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Molecular dynamics simulations of sodium dodecyl sulfate (SDS)/dodecanol and SDS/hexadecanol monolayers
at the air/water interface were investigated where the monolayer mixtures were prepared by two different
configurations. In the first configuration, all of the dodecanol (or hexadecanol) molecules were placed together
and also the SDS molecules were placed together in the surface area. In the second configuration, the dodecanol
(or hexadecanol) molecules were uniformly distributed with the SDS molecules, forming a homogeneous
mixture. The results showed that the alcohol tails are more ordered and thicker than the SDS tails in monolayers
where the alcohol molecules are close to each other and separated from the SDS. However, the reverse trend
is observed in monolayers where the SDS and alcohol molecules are well mixed; that is, the alcohol tails
seem to have less order. Studies of how the SDS tails are affected by the presence of long chain alcohols are
also discussed. Basically, by increasing the alcohol chain length, the order and the thickness of the SDS tails
increased when those molecules were placed all together in a region of the surface area. When both surfactants
were well mixed, the order and thickness of the SDS chains decreased as the alcohol chain length increased.
Comparisons of the present results with actual experiments of similar systems were performed, and they
showed similar tendencies.

1. Introduction of the nonionic molecule® Moreover, surface tension experi-
) ) ] ments have shown that mixtures with similar hydrophobic tail
The behavior of surfactant molecules at different interfaces |engths but different headgroups may show different properties
has been extensively studied for the last years not only for the yhich can affect the structure of the monolayer at the interface.
scientific interest but also for the applicability in the industry. Those results suggest that the behavior of different surfactants

Therefore, several experimental techniques have been conducteg; interfaces might be attributed to the different polar groups of
to study systems of one kind of a surfactant molecule such asihe molecules.

fluorescence, resonance Raman scattering, neutron reflection, yowever. the role of the chain length of the molecules in
second harmonic generation, vibrational sum-frequency spec-grtactant mixtures is discussed only briefly by some authors.
troscopy, Brewster angle microscopy, atomic force microscopy, ror instance, in the early experimental work of Patist et’al.,

and time-resolved quasi-elastic ladet.However, most of the they present studies of sodium dodecy! sulfate with long chain
interesting problems, with applications in commercial products, alcohols, showing how the compatibility between the chain
consist of a mixture of surfactant molecules which have richer length plays an important role in the stabilization of sodium

properties than individual ones. For instance, nonionic surfac- dodecy! sulfate (SDS) micelles.
tants are generally used together with anionic surfactants as o, the other hand. due to the substantial increase in the

active ingredients in products such as shampoo, hand dishe,mntational power, computer simulations became an impor-
washing liquids, and washing powders. Therefore, it is not @ (4t to0| for the study of such complex interfacial systéfas
surprise to find also several studies in the literature on surfactantusing this computational methodology, it is possible to extract

mixtures using several experllmenta(lj tecrffmlques such as caloyy,gre jnformation about dynamical and structural properties from
rimetry, X-ray, neut;or;escattenng, and surface tension measure-, mgjecular level which sometimes are not easy to obtain from
ments among others: real experiments.

Of particular interest is the study of the structure and  Therefore, in the present work, we performed a series of
composition of the surfactant mixtures such as the extension of computational experiments to investigate the effects of the length
the chains or the thickness of the monolayer mixture at of the tails of different surfactants on the structure of monolayer
interfacest*~*° For instance, using neutron reflection experi- mixtures. In particular, we focused on monolayer mixtures of
ments}® some authors have performed studies to investigate anjonic/nonionic surfactants; moreover, we investigated how two

differences in the position of the components of the sodium different nonionic molecules which have the same headgroups
dodecy! sulfate/dodecanol mixture at the air/water interface. pyt different tail lengths affect the behavior of the anionic

Other experiments of anionic/nonionic mixtures have described surfactant or in genera| the role of the chains of the nonp0|ar
an increasing change in position of the nonionic molecules at syrfactants in the position of the surfactant molecules at the
the interface relative to the solvent with increasing solubility interface. Particularly, the SDS/dodecanol mixture was chosen,
since dodecanol seems to be the most common contaminant of
*E-mail: hectordc@servidor.unam.mx. SDS caused by the synthesis which makes this system interesting
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to study. The other monolayer was the SDS/hexadecanol 12 . . T . .
mixture. In fact, previous works of SDS/dodecanol monolayers 1L _ a)
have been published in the literature and some experi-
mentaf~111516and computationéd data are available. Although
those results were performed at a low concentration of the
nonionic surfactant in this work, we also wanted to study the
effects of having a significantly higher nonionic surfactant

p(2) (gr/cc)
o
[=2]

concentration in the mixture. Therefore, when it was possible, 02r
some comparisons of actual experiments with the present results 0 b .
were conducted. 12 : .

