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A theoretical study of Gemini surfactant phase behavior
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Gemini surfactants are a relatively new type of surface active material, characterized by multiple
hydrophilic head groups. The phase behavior of a Gemini surfactant lattice model is studied by
Monte Carlo simulations and quasichemi@@L) calculations. The predictions of these methods are

in excellent agreement, justifying use of the analytical QC theory. The dependence on temperature,
surfactant solubility, surfactant rigidity, and oil chain length of the global phase behavior of ternary
mixtures of Gemini surfactant, oil, and water is investigated. Three-phase equilibrium exists only at
low temperatures, with a transition to two-phase equilibrium as temperature is increased. Surfactants
with moderate solubilitiedi.e., those which do not have a strong preference for either sglvent
exhibit three-phase equilibrium at low temperatures, while surfactants with extreme solubility
preferences yield two-phase equilibrium only. When a flexible surfactant exhibits three-phase
equilibrium, imposing rigidity promotes a transition from three- to two-phase equilibrium.
Increasing molecular size of the hydrophobic solvénil) causes a transition from two- to
three-phase equilibrium, and finally back to two-phase equilibrium, but with reversed relative
surfactant solubility in the oil and water phases. 1®98 American Institute of Physics.
[S0021-960608)51127-F

I. INTRODUCTION cant hydrophobe solvation at the air—water interface.
The number of potential Gemini structures is enormous.

While conventional, or simple, surfactants consist of aln addition to structural variables associated with simple sur-
single hydrophilic head and one or two hydrophobic tails,factants(such as tail length and degree of branching, ionic
Gemini surfactants are characterized by multiple headhature of the head group, and counterion Jyg@eminis are
groups. The name Gemini was first applied to surfactants imlso characterized by the number of heddsner, trimer,
1991, at which time it referred exclusively to two identical tetramer, etg, spacer solubility(i.e., hydrophilic or hydro-
simple surfactants joined by a spacer between the headshobid, spacer length, and molecular rigidity. This last prop-
Since then, the label Gemini has broadened to encompassty is determined largely by spacer type. Flexible spacers
any surfactant having two or more head groups and anysuch as methylene chajnallow the head groups to move
number of tails. Several Gemini surfactants are shown inelative to one another, and to adopt a preferred separation
Fig. 1. distance and orientation based on solvation energetics and

Experimental studies of Gemini surfactants have reentropic considerations. Inflexible spacéssich as stilbene
vealed intriguing behavior of significant practical interest.derivatives) restrict the relative positions of the head groups
Critical micelle concentratio{CMC) and G (surfactant and result in rigid molecules.
concentration required to reduce surface tension by 20 dyn/  The novel properties associated with Gemini surfactants
cm) values for Geminis are generally much lower than thosehave motivated efforts to synthesize new Gemini structures
of the corresponding monomers. Typical behavior is illus-with the hope that they will possess desirable characteristics.
trated in Table I, which shows differences of several ordersyhile the large number of Gemini structural variables makes
of magnitude between CMC andXata for selected Gemi- such a trial and error approach inefficient, efforts to make
nis and their analogous simple surfactah®MC and G, judicious choice of the surfactant structure prior to synthesis
values are indicators of surface activity, with smaller valuesare hindered by a lack of fundamental understanding of the
corresponding to greater surface activity and a more efficiergualitative relationships between molecular structure and
surfactant. Another property for which Geminis differ from macroscopic properties. Our goal is to develop these rela-
simple surfactants is aggregation morphology. As one extionships, via theoretical and computational methods, in an
ample, aqueous solutions of the Gemini shown in Fig) 1 attempt to guide future synthetic efforts.
assemble into highly branched, threadlike micelles, while the  The focus of the present work is the phase behavior of
corresponding monomer forms only spherical micellés.  Gemini surfactant systems. Section Il describes the model
addition to high surface activity and branched microstruc-and two methodgone computational and one theoretjcal
tures, Geminis exhibit such interesting phenomena assed to calculate phase diagrams. A comparison of results
anomalous CMC dependence on hydrophobicity and signififrom these methods shows excellent agreement and justifies
use of the analytical theory. Section Ill summarizes the key
aAuthor to whom correspondence should be addressed; Pisase258-  results of a detailed theoretical study of phase behavior, in-
4577; Fax(609 258-0211; Electronic mail: prudhomm@princeton.edu.  cluding the effect of temperature, surfactant solubility, sur-
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(a) FIG. 2. Model Gemini surfactants. Open circles represent hydrophobic tail
segments and filled circles represent hydrophilic segmeisd or spacer
0 0
I Il
+- OO do
CH,(CH,),0 (l)(CHZ)nCH3 the most essentigl feature; of Gem_ini sqrfactant mixtu_res.
®) The system consists of a simple cubic lattice fully occupied
by surfactant, water, and oil molecules. A surfactant is rep-
. resented by a connected string of head and tail units, each of
(CH3)21‘|' — (CHys —I‘I”(Cﬂs)z 2Br which occupies a single lattice site. Figure 2 shows typical
CrHoma CouHomat model structures. Surfactants are labelegid; T, wherei and
(©) k refer to tail lengths angl is the combined number of head
and hydrophilic spacer units.
. . . ) A surfactant head unit is energetically equivalent to wa-
(CHa)oN'— (CHy); — 17— (CHp); — N'(CHy), 3B ter and a tail unit is energetically equivalent to oil. Thus a
CyHos CoHys Cy.Hys surfactant is represented by a string of “waterlike” and “oil-
(@) like” particles, and each site may be energetically character-

