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The impact of alcohol additives on the self-assembly of surfactants in supercritical carbon dioxide

is investigated using lattice Monte Carlo simulations. We observe that all st(dizde) alcohols

reduce the critical micelle concentration. The reduction is stronger the longer the hydrocarbon chain
of the alcohol, and the higher the alcohol concentration. Short-chain alcohols are found to
concentrate in the surfactant layer of the aggregates, replacing surfactant molecules and leading to
a strong decrease of the aggregation number and a large increase of the number of aggregates. On
the other hand, only a small number of alcohol molecules with longer chain length are found in the
aggregates, leading to a slight increase in the aggregation number. However, structural properties
such as size and density profiles of aggregates at the same aggregation number are not influenced
markedly. Consequently, short-chain alcohols act casurfactants directly influencing the
properties of the aggregates, while alcohols with longer hydrocarbon chains weodsalsents

altering the properties of the solvent. However, the transition between both extremes is gradual. ©
2005 American Institute of PhysidDOIl: 10.1063/1.1855291

I. INTRODUCTION Under constant C@pressure conditions, an alcohol concen-
tration of 1.12 M caused a fourfold increase of the;
Supercritical carbon dioxidéscCQy) is an attractive al-  solubility. In a similar system, McFanet al®” studied the

ternative to conventional solvents since it is environmentallysolubility of water and found that 0.5—0.8 wt. % water can
benign, inexpensive, essentially nontoxic, and has moderatse solubilized in a solution of pentaethylene glycol n-octyl
critical conditions(Tc=304.13 K Pc=73.773 bar. Further-  ether(C4Es) in scCQ,, depending on the surfactant concen-
more, its density, viscosity, and dielectric properties are untration. The water load of the solution was found to increase
usually tunable by small changes in the thermodynamic conpy 3 factor of 4 to 5 if n-pentanol was added.

ditions (temperature and pressyrhich are easy to control Later, Sawadat al® studied the same system and sys-
in practice, making supercritical carbon dioxide an unusualltematically investigated the dependence of the solubility of
versatile solvent.Unfortunately, the poor solvent quality of CgEs on the chain length of the added alcohol. The solubility
CO, for polar substance¢such as water and ionic com- experiments revealed an optimum performance of the alco-
pounds and high molecular weight polymers limits its wide po| with a chain length of 5 carbon atoms, i.e., n-pentanol.
application. One potential way to overcome this limitation iSThe author® further report that this behavior was indepen-
to solubilize these otherwise insoluble substances within regent of temperature. In agreement with McFann’s results,

verse micelles formed by surchtaﬁfé.Howeygr, the low  gawadeet al. also found that the water solubility increased
solvent strength of CPalso limits the solubility of many  gjgnificantly with increasing n-pentanol concentration.
surfactants, which in turn prevents sufficient solubilization of = 11,4 solubility of the nonionic surfactant Ls-54 in super-
hydrophilic substancesThis situation can be substantially critical CO, was investigated by Liet al’® The addition of
improved by adding cosurfactants or cosolvents such 3§-propanol, n-pentanol, or n-heptanol decreased the cloud

6-10
alcohols. ]point pressur€CPPB of the Ls-54/scC@system, i.e., at con-

| iulrprgsér?gly Ie_ss work h.at.s kl)een Ei_onetor:gther:] effegt O%tant CQ pressure, the solubility of Ls-54 was increased.
alcohol additives in supercritical GOLIu et al." showe The largest reduction of the CPP was measured for

that adding n-pentanol leads to an increase of the S°|Ubi”t¥1-propanol On the contrary, benzyl alcotiatreasedthe
of the primary surfactantetraethylene glycol n-lauryl ether, cloud point. pressurefeducing{he solubility of Ls-54
H[CH,];J/OCH,CH,],OH, i.e., G.E,, where C=methylene . !
or methvl and E=eth Iéne (,)XiﬁieNi,th increasing alcohol Far more studies on the effect of alcohols have been
concentryation at a_II ter)r/1 eratures and ssuregs studied carried out in water/surfactant/oil systems. In these systems

P 4 " itis usually desired to find a surfactant, which at given ther-
" —— : modynamic conditions and for a given oil, stabilizes a mi-
,Electronic mail: nchenna@unity.ncsuedu _— _croemulsion middle phase rather than water-in-oil or oil-in-
Present address: Department d’Enginyeria Quimica, Universitat Rovira | . . . Jd_r