2. Computational Method and Model ir

Simulations of two anionic/nonionic monolayer mixtures were
performed using the molecular dynamics (MD) method. For the
anionic surfactant, we used the well-known SDS molecule model

p(2) (gr/cc)
o
(=2}

composed of a headgroup (g@ttached to a hydrocarbon chain 041 |
of 12 united carbon atoms. For the first nonionic surfactant, 02+ 1
we used the dodecanol molecule which has the same tail length . .

as the SDS molecule, and for the second nonionic surfactant, =0 -0 10 30

we used the hexadecanol which has the same hydroxyl group ] ]
of dodecanol but a longer tail. For both nonionic molecules, Figure 1. Density profiles for the SDS/dodecanol monolayer at the

] air/water interface. The top picture corresponds to the MND1 mono-
the same united carbon model of the SDS for the hydrocarbonlayer, whereas the bottom picture represents the MND2 monolayer.

tails was employed and the simulation parameters for the SDSyater is depicted by the dotted line, the SDS headgroups by the light
and dodecanol were the same as those used in previoussolid line, and the SDS tails by the light dashed line. The dodecanol
works!®26 (the hexadecanol molecule has basically the same polar groups are given by the dark solid line and the dodecanol tails
structure as the dodecanol with a longer hydrocarbon tail), by the dark dashed line.

whereas for water molecules we used the SPC (simple point

charge) model. In all of the simulations, a water/vapor interface was imposed

All simulations were carried out using the Berendsen pressureat one opposite end of the simulation bax< 0), whereas, in
algorithm with a time step of 0.002 ps using the DL-POLY the other side of the box (> 0) where the tails were located,
packageé’ However, for these simulations, the calculation of there was a large empty space; that is, #itémension of the
the pressure was modified to change ¥eY box dimensions ~ box was set to 150 A.
only to have aNPy,T algorithm. Bond lengths were constrained Once each monolayer was prepared, 1185 water molecules
using the SHAKE algorithm with a tolerance of ¥ and all were added surrounding the headgroups and 32 sodium anions
simulations were performed &8t = 296 K. The long range  (Na') were randomly inserted in the interfacial region. Periodic
electrostatic potential was handled with the particle mesh Ewald boundary conditions were applied, and with the headgroup of
method with a precision of 106, and the van der Waals the molecules initially pinned, a short MD simulation at=
interactions were cut off at 10 A. 296 K was performed. Then, each system was equilibrated for

The initial configuration was constructed from 81 SDS 100 ps, and finally, they were run up to 6.5 ns, collecting data
molecules in an all-trans configuration placed perpendicular to for the last 2 ns for analysis. The configurational energy was
the X—Y plane in a square area. Then, 49 SDS molecules weremonitored as a function of time to determine when the system
replaced with 49 dodecanol molecules also in an all-trans reached equilibrium.
configuration, leaving only 32 SDS molecules. The number of
dodecanol molecules was selected in order to have neatty 50 3. Results
50 % in molecular weight.

To investigate how the different surfactant molecules arrange  In this section, we present the calculations performed on the
in mixtures of actual experiments, two mixtures of the same monolayer mixtures. Analysis of the structure and orientation
system were prepared. In the first case, all of the dodecanolof the two distinct surfactant molecules in the different mono-
molecules were placed together and also all of the SDS layers is discussed.
molecules were placed close to each other, and we called this 3.1. Density Profile.In Figures 1 and 2, the profiles of the
monolayer MND1. This system would help us to see if a monolayer mixtures are shown, that is, théependent density
probable configuration of the monolayer is to form domains of profiles for water, headgroups, and hydrocarbon tails of each
surfactants as some experiments suggest. For the second systeraurfactant molecule. To make the plots clear, the distributions
the dodecanol molecules were placed randomly at the interface,of the SDS and the dodecanol (and the hexadecanol) molecules
avoiding the case of having together two molecules of the samewere plotted separately. The SDS headgroup density profile
surfactant close in the mixture; that is, SDS and dodecanol wereincludes the S@ group and the Nacounterion. In Figure 1,
well mixed. We called the monolayer MND?2. the plots for MND1 (Figure 1a) and MND2 (Figure 1b) are

