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Gemini surfactants typically consist of two single-chain surfactants chemically linked by a spacer molecule.
We report herein the results of fully atomistic molecular dynamics (MD) simulations of a series of Gemini
surfactants: @H,so,w-bis(Ci2H2sNT(CH3).Cl™), at the air/water interface with= 3, 4, 6, 12, 14, and 16,

at values of the initial surface area per surfactagt= 70 A2, 77 A2, 95 A2, 151 A2, 133 A&, and 103 A&,
respectively. Thés values employed were obtained from surface tension and neutron reflection experiments
at the respective cmc of each surfactant. The Gemini surfactant corresponding3ovas also simulated

at As = 105 A2 which is the experimentally derived value of surface area per surfactant at 1/10th of cmc.
Only the surfactants wite= 12 and 14 and the surfactant with= 3 atAs = 105 A? gave a stable monolayer

at the air/water interface. In other cases, we observe movement of some surfactant molecules from the air/
water interface into the aqueous phase, resulting in a stable primary monolayer of surfactants at the air/water
interface and a small concentration of surfactant molecules below it. The latter form aggregates, with their
hydrophobic chains in the core. The density profiles along the normal to the interface are compared with the
ones obtained from neutron reflection experiments. The MD simulations confirm the bending of the spacer
toward the hydrophobic chains as the spacer length is increased and the spacer becomes more hydrophobic.
The simulations have helped to shed light on the low-resolution picture which emerges from experimental
analyses.

Introduction the 12-s—12 series at the air/water interface using classical

- . MD simulations and fully atomistic force fields.
Gemini surfactants are formed from two monomeric surfac- . : X _
i The surface tension of Hoso,w-bis(CoH2sN1(CHs),Br-)
tants that are linked by a spacer group close to the headgroups. . = .
. , ) . . o, with s= 3, 4, 6, 8, 10, 12, 14, and 16 was measured by Alami
The current interest arises primarily from their lower critical

. ) . et al. as a function of the surfactant concentratichhey
micelle concentration (cmc), greater surface tension lowering observed that the surface area per moleotdegoes through a
at the air/water interface, and the high viscosity of aqueous P 9 9

) - . ) maximum fors = 10, 12. The reason for the non-monotonic
solutions of Gemini surfactants with short spacers at relatively increase inAs with increasing spacer length was postulated to
low surfactant concentratidAthan achievable with correspond- gsp 9 P

. . . o arise from the bending of the spacersat 10—12. Above this
ing monomeric surfactants. The behavior of Gemini surfactants . . S

4 ; . . - spacer length, the spacer is too hydrophobic to remain in contact
at interfaces and in aqueous solution has been discussed in thé

. . ! - with water and moves to the air side of the interface. The non-
review by Zan&.In this article, we focus on Gemini surfactants, monotonic variation ofs corresponds to the non-monotonic
[C12H25N(CH3)2—(CH2)S—N(CH3)2C12H25]|2 (Where | is the P

. . _ variation of the cmc upon increasing spacer length. The bending
counterion), which are commonly referred torass—m, 2I~. - . ; ;
) A . of the Gemini surfactant linkers has been confirmed by simple
We will employ the same notation in this article, namely;-12 modeld® 2 and neutron reflection experimetéThe surface
3—12,12-4-12, and so on. Such surfactants, which contain a P )

polymethylene spacer, have been thoroughly investigated. expes?hcog_csgtratmntgmj; were calculated by Alami et al.
The Gemini surfactants at the air/water interface have been "9 € 100 equation

studied by surface tensipand neutron reflection experimen§ts. - _

The various models used to understand them have been (2.303RDT (dy/d log C)r @

discussed in detail by Diamant and Andelman @emini : ;