ized as hydrophilic or hydrophobic. These interactions are
expected to capture the basic features of a surfactant system,
but are unrealistic in several important ways. No driving
Hy; C1o0HC CH,0C My, force is imposed to favor the preferential solvation of head

(e) units with water as opposed to other heads, or of tail units
with oil rather than other tails. This allows surfactants to
reduce unfavorable contacts by self-aggregating rather than
partitioning to oil-water interfacesin addition, attractive
H;,C100H,C CH,0C oHay head interactions neglect the electrostatic repulsion associ-

(GO ated with ionic head groups. Despite such simplifications,

these interaction energies have proven successful in the
study of monomeric surfactants®

H(SO4Na)(|2CH2YCH2C|(SO4Na)H

(SO3Na)(CH2)3O(I:HCH2YCH2(IZHO(CH2)3(SO;Na)

FIG. 1. Representative Gemini surfactari®. Xylylene diphosphatéRef.
1); (b) Diphosphate with rigid stilbene spacéRef. 2); (c) Bis(dimethyl-
alkylammonium bromidedimer (Ref. 3; (d) Trimeric analog ofc) (Ref. 4
(e),(f) Disulfate (Ref. 5; Y=0CH,CH,0, O, OCHCH,0, O(CH,CH,0),.

o ) . ) B. Computational method
factant rigidity, and oil chain length. Section IV concludes

with a summary and Sec. V identifies relevant questions cur- _Previous efforts to predict the phase behavior of simple
rently under investigation. surfactant systems have involved two computational meth-

ods. Early work by Larson and co-workers estimated free
II. MODEL AND METHODS energy through numerical integration of the Gibbs—
Helmholtz equation using average energies obtained from
canonical ensemble Monte Carlo simulatidfisAlthough
The goal of this study is to investigate general trends irthis approach is thermodynamically rigorous, it suffers from
global phase behavior; the model therefore incorporates onlgn inability to distinguish two- and three-phase equilibrium
and is computationally expensive as a series of simulations is
TABLE I. CMC and G, data for several Gemini surfactants and their mo- f€quired to generate a single tie line. Most importantly, it
nomeric(simple surfactantanalogs(Ref. 2. requires that the model surfactant be symmetric, which pre-
cludes application of the method to Gemini surfactants. More