The same procedure was conducted for the SDS/hexadecanashown with the headgroup and tail profiles plotted separately.
monolayer mixture; that is, a system with 49 hexadecanol and An interesting feature is the flat region of the chain profiles,
32 SDS molecules was prepared in the two different forms as since in previous simulations of the same system at low
described above. The first monolayer (MNH1) has all of the dodecanol concentration it did not appear, suggesting that both
hexadecanol molecules placed together, whereas in the secondurfactant tails want to be more straight at high nonionic
monolayer (MNH2) the hexadecanol molecules were placed concentration. In both figures, basically the same trend is
uniformly in the surface area well mixed with the SDS depicted; however, the SDS tail profile seems to be slightly
molecules. wider in MND2 than that in MNDL1, indicating that the SDS
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Figure 2. Density profiles for the SDS/hexadecanol monolayer at the Figyre 3. Radial distribution functionsg(r), in the SDS/alcohol
air/water interface. The top picture corresponds to the MNH1 mono- mixtures. Panel a showgr) when both surfactants are well mixed,
layer, whereas the bottom picture represents the MNH2 monolayer. MND2 and MNH2. The light solid and dashed lines represent
Water is depicted by the dotted line, the SDS headgroups by the light g (r5 ow) and grarn-ow), respectively, for the MND2 (SDS/dode-
solid line, and the SDS tails by the light dashed line. The hexadecanol canol) monolayer. The dark solid and dashed lines represefit_ow)
polar groups are given by the dark solid line and the hexadecanol tails and gyAru-ow), respectively, for the MNH2 (SDS/hexadodecanol)
by the dark dashed line. monolayer. In panel b, thg(r)'s of MND1 (SDS/dodecanol) and MNH1
(SDS/hexadecanol) when both surfactants (SDS and dodecanol or
chains are thicker when SDS molecules are randomly placedhexadecanol) are separated are shown. The light solid and dashed lines
with dodecanol than when they are all together. representgsairs-ow) and graxru-ow), respectively, for the MND1

To measure the width of the tail profiles, the following ™Monolayer. The dark solid and dashed lines repreg@its-ow) and
functi fitted ! Ohna(rH-ow), respectively, for the MNH1 monolayer. The meaning of
unction was nitte eachg(r) is given in the text.

c=0 (tanl‘{z - 21) B tan)'(Z - Zz)) 1) In Figure 2, the SDS/hexadecanol monolayers are shown. In
0 w this case, the headgroup profiles of the SDS and hexadecanol
are wider when the molecules are grouped (Figure 2a) with
Here, Z is the position of the different molecule groups along molecules of the same kind than when the molecules are well
the interface and the differenac®Z = 7, — Z, gives us the mixed (Figure 2b). The positions of the headgroup profiles are
width of the profile. In this case, both tail density profiles in  Zo = 2.33 A for SDS andZ, = 2.99 A for hexadecanol in
MND2 are slightly wider than those in MND1. For the SDS MNH1, with the distance difference beiny = 0.66 A. For
tail profiles, AZ = 13.8 A in MND1 andAZ = 14.6 A in MNH2, the headgroup profiles are locatedZat= 1.31 A and
MND2, whereas, for the dodecanol tail profilesZ = 13.9 A Zy=2.36 A for the SDS and hexadecanol profiles, respectively,
in MND1 andAZ = 14.3 A in MND2. Those results indicate  and the distance difference &= 1.06 A. It seems that, once
that the tails of both surfactants are more bent in MND1 than again, the SDS headgroups are deeper into the solvent than the

in MND2, as stated before. hexadecanol headgroups. On the other hand, while the tail
The analysis of the headgroups was calculated by fitting a density profiles of the SDS molecules look alike in both
Gaussian of the profiles using the following distribution: monolayers (MNH1 and MNH2), the hexadecanol tail profile
in MNH1 is slightly wider than that in MNH2, suggesting that
—4@z - ZO)Z those chains are straighter in MNHl than in MNH2. For this
p=poXl———— ) monolayer, we havAdZ = 14.0 A in MNH1 andAZ = 13.45
o A in MNH2 for the SDS tail profiles, respectively, whereas,
for the hexadecanol profiledyZ = 19.7 A in MNH1 andAZ
For MND1, the SDS headgroup profile is centereat= =17.7 A'in MNH2.
0.26 A, whereas the dodecanol headgroup iZat 2.68 A; 3.2. Surfactant Structure at the Interface. How the
that is, there is a distance difference of abAut 2.42 A. For headgroups arrange at the interface can be analyzed in terms of

