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ABSTRACT: Gemini surfactants comprise two single-tailed surfactants
connected by a linker at or near the hydrophilic headgroup. They display a
variety of water-concentration-dependent lyotropic liquid crystal morphologies
that are sensitive to surfactant molecular structure and the nature of the
headgroups and counterions. Recently, an interesting dependence of the
aqueous-phase behavior on the length of the linker has been discovered; odd-
numbered linker length surfactants exhibit characteristically different phase
diagrams than even-numbered linker surfactants. In this work, we investigate
this “odd/even effect” using computer simulations, focusing on experimentally
studied gemini dicarboxylates with Na+ counterions, seven nonterminal carbon
atoms in the tails, and either three, four, five, or six carbon atoms in the linker
(denoted Na-73, Na-74, Na-75, and Na-76, respectively). We find that the
relative electrostatic repulsion between headgroups in the different
morphologies is correlated with the qualitative features of the experimental
phase diagrams, predicting destabilization of hexagonal phases as the cylinders pack close together at low water content.
Significant differences in the relative headgroup orientations of Na-74 and Na-76 compared to those of Na-73 and Na-75
surfactants lead to differences in linker−linker packing and long-range headgroup−headgroup electrostatic repulsion, which
affects the delicate electrostatic balance between the hexagonal and gyroid phases. Much of the fundamental insight presented in
this work is enabled by the ability to computationally construct and analyze metastable phases that are not observable in
experiments.

1. INTRODUCTION

Surfactant molecules can self-assemble in water to form
aqueous lyotropic liquid crystalline (LLC) phases1−4 with
periodic, long-range nanoscale order. Examples include arrange-
ments of spheres, hexagonally packed cylinders (hexagonal),
and bicontinuous cubic (gyroid, double diamond, etc.) and
lamellar morphologies. There has been recent interest in gemini
surfactants,5−10 which consist of two single-tailed surfactants
connected by a linker (Figure 1), because they display
bicontinuous morphologies over a wide range of concen-
trations. In addition to fundamental interest, these phases are of
possible technological interest in the fabrication of mem-
branes11 with percolating water channels for selective chemical
separations,12−15 ion transport,16 and controlled release
formulations.17,18

The LLC phase diagram of gemini surfactant systems
generally exhibits lamellar, gyroid, and hexagonal phases at
low, intermediate, and high water content, respectively, but the
relative stability regions (and even existence) of these phases
depend on the type of headgroup and counterion, the length of
the surfactant tail, and the position of the linker.9,19−21 Gin and

co-workers reported that cationic gemini surfactants employing
quaternary ammonium,12 phosphonium,22,23 and imidazolium24
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Figure 1. Schematic representation of the gemini surfactant molecules.
Carbon atoms marked in red are chiral; we consider only “RR”
chirality (see the Methods section).
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headgroups exhibit a slightly greater tendency to form the
gyroid morphology than the corresponding single-chain
surfactant molecules. Sorenson et al. showed that (anionic)
dicarboxylate gemini surfactants exhibit a strong propensity to
form gyroid morphologies over wide concentration and
temperature ranges.9 From computer simulations of dicarbox-
ylate surfactants, Mondal et al.25 proposed that reducing the
electrostatic attraction between the headgroup and counterion
(i.e., going from Na+ to tetramethylammonium counterion)
destabilizes lamellae compared with the gyroid.
Complementary micellization studies have additionally

illuminated the interesting physics of gemini surfactant systems.
While gemini surfactants generally exhibit critical micelle
concentrations (CMCs) that are 1−2 orders of magnitude
lower than those of the corresponding single-tail surfactants,8

the linker length dependence can vary qualitatively with
surfactant; the CMC may monotonically increase with the
linker length,26,27 show oscillatory behavior,28 or exhibit either
intermediate minima29 or maxima.30 In general, the CMC
decreases monotonically with increasing tail length;31−34

however, such trends are not always conserved for other
properties. For example, Li et al.32 reported an odd/even trend
in the enthalpy of micellization with tail length despite the
monotonic CMC dependence; the enthalpy of micellization
was generally negative and decreasing with tail length for even-
numbered but positive and increasing with tail length for odd-
numbered carbon tails. A different odd/even trend, this time
with the number of linker carbon atoms, was found for the
ellipticity of gemini-surfactant-based mixed micelles.35 These
odd/even trends have been rationalized as manifestations of the
“alternating polarity” or “donor−acceptor” theory that is used
to explain similar trends found for nonionic hydrocarbon
systems36−38 and single-chain-surfactant-based emulsions.39

