the
surfactant concentration is that the distribution width of the
diffusion coefficients is changing. Namely, the difference
between an upper and a lower bound of the diffusion coefficient
is decreasing (Fig. 6). To emphasize this finding and to clarify
this conclusion we provide an exemplary distribution of D for
C12JC2 5 mM solution in Fig. S71 where Dg;g is well resolved.
Conversely, at higher concentrations the distribution is smaller
since the system is more uniform and homogeneous. We
provide additional data for the aforementioned finding in
Fig. S81 (40 mM solution of C12JC4). All in all, the distribution
of diffusion coefficients is much smaller at higher concentra-
tions for all surfactants in the study which means that stable
micelles are obtained at relatively high concentrations con-
cerning initially determined CCs. This is an important finding
which implications will be discussed in the further part.

It is also important to realize that at higher concentrations
(around 40 mM and more), the self-diffusion coefficient might
be affected by the non-spherical shape of a micelle. This will be
addressed in the further part of the paper (see SR-SAXS data).

3.5 The diffusion transition curve. An impact of the
obstruction factor and aggregation on the self-diffusion
coefficients

At this stage we should discuss an impact of the obstruction
factor on the self-diffusion coefficients.*® A simple collision-like
interaction between micelles can develop the dependence of the
diffusion coefficient vs. concentration. The model was initially
developed for colloidal suspension of spherical PMMA latex
particles. The change of the obstructing volume from 0% to
50% can decrease the diffusion coefficient by 30%, while the
obstructing volume equal to 5% is practically negligible. In
turn, we observe a three-fold decrease of self-diffusion coeffi-
cients which cannot be explained by the obstruction volume
effect. A raw estimation of the volume fraction is following. The
solvent accessible volume of a C12JC2 single molecule derived
from Yasara software is around 1884 A® (1.88 x 102" m®). For
20 mM solution the total volume of the surfactant in 1 1 of the
solution is 2.27 x 10> m’. The volume fraction ¢ for 20 mM
solution is around 2.3%. We estimate that at this volume frac-
tion the self-diffusion coefficient might be decreased by around
1% which is less than the experimental error. Therefore the
decrease of the diffusion coefficients, in this case, cannot be
explained only by the excluded volume effect. We can also
estimate an impact of the aggregation on the collision rate
using the Smoluchowski equation kT: k; = p(2R;kT/31R,), where
the rate of collisions £; is the function of the interaction length
R;, hydrodynamic radius R, of a micelle, viscosity n and thermal
energy.”” The characteristic time between collisions 7; is 1/k;. If
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we assume that the surfactant molecules undergo a simple
ballistic type of motion, then the probability of collision is
proportional to the concentration of molecules and the diffu-
sion coefficient. Without aggregation, an increasing surfactant
concentration will decrease the interaction length R; and
increase the collision rate k; but if we assume that at constant
concentration, aggregates appear such as dimers, trimers, this
in fact will decrease the collision rate as well as increase the
hydrodynamic radius R, and decrease the self-diffusion coeffi-
cient D. Accordingly, any aggregation will decrease the time
between the collisions 7; and an impact of the inter-aggregate
interaction will be smaller. In other words, the premicellar
aggregation may compensate an effect of an increased
concentration in a wide concentration range so that the
obstruction effect is compensated. This reasoning in one
dimension is following. A simple dimerization will increase the
interaction length by factor of 2. At the same time the hydro-
dynamic radius is increased from 1 (monomer) to 1.26 X R,
(dimer). Assuming that the hydrodynamic radius is much
smaller than interaction length R, < R;, Ri(n) = Rin and
Ry(n) = /nR, we can derive a simple correction factor for the
collision time 7; in one dimension vs. the number of molecules
in the spherical aggregate n:

_ Vvn 3nRg
) = S SRAT (1)

From this equation it is clear that aggregation decreases the
collision rate in non-linear manner while the impact of the
concentration 1/R; is linear.

The decrease of the self-diffusion coefficient with an
increasing concentration may arise due to interactions between
micelles in such a way that mutual (Dynamic Light Scattering
DLS) and self-diffusion coefficients are impaired. As a result, the
hydrodynamic radii are under or overestimated due to inter-
micellar interactions. For example, Kato and Seimiya studied
the C12E6 non-ionic surfactant between 25-170 mM solu-
tions.*” A similar result was obtained a long time ago by Nilsson
and Lindman, where in turn, the self-diffusion of water was
affected by the excluded volume effects and obstruction
factors.*® We did not observe any change in the self-diffusion
coefficient of water. In our case, the concentrations at which
we observe the decrease of the self-diffusion coefficients vs.
concentration are much lower than those for monomeric
surfactants and excluded volume effects play the minor role.