avater microemulsions. Winsorfound that the performance

Virgili, Campus Sescelades, Av. dels Paisos Catalans, 26, 4300
Tarragona, Spain. of the surfactant depends on the balance between surfactant—
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oil and surfactant-water interactiotfsTo achieve optimal atom model in molecular dynamicéD) simulations to
performance, it may require surfactant molecules with longstudy reverse micelles formed in a @@ichain surfactant/
hydrophobic tails. However, if the surfactant tail becomeswater system. One of their systems, containing 33 surfac-
too long, the solubility of the surfactant in water may de-tants, was observed over a period of 1 ns. During this time
crease to a value below the critical micelle concentratiorone aggregate formed from a preassembled starting configu-
(CMC), such that neither micelles nor microemulsions carration. The size and shape of the aggregate was in reasonable
form®As in the CQ systems, alcohol additives successfully agreement with experimental findings. The enclosed water in
stabilize microemulsions in water/surfactant/oil systéf‘ﬁy. the center of the reverse micelle showed dramatic structural
Alcohols can also decrease the CMC, depending on alcohdlifferences from the water located close to the surfactant
concentration and tail Iengfﬁ.‘ZOSome authors suggest that head groups. A similar system was investigated by Senapati
the alcohol molecules operate by inserting themselves beet al*° using united-atom molecular dynamics simulations.
tween the surfactant tails, reducing tail-tail and micelle-In their system, 160 dichain fluorosurfactant molecules sta-
micelle interaction$>~%3 while others argue that they act at bilized one microemulsion droplet, which was observed over
the interface itself, reducing the surface tendibfrAnother  a period of 4 ns. The radius of gyration of the droplet was in
view is that the additives distribute mainly between the aquereasonable agreement with small-angle neutron scattering
ous and the oil phases, altering the solvent prope?r?ies. (SANS) experiments at the same thermodynamic conditions.
These assumptions about the function of the additived\ small section of a surfactant stabilized g®ater interface
led to a classification into two groupsosolventsandcosur-  was studied by da Rocha and co-workers employing full-
factants Cosurfactants are weakly amphiphilic molecules,atomistic MD simulation$! As these examples show, off-
which are assumed to concentrate in the surfactant layer déttice simulations are invaluable tools to investigate
the aggregates formed by the primary surfactant. Due to theil€O,/surfactant/water systems, but they are challenging be-
weak amphiphilic character, cosurfactants alone do not forncause of the various length and time scales involved. Conse-
aggregates, but they strongly support aggregation of the prguently they are usually limited to relatively small systems
mary surfactant. Common examples of cosurfactants are mend short times.
dium chain alcohol$5-8 carbon unifs Cosolvents, on the In this paper we are interested in thermodynamic equi-
other hand, are not necessarily amphiphilic. In,G@stems, librium properties of surfactant solutions. This requires much
their main function is to improve the solvent quality of €O larger systems than in the examples above, where single-
This is necessary since hydrocarbons are not very soluble iaggregate properties were investigated. To achieve the re-
CO,, preventing the solubilization of surfactants with hydro- quired system sizes, it is hecessary to “trade” a detailed de-
carbon tails. Fluorocarbon surfactants are much more solublecription of the molecules for a coarse-grained model of the
in CO, than hydrocarbon surfactants, but their use is quessystem. Coarse models are commonly used in stochastic dy-
tionable, since the entire solution should be environmentallypamics methods such as Brownian dynan{BB) or dissi-
friendly. pative particle dynamic€DPD). Using DPD, Rekviget al3*
Frequently the same moleculédcoholg are considered studied the impact of mixing different surfactants on the
as cosurfactants and cosolvents. One reason is that it is vebending modulus of a surfactant stabilized water/oil inter-
difficult to directly measure the composition of the surfactantface. They observed that mixing long- and short-chain sur-
layer. Usually theories are fitted to the experimental resultsfactants leads to more flexible interfaces compared to usage
which in turn indicate the distribution of the additive in the of surfactants with a chain length intermediate between the
syster'r12.0 In NMR measurements of a water-in-olh- long and the short one.
hexang microemulsion, a more direct observation of the dis-  Alternative coarse-grained models are applied in lattice
tribution of additive molecules was mateA large amount Monte Carlo simulations of surfactant systems. Recently,
of cosurfactantn-pentanol was found at the microemulsion Zaldivar and Larsoft studied the aggregation behavior of
interface, thus qualifying n-pentanol as cosurfactant for thidinary mixed micelles in an incompressible solvent using
system. However, it must be assumed that for many additivelsittice Monte Carlo simulations. In their model, the two sur-
there is no clear-cut distinction between cosurfactants anthctant species are distinguished by the difference in the un-
cosolvents. Additive molecules will be present in the surfacdike surfactant head/head interaction compared to the like
tant layer as well as in the surrounding solution, thus alteringurfactant head/head interaction. They observed a synergistic
the properties of the solvent as well as those of the surfactambwering of the CMC for surfactant mixtures with an effec-
layer. tive unlike surfactant head/head net attraction, and an in-
While molecular properties such as the distribution ofcrease in the opposite case. An optimum was found when
additive molecules are usually difficult to measure experioth surfactant species have the same concentration in the
mentally, they are natural observables in molecular simulasolution. The lattice model originally developed by
tions. Thus, lattice and off-lattice simulation methods havelLarsori® = has been modified for compressible fluids by
been used to study the self-assembly and phase behavior bisal et al®**%to study surfactant solutions in supercritical
surfactants in supercritical carbon dioxitfe* carbon dioxide, and used by Scaeual>® to reproduce the
Off-lattice simulations are very attractive since they pro-correct CQ density dependence of the critical micelle con-
vide an association of the thermodynamic properties of theentration(CMC).
system with very detailed molecular information, at least in  In this work, we use lattice Monte Carlo simulations to
principle. Salaniwaét al?®*°used a hybrid full-atom/united- study the effect of alcohols on the micellization of surfac-
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tants in supercritical C® Special attention is drawn to the TABLE I. Interaction energies between GQC), surfactant headH), sur-
location of additive molecules in the system. Further, wefactant tail(T), alcohol headh), and alcohol tailt). The surfactant/C&
. interaction energies are taken from Ref. 33. Heggdenotes the interaction
StUdy the depend.ence of the CM_C and the size, shape, a%ﬁirgy between different speciasandb, wherea andb representd, T, h,
structure of the micelles as a function of alcohol chain length, or ¢ andw,, denotes the exchange enefsge Eq(1)]
and alcohol concentration. We also discuss how increasing
the alcohol chain length changes the additive behavior from Like interactions Unlike interactions

cosurfactant to cosolvent.