Mahanthappa and co-workers9,10 have recently discovered
that the dicarboxylate gemini surfactants with an odd number
of carbon atoms in the linker (n = 3 and 5, see Figure 1) do not
form the hexagonal LLC phase that is seen in surfactants with
an even number (n = 4 and 6) of linker atoms at high water
content. The origin of this surprising difference in phase
behavior was unclear, although it was speculated that the linker
conformation differences might affect the packing of the tails in
different morphologies. In this work, we will argue that these
odd/even phase behavior differences are not due to the
alternating polarity effects, which have been the basis for the
explanation of the previously reported odd/even trends, but
rather are caused by a very different physical mechanism.
Using molecular dynamics (MD) simulations, we construct

regular-hexagonal and gyroid-like LLCs composed of the Na-
73, Na-74, Na-75, and Na-76 dicarboxylate gemini surfactants
that were studied by Mahanthappa and co-workers;9,10 notably,
some of the investigated morphologies are metastable and are
not seen experimentally. This enables a direct comparison of
the structure and energetics of each morphology for the four
different surfactants, illuminating the fundamental physics
dictating the phase behavior. From this analysis, we find
important differences in the electrostatic properties of the
hexagonal and gyroid phases that sensitively depend on the
hydration level. At higher water content, hexagonal phases
exhibit lower headgroup repulsion due to their high interfacial
curvature, whereas at lower water content the headgroup
repulsion is higher than that in the gyroid phase due to the
unfavorable close packing of cylinders. These trends are
analogously reflected in the relative pairwise correlations

between headgroups and counterions, with greater correlation
for systems requiring greater headgroup screening. We show
that there is a clear odd/even trend in the headgroup repulsion
for the hexagonal phase at lower water content; this is due to
the intercylinder headgroup repulsion, which is relatively higher
for the odd surfactants because their intrinsic conformations
orient the headgroups normal to the interface. Our work thus
provides a qualitative explanation for the previously reported
experimental odd/even trends in the phase behavior of
dicarboxylate gemini surfactants; however, quantitative pre-
diction of the relative phase stability requires additional
characterization of long-range fluctuations in the hexagonal
phase.
This article is organized as follows. After characterizing the

LLC phases by their scattering structure factors, we examine
the differences in the headgroup orientation and packing of the
different surfactants; these differences are conserved across the
phase diagram and are inherent to the intrinsic conformational
preferences of the surfactants. We then analyze the ion−ion
correlations and energetics of the surfactant morphologies. To
establish general trends, we study the hexagonal and gyroid
morphologies at three different hydration levels for each of the
four different surfactants. We consider the hydration levels of λ
= 12.9, 15, and 24.4, where λ denotes the number of water
molecules per surfactant. We note that these hydration levels
roughly span the experimental stability region of both the
hexagonal and gyroid phases for Na-74 surfactants.9

2. METHODS
MD simulations are conducted at 300 K and 1 bar utilizing the
GROMACS simulation package.40 The GROMOS45a3 united
atom force field41 is employed for the surfactant molecules and
Na+ counterions, and the SPC model42 is used for water.
Equilibration in the NPT ensemble is run for ∼1 μs using a
time step of 4 fs. Lennard-Jones interactions are switched to
zero at 1.4 nm, and the particle-mesh Ewald method43 is used
for electrostatics. The water molecules are kept rigid using the
SETTLE algorithm.44 Isotropic and semi-isotropic pressure
couplings are used for the gyroid and hexagonal phases,
respectively, using the Berendsen barostat.45 It is important to
note that the gemini surfactants contain two chiral carbon
centers, potentially resulting in three possible stereoisomers
(RR, RS, and SS) for each surfactant; in this work, for
simplicity, we consider only the RR surfactants.
It is imperative to consider the initial choice of the simulation