Samples C12JC2 and C12JC6 are characterized by the broad
transition region which indicates that the initial size of the
aggregates is rather small."” At higher concentrations, around
20 mM, stable micelles are formed, with narrow size distribu-
tion. The transition region spans over 15 mM of the concen-
tration range. The origin of the micellization transition curve
and the existence of the distribution of the diffusion coefficients
can be explained by the monomer-micelle equilibrium and the
law of mass action.”® The following relation describes the
equilibrium between cationic surfactants and micelles:

LY+ mX~ = M" ™ (2)

n
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where L" and X~ is the number of the cationic monomers and
counter-ions respectively, and M is the number of positively
charged micelles (n > m). The equilibrium constant is thus
expressed Ky, = [MJ/[L']'[X |™. If values of n and m are large
enough, the transition at the CMC concentration is narrow.** In
our case, the transition is rather broad what suggests that n and
m values are small. This finding leads us to the question
whether the commonly used equation AG = (—kT In CMC),
which describes the change of the Gibbs free energy change per
monomer can be correctly used for such polydisperse systems.

Just to show the different behavior of traditional surfactants,
we provide the results obtained for cetrimonium bromide
(CTAB) and its analog gemini surfactant: 1,4-bis(N,N-dimethyl-
N-tetradecylammonium)butane dibromide (Fig. S9 and S10,} to
be published). For these types of surfactants, we did not observe
the distribution of diffusion coefficients due to fast exchange
between monomers and aggregates. The exemplary BDOSY
spectra for 10 mM aqueous solution of 1,4-bis(N,N-dimethyl-N-
tetradecylammonium)butane dibromide is shown in the ESI
(Fig. S11, to be published).t While ammonium based surfac-
tants show no signs of size distribution, the imidazole-based
surfactants the exchange between monomers and aggregates
is somewhat slow in the NMR timescale.

3.6 The slow-exchange and non-averaged dipole-dipole
interactions above the critical concentrations

It is a well established fact that surfactant molecules undergo
fast exchange between an aggregate and aqueous environment.
This process should average out direct dipolar couplings
between nuclear spins on the NMR spectra as well as self-
diffusion coefficients in the NMR time-scale.?**¢

Whereas it is generally accepted that the fast exchange is
typically observed in the surfactant systems, the slow exchange
has not been reported yet. The first indication of a slow
exchange is the multi-component self-diffusion process and
most likely the size distribution of aggregates. The second
indication of the slow-exchange comes from an analysis of the
NMR spectra. In fact, we also observe the effects of non-
averaged direct dipolar couplings between chains, linkers and
imidazole groups. We believe that this deserves a separate
discussion.

In the ESI (Fig. S121) we show the dependence of the "H NMR
spectra vs. C12JC2 surfactant concentration where slow-
exchange between an aggregate and aqueous environment
results in an appearance of a new resonance lines visible at
around 7.6-7.7 ppm (imidazole protons). Further investigation
of the interactions between imidazole groups within the
aggregates was studied using heteronuclear single quantum
coherence spectroscopy (HSQC). The 'H-*C HSQC NMR
spectra are shown in Fig. 7. When two aromatic rings are in the
close vicinity, some resonance structures e.g., electron densi-
ties, are more favorable than others due to II-II stacking
interactions. The overall charge of the imidazole ring is 1, but
broken charge symmetry leads to alteration of **C chemical
shifts which can be observed for samples above CC, 20 mM
C12JC2 (Fig. 7b), 2 mM C12JC10 (Fig. 7d) and 2 mM C12JC12
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(Fig. 7e). The '*C chemical shift difference for C12JC2 was
around 1.5 ppm, while for C12JC10 and C12JC12 surfactants
this difference was more substantial (around 3 ppm) due to
stronger attractive IT-II interactions. The chemical shift
difference means that internal packing and relative orientation
of imidazole groups in aggregates are not the same for all
lengths of the spacers and they are affected by charge density of
the imidazole ring.

