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Abstract: We studied the dynamics of adsorption at the air-water interface of a cationic surfactant
bearing two charges, Gemini 12-2-12, at concentrations below and above the critical micelle
concentration (cmc). We used maximum bubble pressure and Wilhelmy plate techniques in order
to access all time scales in the adsorption process. We found that the adsorption dynamics are
controlled by diffusion at the initial stage of the adsorption process (milliseconds) and it is
kinetically controlled by an electrostatic barrier (minute) approaching the equilibrium surfactant
surface concentration. Between these two extremes, we found several relaxation phenomena, all
following exponential decays with characteristic times spanning from one to hundreds of seconds.
By means of time-resolved surface potential measurements, we show that these processes involve
charge redistribution within the interfacial region. The surface tension data are analyzed and
interpreted in the framework of the free energy approach.

Keywords: cationic surfactants; Gemini 12-2-12 surfactant; dynamic surface tension; maximum
bubble pressure. surface potential

1. Introduction

The dynamics of adsorption-desorption of soluble surfactants at water-air interfaces play a very
important role in many phenomena and technological applications such as wetting, detergency,
emulsification, and foaming [1-4]. These processes express themselves in the time-dependent surface
properties, such as surface tension (dynamic surface tension) and surface dilatational [3] and shear
rheology [4]. Although, the phenomenon has been extensively studied, the physics of the adsorption-
desorption dynamics of surfactants at fluid-fluid interfaces is far from completely understood [5]. For
ionic surfactants, the adsorption dynamics deviates from the diffusion limited model developed by
Ward and Tordai [6] in the 1940s. The origin of these deviations can be found in the presence of
electrostatic adsorption barriers [7-10]. In a previous paper [10] we studied the adsorption kinetics
of a cationic surfactant, dodecyltrimethylammonium bromide (DTAB), using dynamic surface
tension measurements. It was found that the adsorption dynamics is controlled by diffusion (DLA)
at very short adsorption times but it is kinetically limited (KLA), at times close to the equilibrium, by
an electrostatic barrier built-up, as the ionic surfactant molecules adsorb onto the interface. In another
very recent article, we explain the appearance of negative surface viscosities for a cationic Gemini
surfactant, dimethylene-1,2-bis(dodecyldimethylammonium) bromide (G12-2-12), by the
asymmetries found in the adsorption-desorption processes and dynamics [11]. The unphysical result
(negative viscosities) is just an artifact due to the procedure used for data analysis, which is
invalidated by the existence of those asymmetries.
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In this article, we extend the study on G12-2-12 by systematically measuring the dynamic surface
tension and time-resolved surface potential, trying to shed light on those processes, their origin, and
mechanisms. We used the maximum bubble pressure technique in order to access the very short
intermediate adsorption times and Wilhelmy plate technique [12], in order to study the long
adsorption time dynamics and to obtain the equilibrium values. We explored the whole range of
surfactant concentrations, from very dilute to twice the critical micelle concentration, cmc, of the
surfactant. As mentioned, we also performed time-resolved surface potential measurements in the
hope to elucidate the role played by charge redistribution within the interface, in the adsorption
dynamics and the corresponding evolution of surface tension. We found very complex behavior, with
several characteristic times, both for the dynamic surface tension and surface potential. For the more
dilute solutions, the initial adsorption step is controlled by diffusion (DLA), and in the last part, close
to the equilibrium, the adsorption is kinetically limited (KLA). Between those extremes, the
adsorption involves several processes with different characteristic times, where the redistribution of
charges at the interface is evident. The existence of these numerous processes is compatible with the
observation of several characteristic times in compression surface rheology experiments [11]. The
results presented here shed light on the role played by charge organization on the dynamics of
adsorption of ionic surfactants.

2. Materials and Methods

2.1. Materials

The Gemini 12-2-12 surfactant (from now on, G12-2-12), was synthetized in our laboratory [13]
following a slightly modified method employed by Zana et al. [14]. The success of the synthesis was
confirmed by nuclear magnetic resonance (NMR) measurements. After synthesis and purification,
the surfactant was kept under vacuum over dried silica to minimize water absorption before use.
Milli-Q water (resistance >18.2 MQ)-cm) was used for the preparation of all solutions used in this
work.