box, as this determines the morphology of the equilibrated
phase. This is because in the NPT ensemble, with a constant
number of molecules, the density and unit cell dimensions are
coupled. Because the energy depends strongly on the system
density and only weakly on the unit cell dimensions, the initial
choice of the number of molecules determines the resulting
unit cell dimensions through optimization of the density.
Therefore, it is impossible to predict either the unit cell
dimensions or equilibrium LLC structure using NPT
simulations without explicit free energy calculations; while
this enables the study of metastable phases through
constraining the size/shape of the simulation box, it also
means that unit cell parameters for these phases must be
predetermined. Our choice of initial unit cell dimensions is
largely based on the experimentally determined values9,10 at the
corresponding concentrations. For the metastable phases, the
unit cell dimensions are taken to be the same as those of the
corresponding experimentally observed phases formed by the
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other surfactants. We note that the gyroid systems at 65 wt %
have slightly smaller unit cells compared to those in the
experiment; these are chosen to be consistent with the Na-74
gyroid structure taken from Mondal et al.25 The number of
molecules and unit cell dimensions for each system are given in
Table 1; hydration levels of λ = 12.9, 15, and 24.4 correspond

to surfactant weight fractions of 65, 62, and 50 wt %,
respectively. Additional details concerning the system con-
struction are given in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Structure Factor Characterization of LLCs. Gyroid

and hexagonal phases at λ = 12.9, 15, and 24.4 are constructed
for Na-73, Na-74, Na-75, and Na-76 dicarboxylate gemini
surfactants. While the formation of the hexagonal phase is
clearly visualized, verifying the gyroid-phase formation is more
difficult; the gyroid phase is rigorously characterized by its X-
ray scattering pattern, with two high-intensity peaks corre-
sponding to the (211) and (220) Bragg reflections and lower-
amplitude peaks corresponding to the (321), (400), (420), and
(332) reflections.9,10 Figures 2 and 3 show computed scattering
structure factors (see the Supporting Information for details)
for all of the systems and the corresponding snapshots of both
hexagonal and gyroid phases. While most are well-formed,
exhibiting qualitatively similar scattering features with the
corresponding experimental phases, the gyroid phases at λ =
24.4 are less perfect, exhibiting significant intensity scattering
peaks that are not observed experimentally, most notably (200)
and (210). However, these morphologies mostly show the
characteristic scattering features of the gyroid phase, and so we

consider these morphologies “gyroid-like”. Because of the large
number of systems studied, our analysis is not significantly
limited by these gyroid-phase imperfections, as discussed in the
Supporting Information.

3.2. Headgroup Orientation and Surfactant Packing.
A major difference between the odd and even surfactant
systems is the distribution of relative headgroup orientations
characterized by the “dihedral” angle, ϕ (Figure 4). In the
LLCs, the Na-73 and Na-75 surfactants exhibit a single peak at
ϕ ∼ −10°, whereas the Na-74 and Na-76 surfactants exhibit a
bimodal distribution with peaks at ϕ ∼ ±40°. These
distributions are similar for both the hexagonal and gyroid
phases (Figure 4) and are not significantly affected by hydration
level (Figure S1). These different headgroup orientations are
largely determined by the intramolecular, configurational
surfactant energetics subject to the imposed general constraint
that ϕ must be small (−60° < ϕ < 60°) to allow surfactant
packing in self-assembly. This is demonstrated by energetic
analysis as well as additional simulations of the surfactants in
bulk water. For surfactants in bulk water, the relative headgroup
orientation of the surfactants (Figure S2) is qualitatively similar
to that in the LLC morphologies for the range −60° < ϕ < 60°.
In Figure 5, the average configurational energy of the
surfactants is plotted as a function of headgroup orientation
(ϕ), and it is evident that the energetic minima directly
correspond to the peaks in Figure 4. For surfactants in bulk
water, additional minima exist for larger ϕ; however, such
configurations are not permitted in the LLC phases due to
packing restrictions. The intrinsic conformational differences of
the odd and even gemini surfactants lead to differences in both
surfactant packing (vide infra) and electrostatic interactions in
the LLCs (Section 3.3), with the latter effect primarily
responsible for the different odd/even phase behavior.
The odd/even surfactant conformational differences lead to