. . . . Type of interaction €ab Type of interaction €ab Wap

The remainder of this paper is organized as follows: In
Sec. Il, we describe the model and give definitions of theC-C -1 C-H, C-h -1 1
properties that characterize the micellar solution. Section 1IH-H, h-h -3 C-T, C-t -3 -2
is devoted to a presentation of our results. We analyze ouf—T - -1 *1—:‘ “1‘ ‘é

results in two parts: The first part is concerned with the for-
mation of the aggregates, while the second part investigates
structural properties, shape, size, and density distributions.
Finally, we summarize our findings and conclusions in
Sec. IV.

H-T, H-t, h-T, h-t -1 1

The set of interaction energies used in this study is given
in Table I. The surfactant/CQinteraction parameters are
taken from Ref. 33. The peculiarity of this set of interaction
Il. MODEL AND SIMULATION energies is that it correctly reproduces the experimental

. trends of the CMC with C@density?g‘ while others do not?

Throughout we gseeduced quantitiesall Iengths a'® We choose the interaction energies of the alcohols to be

reduced with the lattice constart, the energy scale is given equal to those of the surfactant. The exchange energy be-

in units of the absolute value of the GATO, interaction  yeen the alcohol head group and the surfactant head group
energy,|ecd|, and the temperature is reduced Wity [ecdl,  is set towy,=—1.

wherekg is the Boltzmann constant. Exchange energies are convenient tools to characterize
mixing tendencies in the solution. The exchange eneavgy,
A. Model is defined as
To study surfactant solutions in  supercritical €aa™ bb

Wah = €ap~ a#b. (1)

CO,-containing additive molecule§é we employ a modified 2 7
Ve£§'°”. of Larson's lattice modsér_ prc_Jposed k_)y Lisabt Although the interaction energy between £&hd surfactant
al.™ This model allows vacant lattice sites leading to a non+,,.4s is attractivescy=~1, the corresponding exchange en-
vanishing compressibility, which is essential to correctly de-ergy is repulsivewen=1. Thus, they repel each other be-
scribe supercritical fluids such as @8* In the lattice "o of the stro'ngCin attraction (e, = ~3). The mild re-
model, CQ molecules are represented by single beads a”BuIsion of the phobic exchange H;nergiésCszTHzl)

surfactant.,.and additive .molecules by.chams of .beads. Thgnsures that the CMC does not occur at too low a surfactant
bead positions are restricted to the sites of a simple cubit, . cniratior?

lattice with lattice constant. Each bead interacts with its

nearest _nglghbors and Wlth ne_lghbors that w2é and y3¢ B. Monte Carlo simulations

apart, giving a total coordination number of 26. The same

vectors that connect interacting beads also connect consecu- We study the thermodynamic behavior of the lattice
tive beads in the chain molecules. The surfactant used here isodel described above using lattice Monte Carlo simulations
denoted byHsT,, consisting of 5 head beadkl) and 4 tail  in the canonical ensemb{&l\VT). In order to avoid finite size
beads(T), occupying a total of 9 lattice sites. This model effects on the aggregation behavior, we simulate systems ac-
molecule could represent a member of the widely used nonecommodating 5 to 10 micelles. This requires lattice sizes
ionic ethylene glycol surfactants, e.g., tetraethylene glycoranging fromN=40* (for higher surfactant concentrations
n-octyl ether(CgE,), which has four ethylene oxide groups up to N=13C lattice sites(for lower surfactant concentra-
and one terminal OH group. Similarly, the additive mol- tions near the CMT TheseN lattice sites are occupied by
ecules are denoted bit,, consisting of one head bedH) Nc CO, beads, 8574 surfactant beads, and +a)Ny,, al-
and « tail beadq(t), giving a total of 1+ beads. We assume cohol beads. Consequently,N,=N—[N¢+9Nys74+(1
that these additive molecules represent a homologous seriesy)Ny,,] lattice sites are vacant. Periodic boundary condi-
of linear alcohols with one terminal OH group. Head and tailtions are applied in all three dimensions.

groups of the model molecules are distinguished by their  To efficiently sample configuration space, we wusen-
interaction energies with other beads in the system. In ouplete chain regrowtlwith configurational biageptation and
definition, we follow the common convention that the headtwist moves for surfactant and alcohol molecules gaal-
groups are hydrophilic, i.e., C&phobic, and the tail groups ticle exchangdswitch moves for CQ, where we attempt to
are hydrophobic, i.e., C@philic. Thus, in CQ, the surfac- move a CQ bead to a randomly chosen vacant Sftave
tants formreverse micelleghead inside, tail outsideHow-  typically run 1x 10° to 2Xx 10° cycles for equilibration and
ever, for the sake of simplicity and convenience we will refer4 X 10° to 8 10° cycles for evaluation of quantities of in-
to them as “micelles.” terest. Each cycle consists NE+N, switch moves, Blysta
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FIG. 2. Surfactant aggregation number distribution at 2.5% surfaktghg