A. The model

Y CMC (mM)  Czo (mM) recently, Panagiotopoulos and co-workers have utilized
Gemini  Figure f)  —OCH,CH,O- 0.013 0.0010 Gibbs ensemble simulatiof&Vhile this method is very con-
monomer  G;H,sSO;Na - 8.2 31 venient for the investigation of systems of small molecules
Gemini  Figure 1f) ~O- 0.033 0.008 \yhich do not have a tendency to form ordered structures, the
Gemini Figure 1f) —OCH,CH,0- 0.032 0.0065 . . . ..
Gemini  Figure )  ~O(CH,CH,0),— 0.060 0.0010 conne(_:ted nature of mlcrogmulsmns reduces its efficiency
monomer  G;H,sSO;Na ) 9.8 4.4 and raises concerns regarding adequate sampling of low en-

ergy states.
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T*

FIG. 3. Configurations of,H,T, that are allowed by an imposed rigidity
constraint. When this molecule is treated as rigid, the intramolecular con-
tacts marked by dashed lines are not available for solvation and are not ]
included in the counting of contacts in the QC treatment.

0 012 0j4 016 0.8
volume fraction water
(a)
These considerations motivated the use of a different
computational method in this work, namely block composi-
tion distributions:®! Following equilibration of a canonical
ensemble Monte Carlo simulation, the composition of a surfactant
small subcell placed at a random position in the simulation
box is sampled over a large number of configurations. For a
ternary system(oil, water, and surfactaptthe probability
distribution of subcell composition is a three-dimensional
surface. When the bulloverall system composition is in a
single-phase region, this surface exhibits a single peak at the
bulk composition. When the bulk composition is in a phase- )
separated region, local composition fluctuations reflect equi';IG i c _ 0 and simula (8. T,H,T, and wat
librium phase compositions, resulting in a multimodal fre-"7% " Z‘)E"Tp/‘:r;'sso(;‘"g |$1e,ag C’S'Q;Jd"’;'s‘?ns:ﬁfu”laﬁ;mz % 125’agzvsv;e(rbz)
quency surface with each peak centered at the ComposmoﬂHsz, water, and oil;z=6; T* =1.33; solid lines, QC, dashed lines and
of an equilibrium phase. With this method, a single canonicatircles, simulation =15, b=5).
ensemble simulation may yield the endpoints of a tie line. In
practice, several simulations are sometimes necessary as the
bulk composition must be_chosen such that mult.iple .peak%l Theoretical method
are of roughly the same height. If the bulk composition is too
close to the composition of one of the equilibrium phases, ~The quasichemicalQC) theory of Guggenheini was
the peak for this phase will dominate the frequency surfacénvestigated as a simple, analytical alternative to the compu-
and may alter the positions of other peaks, or in extreméationa| block distribution method. The QC theory assumes
cases, render a second peak undetectable. independence of contact pairs and maximizes the resulting
One of the most significant limitations of this method is configurational partition function to yield the following rela-
an inability to provide a precise estimate of the critical point.tion between the number of contactsX;; :
As the bulk composition moves closer to the critical point, X2
equilibrium phases approach the same composition. Because ——— =4e™2¢ij kT, (1)
peaks in the frequency surface are centered at the equilib- XiiXjj
rium phase compositions, peaks begin to overlap before th&here ¢;; is the exchange energy of @ pair [i.e., €
critical point is reached. Although estimates of the critical =E;;—0.5(E; + Ej;), whereE;; is the interaction energy of
point may be extracted from finite-size scaling techniquesanij pair].
such an approach requires long simulations of large systems The free energy of mixing obtained by integrating the
and is computationally expensive even for simple, singleGibbs—Helmholtz equation is differentiated with respect to
component systemg:*® mole number to yield the following expression for the
Simulations are performed on and simple cubic lattice, change in chemical potential of speciegpon mixing:
with a cubic subcell of siz&®. The efficiency of surfactant

moves is improved by a standard Rosenbluth configurational 21 _ | 5.+ Ezq_ in i, Ezq—h- In iA1= xt)

bias schemé&? The optimal ratio of subcell to overall system 2T Ty 270 T h(l- ki)