Also 2D NOESY NMR spectra confirmed that NOE (Nuclear
Overhauser Effect) cross-peaks appear at concentrations higher
than CC (Fig. S137). As expected NOE peaks did not develop at
low concentrations around 1 mM. Instead, they develop at
concentrations 2 mM and higher which confirms previous
findings about the aggregation, especially those from BZA
absorption studied by UV-Vis. Similar findings are obtained by
means of the FTIR spectroscopy. The results for all surfactants
in the study for 20 mM solutions are provided in the ESI
(Fig. S14).1 The frequency shift (Fig. S14a-ct) vs. the spacer
length is observed which indicates a higher level of the order in
the structures formed by surfactants, especially by those with
the longer spacers. Other authors have shown previously that

C12JC22 mM (@)
124
126 /
Near CC
128
C12JC2 20 mM (b)
124 /
126
Above CC /
128
E C12JC8 2 mM (c)
G 124
2 6 g /
9 126
< 2mM Near CC
128
C12JC102 mM
124 /
126 Sl T
(d) Above CC
128
C12JC122 mM
124 /
126 o —
(e) Above CC
128
7.8 7.6 7.4
1
H [ppm]

Fig. 7 HSQC NMR spectra obtained for selected samples. (a) C12JC2
near CMC concentration (2 mM), (b) C12JC2 above CMC (20 mM), (c)
C12JC8 above CMC (2 mM), (d) C12JC10 above CMC (2 mM), (e)
C12JC12 above CMC (2 mM).
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spacers longer than 12 methylene groups incorporate into the
hydrophobic micellar core formed by side chains.* Therefore
dependence obtained for asymmetric stretching vibrations
(Fig. S14ct) may indicate that linker is in the proximity of alkyl
chains. As a result, the CH, groups from the spacer are closer to
each other. Such situation would allow minimizing the hydro-
phobic surface of the aggregates and a higher level of the
organization due to the more contracted linker as self-assembly
is driven by hydrophobic, electrostatic and van der Waals
interactions.

3.7 The estimation of aggregation numbers N,

Once we obtain the values of self-diffusion coefficients it is
interesting to estimate the size of the aggregates. In this case we
can use a well known Einstein-Stokes-Sutherland-Smo-
luchowski relation (see experimental section). The results of the
estimated aggregation numbers are shown in Fig. 8.

As it has been shown in the experimental section, the ratio of
hydrodynamic volumes V},/Vion is only a rough estimation of
the aggregation number. Despite the obvious simplification
such as a spherical shape of the aggregate, it is proven that this
approach may provide qualitative information about the
molecular size.*®

The points indicated by the arrows denote the aggregation
numbers obtained from the conventional pyrene quenching
SSFQ experiment. Raw SSFQ data are presented in the ESI
Fig. S15.1 The aggregation numbers predicted from NMR are,
surprisingly, in a good agreement with SSFQ at least at given
concentration regime (Table S2t).

The information about the shape of aggregates can be
determined from the SR-SAXS. The results can give us
a substantial and independent confirmation of the shape of the
aggregates. For this purpose we have analyzed samples with two
concentrations 15.2 and 42 mM. The scattering curves are
shown in Fig. 9a and b. A shift towards lower s values is a result
of increasing aggregation numbers for surfactants with longer
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Fig.8 The estimation of aggregation numbers N,gq based on the ratio
of hydrodynamic volumes Vy/V on for C12JC2-C12JC8 surfactants.
The points indicated by arrows represent the aggregation numbers
N.gg Obtained independently from the Steady State Fluorescence
Quenching (SSFQ) (inset figures).
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spacer lengths. For these curves, we observe a single, symmetric
and broad (within s-range from 0.5 to 3 nm ™) diffraction peak
of the maximum in s = 1.61 nm™ " (for C12JC2). However, with
the increasing length of the spacer, an additional narrower peak
ats=0.7 nm" " is appearing in the scattering curve. This peak is
shifted with an increasing length of the spacer group towards
lower s-values (from s = 0.73 nm™* for C12JC6 to s = 0.62 nm "
for C12JC12). The SAXS data confirm that spherical micelles are
developed at 15 mM concentration albeit with some size
distribution for surfactants with short spacers. We attempted to
fit the theoretical micelle model using SASfit package. The only
model that correctly fit the scattering curves was double layer
(vesicle) mode with size distribution (data not shown). Even
though this result seems to confirm the spherical shape of the
aggregates, this part of our work needs further investigation.
For very high concentrations of ca. 42 mM, the deviations from
the spherical shape appear even for spacer lengths above C4.
These deviations of the symmetry of the scattering peak indi-
cates the formation of the micelles of elongated shape and also
formation of larger aggregates coexisting with micelles.