FIG. 1. Determination of the CMC for a solution of surfactafT, in
and 5% alcohoht.

scCGO; containing 5% alcohoht. The solid line is a linear fit to the simula-
tion results atp=0.6%.

determination. According to Israelachvili's definition, the
chain moves for the surfactants, afid-«)Ny,, chain moves CMC is given by the surfactant concentration where the line
for the alcohol molecules. In each chain move, a molecule iss™e= /2 (dashed lingintersects the line representing a fit
randomly selected and a randomly chosen m@egrowth, to the linear part of the curve at high surfactant concentration
reptation, and twistis performed. The different chain moves (solid line). The CMC thus calculated i$“©=0.54%. We
are chosen with equal probability. note that according to this definition™®=¢MC/2 at the

In solution, surfactant molecules aggregate spontaneEMC.

ously. A surfactan{or additive molecule is defined to be-
long to a specific aggregate if one of its head beads is a
neighbor of a head bead of a surfactéot additive mol-  3- Aggregation number distribution
ecule that belongs to the same aggregate. A surfactant mol- Micelles are dynamic entities with surfactant molecules
ecule is called “free” if it does not belong to any aggregateentering and leaving over the course of their “lifetime.”
In the simulations we determine aggregates usingliwster  Therefore, surfactant solutions comprise aggregates of differ-

multlple Iabeling teChniquef Hoshen and KOpelmaﬂ. ent aggregation numbem, quantiﬁed by aggregation num-
ber distributions. The commonly used aggregation number
C. Thermodynamic properties distribution, P(M), which represents the fraction of surfac-

During the simulation, we monitor several quantitiestant molecules bound in aggregates of diteis defined as

such as the fraction of free surfactants, the aggregation num- B(M) = MNy  MNy
ber distribution, the radii of gyration of micelles, and the (M) = E MN - Nists’
density profile within a micelle. In this section we present the M M

definitions of these properties that we will use throughout theyhereN,, is the ensemble average of the number of aggre-

(2)

paper. gates of aggregation number andNy s, is the total number
of HsT, surfactant molecules. In Fig. 2, a typical surfactant
1. Concentration aggregation number distribution is shown, which is obtained

To quantify the content of the solution we use volumeat 2.5%HsT, and 5%ht. It comprises a steeply rising part
fractions, ¢, in [%], henceforth called “concentration.” In WhenM approaches 1, and the usual bell-shaped maximum,
our lattice model, volume fractions are identical to site frac-SeParated by a minimum. The symmetry of the aggregate
tions, sincea priori all beads have the same volume. size distribution suggests that a mean aggregation number

can be defined by

2. Critical micelle concentration E MN
. . — M>5 M
At low surfactant concentrations, individual surfactant M=——. (3)
molecules are dissolved in the solvent, while micelles form 2M>5 N

at higher concentrations. The threshold concentration where
the first micelles appear in the system is caltelical mi-  Note that free surfactan@vi=1) and small aggregate@
celle concentratio(CMC). Unfortunately, the CMC is not <M =5) are excluded from the calculation bf.

an a priori well-defined point. While several definitions of
the CMC exist and give similar resuft§;*® we employ the
definition given by Israelachvilet al*?In Fig. 1, we present
a typical plot of the concentration of free surfactant mol-  Convenient measures of the shape of micelles are the
ecules,¢™¢, as a function of the total surfactant concentra-three “principal radii of gyration,” which are obtained in the
tion, ¢, at 5% alcohoht. Although the alcohol might influ- following way: At first one calculates the instantaneous gy-
ence the value of the CMC, it is not involved in CMC ration tensorR, defined by’

4. Radius of gyration
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o LS ) - ) -1 T _TIK] ®
Rkl_a (i) = Jin@) -1, (4) To TIK]’

i=1

whereT is the temperature in the present modgl=5.85 is

the critical temperature of the mod@°>! T[K] is the corre-

(i) are the(x,y,z) components of the position vectafi), sponding temperature in kelvin, aid@[K]=304.13 K is the

of beadi andr” is the position of the center of mass. We note measured critical temperature of G.@rrom Eq.(8), we es-

that this definition implies the head and tail beads have thgmate that th_e reduced temperatuie; 6.4, coresponds to
same mass. Next, the three eigenvalueR affe determined 11K]=333 Kin pure CQ.