size is dependent on surfactant length and is determined by 1 t(1— «h)

trial and error. If the subcell is too large, phase separation + - zgt;In 2

will occur within the cell. While a small subcell avoids this 27 kil
and reduces computation time, the subcell size is limitedvherez is the coordination numbegq; is the number of
from below by composition resolutiofthe smaller the sub- contacts for each molecule of specied; is the fraction of
cell the fewer compositions which may be obsepvadd by  species contacts which are hydrophilit,=1—h;, J; is the
peak resolution(when the subcell is too small, multiple volume fraction of species &, is the fraction of all contacts
peaks overlap The majority of simulations were performed which originate fromi moleculesh=2¢h;, andt=X¢&t;.

for aT,H,T, surfactant, for which 15 and five were found to « is the root of 1- k= k?ht(e?*’kT— 1) which lies between
be adequate values afandb, respectively. zero and two and; is the same quantity for pure component
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TABLE Il. Summary of systems studied.

Three-phase

rs hg ZQs T* range equilibrium
T,H,T, 4 0.49 98 3.8 — 10.0 X
T,oH,T, 5 0.39 122 3.3 -10.0 X
TiHaT, 5 0.59 122 3.8 - 10.0
T,oH,T, 6 0.33 146 33-11.1
T,oHT, 6 0.49 146 3.3 - 10.0 X
ToH,T, 6 0.66 146 2.9 — 10.0
T,oHsT, 7 0.42 170 4.0 - 10.0 X
T,oH,T, 8 0.49 194 4.0 -10.0 X
ToHsT, 9 0.33 218 2.9 — 10.0
ToH,T, 9 044 218 4.0 -10.0 X
T,oHsT, 9 0.55 218 4.0 — 10.0 X
T,HeT; 9 0.66 218 4.0 - 10.0
T H,T, 9 0.77 218 4.0 — 10.0
ToH, T3 10 0.40 242 4.0 - 10.0 X
T,H,Ts 11 0.36 266 4.0 - 10.0
TaHsT; 11 0.45 266 4.0 — 10.0 X
ToHeT, 11 0.54 266 4.0 - 10.0 X
T,oH,T, 11 0.63 266 4.0 — 10.0
T,HgT; 11 0.72 266 4.0 - 10.0
T HoT, 11 0.81 266 4.0 — 10.0
TeH,Ts 15 0.27 362 4.0 - 10.0
TsHsTs 15 0.33 362 40 -11.0
TsHeT, 15 0.40 362 4.0 - 10.0
T,HT, 15 0.46 362 4.0 - 10.0 X
T,HeTs 15 0.53 362 4.0 - 10.0 X
ToHoT, 15 0.60 362 4.0 - 10.0 X
TaH10T> 15 0.66 362 4.0 - 10.0
surfactant
water oil
(a) T* = 4.00.
surfactant
water = s oil

() T* = 6.25.

Layn, Debenedetti, and Prud’homme

i. ki is obtained by replacing by h;, t by t;, ande (the
exchange energy of a hydrophilic—hydrophobic phyr zero

if speciesi has only one type of contadi.e., is oil or
wate.*® The molecular structure variables which must be
specified arezq;, h;, andr;, the number of sites occupied
by each molecule of speciés

When a single system exhibits multiple phase envelopes,
the nature of overlap between the envelopes determines
whether the system is in two- or three-phase equilibrium.
Partial overlap of phase envelopes is characteristic of three-
phase equilibrium. Because the composition at which over-
lap first occurs is the endpoint of a tieline in each envelope,
this composition is in equilibrium with two other composi-
tions, and therefore all three compositions are in equilibrium.
When multiple phase envelopes overlap such that one enve-
lope is completely within the other, one envelope is meta-
stable. The stable envelope is identified by choosing a bulk
composition in the overlap region and comparing the free
energy of the system assuming separation along one set of tie
lines to the free energy assuming separation along the other
set of tie lines. The stable phase envelope yields a lower free
energy.