differences in surfactant packing in the LLC morphologies. In
Figure 6, the surfactant linker−linker center-of-mass radial
distribution function (RDF) is plotted for the hexagonal and
gyroid morphologies at λ = 15 for each of the four surfactants;
RDFs at λ = 12.9 and 24.4 are shown in Figures S3 and S4,
respectively. Clear trends exist, which only slightly depend on
morphology: The Na-74 and Na-76 surfactants show closer
linker−linker packing than either of the Na-73 or Na-75
surfactant; we attribute this to the conformational differences of
the surfactants, as discussed earlier. These data do not imply a
difference in the density of the surfactant packing but merely
represent the relative “alignment” of neighboring surfactant
molecules. Two important conclusions are drawn from these
data: (1) the packing of a given surfactant is similar in both the
hexagonal and gyroid phases (at similar water content) and (2)
both the hexagonal and gyroid phases can accommodate the
inherently different packing preferences of the four surfactants.
Thus, the inherent configurational differences of the odd and
even surfactants do not preclude the formation of either the
hexagonal or gyroid phase on the basis of packing arguments
alone. Relatedly, the specific morphology of the phase
(hexagonal or gyroid) does not bias the surfactants to specific
packing motifs, rather the packing seems to be predetermined
on the basis of the inherent conformational properties of the
specific surfactant. We note that the packing differences mainly
pertain to the linker and headgroups of the surfactants, as there
is little difference in the tail−tail packing, as shown in Figures 7,
S5, and S6.

Table 1. Composition of Gemini Surfactant LLCs

surfactant phase λ # surfactant # ions # water unit cella

Na-73 gyroid 12.9 250 500 3225 6.35
Na-74 gyroid 12.9 250 500 3225 6.40
Na-75 gyroid 12.9 250 500 3225 6.45
Na-76 gyroid 12.9 250 500 3225 6.51
Na-73 gyroid 15 250 500 3750 6.46
Na-74 gyroid 15 250 500 3750 6.51
Na-75 gyroid 15 250 500 3750 6.57
Na-76 gyroid 15 250 500 3750 6.63
Na-73 gyroid 24.4 225 450 5490 6.74
Na-74 gyroid 24.4 225 450 5490 6.76
Na-75 gyroid 24.4 225 450 5490 6.82
Na-76 gyroid 24.4 225 450 5490 6.87
Na-73 hex 12.9 24 48 310 3.15, 2.87
Na-74 hex 12.9 24 48 310 3.10, 3.01
Na-75 hex 12.9 24 48 310 3.01, 3.13
Na-76 hex 12.9 24 48 310 2.96, 3.51
Na-73 hex 15 24 48 360 3.16, 3.01
Na-74 hex 15 24 48 360 3.12, 3.17
Na-75 hex 15 24 48 360 3.13, 3.25
Na-76 hex 15 24 48 360 3.06, 3.44
Na-73 hex 24.4 24 48 586 3.29, 3.49
Na-74 hex 24.4 24 48 586 3.24, 3.65
Na-75 hex 24.4 24 48 586 3.22, 3.78
Na-76 hex 24.4 24 48 586 3.16, 3.99

aThe unit cell of the gyroid is cubic and is specified by a single length
(given in nm), whereas the unit cell of the hexagonal phase is specified
by the magnitudes of “a” and “b” unit cell vectors (forming an angle of
120°) and the length of vector “c”.
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3.3. Ion Structure and Electrostatic Energetics. Because
of the high density of free ions and ionic headgroups,
electrostatic interactions are a dominant component of the
cohesive energy in the gemini surfactant LLCs. These
electrostatic interactions are strongly dependent on the
hydration level due to two primary reasons: Water is a strong
dielectric and effectively solvates both ionic headgroups and
counterions, diminishing the correlation between these species
at high hydration. Additionally, the hydration level determines
the confinement length scales of the nanostructures such that
the ionic groups are necessarily more proximal at low hydration
levels. Below we demonstrate that the hydration dependence of
these electrostatic interactions is different for the gyroid and
hexagonal phases, which consequently affects the relative phase
stability.
In Figure 8, we compare the RDFs between sodium