T S . In an analogous way, one estimates the density of the
aqd prdered.RlsR2§R3. These glgenvalues reprgsent'thepure solvent®® For the densities, corresponding states theory
principal radii of gyration of the micelle under consideration.

for each micelle. The sum i) runs over then beads of all
surfactant molecules which belong to the micetidj) and

~ A A requires
A micelle is considered spherical R, =R,=R3. The proper- f
ties which are commonly called “principal radii of gyration 2 _ PL9/mI] 9)
of micelles with aggregation numb&t” are given by pc  pclg/ml]’
Re(M) = <|Aqﬁ(|\/|)>, 8=1,2,3, (5)  Wherep is the volume fraction of C@in the model,p[g/ml]

is the corresponding density in explicit unijg=0.5 is the
where() denotes the ensemble average. By considering onlyritical density of the model, ango[g/mi]=0.4676 g/ml is
the head beads one obtains the principal radii of gyration ofhe experimentally measured critical density of C®@hus,
the core of the reverse micelleR5(M). By averaging the the reduced number densityr volume fraction of the pure
principal radii of gyration, one obtains the mean radius ofsplvent,p=0.86, corresponds te[g/mi]=0.8 g/ml. We note

gyration,R(M) that within the present model theducednumber density of
3 CO, and the CQ volume fraction are equivalent.
R(M) =32 Rg(M). (6)
=1
g lll. RESULTS

Values ofR(M) obtained in solutions at different thermody-

namic conditions can be used to compare the size of micelles We investigate the impact of concentration and architec-
of aggregation numbeM_ At ConstantM’ a |arger value of ture of alCOhOlShta, on the aggregation behavior of the sur-
R(M) indicates that the micelle extends further into the sol-factantHsT, in supercritical CQ. All simulations are carried

vent compared to a micelle with a smalR¢M). out at constant temperatufes 6.4 and constant C{density
p=0.86. Herep is calculated by counting only lattice sites

that arenot occupied by surfactant or additive molecules,

i.e., vacancy and CQWe assume that the solvent quality of

CO, is constant as long gs is kept constant. We maintain
The structure within spherical micelles can be analyzedonstant solvent quality so as not to bias the interpretation of

using radial density profiles for each species of beads the effect of adding alcohols by a simultaneous change of the

=H,T,h,t,C,v. The density profilen,(r), of a particular solvent quality.

speciesa, is defined as

_ (Na(M)m )

Niotai(r) A characteristic property of surfactant aggregation in
where( )y denotes the ensemble average for all micelles opulk solutions is thecritical micelle concentration(CMC).
aggregation numbeM, N,(r) is the number of lattice sites The dependence of the CMC BT, surfactants on the con-
occupied by beads of Specieat a distance from the center centration of two different aICOhOH;I,t and ht4, in Supercriti-
of mass, andN,.,(r) stands for the total number of lattice ¢&l CO;, is shown in Fig. 8&). The addition of alcohol leads
sites at this distanae We note thana(r) depends also OM, to a reduction of the CMC in both cases. ThUS, both alcohols
although we do not show this explicitly. support aggregation of the surfactant. The CMC decreases
monotonously with increasing concentration of alcohol. The
decrease becomes weaker as the alcohol concentration in-
creases. In the case bf, addition of alcohol beyond 2.5%
has essentially no effect on the CMC. In general, the effect of

Our simulations are carried out at constdréducedl  the alcohol having the longer tail group is much stronger
temperatureT =6.4 and constant CQreduced number den- than that of the shorter one. An alcohol concentration of 10%
sity p=0.86. These conditions correspond to the experimenht, lowers the CMC by a factor of 3, while 109t lowers it
tal conditions of McFanret al.” discussed in the Introduc- by less than 10%. The dependence of the CMCHgT,
tion. surfactants on the alcohol chain length is shown in Fib).3

Using corresponding state theory for the pure solventWe observe that increasing the length of the alcohol at con-
we can relate the reduced temperature to an explicit temperatant alcohol concentration decreases the CMC monoto-
ture in kelvin, through the ratio nously. However, the decrease becomes weakes foB3.

5. Density profile

A. Formation of aggregates

Na(r)

6. Connection to experiments
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0.8 concentration. It is interesting to notice that, although the
behavior of the CMC in the two solvents is very similar, the
structure of the two systems is quite different. While we
observe reverse micelles in the simulations of the, G-
tem, regular micelles are formed in aqueous solutions. Thus,
the mechanism by which the CMC is lowered might be quite
different in the two cases.

The results plotted in Fig. 3 clearly show that the addi-
tion of alcohols lowers the CMC, and that their performance
depends on concentration and chain length. Using the de-
tailed molecular information available from our simulations,
@ . we now investigate the cause of these effects. We first study
2 ¢h‘a (%] the effect of the concentration of alcohbt on the mean

0.8 aggregation numbeiM, and on the composition of the mi-
celles. In Fig. %a), the mean aggregation number 4T,
micelles and the average numberhifmolecules present in
micelles with an aggregation numb&t=M, are plotted as a
function of ht concentration at 2.5%Hs;T,. The pure
HsT,/CO, system at this surfactant concentration consists of

micelles withM =40. Addition ofht drastically decreases the

0.6

04

¢CMC %]

0.2

0 25 5 7.5 10 125

06 E

T
g o4t}
(8]
-

02 mean aggregation number until, at 10fthe value ofM is
half that of the pure system. This large reduction in the num-
0 L L 1 . . 1 ber of H;T, molecules per micelle seems to be compensated
0 1 2 3 4 5 6 7 by binding of ht molecules in micelles. Results from Fig.
) a 5(a) indicate that eacllsT, molecule leaving the micelle is

FIG. 3. (8 CMC of surfactantHsT, as a function of concentrations of replaced by approximately two alcohiol mOIeCUIeS' .
alcoholsht andht,. (b) CMC of surfactantsT, as a function of the chain The large effect oht on the aggregation number is sur-
length of the alcohofht to ht;) at constant alcohol concentration of 5%. In prising since the CMC is only lowered slightly. In contrast,
parts(a) and(b), the dashed lines indicate the CMC of piigl, surfactant the impact ofht, on the CMC is large but the aggregation
without any alcohol, and solid lines are drawn to guide the eye. ber i 4 . . . ; .
number increaseswith increasinght, concentration[Fig.
) 5(b)] and only a fewht, molecules “enter” the micelles.