2.2. Methods

2.2.1. Equilibrium Surface Tension

Surface pressure measurements were performed using the sensor of a KSV LB-5000 Langmuir
balance system (KSV-NIMA, Biolin Scientific, Spoo, Finland). The surface pressure is defined as I1 =
Yo — ¥, being yo and vy the surface tension of pure solvent, and solution, respectively. Disposable 20.6
mm paper (KSV-NIMA) or Pt-Wilhelmy probes were used. The measuring cell (10 cm?) is made of
Teflon and the temperature was controlled by circulating water from a thermostat (Lauda ALPHA
RA 8, Lauda-Konigshofen, Germany) through a jacket placed at the bottom of the cell. The
temperature near the surface is measured with a 0.01 °C precision using a calibrated Pt-100 sensor.
All measurements were performed at 22 °C. For the measurements, the Teflon recipient is filled with
an accurately measured amount of Mili-Q water, a small accurately measured amount of stock
concentrated surfactant solution is then added to the water in order to prepare, in situ, the surfactant
solution at the desired concentration. The solution is left for 60 min to stabilize before surface pressure
measurements are carried out.

2.2.2. Dynamic Surface Tension

For very short and intermediate adsorption times (from milliseconds to hundreds of seconds),
dynamic surface tension, y(t), was measured by means of a homemade apparatus using the
maximum bubble pressure technique (MBP). The setup is similar to the one described elsewhere
[10,15] and is shown in Figure 1. The technique is based on the measurement of the maximum
pressure needed to form a bubble at the tip of a capillary immersed in the surfactant solution. The
pressure is related to the surface tension by the Young-Laplace equation [16], AP = 2vy/r being r the
radius of the capillary. The device consists of a peristaltic pump which pressurizes a 1 dm? air
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reservoir, an electrically controlled needle valve (Aalborg PSV1S-VA with its driver module PSV-D,
Organgeburg, NY, USA) that controls the air flow to a micro-pipette tip (Sartorius Optifit 791000,
Buenos Aires, Argentina) and acts as the capillary, and is placed 5 mm below the solution’s surface.
The pressure difference, AP, inside the tip was measured with a differential pressure transducer
(Cole-Palmer GY-98073-08, Vernon Hills, IL, USA) and transmitted using USB to a PC by a Teensy
3.2 microcontroller board. The Teensy board also senses and controls the reservoir pressure (pressure
transducer Ashcroft G2-7-M02-15-G2-30G, Stanford, CT, USA) and the needle valve opening. The tip
makes an angle of 30° with respect to the interface and is discarded after each measurement. Each tip
is calibrated with pure water prior to measurement by measuring the AP as a function of depth, which
is precisely controlled by means of the step-motor.

(b)

(a) USB to PC

Diff. P
transducer

P transducer pController

Needle

. valve
Air

reservoir

Peristaltic

pump

Figure 1. (a) Scheme of the Maximum Pressure Apparatus. (b) Picture of the device showing the tip
and the step-motor.

2.2.3. Time-Resolved Surface Potential Experiments

We measured the surface potential as a function of time by means of a Kelvin probe (KSV-NIMA
SPOT). The experiment is schematized in Figure 2 and it is as follows: A concentrated solution of
G12-2-12 (surfactant concentration, ¢s = 0.1 M), is prepared and let stabilize for 24 h. Separately, a
precisely measured volume of pure water (Milli-Q) is placed in a small Teflon cuvette. The surface
potential probe is placed at about 2 mm above the water surface. The surface potential of pure water
is then measured and the result saved. By means of a Hamilton syringe (50 uL), a certain volume of
the concentrated Gemini solution, calculated in order to obtain the desired final concentration, is
injected at the bottom of the Teflon cuvette, producing a concentration impulse while the surface
potential is continuously monitored. The injection process takes about 5 s. The injection process must
be done very carefully, the syringe needle must be perfectly cleaned and any movement that could
produce convection must be avoided. For changing the final surfactant concentration, we changed
either the initial volume of water or the volume of the surfactant solution injected.
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Figure 2. Scheme of the time-resolved surface potential experiment.