Surfactants: Interfacial and Solution-Phase Beioa.2 The with the equation

behavior is different from that of regular surfactants in many A= (N r)fl )

respects, which poses challenges to their complete understand- A

ing. The important puzzles raised by Gemini surfactants are

exhibited in their surface activity, micellization point, aggregate

shape, phase behavior, and dynarfieewever, our focus here

in this study is the effect of spacer leng#hpn the behavior of

Here,T is the surface excess concentratignis the surface
tension,R is the gas constant, is the temperatureC is the
surfactant concentration (in moles of surfactant per liters
2 (for univalent ionic surfactant) an = 3 (for divalent ionic
T Part of the special issue “Charles M. Knobler Festschrift”. Syrfa(?tam)’ and\a IS. AVOgadro S number. The nature .Of lonic
*Present address: Department of Chemistry, University of Texas at dimeric surfactants in agueous solutions at concentrations below
Dallas, P.O. Box 830688, Richardson, TX 75083-0688. the cmc has been discussed by many authors. The state of the
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surfactant governs the value of that should be used in  TABLE 1. Surface Area Per Gemini Surfactant,® AgA2
calculating As. The different values ofn used have been spacer lengths  neutron
discussed in the review by Zafat has been argued that for  for 12-s12 Gemini reflectivity surface tension, initial values

bis(quarternary ammonium) surfactants one counterion is as-  surfactants ared  areafom=25 for MD simulations
sociated with one ionic head, and therefares 2 should be 3 67+ 3 70 70
used in calculatin@’. 131*However, the value afi used has no 4 85+ 2 77 77
bearing on the non-monotonic increasefigupon increasing 6 92+3 95 95
the value ofs. Neutron reflection measurements by Li efal. 12 134+ 3 150 151

14 NA 133 133

showed that the value of used should be 2 for the systems
being studied here, as the valuesAgfobtained from neutron
reflection experiments then agree with the ones obtained from *Shown in the columns are values for the air/water interface, as
surface tension measurements. Besides the valusotie SIS IO "N (leelen ibsinens B Slce eheen
neutron reflection experiments by Li et al. have also been used : : : ;

to study the structurg of monola{/ers of Gemini surfactants at f#g{?g@f{ﬁ; %Zrtama?f ?,Lé,lte a\\/,?ﬁjae;ellj%d in the MD simulations. NA
the air/water interfacé.They found that a low-concentration
single layer of surfactants forms below the main layer at an
approximate distance of ¥20 A from the center of the
headgroup distribution (normal to the interface). The area per
molecule in this secondary layer did not seem to show any o ome “and the initial surface area per molecule used in our
particular concentration dependence. It was proposed that thisy; sir’r’1ulations.

sublayer could be a manifestation of pre-micellar aggregation. If the value ofn used in the Gibbs equation is 3 instead of 2,

The aim of the MD study conducted here was to throw more for 12—3—12, theAs value as measured from the surface tension

light on the surfactant behavior as discussed above and thereb)fneasurement is 1052& Also coincidentally As is 105 R at
obtain a more detailed picture of the monolayers. To our one-tenth of the cmc as measured by neutron reflection

knc:cwledge, thisihsthg f/irst attelmpt:o stugy tfh?| behaviqr Qf these experimentd. We performed an additional simulation of the
surfactants at the air/water interface by fully atomistic MD g, itactant 123—-12 at an initial surface area per molecule

simulations. corresponding to 105 ZA which is referred to as system Ib.

] _ _ To neutralize the positive charge on the surfactant molecules,
Simulation Details 256 chloride ions were added randomly in the water of each
system. The system sizes varied from 43 343 atoms to 85 967
atoms. The water molecules were described using the TIP3P
model?! MD simulations were carried out using the program
NAMD version 2.5b%? and the CHARMM force field® The
parameters and charges for the headgroup used were based on
the CHARMM force field for tetramethylammonium groups.
The NVT ensemble was used for all the simulations. Langevin
dynamics was used to control the temperature at 300 K. A time
step of 2 fs was used. Nonbonded interactions were calculated
every time step, and full electrostatic interactions were calculated
every two time steps. Bonds between hydrogen atoms and heavy
atoms were constrained to their equilibrium value by means of
the SHAKE/RATTLE algorithn?425

16 NA 102 103

(system VI), respectively, as values measured at cmc by
previous experimental studies. Table 1 shows Agevalues
measured using neutron reflection experiments (for the primary
monolayerj and measured using surface tension experirhents