To our knowledge, no experimental data for the depenfyom the plot in Fig. ), we observe thaht strongly de-
able in the literature for surfactant solutions in supercriticaljowever, increasing the alcohol tail lengt, continuously
CO.. In Fig. 4 we present experimental CMC values fpr aNincreases the aggregation number, such thatafor2 the
aqueoussolution of potassmygﬁdodecanoa_te as a function ofean aggregation number of ti&0%) alcohol-containing
alcohol type and concentrationBoth experimentgin H,0) solution exceed$/ of the solution without alcohol. The av-

and S|mulat|ons(|n CO.Z.) have been carried out at ConSta.nterage number of alcohol molecules bound in micelles is large
thermodynamic conditions of the solvent, so that a qualita;

. . : : : . r the h ntainin m i r rapidl
tive comparison is possible. Comparison of Figs. 3 and A{o the ht containing system but it decreases rapidly s
; . ) ) . creases.
reveals that in both simulation and experiment the impact o . .
. Since addition oht molecules does not lower the CMC
the longer alcohols is always stronger than that of the shorter.

; : ignificantly, and the concentration of free surfactant mol-
ones, and that the effect is stronger the higher the alcohciCules is approximately half the CMEig. 1), the number of

surfactant molecules bound in micelles remains almost un-
changed. On the other hand, addition of 18¥%halves the
0.03 aggregation number. Consequently one expects the number

_Lf of aggregates to increase by a factor of 2. The additidmt of

§ 002 leads to a I'ower CMC, i.e., more surfactant molecules are
E ' bound in micelles compared to the system without alcohol.
= C.OH On the other hand, addition &t, increases the mean aggre-
g oot} C30H gation number. While a lower CMC leads to a higher number
o

of aggregates, the increase of the mean aggregation number
is reducing it. These two small opposing effects may com-
0 . L pensate one another, i.e., one expects the number of aggre-

0 c ¢ t? f alcoh Iz Moles/li 3 gates in the solution with 10%t, to be roughly equal to the
oncentration of alcohol [Moles/liter] one in the pureHsT, solution.

FIG. 4. The effect of ethanol, propanol, and butanol on the CMC of potas- In Fig. 6, we present the aggregation. numbe.r distribu-
sium dodecanoate in water at 10 °C. Data taken from Ref. 18. tions, P(M), defined in Eq(2), for H5T, solution at different

C40H
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FIG. 5. (a) Mean aggregation number bfsT, micelles(filled symbolg and

the average number &it molecules within micelles with aggregation num-
berM=M (open symbolsas a function oht concentration at 2.5%l5T,.

The dashed line indicates the mean aggregation numbeiz Bf micelles
formed in CQ without alcohol. Solid lines are drawn through the data as a
guide to the eyelb) Same asa) but for ht,. (c) Same aga) but as a function

of alcohol chain length at 10% alcohol concentration.

ht concentrations. As the concentration fdf molecules in-

J. Chem. Phys. 122, 094710 (2005)

p

10% 5% 25% 0

YY) )

FIG. 6. Surfactant aggregation number distributions for 2t59%, solution
at differentht concentration$0%, 2.5%, 5%, 10%

10% ht is about twice as high as the maximumpf for the
pure HsT, solution. Thus, addition of 10%t doubles the
number of micelles but halves their mean aggregation num-
ber compared to the system without alcohol. The addition of
10% ht,, on the other hand, leads to a slight increase of the
aggregation number, while the height of the maximuniPof

is slightly decreased. The lowering of the maximum is ac-
companied by a broadening & . Both effects compensate
each other, such that the integral of the Gaussian pd?t of
almost identical for the solution containing 108% and for

the pureHsT, solution. Thus, addition of 10%t, does not
change the number of micelles, although it slightly increases
the mean aggregation number. Consequently, more surfactant
molecules are bound in micelles and the CMC must de-
crease, which is consistent with our findings presented in
Fig. 3a).

These observations are quite intriguing since they show
that the two moleculebt andht,, which are very similar in
structure, can have very different effects on the behavior of
HsT, surfactants in C@solution. While they both lower the
CMC, their impact on the mean aggregation humbeogs
posite

B. Shape, size, and density distributions

The radii of gyration give information about the average
shape of micelles. The three principle radii of gyratid,
R,, andR;) for the micelles formed in purelsT, solution are

0.003

0.002

creases, the bell-shaped part of the curve shifts to lower ag-
gregation numbers while the shape and height do not change
markedly. Since the area below the bell-shaped part of the
curves is proportional to the number of surfactant molecules
bound in micelles, the plots in Fig. 6 are consistent with the
observation that the CMC is only weakly influenced by the
addition ofht [Fig. 3(a)].

