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We have probed structures of the complexes formed by DNA with the cationic surfactant cetyltrimethylam-
monium bromide in the presence of the cosurfactant hexanol, using small angle x-ray diffraction techniques.
They are found to exhibit a hexagonal→ lamellar→hexagonal transition with increasing hexanol content.
Quantitative analysis of the diffraction data shows that the complexes formed at low hexanol concentrations
have an intercalated hexagonal �HI� structure, whereas those formed at higher hexanol content have an inverted
hexagonal �HII� structure.
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I. INTRODUCTION

DNA is known to form complexes with oppositely
charged lipids and surfactants in aqueous solutions, which
are of interest due to their fascinating electrostatics and their
potential for biomedical applications �1–4�. The entropy
gained by the release of counterions that are initially con-
densed on the DNA as well as on the surfactant aggregates
drives this complexation �5–7�. These complexes exhibit
charge inversion, which has been explained in terms of lat-
eral correlation between the polyion chains �8�. X-ray dif-
fraction studies have shown that complexes of DNA with
double-tailed cationic lipids form an intercalated lamellar
phase, which consists of DNA strands sandwiched between
the lipid bilayers �Fig. 1�a��. The DNA strands in the plane of
the bilayers form a two-dimensional smectic with no posi-
tional correlations across the bilayers �9�. With the addition
of neutral lipids that have a negative spontaneous curvature,
or in the presence of cosurfactants such as hexanol, two-
dimensional hexagonal structures are formed by these com-
plexes �2�. The values of their lattice parameter are consis-
tent with the inverted hexagonal structure HII, where the
lipid-coated DNA strands are arranged on a two-dimensional
hexagonal lattice �Fig. 1�b��. However, no detailed analysis
of the diffraction data has been reported until now that con-
firms such a structure.

A two-dimensional �2D� intercalated hexagonal structure
�HI� has also been proposed for complexes of DNA with the
single-tailed cationic surfactant cetyltrimethylammonium
bromide �CTAB�, consisting of DNA strands surrounded by
three cylindrical micelles �Fig. 1�c�� �4,10�. The addition of a
cosurfactant, such as hexanol, to a CTAB solution is known
to decrease the spontaneous curvature of the surfactant ag-
gregates, transforming them from cylinders to bilayers �11�.
Further, short chain alcohols also substantially lower the
bending rigidity of bilayers �12�. Hence cosurfactants can
significantly modify the structure of these complexes. We
have recently reported reentrant phase transitions driven by
DNA and hexanol concentrations in CTAB-DNA-hexanol
complexes, and the formation of two hexagonal structures
�13�. The diffraction pattern of the hexagonal structure found

at low hexanol content is very similar to that of the HI struc-
ture observed in the absence of hexanol. Therefore, it was
identified as HI �Fig. 1�c��, whereas the hexagonal structure
observed at high hexanol content was tentatively identified
as inverted hexagonal �HII� �Fig. 1�c��, similar to that pro-
posed in some lipid-DNA complexes �2�. A partial phase
diagram of this system, showing the different structures of
the complexes obtained on varying the DNA and hexanol
concentrations, has been given in Ref. �13�, where the pos-
sible origins of the various phase transitions are also dis-
cussed. In order to characterize these structures more thor-
oughly, we have carried out higher resolution small angle
x-ray diffraction experiments using a synchrotron beamline.
The diffraction patterns of the different structures obtained
from these experiments are consistent with those presented
in Ref. �13�, which were obtained using a laboratory source.
In this paper we also present a detailed analysis of the dif-
fraction data from these complexes, which substantiates the
two hexagonal structures proposed by us earlier �13�.