counterions and the dicarboxylate headgroups for the
hexagonal and gyroid phases at the two extreme hydration
levels, λ = 12.9 and 24.4. While we specifically focus on the Na-
74 surfactant systems for brevity, the qualitative conclusions are

the same for all other surfactants (Figures S9 and S10). The
hydration dependence of the headgroup−counterion correla-
tion is significantly different for the gyroid and hexagonal
phases; the height of the first RDF peak increases by a factor of
∼2.4 for the hexagonal phase but only by ∼1.6 for the gyroid
phase, as the hydration level is decreased from λ = 24.4 to 12.9.
These differences in counterion screening reflect the relative
electrostatic repulsion between headgroups in the different
morphologies. At high hydration, there is lower headgroup
repulsion in the hexagonal phase due to the high curvature of
the cylinders; however, at lower hydration, the cylinders in the
hexagonal phase pack closer together, resulting in high
intercylinder electrostatic repulsion and higher counterion
screening than in the gyroid phase. It is important to point out
that these hydration levels approximately span the experimental
stability transition between the Na-74 hexagonal and gyroid
phases,9 with the hexagonal and gyroid phases experimentally
observed at λ = 24.4 and 12.9, respectively. The crossover in
the relative headgroup−counterion correlation between the
hexagonal and gyroid phases in Figure 8 thus qualitatively

Figure 2. Structure factors of the hexagonal morphologies at (a) λ = 24.4, (b) λ = 15, and (c) λ = 12.9. (d) Representative simulation snapshot of
Na-74 hexagonal morphology at λ = 24.4.
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mirrors the crossover in experimental stability; this is not a
predictive measure, however, as similar qualitative trends are
seen for the Na-73 and Na-75 surfactants (Figures S9 and S10),
which do not experimentally exhibit a hexagonal phase.
To examine the surfactant dependence of the electrostatic

properties, an initial consideration is the spatial correlation of
the dicarboxylate headgroups in the LLCs, as increasing the
linker length directly results in a greater separation of the two
headgroups on each surfactant. In Figure 9, we compare
headgroup−headgroup RDFs for λ = 15 hexagonal and gyroid
phases for the four different surfactants; these RDFs include
both intra- and inter-surfactant headgroup correlations. In
general, all of the surfactants show similar headgroup
correlation structure, with longer linker surfactants exhibiting
stronger correlation at longer separations and weaker

correlation at shorter separations. The obvious outlier is the
Na-73 system, in which the headgroup−headgroup correlation
is significantly enhanced at approximately 4−5 Å distances,
which is due to the short linker and the resulting intrasurfactant
correlation. However, the longer linker surfactants also exhibit
approximately 4−5 Å peaks, indicating significant intersurfac-
tant correlation at these separations. We note that the close
intrasurfactant headgroup−headgroup correlation for Na-73 is
independent of morphology and does not seem to directly
affect the headgroup−counterion correlation (Figure 10), as
discussed below.
We next examine how the headgroup−counterion correlation

in the hexagonal and gyroid morphologies is affected by the
surfactant linker length. In Figure 10, the corresponding RDFs
are shown for the hexagonal and gyroid phases of the four

Figure 3. Structure factors of the gyroid morphologies at (a) λ = 24.4, (b) λ = 15, and (c) λ = 12.9. (d) Representative simulation snapshot of Na-74
gyroid morphology at λ = 12.9 from the (100) perspective.
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different surfactants at hydration λ = 15. We note that the
qualitative trends are similar at the other hydration levels