The distribution of the number of aggregates pkiT,
molecule,P"(M)=P(M)/M, for the pureHsT, solution and
for the solutions containing 109t and 10%ht,, is shown in

P*(M)

0.001

FIG. 7. Number of aggregates peT, molecule,P"(M)=P(M)/M, as a
function of aggregation number, for the putigT, solution(open symbols
and for solutions with 10%t and 10%ht, (closed symbols indicated in the
Fig. 7. The maximum of the curve for the solution containingfigure) at 2.5%HsT,.
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FIG. 8. The three principal radii of gyratidr, (@), R, (¢ ), andR; (A) for
micelles as a function of aggregation number for 2.B%, surfactant in

CO,. =
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= 3 (: ’7

plotted as a function of the aggregation number in Fig. 8. As " 3 AT iﬁ' E 4
one would expect, the radii of gyration increase monoto- ! 1 " 5 i1 '"' ,}’k -4
nously with aggregation number. For the present sysiem, by % _') 4
is about 20% smaller thaR,, indicating essentially spherical oy X2 " ‘,ﬁ'
micelles. The behavior of the radii of gyration shown in Fig. 33 Co -i:f:t' ‘,2’;! é)i?
8 is representative for all studied systems, i.e., all micelles in B o £ M
this study are spherical. v I M Ly

The spherical shape of micelles in all systems with and : ‘ “'i* y
without alcohols is also apparent from snapshots presented in G A 5
Fig. 9. Closer inspection of the shape of the micelles reveals () iy s 5

that the aggregates in the-containing solution{Fig. 9b)]
have less well defined, i.e., rougher interfaces than micelles
in the two other systems. It appears that micelles in the pure
HsT, solution[Fig. 9a)] and in theht,-containing solution
[Fig. 9Ac)] have approximately the same size, while micelles
in theht-containing solutioriFig. Ab)] are generally smaller.
This is consistent with our expectation, since the mean ag-
gregation number in théat containing solution is much
smaller than in the other two solutioisee Fig. 5.

For a quantitative comparison of the aggregate sizes, we \
plot the mean radius of gyratidR as a function of aggrega-
tion number for the pure, thiet-, and theht,-containing sys-
tems in Fig. 10a). At the respective mean aggregation num-

ber, micelles in theht-containing solution(M=20) are
considerably smaller than micelles in the pttgl, solution
(M=40). If ht, instead ofht is added, then the mean aggre-
gation number increasdd1=48) as well as the size of the
micelles. FIG. 9. Snapshots of a 2.5%sT, solution in a simulation box of 58 50

To study the impact of the addition of alcohol on the size* 50 lattice units containingg) no alcohol;(b) 10% alcohoht; and(c) 10%

. . . Icoholht,. Only surfactant heayellow) and surfactant tailred beads are
of micelles, one needs to compare micelles of the different, . for ease of viewing.
solutions having thesameaggregation number. Micelles in
the ht-containing solution have slightly larg& values than
micelles in the pureHsT, solution, while micelles in the contrast, only a fewht, molecules enter the micelldig.
ht,-containing solution have slightly loweR values[Fig.  5(b)], causing a smaller excluded volume effect than in the
10(a)]. If we consider only the head groups T, to cal-  case ofht. On the other hand, replacing G@olecules by
culate the radius of gyration for the micellaore, R®, we  ht, molecules reduces the solvent quality, as can be seen
observe the same trefflig. 10b)]. The micellar sizeR, at ~ from the interaction parameters in Table I, causing the mi-
a given aggregation number increases with the additidmt of celles to become more compact. The net effect is a very
because of the excluded volume effect caused by binding afmall decrease iR [Fig. 10].
ht molecules to the micellar core/corona interface. This is A quantitative measure of the sharpness/roughness of the
consistent with the roughening of the micelle, indicated incore/corona interface, i.e., the excluded volume effect, is
the snapshot of thét-containing solution in Fig. @). In  given by the radial density profile of micelles having the

'
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FIG. 10. Mean radius of gyration as a function of aggregation nhumber a
2.5% HsT, for (a) the micelle and(b) the micellar core. Open symbols
denote the puréisT, solution and closed symbols denote the 1B8and
10% ht,-containing solutions as indicated in the figure. For each solution,
only the data range with sufficient sampling is shown.

same aggregation number. As “core/corona interface,” we

define the region of around the inflection point of the den-
sity profiles of surfactant head groups,(r), shown in Fig.
11. The weaker decay of,(r) for the ht-containing solution
compared to theht,-containing solution or the purélsT,

0.8

0.6

ny,(r)

0.4

0.2

FIG. 11. Radial density profiles of surfactant head gro(ips within mi-
celles of aggregation numbé&i=35+1 formed in pure 2.5%i5T, (solid
line), with 10%ht added(dashed lingand with 10%ht, (dotted ling. Note
that the curves for the pure systdégsolid line) and for 10%ht, (dotted ling
coincide.
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FIG. 12. (a) Radial density profiles foH (O), T (A), C (), h (@), andt
(A) within micelles of aggregation numbé&t=35+1 formed in a solution
with 2.5% HsT, and 10%ht. (b) same aga) but only h (®) andt (A) are
shown.

solution indicates a less well-defined core/corona interface,
i.e., a rougher interface. This roughness is produced by the
transfer of surfactant molecules due to the excluded volume
effect causing the observed increaseRofsee Fig. 10 and
Eg. (4)]. The density profiles of surfactant head groups for
the hty-containing and the purélsT, solution are nearly
identical, suggesting a negligible impact taf, on the core/
corona interface. This is consistent with our earlier observa-
tion that only a fewht, molecules “enter” the micellelsee

Fig. 5(b)].