MND2, the headgroup profiles are locatedZat= 1.40 A and the pair distribution functiong(r). Theg(r) value can give us

Zo = 2.93 A for the SDS and dodecanol profiles, respectively. information about the water molecules located at the interface
Here, the distance difference is = 1.53 A. Although the and their distribution around the headgroups of the different
distance differenceXA) for MND1 and MND2 monolayers is  surfactants in the mixtures. Since we are interested in how the
small, we clearly observe that the SDS headgroups are deepefSDS tails change with different cosurfactants which have the
into the solvent region; that is, the SDS heads seem to penetratesame headgroups but different tails, we plotted in the same panel
more into the water phase than the dodecanol headgroups. Théhe case when the anionic molecule interacts either with
same tendency has been observed in neutron reflection experidodecanol or with hexadecanol. In Figure 3a, ¢ie values
ments of the same system at low dodecanol concentration, wherdor MND2 and MNH2 are showngsgA{rs-ow) is the pair

it was observed that the SDS volume fraction profile was distribution function of the sulfur atoms, of the SDS in MND2,
displaced toward the water from the dodecanol prdfif. with the water oxygens, argihArs-ow) is the one of the sulfur
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atoms, of the SDS in MNH2, with the water oxygens. (1 e o e s e L i B i e
OnaArn-ow) is the pair distribution function of the hydrogen a) Al [ B

atoms, of the OH headgroup in dodecanbIND2, with the

water oxygens, angdnhAru-ow) is the distribution function of

the hydrogen atoms, in hexadecanbINH2, with the water
oxygens. Since the dodecanol and hexadecanol headgroups are
identical, basically the same plots are depictedgQirs—ow) o0 -
andgsnArs-ow) and also fomhgArH-ow) andgnnAru-ow). The

first peak ofgsaArs—ow) andgsnArs-ow) is around 4.0 A where s amE
the first solvation shell is defined which is a similar value found 100
in previous studies of SDS at the water/CCl4 interféemd in
previous simulations of SDS/dodecanol at low dodecanol
concentratiorf®

Theg(r)’s indicate a large number of water molecules around | [ b .
the SDS headgroups; however, hydrogen bonds between the Il |
OH groups of dodecanol (or hexadecanol) with the oxygens of 20+ 0t |
water make these two groups get closergas(rn—ow) and ] ‘
OnnArH-ow) indicate. MoreoverghaAri-ow) and gnnArH-ow) AR B
present more structure with two well-defined peaks around 1.9 r(A) r(A)
and 3.1 A where the first and the second solvation shells are Figure 4. Number of water molecules (as a function of the distance)
defined. around the sulfur atoms in the SDS headgroups (grey histogram) and

When the dodecanol (or hexadecanol) molecules were pIaceoﬁ:IOUT(dl_the r?_y?rogen:)s if’:/lthe ldodecanr?l (Ofbhfﬁade?arlODtheadgfOUIIOS

H ack line nistogram). onolayers wnere potn surractants are we
3{!5;%2?3%‘2{ ;T};gi?gg;"?’igz'r\g'\'?z)l t(grtr':/:g:ulrz l‘:"i’gu"’;fo mixed (a) MND2 (SDS/dodecanol) and (b) MNH2 (SDS/hexadecanol).