(Figures S9 and S10) although the analysis is somewhat
complicated by imperfections in the gyroid structure. The
gyroid phase exhibits monotonically increasing headgroup−
counterion correlation as the linker length is increased. The
hexagonal phase interestingly exhibits monotonic behavior that
is grouped within the distinct odd/even sets, as is clearly
illustrated by plotting the intensity of the first RDF peak as a
function of linker length (Figure 10c). The general monotonic
trends are due to the greater confinement of the hydrophilic
water channels as the linker length is increased, the latter being
inferred from the unit cell dimensions in Table 1. The cylinders
pack closer together in the hexagonal phase (smaller a, b
vectors) with increasing linker length, and the gyroid unit cell
size increases, implying sharper interfaces (fixed number of
water molecules). It has previously been shown that the
headgroup−counterion correlation is extremely sensitive to the
confinement length scale and increases with narrower confine-
ment.25,46

What then explains the odd/even grouping of headgroup−
counterion correlation in the hexagonal phase? As shown in
Figure 10c, the correlation increases similarly with length for
the odd and even linker surfactants but is relatively lower for
even surfactants. We propose that this odd/even shift in the

Figure 4. (a) Relative headgroup orientation (ϕ) defined by the dihedral angle formed by planes of α− β−χ and β−χ−δ atoms and (b) ϕ
distribution of surfactant molecules for λ = 15 morphologies.

Figure 5. Conformational energy of surfactant molecules as a function
of their headgroup orientation (ϕ). Note that we exclude the
intramolecular electrostatic interaction contributions, as these are
characterized elsewhere (Figure 11).

Figure 6. Surfactant linker−linker center-of-mass RDFs for the (left) gyroid and (right) hexagonal phases at λ = 15.
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counterion screening is due to differences in the intercylinder
headgroup repulsion in the hexagonal phases. To demonstrate
this, we calculate the electrostatic energy of the dicarboxylate
headgroups in a uniform, compensating background charge;
this is a common practical approach for describing the

energetics of infinite, charged systems (see the Supporting
Information for details). In Figure 11, we plot this electrostatic
energy for the hexagonal phases of the four different surfactants
at the three different hydration levels. Trends in the headgroup
repulsion are inferred from these energy densities; more

Figure 7. Surfactant tail−tail center-of-mass RDFs for the (left) gyroid and (right) hexagonal phases at λ = 15.

Figure 8. Comparison of RDFs between dicarboxylate oxygen atoms and sodium counterions for hexagonal and gyroid phases of Na-74 surfactants
at hydration levels (a) λ = 24.4 and (b) λ = 12.9.

Figure 9. RDFs between dicarboxylate oxygen atoms at λ = 15 for (a) gyroid phases and (b) hexagonal phases.
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negative values imply lower headgroup repulsion and vice versa.
These energies are very sensitive to the ion density, with less

negative energies (greater repulsion) for smaller confinement
(smaller λ). Also, the electrostatic headgroup repulsion for the

Figure 10. RDFs between carboxylate oxygen atoms and sodium counterions for (a) hexagonal phases and (b) gyroid phases at the λ = 15 hydration
level. (c) Height of the first peak in the RDF for the hexagonal phases.

Figure 11. (a) Electrostatic energy of dicarboxylate headgroups in uniform background charge for hexagonal morphologies at different hydration
levels. (b) Schematic depiction of intra- and inter-cylinder repulsion in hexagonal phases at different hydration levels.
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Na-73 phases is comparatively high, which we attribute to the
short intrasurfactant headgroup correlation distance (Figure 9).
At low hydration (λ = 12.9), the cylinders in the hexagonal
phase are much more closely packed and there is an odd/even
trend, in which the even surfactants generally exhibit lower
headgroup repulsion (more negative energies) than the odd
surfactants. The fact that this odd/even trend becomes
prominent with smaller confinement suggests that it reflects
the differences in the intercylinder repulsion within the
hexagonal phases. We believe that these differences are due
to the orientation of the headgroups of odd surfactants more
normal to the cylinder surface because of their relative
headgroup orientation (Figure 4). The odd/even dependence
of the counterion screening in the hexagonal phase (Figure 10)
is thus caused by these differences in electrostatic repulsion
between the close-packed cylinders.
Our combined analysis of the headgroup−counterion