II. EXPERIMENTAL SECTION

CTAB �purity �99%� and hexanol were purchased from
Aldrich. Sodium salt of highly polymerized calf thymus
DNA was obtained from Sigma. All chemicals were used
as received without further purification. CTAB-hexanol
solutions with the hexanol to CTAB molar ratio ��
= �hexanol� / �CTAB�� varying from 0 to 10 were first pre-
pared in deionized water �Millipore�, with the CTAB concen-
tration fixed at 10 mM. DNA was then added to the surfac-
tant solution to achieve the required relative concentration
�= �wt. of CTAB� / �wt. of DNA�. Samples were made with
DNA concentration varying over a wide range about the iso-
electric point ��iso=1.1�, where the total charge on the DNA
strands is balanced by that on the CTA+ ions. The com-
plexes, which form immediately, were allowed to equilibrate
for about a week and later transferred into a 1 mm diameter
glass capillary �Mark� along with some of the supernatant for
x-ray diffraction studies. The supernatant is a very dilute
solution of either DNA or CTAB, depending on their relative
concentration, and hence does not contribute to the intensi-
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ties of the diffraction peaks from the complex. The experi-
ments were carried out at the Austrian SAXS beamline �14�
at the Elettra synchrotron source, Trieste, Italy. The wave-
length of x-rays used was 0.155 nm and the typical instru-
mental resolution �full width at half maximum �FWHM��
was �q�2.2�10−2 nm. X-ray diffraction patterns were re-
corded using a one-dimensional position sensitive gas detec-
tor and were corrected for background scattering.

III. RESULTS AND DISCUSSION

All complexes obtained are found to be birefringent under
a polarizing microscope. At low hexanol concentrations ��
�5.0� x-ray diffraction patterns consist of three peaks in the
small angle region with their scattering vector q in the ratio
1:��3� :2. Diffraction patterns over this range of � are very

similar in the positions of the peaks and their relative inten-
sities, indicating that they arise from the same structure. Fur-
ther all peaks have similar profiles �Fig. 2�a��. The three
reflections in each pattern can be indexed as �1 0�, �1 1�, and
�2 0� on a 2D hexagonal lattice. The lattice parameter a is
typically around 5.5 nm and decreases slightly with increas-
ing hexanol and DNA concentrations.

For 5���8.5 the diffraction patterns have two peaks
with their q values in the ratio 1:2 and a third intermediate
one. The intermediate peak is clearly broader than the other
two �Fig. 2�b��, indicating a much shorter correlation length.
The first two peaks can be assigned to a lamellar structure
with a periodicity of about 4.9 nm, which is comparable to
the sum of the bilayer thickness and the diameter of a hy-
drated DNA. Hence the structure formed by these complexes
is similar to the lamellar structure observed earlier in some
lipid/surfactant-DNA complexes �Fig. 1�a��, with the broader
peak arising from the average separation between the DNA
strands sandwiched between the lipid bilayers �1,4�. The for-
mation of a lamellar phase is also consistent with the phase
behavior of the CTAB-hexanol-water system, where the ad-
dition of hexanol is known to transform the cylindrical
CTAB micelles into bilayers �11�. The positions of the first
two peaks do not change significantly over the range of hex-
anol and DNA concentrations where such a pattern is found.
On the other hand, the position of the intermediate peak
shifts to larger angles with increasing DNA concentration
near the isoelectric point, thus showing a decrease of the
average in-plane DNA-DNA separation �Fig. 3�.

Yet another structure is obtained when the hexanol con-
tent is further increased ���8.5� at low DNA concentrations
����iso�. It consists of a strong peak at q=1.44 nm−1 and a
very weak peak at q=3.79 nm−1 �Fig. 2�c��. These q-values
are in the ratio 1:�7, which can be indexed as the �1 0� and

FIG. 1. Schematic of �a� the lamellar structure of DNA-lipid
complexes, where the DNA strands, represented by the filled
circles, are sandwiched between the lipid bilayers; �b� the inverted
hexagonal �HII� structure, where the lipid-covered DNA strands are
packed in a two-dimensional hexagonal lattice; and �c� the interca-
lated hexagonal �HI� structure, where each DNA strand is sur-
rounded by three cylindrical micelles. Note that each unit cell in �b�
contains one DNA strand surrounded by an inverted cylindrical mi-
celle, whereas in �c� it contains one cylindrical micelle and two
DNA strands.

FIG. 2. Diffraction patterns of �a� the low-� hexagonal phase
��=3.5; �=36�, �b� the lamellar complex obtained at intermediate
values of �, and �c� the high-� hexagonal phase ��=9; �=36�. The
broader intermediate peak in �b� gives the average distance dDNA

between the DNA strands. � is the hexanol to CTAB molar ratio
and � is the CTAB to DNA weight ratio.
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�2 1� reflections from a two-dimensional hexagonal lattice
with a lattice parameter a=4.36 nm. �An extremely weak �2
0� peak was seen after a very long exposure ��5 h� using a
laboratory source with a fairly large beam ��2�2 mm�.�
Interestingly, these complexes precipitate out of the solution
on formation, unlike the other two types which remain well
dispersed in the aqueous solution. This behavior suggests
that these complexes are hydrophobic. As discussed in Ref.
�13�, this structure transforms into the lamellar complex at
higher DNA concentrations, due to the higher packing frac-
tion of DNA possible in the latter structure.