The complete density profile within micelles formed in
the 10%ht-containing solution is shown in Fig. (@ and
reveals that manfit molecules are located at the core/corona
interface. Theht alcohol head groups concentrate at the core
side of the interface, while there is a depletion of alcohol
head groups in the micellar corofiig. 12b)]. On the other
hand, ht tail groups are preferentially located at the corona
side of the interface. This indicates a preferential orientation
of ht molecules perpendicular to the core/corona interface.
The same behavior is observed for the longer alcohols. The
concentration ofht head groups close to the interface is
much higher than in the surrounding solution. This high
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aggregates. The primary goal of adding additives to a surfac-
tant solution is to increase the solubility of a solute without
increasing the concentration of the original surfactant. To
choose an appropriate additive, it is necessary to know how
additives affect the aggregation behavior of the surfactant
solution. As a first step, we have studied the impact of alco-
hol additives on the self-assembly of the surfactdgt, in
supercritical CQ. In particular, we have investigated the de-
pendence of the aggregation behavior on the lengthof
linear alcoholsht, and their concentration.

All alcohols investigated herdecreasethe CMC. The
effect is stronger the longer the alcohol is. Also for each
alcohol, the CMC decreases with increasing alcohol concen-
tration. Forht, we observe that the effect levels off at a
concentration of approximately 2.5%. Thus, further increase
of the alcohol concentration has little effect on the CMC. If,
however, a lower CMC is desired, an alcohol with a longer
tail can be used. Clearly, a reduction of the CMC, i.e., mi-
celle formation at lower concentrations, allows solubilization
of a solute at lower surfactant concentrations. This is impor-
tant if the surfactant concentration is limited, e.g., by its own
solubility.

While all ht, alcohols lower the CMC, their impact on
the mean aggregation number and the number of aggregates
depends strongly on the alcohol chain lengthAt 2.5%

FIG. 13. (_a) Radial dens[ty profile§ of a_IcohoI head groups within micelles HsT,, addition of 10%ht, causes the aggregation number to
of sizeM=35+1 formed in a solution with 2.5%5T, and 10%ht (O), ht,

(1), hts (A), or ht, (), respectively(b) Same as irfa) but for the total of increaseslightly, whereas the number of aggregates remains
alcohol head and tail groups. constant. In contrast, the number of aggregates doubles and

the aggregation numbéralvesif ht is added. In the latter

value of ht density is consistent with the earlier observed@s€nt molecules replace a large number of surfactant mol-
high number ofht molecules bound in micellefsee Fig. ecules in the aggregates. Both effects, an increase in the
5@)]. number of aggregates as well as an increase in aggregation

The density profiles in Fig. 12 suggest that the roughen_number and size of the micelles, should increase the total
ing of the micelle is caused by binding bf molecules to the @mount of solute that can be incorporated in the aggregates.
interface of the micelles. Such a roughening does not exist iffOWeVver, there is a striking difference; in the system with
the case oft,. Thus, we expect the density bf, molecules  MOre but smaller aggregates, the total surface area per unit
at the interface to be much lower than thathofmolecules,  Velume of solute would be much higher than in the case of a
In Fig. 13a), we compare the density profiles of alcohol few.big micelles..Thus, by.changing the length of the alcphol
head groups for systems containing different alcohbts, it mlght be possmle to adjust the surface-to-volume ratio of
As a increases, one observeslacreaseof the head group Microemulsion droplets. _
density at the interface. The value of the density maximum | "€ main difference in the behavior bt and ht, mol-
for ht is several times larger than that lof,. This is consis- ecules in the solution is th&it molecules concentrate at the

tent with our earlier findings presented in Fig. 5 that thelnterface of the micelles whiléi, molecules do not. We
mean number of alcohol molecules bound in micelles is sevP€lieve that the higher loss in configurational entropyaf
eral times larger foht than forht,. We note thatbecause of ~compared tdit molecules preventst, molecules from bind-
the orientation of the cosurfactant molecules perpendicular t§'9 t0 the micellar core/corona interface. Consequerfty,
the core/corona interfagehe total density of cosurfactant molecules alter the properties of micelles directly, whereas

head and tail groups at the micellar core/corona interfacd1€ effect ofht, on the properties of the aggregates is minor.
also decreases with increasing cosurfactant tail lefigig. ~ fowever, the effect oht, on the CMC is large. This CMC
13(b)]. reduction arises from the decrease in solvent quality due to

the presence oht, molecules. Consequentliat is a clear

cosurfactantwhile ht, would be considered eosolventThe

IV. SUMMARY AND CONCLUSIONS transition from one to the other is, howevgradual as our
CO, is an attractive, environmentally friendly solvent results for alcohols with intermediate chain length show.

but not a good solvent for polar substances. However, re-

verse micelles formed by sg_rfac_tants in Q@n incorporate A ~KNOWLEDGMENTS

polar molecules. The solubilization capacity of these reverse
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