. Monolayers where both surfactants are separated (c) MND1 (SDS/
3a. Although the peaks are nearly at the same position as thoSgjodecanol) and (d) MNH1 (SDS/hexadecanol). The meaning of the
in Figure 3a, their heights are slightly different. The same distancer is the same as that in thgr) functions of Figure 3.
notation is used for thg(r)’s; however, these functions are given
for MND1 and MNHL1, as stated by the subnumber 1, instead from one water oxygen to the sulfur atom of a SDS molecule
of 2, in theg(r)’s. gsai(r's-ow) andgsni(rs-ow) have small peaks  (or hydrogen, OH, of the dodecanol or hexadecanol) and the
compared WithgsaArs-ow) andgshArs-ow) (Isni(fs-ow) is even water dipole vector of the same water molecule. Moreover,
smaller thangsn{rs-ow)). It seems that there are less waters Pp(cos#) was determined in the two solvation shells around the
around SDS, in MND1 and MNH1, compared with MND2 and  headgroups defined by the distance of the first and second peaks
MNH2. in g(rs-ow) andg(ru—ow) for each monolayer mixture.

The first peak 0Bhai(ri-ow) andgnni(r-ow) becomes higher, All of the distributions in monolayers MND1, MND2, MNH1,
having nearly the same height as the second peak, suggestingind MNH2 are shown in Figure 5. The top and bottom figures
that there are more water molecules close to the hydrogens inagre theP(cos 6) of SDS (left) and dodecanol or hexadecanol
dodecanol (or hexadecanol) in these monolayers. It seems thafright) for (MND2 and MNH2) and (MND1 and MNH1),
these monolayer configurations help the water molecules respectively.
approach more the dodecanol (or hexadecanol) headgroups, Regardless of the monolayer, the water distributions around
leaving less water close to the SDS headgroups. the SDS headgroups look alike (Figure 5a and c). In the first

Itis worth mentioning that the monolayers are inhomogeneous solvation shell, the water dipole has the highest probability,
and nonsymmetric systems in tkelirection, since the water  pointing approximately Flaway from the water-oxygen-to-
is placed only in the negatizaxis. Therefore, this is the reason  sulfur vector (solid lines in Figure 5a and c). This value is in
the g(r)'s of the surfactantwater do not go to unity and they  agreement with previous simulations of SDS at the water/oil
seem to take lower values as compared to tym@als of bulk interface!8.25 Since for these systems there is not a well-defined
systems. second solvation shell (segr) in Figure 3), we calculated an

In Figure 4, the plots of the number of water molecules around angular distribution of water molecules in the interval from 5.2
the sulfur atoms in SDS and the hydrogens in the OH to 7.8 A ingsiArs-ow), haAr's-ow), Gsdi(r's-ow), andgsnirs—ow).
headgroups of dodecanol (or hexadecanol) are shown. FromThe apparent large distance of the second solvation shell (to
those pictures, we observed how the number of water moleculesobserve water molecules) from the SDS headgroups and the
around the dodecanol (hexadecanol) headgroup2.® A) flat region of g(r) at that distance suggest that the water
increased in the first solvation shell in MND1 (Figure 4c) and molecules have nearly a bulk behavior. Therefore, the water
MNH1 (Figure 4d) monolayers compared with those in MND2 molecules should be more uniformly oriented around the SDS
(Figure 4a) and MNH2 (Figure 4b), respectively. At the same headgroups, as indicated by the lack of structure in the
time, it seems that water molecules around the SDS headgroup®rientational distributions (dashed lines) of Figure 5a and c.
(0—5.2 A) decreased in the first solvation shellin MND1 (Figure  On the other hand, the angular distribution of water around
4c) and MNH1 (Figure 4d) compared with those in MND2 the dodecanol (or hexadecanol) headgroups presents different
(Figure 4a) and MNH2 (Figure 4b), respectively. These results shapes with respect to those next to the SDS molecules. In this
are complementary to those observed in the algvecalcula- case, the water dipoles, in the first solvation shell, point to the
tions. opposite directions of the oxygen(H20)-to-hydrogen(OH) vector

To understand how water responds to the charged surface(solid lines in Figure 5b and d), whereas, in the second solvation
the orientation of the water molecules next to the surfactants atshell, the water dipoles were more uniformly oriented (dashed
the interface was also analyzed. Then, the probability distribution lines in Figure 5b and d), although there is a tendency to orient
P(cos) was calculated, wheris the angle of the vector going  the water dipoles to the H280H vector. Moreover, in MND1

80 r

MNum. Particles

Mum. Particles




Computer Studies on the Effects of Long Chain Alcohols J. Phys. Chem. B, Vol. 110, No. 26, 20083155

0.08 T T T T T T 1 T

P(6)

0.06

P(6)

0 1
-1 05 0

06 b) A

05 —
0 1

2 3 4

56 7 89

01

1 1 L L
112 13 14 15

Cos(6)