Different choices can be made for setting up the system for
the MD study of monolayers at air/water interfaces. It is possible
to simulate a single monolayer in contact with the aqueous
solution and confine the solution by placing a hard wall below
the interfaceé?® This requires a relatively large bath of water
molecules for a given number of surfactants to avoid artifacts
due to the long-range structuring of water by the Walh
commonly used practice is to use a thick slab of water with the
top and bottom covered with surfactant monolayers, with the
thickness of the slab being large enough so that the two
monolayers have practically no influence on each othatong
these lines, all the systems studied here consisted of a slab o
water with vacuum at either end resulting in two vacuum/water .
interfaces (also referred to as airiwater interfaces in this article). | 1N length of the MD trajectory was17 ns for 12-4—12
Each system consisted of two monolayers of surfactant mol- (S_ySte”_‘ II).and~15 ns for 12-16-12 (system Vi). The
ecules at the two vacuum/water interfaces with 64 surfactant Simulation time for all the other MD runs wasl0 ns.
molecules in each layer. The water slab used was about 75 A The instantaneous surface tension was computed as follows:
thick, and the cell size in the dimension (normal to the L, P T Py
interface) was 223 A. In principle, a two-dimensional Ewald Vinst = \ 5 P,— 2 3)
summation method such as that developed by Hautman and
K|ein18 could be emp|oyed for hand"ng the |0ng_range elec- Here,LZ is the box size in the direction (the direction normal
trostatic interactions. However, an efficient use of this method t0 the air/water interface) ani is theij component of the
requires that the dimension in the nonperiodic direction be much Pressure tensor. The first factor % is to account for the two
smaller than the periodic directions, and this criterion is not interfaces in the simulation box.
met by the system sizes being studied here. Hence, periodic Simulation of pure vacuum/water interface was performed
boundary conditions were emp|0yed in three dimensions, and to calculate the air/water surface tension. As discussed for the
long-range, electrostatic forces were taken into account usingSystems above, the box consisted of two vacuum/water inter-
the particle mesh Ewald approach with a real-space cutoff of faces. The box dimensions were 40-A40 A x 120 A. The
12 A19.20 vacuum/water interfaces were in theélirection. The thickness

As mentioned above, the surfactants studied here are referredf Water layer in the direction was 40 A, and the MD trajectory
to asm—s—m, wherem denotes the length of the hydrophobic ~ 1asted~9 ns.
chain ands denotes the length of the spacer, respectively. Six
fully atomistic MD simulations were performed for +3—12
(system la), 124—12 (system Il), 126—12 (system Ill), 12~ The average surface tension of the air/water interface using
12—-12 (system V), 1214-12 (system V), and 1216—12 TIP3P water model and the particle mesh Ewald approach for

Results and Discussion
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(a) 5 . . v water interface. The density profiles of chains, headgroups, and
L , spacers for 123—12, 12-4—12, and 12-12—12 atAs = 105
ol 231221105 A2 fmoteente | A2, 77 A2, and 151 &, respectively, can be fit to Gaussians of
B — 121212 at 151 A2/ molecule the form
S | ]
£ 2
oo N | S 2 )exp(—4(2—u)) .
F ., - P (0 = 7 @
Eal | e b
;3 I i Here,zis the distance along the normal to the interfag@) is
g the number density along A is a constanty is the full width
10~ 7 at 1k of the heightAs is the initial surface area per surfactant,
- . and u is the value ofz at the center of distribution. Slight
ob— L1 | L asymmetry in the density profiles introduces a small bias in
4 s 6 7 ime (ns)s 9 10 n fitting the curves to a single Gaussian. The values of this bias
were estimated for different curves and were found to be very
(b) 9 ——————————————————— small. _
The distributions obtained from the MD simulations are
i _ 1 compared with analogous data obtained from fitting to the
» — 12-4-12 at 77 A%/ molecule neutron reflection measuremehis Table 2. There, we report

o values obtained for C, H, and S from the simulations, while

] the o values were assumed to be identical for the different

fragments of the surfactant molecule while fitting neutron

. reflection data to the Gaussian functional form. It can be seen

in Table 2 that they values obtained from our simulations are

slightly lower than the experimental valuésy anddsy denote

- the distance between the centers of distributions of chains and

headgroups, and spacer and headgroups, respectively. The values

shown are the average values calculated for two monolayers at

[ R T R B B R R the two air/water interfaces in each systemddfy stands for

9 10 11 12 13 14 15 16 17 18 center of distribution for chains minus center of distribution
time (ns) . . . . .

