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Electrostatic self-assembly of colloidal and nanoparticles has
attracted a lot of attention in recent years, since it offers the possibility of producing novel crystalline structures that have the
potential to be used as advanced materials for photonic and other
applications. The stoichiometry of these crystals is not constrained
by charge neutrality of the two types of particles due to the presence of counterions, and hence a variety of three-dimensional
structures have been observed depending on the relative sizes
of the particles and their charge. Here we report structural polymorphism of two-dimensional crystals of oppositely charged linear
macroions, namely DNA and self-assembled cylindrical micelles of
cationic amphiphiles. Our system differs from those studied earlier
in terms of the presence of a strongly binding counterion that competes with DNA to bind to the micelle. The presence of these counterions leads p
toffiffiffi novel
pffiffiffi structures of these crystals, such as a square
lattice and a 3 × 3 superlattice of an underlying hexagonal lattice, determined from a detailed analysis of the small-angle diffraction data. These lower-dimensional equilibrium systems can play
an important role in developing a deeper theoretical understanding of the stability of crystals of oppositely charged particles.
Further, it should be possible to use the same design principles
to fabricate structures on a longer length-scale by an appropriate
choice of the two macroions.
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A

significant fraction of the counterions of a highly charged
macroion, immersed in an aqueous solution, may remain
bound to it due to the interplay between electrostatic energy
and entropy. This counterion condensation phenomenon depends on the geometry of the macroion and in the case of linear
macroions, such as polyelectrolytes, it occurs if the linear charge
density is higher than one electronic charge per Bjerrum length,
lB , which is the distance at which the electrostatic energy between
two elementary charges is equal to the thermal energy kB T (1, 2);
lB ∼ 0.7 nm in water at 25 °C. Two oppositely charged macroions
form complexes by releasing these condensed counterions into
the aqueous solution and thereby increasing their entropy (3–5).
Counterion release has been extensively studied in the context of
biomacromolecular association (3, 4). If at least one of these
macroions is sufficiently rigid, complexes with ordered structures
can result, as in the case of DNA and cationic amphiphiles (6–14).
Depending upon the preferred shape of the self-assembled aggregates of the amphiphile, three different structures of these complexes have been found. Bilayer forming cationic lipids form
lamellar complexes (Lαc ), with the DNA strands sandwiched bec ) complex
tween the bilayers (9, 10). An inverted hexagonal (H II
is obtained if the bilayers are highly flexible or in the presence of
“helper lipids” that favor inverted cylindrical micelles (11). The
formation of these two structures has been theoretically studied
based on the nonlinear Poisson-Boltzmann equation and a phase
diagram in the lipid—DNA composition plane has been constructed (12). In addition to the above structures, an intercalated
hexagonal (H Ic ) complex has been observed in the case of the
cationic amphiphile, cetyltrimethylammonium bromide (CTAB),
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that self-assembles into cylindrical micelles (13, 14), which is a
two-dimensional analogue of crystals of oppositely charged colloidal particles mentioned earlier (15–18).
In this letter we report polymorphic phase behavior of twodimensional DNA-amphiphile complexes in the presence of
strongly binding counterions. Complexes of DNA with cetyltrimethylammonium tosylate (CTAT) and CTAB, and the influence
of different salts on the structures exhibited by them were studied