Carbon Atom Number

Figure 5. Orientational distribution functionP(cos ), of water in Figure 6. Cosine of the angle between te—C, (n= 2, 3, ..., 12,
the first and second solvation shells. The light solid and dashed lines ... , 16) vector and the vector normal to the interface of the surfactant
represenP(cos ¢) of water around the sulfur atoms (in SDS) in the molecules. The top picture shows césof the tails in MND2 and
first and second solvation shells, respectively, in MND2 (left top, @) MNH2. The light lines with empty circles and square symbols are for
and in MND1 (left bottom, c). The dark solid and dashed lines represent the SDS and dodecanol molecules in MND2, respectively. The dark

P(cos 8) of water around the sulfur atoms (in SDS) in the first and

second solvation shells, respectively, in MNH2 (left top, a) and in
MNH1 (left bottom, c). The light solid and dashed lines repre&éabs

6) of water around the hydroxyl groups of dodecanol in the first and
second solvation shells, respectively, in MND2 (right top, b) and in
MNDZ1 (right bottom, d). The dark solid and dashed lines represent
P(cos ) of water around the hydroxyl groups of hexadecanol in the
first and second solvation shells, respectively, in MNH2 (right top, b)
and in MNH1 (right bottom, d).

and MNH1, a maximum is observed also nearly&tl°. It is

lines with full circles and square symbols are for the SDS and
hexadecanol molecules in MNH2, respectively. The bottom picture
shows cod of the tails in MND1 and MNH1. The light lines with
empty circles and square symbols are for the SDS and dodecanol
molecules in MND1, respectively. The dark lines with full circles and
square symbols are for the SDS and hexadecanol molecules in MNH1,
respectively.

A for SDS and hexadecanol tails, respectively. Here, hexa-
decanol tails are thicker than SDS tails, as expected. The tilt
angles in MNH1 ared = 13.9 andf = 8.8 for the SDS and

also observed in this case that the probabilities are in generaline hexadecanol tails respectively. For MNH2= 26.7° and

slightly higher in the SDS/dodecanol mixture than in the SDS/
hexadecanol mixture.

0 = 25.9 for the SDS and hexadecanol tails, respectively. In
this case, the SDS/hexadecanol systems have a reverse trend

We also measured the average orientation of the water dipolesyjith respect to the SDS/dodecanol monolayers: the tails of both

at the interface for all of the monolayers, and an angle 68°
(in all systems) was found, pointing to the positaxis with
respect to the normal to the interface.

3.3. Hydrocarbon Tails, Length, and Tilt Angle. The

surfactants are more bent when the molecules are well mixed

than when the SDS and hexadecanol are separated. All of these
values are in agreement with those tendencies observed in
Figures 1 and 2 of the density profiles.

thickness of the monolayer as measured in experiments is More information about the inclination of the tails can be

calculated in the simulations by the projection of the chains
along the normal to the interfade. For the monolayer MND1,

calculated from the average angle betweenGheC, vector
(Cy, first carbon;C,, thenth carbon in the tailn= 2, 3, ..., 12,

the average thickness for the SDS and dodecanol is 12.4 and.. | 16) and the vector normal to the interface.

12.5 A, respectively; that is, both tails have mainly the same
extension. For MND2, the SDS tails are slightly longés €
13.2 A) than those of the dodecand} & 12.8 A). Calculating
the total length of the tailsgs, it is also possible to make a
rough estimate of the chain tilt from the ratio betwegrand

dt, c0sO = 046 For the SDS/dodecanol monolayer, the filt
angles are® = 20.7 and 0 = 21.4 for SDS and dodecanol
tails in MND1, respectively, whereas, in MND2, the tilt angles
aref = 11.8 and @ = 14.8 for SDS and dodecanol tails,
respectively. An interesting feature is that both molecule tails

In Figure 6a, the results for the SDS/dodecanol and the SDS/
hexadecanol monolayers when both surfactants are completely
mixed (MND2 and MNHZ2) are shown. From these graphs, we
observed that at the beginning of the chain the dodecanol bends
more than the SDS tails. Nevertheless, all of the tails reach a
plateau at the end, suggesting that the last carbons in each tail
have the same inclination. In MND2, the dodecanol tails are
more bent than those of the SDS and the same tendency is
depicted from MNH2; the hexadecanol is slightly more bent
than the SDS.

bend more when the two surfactants are separated at the interface When all of the SDS molecules are together at the interface,

than when they are uniformly mixed.