The diffraction data, described above, clearly show the
existence of three types of structures of DNA-CTAB-hexanol
complexes, depending on the hexanol concentration. The
structure occurring at intermediate hexanol concentrations
can be identified as lamellar and its basic structural features
can be deduced from the diffraction data. Unfortunately this
is not the case with the other two structures. The diffraction
patterns of the structure obtained at low hexanol content ��
�5� are very similar to that of CTAB-DNA complexes, both
in the positions of the peaks and their relative intensities.
Since CTAB forms cylindrical micelles, a very plausible
structure of its complex with DNA is the intercalated hex-
agonal structure �HI� shown in Fig. 1�c�. Similarity of the
diffraction patterns suggests that the hexagonal complex ob-
tained at low values of � also has the same structure.

At high hexanol content an inverted hexagonal structure
�HII� similar to that seen in lipid-DNA systems may be pro-
posed �Fig. 1�b��. The observed hydrophobic nature of the
complex is consistent with such a structure. Electrostatics
would favor this structure over the others, since the greater
proximity of the surfactant ions to the phosphate groups of
the DNA leads to a more efficient neutralization in this ge-
ometry. However, the spontaneous curvature of the micelles
and the bending rigidity of the bilayers would prevent its

formation at lower hexanol concentrations. Inclusion of hex-
anol in the bilayer is known to reduce its bending rigidity
drastically �12�, and thus decreases the energy cost to wrap a
surfactant monolayer around the DNA strands. Cosurfactants
like hexanol can be incorporated both at the surfactant-water
interface as well as in the hydrocarbon core of the micelles.
Hence the frustration energy of the chains, at the interstitial
regions where the three lipid-coated DNA strands meet, can
also be reduced in the presence of hexanol �15�. These argu-
ments suggest an inverted hexagonal structure of the com-
plexes at high hexanol concentrations.

A. Modeling the structures

We have carried out a detailed analysis of the diffraction
data in order to substantiate the structures of the two non-
lamellar complexes proposed above. Since all the diffraction
patterns contain only a few reflections, it is not possible to
obtain electron density maps of sufficient resolution to un-
ambiguously establish the structures. We have, therefore,
modeled the two-dimensional electron densities of the two
hexagonal structures and compared the calculated relative
intensities with those observed. These models are taken to
contain only a few adjustable parameters, as the diffraction
data are limited.

The electron density �c�r�� of these structures can be writ-
ten as the convolution of a lattice function �l�r��, which de-
scribes the two-dimensional hexagonal lattice, and the basis
function ��r��, which describes the repeating motif within
each unit cell of the lattice �16�, i.e.,

�c�r�� = �l�r�� � ��r�� . �1�

Fourier transforming this relation, we get

FIG. 3. Variation of the aver-
age in-plane distance between
DNA strands with DNA concen-
tration in the lamellar complex.
Note the abrupt change in dDNA

near �iso�=1.1�. Typical error in
dDNA is ±0.05 nm. �=8.
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F�q�� = f l�q�� � f�q�� , �2�

where f l and f are Fourier transforms of �l and �, respec-
tively.

The intensity of the scattered radiation, relative to that
scattered by a single electron, is given by

I�q�� = �F�q���2. �3�

In the HI structure each unit cell contains one cylindrical
micelle and two DNA strands �Fig. 1�c��. Hexanol is incor-
porated in the micelles and the region between the micelles
and DNA strands is occupied by water. There is some free-
dom in choosing this motif, since the positions of the DNA
strands surrounding each micelle are related by unit cell
translation vectors. We choose the symmetric motif shown in
Fig. 4�a� for simplicity. In the HII structure the motif consists
of a hydrated DNA strand surround by an inverted cylindri-
cal micelle �Figs. 1�b� and 4�b��. In this case the central pore
of each inverted micelle contains water along with a DNA
strand, and hexanol molecules are incoporated in the mi-
celles as in the former structure.