using small-angle X-ray scattering (SAXS) techniques. Counterions are known to have a significant effect on the morphology
of the amphiphile micelles. For example, CTAT, which has the
strongly binding tosylate (T − ) counterion, forms long worm-like
micelles (WLM) at a concentration of about 1 wt.% in water (19),
whereas CTAB, with the much more weakly binding Br − counterion, forms shorter cylindrical micelles even at much higher concentrations. However, CTAB can be induced to form WLM if the
aqueous solution contains about 100 mM NaBr or KBr (20). Organic salts such as sodium tosylate and sodium salicylate are
much more efficient at inducing WLM in CTAB solutions, due
to the strongly binding nature of the tosylate and salicylate counterions (21). We show that complexes of DNA with CTAT exhibit
three different structures depending on the CTAT and DNA concentrations. The structure found at low CTATand high DNA concentrations is the H Ic structure observed earlier in DNA-CTAB
complexes. The new architectures are a square (SIc ) structure
seen at low DNA concentrations, and a hexagonal superlattice
c ) structure occurring at high DNA and CTAT concentra(H I;s
pffiffiffi pffiffiffi
tions, which is a 3 × 3 superlattice of the H Ic structure.
The arrangement of the micelles and DNA in these structures
has been determined from a detailed analysis of the diffraction
data. The SIc structure is found only in the presence of strongly
binding counterions, such as T − , that can compete with DNA to
c
bind to the micelles. On the other hand, formation of the H I;s
structure requires the presence of WLM, which can be induced
even by weakly binding counterions, albeit at relatively higher
concentrations. Based on our observations a qualitative explanation of the phase behavior is proposed.
Results and Discussion
The complexes are birefringent under a polarizing microscope
indicating the formation of ordered structures. X-ray diffraction
studies show the occurrence of three different structures in
CTAT-DNA complexes depending upon CTATand DNA concentrations (Fig. 1). Based on the diffraction data, a partial phase
diagram of the system in the ρ-Cs plane has been constructed,
where ρ is the surfactant to DNA base molar ratio, and Cs
the total CTAT concentration in the solution (Fig. 2). The SIc
structure seen at low DNA concentrations (high ρ) has a lattice
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parameter a ∼ 5.0 nm, which is insensitive to both ρ and Cs . In
the H Ic structure seen at high DNA and low CTAT concentrations, a ∼ 5.70 nm at Cs ¼ 10 mM and increases gradually to approximately 6.11 nm at Cs ¼ 80 mM; it is, however, rather
c structure observed at high CTAT
insensitive to ρ. In the H I;s
and DNA concentrations, a ∼ 11.0 nm. An important aspect of
c
structure is that the (10) reflection is always absent in
the H I;s
its diffraction pattern. Another type of diffraction pattern is observed at very low Cs and high ρ that consists of only two peaks
with their spacings in the ratio 1∶2. Therefore, it was not possible
to identify the corresponding structure unambiguously.
Complex formation requires that the oppositely charged moieties in the two macroions be as close to each other as possible.
As a result, the structure of the complex usually corresponds to a
close-packing of the two macroions. It is possible to propose unique close-packed structures of the square and hexagonal complexes consistent with the values of their lattice parameters
and the known diameters of DNA and CTAT micelles. But this
is not possible in the case of the super hexagonal structure because of its much larger lattice parameter. In order to arrive
at the structures of all three types of complexes we, therefore,
adopted a two-step procedure. Assuming the structures to be centrosymmetric, we first calculated electron density maps of the
three types of complexes from the diffraction data for all combinations of the phases of the reflections. For each complex only a