Experiments of neutron reflection of SDS/dodecanol at the
air/water interface conducted by Lu et al. showed that the
dodecanol is thicker than the anionic surfact&rand they also

a reverse trend is observed in MND1 and MNH1 (Figure 6b).

In MND1, the dodecanol tails are straighter than the SDS tails,
although the cosine values are quite similar for both surfactant
chains. In the monolayer MNH1, the same tendency is depicted;

observed that the tilt angle of the SDS chain is higher than that that is, the hexadecanol tails are also slightly straighter than

of the dodecanol.
For the MNH1, we havé, = 12.8 A for SDS and), = 18.1
A for hexadecanol, whereas, for the MNHZ,= 12.3 and 16.2

the SDS tails.
Another interesting feature in the SDS/dodecanol monolayers
is when the SDS molecules are close to each other and apart
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from dodecanol (MND1), the tails of both surfactants are more T
bent than those when the surfactants are randomly mixed in 045 | |
the monolayer (MND2). For the SDS/hexadecanol monolayers, '
the reverse trend is observed; when the surfactants are well 04+
mixed (MNH2), both tails bend more than those when the mg
surfactants are separated (MNH1). It seems that the arrangement 1035
of the surfactants helps the chains to become straighter. ! |
These results are in agreement with those calculated from
the above previous calculations of the thickness. Moreover, for 0.25
the SDS/dodecanol monolayers, the same tendencies were 05 ———r——————1——— 11—
observed in simulations of the same system at low dodecanol b)
concentratior?® however, in the present study, the values of 045
the inclination and the length of the tails are much higher for 04l |
both surfactants, suggesting that high alcohol concentrations 3
make longer and straighter tails. D ozt
Interesting is the behavior of the SDS tails when they are
with dodecanol or hexadecanol. If SDS is uniformly mixed 031 i
either with dodecanol or hexadecanol (MND2 or MNH2), the o5l
SDS tails are straighter than those of the dodecanol or 0123456 78 910112131415

hexadecanol, respectively. However, if the dodecanol (or Carbon Atom Number N
hexadecanol) molecules are placed together (MND1 and MNH1), fh'guéﬁr?écfgﬁtoﬁgggﬁ{gg‘?ﬁﬁreﬁ ;‘ E‘igﬁ}'rgnscr’;g‘; g?r&%”tgﬁz'ti'g“ of
the SDS tails Se.em to be more l.)entl a.lthOLIgh in MND1. the MND2 and MNH2. The light lines with empty circles and square
values of the cosine angles are quite similar for both molecules.symbmS are for the SDS and dodecanol molecules in MND2

3.4. Order Parameters.In the experiments, a better detailed  respectively. The dark lines with full circles and square symbols are
picture in the interior of the molecules comes from the deuterium for the SDS and hexadecanol molecules in MNH2, respectively. The
NMR spectra where the average inclination of the chains is bottom picture show&co of the tails in MND1 and MNH1. The light
quantified by an order parameter. The ordering of the tails in lines with empty circles and square symbols are for the SDS and
phOSphOleId membranes is Usua”y characterized by the so- d_odecanol molecules in MND1, respectively. The dark lines with full

. - circles and square symbols are for the SDS and hexadecanol molecules

called deuterium order paramet&p, which shows the average ' NH1 respectively.
inclination of the C-D bond with respect to the bilayer normal. '

In tho_se measurements, the_ hydrogens of the chains "’_‘reparameter is higher for the dodecanol or hexadecanol than that
selectively replaced by deuteriums and they are observed with¢, o SDS, that is, the opposite trend observed in MND2 and

the NMR technique. In computer simulations, where a united MNH2. We have for MND1Sco| = 0.36 andSeo|(= 0.38
CH, atom model is used, the order parameter is calculated with for the SDS and dodecanol tails, respectively, whereas for

the following formula?® MNH1 we havellSeo| (= 0.41 and]Sco| = 0.45 for the SDS
_ (2 1 and hexadecanol tails, respectively. On the other hand, in this
Sep = (T9)Su /3)%'3’ ®) case, we observed that tBep order increased in the SDS tails

when the length of the cosurfactant tail (alcohol) increased in
the mixtures.