The hydrocarbon core of the cylindrical micelles is mod-
eled as a circular disk of radius rc with uniform electron
density �c, and the head group region as an annular ring of
thickness � with an electron density �h �Fig. 4�. The DNA are
modeled as disks of radius rd with a uniform electron density
�d. rd is taken to be the radius of DNA with a hydration shell
�1.25 nm�. Values of �c and the water electron density �w

were taken from the literature to be 280 and 332 e/nm3,
respectively �17�. The electron density of the head-group re-
gion �h of a CTAB micelle is around 380 e/nm3, due to the
presence of a large number of Br− counterions condensed on
the micelle �18�. On complexation with DNA a fraction of
these counterions will be released into the solution. From the
area per charge of the DNA and CTAB micelles ��1.4 and

�0.6 nm2, respectively�, we find that only about half of the
counterions would be released even if all the charges on
DNA are neutralized by the CTA+ ions. Therefore, we would
expect the value of �h to decrease on complexation, although
it would remain much higher than �c. The electron density of
hexanol, calculated from its density and molecular weight, is
280 e/nm3, which is the same as that of the hydrocarbon
region. Hence the inclusion of hexanol in the hydrocarbon
region should not change �c. On the other hand, incorpora-
tion of hexanol in the head-group region will increase the
average separation between the electron-rich headgroups,
and hence will result in a lower value of �h. Therefore, we
take �h to be an adjustable parameter in the model. The other
adjustable parameter is �, which takes into account possible
changes in the micellar size on complexation. Since DNA
does not fill the cylindrical region of radius rd, �d has con-
tributions from the water molecules present in this region, as
well as from the atoms of the DNA itself. The contribution of
DNA to �d can be determined from its chemical structure,
and is found to be 193 e/nm3. The effective radius of a DNA
strand, estimated from its molecular volume and contour
length, is 0.77 nm �1�. The rest of the volume in the cylin-
drical region of radius rd is occupied by intercalated water
molecules, whose contribution to �d can be estimated from
its molar volume and electron density. This contribution
turns out to be 207 e/nm3, and hence �d�400 e/nm3. If the
contribution from the Na counter ions is also included, �d
goes up by about 10 e/nm3. We have not taken this into
account, since most of the counter ions are expected to be
released from DNA on formation of the complex with
CTAB.

1. The HI structure

As the micelles and DNA strands are expected to be close
packed in the HI structure, the micellar size is related to
lattice parameter a and rd, by the relation, rc+�+rd=a /�3.
Therefore, rc and � are not independent in this case. The
value of rc+� obtained from this relation ��2 nm� is slightly
lower than that reported in the literature ��2.2 nm� �18�.
This difference might indicate a reduction in the micellar
size on complexation, as found in other surfactant-polymer
systems �19�. On the other hand, it might also, at least par-
tially, be an artifact of approximating the DNA strands as
cylinders. Each unit cell in the intercalated phase contains a
cylindrical micelle and two DNA strands �Fig. 4�a��. The
electron density of this unit can be written as the convolution
of the electron density of a DNA cylinder �dna�r� with delta
functions representing their positions, plus the electron den-
sity of the micelle,

�HI�r�� = �dna�r� � ��r − b�	��� − 	/2� + ��� + 	/2�
 + �m�r� ,

�4�

where � is the angle between r� and the x axis and b�=rc+�
+rd� the separation between the centers of the DNA strand
and the micelle. �m�r� is the electron density of a CTAB
micelle, given by

FIG. 4. The electron density models used in the calculation of
the diffraction data. �a� HI �b� HII. The shaded disk represents the
DNA strand and the annular rings the head-group region. The disk
of radius rc is the hydrocarbon region of the micelle. In the HI

structure the micelles and DNA strands are surrounded by water,
whose electron density is, therefore, taken as the reference value. In
the HII structure water is intercalated with the DNA strands in the
central pores of the inverted cylindrical micelles. In this case the
reference value of the electron density is that of the background
hydrocarbon region, which is, therefore, not shown in �b�.
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�m�r� = �c − �w, r � rc