correlation (Figures 8 and 10) and electrostatic headgroup
repulsion (Figure 11) suggests that the preferential formation
of hexagonal or gyroid phase is due to the hydration-dependent
balance of the electrostatic interactions between the head-
groups and counterions. Although the balance of ionic
attractions and repulsions is obviously a general phenomenon,
it is important to realize that in these systems there is a clear
cause and effect: the headgroup−headgroup repulsion is
predetermined on the basis of the phase topology, and the
counterions provide the requisite screening. We note that none
of the mentioned morphologies or odd/even trends exist in the
headgroup−water RDF (Figures S11, S12, and S13). The
nearly exact quantitative balance of attraction, repulsion, and
screening of the headgroups, counterions, and water in the
hexagonal and gyroid phases (for a given λ) is demonstrated by
the average total electrostatic energies in Tables 2−4. The

gyroid and hexagonal phases exhibit similar electrostatic and
total energies at all three hydration levels and for all four
surfactant molecules. For a specific morphology, the energy

only slightly depends on the surfactant, with slightly less
cohesive energy as the linker length increases. Additionally, the
cohesive energy density for all systems increases with
decreasing hydration because of the resulting greater ionic
concentration. The energetic equivalence of the Na-74 and Na-
76 hexagonal and gyroid phases at λ = 24.4 is not surprising;
this is close to the experimentally observed stability transition
region9 for these systems. However, the near-equivalence in
energy of the two phases for the Na-73 and Na-75 surfactants
implies that the absence of experimentally observed hexagonal
phases for the odd linker−surfactant systems10 is due to very
subtle physics, potentially long-range fluctuations (vide infra),
or entropic differences resulting from the relative ion
correlation. The uncertainty in the energy values reported in
Tables 2−4 is at least 2−3% due to fluctuations of the
hexagonal phase and imperfections in the gyroid structures.
We finally comment on an important discrepancy related to

long-range fluctuations between our ideal, simulated LLC
morphologies and the corresponding experimental systems.
Both experimental47−49 and theoretical50,51 work have demon-
strated the importance of long-range fluctuations in these and
similar morphologies formed by diblock copolymers or
phospholipid bilayers. In particular, these fluctuations become
increasingly important near stability transitions and may
mediate the transition between morphologies.47 In the present
case, the neglect of such fluctuations is presumably more
problematic for the hexagonal phase, as the gyroid has a
significantly larger unit cell and is more structurally rigid
because of its 3D network connectivity. Indeed, the X-ray
diffraction spectrum of the experimental Na-74 hexagonal phase
shows no sharp (200) peak,9 in contrast to our simulated
hexagonal phase, indicating some degree of long-range disorder
in the experimental system. To examine the qualitative effects
of fluctuations, we conducted additional simulations of 2 × 2 ×
2 supercells of the hexagonal morphologies (note “supercell” is
somewhat arbitrary, as the hexagonal phase is only 2D periodic,
but is defined relative to the systems in Table 1). Simulations
employing supercells generally exhibited increased headgroup
repulsion and headgroup−counterion correlation, both with
average enhancements of roughly 5% compared to those of the
unit cell simulations. This indicates that fluctuations in the
hexagonal morphology generally result in larger electrostatic
interactions than those in the ideal LLC structures, with
quantitative predictions requiring incorporation of these effects.

4. CONCLUSIONS
Our simulations suggest that the linker-dependent phase
behavior of dicarboxylate gemini surfactant LLCs is largely
due to a subtle balance of the electrostatic interactions between
the headgroups and counterions. At high hydration levels, the

Table 2. Energy Density of Gyroid and Hexagonal Phases at
λ = 24.4a

electrostatic energy
(kJ/mol nm3)

total potential energy
(kJ/mol nm3)

system gyroid hexagonal gyroid hexagonal

Na-73 −2133 −2129 −1969 −1963
Na-74 −2106 −2097 −1950 −1940
Na-75 −2050 −2044 −1897 −1889
Na-76 −2004 −2003 −1855 −1853

aThe uncertainty in the energies is at least 2−3% due to fluctuations of
the hexagonal phase and imperfections in the gyroid structures.