) ) ) ) ~ for headgroups, it has opposite signs for the density profiles

Figure 1. Cumulative average of the surface tension vs simulation along the negative axis and the positive axis in Figure 2.

time. Panel a is for the systems where a stable monolayer exists at theH fi an i d for moarison with the
air/water interface throughout the simulation. Panel b is for system || "'OWEVEr, a negalive sign Is used for easy compa

where the surfactants molecules move from the air/water interface into Parameters obtained experimentally. The same discussion holds
the water phase and exhibit aggregate formation below the interfacefor dsy values. We observe a highégy value for 12-12—12
(also see Figure 3). compared to 123—12 and 12-4—12. This shows that, as the
spacer becomes more hydrophobic and longer, it bends toward
electrostatics with a real-space cutoff of 12 A was calculated the chains, and the density profiles of spacers move toward the
to be 52.75 dynes/cm. The surface tension was computed bydensity profiles of chains from those of the headgroups.
averagingyinst over the length of the MD trajectory. The surface Figure 2a shows the density profiles for12—12 atAs =
tension value calculated in our simulation agrees with the value 70 A2 (system la), computed over the last 2 ns of the simulation.
of 52.7 dynes/cm calculated using the Ewald summation methodWe observe movement of some surfactant molecules from the
for electrostatics by Feller et &.The experimental value for  interface into the aqueous phase and their self-assembly to give
the surface tension of water is 72.8 dynes/cm. Figure 1 showsa spherical micellar structure. Even at the end of 10 ns, we
the average surface tension versus simulation time for the observe that the system is not yet equilibrated. Similar behavior
different systems. The surface tension values plotted are thewas observed for 124—12 (system II), and that system was
values of the cumulative average computed by averaging run for a longer time to allow for further equilibration of the
over the length of the trajectory. The instantaneous surface system. The large system sizes lead to extensive computational
tension was calculated from the pressure tensor every picosectime and thus did not allow us to run all the systems for long
ond, using eq 3 as explained in the Simulation Details section. trajectories. As seen from the density profiles in Figure 2a, the
The exact values of the surface tension as shown in Figure lions are associated with the headgroups, and the density profiles
can be misleading. The reason is as follows. We have calculatedof the spacer chains also lie close to the profiles for the
the surface tension of a pure air/water interface with TIP3P water headgroups.
model and found that it is much lower than the experimental  Figure 1a shows the average surface tension versus simulation
value. The lowering of the surface tension at the air/water time for the simulation of 123—12 atAs = 105 A? (system
interface by the surfactant molecules as described by thelb) calculated for about last 5 ns of the simulation. The average
CHARMM force field might also not be equal to the lowering value of surface tension at the end of 10 ns was calculated to
of surface tension by the surfactant molecules as measurecbe 28.3 dynes/cm. The surface tension of this system corre-
experimentally. Accordingly, we focus more on the change in sponding toAs = 105 A2 in the primary layer is not available
surface tension with time for the various simulations rather than via neutron reflection experiments. However, as discussed in
the absolute value of the surface tension. the Simulation Details, this corresponds to the surface area per
Figure 2 shows the number density profiles of water, ions, molecule at cmc, if the value of used in the Gibbs equation
and different fragments of the surfactant molecules: headgroupsfor calculating surface area from surface tension measurements
(H), chains (C), and spacers (S); along the normal to the air/is 3 instead of 2. The value of surface tension measured

[ 3
>

surface tension (dynes/cm)
o
>

\ l
7 8
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Figure 2. Density profiles along the axis for the different simulation systems. The profiles for ions have been multiplied by 3 for clarity. Panels
a, ¢, d, and f show that some surfactant molecules move below the main layer of surfactant molecules at the air/water interface. Panels b and e
represent systems where an even distribution of surfactant molecules gives rise to a uniform monolayer at the air/water interface. The plots show
both monolayers present at the two air/water interfaces for each system. In panels a and f, the distribution of molecules is slightly different for the
two monolayers. These systems are still in the process of equilibration as discussed in the Results and Discussion section. The shape of the profiles
in panels a and f could also be a result of the finite size effect arising because of the limitation of the small box size and limited number of
surfactants used in the simulations.
experimentally is 35 dynes/cFigure 2b shows the density increasing with simulation time, unlike the constant surface
profiles computed for the last 5 ns. As is clear from the figure, tension curve observed for system Ib (see Figure 1a). The
the surfactant molecules are well-distributed along the air/water increase in the value of average surface tension with simulation
interface, resulting in a stable monolayer. The ions are associatedime, as seen in Figure 1b, corresponds to movement of some
with the headgroups, and the spacers lie close to the headgroupssurfactant molecules from the interface into the aqueous phase.
The different parameters obtained from the density profiles in The surface tension keeps changing as the number of surfactant
Figure 2b are compared with the parameters obtained from molecules at the air/water interface changes. A constant average
neutron reflection experimeritin Table 2. surface tension of the system implies a stable interface and hence