3. Results

3.1. Equilibrium Surface Tension Isotherm

In Figure 3a we show the surface tension isotherm for aqueous solutions of the G12-2-12
surfactant. The critical micelle concentration, cmc, obtained from these measurements is 0.9 mM. This
value is in good agreement with values previously reported [5,14,17] which are in the range of 0.7 to
1 mM.
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Figure 3. (a) Surface tension isotherm for Gemini 12-2-12. The lines are two different fittings with
Equation (2), see Discussion section for details. (b) Equilibrium surface concentration as a function of
bulk concentration calculated from Equation (2) (c) Surface tension as a function of surfactant area

fraction at equilibrium (see Equation (2)).

3.2. Dynamic Surface Tension

In Figure 4 we present the results of the dynamic surface tension for 6 surfactant concentrations
below the cmc. Those concentrations are cs=0.1; 0.2; 0.3; 0.4; 0.5, and 0.6 mM. All the curves are well-
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behaved (smooth) and in all cases, they reach the equilibrium values obtained from Wilhelmy plate
technique, considering the errors (in the figures the errors are represented by the dashed regions). In
the insets in said figures we show, amplified, the very short adsorption times region (<2 s). The lines
shown are fittings using Equation (3) (see discussion below).
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Figure 4. Dynamic surface tension curves for 6 surfactant concentrations well below the cmc (a) ¢s =
0.1 mM; (b) cs=0.2 mM; (c) ¢s = 0.3 mM; (d) ¢s = 0.4 mM; (e) ¢s = 0.5 mM; (f) ¢s = 0.6 mM. The insets are
amplifications of the very short adsorption times regions, the curves in them are fittings with Equation
(3). The shaded regions represent the equilibrium surface tension (with error) measured by the
Wilhelmy plate technique.

In Figure 5 we show the results for the same kind of experiments but for solutions at
concentrations close and above the cmc.
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Figure 5. Dynamic surface tension for surfactant concentrations close and above the cmc. (a) 0.8 mM;
(b) 1 mM; (c) 2 mM. The insets show the dynamics of adsorption at very short times (<0.5 s). The lines
are fittings with Equation (5).

The behavior at short adsorption times (insets) is different from those observed for ¢s< cmc. The
lines are fittings with exponentials (Equation (5), see discussion).

3.3. Time-Resolved Surface Potential

In order to shed light on the processes involved in the adsorption dynamics, and the role played
by the charges at the interface, we performed time-resolved surface potential experiments, as
explained in the methods section. In Figure 6 we present the results for ¢s = 1 mM, superimposed to
the dynamic surface tension curve in a semi-log plot. We show simultaneously three independent
measurements of the surface potential as a function of time. The three curves are different but all of
them present general common features. Note that, at short times, there is a fast increase of surface
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potential followed by a decrease and several oscillations, those oscillations were not replicated on the

surface tension dynamics. In the figure, we included the relaxation times obtained by fitting certain
parts of the curves with exponentials (see discussion).
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Figure 6. Surface potential curves (symbols in color, left axis) superimposed to the dynamic surface
tension, y(t) (circles, black, right axis) for a solution at a surfactant concentration of 1 mM. We show
three independent surface potential experiments (Exp 1, 2 and 3) to illustrate the “reproducibility” of

such measurements.

In Figure 7 we show the results corresponding to cs= 0.1 mM, ¢s= 0.2 mM and c¢s= 0.5 mM. Note

that the surface potential curves have the same features mentioned above, a fast increase of the
surface potential and oscillations.

For all surfactant concentrations the initial (water) surface potential was about -0.2 volts and
reaches the stationary value of 0.3-0.5 volts, depending on surfactant concentration. The insets on
those figures are included to show that ¢ tends to a stationary value, a fact that is difficult to see when

time is in logarithmic scale.
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Figure 7. Time dependence of the Surface potential compared with dynamic surface tension (Surface

tension in black, right axis) for three surfactant concentrations. (a) cs=0.1 mM, (b) ¢s=0.2 mM, (c) cs =

0.5 mM. The insets show the surface potential but with the time axis in linear scale.