In order to extend our analysis, the size and shape of small
aggregates was predicted using Molecular Dynamics simula-
tions. From the 40 ns long MD simulation we have chosen
exemplary aggregate configurations. These are shown in Fig. 10.
The most stable configuration is the tail-to-tail orientation of
two surfactant molecules. Higher order aggregates are less
stable albeit clearly observable. Similar result was recently ob-
tained by coarse-grained simulations where small gemini
aggregates appear in the very short time regime.” On the course
of the simulation all types of aggregates appear such as
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= C12JC4
= C12JC6
= C12JC8
= C12JC10
= C12JC12

Intensity [a.u.]

mC12JC2
= C12JC4
= C12JC6
= C12JC8
= C12JC10
m C12JC12

Intensity [a.u.]

2 3 4
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Fig. 9 Small-angle scattering of synchrotron radiation (SR-SAXS)
curves obtained for two concentrations of C12JC2-C12JC12 gemini
surfactants.
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Fig. 10 The selected aggregates captured from the MD simulations.
The number of molecules in the aggregates are depicted as 1x for
monomers, 2x for dimers, 3x for trimers, 4x for tetramers and 5x for
pentamers.

monomers (1x), dimers (2x) as well as higher order aggregates.
We were unable to obtain micelles using traditional MD simu-
lations. Those would require coarse-grained approach and
simulation times reaching 1 ps such as one showed by Want
et al.”®

3.8 The comparison of critical concentrations obtained by
various methods. The implications of confusing CMC with
CAC

The obtained CC values are summarized in the Table 2. The CC
values are comparable in overall, albeit, the differences between
various techniques are noticeable. It seems that most accurate
techniques are based on the Surface Tension (ST) and the
electric conductivity. While these two methods are the industry
standards and the most widely spread techniques, they are not
sensitive to the aggregation in such a way that no distinction
between CMC and CAC can be provided. The observed
discrepancies indicate that the CC values obtained from surface
tension and electric conductivity, are in fact the critical aggre-
gation concentrations CACs. As concerning the spectrophoto-
metric UV-Vis method, we measure the critical concentration at
the point at which aggregates are large enough to trap the BZA
molecules effectively. In other words. In the case of the studied
surfactants, we cannot deliberately say that either CMC or CAC
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is measured using UV-Vis. It is neither CAC, nor CMC
concentration.

There are several major implications from this type of
confusion. The most obvious one is related to the thermody-
namic parameters directly calculated from the CMC such as
Gibbs free energy change per monomer AG. If CMC is confused
with CAC the obtained AG values are most likely meaningless.
This is not the first indication that ST data may provide some
discrepancies, same holds for surface excess values which have
to be correlated with other experimental methods.*

The second implication is related to the applications of
gemini surfactants where the researcher assumes that tradi-
tional micelles exist. Most likely they don't exist near claimed
CMC value derived upon a single technique (STI or conduc-
tivity). This is extremely important in many fields, such as new
detergents, cosmetics and pharmaceutical product develop-
ment. For these applications, often mixed systems of polymers
and surfactants are used, and the CAC value determines the
point at which stable blends are formed.*»** Therefore, estab-
lishing new methods to reliably evaluate the CAC and CMC
values is necessary for synthesizing novel series of improved
amphiphiles and their characterization.*>**%

Moreover, studding the aggregation process is essential not
only in case of surfactants; but also polymers,* proteins and
peptides.’” CAC values are also meaningful in some specific
applications like in case of amphiphilic molecules for
membrane protein stabilization at high dilutions.*® Also, it was
proven that above CAC the viscosity of surfactant solution
decreases significantly,® which could probably inhibit the
unfavourable process of protein aggregation called amyloido-
genesis, which leads to neurodegenerative disorders.”

Additionally, determination of CAC and CMC values for
gemini surfactants is essential for optimization of their usage as
delivery systems for nucleic acid in gene therapy.®>** They are
extremely efficient at condensing DNA and RNA molecules and
therefore can be used at low concentrations, what reduces the
adverse cytotoxicity effects. Those properties are attributed to low
CMC of gemini surfactants. However, some reports suggest that
surfactants can interact and condensed DNA at concentration
much lower than CMC values, but higher than CAC.** Above the
CAC, polar heads of surfactant molecules associate with the
phosphate groups of DNA,*** whereas above CMC entire
micelles are interacting with DNA forming larger complexes.®®
Consequently, precise determination of both CAC and CMC
values is crucial for application of surfactants as vehicles in gene
therapy, as it allows to maximize their efficiency while main-
taining the cytotoxicity at lowest level possible.