As mentioned previously, Gemini surfactants range from
very flexible to very rigid, depending on the nature of the
spacer. In the limit of a completely flexible spacer, there are
no intrinsic barriers to configurational changes; the surfactant
is free to adopt any configuration, and the most favorable one

surfactant

water

(¢) T* = 7.40.

surfactant

water oil

d) T* = 10.00.

FIG. 5. The effect of temperature on the phase behavidr,bf;T,; rs=9, zq,=218,h,=0.55.
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surfactant

water S oil
(a) T,H,T,, h, = 0.33.
surfactant
water oil
(b) T,H,T,, h, = 0.44.
surfactant
water oll

(¢c) T,H,T, h, = 0.55.
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surfactant

d) T,H,T,, h, = 0.66.

surfactant

water 4 oil

() T,H,T, h, = 0.77.

FIG. 6. The effect of surfactant solubility on the phase behavior of Geminis occupying niner sit€s;20,=218, T* =4.0.

will be determined by solvation effects. In the opposite ex-The positions of the remaining tail segments are not re-
treme of a completely rigid spacer, intramolecular motion isstricted as they represent flexible long chain hydrocarbons.
restricted and the configuration of the surfactant is dictated
by rigid bonds rather than neighboring solvent contacts.

define configurations by the relative positions of all head anacules. Figure 3 shows several configuration¥.4i,T, that

spacer units and the tail units directly bonded to the headsire allowed by a particular rigidity constraint. When this

Downloaded 22 Aug 2001 to 128.112.35.162. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp

Because a flexible molecule may adopt any configura-
tion, all of the contacts along the chain are available for

For simplicity, we limit this study to the cases of com- solvation. In contrast, a completely rigid molecule exists in a
pletely flexible or completely rigid surfactants. As molecularsingle configuration exclusively, and this may prevent some
rigidity originates from bonds in the spacer, we choose tacontacts along the chain from interacting with solvent mol-



5656 J. Chem. Phys., Vol. 109, No. 13, 1 October 1998 Layn, Debenedetti, and Prud’homme

molecule is treated as rigid, the contacts marked by dashed surfactant
lines are no longer available for solvation. In the context of
the QC theory, the rigidity constraint is introduced simply by
excluding these fixed intramolecular contacts from the total
number of contacts. This simple result is due to the calcula-
tion of equilibrium phase compositions via free energies of
mixing; the fixed intramolecular contacts resulting from mo-
lecular rigidity are equivalent in both pure and mixed states,
and hence make no contribution to mixing energies.
Although this treatment of surfactant rigidity is theoreti-
cally rigorous within the framework of the QC theory, it is Y N\ .
simplistic in regard to surfactant connectivity. Because the Wwater < — oil
QC theory accounts only for contact pairs, the structure of
the chain molecule is considered only in the counting of pair (a)
interactions. Thus the actual configuration adopted by the
surfactant is reflected only through the intramolecular con- surfactant
tacts which become fixed and consequently unavailable for
solvation. The relative positions of the remaining contacts
are neglected, as are any entropic effects which may result
from constraining the chain configuration.

D. Method comparison

A comparison of phase diagrams from QC theory calcu-
lations and block composition distributions shows excellent

agreement between the two methods. A comparison was /,/ N\
made for binary(surfactant and watgmnd ternary(surfac- water £— = il
tant, water, and oilsystems, for several surfactant structures,

over a range of temperatures, and for coordination numbers (b)