4. Discussion

4.1. Equilibrium Surface Tension
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The first step in the discussion of the results shown in previous sections is the equilibrium
isotherm of Figure 3a. Our point of departure is the Gibbs adsorption equation [12]:

1 dy

L= kT din(cy) M

From the dependence of the surface tension, y, on the surfactant bulk concentration, ¢, the
surface excess, I, (surface surfactant concentration) can be obtained by means of this equation. Here
ks is the Boltzmann constant and T the absolute temperature. The constant n takes the value 3 for a
dimeric surfactant made up of a divalent surfactant ion and two univalent counterions, such as G12-
2-12, in the absence of added salt. However, by means of neutron reflectivity measurements [18,19],
it was found that, for G12-2-12, n = 2. This means that one counterion is condensed onto the Gemini
polar head at the interface and thus G12-2-12 behaves like a monovalent ionic surfactant (n = 2). In
Figure 3b we show the surface excess obtained from the experimental data of Figure 3a and the Gibbs
adsorption equation, Equation (1). Note that the surface saturates at about 0.2 mM with a surface
concentration of I' ~ 1.9 x 10'® molec.m, given an area per surfactant head of 5.3 x 10" m?, which
gives 7.25 A as an estimation for the distance between surfactant heads at the interface. On the other
hand, from a free energy approach [10,20,21], the adsorption isotherms and the equation of state for
a 1:1 ionic surfactant (note that we consider that one of the surfactant charges is also condensed in
bulk because the distance between charges in the surfactant head [22], ~4 A, is less than the Bjerrum
length) can be expressed as,

_ b
9y + [bgo + BPI? + 1| exp(—a — Bho)

bo
2)

V=Vw+k;—2T[ln(1 _¢0)+§¢(2) —%(\/(b%)z +1-— 1)]

a being the average size of a surfactant molecule, ¢o is the surfactant area fraction at equilibrium
(po=Ta?), f the Frumkin lateral interaction parameter, & the Langmuir adsorption parameter and b a
parameter characterizing the strength of electrostatic interactions [10], b = [nlz/(2a¢,)]/? (pvis the
surfactant volume fraction, ¢, = ac;). In Figure 3c we show the fitting of the data, y(po), with
Equation (2). The lines in Figure 3a correspond to the same fitting for the curve y(cs). We show two
fittings, in one case keeping the solvent surface tension constant at 72 mNm™' and for the other leaving
this parameter free to adjust the curve. From the former fitting we found: a = (0.89 + 0.2) nm, = (-3.24
+1) keT; a = (8.9 £ 2) ksT; from the latter, 2= (0.77 £ 0.2) nm, § = (-0.6 £ 0.2) ksT; @ = (10 = 2) ksT and yo
=72.8 mNm™. The molecular size, a, obtained from the fittings with this model is 7.7-8.9 A, which is
close but larger than that obtained for DTAB solutions [10], for which a =7.2 A was obtained. This
result is somehow expected because G12-2-12 has two DTAB chains linked by the heads with an ethyl
group. Note that the Frumkin interaction parameter p is negative, this indicates a repulsive
interaction among surfactant molecules at the interface.

4.2. Equilibrium Surface Potential

In Figure 8 we plot the change in surface potential, Ap, between pure water interface (Quater ~
—0.2 V) and the final stationary value at the surfactant solution-air interface, ¢. Note that the surface
potential difference seems to go through a maximum at a surfactant concentration between 0.2 and
0.4 mM. Above this concentrations, A¢ diminishes continuously indicating the condensation of
counterions onto the interface. This is consistent with the distance separating surfactant heads at the

interface estimated from Gibbs equation, ~7.25 A, which is very close to the value of the Bjerrum
2 o

length Is (lg = EZ—T ~ 7A, e is the electron charge and ¢ is the water dielectric constant). We recall
B

that, when the distance between charges is less than I, condensation of counter-ions is expected, such

that the effective distance between charges become equal to the Bjerrum length [23,24].
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Figure 8. Change in the surface potential between water and surfactant solutions, A@ = ¢ — @water, as a
function of surfactant concentration. This curve includes the values for cs= 0.01 and 0.06 mM which
are not included in Figure 7.