In the SDS/dodecanol monolayer, we also noticed that
regardless of the surfactant (SDS or dodecanol) the tails are
more ordered when the surfactants are well mixed than when
they are separated, that i§Scp(MND1)|Uis lower than(iScp-
(MND2)|0 When the alcohol tails are longer than those of the
SDS (SDS/hexadecanol monolayers), the tails are more disor-
dered when the molecules are well mixed than when they are
separatedf]Scp(MNHL1)|Ois greater thar]Scp(MNH2)|C

S, = ()3 cosb, cosb, — o0 (4)

i,j =X Y, zand§; is the angle between thth molecular axis
and the normal to the interface (see the details in ref 28).

In Figure 7, theScp order parameter is calculated for each
surfactant in the different monolayers. In Figure 7a, the MND2
and MNH2 monolayers are shown, SDS and dodecanol (or
hexadecanol) are mixed, and it is observed that the SDS tails
have higher order than the dodecanol or hexadecanol tails in
each monolayer, respectively. As a general tréag decreases
down the chain, indicating that the last carbons in the chain are
distributed in a more isotropical way. However, in the MNH2
monolayer, we observed a plateau region extending for almost We performed a series of molecular dynamics computer
all of the carbons in the SDS molecule, whereas, for the simulations on SDS/dodecanol and SDS/hexadecanol mixtures
hexadecanol molecule, the plateau region extends from carbonat the air/water interface at a high concentration of dodecanol
3 to carbon 10. It is also possible to characterize the order in and hexadecanol molecules.
the tails by the quantity]Scp|C] which is the average order In both monolayer mixtures, two systems were prepared at
parameter over all of the carbons in the chain. For MND2, the same dodecanol and hexadecanol concentration. For the
0Scp|0= 0.44 and<p|0= 0.42 for the SDS and dodecanol SDS/dodecanol monolayer, the first system consisted of all the
tails, respectively, and for MNHZ]Scp|0= 0.35 and(Scp|O SDS surfactants placed together and the dodecanol surfactants
= 0.33 for the SDS and hexadecanol tails, respectively. were also close to each other (MND1). In the second system,
Interesting is the decrease in tep order of the SDS tails  the SDS and dodecanol molecules were placed in such a way
when they are with hexadecanol compared to when they arethat all molecules were uniformly mixed in the surface area
with dodecanol surfactants. In fact, both surfactant tails have (MND2). The same preparation was conducted for the SDS/
less order in MNH2 than in MND2. hexadecanol system. The SDS and hexadecanol molecules were

Different features are observed when both surfactants areseparated (MNH1) in different regions of the surface area, and
separated in the mixture. In MND1 and MNHL1, tBg> order in the other system, all of the SDS and hexadecanol molecules

4. Discussion and Conclusions
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were uniformly distributed at the interface (MNH2). In all On the contrary, if the monolayer does not form domains,
monolayers, it was observed that the anionic headgroupsthat is, the surfactant and the cosurfactant are well mixed, having
penetrate deeper into the water phase than the nonionicSDS molecules close to dodecanol (MND2) or hexadecanol
headgroups. However, from these simulations, some differencesMNH2) molecules, the tails have different behavior. The chain
can be depicted from the SDS/dodecanol monolayer at high length incompatibility between the SDS and the hexadecanol
dodecanol concentration with respect to previous simulations makes the excess hydrocarbon tails, in MNH2, have more
at low dodecanol concentratidh.From these results, we thermal motions (as discussed in previous works on the micellar
observed that due to the large number of dodecanol moleculesstability of SDS solutions with long chain alcohbls reducing
less water molecules approach the SDS headgroups (comparethe order and the extension of the tails with respect to those of
with data simulations at low dodecanol concentration), since SDS and dodecanol in MND2 where both surfactants have the
they also want to form more hydrogen bonds with the hydroxyl same chain length.
groups of dodecanol. Finally, from these computer simulations, we believe that the

However, the main differences between the monolayers were present results give us new insights to understand the conforma-
observed in the arrangement of the tails. The first difference in tion of the SDS with long chain alcohols at interfaces.
the SDS/dodecanol system at high alcohol concentration with
respect to the low concentration of earlier works is the  Acknowledgment. | acknowledge support from CONACyT-
considerable increase in the order and the thickness of both tailsMexico through grant 42842-F.
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