Figure 1b shows the average surface tension ef4t212 at a constant number of surfactant molecules at the air/water
As = 77 A2 (system 1) for the last 12 ns of the 17-ns-long interface. After the movement of surfactant molecules from the
simulation. As seen from the figure, the surface tension keepsinterface into the water phase, we observe their subsequent self-
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TABLE 2: Comparison of Parameters Obtained from the MD Simulations with Those Obtained from Neutron Reflection
Experiments’2

spacer lengths conc odA onlA odA olA (exptl) OcHlA OcH/A (exptl) OsHA OsHA (exptl)

3 cmc/10 114 9.9 9.4 131 —6.4 —55+1 —-0.5 NA
4 cmc 10.8 10.4 9.7 141 —6.4 —-5+1 —-0.7 -1+3
12 cmc 9.9 7.7 8.1 131 -5.9 —5+1 —3.4 —-6+3

aColumn 1 shows the length of the spacer for the surfactarg12-column 2 shows the concentration corresponding to the valée @br
the values ofAs, see Table 1); columns 3, 4, and 5 show the full width of Gaussian®aff ithe height ¢) for chains (C), headgroups (H), and
spacer (S), respectively; column 6 shows the best fitted valuefodm neutron reflection experiment<Columns 7 and 8 [9 and 10] show the
distance between the centers of distribution of the chains [spacer] and headgroups obtained from the MD simulations and previous neutron reflection
experiments, respectively. All the reportecandd values from simulations are the averages of the values obtained for two monolayers at the two
vacuum/water interfaces for each system. NA indicates that data are not available.
assembly to form spherical aggregates. This results in a well- Figure la also shows the average surface tension ef 12
distributed monolayer of surfactant molecules at the air/water 12—12 at the air/water interface & = 151 A2 (system IV)
interface, consisting of about 55 molecules, with a resultant versus simulation time, and Figure 2e shows the density profiles
surface area per molecule of about 108 A computed over the last 2 ns. The density profiles show the
Figure 2c¢ shows the density profiles for system Il calculated Gaussian distribution of the different fragments of the surfactant
over the last 2 ns. We observe two peaks for the distribution of molecules. A stable monolayer with a uniform distribution of
surfactant chains for each monolayer, corresponding to aggregatesurfactant molecules exists at the air/water interface, with a
formation below the primary monolayer. The density profiles constant surface tension of 32.7 dynes/cm. The structure of the
obtained from our simulation are compared with the density stable monolayer can be seen in Figure 5, which shows a
profiles obtained from neutron reflection experiméimsTable snapshot of the simulation at= 10 ns. Table 2 shows the
2. The peaks with higher number density, in the density profile various parameters obtained from the Gaussian fits to the density
of the chains, represent the primary layer. The distance betweerprofiles in Figure 2e. The higher value &y compared to 12
the centers of distribution of the smaller peak for hydrocarbon 3—12 and 12-4—12 shows bending of the spacer toward
chains and the headgroups of the primary layer was 19.2 A. Li hydrophobic chains in 1212—12 as discussed above.
et al. observed secondary layer formation at an approximate Figure la also shows the average surface tension ef 12
distance of 1520 A from the center of the headgroup 14—12 at the air/water interface versus simulation timeiat
distribution. Our simulations show that aggregate formation = 133 A2 (system V). The average surface tension of the system
below the primary layer could be the reason for the observation at the end of 10 ns is 19.2 dynes/cm. We see a uniform
of a secondary layer in neutron reflection experiments. distribution of surfactant molecules at the interface. However,
It has been observed by transmission electron microscopywe also observe large-amplitude fluctuations in the monolayer