Fig. 2. Partial phase diagram of the complexes determined from diffraction
c denote the hexagonal, square, and hexagonal superlatdata. HIc , SIc , and HI;s
tice structures, respectively. C x denotes an unidentified structure which gives
only two reflections with their spacings in the ratio 1∶2.
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Fig. 1. Diffraction patterns of the three different structures of CTAT-DNA
complexes: The square (SIc ) phase at C s ¼ 50 mM and ρ ¼ 3.78 (Top), the hexc ) phase at C ¼ 90 mM ρ ¼ 0.48 (Middle), and the
agonal superlattice (HI;s
s
hexagonal (HIc ) phase at C s ¼ 50 mM, ρ ¼ 0.50 (Bottom).

few of these maps clearly show distinct regions corresponding to
the micelles and DNA (Fig.3, Left). We then modeled the structures suggested by these maps, by considering the DNA to be
discs of radius r d and uniform electron density ρd , and the micelles to be made up of a hydrocarbon core of radius rc and electron density ρc , surrounded by an annular head group region of
c phase,
width δ and electron density ρh (14). In the case of the H I;s
the centers of the micelles occupy special positions, but those of
the DNA were varied. Values of some of the model parameters,
namely, r d , ρd , ρc , and the water electron density ρw are available
in the literature, and the rest were tuned within reasonable limits
to get the best fit of the calculated diffraction data with the observed ones (see Supporting Information). This procedure led to a
unique structure for each phase.
Structures of the different phases of CTAT-DNA complexes
obtained from this procedure are shown in the right panel of
Fig. 3. We should stress here that these are not mere schematics.
The relative positions of the micelles and DNA, and the micellar
size correspond to the best-fit values of the model parameters.
The structure of the hexagonal phase is similar to that proposed
earlier for CTAB-DNA complexes (13, 14). In this close-packed
structure (plane group: p6m) each DNA is intercalated between
three CTAT micelles, whereas each micelle is surrounded by six
DNA. The square phase also has a closed-packed structure
(plane group: p4m) where the coordination number of both
c
DNA and CTAT micelles
pffiffiffi is four.
pffiffiffi The structure of the H I;s complex corresponds to a 3 × 3 superlattice of the H Ic structure
(plane group: p6m). The superlattice formation is associated with
the presence of two types of arrangements of the DNA around
the micelles. In one of them the 6-fold rotational symmetry present in the H Ic structure is retained, whereas the other has only
threefold symmetry around the micelle. Consistent with this, the
best-fit values of the micellar structural parameters, r c , δ, and ρh ,
are found to be slightly different for the two types of micelles.
This structure also reproduces the vanishingly small intensity
of the (10) reflection (see Supporting Information).
Micellar radii of CTAB and CTAT are comparable, as indicated by the almost identical values of the lattice parameters of
their H Ic complexes with DNA. Therefore, the multiplicity
of structures observed in CTAT-DNA complexes, but not in
CTAB-DNA complexes, does not result from packing considerations and can be attributed to the tosylate counterion of CTAT.
In order to understand the origin of this polymorphism, we have
studied the effect of different counterions such as Cl − , Br − , and
tosylate (T − ) on CTAT-DNA and CTAB-DNA complexes.
The effect of adding NaCl to an aqueous solution containing
CTAB-DNA complexes is just to swell the H Ic structure and dissolve it at ½NaCl ∼ 750 mM. Such salt-induced swelling and melting of complexes has been reported in other lipid-DNA systems
(22). The melting of the complex at high salt concentration is due
to the fact that the counterion release mechanism ceases to work
when the ion concentration in the bulk becomes comparable to
that near the surfaces of the uncomplexed macroions. On the
other hand, the influence of NaT on these complexes is qualitatively different and depends on the CTAB to DNA molar ratio.
At high values of ρð∼4.0Þ the H Ic phase is transformed into the SIc
phase at a NaT concentration of approximately 20 nM. On the
other hand, at low values of ρð∼0.5Þ, the H Ic phase is first transc phase at a concentration of about 20 mM
formed into the H I;s
and then into the SIc phase at a concentration of approximately
40 mM. In both cases the complex dissolves into an isotropic dispersion at ½NaT ∼ 100 mM. The much lower NaT concentration
required to destabilize the complex compared to NaCl is related
to the possibility of charge reversal of the micelles in the presence
of T − . The addition of KBr to CTAB-DNA complexes leads to a
c
H Ic → H I;s
transformation at a concentration of approximately
300 mM, but the SIc structure is not observed in this case. The
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c (Bottom) phases of CTAT-DNA complexes, obtained from the diffraction
Fig. 3. Left shows relative electron density maps of the HIc (Top), SIc (Middle), and HI;s
data. The high electron density regions correspond to DNA and the low ones to the hydrocarbon chain region of the micelles. For each structure, maps were
constructed for all combinations of the phases of the reflections; the ones shown here were picked as they most clearly show the DNA and micelles making up
these structures. Based on these maps, electron density models were constructed for each of these structures, as described in the text. Right shows the structures of the corresponding phases obtained from the best-fit values of the model parameters. The red discs correspond to the DNA, the blue ones to the
hydrocarbon core of the micelles, and the annular rings to the head group regions. The head group regions are shown in different colors to emphasize
differences in their electron densities. The relative positions of the DNA and micelles, and the sizes of the hydrocarbon core and head group region of
c
structure.
the micelles are as obtained from the best fit. Note the presence of two types of arrangements of DNA around the micelles in the HI;s

complex is ultimately destabilized at a KBr concentration of
approximately 500 mM.
Addition of NaCl to the H Ic phase of CTAT-DNA at Cs ¼
20 mM leads to a gradual swelling of this phase, with a increasing
from 5.75 nm with no salt to 6.29 nm at ½NaCl ¼ 500 mM. As
NaCl concentration is further increased, this structure is first
c , and then the complex dissolves forming
converted into H I;s
an isotropic dispersion (I) at ½NaCl ∼ 750 mM. Similar H Ic →
c → I transformations are also observed at C ∼ 50 mM.
H I;s
s
The SIc phase observed at higher values of ρ also melts into
an isotropic dispersion at around 750 mM NaCl concentration.
The effect of NaT on the SIc phase is very similar to that of
NaCl, but with the difference that the critical salt concentration
at which the complex melts is much lower at around 100 mM.
However, the effect of NaT on the H Ic phase is very different
and similar to that observed with CTAB-DNA complexes. It
shows the following sequence of transformations with increasing
NaT concentration:
6396 ∣
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H Ic

∼50 mM

c
→ H I;s

∼75 mM c ∼100 mM
→ SI → I:

c phase in between H c and S c sugThe occurrence of the H I;s
I
I
gests an alternative noncentrosymmetric structure of this phase.
c
In the H I phase the coordination number of the micelle is 6,
whereas in the SIc phase it is 4. If we take the coordination numc
ber to be 5 in the H I;s
phase, then we can come up with the structure shown in Fig. 4, which is obtained by removing one of the six
DNA strands surrounding each micelle. This leads to a hexagonal
vacancy superlattice, whose lattice parameter is comparable
to that obtained from the diffraction data. We have, therefore,
modeled this structure and compared the calculated diffraction
data to the observed ones. The best-fit values are given in the
Supporting Information. We find that this model is not consistent
with the diffraction data, the quality of the fit being very much
poorer than for the structure shown in Fig. 3. Further, the intensity of the (10) reflection could not be made negligible for any
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reasonable values of the model parameters. We can, therefore,
c
rule out this structure for the H I;s
phase.
On the basis of the proposed structures we can understand the
observed polymorphism of CTAT-DNA complexes. As mentioned earlier, the tosylate counterion is much more strongly
bound to the micelles due to its hydrophobic toluene moiety than
Br − . This leads to a competition between the counterion and
DNA to bind to the micelle. At low DNA content it is possible
to bind all the DNA to the micelles in the SIc phase, with minimal
release of the T − ion, since this structure has one DNA strand
per micelle. From this stoichiometric ratio, the value of ρ in this
structure can be estimated to be approximately 3.0, so that up to
this value of ρ all the DNA can be incorporated in the complex,
since its chemical potential in the SIc phase is lower than that in
the aqueous solution. As ρ is decreased below 3, the H Ic complex
is formed at ρ ∼ 1.5, which can incorporate twice the amount of
DNA compared to the SIc structure, as it has two DNA per micelle. We do not observe the coexistence of the SIc and H Ic structures in any of the samples, which is consistent with the phase
rule, according to which such a coexistence should be confined
to a line in the ρ-Cs plane. As ρ is further decreased, the lattice
parameter of the H Ic structure initially decreases slightly, due to
the thinning of the micelles in order to incorporate some additional DNA. Beyond this point no more DNA can be incorporated in the complex.
With increasing Cs at a fixed ρ, more and more NaT is released
as a result of complexation. The increasing T − concentration in
the solution leads to a higher degree of adsorption on the micellar
surface, resulting in a weaker binding of the DNA to the micelles.
In the case of the SIc structure this does not lead to the swelling of
the complex, except probably in a narrow concentration range
just before the complex dissolves. On the other hand, a gradual
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Materials and Methods
CTAB, CTAT, sodium salt of calf thymus DNA, NaCl, KBr, and sodium tosylate
(NaT) were obtained from Sigma-Aldrich. All chemicals were used as received. Complexes were prepared by adding appropriate amounts of DNA
to amphiphile solutions in deionized water (Millipore). Complexes, along
with some of the supernatant, were taken in 1 mm diameter glass capillaries
for X-ray diffraction studies, which were carried out either using a rotating
anode generator (Rigaku, UltraX-18) fitted with a multilayer focusing mirror
(Xenocs) and an image plate detector (Marresearch), or a SAXSeye small-angle scattering system (Hecus). Higher resolution data from a few samples
were collected using the SAXS beamline at the Elettra synchrotron source,
Trieste, Italy.
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c
Fig. 4. A noncentrosymmetric structure of the HI;s
phase suggested by the
salt-induced phase changes of CTAT-DNA complexes. The empty circles denote missing DNA strands. Note that these vacancies form a hexagonal superlattice, whose lattice parameter is comparable to that obtained from the
diffraction data.

swelling of the H Ic structure is observed with increasing NaT concentration. However, beyond a point this uniformly swollen state
becomes unstable and decomposes into two types of micellar enc
vironments, resulting in the superlattice (H I;s
) structure. With
further increase in the salt concentration, achieved either by
the addition of NaTor by increasing Cs , the SIc phase is obtained,
which can incorporate more T − ions in the micelles. Further increase in T − concentration leads to a greater adsorption of the
counterion on the micelle, which eventually destabilizes the complex leading to an isotropic dispersion.
From our observations we can conclude that the formation of
the SIc structure requires the presence of a counterion that can
compete with DNA to bind to the micelle, since we find it only
c structure is formed in
with T − (23). On the other hand, the H I;s
systems that support the formation of WLM, such as CTAT,
CTAT þ NaCl, CTAB þ NaT and CTAB þ KBr. Our earlier studies on amphiphile-polyelectrolyte complexes indicate that the
morphology of the amphiphile aggregates in the complex is closely related to that in the corresponding amphiphile-water system
at amphiphile concentrations comparable to that in the complex
c phase given in Fig. 3 shows that
(24). The structure of the H I;s
one set of micelles is in a local environment that is relatively
water-rich. Therefore, it is very likely that only a WLM forming
system can support such a structure.
The main objective of this article has been to show that the
competition between the counterion and DNA to bind to the micelle can lead to novel structures of DNA-amphiphile complexes.
In the past, spontaneous curvature and flexibility of the amphiphile aggregates have been demonstrated to be crucial factors in
determining the structure of these complexes (11). Our work demonstrates conclusively that a strongly binding counterion can
also be used to tune the structures of these systems. The superlattice structure found in these experiments is not close-packed
and can be at least partially stabilized by the entropy of the micelles. Although entropic stabilization is a well-known phenomenon in colloidal crystals, it has not been considered so far in
theoretical investigations on the energetics of amphiphile-DNA
complexes. We feel that the incorporation of these two features,
namely, presence of a competing species and entropic stabilization, is very important for a deeper understanding of the stability
of complexes of oppositely charged particles.
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