= �h − �w, rc � r � rc + �

= 0, r � rc + � . �5�

�dna is taken as

�dna�r� = �d − �w, r � rd

= 0, r � rd. �6�

Fourier transforming �HI�r�� using the above expressions, we
get the form factor of this structure

fHI�q,
� = 4	 cos�qb sin 
���d − �w�rdJ1�qrd�/q + fm�q� ,

�7�

where 
 is the angle made by the reciprocal lattice vector q�
with the x axis and J1�x� the Bessel function of order 1. fm�q�
is the Fourier transform of �m�r�, given by

fm�q� = 2	��h − �w�rhJ1�qrh�/q − 2	��h − �c�rcJ1�qrc�/q ,

�8�

where rh=rc+�. The variation of fHI along q̂10, q̂11, and q̂21
directions are shown in Figs. 5 and 6 corresponding to data

FIG. 5. Variation of the form
factor of the HI structure along q̂10

�solid line�; q̂11 �dotted line�; and
q̂21 �dashed line� for a=5.6 nm,
�h=340 e/nm3, and �=0.6 nm,
corresponding to the data given in
Table I for �=0. Values of the re-
maining parameters are rd

=1.25 nm, �d=400 e/nm3, �c

=280 e/nm3, and �w=332 e/nm3.
The positions of the peaks are in-
dicated by the arrowheads.

FIG. 6. Variation of the form
factor of the HI structure along q̂10

�solid line�; q̂11 �dotted line�; and
q̂21 �dashed line� for a=5.5 nm,
�h=325 e/nm3, and �=0.7 nm,
corresponding to the data given in
Table I for �=3.5. Values of the
remaining parameters are the
same as those given in the caption
of Fig. 5. The positions of the
peaks are indicated by the
arrowheads.
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given in Table I for �=0 and 3.5, respectively.

2. The HII structure

The rc parameter does not enter the HII model, since the
hydrocarbon chains just provide a background of uniform
electron density �c. The repeating basis in the HII structure is
the DNA strand surrounded by an annular ring occupied by
the surfactant head groups �Fig. 4�b��. Its electron density
can be written as

�HII�r� = �d − �c, r � rd

= �h − �c, rd � r � rd + �

= 0, r � rd + � . �9�

Fourier transforming this expression, we get

fHII�q� = 2	��h − �c��rt�J1�qrt�/q + 2	��d − �h�rdJ1�qrd�/q ,

�10�

where rt=rd+�. fHII is shown in Fig. 7. Its first zero occurs at
q�2.6 nm−1, beyond which its magnitude is negligible.
Therefore, all the higher order reflections from this structure
have to be very weak.

B. Model results

We have obtained the best fits of these two models to the
diffraction data from the complexes at three different com-
positions. The observed intensities were multiplied by the
square of the corresponding q values to take into account the
unoriented nature of the samples. The intensity of the �2 1�
reflection was also reduced by a factor of 2, since it has a
multiplicity factor of 12, which is twice that of the �1 0�,

TABLE I. Observed relative intensities �Io� of the peaks in the diffraction pattern of DNA-CTAB com-
plexes at three compositions, and those calculated from the HI �IHI

� and HII �IHII
� models. The best fit values

of �h and � for the two models are also given below the respective intensity values. � is the hexanol to CTAB
molar ratio and � is the CTAB to DNA weight ratio.