that 12-s—12 surfactants with a short spacs 2 or 3) form structure, and this could be the reason for a much lower surface
long, threadlike, and entangled micelles even at low concentra-tension value compared to that of systems Ib and IV. The density
tions, whereas they form spheroidal micelles wstl 4.27 In profiles obtained are very similar to system IV (Figure 2e) and
another MD study on model watesurfactant systems, it was are not shown here.
shown that Gemini surfactants with a spacer of two or more  Figure 2f shows the density profiles computed over the last
oil-like particles form a mixture of spheroids and tree-like 2 ns of the simulation of 1216—12 at the air/water interface
micelles?® Although the above observations were for the atAs= 103 A2 (system VI). As seen from the density profiles,
surfactants in bulk aqueous solutions, we observe formation of surfactant molecules penetrate the agueous phase. We observe
spherical clusters even below the air/water interface. Figure that the behavior of the system is similar to the behavior of
3a,b,c shows snapshots of the simulation at different times. At system la and system II, as discussed above. We see clear
the end of the simulation, the surfactant molecules from the aggregate formation below the air/water interface as shown in
two initially independent monolayers are too close to each other the snapshot of the system in Figure 6. We see slightly different
in the form of aggregates below the interface, and the two layers density profiles for the two independent interfaces, as seen in
start interacting with each other. Figure 2f. This could be a result of the finite size effect of using
Figure 2d shows the density profiles computed for-62 a small simulation cell, or it could be a result of the surfactant
12 atAs= 95 A2 (system III) over the last 2 ns of the simulation. layer whose density profiles are along the negafieis not
We observe penetration of some surfactant molecules from theequilibrated yet.
air/water interface to the aqueous phase, as seen from the density The high tendency of pre-micellar aggregation by Gemini
profiles. Although there is only one peak in the density profile surfactants has been discussed previously by many atthors.
of the chains, as compared to two peaks observed for system lIHere, we observe similar behavior for-13—12, 12-4—-12,
(Figure 2c), the distribution is not Gaussian, as seen for system12—6—12, and 12-16—12, at the air/water interface, at initial
Ib (Figure 2b). The presence of one peak for the density profile surface areas per molecule measured from surface tension
of the chains for each layer makes it difficult to calculate the measurements at the cmc. Rekvig et al. studied model linear
number of surfactant molecules in the primary layer and the and branched chain surfactants at the oil/water interface using
molecules below it. The most direct approach to look at the dissipative particle dynamics (DPD) simulations. They also
structure of the layer here is to look at the snapshot of the observed a curved interface and surfactant aggregation in the
simulation as shown in Figure 4. By looking at the snapshot, oil phase, at concentration below the cmc for some surfac-
we can see that the surfactant molecules exhibit uneventants??:3°
distribution giving rise to a rippled surface at the air/water  Our study reveals the three-dimensional molecular structure
interface. This structure of the interface could also be a result of the secondary layer formation, supplementing the one-
of the initial stages of the aggregation of surfactant molecules dimensional density profiles obtained by neutron reflectivity
into spherical aggregates, most likely artificially stabilized by experimentd. However, since lowering the surface density of
finite size effects. 12—3-12 (increasing the surface area per molecule from 70
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(a)