of six (nearest-neighbor interactions ohlgnd 26 (nearest-
and diagonal nearest-neighbor interact)orl?égure 4 shows FIG. 7. The effect of surfaptant rigidity on the phase behavioTpﬂz'T.l;
. L .T*=5.55, rg=4. (a) Flexible T;H,T;; zg,=98, hy=0.49. (b) Rigid
essentially exact quantitative agreement between the predul‘,leTl; 20.=92, h.=0.50.
tions of both methods for binary and ternary systems of the
GeminiT,H,T,. At least qualitative agreement was found in
all cases considered, suggesting that the analytical QC theor
captures the essential features of the problem. This very s
isfactory agreement between theory and simulations is not Figure 5 illustrates the phase behavioffgH:T, over a
expected to hold for longer molecules and lower temperaseries of dimensionless temperaturds £kT/e). At low
tures, where a significant amount of molecular associatioremperaturegFig. 5a)], the system exhibits a three-phase
will occur. The quasichemical theory, which takes into ac-triangle surrounded on two sides by two-phase envelopes.
count nearest-neighbor interactions only, is incapable of capfhere is a miscibility gap along both the oil—-surfactant and
turing long-range association. water—surfactant axis. An increase in temperaffig. 5(b)]

In light of the agreement between the quasichemicaljields a third two-phase region below the three-phase tri-
theory and the Monte Carlo simulations and the significantingle, decreases the size of the three-phase region, and elimi-
CPU demands of the computational approach, the detaileflates the surfactant—water miscibility gap. At higher tem-
study discussed in the following section was performed withperatures, the three-phase triangle is replaced by a stable

\. Temperature

the quasichemical theory theory. two-phase regiofFig. 5c), large enveloppand a metastable
region[Fig. 5(c), small envelopg At high temperatureg-ig.
IIl. RESULTS 5(d)] both the metastable region and the surfactant—oil im-

. miscibility are eliminated.
Results are presented to illustrate the effect of tempera-

ture, surfactant solubility, surfactant rigidity, and oil chain
length on phase separation. Table Il summarizes the systems
and conditions studied; results discussed below are represen-
tative of the behavior observed for all systems considered. The effect of surfactant solubility is illustrated by Fig. 6.
All calculations are performed with a coordination numberAll of the surfactant structures depicted occupy nine sites
of 26. Water is a single site species. Unless otherwise state(r;=9) and have the same number of contactsg(
the oil molecule is a single site species and surfactants are 218). Theonly remaining variable i$g, the fraction of
completely flexible (all contacts along the chain are surfactant contacts that are hydrophilic. Physicdilyis rep-
counted. resentative of the molecule’s hydrophilic—lyophilic balance

Surfactant solubility
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surfactant surfactant

water oil water — oil
(ar, =1 (c)r, =3.
surfactant surfactant

water A ol water £ oil
Mb)yr, =2. @dr, =17

FIG. 8. The effect of oil chain length on the phase behaviof #,T;; rs=5, hy=0.39,T* =5.56;r, is the number of sites occupied by an oil molecule.

(HLB); the surfactant becomes more hydrophobichass  rium is the result of partial overlap of two separate phase
decreased below 0.5 and more hydrophilidhass increased envelopes, one for which the surfactant is more soluble in the
above 0.5. water-rich phase and one for which the surfactant is more
The progression from Fig.(8) to Fig. 6e) is an increase soluble in the oil-rich phase. Such behavior will occur if the
in the ratio of hydrophilic to hydrophobic units. The most surfactant has only a weak preference for one solvent.
hydrophobic surfactanitFig. 6(a)] exhibits only two-phase
equilibrium, with the surfactant more soluble in the oil-rich
phase. Increasinigs by replacing a tail segment by a hydro-
philic spacer unit results in a three-phase triangle surround
by two-phase envelopgd=ig. 6(b)]. The larger two-phase As discussed previously, imposing rigidity on a chain
region is the one for which the surfactant is more soluble imrmolecule fixes intramolecular contacts and thereby reduces
the oil-rich phase, as expected due to the hydrophobic chathe number of contacts available for solvation. In the context
acter of the surfactant(<0.5). Increasindng to 0.55 yields  of the QC theory, this results in a decrease @, the num-
a slightly hydrophilic surfactant which again exhibits a three-ber of surfactant contacts. In general, this may be accompa-
phase triangl¢Fig. 6(c)]. The dominant two-phase region is nied by a change i, the fraction of surfactant contacts
now the one for which the surfactant is more soluble in thewhich are hydrophilic.
water-rich phase. An increasetig to 0.66[Fig. 6(d)] causes The effect of imposing rigidity is illustrated by Fig. 7.
a transition to two-phase equilibrium with a small metastable-igure da) corresponds to a completely flexibB,H,T,
region near the edge of the stable envelope. The metastableq,=98, h;=0.49 and Fig. Tb) to a completely rigid
region is eliminated by a further increasehin[Fig. 6(e)]. T,H,T; which is constrained to lie in the configuration de-
The combined behavior of all systems studied suggestpicted g,=92, h;=0.50. The flexible molecule exhibits a
that three-phase equilibrium will exist at low temperatures ifthree-phase region which is lost when rigidity is imposed.
the surfactant is only moderately hydrophilic or hydropho-Although hg for the rigid case is slightly larger, the differ-
bic. Extreme surfactant solubility preferences yield two-ence is small compared to the difference in the number of
phase equilibrium, with an essentially pure oil or water phaseontacts. The surfactant solubility study discussed above
in equilibrium with surfactant and the remaining solvent. Thesuggests that such a small differencehipis not likely to
physical cause of this behavior is clear; three-phase equilidhave a significant impact on phase behavior; the expected