Table 3. Energy Density of Gyroid and Hexagonal Phases at
λ = 15a

electrostatic energy
(kJ/mol nm3)

total potential energy
(kJ/mol nm3)

system gyroid hexagonal gyroid hexagonal

Na-73 −2259 −2251 −2112 −2104
Na-74 −2208 −2191 −2068 −2051
Na-75 −2144 −2130 −2010 −1994
Na-76 −2086 −2079 −1957 −1950

aThe uncertainty in the energies is at least 2−3% due to fluctuations of
the hexagonal phase and imperfections in the gyroid structures.

Table 4. Energy Density of Gyroid and Hexagonal Phases at
λ = 12.9a

electrostatic energy
(kJ/mol nm3)

total potential energy
(kJ/mol nm3)

system gyroid hexagonal gyroid hexagonal

Na-73 −2274 −2277 −2134 −2136
Na-74 −2220 −2229 −2090 −2099
Na-75 −2166 −2152 −2038 −2025
Na-76 −2105 −2095 −1982 −1971

aThe uncertainty in the energies is at least 2−3% due to fluctuations of
the hexagonal phase and imperfections in the gyroid structures.
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high curvature of the cylinders in the hexagonal morphologies
leads to lower headgroup−headgroup repulsion than in the
gyroid phase; however, as the water content decreases, the
trend is reversed due to high intercylinder repulsion in the
hexagonal phase. However, these electrostatic differences are
largely balanced by the attraction and screening of the Na+

counterions, resulting in near-equivalency of the total electro-
static energy of the hexagonal and gyroid phases. This delicate
energetic balance makes the phase behavior highly sensitive to
the specific surfactant, counterion, and temperature.9,10

Different surfactants (e.g., Na-73, Na-74, Na-75, and Na-76)
or counterions (e.g., Na+ and K+) may modulate the phase
behavior by altering this electrostatic balance.52−54 The linker-
dependent phase behavior of gemini surfactants is due to the
differences in the headgroup−headgroup repulsion caused by
inherent conformational preferences of the surfactants.
Relatedly, we expect that the equilibrium between the
hexagonal and gyroid phases may be shifted with a different
choice of counterion; a more weakly interacting counterion
(e.g., tetramethylammonium (TMA+)) may alter the hydration-
dependent electrostatic balance between morphologies, chang-
ing the phase diagram. Our analysis is consistent with previous
mechanistic studies25 of the phase behavior of gemini surfactant
systems. For example, Mondal et al.25 observed that a low-
water-content lamellar phase of Na-74 dicarboxylate surfactants
was destabilized with respect to the gyroid phase when Na+

counterions were replaced by TMA+. These authors speculated
that the relative stability of the two phases was electrostatic in
nature and the stability of the lamellar phase required strong
counterion correlation. Indeed, because of the absence of
curvature in the lamellar phase, one expects greater head-
group−headgroup repulsion than in the gyroid phase, requiring
greater counterion screening.
We finally speculate on the qualitative differences in the

experimental phase diagrams of even (Na-74, Na-76) and odd
(Na-73, Na-75) dicarboxylate surfactant systems.9,10 By ruling
out other explanations, our simulations suggest that the absence
of experimental hexagonal phases for the Na-73 and Na-75
surfactants may be caused by long length scale fluctuations
from ideal LLC structure. For example, the single unit cell
hexagonal phases in our simulations consist of perfectly packed,
infinitely “straight” cylinders; such ideal systems are mechan-
ically unstable and do not incorporate long length scale
fluctuations in either the cylinder curvature or cylinder packing.
By employing supercell simulations, we have shown that
deviations from ideal cylindrical packing enhance the electro-
static interactions, including repulsion between cylinders, and
counterion correlation. Thus, the reduced intercylinder
repulsion and the lower counterion correlation of the Na-74
and Na-76 surfactants may allow for enhanced stabilization of
long-range curvature fluctuations and packing defects of the
hexagonally packed cylinders; the odd surfactant (Na-73, Na-
75) hexagonal phases will be more destabilized by imperfect
packing because of the higher intercylinder headgroup
repulsion. Theoretical verification of this requires the ability
to model long length scale fluctuations over numerous unit
cells, which may be achieved by utilizing field theories similar to
those developed in the diblock copolymer community.51
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