Figure 4. One of the monolayers from the final configuratios 10

ns for the 12-6—12 system at an initial surface area per molecule of
95 A2 The same representation is used as described for Figure 3. An
uneven distribution of molecules is seen at the air/water interface, giving
rise to a rippled surface.

(b)

LN D

Figure 5. One monolayer from the 1212—12 system at = 10 ns at

an initial surface area per molecule of 154 Ahe same representation
of molecules is used as explained for Figure 3. A uniform monolayer
exists throughout the simulation. Similar behavior is observed fer 12
3—12 at an initial surface area per molecule of 105ahd for 12-
14—12 at 133 & per molecule.

(c)

Figure 6. One interface taken from the simulation of the-115—12
system at = 15 ns at an initial surface area per molecule of 133 A
The same representation of molecules is used as explained for Figure
3. Surfactant is expelled from the interface and aggregate formation
occurs below a monolayer of surfactant molecules at the air/water
interface. The behavior of the system is very similar to that exhibited
by the 12-3—12 system at 70 Aper molecule and 124—12 at 77

A2 per molecule.

4]

Figure 3. Snapshots taken from the MD simulation of the-12-12 value ofn to be used in eq 1 for calculating surface area from

system with an initial surface area per Gemini molecule of 77} . - .
t=0ns, (b)t = 5.5 ns, ()t = 17 ns. Hydrocarbon chains of the surface tension measurements. Although it has been argued in

surfactant molecules are rendered as green tubes, the nitrogen atom§@ny papers that = 2 should be used, as discussed in the
of the headgroups as blue spheres, and the water molecules as purpléitroduction, our results here for +3—12 raise some doubt
points. All the hydrogen atoms and chloride ions have been removed about the correct value ofto be used. It is clearly not easy to
for clarity. A spherical surfactant aggregate forms, as is clear from the relate the bulk concentration of surfactants with their surface
Iastl sn?pSh?:haI:./H tns._ (t)nlfy one Oflthe évyotrl]aye_rs cl)fts,urfgctﬁnt density in simulations. Rekvig et al. have combined DPD with
molecuies at the alr/water interrface emplioyed In the simulation IS snown : .
for clarity. The MD simulation of the 12312 system at 70 Aper & Monte Carlo method to determine the bulk concentration
molecule yields similar results. needed to obtain a given surface density of model linear and
branched chain surfactants at the oil/water interface. They
A2 to 105 &) results in an even distribution of surfactant imposed constant surfactant chemical potential and normal
molecules at the interface and no aggregate formation, thepressure in separate simulations of bulk and interf&ég.
aggregation of surfactant molecules observed in these simula- The spacer becomes more hydrophobic and flexible as the
tions could be associated with the surface area values measuredpacer length is increased. This causes bending of the spacer
experimentally. One reason for a problem could be the debatabletoward the chains, resulting in non-monotonic changes in surface
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area per molecule at the air/water interface with increasing air/water interface. We suggest that simulations of each sur-

spacer length as discussed in the Introduction. Upon comparingfactant molecule at differem{s values at the air/water interface,

parts a-f of Figure 2, we clearly see that the density profile of for constans, will aid further understanding of the structure of

the spacer shifts toward the density profile of the chains from the layers at the air/water interface at different surfactant

the density profile of the headgroups along thaxis as the concentrations.

number of carbon atoms in the spacer is increased. The higher

value of dsy for 12—12—12 compared to those of +B8—12

and 12-4—12 confirms this observation. Hence, here our results

agree with the previous experimental and theoretical results.
In short, the behavior of the surfactant molecules studied here

can be partitioned into two general categories: In some casesReferences and Notes

all th_e Surfac_:tar_lt m_olecules stay at the air/water interface, giving (1) Kern, F.: Lequeux, F.; Zana, R.; Candau, S.ahgmuir1994 10,

a uniform distribution and hence a stable monolayer. In other 1714.

cases, some surfactant molecules move from the air/water31 (2) Schmitt, V.; Schosseler, F.; Lequeux,Burophys. Lett1995 30,

(4) Zana, R.; Benrraou, M.; Rueff, Rangmuir1991 7, 1072.
at the air/water interface, with a surface concentration of the  (5) Alami, E.; Beinert, G.; Marie, P.; Zana, Rangmuir1993 9, 1465.

Acknowledgment. This manuscript is dedicated to Chuck
Knobler on the occasion of his 70th birthday. The authors thank
Professor Robert K. Thomas for helpful discussions and the NSF
and NIH for funding the research.

primary monolayer lower than the initial surface concentration. ~ (6) Li, Z. X,; Dong, C. C.; Thomas, R. K.angmuir1999 15, 4392.
(7) Li, Z. X.; Dong, C. C.; Wang, J. B.; Thomas, R. Kangmuir2002
. 18, 6614.
Conclusions (8) Gemini Surfactants: Interfacial and Solution-Phase Bébig Zana,
The behavior of the 12s—12 series of Gemini surfactants R., >((9','§1' zJé'nEd;nggclgli(? ﬁktlé?f;'ggdécz\zlggz\(gﬂg ggg?‘ vol. 117.
at the air/water interface has been studied by fully atomistic  (10) Diamant, H.; Andelman, DLangmuir1994 10, 2910.
MD simulations using the CHARMM force field. The surfac- (11) Diamant, H.; Andelman, CLangmuir1995 11, 3605.

; — ; i (12) Maiti, P. K.; Chowdhury, DEurophys. Lett1998 41, 183.
tants withs = 3, 4, 6, 12, 14, and 16 were studied at initial (13) Devinsky, F.; Lacko, I.; Bittererova, F.; Tomeckova,JL Colloid

surface area per surfactatg = 70 A2, 77 A2, 95 A2, 151 A2, Interface Sci1986 114 314,
133 A2 and 103 A&, respectively. These are the surface area  (14) Devinsky, F.; Masarova, L.; Lacko,d. Colloid Interface Sci1985
values derived from surface tension experiments usirg 2 103 235.