4.3. Dynamic Surface Tension

Let us first discuss the short adsorption times. In the insets of Figures 4 and 5 the dynamics in
this time range can be observed in an amplified scale. For ¢s=0.1 mM and for adsorption times shorter
than about 2 s, the dynamic surface tension data is beautifully fitted (see inset in Figure 4a) with the
diffusional model [20,21], indicating that the adsorption dynamics is limited by diffusion (DLA),

Y(@® = vo+ (Yo — Yeq) (1 - E) 3)

where 7p is the characteristic diffusional time. From the fitting with Equation (3), we obtain 7o= 0.25
+0.01 s. As the surfactant concentration increases, but always below the cmc, the experimental points
become noisy and the fittings less reliable (see insets in Figure 4b—f). The corresponding times, o,
obtained from Equation (3) for each concentration are summarized in Table 1.

Table 1. Characteristic times obtained from fittings with Equation (3), and the diffusion coefficients,
D, calculated with Equation (4). The surfactant concentrations are all below the cmc.

cs/mM To/s D/m2s1
0.1 0.25+0.01 4.1 x1010
0.2 043+0.04 1.1x1010
0.3 0.048+£0.02 5.0x 1010
04 0.025+0.01 5.4 x1010
0.5 0.48+0.05 1.8x101u
0.6 0.1 +0.05 6 x 1011

From the theory the characteristic time for a DLA process can be estimated [20,21],

4 2
= %E—D 4)
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being ¢v and D the bulk surfactant volume fraction and diffusion coefficient respectively. From
the bulk concentration, the surfactant volume fraction can be estimated, ¢, = a3c,, for cs=0.1 mM,
@b = 3.1 x 10-°. Now, making use of the data on Figure 3, we estimate ¢o ~ 0.83. With these values,
from Equation (4) and to=0.25 s, we calculate D = 4.1 x 10 m?2s1. This value coincides perfectly with
the literature value [25] of 4 x 10-1° m?s7'. The same calculation for larger surfactant concentrations
deviates from this value but they fall in the correct order of magnitude except for ¢s= 0.5 and 0.6 mM.
The results are summarized in Table 1.

For surfactant concentrations close and above the cmc, the adsorption dynamics is consistent
with an exponential decay of surface tension even at very short adsorption times:

Y(6) = Yeq = (ro — Yegdexp (= 5). (5)

This behavior can be seen in the insets of Figure 5, the characteristic times found by fitting with
Equation (5) are labelled as T: and shown in Table 2. In Equation (5), ye; and yo are the equilibrium
surface tension of the solutions, and pure solvent, respectively.

Table 2. Characteristic times, in seconds, found in dynamic surface tension for all surfactant
concentrations studied.

cs/mM T1 T2 T3 T4 Tk
0.1 - -- -- 65+1 37+1
0.2 -- -- --- 285+1 105+12
0.3 -- -- 24+01 95+1 20+3
04 - -- 51+0.1 95+05 180+40
0.5 - 104 +05 20+1 40+2 12015
0.6 -- 0.71+0.002 8=+1 30+2 67 +3
0.8 04+0.01 1.34+0005 3.7+01 25=%1 44 +4
1 0.45 +0.001 -- 3601 15+1 74 +4
2 0.48 +0.001 -- 26+01 78+05 33+2

Turning our attention to the last part of the adsorption process, close to equilibrium, the
relaxation is consistent with a kinetically limited adsorption (KLA), following an exponential decay
[10,20,21] as in Equation (5). We label the characteristic time of this final stage of the adsorption
dynamics as T«

In Figures 9 and 10 we plot, in a semi-log scale, Ay =y(t) — yeq as a function of time for surfactant
concentrations below and close/above the cmc respectively. The results of the fittings with
exponentials are shown as lines on the figures and labelled with the corresponding characteristic time.
Note that there are several processes (and characteristic times) all consistent with an exponential
decay. Those results are summarized in Table 2. Note that the number of processes increases with
surfactant concentration until the cmc. The observation of several processes, each with its
characteristic time, is consistent with what was found in surface rheology experiment on the same
surfactant system [11].



Coatings 2020, 10, 95

Ay )/ rNm’

0.14

104
v,
%
N
e 14
<
<
0.14 o
0 20 40 60 80 100
t/s
(e)

5
;
o
I
o
o
N
H+
o
o
7]

7, =20*+1s

X T3 =401
W

W =120+ 15s
14 BN o

Ay )/ N’

Ay )/ mrNm’

0 20 40 60 80
t/s

100 120 140

Figure 9. Several relaxation processes following an exponential decay were observed in dynamic
surface tension curves at concentrations below the cmc. (a)cs=0.1 mM, (b) 0.2 mM, (c) 0.3 mM, (d) 0.4

mM, (e) 0.5 mM, (£) 0.6 mM.