e(&' Surfactant rigidity
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cause of the transition from three- to two-phase equilibriumtwo-phase equilibrium first results in emergence of a three-
is loss of contacts. phase triangle, followed by a reversion to two-phase equilib-
Phase diagrams of rigid surfactants were calculated forium with reversed surfactant solubility.

all possible configurations af;H,T; andT,H,T;. With the

exception of one configuration df,H,T,, all rigid configu- V- FUTURE WORK

rations studied showed similar behavidoss of the three- As discussed in Sec. Il, the interaction energies em-
phase region exhibited by the flexible molegulkire excep-  ployed for this study are expected to capture the basic fea-
tion was for the case of the smallest decrease in the numbeiires of surfactant systems, but contain several simplifica-
of contacts £q;=98 for the flexible molecule and 96 for the tions. For example, they do not promote water—head or oil—

rigid). tail interactions and they neglect electrostatic repulsion
_ _ between ionic head groups. A more detailed model which
D. Hydrophobic solvent chain length allows arbitrary head and tail interactiofise., does not re-

Figure 8 shows the effect of the hydrophobic solventduire heads to be energetically equivalent to water or tails to
(oil) chain length on the phase behavior of the Gemini€ energetically equivalent to biand a study of Gemini
T,H,T,. A single site oil molecul§Fig. 8a)] results in two- surfactant phase behavior as a function of energetics are war-
phase equilibrium with the surfactant partitioning to the oil- "anted. ,
rich phase. Increasing the oil length to ty&ig. 8b)] results The complete phase diagram of a surfactant system gen-
in a three-phase triangle with the larger two-phase regioﬁra”y consists of two dlstlnct regions; phase separation at
corresponding to the surfactant existing preferentially in thdoW surfactant concentrations and microstructure = self-
oil-rich phase. The three-phase region is retained for an oftSSémbly at higher surfactant concentrations. As the QC
length of thred Fig. 8(c)], but the dominant two-phase enve- th_eory is incapable _of incorporating long-range order e_szects,
lope corresponds to the surfactant being more soluble in thBlicrostructure studies should be performed by canonical en-
water-rich phase. For sufficiently long oil moleculEsg. semble Monte Carlo simulations. Questions of importance in
8(d)], the system reverts to two-phase equilibrium with re-this area are the final equilibrium structures as a function of
versed surfactant solubilitisurfactant is more soluble in the t€MPperature, composition, surfactant structure, and rigidity.

aqueous phage A comparison of our theoretical results to experimental
data are not provided as the phase behavior of Gemini sys-
IV. SUMMARY tems has not been studied extensively and insufficient data

. o are available. Experimental studies designed to verify the
The phase behavior of Gemini surfactant systems hag,odel predictions should be pursued.

been investigated by computational and theoretical methods.
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