. . . 15) Bocker, J.; Schlenkrich, M.; Bopp, P.; Brick JPhys. Chem.
in the Gibbs equation at cmc. The system-B2-12 was also 195252)6 %%fser'SC enkrich, M.; Bopp, P.; Brickmann].JPhys. Chem

studied atAs = 105 A2 This is the surface area per molecule (16) Lee, C. Y.; McCammon, J. A.; Rossky, PJJChem. Phys1984
calculated usingy = 3 in the Gibbs equation. Coincidentally, 80, 4448. _
this As value for 12-3—12 is the same as that measured at ,, (17) Bandyopadhyay, S.; Shelley, J. C.; Tarek, M.; Moore, P.; Klein,

: . " M. L. J. Phys. Chem. B998 102, 6318.
1/10th of cmc, by neutron reflection experiments. The behavior  (18) Hautman, J.; Klein, M. LMol. Phys.1992 75, 379.

of the surfactants was seen to depend on the valussaofi ggg Earden, T.;Jor;, D,; PeLderE';sonk,JL._Che’r\\Am lEhySL9g3 98,T10889. 9y

i _ ssmann, U.; Perera, L.; Berkowitz, . L.; Daraen, I.; Lee, H.;
As. Three systems studied, 43—12 at 1/10th of cmc (system Pederson. L. GJ. Chem. Phys1995 103 8577,
Ib), 12-12—-12 at cmc (system IV), and ¥214—12 at cmc (21) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;

(system V), give a continuous distribution of surfactants at the Klein, M. L. J. Chem. Phys1983 79, 926.
air/water interface, resulting in a stable monolayer. However, (22)t K?\:‘?: PLHZH_Ske%'v_ ';h Bha’;dagk?(} ’V'-(?j B“,J”“e}f{ _RS-; EllltfsoykA-?
in all other situations, we observe movement of some surfactantcgan‘q';uf_’ Physls;salgsisi' Seanozald, A Varadarajan, K.; Schulten,JK.
molecules from the air/water interface into the aqueous phase. (23) MacKerell, A. D.; Bashford, D., Jr.; Bellott, M.; Dunbrack, R. L.;
For 12-3—-12, 12-4—-12, and 12-16—-12, we see clear Evanseck, J. D., Jr.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S,;
; ; Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos, C.;

formation of aggregates bglow the primary layer of surfactant Michnick, S. Ngo. T.: Nguyen. D. T.. Prodhom. B.: Reiher, W. E.. Roux.
molecules at the air/water interface. For-¥2-12, we do not B, |ii; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub, J.; Watanabe, M.;
see clear aggregate formation below the interface, but an uneverwiorkiewicz-Kuczera, J.; Yin, D.; Karplus, MJ. Phys. Chem. B998
distribution of surfactant molecules at the interface resulting in 102 3586. o

. . . . - - (24) Ryckaert, J. P.; Ciccaotti, G.; Berendson, H. JJGComput. Phys.
a rippled surface exists. Our simulations provide a plausible 1977 53 357,
three-dimensional molecular explanation to the observation of  (25) Andersen, H. CJ. Comput. Phys1983 52, 24.
a secondary peak of surfactant molecules, below the primary (26) Feller, S. E.; Pastor, R. W.; Rojnuckarin, A.; Bogusz, S.; Brooks,
monolayer, observed in the density profiles obtained from B R.J- Phys. Cheml996 100 17011.

yer, ob _ y P \ (27) Zana, R.; Talmon, YNature 1993 362, 228.

neutron reflection experiments. We observe the bending of the  (28) Karabomi, S.; Esselink, K.; Hilbers, P. A. J.; Smit, B.; Karthauser,
spacer toward the hydrophobic chains, as the spacer length isl.; van Os, N. M.; Zana, Rciencel994 266, 254.
increased from three carbon atoms to sixteen carbon atoms. Thfioéég%SRgl(‘)‘ggv L.; Kranenburg, M.; Hafskjold, B.; Smit, Burophys. Lett.
simulations suggest that the presence of a spacer between the " (30) Rekvig, L.; Kranenburg, M.; Vreede, J.: Hafskjold, B.; Smit, B.

headgroups leads to complex behavior of the surfactants at theLangmuir2003 19, 8195.