�=0, �=7.2 �=3.5, �=36 �=9.0, �=36

h k Io IHI
IHII

h k Io IHI
IHII

h k Io IHI
IHII

1 0 100 100 100 1 0 100 100 100 1 0 100 100 100

1 1 7.0 7.2 6.9 1 1 9.2 9.4 9.2 1 1 - 2.7 0.4

2 0 1.3 4.2 1.4 2 0 2.3 2.6 1.9 2 0 - 2.4 0.4

2 1 - 2.2 0.4 2 1 - 1.3 0.9 2 1 0.3 2.7 0.7

�h �e /nm3� 340 297 325 290 340 315

� �nm� 0.6 1.0 0.7 1.0 0.5 0.75

FIG. 7. Form factor of the HII

structure for �h=315 e/nm3, and
�=0.75 nm, corresponding to the
data given in Table I for �=9. The
rest of the parameters have the
values given in the caption of Fig.
5. The positions of the peaks are
indicated by the arrowheads.
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�1 1�, and �2 0� reflections. As mentioned earlier, there are
only two adjustable parameters in the two models, namely,
the electron density of the head-group region �h, and its
thickness �. The fits were obtained by constraining �h be-
tween 280 and 400 e/nm3 and � between 0.3 and 1 nm. All
the values of these parameters, reported in the literature for
similar systems, are found to fall well within these ranges.
Both in the hexanol-free complex and in the one with �
=3.5, the �1 0�, �1 1�, and �2 0� reflections are observed, with
I10� I11� I20. As can be seen from Table I the HI model is
able to reproduce the sequence of observed intensities. This
feature is not specific to the best fit values of �h and �, but is
obtained for a wide range of their values. The values of these
parameters obtained from this model are also comparable
with those reported in the literature �20�. The lower value of
�h obtained at higher � �see Table I� is expected, since the
incorporation of hexanol increases the average separation be-
tween the headgroups.

The form factor shown in Fig. 5 corresponds to the data
given in Table I for �=0. The values of q corresponding to
the �1 0�, �1 1�, and �2 0� reflections �1.29, 2.24, and
2.58 nm−1, respectively� are well away from the correspond-
ing zeros of the form factor and, therefore, their intensities
are high enough to be observed. The form factor shown in
Fig. 6 corresponds to the data given in Table I for �=3.5. In
this case also the values of q corresponding to the �1 0�,
�1 1�, and �2 0� reflections �1.32, 2.29, and 2.64 nm−1, re-
spectively� are well away from the corresponding zeros of
the form factor.

Although the HII model is also able to give good fits to the
data at �=0 and 3.5, the resulting values of the material
parameters are unrealistic. The value of �h is too low and is
almost comparable to �c. Further, the value of � obtained is
set by the upper limit of the range over which it is con-
strained to vary; a better fit is obtained if it is allowed to take
even larger values. Thus diffraction data of the low-� hex-
agonal complex is consistent only with the HI structure, and
the HII structure can be ruled out.

In the case of the third complex ��=9, �=36� the �1 1�
and �2 0� reflections are not seen, but a weak �2 1� reflection
is present. This feature cannot be reproduced by the HI
model for any values of �h and �. The best it can do is to give
similar intensities for these three reflections �Table I�, but for
a rather high value of �h. As mentioned earlier, we would
expect �h to decrease with increasing �, and hence the value
of 340 e/nm3, which is equal to that obtained at �=0, is
unreasonable. In contrast, the HII model can give a stronger
�2 1� reflection compared to �1 1� and �2 0� for wide range of
values of �h and �. The best fit value of �h �315 e/nm3� is
also understandable in light of the high concentration of hex-
anol. Note also that the best fit is obtained for a value of �
well within the range considered. Thus the diffraction pattern
of this complex is consistent only with the HII structure. The
form factor of this structure shown in Fig. 7 corresponds to
the data of Table I. The calculated positions of the �1 1� and
�2 0� reflections in this case are 2.48 and 2.87 nm−1, respec-
tively. These lie very close and on either side of the first zero
of the form factor, resulting in their negligible intensities.
The �1 0� reflection at 1.43 nm−1 is very intense, but the �2 1�
reflection at 3.78 nm−1 is very weak, since the form factor
has a very small magnitude in this q-range.

Figure 8 presents the electron density map of the HI phase
calculated from the data for �=0 in Table I, using the phases
obtained from Fig. 5. It clearly shows electron-rich patches
intercalated between electron-poor regions. The former can
be identified as the DNA strands and the latter as the CTAB
micelles. The good quality of the map, where the micelles,
DNA, and water regions are well demarcated, further sup-
ports the intercalated structure of the complexes obtained at
low hexanol content.

IV. CONCLUSION

We have analyzed the diffraction patterns of CTAB-DNA-
hexanol complexes at different hexanol concentrations. The
complexes form hexagonal structures both at very high as
well as at low hexanol concentrations. The two possible
structures of these complexes, namely the intercalated and
inverted hexagonal, were modeled and the calculated inten-
sities of the diffraction peaks compared with the observed
ones. The diffraction data at low hexanol content are found
to be consistent only with an intercalated hexagonal struc-
ture, whereas those at high hexanol concentrations are com-
patible with only the inverted hexagonal structure.

FIG. 8. Electron density map of the HI phase corresponding to
the data given in Table I for �=0, calculated using the phases ob-
tained from the modeling procedure �Fig. 5�. The electron density is
higher in the lighter regions.
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