10
(b)
%E
N
e A
> 1 Sw.a =105+ 12s
< T
S
T -
.\'b.\\
0 20 40 60 80 100 120 140
t/s
10
(d)
B ,=51+0.1s
£
> 5 =95+05s
> £
< TeRate . 1,=180%5s
S e
0.1
0 20 40 60 80 100120 140 160
t/s
(f)
ol ©=0.71+0002s

20 40 60 80 100 120 140 1€

o

t/s

12 0f 17



Coatings 2020, 10, 95 13 of 17

10 4

Figure 10. Several relaxation times following an exponential decay at concentrations above the cmc.
(@) c=0.8 mM, (b) 1 mM, (c) 2 mM.

The origin of the intermediate relaxations, between t and t, seems to be related to charge
redistribution as observed from surface potential results on Figures 6 and 7. This redistribution of
charges may include the formation of aggregates at the interface, condensation of counterions onto
those aggregates and further surfactant adsorption, as well as phase transitions [26].

Now, from the values of the characteristics times in the KLA regime, tx, we can estimate the

average (%), the equilibrium surface (o) and subsurface (yn) electrostatic potentials, $ =
(Yo +¥ge)/2 [10,20,21]:

i _ (a+ﬁ+ln(r£a4Dc2‘rk)) ©6)

kgT 2

From previous calculations we have a ~ 8 x 1071 m, o = 8.9 ksT and = -3.24 ksT, using for the
diffusion coefficient the value of D =4 x 1071 m2s-! and the t« values from the last column on Table 2,
we calculate the average surface and subsurface electrostatic potential shown in Table 3. In that table
Yo was estimated from the Poisson-Boltzmann theory [21],
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ey
T 2In(2b¢,) 7)

where b was defined above, b = [rlz/(2a¢,)]*/.

Table 3. Average (), the equilibrium surface (o) and subsurface (a) electrostatic potentials from
Equations (6) and (7). y is calculated as 21 — i, = .

cs/mM ey /kpT eYo/ksT eya/ksT
0.1 4.96 11.26 -1.34
0.2 6.17 10.93 1.41
0.3 5.75 10.56 0.94
0.4 7.14 10.27 4.01
0.5 7.15 10.05 4.25
0.6 7.05 9.87 423
0.8 7.12 9.58 4.66

The obtained theoretical values for the surface electrostatic potential, 1o, are larger than the
average, 1, obtained from dynamic surface tension experiments. Because the subsurface electrostatic
potential, s, should be lower than the surface electrostatic potential, i, the average should be ¢ <

Yo, as it is in fact observed on Table 3. Note that the values of {0 and Y approach each other as the
surfactant concentration increases, which could be explained by ions self-screening (being G12-2-12
a cationic surfactant, as the surfactant concentration increases, the ionic strength increases, and the
Debye length diminishes reducing the distance of the electrostatic interaction, even in the absence of
added salt). It is worth mentioning that the obtained values are similar to those found for the cationic
surfactant DTAB [10].

We cannot use the previous analysis for surfactant concentrations above the cmc, in this case the
adsorption-desorption and aggregation-disaggregation of micelles [27,28] could play a role in the
observed dynamics both in y(t) and ¢(t). The fact that the dynamics of surfactant adsorption at short
times follow an exponential relaxation (see insets on Figure 5) could indicate that we are not accessing
times short enough to see the diffusion-limited adsorption step.