We have also studied some standard systems such as well
known CTAB surfactant. In that case NMR diffusion can clearly

Table 2 CC values obtained from the surface tension, electric conductivity, UV-Vis and diffusion NMR

CC [mM] C12JC2 C12JC4 C12JC6 C12JC8 C12JC10 C12JC12
Surface tension 0.71 0.62 0.47 0.26 0.24 0.21
Electric conductivity 0.7 0.5 0.32 0.25 0.28 0.18
Self-diffusion (NMR) 1.2-1.9 0.87 0.5 0.25 — —
Spectrophotometry 1.4 1.3 1 1.1 0.85 0.8

This journal is © The Royal Society of Chemistry 2018
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resolve CMC at around 1 mM. Why this is not CAC in this case?
The concentration dependence of NMR spectra does reveal
a characteristics of a fast exchange process (data not shown).
Interestingly NMR diffusion data indicate that system consist of
a stable micelles at around 3 mM (Fig. S9t). At the same time ST
method is not sensitive due to fully occupied water-air
interface.>

4 Conclusions

The obtained CC values correspond to the critical aggregation
concentrations CACs. The CAC values obtained from the surface
tension isotherms follow the linear decrease up to the C8
spacer. It seems that further increase of the spacer length is not
followed by a decrease of the CAC values. Interestingly the
surface activity at the lowest concentrations is decreased for
C12JC12 surfactant in comparison to the surfactants with
shorter spacers.

The UV-Vis results indicate that aggregates above CAC do not
capture BZA molecules effectively, since they are too small to act
as a hydrophobic environment. Above CMC the distribution of
diffusion coefficients is considerably broader. The upper limit is
related to unimer molecules, while the lower limit characterizes
the size of the largest aggregates in the solution. The estimated
aggregation numbers, obtained from the diffusion NMR,
suggest that surface tension and electric conductivity methods
are somewhat sensitive to the pre-micellization process where
small aggregates appear. The dependence of the aggregation
upon increased surfactant concentration seems to be semi-
continuous above CAC, and no geometrical criteria are met to
create a spherical micelle. The size of the aggregates appears to
be controlled by the collision probability which is proportional
to the concentration and diffusivity. The later one is inversely
proportional to the size of the aggregates and the lower diffu-
sivity have to be compensated by higher concentrations.

We draw several findings from the NMR diffusion results.
The values of CAC are decreasing from around 2 mM for C12JC2
down to 0.25 mM for C12JC8. This general tendency is in
agreement with the surface tension and electric conductivity
results. More interesting is the comparison with UV-Vis result,
for which CAC values are much higher than those obtained
from the surface tension and electric conductivity. Most likely,
just above the CAC concentration, the micelles are too small to
accommodate the BZA molecules. The aggregation numbers
obtained from the diffusion NMR seem to support the elevated
CC values obtained from UV-Vis. Namely, the aggregates at
concentrations slightly larger than CAC are still small. The
general impact of the spacer length on the CAC concentrations
is in agreement with surface tension isotherms and electric
conductivity results where the CAC decreases with the spacer
length. Most likely the criterion for the appearance of the
distribution of diffusion coefficients is tangible but not suffi-
cient. The more precise determination of CAC from diffusion
NMR would require titration experiments at the concentrations
near values of CAC derived from BDOSY experiments but below
the concentration at which a distinctive distribution of diffu-
sion coefficient appears.
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So far we have studied only one family of gemini surfactants
and for sure, the AG obtained using ST method are not accurate.
It is even more complicated since no CMC value can be clearly
determined due to continuous-like aggregation. It is important
to realize that *H spectra should be recorded too in order to
estimate whether the exchange rate of the surfactant molecules
between two environments: (1) an aggregate and (2) aqueous
environment is slow in the NMR time-scale. The slow exchange
will likely generate new peaks in the NMR spectrum. The exis-
tence of the slow exchange seem to be a necessary condition to
determine whether diffusion NMR provide us with CAC or CMC
value. In the case of the fast-exchange, one should apply
a standard model for an averaged self-diffusion coefficient.

The accurate CMC values cannot be identified for the
systems in the study. However we can indicate that the distri-
bution of aggregate size becomes small and the system becomes
homogeneous at concentration larger than 15-20 mM. Accord-
ingly, if one plans this type of imidazole-based gemini surfac-
tants for biological applications, great care must be taken
concerning the aggregate size distribution.
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