4.4. Time-Resolved Surface Potential

The main feature we want to stress about the surface potential results is the existence of
oscillations in ¢ during the adsorption process as shown in Figure 6. Despite the variability observed
from each independent experiment, the qualitative behavior is always the same and for all surfactant
concentrations. The several “relaxations” observed can be roughly fitted with exponentials:

b= o+ g exp(—-) ®

Some of the results of those fittings are shown in the figures. The number of processes observed
in surface potential experiments seem to be related to the several processes observed in dynamic
surface tension. However, the times and characteristic times are different. The differences found in
the time when the surface potential and surface tension change is probably due to the way in which
time-resolved surface potential measurements are done. After the concentration impulse, there is a
time delay, because of the concentration homogenization in bulk, before adsorption takes place.
Despite that, it is clear that the large ¢(t) oscillations are not replicated as large oscillations in surface
tension. This is an indication that the behavior of ¢ is due to the reorganization of counterions at the
interfacial region and not due to the migration of surfactant molecules into and out to the interface,
at least in such amounts that could produce appreciable changes in the surface tension. We could
rationalize the results as follows: First the G12-2-12 surfactant adsorbs onto the interface producing
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an increase of the surface potential from that of pure water. This process is fast and consistent with
the decrease of the surface tension (see Figures 6 and 7). The drop in surface potential that follows,
could be due to the reorganization, redistribution, and condensation of charges, resulting in a
temporal decrease of the measured surface potential. After that, and because the condensation of
counter ions, a decrease in the charge repulsion among surfactant molecules, at the interface, would
allow more surfactant molecules to adsorb, thereby producing a subsequent increase of the surface
potential, and a slow decrease of surface tension, until the final equilibrium value is reached. This
last process lasts from hundreds to thousands of seconds. The characteristic times obtained from
fittings with Equation (8), labelled as tend in Figures 6 and 7, span from 700 to 3500 s. It is worth
mentioning here that these results help to explain the behavior of the surface step-compression
rheology observed in these systems [11].

A final comment is needed about the apparent differences observed on the time-dependent
surface potential curves of Figure 7. In those figures (see insets), we observe that the behavior for
¢=0.5 mM (and also for ¢ = ImM in Figure 6) is different from those at lower surfactant
concentrations. First note that, for c==0.1 and 0.2 mM, the change in the equilibrium surface potential
goes through a maximum (Figure 8). This is probably because the interface is less saturated than for
¢s=0.5 (see Figure 3b), therefore, the distances between charged heads are larger and the condensation
of counterions onto the interface lower for ¢s= 0.1 and 0.2 (the distances between charges are larger
than the Bjerrum length) than for cs= 0.5 mM. For this last concentration, the distances between
charged surfactant heads at the interface are close to the Bjerrum length, thus, what we observe in
the time-dependent surface potential after the first surfactant adsorption, could be a fast
condensation of counterions onto the interface, followed by a slow surfactant adsorption until
equilibrium is reached, a behavior not observed for the two lower concentrations.

5. Summary and Conclusions

We studied the adsorption dynamics of a cationic surfactant bearing two charges, Gemini 12-2-
12, onto the air-solution interface. By means of dynamic surface tension and time-resolved surface
potential, we have identified several processes with their characteristic times. For the more dilute
solutions, well below the cmc, and at very short adsorption times, the adsorption is consistent with a
process limited by diffusion (DLA). The final stage of the adsorption dynamics, close to equilibrium,
follows the exponential law, derived from the existence of a surface potential, built up by the charged
molecules as they adsorb onto the interface. This behavior for ionic surfactants were observed
previously [10,20,21,29]. Between the initial diffusion controlled stage and the final kinetically
controlled (KLA) adsorption process, several processes have been identified with their characteristic
times. The number of processes observed depends on surfactant concentration. In this respect, the
observed behavior is consistent with several processes and characteristic times, which are observed
in step-compression surface rheology experiments on these systems [11], which help to explain them.
Based on the surface potential results, it is clear that those processes are related to a charge
reorganization in the interfacial region. The reorganization may include the formation of aggregates
at the interface, condensation of counter-ions onto those aggregates, and further surfactant
adsorption, as well as phase transitions [26,30]. For the surfactant concentrations above the cmc, some
of the processes observed could be related to the presence of micelles and their dynamics (adsorption-
desorption, aggregation-disaggregation [27,28]). The redistribution of charges within the interfacial
region, as observed in the surface potential experiments, seems to be responsible for the existence of
the intermediate relaxations, well-described by exponentials, which are observed on the dynamic
surface tension curves. Finally, the existence of phase transitions or surfactant aggregates at the
interface, mentioned above, remains to be probed experimentally.
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